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ABSTRACT

The Lower Limestone Group was studied  in  the area 

o f  S t ir l in g s h ir e  and Lanarkshire. It c o n s is ts  o f  

a ltern a tin g  lim estones, sh a les , s i l t s t o n e s ,  sandstones and 

shales with iron ston e  nodules and bands. The in v e stig a tio n  

o f  the c la s t i c  sediments revealed  that they were deposited  

by d e lta s  progradir.g from the north e a s t . Facies 

ana lysis  o f  th ese  d e lta ic  sediments shows the predominance 

o f  four main fa c ie s ,  p rogradation a l, in te rd is tr ib u ta ry  bay, 

abandonment and channel f a c ie s .  Six d e lta  advances were 

in terp reted  in th is  study, p ost-H u rlet, post-Shield^Bed, 

p ost-B la ck h a ll, post-M ain Hosi<; post-M id Hosi? and post 

Second Host? Limestone. The study o f  p ost-B la ck h a ll d e lta  

revealed  that i t  was b u ilt  by a co n stru ctiv e , f lu v ia l ly -  

in flu en ced , e lon gate  d e lt a (s )  which prograded in to  a deep 

b a s in (s ) ,  whereas the other d e lta s  prograded in to  shallow  

b a s in s . Changes in  the depth o f  the basin  and the 

sediment load o f  the r iv e r s , which were probably due to  

changes in  t e c to n ic s ,  c lim ate  and e u s ta t ic  changes in sea 

le v e l ,  probably resu lted  in  the d iffe r e n c e s  in  th ickness 

o f  the stu died  d e lta s . P e tr o lo g ic a l study in d icated  the 

predominance o f  s ta b le  l ig h t  and heavy m inerals, suggesting 

the source area con sisted  o f  sedimentary rocks, in turn 

derived  m ostly from a metamorphic te r ra in .

The study o f  the carbonate rocks showed that there 

are s ix  main fa c ie s .  B iom icr ite  and m icr ite  fa c ie s  

( in d ica tin g  a low energy su b tid a l environm ent), d o lom itic



b io m icr ite  and m icr ite  (higher s a l in it y  s u b t id a l) ,  O stracod- 

bearing dolom ite (hypersa line la cu s tr in e  or  lagoon a l) and 

ca lcareou s s i l t s t o n e s  and sandstones (nearer shore environ

ment than the other f a c i e s ) .  Two main penecontemporaneous

types o f  dolom ite were deduced; (a) d o lo m it ic  rocks that 

are e ith e r  u n fo s s il i fe r o u s  or con ta in  marine fauna and 

(b) O stracod -bearin g  d o lo m itic  rock s . Late d ia gen etic  

r e c r y s t a l l is a t io n  g iv es  the dolom ite the s u p e r f ic ia l  

appearance o f  a la te  stage replacement w h ile  more d e ta ile d  

study shows that i t  formed ea r ly .

Two types o f  iron ston e nodule were recogn ized , zoned 

and non-zoned. The m in era log ica l zoning suggests that 

th ere  was a change in  the chem ical environment during the 

form ation o f  some nodules.

The study o f  the tra ce  and some major elements 

in d ica ted  that the c la y , muscovite and orga n ic  m aterial are 

the lo c a t io n  o f  Ni, Cu, Co, Zn, Pb, T i and Rb in the

The Ba, Mn and Fe are loca ted  in  

The high values o f  Sr in  the

carbonates and sh a les , 

the carbonate m inerals.

carbonate rocks suggest an o r ig in a l a ra g o n it ic  com position

fo r  the carbonate.
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1.1 INTRODUCTION

The Lower Limestone Group has been studied  in the 

C arboniferous Central Basin o f  the Midland V a lley  o f  

Scotland from S t ir lin g s h ir e  t o  Lanarkshire (F ig . 1 ). The 

d is t r ib u t io n  o f  the Carboniferous sediments in  the Midland 

Valley o f  Scotland is  shown in  Figure 2. The age o f  the 

Lower Limestone Group is  con sidered  to  be B rigantian  

(George et _al., 1977). It  is  underlain  by the C a lc ife rou s  

Sandstone Measures and ov e r la in  by the Limestone Coal Group 

(Craig, 1965).

Previous stu d ies  o f  the Lower Limestone Group in th is  

area have been mainly s tr a t ig r a p h ic a l  and have been carr ied  

out m ostly by g e o lo g is ts  o f  the G e o lo g ica l Survey. They 

d iv ided  the Central C o a lfie ld  in to  nine d i f fe r e n t  areas in 

seven o f  which, described  by Carruthers and Dinham (1917); 

Hinxman et a l .  (1920); Clough e t  a l . (1920); Hinxman et a l . 

(1921); MacGregor and Anderson (1923); Clough et _al. (1925); 

Dinham and Haldane (1932) and MacGregor and Haldane (1933), 

the Lower Limestone Group is  exposed. Although th e ir  

s tra t ig ra p h ic  work was very d e ta ile d  and is  taken as the 

basis  fo r  t h is  study, they on ly  d escribed  the co lo u r , 

f o s s i l  con ten t, and sometimes gave the th ickn esses o f  some 

o f  the exposed l i t h o lo g ic  u n its . They reported  that the 

Lower Limestone Group co n s is ts  o f  seven carbonate un its 

which a lte rn a te  with sha les , s i l t s t o n e s ,  sandstones, shales

with clay-ban d  ironstones or nodules and occa s ion a l th in
it <u

seams o f  c o a l .  However, Crampton (in  C lough/ 1925, p .35 ) 

in d icated  that the shale sedim ents represented a d e lta ic
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environment and s ta ted  that they were deposited  " . . .  in or 

near the sea  at the fron t o f  the d e lta  o f a s lu g g ish  r iv e r  

o f  large volume brin g in g  seaward muds f u l l  o f  organ ic 

d e t r i t u s " .  He added that the carbonate u n its  were 

d e p os ited  in  a com paratively  shallow  sea at the fron t o f 

t h is  d e lta . Read (1959) and F rancis et a l . (1970) redescribed  

th e  stra tig ra p h y  o f  the Lower Limestone Group in  the 

S t ir l in g  area . At the Weatherlaw In l ie r  (s e c t io n  28^

F i g . 10), a p a r t ia l  s e c t io n  o f  two carbonate u n its  is  

exposed separated by sha les , s i l t s t o n e s  and sandstones.

Dinham and Haldane (1932) considered  the lower o f  these to  

be  the Hurlet JLimestone and the upper unit t o  be the Shields 

Bed. Read (1959, p .9 ) sta ted  that the lower carbonate 

u n it  is  not the Hurlet lim estone but the Shields Bed while 

the second rep resen ts  the base o f the B lackhall lim estone.

In  th is  study R ead 's in te rp re ta t io n  is  fo llow ed .

A t y p ic a l  s e c t io n  o f  the Lower Limestone Group is  

presented in  F igure i . D iffe re n t names have been given 

t o  the same carbonate unit in  d i f fe r e n t  areas by previous 

workers. In t h is  study, the names shown in  Figure 3  are 

fo llo w e d .

G oodlet (1957), studied  the l i t h o lo g ic a l  v a r ia tio n s  

in  the Lower Limestone Group by isopach , i s o l i t h  and r a t io  

maps which show the r e la t iv e  proportion s o f  the shale, 

lim estone and sandstone rock -typ es  and concluded that the 

sedim ents o f  the Lower Limestone Group were la id  down by 

the d e lta  o f  a la rge  r iv e r  which debouched from the north.

B e lt  (1975, p.44.6) suggested a d e stru c tiv e , wave-dominated





d e lta  as the environment o f  d e p o s it io n  fo r  the sediments 

o f  the Lower Limestone Group in the St. Monance area to  

the NE o f th e  stu died  area in  F ife .

Selim and Duff (1974) stu died  the carbonate members 

o f  the Lower Limestone Group in East F ife . They concluded 

that the carbonate u n its  were d ep osited  in a marine 

environment which, on the b a s is  o f  l i t h o lo g i c a l  v a r ia tio n s , 

varied between being weakly to  h igh ly  a g ita ted . Brown 

(1977) s tu d ied  the Hurlet Limestone (the lowest carbonate 

unit o f  the Lower Limestone Group) in the north o f 

Ayrshire, t o  the south o f  the present studied  area. He 

indicated  th at i t  was d ep osited  in  a shallow , su b tid a l, 

normal marine environm ent. He added that at the top  of 

the Hurlet Limestone there is  evidence o f  exposure.

The above review  shows that there has been no s p e c i f i c  

and d e ta ile d  work on the Lower Limestone Group sediments 

in the stu d ied  area. The main con c lu s ion  based on 

previous work is  that the non-carbonate sediments were 

deposited  on the d e lta  o f  a s lu gg ish  r iv e r  and the 

carbonate u n its  were d ep osited  in  a r e la t iv e ly  shallow  

marine environm ent.
Read (1959) pointed out that the Lower Limestone Group 

co n s is t  o f  c y c le s  and he proposed the fo llo w in g  id ea l 

c y c le  fo r  the Lower Limestone Group sediments in the 

S t ir lin g  area, although no in d iv id u a l c y c le  con ta in s  every 

su b d iv is io n .



1 S eat-earth

k Fakes

j Sandstones

i Fakes

h Blaes and ironstone con cretion s , with non-mar

Lame 11 i2.br anch? .

g B laes and ironston e con cretion s

f Calcareous b laes with

e Limestone marine

d Calcareous b laes f o s s i l s

c B laes and ironston e concret ions

b Carbonaceous blaes

a Coal

Note : - B laes is  an o ld  mining term fo r  mudstones or

sh a les  and fakes are thin-bedded a rg illa ceou s  

sandstones or sandy mudstone.

The sh a les , s i l t s t o n e s  and sandstones together form 

coarsening-upward sequences in terpreted  in th is  study to  

be the r e su lt  o f  d e lta  progradation. Transgression of 

the sea  fo llow ed  d e lta  abandonment and the carbonate 

members were d ep osited .

The aim o f  the study was to  confirm  the environment 

o f  d e p o s it io n  o f  the non-carbonate sediments as d e lta ic , 

and t o  c la s s i f y  the d e lta ic  sediments in to  d iffe re n t  

environm ental fa c ie s .  The type o f the d e lta s  in which 

the sediments were la id  down and the paleogeography are
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to p ics  given s p e c i f i c  a tte n tio n  in th is  study.

For the carbonate sedim ents, the study involved  the 

c la s s i f i c a t io n  o f the carbonates in to  environm ental fa c ie s , 

p e tro logy , d iagen esis , d o lo m itis a t io n , tra ce  elem ents, and 

some major element chem istry . S p e c if ic  a tten tion  was 

given t o  s id e r i t i c  nodules and bands and to  the in te r 

p reta tion  o f  the m in erd log ica l and m orphological v a r ia tio n  

w ithin the s id e r i t i c  nodules.

The s tra tig ra p h ic  s e c t io n s  which were stu died  in the 

Central C o a lfie ld  are mainly stream s e c t io n s . However, 

a few p a r t ia l  se ctio n s  are exposed in  o ld  q u a rr ies . The

grid  re fe re n ce s  o f  the s e c t io n s  are presented in Table 1
in

and th e ir  d is tr ib u t io n  w ithi the stu died  area is  shown in

Figure 4 .
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TABLE 1 The Grid References o f  the V is ited  Sections

S ection  Grid 
No. Reference D eta ils  o f  Sections

1 VS 798419 Birkwood Burn.

2 it  804438 Nethan River below Auchenheath House

3 ,t 817463 Nethan River below Corram il.

4 t. 736454 Crumhaug Burn, near Stonehouse

5 t< 740456 Lounsdale Burn, near Nethan River

6 7344 57 Minholm se ct io n , Avon River

7 742466 Avonholm S ection , Avon River

8 '< 8544 95 Quarry at F iddler Burn, near Headsmuir

9 n 873488 Lemuir Quarry, near Headsmuir.

10 ii 871516 Thorn Quarry.

11 ,i 828499 J o ck 's  G i l l

12 •• 8734 72 Quarry at Craigen H ill

13 " 855480 N e lf ie ld  Quarry.

14 •• 836488 Quarry at O ld h ill .

15 ti 668513 Quarry near Mid—Drumloach

16 it 680788 C orrie  Burn

17 657776 2 stream se ctio n s  between Shields Burn 
and Spouthead.

18 .. 595757 B la irsk a ith  Quarry.

19 " 661777 Shields Burn.

20 i i  640 785 Sloughneagh S ection .

21 ,i 634788 About 500 m N.E. o f  Balgrochan.

22 ii 644786 Baught Glen.

23 u 615776 Baldow Glen.

25 i i  741877 Bannock Burn

26 i i  760891 Sauchie Craig South.

Continued. . . .
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Section  Grid 
No. Reference D eta ils  o f  S ections

27 NS 779884 Burn near Old Sauchie

28 “ 764875 Weatherlaw I n l ie r

29 “ 798831 River Carro^n

32 " 404656, 
412655

River Gryfe, B ridge o f  Weir

33 “ 401605 Howwood

34 « 509597 Quarry at Liverholm .

36 .< 466611 Limcraig Quarry.

37 513652 Arkelston Junction

38 .1 503599 Hurlet

39 « 6 57543 Calderwood Glen

39A .. 6 58547 Calderwood Glen

40 .. 662542 Calderwood Glen

41 594547 Quarry at Thorntonhall

42 <i 621551 K ittoch Water S ection

44 .. 587536 G il l  Burn

45 m  992653 River Almond

46 » 998628, 
986626

Skolk Burn and B reich  Water

47 yj 008750 B eecraigs Wood

48 A/S 991715 Silverm ine Quarry

49 » 985694 Quarry at Bathgate Area

50 « 988693 West Kirkton Quarry

51 >• 607550 Barrhead

52 „ 498592 Quarry near East K ilb r id e .





1.2 TERMINOLOGY

The environment o f  d e p o s it io n  o f the non-carbonate 

sediments o f  the Lower Limestone Group is  considered  to be 

d e lt a ic .  I t  is  f i r s t  necessary to  d e fin e  some o f  the 

terms used in  the d e sc r ip t io n  o f  d e lta  morphology which 

w ill  be used in the forthcom ing d iscu ss ion  and in terp re 

ta tio n  o f  the Lower Limestone Group sediments

Most authors agree that there are th ree  simple main 

components o f  a d e lta ; these are :

1. D elta p la in

2. D elta fron t

3. P rodelta .

1.2a D elta  P lain  Environment

This environment includes the d e lt a ic  d is tr ib u ta ry  

channels w ith th e ir  associa ted  natural le v e e s  and the 

area between these channels (F ig . 7 ) ,  which includes, 

marshes, swamps, lakes and bays (Fisher, 1969a; Donaldson 

et a l . ,  1970). Coleman and Gagliano (1964) and A llen 

(1965) pointed  out that these d e lta  p la in s  are ch aracterized  

by shallow  water and they are areas o f ex ten sive  vegeta tion . 

Gould (1970, p .5) described  the M iss iss ip p i d e lta  and noted 

that the d e lta  p la in  " . . .  holds many shallow  brackish  and 

fresh -w ater lakes and is  indented along i t s  margins by 

brackish  and marine bays". He added a ls o  that the surface  

of the d e lta  p la in  is  zoned in to  four broad b e lts  grading 

gulfward along the seaward margin o f the p la in  from the 

swamp environment through the fresh-w ater marsh, brack ish -
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water marsh and s a lin e  marsh (F ig . 5 ) .

E l l i o t t  (1973, 1974b)summarized the d e p o s it io n a l 

p rocesses , m orphologica l forms and the sedimentary sequences 

found in  the d e lta  p la in  environemnt. He used the term 

" in te r d is t r ib u ta r y  bay" t o  in clu de  the areas o f  shallow 

water (1-4  m deep) between the d e lta  d is t r ib u ta r ie s ,  which 

may be open t o  the sea or p a r t ia l ly  or e n t ir e ly  c lo se d ; 

and th e re fo re  may be fresh , b rack ish  or marine. This 

usage is  adopted in  th is  study. He a lso  added that the 

bay rece ived  sedim ents e ith e r  by f lo o d  generating processes 

(the main p ro ce sse s ) which include overbank f lo o d in g , 

crev a ss in g  and a v u ls ion , or, when the in te rd is tr ib u ta ry  bay 

i s  open, by longshore cu rren ts  which produce sand s p its  and 

beaches. These processes produce sequences o f  sediments, 

the m ajority  o f  which are s m a ll-s ca le  coarsening-upwards 

sequences.

1.2b D elta  Front Environment

This area includes the coarse  sediments associated  

with d e lta  progradation . The nature o f  the c h a r a c te r is t ic  

fea tu res  o f  t h is  environment which includes r iv e r  mouth 

bars, sand s p it s ,  beaches and co a s ta l b a rr ie rs  sands 

depends on the r a t io  o f  the sediment input t o  the marine 

re se rv o ir  energy (F isher, 1968; Scott and F isher, 1969).

1 .2c P rod elta  Environment

This in clu d es  the sediments seawards o f  the d e lta  

fro n t . Although prodelta  sediments are la rg e ly  o f  c lay ,
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they may in clu d e  a l i t t l e  very f in e  sand and s i l t .

1.2d Types o f  D elta

The c l a s s i f i c a t i o n  proposed by S cott and Fisher (1969) 

is  adopted in  t h is  study . They c la s s i f i e d  d e lta s  in to  

four main typ es ; these are (see  a lso  F ig . 6 ) *

A -  H igh -con stru ctiv e  d e lta s  -  f lu v ia l ly  in flu en ced  type.

1 -  E longate type

2 -  Lobate type.

B -  H ig h -d estru ctiv e  d e lta s

1 -  Wave dominated

2 -  T ide dominated.

1 .2 d (i)  H igh -con stru ctive  d e lta s

Coleman and G agilian o (1965) noted that during the 

progradation o f  the M iss iss ip p i d e l t a ,f in e  sedim ents, 

(mostly claysj^were deposited  o f fs h o r e  forming the prodelta  

fa c ie s .  S i l t s  and c la ys  represent the d is t a l  fa c ie s  o f  

the mouth bar, whereas coarse  sediments (mainly o f  sands 

and s i l t s )  rep resen t the proxim al fa c ie s  o f  the mouth bar. 

F ra z ie r (1967) in  h is  d e sc r ip t io n  o f  the f lu v ia l ly  

in fluenced , c o n s tr u c t iv e  type M iss iss ip p i d e lta , pointed 

out that most o f  the sands dep osited  at the d is tr ib u ta ry  

mouth are bu ried  by more sands although some is  r e d is t r i 

buted la t e r a l ly  by waves, w hile the f in e r  grained sediments 

are ca rr ied  fu rth e r  away from the mouth. He ind icated  

also that the d e lta  form ation begins with the progradation 

o f  a s h o re lin e  producing d is tr ib u ta ry  mouth bars the
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a
sediments o f  which have/coarsening-upw ard trend.

F isher (1968) described  th e  d e lta  system o f  the Gulf 

Coast Basin (Eocene) and rep orted  that co n s tru ctiv e  d e lta s  

formed at the mouths o f  a few very  large  streams in  which 

there was exten sive  sh ore lin e  progradation  o f  e longate 

to  lob a te  terrig en ou s  d e lta  lo b e s .  He in d ica ted  a lso  

that the r a t io  o f  the prograd ation a l to  d e stru ctio n a l fa c ie s  

is  high w ith in  th is  type of d e l t a .  F isher (1969a) pointed 

out that a d e lta  system con ta in in g  a la rge  proportion  o f 

f lu v ia l ly  in flu en ced  fa c ie s  is  con sidered  t o  be a 

co n s tru ct iv e  type and that such d e lta s  are the product o f  

progradation  and aggradation. He added that th is  type o f 

d e lta  is  developed under co n d it io n s  o f  high sediment 

input r e la t iv e  to  the marine r e s e r v o ir  energy. S cott and
tK

Fisher (1969) in d icated  that d e l t a  systems made o f / la r g e  

proportion  o f  f lu v ia l ly  in flu en ced  fa c ie s  represent high 

co n s tru ctiv e  deltas in  which s h e l l  con cen tra tion s and 

burrows are r e s t r ic t e d  to  the c r e s t  o f  the d is tr ib u ta ry  

mouth bars due to  d e lta  abandonment.

1. E longate ty p e :

Th is type o f  d e lta  is  con stru cted  by a few 

d is t r ib u ta r ie s  (Gould, 1970) and forms under high sediment 

input con ta in in g  a high p rop ortion  o f  mud re su ltin g  in 

sand fa c ie s  prograding over r e la t iv e ly  th ick  mud sequences. 

Fisk (1961) in d ica ted  that the elongate le n t icu la r  sand 

bod ies  (b a r -fin g e r  sands) o f  e lon g a te  d e lta s , co n s is t  o f 

w ell so rted , f in e  and very f in e  sands which grade
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downwards and la t e r a l ly  in to  massive d e lta  fron t clayey 

s i l t s .  He added a ls o  that the b a r -fin g e r  sands are th ick  

d ir e c t ly  beneath the d is tr ib u ta ry  channels and show an 

ir r e g u la r ly  decrease in th ickness towards th e ir  la te r a l  

margin (F igs. 7 and 8 ) .  Fisk et a l .  (1954) and Fisk (1961) 

noted that when the underlying muds o f  the b a r -fin g e r  sand 

are th ick , mud lumps or d ia p irs  may develop  and th e ir  

upward movement creates lo c a l  s tru ctu res  in the overly in g  

sand masses, the re co g n it io n  o f  which cou ld  be used fo r  the 

re co g n it io n  o f  b a r -fin g e r  sands in ancient sedim ents.

Fisher (1969b) noted that the v e r t i c a l  va rie ty  o f  fa c ie s  in 

the e lon gate  d e lta  sequence co n tra sts  with the prominent 

la te r a l p ers is te n ce  o f  s p e c i f i c  fa c ie s  in lobate  high 

con stru ctiv e  d e lta s . He added that elongate d e ltas  are 

developed by progradation  over th ick  mud, Gould (1970) 

ind icated  a lso  th at the b a r - fin g e r  sands are d istin gu ish ed  

by th e ir  geom etric form, l i t h o lo g i c  featu res and the 

re la t io n sh ip  t o  th e ir  ad jo in in g  fin e  grained sedim ents.

2. Lobate d e lta  type

This type o f  d e lta  develops under con d ition s  o f  high 

sediment input by numerous streams with r e la t iv e ly  l i t t l e  

mud, in com parison t o  the e lon gate  d e lta  type, and produces 

sand fa c ie s  which prograde over a th in  mud sequence (Fisher, 

1969b; Scott and Fisher, 1969). Fisher (1969b) added also 

that th is  type o f  d e lta  is  ch a ra cter ised  by the la te r a l 

p ers isten ce  o f  s p e c i f i c  fa c ie s .
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1.2d ( i i )  High D estru ctive  D elta

Marine and r iv e r  processes in te ra c t  at the d e lta  

shorelin e and the r e la t iv e  importance o f  th ese  processes 

is  shown by the d e lta  morphology. When the sediments input 

is  moderate and is  s l ig h t ly  exceeded by the energy o f  

coasta l p rocesses , a d e s tru c t iv e  d e lta  is  produced in which 

the r a t io  o f  co n stru ctio n a l t o  d e s tru c tio n a l fa c ie s  is  

r e la t iv e ly  low (F isher, 1968). S cott and Fisher (1969) 

reported that in the d e s tru ct iv e  d e lta  the f lu v ia l ly  

introduced sediments are contem poraneously reworked by 

marine p rocesses  such as waves and t id e s  and they reported  

two v a r ie t ie s  w ith in  t h is  d e lta  type (F ig. 6 ) .

1. Tide dominated d e lta

In t h is  type o f  d e lta , the f lu v ia l ly  introduced 

sediments are re d is tr ib u te d  by t id a l  cu rren ts , consequently 

a ser ies  o f  d ig ita te  sand u n its  which normally rad ia te  from 

the fro n t  o f  the r iv e r  mouths are produced.

2. Wave dominated d e lta

This d e lta  is  ch a ra cter ised  by cuspate to  arcuate 

trend o f  the sand u n its  which are accumulated in a s e r ie s  

of c o a s ta l  b a rr ie r  sands flan k in g  the r iv e r  mouth.

■
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2.1 SEDIMENTARY FACIES

The c la s t i c  sedim ents o f  the Lower Limestone Group 

are subdivided in to  fou r  main fa c ie s  based on v e r t ic a l  

sequences o f  l i t h o lo g y ,  sedimentary s tru ctu res  and f o s s i l s .  

The c h a r a c te r is t ic s  and the in ferred  environment o f
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F ig . 9 Graphical logs to  show the fa c ies
y a ria tio n s  in the c la s t i c  sediments 
o f  the Lower Limestone Group in 
Campsie area.
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10 G raphical logs  to  show the fa c ie s  
v a r ia t io n s  o f  the c la s t i c  sediments 
o f  the Lower Limestone Group in 
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Fig. 15 Different types of progradat ional facies, facies(P)-



and organic m ateria l with a minor amount o f  lig h t  minerals 

(e .g . qu a rtz ). The lig h t  laminae co n s is t  mainly o f quartz 

with le sse r  amounts o f  heavy minerals and organ ic m aterial 
(Figure 16).

The sandstones are moderately sorted , o f  yellow ish  to  

brownish co lo u r  and ra n g e .in  th icknesses from 15 cm to  

80 cm. Sedimentary stru ctu res  include large s ca le  trough 

cross-bedd in g  and m icro -cross  lam inations. In most o f 

the se ct io n s , there  is  no d e f in ite  v e r t ic a l  sequence o f  

stru ctu res and m ostly the sandstones appear t o  be massive. 

However, these apparently massive sandstone u n its  contain 

carbonaceous fragments which are in c lin ed  to  the bedding. 

Climbing r ip p le s  were observed in  some se c t io n s .

Symmetrical wave r ip p le  marks with an average wavelength o f 

4 .5  cm and amplitude o f  0 .6  cm are common in  some section s  

and r e s t r ic te d  to  the top  o f  the sequences. A few 

sandstone u n its , which range in  th ickness from 8 cm to  

50 cm, were found w ith in  the upper part o f  the shales or 

w ithin the s i l t s t o n e  sedim ents. They are apparently 

massive and have sharp bases.
The coarsen ing upward nature, the presence o f marine 

fauna in  the sha les at the base o f  the sequence, the high 

proportion  o f  coarse  sediments and the presence of th in  

f o s s i l i fe r o u s  s i l t s t o n e s  and very f in e  sandstones (fa c ie s  

C) at the top  o f  the fa c ie s ,  in d ica te  that i t  was deposited 

by the progradation  o f  co n stru ctiv e , f lu v ia l ly  influenced 

d e lta ic  lobes in to  the marine environment. In such a 

d elta  progradation  the coarse  sediments debouched by

29
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Fig. 16 Photom icrograph showing a lte rn a tin g  dark 
laminae (mainly heavy m inerals and organic 
m ateria ls  and lig h t  laminae (mainly quartz) 
XN (X100)

F ig .17 Symmetrical wave r ip p le  marks on the top o f  
su b fa c ie s  A2. P ost-B lack h a ll d e lta  (se ction  19)



streams are dropped at the mouth o f  the streams forming 

d is tr ib u ta ry  mouth bars. The interbedded s i lts to n e s  

and shales represent the d e p o s it io n  on the d is ta l  parts of 

these bars, whereas the sandstones form the proximal fa c ie s  

o f the mouth bar sedim ents. The f in e  m aterial was 

carried  away and deposited  below the reach o f wave a ction  

and represents  the prodelta  sedim ents.

Leeder (1972, 1974) in terp reted  the coarsening-upward 

sequences, with marine fauna w ith in  the basal mudstones, 

in the Lower Border Group (Tounaisian) o f  the Northumberland 

Basin, as having been formed by the progradation o f 

co n stru ctiv e  d e lta  complexes in to  a marine environment. 

E l l io t t  (1976) a lso  considered that th ick  coarsen ing- 

upward sequences sometimes o v e r la in  by th in  f o s s i l i f e r o u s  

s i l t s t o n e s  and sandstones, in the Carboniferous sediments 

o f B ideford  Group o f  North Devon (England), were formed 

by the progradation  o f  co n stru ctiv e  river-dom inaled 

elongate d e lta  type.

Coleman and Gagliano (1965) pointed out that the 

d is ta l  sediment (mainly s i l t s  w ith c la y s ) o f  the mouth-bar 

o f the M iss iss ip p i d e lta  show p a r a lle l  lam inations and 

wave and current produced m icrocross lam inations. They 

added that the coarse  sands and s i l t s  o f  the mouth bar are
On Ly

reworked n ot/by  stream currents, but a lso  by waves 

generated in the open water beyond the channel. They 

in d icated  a lso  that p a r a lle l  lam inations could be formed 

by segrega tion  o f  p a r t ic le s  by d i f fe r e n t ia l  s e t t l in g  and 

wavy lam inations could be produced by minor ir r e g u la r it ie s



and o b s tru ctio n s  on the d e p o s it io n  su r fa ce . A llen (1970) 

pointed out that r ip p le s  and cross  lam inations are the 

commonest s tru ctu re s  found in  f in e  sediments while dunes 

and th e ir  r e s u lt in g  cross-b edd in g  are ty p ic a l  o f coarse 

sedim ents.

The p a r a l le l  lam inations which are shown up by the 

heavy and lig h t  m inerals in  the s i l t s t o n e s  o f  the studied 

sequence cou ld  have been produced by s e t t l in g  from 

suspension. Due t o  the d if fe r e n c e  in  the s p e c i f i c  grav ity  

o f  the m inerals, a lte rn a tin g  p a r a lle l  laminae o f heavy 

m inerals and l ig h t  m inerals could  be produced as a resu lt  

o f  the s o r t in g  a c t io n  o f  the random flu ctu a tio n s  o f  the 

d e p o s it in g  cu rren t. The m icrocross lam inations could be 

produced by current and wave a ctio n . The abrupt a lte r 

nation  o f  the p a r a l le l  and m icro -cross  lam inations might 

be due t o  f lu c tu a t io n  in sediment supply and current 

v e lo c it y  which probably r e f l e c t  changes in  the weather and 

random flu c tu a t io n s  in  r iv e r  d isch a rge . The wavy 

lam inations might be due to  minor ir r e g u la r it ie s  and 

o b s tru ctio n s  on the su rfa ce  o f  d e p o s it io n .

A llen  (1970) pointed out that the large s ca le  cro ss 

bedding is  formed by the m igration o f  subaqueous sand 

dunes. He added that tabular se ts  are the product o f  the 

m igration  o f  s tr a ig h t -c r e s te d  bed forms, and trough cro ss 

bedding the product o f  lin gu oid  bed form s. Hamblin (1965) 

reported  that sandstones which are apparently massive due 

to  th e ir  homogeneity o fte n  co n s is t  o f  large s ca le  cross 

bedding and m icro -cross  lam ination which can only be seen ,'n

32
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x-ray radiographs. S cott and Fisher (1969) indicated  

that m u lt i-d ir e c t io n a l trough type cross-b ed d in g  produced 

by o s c i l l a t i o n  and current r ip p le s  are the main sedimentary 

structures in  the d is tr ib u ta ry  mouth-bar sands o f the 

M iss iss ip p i d e lta .

The trough cross-bedded sandstones o f  th is  fa c ie s  

in d ica te  bed -load  movement represented by m igration o f 

subaqueous lin gu oid  sand dunes. The m icro -cross  

lam inations, might be due to  wave or current a ction . The 

apparently massive sandstones might c o n s is t  o f  in terna l 

s t r a t i f i c a t io n  s in ce  the sandstones are w e ll-s o r te d  and 

th e re fo re  homogeneous. The apparently massive sandstones 

might a lso  r e f l e c t  ra p id ity  o f d e p o s it io n . The sands 

dropped at the mouth o f  the streams are expected to  be 

buried ra p id ly  by more sands in  which th e re  may be no bed 

load movement and consequently no s t r a t i f i c a t io n s  are 

produced.

Four d is t in c t  su b fa cies  are recogn ized  w ithin  th is  

fa c ie s  (Table 2 ) .  They a l l  have the same general 

c h a r a c te r is t ic s ,  ou tlin ed  above but with ce rta in  

distinguishing fe a tu res .

2 .1 a ( i )  Subfacies

This is  ch aracterised  by having le s s  shale between 

the sandstone beds in  the middle and to p  o f  the c y c le .

Two c y c le s  con ta in ing th is  subfacies  were observed. One 

is  p a r t ia lly  exposed and cut by a channel (se c t io n  34, 

Figure 11), while the sandstone beds o f  th e  other are e ith er
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highly cross-b edd ed , apparently massive or m icro-cross  

laminated (S ections 3 9 > F i g u r e  12) and over la in  

conform ably by marine f o s s i l i f e r o u s  sandstones and s i l t -  

stones (F acies C ).

In s u b fa c ie s  Ap the sm aller proportion  o f  shale 

between the sandstones o f  the c y c le  and the presence of a 

channel in d ica te s  that the environment of d ep osition  is

the a x ia l or near a x ia l part o f  a mouth bar. E l l io t t  (1976)
0,j

noted th at the v a r ia tio n s  between the sediment/, cy c le s  in 

the C arboniferous B ideford  Group o f  North Devon (England) 

are governed by th e ir  lo c a t io n  with respect to  the bar- 

fin g e r  sand. He added that a x ia l c y c le s  include w ell- 

developed mouth bar sediments and/or d is tr ib u ta ry  channel 

fa c ie s  and c o n s is t  s o le ly  o f  progradational fa c ie s .

A few sandstone u n its  were found w ithin the upper 

part o f  the shales or w ith in  the s i l t s t o n e  sediments o f 

th is  s u b fa c ie s  and a lso  w ith in  su b facies  which range 

in  th ick n ess  from (8 -50  cm ). They are apparently massive 

and have sharp bases . Leeder (1974) in terpreted  thin , 

sharply—based, f in e  grained sandstones in  the prodelta  

sediment o f  the Lower Border Group (T ournaisian ), 

Northumberland Basin, as due to  the sudden incursion  o f 

tu r b id ity  cu rren ts , although he added that storm action , 

major d is tr ib u ta r y  flo o d in g  or d e lta  fron t slumping might 

produce such u n its . E l l i o t t  (1975) reported  sharp-based 

sandstone u n its  at the base o f progradational d e lta ic  

sequences in  the Upper Limestone Group (Namurian, E^)
He considered  them to  be re la ted  tonorthern Pennines.
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the rapid f lo o d  r is e  with d e p o s it io n  during maximum and 

waning sta ge . The apparently massive sandstone un its 

within the p rode lta  shale or d e lta  fron t s i l t s t o n e s  of 

th is  su b fa c ies  in d ica tes  sudden in cursion s o f  sediment.

These sudden incursion s were p o ss ib ly  produced during 

storm a ction  or rapid stream flo o d in g  ep isod es .

2 .1 a ( i i )  Subfacies A^

The sandstones o f th is  su b fa c ies  are s im ila r  in colour, 

texture and th ickness to  the su b fa cies  Ap but d i f f e r  in 

conta in ing a higher proportion  o f  shales, which range in 

th icknesses from 40 cm to  2 .1  m between the sandstone units 

o f the c y c le ,  and in ex h ib it in g  le s s  cro ss -b e d d in g . 

Sometimes th is  su b facies  is  ov e r la in  by fa c ie s  B and 

fa c ie s  C. In Section  40, Figure 12, the sandstones o f  the 

c y c le  pass upward from apparently massive and sometimes 

cross-bedded  in the middle o f  the cy c le  in to  symmetrical 

w ave-rippled (Figure 17) sandstones at the top  o f  the 

c y c le  which are in turn o v e r la in  by su b fa c ies  B^.

Subfacies A^ is  broadly  s im ila r  to  su b fa cies  Aĵ  and 

th e re fo re  formed by the progradation  o f d e lta  lob es . The 

high proportion  o f  shales between the sandstone u n its , the 

r a r ity  o f  cross-bedd ing and the presence o f  wave r ip p le  

marks suggest that th is  su b fa c ie s  was deposited  in a 

la te r a l p o s it io n  on a mouth bar in which there was much 

le s s  f lu v ia l  in fluence than in the case o f  su b facies  A^. 

Climbing r ip p le s  are present w ith in  some sandstone units 

in d ica tin g  rapid d e p o s it io n  from suspension. The change
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in the sedim entary stru ctu res  (S ection  40, F ig. 12) within 

the sandstones o f  the c y c le  from apparently massive and 

trough cross-bedded  sandstones at the middle o f  the 

sequence t o  sym m etrical wave r ip p led  at the top  o f the 

sequence might in d ica te  that the marine process becomes 

more a c t iv e  towards the top o f  the c y c le .

2 .1 a ( i i i )  S ubfacies Ag

No sandstone u n its  are found w ith in  th is  su b facies, 

but the marine sh a les  grade upwards in to  th in  dark grey 

s i l t s t o n e s .  These are mainly p a r a lle l  laminated, although 

some m icro -cro ss  lam inations were observed^e^.^ecficv? \.i2]

S ubfacies Ag is  s im ila r  to  su b fa cies  Â  and Ag, but 

the absence o f  sandstone u n its , the high proportion  o f  

sh a les , and the predominance o f  p a r a lle l  lam inations 

in d ica te  the d e p o s it io n a l environment to  be a d is ta l  

p o s it io n , away from the axis, on a d is tr ib u ta ry  mouth-bar 

with n e g l ig ib le  f l u v i a t i l e  in flu en ce . In such a s i t e  o f 

d e p o s it io n  the sediments are thought to  be deposited  from 

suspension as in d ica ted  by the predominance o f  p a ra lle l 

lam inations. However, the m icro -cross  lam inations ind icate 

wave or current a ct io n , although the wave action s  are more 

l ik e ly  at such a s i t e  o f  d ep os ition . E l l io t t  (1976) 

in terp reted  s im ila r  sequences in carbon iferou s Bideford 

Group as la te r a l  c y c le s  deposited  e ith e r , a considerab le 

d istan ce  from bar f in g e r  axis, or, in  a d is ta l  p osit ion

on the mouth bar.
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2 .1 a (iv )  S ubfacies

This su b fa c ie s  is  on ly exposed in one section  

(Section 19, F ig . 10 ) .  I t  is  s im ila r  to  su b facies  A2 , 

except that i t  i s  only 14.3  metres th ick , and shows a 

normal coarsen ing upward trend . No f o s s i l s  were noticed 

in the basal sh a le  o f the c y c le  but Macnair and Conacher 

(1914) noted the presence o f  Posidonomya b e ch er i, Orthoceras 

and N autilus, a fauna which in d ica tes  a marine environment. 

The shales pass upward in to  p a r a lle l  laminated s i lts to n e s  

in which plant f o s s i l s  were observed and then sometimes 

in to m icro -cross  laminated and then m icro-cross  laminated 

and apparently massive sandstones.

The d iscu ss io n  o f  su b fa c ies  A^-Ag, ind icated  that 

they were formed by the progradation  o f a con stru ctive  

d e lta  in to  a marine environment. Donaldson ert aJ. (1970) 

described the Gaudalope d e lta , a con stru ctiv e  type, and 

reported small s ca le  coarsen ing upward sequences, on 

average on ly  about 3 metres th ick , produced by progradation 

o f mouth bars in to  a marine environment.

The coarsen ing upward trend, the presence o f marine 

fauna at the b a sa l shale and i t s  s im ila r ity  to  su b facies  

Ag in d ica te  th at su b fa c ies  A4 formed by progradation o f 

small s ca le  mouth bars in to  a shallow  marine environment. 

However, the water depth was s ig n if ic a n t ly  less  than in 

the case o f su b fa c ie s  Â  to  Ag because the shale at the 

base o f  th is  su b fa c ie s  is  much th inner.

2.1b Facies B

These fa c ie s  com prise normal coarsening upwards 

sequences with a range o f  th ickness from 2 .5  to  15m i .e .
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usually  le s s  than in fa c ie s  A. They e ith er  o v e r lie  or 

are la t e r a l ly  equivalent to  fa c ie s  A sedim ents. Mostly 

the fa c ie s  s ta r ts  with n o n -fo s s il i fe r o u s  h ighly f i s s i l e  

dark sh a les  and passes gradually  upwards in to  s i lt s to n e s  

and sandstones. In some cases these are overla in  by more 

interbedded shales and sandstones. The d iffe r e n t  examples 

o f th is  fa c ie s  are shown in Figure 18.

The s i l t s t o n e s  are dark to  medium grey and form beds 

2-5 cm th ic k  interbedded with the shales or s i l t y  c la y -  

ston es. In tern a lly  the s i l t s t o n e  beds co n s is t  o f 0 .1 - 2mm 

th ick  dark laminae (mainly heavy m inerals, organic 

m ateria ls  w ith l i t t l e  quartz) and 2mm-lcm lig h t  laminae 

(mainly quartz with l i t t l e  heavy minerals and organic 

m a te r ia ls ) . The in tern a l sedimentary stru ctu res exh ib ited  

by these dark and lig h t  laminae are p a r a lle l ,  m icro -cross  

and wavy lam inations. R oo tle ts  and th in  coa l seams and 

sometimes burrows are common (Fig. 19, 20 ).

The sandstones are lig h t  grey to  yellow ish-brow n and 

range in  th ickness from 10-40 cm and shales are sometimes 

found interbedded with the sandstone u n its . Sedimentary 

stru ctu res  are mainly micro—cross  lam ination; la rge - 

s ca le  cross-b ed d in g  is  o cca s io n a lly  present and apparently 

massive sandstone u n its  are common.
Coleman and Gagliano (1964); Allen (1965) and Kanes 

(1970) reported  that the d e lta ic  p la in  environment o f  the 

M iss iss ip p i, Niger and Colorado d e ltas  are areas o f shallow  

water and extensive v eg eta tion . Coleman t̂_ _al. (1964, p.252) 

stated  that the in te rd is tr ib u ta ry  bays o f  the M ississ ip p i 

d e lta  are ” . . .  areas o f  shallow , open water which may be
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com pletely  surrounded by marsh or levees, p a r t ia lly  open 

to  the sea, or connected t o  i t  by t id a l  channels". Gould 

(1970) pointed out that the s a l in it y  o f  the M ississipp i 

d e lta ic  p la in  v a ries  seaward from the swamp environment, 

through fresh -w ater marsh, brack ish  water marsh and sa lin e 

marsh.

The presence o f  r o o t le t s  and co a l, the sm all thickness 

o f the c y c le s  and th e ir  r e la t io n s h ip  with the fa c ie s  A, 

in d ica te s  that these fa c ie s  are in te rd is tr ib u ta ry  bay 

d e p o s its . Greensmith (1965) in terpreted  an assemblage 

o f  sedim ents co n s is t in g  mainly o f  s i l t s t o n e s ,  sandstones 

and s i l t y  muds with co a ls  in the Carboniferous C a lcifereou s 

Sandstone S e r ie s  o f  the Midland V a lley  as o n -d e lta  sediments. 

Leeder (1972) concluded that a ltern atin g  th in  beds of 

mudstone, s i l t s t o n e  and sandstone with abundant r o o t le ts  

and plant d eb ris  and w ithout fauna represented the on -delta  

environments o f  levees and back-swamps in the Lower Border 

Group. E l l i o t t  (1974b) described  the gen esis  o f the 

in te rd is tr ib u ta ry  bay sediments and reported that sedimenta*-j 

fa c ie s ,  the m ajority o f  which are coarsening upwards with 

c o a l and r o o t le t s ,  in d ica te  an in te r -d is tr ib u ta ry  bay 

environment.
Several su b facies  each with the general ch a ra c te r is t ic s  

d iscussed  above are recogn ized  w ithin th is  fa c ie s  as 

f o l lo w s :

2 .1 b ( i )  Subfacies

In th is  fa c ie s  the gradual coarsening upwards is  

in terrupted  by the presence o f  sharp, erosive-based  sand-
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stone u n its , which sometimes ex h ib it  large s ca le  cross 

bedding (F ig . 2 1 ).

The coarsen ing upward tren d , and the in terru p tion  of 

the basal f in e  sediments o f  t h is  su b facies  by planar 

erosive  sandstone beds, suggests that these sediments are 

la id  down by crevasse sp la ys . A crevasse splay is  formed 

when the floodw ater passes through a d is t in c t  breach in 

the levee  o f  d is tr ib u ta ry  channels in to  an in te rd is tr ib u ta ry  

bay. The sudden incursion  o f  such sand-laden h ig h - 

v e lo c ity  curren ts in to  the bay produces sharp, e ro s iv e - 

based coarse  beds which in terrupted  the d e p o s it io n  o f the 

usual bay muds or s i l t s .  These muds and s i l t s  o f  th is  

su bfacies  are thought t o  have been deposited  p a rtly  by 

overbank flo o d in g  and p artly  from crevasse channels in 

which the f in e s  were ca rr ied  baywards beyond the coarse 

sediments o f  the crevasse sp la y s . The muds and s i l t s  

s e t t le  out from suspension and the segregation  o f  heavy 

and l ig h t  m inerals produced p a r a lle l  lam inations o f the 

s i l t s t o n e  u n its . However, some s i l t s t o n e  u n its  show 

m icro -cross  lam inations. Coleman _e£ a_l. (1964) reported 

that wave r ip p le s  and sometimes current r ip p le s  are the 

main sedimentary stru ctu re  o f  the bay sediments o f  the 

M iss iss ip p i d e lta . The cross-lam in ated  s i lt s t o n e s  

probably in d ica te  wave or curren t a ction . The cross 

bedding and micro—cross  lam inations o f  the sandstones 

in d ica te  the m igration o f sub-aqueous sand dunes and 

r ip p le s . However, some o f  the m icro-cross  laminated 

sandstones could  r e f le c t  wave a ction . The apparently





massive sandstones might in d ica te  homogeneity or ra p id ity  

o f d ep osition .

