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ABSTRACT

This study investigates the nodular and stratified carbonate
beds in the Ballagan Formation, in the Western Midland Valley of
Scotland. The Ballagan Formation, which also includes lutites and
guartz arenites, lies stratigraphically between the Upper 01d Red
Sandstone and the Spout of Ballagan Sandstonme: 1t constitutes the

lower-most part of the Calciferous Sandstone Measures.

Micruscnpic‘examinatinn af thin sectibns showed that the
carbonates comprise mainly three microfacies which are subdivided on
the basis of fabric and crystal-size. Microfacies A is the

finest-grained and fram it the ather twa have diagenetically

evolved, through neomorphism (Microfacies B), and metasomatism and

segregation (Microfacies C). Microfacies B has resulted from

multiple neamorphic stages as indicated by crystal-size variation.
As a result of neomarphism, clay has concentrated in the inter-
crystalline boundaries, leaving the new crystals slightly clearer

than their precursors. Microfacies C has developed in two ways:

(1) metasomatism and (2) segregation. Calcitization of dolomitic

beds and segregation of calcite in an original argillaceaus

sediment, both produced Microfacies Ce The cuntrnlling factors

over these processes are unknown.

Shrinkage cracks, cavity-cement, and veinlets are common

features in both stratified and nodular carbonates. Poorly

preserved /

XI



preserved laminations are uncammon in the untreated rock specimen,
- but are common in thin section. UWhilst it is difficult to prove
an algal origin for these structures, they morphalogically

resemble algal laminatians.

Calculation of mineral proportions from chemical analyses by
X-ray fluorescence show that c 86% of the carbonate beds contain
more than 50% of the mineral dolomite, therefnre, they are generally
dolomites by definition, with minor limestone occurrences.
Terrigeneous material content is composed malnly of clay minerals;
illite, chlorite, and montmorillonite with common quartz. Gypsum is

a minor lithology in the rock assemblages.

Electron microprobe analysis has shown that crystals of bath

* Microfacies A and B are composed mainly of dolomite, the crystals of
the first contain more clay than those of the latter. ﬁrystals of
Microfacies C are composed of calcite. Probing of veinlets con-

firmed a wide range of mineral compasitions.

frnm a consideration of the finerness, bed-thickness, structures,
faunas, composition, rock-association aﬁd lateral facies relation-
ships, these beds are thought fu have formed in a lagoonal environ-
ment. 0On the seaward the lagoan ua; probably bounded by sand bars;
on the landward by caliche pavements and alluvium. The best
analogous environment is seen in the Coorong, S. Australia, where
fine dolomitic beds are laid down during the wet season and

desiccated during the dry.

XII1



CHAPTER ONE

INTRODUCTION .

1.1 The General Naturse and Distribution of the Ballagan Formation

The Ballagan Formation known as the Ballagan Beds or the

" Cementstone Group, comprises a rapid altsrnation of carbonates
(predominantly doloaitas), lutites and sandstone. The outcrops of
the strata in the west of the Midland Valley ars shown in Figure 1.1.
These strata constitute the lower-mostbpart of the well known
Calciferous Sandstone Measures of the lowser Carboniferous system in

Scotland (Figure 1.2).

In the study area, where the formation bass is exposed, it is
found underlain by rocks assigned to the Upper 0ld Red Sandstone.
However, the contact between the two suites of rocks is transitional -

and usually concealsd.

The formation is capped eithef by the Spout of Ballagan Sand-
stone (or its squivalent the Downie's Loup Sandstons), or the
Clyde Plateéu Lavas, the latter replacing it completely in some
places. As with the base, the overlying sediments are not always

present,

The succession is generally characterised by the frequent

occurrence/
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occurrence of sandstons horizons towards the base, and their
scarcity in the upper part, and by the wide range of lutites

thickness at the lower part, compared with that of the upper part.

The lutites constitute the highest proportion of the succession

in terms of both number of occurrences and thickness. They contain

gypsum shests filling vertical and diagonal joints and'along

bedding planes. . The carbonates occur in nodular and stratifisd

form, they are usually relatively very thin. They ars generally

cracked and contain secondary minerals, such as calcite; dolomite;
gypsum; celestine; and baryte, in the form of veinlets and cavity-

cement., Some layers ars brsceciated as they'ara found composed of

concentrations of carbonates in an argillacecus matrix.

There is no ssction with complats exposure through the whole

Ballagan Formation.

exposed in some placss.

However, parts of the sequence are very well -

1.2 Arsa of Investigation

The area included in the present study is located in the
northusst of the Midland Vallesy of Scotland and lies between

Glasgouw: 5tiriing~and Greenock (Figure 1.3). Several natural

exposurss in this area are involved in the investigatian, where

detailed logging is possible.

1.3/
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1.3 History of Previous Work

The work on the Ballagan Beds daposité in the study area was
begun around the middle of the nineteenth century. Young (1860)
published his paper titled "Geology of the Campsie District" as
the first edition of the Transactions of the Glasgow Geoclogical
Society. These deposits were described in Ballagan Glen, their
type ldcality, as the finest section whers a succession of inter-
bedded limestone, sandstone and marly shals is seen capped by massive

beds of uhita‘sandstone;

Young (1867) subssquently publishea the same paper in a
revised form.as a result of more work being carried out. Ths
cementstones wserse described as nodular and laysred, quits amorphous
in structure and mainly grey in colour. Horizontal, whits fibrous
and nearly vertical, red gypsum layers were recorded. Chemical
analysé; showed that these cementstonss cdﬁtain ﬁatween 23 and 27
per cent weight lime and betwsen 14 and 17 per cent weight magnesia.
It was'suggested fhat the cementstonss formed from the segregation
of a dolomitic mud, the dolomitization of this mud, was thought
"Must have taken place at, and not subssquent to, their deposition”

p.212.

Bailey (in Clough et al, 1925) studied the sams succession of

the Ballagan Beds deposits in Glasgow arsa. In the type section,

100 distinct bands of cementstones were counted, in a sequence of

these/



these beds about 7ﬁ metres thick. Their alternating character was
considered as a rhythm attributed to a seascnal change which was
believed to be of a geographical rather than climatic oscillation.
It was noticed that the position of the Ballagan Beds sediments,

is taken by volcanic rocks in the Garrel Burn with only a few

intercalations of shale and cementstones present.

Thg Spout of Ballagan Sandstone,Awas the name given to the
sandstone that overlies the Ballagan Beds in parts of their
outcrops. The contact of the Ballagan Beds deposits with both
sandstones above and below them, was considered to be gradational
since they are found to interlsave with sach other, in a thickness
of about 6 to 9 metres at these 6ontacts. It was suggested that
the cementstones wers the product of chemical prqcipitation, in a
 land-locked lagoons, as a résult of concentration of the waters,

in these lagoons, during periods of droughi.

Ngcgragor (1930) in his study of the Scottish Carboniferous
Stratigraphy stated : "The pictﬁre, we thus gatﬁer of the physio-
graphic conditions, under which the Cementstone Group of the
Midland Valley was formed is that of a fringe of a continental
arsa, before its submergence under the waters of the Carboniferous
sea. It held a series of lagoons or sheets of brackish water,

separated/



separated by land-barriers of older rocks, and subject to periodic
desiccation; ..... The climate was arid or semi-arid, with
infrequent but torrential rains, which renewed and extended the

waters of the lagoons, and cut temporary out flows to the sea."

Muir et al (1956) described the cementstones as consisting of
micrograined dolomite with varying proportion of angular detrital
guartz, and argillaceous material. The Ca0/Mg0 ratio for specimens

analysed was found to vary between 1.3/1.0 and 2.4/1.0.

George (1958) suggested thét the layered cementstones were
in part chemically precipitated, as lagoonal deposits in hyper-
saline pans of wide extent, but very shallow depth, Their marine
origin was attributed to marine infiltration of these lagoons
where evapofation, loss of carbon dioxide and desiccation were a
constant featurs. The cémentstones were compared with dolomites

of back-reef lagoons and the Zechstein sea.

Freshney (1961) studied the Ballagan Beds deposits on both
sides ﬁf the Clyde, that is to say, Glasgow and Ayrshirs reqgions.
He believed the deposits to rest srosively on Upper 0ld Red Sand-
stone. While the cementstones of Glasgow area were found devoid
of any faunal content, theose of the Ayr area contain a marine fauna

of ostracods and brachiopods.

A shallow, semi-restrictsd evapofite lagoon was suggested as
the environment of deposition, in which ths cementstones

accumulated/



accumulated as dolomitic or high magnesian marls and limestones.
The assumed restricted connection of such lagoon with the open sea,

is believed to be'in the region of the North Channel between

Northern Ireland and Scotland,

Current directions, heavy mineral asssmblages, pebbles, and

the presence of out-wash fan depoéits in places, were used to derive

the local palasogsagraphye. He envisaged a shore-lins during the

cementstones time to the north~west of Glasgow region, and in the

south, along the line of the Straiton Fault and its extension north-

east of Cumnock and north-west of Dailly.

Belt et al (1967) compared cementstones on both sides of the
Atlantic, although they werse fouhd to be similar almost in every
aspect, a non-marine environment of deposition, was propased for
the Canadian cementstonss and a marginal to rsstricted marine |

envirorment for thoss of the British Isles.

Read (in Francis et al., 1970) investigated the Ballagan Beds

deposits in Stirling District. Description of cores from Stirlingv

No. 1 Bors, showed that the cementstones have irregular basss, and
their contacts with the underlying and overlying shales 1s
gradational. Brecciation is well displayed as fragments of

relatively pure carbonats ars found floating in a more argillaceous

matrix. Cementstones 1in the bore proved to contain tarrigendus

material in excess of that present in those in the natural outcrops.
Beds with tesrrigencus material concentrations in the form of lamineas,

contain/



contain obscured, thin-shelled sphercidal and vermiform bodies,

which were considered of organic origin.

A rectilinear pattern of cracks, present in some beds, filled
~with either more sandy carbonate or coarse-grained carbonats, have

been intsrpreted as being of desiccation origin.

Two types of nodules were identified, displacive and replacive,
both, however, were considered of secondary origin. A secondary
origin was also proposed for the laysred cementstones in the bore

but a primary one for those in the outcrop.

The sandstone that overlies the Ballagan Beds strata, wes named
the Downis's Loup Sandstone, which is eguivalent to the Spout of

Ballagan Sandstone in Glasgow area (Figurs 1.2).

Browne (1980) studied the Ballagan Beds deposits, which he
now cails the Ballagan Formation, in the Firth of Tay of Scotland.
Aﬁis work was concerned meinly with the study of data provided by
five bbra—holes, in which these sediments were encountered, small
outcrops have also been investigated. The cementstones wsre
divided into three main types, which‘are found to grade into one
another, these are : Massive béds; laminated beds; and nodular beds.
The Ballagan Formation was divided into three members, in

ascending order, they are : Mains of Errol; Oron and Newburgh.

The/
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The maximum thickness of an individual cementstone layer was
found about 1.64 metres. Algal structures were rarely found present,
while estheriids;ostracods; and Spirorbis were found present in

~some samples.

The cementstones wers found to consist predominately of micro-
crystalline ferroan - dolomite, miﬁot bands ars composed exclusively
of microcrystalline calcite. In the bedded varisties, the deﬁrital
material is present in the form of laminas and isolated grains, soms:

of the latter appears to be etched.

1.4 The Research Rroblem

The revisw of the history of the praviou; erk on the Ballagan
Formation deposits, in the study area, indicates that the strati-
graphy has been well studiedf Almost all worksrs wers satisfied
with a brief daescription of the lithology, without intensive study
of petrography and geochemistry. Geochemistry is a very important
aspect of the work. Thersfore, the chemical changss, both laterally

and vertically in the sequence need to be investigated.

The present study concentrates mainly on the investigation of the
petrography and geochemistry of the carbonates, in an attempt to
"recanstruct their original'state and consequently, their depositional
;nvironment. In geochemistry, howsever, the bulk rock compasition
will be examined by the use of X-fay fluorescence and electron

microprobe respectively. Studies of the diagensetic sequsnce will

also be undertaksn. .
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CHAPTER TwD

STRATIGRAPHY

The Ballagan Formation (Browne, 1980) known also as the
Cementséone Group, constitutes the lower-most subdivision‘of the
Calciferous Sandstone Measures (Macgregor, 1960). Its distribution
in the western part of the Midland Valley of Scotland is shouwn in
Figure 1.1, whersas its pesition in the Carboniferous succession

is shown in Figure 1.2.

The formation consists of an alternation of lutites (mudstones
and shales),.which make up the highest proportion in terms of
thickness, layered and nodular carbonatas (sligﬁtly dolomitic
limestones and calcitic dolomites, both argillacsous); and laés

common, sandstons.

2.1 The Base of the Ballagan Formation

Tﬁe boundary between.the Ballagan Formation and the Upper 0ld
Red Sandstons deposits is transitional so that the identification of
the base of the Ballagan Formation is extremely difficult (see alsc
Young, 1860; Baile} in Clough ét al, 1925; Mitchsell and Mykura,
1962; and Read in Francis et al, 1970). Freshney (1961) faced

the same problem in the Ayrshire areas.

Carbonates/
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Carbonates, typical of the Ballagan Formation, interfinger
wvith white sandstones at the base of the Ballagan Glen (Grid Ref.
§72795) sequence. These white sandstones, some 6-9 metres thick
furnish a passage zone linking’the Upper 01d Red Sandstone to the
Carboniferous System (Bailey, in Clough et al, 1925, p.11). In the
Auchenreoch Glen (Grid Ref. 420 773) section, this transitional
zone is formed by an alternation of cornstones; lutites; and sand-

stone.

The Ballagan Formation is nesver found to rest on rocks older
than the Upper Old Red Sandstone, but the existence of a minor
disconformity between them, avidenbed only by an eroded and
weathered surface, at the top of the latter, occurs in parts of
Ayrshire areas (Freshnsy, 1951,}‘p.2—3). However, Watsrston
(1965) believes that part of the Upper Old Red Sandstaone is of

Carboniferous agse.

The boundary between the Ballagan Formation and the Upper 01d
Red  Sandstoreis transitional, and is arbitrarily taken at the
occurrence of the first carbpnate bed of Ballagan Formation typs.
Francis (1965); Read (in Francis et al, 1970) used the same

criteria.

2.2/
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2.2 The Top of the Ballagan Formation

The top of the Ballagan Formation, as with the base, is

Poorly exposed. It is in places capped by the Spout of Ballagan

Sandstone (Bailsy, in Clough et al, 1925), or its equivalent, the
Downie's Loup Sandstone (Read, in Francis et al, 1970). On the
south slope of the Campsie Fslls, it is found overlain, and
Occasionally interlsaving with igneous rocks of the Clyde Plateau
Lavas, which replaces it almost completely, and rest on ths Uppsr

0ld Red Sandstone, as in the Garrsl Burn (Grid Ref. 705 800), nsar

Kilsyth (Bailey, in Clough et al, 1925),

In most parts of the Westsrn Midland Valley, the first

appearance of lavas, or at lsast of ashes of the Clyde Plateau

Lavas, is taken to mark the base of the Upper Calciferous Sandstons
Group (Freshney, 13961).
The formation and the overlying sandstane are found both

exposed in the study area at thes following exposures: Gargunnock

Burn; Little Corris; and Ballagan Glen.

2.3 Faunas, Floras and Age

The Ballagan Formation is generally deficient in fossils,

However, plant remains and fish scales werinigagd in Auchsenreoch

Glen (Young 1860). Ostracods and SpirorbiQVreported by Freshney

(1961) in Ayrshire. Algal structures; Spirorbis, ostracods; and

1

fish/
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fish scales and teeth; and thin-shelled bodies were found by
Francis and Read (in francis et al, 1970). Similar assemblages

were reported by Browns (1980) in ths Firth of Tay.

On the grounds of spors assemblages recovered from the Ballagan
Formation sediments, an Upper Tournaisian and a Lower Visean age is

deduced (Sullivan, 1968; Nesves et al, 1973).

2.4 Study Area and General Description of Lithologies

The present investigation covers the arsa locatsd befween
Glasgow: Séirling and Grsenock, namely, the Glasgow region, or ths
northwest of the Midland Valley of Scotland. Although the outcrop
of the Ballagan Formation strata is gensrally discontinuous,
excsllent exposufgs occur whers detailed study can be undsrtaksn

(Figure 101)0

Fiald investigation of the following exposures was carried outs
Loch Thom (Grid Ref. 256 708); Ben Bowie (Grid Ref. 340 830), near
Helensburgh; Auchenreach Glen (Grid Ref. 420 773), nsar Dumbarton;
Overtoun Burn (Grid Ref. 426 765), also near Dumbarton; Ballagan
Glen (Grid Rsf. 572 795), near Strathblane; Little Corris (Grid
Ref. 578 850), near Fintry; and Gargunnock Burn (Grid Ref. 707 930),

near Gargunnock.

The/
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Fig.2.1 : Columnar section of the exposed portion of Ballagan
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Fig.2.2 : Columnar section of the exposed portion of Ballagan
Formation. Base to top from left to right. Ben Bowie, near

Helensburgh.
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Fig.2.4 : Columnar section of the exposed portion of Ballagan
Formation. Base to top from left to right, Overtoun Burn, near

Dumbarton.
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Plate 2.1

Photngraph:shnming lateral replacement of stratified

by nodular carbonates

Auchenreoch Glen, near Dumbarton.
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The maximum known thicknsss of the formation occurs at

~ Auchenreoch Glen ssction, where about 194 metres of strata were
measured. The maximum true thickness is certainly greater and is
estimated at about 400 metres as indicated on the maps of the
Ceological Survey, Scotland (Stirling Sheet, scale 13 50,000).
The minimum known'thicknass occurs at Loch Thom, where only about
21 metres are exposed. The measured thicknesses are shouwn in

Figul‘es 201-70

Correlation between the different exposures proved extremely
difficult. Therefors, Figurs 2.8 has besn prepared for the purposs

of comparison with respect to the exposed thickness.

vThe Ballagan Formation is informally divisible into a lower
and an upper division, based priﬁcipally on sandstons recurrencs
and lutites bed thickness. The lowsr division is charactsrized
by a rslati&a abundance of sandstona horiiéns, ahd a wide-range
of lutites bed thickness. The upper division éontains minor
sandstone beds, and shows a relatively narrow rangs of lutites

bed thickness.

The carbonate (cementstone) layers are naturally divided into
two types, stratified and nodular. The morphological similarities
of thess carbonates have contributed substantially to the difficulty
experienced in lateral corrslation. In some instances, both

nodular and stratified types occur in the same lsvel (Plate 2.1).

The/
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Plate 2.2

Photograph showing carbonate layer overlain by

Upper:
sandstone.
Auchenreoch Glen, near Oumbarton.
Lower: Photogreph showing lsminations developed by

concentration of sand particles.

Gargunnock Burn, Gargunnock.
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The carbonates, weathering greyish to yellowish, ars generally

'grey in colour. Some brown-reddish units occur in association

with lutites gf similar colour, thch may indicate the secondary
origin of this colour.  They are generally either flinty or

su i
crosic in texture. Brecciated layers are rare to common.

The thicknsss of individual carbonate layers is generally under
0 . y i ‘ -
40 metre, slightly thicker occurrences, however, ara rescorded

o
ccasionally. The average of the arithmetic mean of their thickness

is 0.18 metrs with a Standard Deviation of 0.12 metrs.

The nodules measure up to 0.35 metre in thickness(perpendicular

to the bedding), and up to 0.40 metre in length. They are bulbous,

semispherical, discoidal, and generally irregular in shaps.

The boundaries‘with the snclosing lutites are generally

irregular, but sharp with the exception of those of the brecciated

horizons, which are gradational. Carbonates ars occasicnally

found in contact with sandstone, this contact has'always been

' sharp and irregular (Plats 2.2). Stratification desveloped by

concentrations of sandy material ars of very rare occurrencs

(Plats 2.3). _Shrinkage cracks ars found to be a common featurs in

the carbonats layers in general, the stratified ones in particular
(Plates 4.1 and 4.2).

The carbonates are next to the lutites in total thickness

proportian as well as number of occurrence throughout ths arsa.

The/
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The lutites (mudstones and shales) show no fissility. They
vary in colour from green to grey to black, occasionally having
a blue tint, less common, brown-reddish, which increases towards
the top as in Ballagan Glen section. The lutites actually
constitute the highest proportion of the strata thickness in every

exXposure.

Gypsum, pink to reddish-brouwn in colour commohly occurs in
the form of thin, horizontal as well as subvertical to vertical
sheets, presumably f;lling joints in ths lutites. The‘occurrence
of white fibrous gypsum has been recorded only in the Ballagan
Glen section, whers a layer of about 0.05 metre in thickness is
found enclosed into blackish lutites. Many layers of gypsum
in shales are known frbm a tunnél section in Dumbarton Muir (Bluck,

personal communication).

The sandstonss are mainly whits arenites, with some minor amounts
of feldspar. The thick sandstones at the base of the sequencs,
at Auchenrsoch Glen, contain sand pseudomorphs after halits,
(whereas in the thinner sandstones, fish scales and tseth havs besn
found (Bluck, personal communication). The sandstones are sither
flat stratifisd with lineation developed, cross-stratified, or
rippled. Thay form lsss than 15% of the férmatinn thickness at

their maximum occurrence.