Coleman and G agliano (1964) pointed  out that sub- 

d e lta ic  lobes formed by crevasses in  the shallow  bays 

between or adjacent to  major d is t r ib u ta r ie s ,  form the f le sh  

on the skeleton  framework o f  the major d is tr ib u ta r ie s  in 

the M ississ ip p i d e l t a .  Arndorfer (1973) described the 

discharge pattern in  two crevasses o f  the M ississip p i d e lta  

and ind icated  that they b u ilt  le n t ic u la r  sedimentary 

d ep osits  w ithin th e  in te rd is tr ib u ta ry  bay. He added also 

that maximum d isch arge  was attained in  these crevasses 

during flo o d  t id e s ,  when seaward flow  is  in h ib ited  in  the 

main d e lta  d is t r ib u t a r ie s .  E l l io t t  (1974b) in h is  

d e scr ip t io n  o f  the genesis o f  in te rd is tr ib u ta ry  bay sed i

ments, pointed out that when the bay sediments and some

times the levee sedim ents are in terrupted  by crevasse 

channel d ep osits  a small s ca le  coarsen ing upward c y c le  is  

produced in which the f in e  bay sediments are cut by the 

planar, e ros iv e -b a sed  sandstones o f  the splay lobe.

C ollinson  (1969) in terp reted  a sharp-based sandstone fa c ie s  

in the M illstone G rit (Namurian), England, as sudden 

incursions of r e la t iv e ly  coarse  sediments by crevasse splays 

in to /sh a llow  in te rd is tr ib u ta ry  bay environment.

R ootlets  are only found in some o f  the sequences.

Leeder (1974) poin ted  out that a r a r it y  o f  plant m aterial 

forming peat beds in th is  type o f  environment may p oss ib ly  

be due t o  rapid o n -d e lta  sedim entation and subsidence. 

E l l io t t  (1974a, 1975) ind icated  that the absence o f  r o o t le t
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massive sandstones might in d ica te  homogeneity or rap id ity  

o f d ep osition .

Coleman and Gagliano (1964) pointed out that sub- 

d e lta ic  lobes  formed by crevasses in  the shallow bays 

between or adjacent to  major d is tr ib u ta r ie s , form the fle sh  

on the sk e le ton  framework o f  the major d is tr ib u ta r ie s  in 

the M iss iss ip p i d e lta . Arndorfer (1973) described the 

discharge pattern  in  two crevasses o f  the M ississipp i d e lta  

and in d ica ted  that they b u ilt  le n t icu la r  sedimentary 

deposits  w ith in  the in te rd is tr ib u ta ry  bay. He added also 

that maximum d ischarge was attained in these crevasses 

during f lo o d  t id e s , when seaward flow  is  in h ib ited  in the 

main d e lta  d is t r ib u ta r ie s .  E l l io t t  (1974b) in h is  

d e sc r ip t io n  o f  the gen esis  o f  in te rd is tr ib u ta ry  bay sed i

ments, pointed  out that when the bay sediments and some

times the levee  sediments are interrupted by crevasse 

channel d e p o s its  a sm all s ca le  coarsening upward cy c le  is  

produced in which the f in e  bay sediments are cut by the 

planar, e ro s iv e —based sandstones o f the splay lobe.

C ollin son  (1969) in terpreted  a sharp-based sandstone fa c ie s  

in the M illston e  G rit (Namurian), England, as sudden 

in cursion s o f  r e la t iv e ly  coarse sediments by crevasse splays 

in to /sh a llow  in te rd is tr ib u ta ry  bay environment.

R oo tle ts  are only found in some o f  the sequences.

Leeder (1974) pointed out that a r a r ity  o f  plant m aterial 

forming peat beds in  th is  type o f  environment may p ossib ly  

be due t o  rapid  on—d e lta  sedim entation and subsidence. 

E l l io t t  (1974a, 1975) ind icated  that the absence o f r o o t le t
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suggests a deep in te rd is tr ib u ta ry  environment, or cen tra l 

and/or d i s t a l  s i t e  o f  d e p o s it io n . The absence o f r o o t le ts  

in some sequences might th ere fo re  suggest that they were 

deposited  in a deep ce n tra l and/or d is ta l  bay area of 

sedim entation rather than a shallow  part o f  the in ter

d is tr ib u ta ry  bay.

In Silverm ine Quarry (S ection  48, F ig .14) a sequence 

considered  to  have been deposited  by crevasse splays was 

traced la t e r a l ly  fo r  about two m iles to  the south o f the 

quarry where i t  is  cut by a channel ch aracterised  by large 

sca le  cro ss -b ed d in g  and in terp reted  as a crevasse channel 

(F igs. 22 and 2 3 ).

2 .1 b ( i i )  Subfacies B2

T h is su b fa c ies  is  s im ila r  to  the su b facies  Bp but is  

ch a ra cter ised  by a gradual coarsening-upward trend. 

Sedimentary stru ctu res  w ith in  the sandstone u n its  are 

mainly m icro -cross  lam ination although apparently massive 

units are common. R ootle ts  are common, although not 

u b iq u it io u s ,e ith e r  w ith in  the s i l t s t o n e s  (in  the middle 

of the sequence) or w ith in  the top  sandstone u n its . Coal 

o v e r l ie s  some o f  the sequences.
Coleman et a l .  (1964) reported  d istr ib u ta ry  mouth bars 

formed at the mouth o f  the crevasse  channels in the in ter- 

d is tr ib u ta ry  bay o f  the M iss iss ip p i d e lta . They added 

that, s in ce  the d is t r ib u ta r ie s  in  the crevasse systems 

are numerous and o fte n  l i e  c lo s e  together, the deposits  

o f one bar might merge la te r a l ly  with the bar deposits  of 

the ad jacent channel. They added that m icro-cross

____
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y
Fig. 22 I n i t ia t io n  o f  channel in the crevasse splay

sedim ents (su b fa c ie s  B l) compared with E l l i o t t  
1973; f ig u r e  28. Silverm ine quarry (S ection  48, 
F i g .14), p ost-B la ck h a ll d e lta .

3m.

stra tifica tion

-10m- -— !

F ig .23 Sketch o f  channel s im ila r  t o  the S ilverm ine 
channel ( f i g .  22 -  % from E l l io t t
(1973, f i g .  2 8 ).

I ■ R
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lam inations o f  wave and current type are the predominant 

sedimentary stru ctu res  and sometimes p a ra lle l laminations 

are presen t. Coleman and Gagliano (1964), pointed out 

a lso  that su b d e lta ic  lobes developed in the bays o f  the 

M iss iss ip p i d e lta  due t o  advance o f  c lo s e ly  spaced pairs 

o f crevasse channels. E l l i o t t  (1974b) described  the 

genesis o f  in te rd is tr ib u ta ry  bay sediments and indicated  

that the progradation  o f  permanent crevasse channels could 

produce minor mouth bars. He added that mouth bar 

sediments are s i t e s  o f  wave and current processes.

The nature o f  the v e r t ic a l  sequence and the a ssocia tion  

of the sedim ents in d ica tes  that these sediments are 

s im ila r  t o  fa c ie s  a s so c ia t io n  but d i f f e r  in the lack  of 

marine fauna at the base o f  these u n its . Therefore the 

progradation  o f  sm all mouth bars in to  an in te rd is tr ib u ta ry  

bay is o la te d  from the sea or in the landward part o f  an 

open bay is  most l ik e ly  t o  be the o r ig in  fo r  th is  su b fa cies . 

I f  a sm all s ca le  mouth bar is  accepted as the o r ig in  o f 

these sedim ents, th e ir  d ep osition  could re su lt  from the 

gradual in cu rsion  o f  crevasse  sp la y (s )  in to  an in ter

d is tr ib u ta ry  bay s im ila r  t o  the processes explained 

e a r lie r  f o r  the M iss iss ip p i d e lta . The lack  o f r o o t le ts  

in some s e c t io n s  might in d ica te  that the bay was too  deep 

fo r  the growth o f  veg eta tion , i . e .  th is  su b facies  was 

deposited  in the d is t a l  and/or cen tra l part o f the bay.



separate the beds o f  s i lt s to n e s  and sandstones. The 

co lou r o f  the coarse  sediments is  g rey . Normally, the 

sandstones have e rosion a l bases which cut through the 

underlying f in e  sediments and in some cases the bed 

th ickness increases upwards, whereas sometimes i t  decreases 

upwards. In s e c t io n  40, Figure 12 (Calderwood Glen), the 

sequence con ta in s h orizon ta l sandstone tubes interpreted  

as burrows (F ig. 2 0 ). Sometimes r o o t le t -b e a r in g  sediments 

cap these s u b -fa c ie s . In Blackburn (S ection  45, Figure 

14) a sequence grades from dark shale to  s i l t s t o n e  and very 

fin e  sandstone returning back gradually  in to  s i lts to n e s  

and shales (F ig . 2 4 ). No r o o t le ts  were observed w ithin 

th is  s e c t io n . P a ra lle l, m icro -cross  and sometimes wavy 

lam inations are the main sedimentary stru ctu res observed 

w ithin the s i l t s t o n e  and sandstone u n its .

Fisk (1961) ind icated  that the b a r -fin g e r  sand (part 

o f prograding elongate d e lta ) o f the M ississ ip p i d e lta  is  

ov e r la in  by s i l t y  sand and clayey s i l t  levee deposits  

which grades la te r a l ly  in to  the f in e  grained bay sediments. 

Coleman et al. (1964) pointed out th at the natural levee 

part o f  the in te rd is tr ib u ta ry  bay sedim ents o f  the 

M iss iss ip p i d e lta  is  o f  f in e  grained sediments deposited 

from suspension by f lo o d  waters. They added that 

p a r a lle l  lam inations, m icro-cross  lam inations o f  current 

type, wavy lam inations and clim bing r ip p les  are the main 

sedimentary stru ctu res  o f  the levee  sediments. Allen 

(1965) reported  that the sediments o f  the levee which 

border the stream channels and descend away in to  the fresh





50

water back-swamp o f  the Niger d e lta , were formed by 

overbank f lo o d in g . He added that the ty p ic a l sediments 

of the levee  are a ltern atin g  very f in e  sands and s i l t s  

with even and sm a ll-s ca le  cro ss  s t r a t i f i c a t io n ,  r o o t le ts  

and animal burrows. He in d icated  a ls o  that the ty p ic a l 

sediments o f the fresh -w ater back swamp are mainly o f  

a ltern atin g  s i l t y  c lays  or clayey  s i l t s  with laminae o f 

coarse to  very coarse  s i l t .  Scott and Fisher (1969) 

reported that the sediments o f  the M iss iss ip p i d e lta  levees 

are th ick est and coarsest when adjacent to  the channel and 

they grade la t e r a l ly  in to  in te rd is tr ib u ta ry  muds and 

organic sedim ents o f the marshes. C ollin son  (1969) noted 

the presence o f  burrowing w ithin the in te rd is tr ib u ta ry  bay 

sediments o f  the M illstone G rit (Namurian), England.

The coarsen ing upward trends, the presence o f  large

amounts o f  sh a le  separating the coarse  sediments and the

presence o f  r o o t le t s  and burrows, probably in d ica tes  that

these sediments were formed by overbank f lo o d in g . This

process in vo lves  sedim ent-laden f lo o d  water flow ing over

the banks o f  the main stream channel as sheet f lo o d s  
a

without form ing/breach  or crevasse . The fin e  sediments 

mainly s e t t le  out from suspension as indicated  by the 

p a r a lle l  lam inations o f  the s i l t s t o n e s .  However, the 

m icro-cross  lam inations o f  some s i lt s t o n e s  and the sand

stone u n its  might in d ica te  current action  with the form ation 

o f r ip p le s . The sequence at Blackburn (F ig .14, S ection  

4 5 ) is  coarsen ing upward from shales in to  s i lt s to n e s  and 

then in to  th in  sandstone u n its  (1 -7  cm th ic k ) , returning



back gradually  in to  thinner sandstones, s ilts to n e s  and 

shales. The sandstone u n its  are probably deposited 

during the major f lo o d  in which the coarse sediments 

could reach  the d is t a l  part o f  the bay and the fin e  

sediments (s i lt s to n e s  and sh a les) are deposited during 

minor f lo o d s .  However, the re trea t o f  the levee, 

probably during the processes o f d istr ibu tary  abandonment 

or due t o  a decrease in the magnitude o f the flood in g , 

could produce such sequences. At SauchifcCraig South 

(S ection  26, FigurelO) the coarsening-upward trend of the 

cy c le  is  ch aracterised  by an increase in the sandstone 

th icknesses upward. This is  probably due to  the 

encroachment o f  the levee  in to  in terd istr ib u ta ry  bay. 

E l l io t t  (1974b) described  the genesis o f  in terd istr ib u ta ry  

bay sequences and pointed out that the encroachment of 

levees in to  the bay produced coarsening upward sequences 

ch aracterised  by interbedded coarse and fin e  sediments in 

which the th icknesses o f  the coarse beds increased upwards.

The d iscu ss ion  ou tlin ed  above ind icates  that su bfacies  

Bp B2  and B3  represent in terd istr ib u ta ry  bay sediments. 

They deposited  by flood -gen era tin g  processes, e ith er by 

overbank flo o d in g  (su b facies  Bg) or by crevasse channels 

(su b facies  BL and B2 ) .  No fauna were observed in the 

basal f in e  sediments o f  these su b fa cies . This probably 

suggested that the bay in  which these sediments were 

deposited  was o f  fresh  water. In other words, they are 

e ith er deposited  in the upper part o f open bays ( i . e .  the 

inland part) or in  c losed  bays.
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2 .1 b ( iv )  S ubfacies B4

(Sech:n P'j'i)
One example is  represented by th is  subfacies(and  has 

a normal coarsening-upward trend o f  8 . 7  metres th ick , 

s ta rt in g  from shales with c la y  band iron ston es . Ostracods 

are the main fauna w ithin the ironstone bands and are 

s im ila r  t o  the fauna o f  the base o f  the B lackhall limestone 

which in d ica tes  hypersaline con d ition s  (see Chapter 3 ) .  

Clough et a l .(1 9 2 5 ) reported f is h  remains and entomostraca 

(ostra cod s) w ith in  the ironston e bands.

Coleman et a l. (1964), ind icated  the ex isten ce  o f 

fre sh  t o  brack ish  water con d ition s  in most o f  the in ter

d is tr ib u ta ry  bays o f  the M iss iss ip p i d e lta . Gould (1970) 

reported  a lso  a v a r ia tio n  in s a l in it y  in  the in ter

d is tr ib u ta ry  bay o f  the M iss iss ip p i d e lta  in  which the 

in te rd is tr ib u ta ry  becomes more sa lin e  seaward. Oomkens 

(1970) reported  sm all s ca le  f lu v io la c u s tr in e  (non-marine) 

re g re ss iv e  sequences, in  which the brack ish  water coasta l 

p la in  basin  i s  in f i l l e d  by f lu v ia t i l e  sediments producing 

a coarsening-upward trend in  Rhone d e lta .

The coarsen ing upward trend and i t s  s im ila r ity  to  the 

su b facies  Bg, in d ica tes  that th is  su b fa c ies  represented 

minor mouth bar and th e re fo re  was formed by slow incursion  

o f  sediments from crevasse sp la y (s )  in to  an in te r - 

d is tr ib u ta ry  bay environment. The presence o f  hypersaline 

fauna in d ica ted  that the bay was o f  abnormal s a lin ity  

(la cu str in e  or la g oon ). The absence o f  r o o t le ts  within 

th is  su b fa c ies  might in d ica te  that the s i t e  o f  d ep osition  

was ce n tra l and/or d is ta l  p o s it io n  w ith in  the bay. Leeder



(1974) in terp reted  s im ilar coarsening upward fa c ie s  as 

deposited in  brack ish  in terd istr ib u ta ry  bays in the Lower 

Border Group (Tournaisian), Northumberland Basin.

2 .1 b (v ) S ubfacies B5

This su b fa c ie s  has a coarsening-upward trend with a 

range o f  th ickn ess from 6 m to  10 m. Normally the 

sediments pass upwards from marine f o s s i l i f e r o u s  shales 

in to  non-marine shales, in to  p a ra lle l laminated and some

times m icro -cross  laminated s ilts to n e s  with r o o t le ts  and 

then in to  m icro -cross  laminated or apparently massive 

sandstones. Symmetrical wave r ip p les  o f  average wave 

length 7.5cm and amplitude 0 .8  cm were observed (Fig. 25, p.49). 

In the S t ir l in g  area, Bannock Burn (S ection  25, F ig .10), 

when th is  su b fa c ies  o v e r lie s  the Hurlet Limestone c r in o id s  

and b iv a lv e s  were noted in the basal shale o f the cy c le .

Dinham and Haldane (1932) and F ran cis/ (1970) indicated 

that the sh a le  c lo s e  to the Hurlet Limestone in Bannock 

Burn ca rr ied  an abundant marine fauna, including cr in o id s , 

bryozoa, produ ctoids, brachiopods, gastropods and b iv a lves .

In Old SauchieBurn (Section  27, Fig. 10) where th is  

su b facies  o v e r l ie s  the ShieldsBed, the basal shale units 

have Lingula and other un iden tified  s k e le ta l fragments.

Dinham and Haldane (1932) a lso  reported a marine fauna 

in the shale  at the base o f  the cy c le  in  th is  se ct io n .

In the Campsie area, Corrie Burn section  (Section  16,

F ig. 9 ) , th is  su b facies  o v e r lie s  the Hurlet Limestone and 

is  about 3m th ick  (Fig. 26 ). Although the exposure is
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F ig . 26 Levee sediments prograded in to  open in ter -
d is tr ib u ta ry  bay environment (su b facies  B 5 ). 
S ection  16, F ig . 9 (s c a le  is  arrowed). Post 
Hurlet d e lta .

F ig . 27 Levee sediments (su b facies  B5) s e c t io n  19, .
F ig . 9 -  Post-Main or Mid H osi^delta.
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poor, the Hurlet Limestone passes upward in to  calcareous 

sh a les , then in to  s i l t s t o n e s  with r o o t le ts  and f in a lly  

in to  sandstones. At Shields Burn (S ection  19, Fig. 9 )  

th is  su b fa cies  o v e r lie s  the Main or Mid Hosie Limestone 

and is  represented by a coarsening-upward sequence about 

9 .5  m th ick , in  which shales forming the upper part o f 

the c y c le  are overla in  by f o s s i l i f e r o u s  sandstones ( fa c ie s  

C). Although the se ct io n  i s  now poorly  exposed (Fig. 27) 

Clough et a l.(1 9 2 5 ) noted th at the basal shales contain  iron

stone bands with a marine fauna, passing upward in to  shales
CL

with thin/seam  o f coa l.

I t  is  indicated  p rev iou sly  in the d iscu ssion  outlined 

under fa c ie s  B and a lso  under su b facies  B^-B^, that the 

in te rd is tr ib u ta ry  bay is  an area o f shallow  water and o f 

exten sive  vegetation  which might be open and th ere fore  

varied  in s a lin ity  and may be com pletely surrounded by 

marshes or levees ( c f .  Coleman and Gagliano, 1964, 1965; 

Kanes, 1970; Gould 1970).

The ex isten ce  of r o o t le t s  w ith in  the s i l t s t o n e  units 

and the presence of coa l ind icate? that th is  subfacies  

was deposited  in  in te rd is tr ib u ta ry  bays. However, the 

presence o f  marine fauna in  the basal shales in d icates  

that these bays were open. I f  th is  is  accepted, the 

c y c le s  o f se ctio n s  25 and 27 (F ig .10) were produced by the 

slow  incursion  o f  sediments from crevasse sp la y (s ) in 

which minor mouth bars were formed in  an open in ter

d is tr ib u ta ry  bay, s im ilar t o  the processes envisaged fo r  

su b facies  B2 . In such a s itu a tion , coarsening-upward
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sequences would be produced with a marine fauna in  the 

basal sha les o f  the c y c le .  R ootlets  are most common 

within the s i l t s t o n e s  in  the middle o f  the c y c le .  This 

is  probably due t o  the in f i l l i n g  and progressive  shallowing 

o f the in te r d is tr ib u ta r y  bay. The absence o f  r o o t le ts  

w ithin the upper-most sandstone un its o f  the c y c le  and the 

presence o f  sym m etrical wave r ip p le  marks in d ica ted  that 

wave a ction  become more a ct iv e  towards the top  o f  the 

cy c le . The sequence at Shields Burn (S ection  19, Figure 9) 

which con ta in s  co a l in  the basal mud and passes upward 

in to  sandstone and s i l t s t o n e  units and then in to  shales 

probably formed by the encroachment o f  marsh and levee 

sediments in to  an open in te rd is tr ib u ta ry  bay as indicated 

in Figure 28. The encroachment o f  levees in to  an open 

in te rd is tr ib u ta ry  bay i s  a lso  suggested fo r  the sequence 

at C orrie Burn (S ection  16, Fig. 9 ).

E l l i o t t  (1975) in terp reted  small s ca le  coarsening 

upward sequence with marine f o s s i l s  at the base and 

r o o t le t  at the top  as the progradational mouth bars of 

crevasse sp la ys  which b u ilt  into open in te rd istr ib u ta ry  

bays in  the Upper Limestone Group (Namurian Ej )̂ Northern 

Pennines.

2. lc  Fac ie s  C
Two types o f  sediments are included in  t h is  fa c ie s ;  

th in  marine s i l t s t o n e s  or f in e  sandstones and c o a l . The 

sandstones are grey t o  yellow ish-brow n u n its  ranging in 

th ickness from 1 0  cm to  80 cm which are found overly ing  

subfacies  Ax t o  A3  and sometimes su b facies  B5. When the
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xl9 - Section 19 (Fig.9)

AI______ I Main
u , HosiëMarine LimestoneFossils

Second Hosic Limestone

Fig. 28 Model showing the encroachment o f  marsh and 
le v e e  in to  open in te rd istr ib u ta ry  bay. This 
model explains the ex isten ce  o f  coa l at the 
b a se /su b fa c ies  B5 in  Section  19, Fig. 9 and 
in the other sequences contain ing coa l at 
th e ir  bases.
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sandstones form th ick  un its they con s ist  o f  th in  beds of 

2 - 1 0  cm th ick , interbedded with th in  s i l t y  c la y ston es .

De Raaf jet _al. (1965) in th e ir  study o f  the Lower 

Westphalian sediments o f  North Devon, England, in d ica ted  

that during d e lta  progradation, a th ick  sequence o f 

c la s t i c  sedim ents was deposited  representing the 

co n stru ctiv e  fa c ie s ,  whereas th in  bioturbated s i l t s t o n e  

u n its  represen t the d estru ctiv e  fa c ie s  which formed a fte r  

d e lta  abandonment. Scott and Fisher (1969) noted that in 

the M iss iss ip p i d e lta , the upper part o f  the d is tr ib u ta ry  

mouth bar (co n stru ctiv e  fa c ie s )  contains a con cen tra tion  

of s h e l ls  and burrows formed during d e lta  abandonment. 

E l l io t t  (1974a) reported  th in  f o s s i l i fe r o u s  sandstone 

un its  and c o a l , which overlin e  the con stru ctive  

d is tr ib u ta ry  mouth bars or in te rd is tr ib u ta ry  bay sediments 

in the Upper Limestone Group, Namurian, E ,̂ North Pennines 

and con sidered  them as an "abandonment" fa c ie s .  This 

term is  adopted in th is  study to  represent these marine 

and c o a l u n its .
The marine horizons are considered in th is  study to  

represent a lim ited  reworking o f  the upper part o f  the 

mouth bar sediments by marine processes during the 

abandonment o f  d e lta . In other words, they r e f l e c t  

red u ction  in sediment supply; periods o f n on -d ep osition  

and b iog en ic  reworking.
W ithin the in te rd is tr ib u ta ry  fa c ie s  (Facies B ), thin 

seams (8 -15  cm) o f coa l were found to  o v e r lie  or u n d erlie  

some sequences, sometimes associated  with r o o t le t s .  Allen
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(1965), Kanes (1970) and Gould (1970), reported the 

development o f  marshes w ithin the d e lta ic  p lains o f the 

recent Niger, Colorado and M iss iss ip p i d e lta s . Donaldson 

et a l . (1970) pointed out that w ithin the d e lta ic  p la in  o f 

Guadalupe d e lta , the abundance o f  th in  beds or laminae o f 

peat d istin gu ish ed  the marsh environment from other 

environments in  which s i l t y  c lays  are d eposited . The 

existence o f  co a l w ithin some cy c le s  o f fa c ie s  B is  

considered to represent an extensive development of 

marshlands in an area o f humid clim ate . The absence of 

coa l or r o o t le t s  in some sequences may in d ica te  d ep osition  

in a d is t a l  and/or cen tra l part o f  the bay.

2 . Id F acies D

This com prises sandstones over 1 m th ick , normally 

with e ros ion a l bases (Fig. 2 9 ). They are w ell to  

moderately sorted  and o f  medium grain  s iz e .  The common 

sedimentary stru ctu res  are trough and planar cross bedding 

(F igs. 30, 31, 32 ).

The e ros ion a l bases o f these sandstones correspond to  

the scoured su rfaces o f Allen (1964) produced by erosion  

in the scour pools  at the bottom of f lu v ia l  channel. The 

large s ca le  cross-bedd in g  re su lts  from the m igration o f 

subaqueous dune bed forms (Harms & Fahnestock, 1965;A llen , 1970).

Most o f  the section s  in the area studied in d ica te  the 

non finSing-upward nature o f  the channels (Fig. 30) and 

also the lack  o f  any upward change in sedimentary s tru ctu res . 

These fea tu res  exclude h igh -sinuousity  r iv e rs  as a p oss ib le

o r ig in .







F ig . 31 Large sca le  trough cross-bedd in g  in the 
d istr ib u ta ry  channel o f  post-S h ie lds Bed 
d elta  (S ection  12)

F ig . 32  The r igh t s ide  o f F ig . 31

f fg .3 3  S ilts ton e  un its as in d ica ted  w ith in  the cro ss - 
bedded un its  in the channel at Liverholm. 
P ost-B lackhall d e lta  (S ection  34).
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Moody-Stuart (1966) noted that the absence o f  levee 

sediments above channel sediments in d ica tes  a low 

s in u osity  o r ig in .  The lack  o f  repeated units o f  pebbles, 

with la r g e -s c a le  tabu lar cross-bedd ing in d ica tes  that 

braided, lo w -s in u o s ity  channels are u n lik e ly  analogous 

(A llen, 1970; Deegan;1970; Leeder, 1973). Therefore, 

non-braided, lo w -s in u os ity  channels are the most lik e ly  

o r ig in  o f  th is fa c ie s .

S ilt s to n e  u n its , ranging in th ickness from 8 cm to 

30 cm, showing p a r a lle l  or  sometimes fa in t m icro-cross  

lam inations and o cca s io n a lly  interbedded with claystones, 

are e ith e r  interbedded with or drape some o f the cross - 

bedded u n its  (F igs . 33, 34 ).

At Liverholm  (S ection  43, Figure 11) a 30 cm th ick  

s i l t s t o n e ,  which is  probably discontinuous in terrupts a 

channel. This was probably formed by d ep os ition  from 

suspension in slow ly  moving water during low r iv e r  stage 

on an ir re g u la r  su rface  formed by e a r lie r ,  high stage 

strong cu rren ts , as explained fo r  the River Rio Grande by 

Harms and Fahnestock (1965). The large th ickness of s i l t ,  

30 cm (F igures 33, 34) probably in d ica tes  the s ca le  o f  the 

irre g u la r  depression s, which may have been the troughs o f  

large bed forms as explained by Coleman (1969).

Some o f  the channel sandstones contain  se ts  o f 

tabular cross -b ed s  bounded by apparently massive sandstone 

un its or  h orizon ta l beds. Harms and Fahenstock (1965) 

noted that River Rio Grande contains marginal bars and at 

low sta ge  the bars are exposed and the talweg flow  m odifies
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30 cm th ick  s i l t s t o n e s  interbedded 
with s i l t y  c la yston es , probably 
r e f le c t s  a trough w ith in  thebed 
form.

A' 60
(B)

VS «• V v  v.

20 cm o f  s i l t s t o n e s

» « . .  34 Channel
delta'^sectIon 34)- Di.era.a (*) and (B) aho. adjacent 
parts of same section (see inset)
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th e ir  margins. These processes produce tabular sets  by 

b a r -fro n t  avalanching (see a lso  Leeder, 1973). A lter

n a tiv e ly  the tabu lar se ts  cou ld  have resu lted  from the 

m igration o f  s tra ig h t -c re s te d  dunes (A llen , 1964; McCabe, 

1977).

The channels e ith e r  cut through the d e lta ic  bar fin ger  

sands, su b fa cies  Â  (Figures 35 and 36) or in ter 

d is tr ib u ta ry  bay sedim ents, fa c ie s  B (e .g . Figure 12, 

S ection  40, F ig . 10, Section  2 9 ) . In the S t ir lin g  area an 

8 m th ick  channel o f  sandstone (Section  29, F i g .10) is  

considered  to  have been formed by a major avulsion  

sw itching in to  an in te rd is tr ib u ta ry  bay. The sediments 

o f t h is  channel were deposited  under the upper flow  regime 

as in d ica ted  by massive h orizon ta l bedded sandstones (F ig. 

37; compare a lso  with C ollin son , 1969, F ig . 12), which 

grade upwards from the upper part o f the lower flow  regime 

as in d ica ted  by the cross-bedd in g  at the base o f  the 

sequence. The channel at S k o li Burn (S ection  46, Fig. 14) 

is  unusual in that i t  has a finding-upward trend, and 

passes upward from trough cross-bedded  sandstones at the 

base (F ig. 38) in to  th in  u n its  o f p a r a lle l  and sometimes 

m icro -cross  laminated s i lt s t o n e s  interbedded with shales. 

This probably represents d e p o s it io n  in  a meandering 

channel.
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F ig . 35 D istributary  channel cu t through d e lta  fron t 
sediments (Figure 36 b e lo w ). P ost-B lackh all 
d e lta  (S ection  34, F ig . 11).

D elta fron t sediments o f  the prograding 
d e lta  cut by channel. P ost-B lackh all de lta . 
Section  34.

F ig . 36

« 
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Fig. 38 Cross-bedding un its  o f the f in d in g  upwardsequence (meandering channel) at Skollburn. This 
sequence is  overla in  by s i lt s to n e s  with micro 
and p a r a lle l  lam inations (S ection  46, F i g .14) 
Post B lackhall d e lta .

F ig . 37 H orizontal bedding; upper flow  regime, in 
the channel at S t ir lin g  considered to  have 
been formed by avulCsion. N otice the 
le n t ic u la r ity  o f  some units (S ection  29, F i g .10) 
Post-Mid H ositd e lta .



2.2 DEFORMATION AL STRUCTURES

These s tru ctu re s  were observed mostly in the clean , 

moderately to  w e ll sorted  sandstones o f fa c ie s  D and 

subfacies  B^. They were a lso  observed w ithin the s i l t -  

stone laminae o f  fa c ie s  A. They include fo lded  laminae 

considered to  be convolu te  lam inations (Figures 39, 40), 

sandstone c o l la p s e  stru ctu res  (F ig . 41) and the disturbance 

o f sandstone u n its  which was probably due t o  upward move

ment o f  mud lumps in the d is tr ib u ta ry  mouth bar (see 

se ct io n  2 .3 c ) .  The sandstones in  which these deform ation 

structures are observed are o v er la in  and underlain by 

undisturbed sandstone u n its .

Greensmith (1965) reported  deformed laminae in the 

C a lc ife ro u s  Sandstone S eries  and considered them to  resu lt 

from earth trem ors which repacked the sandstones causing a 

m igrating o f  pore-w ater upward with the re su lt  that the 

upper layer became more m obile and su scep tib le  to  

g ra v ita tio n a l s l i p .  Lowe(1975) pointed out that most

convolute lam inations are formed in coarse , uncohesive and
ij

moderately t o  high/.permeable beds and develop when the 

fre e  upward flo w  o f  escaping pore f lu id s  is  in h ib ited  by 

cohesive and low permeable u n its  w ithin the accumulated 

sediments. He added that during the waning stage o f 

current a c t iv i t y  the coh esive  and le ss  permeable sediments 

accumulate both  because the sediments are f in e r  grained 

and b e tter  packed as a re su lt  o f  the reducing rate

o f sedim entation. He sta ted  (p.188) a lso  "As pore 

pressures in crease  accompanying progressive  liq u e fa ctio n



Convolute bedding (I 
Post-Mid H osiedelta
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A -  At the p o in ts  o f maximum flow  (poin ts 1 and 2 ), 
the o v er ly in g  sediments are f lu id iz e d  and lo se  
s tren g th . In the area between points 1 and 2, 
the o v e r ly in g  sediments are not f lu id iz e d  and 
r e ta in  th e ir  strength .

F ig . 41 Model i l lu s tr a te d  the form ation o f sandstone 
c o l la p s e  stru ctu res
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in the lower part o f  a sedim entation u n it , a n tic lin e s  

might be expected t o  evolve near the sediment surface  by 

deform ation w ith in  and above the c re sts  o f  r ip p le s  located 

immediately beneath accumulating low -perm eability  la y e r s ."  

Anderton (1976) in terp reted  convolute fo r e s e ts  in  the Jura 

q u a rtz ite  as l iq u e fa c t io n  structures produced by the 

upwards m igration o f  pore water causing the arching of 

s t r a t i f i c a t io n  around the axis o f maximum flow .

The observed deformed lam inations are considered to

be syn- or p o s t -d e p o s it io n a l, not t e c to n ic ,  and re su lt  from
an

a tr ig g e r in g  mechanism, such as/earthquake, causing 

liq u e fa c t io n . The upward movement o f pore water probably 

caused an arching o f  laminae around the axis o f  maximum 

flow  and convolu te  lam inations are produced.

A s im ila r  process  is  thought to  be resp on s ib le  fo r  

the co lla p sed  sandstone beds. The upward movement o f  

pore water probably caused a f lu id iz a t io n  and a lo ss  o f 

strength  in  the overly in g  sediment at the points o f maximum

flow . However, the sediments in the area between the’ been W e
poin ts o f  maximum flow  need not /  f lu id iz e d  and may/retained 

th e ir  cohesion . The b locks o f cohesive sand may then W *  

co lla p se  downwards in to  the underlying l iq u e fie d  bed (F ig.

41).
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2.3 DELTA TYPES OF THE LOWER LIMESTONE GROUP

The Lower Limestone Group co n s is ts  o f seven carbonate 

un its interbedded e ith er  with sha les , s i lts to n e s , sand

stones and o c ca s io n a lly  th in  seams o f  coa l or shales (Fig. 

4 2 ). Read (1959) pointed out that the Lower Limestone 

Group c o n s is ts  o f  cy c les  in  which each cy c le  passes 

upward from lim estone in to  shales, s i lts to n e s , sandstones 

and c o a l .  The in v e stig a tio n  o f  these cy c le s  in  th is  

study re v e a ls  that the non-carbonate sediments o f  each 

c y c le  coarsen  upwards and, th ere fore , d e lta  progradation 

is  suggested as the cause o f  the c y c l i c i t y .  Six d e lta  

advances are recorded in  the area stu died . Their 

re co g n it io n  is  based on fa c ie s  a ssocia tion s , v e r t ic a l  

p r o f i le s  and on la te r a l fa c ie s  v a ria tion s  w ith in  the 

sediments o f  each d e lta . Each d e lta  advance was follow ed 

by the d e p o s it io n  of a carbonate member formed while the 

d e lta  lobe  was abandoned.

2 .3a  Post-H urlet d e lta

The d is t r ib u t io n  o f  the sediments o f  th is  d e lta  is  

presented in  Figure 9-14 and Figure 43. In the S t ir lin g  

area on ly  one p a r t ia l s e c t io n  (S ection  25, F ig . 10) is  

exposed and is  represented by su b facies  Bg, in terpreted  as 

the d ep osit o f  an open in terd istr ib u ta ry  bay environment. 

In the Bathgate area a lso  only one p a rtia l s e c t io n  is  

exposed (S ection  45, F i g .14) and no f o s s i l s  were observed, 

e ith e r  by the present author or by previous workers (e .g . 

Geike, 1879) in  i t s  basa l shales. The sediments o f th is

* : i  ■■;
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V e rt ica l s e c t io n  o f  the Lower Limestone 
Group, at H urlet, m odified from Craig (1965)
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se ctio n  are con sidered  t o  represent su b facies  Bg which 

in d icates  levee  encroachment in to  an in terd istr ibu tary  

fresh  water bay . In the Campsie area, three p a rtia l 

section s  are exposed (S ections 16, 20, 22, Fig. 9 ), one 

o f  which is  represented by su b facies  Bg, interpreted  as 

due to  the encroachment o f  a levee in to  an open in ter

d istr ib u ta ry  bay environment. The other section s  are 

represented by shales on ly . The section s  exposed in the

south o f  the stu d ied  area (Sections 1, 2, 3, 6, 7, F ig. 13,
ttie.

Section 41, F i g . 12) are considered to  rep resen t/p ost- 

Shields d e lta ,e ^ th o u g h  they stra tig ra p h ic  a lly  overlie tot

Hurlet Lim estone as w i l l  be explained la te r .

In co n c lu s io n  a l l  the studied sediments o f the post- 

Hurlet d e lta  in d ica te  in te rd is tr ib u ta ry  bay or sh e lf pro

d e lta  co n d it io n s  o f sedim entation. Although there are 

no section s  rep resen tin g  the progradational ( i . e .  mouth

bar) fa c ie s  o f  post-H urlet d e lta , from the d is tr ib u tio n
tfc

o f coarse sedim ents the boundary o f /d e l t a  fron t co-t\ be 

drawn as in d ica ted  in Figure 44. This shows that the 

d e lta  fron t o f  post-H urlet d e lta  l i e s  to  the north o f 

Milton o f  Campsie and s l ig h t ly  to  the south o f  the Bathgate 

area. The th ickn esses between the Hurlet Limestone and 

the Shields Bed (the second carbonate unit in the Lower 

Limestone Group) is  not more than 12 metres. From th is  i t  is 

estimated th at the post Hurlet d e lta  was a small sca le  d e lta  

which prograded in to  a shallow  marine environment (s lig h t ly

more than 12 m etres).
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2 .3 b  Post-Shields Bed D elta

The Shields Bed represents the second transgression  

in  the Lower Limestone Group. It  was only deposited in 

th e  S t ir l in g , Bathgate, Campsie and the south west part 

o f  the Carluke areas and was not deposited south east of 

Carluke or in  part o f  the Lanark d is t r ic t  (Fig. 4 5 ). The 

d e ta ile d  study o f  th is  carbonate unit w il l  be discussed 

in  the carbonate se ct io n .

Hinxman et <a l .  (1921) noted that in the Birkwood 

s e c t io n  (S ection  1, F i g .13) and elsewhere in the d is t r ic t  

west o f the Clyde there is  no bed equivalent to the Shields 

Bed (p .4 5 ) . They added that here the Hurlet Limestone is  

succeeded by shales and sandstones which are overla in  

d ir e c t ly  by the B lackhall Limestone. They quoted Macnair 

who thought that, in the Birkwood section , the Shields Bed 

i s  probably represented by the highest bed o f the Hurlet 

Lim estone.
It  i s  in ferred  from the d is tr ib u tio n  o f sediments 

th at the post-H urlet d e lta , e ith er  prograded as one or 

many lo b e s . The d e lta -fr o n t  and the sh e lf  prodelta  

sediments o f  the post-H urlet d e lta  are located  to  the 

north o f  S ections 1, 2, 3, 5, 7 and 41 (Figure 4 6 ). When 

th e  Shields Bed tran sgression  started  the Shields Bed was 

deposited  d ir e c t ly  on the Hurlet Limestone in the area of 

s e c t io n s  1, 2, 3, 5, 7, 41 and further south (Figure 47). 

Here i t  is  suggested that the Hurlet and Shields Bed 

Lim estones form one unit with the Shields Bed forming the 

upper le a f  (Figure 4 7 ). This is  con sisten t with the
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fa c t  that, although the Hurlet Limestone (in  fa ct the 

Hurlet and ShieldSBed) is  only p a r t ia lly  exposed in the 

area o f  Sections 1, 2, 3, 5, 7, 41, i t  is  th icker than to  

the north in the Campsie area (Sections 16, 20, 21 and 22, 

Figure 9 ). Consequently the sediments which s t r a t i -  

g rap h ica lly  o v e r lie  the Hurlet Limestone in these southern 

section s  (Sections 1, 2, 3, 5, 7 and 41) are thought to  

represent the post-Shields Bed sediments. Therefore the 

sediments between the Hurlet and Blackhall Limestone in 

these se ct io n s  are considered to  represent the p ost-S h ie ld s  

Bed d e lta  in th is  study.

The d is tr ib u tio n  o f the post-Shields sediments in  the 

studied area is  summarized as fo llo w s : In the S t ir l in g  

area, Old Sauchie Burn (Section 27, F ig .10), two coarsening 

upward sequences are exposed which represent su b facies  

B5 and B2 , considered to  in d ica te  marine and fresh  water 

con d ition s  resp ectiv e ly  in an in terd istr ibu tary  bay 

environment. The other sediments in th is  area are 

represented by subfacies B2  and Bg, interpreted as fresh  

water in terd istr ib u ta ry  bay sediments.

In the Campsie area, Shields Burn (Section 19, Figure 

9), the post Shields sediments are represented by two 

sm a ll-sca le  coarsening upward sequences of su b fa c ies  A4 

and B4 . Subfacies Â , a progradational small s c a le  mouth 

bar, forms the f i r s t  sequence and is  overla in  by the 

hypersaline water in terd istr ibu tary  by sediments o f  

su bfacies  B4 . At Corrie Burn (Section 16, Figure 9 ) , a 

p a r t ia l s e ction  is  exposed. The sandstones here are
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moderately sorted  and have symmetrical wave r ip p le s  which 

in d icate  a NW-SE o r ie n ta tio n  o f the co a s tlin e  in the 

middle o f  the studied  area. The other post-Shields Bed 

sediments in the Campsie area are mainly shales. In the 

Renfrew d i s t r i c t  in  the south o f  the studied area (Figure 

12), the post-Shields Bed sediments are a l l  shales.

In the SE o f the Lanark d is t r ic t  (Fig. 13), the sm all- 

s ca le  coarsening-upward sequences (Sections 1, 2, 3, 5 and 

7) which s tr a t ig ra p h ica lly  o v e r lie  the Hurlet Limestone 

are considered  to  represent post-Shields Bed sediments as 

explained e a r l ie r .  No f o s s i l s  were observed here or 

mentioned by the previous workers (e .g . Hinxman and 

MacGregor, 1921). These sediments represented su b facies  

Bp B2 , and B3 which are interpreted  as fresh  water in te r 

d is tr ib u ta ry  bay d e p o s its . In Section  9 and 12 (F ig .13) 

where the Shields Bed is  separated from the Hurlet Limestone, 

two p a r t ia l s e c t io n s  are exposed, one o f  which is  

in terpreted  as a channel ( fa c ie s  D ). The d is tr ib u t io n  o f 

post-Shields sediments is  presented in Figures 9—14 and a lso  

in Figures 48 and 49.
The previous d e scr ip tion  reveals that fa c ie s  B and 

shales are the main sediments o f  the post—Shields d e lta .

Only one s e c t io n  is  represented by mouth bar sediments, 

su b facies  A4 (S ection  19, Fig. 9 ) .  Therefore i t  is  

d i f f i c u l t  to  specu late about the type o f  d e lta . However, 

the th ickn esses o f  th is  s e ction  (14.3 M) in d ica tes  that the 

post-Shields Bed d e lta  prograded in to  a shallow marine 

environment; s l ig h t ly  more than 15 m deep.
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At Old Sauchi Burn (Section  27, Figure 10), the two 

small coarsening upward sequences probably represent the 

repeated in f i l l in g  o f  an in terd istr ib u ta ry  bay. This 

in terd istr ib u ta ry  bay p oss ib ly  changed in s a l in ity  from 

marine, indicated  by th e  basal subfacies  Bg, t o  fresh  

water represented by su b fa c ies  Bg. At Shields Burn 

(Section  19, F ig .10), the two exposed coarsening-upward 

sequences represented by subfacies  A4 and B4 are interpreted 

as formed by the progradation o f  a mouth bar in to  shallow 

marine environment and a hypersaline water in terd istr ib u ta ry  

bay re sp e c t iv e ly , su b fa c ies  B4 , representing aggradational 

sediments, e ith er formed at the time o f  form ation of 

subfacies A4 or i t  developed a fte r  the progradation of 

subfacies A4 when the d e lta ic  plain  transgressed over 

the progradational sediments o f  the advancing d e lta  (Fig. 

50).

2 .3c  Post-B lackhall Delta

Three types o f  v e r t ic a l  sequence were recognized in 

the f ie ld  within th is  d e lta  progradation. In two types 

a fo s s i l i fe r o u s  marine horizon , the N eilsoh sh e ll bed 

(W ilson, 1966), o v e r lie s  the B lackhall Limestone.