28



CHAPTER THREE

PETROGRAPHY

3.1 Gensral Description

The carbonate beds of the Ballagan Formation comprise crystals
ranging in size from cryptocrystalline to microcrystallina& and
less common, fine crystalline. The fine crystals are anhedral in
shape and display a chicken-wire texture, whersas the rest are
subhedral to eyhedral and show sucrosic texturs. Thess sediments
are mainly mudstones in Dunham's (1962) classification as the

crystal size is generally less than 20 microms.

The carbqnate beds contain variabls amounts of tsrrigenous

- material. Thsey show a traﬁqition from almost pure carbonates up
to those with a very high terrigenous content. This material is
composed predominantly of clay minerals, with less abundant, -
scattered quartz particles, of var;ous shapes and sizes, feldspar
is of minor occurrence. The latter two constitute a considerable

proportion of -this material in some cases.

Although the carbonates are naturally divided into two
categories, stratified and nodular, further lithological subdivision
is found possible. They can be subdivided into three major

lithological groups, on the basis of the size of the cbnstituant

carbonate grains (crystals). For matter of conveniencs, these

subdivisions/
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subdivisions will be referred to in the tekt as Microfacies A, B
;and C, and thess are

l. Microfacies A : Cryptocrystalline

2, Microfacies B : Microcrystalline to very finely crystalline

3. Microfacies C : Finely crystalline

Distinction between these microfaciss, in some cases, has
proved to be difficult, especially when Microfacies A and B were
involved. This difficulty,‘however, is thought to be dus to the
fact that the crystal-size found to be of an overlapﬁing naturs,
as if is determined by diagenssis and that fine crystalline
cagbonates are variously replaced by coarser. However, Microfacies
A cohprisas crystals under 5 microns, whersas Microfacies B
comprises crystals over 5 microns. Therseforse, the assignment of
any carbonats bed to aithgr microfaciss will be determined by the
crystal-sizé that ﬁccupias wider arsa in fhe raﬁtesentative thin-
section. Plate 3.7 shows an intarmediata.fabric between Micro-

faciss A and B.
3.2 Description of Microfaciss

1. Microfacies A

Microfaciss A comprisss mainly a cryptocrystalline fabric of
dolomite (Plate 3.1). The crystals are generally indistinguishable
by the use of an ordinary petrographic microscops, but where

identifdiable, these crystals are found to measurse less than S

microns/
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Plate 3.1

Upper: Microphotograph showing the fabric of Microfacles A,

Nodular. Under crossed nicols. Mag. 4OX.

Overtoun Burn, near Dumbarton.

Lower: Microphotograph showing the fabric of Microfacies A,

Stratified. Under crossed nicols. Mag,. AOX,

Little Corrie, near Fintry.

31



microns in diameter, which is set as an upper 1limit for the crystals

belonging to this microfacies.

Microfacies A contains appreciable amounts of tsrrigenous
material, which consists predominantly of clay with common quartz -

. sand, and less common, feldspar particles.

The sand portion is found generally as randomly distributed
grains (Plate 3.2), which because of the absence df lamination =
are believed to be of wind-blown origin. In marked contrast
sandy lenticles and laminae (Plate 3.2) with dolomite matrix
and/or calcite c?ment are less common, these are believed to be
of bottom traction currents origin. The sand particles vary
both in shape and size, some of them appear to be replaced by a
relatively coarser crystallfne rim (Plate 3e3)e The clay portion,
however, is considered responsible for most of the turbidity of
the dolomite crystals in this microfacies, - Braithwaite (1966);
and Browne (1980) attributed the clouded appearance of crystals to

the same phenomenon,

e - e e Al

e e b e s e

This microfacies contains gypsum as a primary sediment, which

has been partially replaced by calcite (Plate 3.4). Laminations

e

which resemble these developed by algae occur in many thin
sections (Plate 3,.5). In most slides the microfacies has to

a variable extent a blocky and brecciated appearance most likely

produced by the brecciation of algal material. ‘ *

e e e e e

e i = e

i N

Electron microprobe analyses of Microfacies A ars shown in
Tables 6.9 and 6.10. These analyses indicate that the dolomite
crYstals are rather impure.  This result supports the assumption

made earlier with respect to the turbidity of the dolomite crystals.

t
i
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Plate 3.2

Upper:

Lower:

Microphotograph showing the distribution (occurrence)
of sand particles in Microfacied A. Under crossed

nicols. Mag. 10X.

Loch Thom,

Photograph of a thin section showing sandy laminae in

Microfacies A. Dark laminae are carbaonates. Mag. 8X.

Gargunnock Burn, Gargunnocke.
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Plate 3.3

Upper: Microphotograph showing etched sand grain, Micro-

facies A. Under crossed nicols. Mag. 4OX.

Overtoun Burn, near Dumbarton.

Lower: Micrnphatagraph showing the occurrence of stylolites.

Under crossed nicols. Mag. 1UX;

Auchenreoch Glen, near Dumbarton.
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Plate 3.#

Upper: Microphotograph showing eriginal gypsum in .
Micrufacieé A, Under crossed nicols. Mag. 10X.

Ballagan Glen, near Strathblans,

[P E

Lower: Microphotograph showing original gypsum in
Microfacies A partially replaced by calcite
(purple colour) mainly to the left. Under crossed

nicols. Mag. 25X,

Overtoun Burn, near Oumbarton.

PP Y
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Plate 3.5

Upper: Photograph of thin section showing structure
resembling algal laminations, Microfacies A.
Mag. 5Xe

Ballagan Glen, near Strathblane.

Lower: As above.

Gargunnock Burn, Gargunnock.
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In addition to being the finsst in crystal-sizs, this
“microfaciss is charactsrized by the common occurrence of cavities
(Plate 3.6) whereas veinletsarse rare and relatively tiny, and
usually occur in the coarser portion. Poorly developed stylolites

are of rars occurrence (Plate 3.3).

Microfacies A is found represented in both the stratified and
the nodular carbonate beds (Figs. 3.6-8). It forms approximatsly
betwsen 38 and 62 percent of the carbonates in the Ballagan

Formation.

2 Microfaciss B

Microfacies B consists predominantly of microcrystalliné to
vary finely crystalline, subhedral to evhedral, aggregates of
dolomite crystals displaying a sucrosic texture (Plate 3.8). Thess
crystals are derived from a fiﬁer fabric,'bresently they generally
fall between 5 and 15 microns in diametar, but may reach a
diameter up to 30 microns. Still coarser mosaics also occur,

but on a rslatively minor scals.

Microfacies B contains comparatively less quartz material
than Microfacies A, As the dolomite crystals appear slightly
claarer, the clay may have concentrated more substantially in the
intercrystalline boundaries. These boundaries are better desveloped
and look rather dark. This is a consequence of the process of

recrystallization/
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Plate 3.6

Upper: Microphotograph showing calcite cavity-cement.

"Under crossed nicols. Mag. 10X.

Overtoun Burn, near Dumbarton.

Lower: Microphotograph showing calci?e cavity-cement
with gypsum (bluish). Under crossed nicolse.

Mag. 25X.

Ballagan Glen, near Strathblans.
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Plate 3.7

Upper: = Microphotograph showing an intermediateifabric‘

between Microfacieds A and 8, Nodular. Under

crossed nicols. Még. 40X,

Overtoun Burn, .near Dumbarton. |

Lower: As above, Stratified.

. Bvertoun Burn, near Dumbarton.
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Plate 3.8

Upper:

Lower:"

Microphotograph showing the fabric of Microfacies 8,

Nodular. Under crossed nicols. Mag. LOX.

1

Gargunnock Burn, Gargunnock,

As above, Stratified.

Overtoun Burn, near Dumbarton.
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reErystallization, by which clay, included in the original
“dolomite crystals, was partially expslled to the periphery of the
newly formed crystals (Table 6.12). Folk (1965) ascribed part of
the translucency of microspaf to the possibility of expulsion of
impurities to the grain boundariss leaving the grains themselves
more translucent. Representative e;ectron microprebe analyses ars
shown in Tables 6.11 and 6.13-15, " These analyses
indicate the relative purity of dolomits crystals which supports
the proposal made above regarding expulsion of clay during

neomorphism.

Microfacies B is characterized by the relative uniformity of
its crystal-size; the virtual absence of cavities; and its ground=-
“mass being traversed by a net-work of veinlets, of various sizes

and compogitions.

This microfaciss has developed.indiscfiminately in both
stratified and nodular carbonafes (Figs. 3.6-12). It forms
approximately between 24 and 51 percent of the carbonate beds of
the Ballagan Formation. A propossd model for its development is

shown in Figo 31,

3. Microfacies C

Microfacies C comprises anhedral, intesrlocking cryetals

exhibiting a chicken-wire texture (Plate 3.9). Thess crystals
generally measure between 50 and 150 microns in their longest
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Aphanocrystalline Dolomite

Microfacies A
(original sediment)

ALY

Intermediate
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"
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TIXLL
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Further
Neomorphism

Y

Microfacies B

Very Finely Crystalline Dolomite (occasionally finely
crystalline)

Fig.3.1 : Stages of neomorphism in formation of Microfacies
B from Microfacies A. Not to scale.
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Plate 3.9

Upper: Microphotograph showing the fabric of Microfacies

Stratified. Under crossed nicols. Mag. LOX.

Little Corris, near Fintry.

Lower: As above, Pseudobrecciated.

Overtoun Burn, near Dumbarton.

L3



diameter. Crystal-size both under and over this rangs, houwever,

still occur.

The crystals of this microfacies are found to be of tﬁo
different origins. They are derived partly from calcitization
of the origimal dolomitic sediment, and partly through segregation of
.an original calcits disseminéted within an argillaceous sediment.
The resulting.crystals in both cases are of nearly the same
composition as indicated by electron microprobe analysis, which
shous that they are composed almost exclusively of calcita (cf.
Tables 6.18 and 6.19, 6.22-24). Electron microprobe analysss of
the original argillacsous ssdiment are shown in Table 6.17.
Gypsum patches (Plate 3.10) of va:ious sizes ars of common
occurrencs, especially.in_the part derived by calcitization 5? the

original dolomitic sediment.

The secondary origin of Microfaciss C is inferrsd from its
fabric and the ubiquity of the original sediment remnants. Its

proposed probable mods of Pormation models ars shouwn in Figs. 3.2-4,

Thoss fabrics which originated by replacsment ﬁf dolomite
occur in both stratifisd and nodular carbonate beds Figs. 3.6-12,
wherseas thoée resultiné from displacement of argillacsous material
occur in the beds considered psaudobrecciated, = : These beds ars now
composed of purs carbonate , represented by patches of the neuwly

formed crystals - .- in. an argillacecus matrix. Read (in

Francis,/
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Plate 3.10

Upper: Microphotograph showing gypsum (bluish) occurrence
in Microfacies C. 'Under crossed nicols. Mag. 4OX.

Overtoun Burn, near Dumbarton.

Lower: As above.

Overtoun Burn, near Dumbarton,

e
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Aphanocrystalline Dolomite

Microfacies A
(with calcite as
a cavity-cement)

Metasomatism

Metasomatism followed
by neomorphism

Microfacies C

Coarse calcite clot

Fig.3.2 : Enlargement of cavity-cement in formation of Micro-

facies C from Microfacies A. Not to scale.
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Aphanocrystalline Dolomite

Microfacies A
(with gypsum as
a cavity-cement)

Metasomatism
(Calcitization of gypsum
and matrix)

Further metasomatism
followed by neomorphism

Microfacies C

Coarse calcite clot

Fig.3.3. : Calcitization of gypsum and matrix in the formation
of Microfacies C from Microfacies A. Not to scale.
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Argillaceous sediment with
disseminated calcite

Segregation followed
by neomorphism

'_ Microfacies C

Coarse Calcite Clot

Fig.3.4 : Stages of formation of Microfacies C in Argillaceous

sediment. Not to scale
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Francis, et al, 1970) described these beds in a similar manner.
'This microfacies is commonly of less occurrence and form
approximately betwsen 2 and 14 percent of ths carbonates of the

Ballagan Formation.

4, Chevron Bed

In addition to the thres microfacies described above, thers is
a peculiar bed whers chevron-structure is of common occurrence.
The material forming this structure is presently compﬁsed pre-
dominantly of calcite (see analysis NC 105, Table 6.3A). This
type of bed is sesn only in tﬁe section of Auchenrsoch Glen

(Grid Ref. 420 773).

Such distinctive stfupture was found to be developed by the
gfowth of halite grains (Wardlaw and Schuwerdtner, 1966). In the
current investigation, however, the calcifé is beligved to be of
a replacemsent origin possibly after halite, as the desvelopmaent
of this structurse ié not favoured by calcits (Bluck, psrsonal
communication). West st al (1968) and others reported calcits
pseudomorphs after halite, this may support the proposed origin

of calcitse.

3.3 /

49



3.3 Distribution of Microfacies

The distribution of the major microfacies in the individual
exposures are shown in Figs. 3.6-12. It is clear from such
* frequency distribution that the microfacies broportions are
similar in mqst exposures. This indicates that ths controlling
factors over their development‘have been operative in the same
manner and on a similar scale everywhers, throughout the history

of these rocks.

Thers is no apparsnt relationship betwsen the development of
the microfaciss and the disposition of the clastic rocks. The
reason as to why the occurrence of the éhevron— bed is confined to - -
the section of Auchenrsoch Glen is not clsar, but’it could be a
;ocalized phencmenon. Howsever, this bed not being seen in other
seqtions, should not ruls out ths possibility ﬁf its wider

OCCUITEenCSe.

3.4 Diagenesis

The analysis of fabrics and their paragenesis has been
difficult in these fine grained rocks. However, a diagenetic

sequence has been proposed.

It is belisved that the bulk of the pressent fabrics are most
likely secondary in origin. Thersfors, thse causs'of the micro-

facies variation is primarily sought in diagenesis.

Microscopic/

50



100 -

' | Nodular

80 Layered

Number
of

Beds (%)

60

40

20 -

0 i

ABC
Loch Thom

Fig3.6: Carbonate Microfacies Distribution - Loch Thom
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Fig.3.7: Carbonate Microfacies Distribution - Helensburgh
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Fig. 3.8 : Carbonate Microfacies Distribution - Auchenreoch
Glen
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Fig.3.9: Carbonate Microfacies Distribution - Overtoun Burn
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Fig.3. 10: Carbonate Microfacies Distribution - Ballagan Glen
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Fig.3.11: Carbonate Microfacies Distribution - Little Corrie
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Microscopic investigation of the carbonates shows that they

" have undergone differential diagenesis, namely, at prassent they
range from their original fabric being virtually unaffected

(Microfacies A, Plate 3.1) to almost complete obliteration of such
primary fabric diagenetically. The rasult is the obvious

development of new microfabrics (Nictofacies B8 and C, Plates 3.8 and

3.9 respectively). These newly formed microfacies differ consider-

ably from their precursor in terms of composition and crystal

characteristics, especially Microfacies C.

Microfacies A, howsver, as assumed above, is of primary
origin. This assumption is based principally on the grounds that

no fabric finer than this can be expected to form in sedimentary

~ carbonate rocks. Furthermore, it has not been found replacing

other fabrics. Indeed it is obviously being replaced by other

fabrics. Post-depositional changes are not evident, but if any took

they

placéYmust have be

development and filling of the cavity system, and the veinlets.

en of insignificant importance, apart from the

It 1s,thargfore,‘suggested that the carbonate  portion of this

microfacies .- . originated through primary chemical precipitatiaon.

This type of rock is obviously of very widesprsad occurrence in thse

geologic recofd being variously referred to ascalcite mudstons;

calcilutite; and micrite limestone.

Microfacies/
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Microfacies A is thought to have been the parent rock of both
" Microfacies B and C. Thres major diagenetic processes are
believed to be involved during the history of these replacive and
displacive microfacies development$S. These processes are |
"nebmorphism" 9 "metasomatism" and "segregation". Microfacies B
is considersd to be the product of neomorphism, whersas Microfacies
C has bsen formed by metaso&atism when replacing dolomite.'Whan
its development occurs in terrigenous material, the process of

. segregation, namely, displacsment 6? ths enclosing material, was
responsiblas. The coarser crystals in Microfacies C are likely to
have replaced finer crystals through the procsss of neomorphism.
Therefore, it ié possible to conc}ude.that Microfacies C is the

product of metasomatism,segreqation and neomorphism.

3.5 Neomorphism

Neomorphism is a térm proposed by Folk (1965) to describs ths
-products of both inversion and recrystallization procssses. It
was de}ined as "All transformations betwsen one mineral and itself
or a polymorph whether inversion or recrystallization, whether
the new crystals are larger or smaller or simply differ in shape
from the previocus ones. It does not include simple pore-space
£111ing; older crystals must have gradually bsen consumed, and
their placs simultansously cccupied by new crystals of the same

mineral or a polymorph, i.s. it is a special case of replacsment

in/ . . . '
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in the sqlid state, with or without interstitial liquid films,

and with composition esséntially constant," Folk (1965, p.21).

Bathurst (1971) expressed his objection to the part of its
definition concerning the "solid-stats" and called it an unfortunate
use by Folk because it is widely accepted that dry, solid-state
processes are insignificant in carbonate diagenesis, as the envir=-

onment is inevitably a - wet one.

The effect of neomorphism can be patchy as well as pervasive.
The resultant fabric of the process can be finer; degrading and
coarser; aggrading. Countless cases of both products have bqan
frequently reported in the‘litarature. Reference in this respect
should be made to Dixon (in Dixon and Vaughan, 1911); Lindgreen,
19254 Wood 1941; Bealss 1956; Bathurst 1958, 1959; Banserjee 19593
Folk 1959, 1965; Maxwell f961; Schwarzacher 19613 Stauffer 1962;
Wardlaw 1962; Orme and Brown 1963; Friedmaﬁ 1964, 19663 Demirmen
and Harbaugh 1965, Schmidt 1965; Braithwaite 1966; Evamy 19673
Oldershaw 19693 Whitcombe 1970; Wolfe 1970; Land and Moore 19803

and many others.’

The change in the fabric of Microfacies A is obviously of a
gradational nature as it can be seen being altersd gradually from
its assumed original states through stages in neomorphism, which
resultea in the formation of a relatively wide crystal size range

from about 5 microns up to nearly 30 microns in diameter, of the
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proposed Microfaciss B (cf. Plates 3.1, 3.7 and 3.8).

It Qarrants emphasizing that in sohe instances the boundary
betwsen the original and the sscondary fabrics is actually an
arbitrary ons, and it was extremely difficult to determine to
which of the designated microfacies, such cases should be assigned.
Such difficulfy was experisnced where neomorphism does not ssem to

be very advanced (cf. Plates 3.1, 3.7 and 3.8).

The sscondary origin of Microfacies B is inferred from the
gradational boundary with Microfacies A and the inclusion of facies
A in the géneral fabric of B. Where the development of Microfacies

B is very advanced, that is, the obliteration of the original

fabric is complets, it could be mistaksn for an original fabric.

The necmorphic procsss is belisved to have\involved the
solution of the smallest, superscluble crygtals and redsposition
on the largsr more stablabcrystals (Bathurst, 1958, 1959; Stauffer
1962; Folk 1965; Braithwaite‘1966; and others). This belief,
howaver; is based purely on the assumption that the more advancsd,
that is coarsest, Microfaciss B8 fabric has been dsveloped by the
continuation in the solutidn - redéposition pattern as long as ths
newly formad crystals have not reached a certain stage of stability

beyond which the process could no longer proceed (Orme and Brown 1963).
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A large number of workers in the fiseld of carbonaﬁe rocks
"reported the occurrence of microspar (cf Folk, 1965, p.37 and
Bathurst, 1971, p,546) on a very large scale through aggrading
neomorphic process (Dixon, in Dixon and Vaughan 1911; Bathurst
1958, 1959; Friedman 1964, 1966; Demirmen and Harbaugh,1965; and
Folk,1965. Wardlaw (1962) reported microspar that was produced

during degrading neomorphism of calcarsnites.

Carsful study of the newly formed fabric may'prove that the
gradational nature in its crystal size is possibly a consequencs of -
multi-stage neomorphism. Espscially where the produced crystals
exceed the 15 microns limit in diameter, the author belisves, as
mentioned above, that the process of solution and redeposition
was not confined to the primary crystals but has obviously involved
the new crystais in part. Thus thers is a strong possibility that
by the time the present stags of neomorphigm has been achisved, all
crystals of the primary origin were eliminated and their place is
taken by neomorphic crystals. The multi-stage nsomorphism suggested
can be-possibly evidenced by the relative homogeneity of cfystals
beyond the 15 microns limit, in soms instaqces; in a given thin
section, it also can be enhanced by the Qradational nature of the
boundary betwsen the fabric's consecutive crystal grades. Ormse
and Brown (1963) believed that more than one stags of neomorphism
was possible. A probable pattern for neomorphism is proposed in

Fig. 3.1.
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The neomorphic crystals gsnerally become clearer asAthey
‘become larger. This phenomenon is considered to be ths result of
_ impurity expulsion by the new crystals, presumably gradual extrusion
as such has accompanied the stages of neomorphism proposed‘above
(cf. electron microprobe analyses, Tables 6.9 and 6.14). Dixon
(in Dixon and Uaughan,1911) reported the phenomenon of impurity
extrusion and.believed that this impurity was driven into the
unaffected portions of the matrix. Cases from turbid to almost
inclusion free crystals are documented. .Nearly in svery case, the
impurity (clay) is believed to have partly concentrated in areas .
ét the intercrystalline boundaries as evidenced by'thair relative
darkness as well as slectraon microprobs-analysis (Table 6.12).
These concentrations, howsver, may be considered responsibls for
‘hindsring furthervneomorphism in somes casss, especiaily wherse
substantial amounts of clay are present. Since clay is ths major
conétituent of the impurity, neomorphic cﬁénges are expected to
depend on it to a certéin extent. Bajiﬁ (1968) found thatyclay

minaralfon}entin excess of 2 percent may inhibit this process.

Relatively coarser mosaics, in which crystal sizs reached
up to nearly 150 ﬁicrons in the longest diameter (pseudospar of
Folk,1§65), are occasionally common (Plates 3.11 and 3.12). This
is likely to have been.produced by Still more stages of necmorphism,
that is mors solution and redeposition (Beales, 1956). But it is
equally likely that these clots ars partly cavity cement, which
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Plate 3.1

Microphotographs showing neomarphic patches with

gradational crystal-size. Under crossed nicols. Mag. 4OX.

Overtoun Burn, near Dumbarten,

Ballagan Glen, near Strathblane.
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- Plate 3,12

Micruphutcgraph showing secondary mosaic with

- Upper:
gradational crystal-size. Under crossed nicols.
Mag. 40X.
Ben Bowie, near Hslensburgh.

- Lower: Microphotograph showing the occurrence of dolomite

rhomhs 1n a calcite mosaic. Stained with Alizarin

REd"So Mag. 10X.

Overtoun Burn, nsar Dumbarton.
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could have been sither primary dolomite or replacivs after calcite

" or gypsum. Oolomite is found replacing gypsuh in the Tunnel
section, near ODumbarton (Bluck, personai communication). Thess
assumptions are, however, rather difficult to prove or disprovs,
simply because presently these clots comprise only dolomite crystals

except one case whsre dolomite rhombs ars found floating in a calcite

clot (Plate 3.11).

Folk (1965) believes that pseudospar can be produced by

neomorphism. Because there are no replaced minesrals pressnt and

the lack of definite margin, an important distinguishing featurs
betwesn naomorbhic clots and cavity cement (cf. Plates 3.6 and
3.11), a neomorphic origin for these clots is favoured. This type
of clot is widsely reported in the literaturs, and in some cases

has been called pseudobreccia. Dixon (in Dixon and Vaughan, 1911);

Wood (1941); Bathurst (1958, 1959); Stauffer (1962); and many others.

3.6 Metasomatism

Metasomatism was dafined as "an ésgeﬁtially simultansous,
molscular procsss of solution and deposition by which, in the
presencs of fluid phase ons mineral is changed to anothaf of
differing chemical composition, "Lindgfen (1925, p. 247-248).
Also defined as "diagenetic metasomatism involves introduction of
materials from without, lsading to replacement. "Bissell and

Chilingar (1967, p.161). One of its definitions in the Dictionary

H
i
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of Geological Terms, Ameriban Geological Institute is "replace~
~ment!' the pfocess of practically simultan;ous capillary solution
and depositicn by which a nsw mineral of parfly or wholly differing
chemical composition may grow in the body of an old mineral or

mineral aggregate".

Metasomatism is a phenomenon of a very'uidéspread occufrence
in the cafbonata rocks throughout the geologic record. This
process is reported mainly in the form of dolomitizatioﬁ and
calcitization, which both taks place in ancient as wsll as recent
sediments. In scme caseé, tarrigenous sediments ars involved in
this process, namely dolomitization and calcitization, presumably

on felatively smaller scale.

. The praesent investigation of the carbonate intervals in the

- Ballagan Formation indicatss that calcitization of dolomite has
most probably taken placé. "Calcitization™ 1s used to describe ths
replacemsnt process of material by calcite, whéther dolomite or
othérwise, in support of Smit and Sweet (1969) for their call upon -
geologists to give up the uss of ths tarm "dedolomitization", to
avoid the ambiguity created, should its use bs maintained, espec-
ially if applied to dolomite replacement by minerals other than
calcite, which is a common phenomsnon, this will obviously result

in an avoidable misleading terminology.
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The characteristics of Microfacies C, as previously daécribed
~are indicative of its secondary origin. The evidence for such
indication, possibly liss in the fact that sparry calcite, of such
chéracteristics, has not been reported as forming a rock on its
own, in the form of primary chemical precipitats. Also ths form

in which it is occurring, namely, mostly as coarse calcits clots,

is a liksly further proof for this ofigin. Therefors, it is inferr-
ed that Microfacies C is svidently secondary in origin, even in

the sbsence of the remnants of the original sediment, and thus,

the responsible process is obviously metasomatism.

It is rather important to eﬁphasiza that the charactsristics
of Microfacies C, developed in both the dolpmitic and argillaceous
sediments,.are identical in almost all aspects. Thus; in the
abgence of remnants of ths originél sediment, speculation regarding
the parent rock, may rasult in an erroneous interptetation‘in this

raspeét.

The occurrencs of gypsum in Microfacies C (Plate 3.10), in
such form, may indicate that it had played a role, possibly an
important ons, in bringing about calcitization. Gypsum may have
been present as a primary sedimsnt énd/or bavity-cemenf, then
replaced by calcite. The presence of thess two gypsum types and
their calcitization.are documented in Plates 3.4 and 3.6. Reporting
of calcite after gypsum (West et al, 1968) in similar sediments,

may be considered'as. further supporting evidencs for ths propaosed
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replacement., Calcitization, however, was not confined to the

gypsum, but has evidently affected the dolomite as well.

3.7 Replacement of Dolomite

Several carbonate intervals originally constituted mainly of
aphanocrystalline dolomits with certain amounts of argillaceous

material, are found partially calcitized.

The metasomatic process is believed likely to have been
triggered by some sort of changss within cavity-cement, such as
calcitization of gypsum or can be mersly an enlargement phenomenoﬁ
of such cemént, at the expenss of the matrix, espe¢ially when calcits
was the primary cement. Munn and Jackson (1980) beiieved that most
of ths calcitization begins around calcits-filled pores in the
dolomite and suggssted that calcitizatiﬁn of dolomite paripheral
to calcite-filled pores may develop to give largs, very irregular

areas of calcite.

THe last major filling mineral to occupy the cavities} which.
may have been involved in the process of matasomafism, is generally
considered calcite, either of primary or replacement origin. The
latter is most likely to be aftsr gypsum as evidenced by some
relics floating in the calcite mosaicé. West et al.(1968) and
7 Kocurko (1979) showed that gypsum has been replaced by calcits.

‘Von Morlot (1848 in Shearman et al, 1961)discussed the possible role

of magnesium sulphate in the formation of dolomite according to
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his squation:

2 CaCgo MgCO0., + CasSO

a——
+ NgSD4 <= CaCso 3 4

3 3
He observed that this is a reversible reaction, and suggested that a

gypsiferous solution could cause calcitization of dolomite.

In the present investigation, it is possibls that calcite did
not confine itself to the limits of the cavities it occupied.
It has obviously spread arcund them at the expense of the ﬁatrix,
which comprises the crypto-crystalline dolomite. The intensity of
thae replacsment proceés, which may have depended to a large extsnt
on the siia of ths cavity involved, has consequently resulted in
the production of sparry calcite mosaics,.variabla in shape and
size. The crystal-size within the clots, as it i; always the case,
increases touafds the centrs of these clots. In the abssncs of the
gradation in'crystal sizs;bit would be a mistake to call them
anything but cavity-cement. A possible sequencs of stages in the
formation of Microfacies C in dolomitic sediment is proposed in

Figs. 3.2 and 3.3.

Where metasomatism was pervasive, the clay sesmed to accumuiata
at leasé in part, in irreqular elongats patches. The produced
sparry calcits crystals seem to be almost inclusion-free. éoth
phenomena ars svidenced byg;égssgqunicroprobe analysis, Tables
. 6.25 and 6.20, 6.21 respectively. The other possibil;ty of the
calcitization process is that described by Shearman et al (1961) who
belisved that in rocks where centripetal replacement can be
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demonstrated to have taken place, the replacement was by larger

" calcite crystals which poikilitically enclosed the dolomite. This
type of calcitization tﬁey thought has only affected rocks, which
were essentially dolomite, and which'consisted of a highly packed

aggregate of dolomits crystals,

De Groot (1967) studied experimentally the ca%cite replacement
of dolomite and concluded thét the following conditions are necessary
for effective calcitization ¢
1 - A high rate of water flow to remove Mg ions formed thus

keeping the Ca/ﬁg ratio of the water comstantly high.
2 = A carbon dioxide partial pressure considsrably lowsr than
0.5 atmospherse. .

3 « Temperaturas not higher than 50° c.

Clark (1980) reported two types of calcite aftsr dolomite,
one of which was described as coarsely cryétalline and considered
to be formed when large calcits crystals poikilitically replaced
large numberé of dolomite crystals, and conditions proposed by ds

Groot (1967) were thought responsible for the calcitization.

There is, howsver, a good reason to adopt and considsr the
conclusions of both Shearman et al (1961) and Clark (1980) for the

belief that calcitization has . taken place in the rocks under study,

since the characteristics of both the original sediment and its

'replacement are similar to those describsd by these authors.
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Schmidt (1965) attributed caicitization to deep surface

' weathering evidenced by an increase in the intensity of the
process as an unconformity is reached. Evamy (1967) arrived at
‘eimilar conclusion, when he suggested that calcite after dolomite,

in the subsurface, should be considered as ev1dence of

former emergencs.

In the calcitization of dolomite, neomorphism is assumed to
héve operated with metasomatism, possibly s;multaneously in soms
instances. - This phenomenon is believed to have proceeded by some
metasomatic crystals, presumably more stable, increasing in size
at the expenss of those less stable but of the same origin. The
evidence iies in the development of gradational crystal size, which
is obviously increasing towards the centres of the clots. They
are called neomorphic clots, on the basis that neomorphism is
considered responsible for their present ;tate. This process,
as pointed out by Orme and Brouwn (1963), may havs acted in more

than one stege, as proposed in Figures 3.2 and 3.3.

3.8 Displacement of Clay

The layers with brecciated appearance in the field, are found
to be comprised of clay material, with disseminated calcite. The.
evidence is provided by electron microprobe analysis (Table 6.16,
Fig. 6.30). Presently, some of this calcite is found concentrated
in mosaics of various sizes. Their slectron microprobe analyses
are given in Table 6.17.
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The occurrence of thess coarse calcite clots is assumed to
havs resuited by the segregation of this mineral from the original
sediment. This obviously has caused the displacement of clay by
calcite. The clots do not contain clay in appreciable amounts,.
especially when the process seems well advanced, as indicated
by the size of the clot. Thus, it can be concluded that the
segregation has been a slow process. Had ths process.baen rapid,
entrapment of some clay in the newly formed crystals;could¢bemexpgctéd.‘j
Howsver, the characteristics of Microfacies C, producpd by the
saegregation of calcite in the argillaceous sediment,g;gin no
way different fromthcsgproduced by the metasomatism in the

dolomitic sediments.

The absence of doiomite in some, if not all, of these layers,
ié indicated by thes good positive correlation of Mg0 with A1203
(Fig. 6.23). Further proof is provided by the :esuts of the |
computation of mineral proportions from chemical analyses, see

for example analyses MG52 and MG77 in Tables 6.2A and 6.4A respectively.

Although dolomite is a likely source for thess calcite clots,
T e ‘essentially clay y-—-""7

through its caleitization, its absence in thaséYiayers is an evidencs
sufficisnt to exclude it from being a source. The possibility of
clay being replaced by calcite may be difficult to explain.

Therefore, the only alternative left, may be the assumed segregation
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of fha calci£e originally present in the sediment, as the most
obvious process responsible for the formation of these calcite
clots. The mechanism by which the process has operated is not
clear. A likely sequence of Microfacies C development is proposed

in Figs. 3.2-4.

Thess layers are presumably those described by Read (in
Francis st al, 1970) as having a brecciated appsarance with
fragments of ralatiﬁely pure carbonate in a more aregillacsous

matrix.

Although no proof can be offered, it is suggested that there
is a probability that neomorphism; metasomatism; and segreéation
of calcite have acted simulténeously, with the development of the

cavity-system in the original sediment, namely, Microfacies A.

Therefére, thers is a possibility thét saveral different sets of
factors have influaﬁced the original sedimaﬁt, as indicated by

the difference in the replaced matsrial and the product of these
processes. Some of these Pactors ares likely to have produced

the cavity-system in Microfacies A, some wers involved in the
formation of the ﬁeomorphic fabric of Nicrofacies B, whereas others
have bsen engaged in the development of Microfacies C. Some of
these factors may be related to ths criginal composition of the
sediment involved,such as gypsum as shouwn by its presencse in
Microfaciss C. Clay minerals may have played a role in ths

diagenesis of the original sediment.
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In conclusion, Microfacies A is considered as the
representative of the original sediment and consequently as the
parent rock for both Nicrofacies B and C; In térms of paragenesis,
Microfacies C is psrhaps the most diagenetically altersd of all

microfacies.

3.9 Carbonates Formation Model

A formation model is proposed in Fig.3S for the carbona_tes. It
is assumed that thsy wers formed in a restricted body of water, most
likely a semi-closed lagoon. This lagoon received various amounts
of terrigenous material, predominantly clay, during the development

of the carbonates horizons.

It is belisved that there were at least two situations in which
the formation of carbonats minserals took place. One is whers
dolomits and calcitse wére likely forming siﬁultaneously, this
resultsd in the development of dolomitic horizons. In another
situation only calcite seemsto have formed in substantial amounts,
this resulted in the development of the presently brecciated’

horizons.

The rate of evaporation in addition to the availability of
the concerned slements are, howsver, suggested to bs ths ma jor
faétors determining the formation of carbonate minsrals. Thus,

with high evaporation in the presence of sufficient Mg, dolomits
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Crystallization of Carbonate
minerals in an environment
rich in Terrigenous
material (predominantly
clay)

Formation of both

Dolomite and Calcite Formation of Calcite only
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b N o 0 N, e et Y 4 et N e e 00
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O ' ot .

..Microfacies A"\

Neomorphism Calcitization Segregation
of Calcite

Cavity-system
development and
cementation

XL X

Microfacies B Microfacies A Microfacies C

Fig. 3.5 : Proposed Model for the Formation of Carbonates in the
Ballagan Formation. Not to scale.
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was formed. Low avaporaticn coupled with scarcity of Mg resulted
'in formation of calcite. The resultant‘deposits in both cases

are designated Microfacies A.

Microfacies B and C uwers diagenetically davelopad from
Microfaciss A, their pérent rock. The first through the procsss
of neomorphism, and the latter by‘calcitization and/or
segregation processes. All these processes have besn discussed

earlier in this chapter.
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CHAPTER FOUR

STRUCTURES
the
The carbonate beds ofyBallagan Formation contain saveral
structures, most of which are post-depositional. These structures
include: laminations; shrinkags cracks; cavity-system; and

veinlets network.

4.1 Laminations

Poorly developed laminations(Plate 3.5) occur in the carbonate
' beds. They ars uncommon in rock exposures, but more common in
_thin sections. UWhilst it is difficult to prove an algal origin
for thess poorly preserved structurses, they resemble, in morphology,
algal laminations. Such podr preservation may indicate that they
had suffersd frﬁm diagenesis. Muir et al (1980) reported
destruction of algal laminations which baﬁéﬁe difficult to identify
in some cases. Therefore, the laminations of the present study;
may be considered algal in origin and if this was the cass, thsre
is a possibility that they had developed on a reslatively larger

scale than they presently indicats.

4,2 Shrinkage Cracks

Wedgs shaped cracks, often filled with sscondary minerals,

occur widely in the carbonate beds. They occur both in the

laterally/
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laterally bersistent beds and in the nodules. Most of the
| cracks have a polygonal shape in plan (Plate 4.1 and 4.2),
resembling the subaerial mud cracks, which occcur when wet mud

driss out.

The shrinkage cracks in the carbonate beds of the Ballagan
formation, however, occur all over some of the nodules surfaces,

so that some would havs faced downwerd intc the underlying mud.

Matrix is not common in these cracks, howsevsr, in some

- instances it occurs, in the form of what appears to be a btokaﬁ

plece at the very top part of ths crack. They ars presently
occupied predominantly with chemically precipitatad minerals, which
sometimes occur in different associations in a given crack. : Calcite
is the dominant fill, followed by dolomite and gypsum. - Other

minerals may bes present but ars generaily rars.

Polygonal qpacks occur widely in the gevlogical record, and ars
often ascribed to shrinkage. Shrinkage af this kind may bs duse
to exposure (s.g. mud cracks) or to cracking under water by

reduction in volume (synaeresis).

The origin of'many fossil cracks is still controversial. Some
are believed to have developed subaerially, these are the most
common: others subaqueously; and still others are thought to have

formed under some thickness of a sediment cover.
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Plate 4.1

Photographs showing shrinkage cracks in stratified

carbonate beds.

Auchenreoch Glen, near Dumbarton.
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Plate 4.2

Upper: Photograph showing shrinkage cracks in a carbonate

nodule. Bar is 2 cm.

Auchenreoch Glen, near Dumbarton.

e D e e e e e e

Lower: Microphotograph showing a calcite veinlet. Under

crossed nicols. Mag. 10X.

Overtoun Burn, near Dumbarton.
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Most of the worksrs, however, attribute the formation of
cracks, in sediment mud, to subasrial exposure. Matter (1967)
believes that mud cracks almost iﬁvariably form when water-
saturated muds become exposed to the air. Moore (1914), houever,
ascribed the development of cracks under water»fo ground freezing,

with expansion,‘ahd later thawing, with contréction. Rich (1951)
attributed the occurrence of cracks in micritic limestones and
- gshales to subaqueous or under sediment shrinkage, in association
with the sxpulsion of water during compaction. White (1961) used
fhe absence of both curling at the surface and wedge shape, as an
évidence for their synasresis origin. He suggests that this typs
of cracks fdrms in clays, which appear to have been deposited in

a flocculated stats.

Burst (19v5) produced experimentally éhrinkaga cracks, in |
clay, under subaqueous cohditions. He suggssts that thsir formation
is controlled by the swelling clay mineral that affects the bulk

volume changes in argillacesous sediments.

Dunbar and Rodgers (1957) object ta the subagueously origin
‘of cracks, and they state: "They are not normally produced in the
tidal zone because the interval betwesn tides is too short to
permit thorough dssiccation and if they sven form under standing
water it is under very local and exceptional conditioné that ars

not understocod. The few instances of mud cracks alleged to have
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been formed under water are not well substantiated and may have

" some other explanation "Dunbar and Rodgers (1957, p. 199).

Schwarz (1975) identified both sﬁbaerial«and subaqueous
cracks. The latter, he believes, is likely to be formed by
variation in salinity and compaction of rapidly settled muds.
The éadiment was stiff epough to prevent the cover material from
préssing into the cracks. Assersto and Folk (1980) used mud
cracking as an evidence for subasrial exposure. Fuzesy (1980)
rsported>the common occurrence of V-shaped cracks in limestone.
These cracks were found to be filled with the surfounding

argillaceous matsrial.

Tucker (1981) attributed the origin of cracks to desiccation.
The loss of water, he belisves, occurs from pors-spaces bstween
sediment grains, the loss of water contained within clay mineral ‘

lattice have caused shrinkage.

The occurrence of cracks on the under surfacé of many stratified
carbonatas in the Ballagan Formation is believed to have been
developed by the same process responsible for cracks formation
kon the upper surface, shrinkage. Dunbar and Rodgers (1957)
ascribed what they considered conspicuous shrinkage cracks on the
under surface of a limestone layer, c 0.20 metre thick, to the
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possibility of considsrable percentage of clay or organic
impurity inclusion, they suggest that shrinkage was produced by

desiccation after the lake had dried up.

The cracks developed in the carbonate beds undsr investigation
are liksly to bé of two different origins. Some are coﬁsidered
of subéerial origin as they are found containing clay sediment.
Read(in Francis st al, 5970) ascribed the formation of thsss cracks
to desiccation, also West et al (1968) attributed the development
of cracks in similar sediments, to subaerial desiccation. Muir et
al (1980) and many others reported stratified infilling of cracks

which they believe had formed subaerially.

Other cracks in the present study ars assumed to have
developed under a sediment .cover, as may be indicatsd by lack of -
. matrix, uith the axceptioh of some broken pieces and their infill
which is composed almost exclusively of chémicaily precipitated
minerals. This assumption is offersd on the basis of lack of matrix
and the secondary minerals are ekpectad to take rather a long
period of time to complstely cement these cracks, which may have
not besn allowed by the environmental conditions. The lack of
matrix could be attributed to the rigidity (sami-consolidation) of

the overlying sediments.

Further support for this assumption can be found in the
similar cracks which developed in nodules. These nodules are

believed to have formed under a sediment cover, emergencs
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subsequent to their formation is unlikely. Thus, the cracks in
the nodules had most likely developed under a sediment column
and, therefore, such origin may be applicabls at least toc some of

the cracks formed in the stratified beds.

4,3 Cavity System

This feature is of common occcurrence in-the carbonats layers
presently represqnted by Microfacies A (Plats 3.6). They vary both
in shape and size. Internal solution of the sediment is the most
liksly process responsible for their formation (see Bathurst, 1959;
Orme and Brown, 1963; Schmidt, 1965; énd Braithuaite, 1§66).

Other possibilities listed by Bathurst (1959) such aé solution of
aragonite debris; decomposition of organic tissue; énd burrowing,
ars excluded on the grounds that, all these conditions ars. expected

not to have sxisted in the carbonates of ths Ballagan Formation.