In type 1 which i s  the th ick est, su b facies  A ,̂ Ag 

and Ag form the main sedim ents. Normally these sediments 

pass upwards from fo s s i l i f e r o u s  shales in to  laminated non- 

fo s s i l i fe r o u s  shales, s i lts to n e s  with p a ra lle l and micro

cross  lam inations, then in to  m icrocross laminated, cro ss - 

bedded, apparently massive and sometimes wave rippled

Sometimes type 1 sediments are overla in  bysandstones.
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type 2 sedim ents. The type 2 is  represented by non- 

fo s s i l i f e r o u s  shale which grades in to  s ilts to n e s  with 

ro o t le ts  and then in to  sandstones. Coal is  occasion a lly  

present at the base. Subfacies and Bg form the main 

sediments o f  th is  typ e . The type 3 is  represented by 

shale on ly which is  f o s s i l i f e r o u s  at the base.

F isher (1968) in d icated  that in  a con stru ctive  delta  

where the sediment input exceeds the marine re serv o ir  energy 

the r a t io  o f  progradational to  d estru ction a l fa c ie s  is  high. 

Fisher (1969a) noted that in wave and tide-dom inated 

delta , the abandonment fa c ie s  is  not c le a r ly  d istingu ishable  

from progradational fa c ie s .  In the post-B lack hall delta , 

the abandonment fa c ie s  is  e a s ily  d istingu ished  from the 

mouth bar fa c ie s  ( fa c ie s  A^-Ag). This suggests that the 

delta  was a con stru ctiv e  type.

In an elongate d e lta  with a b a r -fin g e r  sand, the 

fa c ie s  do not p e rs is t  la te r a lly  in  comparison with those in 

lobate d e lta s  (Fisher, 1969b). The thickness o f  sediments 

is  a lso  v a r ia b le  across a b a r -fin g e r  sand; i t  thickens 

d ir e c t ly  beneath the d istr ib u ta ry  channel and decreases 

towards i t s  la te ra l margin (Fisk et a l. 1954; Fisk, 1961).

In type 1 sequences o f  the post-B lack h all d e lta  (fa c iè s  

Al to  Ag) the shale is  th ick  compared with the coarse 

sedim ents, and three se ct io n s  se le cted  perpendicular to  

the P c jila eocu rren t c^Vec+ioKJ (Calderwood Glen,

Section 40; Kitockwater, Section  42; G il l  Burn, Section 44, 

Figures 51, 52) show that there is  no la te ra l persistance 

of the fa c ie s .
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In the quarry near Sloughneagh Burn, there is  a lo ca l 

disturbance in the s tra ta  (Figure 5 3 ). The amount o f 

d ip  in these s tra ta  decreases upwards, and the dip  

d ire ct io n s  are op p osite  to  the palaeocurrent d ir e c t io n .

It is  suggested that th is  structure was e ith er produced 

by the upward movement o f  a mud lump (which would be 

located t o  the west o f the quarry) or  by syn -d e p o s it io n a l 

fau ltin g  (in  which case the fau lt would be located  to  

the east o f  the quarry).

Type 2 sediments are represented by su b facies  and 

Bg which are in terpreted  as fresh  water in terd istr ib u ta ry  

bay fa c ie s  as ind icated  by the presence o f  r o o t le ts ,  coa l 

and the absence o f  marine fauna. Type 3 sediments 

represent a s h e lf-p ro d e lta  a sso c ia tio n  ( c f .  Fisk _et a l .

1954; F razier, 1967).

A ll o f  these features ind icated  that the post-B lackhall 

delta  is  a h igh ly con stru ctive , f lu v ia lly -in flu e n c e d , 

elongate type in which the sediment input was high and 

exceeded the energy o f  the coa sta l processes. These 

sediments are characterised  by th ick  sequences with l i t t l e  

shale w ith in  the coarse  units near the channels (subfacies 

A^) and th in  sequences away from the channel in which the 

coarse fa c ie s  have high proportion  o f shale (su b facies  Ag 

and Ag ) . These sequences, represent the progradational 

phase o f  a mouth-bar, in which the s ilts to n e s  and sandstones 

o f the mouth-bar represented a d e lta  front sediments and 

the shales represented a prodelta  sediments deposited





seaward below the wave action . The depth o f  the basin 

in which the p ost-B la ck h a ll d e lta  was prograded is  

s l ig h t ly  more than 60 metres. This is  estimated from the 

th ick est s e ct io n  in th e  area studied, 56.7 metres. Type 1 

sediments pass la t e r a l ly  ptr'p^J'CULa.r to the PM atocurrent 

direc.b°n in to  an in te rd is tr ib u ta ry  bay sequence (Type 2 

sediments) in the upstream part o f  the d e lta  lobes and 

in to  s h e lf-p ro d e lta  (Type 3) sediments o ffsh ore  from the 
lobes. (F igs .54 & 5 5 ) .Sim ilar examples, in which the prograd- 

a tion a l fa c ie s  passes inland in to  in terd istr ib u ta ry  bay fa c ie s  

and seaward in to  s h e lf-p r o d e lta  fa c ie s , are given by 

Allen (1965) fo r  the Niger d e lta , Fisk (1961) and Frazer 

(1967) fo r  the M iss iss ip p i d e lta  and by E l l io t t  (1975) 

from Upper Limestone Group (Namurian E^), northern 

Pennines, England.

2.3d Post-Hosie d e lta s

These carbonate units are found at the top o f  the 

Lower Limestone Group. These are named in th is  study, 

as discussed e a r l ie r ,  as the Main Hosit, Mid Hosie., Second 

Hosieand Top Hbsit L im estones. Coarse sediments with a 

coarsening—upward trend fo llo w  each lim estone in some 

section s  and are considered  to  be the in terd istr ib u ta ry  

bay d ep osits  o f s m a ll-s ca le  d e lta s . The d is tr ib u tio n  o f  

sediments w ithin th e  Hosie units are discussed as fo llow s .

1. Post Main Hosie.Delta
The d is t r ib u t io n  o f the sediments w ithin th is  d e lta  

is  presented in Figures 56 and 57. In the S t ir lin g  area,
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River Carron se ct io n  (S ection  29, Fig. 10), a small sca le  

coarsening-upward cy c le  (3 -9  metres) is  exposed. The 

cy c le  represents su b fa c ie s  Bg which are interpreted as 

in terd is tr ib u ta ry  bay sediments ( 2 .1 b ( i i ) ) .  in the 

Campsie area, C orrie  Burn Section (Section 16, Fig. 9 ), 

the exposure o f  the post-M ain Hosie sediments is  poor and 

only sandstone beds ranging from 10-30 cm th ick  forming 

sequences 1-2 metres th ick  are exposed. It is  d i f f i c u l t  

to  specu la te  about th e ir  environment. In Shields Burn 

(Section  19, Fig. 9) the Mid-Hosie Limestone, which is  

s tra t ig ra p h ica lly  above the Main Hosit^ is  not indicated 

on the g e o lo g ica l map (Sheet XXVIII, S t ir lin g s h ir e ) . Clough 

et a l . (1925) reported th e  existence o f  the Mid-Hosie

Limestone in the quarry about 0 .5  mile east o f Shield* Burn 

(Section  19, F ig. 9 ) .  The section  at Shields Burn is  now 

poorly  exposed and the th icknesses between the Main Hosie 

Limestone and the Second Hosie Limestone is  about 9 .5  m, 

much le ss  than that exposed at Corrie Burn (Section 16,

F ig. 9) to  the west o f  Shields Burn. Therefore the Mid- 

Hosie- Limestone has e ith e r  coalesced  with the Main Hosie. 

Limestone, s im ila r  to  th e  s itu a tion  explained fo r  Shields 

Bed (2 .3b) or i t  is  separated from the Main Hosie 

Limestone by a th in  sh a le  unit. In e ith er  case the 

model presented in F igures 58 and 59 explains the two 

p o s s ib i l i t i e s .  T herefore, the sediments in th is  section  

(Section  19, F ig . 9) which are represented by subfacies 

Bg and in d ica te  an open in terd istr ib u ta ry  bay environment, 

e ith er represent the post-M ain Hosit or post-Mid Hosie.
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d e lta s . In the Calderwood Section (Section 40, F ig .12) 

the Main Hosie Limestone and Mid Hosie Limestone are 

separated by 1.1 metres o f  shale. At Kittoch Water, 

the Main and Mid Hosie: Limestones have coalesced in to  one 

u n it. The model presented in Figure 59 could be applied 

in th is  case a lso . The other cycles  o f  post Main Hosie 

delta  are represented by shales only (Figs. 56, 57 and 

a lso  F ig s .9-14 ) .

2 . Post-Mid Hosie delta

In the S t ir lin g  area, River Carron Section (Section 

29, F ig .10), the Mid-Hosie Limestone was not deposited . 

Dinham and Handle (1932), noted a thin  (7.5 cm th ick ) 

f o s s i l  ife ro u s  marine shale about 4 metres above the Main 

Hosie Limestone. This f o s s i l i fe r o u s  marine shale  is not 

exposed now, but i t s  s tra tig ra p h ic  position  is  taken to 

represent the Mid-Hosie Limestone. The sediments of the 

post-Mid Hosie Limestone are represented by su b facies  B̂  

and D which are interpreted  as the deposits o f in te r 

d is tr ib u ta ry  bay and channel environments. F acies B and 

D and shales formed the main sediments o f th is  d e lta  in 

the other se ct io n s  o f the studied area. (F igs.9-14; Figs. 

60 and 6 1 ).

3 . Post-Second Hosie d e lta

Two small s ca le  coarsening upward sequences are 

exposed at the SE o f the studied area (Sections 1 and 11, 

F ig .13 ). The sediments o f  these cy c les  represented 

su b facies  B1 and Bg which are interpreted as fre sh  water
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in te rd is tr ib u ta ry  bay sedim ents. The other sediments 

are represented by shales on ly . The d is tr ib u t io n  o f 

post S econ d -H osiedelta ic  sediments are presented in 

Figures 9-14 and Figures 62 and 63.

The above d iscu ss io n  revea ls  that the sediments of 

the post Hosu! d e lta s  are represented mainly by fa c ie s  B 

and D and shales which in d ica tes  in te rd is tr ib u ta ry  bay, 

channel and s h e lf  p rod e lta  environments. The th icknesses 

o f post H osiisedim ents ranges from 50 cm to  12.3 metres. 

This probably in d ica te s  that the post H osi«.deltas 

prograded in to  shallow  b a s in (s ) o f  maximum depth s l ig h t ly  

more than 12.3 m etres.







2.4 PALEOGEOGR APHY

Four fa c to r s  are considered to  con tro l the shape and 

growth o f  the d e lta  platform  in con stru ctive  deltas as 

explained by F isk  et ^ 1 .(1 9 5 4 ). These are:

1. River load

2. Number o f main d is tr ib u ta r ie s

3. The depth o f  water in to  which the d e lta  fron t advances

4. The amount o f  subsidence.

In d e s tru ct iv e  d e lta s , marine processes such as waves 

and t id es  and the sediment input are considered the main 

fa ctors  (A llen , 1965; Scott and Fisher, 1969). However 

Coleman and Wright (1975, p. 109) stated  that"whether the 

sand bodies r e f l e c t  f lu v ia l  or wave dominance depends 

largely  on th e  a b i l i t y  o f  the r iv e r  to  supply sediments 

re la t iv e  to  th e  a b i l i t y  o f  the waves to  rework and 

re d istr ib u te  them."

The depth o f  the water and r iv e r  sediment load are 

considered th e  most important fa c to rs  fo r  the Lower 

Limestone Group d e lta s . The d e lta s  investigated  changed 

from small d e lta s  (Post-H urlet and P ost-S h ie ld*d eltas) to 

a th ick  e lon gate  type (P ost-B lackhall d e lta ) returning 

back to  sm all d e ltas  (Post-H osii d e l t a s ) . The Post-H urlet, 

Post-Shields and the Post-Hosie sediments were probably 

b u ilt  up by r e la t iv e ly  small streams which debouched in to  

a shallow b a s in (s ) .  I t  is  d i f f i c u l t  to  speculate about 

the type o f  these d e ltas  because mouth bar section s  are 

rare. However, one se ct io n  representing the d istr ib u ta ry
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mouth bar o f  the Post—Shields d e lta , is  characterised  by 

normal coarsening-upward and shows no evidence fo r  wave 

or t id a l  reworking such as the presence o f t id a l  channels 

or s h e ll  beds, w ith in the sandstone part o f  the sequence. 

This might suggest that these d e lta s  were probably 

represented by con stru ctiv e  types.

The p ost-B la ck h a ll d e lta  is  considered to  have been 

formed by a few, large streams which debouched in to  a 

deep b a s in . The sediment input was great r e la t iv e  to  

the energy o f  the marine p rocesses, producing d is t in c t  and 

thin abandonment fa c ie s  r e la t iv e  t o  th ick  co n stru ction a l 

f a c ie s .

Apart from a few se ct io n s , no cross-bedded exposures 

were a v a ila b le  to  tra ce  the paleocurrent in each d e lta  

advances in  each se ct io n  w ithin the studied area. However, 

the a v a ila b le  paleocurrent measurements fo r  each d e lta  

are presented in  the diagrams showing the d is tr ib u t io n  o f  

the sedim ents. For a l l  the d e lta ic  advances the c r o s s 

bedding measurements represented by the vector  mean (F ig . 

64) in d ica te  NE d eriva tion s  fo r  the sediments, whereas, 

the r ip p le  mark measurements in d ica te  a NW-SE o r ie n ta t io n  

o f the c o a s t l in e .  The p lo t t in g  o f  the d is tr ib u tio n  o f  the 

coarse sediments (d e lta  fron t sedim ents) fo r  each d e lta  

(Fig. 6 4 ), which probably r e f l e c t s  sh orelin e  progradation, 

in d ica tes  the d ir e c t io n  o f  the d e lta  progradational. The 

areal extent o f  coarser d e lta  p la in  and prodelta  sediment 

is  d i f fe r e n t  in each d e lta  advance-. Therefore the shape 

of the sh o re lin e  changed from one d elta  to  the other.
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Greensmith (1968, p .5 ) noted that the Central flasin 

in which the studied  area is  located  is  in  a NE-SW zone 

o f  " . . .  r e la t iv e ly  fa s t  downwarp co n tro lle d  by p re -ex istin g  

Caledonian s tru c tu re s "  during the d e p o s it io n  o f the O il 

Shale Group (C arbon iferou s). He added th at the lo ca l 

paleogeography and tecton ism  within th is  basin  and the 

surroundings co n tr o lle d  the sedim entation pattern .

Goodlet (1957) in d ica ted  that in the Ayrshire Basin (SW of 

Central Basin) there are four main northeast trending 

fa u lts  (F ig. 65) causing abrupt changes in  the th icknesses 

of the Lower Limestone Group. However, on the bas is  o f  

isopach maps he in d icated  the ex isten ce  o f  an areas o f 

non -deposition  (land areas) between Ayrshire and the 

Central Basin and t o  the Southern Upland Fault (Fig. 66).

The changes in  the depth o f the b a s in  and o f  the 

r iver  load, which resu lted  in the f lu c tu a t io n  o f  the 

th icknesses o f  the Lower Limestone Group d e lta  and 

changed the shape and d ire c t io n  o f  the coarse  sediments, 

are probably due t o  te c to n ic , clim ate and e n sta tic  changes 

in sea le v e l .

O rigin  o f  C y c lic ity

As in d icated  on page 72, the Lower Limestone Group 

co n s is ts  o f  c y c le s  and the in v e stig a tio n  o f  these cy c le s  

suggests that they have a d e lta ic  o r ig in .  B elt (1975) 

discussed some S co ttish  Carboniferous cyclothem s and 

indicated  that th ere  are three sch ools  o f  thought for  the 

o r ig in  o f  c y c l i c i t y ;  the "American S ch oo l", the "European 

School" and the "D e lta ic  School".
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The "American School" p laces  the base o f  the cy c lo -  

them below the sandstones which cut down in to  subtidal 

marine sh a les  and r e la t e  th is  downcutting or erosion  to  

eustatic lowering o f  sea l e v e l  which in turn is  produced 

by tecton ism  or c l im a t ic  change. The "European School" 

places the cyclothem boundary between the coa l  or rooty bed 

and the over ly in g  marine sha le  or limestone and re la tes  

the o r ig in  o f  the c y c l i c i t y  t o  tectonism , c l im a t ic  changes 

or changes in the pattern o f  sedimentation. The "Delta 

School" p la ces  the boundary o f  the c y c le  between the 

marine lim estone and the over ly ing  shales  and considers 

that the c y c l i c i t y  r e su lts  from repeated d e lta  lobe 

progradation and abandonment. Belt (1975, p.430) 

concluded that the cyc les  in the Lower Carboniferous 

sediments o f  East F i fe  were most l ik e ly  to  have resulted 

from d e l t a  progradation and abandonment.

This study o f  the Lower Limestone Group showed that 

there i s  no v e r t i c a l  or la te r a l  p ers is ten ce  o f  the fa c ie s  

in the in v est iga ted  d e lta  lobe  advances (Figures 9-14).

For example, the sediments o f  two d e lta  lobes (post- 

Hurlet and post -S h ie ld s  Bed, Figure 9) are represented by 

sh e l f -p r o d e lta  fa c ie s  in s e c t io n  2 2  and are succeeded by 

progradational and aggradational fa c ie s  (subfacies ^  and 

Bg) of the  post-B lackhall  d e lta .  In the south o f  the 

studied area ( e .g .  s e c t io n  2, f igure  13), where the Hurlet 

and Shie lds  Bed have coa lesced , the post -S h ie ld s  Bed 

sediments are represented by in te rd is tr ib u to ry  bay fa c ie s  

(Subfacies B2 ) and succeeded by s h e l f -p ro d e lta  sediments
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of the post-B lackhall  d e lta .  In other words the sediments 

of the post -H u rle t , p ost -S h ie ld s  and post-B lackhall de lta  

lobes are qu ite  d i f f e r e n t  in these two sections  and thus 

show la te r a l  and v e r t i c a l  va r ia tion s .  As indicated  on page 

107, the areal extent o f  the prodelta  and the coarse  delta  

plain sediments is  d i f f e r e n t  fo r  each de lta  lobe advance.

The o r ig in  o f  the fa c ie s  varia tion s  discussed above is  due 

to  the p o s it io n  o f  the sediments in each d e lta  lo b e  with 

respect to  the s h o re l in e  (see a lso  f igure  55, p .9 4 ) .  

Therefore i t  i s  suggested that the d e lta ic  model o f  

sedimentation is  the o r ig in  fo r  the c y c l i c i t y  in the Lower 

Limestone Group sediments. I f  th is  o r ig in  i s  accepted, 

therefore  the base o f  the c y c le  should be taken at the top 

o f  the limestone u n its .

The question  remains as t o  why each de lta  lo b e  was 

f in a l ly  abandoned. The d e lta  sedimentation model assumes 

that the d ep os it ion  o f  sediment in d istr ibu tary  channels 

increases th e ir  e le v a t io n  u n t i l  they become unstable and 

switch to  a lower area marginal t o  the o r ig in a l  lobe. 

Eventually, d is t r ib u ta r ie s  w i l l  switch back in to  the area 

o f  the o r ig in a l  lobe  a fter  i t  has subsided in th e  absence 

o f  c l a s t i c  in flux , and a new c y c le  w i l l  form as a resu lt  

o f  d e lta  lobe progradation.

Within the Lower Limestone Group in the studied  area 

(and a lso  t o  the east and northeast in F ife  and Midlothian, 

see  George et a l . ,  1976) the limestone units are persistent 

in a d ir e c t io n  normal t o  the shore lin e . This ind icates  

that e ither  the d e l ta  (probably a b ig  d e lta )  p e r io d ic a l ly
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switched in to  another area outs ide  the Midland Valley, or 

there were p e r io d ic  hiatuses in the in flu x  o f  c l a s t i c  

sediments. It  is  not p o ss ib le  t o  reach a conclusion  as 

to  which o f  the  above p o s s i b i l i t i e s  is  more l ik e ly  from 

our knowledge o f  the Midland Valley alone.
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2 .5  PETROLOGY OF THE SANDSTONES 

2.5a Introduction

From more than s ix ty  studied  thin sect ion s  o f  the 

sandstones, twenty one samples were se le cted  fo r  point 

counting, 500 grains were counted in each s l id e .  The 

samples represent the post-H urlet , post-ShieldS Bed, post- 

B lackhall and post Hosie d e lta s .  Samples from d i f fe r e n t  

environments in each d e lta  were a ls o  s e le c te d .  Besides 

the environmental cons iderations  the geographic d i s t r i 

bution was taken into con s id era t ion  and the samples were 

chosen from the north, middle and south o f  the studied 

area. The geographic lo ca t io n ,  the environment and the 

s tra t ig ra p h ic  p os it ion  of each sample i s  presented in 

Table 3.

2.5b Light Constituents

M icroscopic study o f  the Lower Limestone Group 

sandstones, revealed the fo l lo w in g  main con stitu en ts  

(Table 3 ) .

1. Quartz:

The re su lts  show that quartz is  the predominant 

mineral and ranges from 60-88%. Inclusions  o f  brown and 

green tourmaline, z ircon  and other u n id entif ied  minerals 

were observed within quartz g ra in s .  These inclusions  

p oss ib ly  suggest a source area with magmatic (g ra n it ic )  

rocks or gneiss and sch is t  ( c f . Lobo and Osborne, 1976).

An attempt was made to  c l a s s i f y  the quartz grains fo llow ing 

B la tt  and C hrist ie  (1963) and Folk (1968) and the fo llow ing
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Modal a n a ly s is  o i  th e  Lover Limestone Group sandstones 
Hu -  H u rle t; SD -  Shields Bed, BK -  B la ck b a ll Limestone 
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S10 71.2 0 .0 0 .2 3 .0 0 .0 1.4 18.8 5.4 70. 3 25 3 Post-Hu 741876

GS38 74.4 0 .2 0 .0 5 .8 4 .4 4 .0 2 .4 8.4 73.4 19 B Post-SD 661777

GS55 67.6 1.6 0 .2 3 .4 2 0 .2 2 .0 2 .2 2 .8 67.4 22 A Post-BK 6447 SS

F66 81.4 0 .0 0 .0 9 .2 0 .0 3 .6 5 .2 0 .6 81.2 12 D Post-SD 8734 72

E2 65.4 3 .4 0 .6 0 .4 2 8 .2 0 .2 0 .8 1 .0 65.4 39ft B Post -  MDH 351*41

£12 6 6 .0 0 .0 0 .2 9 .4 0 .0 5.8 2 .2 3 .6 65.4 # 0 A Post-BK 662342

E29 46.4 0 .8 0 .2 0 .6 39 .6 4 .2 2 .2 5.3 45.4 42 C Post-BK 621331

S3 3 81.4 0 .0 1.2 15.0 0 .0 0 .8 2 .4 0.4 80.2 27 B Post-SD 779883

X15 69.8 0 .0 0 .4 1.2 0 .0 2 .2 2 2 .2 4.2
o 6 9 .0 48 B Post-BK 991715

S3 2 70.2 0 .0 0 .0 2 .8 2 .6 2 .2 12.2 10.0 X 70.2 52 D Post-BK W S V

Z6 72.6 1 .0 0 .0 4 .0 0 .0 8 .8 8 .8 4 .8
a

71.8 34 D Post-BK 509597

Z1 75.2 0 .0 0 .0 0 .4 0 .0 7.6 14.6 2.2 u
0 75.0 * o D Post-MDH 662543

S68 75.2 0 .0 0 .0 6 .0 0 .0 15.0 1.6 2.2 g 75.2 29 D Post-MDH 798831

F45 77.4 0 .0 0 .2 9 .8 6 .8 2 .2 2 .2 1.4 8 76.2 6 B Post-SD 734457

F3 83.0 0 .0 0 .2 12.8 0 .4 2 .0 0 .6 1 .0 82.8 1 B po«-SD 798419

F16 69.6 1 .2 0 .0 4 .6 1 3 .0 4 .6 5.6 2 .6 69 .0 2 B Post-SD 804432

S5 67 .8 0 .4 0 .2 2 .2 0 .0 2 .0 21.6 6 .0 66.8 25 B Post-Hu 741876

GS57 76.2 2 .6 0 .2 2 .2 0 .0 4 .8 3 .0 11.0 73.6 20 A Post-BK 640785

GS20 61.8 3 .6 0 .4 4 .2 0 .0 5 .0 1 4 .0 11.0 59.6 19 A Post-BK 661?77

E37 47.4 0 .6 l .  3 0 .2 4 6 .9 0 .8 1.2 1.4 46 .8 44 C Post-BK 587536

GS38 72.6 0 .0 0 .2 7 .2 0 .2 12.4 5 .0 2 .6 72.0 20 A Post-BK 640785



types were recogn ized :

A -  Undulatory (the predominant va rie ty )

B -  Non-undulatory

C -  P o ly c ry s ta l l in e  grains in three types

( i )  composite ( f i g .  67), ( i i )  semi-composite (Fig. 6 8 ), 

( i i i )  s tre tch ed  quartz (Fig. 69).

The presence o f  large composite grains probably 

indicates  that the  small undulatory types were derived 

from them. The undulatory types show a s l ig h t ly  

undulatory to  s tro n g ly  undulatory e x t in c t io n ,  which might 

indicate  a non-stretched  metamorphic o r ig in  (Folk, 1968; 

Deegan, 1970). However, the undulosity sometimes passes 

into the overgrowth suggesting p ost -d ep os it ion a l  

deformation.

2. Feldspar

The fe ld sp a rs  range from 0-4% in the studied sand

stones. M icrocline  and Perth ite  are the most common types, 

however undetermined p la g io c la se  and zoned p lag io c lase  

(Fig. 70) (zoning in d ica tes  an igneous source rock) were 

observed.

3. Other Constituents

Minor amounts o f  chert and v o lca n ic  rock fragments 

(Fig. 71), were id e n t i f ie d  but these form a very low 

percentage. Mica in the form o f  muscovite was id e n t i f ie d ,  

the elongate f la k e s  being bent during compaction.

In con clu sion  the study of lig h t  con stitu en ts  

suggested that the source area o f  the Lower Limestone Group
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F ig .67

F ig . 6 8

Fig. 69

Badly sorted  sandstone, showing composite 
quartz gra in s .  XN (X320) . Post-Mid Host! delta 
(Section 39A)

Badly sorted  sandstone with sem i-com posite 
grains showing undulous e x t in c t io n .  XN (X130). 
Post-Mid Hosie d e lta  (sect ion  39A) .

Photomicrograph showing s tre tch ed  quartz. XN(X100) 
Post-B lackhall d e lta  (Section  4 4 ) .



lowing composite 
Post-Mid Hosif d e lta

115B

;h semi-composite 
t t in c t ion .  XN (X130). 
>n 39A).

;retched q u artz .  XN(X100) 
; ion  4 4 ) .

Sr* f.
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Fig. 70 Photomicrograph showing zoned p la g io c la se .
Xn(X320) . Post-Shield* Bed d e lta  (Section  16).

71 Photomicrograph showing volcan ic  rock fragment. 
Yn fY-mo"» P ost-B lackh all d e lta  (S ection  44).
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c la s t i c  sediment was mainly metamorphic and a c id ic  

(probably g ra n ite )  ind icated  by the type o f  quartz and by 

the in c lu s ion s  o f  brown and green tourmaline and zircon  

in the quartz gra in s . However, the presence o f  vo lcan ic  

rock fragments suggested a vo lca n ic  source area (AndeCitic 

ty p e ) .

2.5c C la s s i f i c a t io n  o f  the sandstone and the grain s ize  

a n a ly s is .

Most o f  the sandstones o f  the Lower Limestone Group 

can be c l a s s i f i e d  as quartzaren ites  according to  McBrides 

c l a s s i f i c a t i o n  (McBride, 1963). However, two samples 

are located  in the s u b l i t h i c  aren ite  f i e l d ,  although they 

are very near t o  being quartzarenites  (Figure 72).

Grain s iz e  ana lys is

F ifteen  th in  s e c t io n s  were chosen f o r  grain s ize  

analysis and 500 grains per s l id e  were measured. The 

measurements were converted t o  the equivalent s ieve  s ize  

using Friedman's graph (Friedman, 1958). Mean grain s ize  

and so rt in g  values (Inman, 1952) were obtained from the 

frequency cumulative curves (Fig. 73) and are presented 

in Table 4.
The mean o f  the gra in  s iz e  ranges from 1.90 to  4 .00 

(medium sand t o  very f in e  sand), although most o f  the 

samples had a mean o f  almost 30 (very f in e  sand). Sorting 

values range from 0 .60  to  1.330 (moderately well sorted to  

poorly so r te d ) ,  but most o f  the samples are moderately 

well sorted  t o  moderately sorted . The poorer sorting
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Quartz, Quartzite, 
and Chert

Fragments

Fig. 72 C la s s i f i c a t io n  o f  Lower Limestone 
Group Sandstones according t o  the 
c l a s s i f i c a t i o n  o f  McBride (1963)
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values are e i th e r  due t o  the accumulation of f in e  sediment, 

such as sample in N32, or t o  the mixing o f  coarse, medium 

and f in e  sediments as represented by sample Eg, which is 

a crevasse sp lay  d e p o s its .

2.5d Heavy minerals

Twenty one samples were se le cted  fo r  heavy minerals 

ana lysis .  These samples represent, post-Shields Bed, 

post B lackhall and post-Hosic sandstones. Samples 

representing the d i f f e r e n t  environments o f  these deltas and 

d i f fe r e n t  geographic lo ca t io n s  were a lso  chosen. These 

samples were crushed according to  Henningsen's (1967) 

method and 63-250 u s i z e  f r a c t io n  was chosen (see Appendix 

I ) .  300 grains were encountered in each s l id e  and the

percentages o f  heavy minerals species  are presented in 

Table 5. The "ZTR" index (Hubert, 1962) which is  the 

percentage o f  combined z ircon , tourmaline and r u t i le  among 

the transparent, nonmicaceous d e t r i t a l  heavy minerals was 

a lso  ca lcu la ted  and i s  presented in Table 5.

The aim o f  the study o f  the heavy minerals was to  

lo ca te  the source area, and a lso  to  investigate  any c r y p t i c  

va r ia tion  in  the heavy mineral su ite  which might be 

co n tro l le d  by environment, texture, diagenesis or geographic 

lo ca t io n .

The fo l low in g  minerals were id e n t i f ie d .

1. Zircon.
Zircon makes up 7 .0  to  57.4% o f  the heavy minerals 

s u ite .  D iffe ren t  shapes and co lours  o f  z ircon  were found 

(Figures 74, 75 and 76). The main v a r ie t ie s  are:

; v i

I*
 «

 -
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Sam
ple
No.

Z irco n Tour
maline

Muse o- 
v t te

Rut l i e Anat ase Garnet Opeque
Min.

Others T ota l ZTR
index

S tr a t i 
graphie 
P osit  ion

S e c t . 
yo.

Facies Grid
Reference

F66 57.4 10.6 0 .66 19.8 6 .6 0.66 3 .3 0 .99 98.14 Post-SD 12 D 8734 72

S30 2 2 .26 4 2 .47 6 .5 1 7 .88 8 .9 3.43 6 .4 3 2.14 92.86 Post-SD 27 B 779884

GS55 3 4 .0 9 5.68 11.36 19.32 9 .0 9 5.68 12.5 2 .2 7 87.43 Post-BK 20 A 640785

GS38 4 2 .0 16.0 2 4 .0 6 .0 4 .7 4 .7 1 .3 1.3 91.43 Post-SD 19 B 661777

S52 28. 18 12. 82 33.64 10.09 3. 82 3 .73 4 .7 3 3 .0 • 88.36 Post-SD 26 B 760891.

S68 28. 5 37.5 ' 1 .0 1 9 .5 6 .0 4 .5 1 .5 1. 3 93.4 Post-MDH 29 D 798831

F16 5 6 .45 8.06 3 .23 19.35 4. 84 4 .84 1.61 1.61 92. 87 Post-SD 2 B 804431

E2 8. 7 8 .7 2 .42 8 .7 0 .0 65. 7 5 .3 0 .0 n
Q) 28.41 Post-MDH 39A B 65g547

S3 3 6 2 .6 14.63 1.22 16.26 3 .2 5 0 .41 1.63 6 .0 a 99. 56 Post-SD 27 B 779884

R40 7 .0 5 .5 1 .3 11.5 1 .0 6 8 .0 5 .0 0 .3 CO 25.94 Post-BK 34 A 509597

F45 41 . 15 25.93 1.23 15.23 12.35 2 .06 2 .0 6 0 .0 97.55 Post-SD 6 B 7344 5 7

F80 12.79 17.44 2.33 10.47 1 .74 52.32 1.74 1.16 cd 4 3 .21 Post-BK 15 A 668513

F3 40 . 8 37.36 3 .4 9 10.92 2 .3 0 .0 5 .1 7 0 .0
u

<2
100.0 Post-SD 1 B 7984l f

GS58 12 .5 4 2 .5 13. 5 2 1 .5 8 .5 0 .0 1. 5 0 .0 100.0 Post-BK 20 A 640785

M13 4 8 .3 16.3 1.3 18 .0 9 .0 5.3 1 .7 0 .6 9 3 .97 Post-BK 48 B 991715

N15 51.66 8 .0 6 .0 21.66 7 .66 2 .66 2 .3 3 0 .0 9 3 .97 Post-BK 48 B 991715

N32 12.00 10.0 2 .0 7.33 2 .3 3 6 3 .6 0 3 .0 0 0 .3 3 3 1 .7 7 Post-BK 52 D i f l d V -

Z6 28.66 7.66 1 .0 12.66 2 .3 3 46.66 0 .66 0 .33 51.03 Post-BK 34 D 509597

Z1 25.33 8.33 1.33 8.66 1 .66 5 2 .0 2.33 0 .33 4 4 .72 Post-MDH 4 o D 8&S42

GB4 8 36.36 20. 55 7.12 23.72 9 .0 9 1.98 0. 79 0 .4 0 97.6 Post-SD 16 B 680788

E12 21 . 79 6 .2 3 33.46 8.56 8 .1 7 2.14 0 .3 9 0 .0 9 4 .45 Post-BK 4 o . A 662542

Table Heavy m in era ls  a n a ly s is . 
MDH -  Mid Hosic Lim estone.

SD Shields Bed, BX -  B lack hall Limestone,

• *
■>
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F ig . 74 Photomicrograph showing s p h e r ica l  brown
tourmaline (T), and le s s  elongated z ir co n  

. (Z) (X320). Post-Shield^ Bed d e lta  (Section  

. 1 2 ) .

F ig . 75 Photomicrograph showing h ighly  rounded
z ir co n  (Z), tourmaline (T)and reddish brown 
r u t i l e  (R). (X320). Post-S h ie ld ; Bed d e lta
(Section  25 ).

F ig . 76 Photomicrograph showing rounded, s l ig h t ly
elongated and fractured  z ir co n  ( Z ) . N otice  
the z ir con  in c lu s io n .  X320. Post-B lackhall 
d e lta  (Section  48 ) .

mMM
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a. Colourless, sph erica l h igh ly  rounded to  e l l ip s o id a l

b. Colourless, prismatic with rounded edges.

c .  Colourless, euhedral g ra in s .

d. Pinkish, rounded to  e l l i p s o i d a l .

e. Pinkish, prism atic with rounded edges.

f .  Pinkish, euhedral gra ins.

Inclusions are common within the z ircon  grains, being 

most common in  the pinkish v a r ie t ie s .  Some of  the co lou r 

less grains are turbid, some are highly fractured and few 

grains show overgrowths. Although highly elongated grains 

with euhedral and the rounded prismatic edges are found, 

these are le s s  than the l e s s  elongated or equant grains.

2. Tourmaline

Tourmaline grains range from 5.7  to  42.0% o f  the 

heavy mineral su ite  and were observed in a l l  the specimens. 

The fo l low in g  types were id e n t i f ie d .

a. Green rounded, ranging from highly sph erica l to  

e l l ip s o id a l  (Figures 74 and 75).

b. Irregu lar shaped gra ins.

c . Green pr ismat i c .

d. Brownish to  s l ig h t ly  p inkish  rounded grains.

e. Brown prism atic.
Some o f  the grains con ta in  inclus ions . Overgrowths 

were observed but are rare , whereas ''Hacksaw” terminations 

probably caused by in s t r a ta l  so lu t ion  were a lso  observed.
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3. Garnet.

Garnets, o f  both co lo u r le ss  and pinkish varie t ies ,  

were observed. These range from 0-68% o f  the heavy

mineral s u ite .  Most o f  the grains are angular with
h

subconq;oidal fra ctu res  but some o f  the grains show rounded 

edges and in c lu s ion s  are sometimes present.

4. Rutile

R u tile  ranges from 6-23.7% o f  the heavy minerals suite 

and is  weakly p C le o ch ro ic . Two co lour  v a r ie t ie s  were 

recognized, pale earthy brown and red types. The grains 

are prism atic with s l i g h t ly  rounded edges.

5. Anatase

This i s  present as pale ye llow ish  grains with a 

m eta llic  lu s t re .  They are uniaxia l or b ia x ia l  with very 

small 2 v . The grains are equidimensional and subangular 

to  subrounded. The id e n t i f i c a t io n  o f  anatase was checked 

using an x -ray  d i f f r a c t i o n  camera.

6 . Muscovite

Muscovite, occurring  as lath  shaped grains, form 0.66 

to  33.5% o f  the heavy mineral s u ite .  I t  indicates a 

metamorphic or igneous source (P h i l ip ,  1968).

7. Other minerals
Some grains are coated by iron oxides, which makes 

their  id e n t i f i c a t io n  d i f f i c u l t .  However, grass-green, 

small s iz e  grains were observed in a few samples which are 

ten ta t ive ly  id e n t i f ie d  as ep idote .
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2 . 5d( i ) R e la tion sh ip s  between grain s iz e ,  so rt in g  and 

the com position  o f  heavy mineral su ite

The mean grain  s iz e  and sort in g  o f  the sandstones 

which were analysed f o r  heavy minerals are p lotted  against 

the percentages o f  each heavy mineral species  as indicated 

in Figures 77 and 78. No r e la t io n s h ip  e x is ts  between the

mean grain s i z e  and the d is t r ib u t io n  o f  the main heavy 

minerals; z ir c o n ,  tourmaline, garnet and r u t i l e .  However, 

the p lo t t in g  o f  s o r t in g  against composition revealed a weak 

re la t ion sh ip  which i s  best defined with z ircon  followed by 

tourmaline and then the other minerals.

2 . 5 d ( i i )  R e la tion sh ip  between the main heavy minerals

To f in d  i f  there  are any c o r re la t io n s  between the 

concentrations o f  the various heavy minerals, the 

frequencies o f  the main heavy minerals were p lotted  against 

each other as indicated  in Figures 79, 80 and 81.

The f ig u r e s  show that, apart from inverse r e la t io n 

ships between z ir co n  and garnet, z ir co n  and tourmaline and 

a weak p o s i t iv e  r e la t io n s h ip  between r u t i l e  against z ircon  

and tourmaline, there are no other obvious re la t io n sh ip s .  

Since there i s  no re la t io n s h ip  between the main heavy 

minerals and the gra in  s iz e  and sort in g  (apart from weak 

re la t ion sh ip  between sort in g  and z ircon  frequencies) the 

above v a r ia t io n  is  probably inherited  from the varia tion  

in the sou rce  area. Mapstone (1971) re la ted  the varia tion  

between heavy minerals in the Upper Limestone Group 

(Carboniferous), Midland Valley o f  Scotland to  the varia tion  

within the source area.
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2 .5 d ( i i i )  V e r t ica l  and Lateral Variations in the Heavy 

Minerals

A few specimens were chosen to  discover i f  there i s  

any v e r t i c a l  v a r ia t io n  within one d e lta ic  advance or 

between severa l  advances.

Figure 82b shows the v e r t i c a l  varia tion  in tourmaline, 

r u t i le  and z ir co n ,  f o r  one d e l t a i c  advance, the post-ShieldJ 

delta . However, Figure 82e revea ls  a varia tion  in 

tourmaline and muscovite fo r  the post-B lackhall de lta .

There are v e r t i c a l  v a r ia t io n s  in garnet, r u t i le ,  z ir co n  

and tourmaline between d e lta s  as shown in Fig. 82.

There i s  no r e la t io n s h ip  between the s ize ,  s o r t in g  and 

the frequencies  o f  the heavy minerals as discussed above 

(Chapter 2, Section  2 . 5 d ( i ) ) .  Therefore, these v e r t i c a l  

varia tions  might be re la ted  t o  changes in source area.

To d iscov er  any c r y p t i c  la te r a l  variations, the values 

of the z ir co n ,  garnet, r u t i l e  and tourmaline frequencies  

were p lo tted  fo r  the post-Shields^ post-Blackhall and post-  

Mid Hosi d e l t a i c  sediments in  the studied area (Table 6, 

Figures 83 -91 ).

For the post-ShieldS d e l ta  the map reveals that z ir co n  

values are s ig n i f i c a n t ly  higher in the southern part o f  

the area than the northern part, and the garnet va lues, 

in comparison, are low throughout the area. The p lo t t in g  

of r u t i l e  and tourmaline does not show any s p e c i f i c  trend

and the values are v a r ia b le .
For the post-B lackhall d e l t a ic  sediments z ircon  values 

are high in the north and northeast which, ranging from

«»
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Z = Zircon 
T -  Tourmaline 
R = Rutile  
G = Garnet 
M = Muscovite

Composite s e c t io n  Composite s e c t io n  Section 48
(Sections 16,19 and 22) (S ections  26 and 29)

Fig. 82 V e r t ic a l  v a r ia t io n  o f  the heavy minerals.
The abbreviations of the carbonate units 
are indicated  in F i g . 3.
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the post-Shields Bed sediments

Fig. 84 Map showing the la t e r a l  v a r ia t io n s  o f  garnet 
in the  post-Shields Bed
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F ig .86 Map showing the la te r a l  va ria tion  o f  tourmaline 
in the post-Shields Bed sediments





139

Fig. 90 Map showing the J .a tera l v a ria tio n s  of tourmaline 
in the post-B la ck h a ll sediments
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34.1% to  51.6% with excep tion  o f  one low sample (12.5%), 

but low in  the southwest o f  the studied area where they 

range from 7% to  28.7%. Garnet is  low in  the north and 

northeast (0 .0 -5 .7% ) and high at the southwest (46.7% -  

52.3%) except fo r  one sample (2.1%). No s p e c i f ic  trend 

was found fo r  r u t i l e  and tourm aline. Two samples from the 

post Mid Hosi d e lta  show an inverse re la tio n sh ip  between 

the garnet and z ir co n  whereas the values o f  r u t i le  and 

tourmaline are con stan t.

Muir (1963) in  h is  study o f  the Carboniferous M illstone 

Grit from the Midland V alley  o f  Scotland and Mapstone 

(1971) in  the C arboniferous Upper Limestone Group, reported 

la tera l v a r ia t io n s  o f  heavy m inerals and related  these 

varia tion s  to  the source area. In the studied Lower 

Limestone Group sedim ents, as no re la tio n sh ip s  were found 

between gra in  s iz e , so r t in g , diagenesis and the frequency o f 

heavy m inerals (d iscu ssion  la te r  on), the la te ra l va ria tion s  

in heavy m inerals may s im ila r ly  be inherited  from the 

source area.

2 .5d( iv ) The r e la t io n s h ip  between lig h t  and heavy minerals

Hubert (1962) noted that heavy mineral s t a b i l i t y  

measured by the "ZTR" index, is  usually  re la ted  to  the 

maturity o f  the lig h t  fr a c t io n s . He added that these 

re la tio n sh ip s  might be due t o  te c to n ic  quiescence, weathering 

and m echanical abrasion . In the c la s t i c  coarse fa c ie s  of 

the Lower Limestone Group the "ZTR" index is  more than 87% 

(Table 5 ) except fo r  s ix  samples which have a high
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concentration  o f  garnet and "ZTR" in d ices  from 26-51%.

The heavy m inerals s t a b i l i t y ,  coupled  with the quartz- 

domination o f  the lig h t  fra c t io n , in d ica tes  a high maturity 

for the lig h t  and heavy mineral fr a c t io n s .  These 

probably in d ica te  a m u lt ic y c l ic ity  and/or very prolonged 

abrasion and weathering as noted fo r  s im ila r  s ta b le  heavy 

minerals a sso c ia t io n s  by Jain (1972) in Precambrian Gamri 

Quartzite, In d ia  and 0jakangas(1963) in the Upper Cambrian 

Lamotte Sandstone, M issouri.

2 .5d (v ) The e f fe c t  o f so rtin g , in s tra ta l s o lu tio n ,

weathering and abrasion on the con cen tra tion  o f 

heavy m inerals.

Van Andel (1959) ind icated  that four parameters 

e ffe c te d  the con cen tra tion  o f  heavy m inerals; s e le c t iv e  

sortin g , in s t r a ta l  so lu tio n , weathering and abrasion . A 

weak r e la t io n s h ip  e x is ts  between the sortin g  and the 

frequencies o f  z ircon  and, to  a le s se r  extent tourm aline; 

although t h is  re la tio n sh ip  i s  not c le a r  fo r  the other 

heavy m inerals. Therefore the e f fe c t  o f  s o r t in g  is  very 

lim ited . Some grains o f tourm aline show ’ ’Hacksaw" 

term inations which in d ica te  s o lu t io n  during diagenesis, but 

Hubert (1962) considered that in s tra ta l so lu t io n  is  unable 

to  produce a high con cen tra tion  o f  s ta b le  heavy m inerals. 