Subssquent to their development, the cavities show almost all
stages of filling, this ranges from complsts cementation to
virtually no cement. Lack of matrix in the cavities may indicats
that earl? development of this featura~did not taks place. The
present fill is comﬁrised predominantly of chemically precipitated

minerals, including calcits; gypsum; and possibly dolomita;
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In some instances two minerals ars found occupying the
cavity. The minor mineral is likely to bs of replécement origin.
This association is mainly involving gypsum and calct;zg the latter
is perhaps replacing gypsum. Kbcurko(1979) reportedYoccurrence
of gypsuﬁ as void-filling pracipitafe. He thinks it has suffered
from subsequent alteration. This alteration caused much of it to

undergo dissolution or replacement by calcite. This contlusion

supports the proposed origin of gypsum and calcife;inmfhgéa rocks, |

4.4 Veinlets

In the carbonates of the Ballagan Formation, veinlets are a

very common feature in Microfacies B in particular.

The characteristics of this strudture, such as size; shape,
orientation; abundance; and composition are found to hage
considerabls variation, Theif size varies from microscopic to
megascopic as it reaches up to few hm thickness in some instances.
The shépe is remarkably variable, irregular, branching and occasionally
found in a net-liks form. In addition, there are smali V=-shaped
veinlets, especially on the periphery of some nodules. They vary
in origntation generally from vertical and/or subvertical to
haorizontal, Tha carbonatg layers ars evidently differentially
affected by veinlet development. As mentioned above, Microfacies

B is severely traversed by a network of this feature in some cases.
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Their composition is equaily variable. The filling material is
found to include commonly calcite; dolomite; and gypsum. Other

minerals, celsstine and possibly others ars less common.

The filling material generally consists of anhedral crystals
which are almost always normal to the walls., The size of these
cryétals, which obviously increasss towards the centrs of the
veinlet, is depsndent on that of the veinlet.

4,5 Types of Veinlsts

In the present study, thers are threes differsnt recognizable
types of veinlets, some of theh are microscopic. They are sub-
divided on the basis of their composition. For convenience, thesse
will be named and refarrsd'to as follows 3
1 = Single-mineral veinlets
2 -~ Double-minsral veiniets

3 =« Trebls-mineral veinlsts

4.6 Single-Mineral Veinlets

This is generally the prsvailing typs containing calcitse or
dolomite or gypsum (Plate 4.2 and 3). The filling mineral is
assumed most likely to be primary in origin through chemical
precipitation.A This assumption is based exclusively on the mode

of crystal growth, which obviously displays a typical form of
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Plate 4.3

Upper: Micrnphotog:aph showing a dolomite veinlet.

Under crossed nicols. Mag. 10X.

Overtoun Burn, near Dumbarton.

Lower: , Microphotogreph showing a gypsum veinlet. Under

crossed nicols. Mag; 10X.

Auchenreoch Glen, near Dumbarton.
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primary chemical pracipitation in this type of structure. These
crystals have grown normal to the walls, they increase in size
towards the centre of the veinlqt.. The occupation of the véinlet
by only one mineral, may be considered as a further svidencs for
the assumed primaryvorigin. However, althougﬁ é veinlst is
monomineralic, complete replacement of a previously existing

mineral cannot be ruled out.

Veinlets of this type appesar to be of multi-stags origin as
indicated by cross-cutting of each other. Dolomits veinlets,
however, have evidentlyﬂfcrmed in the sarliest stage,.at least
in part, as svidenced by it being cut by a calcits veinlst

(Plate 4.5).

'Elactron microprobe analysis has shown that some of the
dolomite véinlats are composed of ferroan-~dolomite, between C 2.4

and 3.2 percent of Fe0 are contained (Tablé 6,26).

4,7 Double- Mineral Veinlset

Cases whsre veinlets ars filled with two different minera;s
are found of common occurrencs. In this type, gensrally calcits
appears to be the prevailing ﬁineral, gyhsum comes second in
importance; whereas dolomite occcurrencss ars relatively minor
(Plate 4.4). Howsver, either of these minefals can be fhe dominant

in a given veinlet.
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Plate 4.4

Upper: Microphotograph showing the occurrence of calcite
and gypsum in the same veinlet. Calcite purple-

pink. Under crossed nicols. Mag. 10X.

Loch Thom,.

Lower: Microphotograph showing the occurrence of dolomite
and gypsum in the same veinlet. Gypsum is

vellouwish. Under crossed nicols. Mag. 25X.

Overtoun Burn, near Dumbarton.
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As its name signifies, this type is found composed of a
combination of two different minerals. Their proportions are
considerably variable in almost every case. When dolomite is
involved, it usually occurs near the walls, howsver, scattered
crystals do occasionally occur within the framework of its

associate,

Generally the dominant mineral is most likely to be a
chemical precibitata in origin. This! as explained in the cass
.of the monomineralic veinlets is assumed on the grounds of the mode
-of growth of the crystais. They are always normal to the walls
and increase in size towards the centres. The minor mineral may
have formed also as a primary chemical precipitats, especialiy
when it occcurs near the uélls or at the céntré of the veinlst.
The possibility of this minor mineral being of secondary origin,
replacing its companion, particularly in the cases of its occdrence

in a scattersd fashion, is possibly equally valid.

In casse both minerals ars primary in origin, it can bé
assumed that they have formed one after the other. The first stage

of crystallization yisldsd the mineral near the walls. The

followinb stage is believed to have begun as the precipitating
solution had become depleted in the slements essential for the
formation of the first minsral. This change in the chemistry

of the groundwater may indicate an open system with new solutions
bringing in fluids which precipitated the second mineral presently
occupying the innsr part of the veinlet. '

4.7/
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4.8 TrebleQMineral Veinlets

This typs is found to be of a minor occurence compared with
the other types. 1Its composition is evidently mors complex than
the others as demonstrated by ths presence of three different
minerals in the same veinlet - these ars s dolomits; calcite; and
celestine which occur in this order from the walls towards the

centre (Plate 4.5, Table 6.28).

Both Schmidt (1965) and West et al (1968) and many others
reported the occurrence of diagenetic celestine in veinlets. Thay
believe when it is formed through replacement, the replaced

mineral is usually calcits.

These minerals ars likely to be all of primafy origin through
chemical pracipitation; Both the dolomite and the calcite crystals
show the same orientation, with rsspect £q<the walls, as that
described for thé other types. Furthermors, the calcite crystals
sven those of its first stage, are generally slightly coarssr
than those of the dolomite, on which they grou. Theée minerals
may have formed in a similar manner as that propossd for the double-
mineral type. Oolomite was the outcome of the %irst staéa of
crystallization, in which most, if not all, of the magnesium ions
were used up. It was followsd by calcite.Celestine may represent
the final stage of the mineral crystallization in this veinlst.
Replacement of either mineral, howsver is not clear, but it cannot
be ruled out.
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Plate 4,5

Upper: Microphotograph showing one side of a composite
veinlet. Dolomite near the wall, followed by
calci;e, and celestine on the leff. . Under
crossed nicnls.‘ Mgg. 253.

“Overtoun Burn, near Dumbarton.

- e ———— U I N —

Lower: Photograph of a thin section showing a calcite

veinlet cutting a dnlnmite.veinlet. Mag. 10X.

Cvertoun Burn, near Dumbarton,
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The adhesion of dolomits, whgfgr pressnt, to the walls of
the veinlets, in almost every case, may hint at its primary
precipitation. Since the'parent fcck (substrate) is dolomitic,
it may have determined the first precipitative phass. Lindholm

(1974) drew a similar conclusion.
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CHAPTER FIVE

CARBONATE NODULES IN THE BALLAGAN FORMATION

5.1 Definition and 0rigin>of Nodules

Occurrences of irregular carbonate bodies generally referred
to as nodules, have been recorded from a wide range of formations
from many parts over the world, at ssveral different stratigraphical
levels. Critical investigations of these peculiar bodies, howsver,
are sporadic, although, they have been recognized as early as
1835, by Sedquick (1835, in Garwood, 1891). These carbonate bodies
are generally tgéwggfconcretionary and nodular. Such tsrms wers
obviously used by inVestigators without any précise meaning, until
Pettijohn (1957) defined true_concretions as 3 = normally spherical,
though, commonly very oblate, to irregular bodias formedbgenerally

by orderly precipitation of minarél matter in the pores of a

sediment adjacent to a nucleus.

Septarian nodules are those nodules characterized by a series
of radiating cracks that widen toward the centrs, the cracks are
almost invariably filled with a crystalline deposit, most commonly

calcite.

In this study, the use of the term nodule will still be
generally applied and those nodules with septarian structurs will

be simply referred to as nodules with septarian structure.
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No attempt at reviewing the literature on the subject is
undertaken and reference should be made in this resﬁect to
Raiswsell (1971). Howsver, some of the widely accepted views are
summarized and/or referred to whereyer felt necessary.

Generally, the workers in.this field had concentrated their
investigations, partly or wholly,on the mode of formation and
composition of the diffarent types of thess carbonate bodies, and
.their age with respect to the enclosing sediments.

Garwood (1891) proposed two possibilities as to the proximats
source of the constituting carbonate material, one is that it was
introduced into the concretionary bed subsequent to its formation

: that it was
in solution from outsidse, and the other wasVdaposited contemporan-

eously and subsequently segregated in situ, however, he favours

the second.

Deegan (1971) belisvad that the poséible mode of nodule
formation involves fluctuation of pH arouﬁd the threshold valus
necgssary for carbonats crystallization. Pantin (1958) assumed
that the éarbonate matsrial forming the diagenstic nodules was from

organic or detrital carbonates distributed through the enclosing

sediments.

Dickson and Barber (1976) found that nodules formed in four
stages represented by two carbonate zonss one chalcedony zone and

one carbonate zone respectively.

Barber (1968) proposed two models for the formation of nodulss.
The first is the growth of a spherical nodule by ionic diffusion

and precipitation from stagnant ground-water. Stagnant ground-water
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ie thought to be a necessary condition as may occur in impervious
muds and shales. The second madel involves slow ground-water flow
along with diffusion of precipitating matter onto the spherical
nodule surface. This case, he thought, is probably better suited

to porous sands and sandstones.

Raiswell{(1975) attributed the formation of nodules to the

existence of an active accumulation of micro-organisms, i.s. the
kinetics of microbiological processes are the critical factor in

determining whether nodular growth occurs. -

Lipmann (1955, in Raiswell, 1971); Seibold (1962, in Raisuwell,
1971); end Raiswell (1971) were abls to detsrmine the app¥oximata
porosity of the enclosing sediments at the time of nodular growth,
they all found that the growth can taks place in sedimentsbwith
porosity ranging frqm 70 to 75% bhila the latter had a;so found

that it may occur in sediments with 40% porosity.

Nichols (1966) reported some nodules containing small bio-
clasté where others'passed into and lie on top of colonies of
corals. The laminae of the surrounding material is meinly bio-
clastic calcaranites with a matrix of cryptocrystalline calcits,
carbonacecus material and soms calcite silt. The laminae usually
conform to the shape of the noduls. He recorded that peripheral
cracks contain some of the surrounding calcarenite. With respect
to the laminations within some nodules, he observed that thsy ars

not continuous with the laminae around them.
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Noble and Howells (1974) bélieved that nodules form in an early
.diagenetic environment soon after deposition. They believe the
process to occur near the sediment-water interface with a rate of
sediﬁentation not high énoﬁgh toc separate the zone of cemenﬁation
from the overlying seawater befors the nodules have been formed.
Wanless (1979) proposed that nodular limestones are producté of
pressure solution. Fuzesy (1980) interpreted nodular limsstone
as early eogénetic in origih similar to inferred origin by Noble and
Howells (1974). He beliesves that nodular formation took place
soon aftéf deposition df the sediments, by mineral segregation
within lime-rich layers. | He also reported that the flatness of
some nodules and their compaction was caused by the weight of the

overlying sediments,

Kaldi (1980) identified two typss of nodules.  One type he‘
believes is analogous to present day nodules dascribed'from the
Mediterransan (Muller & Fabricius, 1974); These nodules wers

~reported to form as early cementad structures about 0.05 to 0.50
metre below the sediment water 1nt§€fi§a. Ons of the cohtrols
over nodule formation‘was believed L: t:e rate of sedimentation
(see also Noble and Howells, 1974). UWhile the other nodule type,
bacausé of lack of bedding and its chaotic orientation, it is

believed was formed when the first type nodules were disturbed

and redeposited as clasts in various stages of lithification. .

S

Several classification schemes dealing with the origin of
carbonate nodules wers proposed by different writers, thess rangs
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from primary (contemporaneous) to secondary (late diagenetic).

Pantin (1958) divided nodules into thres types :-

a. Syngenetic := Formed on the sea=bed at the time of deposition
of the enclosing sediment.

b. Diagenetic:- Formed (probably uithin“a %ew thousand years)
after the deposition of the snclosing sedimeﬁt, but before
the various prqcesses“of compaction and consolidation were
complete.

Ca Epigenetic:~ Formed after the compaction and consolidation of

the enclosing sediment.

Similar schemes were proposed by Tarr (1921); Richardson (1921);
" and Qseks (1957). Tarr (1921), howsver, favoured the syngenstic
origin for nodules he investigated and listed nine criteria as an
evidence for such origin. Weeks (1957) included the diagenetic
division into that of the syngenetic and attributed the alignmanf
of nbdhles{ along a plane to a diastem or a brief.period of nan-
deposition, whilg Tarr (1921) seem to have included this stage in

that of the epigenetic.

Crimes (1966) added an additiocnal three possible origins of

nodules, these are =

1. Allogenstics- Derived from early formed sediments and deposited

contemporaneously with the enclosing sediments.

2. Perigenetic:~ Formed at one point, transported and then

enclosed within sediment of virtually thes eame ags.
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3. Metamorphic:- Formed a&s a result of metamorphism.

5.2 Nodules in the Ballagan Formation and their Origin .

Nodular layers constitute a considerable proportion of the

carbonates of the Ballagan Formation. They are found aligned
. parallel to the bsdding. They ere widely to. closely sp;ced and
in some instances coalssce to the point of forming a bed which may
easily be mistaken for a layered carbonate unit. In some other

tases, they are widely spaced rssulting in the presencs of

only a few : -+ over tens of metres distancs.

Although, the nodules are usually embedded in . lutites, an
exceptional case occurs in the section of Loch Thom, whers they are
found lying in a less pure carbonats layer which peels off easily

leaving the nodules with a relatively smooth surface (Plate 5.1).

Nodules are random in their cccurrence. They ars found in
association with sandstone; stratifisd carbonatesv(Figs. 5.2=4)

and evidently ﬁainly with lutites, which embedded also the nodules

‘in the first two situations. They ars also found laterally

replaced by stratified carbonates (Plate 2.1, Fig. S5.7) and

sandstone (Fig. 5.6). Several superimposed nodular layers occur

enclosed in stratified carbonates (Fig. 5.5).

The nodules assume several different shapss: semi-spherical;
oval; bulbous; flat; and most common of all,bodiss with uneven

surface. The bases are generally slightly flatter than thes tops.

Their boundary with the esnclosing lutites is usually sharp. The
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Plate 5.1

Upper: Photograph shouing nodules embedded into a

more argillaceous carhonate layer.

Loch Thoh.'

Lower: Photograph showing development of secondary,
coarsely crystalline minerals (septarian

structure?), in a carbonate nodule.

Loch Thom.
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Fig.5.2 : Sketch showing a nodular carbonate bed underlain by another
stratified bed. Not to scale.

@ Carbonate Nodule
=] Stratified Carbonate
E=] Lutites

Fig.5.3 : Sketch showing a nodular carbonate bed overlain by another
stratified bed. Not to scale.
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Fig.5.4 : Sketch showing a nodular carbonate bed bordered by another
two stratified beds. Not to scale.

€ Carbonate Nodule
B3 Stratified Carbonate
E=] Lutites

Fig.5.5 : Sketch showing occurence of more than one nodular

carbonate bed between another two stratified beds.Not to scale
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Fig.5.6 : Sketch showing lateral replacement of a very sandy bed hy a
nodular carbonate bed. Not to scale.

€& Carbonate Nodule
B Stratified Carbonate
E=] Lutites

Sandstone

Fig.5.7.: Sketch showing replacement of stratified carbonate bed by a
nodular one. Not to scale.
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horizonial dimensions of individual nodules are generally less
than 0.25 metre, but reaches up to 0.50 metre. In vertical
dimension (thickness) they range up to 0.35 metre (averaging

€ 0.15 metre).

The slongation of nodules along the bedding is attributed
mainly to compaction, but preferential growth may have played a
certain role in this slongation. H.C. Sorby (in Richardson, 1921)
considered that the shape of nodules depended on that of their
nuclei, this possibility is ruled out as the nodules under invest-
igation contain no nuclei. However, Richardson (1921) ascribed
the longsr horizontal diameter to the same effect, compaction,while

nodules are semi-consolidated.

The nodules lack any intsrnal structure, apart from occasional
occurrences of what could be considered a septarian structure, as
the centre part of the nodule consists of coarsely crystalline
mineral (Plate 5.1). Dickson and Barber (1976) reported lack of

internal structurs in some of their nodules.

Carbonate nodulss which bear resemblance to those of the
Ballagan Formation were found mainly in mudstones and shales of
various ages (Richardson, 19213 Tarr, 1921; Weeks, 1953, 1957;

Crimes 1966; Riaswell, 1971, Pantin, 1958; and Clifton, 1957, in
Hayes 1964). Most of these workers favoured syngenetic and/or |
early diagenetic origin for concerned nodules. It can be deduced,
therefore, that there is a general consensus amongst geologists as to

the systems!in which carbonate nodules grow: They believed them to

be/
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be both open and closed to the sea-water. For criteria used in
identifying such systems, reference should be made to Raiswell

(1971, pages 148-150).

Carbonate nédules of the Ballagan Formation are composed
predominantly of nearly uniform carbonate grains with variable
- proportions of disseminated clay and sand particles similar to the
majority of the variously investigated nodules recorded in the
literature. They are devoid of any organic matter, Tarr (1921)
however, reported that some nodules contain fossils in the outer
parts or on the upper surface; Weeks (1957) found ammonites as their
most common inclusions. Dickson and Barber (1976) observed
randomly oriented skeletal debris as well as evidence for burrowing
which was noticed by Hallam (1962). Hudson (1978) discovered that

they contain uncrushed or only partly crushed fossils.

-

In addition to several individual thin-sections and chemical
analyséé, prepared from nodular carbonate beds in the Ballagan
Formation, a nddule was cut into three psrpendicular sect;ons, one

parallel to the bedding. The purpocse wésto'examine whethsr it
contains any internal structure. This nodule, however, proved to
lack internal'étructure of any kind excep;?few small veinlets,
it was found composed only of homogeneous carbonate crystals with

randomly distributed sand grains. Also there is no evidence of

any organic remains.

Along each of these surfaces thin-sections were prepared and
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107



chemical analysos were carried out to defarmine the fabric and
chemical comoosition of toe constituting material (Fig. 5.1).v

The examination of these thin-sections shows that there is actually
no textural differsnce throughout the said nodule. Also the
results of the X-ray fluorescence analyses prove its similar‘

composition throughout (Tables 8A and 8B).

The rasultsAof thin-sections examination and X-ray flucrescence

analyses show that both nodular and layered carbonates of the
Ballagan Formation in the area of study, are of similar texturse and
composition svidenced by the occurrence of the three microfacies

in both of them indiscriminately. Furthermore, it has been found
thatvalmost all structures, such as veins, cavities, coarser mosaics,
and shrinkage cracks, contained in the stratified oarbonata'layers
aro present, although some of them on a relatively smaller scals,

in the nodular layers as mell.v‘ Therefore, the diagenetic

history of both ths carbonates is thought to be similar.
Microfacies A, present in the nodules, is thought. to have been
primary in the sense that it was precipitated and accumulated
alongside lutite to form an inifially carbonate-rich lutite.
Conversion to a nodular form resulted when pore water migrated
to the site of nodule formation, where, as a primary precipitate

A carbonate displaced lutite during nodule growth.

" The author proposes a syngantic origin for the carbonate
nodules of the Ballagan Formation on the basis of ths following :
1. The microfaciss present in the stratified beds are also
present in the nodules (see Figs. 3.6-12).
2. There are no more quartz grains, clays, or any other terrigenous

components in nodules than there are in the stratified beds.

3./
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10.

1.

The overall chemical composition of the nodules resembles the

composition of the stratified units.

No systematic changes in petrography or compoéition occur

through the nodules.

Their enclosing beds are not permeable, and the nodules do not
occur in permeable horizons. They are enclosed in imperméable

shales and mudstones.

The external surfaces of the nodules (i.e. in some cases all
around them) contain shrinkage cracks. As with the stratified
beds, this implies a reduction in the volume of the original

carbonats.

The association of nodules with stratified carbonate beds and

sandstone.

The arrangemeht of nodules in planes parallel to the formation

bedding.

The recurrsnce of nodular laysrs throughout the formation |

section.

The lateral replacsment of nodules by stratified carbonates and

sandstons.
The occurrence of superimpossed nodular beds.
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The similarity in structure and composition betueeﬁ the
latefally persistent and nodular carbonate beds in the Ballagan
Formation implies a similar origin. This origin is unlikely ko
involye a great deal of fluid migration within the sediment, as
these sediments are quite impermeabls. However, nodules do
commonly occur in shales before compaction. DOue to the absence of
laminations in the shale, the investigator has been deprived of an

important tool wused in the reconstruction of the nodule's history.

The carbonats nodules in the Ballagan Formation are belisved
likely to haQa formed by an accretionary process involQing the
constituent carbonate crystals subsequent to their deposition,.
Chemical precipitation of thess particles most probably took placs

in or very close to the level wherse nodules ars prssently found,

The accretionary process, which may have occurrsd around a
nuclsus, presumably of similar origin, however, is suggested to
hava bequn when the enclosing sediments were still unconsolidated,

i.e. the nodulss are of a syngenetic origin of Tarr (1921); Weeks

(1957); and Crimes (1966).
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CHAPTER SIX

GEDCHEMISTRY

As déscribed in the preceding parts of this study, the rocks
concerned are fine-grained, homogesnsous and lack any fossils.
Therefore, a geochemical study of these sedimentary rocks was
underfakan to tﬁréw some light on the original sedimentary
processes responsible for their formation and the diagenetic proc-
sssaes involved. Both X-ray fluorescence and slectron microprobs
were smployed forbthis purpose, the first to determine the‘bulk
composition of the rocks, and the lattsr to datarmine the mineral

composition whenever possible.
6.1 - X-Ray Fluorsescence Analysis

Pressed psllets were prsparsd for ana;ysis from selectad '
~samples of the carbonate layers in the Bailagan Formation. They
were analysed for the oxidss of ten major elemsnts in additicn to
seventéen tracs elements. Ths methods of Harvey et al (1973)

werse employed'in the case of the major slementg, and that of Leaks

et al (1969) for ths trace slemants.

Both Professor Lsake and Or., C. Farrow recommended the uss aof

G. Tanner's samples the analyses of which were published in a
paper by Leake st al (1975) as standards. Pressed pellets wsrse

prepared from these samplss for the purpose of calibration.
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The use of these samples gave satisfactory résults with the
exception of 5102 which was found to give erroneous concentrations
presumably due to the difference in the mineralogical mode of
occurrence of Si inboth rock types. 1In ordsr to overcome this
‘problam four samples repressnting a cross-ssction of ths cobtained
5102 content in the author's rocks were analyéed for this oxide in
‘the wet chemica; laboratory and the 5102 content is correctsd
accordingly using the straight line equation.

Y = Ao + A X

1

The total iron is stated as Fezos. C02 and H20 amounts wers
dstermined by wet chemical analysis. Ths C02 contsnts wers
satisfactory but those of H20 wers not reliable which has led to
their computation on the basis of the computed mineral composition
of the hydrous hinerals, frﬁm the chemical analyses as will bse

described later in this section.

The analyses ars £abulated for each section separately in |
Tables .1-7. Tables carrying the letter A contain the major oxides
in addition to 503, Sr0 and BaQ as calculated from thse contaents of
S, Sr and Ba respectively, and the computed mineral proportions.

Tables carrying the letter B contain the tracs elements.5
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The objectives of any geochemical analysis. in addition to the
determination of the compositional elements and their concentrations
are obviously to establish.any pﬁssible raiationship between ths
analysed elements and to compute ths minsralogical compositions
of the rocks and from this information reconstruct the history of
the studied roéks. Numerous plots have been made to establish

,correlations between elements.

The Al is considered to be almost axcldsively in the clay
minerals a view also followsd by Weber (1564). Hence, Alzﬂs is
belisved to be a valid indicator of the contept of clay minerals in
general and this obviously ihfluencad the concentrations.of ssveral
other elements which are also present in typical clay minerals such

as K, Fe and Mg and many trace elements.
Plots involving A1203 fall into thres differsnt categories

A, Plots which are showing a fair positive correlation with Al,0,

such as §i0,, Ti0,, Fe,0;, K;0, cr, Ni, Rb, Ga, and Th (Figs. "
6.1-9). The slight disturbance of such corfelation in the cass
of SiD2 is obviously caused by the presencs of free 8102 in

the form of detrital quartz and feldspar as shown by microscopic
study. UWith K20 and F9203 plots, ths positivs corfelatinn is
dieturbed by the samples from Little Corrie and Ballagan Glen
Sections which are likely to contain either ciay minerals with

differsnt compesitions, namely, with more Fezﬂ3 and possibly
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less K20, of by the actual pressnce of haematite which has

 been deduced from the rock composition. As it will be shouwn

later KZD = content has been éuccessfully used to compute the

content of illite.

Plots showing a poor positive correlatlon with A1203 includs
MgQ, Co, Zn and Zr (Figs. 610-13). The reason for such poor
correlation of thess elesments with the exception of Mg is not
clear but variations in the source arsa where they are derived
from may be the explanation. In the Mg plot, the positive
correlation is good in low MgO values which may indicate that
the sourcs of this oxide in these samples was predominantly

in the clay.

Plots showirg no corrslation with A1203 include Na20, P205,

"nG, La, Cu, Y, Ba, Pb and Cs. Lack of correlation can be
aftributad to variation in compcsitioﬁ of the pafent rock.
fFurthermore, loss or gain of some slsments may occur during
transport as in the cass of Cu and Pb,Shaw (1954) suggests they
go into solution as solubls cations and bscome trapped in the
ciay sediments by sorption, this process will affect their
contents and consquently causes disturbance of correlation.

Mn0 is associated with carbonates whereas Ba with sulphates.
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The major minerals, dolomite and calcite, probébly take only
a very few elements such as Mn and Sr in solid solution in signifi-
cant amounts. Graf (1962) and Weber (1964) have suggested that the
‘trace slements in carbonate rocks mainly depend on the non-~carbonate
minerals, especially clay minerals, including detrital minerals,
accessory authigenic precipitates, organic matter, phases formed
during diagenesis and the elements absorbed upon all of thesse
materials. The clay miherals probably supplied most of the trace

elaments as shoun sarlier.

S plotted against Cal does not reveal any significant
correlation showing that the amount of Ca0 combined with S in gypsum

is generally very low and most of the Ca is in carbonats.

Plots of S against Sr and Ba both separately and combined
(Figs. 6.14=16) all show a moderate positive correlation when more
than 1,000 ppm of each slement is present indicating the presencs

of celestins and baryts.

Ba was observed by Friedman (1969) to be low in marine lime-
stones (less than 60 ppm) and higher in freshwatsr limestones (more
than 60 ppm). The present Ba = contents are rather high which
might be due to the mixing of continental and marinsbbrines and
this yould be consistent with a chemical precipitation origin for -

the present dolomites.
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Chemical analyses across a carbonate nodule are shown in
- Tables BA and 88. These analyses are similar, and, thersfore,
indicate a homogeneous composition 6f the nodule. Furthermors,
this composition is similar to those of many carbonate horizons, -
both hodular and stratified. Thus, it may indicats that the
constituents were formed in the same manner as the rest of the
carbonate horizons. The mode of formation of the nodules is

discussed under a ssparate heading. -
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Table 6.1A:  Chemical analyses of carbonate beds in the

Ballagan Formation.

Loch Thom
MG 33 MG 34 MG 35 MG 36 MG 37 MG 38
5102 12.62 7.81 4,25 26,45 15.00 13.80
AlZDS 4,35 5.06 - 2.81 3.70 4,22 5.64
TiUz 0.18 0,15 0.1l0 0.13 0.12 0.15
F8203 1.57 2.56 1.18 1.62 1.63 1.72
MnO : 0.23 0.20 0.22 0.18 0.1l1 0.09
Mgl 12.86 13.91 16.23 7.04 3.11 2.38
Cal 28.52 28,95 31.53 28.35 39.27 - 39.58
NaZD 0.27 0.22 0.23 0.23 0.19 0.19
K20 0.92 1l.12 0.82 1.11 1,21 1.50
p205 0.12 0.14 0.14 0.63 0.17 0.22
H20 1.38 1.29 0.94 1.38 1.55 1.90
CD2 35.43 37.95 41,95 28.93 33.22 32.68
503 0.52 - 0.30 8.25 0.35 0.25
Sr 0 0.11 - - - - -
BaO "0.48 - - - - -
Total A 99,56 99.36 100.70 100.00 100.15 100.10
Calcite 26.76 17.03 16,39 34,79 63.75 66.39
Dolomite 55,11 63.82 72,79 2B.57 10.87 7.31
Total B 75.87 80.85 89.18 63.36 74.62 73.70
Gypsum 0.40 - ' 0.65 0.54 0.75 0.54
Celestine 0.19 - - - - -
Barytes 0.73 - C - - - -
‘Illite 14.17 17.24 10,72 17.07 18.64 22.84
Chlorite - - - - - - -
Montmor. 4.80 - - - - 1.29
Total C 18.97 17.24 10.72 17.07 18.64 24.13
Quartz 2,37 - - 17.96 5.08 1.47
Haematite - 0.66 - - - -
Total D 98.53 98.75 - 100.55 98,93 99,06 99.84

MG 39
9.99
5.18
0.16
1.82
0.19
9.44

33.87
0.20
1,24
0.1l
1.82

35.16
0.40
0.25

99.83

40.42
36.43
76.85
0.45
C.44

18.88
2.35

21.23

98.97

Totals: A-Analysis B-Carbonate C-Clay and D-Computed Minerals.
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Table 6.1A: _Chemical analyses of carbonate beds in the
Ballagan Formation.

Loch Thom

MG 40 MG 103 MG 104 \

5102 4,02 3.61 1.86
A1203 2.76 1,91 0.62
TiD2 0.10 0.04 0.05
F9203 1.00 0.59 0.62
Mn0 0.26 0.09 C.22
MgO 16.14 1.04  1l4.14
Cal 32,09 49,84 35.99
Nazo ~ 0.23 0.14 0.23
KZU 0.70 0.52 0.34
9205 Q.18 0.14 0.15
H,0 0.99 0.76 0.55
co, 42,03 39.70 43,53
503 : 0.42 0.35 0.55
Sr O - - 0.12
Bal - - 0.18
Total A 100.81 98,73 100.02
Calcite 17.91  86.93  28.55
Dolomite 71.56 2.93 64.90
Total B . 89.47 89.86 93.45
Gypsum .90 0.75 0.79
Celestine = = - 0.21
Barytes - - 0.27
Illite 9.07 7.92 5.24
Chlorite - - -
Montmor. - - -
Total C 9.07 '7.92 5.24
Quartz - - -
Haematite - - -
Total D 99.44 98.53 99,96

Totals: A-Analysis B-Carbonate C-Clay and O-Computed Minerals.
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Table 6,1B: ', Chemical analyses of carbonate beds in the
 Ballagan Formation.
Loch Thom

MG 33 MG 34 MG3IS MG3I6 MG 37 MG 38 MG 39

S 2118 889 1175 1030 1384 1042 1573
Cr 22 33 16 26 23 24 22
Co 5 15 10 7 8 5 ND
Ni 2 4 3 3 2 3 3
Cu 3 N 7 26 ND ND ND
Zn Y 23 27 28 24 2l © 25
Ga 3 6 3 5 5 9 5
Rb 32 44 a1 39 39 . 52 a7
st 921 643 336 930 716 620 2093
Y 19 . 28 33 46 17 15 13
Zr a4 . 20 22 19 22 29 14
NG 6 12 13 5 8 10 7
Ba 4323 818 97 225 64 59 756
La .' 48 36 47 59 20 23 23
Pb ND 2 1 8 ND 4 X
Ce 119 119 144 166 127 116 93
Th 3 ND 2 5 7 3 6

Concentrations in parts per million. ND = not detected

NA = not analysed.
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Table 6.1B:

- Ballagan Formation.

Cr
Co
Ni
Cu
n
Ga
Rb
Sr
Y
r
Nb
Ba
La
Pb
Cs

Th

MG 40
1719

15

ND

ND

24

27

560

29

14

169

44

185

6

Loch Thom
MG 103 MG 104
1430 2235
8 g
9 5
ND ND
ND ND
3
1 2
16 14
411 - 988
5 10
22 3
4 7
1 1591
7 12
2 7
127 109
2 4

22

Concentrations in parts per million.

NA = not analysed.
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Table 6.2A:

Ballagan Formation,

sil
Alzo3
TiU2
273
MnO
Mg0
Ca0
Na, O

2

KZO

P0g

HZU
CD2
503
Sr O
.BaO

Total A

Calcitse
Dolomite
Total B
Gypsum
Celestine
Barytes
Illite
Chlorite
Montmor. .
Total C
Quartz
Haematite
Total D

Chemical analysss of carbonate bsds in the

MG 41
13.63
5.26
0.19
1.57
0.27
13.26
28.11
0.25
1.06
0.14
1.74
35.14
0.35

100.97

19.55
55,62
75.17

0.75

16.15
1.45
3.53

21.13
2.85

99.90

Ben Bowie, Helensburgh

MG 43
2.16
0.73
0.0l
0.27
0.15
2.26

45.76
0.15
0.05
0.05
1.52

36.70
S5.84
3.56
0.25

99.46

72.47
10.13
82.60

6.37

6.31,

0.37

0.78

2.76
3.54

MG 42
3.64
2.40
c.08

0.84

0.44
15.45
32.80

0.22
- 0.56

0.17

0.83
42.45

0.42

100.20

19.49
70.99
90.48

0.%0

MG 44
3.49
2.07
0.08
0.74
0.31

16.25

32.71
0.24
0.59
0.13
0.84

42.82
0.35

100.62

18.50
72.67
91.17

0.75

MG 45
41.08
4.37
0.16
0.65
0.10
1.36
24,96
0.38
1.42
0.07
1.90
20,13
1.45

' 0.50

c.88
99,41

41.80
3.67
45.47

1.30

0.88
1.34
21.20

21.20
30.21

99,19 99,99 100.90 100.40
Totals: A-Analysis B-Carbonate C-Clay and O-Computed Minerals.
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MG 46
15.14
6.591
0.20
2.00
0.13
2.36
38.46
0.22
1.79
0.24
2.28
30.92
0.27

100.92

64.29
S.56
69.85
0.58

27.26

2,17
29.43

59.86

MG 47
7.57
3.54
0.11
l.11
0.35

15.67

31.50
0.21
0.c68
0.15
0.96

40,35

101.25

20.67
65.49
86,16

10.46

3.55
14,01

100.17



Table 6.2A: Chemical analyses of carbonate beds in the

Ballagan Formation.
Ben Bowie, Helensburgh

MG 48 MG 49 MG S1 MG 52

Si02 7.45 13,20 7.30 45.16
A1203 3.16  6.79 3.10 . 13.10
Tig, Q.10 0.20 c.09 - 0.58
Fezﬂ3 l.22 2.42 1.15 4,49
MnO " D0.35 © 0.15 0.36 0.06
~ MgD 14,61 2.80 13,13 4.96
Cal 21.17 37.44 33,19 14,51
Na20 0.21 0.21 0.19 0.27
K20 0.64 1.50 0.63 1.63
PZDS. 0.14 0.11 0.15 0.12
H20 ‘ 1.05 2.01 1.02 4.14
CU2 39.64 31.25 40.22 11.39
803 0.27 0.60 0.25 -
5r O - D.48 - -
Bal _ | - - - -
Total A 100.01 99.16 100.78 100.56
Calcits 18.43 62,01 26.38 25,90
Dolomites 66.07 8.35 59.97 -
Total B 84.50 70.36 86.35 25.90
Gypsum .58 0.48 0.54 -
Celestine - 0.86 - -
Barytes - - - -
Illite 9,85 23,07 9.71  25.07
Chlorite - - - 13.53
Montmor. 4.45 3.84 3.71  14.00
Total C 14,30 26.91 13.42 52,60
Quartz - - - 20.80
Haematite - - - -
Total O 93.38 98.61 100.31 99.30

Totals: A-Analysis B-Carbonats C-Clay and D-Computed Minerals.
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.‘Table 6.2B8: Chemical analyses of carbonate beds in the

. Ballagan Formation.

MG 4l
S _ 1391
Cr 29
Co ; 5
Ni 4
Cu 269
‘In 20
Ga 6
Rb 40
Sr 226
Y 31
Zr 71
Nb 12
Ba 203
La ) \ 51
Pb 7
Ce 130
Th | -8

Concentrations in parts per million.

NA = not analysed.

Ben Bowise, Helensburgh

MG 43
23356
ND

4

ND

15

71

32

9
30087
ND

ND

10
2177
ND

ND
100

ND

MG 42
1696
16
5

ND
86
22

3

20
241
19
19
ND
52
26
18

124

123

MG 44
1351
ND

2

ND

1

17

2

18
210
22
34
12
SO
29
10

108

MG 45 MG
5774 11
ND
ND
ND
34

11

35

4247 3

ND

7894 1
ND
ND

Sl 1

not detected

46
29
ND
10
NO
15

21

59
67
19
A2
14
13
36
14

39

MG 47
981
ND

ND

NO

ND

16

27
147
13
28
13.
66

16

89



Table 6.2B:

* Ballagan Formation.

Cr
Co
Ni
Cu
Zn
Ga
Rb
Sr
Y
ir
Nb
Ba
La
Pb
‘ Ce

Th

Concentrations in parts per million.

MG 48

1124

ND

ND

ND

22

26

1187

14
25
11
51

20

10l

NA = not analysed.

Chemical analyses of carbonate beds in the

Ben Bowis, Helensburgh

MG 49

2438

25

6

5

76

30

9

53

4104

ND

376

109

MG

51

1042

14

2

ND

15

15

2

23

177

17

22

12

41

18

13

107

124

mG 52
562
25
3

4
7
41
12
103
212
21
218
14
274

18

60

ND = not detected



Table 6.3A: Chemical analyses of carbonate beds in the

‘Ballagan Formation S , ,
: {bﬂu;henreoch Glen

MG246 MG12 MG 13 MG 1 MG 15 MG 16 MG 17

5102 3.80 6.30 16.58 . 10,02 4,19 17.04 9.52
A1203 ‘ 2.16 3.32 7.31 2.57 2.47 8.00 L.91
TiD2 0.08 0.11 0.22  0.09 0.09 0.24 0.17
Fezo3 0.84 1.40 2.55 0.96 1,20 = 2.47 2.08
"‘MnO 0.43 0.40 0.12 0.29 g.30 0.12 0.26
MgO 15.54 14,89 3.73 14,28  15.93 3.49 14,97
Cal 33.36 32.14 35.73 30.37 31.78 34,95 28.68
NaZO 0.24 0.31 0.22 0.26 0.25 0.21 0.25
KZU 0.58 0.82 1.72 0.74 0.70 1.87 1.21
PZDS 0.17 0.22 0.15 0.15 0.21 0.22 0.18
HZU 0.87 1.15 2.78 1.01 0.94 2.81 1.53
CUZ 42,49 40,07 29.13 38.70 41,66 2B.50 37.97
§GC, 0.45 0.47 0.35 0.35 0.32 0.35 0.30
Sr O - - - - - - -

8a0 - - - - - - -

Total A 101.01 101.60 4100.59 99.79 100.04 100.27 '102.03
Calcite 21.32 22.42 60.42 19.52° 17.89 59.07 15.27
bolnqite 69.38 63.30 5.37 63.10 70.80 5.30 65.49
Tutai.B- 90.70 85.72 65.79 82.62 88.69 6&.37 80.76
Gybsbm ' 0.97 1.01 0.75 0.75 0.69 0.75  0.65
Celestine - - - - - - -

Barytes - - - - T - - -

I1lite 8.84 12.61 26.46 11.28 10.78 28.43  18.64L
Chlorite - - 5.02 - - '3.91 -

Montmar. - - - - - - 0.37
‘Total C 8.84 12.61 31,48 11.28 10.78 32.40 19.01
Quartz - - 2.34 L.35 - 1.88 -

Hazematite - - - - - -. -

Total D .100.51 99,34 100.36 99.00 100.16 99.40 100.42

Totals: A-Analysis B-Carbonate C-Clay and D-Computed Minerals
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Table 6.3A:

Chemical analyses of carbonate beds in the

Ballagen Formation

Sr O
Ba0
Total A

Calcite
Dolomite
" Total B
Gypsum
Celestine
Barytes
Illite
Chlorite
Montmor.
Total C
Quartz
Haematite
Total D

MG 18
8.71
3.30
0.15
1.80
0.36

14.08

31.04
0.26
0.89
0.21
1.30

38.88
0.40

101.38

21.38
61.77
83.15

0.86

13.71
1.99
15.70
0.61

100.32

MG 19
7.99
3.98
0.15
2.00
0.22

15.17

28.83
0.21
1.17
0.06
1.34

38.36

99.48

15.67
65.94
81.61

99.61

Auchenreoch Glen

MG 20
5,74
2.43
0.08
1.20
0.21

15.29

31.65
0.22
0.75
0.10
0.97

- 40.87

0.25

99.23

MG 21
16.57
3.05
0.09
0.91
0.26
14.29
26.53
0.24
0.78
0.15
1.07
35.46
0.27

99.67

13.38
61.97
75,35
0.58
11.88
1.08
12.96
9,88

98.77

Totals: A-Analysis B-Carbonate C-Clay and
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MG 22
2.43
1.49
0.04
0.62
0.27

10.88

4L0.00
0.18
0.38
0.15
0.67

42,72
0.65
0.19

- 100.67

L4.37
L8.63
93.00
1.08
0.34

5.85

100.27

MG 25

12.05

4.29
0.18
1.42
0.19

Wbl
28.06

0.21
1.25
0.04
1.44
36.63

100.20

15.59
62.39
77.98

19.05
2.4L8

99.51

MG 26
12.38
3.67
0.13
1043
0.27

43,92

28.72
0.22
0.97
0.10
1,33

36493

100.34

17.86
60.93
78479

0.58

1&.93
1.84
16477
3.73

99.87

O-Computed Minerals.