Weathering and abrasion could produce high a sso c ia tio n  of 

stab le  heavy m inerals. Walker (1967), on the b a s is  o f other 

workers' data reported that unstable heavy m inerals such 

as hornblende and augite are found in f lu v ia l  and marine
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sediments derived  from igneous and metamorphic rocks, even 

where a hot, m oist clim ate  and deep weathering e x is ts  in 

the source area. However, very prolonged abrasion o f  the 

sediments can produce an a sso c ia tio n  o f  s ta b le  lig h t  and 

heavy minerals such as quartz, z ircon  and tourmaline 

(Ojakangas, 1963; Jain, 1972).

2 .5d (v i) In te rp re ta tio n  o f  the source area

Blatt et a_l. (1972) reported  that euhedral grains of 

zircon in d ica te  a magmatic (g r a n it ic )  o r ig in , brown to  

yellow-brown tourm aline represent metamorphic o r ig in , the 

other co lou r v a r ie t ie s  o f  tourm aline in d ica te  g r a n it ic  or 

pegmatic sources and most garnets are derived from p e l i t i c  

s ch ists . They added that sands composed e n t ire ly  o f a 

stable lig h t  f r a c t io n  and s ta b le  heavy minerals (e .g .  z ircon  

and tourm aline) might represent recycled  sediments, although 

they did not exclude the e f fe c t  o f abrasion or weathering on 

the con cen tra tion  o f  s ta b le  lig h t  and heavy m inerals. 

Pettijohn (1975) sta ted  that i f  heavy minerals are derived 

from sedimentary rocks the le s s  s ta b le  minerals tend to  

he absent whereas the more s ta b le  (e .g . z ircon  and 

tourmaline) are predominate and are highly rounded.

Muir (1963) in  h is  study o f  M illstone Grit sta ted  that 

the highly elongated  z ircon s  were derived from gran ties  

or pegm atites, whereas the equant zircons orig in ated  from 

sedimentary rocks or at lea st from sedimentary rocks derived 

from a metamorphic te r ra in . He added that c o lo u r le ss  and 

brown garnets were derived  from p e l i t i c  s ch is t , r u t i le  from

. :n . v-k 1 ♦
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granulites (quartz mica s c h is t ) ,  q u a rtz ite , gneiss and 

ph yllite  whereas the brown tourm aline orig in a ted  from 

slate, p h y ll it e  and p e l i t i c  s c h is t .  Mapstone (1971) in 

his study o f  the Upper Limestone Group a lso  reported that 

highly elongated z ir c o n  in d ica tes  g ra n it ic  or pegmatic 

origin  whereas the le s s  elongated grains are from granulites 

(quartz mica s c h is t s )  and q u a rtz ite . He added that the 

red and yellow  r u t i l e  in d ica tes  a metamorphic source area, 

such as gran u lites  (quartz mica s c h is t ) ,  q u a rtz ite , gneiss 

and p h y llite  w hilst th e  co lo u r le s s  and p inkish  v a r ie t ie s  

of garnet in d icated  p e l i t i c  s c h is t .  He reported also 

well rounded tourm aline and con siders  them to  represent 

p o ly -cy c lic  sedim entary o r ig in . Winchester (1974) 

reported that fa c ie s  o f  garnet, s i l l im in it e ,  kyanite, and- 

u ls ite , b i o t i t e  and c h lo r i t e  com prises the S cottish  

Caledonian Highlands.

It  is  suggested that the presence o f  brown tourmaline, 

co lou rless  and brown garnet and red and brown r u t i le  

indicates a metamorphic o r ig in  (e .g . p e l i t i c  s ch is t , quartz 

mica s ch is t , q u a rtz ite , gn e iss , p h y llite  and s la t e ) .  The 

presence o f  euhedral z ir co n  and other v a r ie t ie s  o f 

tourmaline (e .g . green  tourm aline) in d ica tes  gran ite and 

pegmatite. However, the z ir co n  and tourm aline are 

highly rounded which might in d ica te  weathering, abrasion 

or m u lt ic y c lic ity .  Weathering and abrasion can be 

e ffe c t iv e  in removing unstable heavy and ligh t minerals 

(Hubert, 1962; B la tt  et a l . ,  1972; P ettijohn , 1975), but 

it is  u n lik e ly  that they could produce an a ssocia tion  o f
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stable lig h t  and heavy m inerals, l ik e  that found in the 

Lower Limestone Group, from a non-sedimentary source 

without the presence o f  even a small amount o f  unstable 

heavy m inerals. Therefore, the predominance o f stable 

heavy m inerals, the presence o f  w ell rounded zircon s  and 

tourm alines, some with overgrowths, probably indicates 

that the source area o f  the coarse c l a s t i c  sediments was 

sedimentary. However, the presence o f  a small amount of 

euhedral z ir co n  and tourm aline probably in d ica tes  that 

these grains e ith e r  escaped from the e f fe c t  o f  weathering 

or have passed through fewer sedim entary cy c le s  in 

comparison t o  the w ell rounded z ir c o n . The presence o f 

brown tourm aline, c o lo u r le s s  and brown garnet and red and 

brown r u t i le ,  p o ss ib ly  in d ica te  that the sedimentary rocks 

which were the source rocks o f  the Lower Limestone Group 

sediments were them selves derived mainly from a metamorphic 

source. The presence o f  euhedral z ir c o n  grains and other 

v a r ie t ie s  o f  tourm aline (green type) in d ica te  that these 

sedimentary rocks were a lso  o r ig in a te d  p artly  from gran ites  

and pegm atites.

I f  the sedimentary o r ig in  is  accepted , th ere fore , the 

Old Red Sandstone and the ? o lder Carboniferous sediments 

and the Old Red Sandstone a n d es itic  lavas (ind icated  by 

the presence o f v o lca n ic  rock fragm ents) are the main 

sources fo r  the c la s t i c  coarse fa c ie s  o f the Lower Lime

stone Group.

Greensmith (1965) id e n t if ie d  s im ila r  heavy 

minerals t o  the id e n t if ie d  heavy minerals o f  the
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Lower Limestone Group in  th is  study in the C a lciferou s  

Sandstone S e r ie s  and considered  the source area fo r  the 

C a lc ife rou s  Sandstone S e r ie s  to  be the Old Red Sandstone 

sediments and igneous rocks (A n desitic  Lava). A li (1976) 

recognized the same heavy m inerals a lso  together with 

unstable sp ec ies  (e .g .  pyroxene, amphibole, kyanite e t c . )  

in the Old Red Sandstone, Midland V alley, Scotland. He 

indicated  that the heavy m ineral fr a c t io n  o f  the Upper 

Old Red Sandstone con ta in s 0-26.66% garnet, 0-18.66% zircon , 

0-6.6% r u t i l e  and 1-11.66% tourm aline whereas the Lower 

Old Red Sandstone con ta in s 2.66-88.33%  garnet, 0-7.33% 

zircon , 0-2.3%  r u t i l e  and 0-4.66%  tourm aline.

2.5e Matrix

The matrix is  p o lym in era lic , co n s is t in g  o f  very small 

grains o f  quartz, s e r i c i t e ,  c la y  and iron  oxides, ranging 

from 0 .8 -22 .2% . X-ray d i f f r a c t io n  shows that the 

k a o lin ite  is  the main c la y  m ineral. Although the o r ig in  

of the matrix is  most probably primary, the decom position 

of fe ld sp a rs  could  have su pplied  some secondary components 

to  the m atrix.

2 .5f Cement

Three types o f  cement are recognized  in  the studied 

sandstones; carbonate, iron  oxide and s i l i c a .  A ll the 

studied  sandstones con ta in  cementing m ateria ls, and e ith er 

con ta in  a l l  the three or sometimes ju s t  two types. In 

some specimens a high proportion  o f  conent and matrix

• , r * r m



e x is ts  whereas in others on ly  cementing m ateria ls are 

important and the matrix is  in s ig n if ic a n t .

The order o f  form ation  o f  the cement is  considered 

to  be as fo llo w s .

1. Iron oxides

2. S i l i c a

3. Carbonates

4. Iron o x id e s .

The fea tu res  which support the in te rp re ta tio n  that 

iron  oxides were the f i r s t  cementing m aterials are :

Petrographic re la t io n s h ip

i )  Patches o f  iron  oxide in sid e  the carbonate cement 

in d ica tin g  that the carbonate cement was deposited  a fte r  

the iron  ox id e .

i i )  Sometimes the iron  oxide defin es the overgrowths 

o f  s i l i c a  (F ig . 92) which in d ica te  that the iron  oxide 

formed b e fo re  the secondary overgrowths o f s i l i c a .

F ield  re la t io n sh ip

F ie ld  observation s in d ica te  that the coarsen ing- 

upwards sequences change from black  shale (high organic 

content) w ith s id e r it e  and/or p y r ite  to  grey s i lt s to n e s  

t o  sandstones which are usually  yellow ish , suggesting 

ox id iz in g  co n d itio n s  during the d ep osition  o f  the sandstones.

I t  is  ind icated  in  the d iscu ssion  o f ironston e bands 

(Chapter 4) that c a l c i t e  formed in weakly a lk a lin e  

environment and s id e r i t e  formed in a c id ic  reducing



F i g . 93 S im ilar t o  the above, but with dust d e fin in g  the 
overgrowth. XN(X320). P ost-B lack h a ll d e lta . 
(S ection  22 ).

F ig . 94 Photomicrograph showing high amount o f  carbonate 
(C) rep lacin g  the quartz gra in s ( q ) . XN(X320). 
Post-Mid Hosi£ d e lta  (S ection  39A) .

149A

Fig. 92 Iron  oxide cement (arrowed) d e fin in g  the over
growth o f  s i l i c a .  The overgrow th is  b e tte r  
developed on coarse  gra in s than sm aller gra in s. 
XN(X320). Post Shield^Bed d e lta  (S ection  12).
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environment near t o  the sediment water in te r fa ce s .

Walker (1967) in h is  study o f  the recent p le is t o c e n e -  

p//o'cene sequence o f  sedim ents, in  the Sonaran desert, 

C a liforn ia , and the Late P a leozoic  o f  Colorado indicated  

that the red pigment in  sandstones is  due to  ferrou s iron 

released by p rogress ive  d ia gen etic  a lte ra t io n  o f d e t r ita l  

heavy m inerals (e .g . hornblende, b l o t i t e  and iron  oxides 

e t c .)  and amorphous f e r r i c  hydrate (lim on ite) f in a l ly  

being d ep osited  as hematite from oxygenated pore waters.

He added that the clim ate during d ep os ition  o f sandstones 

may be ir re le v a n t  to  the form ation o f  hematite cement, 

and the ra te  o f  a lte r a t io n  o f  iron -bearin g  mineral grains 

depends on the amount o f  water that moves through the 

sediments and the ra te  o f  a lte r a t io n  is  much slower in 

arid than m oist clim ate . He sta ted  a lso  that ground 

water can be oxygenated t o  a depth o f  several hundred to  

thousands o f  fe e t  below the water ta b le . McBride (1974) 

indicated th at the grey co lo u r  o f the Difunta Group (Late 

Cretaceous t o  Paleocene) o f  north eastern  Mexico deposited 

in a sem i-arid  to  sub-humid clim ate , is  due to  the presence 

of plant d e b r is  and organ ic m ateria ls . He added that 

most red co lou red  o f  d e lta ic  p la in s  are o f  red hematite 

coating which formed by early  p ost-d e p o s it io n a l a lte ra tio n  

of iron -b ea rin g  d e tr itu s  and dehydration o f iron  hydroxide 

on the d e lta  p la in s . He added a lso  that some sandstones 

are not reddened because not a l l  the organic matter was 

destroyed .
In the studied  Lower Limestone Group, the sequence of



the sediments changes upward from dark shale, into grey 

s ilts ton es  and then in to  ye llow ish  sandstones. in other 

words the co lou r  i s  dark to  grey in  f in e  sediments and 

yellowish-brown in co a rse  sedim ents. Heavy minerals study 

in the sandstones in d ica te s  that apart from iron  oxides 

which range from 0 .4  to  12.5% no unstable iron-bearing 

heavy m inerals which could  produce iron  by a lte ra tio n  were 

id e n tifie d . The m aturity o f  heavy minerals is  interpreted  

to be inherited  from the source area (see heavy minerals 

se ction ). I t  is  suggested that in the fin e  sediments the 

perm eability is  low and th e re fo re  water c ir cu la t io n  is  

lim ited. The d is in te g r a t io n  o f  organ ic m aterial probably 

consumed the oxygen and a reducing environment was 

produced. This is  supported by the presence of s id e r ite  

or pyrite  in the s h a le . In the coarse sediments and at 

a shallow depth below  the sedim ent/water in ter fa ce , there 

was enough water c ir c u la t io n  fo r  ox id iz in g  con d ition  to 

e x is t . It is  suggested a lso  that the pore water is  

o r ig in a lly  r ich  in  fe rrou s  iron  (probably migrated from 

the underlying s h a le s )  or iron  released  by d iagen etic 

a ltera tion  o f  iron  o x id e s . Therefore, the iron  might have 

been deposited  as f e r r i c  oxides in  the sandstones under 

oxid izing co n d it io n s  soon a fte r  the d ep osition  o f  the 

sandstones. Some o f  the sandstones are grey in co lou r . 

These mostly con ta in  a l o t  o f  organic m aterial, r o o t le ts  

and are badly s o r te d . The organic m aterial probably 

consumed a l l  the oxygen and together with the bad sortin g  

which a ffe c te d  the c ir c u la t io n  o f  pore water reducing



con d ition s  re su lte d . Deegan(1970) ind icated  that the 

iron was p re c ip ita te d  from so lu t io n  in  ox id iz in g  conditions 

forming a primary d ia g e n e tic  iron  oxide cement in the 

Lower Carboniferous rock s , K irkudbrightshire, Scotland.

The s i l i c a  cement is  represented by quartz overgrowths 

on quartz gra in s and is  normally defined  by dust or iron 

oxides (F ig. 93 ). However, in  clean  quartz grains i t  is  

d i f f i c u l t  to  id e n t ify  the overgrow ths. Quartz overgrowths 

are best developed in  very coarse-gra in ed  sandstones and 

are abundant in  mature sandstones. Aalto (1972) indicated 

that the quartz form ing overgrowths in h is study of 

O rthoquartzite sequences (D evonian-Tertiary), Columbia, may 

have been derived  from the s o lu t io n  o f  f in e  quartz. Such 

an o r ig in  may be a p p lica b le  to  the Lower Limestone Group 

sandstones.

Carbonate in  the form o f  c a l c i t e  and dolom ite is  

sometimes the main cement. The c a l c i t e  is  usually non- 

ferroan , although i t  can be s l ig h t ly  ferroan , and has 

lo c a l ly  rep laced  the s i l i c a  and iron  oxide cements (F igs. 

94, 95 ). The dolom ites which are vo lu m etrica lly  less  

important are m icro cry s ta llin e  ferroan  types.

The s o lu b i l i t y  o f  m inerals, which is  a function  of 

p h ysica l and chem ical fa c to r  (e .g . pH, temperature, 

pressure and p erm eab ility ) c o n tro ls  the p re c ip ita t io n  of 

d iagen etic  m inerals. At shallow  b u ria l depths and when 

the pore f lu id s  were s l ig h t ly  a c id ic  (due to  the presence 

o f  C0 2 formed by the b a c te r ia l  decom position o f organic 

m atter) the s i l i c a  was p re c ip ita te d  as overgrowths. When



Photomicrograph showing the iron  oxide 
cement ( I ) ,  d efin in g  the s i l i c a  over
growth ( s ) .  N otice the carbonate cement 
(C) re p la c in g  the overgrowth and iron 
oxide cement. XN(X320). P ost-B lackhall 
d e lta  (S ection  22 ).
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the pH rose , as C02  was depleted at greater depths and 

high tem peratures, the carbonates were p re cip ita te d  ( c f .

Sharma, 1965).

Sometimes the c a l c i t e  is  surrounded by an iron oxide 

rim. The s ta in in g  shows that w ithin a s in g le  patch o f 

c a lc it e  cement surrounded by iron  oxide, the part o f 

c a lc i t e  adjacent to  the iron  oxide rim is  ferroan , although 

the c a lc i t e  o f  the patch is  non-ferroan. Greensmith (1965) 

noted that the iron  oxide in  the O l c i f e r o u s  ¿andstone 

Series was p a r t ia l ly  formed by the d estru ctio n  o f  ferroan 

dolom ite. Neal (1969) ind icated  that the brownish 

weathering su rfa ce  o f  the lim estones is  the re su lt  o f iron- 

oxide produced by the d estru ction  o f ferroan  c a lc i t e  in the 

Blackjack Greek Formation (Pennsylvanian), M issouri. Al-Hashimi 

& Hemingway(1973) in ther d e scr ip tio n  o f the o r ig in  o f  the 

recent rusty  cru sts  in  the co a s ta l s e c t io n s  o f  the Middle 

Limestone Group (C arbon iferous), Northumberland, indicated  

that the e x is ten ce  o f  iron  hydroxide togeth er with 

rhombohedral c a l c i t e  in  the rusty cru sts  and the absence 

both in the unweathered part o f  the d o loston e  suggested 

that the iron  hydroxide was formed by the ox id ation  and 

hydration o f  the ferrou s  iron  in the dolomite.TWcj added

that th is  process  takes p lace when the carbonate un its 

are in con tact with the present day sea water, as is  

indicated by the predominance o f rusty c ru sts  in the 

coasta l exposures compared with inland exposures. T\ne^ 

indicated that the ox id a tion  o f  ferrou s iron  and i t s  

hydration t o  form lim on ite  or geoth ite  with the consequent



gradual breakdown o f  the dolom ite c ry s ta ls  can be produced 

by fresh  water (ground water c ir c u la t io n ) ,  although the 

reaction  i s  fa s te r  with seawater.

In the Lower Limestone Group sandstones, the ferroan 

c a lc i t e  cement probably undergoes a s im ila r  type of 

d estru ction  t o  the ferroan  dolom ite and c a lc i t e  discussed 

above, the leached ferrou s iron  being ox id ized  to  iron 

oxides by the oxygenated ground water. Oxygenated rain  

water a lso  might help in  the ox id ation  o f  the leached 

ferrous iron .

2.5g D iagenesis

The con ta cts  between quartz grains due to  diagenesis 

were c la s s i f i e d  according to  the scheme o f  Taylor (1950) 

and three main types recognized

1. Simple l in e  to  s l ig h t ly  irregu lar penetration  contact 

(Fig. 96 ).

2. Concavo-convex con tact (Fig. 97).

3. M ic r o -s ty lo l it e  contact (F ig. 98).

The most common types are simple t o  s lig h t ly  irregu lar 

penetration  and concavo-convex con tacts , which resu lt from 

pressure s o lu t io n  due to  depth o f  b u r ia l (Taylor, 1950). 

These types o f  con tacts  probably in d ica te  that there was 

probably s u f f i c ie n t  s i l i c a  released  by pressure so lu tion  

to  form the s i l i c a  cem entation. S ib ley  and B latt (1976) 

pointed out that the s i l i c a  which forms the cement in the 

Tuscarora O rthoquartzite (S ilu ria n ), V irg in ia , as revealed 

by cathodolum inescence, orig in ated  p a rtly  by pressure



1 56 A

Fie 96 Highly mature sandstones, showing sim ple straight 
to  s l ig h t ly  irregu la r  con tacts  (S) and concavo- 
convex con ta cts  (C ). XN (X320) P ost-B lackh a ll 
d e lta  (S ection  20 ).

Fig. 97 S im ilar t o  the above th in  s e c t io n  with
predominance o f concavo-convex co n ta c ts  in 
which some o f  them show fa in t  m ic r o - s t y lo l i t i c  
co n ta c t . XN (X320). P ost-B lackh all d e lta  
(Sect ion  4 0 ).

Fig. 98 Development o f  m ic r o -s ty lo l it e  con ta ct (m).
N otice a lso  the predominance o f  concavo-convex 
con tacts  (C) and the low percentage o f  simple 
s tra ig h t t o  s l ig h t ly  irregu lar co n ta c ts .
XN (X320). Post-Shields Bed d e lta  (S ection  12).



showing sim ple  s t r a ig h t  
ta c ts  (S) and co n ca v o - 
X320) P o s t-B la ck h a ll

h section  with 
convex con tacts  in 
fa in t m ic r o - s t y lo l i t i c  
UBlackhall d e lta

y lo l i t e  contact (m ). 
)lar?Cfc o f  concavo-convex 
>w percentage o f sim ple 
'regular con tacts.
Bed delta  (S ection  12)
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solution  o f  quartz gra in s. However, they noted that 

part o f the auth igen ic s i l i c a  cou ld  a lso  have been produced 

by the d iagen esis  o f  c la y  m inerals, d is s o lu t io n  o f biogen ic 

s i l ic a ,  d e s i l i c i f i c a t i o n  o f  v o lca n ic  debris  and from normal 

surface water.

The edges o f  the quartz grains are o fte n  corroded 

where in con ta ct with the m atrix when the la t te r  forms 

more than 10% o f  the rock (F ig. 99 ). A re la t io n sh ip  

exists between the matrix con tent, the suturing o f  the 

grains and secondary overgrowth o f  quartz. I t  was found 

that as the amount o f  matrix in creases the suturing o f  the 

grains decreases (F ig. 9 9 ). An increase in  the amount o f 

matrix was a ls o  observed t o  accompany a decrease in  volume 

of quartz overgrow ths.

It  is  suggested that the high proportion  o f  matrix 

decreased the p erm eability  and th e re fo re  r e s t r ic te d  the 

movement o f pore water and consequently in h ib ited  the 

formation o f  quartz overgrow ths. The high proportion  of 

matrix a lso  reduced the number o f  grain  con tacts , 

re s tr ic te d  pressure s o lu t io n  and th e re fo re  the suturing 

of the grains i s  not common. S im ilar fin d in gs  and 

conclusions have been reported  by Whisonant (1970) in his 

study o f  the b a sa l Cambrian Chilhowee Group in eastern

Tennessee and by Aalto (1972) in  oTth oqu a rtz ite
¡n

sequences (D evon ian -T ert ia r y ) A Colom bia.

2.5h Conclusion

The study o f  lig h t  m inerals o f  the c la s t i c  coarse 

sediments o f  the Lower Limestone Group, which are mainly

--------  — ..
*5 t* > A i :* <V



S lide shows large amount o f  matrix. N otice 
that the matrix has corroded the quartz 
grains at (P) and a lso  n otice  the sm all 
amount o f  s i l i c a  overgrowth and lack o f  
suturing o f  the grains in comparison with 
the rocks with l i t t l e  matrix. XN(X320). 
Post-H urlet d e lta  (Section  16).
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of very f in e  sand and m oderately w ell sorted  to  moderately 

sorted, in d ica te s  that they co n s is t  mainly o f  s ta b le  ligh t 

m inerals; i . e .  they are la rg e ly  o f  quartz. Minor quantities 

of chert, fe ld sp a r , and v o lca n ic  rock fragments are found. 

Matrix and cement (carbonate, iron  oxides and s i l i c a )  were 

id e n tifie d  in  most o f  the studied  th in  s e c t io n s . Three 

types o f  quartz were recogn ized , undulatory, non-undulatory 

and p o ly c r y s ta llin e  quarts. The undulatory type, which is 

the predominant v a r ie ty , probably in d ica tes  non-stretched 

metamorphic source  rock s . In clu sion s  o f  brown and green 

tourmaline and z ir co n  are common in the quartz grains 

which might suggest a source area o f  g ran ite , gneiss and 

s c h is t .

The heavy m inerals study revea ls  the ex is ten ce  o f 

stab le  sp e c ie s  on ly . There is  no re la t io n s h ip  between 

the d i f fe r e n t  d e lta  fa c ie s  and the frequ en cies  o f  heavy 

m inerals. However, la te r a l  v a ria tion s  in the amount of 

z ircon  and garnet were observed which might r e f le c t  a 

va ria tion  in  the source area. The s t a b i l i t y  o f lig h t  and 

heavy m inerals probably in d ica tes  m u lt ic y c l ic ity ,  weathering 

and very prolonged abrasion . However, the predominance of 

w ell rounded z irco n s  and tourm alines, some o f  which have 

overgrowths, probably in d ica tes  a sedimentary o r ig in . The 

brown v a r ie ty  o f  tourm aline, red and brown r u t i le  and 

garnet in d ica te  a metamorphic o r ig in , whereas the green 

v a r ie t ie s  o f  tourm aline ind icated  gran ite  or pegm atite. 

Therefore, most l ik e ly ,  the source area o f the Lower 

Limestone Group sediments was sedimentary rocks, derived
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from a metamorphic te rra in  which also include gran ites or 

pegmatites, and subordinate vo lcan ic  rocks (probably 

a n d es ite ).

Three types o f  cement were observed ; iron  oxide, 

s i l i c a  and carbonate. The iron  oxide cement is  probably 

early  d ia gen etic , formed soon a fte r  th e  deposition , as 

indicated by the petrographic re la t io n s h ip s . The s i l i c a ,  

carbonate and la te s t  iron  oxides are probably la te  

d iagen etic .

The d iagen etic  featu res were d iscussed  including the 

contacts between the grains, the re la t io n s h ip  between the 

matrix and the secondary overgrowths o f  quartz and the 

suturing o f the grains.Concavo-convex and simple lin e  

contacts are the main type o f con tact between the grains 

and were probably due t o  pressure s o lu t io n  at depth. An 

inverse re la t io n sh ip  between the amount o f matrix and the 

amount o f secondary quartz and the suturing o f  the grains 

were found. This is  probably because an increase in the 

matrix causes a reduction  in perm eability  with a consequent 

decrease in  secondary overgrowth and a reduction  in the 

number o f  gra in  t o  grain  con tacts  which th ere fore  r e s t r ic t s  

the e f fe c t s  o f  pressure so lu tio n  and the suturing o f gra in s. 

The stages o f  d iagen esis  o f  the Lower Limestone Group 

sandstones are summarized in Figure 100.

2 .5 i Main Conclusion

The c la s t i c  sediments of the Lower Limestone Group 

are considered in  th is  study to  have been deposited by
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Deposition of detriteal grains, with little amount of matrix. Some grains are 
coated by dust (d)

Formation of iron oxide rim cement (I).

Ca

Development of straight to slightly irregular, boundaries with few concavo- convex contacts (c) and formation of silica cement(s)

Development of concavo- convex (c) and microstylolite contacts (m) and formation of carbonate cement (Ca)

Replacement by the carbonate cement of some of the silica and iron oxide cement. The percentage of the concavo-convex and microstylolite increases. The destruction of ferroan calcite cement results in the formation of late iron 
oxide cement (Li).

Fig.100 Diagram illustrate the diagenetic sequence in the studied sandstone



delta  progradation. Four main fa c ie s  were recognised 

within these d e lta ic  sedim ents, progradational, in ter 

d istribu tary  bay, abandonment and channel fa c ie s .  Four 

subfacies were recogn ised  w ithin the progradational fa c ie s , 

three o f them are considered  to  have been deposited  in 

axial or near a x ia l, la t e r a l  and d is ta l  p os it io n s  on a 

mouth bar. The fourth  su b fa c ies  is  represented by only 

on’ section  in  which i t  i s  d i f f i c u l t  to  specu late  about 

its  lo ca tio n  on the mouth bar. The in te rd is tr ib u ta ry  bay 

fa c ies  are e ith er  equ ivalent h or izon ta lly  to  the 

progradational fa c ie s  o r  o v e r lie  them. The in ter 

d istribu tary  fa c ie s  were c la s s i f ie d  in to  f iv e  su b facies , 

three o f them are in terp reted  to  have been deposited  in 

fresh water bays by overbank flood in g  or by crevasse 

channels. The other two su b facies  were deposited in open 

in terd istr ib u ta ry  bays in d ica ted  by the presence o f  marine 

fauna in the basal sh a le s . The abandonment fa c ie s  are 

represented by f o s s i l i f e r o u s  marine s i lt s to n e s  or 

sandstones, which r e f l e c t  periods o f non -deposition  and 

biogen"^ ic  reworking, and co a l, which r e f le c t  an extensive 

development o f  marshlands. The channel sediments were 

mostly non -fin ing  upward and in d ica te  stra ight-channel 

types.

Six d e lta  advances, which debouched from the NE, are 

recorded in the area stu d ied  and were each follow ed by 

the d ep osition  o f  a carbonate member a fte r  the d e lta  lobes 

were abandoned. The in v e s tig a tio n  o f these d e ltas  reveals 

that one o f them, the p ost-B la ck h a ll, represented a



con stru ctive , f lu v ia l ly  in fluenced  elongate d e lta  type 

prograding in to  a deep basin . No mouth bar section s  were 

found in the other d e lta s  and m ostly th e ir  sediments are 

of in te rd is tr ib u ta ry  bay and s h e lf-p r o d e lta  o r ig in . However, 

th eir  th ickn ess is  not more than 15 m which in d ica tes  th e ir  

progradation in to  shallow  b a s in (s )  ( s l ig h t ly  more than 15 m). 

The changes in  the depth o f  the basin  and r iv e r  load, which 

were probably due t o  t e c to n ic ,  c lim ate  and e u sta tic  change 

in sea le v e l ,  probably caused the f lu c tu a tio n  o f  the 

th icknesses o f  the in vestiga ted  d e lta s .

The study o f  the p e tro log y  in d ica ted  the presence o f 

stab le  l ig h t  and heavy m inerals, which probably ind icates 

m u lt ic y c lic ity , weathering and very prolonged abrasion.

The predominance o f  w ell rounded z ir co n  and tourmaline, 

some o f  which have overgrowths, probably in d icates  a 

sedimentary o r ig in . The brown v a r ie ty  o f  tourmaline, red 

and brown r u t i l e  and garnet in d ica te  a metamorphic or ig in , 

whereas the green v a r ie ty  o f  tourm aline in d icates  granite 

or pegm atite. I t  is  suggested that the source area o f 

the Lower Limestone Group sedim ents was mainly o f 

sedimentary rocks derived  from met amorphic rocks and 

gran ites or pegm atite. Three types o f  cement were 

id e n t if ie d  and th e ir  paragenetic sequence i s :  iron  oxides, 

s i l i c a ,  carbonates and iron  o x id es . Three types of 

contact between the quartz gra.ins due to  d iagenesis were 

recognised  in  which the concavo-convex and the simple line  

contact are the predominant and probably due to  the pressure



solution  at depth. Inverse re la tio n sh ip  between the 

amount o f the m atrix and the amount o f  secondary quartz 

and the su tu rin g  o f  the grains were observed. I t  is  

suggested th at the presence o f  matrix resu lted  in  the 

lack in the p erm eab ility  and th ere fore  a decrease in 

secondary overgrowths and the number o f  grain  to  grain

con tacts .



CHAPTER 3

SEDIMENTOLOGY OF THE

CARBONATES



3.1 CARBONATE FACIES

The marine u n its  o f  the Lower Limestone Group 

con sist o f  carbonates and sh a les . The carbonate units 

were studied  in  each s e c t io n  and an attempt made to  

c la s s i fy  them in to  d if fe r e n t  fa c ie s  (Figs . 101- 10 5) . The 

term fa c ie s  r e fe r s  here to  a bed or part o f a bed with a 

p articu lar l ith o lo g y , f o s s i l  content and stru ctu re .

An attempt has been made to  r e la te  each o f these 

fa c ie s  to  an environment o f  d ep os ition . The diagenesis 

and d o lom itiza tion  o f  the carbonate fa c ie s  were a lso  

studied in order t o  construct a paragenetic sequence and 

to  help with the understanding o f  the processes o f 

do lom itizat ion  w ithin the carbonate u n its . The petro

graphic terms used here are those o f  Folk (1959, 1965) 

and Bathurst (1975).

The fo llo w in g  fa c ie s  were recognized  and th e ir  

d is tr ib u t io n  is  shown in Figures 101-105.

3.1a B iom icr ite  fa c ie s  (Facies 1)

The co lo u r  o f  the lim estones o f  th is  fa c ie s  ranges 

from light-medium grey in to  dark grey with s l ig h t ly  

brownish to  yellow ish-brow n weathering su rfa ces . The 

thicknesses o f the lim estone beds o f  th is  fa c ie s  varies 

from 15 cm to  more than 5 metres. When they are th ick , 

they co n s is t  o f  u n its  ranging from 5 to  60 cm usually 

separated by shale seams (5-25 cm). No stru ctu res were 

observed in  the f i e ld  and a l l  the beds are massive 

(Fig. 106 ) .  Most o f  the un its o f th is  fa c ie s  have sharp
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bases, although some have wavy or ripp led  bedding. The 

observed f o s s i l s  in the f i e l d  are up to  3 cm long and 

some o f them are concave upward. A small biostrom e was 

observed in the f i e ld .  This is  o f m icrite  com position 

and the fauna are o f  c r in o id s , brachiopods, b iva lves 

and bryozoans which are s im ila r  to  the surrounding beds. 

This fa c ie s  e ith e r  forms a bed interbedded with non

carbonate sediments (e .g .  shales) or forms part o f a bed 

interbedded with the m icr ite , dolom itic  b iom icr ite  and 

ostracod -bearin g  dolom ite fa c ie s .

M icroscopic study shows that the b iom icr ite  fa c ie s  

lim estones are composed o f  m icrite , allochems, s id e r it e  

and d e t r i t a l  grains such as quartz and iron  oxide. The 

allochems are mainly s k e le ta l  grains (F ig. 107) and make 

up more than 10% o f the volume o f  the rock. The s k e le ta l 

fragments include c r in o id s , brachiopods, b iva lves, 

foram in ifera , ostracods, gastropods and bryozoans 

together with u n id e n tif ie d  fragments. In tra c la sts  and 

p e lle ts  are seldom present and do not form more than 1 0 % 

o f the r o c k 's  volume. Some o f the f o s s i l s ,  such as 

cr in o id  fragments, have stra ig h t, unabraded edges 

(F ig. 1 0 8 ). The in so lu b le  residue, o f which quartz 

and c la y  m inerals are th e  main con stitu en ts , ranges from 

3.5% to  37%. The c la y  is  mainly k a o lin ite . Neomorphism 

has in te n s iv e ly  a ffe c te d  th is  fa c ie s  and nearly o b lite ra te d  

the allochem s.
Heath et a l. (1967) pointed out that cr in o id s , 

brachiopods and benthonic foram in ifera  lived  on e ith e r





F i g .106 Massive bed o f the b io m icr ite  fa c ie s  (arrowed). 
The ov er ly in g  beds are o f m ic r it ic  fa c ie s .  
Hurlet Limestone (S ection  16).

F ig .107 Photomicrograph o f  the b io m icr ite  f a c ie s ,  which
co n s is t  mainly o f  c r in o id s  (C) and brachiopods (B). 
Peel(xlO O ). Hurlet Limestone (S ection  4 1 ).

F ig . 108 Photomicrograph showing s tra ig h t edges o f the 
c r in o id s . Peel (X130). Top o f  the B lackhall 
Limestone (S ection  16).



:r i t e  fa c ie s  (arrow ed). 
m ic r it ic  fa c ie s .
16).

io m icr ite  f a c ie s ,  which 
is  (C) and brachiopods (B) 
tone (S ection  4 1 ).

s tra ig h t edges o f the 
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side o f  wave base where water c ir c u la t io n  was good and 

able to  carry  food . They added a lso  that bryozoans 

prefer h igh ly ag ita ted  con d ition s  w e ll above wave base, 

although they have a wide range o f  to le ra n ce . They 

interpreted  a s im ila r  fa c ie s  to  the studied  b io m icr ite  

fa c ie s , from the Bird Spring Group (Pennsylvanian ) o f 

Nevada as the d ep os it  o f  a weakly to  m oderately agitated  

marine environment on the b a s is  o f the d iv e r s ity  o f fauna 

and the m ic r it ic  com position  o f  the m atrix. Laporte 

(1967) a lso  in d ica ted  a su b tid a l environment fo r  a s im ila r  

fa c ie s  in Manlius Formation (Lower Devonian) o f  New York 

and he considered  that the d iv e r s ity  o f  fauna ind icated  

continuous marine submerge. Braun and Friedman (1969) 

also noted that an abundant and varied  fauna im plies a 

subtidal environment whereas the m icr ite  in d ica tes  a low 

energy environment from T ribes H ill  Formation (Lower 

O rdovician), New York.

Thusu (1972) d escribed  a fa c ie s  from the Rochester 

Formation (Middle S ilu r ia n ) , Southern Ontario and 

interpreted  the environment to  be a calm su btid a l environ

ment with open c ir c u la t io n  in which he noted that the 

presence o f  bryozoans in d ica te  a slow ra te  o f  sedim entation. 

Laporte(1971) pointed  out that the good preserva tion  of 

f o s s i ls  and a muddy ca lcareou s matrix in d ica tes  a deep 

subtidal fa c ie s  formed o ffsh o re , below mean wave base. 

However, he in terp reted  a c a l c i l u t i t e  fa c ie s  in the 

P a leozo ic  carbonates o f  the Central Appalachian, as a 

shallow su b tid a l fa c ie s  formed below mean low water and



above mean wave base and sta ted  (p .731) that "lack  of 

c r o s s -s t r a t i f i c a t io n  and abundance o f  mud in the c a lc i -  

lu tites  does not demand d e p o s it io n  below wave base because 

not a l l  shallow  su b tid a l d ep osits  need be current agitated" 

Purdy (1963) d escribed  an id e n t ic a l fa c ie s  to  the 

b iom icrite  fa c ie s  in  the Bahama Bank deposited in water 

less than 6  m. deep. Asquith (1967) indicated  that the

depth of water under which a s im ila r  fa c ie s  were deposited

in the M iff l in  member (O rdovician) o f  SW Wisconsin was

less than 1 0  metres

The b io m ic r ite  fa c ie s  in  the Lower Limestone Group 

can th e re fo re  be in terp reted  as the deposit o f a submerged 

marine low energy, outer n e r it ic ,  su b tid a l environment as 

indicated by the nature o f  the m atrix (mainly m icr ite ), 

the d iv e r s ity  o f  fauna and the lack  o f  s tru ctu res. The 

preservation  o f  f o s s i l s  such as c r in o id s  which have 

unbraded s tra ig h t  edges in d ica tes  a lack o f  wave or 

current a c t io n . The depth o f  water under which the 

sediments o f  t h is  fa c ie s  accumulated was probably o f the 

order of 10 m etres. Selim and D uff (1974) described the 

carbonate u n its  in a s e c t io n  from the Lower Limestone 

Group at S t. Monance, East F ife , and they interpreted  the 

d ep osition a l environment as r e la t iv e ly  deep water below 

wave base w ith  weak cu rren ts . Some of the sk e le ta l 

fragments o f  th is  fa c ie s  and a ls o  o f  m icrite  fa c ie s  are 

broken (Figs.134 & 135). Zankel (1969) obtained a re la tio n 

ship between the in so lu b le  resid u e  and l i t h i f i c a t io n  and 

he noted that a high in so lu b le  resid u e prevents



l i t h i f i c a t i o n ,  thus a llow ing  greater compaction o f  the 

u n lith if ie d  sediment which in turn leads to  the d estru ction  

of f o s s i l s  by crush in g. The high in so lu b le  residue 

present in th is  fa c ie s  and the d e stru ctio n  o f  f o s s i l s  is  

in terpreted  as due to  com paction during b u r ia l.

In tr a c la s ts  and p e lo id s  (F igs . 109 and 110 ) were 

id e n t if ie d  in  t h is  fa c ie s  and in  the d o lo m itic  b io m icr ite  

and m icr ite  fa c ie s  and in  the Ostracods bearing d o lom itic  

fa c ie s .  Their c h a r a c te r is t ic  fea tu res  and o r ig in  w il l  be 

d iscussed  as fo l lo w s :

In tra c la s ts

These are angular t o  s l ig h t ly  rounded or irregu la r , 

sharp and p oorly  sorted . Most o f  the in tr a c la s ts  range 

in s iz e  from 0 .5  mm to  2 .1  mm. However, some units 

con ta in  large s iz e  in tr a c la s ts  which sometimes exceed

1.5 cm (e .g .  B la ck h a llL im eston e , sample no. E27). They 

co n s is t  mainly o f  m icr ite  and m ic r it ic  dolom ite . Although 

most o f  the in tr a c la s ts  are barren o f  f o s s i l s ,  some 

con ta in  ostracod s  or a marine fauna.
I

Peloids

These are rounded, sp h e r ica l to  s l ig h t ly  e l l i p t i c a l ,  

m oderately to  w ell so rted  and range in s iz e  from 0 . 2  mm 

to  0 .7  mm. They c o n s is t  mainly o f  m icr ite  and m ic r it ic  

d o lom ite .
Mapstone (1971), Thusu (1972) and Williamson and 

Picard (1974) noted th a t the in tr a c la s ts  and p e lle t s  could 

form by the eros ion  o f  incom pletely  con so lid a ted  sediments
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In tra c la s t  o f  ferroan  dolom ite con ta in ing  
s k e le ta l  fragm ent. The neomorphism o f  the 
fe rroa n  do lom ite  has p a r t ia lly  destroyed  the 
s k e le ta l  fragments (arrowed). Peel (X100), 
B lackhall Limestone (S ection  42 ).

110 P e lo id s  and in tr a c la s ts  o f  ferroan  d olom ite .
The f o s s i l s  are ostracod s . The groundmass, the 
in tr a c la s ts  and pelo ids are composed o f  ferroan 
d o lom ite . P eel (X100). B lackhall Limestone 
(S ection  2 3 ) .



by weak current a ction  or by p e r io d ic  storm a c t iv i t ie s .  

However, W illiam son and Picard (1974) did not exclude the 

neomorphic o r ig in  fo r  some in tr a c la s ts  having gradational 

boundaries w ith  the groundraass. Anderton (1974) proposed 

a s lig h t  drop in  sea le v e l  by te c to n ic ,  clim ate, or low 

tide as the mechanism o f  the form ation o f in tra c la s ts  and 

p e lle ts  by subareal e ros ion  or d e ss ica t io n  o f the lime

stone in the Dalaradian sedim ents, Scotland.

The in tr a c la s ts  and p e lle t s  have sharp boundaries 

with the groundmass. I t  is  suggested that these 

in tra c la sts  and p e l le t s  are most l ik e ly  e ro s io n a l product 

of incom pletely  l i t h i f i e d  sedim ents. I t  is  d i f f i c u l t  to  

speculate about the mechanism o f e ros ion  whether by weak 

current, storm a c t iv i t i e s  or  subareal e rosion  or d e ss ic 

ation. However, the e rosion  by weak current is  most 

lik e ly  because o f  the absence o f  in d ica tio n  o f exposure 

and because o f  the low energy environment o f  the Lower 

Limestone Group sedim ents.

3.1b M icrite  fa c ie s  (Facies 2)

The lim estone beds o f  t h is  fa c ie s  range in  th ickness 

from 20 cm to  70 cm. Normally the co lou r  o f  the rocks 

of th is  fa c ie s  is  light-medium grey t o  dark grey with a 

s lig h t ly  brownish weathering su rfa ce . No stru ctu res  

were observed in th is  fa c ie s  and the beds have sharp, and 

sometimes undulatory or wavy, bases ( F i g . I l l  )• They 

are interbedded with shales a few m illim etres t o  17 cm 

thick and sometimes th is  fa c ie s  is  associated  with
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l in  Reds o f  m ic r i t e  f a c i e s  showing wavy or
18111 ®tpple5Seds ( 5 > - ^ > - , „ H” let u *‘estone’

. ' ' x  +hp m ic r i t e  f a c i e s .  F o s s i ls
Fig.112 (c>- peei <xioo)' Hurlet

Limestone (S e c t io n  16).
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b iom icrite  f a c ie s .  In some se ct io n s  the m icrite  fa c ie s  

passes upward grad u a lly  in to  ca lcereou s shale, or in to  

calcareous shale  than in to  s i l t s t o n e s  and sandstones 

(Fig. 1 1 3 a ). The in so lu b le  residue o f  quartz and c la y  

minerals ranges from 22.7% t o  49.6%. The clay  m inerals 

are mainly k a o l in it e .  This fa c ie s  is  s im ilar to  the 

b iom icrite  fa c ie s  in having a m icrite  matrix, but it  

d iffe r s  in  con ta in in g  fewer f o s s i l s ,  normally not more 

than 4% by volume. The fauna are cr in o id s , forams. 

brachiopods and other u n id e n tifie d  s h e ll  fragments (F ig .112).

Heath jet ¿ 1 .  (1967) described  s im ila r  fa c ie s  w ith  a 

m icrite matrix in  the Bird Spring Group, and considered  the 

environment to  be very quiet w ith poor c ir cu la t io n  when 

the sediments con ta in  le ss  than 3% organic debris and 

quiet when i t  con ta in s  3% to  30% organic d e b r is . They 

related the percentages o f fauna to  the co n tro l o f food  

a v a ila b ility  by water c ir c u la t io n . Laporte(1971) 

suggested a deep o ffs h o re  environment fo r  id e n t ica l fa c ie s  

in the p a le o z o ic  carbonate fa c ie s  and sta ted  (p. 732 )

" S t i l l  fa rth er  seaward, or at least toward the cen ter  o f 

basin subsidence, the deep su btid a l fa c ie s  passes in to  

less  ca lcareou s , more a rg illa ceou s  sediments, fo r  as the 

basin deepens carbonate production  d e c lin e s  and f in e r  

grained e la s t i c s  become p roportion ate ly  more s ig n i f ic a n t .

Some o f  the stu died  u n its  show r ip p led  or wavy bases. 

Asquith (1967) d escribed  s im ila r  features from the M ifflin  

Member, and he suggested that the wavy character o f  the 

bedding in d ica te s  continuous movement o f  the d e p os ition a l
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F ig . 113a Figures show that the b io m icr ite  fa c ie s  passes
upward in to  m ic r ite  fa c ie s  interbedded with shales 
then in to  sh a les  and in to  s i l t s t o n e s  (Corrieburn 
s e c t io n ) .  At Bridge o f Weir s e c t io n  the m icrite  
fa c ie s  passes upward in to  ca lcareou s sh a les .

Seaward Landward

Wave
base

F a cies  1 <-
Facies
- 2

M icrite Micrite

Facies
6 (Composition

M icrite  o f the 
and spar groundmass)

Environmental energy, 
in crease

D ecreasing depth

Fig. 113b Model showing the r e la t io n s h ip  between Lower 
Limestone Group fa c ie s  and th e ir  re la t io n s h ip  
in to  the energy o f  the environment and the 
depth o f  water.
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in ter fa ce  by wave or current a ction , although wave or 

current a ction  was not strong enough to  winnow out or 

prevent the accum ulation o f  m icr ite . In some se ct io n s  of 

the Lower Limestone Group the m icr ite  fa c ie s  o v e r lie s  the 

b io m icr ite  fa c ie s  and has a higher in so lu b le  residu e. In 

these s e c t io n s  the m icr ite  fa c ie s  passes upward in to  

shales or in to  sha les then in to  s i l t s t o n e s  and sandstones. 

(F ig .113a  ) .  This in d ica tes  that the la ck  of f o s s i l s  

probably r e s u lts  from the high in flu x  o f  c la s t i c  sediment 

and not from an in crease  in the depth o f  water. This 

probably suggests that th is  fa c ie s  d ep osited  in a near 

shore environment presumably nearer shore than the 

b io m icr ite  fa c ie s  (F ig .1 1 3 b ). This in te rp re ta t io n  is  

supported by the wavy bedding which probably in d ica tes  

continuous movement o f  the d e p o s it io n a l in te r fa ce  by wave 

or current a c t io n . Therefore, the d e p o s it io n a l environ

ment o f  th is  fa c ie s  is  most l ik e ly  a su b tid a l inner 

n e r it ic  environment in  which the water depth was shallow er 

than in  the b io m icr ite  fa c ie s .

In the S t ir l in g  area the base o f  the B lackhall 

Limestone is  represented by 40-70 cm th ic k  beds. These 

are dark grey in co lo u r  with a s l ig h t ly  brownish weathering 

su rfa ce . Mostly they are nodular and irreg u la r  or with 

wavy bedding su r fa ce s . They d i f f e r  from the above 

described  fa c ie s  by the absence o f  fauna and sharp contact 

with the overly in g  sh a le . M icroscopic study in d ica tes  

that these u n its  are mainly o f  m ic r ite . No f o s s i l s  were 

observed, although at the Weatherlaw X n lie r  s e c t io n



u n id en tified  s k e le ta l  fragment were observed. Some o f

the un its are d o lom itized . The d olom itiza tion  is

thought t o  be p a r t ia l ly  or com pletely rela ted  to  adjacent 

igneous in tru s io n s  (see d o lom itiza tion  s e c t io n ) .

B elt ^ t  _al. (1967) in terpreted  the n o n -fo s s il i fe r o u s

laminated cem entstone fa c ie s  o f  the Carboniferous

Cementstones o f  the B r it is h  Is le s  and Eastern Canada as the

deposits o f  a marginal marine to  r e s tr ic te d  marine environ

ment in which the high s a l in i t y  and temperature resu lted

in a lack  o f  fauna

It i s  suggested that these Lower Limestone Group units

either rep resen t a deep o ffsh o re , su btida l environment

(deeper than b io m icr ite  fa c ie s ,  F ig . 113b) or a high

s a lin ity  environment (e .g .  r e s t r ic te d  marine, la cu str in e

However, as most o f  these units are com pletely

u n -fo s s i l i fe r o u s  a deep, o ffsh o re  marine environment is

u n lik e ly . The lack  o f d o lo m itisa tion  suggests that a

high s a l in i t y  environment (e .g . r e s tr ic te d  marine, 

la cu str in e  e t c . )  is  a ls o  u n lik e ly . Therefore i t  is  

d i f f i c u l t  to  reach a con clu sion  about the environment of

these u n its  and fu rth er work is  suggested

3.1c D olom itic  b io m icr ite  fa c ie s  (Facies 3)

The co lo u r  o f  the rocks o f th is  fa c ie s  is  medium to 

dark grey  with a s l ig h t ly  brownish to  yellow ish-brow n 

weathering su r fa ce . The th icknesses range from 20 cm to 

more than 4 m. When they are th ick , they co n s is t  of 

units ranging from 6 cm to  40 cm interbedded with shale 

partings 3 -10  cm th ick . F o ss ils  up to  1 cm in s iz e  were
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observed in  the f i e l d .  Th is fa c ie s  e ith e r  forms a bed 

or part o f  a bed. When i t  forms part o f  a bed, i t  is  

separated from other fa c ie s  (e .g . 1 and 5) by a shale  

seam 5-10 cm th ick . Beds o f  th is  fa c ie s  are m assive with 

sharp bases, and are sometimes s l ig h t ly  r ip p le d . It 

con s ists  mainly o f  m ic r ite , m ic r it ic  ferroan  dolom ite , 

s id e r ite  and allochem s (F ig . 114). The allochem s are 

mainly f o s s i l  fragments w ith  subordinate in tr a c la s ts  and 

p e lle t s .  The id e n t i f ie d  fauna are c r in o id s , brach iopods, 

b iva lves, fora m in ifera , bryozoans, and gastropods which 

together form more than 1 0 % o f the volume o f  th e  rocks. 

In tra c la s ts  and p e l le t s  were observed but do not exceed 

5% o f  the r o c k 's  volume. The neomorphism o f c a l c i t e ,  

dolom ite and s id e r it e  has nearly o b lite ra te d  th e  o r ig in a l 

nature o f  th is  fa c ie s .  The in so lu b le  resid u e, la rge ly  

quartz and k a o lin ite  ranges from 2.5% to  23%.

Asquith (1967) noted a s im ila r  fa c ie s  con ta in in g  a 

marine fauna id e n t ic a l t o  the f o s s i l s  id e n t i f ie d  w ithin 

th is  fa c ie s  in  the Mif f  l i n  Member and in terp reted  the 

d o lom itiza tion  as an e a r ly  d iagen etic  e f fe c t  produced by 

the r e c r y s t a l l is a t io n  o f  the m etastable f in e  grained 

carbonates such as a ragon ite  and high-magnesium c a lc i t e  

in the presence o f  a Mg++ r ic h  s o lu t io n . He considered  

the environment to  be shallow  marine with a p o s s ib le  range 

o f  depth from 6-10 m. Braun and Friedman (1969) 

described  a m ottled d o lo m itic  b io m icr ite  and m icr ite  

fa c ie s  from the T ribes H ill  Formation and in terp reted  

them as in te r t id a l  on the b asis  o f  the presence o f t id a l
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Fig. 114 Photomicrograph showing d o lom itic  b iom icr ite  
fa c ie s .  The dark grains are dolom ite . The 
arrowed f o s s i l s  are c r in o id s . Peel (X100). 
Base o f  the B lackhall Limestone (S ection  5 ).

Fig. 115 D olom itic m icrite  fa c ie s .  This fa c ie s  has
undergone d iagen esis , in d icated  by the coarse 
grain  s iz e  o f the dolom ite and the replacement 
o f  the f o s s i l s  by dolom ite (arrow ). Peel (X100) 
Top-Hosi€ Limestone (S ection  11 ).

j
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channels. However, they noted th at the fauna in d ica tes  

the nearness t o  su b tid a l environment. In the Midland 

Valley in  which the Lower Limestone Group is  loca ted , Belt 

et a l. (1967), noted that a la rge  body o f  sa lin e  water 

developed in  th e  C arbon iferous r i f t  v a lle y . They in d ic 

ated that the Midland V alley  basin , which was presumably 

usually connected  with the open sea , su ffe red  p e r io d ic

is o la t io n  or s e m i- is o la t io n  from the sea during the
■the,

deposition  of/C em entstone Group (C arbon iferou s).

The presence o f  the same fauna in  b io m icr ite  fa c ie s  

and d o lo m itic  b io m icr ite  fa c ie s  in d ica te s  that the 

environment o f  d e p o s it io n  o f  the two fa c ie s  is  s im ila r .

The d o lo m itic  b io m icr ite  fa c ie s  d i f f e r s  from b io m icr ite  

fa c ie s  in  do lom ite  content on ly . The presence o f the 

dolom ite most probably in d ica tes  an environment o f  higher 

s a lin ity  than b io m icr ite  f a c ie s .  The dolom ite is  most 

l ik e ly  formed as a replacement product o f  m etastable 

carbonate g ra in s  by Mg+  ̂ and Fe+  ̂ r ic h  s o lu t io n  (see 

d o lo m itisa tio n  s e c t io n ) .

3 . Id D olom itic  m icr ite  fa c ie s  (F acies 4)

Subfacies 4a

The c o lo u r  o f  the rocks o f  t h is  fa c ie s  is  b lu is h - 

dark grey w ith  a s l ig h t ly  brownish to  yellow ish-brow n 

weathering s u r fa ce . The th ick n ess  u su a lly  ranges from 

30 cm to  40 cm and although one un it is  70 cm th ick , some 

of the u n its  con ta in  a large amount o f  carbonaceous

The beds are massive, with sharp bases andm ateria l.
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sometimes are s l ig h t ly  undulous. The in so lu b le  residu e, 

largely  quartz and k a o lin ite , ranges from 14.3%-33.3%.

This fa c ie s  is  s im ila r  to  the d o lom itic  b io m icr ite  fa c ie s  

but i t  d i f f e r s  in  the amount o f  fauna (Fig. 115 ) .  The 

s a lin ity  o f  i t s  d ep osition a l environment was presumably 

sim ilar to  the d o lom itic  b io m icr ite  fa c ie s .  The 

d o lom itisa tion  is  considered t o  be early  d iagen etic  as 

explained in the d o lom itisa tion  section . Therefore the 

environment is  considered to  be a sa lin e , low energy, 

shallow su b tid a l environment (probably shallow er than the 

dolom itic  b io m icr ite  fa c ie s ) .

Subfacies 4b

In the K ittoch  Water s e c t io n  (S ection  42, Figure 103), 

a 70 cm th ick  un it is  exposed which represents the base 

of the B lackhall Limestone. I t  is  nodular and l ig h t  grey 

in co lou r  and conta ins a la rge  amount o f  carbonaceous 

m aterial and fa in t  in d ica tio n s  o f  r o o t le t s .  M icroscopic 

study revea ls  that m icrite , m ic r it ic  ferroan  dolom ite, 

s id e r ite  and allochems are the main components. The 

allochems form le ss  than 5% by volume and co n s is t  o f  

in tra c la s ts  on ly . Some o f  the in tra c la s ts  con ta in  an 

Ostracod fauna sim ilar to  th at id e n t if ie d  as Cavallina 

or Parapa^phites in ostracod  —bearing dolom ite fa c ie s  

(Robinson, 1977, personal communication) which in d ica tes  

hypersaline co n d it io n s . No f o s s i l s  were id e n t if ie d  in 

th is  unit although s h e ll  fragments forming le ss  than 1% 

by volume are probably o s tra co d s .

B elt et a l .  (1967) pointed out that the change from
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fo s s i l i fe r o u s  lu t i t e  (sh a les  or mudstones) in to  non -  

fo s s i l i fe r o u s  lam inated cementstones in  the Carboniferous 

Cementstones o f  the B r it is h  I s le s  and Eastern Canada 

indicate an increase in  s a l in it y  with an increase in 

temperature which r e s u lte d  in  a drop in input. They 

stated (p. 711 ) that "These fa c ie s  were deposited  in a

marginal marine to  r e s t r ic t e d  marine e n v iro n m e n t..." .
the

This un it is  s im ila r  to(o*stracod-bearing fa c ie s ,  but 

it  d i f f e r s  in  the amount o f  the o s tra co d s . The ostracod  -  

bearing dolom ite f a c i e s  is  in terp reted  as the d ep osit o f 

a la cu strin e  t o  la g oon a l environment. Therefore, i t  is  

most l ik e ly  that t h is  un it a lso  represen ts  la cu str in e  or 

lagoonal con d ition s  bu t with an even higher s a l in i t y  than 

the bstracod  -b ea rin g  dolom ite  fa c ie s .  In such a high 

s a lin ity  environment a lack  o f  f o s s i l s  is  t o  be expected.

3.1e Ostracod -b e a r in g  dolom ites (F acies 5)

This fa c ie s  is  found at the base o f  the B lackhall 

Limestone in the Campsie area and in  the Bridge o f  Weir 

section . I t  c o n s is t s  o f  sev era l th in  u n its  which range 

in th ickness from 16 to  43 cm and are separated by thin  

shale (3 -20 cm). The co lou r  o f  the u n its  is  dark-grey 

with a yellow ish -brow n  weathering su r fa ce . Most o f the 

units con ta in  a la rg e  amount o f  carbonaceous m ateria ls.

The beds o f  th is  f a c i e s  have sharp bases and are sometimes 

s lig h t ly  r ip p le d . When the bedding planes are exposed, 

they are wavy or ir r e g u la r . This fa c ie s  passes upward 

in to shales (5-30 cm th ick ) and then in to  b io m icr ite  

fa c ie s  or d o lom itic  b io m icr ite  fa c ie s .  In two section s
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(Baldow Glen and Shields Burn, F ig . 101) t h is  fa c ie s  passes 

upward d ir e c t ly  in to  b io m ic r ite  fa c ie s  without a shale 

separating the two fa c ie s .

The in so lu b le  res id u e , la rg e ly  quartz and k a o lin ite , 

ranges from 3% to  15.3%. The matrix is  composed o f 

m icrocrysta llin e  c a l c i t e ,  m ic r it ic  dolom ite and coarse 

grained s id e r i t e .  The allochem s are mainly f o s s i l s ,  

in tra c la sts  and p e l l e t s .  The f o s s i l  assemblage is 

dominated by one type o f  organism, ostracod s  (Fig. 1 1 6 ). 

However calcispheivS were id e n t if ie d  in some u n its . The 

in tra c la sts  and p e l le t s ,  which have sharp boundaries, are 

composed o f m ic r it ic  ferroan  dolom ite s im ila r  t o  that in 

the m atrix. When the rocks have undergone intensive 

r e c r y s ta ll is a t io n , a l l  the f o s s i l s ,  in tr a c la s ts  and p e lle ts  

have been nearly o b lite r a te d  and only th e ir  "gh osts" 

remain.

Williamson and Picard (1974), reported  on a la cu strin e  

environment from the Green River Formation (Eocene) in 

northeastern Utah and northwestern Colorado. They stated 

(p.752 ) that "Lagoons and bays that were protected from the 

fu l l  sweep o f  the wind were common along the irregu lar 

shores o f  the la k e". They added that most ostracod -  

bearing rocks (which are d o lom itised ) are thought to  have, 

accumulated in lagoons. They in terp reted  the d olom iti

sation as an early  d ia g en etic  process formed by replacement 

unstable carbonate gra in s .
The Lower Limestone Group ostra cod s  are represented 

mainly by C avallina or Parapaphites which ind icate  hyper-



Fig. H 6
Photomicrograph o f  the o s tra cod -b ea r in g  dolom itic 
f a c ie s .  The ostracod s  are arrowed. (XlJO;.
B la ck h a ll Limestone (S ection  19 ).

F ig . 117 Photomicrograph showing sandy m icr ite  rock  o) the 
ca lca re o u s  sandy m icr ite  fa c ie s  w ith c r in o id  
fragm ent. S lid e  (X100). Shields Bed (S ection  19).

F ig . 118 Photomicrograph showing sandy s p a r ite  rock  of the 
ca lca reou s  sandstone fa c ie s  w ith  brachiopod s p i n e .  
S lid e  (X100), Main Hosie Limestone (S ection  16).
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saline co n d it io n s  (Robinson, 1977; personal communication). 

The presence o f  ca lc isp h eres  a ls o  in d icates  a sheltered 

re str ic te d  environment ( c f . Marszalek, 1975). These 

ostracod -b e a r in g  u n its  are ov e r la in  d ir e c t ly  by 20-30 cm 

thick un its (b io m icr ite , and d o lom itic  b iom icr ite  fa c ie s )  

containing a marine fauna which represent the top o f the 

Blackhall Limestone. T h erefore  the base o f  the B lackhall 

Limestone rep resen ts  a d i f fe r e n t  d ep osition a l environment 

from the to p . The form er was probably deposited in 

lacu strin e or lagoon al c o n d it io n . This is o la t io n  p ossib ly  

resulted in  an in crea se  in s a l in it y  due to  evaporation to  

the lim it where penecontemporaneous d o lom itisa tion  was 

p ossib le . This is  supported p etrograp h ica lly  by the 

se le c t iv e  d o lo m it is a t io n  o f the m icrocry sta llin e  carbonate 

grains, the sharp boundaries between the dolom itic 

in tra c la s ts , p e l le t s  and the dolom itised  groundmass.

3 .I f  Calcareous s i l t s t o n e s  and sandstones fa c ie s  (Facies 6 )

This is  ch a ra cte r ise d  by rough undulatory bedding 

planes. They have wavy or r ip p led  erosion a l surfaces 

2-3 cm in r e l i e f .  The th ickn ess ranges from 25 cm -  125cm 

and t h e a r e  norm ally medium grey in  co lou r with s l ig h t ly  

brownish weathering s u r fa ce s . There are some in d ica tion s  

of r o o t le t s .  These appear as carbonaceous streaks l-2mm 

in width and up to  2  cm in length  s l ig h t ly  perpendicular 

to the bedding. In the f i e ld  rocks o f  th is  fa c ie s  look 

more l ik e  sandstones than carbonates. The in solu b le

residue ranges from 68.9% — 87.3%. A marine fauna with
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c r in o id s , brachiopods and b iv a lv es  is  present and forms 

le ss  than 5% by volume o f  the rock  (F ig. 117 ) .  S ilty  

and sandy quartz is  the main con stitu en t fo r  th is  fa c ie s  

forming more than 80% o f the rock  volume. The other 

con stitu en ts  are m icrite  and m ic r i t i c  dolom ite in the 

sandy or s i l t y  m icrite  rocks (F ig . 117 ) togeth er with 

c a lc i t e  spar in the sandy s p a r ite  rocks (F ig. 118 ) .

W illiam son and Picard (1974) noted id e n t ic a l fa c ie s  

to  the ca lcareou s  s i lt s to n e s  and sandstones fa c ie s  in the 

Green R iver Formation and considered  them to  be a shore

lin e  d e p o s its  formed on beach, bars and s p i t s .  The 

abundance o f  s i l t y  and sandy quartz and the sparse fauna, 

probably in d ica tes  that th is  fa c ie s  was deposited  nearer 

shore than the other carbonate fa c ie s  and i t  is  in terpreted  

as the d e p o s its  o f  beaches, bars or s p its , the currents 

in these co a s ta l areas were e ith e r  strong enough to  remove 

the c la y  and produce a sandy or  s i l t y  s p a r ite  rock o f  th is  

fa c ie s  or in s u f f ic ie n t ly  strong  t o  remove a l l  the c la y  and 

thus produce a sandy m icrite  rock . The sandy or s i l t y  

m icrite  rocks o f  th is  fa c ie s  are d o lom itised . The 

m icr ites  are more su sce p tib le  t o  d o lo m itisa tio n  than 

c a l c i t e  spar. The c r in o id s  fragments are more 

su sce p tib le  to  d o lo m itisa tion  than brachiopods, b iva lves  

and oth er u n id en tified  s k e le ta l fragm ents. I t  is  

suggested that th is  fa c ie s  were deposited  in  shallow , 

nearshore marine environment. /“>os'S'ib!3j the

evaporation  in th is  shallow  environment and the extensive 

p r e c ip ita t io n  o f  calcium carbonate increased the amount
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+2o f Mg in  the marine water or in the in t e r s t i t ia l  water 

to  the poin t where penecontemporaneous d o lo m itisa tio n  was 

p oss ib le  (see  d o lo m itisa t io n  s e c t io n ) .
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3.2 MINERALOGY OF CALCITE AND THE DI AGENESIS

Three types o f  carbonate m inerals were id e n t if ie d , 

using sta in in g  and x -ra y  d i f f r a c t io n  techniques, these are 

c a lc i t e ,  dolom ite and s id e r i t e .  The dolom ite and s id e r it e  

w ill  be d iscussed  la t e r  on (see s e c t io n  3 .3  and Chapter 4) 

and on ly the c a l c i t e  w i l l  be d iscussed  in th is  s e c t io n .

A ll o f  the carbonate m inerals have su ffered  d iagen esis .

3.2a C a lcite

Five types o f  c a l c i t e  were id e n t i f ie d ;  these are :

3 .2 a ( i )  Equant c a l c i t e  cement

These c r y s ta ls  are mainly pure, equant, ferroan  types. 

V ariations in  the iro n  content were observed and the 

c a lc i t e  could thus be c la s s i f i e d  as stron g ly  ferroan , 

moderately ferroa n , weakly ferroan  and nonferroan. These 

minerals occur in  f o s s i l  c a v it ie s ,  molds and pores as a 

cement. C a lcite  c r y s ta ls  in creasin g  in  s iz e  away from 

sk e le ta l w alls are  recogn ised  (Drusy c a lc i t e ,  Figure 119 ). 

Bathurst (1975) noted that the cements are ch aracterised  by 

plane c ry s ta ls  boundaries and e n fa c ia l ju n ctio n s . Plane 

boundaries and e n fa c ia l  ju n ctio n s  were observed (F ig. 120 )

but most o f  the c r y s ta ls  have curved boundaries (F ig . 121 ) .

These curved boundaries and the lo c a l  replacement by the 

c a lc i t e  c r y s ta ls  o f  the en clos in g  f o s s i l s  suggested that 

these minerals underwent la te  d ia gen etic  r e c r y s ta l l is a t io n .

Friedman (1968, p. 19 ) sta ted  that " I f  a drusy mosaic 

is  found in marine lim estones, these lim estones must have

i
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F ig . 119 Drusy c a l c i t e .  Ferroan c a l c i t e  cement
(subsequently s l ig h t ly  r e c r y s t a l l is e d )  increasing 
in s iz e  away from the s k e le ta l w a ll. Peel (X130). 
Main -H osit Limestone (S ection  32 ).

F ig . 120 Ferroan c a l c i t e  cement (subsequently s l ig h t ly
r e c r y s t a l l i s e d )  in sid e  f o s s i l  c a v ity  characterised 
by e n fa c ia l  ju n ctio n  (arrowed) and plane crysta l 
boundaries Lines. Peel (X320). Main— Hosi£ Limestone 
(S ection  3 2 ) .

F ig . 121 Ferroan c a l c i t e  cement in side f o s s i l  ca v ity
ch a ra cte r ise d  by curved boundaries (CL). Notice 
the growth o f  c a l c i t e  cement away from  the sh ell 
w all (CL) .  V ein let o f  ferroan  c a l c i t e  cu ts a c r o s s  

the f o s s i l ,  and the cement. Peel (X 320), Hurlet 
Limestone (S ection  16).
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been su b jected  to  su b a eria l d iagen etic  change or t o  fresh  

waters in subsurface*’ . On the other hand, Bathurst 

(1975) in d icated  that the l i t h i f i c a t i o n  o f  carbonate 

sediments can be produced by the simple re d is tr ib u t io n  of

primary carbonate. He reported  that th is  can be achieved 

mainly by the com paction o f  carbonate-bearing c la y s  with 

the form ation o f  s t y l o l i t e s  which act as perm eability

barriers w hile the CaCOo re leased  during the s t y l o l i t e

growth is  a major source o f  la te  d iagen etic cement. He 

added that p re ssu re -so lu t io n  and d isso lu tio n  o f aragenite

Lower Limestone Group carbonate fa c ie s  contain  a large 

amount o f  in so lu b le  res id u e  and mostly contain  a con sider

able proportion  o f  allochem s. Therefore, it  i s  suggested 

that the equant c a l c i t e  cement might be produced as a 

resu lt o f  com paction in th ese  c lay -bearin g  rocks which 

leads to  the s o lu t io n  o f  CaCOg and the growth o f  c la y  seams 

which act as perm eability  barriers  and aid the r e p re c ip i

ta tion  o f the d isso lv e d  CaCOg as cement. However, 

p ressu re -so lu tion , d is s o lu t io n  o f aragonite, su baeria l 

'M agenetic change and fre s h  water in the subsurface could 

supply a subordinate amount o f  c a lc i t e  cement.

Oldershaw and S c o f f in  (1967) noted that in  the Halkin 

- Lmestone (Upper V isean ), N. Wales and the Wenlock 

lim estone (Middle S ilu r ia n ), England, the cement in the 

a re il 1 amnne Um ostones is  ferroan . whereas that in  the

non -argilla ceou s lim estones is  non-ierroan. 

pointed out a lso , that when the n o n - a rg illa ceou s
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are adjacent to  shale  u n its  the cement is  fe rroan . They 
deduced that the iron  content o f  the lim estones was 

derived from the c la y  m inerals in the ad jacent, interbedded 

shale u n its . Carrol (1958) noted that iron  can be 

carried  by c la y s  as e s s e n t ia l  co n stitu e n ts  w ith in  the 

crysta l l a t t i c e .  M icroscopic observation s in d ica te  that 

whether the lim estones con ta in  a l i t t l e  ( 5%) or a lo t

( 30%) o f  in so lu b le  resid u e, the c a l c i t e  cement is

ferroan. T h erefore, iron  content in  the ferroan  c a lc i t e  

cement probably o r ig in a ted  in  the adjacent sh a les .

3 .2 a ( i i )  N e e d le -lik e  and M icrite  Cement

N eed le -lik e  and m icr ite  gra in s are recogn ised  as a 

cement (Figures 122,123). The n e e d le - lik e  grains lin e  

f o s s i l  c a v it ie s  whereas the m icr ite  are randomly f i l l  

f o s s i l  c a v i t ie s .

Shinn (1969) and Taylor and I l l i n g  (1969) pointed out 

that in  the Holocene marine sediments o f  the- Arabian Gulf 

fib rou s a c icu la r  c r y s ta ls  are an aragon ite cement and the 

m icrite  is  a high-magnesium c a l c i t e  cement. However, 

Ginsburg e t  a l. (1967) noted that aragon ite forms a 

m ic r it ic  matrix in  some sediments whereas the high- 

magnesium c a l c i t e  forms a fib ro u s  cement as in  the Bermuda 

r e e f .  Friedman (1968) noted that fre sh  water m icrites  

(low-magnesian c a l c i t e )  are deposited  e ith e r  b io lo g ic a l ly  

by blue—green algae or higher p lants or in org a n ica lly  in 

lakes such as Green Lake,New York, or in Lake Constance 

Germany. He noted that only the f o s s i l  cou ld  in d icate
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F ig. 122 N e ed le -lik e , non -ferroan , marine c a l c i t e  cement 
(Nfc) term inated against equant ferroa n  c a l c i t e .  
Peel (X 320). Hurlet Limestone (S ection  3 9 ).

F ig . 123 Sim ilar t o  the above.
Peel (X 320). Hurlet Limestone (S ection  6 ) .

F ig . 124 Neomorphic ferroan  c a l c i t e  ch a ra cter ised  by curved 
boundaries and m lcr ite  in clu sion s  (11) . The dark 
patches are m icr ite , brown s i l i c a  and oth er 
in so lu b le  re s id u e . Peel (X320). Hurlet Limestone 
(S ection  2 5 ).
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whether m icrite  is  o f  marine or fresh  water o r ig in . Folk 

(1974) pointed out that two fa c to r s  might produce d iffe r e n t  

shapes o f  carbonate spary g ra in s ; these are Mg++ and Na+ 

in the pore water and the ra te  of c r y s ta l l is a t io n .  He 

noted that d isso lved  Mg++ ion s , p a r t icu la r ly  in sea water, 

s e le c t iv e ly  poison sidew ards growth o f c a lc i t e  preventing 

the form ation o f  la rg e , equant c ry s ta ls  o f  calcium  

carbonate and r e s u lt in g  in the growth o f  fib rou s  c a l c i t e .  

Accordingly the h ig h ly  magnesian c a l c i t e  is  m ic r it ic  or 

fib rou s  with very narrow c r y s ta ls  and the aragonite is  

f  ib rou s .

The environment in  which the carbonate u n its  were 

deposited is  considered  to  be marine on the bas is  o f  f o s s i l  

content. However, lagoonal or la cu str in e  environments 

were recogn ized . I t  is  suggested that the f ib ro u s  sparry 

c ry s ta ls  and m icr ite  (F ig. 127 ) probably represent 

aragonite and high-m agnesian c a lc i t e  marine cements 

re sp e ctiv e ly  fo llo w in g  Shinn (1969) and Taylor and I l l in g  

(1969). These unstable carbonate m inerals la te r  changed 

during d iagenesis t o  low-magnesian c a lc ic e s  as explained 

by Friedman (1968) and Neal (1969). Sim ilar marine 

cementation by aragon ite  and high-magnesium c a l c i t e  have 

been recognized in  the C arboniferous sediments o f  

Northumberland (Al-Hashim i, 1972; Leeder, 1975).

3 .2 a ( i i i )  Neomorphic c a l c i t e

C a lcite  c r y s ta ls  with a s iz e  ranging from 0.01 mm 

to  0.12 mm are common in  the groundmass o f  the carbonate 

rocks and sometimes p a r t ia l ly  rep la ce  the allochem s. These
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c r y s ta ls  commonly have curved boundaries and contain  

m icrite  and c la y  in c lu s io n s  (F ig . 124 ) .  Following the 

c r i t e r ia  o f  Folk (1965) and Bathurst (1975), these cry sta ls  

are considered  to  be neomorphic c a l c i t e  formed by the 

r e c r y s t a l l is a t io n  o f  m icr ite  and in to  microspar forming 

the groundmass. The com position  o f  th is  microspar is 

mainly ferroan , although non-ferroan  types were observed. 

The an a lysis  o f  in so lu b le  resid u e in the studied carbonate 

u n its  shows that a p o s it iv e  r e la t io n s h ip  between the 

in so lu b le  resid u e and the amount o f iron , the insoluble  

residue in  rocks w ith  h igh ly  ferroan  neomorphic c a lc i t e  

being more than 30% w hile th ose  with non-ferroan neomorphic 

c a lc i t e  con ta in  le s s  than 5%. However, as indicated 

prev iou sly  that there  is  no r e la t io n s h ip  between the in

so lu b le  residue and the amount o f iron  in  the c a lc i t e  

cement. In some samples (Figure 125) which contain  a 

low p roportion  o f  in so lu b le  residue (e .g .  F10, Hurlet 

Limestone, 4 .6 % ).the groundmass is  composed mainly of 

euhedral neomorphic sparry gra in s. In p laces when those 

non-ferroan neomorphic gra in s have rep laced  the f o s s i ls ,  

only is lan ds (F ig . 126) o f  ferroan  c a l c i t e  ( f o s s i l  cav ity  

cement) are preserved surrounded by the non-ferroan 

neomorphic g ra in s . Therefore the v a r ia tio n  in the iron 

content is  probably re la te d  to  c la y  content w ithin the 

in so lu b le  re s id u e . The r o le  o f  c la y  minerals as a source 

o f iron  is  explained by Carrol (1958) as discussed above.
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F i g .125 Non ferroa n  neomorphic c a l c i t e  (N fc) without
grumulose tex tu re . The dark patches are ferroan 
dolom ite ( fd ) .  FC is  ferroan  c a l c i t e  cement. 
This sample con ta in s  4.6% insolu be  res id u e .
Peel (X 320). Hurlet Limestone (S ection  1 ).

F ig .126 Neomorphic nonferroan c a l c i t e  (NFC) rep lacin g  
f o s s i l s  w ith is la n d s  o f  fe rroan  c a l c i t e  (FC) 
rep resen tin g  the cement w ith in  f o s s i l  c a v it ie s  
which i s  now f lo a t in g  in  nonferroan c a l c i t e .  
Peel (X 130). Hurlet Limestone (S ection  1 ).

F ig .127 Neomorphic ferroan  c a l c i t e  (FC) and m icr ite  (M) 
f i l l i n g  the f o s s i l  ca v ity  o f  brachiopod spine. 
N otice a ls o  the growth o f neomorphic c a l c i t e  from 
the ou ts id e  s k e le ta l w a ll. Peel (X320), Main- 
Hosit Limestone (S ection  4 0 ).
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3 .2 a ( iv )  M ic ro cry s ta llin e  C a lc ite

These are very sm all c a l c i t e  grains and are normally 

less  than 4 micron. They are found mainly in the ground- 

mass, but sometimes f i l l  f o s s i l  c a v i t ie s .  Purdy (1963) 

noted that the lime mud could  be produced by four p rocesses: 

(1) b a c t e r ia l ;  (2) d er iv ed ; (3) physiochem ica l; (4) 

sk e le ta l d is in te g r a t io n .

I t  is  d i f f i c u l t  to  specu la te  which one o f the above 

o r ig in  i s  th e  main co n tr ib u tio n  t o  the m icro cry sta llin e  

g ra in s .

3 .2 a (v ) S i l t y  S ize C a lc ite

These are non -ferroan  c lea n  and elongate grains 

ranging in  s iz e  from 0 .02 mm to  0 .13  mm (Figure 129. 

Although th ese  grains were observed in most o f  the rocks 

they only c o n s t itu te  a very low percentage. Lindholm

(1969) reported  s im ila r  grains in  the Onondaga Limestone 

(Middle Devonian), New York and in d ica ted  that they are 

d is in te g r a t io n  products o f s k e le ta l  m ateria l. He noted 

a lso  that the d is in te g ra t io n  re su lte d  e ith e r  from abrasion 

and p h ysica l breakdown o f  organ ic debris  in agitated  

waters or from borin g , m astication  and in gestion  by 

organisms. Such an in te rp re ta t io n  is  accepted fo r  the 

s i l t y  c a l c i t e  in  the Lower Limestone Group s in ce  u is 

c le a r , elongated , badly sorted  and UJithcU't micro

c r y s ta l l in e  grain  in c lu s io n s .



Photomicrograph showing the s i l t - s i z e d  
c a l c i t e  (arrow ed). Dark patches are 
m icrite , brown s i l i c a  and other in solu b le  
resid u e . Peel (X130). Hurlet Limestone
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3.2b D iagenesis

This in cludes p rocesses which a ffe cted  the rocks 

e ith er  immediately a fte r  the time o f d ep osition  or la ter 

on. Schmidt (1965, p .128) stated  that the term "early  

d iagen esis  r e fe r s  to  d ia gen etic  changes which were 

in fluenced  by the physico-chem ical environment and the 

b io lo g ic  a c t iv i t y  at the s i t e  o f d e p o s it io n ...* ’ and 

"Late d iagen esis  r e fe r s  to  d iagen etic  changes not 

in fluenced  by the d e p o s it io n a l environment or by the 

p h ysica l-ch em ica l con d ition s  o f the supernatant w ater".

An attempt is  made here to  c la s s i fy  the d iagen etic  

processes in the Lower Limestone Group carbonate units 

in to  early  or la te .

3.2b ( i )  Neomorphism o f  f o s s i l s

Some f o s s i l s ,  l ik e  c r in o id s , have p a r t ia lly  

d is in teg ra ted  (F ig. 1 2 9 ), in other words they have undergone 

the degrading neomorphism o f Folk (1965). This process 

sta rted  from sca ttered  poin ts w ithin the f o s s i l s  and spread 

u n t il  e n t ire  f o s s i l s  were degraded. (F ig. 130 ).

3 .2 b ( i l )  F o s s il  ca v ity  f i l l i n g s

Ferroan c a l c i t e  is  the dominant cement in side  these 

c a v it ie s .  Sometimes fib ro u s , non-ferroan c a lc i t e  lines 

the f o s s i l  c a v it ie s  (the f ir s t -g e n e r a t io n  o f  cement) and 

is  terminated against b locky  ferroan c a lc i t e  considered to  

be a second gen eration  o f  cement. However two generations 

o f  cement, both  o f  which are non-ferroan are recognised . 

M icrite , probably from high magnesium c a lc i t e ,  sometimes



[

Fig. 129 Recrystallisation of crinoid fragment which
sta rted  from s ca tte re d  poin ts (arrowed) w ithin 
the f o s s i l .  P eel (X130) Top o f  the B lackhall 
Limestone (S e ctio n  32 ).
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e x is ts  as a cementing m aterial a lso . However, some 

f o s s i l  c a v i t ie s  are f i l l e d  with a large amount o f  m icrite 

which sometimes has been neomorphosed in to  spary grains 

(microspar o f  Folk, 1965). Sometimes the neomorphic 

c a lc i t e  or the p re cip ita te d  c a l c i t e  replacing the sh e ll 

wall o f  the f o s s i l s  extends outside in to the groundmass.

3 ,2 b ( i i i )  Pore and mold f i l l i n g s

The pores w ithin the rocks are f i l l e d  mainly by 

ferroan  equant c a l c i t e  c r y s ta ls  (F igs .131, 132). No 

fib rou s non -ferroan  c a lc i t e  was recognized . The absence 

o f the f i r s t  generation  cement may be due to  three things

(a) the percentage o f  pores is  le ss  than the f o s s i ls  

con tent. The percentages o f  f i r s t  generation cement 

(o r ig in a lly  aragon ite) is  very low within the f o s s i ls  

c a v it ie s  compared with the second generation. This is 

e ither because any aragonite cement that was precip itated  

on the ou ts id e  o f  s h e ll  fragments underwent early diagen- 

e t ic  leach in g  or r e c r y s ta ll is e d  to  coarse equant grains.

(b) Some pores resu lted  from d esicca tion  or deformation 

o f the p a r t ia l ly  l i t h i f i e d  sediments a fte r  the in it ia l  

cem entation. (c) the microenvironment inside the f o s s i l  

c a v it ie s  was resp on sib le  fo r  the f i r s t  generation of 

cement.

3 .2 b ( iv )  Grumeleuse textu re

Grumeleuse texture is  common in some rocks (Fig. 133) 

This te x tu re /ch a ra cte r ise d  by c lo t te d  m icrite  associated 

with brownish ch ert, bounded by neomorphic sparrj c a lc i t e

grains.
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Fig.131 Ferroan calcite cement filling mould in Mid- 
Hosi<̂  Limestone (Section 3 2 ). Peel (X130).

Fig.132 Ferroan calcite cement filling pore. Peel 
(X130) . Mid Hosit Limestone (Section 3 2 ).

Fig. 133 GrumCleuse t e x tu r e . The dark patches are m icr ite , 
brown s i l i c a  and other in so lu b le  res id u e . The 
white patches are neomorphic, ferroan  c a l c i t e .  
Peel (X130). Hurlet Limestone (S ection  25 ).
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i l l i n g  mould in Mid 
32 ). Peel (X130).

f i l l i n g  pore. Peel 
tone (S ection  3 2 ).

dark patches are m icr ite  
in so lu b le  res id u e . The 

orphie, ferroan  c a l c i t e .  
mestone (S ection  2 5 ).
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Evamy (1967) noted that grumeleuse texture could be 

formed as a re su lt  o f  d éd o lom itisa tion . He pointed out 

that la te  d ia g e n e tic  dolom ite rhombohedra are ch aracterised  

by ce n tra l in c lu s io n s  o f mud. On c a lc i t iz a t io n  the 

dolom ite rhombohedra, and in p a rticu la r  the c le a r  rim, 

a lte r  t o  a r e la t iv e ly  coa rse ly  c r y s ta l l in e  mosaic o f 

c a lc i t e  which resem bles cement and leads to  the is o la t io n  

o f  the ce n tra l in c lu s io n  o f  the dolom ite grains to  form a 

c lo t te d  textu re  known as grumeleuse te x tu r e . Baush (1968) 

noted that c la y  m inerals co n tro l the c r y s ta l  s iz e  of 

neomorphic c a l c i t e  in lim estone; sm all grain  s iz e s  are 

produced when th ere  is  a large amount o f  in so lu b le  residue 

and large  c r y s ta l  s iz e s  re su lt  when there is  only a l i t t l e .  

Marschner (1968) d escribed  the same re la t io n s h ip  and 

suggested that i t  may be due to  the presence o f ' ’p r o te c t iv e "  

envelopes o f c la y  m inerals during r e c r y s t a l l is a t io n .

However Bathurst (1975, p.512) sta ted  " . . .  that s tru ctu re  

grumeleuse evolved by the growth o f  c a lc i t e  cry s ta ls  

throughout the mass o f  an o r ig in a l homogeneous m icrite , 

and the gradual d i f fe r e n t ia t io n ,  thereby, o f  a more coa rse ly  

c r y s ta l l in e , continuous matrix separating d is c re te  

res id u a l c loC ts  o f  m icro cry s ta llin e  (m ic r it ic )  c a l c i t e " .

No in d ica t io n  o f  d éd o lom itisa tion  was observed w ith in  

the carbonate o f  the Lower Limestone Group so such an 

o r ig in  fo r  the grumeleuse texture can be dism issed.

M icroscopic observations in d ica te  that in rocks 

conta in ing l i t t l e  in so lu b le  residue no in d ica tion  o f  

grumeleuse tex tu re  was observed. Instead the rock co n s is ts
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o f  m esh-like coarse , neomorphic c a lc i t e  c ry s ta ls  (F ig .115 & 

126 ) ,  perhaps with a few aggregations o f m icrocrysta llin e  

grains but not enough to  merit the term grum eleusetexture. 

In rocks con ta in ing a high concentration  o f  insoluble

residue, the grumeleuse texture is  prominant (F ig .113t p .206) 

and i t  is  suggested that i t  probably orig inated  by the

r e c r y s ta l l is a t io n  o f  the m ic r it ic  matrix from scattered

points w ithin  the groundmass, sim ilar to  the processes of

porphyroid”  neomorphism described  by Folk (1965). When

th is  process is  halted by other constituen ts  such as chert 

and/or clay  m inerals which probably forms b arriers  to  the 

growing neomorphic spar, the grumeleuse texture r e su lts .

Some s h e lls  are broken and cemented by ferroan 

c a lc i t e  (Figs. 134,135). Zankel (1969) considered the crushed 

s h e lls  as a c r ite r io n  fo r  compaction and he re lated  these 

features to  the e f fe c t  o f in so lu b le  residue preventing the 

ea rly  l i t h i f i c a t i o n  by cementation or r e c r y s ta ll is a t io n .

He noted a lso  that there is  no grain compaction when the 

c la y  mineral content is  le ss  than 2%.
In the carbonate units studied, although the insolub le  

residue in some units is  low (about 2%), most o f  the units 

which show compact ional e f f e c t s  have more than 30J, in so lu b le  

resid u e. The large concentrations o f in so lu b le  residue 

probably prevented early  l i t h i f i c a t io n  and compaction due 

♦ ____ nrnhahlv crushed or deformed the organic

m H H H g l  * a ) ■■



o f m esh-like coarse , neomorphic c a lc i t e  c r y s ta ls  (F ig . 125 &

126 ) , perhaps with a few aggregations o f  m icrocry sta llin e  

grains but not enough t o  merit the term grum eleusetexture.

In rocks con ta in ing a high con cen tration  o f  in so lu b le  

res id u e , the grumeleuse textu re  is  prominant (Fig. 133 , p .206) 

and i t  is  suggested th at i t  probably or ig in a ted  by the 

r e c r y s t a l l is a t io n  o f  the m ic r it ic  matrix from scattered  

poin ts w ith in  the groundmass, s im ila r  t o  the processes o f 

"porph yroid" neomorphism described  by Folk (1965). When 

th is  process  is  halted by other con stitu en ts  such as chert 

and/or clay  m inerals which probably forms b a rr ie rs  to  the 

growing neomorphic spar, the grumeleuse tex tu re  re su lts .

3.2b (v) Compaction

Some s h e lls  are broken and cemented by ferroan 

c a l c i t e  (Figs. 134,135). Zankel (1969) considered  the crushed 

s h e lls  as a c r i t e r io n  fo r  compaction and he re la ted  these 

fea tu res  to  the e f fe c t  o f  in so lu b le  res id u e  preventing the 

early  l i t h i f i c a t i o n  by cem entation or r e c r y s t a l l is a t io n .

He noted a lso  that there  is  no grain  com paction when the 

c la y  m ineral content is  le s s  than 2%.

In the carbonate u n its  studied , although the in solu b le  

resid u e in some u n its  i s  low (about 2%), most o f  the units 

which show com pactional e f f e c t s  have more than 30% insolub le  

resid u e . The large con cen tra tion s o f  in so lu b le  residue 

probably prevented ea r ly  l i t h i f i c a t i o n  and compaction due 

to  the overburden probably crushed or deformed the organic

d e b r is .
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3 .2b (v i )  V e in lets

Many carbonate rocks o f  the Lower Limestone Group 

contain v e in le ts  o f  ferroan c a l c i t e  (F ig .136 ) .  These 

ve in lets  are due t o  fra ctu r in g  e ith er early , during 

l i t h i f i c a t io n  o f  the rocks, or, la ter  during tectonism .

As some o f  the v e in le ts  cut across the f o s s i l s ,  an or ig in  

due to  tecton ism  is  more l ik e ly .