Table 6.3A: Chemical analyses of carbonate beds in the

Ballagan Formation '
: Auchenregch Glen

MG 27 ME28 MG S MG 4 MG 3 MG29 MG 31

SiU2 17.58 6.84 L.L6 3,32 22,15  10.71  16.87
A1203 5.72 2.92 2.22 1.90 9.49 4.10 5.38
TiD2 c.21  0.08 0.09 0.07 0.31 0.14 0.16
Fezo3 . 1.70 1.10 1.04  0.76 3.26 1.45 1.62
MnO 0.23 .27 0.37 0.4 0.12 0.L5 0.1
MgO 12.78 14,25 14.43 15.95 L,76 14,30 2.44
Cag 25.06 28.%90 32.62 33.01 28.93 28.68 37.83
NaZD 0.28 0.23 0.24 0.23 0.22 0.27 0.19
KZU 1.40 0.58 0.49 B.46 1.79 0.91 1.42
PZDS De1b 0.15 0.20 0.15 0.20 0.19 0.15
HZD 1.59 0.90 0.94 0.74 3726 1.39 2.19
co, 32.63 37.77 L0.63 42,74 24,35 37.31  30.51
503 0.30 2.15 1.60 1.10 0.32 0.52 1415
Sr 0 - 2.45 1.08 g0.82 0.1 B0.27 g.08
Ba0 - 0.28  0.15 - - . -

Total A 99,92 98.88 100.56 101.56 99.27 100.69 100.10
Calcite. .1h.h9 16.99 22.32 19.@6 47.30 16;75 &£3.30
Dolomite 55.01 63.49 6&.57 71.62 T bk 62.75 5.61
Total B 69.50 80.48 86.89 91.08 S4.,74 79.50  68.91
Gypsum 0.65 0.24 1.48 1.00 0.51 0.67 2.02
Celestine - Lo3b 1.91 1.45 0.19 0.48 0.4
Barytes - 0.43 0.23 - - - -

Illite 21.32 8.93 7.5b 7.07 27.53 14,00 21.63
Chlorite - - - - 6.86 - 1.05
Mantmor. 2.81 3.66 1.41 - Lok 4.05 -

Total C 2413 12.59 8.95 7.07 38.53 18.05 22.68
Quartz 5.00 - - .- L.22 1.05 5.78
Haematite - - - - - - -

Total D 99,28 98.08 939.46 100.60 98.19 99.75 99.53

Totals: A-Analysis B-Carbonate C-Clay and D-Computed Minerals
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Table 6.3R: Chemical analyses of carbonate beds in the

' Ballagan Formation Auchenreoch Glen

MG30 ME32 ME 2 MG 1 MG 105

5102 6.89 L4.60 8.47 5.83 12.31
A1203 3.21 2.32 3.41 3.23 5.61
TiD2 0.12 c.08 0.14 0.10 0.19
FEZO3 : 1.08 0.80 1.78 1.49 1.86
MnO ; 0.31 0.30 0.35 0,22 0.4
Ma0 15.46 15.13 14.41 15.00 5.50
Ca0 30.99 32.82 29.81 31.58 37.01
NaZO ' 0.23 0.23 B.25 0.21 0.22
HZU ‘ 0.90 0.60 D.88 0.79 1.43
P205 0.17 0.21 g.20 0.21 0.29
HZD 1.03 0.86 .43 1.01 1.91
CU2 - 4L0.57 G41.65 38.03 4O.50 33.84
503 - 0.37 0.65 0.37 0.37
Sr O ‘ - - - 0.20 -

Ba0 - - - - -

Total A 100.96 99,97 99.81 100.74 100,68
Calcite  18.35 21.51 18.29 20.08  54.22
Dolomite 68.10 67.45 62.83 66.36 20.95
Total B 86.45 88.96 81.12 B6.LL 75.17
Gypsum - 0.79  1.40  0.46 0.80
Celestine - - - g.35 -

Barytes - - - - -

Illite 13.72 9.15 13.53 12.17 21.78
Chlorite - - - - -

Montmor. - - 2.71 - 2.05
Tatal C 12.72 9.15 16.24 12.17 23.83
Quartz - - - - -

Haematite - - - - -

Tatal D 100.17 98.90 98.76 99.42 99.80

Totals: A-Analysis B-Carbonate C-Clay and D-Computed Minerals
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Table 6.3B: Chemical analyses of carbonats beds in the

- Ballagan Formation.

MG 24

S 1760
Cr 13
Co | 4
Ni ND
Cu ND
Zn 124
Ga ) 7
.Rb 19
Sr - 385
Y 14
Zr , 14
Nb ,‘ 6
Ba 248
La i 14
Pb 4
Ce ' 97
Th 2

Concentrations in parts per million.

NA = not analysed.

Auchanreoch’Glen

MG 12

1855
19
2

1

ND

147

29

355

16

25

113
17

98

MG 13
1443
29
15

6

ND
168
10
60
450
14

1)

105

41

142

129

MG 14
1438
14

3

ND

NO

160

24
236
19

43

163

- 28

104

MG 1S
1308

16

ND
NO

128

26

194

19

146
12
64

95

MG 16

1384

30

12

ND

158

68

356

18

40

791

25

24

62

ND = not detected

MG 17

1207

25

ND

127

45
213
31
27
ND
121

38

134

10



Table 6.38: Chemical analyses of carbonate beds in the
. Ballagan Formation.
Auchenreoch Glen

MG 18 MG 19 MG 20 MG 21 MG 22 MG 25 MG 26

5 1618 631 1013 1138 2634 559 1081
Cr 22 22 12 17 9 22 18
Co 9 6 5 3 2 ND 7
Ni 3 4 ND ND ND 1 1
Cu 4 ND ND ND 5 ND ND
Zn 107 123 121 87 56 160 155
Ga 7 7 -6 6 6 7 7
Rb 30 40 23 27 9 38 32
Sr 311 249 242 201 1571 272 428
Y o 30 42 25 15 a2 23 22
Zr 38 32 22 27 ND 58 70
Nb 11 7 10 7 4 6 12
Ba 229 60 236 91 134 174 146
ta 33 52 50 24 a5 19 30
Pb 14 8 8 ND ND 1 7
Ce 131 174 142 85 179 84 11
Th 3 7 6 3 4 4 2
Concentrations in parts per million. NO = not detected

NA = nat anélysad.
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Table 6.3B:

Ballagan Formation.

Cr

Co

Ni

Cu

Zn

Ga.

Rb

Sr

Y

Iyt

Nb

Ba

La

Pb

Ce

- Th

Concentrations in parts per million.

MG 27

1159

23

73

S0
297
32
63
11
170

S4

138

11

NA = not analysed.

MG 28 -

8564
14
12
ND
77
92
28
26

20709

38

ND

2474

124

Auchenreoch Glen

MG S

6385
12

8

1

7
108
17
22

9103

ND
ND

1281

17

90

ND

131

MG 4 MG 3 M

4443 1278
5 ag

ND 12

ND 15

ND 11
133 113
12 10

17 82

Chemical analyses of carbonate beds in the

G 29

2128

24

10

12

S0

37

6924 912 2314

3 15
ND 43
ND 12

426 148

1 20

6 7

113 80
2 9

ND=not dstected

15

95

244

20

106

MG 31
4589

20

ND

89

43
752
11

41

129

25

115



"~ Table 6.3A: Chemical analyses of carbonate beds in the
Ballagan Formation.
Auchenreach Glen

MG 30 MG 32 MG 2 MG 1 MG 10S

s 996 1519 2622 1538 1465
Cr 18 14 21 16 26
Co | 8 10 10 ND 8
Ni ND ND 3 ND 4
Cu ND ND ND 3 ND
Zn 108 107 119 123 61
Ga 6 6 6 9 8
Rb 28 25 33 24 51
sr 230 360 326 1713 318
Y 13 15 19 29 15
r 84 13 & 20 36
Nb _ 10 9 s 12 9
Ba 63 93 465 113 71
ta 9 26 20 a1 30
Pb 5. 10 7 ND ND
Ce 86 107 84 147 120
Th 5 5 4 35

Concentrations in parts per million. NDO = not dstected

NA = not analysed.
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Table 6.4A: Chemical analyses of carbonate beds in the

~ Ballagan Formation.

_ Overtoun Burn
MG 78 MG 79 MG 8O

5102 6.84  9.17 18,40
A1203 , 3.57 2,57 J.11
TiO2 0.07 0.09 .08
F9203 1.22 1.09 1.08
Mn0 0.25 0,27 0.29
MgO 14,47  9.35 2,30
Cal 32,57 35.60 39,55
Nazﬂ 0.23 0.23 0.20
K20 0.60 0.63 0.74
pZOS 0.17 0.13 0.12
HéD 1.29 1.06 1.50
Cﬂz 40.04 37.73 31.58
503 0.47 1.07 0.32
Sr O - 0.14 -
Bal 0.17  0.79 -
‘Total A 101.96 99.93 99,28
Calcite 24.24 39,89 €68.65
Dolomite 61.56 42.30 2.94
Total B . 85.80 82.19 71.59
 Gypsum 0.82 1.18  0.59
Celestine - 0.25 -
Barytses 0.25 1.20 -
Illite 9,25 5.71 11.39
Chlorite 2.16 - 4,08
Montmor. 2,92 1.84 -
Total C 14,33 11,55 15.48
Quartz - 3411 11.85
bHaematite - - -
Total D 101,20 99.48 93,51

MG 73
15.84
4,35
0.15
1.71
0.25
14,08
25.53
0.27
0.96
0.23
1.58

- 33.88

0.32

99.15
13.40
58.64

72.04
0.59

14,78
2.22
l.48

18.48
7.03

98,14

MG 75
9,21
2.87
0.09
1.10
0.24

14.74

30.63
0.22
0.72
0.17
1.24

38.76
0.32

MG 76
10.27
3.65
0.14
1.29
0.24
14.80
29.04
0.23
0.86
0.26
l.11
37.95
0.32

100.31 100.16

20.50

62.33

82.83
0.59

11.07
2.25
13.32
3.22

99.96

16.687
64.15
80.82

0.89

13.24
0.76
2.03

16.03

2.16

-

MG 77
19.73
3.47
0.08
1.10
0.11
1.64
39.98
0.19
0.87
0.13
1.48

31.40

100.18

71.36

71.36

13.26

3.73
16.99
12.27

99,60 100.62

Totals: A-Analysis B-Carbonate C-Clay and D-Computed Minerals.
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Table\é.dA: Chemical analyses of carbonate beds in the

: Ballagaanormation.

Overtoun Burn
MG 81 MG 102 MG 65 MG 66 MG 67

8102 ‘ 28,43 2,11 22.42 6.67 10.45
A1203 4.44 1.16 9,26 3.10 5.30
TiO2 0.12 0.02 0.29 .10 0.16
F5203 1.31 0.38 3.17 1,34 1.89
Mn0 0.15 0.14 0.12 0.43 C.18
Mg0 L94 - 2.12 3.63 15.65 9.49
Cal 34.15 49.54 30.45 31.13 33.92
NaZD 0.21 . 0.18 0.25 0.22 0.26
K20 0.99 - 0.19 2,07 0.68 1.23
P205 0.17 0.08 0.15 0.16 0.20
H20 1.72 0.77 3.41 1.33 1.65
COZ 26.97 40,40 24,59 39.98 36422
50, - 1.87 - 0.52  0.35
Sr O - 0.84 - - -

Ba0 - - - - -

Total A 100.60  99.80 99.81 101.32 101.30
Calcite 6l1.34 81;90 52.77 18.89 37.83
Dolomite - 9.19 2.91 66.36 41.04
Total B ‘61.34 91.09 55.68 85.25 78.87
Gypsum - 2,63 - 1.12 0.75
Celastine - 1.49 - - -

Barytes - - - - -

Illite 15.09  2.93 31.53 10.46 18.93
Chlorite 4,51 - 5.75 2.44 -

Montmar. - 1.95 J3.05 - 1.56
Total C 19.60  4.88 40.33 12.90  20.49
Quartz 19.88 - 3433 0.94 -

Haematite - - - - -

Total D 100.82 100.09 99,34 100.21 100.11

MG 68
3.26
2.12
0.06
0.69
0.23

14.89

33.51
0.21
0.51
0.17
.71

42.04

0.40
0.07

0.13

99.00

23.31
66.60
89.91
0.59
0.12
0.20
7.76

98.58

MG 69
6.24
3.58
0.10
1.39
0.20

15.03

31.30
0.20
0.84
0.16
1.07

40.89
0.25

101.25

18.11
68.99
87.10

0.54

100.57

Totals: A-Analysis B-Carbonate C-Clay and O-Computed Minerals.
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Table 6.4A: Chemical analyses of carbonate beds in the

~ Ballagan Formatiﬁn.

Overtoun Burn
MG 70 MG 71 MG 72 MG 64 MG 101 MG 63

5102 : 4,87 12.53 17.88  3.36 3.46  6.45
Al,0, 2.84 4,38 7.79 1.96 . 1.24 2.51
Tio, g.10 0.17 0.26 0.06 0.02 0.09
Fe,0, 1.43 1.40 2.50 0.89 0.40 0.84
MnO 0.24 0.21 0.12 0.27 0.1l 0.31
Mg0 16.55 14.90 3.48 15,08 2.14 14.82
Ca0 31.62 27.10 32.68 34.67 46,76 31.32
Na,0 0.22 0.23 0.23 0.23 0.17 .0.26
K0 8.76 1.09 1.54 0.48 0.17 0.68
P, 0¢ , 0.22 0.21 0.21 0.17 0.07 0.19
H,O 1.01 1.47 2.39 0.74 1.17 0.90
co, 41,01 36.24 28.81 43,10 37.93  40.12
s0, 0.30 - 0.40 0.42 4.10 0.47
Sr 0 b - - - 2.99 0.18
Bal - - 0.21 - - 0.12

Total A 101.20 99,93 98.50 101.43 100.73  99.23

Calcite 18.85 14.32 50,44 24,68 76.18 19.88

Dolomite 68.56 62.74 13.90 67.56 9.29 65.74
Total B 87.41 77.06 64,34 92,24 85.47 85.62
Gypsum 0.65 - 0.60 0.90 3.85 0.58
Celestine - - - - 5.20 0.32
Barytes - - 0.36 - - 0.18
Illite 11.71 16.61 23.71 7.39 2,61 10.36
Chleorite - 1.67 - - - -

Montmor. - - 9.84 - 3.38 8.42
Total C 11.71 18.28 33.55 7.39 5.99 10.78
Quartz - 3.82 - - - ‘097
Haematite =~ = - - - - -

Total D 99.77 99.16 98.85 100.53 100.61 98.45

Totals: A-Analysis B-Carbonate CwClay and D-Computed Minsrals.
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Table 6.4B: Chemical analyses of carbonats beds in the

. Ballagan Formation.

MG 78

S | 1919
Cr 15
Co 9
Ni ND
Cu ND
. Zn | 23
Ga 3
Rb 22
Sr 207
Y 16
Zr | 10
Nb‘ 11
Ba 1504
La _ 23
Pb 33
Ce | 99
Th 4

Concentrations in parts per million.

NA = not analysed.

Overtoun Burn

MG 79
4304
15

2

3

ND

19

5

21
1213

39

7110
63
65

184

MG 80

1325

22
1

1
ND
‘18
3
24
333
92

32

159
181
20

372

136

MG 73

1335

36

6

9

65

34

4

4l

239

19

26

300

30

98

MG 75
1263

21

ND

19

24
220
10
17
ND
131

17

43

MG 76

1298

21

ND

24

29

216

15

37

157

24

88

ND = not detected

MG 77
762
36

10

ND

ND

13

29
'229
13
22
10
196
28
11

77



Table §.4B: Chemical analyses of carbonate beds in the

Ballagan Formation.

Cr

Co

Ni

Cu

Zn
Ga
Rb

St

2r
Nb
Ba
La
Pb
Cs

Th

Concentrations in parts per million.

" NA = not analysed.

MG 81

919

23

ND

10

33
412
12

1?7

116

16

90

Overtoun Burn

MG 102
7496
6

12
ND
ND
13
11
103
7148
16
ND

~ ND
242
10
14
136

16

MG 65

137

898

41

15
12
ND
27
14
79

248
15

47

ND

40

499

10

MG 66
2054
- 13

4
ND
173

20

111
721
23

21

ND
17
ND
528

14

ND =

MG 67

1387

23

ND

181

23

43

711

21

25

123

37

141

MG 68
1632
11

ND

ND

12

16

637

12

10-

1160

18

91

not detected

MG 69
1014

17

ND
ND

11

26
170
25

20

162
25
ND

123



Table 6.4B: Chemical analyses of carbonate beds in the.

Ballagan Formation.

MG 70
S ‘ 1236
Cr 15
Co o 3
Ni 2
Cu NO
Zn 15
Ga | 4
Rb 26
Sr 183
Y 23
Ir | 24
Nb 12
Ba 213
La : 29
Pb S
Ce 111

Th ND

Concentrations in parts per million.

NA = not analysed.

Overtoun Burn

MG 71

889

21

4

2

16

20

5

40

167

15

64

10

325

17

86

MG 72

1580

35

12

8

ND

28

10

60

493

14

- 38

10

2103

24

106

MG 64

1686

13
1
ND
ND
20

3
21

697

20

ND
23

ND

- 348

NOD

MG 101

16363

ND

ND

56

13

. 25337

ND
NO
ND
479
ND
ND
100

ND

MG 63
1907

15

ND
ND

23

22
1452
12

17

1135

11

82

not detected



Table 6.5A:

Ballagen Formation.

Sig
A1203
Ti0
F3203
MnO
MgO
Cal
Na,0

2

KZU

Pols

HZU
CD2
503
Sr O
Ba0

Total A

- Calcite
Dolomite
Total B
Gypsum
Celestine
Barytes
Illite
Chlorite
Montmor.
Tatal C
Quartz
Haematite
Total D

. Tatals:

MG 53
19.34

6.31

0.24
3.21
0.16
12.34
24,77
0.22
1633
0.12
2.03
31.22

10131

17.42
49.37
66.79

20.46
2.40
3.94

26.80
6.02
0.96

100.57

Gargunnock Burn, Gargunnock

MG 54

12.65.

3.71
0.13
1.66
0.17
13.22
28.38
0.22
0.89
0.16
1.43
36425
0.4L0

99.27

17.86
59.50
77.36

0.86

15.07
2.59
17.66
3.49

99.37

MG 55
6.67
3.55
0.1
1.30
0.19

13.96

31.92
0.21
0.88
0.15
1.21

39.45
0.45

100.09

23.00
61.55
84455

0.97

99.05

MG 56
470
2.51
0.08
0.84
0.24

16.10

32.51
0.24
0.58
0.1
0.86

b2.45
0.42

101.67 -

18.45
71.94
90.39

0.90

8.84

0.39

100.52

MG 83
6.74
2.86
o.08
0.93
0.24

12.57

3bL.22
0.26
0.59
0.16
0.93

39.75
0.55

99.80

30.37
55.30
85.67

1.18

9.07

3.34
12.41

99.26

Chemical analyses of carbanate beds in the

MG 8l
4.40
12,30
0.09
1,14
0.31

15,27
32.41
0.28
0.62
0.18
0.96
41.80
0.70
0.20

100.66

19.26
69.83
89.09

117 .
0.35

9.54

100.15

MG 85
9.36
3.76
0.12
1.39
0.20

13.65

30.53
0.24
0.81
0.4
1.40

37.56
0.35

99.51

22,68
57.80
80.48

0.75

12.46
1.71
1.79

15.96
1.60

58.79

R-Analysis B-Carbonate C-Clay and D-Computed Minerals.
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Table 6.5A:

Ballagan Farmation

Sig
Al 0O
TiU2
F2203
MnO
MgQ
Cal
Na, 0

2

KZD

P50s

HZO
CUZ
803
Sr O
BaO

Total A

Calcite
Dolomite
Tatal B
Gypsum
Celestine
Barytes
Illite
Chlorite
Montmor.
Total C
Quartz
Haematite
Total D

Chemical analyses of carbonate beds in the

MG 86
.02
5443
0.16
2.56
0.22
11.50
28.70
0.24
0.98
0.18
1.79
34,48
0.30

100.56

23.28 .