3.2b ( v i i )  S i l i c a  d iagen esis

Two types o f  s i l i c a  were id e n t ifie d  w ithin most o f the 

carbonate members o f the Lower Limestone Group; brown 

chert and co lo u r le s s  ch ert. They are found w ithin non- 

dolom itic, p a r t ia l ly  and com pletely d o lom itic  rock s .

1 -  Brown chert

This c o n s is ts  o f  f in e , m icrocry sta llin e  quarts grains 

id en tified  as ch e r t . The brown chert is  found mainly 

within the groundmass. Some o f  the f o s s i l s  (e .g . 

foramonifera (F ig . 137 ) and c r in o id s ) and some o f the 

in tra cla sts  and p e l le t s  have a lso  been replaced  by brown 

ch ert.

S i l ic a  can have e ith er  an organic or inorganic o r ig in  

(Elatt et a l . f 1972; P ettijoh n , 1975). Organic s i l i c a  

forms when organisms such as rad io la r ian s , diatoms or 

sponges, ex tra ct s i l i c a  from marine water which is  

subsequently d isso lv ed  and re p re c ip ita ted  as nodular masses 

which rep lace  the m atrix. Inorganic s i l i c a  re su lts  from 

d irect p re c ip ita t io n  o f amorphous s i l i c a  from marine or
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lake waters, or by d e v i t r i f i c a t io n  o f  vo lcan ic  g la ss . 

Peterson and Borch (1965) concluded that in the lakes 

associated with the Coorong Lagoon of South Australia , the 

transported d isso lv ed  s i l i c a  in the lakes orig inated  from 

d e tr ita l quartz and c la y s . They added that during

active photosynthesis by plants and evaporation, the brine 

approaches it s  maximum con cen tra tion , and may evaporate or 

sink into the underlying mud. The pH is  very low w ithin the 

mud, because o f  the a v a ila b le  organ ic m aterial, th ere fore  

the s i l i c a  w ill  be p r e c ip ita te d  when i t  approaches th is  

zone. Eugster (1967) concluded a s im ila r  o r ig in  fo r  

s i l ic a  in the Lake Magadia, Kenya. This lake is  essent

ia lly  o f  sodium carbonate b r in e . Evaporation ra ise s  the 

pH within th is  lake up to  10, causes d iss o lu t io n  o f 

volcanic rocks and c l a s t i c  fragm ents. The d ilu t io n  o f 

the lake water by f lu v ia l  in flow  then lowers the pH and 

hydrated amorphous s i l i c a t e  is  p re c ip ita te d , and is  la ter  

altered to  chert during d ia gen esis .

Namy (1974) pointed  out that organic matter plays an 

important r o le  in p r e c ip ita t io n  o f  s i l i c a  by reducing the 

s o lu b ility  o f  s i l i c a  lo c a l ly  and causes it s  p r e c ip ita t io n .

In the studied  area, no ra d io la r ia n s , diatoms or 

sponges were id e n t i f ie d ,  so  an organic o r ig in  fo r  the 

s i l i c a  is  u n lik e ly . V olcan ic a c t iv ity  has been reported 

in the north o f  the area studied  (Craig, 1965), and the 

Lower Limestone Basin is  considered t o  con s ist or 

connected to  sem i-connected small basins (S ection  3 .3 ) .

The prelim inary in te rp re ta t io n  o f  the o r ig in  o f  the brown
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s i l i c a  is  th a t , evaporation  caused an increase in  the pH 

and the s i l i c a  was re leased  by the d is s o lu t io n  o f  d e t r ita l  

quartz, c la y  m inerals and/or v o lca n ic  g la ss . The d ilu t io n  

of these sm all basins by fresh  water in flow s lowered the 

pH and the s i l i c a  was p r e c ip ita te d . A ltern a tiv e ly , the 

d issolved  s i l i c a  was carr ied  in to  the Lower Limestone Group 

basin from the surrounding area and i f  the pH was low, the 

s i l i c a  was deposited  as soon as entered  the basin .

2 -  C o lo u rle ss  chert

This is  composed o f  f in e  m ic ro cry s ta llin e  grains 

id e n t if ie d  as chert usually  f i l l i n g  f o s s i l  c a v i t ie s .  Some 

fo s s i ls ,  such as brachiopods (F ig . 138 ) and c r in o id s , are 

also rep la ced  by ch e rt . In c r in o id s  fragment, i t  is  

found th at dolom ite c r y s ta ls  are concentrated next to 

those o f  s i l i c a  (F ig . 139 ) .  Jacka (1974) pointed out 

that when length -slow  chalcedony is  rep lac in*} high 

magnesian c a l c i t e ,  such as fu su lin d s , bryozoans and 

echinoderms, dolom ite w il l  form in the area o f  s i l i c i 

f ic a t io n .  He considered  these fea tu res  as in d ica tory  of 

an early  replacement o f  s i l i c a  b e fo re  the s ta b i l iz a t io n  

of the carbonate  m inerals. Because o f  the very small 

s ize  o f  th e  s i l i c e o u s  gra in s, i t  i s  d i f f i c u l t  to  say 

whether they are represented a length -slow  chalcedony 

or other types o f  s i l i c a .  However, i t  is  most l ik e ly  

that the form ation o f  the d olom ite  c ry s ta ls  next to  the 

s i l i c a  su ggests  th e ir  connection  with the s i l i c a  rep lace 

ment, s in c e  the un it in which th ese  dolom ite c r y s ta ls  were

‘ >r * :•/ : <i
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F ig .139 Photom icrograph showing part o f  cr in o id
fragment ( c )  rep laced  by undetermined s i l i c a  
(w hite patches) and dolom ite c r y s ta ls .  S lid e  
(X 32). Hurlet Limestone (S ection  16).

g .140  Photom icrograph showing patches o f  f e r r o a n
c a lc ite  (dark) inside colourless chert (white) 
inside the fo s s i l  cavity of an Ostracod. Slide 
(X320) Base of the Blackhall Limestone (Section



found is  a n on -d o lom itic  unit

reveals that patches o f  ferroan  c a lc i t e  and dolom ite are

present in s id e  the ch ert (F ig . 140 ) .  This in d ica tes  

that the s i l i c a  replacem ent took  p lace a fte r  the form ation

of ferroan  c a l c i t e  and dolom ite

The c o lo u r le s s  s i l i c a  is  probably secondary and 

either o r ig in a ted  from the d is s o lu t io n  o f  the d e t r it a l

quartz and c la y s  or p re c ip ita te d  from d isso lved  transported

s i l i c a

Based on the p etrograp h ic  observations o f  th in  se ct io n s  

and p ee ls , in c lu d in g  c r o s s -c u t t in g  re la t io n sh ip s , the 

fo llow in g  d ia g e n e tic  sequence has been constructed  (see

D eposition  o f  ca lcium  carbonate mud, allochems, and

the in flu x  o f  te rr ig en eou s  m aterials (F ig .l4 1 A ).

Replacement of m icrocrystalline carbonate grains by

m icro cry s ta llin e  dolom ite  (Fig.l41B )

Formation o f  the m icro cry s ta llin e  s id e r it e  and/or

p y r ite  and brown chert (F ig . 141C). In some rocks

( e . g .  Blackhall L i m e s t o n e ,  Kittock W a te r  section ,
J.S

F ig . 104 ) in  which the groundmass/composed mainly of 

s id e r it e ,  th ere  are sharp boundaries with the 

d o lom itic  in tr a c la s ts  and p e l le t s .

D eposition  o f  sparry c a l c i t e  cement in side f o s s i l  

c a v it ie s ,  moulds and fra ctu re s  (F ig . 141D).



Dolomite (+)Micrite (. ) 
Pellets (P) 
Quartz (q)

Siderite (.S), Brown 
Chert (*=» )

Recrystallised
dolomite (%*)Neomorphic calcite 

and siderite ( )
the diagenetic ed carbonate rocksi l l u s t r a t i n g  

in  th e  s tudF ig . l4 1 D ia g r a m ssequences

t
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5. Replacement o f  colourless chert (Fig. 141D).

6. Neomorphism o f  m ic ro c ry s ta l l in e  c a l c i t e  and s id e r i t e

to  la rge  sparry gra ins (F ig. 141E). This is  indicated  

by the presence o f  m icro cry s ta llin e  dolom ite inside 

the neomorphic sparry c a lc i t e  and s id e r it e  grains.

7. R e c r y s t a l l i s a t io n  o f  m icrocrys ta ll in e  dolomite grains 

and i t s  replacement to  sparry neomorphic or d ir e c t ly  

p r e c ip i ta te d  ferroan  c a l c i t e  cement (Fig. 141F).

The proposed tim e re la t io n sh ip  of the d iagen etic  

changes in  the carbonate u n its  o f  the Lower Limestone 

Group are summarised in Figures 142 and 143.
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Fig. 142 Flow diagram summarising the steps o f  d iagen esis  
in  the stu d ied  Lower Limestone Group
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Figure 143

Diagram summarizing the time r e la t i o n s h ip  o f  the 
d ia g e n e t i c  changes in  the s tu d ied  carbonate sediments

Features Early
diagenetic

Late
diagenetic

1. M icro cry s ta llin e  carbonate ----------
grains

2. Allochems ------------

3. M icro cry s ta llin e  dolom ite --------

4. M icro cry s ta llin e  s id e r i t e  ?

5. P yrite ?

6 . Equant c a l c i t e  cement ?

7. N e e d le -lik e  and m icr ite  -------------
c trt i tn t

8. Neomorphism o f  m icro
c r y s t a l l in e  c a l c i t e  and 
s id e r it e

9. S ilty  c a l c i t e  __________

10 Compaction -----------------

11 Grumeleous textu re

12 F o ss il neomorphism

13 V ein let

14 R e c r y s ta llis a t io n  o f  
dolom ite

15 Brown Chert -------

16 C olou rless  Chert
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3.3 DOLOMITISATION

3.3a Early d ia gen etic  d o lo m itisa t io n

Some o f  the carbonate un its o f  the Lower Limestone 

Group have been p a r t ia lly  rep laced  by ferroan  dolom ite.

In most o f  the un its the d o lo m itisa t io n  is  not la te r a lly  

p e r s is te n t . According t o  th e ir  f o s s i l  content the 

d o lom itic  bearing rocks can be d iv id ed  in to  two types.

1 -  D olom itic  rocks that are e ith e r  u n fo s s ilife r o u s  or

con ta in  a marine fauna.

2 -  O stracod -bearin g d o lom itic  r o ck s .

3 .3 a ( i )  D olom itic rocks that are e ith e r  u n fo s s il i fe r o u s  

or contain  a marine fauna.

This type o f rock  e ith e r  con ta in s  marine f o s s i l s  such 

as c r in o id s , brachiopods, b iv a lv e s , fora m in ifera  or is  

com pletely  barren. The groundmass is  composed mainly o f 

m ic ro cry s ta llin e  c a l c i t e  and m ic r it ic  dolom ite . However, 

some u n its  co n s ist  o f  e n t ir e ly  m ic r it ic  d o lo m ite .P e lle ts  

and in tr a c la s ts ,  o f  ferroan  d o lo m icr ite  com position  or  

which have been p a r t ia lly  d o lom itised  and have sharp 

boundaries with the groundmass, are present w ithin some 

rocks. Sparry ferroan  c a l c i t e  f i l l i n g  f o s s i l  c a v it ie s ,  

moulds and pores is  a lso  found.
Friedman and Sanders (1967), in review ing and d iscu ssin g  

the d o lo m itisa t io n  problem, poin ted  out that there are two 

main p rocesses o f  d o lo m it is a t io n ; early  d iagen etic  

(syn gen etic) and la te  d ia g e n e tic  (d ia g e n e tic ). The 

syngenetic o r ig in  is  the replacement o f  unstable carbonate
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grains by Mg++ e ith e r  by c a p illa ry  con cen tra tion  or 

re flu x ion  p rocesses, penecontemperanous w ith  the deposition  

of the carbonate, whereas the d ia gen etic  p rocess  is  the 

replacement o f  s ta b le  carbonate m inerals by subsurface 

brines, However, the r o le  o f  in so lu b le  resid u e  (Kahle, 

1965; W illiam son and Picard, 1974) and the e f fe c t  o f the 

underlying sediments (Kahle, 1965; Leeder, 1975) are a lso 

reported as co n tro ls  o f  d o lo m itisa tio n . The o r ig in  of 

the d o lo m itisa t io n  in  the Lower Limestone Group w ill  be 

discussed in the l ig h t  o f  th ese  p rocesses .

I -  S tra tig ra p h ic  r e la t io n s h ip

The character o f  the underlying sequences probably 

e f fe c t s  d o lo m itis a t io n  in the fo llo w in g  way:

A -  The r e la t io n  o f  the carbonate un its  t o  the mouth bar

At the r iv e r  s e c t io n  southeast o f  Calderwood Castle 

(S ection  39 and 39A, Figure 104\the carbonate  units which 

are d olom itised  o v e r l ie  sandstone sequences considered to  

represent the la t e r a l  and a x ia l parts o f  the mouth bar 

(See chapter 2 ) .  At K ittoch  Water (S e ctio n  42, F ig .104), 

and in  the G i l l  Burn S ection  (S ection  44, Figure 104), the 

carbonate un its are not dolom itised  and o v e r l ie  sequences 

which represent a d i s t a l  part o f  the mouth b a r . Even 

a fte r  d e lta  abandonment the depth o f the water would have 

varied across the mouth-bar as shown in  Figure 8 (Section 

1.2d ( i ) ) .  T h erefore, any evaporation  would probably cause 

a v a r ia tio n  in the s a l in it y  and consequently  a higher 

con cen tra tion  o f  the Mg++ would have been expected above
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the ax ia l and la t e r a l  part o f  the mouth bar than the 

d is ta l p art. However, su rface  currents would tend to  mix 

in low s a l in i t y  water from the ocean w hile the high sa lin e  

water above th e  a x ia l or la te r a l  parts o f  the mouth bar 

would sink and flow  seawards, preventing the form ation o f 

a permanent high  s a l in it y  area above the a x ia l or la te r a l 

part o f the mouth bar. I t  is  suggested that the brin e  

sinking above the la te r a l  and a x ia l part o f the mouth bar 

probably penetrated  the underlying, u n lith if ie d  carbonate 

and produced d o lo m itisa t io n . This idea is  not ap p licab le  

to  a l l  the d o lom itised  u n its , because not every dolom itised  

unit is  r e la te d  t o  the a x ia l and la te r a l part o f  the 

mouth-bar.

B -  The e f f e c t  o f  the underlying sandstones

Kahle (1965) pointed out that the presence o f  porose 

and permeable sandstones cou ld , i f  s u f f ic ie n t  magnesium 

could be d erived  from the shales w ithin the basin , give 

r is e  to  lo c a l iz e d  or widespread d o lo m itisa tio n . The 

theory o f  th e  co n tro l o f  d o lo m itisa tio n  by the underlying 

permeable sandstone sequences is  not a p p licab le  t o  the 

Lower Limestone Group. This is  because many carbonate 

units o v e r l ie  sandstone sequences and are not dolom itised  

while some carbonate u n its  overlying shale u n its  are 

dolom itised  (F ig s .101-105 ).

C -  The e f f e c t  o f  the underlying shales

Oldershaw and S c o ff in  (1967) ind icated  that the 

lim estones adjacent to  the shale u n its  in the Halkin



Limestone (N. Wales) and the Wenlock Limestone (England)

contain ferroa n  c a l c i t e  cem ent. They considered that
+2the source o f  the Fe fo r  th e  c a lc i t e  cement is  the clay

minerals w ith in  the shale u n it s .  Leeder (1975) considered

that the o r ig in  o f  the d o lo m itisa t io n  in the Lower Border

Group (T ou ra is ia n ), Northumberland, is  due to  the re leased  
+2 +2Mg and Fe from the c la y  m inerals in the adjacent shales. 

This idea is  not a p p lica b le  t o  the o r ig in  o f  the 

d o lom itisa tion  in the Lower Limestone Group because some 

carbonate u n its  o v e r l ie  sh a le s  and are not d o lom itised .

II -  The r o le  o f  in so lu b le  re s id u e .

The in so lu b le  residue o f  63 samples were determined 

fo llow in g  the method o f  B isque and Lemish (1959) (See 

appendix m ) .  I t  c o n s is ts  mainly o f quartz and c lay  

minerals (mainly k a o l in i t e ) .

Some authors (e .g .  Kahle, 1965; Williamson and Picard, 

1974) suggested that at le a s t  some or even a l l  the 

magnesium needed fo r  d o lo m itis a t io n  can be provided by 

clay m inerals. Schm idt(1964) pointed out that 

d o lom itisa tion  a ffe c te d  f i r s t  the rocks con ta in ing  a large 

proportion  o f  c la y , even p r io r  to the replacement o f  the 

a ra g on itic  fauna. Zen (1959) indicated  that c la y  w ill  

enter in to  chem ical r e a c t io n s  which produce dolom ite  thus: 

Clay (c h lo r it e  or M ontm orillon ite)+  c a lc i t e  + carbon 

d io x id e  -  dolom ite + k a o l in it e  + quartz + w ater.

Kahle (1965) reported  that the c lay  could con tr ib u te  

to  d o lo m itisa tio n  e ith e r  by  (a) ion exchange, in  which 

ions such as Na+ (in  h ig h ly  m ineralized sodium ch lo r id e
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brin es) or Ca++ (produced by the d is s o lu t io n  of carbonate 

rocks) re p la ce  Mg adsorbed onto c la y  m inerals, l ib e ra t in g  

it  in to  the s o lu t io n  or by (b) N ucléation and cry s ta l 

growth p rocesses , in  which c la y  minerals may serve as some 

sort o f c a ta ly s t  or as cen tres  o f nucléation  fo r  c ry s ta ls  

o f dolom ite.

There is  no r e la t io n s h ip  between the amount o f 

in so lu b le  resid u e  and dolom ite content w ithin the carbonate 

units o f  the Lower Limestone Group. The Huriet L-imestone 

for  example has 30-50% in so lu b le  residue in  the Campsie 

area (S ection  16, F ig . 101) and is  not dolom itised , whereas 

in the south o f  the area stu died  i t  has 2-5% in so lu b le  

residue and is  d o lom itised . However, in  some se ct io n s  

it  con ta ins a lo t  o f  in so lu b le  residue, about 60%, and is  

dolom itised  (Figure 103, S ection  3 6 ). This lack o f 

re la tio n sh ip  between the in so lu b le  resid u e and dolom it

isa tion  a lso  a p p lie s  t o  the other studied  carbonate u n its . 

K aolin ite  is  present in both  dolom itised  and non-dolom itised 

units which a lso  confirm s that Zen's (1959) rea ction  fo r  

the form ation  o f  k a o lin ite  and dolom ite from cla y  and 

c a lc i t e  is  not a p p lica b le  here. Therefore, c la y  m inerals 

are not l ik e ly  t o  be the source o f the Mg++ fo r  the 

form ation o f  dolom ite in the Lower Limestone Group.

Lumsden (1974), in  h is  d e ta ile d  study on the e f fe c t  o f
the.

in so lu b le  resid u e  on d o lom itisa tion  in /.C a llv ille  Formation
•the

(Pennsylvanian) and/Pakoon Formation (Lower Permain), 

Southern Nevada, reported  that there is  neither d ir e c t  nor 

inverse re la t io n s h ip  between the in so lu b le  residue and the
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dolom ite co n te n t .

The p rev iou s  d iscu ss ion  in d ica tes  th at neither the 

underlying sedim ents, nor the in so lu b le  residue can help 

in so lv in g  the problem o f the o r ig in  o f  the d o lom itisa tion . 

So i t  is  n ecessary  t o  look  fo r  another o r ig in  fo r  the 

d o lo m itisa tio n  in the Lower Limestone Group.

The cu rren t th eories  fo r  the e a r ly  d iagen etic  o r ig in  

o f dolom ite in v o lv e  form ation in e ith e r  supratida l f la t s  

(Shinnet a l . ,  1965 and I l l in g  et _al., 1965) or hypersaline 

lagoon (Adams and Rhodes, 1960). In su p ra tid a l areas 

intense eva pora tion  during subareal exposure o f  the f la t s  

may lead t o  th e  form ation of a brine r ic h  in Mg+ ' .  The 

p r e c ip ita t io n  o f  gypsum as w ell as ca lcium  carbonate 

increases the Mg/Ca r a t io  in th is  pore water brine to  the 

point where d o lo m itis a t io n  becomes p o s s ib le  by the 

replacement o f  calcium  carbonate. The absence o f 

s tro m a to lite s  and mudcracks and a lso  the d iv e rs ity  o f  the 

fauna in  the Lower Limestone Group in d ica te s  that here a 

supratida l environment is  not l ik e ly  as the o r ig in  o f  the 

d o lo m it is a t io n . The hypersaline lagoon  theory in d ica tes  

that evaporation  w il l  produce a dense brin e  which passes 

down d ip  through the underlying sedim ents re su ltin g  in 

th e ir  d o lo m it is a t io n  by the replacement o f  unstable 

carbonate g ra in s . The r e s tr ic te d  lagoon theory fo r  the 

o r ig in  o f  th e  d o lom itisa tion  can again be ruled out due 

to  the presence o f the d iverse  marine fauna.

Schmidt (1965) pointed out that the order o f  decreasing 

s u s c e p t ib i l i t y  o f  calcium  carbonate t o  a lte ra t io n  in to



dolomite (penecontemperaneous d o lo m itisa t io n ), is  

1) matrix, 2 ) aragon ite  b io c la s t s ,  in tr a c la s ts , p e lle ts  

and Ooids, 3 ) magnesium c a l c i t i c  b io c la s t s .  Petrographic 

observations do show that the order o f s u s c e p t ib i l i t y  to  

d o lom itisa tion  in the Lower Limestone Group is  matrix ^  

p e lle ts  and in tr a c la s t  ^  f o s s i l s  and sparry c a lc i t e  

grains which corresponds in general ou tlin e  to  Schm idt's 

(1965) ord er. In some th in  se ct io n s  (e .g . F52, Figures 

144,14 5) the f o s s i l s  have su ffered  s e le c t iv e  d o lom itisa tion  

with some o f  the fauna being com pletely dolom itised  w hile 

the other f o s s i l s  are not a f fe c te d . The r e c r y s t a l l is a t io n  

o f the dolom ite (a la te  d ia gen etic  process) destroys the 

f o s s i l  morphology so that th e ir  id e n t i f ic a t io n  becomes 

im possib le. The la te  d iagen etic  processes a ffe c te d  a l l  

the f o s s i l  types a ls o  ( ir r e s p e c t iv e  of the o r ig in a l 

com position) which makes the re co g n ition  o f the su scep t

i b i l i t y  t o  d o lo m itisa t io n  o f  the various f o s s i l  types 

d i f f  i c u l t .

M icroscopic observation s  in d ica te  that the main 

d o lom itisa tion  is  e a r l ie r  than la te  d iagen etic  r e c r y s t a l l 

isa tion  and the form ation o f  v e in le ts  as ind icated  by the 

fo llow in g
1 -  The sharp boundaries between the v e in le ts  o f sparry

ferroan  c a l c i t e  and the ferroan  d o lom itic  groundmass 

(F igs. 146, 147) .
2 -  M ic r it ic  ferroan  dolom ite grains id e n t if ie d  as in c lu s io n s

w ithin the ferroan  neomorphic sparrjf c a l c i t e  gra in s 

(F ig. 148), which in d ica te  that the d o lo m itisa tio n  is 

e a r l ie r  than neomorphism.
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F ig. 145 S e le c t iv e  d o lo m it is a t io n . Photomicrograph
showing part o f d o lom itised  f o s s i l  (probably 
gastropod, g ) whereas the adjacent brachiopod 
(B) is  not d o lom itised . The black  patches 
in s id e  the s h e ll  o f  the brachiopod and it s  
ca v ity  are u n id e n tifie d  opaque g ra in s . The 
dark patches in the groundmass are ferroan  
dolom ite . Peel (XlOO). Second-Hosie lim estone 
(Sect ion 7) .

F ig . 146 V ein let o f  ferroan  c a l c i t e  (V) which cuts
across ferroan  d o lo m itic  (fd ) rock . N otice 
the sharp boundary between the c a l c i t i c  vein let 
and the d o lom itic  groundmass. Peel (X130), Main 
Hosif Limestone (S ection  14).

F ig . 147 Sim ilar t o  the above, but the m ic r it ic  ferroan 
dolom ite has rep laced  the sparry ferroan  
c a l c i t e  o f  the v e in le t .  Peel (X320), Main 
Hosif Limestone (S ection  14).
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L it t l e  i s  known about the form ation o f  penecontero- 

oraneous dolom ite  in su b tid a l environments, which are 

ch a ra cter ised  by a d iverse  o f  marine fauna. However, 

Behrens and Land (1972) noted penecontemporaneous dolom ite 

forming s u b t id a lly  at a depth o f  7-12 metres, in the 

Holocene Sediments o f  B a ffin  Bay, Texas. They noted that 

the dolom ite  is  the re su lt  o f  p re c ip ita t io n  by water having a. 

Mg/Ca r a t io  near that o f  normal sea water and stated (p.

160) " . . . t h e  dolom ite was the o r ig in a l p re c ip ita te  or that 

it  formed by replacement o f a te x tu ra lly  equivalent 

p re c ip ita te d  precursor such as a M g-ca lcite  mud by rea ction

with s l ig h t ly  hypersaline in t e r s t i t ia l  flu id s '* . In
t h e .

ancient sedim ents Asquith (1967) in /M if f l in  Member and
t h e

Lumsden £t  ̂ j i l .  (1973) in /S p r in g -C a llv il le  Group and Pakoon 

Formation (Pennsylvanian-Lower Permian), Nevada related  

the d o lo m itis a t io n  t o  an evaporation process in shallow 

water co n d it io n s  which caused h y p ersa lin ity  and consequently 

primary d olom ite  formed by replacement o f  o r ig in a l calcium  

carbonate in  the carbonate fa c ie s  o f  a su btid a l environ

ment which con ta in s  a d iverse  marine fauna.

G oodlet (1957) noted that the southern sector  o f the 

studied area is  not sim ple te c to n ic a lly  but was a ffected  

by c e r ta in  fa u lt s  during the d ep osition  o f  the Lower 

Limestone Group. Greensmith (1965,1966) pointed out 

that the b a s in  o f  the C a lc ife ro u s  gandstone S e r ie s  (d ir e c t ly  

underlying the Lower Limestone Group) is  characterised  

by b a r r ie r s ,  lo c a l  su baeria l volcanoes, submarine lavas 

and p o s s ib ly  sand bars. He noted a lso  that behind these



barriers, shallow  water lagoonal environments developed 

in which, ostracod -s h a le , m icrite , b io m icr ite  and 

oomicrite fa c ie s  were formed. However B elt et a l .  (1967) 

pointed out that la rg e  bodies o f  sa lin e  water were 

developed in Carboniferous r i f t  v a lle y s  (S cottish  Midland 

Valley and North Ire lan d ) which were presumably connected 

with the sea although characterised  by iso la te d  or semi- 

isolated  basinsduring the d ep osition  o f  the Cementstone 

Group (C arbon iferou s).

Badiozamani (1973) interpreted the d o lom itisa tion  

in the O rdovician M iff l in  Member, which was deposited  in 

a broad shallow -m arine environment in W isconsin, as an 

early d iagen etic  process  due to  the mixing o f  m eteoric 

ground water with sea  water. When fre s h  m eteoric ground 

water is  mixed with between 5 to  30% sea water the high 

Mg/Ca r a t io  o f  sea water is  maintained but the so lu tion  

becomes undersaturated with c a lc i t e  and supersaturated with 

respect t o  d o lom ite . C a lc ite  can th e re fo re  be replaced 

by dolom ite without the need fo r  ex ten sive  evaporation 

of sea water. Meyers and Lohmann (1978) ind icated  that 

the m icrodolom ite in clu s ion s  in the syn ta x ia l cements o f 

the M ississippian  Limestones o f  New Mexico indicated  that 

these cements were o r ig in a lly  Mg c a l c i t e ,  which had 

behaved as closed  or sem i-closed  systems during th e ir  

transform ation in to  low magnesian c a l c i t e .  They suggested 

that these cements were p recip ita ted  in  the zone o f  mixing 

between m eteoric and marine phreatic ground waters. They 

added that the heterogeneous d is t r ib u t io n  o f  m icrodolom ite
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r e f l e c t s  the heterogeneous Mg d is tr ib u t io n  o f  the precursor 

Mg c a l c i t e  and they re la ted  the v a r ia tio n  o f Mg within the 

Mg c a l c i t e  as due to  f lu ctu a tio n s  in the Mg++/Ca++ ra tio s  

in the p re c ip ita t io n a l pore waters at uniform temperatures.

It is  suggested that the basin o f  d ep osition  o f  the 

Lower Limestone Group was probably not a simple basin, but 

ch aracterised  by iso la ted  basins (see ostracod-bearing 

dolom ite) or sem i-iso la ted  basins in which the dolom itic 

m icr ite  and b io m icr ite  fa c ie s  were d eposited . Within 

these se cto rs  o f  the basin  evaporation  would have increased 

the Mg/Ca r a t io  in the sea water or in t e r s t i t ia l  water to  

the poin t where the d o lom itisa tion  became k in e t ica lly  

p o s s ib le . However, when the Mg/Ca r a t io  was not high 

enough, no dolom ite would form, and non-dolom itic m icrite  

or b io m icr ite  was d ep osited . A ltern ative ly  the dolom it

is a t io n  could be induced by mixing o f  meteoric ground 

water with sea water ( c f .  Badiozamani, 1973; and Meyers 

and Lohmann,1978). Such mixing is  l ik e ly  in the ground 

water underneath advancing d e lta  lo b e . This is  indicated 

by the la te r a l and v e r t ic a l  v a r ia tio n  o f  the dolom ite 

w ithin the carbonate units o f  the Lower Limestone Group 

which have the same lith o lo g y  and f o s s i l s  content (Figs. 

101-105).

3 .3 a ( l i )  O stracod-bearing d o lom itic  rocks

This type o f  d o lom itisa tion  is  found only at the base 

o f  the B lackhall Limestone in the Campsie area (F ig. 101) 

and Bridge o f  Weir s e c t io n  (S ection  32, F ig . 103). The 

top  o f  the lim estone is  mostly non-dolom itised and has a
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diverse marine fauna. Clough et a l .  (1925) noted sim ilar 

section s  o f  the B lackhall Lim estone with the same 

c h a r a c te r is t ic s  around the Campsie area.

The d iscu ss io n  o f  the O stracod-bearing d o lom itic  

fa c ie s  rev ea ls  that these rocks are composed mainly o f 

m ic r it ic  dolom ite and allochem s represented by f o s s i l s ,  

d o lom itic  in tr a c la s ts  and p e lo id s . The f o s s i l s  are mainly 

ostracods in which the id e n t i f ie d  genera are C avellina or 

Paraparchites which in d ica te s  hypersaline co n d it io n . 

Calcispherts were id e n t i f ie d  but are not abundant (Fig. 149 ) 

and co n s is t  o f  a rind composed o f  sparry c a l c i t e  and holes 

f i l l e d  by m ic r it ic  fe rroan  dolom ite, and sparry ferroan  

c a l c i t e .  They in d ica te  sh e ltered  sh a llow -p rotected  waters 

with a r e s t r ic t e d  or s e m i-r e s tr ic te d  c ir c u la t io n .  I t  is  

suggested that the base o f  the B lackhall Lim estone was 

probably formed in a r e s t r ic t e d  or is o la te d  environment 

(probably a lagoonal or la cu s tr in e  environment) in which 

penecontemporaneous d o lo m itisa t io n  took p lace  due to  

evaporation . This is  in d ica ted  by the fauna and is  

supported p e tro g ra p h ica lly  by the fa c t  that the m icrite  is  

more d olom itised  than the sparry c a lc i t e  cement, the fauna 

and the s im ila r ity  in com position  in  s p ite  o f  the sharp 

boundaries between the p e l le t s ,  in tr a c la s ts  and the ground- 

mass (F ig. 1 5 0 )-  The presence o f  m ic ro cry s ta llin e  c a l c i t e  

in the groundmass and w ith in  the f o s s i l  c a v i t ie s ,  e ith er  

randomly d is tr ib u ted  or as laminae a ltern a tin g  with 

ferroan  dolom ite (Fig. 1 5 1 ) ,  in d ica tes  that part o f the 

m icro cry s ta llin e  calcium  carbonate changed to  low- 

magnesian c a l c i t e  b e fore  the d o lo m itisa tio n  was com pleted.
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F i g .149 Calcisphere in which the rind is  composed o f
c a l c i t e ,  and the ca v ity  f i l l e d  by ferroan ca lc i te  
( f c )  and m ic r i t i c  ferroan dolomite ( fd ) .  The 
dark patches in the groundmass are ferroan 
dolom ite. Peel (X320). Base o f  the Blackhall 
i-/imestone (Section 23 ).

Fig.150 In tra c la s ts  and peloid  composed of ferroan 
dolomite sim ilar  to  the groundmass ans with 
sharp boundaries. F oss ils  are o s tra co d s . 
Peel (XlOO), Base o f  the B lackhallL im estone 
(Section 19).

F i g . 151 Laminae o f  nonferroan c a l c i t e  (n fc) and ferroan 
dolom ite (fd ) inside the ostracod ca v ity .  The 
dolom ite inside the cav ity  and the groundmass ha* 
undergone r e c r y s t a l l i s a t io n .  Peel, (X320). Base 
o f  the Blackhall Limestone (Section 23 ).
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3.3b Late d ia g en etic

Petrographic evidence in d ica te s  that la te  d ia gen etic  

processes are exten sive  and a f fe c t  a l l  the dolom ite fa c ie s  

in the Lower Limestone Group as explained by the fo llo w in g  

points

1 -  Dolomite c r y s ta ls  in the com pletely  dolom itised  ground-

mass re p la ce  the spairy ferroan  c a lc i t e  f i l l i n g  some 

v e in le ts  (the la te s t  c a l c i t e )  (F ig. 147, p .228 ).

2 -  Sparry and m ic r it ic  c ry s ta ls  o f  dolom ite rep lace  both

sparry c a l c i t e  c r y s ta ls  in the f o s s i l  c a v it ie s ,  mould 

and pores and neomorphlc c a l c i t e  (F igs. 152, 153).

3 -  Dolomite rep la ces  a l l  the f o s s i l  types, ir r e s p e c t iv e

o f  th e ir  o r ig in a l  com position .

4 -  The random d is tr ib u t io n  o f  iron  within the sparry

d o lo m itic  grains (F ig. 154 ) probably in d ica tes  that 

when the m ic r it ic  dolom ite grains r e c r y s ta ll is e d  in to  

coarse  sparry grains the o r ig in a l  patchy d is t r ib u t io n  

o f  the iron  was s t i l l  reta in ed  even w ithin a s in g le  

c r y s ta l .  However, a l l  the allochem s were destroyed  

and on ly  ’ ’gh osts" o f  f o s s i l s  or p e lle ts  and in tra 

c la s ts  are preserved.

The above poin ts  in d ica te  that the la te  d iagen etic  

processes in clude the r e c r y s t a l l is a t io n  o f  the o r ig in a l  

dolom itic mud which is  considered  t o  have had an early  

d iagen etic  o r ig in . Such a la te  r e c r y s ta l l is a t io n  makes 

the dolom ite appear, at f i r s t  s ig h t , as i f  it  formed by 

a la te  stage  replacement rather than during early  

d iagen esis , as more d eta iled  work shows.

i



Fig. 152 P a r t ia lly  ferroan  euhedral sparry ferroan  
dolom ite  (d) rep la cin g  neomorphic ferroan  
c a l c i t e  cement in sid e  b iv a lv e  c a v ity . The 
dark patches in the groundmass are ferroan  
d o lom ite . Peel (X130), Hurlet Limestone 
(S ection  38 ).

F ig . 153 Sparry ferroan  dolom ite (fd ) rep laced  sparry 
fe rroa n  c a l c ^ i t e  ( f c )  in s id e  the pores.
The dark patches o f  the groundmass are ferroan 
d o lom ite . Peel (X130). Hurlet Limestone 
(S ection  2 ) .

F ig . 154 Random d is tr ib u t io n  o f the iron  (I )  w ith in  the 
sparry d o lom itic  grains as in d icated  by 
s ta in in g . Peel (X320), Hurlet Limestone 
(S ection  38 ).
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3.3c The e f f e c t  o f  igneous in tru s ion  on d o lo m itisa t io n

A ll the carbonate u n its  that are a ssocia ted  with 

igneous in tru s ion s  are d o lo m it is e d . Most o f  the dolom ite 

is  a ferroan  type, but sometimes i t  is  nonferroan (e .g .  

the top o f  the B la ck b a ll Limestones in S ection s  26, 27, 

Figure 102 ). Both types o f  do lom ite  are r e p la c iv e  as 

indicated by th e  replacement by dolom ite c r y s ta ls  o f  

skeleta l fragm ents, sparry c a l c i t e  cement e t c .

F ie ld  observa tion  in d ica ted  that the sediment 

associated with igneous in tru s io n s  underwent the fo llow in g  

types o f  a lte r a t io n :

1 -  The shales adjacent t o  in tru s ion s  are l ig h te r  in

co lou r  (Sauchi Craig South S ection , F igure 102) and 

are harder than th e  shales away from the in tru s ion .

2 -  The c o a ls  adjacent t o  in tru s ion s  are hard and coked.

3— P y rite  i s  common w ith the sediments associa ted  with

igneous in tru s io n s .

4 -  B recc ia s  composed o f  igneous rocks formed during 

in tru s ion  were found associa ted  with the carbonate 

u n its  (e .g .  Sauchi Craig South S ection , F ig . 102).

Dunham (1959) in d ica ted  that Fe, Mg and Si02 were 

transported from igneous rocks such as d o le r i t e  in to  some 

of the ad jacent C arboniferous sediments in Y orksh ire . He 

noted a ls o  that the ve in s  o f  ankerite  in the sediments 

associated  w ith the igneous in tru s ion s  were probably formed 

by the Fe and Mg leached from the in tru s io n s . There is  

no doubt that the dolom ite  in  the carbonate un its
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associated with the igneous in tru s ion s  in the Lower 

Limestone Group p artly  or com pletely  o r ig in a ted  from 

igneous in tru s ion s . The ir o n  and/or magnesium could be 

removed d ir e c t ly  from in tru s io n s  as in d ica ted  by Dunham 

(1959) or lib era ted  by the re a c t io n  o f  clay  m inerals, 

s id e r ite  and o r ig in a l  d o lom ite  in the sediments with the 

heated so lu tion s  derived  from the in tru s ion s .

3.3d Origin o f  Iron

As d iscussed e a r l ie r ,  the dolom ite which is  a ferroan  

type, is  thought to be e a r ly  d ia gen etic  in o r ig in . Apart 

from the dolom ite a ssoc ia ted  with igneous in tru sion s, 

l i t t l e  is  known about the e a r ly  d ia gen etic  o r ig in  o f 

ferroan dolom ite. Hough (1958), in  h is  d e scr ip t io n  o f  the 

Precambrian banded iron  form ations in  the Lake Superior 

d is t r ic t ,  ind icated  that rap id  decay o f  source rocks in <x 

humid clim ate, could  supply adequate q u a n tities  o f  fe rrou s  

iron to  the basin  o f  d e p o s it io n . Braun and Friedman 

(1969) noted a ferroan  dolom ite  w ith in  a su p ra tid a l 

dolom itic fa c ie s ,  in the T ribes  H ill  Formation. They 

pointed out that the iron  entered la te  in the d e p o s it io n a l 

or early  in the d ia g e n e tic  environment. Greensmith (1965) 

suggested a primary or very  early  d ia g en etic  o r ig in  fo r  

the ferroan  d o lo m itisa tio n  in  the C a lc ife ro u s  Sandstone 

Series (C arboniferous) o f  the Midland V alley o f  Scotland.

He noted a lso  that the abnormal proportion  o f  the iron  was 

related  to  the e rosion  o f  an ir o n -r ic h  provence or to  

pene-contemporaneous v o lc a n ic i t y .  Mapstone (1971) 

considered that the fe rro a n  d o lo m itisa tio n  in the Upper
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Limestone Group was an early  d ia g e n e tic  p rocess  which 

took p lace  soon  a fte r  d e p o s it io n  and b e fo re  com paction as 

a re su lt  o f  r e a c t io n  w ith the sea water trapped at the 

time o f  d e p o s it io n . He pointed  out that the p ost- 

d ep os ition a l changes o f  the trapped sea waters caused the 

in trod u ction  o f  Fe++ which entered in to  the d o lom itisa tion  

before  the sedim ents were compacted.

Apart from minor v o lc a n ic ity  in  the north o f the 

area stu d ied  (Craig, 1965, p .3 6 0 ), no pene-contemporaneous 

volcanism  has been reported  during the d e p o s it io n  o f the 

Lower Limestone Group. However, the presence o f  coa l 

seams in the Lower Limestone Group sediments in d ica tes  that 

the clim ate  was humid. T h erefore, the high proportion  

of iron  was probably due t o  the eros ion  o f  an ir o n -r ic h  

provenance in  humid clim ate  and i t s  in corp ora tion  by 

d iagen etic  p rocesses  w ith in  the sedim ents b e fo re  the 

compaction and s t a b i l is a t io n  o f  the carbonate gra in s.
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3.4 CLAY MINERALS

Clay m inerals were studied  in the carbonate and shale 

units, in  an attempt t o  fin d  i f  there is  any environmental 

and/or d ia g e n e tic  r e la t io n s h ip  between them and the 

d ifferen t l i t h o lo g i c a l  u n its  o f  the Lower Limestone Group. 

The methods used fo r  c la y  preparation  and the obta in in g  

of oriented  c la y  samples are d escribed  in  Appendix IV.

The r e s u lt  revea led  that k a o lin ite  is  the main type 

of clay  m ineral in  marine u n its  (carbonates and sh a le s )  

and non-marine u n its  (sandstones and s h a le s ). However, 

peaks corresponding to  i l l i t e  and m ixed-layer c la y s  were 

id en tified  in  some marine and non-marine u n its , but they 

are very sm all and rare compared to  the k a o lin ite  peaks.

K eller (1970) reported  th a t, c la y  m inerals are 

generated in  large  part by weathering o f  alumins s i l i c a t e  

rocks. He added that c la y  cou ld  be produced by d ir e c t  

c r y s ta l l is a t io n  from s o lu t io n , c r y s t a l l is a t io n  from a 

c o l lo id a l  g e l  and by d iagen esis  from other c la y  m inerals. 

Zen (1959) p o in ted  out that k a o lin ite  cou ld  be produced 

together w ith dolom ite by the re a ctio n  o f  m ontm orillon ite  

and c h lo r it e  w ith c a l c i t e .  Parham and Austin (1967, 

p. 868) s ta te d  that " . . .  the presence o f  abundant 

k a o lin ite  su ggests  that i t  formed in  a warm m oist clim ate  

under acid c o n d it io n " .  Grim (1953) noted that the high 

pH value necessary fo r  c a l c i t e  to  form causes k a o lin ite  

to  be unstab le  and m ontm orillon ite , i l l i t e  and c h lo r it e  

formed in stead . K eller  (1970) thought that k a o lin ite  is  

unstable in the marine environment and changes to  i l l i t e
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"the k a o l in it e  appears to  be una ffected  by the marine 

environment” . K eller  added that the k a o lin ite  d is s o lu t io n  

is  retarded i f  i t  is  accompanied by other c lays  m inerals 

which g ive  s i l i c a  ra p id ly  than k a o lin ite  and th e re fo re  

approach equ ilib riu m  co n d it io n s  in  the marine environment.

K a o lin ite  is  present in the d o lom itic  and non- 

d o lom itic  u n its  o f  the Lower Limestone Group which in d ica tes  

that i t  is  u n lik e ly  t o  have or ig in a ted  by the re a c t io n  of 

m ontm orillon ite and c h lo r i t e  with c a l c i t e .  The occurrence 

o f k a o lin ite  in  marine and non marine un its in d ica te s  a 

common o r ig in .  Most probably the k a o lin ite  o r ig in a te d  as 

a weathering product in the source area under humid 

weathering c o n d it io n s . The sm all concentrations o f  i l l i t e  

and m ixed-layer c la y s  probably orig in a ted  from the 

d iagen etic  a lte r a t io n  o f  the d e t r i t a l  k a o lin ite  and/or 

marine m o n tm o r illin ite . However, as the i l l i t e  and mixed- 

layer c la y s  occur in  both  marine and non-marine u n its  

suggests that they are probably e n t ire ly  the r e s u lt  o f 

the a lte r a t io n  o f  k a o l in it e .
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3.5 DESCRIPTION OF THE CARBONATE UNITS

In th is  s e c t io n , the lith o lo g y , tex tu re  and the 

v e r t ica l and la te r a l  v a r ia tio n  w ithin each carbonate unit 

w ill be d iscu ssed .

3.5a Hurlet Limestone

This un it marks the base o f the Lower Limestone Group. 

Its to ta l  th ickn ess v a r ie s  between 1 .5  m to  more than 5 

metres. In te rn a lly , i t  co n s is ts  o f th in  lim estone u n its  

5-60 cm th ick , sometimes separated by ca lcareou s shales 

ranging in  th ickn ess from 5 cm to  25 cm.