50.80
74.08
0.65

15.07

11.02
26.09

100.82

Gargunnack Burn, Gargunnock

MG 87
20.77
5.63
0. 31
2.13
0.18
10.98
25.70
0.35
1.15
0.12
2.08
29.88
0.30

99.58

23.03
L1.39
6L.b42

0.65

17.71
be12
1.89

23.72
9.86

98.65

MG 88
12.42

4.07

0.20
1.50
0.20
14,09
28.20
0.31
0.95
0.12
1.40
36.93
0.30

100.69

15.92
62.71
78.63

0.65

14.61
3.49
18.10
2.82

100.20

MG &89

7.18

3.65
0.3
1.71
0.18

15.31
30434

- 0.23
0.81
0.20
1,17

40.23
0.37

101.48

15,78

69.76
85.54
0.80

12,46

1.53
13.99

100.33

MG 57
13.33
L.27
0.14
2025
0.16
14.06
27.91
0.26
0.69
0.13
1o bl
35.46
0.37

100.47

18.06
57.66
75.72

0.80

10.61
3.49
3.69

17.79
L.94

99.25

MG 90

54.23
10.95
0.54
2.99
0.09
3.41
12.21
0.74
1.85

0.10

2.78
9.58

99. 47

21.79

21.79

28.L46
7.68
7.54
L3.68
33.39

98.86

MG 91
8.51
3.00
0.11
1.59
0.17

1% .94

29.66
0.27
0.56
0.17
1,13

39.06
0.50
0.11

99,78

15.93
67.16
83.09

0.95

0.17

. 8461

6.02
14463
0.37

99.21

X . t
Totals: A-Anaslysis B-Carbonate C-Clay and D-Computed Minerals
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Table 6.5A: Chemical analyses of carbonate beds in the -

Ballagan Formatiaon
Gargunnock Burn, Gargunnock
MG92 MG93 MG94 MG95 MG96 MGE97 MG 98

510, 19.78  13.66  9.76 12,27  7.37 57.48  14.92
A1,0, 5.25  4.13  3.67  4.83  2.81 B8.18  5.19
Ti0, 0.8  0.15  0.12 0.1  0.09 ° 0.45  0.16
Fe,0y 2.75  2.15 1,75  2.19  1.95  1.82  2.92
MnO 0.6 0.16 0.17 0.16  0.17 0.10  0.15
MgO 12,70 13.92 14,30 13.89  15.43  3.64  14.51
Ca0 24.75 26,76 29.72 27.4k  29.91 11.92  26.36
Na,0 0.26  0.22 0.22 0.22 0.23 0.52  0.25
K,0 0.92 0,75 0.70 0.9%  0.53  2.16  0.99
P,0s 0.15  0.14  0.15 0.1  0.14  0.33  0.19.
H,0 2,02  1.38  1.25  1.62  1.29  2.48  1.89
cg, 31.41  36.06 38.21 36,42  39.21  11.53  34.47
50, 0.35 0.27 0.27 0.27 0.72 - 0.37
Sr 0 - - - - - - -

Ba0 = - - - 0.38 - -

Total 100.66 99.75 100.27 100.53 100.23 100.61 98.54
Calcite 16,06 12.84 18,51  1b.bL  16.23  15.06 14,77

Dolomite 51.04 63.73 63.00 63.00 67.15 10.30 58.61
Total B 67.08 76.57 81.51 77.44 83.44  25.34 73,38

Gypsum 0.75 0.58 0.58 0.58 1.12 - 0.80
Celestine - - - - - - -

Barytes - - - - 0.58 - -

Illite 14417 11,53 10.78 1L.L6 8.17 32.58 15.70
Chlorite 3.28 - - - g.L6 - 3.66
Montmor. 8.07 8.24 £.83 6.28 5431 - 2.23
Total C 25.52 1§.77 17.61  20.74 13,94 32.58 21.59
Quartz 7.04 2.64 - 0.89 - L0.95 1423
Haematite - - - - - - 1.24

Total D 100.39 99.56 99.70 99.65 99.08 98.87 98.24
Totals: A-Analysis B-Carbonate C-Clay and D-Computed Minerals
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Table 6.5A: Chemical analyses of carbonate beds 1ﬁ the

Ballagan Formation

Sr O
Bal
Total A

Calcite'

Dolomite
Total B
Gypsuﬁ
Celestine
Barytes
Illite
Chlorite
Montmar.
Total C
Quartz

Haematite

Total O -

Totals:

MG 99
16.83
L6
0.16
1.71
0.16
6.92
32.23
0.27
1.01
0.18
1.51
32.79
0.32

98.55

39.67
32.15

- 71.82

0.69
15.53
bo17
19.70
6.32

98.53

Bargunnock Burn, Gargunnock

MG 58
15,12
5.65
0.17
2.30
0.17

12,17

27.43
0.26
1.03
0.13
1.89

33.90
0.35

100.57

19.94
52.66
72.60

0.75

15.85

11.28
27.13

100.48

MG 100
20.74
L.91
0.11
2.34
0.26
7.51
30.29
0.22
0.78
0.16
1.L6
30.83

99.61

38.01
29.58
67.59

12.00
11.65
23.65

7.30

98.54

12

MG 59
22.12
5.95
0.19
2.41
0.16
3.80
31.93
0.23
1.21
0.18
1.87
28.06
0.27

98.38

49.49
13.20
62.69

0.58

18.64
0.47
6.51

25.62
8.41

97.30

MG 60
8.32
3.63
0.1
1.83
0.32

13.87

30.28 .

0.23
0.70
0.13
1.63
38.51
0.37

99,93

19.58
62.65
82.23

g.80

10.78

L.91
15.69

98.72

MG 61
21.89
7.75
0.28
3.03
8.13
8.71
25.09
0.27
1.31
0.16
2.01
28.14

20.17
O.bb
13.72
34433
2.79

58.09

MG 62
13.69
6.15
0.17
2.01
0.08
1.87
LO.42
0.19
1.79
0.15
2.05

31.89

100.46

72.14

72. 14

99.40

A-Analysis B-Carbonate C-Clay and D-Computed Minerals



Table 6.58: Chemical analyses of carbonate beds in the

Ballagan Formation

Garqunnock Burn, Gargunnock

M@ 53 MGE54 MG55 MGS6 MGB3 MG B4 MG 85

S 902 1565 1753 1714 2214 2832 1445
Cr 18 1 8 = 15 14 15 21
Ca 3 1 ND 5 10 7 3
Ni ND ND 2  ND ND ND 1
Cu 1 ND N 22 ND ND 54
Zn 36 27 31 24 27 33 20
Ga 5 . 3 2 3 2 L 2
Rb 21 28 28 19 20 22 27
Sr 270 257 254 236 b13 1666 197
v 53 25 25 8 15 5. 9
Zr 126 65 29 26 22 ND. 24
NE 10 11 11 11 7 5 11
Ba 133 327 - 159 109 615 737 - 92
La 21 31 11 1% 16 4 20
Pb 1w 7 2 10 11 8 8
Ce 76 110 52 88 112 62 84
Th 7 6 3 4 7 2 A

Concentrations in parts per million. ND = not detected

~NA = not analysed
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Table 6.58: Chemical analyses of carbonate beds in the

Ballagan Formatiqn

MG 86
5 1221
Cr 22
Co , 8
Ni 6
Cu ND
Zn 31
Ga 7
Rb 36
Sr LO6
Y 18
Zr 31
.Nb : 10
Ba 148
La N
Pb 4
Ce 106
Th 3

Concetrations in parts per million.

NA = not analysed

Gargunnock Burn, Gargunnack
MG 88

MG 87
1248
32

7

6

30
28

6
280
243
ND
202
1t
336
27
L2
95

29

gL

1177
23
2

2
13
19
L
ND
209
17
95
10
314
ZU
ND

81

ND

MG 89
1519
21

3

2

9

25

ND
251
21
26

10

298

23

ND

93

ND

ND =

MG 57
1511
21

1"

5

161

33

25
213
21

34

178

21

95

MG 90
Lea
52

ND

10

91

24

60

1M1 .

12

30

381

18

&e

not detected

MG 91

2234

18

63

30

23

280

13

34
1
980
11
14

70



Table 6.58: Chemical analyses of carbaonate beds in the

Ballagan Formation
Gargunnock Burn, Gargunnock

MG92 ME93 MG94 MGIY5 MG 96 MG 97

5 1367 1057 164 1113 294k 677
CE 29 27 19 23 1t 53
Co - 7 8 6 12 7 6
Ni 1 7 3 8 5 7
Cu ND ND ND 29 2 40
Zn 34 27 24 25 27 17
Ga 7 5 . 5 L 2 3
Rb 35 30 24 33 19 48
St 190 237 170 185 509 137
Y 3 12 16 19 o
Zr 32 28 25 32 18 221
Nb 11 10 8 8 7 2
Ba 99 294 20 125 3440 L34
La . 15 16 21 24 17 24
Pb . 6 1 1 .8
Ce 7% 83 93 g8 10 M
Th 8 s 5 10 A 7

Concentrations in parts per million. ND = not detected

NA = not analysed.
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MG S8

1503

24

11

36

33

275

18-

32

L81

16

a2



Table 658: Chemical analyses of carhonate beds in the

Ballagan Formation
Gargunnock Burn, BGargunnock

MG99 MES58 MG 100 MG S3 MG 60 MG 61 MG 62

5 1302 1447 996 1104 1473 976 585
Cr 22 29 22 26 19 34 23
Co 7 6 9 7 8 15 &
Ni 1 6 5 7 A 10 4
Cu 5 ND ND ND D ND ND
In 12 1 18 25 25 32 A
Ga A 5 7 6 3 5 7.
Rb 35 35 3 Lb 27 59 L6
Sr 231 189 289 283 186 162 339
Y 21 15 30 22 15 19 16
Ir 74 28 22 50 25 50 45
Nb 8 9 8 10 9 10 12
Ba 294 100 100 91 399 148 62
La 38 20 39 37 14 30 15
Pb 4 ND 12 8 5 12 Aa
Ce 124 83 117 132 77 105 112
Th 3 5 7 6 1 6 9

Concentrations in parts per million. ND = not detected

NA = not analysed
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Table 6.6A§ Chemical analyses aof carbonate beds in the

' Ballagan Faormation

SiD2
A1203
TiDz
F2203
MnO
MgO
Ca0
NaZU
HZU
P205
HZU
802.
303
Srag -
Ba0

Total A

Calcite
Dolomite
Total B
Gypsuﬁ
Celestine
Barytes
Illite
Chlorite
Montmor.
Total C
Quartz
Haematite
Total D

Totals:

MG174
13.72

5.20
0.20
2.62
0.25
14.29
26.85
- 0.25
0.86
0.18
1.84
33.85
0.25

100.36

18.23

54.12
72.35
0.54

13.24
6.57
19.81
5,72
1.16
99.58

Little Corrie, Near Fintry

MG 175
24,84

3.76
0.13
3.09
0.26
12.18

22,99

c.19
0.22
0.13
0.79
31.04

0.32.

- Q.11

100.05

10.81
55.07
65.88
0.56
0.17
3.39
10.76
14415
15.98
2.72
99.L6

MG176

- 23.75

7.84
0.25
3.55
0. 14
7.99
26.11
a.21
g.46
0.15
1.68

28,89

101.02

27.50
35.20
62.70

7.07

22.43
29.50
5.28
2.77
100.25
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MG177
12.86

3.00
0.06
1.40
0.15
7.04
37.86
0.17
0.17
0.12
0.63
37.07
0.50
0.23
101.26

49.89

31.71
81.60
0.82
0.35
2.61
8.65
11.26
5.79
1.11
100.93

MG178
37.79

8.44
g.28
3.62
0.11
k.76
24.086
0. 14
0.43
0.10
2.74
18.73

101.20

42,94

42.94

6461
15.50
4.86
26.97
27.92
2.89
100.72

MG179
33.54

12.74

~ 0.48

6.51
0.10
6.22
19.56
0.54
0.31
0. 14
3.02
15.35

98.92 ¢

35.62

35.62

4.78 '

20.81
14,55
LO.14
16.97

5.98
98.00

MG180
19.27

6.74
0.21
2.15
g.11
2.77
36,83
0.16
0.63
0.1
1.36
28.90

99.24

65.73

65.73

-
-~

9,71
8.17
6.01

23.89
8.67
1.08

‘93,37

A~Analysis B Carbonate C~Clay and D-Computed Minerals



Table 6.6A:

- Ballagan Formation

SiDz

A1203 ‘

TiD2

Fezﬂ3

MnO
Mg0
Cal

’NaZD

HZD

P05

HZD
CD2
803
Sr O
Bal

Total A

Calcite
Dolamite
. Total B
Gypsum

Celestine

Barytes
Illite
Chlorite
Mantmor.
Total C
Quartz
Haematite
Total D

Chemical analyses of carbonate beds in the

.MG181
8.58
3e12
0.12
1.60
0.24

12.40
33.08
g0.20
0.51
G.18
1.02
38.07
.42

99.54

30.45

51,71

82.16
0.90

7.85
2.65
1.74
12.24
2.94
0.73
98.97

Little Corrie, Near Fintry

MG182
11.58
b.24
0.4
3.22
0.23
1414
28.51

0.37

0.51
0.20
1.57
35.31
0.27

100.29

20.79
54.83
75.62

0.58

7.85
6.30
0.97
15.12
5.67
2.35
99.34

MG183
12.05
5.02

0.17
2.5, .
0.22 .

12.89
29.40
0.25
0.62
g.18
1.51
35.38

100.23

2L.bB

51.57

76.05

9.54
k.20
5.19
18.93
2.94
1.L9
99.41

MG184
15.17
6. L4
0.24
3436
0.25
12.71
26,45
0.35
0.57
0.21
1.47
33.83
0.27

101.32

16.80

55,40
72.20
0.58

8.78
16.20
24.98

2.39

100.15

MG185
21.71
L.98
0.16
3439
8.22
12.86
23.58
0.32
0.34
0.13
1.23
32.12
0.50
0.33
98.78

10.30

57.81
68.11
0.71
0.50
5.25
13.68
18.93
6.89
2.81
97.95

MG186
15.32
6.65
.0.19
Lol
0.21
12,97
25.91
0.29
0.48
0.20
1.97
31.61

100.24

20.60
47.25
€7.85

7.39
8.05
7.57
23.01
4,86
3.63
99.35

MG187
19.62
6.76
0.23
3.82
0.26
11.82
24,45
0.41
0.53
0.23
1.85
29.85
0432

100. 17

18.59
45,42
64,01

0.69

8.17
5.36
10.86

. 24,39

7.15
2.94
99.18

Totals: A-Analysis B-Carbonate C-Clay and D-Eomhuted Minerals
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Table 6.6A: Chemical analyses of carbonate beds in the

Ballagan Formation Little Corrie, Near Fintry

MG188  MG189

SiD2 3.5j 27.L45
A1203 1.66 9.75
TiD2 0.03 0.37
| F2203 ' 0.74 S5.41
MnO 0.13 0.18
MgO k.19 9.16
Cal L8.19  20.21
Nazﬂ 0.24 0.24
HZD v 0.16 Q.54
P205 0.13 0.16
HZU 0.39 2.08
CDZ L0.91 25.23
503 0.70 -
Sr 0 - S -
BaO - -

Total A 100.98 4100.78

Calcite 77.23  14.76
Dolomite 4,57 39.26
Total B 91.80 54.02
Gypsum 1,50 -

Celestine - -

Barytes - -

Illite . 2.46  B8.32
Chlorite 3.12 0.79
Mantmor. - 27.22
Total C 5.58 36.33
Quartz | 1.61 L4L.98

Haematite 0.47 L.4S
Tatal D 100,96 - 99.82

Totals: A-Analysis B-Carbanate C-Clay and D-Computed Minerals
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Table 6.68: Chemical analyses of carbonate beds in the

Ballagan Farmation
Little Corrie, Near Fintry

MG 174 MG 175 MG 176 MG 177 MG 178 MG 179 MG 180

s 1048 1326 831 1999 597 679 501
Cr NA NA NA NA NA NA NA
o NA NA NA NA NA NA NA
Ni NA NA NA NA NA NA NA
Cu ND D ND ND ND 2 )
Zn 21 25 38 13 31 52 20
Ga 5 5 M 3 1 15 6
Rb NA NA NA NA NA NA NA
st 185 274 319 515 178 192 173
Y NA NA NA NA NA NA NA
Zr NA NA NA NA  .° NA NA NA
Nb NA NA NA NA NA NA A
Ba . 99 1033 393 2109 117 238 24
La NA NA NA NA NA NA NA
Ph NA NA NA NA NA NA NA
Ce 105 63 134 103 97 81 134
Ta NA NA NA NA NA NA NA

Cancentrations in parts per million. ND = not detected

NA = not analysed
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S

Cr
Ca
Ni
Cu
Zn
Ga
Rb
Sr
Y

Zr
Nb
8a
La
Pb
Ce

Th

Concentrations in parts per million. ND =

NA

Table 6.6B: Chemical analyses of carbonate beds in the

Ballagan Formation

MG 181
1661
NA
NA
NA
ND
29
3
NA
340
NA
NA
NA
NA
_NA
NA
NA

NA

MG 182
1110
NA
NA
NA
ND
25
3
NA
170
nA
NA
NA
NA
NA
NA
NA

NA

= not analysed

Little Corrie, Near Fintry
MG 184

MG 183
937
NA
NA
NA
ND
26

8
NA

159
NA
NA
NA
NA
NA
NA
NA

NA

1060
NA
NA
NA

2
26
12

NA

200

151

NA
NA
NA
753
NA
NA
70

NA

MG 185
1959
NA
NA
NA
ND
32
6
NA
329 |

NA

" NA
2985
NA
NA
88

NA

MG 186
877
NA
NA
NA

2
34
8
NA
150
NA
NA
NA
301
NA
NA
82

NA

naot detected

MG 187
1242
NA
NA
NA
ND
33
6
NA

201

NA
NA
298

NA

150
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Table 6.6B: Chemical analyses of carbonate beds in the
' Ballagan Formation
Little Corrie, Near Fintry
- MG 188 MG 189 '
s 2804 729

Cr NA NA
Co A NA
Ni NA NA
Cu ND ND
Zn 2 AN
Ga S 11
Rb NA NA
Sr 267 179
v NA NA
Zr | NA NA
Nb ~ NA NA
Ba 37 276
La ' NA NA
' Pb NA NA
Ce 180 30
Th . NA NA

Concentrations in parts per million. ND = not detecied

NA = not analysed
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Table 6.,7A: Chemical analyses of carbonate beds in the

- Ballagan Formation.
' Ballagan Glen _
MG156 MGl57 MG159 MGl60 MGl62  MG163  MG165

510, 11.37  6.06 20.94 12.93 7.66 9.05  9.66
A1,0, . 4,43 2,57 7.6l 5.49 3,25 3.84 4,10
Tig, .17 0.09 0.27 0.20 0.12 0.13  0.15
Fe,0, 2.19  1.61  3.66  5.74  4.51 3,77 2.53
Mno 0.20 0.29 0.19  0.27 0.32  0.24  0.23
MqO 12.33  15.32 11.44 10.83 13.54 12,41 ° 13.20
Ca0 30.32 31,24 23.47 29,25 31.75 30.76 29.97
Na,0 0.39 0.28 0.17 G.24 0.20 0.16  0.37
K,0 0.49 0.35 0.59 0.56 0.10 0.50  0.40
P,0c 0.17 0.18  0.17 0.19 D0.16 0,17  0.16
H,0 1.47 0.8 1,98 1,41  1.29  0.97  1.05
co, 35.57 40.77 29.06 34.24 36,92 37,33  37.53
50, _ 0.37  0.95 - 0.27  0.32 - 0.27
Sr 0 - 0.70 - - - - 0.08
Ba0 - - - - - - -
Total A 99.47 101.25 99.55 101.62 100.14 99.33 99.70
Calcita 26.41 17.77 17.69 25.87 28.57 24.90 21.11
Dolomite . S50.20 69.05 . 44.59 47.91 51.04 55.27 59.19
Total B 76.61 B86.82 62.28 73.78 79.61 80.17 80.30
Gypsum .80  0.88 - 0.58  0.69 - 0.45
Celsstine - 1.2 =~ - - - 0.14
Barytes - - - - - - -
Illite 7.54 5,33  9.07 8.6l 1.54 7.71  6.17
Chlorite 3.60 - 4,54 - 8.00 - -
Montmor. 5.39  5.06 14.26 12.97 - 7.82  9.88
Total C 16,53 10.45 27.87 21.58  9.54 15,53 16.05
Quartz 3.25 - 5.94 - S.17 - -
Haematite 1.34 1.02 2.66 4,79 4,34 2.82 1.69
Total D 98,53 100.41 98.75 100.73 99.35 98.62 98.63

Totals: A-Analysss B-Carbonéte C-Clay and O-Computed Minerals.
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Table 6,.,7A: Chsmical analyses of carbonate beds in the

- Ballagan Formation.