The allochem s c o n s is t  o f  f o s s i l s ,  p e l le t s  and in tra 

c la s ts . The id e n t i f ie d  fauna are c r in o id s , brachiopods,
e

bivalves, gasteropods, bryozoans and fo ra m in ifra . A 

la tera l and v e r t ic a l  v a r ia tio n  in  the percentage o f fauna 

and, to  a le s se r  ex ten t, the type o f  f o s s i l s  is  recogn ised . 

The p e l le t s  and in tr a c la s ts  are found in  one s e c t io n  only 

(Section 6, Figure 105 ). The p e l le t s  are sp h e r ica l t o  

rounded and range in  s iz e  from 0 .6  mm to  0 .9  mm whereas 

the in tr a c la s ts  are angular and range in  s iz e  from 1.1  mm 

to 1.6 mm. The groundmass is  composed mainly o f  m icrite , 

sparry c a l c i t e  cement f i l l s  the f o s s i l  c a v it ie s ,  pores 

and moulds. S id e r ite  is  common in some se ct io n s  whereas 

pyrite was n oticed  in  one s e c t io n . Brownish and 

co lo u r le ss  chert is  common in the groundmass and in the 

f o s s i l  c a v i t ie s .  The percentage o f in so lu b le  residue 

varies and c o n s is ts  o f  c la y  m inerals, m ostly k a o lin ite  

and quartz.
In Corrieburn (F ig . 101, S ection  16) a v e r t ic a l  s e c t io n



was taken w ith in  th e  Hurlet Limestone (F ig .113a ) to  show 

i f  there is  any v e r t i c a l  v a ria tion . T h is shows that 

the base is  represen ted  by the b io m icr ite  fa c ie s  and the 

top is  represented  by the m icrite  f a c ie s .  The in so lu b le  

residue changed from about 30% at the base to  about 50% 

at the top . These v a r ia tio n s  probably in d ica te  that 

the d e p o s it io n a l environment o f  the H urlet Limestone 

changed from a s u b t id a l, outer n e r it ic  environment t o  a 

subtidal inner n e r i t i c  with a greater terrag in eou s in flu x . 

The change from s u b t id a l outer n e r it ic  t o  inner n e r it ic ,  

probably in d ica te s  the beginning o f the Hurlet sea 

regression , accompanied by the beginning o f d e lta  

progradation w ith i t s  r e su ltin g  in crease  in terrigen eou s  

sediment input and adverse e f fe c t  on carbonate se cre tin g  

organisms. This is  confirm ed in the f i e l d  in  that the 

b iom icr ite  fa c ie s  passes upwards in to  a m icrite  fa c ie s ,  

then in to  ca lca re o u s  shales and f in a l ly  in to  s i l t s t o n e s  

and sandstones.

In the Campsie area, the Hurlet Lim estone, changes 

from b io m ic r ite  or m icr ite  at the east and west o f  the 

area to  d o lo m itic  ca lcareous s i l t s t o n e s  fa c ie s  in  the 

middle o f  the area (F ig . 101). This v a r ia tio n  probably 

Indicates a change in the environment o f  the Hurlet 

Limestone from su b tid a l inner and ou ter n e r it ic  to  nearer 

shore represented  by co a s ta l environments such as beach, 

bars or s p it s  in  which the ca lcareous s i l t s t o n e  fa c ie s  was
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The in s o lu b le  residue v a ries  from 2.5% to  69.7%

(not in clu d in g  the ca lcareou s s i l t s t o n e  f a c ie s ) .  The low 

values were obtained in  the south of the studied area 

(Fig. 155) where four analysed samples have in so lu b le  

residues o f 2.5% (Sample F47) 7.8%, 4.6% (F .46 ),(F 10 ) 

and 15.4% (F 15 ). These values are much lower than those 

obtained in the north and middle o f  the area (F ig. 155) 

which probably in d ica te s  that these samples were deposited  

in an o f fs h o r e  environment away from any terrigenous 

in flux, in con tra st to  those from the middle or north of 

the area which con ta in  a high value in d ica tin g  nearness 

to the shore.

Some u n its  are d o lom itised . The m ic r it ic  matrix is  

more s u sce p t ib le  t o  d o lo m itisa t io n  than the other 

co n stitu en ts . The d o lo m itisa t io n  is  considered to  have 

been c o n tr o lle d  by the d e p o s it io n a l environment (see 

Section 3 .3 ) .  Therefore these dolom itised  un its were 

probably formed in h igh ly  sa lin e  sem i-iso la ted  basins o f 

d ep osition .

In con c lu s ion  the Hurlet Limestone shows a range o f  

va ria tion  in  l ith o lo g y , as in d icated  by the presence o f 

d iffe re n t  f a c ie s .  The recogn ised  fa c ie s  are : b io m icr ite  

(low energy, outer n e r i t i c  s u b t id a l) ;  /n icr ite  (su b tid a l, 

low energy, inner n e r i t i c ) ;  c i0l omi t i c  b io m icr ite  (h ighly 

sa lin e , low energy) and d o lo m itic  ca lcareous s i lt s to n e s  

(coasta l d e p o s it s ) .  The d is t r ib u t io n  o f  fa c ie s  in the 

Hurlet Limestone is  presented in  Figure 156.
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Fig. 155 Map showing the d is t r ib u t io n  o f  the in so lu b le  
. resid u e  o f  the H urlet Limestone.

Fig. 156 Map showing t h e - fa c ie s  d is tr ib u t io n  o f  the 
Hurlet Limestone
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3.5b Shields Bed

This is  the second marine horizon  in the sequence.

Its th ickness ranges from 50 cm to  80 cm. It is  exposed 

at three l o c a l i t i e s  on ly ; Shields Burn (F ig .101, Section  19), 

Old Sauchie Burn (F ig .1 0 2 ,Section  27) and the Weatherlaw 

In lie r  (F ig .102 ,S ection  2 8 ). In Shields Burn (Campsie 

area) i t  is  represented  by the d o lom itic  sandy m icrite  

fa c ies  with a 70.7% in so lu b le  res id u e . The organic 

con stitu en ts , form ing le s s  than 4% o f  the rock  volume, 

include c r in o id s , brach iopods and u n id en tified  s h e ll  

fragments. In Old Sauchie Burn (S t ir l in g  area) th is  unit 

is  represented by a b io m icr ite  fa c ie s  with 4.9% in so lu b le  

residue. The s k e le ta l  fragments forming about 25% of 

the rock, c o n s is ts  mainly o f  c r in o id s , b iv a lves , 

brachiopods, fo ra m in ife ra , gastropods and other u n id en tified  

fragments. In the Weatherlaw In l ie r ,  the ShieldsBed is  

represented by the m icr ite  fa c ie s  with a marine fauna.

Although the Shield«Bed is  only exposed in three 

l o c a l i t ie s ,  th ere  is  a l i t h o lo g ic a l  d iffe r e n c e  between 

these three exposures. The three l o c a l i t i e s  (F ig . 157 ) 

are represented by ca lcareou s sandstone, b io m icr ite  and 

in icrite fa c ie s  which probably represent a v a r ia tio n  in the 

environment o f  the Shield»Bed from coa sta l d ep osits  to  a 

subtidal, low energy environment.

3 -5c B lack hall Limestone

This un it ranges in  th ickness from 1.3 m to  4 .5  m. 

In tern a lly , i t  c o n s is ts  o f  th in  beds (16 cm to  80 cm),
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sometimes separated by shales ranging in th ickness from 

3 cm to 80 cm. I t  d i f f e r s  from the other un its in having 

a fauna which is  d if fe r e n t  at the base o f the unit from 

the top . This su b d iv is ion  was noted by Clough et a l. 

(1925) around the Campsie area. However, i t  is  not 

persisten t throughout the studied  area and has only been 

found in the Campsie area and the Bridge o f Weir s e c t io n s .

In the Campsie area, the B lackhall Limestone can be  

divided in to  two subunits. The basal one co n s ists  o f 

yellow ish-brow n, o s tra cod -b ea rin g  dolom ite which forms 

several bands ranging in  th icknesses from 16 cm to  43 cm 

separated by th in  shale u n its  (3 -20  cm). The groundmass 

is  composed mainly o f  m icro cry s ta llin e  dolom ite, c a l c i t e  

(m ic r it ic )  and s id e r i t e .  The dolom ite which is  fe rro a n  

is sometimes neomorphosed in to  sparry gra in s. Sparry 

ferroan c a l c i t e  is  a lso  found in  the f o s s i l  c a v it ie s , 

pores and the moulds. Brownish and co lo u r le ss  chert i s  

also found. The in so lu b le  residue ranges from 3% -  15.3% 

(Fig. 158) and the c la y  c o n s is ts  mainly o f  k a o lin ite .

The allochem s co n s is t  o f f o s s i l s ,  p e lle ts  and 

in tr a c la s ts . The f o s s i l s  are mainly ostracods, however, 

ca lcIspherii were id e n t if ie d  in some se ct io n s . The 

ostracods are represented by C avellina or Paraparchites 

which in d ica te  hypersaline con d ition s  (Robinson, personal 

communications, 1977). The p e l le t s  are sp h erica l to  

rounded and range in s iz e  from 0 .4  mm to  1 .0  mm. The 

in tra c la s ts  are large , badly sorted  and range in s iz e  

from 0 .8  mm t o  2 .4  mm.



248

The top  u n it ranges in  th ickness from 20 cm to  50 cm 
and co n s is ts  mainly o f  m icr ite  and s id e r i t e .  Ferroan 

dolom ite was id e n t i f ie d  in one se ct io n  but is  not abundant. 

Ferroan sparry c a l c i t e  f i l l s  the f o s s i l  c a v it ie s ,  pores 

and moulds. The id e n t if ie d  f o s s i l s  are cr in o id s , 

brachiopods, fo ra m in ife ra  and ostracods which together form 

7-15% o f the ro ck . In tra c la s ts  (2.2 mm to  2 .8  mm in  

diameter)and p e l le t s  (0 .7  mm to  0 .8  mm) were recognised  

a lso . B io m icr ite  and d o lom itic  b io m icr ite  form the main 

fa c ie s  o f  th ese  u n its .

The faunal d if fe r e n c e s  between the two su bd iv is ion s  

are not found t o  the northeast and south o f  the Campsie 

area. In the S t ir l in g  area the B lackhall lim estone is  

represented by two subunits, separated by shale. The 

basal subunit i s  not f o s s i l i f e r o u s  whereas the top  is  

nodular and con ta in s  marine f o s s i l s  forming from 5-20% o f 

the rock . To the south o f  the Campsie area (F ig. 104), 

two s e c t io n s  are exposed in  which the B lackhall is  nodular 

and forms two su b d iv is ion s  a lso . In one se ct io n  (S ection  

No. 41) both  o f  the subunits con ta in  marine f o s s i l s ,  

whereas in  the other (S ection  42) the top  conta ins marine 

f o s s i l s  whereas the base is  u n fo s s ilife ro u s  except fo r  

the presence o f  ostracod  fragments which form le ss  than 1% 

of the rock . In the south o f the area studied (F ig .105), 

the B la ck h a ll Limestone occurs e ith e r  in one, two or 

several bands a l l  con ta in in g  marine f o s s i l s ,  separated by 

thin u n its  o f  sh a le . The in so lu b le  residue is  not 

usually more than 11%, but one unit contains 31.9%. Most
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of the bands are d o lom itised . The o r ig in  o f  the 

d o lom itisa tion  is  considered  to  be c o n tr o lle d  by the 

d ep osition a l environment (see Section  3 . 3 ) .

The above d is cu ss io n  shows that there is  a l i t h o lo g ic a l  

varia tion  which probably r e f le c t s  a change in  d e p o s it io n a l 

environment during the d ep osition  o f the B lack hall Lime

stone. The fa c ie s  recogn ised  in th is  u n it w ithin the 

studied area a re : ostracod  bearing fa c ie s  (la cu str in e  or 

lagoon al), b io m ic r ite  (low energy, outer n e r it ic ,  s u b t id a l) ,  

m icrite (low energy, inner n e r it ic  s u b t id a l) ,  d o lom itic  

b iom icr ite  or m icr ite  (h igh ly sa lin e , low energy, su b tid a l 

environment). The d is tr ib u t io n  o f fa c ie s  and the 

insoluble res id u e  values in the B lackhall Limestone is  

shown in F igures 159-161. I t  is  suggested that the

base o f  the B la ck h a ll Limestone was d ep osited  in la cu s tr in e  

or lagoonal environment in the Campsie area, south o f  

Campsie (S ection  42) and around the Bridge o f Weir s e c t io n . 

In the south o f  the studied  area (F ig. 105) i t  was 

deposited in  a normal marine environment. Transgression 

of the B lack h all sea then fo llow ed  in the north and marine 

units represent the top  o f B lackhall Limestone were 

deposited above the la cu s tr in e  or lagoonal u n its .

3.5d Hosit Limestone u n its

There are between three and four o f  these u n its  in 

the studied  area. The fa c ie s  d is t r ib u t io n  and the 

environment are d iscu ssed  below:

X l i -V i. . ; r-v ;
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F ig .160 F acies d is t r ib u t io n  in  the base o f  the B lackhall 
Limestone
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------------------------------------------------- --------
F ig .161 Map showing the fa c ie s  d is tr ib u t io n  in the 

top  o f  the B la ck h a ll Limestone

F1-g. 162 Map showing the fa c ie s  d is tr ib u t io n  in the 
Main Hosil Limestone.
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A -  Main Hosi£ Limestone

It  ranges in th ickness from 30 cm to  1 .7  m and the 

colour is  dark-grey with a yellow ish-brow n weathering 

surface. I t  c o n s is ts  mainly o f  m icr ite , m ic r it ic  dolom ite 

and allochem s. The allochems are represented mainly by 

f o s s i ls ,  in t r a c la s ts  and p e l le t s .  The id e n t if ie d  fauna 

are brach iopods, c r in o id s , forams, gastropods and other 

sh e ll d eb r is  which make up to  40% o f the rock volume. The 

in tra c la s ts  and p e l le t s  are subordinate and not more than 

5% o f  the rock  volume. The in so lu b le  residue, mainly 

quartz and k a o lin ite ,  ranges from 6-20.5%.

D olom itic b io m icr ite , b io m icr ite  and calcareous 

sandstones are the main fa c ie s  w ith in  th is  u n it . The 

environment probably represent, shallow , low energy subtidal 

(b io m icr ite ) , h igh ly  sa lin e  (do lom itic  b io m icr ite )  and 

coa sta l d e p o s its  (ca lcareou s sandstones). The d is tr ib u tio n  

of the fa c ie s  w ith in  the Main Hosit Limestone is  presented 

in Figure 162.

B -  Mid-Hosie Limestone

The th ickness o f  th is  unit ranges from 45 cm to  50 cm. 

It is  s im ila r  t o  the main HosL*Limestone in co lou r , 

com position and f o s s i l  con ten t. The environment o f 

d ep osition  was probably shallow , low energy, subtidal 

(b iom icr ite  f a c ie s )  and sometimes h igh ly sa lin e  (dolom itic 

b io m ic r ite ) .  The d is tr ib u t io n  o f fa c ie s  in  the Mid-Hosie 

Limestone is  presented in  Figure 163.



253

F ig .163 Map showing the fa c ie s  d is tr ib u t io n  in the 
. Mid-Hos it  Limestone.

Fig. 164 Map showing the fa c ie s  d is t r ib u ì ion ..of the
Second-Hosie Limestone

b a



C -  Second Hosifc Limestone

It  is  dark grey in co lou r  with a yellowish-brown 

weathering su rfa ce  and the th ickness ranges from 25 cm to  

50 cm. The groundmass co n s is ts  o f  m icrite  and m icr it ic  

dolom ite. Quartz, chert and s id e r it e  are found in minor 

quantities and sparry ferroan  c a l c i t e  f i l l s  the f o s s i l  

ca v it ie s , pores and moulds. The id e n t ifie d  fauna are 

brachiopods, c r in o id s , forams, gastropods and other s h e l l  

debris which ranges from 14-22%. Angular large intra

c la s ts  and rounded p e l le t s  were recognised in some s e c t io n s . 

Only the d o lo m itic  b io m icr ite  fa c ie s  was recognised w ith in  

th is  unit which probably in d ica tes  a highly sa lin e ,

subtidal, low energy, inner n e r it ic  environment. The
/

d is tr ib u t io n  o f fa c ie s  in the second Hos it Limestone is  

presented in  Figure 164 .

D -  Top Hosie Limestone

This marks the top  o f the Lower Limestone Group. I t  

is  b lu ish -d ark  grey in  co lou r  with a brownish weathering 

surface and i t  ranges in  th ickness from 30 cm to  40 cm.

The m atrix co n s is ts  o f m icrite , m icr it ic  dolom ite 

and s id e r i t e .  The in so lu b le  residue ranges from 17.2% 

to  33.3%. The fauna is  mainly o f  brachiopods, and 

b iva lves and other s h e ll  fragments which do not make up 

more than 5% o f the rock . However, sometimes when the 

unit has undergone in ten sive  d iagen etic  d o lom itiza tion , 

only the "gh ost"  o f  the f o s s i l  is  present. This unit is  

represented by one type o f  f a c ie s ;  dolom itic  m icrite
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(F ig. 165 ) which in d ica tes  probably a highly sa lin e , 

shallow water, low energy su btida l environment.
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4.1 INTRODUCTION

Ironstone bands and nodules, with a brownish weathering 

surface, are common w ith in  the shales o f the Lower 

Limestone Group sedim ents. The shales in which these 

bands and nodules are found are of dark colour and highly 

f i s s i l e .  The bands and nodules are d istr ib u ted  in the 

s h e lf-p ro d e lta  sediments o f  progradational d e ltas  and in 

the marine and la cu s tr in e  sediments o f  in terd istr ibu tary  

bay environment. However, some o f  the fresh  water 

in te rd is tr ib u ta ry  sediments a lso  con ta in  bands and nodules. 

The d is tr ib u t io n  o f bands and nodules in the Lower 

Limestone Group sediments are presented in Figures 9-14 .

4 .2  IRONSTONE NODULES

Ironstone nodules are common w ith in  the Lower 

Limestone Group, and range in s ize  from 1.5  cm to  50 cm. 

Most o f  the nodules are  e l l ip s o id a l  with long axes 

p a ra lle l t o  the bedding. However, sp h erica l, irregu lar 

and tr ian gu lar nodules were a lso  observed.

The e l l ip s o id a l  nodules mostly range in s iz e  

(represented by the long diameter) from 7 cm to  25 cm 

and sometimes reach up t o  50 cm. The sp h erica l nodules 

are sm aller and m ostly range in s iz e  from 1.5  cm to  3 cm, 

but sometimes reach 8 cm. The triangu lar and irregu lar 

nodules range in  s iz e  from 5 cm to  18 cm. In some o f 

the nodules c r in o id s  and brachiopods together with other 

sk e le ta l fragments were id e n t ifie d , although others were 

barren. Many o f the nodules show septarian  stru ctu res.

2 5 7 il
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Most o f  the nodules have a "sw e llin g " on the upper and 

lower su r fa ce s . Bowes (1973), described some o f  the 

nodules in C orrie  Burn (S ection  16, F ig . 9 ) as having a 

local con ca v ity  or "d im ple". The "dim ples" were observed 

in the sw ollen  part o f  most o f  the nodules togeth er with 

other ir r e g u la r i t ie s .  However, some o f the sw ollen parts 

are smooth. A ll the sw ollen  nodules have a b reccia ted  

centre.

Two types o f  nodules were observed; these are:

1 -  Non-zonetl nodules

These nodules are e l l ip s o id a l ,  trian gu lar or irregu lar 

(Figs. 166 and 1 6 7 ). No "sw e llin g " was observed on the 

upper su r fa ce . The nodules are composed mainly o f 

s id e r ite  and sometimes m ic r it ic  c a lc l t e  was id e n t if ie d .

The id e n t if ie d  f o s s i l s  are c r in o id s , brachiopods and 

sk e leta l fragm ents. In some se ct io n s  the n o n -e llip so id a l 

nodules coa lesced  in to  bands.

2 -  Zoned nodules

The zoning (Figure 168) takes the form o f  va ria tion  

in mineralogy between the centre, middle and the rind o f 

the nodules. Samples were taken from the cen tre , middle 

and the rind o f  many nodules and examined by x-ray 

d i f fr a c t io n  and sta ined  th in  s e c t io n s . This indicated  

that the cen tres  o f  the nodules are mainly o f  m ic r it ic  

c a lc it e  with subordinate s id e r it e  and m ic r it ic  ferroan 

dolom ite; the middle is  composed mainly o f  m ic r it ic  

c a lc it e  and s id e r it e  and the rind co n s is ts  o f  s id e r ite
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Fig. 166 E ll ip s o id a l , non-zoned nodule. The white 
patches are marine f o s s i l s ,  mainly cr in o id s .

Fig. 167 Triangular nodule. These nodules are mostly 
coa lesced  in to  bands.

Fig- 168 Zoned nodule in which the centre (C) is
composed mainly o f  c a lc i t e ,  the middle (M) 
o f  c a l c i t e  and s id e r it e  and the rind (R) 
o f s id e r i t e .
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only. Q iartz and k a o lin ite  were id e n tifie d  by x—ray

d iffr a c t io n  in  a l l  the zones.

G irin  (1970) described  the same features from Middle

Jurrassic sediments in the High Caucasus and noted that

organic and carbon ic  acids are released by the destruction

of organ ic matter in  sediments. These acids leach out

cations from the c la y  and d iss o lv e  dispersed carbonates.

As a re su lt  the pH o f  the pore so lu tion  increases and a

weakly a lk a lin e  reducing environment is  produced in which 
+o +2 +2Ca , Mg and Mn can be transported by d iffu s io n  (so

c a lc it e  w i l l  be p re c ip ita te d ) but resu ltin g  in the very

lim ited m ob ility  o f  Fe+2 (because Fe2+ is  not mobile in

alkaline s o lu t io n ) .  When the supply o f  read ily  leached

cations is  exhausted the pH w il l  f a l l  due to  the continuous
+2production o f  acid  and under such cond itions Fe w ill  

then be leached and s id e r ite  formed. Walton (1972) noted 

that s id e r it e  cou ld  p re c ip ita te  in more a cid ic  so lu tion s  

i f  the con cen tra tion  o f the t o t a l  iron increases. However, 

Curt is  (1967) in d ica ted  that the s id e r ite  formed in a 

neutral t o  a lk a lin e  environment o f  pH 7-8.

The s id e r i t e  nodules in the Lower Limestone Group 

probably s ta rted  t o  grow in an a lk a line reducing 

environment where Ca2+ and Mg2+ were a v a ila b le . These 

elements cou ld  then have been leached out and p recip ita ted  

as c a lc i t e  and dolom ite, while iron underwent reduction  

from the f e r r i c  to  ferrou s s ta te . However, i f  only some 

of the iron  was transported at th is  time, a l i t t l e  s id e r ite  

would have been p recip ita ted  with the c a lc it e ,  a stage



represented by the form ation  o f  the cen tre  o f  the nodules.

The con cen tra tion  o f  reduced ferrou s iron  would then

increase and be leached out at the same tim e as Ca2+, Mg2+ 
2+and Mn with the p r e c ip ita t io n  o f s id e r i t e  at the same

time as c a l c i t e  lead ing  to  the form ation o f  the middle

zone. The leach ing o f  ferrou s iron  would continue, while
2+ 2+the other ca tion s  (Ca and Mg ) became exhausted u n til  

only the s id e r i t e  was formed, a stage represented 

the form ation o f  the rind , the outer zone.

The co res  o f  the nodules are u su a lly  sp h erica l or only 

s l ig h t ly  e l l ip s o id a l ,  whereas the outer su rfaces  are 

usually e l l ip s o id a l .  Spherical s id e r i t e  nodules are a lso  

found, but these are usually  small compared with the 

e l l ip s o id a l  typ es . The sp h erica l nodules and the sph eri

ca l t o  s l ig h t ly  e l l ip s o id a l  ce n tra l parts  o f  the nodules 

probably formed e a r ly  in porous uncompacted sedim ents. 

Raisw ell (1971, p. 165) described the Cambrian and L ia ss ic  

con cretion s  o f  South Wales and Dorset and sta ted  that 

"w ithin the same l ith o lo g y  early  co n cre tion s  that formed 

in porous, uncompacted sediments are more sp h erica l than 

the la te r  co n cre tio n s  which developed in  compacted 

a n iso trop ic  s e d im e n ts .. ." .  The e l l ip s o id a l  shape o f  the 

rind, in d ica tes  i t s  form ation in compacted a n iso trop ic  

sediments in  which the so lu tion s  needed fo r  the rind 

form ation flow  along, rather than normal to  the bedding 

planes. This is  supported by the la ck  o f  septarian  

stru ctu res w ith in  the rinds, as d iscussed  la te r  on.
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B re cc ia tio n  o f the nodules

Some o f  the cores  in zoned and non-zoned nodules are 

breccia ted  (F ig s .169-171). The b recc ia ted  fragments are 

composed mainly o f  m ic r it ic  c a lc i t e  as revealed by sta in ing 

and x -ra y  d i f f r a c t io n .  However, s id e r l t i c  b re cc ia s  were 

observed in  some nodules. When c a l c i t i c  and s id e r i t i c  

b recc ia  occurs in the same nodule, the c a l c i t i c  b recc ia  

tends to  occupy the cen tre , whereas the s id e r i t i c  fragments 

are loca ted  near the r in d . A ll the brecc ia ted  nodules 

are accompanied by septarian  stru ctu res which are f i l l e d  

by ferroan  c a l c i t e .  Ferroan c a lc i t e  with pure, equant 

c ry s ta ls  a ls o  f i l l s  f o s s i l  c a v it ie s  in  the nodules and 

bands. The o r ig in  o f t h is  ferroan  c a lc i t e  is  d iscussed 

in the carbonate s e c t io n  (Chapter 3 ).

Zanger et a l. (1969) considered that the b re cc ia t io n

within con cretion s  in the F a y e tte v ille  Black Shale
an

(M is s is s ip p i  o f  Arkansas was la rg e ly  due t o  gas pressure 

produced by the b a c te r ia l reduction  o f  c o p ro lite s  which 

formthe c o re . R a isew ell (1971) pointed out that septarian

stru ctu res are produced by the dehydration of the in i t ia l ly

p la s t ic  con cretion  cen tres  and are lim ited  to  con cretion s
»

forming early  in  porous, water-laden sediments. This 

in terp re ta tion  is  a p p licab le  to  the Lower Limestone Group 

nodules described  here.

I f  the cores are fragmented by con traction  cracking 

and the rinds are s l ig h t ly  coherent, the rind w il l  

subsequently co lla p se  under the increasing weight o f  the 

overly in g  sediments. The form ation o f con traction  cracks
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Fig. 169 Nodule showing that the co r e  was b recc ia ted  
in to  a few uniform large p ie ces  and qn 
ir re g u la r  upper surface  was produced. Notice 
a ls o  th e  septarian  s tru ctu re s .

Fig. 170 Nodule in  which the core  was fragmented in to  
large and small p ieces  and a sw ollen  upper 
su rfa ce  was produced.

F ig. 171 Same nodule as above showing the "dimple*' 
(d) and "sw ollen " (s) fe a tu re s .
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is  thought t o  be the main reason fo r  b r e c c ia t io n  coupled 

with the red u ction  o f  volume due to  lo sse s  o f  water and 

the crushing o f  the rind by subsequent pressure. I f  

the cracks extended more toward the rind (which probably 

in d ica tes  th at part o f  the rind  was formed in  s l ig h t ly  

uncompacted sed im ents), the rind w i l l  a lso  be b recc ia ted  

(Fig. 169). I f  the core  was fragmented in to  a few 

r e la t iv e ly  la rge  p ie ces  or in to  both  large and small 

p ieces  (F ig . 170), a sw ollen  or ir reg u la r  su rface , p oss ib ly  

with a dim ple, would be produced during the subsequent 

co lla p se  under pressu re . On the con trary , i f  the core 

was b recc ia ted  in to  sm all and uniform p ieces  (F ig. 172), 

or i f  fragm entation occurred  in con cretion s  o f  a com pletely 

s id e r i t i c  com position  which grew in  r e la t iv e ly  compacted 

sediments no "s w e llin g s "  would be produced (F ig. 173) 

during c o lla p s e s , although irre g u la r  rough surfaces could  

be formed. Some o f  the b re cc ia te d  nodules have a smooth 

swollen su rfa ce  without ir r e g u la r it ie s  (F ig . 174). These 

nodules are s p h e r ica l to  s l ig h t ly  e l l ip s o id a l  and were 

most l ik e ly  formed in a porous, is o tr o p ic  medium, 

probably at shallow  depth. Therefore, the rind would not 

co lla p se  when the core  was b re cc ia te d  because o f  the 

in s ig n if ic a n t  load o f  the o v er ly in g  sedim ents. The stages 

o f  b r e c c ia t io n  o f  the nodules are summarized in Figure 175.

In the C orrie  Burn S ection  (S ection  16, Figure 9) the 

ironstone nodules w ith in  the shale o f  the p ost-B lack h a ll 

d e lta ic  sedim ents decrease in  s iz e  upward. The sediments 

o f  th is  s e c t io n  represent a d e lt a ic  progradation in  which 

the shale o f  the p rod e lta  coarsens in gra in  s iz e  upward



Fig. 172 Nodule showing the core  was b re cc la te d  in to 
r e la t iv e ly  uniform p ieces , consequently no 
"sw ellings* ’ were produced, but rough irregular 
su rfa ce  was formed instead .

Fig. 173 Nodule of uniform, s id e r i t i c  b re cc ia te d  core 
in which no "sw e llin g s"  were produced.

Fig- 174 S lig h tly  spherica l nodule o f  b recc ia ted  core 
and smooth swollen su rfa ce .
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s w e l l in g
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different sizes
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•ind

Sept ar ian structures

R e d i s t r i b u t i o n  o f  the 
fragments a f t e r  com pression

Breciation into equal 
large pieces

n of the spherical to slightly ellipsoidal - --—  "Dimples” andA. Format ionodules in uncompacted sediments, 
"swellings” are produced.

Bough, irregular 
surface

Rind

Core

Septarian 
structures

Redistribution 
of the fragments 
after compression

f the nodules in relatively Formation of the c°res ellipsoidal cores arecompacted sediment in cores and then readjust-
produced. B r e c c ia t io n  "swelling" formed but insteadment of the fragments, no 
rough irregular surface.

pressure of the overlying sediments
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■**  ̂ -- -Diagrams summarising the stages of brecciation of
the nodules.
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and changes gradua lly  in to  interbedded s i lt s to n e s  and 

shales o f  the d e lta  fron t and then in to  sandstones o f  the 

d istr ib u ta ry  mouth-bar. The ironstones are large when 

enclosed in  the f in e  grained prodelta  clayey  shale and 

become sm aller upward as the shale becomes coarser.

Moore (1966) noted that the p rode lta  sediments contain  more 

clay than the d e lta  fron t sedim ents. As the c la y  is  

considered t o  be the source o f  iron  fo r  form ation o f the 

s id e r ite , the s iz e  o f  the ironstone nodules may be 

con tro lled  by the p rop ortion  o f  c lay  in  the sediments.

4.3 IRONSTONE BANDS

The iron ston e  bands range in th ickness from 3 cm to  

25 cm. The com position  o f  these bands, as revealed by 

stain ing and x -ra y  d i f f r a c t io n ,  is  mainly s id e r it e .

However, m ic r it ic  c a l c i t e  was id e n t ifie d  in  some bands 

but is  not abundant. Some o f  the bands are fo s s i l i fe r o u s  

and in clu de  c r in o ld s , brachiopods, ostracods, b iva lves 

and u n id e n tif ie d  s k e le ta l fragm ents. However, some of 

the bands con ta in  mainly an ostracod fauna o f Cavellina or 

Paraparchites which in d ica te s  hypersaline con d ition s  (see 

Section 3 .1 e ) .  M icroscopic observations ind icate  that 

the s id e r i t e  c r y s ta ls  range from 4 to  80 ^  in s iz e . In 

some bands s id e r i t e  has rep laced  the f o s s i l s  (Figure 176).

Taylor and Spears (1967) considered that the s id e r ite  

bands o f  the Y orkshire Coal Measures (Carboniferous) 

England, were o r ig in a lly  lim estone bands. They pointed 

out that when the ra te  o f  sedim entation is  slow in a 

reducing environment, the sulphate reducing b acter ia  cause





the form ation o f  p y r ite  and la te r  ankerite. On the 

contrary, a high ra te  o f  sedim entation re su lts  in  a lower 

concentration  o f  sulphur sp ecies  in the pore so lu t io n  and 

s id e r ite  is  formed by the replacement o f  c a lc i t e  gra in s. 

Curtis and Spears (1968, p.264) stated  that " i t  is  

doubtfu l, however, i f  s id e r it e  need always be a replacement 

o f  a primary carbon ate". They noted that the ankerite- 

s id e r ite  bands d iscussed  by Taylor and Spears (1967) are 

perhaps the only examples o f  s id e r it e  bands rep lacin g  

o r ig in a l lim estone in the Yorkshire Coal Measures 

(C arboniferous) England. C urtis and Spears (1968) went 

on to  suggest that the s id e r it e  o f Carboniferous and 

Jurassic Ores o f  Y orkshire, England could form as a primary 

d iagen etic  p r e c ip ita te  formed under the same physico

chemical co n d it io n s  below the sediments/water in te r fa ce  as 

those d escribed  above. D iagenetic p re c ip ita t io n  is  

considered by many authors to  be the o r ig in  o f  s id e r it e  

bands (Hough, 1958; Hallam, 1966; Frank, 1969; and Sellwood, 

1971). C urtis (1967) noted that s id e r ite  forms in a 

reducing environment with Eh ranges from -0 .2  t o  -0 .3  V. 

However, C urtis and Spears (1968) stated that very low Eh 

is  not reached in  the bottom waters o f marine or estuarine 

environment although i t  can be reached in  the pore water 

of sedim ents, although, Skopintsev et _al. (1966) reported a 

low value o f  Eh (-0 .172  ) in the stagnant bottom waters of

the Black Sea. Curtis (1967) showed that the s id e r it e  

w ill on ly  grow where there is  a high p a rtia l pressure o f 

C02, higher than that found in  normal sea water saturated
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with CaCOg. He concluded that s id e r ite  con cre tion s  must 

th erefore  develop  w ith in  the sediments.

The marine f o s s i l s  content (e .g .  c r in o id s , brach- 

iopods . . . )  o f  some o f  the ironstone bands in the Lower 

Limestone Group in d ica tes  that the water was not stagnant. 

The absence o f  benthonic fauna in most o f the bands could 

be re la ted  to  the ex isten ce  o f  a muddy substrate and not 

to the low ering o f  Eh ( c f . C urtis and Spears, 1968). 

Therefore s id e r i t i c  bands with marine and hypersaline 

f o s s i ls  and the n o n -fo s s il i fe r o u s  s id e r ite  bands were 

probably formed as early  d iagen etic  p re c ip ita te s  in a 

reducing environment below the sedim ent/water in te r fa ce , 

where there was a high rate  o f sedim entation and in which 

a very low Eh and a high p a r t ia l pressure o f  C02 could be 

reached. The physicochem ical con d ition s  could not be 

reached on the sea  f l o o r .  The replacement features 

probably in d ica te  that the s id e r it e  underwent subsequent 

neomorphism (see s e c t io n  3 .2 b ) .

Shrinkage cracks were observed w ithin the ironstone 

bands in  one s e c t io n  (K ittoch  Water s e c t io n ) .  Frank 

(1969) suggested a dewatering o f  the d ia g e n e tica lly  

p recip ita ted  c o l l o id a l  iron  carbonate as an o r ig in  fo r  

sim ilar shrinkage crack  in Kiowa Formation (Early 

Cretaceous), N orth-Central Kansas. Shrinkages represented 

by septarian  stru ctu res  are found in the nodules o f  the 

Lower Limestone Group and in terpreted  as dehydration o f 

in i t ia l ly  p la s t ic  con cretion s  as d iscussed e a r l ie r .  I t  

is  d i f f i c u l t  to  specu la te  about the o r ig in  o f these cracks

i  ' *

i  \
!  t ■



271

in the iron ston e  bands, whether they were formed by 

subaeria l exposure or by a dewatering process. However, 

no in d ica t io n  o f  exposure was observed w ithin the sediments 

o f the Lower Limestone Group, which suggests that 

dewatering i s  the more lik e ly  process.

The iron  which formed the s id e r ite  could have been 

released  in to  s o lu t io n  from the la t t ic e s  o f c lay  m inerals, 

from f e r r i c  oxides or from hydrated f e r r ic  oxide coa tin g  

d e t r it a l  c la y  m inerals (C urtis, 1967; Frank, 1969). The 

iron underwent r e d is tr ib u t io n  in the ferrous sta te  beneath 

the sedim ent/water in te r fa ce  and was p recip ita ted  as 

s id e r it e  under moderate t o  stron g ly  reducing co n d it io n s .

4 .4  FORMATION OF NODULES AND BANDS

Whether the s id e r it e  forms nodules or bands probably 

depends on the depth in which the nodules or bands were 

formed and on the ra te  o f  d ep os ition . Raiswell (1971) 

described  the Cambrian con cretion s  o f South Wales and 

pointed out that at a small depth and with continuous 

d ep os ition  the sediments compacted rap id ly  and as the 

con cretion  grew, and the laminae, which are in i t ia l l y  

p a r a lle l  in  the lo ose  uncompacted host sediments were 

preserved by cem entation and developed f i r s t  at the ce n tra l 

zone o f  the con cre tion  (F ig. 177 ) .  He stated (p .154)

"As com paction progressed laminae in the sediment were 

deformed around the r e la t iv e ly  r ig id , cemented co n cre tion  

and fu rth er concretionary growth preserved these deformed 

laminae in  subsequent layers o f  the co n cre tion ". He 

concluded that these con cretion s  are characterised  by
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f ig* 177a Cambrian con cretion s  showing the presence of 
deformed laminae and septarian  stru ctu res  in 
s e c t io n s  cut normal to  the bedding p lane. 
A fter R aisw ell (1971, F ig . 1)

fig .177b The growth o f  a deformed laminae s tru ctu re .
1. i n i t i a l  cem entation o f  uncompacted sediment.
2 . sediment compacts around cemented con cretion .
3 . th e  growing co n cre tion  cements the surrounding 
compacted sediment, w hilst the host sediment laminae 
are fu rth er  compacted around the con cretion .
A fter R aisw ell (1971, f i g .  3 ) .

fig*177c Cambrian con cretion s  showing the presence 
o f  p a r a l le l  laminae and con e -in -con e  
s tru ctu re s  in se ct io n s  cut normal t o  the 
bedding plane. A fter (R aisw ell, 1971, f i g . 2)
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septarian stru ctu res  and o f  deformed lam inations and 

suggested a 10 m maximum depth fo r  th e ir  form ation.

Raiswell (1971) a lso  indicated  that at greater depth, the 

con cretion s  develop  p a ra lle l laminae because o f the slow 

rate o f  com paction and suggested a 100 metres maximum depth 

for these con cre tion s  which are characterised  by the lack 

of septarian  stru ctu res . He added that the rate  of 

d ep osition  cou ld  co n tro l the type o f laminae (whether 

p a ra lle l or deformed) and the formation o f  bands and stated  

that the L ia ss ic  con cretion s in Dorset, formed at small 

depth (about 5 m) with a low rate of d ep osition  and 

th ere fore  that these con cretion s developed p a ra lle l laminae 

because o f  the absence o f compaction and are characterised  

by septarian  s tru ctu res . They may f in a l ly  coa lesce  in to  

bands.

The d iscu ss io n  o f Raisw ell (1971) revea ls  that 

con cretion s w ith deformed laminae and septarian  structures 

can form at sm all depths (10 m) and with rapid compaction, 

whereas con cre tion s  with p a ra lle l laminae can form at 

greater depth (100 m). Septarian stru ctu res  are found in 

nodules formed at small depth (5 m) in sediments which had 

a slow ra te  o f  d e p os ition . The d iscu ss ion  o f the zoned 

nodules in  the Lower Limestone Group (S ection  4 . 1 )  revea ls  

that the cen tre , which is  sph erica l, formed in a porous, 

is o tro p ic  medium whereas the rind is  e l l ip s o id a l  and formed 

in le ss  porous and s l ig h t ly  compacted sedim ents. I t  is  

suggested that at a small depth with continuous d ep osition , 

the Lower Limestone Group sediments compacted rap id ly  and

i ‘-¿j, 2̂ .à



concretions formed instead o f  bands. This was probably 

because p rogressive  rapid  compaction reduced the p orosity  

of the sediments which in turn a ffected  the movement o f 

the pore water (which carried  the necessary elements fo r  

the form ation  o f  s id e r i t i c  nodules) eventually h a ltin g  the 

growth o f  the nodules and preventing th e ir  c o a l it io n  in to  

bands. At a greater depth the compaction was slow, 

whether the d e p o s it io n  was continuous or not, and bands 

formed because o f the continuous and uniform ly f low o f  

pore water along the bedding planes. However, some o f 

the bands con ta in  shrinkage cracks and some o f the nodules 

which coa lesced  in to  bands are s l ig h t ly  e l l ip s o id a l .  The 

rate o f  d e p o s it io n  i s  considered to  co n tro l the form ation 

of bands ( c f .  R a isw ell, 1971). At a small depth and 

with a slow rate  o f  d ep osition  the sediments are porous 

and is o t r o p ic .  In such con d ition s the growing con cretion s  

probably coa lesced  in to  bands. This is  u n lik ely  because 

these con cre tion s  should be sph erica l in such co n d it io n s .

It is  suggested that some o f  the bands which are formed by 

the c o a l i t io n  o f s l ig h t ly  e l l ip s o id a l  nodules and the 

shrinkage cracks bearing nodules were formed in s l ig h t ly  

compacted sedim ents, a stage corresponding to  the 

form ation o f  the rin d  in  the zoned nodules. Therefore 

the co n cre tion s  are probably early  d iagen etic  and formed 

within the top  o f 10 m o f continuous sediments d ep osition  

and rapid com paction, whereas the bands are e ith er  early  

d iagen etic  and formed at the same depth o f  the nodules in 

sediments o f  s l ig h t  rate  o f  d ep osition  or la te  d iagen etic  

and formed at greater depth.

■
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con cretion s formed instead o f  bands. This was probably 

because p rogressive  rapid compaction reduced the p orosity  

of the sediments which in turn a ffected  the movement o f  

the pore water (which carried  the necessary elements fo r  

the form ation o f  s id e r i t i c  nodules) eventually h a ltin g  the 

growth o f  the nodules and preventing th eir  c o a l it io n  in to  

bands. At a greater depth the compaction was slow, 

whether the d ep osition  was continuous or not, and bands 

formed because o f the continuous and uniform ly flow  o f  

pore water along the bedding planes. However, some o f 

the bands con ta in  shrinkage cracks and some o f the nodules 

which coa lesced  in to  bands are s l ig h t ly  e l l ip s o id a l .  The 

rate o f d e p o s it io n  is  considered  to  con tro l the form ation 

o f bands ( c f .  Raisw ell, 1971). At a small depth and 

with a slow ra te  o f  d e p o s itio n  the sediments are porous 

and is o t r o p ic .  In such con d ition s  the growing con cretion s  

probably coa lesced  in to  bands. This is  u n lik e ly  because 

these con cretion s  should be sp h erica l in such co n d it io n s .

It is  suggested that some o f  the bands which are formed by 

the c o a l i t io n  o f s l ig h t ly  e l l ip s o id a l  nodules and the 

shrinkage cracks bearing nodules were formed in  s l ig h t ly  

compacted sediments, a stage corresponding to  the 

form ation o f  the rind in  the zoned nodules. Therefore 

the con cretion s  are probably early d iagen etic  and formed 

within the top  o f  10 m o f  continuous sediments d ep os ition  

and rapid compaction, whereas the bands are e ith e r  ea rly  

d iagen etic  and formed at the same depth o f  the nodules in 

sediments o f  s lig h t  ra te  o f  d ep osition  or la te  d iagen etic  

and formed at greater depth.
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5.1 INTRODUCTION

Nine tra ce  elements were analysed by XRF Spectrometry 

in 59 carbonate rocks and 21 sh a les . Three major elements 

were analysed by Atomic Absorption Spectrometry, two o f  

which were a ls o  analysed by XRF. The carbonate samples 

were grouped in to  three petrographic types, lim estones 

(n on -d o lo m itic ), p a r t ia lly  d o lom itlc  lim estones and 

dolostones, t o  f ind i f  there are any corresponding va ria tion  

in the tra ce  and major elements. However, the la te r a l 

and v e r t ic a l  v a r ia tio n s  within the carbonate units in the 

studied area, were considered in the s e le c t io n  o f  the 

samples. For sh a les , the s e le c t io n  o f  the samples was 

random and includes two main groups, marine and non-marine.

The tra ce  elements analysed by XRF Spectrometry in 

the carbonates and shales were; Sr, Rb, Ba, T i, Pb, Zn,

Ni, Cu and Co. The major elements analysed by Atomic 

Absorption Spectrom etry were Ca, Mg and Mn in  the 

carbonate rock s . Fe and Mn were analysed in carbonates 

and shales by XRF Spectrometry.

5.2 TRACE ELEMENTS

Strontium

The data  revea ls  that the strontium  con cen tration  in 

the lim estones ranges from 211 to  1907 with an average of 

638 ppm. In p a r t ia lly  d o lom itlc  rocks the concentration  

of th is  element ranges from 203-1614 ppm with an average 

of 631 ppm. The dolostones have a strontium  content much 

lower than the lim estones and d o lom itic  lim estones ranging
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from 53 to  1254 ppm with an average o f  225 ppm (Table 7 ).

V eizer and Demovic (1973) re lated  the concentration  

o f Sr to  the o r ig in a l m ineralogy; aragonite contains much 

more strontium  than high or low magnesium c a lc i t e .  They 

pointed out that early  d iagen etic  dolom ite contains a 

higher con cen tra tion  o f  Sr than la te  d iagenetic dolom ite, 

although Weber (1964) concluded that the concentration  o f  

Strontium is  higher in  secondary than in the primary 

d o loston es . He considered that the secondary dolostones 

formed by the replacement o f  aragonite or c a lc it e  and 

primary d o loston es  by the d ire ct  p re c ip ita tio n  o f  dolom ite 

or penecontemporaneous replacement. However, he did not 

exclude the e f fe c t  o f  adsorption on clay  minerals and 

added that much Sr is  lo s t  during the conversion o f  

aragonite in to  c a lc i t e  or dolom ite.

The p lo t t in g  o f  in so lu b le  residue against the Sr 

content in  the three carbonate types (Fig. 178), in d ica tes  

that there is  no p o s it iv e  re la tion sh ip , which suggests that 

the Sr is  mainly concentrated within the carbonate fra c t io n s .

The average Sr value w ithin the analysed lim estones 

and d o lom itic  lim estones is  higher than in Weber's (1964) 

(Table 8) secondary and primary dolostones and is  w ith in  

the range o f  the highest average values o f  Veizer and 

Demovic (1973) (600-700 ppm) which are found in sediments 

o f  an o r ig in a lly  a ra g on itic  com position. Therefore the 

high values o f  Sr in  the Lower Limestone Group carbonates 

could  r e f l e c t  an o r ig in a l aragonite com position.

The dolqstone rocks have the lowest Sr content w ithin 

the carbonates o f  the Lower Limestone Group, although one
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28 
22 
26 
27

0 .2 7
0 .2 3
0 .1 7
0.02
0 .0 8
0 .04
0 .0 7
0 .0 5
0 .009
0 .02
0 .03
0.14
0.11
0 .06
0 .5 6
0.11
0.02
0 .0 9
0 .5 9
0.03
0.21
0.04
0.02
0 .0 5
0 .16

4172
9687
7898

450
920

3343
1787
4150
1273
2150
2366
1633
1332
5575

978
2224
5301
1487

656
1704
7068
1469
4825
5126
1980

3180
9070
7100

430
780

3220
1750
4040
1200
2050
2430
1330

740
3990

530
2240
4420
1290

350
1300
4470
1500
4080
4450
1900

2 .3 2  1 .96  20.4  
4 .4 1  2 .7 4  17.61
3 .3 3  1 .12  2 1 .20
0 .1 8  0 .5  42 .3
1 .0 1  1 .54  3 1 .5  
1 .5 5  4 .7 7  2 6 .1 5  
0 .5 5  1 .7 9  38 .7  
0 .6 8  1 .74  32.44 
0 .2 5  0 .7 2  37.52 
0 .8 3  1 .75  33.53  
0 .8 5  3 .5 7  3 3 .18  
0 .8 9  1 .0 5  2 8 .0  
1 .0 9  1 .01  9 .0
3 .9 6  5 .4 9  3 2 .7  
0 .9 7  0 .4 3  2 .3
0 .9 0  1 .95  2 6 .2 7  
2 .2 9  7 .3 7  22.97 
0 .7 6  2 .0 2  3 1 .7  
1 .14  0 .8 1  9 .8
1 .1 1  3 .5 4  2 5 .9
6 .1 2  2 .7 2  8 .7
0 .8 5  2 .0 2  3 0 .4 7  
1 .3 5  4 .6 6  30.1  
3 .4 8  5 .23  2 1 .8 0  
1 .5 3  0 .8 5  2 1 .2 8

Table 7. Chemical data for limestones (7 a ); dolom itlc limestones (7b); and 
dolostones (7 c ) . The abbreviations o f the carbonate units are 
Indicated In Figure 3 . I .R . -  Insoluble residue, B -  Base, T -  Top.
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sample con ta in s 1254 ppm. Petrographic study indicates 

that these rocks underwent la te  d iagen etic  changes, 

including r e c r y s t a l l is a t io n  and the Sr was most probably 

leached out during these la te  d iagen etic  processes. 

Thompson (1972) reported  that Sr concentration is  low in 

r e c ry s ta llis e d  carbonate fa c ie s  due to  the m obility  of 

th is  element during d iagen esis .

In shales the average Sr content ranges from 6 to  

1463 ppm with an average o f 325 ppm. The marine shales 

range in Sr content from 258-451 ppm. The non-marine 

shales f lu c tu a te  in th e ir  Sr content as is  indicated by 

the wide con cen tra tion  range o f  6-1463 ppm (Table 9 ).

In marine shales ( c a lc i t e  bearing) the Sr is  possib ly  

located  in the c a l c i t e  s tru ctu re  as described in the 

carbonate s e c t io n . The Sr in the non-marine shales 

(not con ta in in g  c a l c i t e )  is  probably in the d e tr ita l  

minerals (e .g .  fe ld s p a r ) or adsorped on c lay  minerals. 

Sample S37 con ta ins the highest value o f the analysed 

shales, 1463 ppm, and x -ray  d i f f r a c t io n  revea ls that th is  

sample co n s is ts  mainly o f  o r th oc la se . Deer et a l .  (1966)

281
n

reported that Sr^+ cou ld  rep lace  Ca in fe ld sp ar .2+

Rubidium

Average Rb values are, fo r  lim estones and dolom itic 

lim estones 19 ppm and fo r  dolostones 12 ppm (Table 7 ) .

Weber (1964) and Wedepohl et a l .  (1972) concluded 

that rubidium i s  concentrated in the c la y  fra ct io n s  o f  

the in so lu b le  residue o f  the carbonate rocks. Weber 

(1964) added a lso  that there is  no s ig n if ic a n t  d iffe re n ce

■  ■

'£Ÿ* i r  h  ■ : ï
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between the rubidium content o f primary and secondary 

d oloston es. Degens et a l .  (1957) pointed out that there 

is no s tru ctu ra l p o s it io n  fo r  rubidium in k a o lin ite  but 

rubidium can su b s titu te  fo r  potassium in  i l l i t e ,  

m ontm orillonite and micas.

The p lo t o f  Rb against the in solu b le  residue (Fig. 179 ) 

shows a p o s it iv e  re la tio n sh ip , which suggests that the 

rubidium is  concentrated  in the c lay  m inerals. The study 

of the c la y  m inerals reveals that k a o lin ite  and muscovite 

are the main m inerals within the c la y  fra c t io n . Therefore, 

the rubidium is  most l ik e ly  concentrated in the muscovite 

s tru ctu re .

The rubidium content in the Lower Limestone Group 

shales ranges from 31 to 202 ppm, with an average o f  109 

ppm.

Degens et a l .  (1957) concluded that Rb is  a marine 

environmental in d ica to r , on the basis  o f  i t s  concentration  

in i l l i t e  rather than k a o lin ite . In the analysed samples 

the rubidium d is tr ib u t io n  within the marine shales is  

lower than the non marine sha les . This suggests that the 

rubidium is  concentrated  w ithin the d e t r it a l  muscovite 

minerals s im ila r  t o  the carbonate fa c ie s .

Barium

Table 7 shows that the average barium content o f  

the lim estones is  1005 ppm o f the d o lom itic  lim estones is  

668 and o f  the d o loston e  is  487 ppm.
Wedepohl et a l. (1972), although in d ica tin g  a low 

average value in  carbonates o f  90 ppm, reported high values
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o f 900-1800 ppm in Cretaceous lim estones from the USA. He 

stated a lso  that the lo ca tio n  of the barium is  e ith er  

d e t r ita l  clay  m inerals, red istr ib u ted , during d iagen etic 

processes which can lead to  the form ation o f BaS04 , or 

carbonate m inerals. However, he re la ted  the high Ba 

content o f b lack  shales to  th e ir  organic m aterial. Veevers 

(1969), re la ted  the barium content o f  lim estones to  th eir  

in so lu b le  residue, whereas, Thompson (1972) noted a higher 

barium content in r e c ry s ta llis e d  lim estones. Weber (1964), 

pointed out that barium is  somewhat greater in abundance in 

primary doloston es (86 ppm), than in secondary dolostones 

(51 ppm). He a lso  added that barium is  strong ly  extracted  

from seawater by adsorption onto c lays  and is  la rg e ly
I

removed in near shore environments, only a n e g lig ib le  amount 

being carried  t o  the open sea to  be p recip ita ted  in deep 

sea sedim ents.

The p lo tt in g  o f  in so lu b le  residue against the barium 

content (Fig. 180) in d ica tes  a weak p o s it iv e  re la tio n sh ip  

up t o  250 ppm barium, although there is  no re la tion sh ip  

above th is  value.
The environment o f  d ep osition  fo r  the carbonate rocks 

of the Lower Limestone Group is  a near shore environment 

(see Chapter 3) which suggests that high Ba values are to  

be expected, the Ba being adsorped onto c lay  minerals ( c f .  

Weber, 1964). The r e c r y s ta ll is a t io n  o f  these carbonates 

may have allowed more Ba to  be incorporated w ithin the 

carbonate m inerals. Therefore, most l ik e ly  the high 

amount o f barium w ithin the lim estones and d o lom itic

284 .1
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limestones o f  the Lower Limestone Group is  due to  the 

r e c r y s ta ll is a t io n  and to  the organic m aterials (plant typ es). 

However, b a r ite  o f  biochem ical and/or hydrothermal o r ig in  

could g iv e  r is e  t o  high barium values.

In the doloston e  rocks the average value o f barium is  

less  than in the lim estone and d o lom itic  lim estone rocks. 

However, i t  is  more than Weber's (1964) average value for  

primary and secondary d o lo s to n e s . The petrography 

ind icates that the dolostone rocks are strong ly  neomorphosed 

in comparison t o  the lim estone and d o lom itic  lim estone 

rocks and low values probably resu lt from the strong 

d iagen etic  processes that have a ffe c te d  these rocks.

Wedepohl et a l .  (1972) pointed out that during d iagenesis  

barium is  e ith e r  gained or lo s t .
In shale the average value o f  the Ba content is  485 

ppm. Degens et a l. (1957) concluded that barium is  not 

an environmental in d ica to r . They added a lso  that Ba is  

associated  with oxides, hydroxides or carbonates.

Wedepohl et a l .  (1972) pointed out that b io t i t e  and K- 

feldspar are the most important ca r r ie rs  fo r  barium.

However, he reported  the high value in black shales is  

connected with the organic m ateria ls.
Table 9 in d ica tes  that there is  no d iffe re n ce  in 

barium content in fresh  water shales or marine sha les .

The high barium content w ithin the Lower Limestone Group 

shales is  probably re la ted  to  the large  amount o f  organic 

m aterial and is  probably present adsorped on c la y s , s in ce  

no b io t i t e  was id e n t if ie d  w ithin the associated  sandstones
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and sh a les  o f  the Lower Limestone Group. However, lo ca l 

concentration  o f  organic m aterials, the presence of 

oxides or hydroxides might a f fe c t  the concentration  of 

barium w ith in  the analysed sh a les .

Nickel

The average content of n ick e l in lim estones and 

d o lom itic  lim estones is  very s im ila r , 56 and 50 ppm, whereas 

the d o loston es  contain  much less  at 36 ppm.

Degens et aJ. (1957) and Wachs and Hein (1974) pointed 

out that n ick e l is  concentrated in marine organic matter. 

Thompson (1972) reported higher concentrations o f Ni in 

r e c r y s ta ll is e d  lim estones; 75-90 ppm. Weber (1964) 

found a d iffe re n ce  in Ni content between primary and 

secondary d oloston es, although, because o f  the d isp ersion  

of the data and the small number o f samples, the d iffe re n ce  

in Ni content is  not s ig n if ic a n t . However, he concluded 

that the source o f  Ni is  the organ ic m aterial and the 

c lay  m inerals.

The p lo tt in g  o f  the in so lu b le  residue against Ni 

content (F ig. 181 ) reveals a p o s it iv e  re la tion sh ip .

Therefore the Ni content w ithin the carbonate rocks of the 

Lower Limestone Group is  most l ik e ly  concentrated in the 

c la y  m inerals.
In shales the average value of n ickel is  108 ppm.

Degens et a l . (1957) concluded that marine shale is  more 

concentrated in Ni than fresh  water sha les . Wedepohl et a l. 

(1970) reported a high concentration  o f n ickel in su lphides.

The data shows that there is  no d iffe re n ce  between
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Ni content in the Lower Limestone Group marine and fresh  

water sh a les . The data a lso  shows that p y r it ic  shales 

contain a large amount o f  Ni. However, some o f  these 

shales are marine. Therefore i t  is  d i f f i c u l t  to  reach a 

conclusion  about the source o f the anomalous value o f Ni, 

but the o r ig in  o f  Ni as a whole could be related  to  c lay  

minerals, organ ic m aterials and p yrite .

Copper

The average Cu content of the limestones is  29 ppm, 

o f the d o lo m itic  Limestones is  34 ppm and o f  the dolostone 

is  24 ppm.

Wedepohl e t  a l. (1970) concluded that the accumulation 

o f  Cu in the sedimentary environment is  probably connected 

with d e t r lta l  m atter; iron  minerals. However, Wachs 

and Hein (1974) pointed out that Cu could be concentrated 

by organisms. Weber (1964) noted an average Cu content 

of 5.72 ppm .for primary dolostones and 6.74 ppm fo r  

secondary d o loston es , although he reported a high average 

value fo r  s i l t y  dolostones (160 ppm) and arg illa ceou s  

dolostones (6 8 .5  ppm). He added that the source of Cu 

is  mainly c la y  minerals and organic m aterial.

The p lo t t in g  o f Cu content against the in so lu b le  

residue (F ig. 182 ) shows a p o s it iv e  re la tion sh ip  which 

suggests that the c la y  minerals as the lo ca tio n  o f  th is  

element. However, the higher average o f Cu w ithin the 

carbonate rock s  of the Lower Limestone Group compared with 

the average va lue given by Wedepohl et a l . (1970) might
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suggest other source (s) o f Cu such as organic m aterial 

and/or iron  ox id es .

In shales the Cu content ranges from 36 ppm to  94 ppm 

with an average o f  65 ppm. The p y r it ic  shales have the 

highest Cu con ten t; 73-93 ppm. However, one n on -p yritic  

shale sample contains 94 ppm.

Wedepohl et j i l .  (1970) concluded that the bituminous 

shale conta ins higher Cu concentration  (average 95 ppm) 

than the non-bituminous shale (average 35 ppm) and that the 

source o f  Cu is  e ith er organic matter, p yrite  or clay  

m inerals.

I t  seems that c la y  and organic m aterial are the main 

loca tion s  o f copper in the analysed samples, whereas, the 

highest values (73-93 ppm) are due to  p yrite  content.

Cobalt

There is  no s ig n ifica n t  d iffe re n ce  in cobalt content 

between the analysed lim estones, d o lom itic  lim estones and 

dolostones (Table 7 ) and th e ir  average value is  13 ppm.

Wedepohl et a l. (1970) reported that coba lt may 

replace Fe2+ and Mg2+ cations as the ion ic  radius o f coba lt 

is  interm ediate between the ion ic  r a d ii  o f  these ions.

The in s ig n if ica n t  d iffe re n ce  in cob a lt content in  the 

d iffe re n t  carbonate rocks o f the Lower Limestone Group 

ind icates  that coba lt is  related  neither to  the type o f  

the carbonate fra c t io n  or to  d iagen etic  processes. However, 

the p lo tt in g  o f  cobalt against the in solu b le  residue 

(Fig. 183 ) shows a p o s it iv e  re la tion sh ip  suggesting that

it  is  concentrated within the c la y  fra ct io n s .







In shales the Co content ranges from 16 to  71 ppm 

with an average o f  28 ppm. No s ig n ifica n t  v a ria tion  

e x is ts  between the marine and non-marine group. The o r ig in  

o f Co is  most l ik e ly  the c la y  minerals s im ila r  t o  the 

carbonate rock s .

Zinc

The lim estone and the d o lom itic  lim estone rocks o f  

the Lower Limestone Group have nearly s im ila r  z in c contents, 

51 and 59 ppm re sp e c t iv e ly , whereas the dolostones have 

the lowest value, 14 ppm (Table 7 ) .

Veevers (1969) pointed out that there is  no re la tio n 

sh ip  between Zn and in so lu b le  residue and added that Zn
2+is  p o s it iv e ly  re la ted  to  dolom ite and Mg; Zn su bstitu tin g  

2+fo r  Mg . Wedepohl et a l (1970) re la ted  zinc content to 

the carbonate fra c t io n  and noted that Zn might enter the 

carbonate fr a c t io n  during d iagen esis . However, he did 

not exclude the e f fe c t  o f  organic m aterial in concentrating 

t h is  element and added that sulphate reducing b a cter ia  

could  concentrate Zn from natural waters, probably by 

sulphide p r e c ip ita t io n . Veevers (1969) and Wedepohl et &l. 

(1970) thought that z in c might be adsorped on the surfaces 

o f  c lays  during the d is s o lu t io n  o f carbonates. Weber 

(1964) reported  higher z in c  values in primary dolostone 

(1100 ppm) than in secondary dolostone (550 ppm) and a lso  

found high values in a rg illa ceou s  dolostone (5600 ppm).

He re la ted  the zinc t o  the c la y  and organ ic m aterials.

The p lo tt in g  o f  z in c  against magnesium content (Fig.
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184 ) revea ls  no c le a r  re la tion sh ip  between the two 

elements. However, the p lo t  o f zinc against insoluble residue 

(Fig. 185)shows a strong re la tion sh ip  which in d ica tes  that 

the zinc content is  re la ted  to  the clay  m inerals in the 

studied carbonate fa c ie s .  The low values o f z inc within 

the dolostone rocks are, most probably, due t o  their low 

concentrations o f  in so lu b le  residue. However, the 

abnormally high values might be due to  the a c t iv ity  o f the 

sulphate reducing b a cte r ia .

In shales the average content o f  z inc is  69 ppm.

Most o f the samples contain ing more than 70 ppm are p y r it ic , 

although some p y r it ic  shales contain  le ss  than 60 ppm and 

some non p y r it ic  shales have more than 70 ppm zinc (Table

9 ) .
Degens et a l .  (1957) stated that z in c is  concentrated 

in the organic fr a c t io n  o f  fresh  water sh a les . Wedepohl 

et a l . (1970) reported  an average o f 95 ppm in  non-

bituminous sh a les , whereas those having higher concentrations 

of organic m aterial contained up to  200 ppm. He considered 

the iron  m inerals and c la y  minerals to  be the main loca tion s  

o f  z in c  in non-bituminous shales.

It  seems to  be that the c la y  minerals are the main 

lo ca tion  o f  the zinc in the Lower Limestone Group shales. 

However, the highest values ( ^ 7 0  ppm) might be related  

to  the p y r ite  content and/or organic m ateria ls .

Lead

Average Ft) values are, fo r  lim estones 36 ppm, for  

dolom itic lim estones 38 ppm and fo r  do loston es  20 ppm.
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Veevers (1969) considered that Pb is  concentrated in 

the s o lu b le  f r a c t io n  o f  the carbonate rocks. Wedepohl 

et a l . (1974) sta ted  that c a lc i t e  and dolom ite cannot 

in corp ora te  appreciab le  concentration  o f lead, because sea 

and i n t e r s t i t ia l  waters usually  contain  very l i t t l e  lead.

He added that p lants can concentrate large amounts o f  Pb 

and he quoted KOster (1969) that the k a o lin ites  can have 

higher than 40 ppm lead.

The p lo t  o f  Pb against insoluble  residue in the 

carbonate rocks o f  the Lower Limestone Group reveals a 

p o s it iv e  r e la t io n s h ip  (Fig. 186 ) .  K aolin ite  was id e n t ifie d  

as the main c la y  mineral o f  the insolub le  residue. There

fo re , the Pb con cen tra tion  in the carbonate rocks is  most 

l ik e ly  re la te d  to  the k a o lin ite . However, the c o n tr i

bu tion  o f  lead from the organ ic m aterials should be taken 

in to  con s id e ra tio n  a lso .

In shales the average lead content is  51 ppm. Six 

samples con ta in  lead from 57 to  118 ppm; some o f  them 

are p y r i t i c .
Degens et a l .  (1957) and Wedepohl £ t  aJ. (1974) 

reported  a high con cen tra tion  o f  lead in shales r ic h  in 

organ ic m ateria ls . Wedepohl et a l . (1974) added a lso

that lead cou ld  be concentrated in p y r ite .

The main lo ca t io n  o f  lead in the Lower Limestone 

Group shales is  considered  in th is  study to be c lay  

m inerals (k a o l in ite ) ,  s im ila r  to  the carbonate rock s . The 

anomalous value ( ^  57 ppm) is  probably related  to  pyrite

con ten t, high con cen tra tion  o f  organic m aterial and/or 

c la y  m inerals.
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T ita n iu m

The analysed samples of the carbonate and shale 

sediments o f  the Lower Limestone Group, in d ica te  that the 

average d is t r ib u t io n  o f  titanium  (ca lcu lated  as TiOg) is  

0.16% ppm in  Lim estones; 0.13% in dolom ltic lim estone; 

0.05% in d o loston es  and 1.04% in shales.

Wedepohl et aJ. (1970) pointed out that titanium is  

found as a major con stitu en t o f oxide, t ita n a te  and 

s i l i c a t e  m inerals. He added that titanium usually  

su b stitu tes  fo r  Fe or Al. Veizer and Demovic (1973), 

re la ted  the titanium  concentration  to  in so lu b le  fra c t io n s . 

They reported  that T i can be used as an in d irect  measure 

o f  the amount o f  4  2 u c lay  fra ct io n . Weber (1964) 

ind icated  an average o f  202 ppm in primary dolostones, and 

187 ppm in  secondary d oloston es. Although he re ferred  

the titanium  con cen tra tion  mainly to  the c la y  fra ct io n s , 

he added the p o s s ib i l i t y  that organic matter may concen

tra te  th is  elem ent.
P lo tt in g  T i0o against the insoluble  residue shows a 

p o s it iv e  r e la t io n s h ip  (Fig. 1 8 7 ) .  Titanium bearing 

m inerals (e .g .  R u tile  and Anatase) were id e n t ifie d  in the 

sandstones associa ted  with the studied carbonate and shale 

sedim ents. Therefore, most o f the titanium  is  probably 

concentrated in c la y  minerals (k a o lin ite s ) and/or other 

d e t r it a l  in so lu b le  fra ct io n s  such as t ita n a te  or oxide 

m inerals.
In sh a les , the data revea ls that non-marine shales 

contain  more titanium  than marine shales. This is  most
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l ik e ly  due t o  the higher percentages of d e t r i t a l  minerals 

(e . g . k a o l in it e ,  t ita n a tes  and oxides) in non—marine than 
marine sh a le s .

5.3 MAJOR ELEMENTS

Manganese

The Mn d is tr ib u t io n  in the so lu b le  fra c t io n s  and the 

whole rocks o f  the carbonate o f the Lower Limestone Group 

is  presented in  Table 7 . The analysed samples (XRF 

re su lts )  revea l that the average Mn content in lim estones 

is  2685 ppm, in  d o lom itic  lim estones is  3182 ppm and in 

doloston es is  5618 ppm.

Veevers (1969) concluded that the concentration  o f Mn

is u su a lly  proportiona l to  Fe and both o f them are

concentrated  in the in solu b le  residue. B encin i and Turi

(1974) reported  that Mn can be transported as adsorped
2+on c la y  m inerals and could be substitu ted  fo r  Ca in 

c a lc i t e  s tru ctu re  rather than aragonite s tru ctu re  during 

d ia g en es is . They pointed out that d o lom itisa tion  did not 

produce a s ig n if ic a n t  change in Mn content. However, Rao 

and Naqvi (1977) reported a more than three fo ld  increase 

in  Mn content in dolostones compared with th e ir  lim estones 

in the Lower Ordovician sequence o f  Tasmania, A ustralia . 

Weber (1964) noted that no s ig n if ic a n t  d iffe r e n c e  in  Mn 

content between primary and secondary d oloston es  and he 

re la ted  the Mn content to  the dolom ite s tru ctu re . However, 

he added a lso  that a rg illa ceou s  dolostones contained a 

higher Mn content (640 ppm) than primary and secondary
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dolostone (245, 237 ppm re s p e c t iv e ly ) .

The p lo t o f  Mn against the insoluble  residue (F ig. 

188) in n o n -s id e r it ic  rocks in d icates  that there is  no 

re la tion sh ip . However, the p lo ttin g  o f Mn against Fe and 

Mg revea ls  a p o s it iv e  re la tion sh ip  (F igs. 189, 190). The 

petrography o f  the carbonate indicated that the samples 

in which the groundmass is  composed mainly o f  highly 

ferroan c a l c i t e  have more Mn than the samples in which 

the groundmass is  composed mainly o f  non-ferroan c a l c i t e .  

The ferroan c a l c i t e  is  interpreted  as the resu lt o f  la te  

d iagen etic  p rocesses (see Chapter 3 ) .  Samples F10 and 

F47, taken as examples, have a groundmass which co n s is ts  

mainly o f  non-ferroan c a lc i t e ,  although they contain  a 

very small amount o f  ferroan dolom ite (the presence o f  

dolom ite is  in terpreted  to  increase the Mn co n te n t). The 

Mn and Fe contents o f  these two samples are lower than 

the non -dolom itic rocks (e .g . GBi, GB6, GB7, GS61) in 

which the groundmass is  composed mainly o f  ferroan c a lc i t e .  

High value o f  Mn and Fe were obtained in the dolostone 

rocks which are mainly o f  ferroan dolom ite type (Table 7 ).

The d iscu ss ion  o f  the carbonates (Chapter 3) 

suggested that the carbonate rocks were deposited as 

aragonite which la te r  changed by d iagenesis in to  low- 

magnesian c a l c i t e .  The analysed values fo r  Mn indicated  

unusually high values which are not expected in aragonite 

m inerals. Therefore the high amount o f  Mn in the studied 

n o n -s id e r it ic  carbonate rocks probably is  due to  

su b stitu tion  o f  Mn2+, which was probably adsorped on the
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clay m inerals, fo r  Ca2+ and Mg2+ in c a lc i t e  and dolom ite 

structures during la te  d iagen etic  processes. The high 

values o f  Mn in  the s id e r it e  bearing carbonate fa c ie s  are 

probably re la ted  t o  the high concentration  of Mn within 

the s id e r it e  s tru ctu re . Deer et _al. (1966) reported that 

both Mn2+ and Mg2+ could be substitu ted  fo r  the Fe2+ in 

s id e r it e .

In shales the manganese ranges from 222 t o  2645 ppm

with an average o f  909 ppm. Bencini and Turi (1974)

explained the Mn enrichment in the Posidonia Marls o f the

Tuscan sequence (M esozoic), Lima V alley , Northern

Apennines, as due to  adsorption on c lay  m inerals. They

added that reducing con d ition s  a fte r  d ep osition  allowed a 
o  i 9 +large amount o f  Mn to  su bstitu te  fo r  Ca in  the c a lc i t e  

s tru ctu re .
The h ighest value o f  Mn was recognized in  calcareous,

s id e r i t i c  and some p y r it ic  sha les . The shales o f the

Lower Limestone Group contain  a lo t  o f  organic m aterial.

The d iscu ss ion  o f  the ironstones (Chapter 4 ) revealed

that the decom position o f  the organic m aterials consumed

the oxygen and reducing environment were produced and

s id e r i t i c  and/or p yrite  were produced depend on the rate

o f  sedim entation, and sulphide and carbonate a c t iv i t ie s .

I t  is  suggested that most o f  the Mn within the analysed

shales is  adsorped on c la y  m inerals. However, the highest
2+values are most l ik e ly  due to  the ava ilab le  Mn being 

substitu ted  fo r  Ca2+ in c a lc i t e ,  Fe2+ in s id e r ite  and, to  

le ss  extent, Fe2+ in p y r ite . Deer et a l. (1966) pointed
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out that th e  replacement o f Fe2+ by Mn2+ in p yrite  is  

very lim ite d .

Iron

The average values o f the iron  are, fo r  limestone 

1.52%, f o r  d o lom itic  lim estone 1.72% and fo r  dolostones 

2.67%.

Veevers (1969) indicated that iron might be located  in

the in so lu b le  residue whereas Wedepohl et a l .  (1970) noted 
+2 +2that Fe could rep lace  Mg in  dolom ite structures 

because o f  the c lo s e  s im ila r ity  between the r a d ii  o f  the 

two io n s .

The p lo t  o f Fe and I.R . (F ig . 191 ) shows a weak 

p o s it iv e  re la tio n sh ip  which is  b e tte r  shown in the region  

o f  30% in so lu b le  residue and 2% Fe. The p lo t  o f Fe 

against Mn suggests a p o s it iv e  re la tio n sh ip  (F ig .192). The 

d iscu ss io n  o f  the Mn revealed that Mn entered into carbonate 

minerals during la te  d iagen etic  processes. However, the 

d iscu ss io n  o f iron  in the dolom ite se ct io n  (Chapter 3) 

revealed that iron  entered e a r ly  in to  carbonate m inerals.

I t  is  suggested that the lo ca t io n  o f the iron in the 

studied carbonate rocks is  the la te  d iagen etic  ferroan 

c a lc i t e ,  iron  oxides, p yrite , s id e r it e  and the c la y  

m inerals. For the dolom ite bearing rocks the iron  

probably replaced Mg2  ̂ in the d o lom itic  stru ctu re  e a r lie r , 

before the s ta b il is a t io n  o f  the carbonate minerals, and 

during la te  d iagen etic  p rocesses.

In shales the iron  ranges from 0.55% to  13.16% with 

an average o f  3.5%. The h ighest values are present in
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the s id e r it e  and p y r it ic  bearing shales. The lo ca tio n  of 

the iron  in shale is  probably sim ilar to  the carbonate 

rocks i . e .  iron  oxides, p yrite , s id e r ite  and the clay  

m inerals. However, in marine shales Fe is  probably
O i

located  in  c a l c i t e  by su b stitu tion  for  Ca .

5.4 HORIZONTAL AND VERTICAL VARIATIONS

Ba, Sr and Mn, which are not related  to the in so lu b le  

residue, and Rb and Zn which were randomly selected  from 

the tra ce  elements having a p o s it iv e  re la tion sh ip  to  the 

in so lu b le  residu e, were chosen to  see i f  there are any 

h orizon ta l v a ria tion s  within two se lected  carbonate u n its ; 

the Hurlet and B lackhall Limestones.

The p lo tt in g  o f  the data (F igs. 193 -  201) 

revea ls  no s p e c i f i c  trends . The d is tr ib u t io n

o f these data a lso  in d ica te  that Zn, Ba, Rb and Mn varied  

randomly w ithin the Hurlet Limestone and Blackhall 

Limestone. The random varia tion s  in Zn and Rb are 

co n tro lle d  by the in solu b le  residu e; in Ba are co n tro lle d  

by the degree o f d iagenesis and in Mn are con tro lled  by 

s id e r is a t io n , d o lom itisa tion  and other d iagenetic p rocesses. 

The p lo tt in g  a lso  revea ls  that Sr values are almost 

constant w ithin the Hurlet Limestone and to  a le sse r  

extent w ithin the top  o f the B lackhall Limestone, and are 

more v a ria b le  w ithin the base o f  the Blackhall Limestone. 

The constant values of Sr w ithin the Hurlet Limestone 

probably in d ica tes  that Sr is  re la ted  to  the carbonate 

fra c t io n . However, the va ria tion s  w ithin the B lackhall

►.:v 4
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Fig. 197 Map showing the d is tr ib u t io n  o f Rb in the
B lack h a ll Limestone (B.K.) Values of the top o f BK

Values o f the base o f B*.



F ig. 200 Map showing the d is tr ib u t io n  o f  Ba in the B lackhall 
Limestone. Values from the top  o f  B.K.

Values from the base o f  B.K.
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F ig. 200 Map showing the d is tr ib u tio n  o f  Ba in the Blackhall 
Limestone. -- Values from the top  o f  B.K.

Values from the base of B .i .
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Limestone might be re la ted  to  d iagenesis. It was found 

p etrograp h ica lly  that d iagenesis a ffected  the base of 

the B lackhall more than the top o f the Blackhall which, in 

turn, was a ffe c te d  more than the Hurlet Limestone.

Four s tra tig ra p h ic  section s  were chosen to  show i f  

there is  any v e r t ic a l  va ria tion  within the d ifferen t 

carbonate un its o f  the Lower Limestone Group (Figs. 202-205). 

For th is  purpose, Sr, Mn and Ba. which are not related to  

in so lu b le  residu e, and Rb, R> and Ti, which have a p os itiv e  

re la tio n sh ip  t o  the insolub le  residue, were chosen. The 

same con clu sion  concerning the va ria tion  of these elements 

h o r izo n ta lly  could be applied t o  the v e r t ic a l varia tion s.

The trend o f  va ria tion  o f  Ft>, Rb and Ti fo llow s the trend 

o f the in so lu b le  residue, whereas Sr, Mn and Ba do not.

5.5 CONCLUSION

The analysed trace  elements Ni, Cu, Zn, Pb, Co. Ti 

and Rb are concentrated in the insoluble  residue of the 

carbonate rock s . This suggests the p o s s ib il ity  that c la y  

minerals are the main source fo r  these elements. However, 

rubidium is  considered to  be contributed from d e tr ita l 

m uscovite. Organic m aterial may also concentrate these 

elements and p oss ib ly  be resp on sib le  fo r  the anomalous 

values o f these elements in comparison to  average value 

given by Wedepohl _et _al. (1970, 1972, 1974) and Weber 

(1964).
No re la t io n sh ip  e x is ts  between the insoluble residue 

and Ba, Sr and Mn, which suggests that they are concentrated
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Fig. 204 Vertical variation of some of the analysed elements, TiOg and insoluble residue 
(I.R.). 

Scale: 
1 cm - 10 m (non carbonate); l cm - 1 in (carbonate).
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Fig.205 
Vertical variation of some of the analysed elements. 

TiOg and insoluble residue 
(I.R. ). 

Scale: 
1 cm - 1 m for carbonate and the shales between Hu & B-K.

1 cm - lO cm for deltaic 
sediments (D).
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within the carbonate fra ct io n . Barium which is  thought 

to be adsorped on c la y  minerals seems to  enter the 

carbonate fra c t io n  during r e c r y s ta ll is a t io n . Iron is  

probably located  in  the la te  d iagen etic  ferroan  c a lc i t e ,  

dolom ite (early  and la te  d ia g e n e tic ), iron  oxides, p yrite , 

s id e r ite  and c lay  minerals.

Sr is  reported to  be high in aragonite and low in 

c a lc i t e  minerals ( c f .  Veizer and Demovlc, 1973), whereas 

Mn is  high in c a lc i t e  and low in aragonite ( c f .  Bencini 

and Turi, 1974; Rao and Naqvi, 1977). In the carbonate 

rocks o f  the Lower Limestone Group, both Sr and Mn are 

high. However, the dolostones have low values o f  Sr 

(Table 7 ) .

Rao and Naqvi (1977) reported a p o s it iv e  re la tion sh ip  

between Sr and Mn in the Lower Ordovician sequence o f  

Tasmania, A ustralia . They re la ted  th is  re la tion sh ip  to  

the mixing of con tin en ta l sa lin e  brine and marine brine 

which induced d o lom itisa tion . They stated that (p.1047) 

"High Mn content in  the dolom ites is  probably due to  

higher s a lin ity  o f  the con tin en ta l brines which were 

capable o f  leaching Mn from the adjacent terrigenous 

e la s t ic s  under reducing co n d it io n s" . They added that 

Sr is  le ss  concentrated in the con tin en ta l brines than 

in the marine b r in es .
In the Lower Limestone Group, Sr has a p o s it iv e  

re la tion sh ip  with Mn in the lim estones and dolom itic  

lim estones, whereas no re la tio n sh ip  e x is ts  in the dolostones 

(Fig. 206 ) .  The p o s s ib i l i t y  o f  los in g  Sr during
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d ia gea esis  is  reported by many authors (e .g . Weber, 1964; 

Thompson, 1972) whereas no such loss  was reported with 

respect t o  Mn during d iagen esis . On the contrary Mn could 

increase during d iagenesis, since Mn, together with Fe, 

su b stitu tes  fo r  Ca and Mg in the form ation o f ferroan 

carbon ates .

The rocks in which the groundmass is  composed mainly 

o f  neomorphic ferroan c a lc i t e  contain more Mn than those 

in which the groundmass is  composed mainly o f non-ferroan 

c a l c i t e .  This suggests that Mn enters the c a lc i t e  

s tru ctu re  together with Fe (and also the dolom ite structure) 

during la te  d iagen etic  r e c r y s ta ll is a t io n . This probably 

explains the unusual high amount o f  Mn and the p o s itiv e  

re la tio n sh ip  between the Sr and Mn in the Lower Limestone 

Group sediments.

No d iffe re n ce  in tra ce  elements has been found 

between the marine and non-marine sha les . The c la y  

m inerals are thought to  contain  Ba, Ni, Cu, Zn, Pb, Ti and 

Mn in th is  study. The anomalously high values fo r  Ni,

Cu, Zn and Pb are probably due to  in corporation  in organic 

matter and/or p yrite  and fo r  Mn and Fe is  c a lc i t e ,  s id e r ite  

and p y r ite . Muscovite is  considered to  be the main 

lo ca t io n  of the rubidium and k a o lin ite  o f the Fto. The 

carbonate fra ct io n s  are considered as the main s ite s  of 

the Sr in the marine shales together with muscovite and 

K -fe ld sp a rs . In the non-marine fra ctio n s  muscovite and/ 

or K -feldspars are considered to  be the main Sr bearing 

m inerals.

i il?.- 4 • ^i + • * j •: j  ‘
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APPENDIX I

HEAVY MINERALS STUDY

Henningsen (1967) indicated  that the crushing o f  

indurated rocks does not a f fe c t  the heavy mineral frequency 

and he recommended crushing in an e le c t r i c a l ly  powdered Jaw 

Crusher with a minimum opening o f  5 mm. Carver (1971) 

recommended the heavy mineral s ize  fra c t io n  between 20 to 

30 as being most representative  o f  the source area.

The sandstone studied fo r  heavy minerals are highly 

indurated. They were crushed in a Jaw Crusher with a 5mm 

opening. The d isin tegrated  samples were crushed ca re fu lly  

w ith rubber r o l l in g  pin to  d is in tegra te  the aggregations 

or uncrushed fragments. The samples were washed with 

water and the c lay  fra ction s  and im purities were siphoned 

o f f .  The powdered, dried  samples were then seived and the 

20 to  30 s iz e  fra ction s  were chosen fo r  heavy mineral 

study. Bromoform o f  s p e c i f i c  gravity  2 .89  was used to  

separate the lig h t  fra ct io n s  from heavy minerals. Micro

sco p ic  observations in d ica te  that a l l  the heavy minerals 

were sta ined with iron oxide which made th e ir  id e n t if ic a t io n  

d i f f i c u l t .  Jain (1972), in h is study o f  the Precambrian 

Gamri Q uartzite, bo iled  the heavy mineral fra ction s  with 

HC1 t o  remove the iron oxide pigments. Carver (1971) 

in d icated  that the treatment o f  the heavy minerals with HC1 

cou ld  e f fe c t  the apatite  and some opaque minerals.

The studied heavy minerals were investigated  for 

ap a tite  and no in d ica tion  o f  i t  was observed. Therefore, 

part o f  the heavy mineral fra ction s  were treated with 10%



HC1 and heated ca r e fu lly  u n til  the iron  oxides were removed. 

The heavy m inerals were mounted in o i l  (the same re fra ctiv e  

index as Canada balsam) and studied under the m icroscope.
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APPENDIX II 

STAINING

Four methods o f  sta in in g  were used to  s e le c t  the one 

a p p licab le  to  the study o f  these carbonate rocks. These 

a r e :

1 -  Evamy (1963) method

The so lu tion  o f  th is  method is  prepared by mixing 0.2%

HC1 with 0.2% a liza rin  red Sand 0. 5-1.0% potassium 

fe rr icy a n id e . With th is  method the non-ferroan c a lc i t e  

g ives  a red colour and Fe-poor to  F e-rich  c a lc i t e  gives 

mauve to  purple. I t  was found very d i f f i c u l t  to  d if fe r e n t ia te  

between non-ferroan and ferroan  c a lc it e  when th is  method was 

used.

2 -  Dickson (1965) method
The so lu tion  o f  th is  method is  prepared by mixing 0 .2  

gm a liz a r in  red S per 100 c c  and 1.5% HC1 and 2 .0  gm 

potassium ferr icya n id e  per 100 cc and 1.5% HC1, in  which 

3 parts o f  a liz a r in  red S was mixed with 2 parts o f  

potassium ferr icya n id e . The app lication  o f  th is  method 

re su lts  in  part o f  the s h e l l  fragments and some o f  the 

c a lc i t e  grains remaining co lo u r le ss , as i f  they were non— 

ferroan  dolom ite. This is  probably due to  the use o f  

r e la t iv e ly  strong HC1 (1.5%) which reacts s tron g ly  with the 

rocks and removes the pigments produced by sta in in g  and 

consequently the c a lc i t e  does not sta in .

3 -  Davies and T i l l  (1968) method

This method fo llow s D ickson 's (1965) for  preparing
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the so lu t io n  and is  recommended for p e l ls .  The application  

o f  t h is  method gives the same resu lt which is  obtained by 

D ick son 's  (1965) method.

4 -  Katz and Friedman (1965) method

This method mainly follow ed Evamy's (1963) method and 

the sta in in g  so lu tio n  was prepared by d isso lv in g  5 gm o f 

potassium ferr icya n id e  and 1 gm o f  a liza r in  red S in a 

d i s t i l l e d  water contain ing 2 ml concentrated HC1. The 

so lu tio n  was warmed to  40°C. Whether polished rocks or 

s l id e s  were stained the time used fo r  sta in ing  is  4 minutes.

This method was used and i t  was found applicable to  

d i f fe r e n t ia t e  the carbonate minerals in the Lower Limestone 

Group. This is  probably because o f  the longer time o f  

s ta in in g  (4 minutes) and the low concentration  o f  HC1 (0.2%). 

The etching so lu tio n  used is  10% HC1 for  the polished rocks 

as recommended by Katz and Friedman (1965) and 1.5% for 

s l id e s  as recommended by Dickson (1965).
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APPENDIX III 

INSOLUBLE RESIDUE

The amount o f  in so lu b le  residue was determined 

according to  the method o f  Bisque and Lemish (1959) as 

fo l lo w s :
10 gm o f  the powdered sample was d isso lved  in 3 NHC1 

fo r  h a lf  an hour at 60°-80°C . Some o f  the samples, 

e s p e c ia lly  the d o lom itic  rocks, were analysed by x-ray 

d i f f r a c t io n  t o  check that a l l  the carbonate had d isso lved . 

The in so lu b le  residue was then weighed and reca lcu la ted  

to  a percentage.
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APPENDIX IV 

CLAY MINERALS

The Ostrom (1961) method was follow ed for  the separation  

o f  c la y  from the carbonate in th is  study. He recommended 

0.3M a ce t ic  acid  to  d isso lv e  the lim estones and 0.11 M HC1 

to  d is s o lv e  the d o loston es . The steps fo r  the d isso lv in g  

o f  carbonates and calcareous shales are as fo llow s :

1 -  20 g o f  the powdered sample were placed in 500 ml 

beaker and 200 ml o f  0 .3M a ce tic  acid, i f  the rock was 

lim estone, or 0 .11  M HC1, i f  the rock was dolostone, were 

added.

2 -  The mixture was s t ir re d  u n til the reaction  ceases. 

The liq u id  decanted and the processes repeated u n til the 

re a ctio n  had com pletely ceased. This process usually takes 

more than a day.

3 -  The liq u id  was separated from the so lid  by f i l t e r in g  

and dried  at room temperature and the powder was examined

by the XRD to  ensure the d isso lv in g  o f  the carbonate.

For preparation o f  orien ted  s lid e s , Gipson's (1966) 

method was used as fo l lo w s :

1 -  The powder was placed in  1000 ml. graduated cy lin d er 

and d is t i l l e d  water was added.

2 -  The mixture was s t ir r e d  and then allowed to  s e t t le  

fo r  approximately s ix  hours. A ll the m aterials greater 

than 0.002 mm in  diameter would have se tt le d  below a depth 

o f  10 cm at the end o f  s ix  hours.
3 -  Glass s lid e s  were mounted on inverted p e tr i dishes
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and placed on the bottoms o f  one l i t r e  beakers.

4 -  The suspension was allowed t o  s e t t le  overnight 

or for  about 12 hours.

5 -  The remaining suspension was then siphoned from 

the beaker c a r e fu lly  (not d istu rb in g  the s l id e s ) .  The 

s l id e s  were removed from the inverted p e tr i-d ish e s , dried 

at room temperature and analysed by x -ray d i f f r a c t io n .

6 -  The same s l id e s  were heated fo r  550 c fo r  one 

hour a fte r  they had been analysed by x -ray  d i f f r a c t io n  and 

then reanalysed by the XDR. This is  to  d if fe r e n t ia te  7°A 

c h lo r it e  peak from 7°A k a o lin ite , the heating destroyed 

th e  k a o lin ite .
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