, Ballagan Glen
MG166 MGle7 - MG170 MGl71 MG172 MG173
9.66 7,39 9.13 26.19 5,04 20.91

Alzg3 4,10 3.79 2,65 3.48 1.40 9.87
T102 0.15 c.1l1 0.08 0.1l 0.03 0.37
F8203 2,41 2.00 1.55 1.67 3.24 6.11
Mn0 0.24 g.18 0.13 0.13 0.13 0.13
Mg0 13.71 14.55 13.89 11,53 14.53 12,12
Ca0 - 30.54 30.80 31,52 24.02 33.26 19.81
Na20 0.13 0.15 0.16 0.19 0.16 0.21
K20 0.48 0.49 0.35 D.28 0.15 1.14
'PZOS 0.13 C.14 0.13 0.14 ~ 0.05 0.15
H20 1.00 0.95 0.85 0.92  0.41 2.57
C02 38. 39 39.59 39,43 31.06 41.72 27.12
503 - 0.30 0.40 D.32 0.32 -
Sr 0 - - - - 0.19 -
Ba0 - - - - - -

Total A . 100.94 100.44 100.27 100.04 100.62 100.51

Calcite 21.71 19.15 21.84 14,30 23.43 9.04
Dolomite 60.44 65.30 62.50 51.80 65.81 48.50
Total B 82.15 '84.45 84.34 66,20 B89.24 57.54
Gypsum - 0.65 0.86 0.69° 0.37 -
Celestine - - - 0.3 -
Barytes - - - - - -
Illite 7.39 6.93 5.39 4,32 2,32 17.53
Chlorits - - - - - 2.72
Montmor. 8.98 5,91 5.35 9.08 3.22 18.28
Total C 16,37 12.84 10.74 13.40 5.54 38.53
Quartz - - 2.88 17.99 1,74 -
Haematite 1.60 1,24 0.96 1.19 2,98 4.18

Total D 100.12 99,18 99,78 99,47 100.21 100.25

Totals: A-Analysis B-Carbonate C-Clay and D-Computed Minerals.
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Table 6.78: Chemical analyses of carbonate beds in the

Ballagan Formation | Ballagan Glen
MG 156 MG 157 MG 159 MG 160 MG 162 MG 163

5 1524 3773 789 1086 1349 769
Cr NA NA NA NA NA NA
Ca NA NA NA NA NA NA
Ni NA NA NA NA NA NA
Cu WD 2 ND ND ND ND
Zn 27 31 28 20 28 21
Ga 3 -3 6 6 3 [
Rb  NA NA . NA NA NA' NA
Sr 165 5916 247 242 314 314
Y NA  NA NA NA NA NA
Zr NA NA NA NA nA NA
Nb NA NA NA NA - NA NA
Ba 158 910 141 63 457 45
La . NA NA NA NA NA NA
Pb NA NA NA NA Net NA
Ce 79 79 64 93 82 113
Th NA NA. NA . NA NA NA

Concentrations in parts per million ND = not detected

NA = not analysed
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MG 165
1051

NA

NA
ND

26

NA
735
NA
NA
NA
151
NA
NA
98

NA



Table 6.7B: Chemical analyses of carbonate beds in the

Ballagan Formation
Ballagan Glen

MG 166 MG 167 MG 170 MG 171 MG 172 MG 173

S 898 1164 1606 1298 1292 700
Cr ~  NA NA NA. NA NA NA
Co ~ NA NA NA NA NA NA
N NA NA NA NA NA NA
Cu D ND 10 31 ND ND
In 17 20 26 19 35 . 41
Ga 4 3 1 A 2 10
Rb NA NA o NA NA NA
St 297 510 308 262 1558 440
Y NA NA  NA NA NA NA
Zr NA NA NA NA . NA NA
Nb NA  NA NA NA | NA NA

'Ba 136 193 40 355 190 99
La  NA NA NA NA NA NA
Pb NA NA NA NA NA NA
Ce 96 91 69 46 73 83
Th NA NA NA NA NA NA

Concentrations in parts per million. ND = not detected

NA = not analysed
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Table 6.8A: Chemical analyses of a carbonats nodule in the

»vBallagan Formation.

Overtoun Burn -
MG Nl MG N2 MG N3 MG N4 MG NS MG N6 MG N7

5102 5.05 5.02 5.25 5.27 5.68 4,87 5.07
A1203 2.74 2.76 2,89 2.86 2,89 2.68 2.71
TiO2 0.09 0.09 c.10  0.10 c.10 0.08 0.0%
F9203 1,05 1.06 1.06 1.09 1,13 1.04 1.05
Mno 0.38 0.38 0.38 0.37 0.40 0.39 0.38
MgQ '~ 15.60 15,50 15.22 15.49 15.16 14,91 15.03
Cal 31.93 31.95 31.82 31.87 31.85 32,67 32.41
NaZD - D.25 0.26 0.24 0.28 - 0,31 0.27 0.28
KZD 0.6 - 0.69 0.71 0.73 0.73 0.68 0.69
P205 0.16 0.16 0.17 0.17 0.18 0.17 0.17
HZD - 0.79 8.79 0.79 0.84 0.84 0.84 0.84
CD2 40.93 41,15 40.74 41.47 40.71 41.07 4l1.00
St:l:5 0.32 0.32 0.32 0.35 0.39 0.35 0.35
sr O - - - - - - -

. Bag - - - - - - -
Total A 99.98 100.13 99.69 100.89 100.37 100.02 100.07

Calcite 20.09 18.57
Dolomite 67.25 69.78
Total B 87.34 ; 88.35
Gypsum 0.69 0.75
Celestine - -
Barytes - -
Illits 10.61 11.25
Chlorits - ' -
Montmor. - -
Total C 10,61 11,25
Quartz - -
Haematite - -
Total D 98,64 100.35

Totals: A-Analysis B-Carbonate C-Clay and D-Computed Minerals.
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Table 6.8A: Chemical analyses of a carbonate nodule in the

“Ballagan Formation.
Overtoun Burn
MG N8 MG NS MG N1D MG N11

5102’ ) 4,83 4.78 4,79 5.14
A1203 2.70 2.67 2,73 2.80
T102 0.09 0.08 0.09 0,10
FEZDs 1.05 1.03 1.04 -1.,08
MnO 0.38 0.40 0.39 0.38
MgO0 15.36 15.38 15,50 14,83
Ca0 32.25 32.44 32.07 32,34
Nazﬂ 0.19 0.26 0.23 0.29
K20 0.69 0.66 0.70 0.69
P205 0.16 0.17 0.17 0.17
H20 0.79 0.79 0.79 0.79
C02 _ 40.89 41.41 41,25 41,08
50, 0.32  0.36  0.32 0.36
Sr O - - -
Ba0 . - -
‘Total A - 99.70 100.43 100.07 100.05
Calcite 21.32 21,14
Dolomite 66.03 66.60
Total. B8 B87.35 87.74
Gypsum 0.69 . 0.75
Celestinse - -
Barytes - -
Illite 10.61 10.61
Chlorite - -
Montmor,. - » -
Total C - 10,61 10.61
Quartz - : L -
Haematite - -
Total D 98.65 99.10

Totals: A-Analysis B-Carbonats C-Clay and D-Computed Minerals.
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Table 6.8B: Chemical analyses of a carbonats nodule in the
' Ballagan Formation.
Overtoun Burn

MG NI MG N4 MG NS MG NS MG N1l

5 1252 1356 1549 1262 1440
Cr 16 17 15 19 15
Co 10 8 5 12 9
Ni ND N D ND ND
Cu , ND NO© ND ND ND
Zn 20 24 19 22 21
Ga 2 4 3 1 3
Rb NA NA NA NA NA_
st 166 206 195 175 194
Y NA NA NA NA NA
Zr : 21 25 21 19 22
N 9 12 8 8 12
Ba 1 ND 11 7 51
La - 18 s 27 22 23
Pb | NA NA NA NA NA
Ce | NA NA NA NA ~NA
Th NA NA  NA NA NA

Concentrations in parts per million. ND = not detected

NA = not analysed.
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6.2 Computation of Mineral Proportions from the Chemical Analyses

The calculation of the modal composition of the rocks from the
chemical analyses is especially useful for fine-grained sedimentary

P . [

rocks‘Ebéfgwgggaianalysis of thin sections is extremely difficult,
Imbrie and Poldervaart (1959); Nicholls (1962); Miesch (1962) and
Pearson (1978) have outlined procedures. Nicholls (1962) has
pointed out that the variability of clay mineral compositions make
such calculations difficult but if the methods of Imbrie and
Poldervaart (1959) and Miesch (1962) are used to identify the
probable types of clay minerals a plausible result can be obtained

and these methods are used heré.

Thuéltha following chemical compositions of the clay minerals
are used ¢ ‘

Illite 2&20 «3Mg0 (Alzﬂs, Fezos)8 .24;102 .12H20

Montmorillonite (Al,Dy, Fe,05), o 8510, +2H,0 |

Chlorite 4MgG.2A1203 . 25i02 .4H20
Some adjustment of the A1203/F9203 ratic and Si0, - content uas
_occasionally nsecessary in order to combine as much of the matsrial
into the above minerals as possible. As a result of their rslatively
minor concentrations, the four oxides (T102, Mng, Na20 and p205)

were excluded from the computation. Their contents ars so small

that whether or not they are considered makes no significant

differencs.

Essentially/
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1.

2.

3.

Essentially the procedure assumes the following steps:

Convert the wt% of thé various oxides into molecular prop-
ortions by dividing the oxide wt%vby the corresponding

molecular weight. Five decimal places, from which decimal
points and zeros are eliminated, are carried out in calculatiﬁn.
Each molscular proporfion is designétad by a capital lstter

as some require  to be referred to again.

Calculats the sulphate minsrals by multiplying molecular
proportions of the key oxides by the appropriates molecular

weight.
Calculate carbonates as follows

From the molecular proportion of C02 subtract the proportion

of Ca0 remaining after allowing for Ca0 used in gypsum. The

"balance F represents the amount of doiomita necessary to use

up all of the 002. By subtracting F from the available Ca0O,

the molecular proportion of calcits is detsrmined.

The quantities H, J, K, L and M represent tha proportions of

~ Mgo, K20, Fezos, A1203 and 5102 available for clay, haematite

and quartz. All of K20 is computed as illite, resmaining

Mg0 is computed as chlorite, after forming thess twc clay
minerals the remaining A1203 is computed as montmorillonite.
The remaindsr of F9203 and 5102 after‘fcrming clay minerals is

computed/
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The calculation faorm

S0

Sr0

Bag

cao
Ca0
Mgl
K,0
Fe, O

273

Alzﬂ3
8102.
H,0 *

Total

K,0 J
Mg H
A1203 L
Sio
F3203 K
H,,0%*

Total

80006 =

oo o fe

103.62

44.01

56.08 =
40,32 =
94.20 =
159.70 =

101.96

60.06 =

2

]
2

o o o je

4 =

‘= (6N + 2P) =

- (24N+ 2P +8R):
- (2N + 0.5P)

28 + 12N + 4P +

ugsed in this study

H

A
8 x 183.69
c
0 >f 233.42
E * 172.18
~E= -F=  x 100.09 -
G -F= H F x 184.42
J
K
L .
"
x 2898.20
-.75 = P x 557,40
% 1.8= R x 720.42
= x 60.06
= x 159,70
2R x 18.02
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% Celestine

% Baryte

% Gypsum

% Calcite

% Dolomite

% Illits
% Chlorite
% Montm.
% Quartz
% Héematits

% H,0



Exampls

503 1.07
sr0 0.14
Ba0 . 0.79
C02 37.73
Ca0 35.60
Mgl  9.35
KZD 0.63
F9203 1.09
A1203 2.57
5102 9,17
%*

H20 1.06
Total 99.2
K

2

Sample MG79

0

80.06
103.62
A-8
153.34

Cc-D

44,01

56.08

‘40.32
94.20
159.70
101.§6

60.06

Al1,0, 2521 - 2010

273

3102

H,0 * 1372+4020+512

2

Total (excluding HZU)

= 511

15268 - (8040+2048)

1336 A

1358 x 183.69

1201C

5150 x 233.42

686E x 172.18

63481 - 686

85731

62795=22936=
39859x100.09

23189-22936=253 22936x184.42

669

683

J

K

2521 L

15268 M

0 669 =2 = 335 x 2898,20

2 = 256 x 720.42

5180 x 60.06

5904 x 18.02
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0.25% Celestine

1,20% Baryte

1.18% Gypsum

39,89% Calcite

42,30% Dolomite

9,71% Illits
1.84% Montm.
3.11% Qtz.
1,06% H,0

99,.48%



Examples Sampla MG 182

MgO 5338H + 4 = 1334-203=1131 x 557.40

Al 0 4158L -(1626+42262) = 270 - 2 = 135x720.42

23

510, 19281M-(6504+2262+1080)

Fe.0, 2016K=542 = 1474 x 159.70

273

Héo* 674+3252+4524+270 = 8720 x 18.02

541 - 2 = 271N x 2898.20

50, 0.27 - 80.06 =
Sr0 - =
A-B =
8r0 - =
cC-D =
co, 35.31 % 44,01
Ca0 28.51 f 56.08
de 14.14 f 40,32
K,0 0.51 f 94,20
F9203 3.22 %
AL, 4.24 =
$i0, 11.58 =
H,0 * 1.57
Total 99.35
K0

337A
- B
337C
- D .
337E x 172.18 = 0.58% Gypsum
= 80232
= 50838-337 = 50501-29731=20770x100.09=20.79%

- Total (excluding HZO)

F Calcite

35069-29731 = 5338 29731 x184,42= 54.83% Dolomite

5413

159.70= 2016 K
101.96= 4158 L

60.06= 19281M

= 9435x60.06

7.85% I1llits

6.30% Chlorite

0.97% Montm.

5.67% Qtz.

2.35% Haematite

1.57% H20

99,34%
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computéd as haematits and quartz respectively. Ths amount

‘of H.0 is computed on the basis of hydrous minerals according

2

to their formulae used here.

Imbrie and Poldervaart (1959) found their rassults compared
well with X-tay and insoluble residue data, and they estimated
thé method to give the clay; dolomite; calcite and chert contents
to witgin 5%. The present results obtained are very satisfactory
on the grounds that generally the contents of C02; Ca0 and Mg0

and K,03 Fazos; Al1.0. and in some instances MgQ, match reasonably

2 273

stoichiometrically td give carbonatss and ciay minerals.

The results show that 66% of the samples contain batween 50
and 73% dolomits, so that most of the carbonates in the Ballagan
Formation ars dolomites. _Calcife is found to bs the second
‘ important mineral var}ing between 9 and 86% and clay is the third

ranging between 3 and 39%.

I11ite is the predominant clay mineral followed by montmorill-
onits and chlorite. Many other investigators reported the
preaominanca of illitq,amongst them, Keller (1956), Dunbar and
Rodgers (1957),’Dear ot al (1966), and Pettijohn (1975). The
presence of illite in every sample and its occurrencse as the
' commonest clay minsral may indicats that at least part of it is
authigenic. Thus Deer et al (1966) belisve that illite in some

occurrences is derived by alteration of other clay minerals during

diagenssis/
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diagenesis. Houwever, Weaver (1958) concluded that any of the
ma jor clay minerals can occur in abundance in any of the major
debositional environments and the majority of clay minerals in
sedimentary rocks are detrital in origin, they strongiy reflsect
‘the character of their source material, but suffer only slight
modification in their depositional enyironments. Similar

conclusion was drawn by Taggart and Kaiser (1960).

The illite, montmorillomite and chlorite association in some
analyses perhaps is resulting from their interstratification on a
microcrgstalline scale but the enyironmental significancs of such

mixed-layer clay is imperfectly understood Keller (1956).

Obviously K is essential to the composition of illite and
the abundance of this clay mineral is likely to indicate that the
parent rock contained K in app:ediabla amounts, this rock is,

thersefore, most likely to be K - fg}qspaﬁp;gzh

After forming the clay minerals excess 5102 is computed into

quartz and 52% of the analyses contain betwesn 1 and 20%.

Calculated haematite appsars in only two sections, Little
Corrie and Ballagan Glen. Either different clay composition or,
more likely, the aétual presence of haematite must be responsible

for this.

The/
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The computed sulphate minerals are less common but thseir
presence is of great significance with respect to the interpret-
ation of the depositional environment as they suggest evaporative

conditions.

Plots of the computsd major minerals on a triangular diagram
(Figs. 6.17-23) showing dolomite; calcite and total terrigenous
fraction (clay + quartz + haematite), indicate that the ma jority
of analyses tend to fall in the dolomits region, less anaiyseé
have the tendency towards calcits, while only those analyses with
relatively high quartz content are closs to the terrigenous material.
These are not considered to be carbonates as they usually contain
~ less than 50% carbonates. Thers is, therefore, a considerable
abundance of terrigenous material. The purpose of plats being mads
for the individual sedtiohs on this diagram is principally to show
that tha'compositions of the rocks under study in the different

logged sections are generally similar,

Plots of the total tarrigeﬁous material fraction against
calcite and dolomite ars shown on Figs. 6.24 and 6.25 respectively.
Good correlation is evident only in some analyses in the cass of
calcite, thess apparently ars sither devoid of dolomits or contain
minor amounts af it. In the case of dolomits, a significant
number of the analyses raveal a fair corrslation. The author
assumes that the terrigencus matesrial had a role, possibly an

important/
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Calcite
100%

100% 100%
Terrigenous E Dolomite

Fig.6.17 : The compositions of carbonate intervals in the Ballagan
Formation as computed from chemical analyses. Loch Thom.
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Calcite
100%

100% | o 100%
Terrigenous : Dolomite

Fig.6.18 The compositions of carbonate intervals in the Ballagan
~ Formation as computed from chemical analyses. Ben Bowie,

Helensburgh
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Calcite
100%

- 100% | 100%
Terrigenous N Dolomite

Fig.6.19 : The compositions of carbonate intervals in the Ballagan
Formation as computed from chemical analyses. Auchenreoch Glen,

Dumbarton.
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Calcite
100%

1100% | 100%
Terrigenous . Dolomite

Fig.6.20 : The compositions of carbonate intervals in the Ballagan
Formation as computed from chemical ané.lyses. Overtoun Burn,

Dumbarton
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Calcite
100%

100% | 100%
Terrigenous ‘ , Dolomite

'Fig.6.21 : The compositions of carbonate intervals in the Ballagan
Formation as computed from chemical analyses. Gargunnock Burn,

Gargunnock.
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- Calcite
100%

100% | 100%
Terrigenous ' _ | Dolomite

Fig.6.22 : The compositions of carbonate intervals in the

‘Ballagan Formation as computed from chemical analyses.

Little Corrie, near Fintry.
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Calcite
100%

100% | - 100%
Terrigenous _ Dolomite

Fig.6.23 : The compositions of carbonate intervals in the
Ballagan Formation as computed from chemical analyses.
'Ballagan Glen, Strathblane.
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Fig.6.24 : Plots of Calcite against Terrigenous material computed
from chemical analyses:
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Terrigenous
wt. %

50

1
50 100 wt. %

Dolomite

Fig.6.25 : Plots of Dolomite against Terrigenous material
computed from chemical analyses.

192



important one, to play in the formation of carbonatss in general,
It is evidently difficult to speculate as to what degree and in
which manner it has effected the calcits-dolomite proportiqn since
the analyses show a wide range of calcite-dolomite-terrigenous
material associations. Therefore, the controlling factor(s) of

the calcite-dolomits proportion will be considered in the section

on the depositional environment.

A histogram of Ca/Mg ratios (Fig. 6.26) calculated from the
computed carbonats minerals indicates that the majority of analyses
are dolomites in termé of Chilingar's (1957) classification, less
commonly analyses are distributed betwsen calcitic dolﬁmita and
dolomitic limestone. Only a feuw analyses ars found dsvoid of
dolomite, namely, non-dolomitic limestons. A histogram of Ca/Mg
ratios (Fig. 6.27) of the total composition give a similar result

irrespective of the amount of Mg contained in the clay fraction.

The general conclusion that can be drawn from the plots and
histograms is that the rocks involved in the present study ars

mainly dolomites with minor limestons occurrences.

Plots of the frequency distribution of the calcite - dolomite
mixtures occcurring in the carbonate rocks of the Ballagan Formation

wers made after the actual carbonats contsnt was rescalculated to

100% assuming the rocks are purs carbonates. This histogram
(Fig. 6.28) resembles that of Graf (1960, p.22, Fig. 3a) with the

exception/
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100 +

Number of
Analyses (%) -

50

0 —F
1 2 3 4 5 6 T 100
Ca/Mg Ratio (Carbonates only)

Fig.6.26 : The frequency distribution of Ca/Mg Ratio for carbonate

portion only.
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Fig.6.27 : The frequency distribution of Ca/Mg Ratio for their

total content.
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Calcite —100 90 80 70 60 50 40 30 20 10 O

Fig.6.28 The frequency distribution of Dolomite-Calcite mixtures of

rocks containing more than 50% total carbonates. Dolomite and Calcite
made up to 100% '
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exception that dolomite does not exceed §0% in the present
‘study. The occurrence of two maxima near both ends of the range
is interpreted by Graf (1960) as a likely result of ths two ends
of the range being reinforced statistically by carbonate rocks of
special types, in the one cass by fine-grained, virtually purse,
suppossdly chemically precipitated dolomite rocks from svaporite
sequences, in the other by the weakly dolomitized rocks in which
very local redistribution of the Mg originally in biogenic

magnesian calcites is adequate to account for the dolomite present.

Although the rocks of the presen£ étudy do not contain as much
dolomite as those of Graf (1960), the occurrence of the maximum
near the end of the rangs on the side of 100% dolomite is ascribed
to the same reason bn the grounds that a primary chemical precip-
itation in an avaporative'environmant is suggested to be ths most
11kel§ origin of thssé dolomites as indicated by the homogsneity and
fineness. 'of.the minsrals; the absence of fossils; fhe occurrence
of evaporite minerals such as gypsum; and the gensral agrsement by
numerous workers of this origin for analogous rocks. With regard
to the calcite end, it is believed that the maximum occurrence is
caused by either the original absencs of dolomite or the segregation

of calcits as supported by the presence of calcite clots.

6.3/
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6.3 Conclusions

The bulk rock geochemistry of the carbonate layers in the
Ballagan Formation is generally indicative of thé domination of
thevoriginal sediment by carbonate minerals, predominantly dolomite
- with calcite as the second in abundance. These carbonates are
found to demonstrate various associations with clay minerals, mainly
illite, and less common, detrital quartz and féfégbar. _H§ematite

(NSENP U S,

203 concentrations in the

analysss from Little Corrie, near Fintry (Grid Ref. 578 850) and

presence is indicated by the high Fe

Ballagan Glen; near Strathblane (Grid Ref. 572 795) sections. The
carbonate layers are usually enclosed in lutite beds the thickness
of which is of a very wide range, occasionally they are found in

contact with sandstones.

The petrographical and stratigraphical characteristics of the
cérbonatas indicate that they haxg f&fmed.as primary chemical
precipitates, in an‘environment of depdsition; which may be to
some extent similar to the'prasent situation in the Coorong region,

South Australia.

The chemistry qf the original sediments has certainly bsen
modified, in ﬁart at least, as evidenced by the desvelopment of
neomorphic and metasomatic microfabrics. Thess phenomena have bsen
tested by electron microprobe analysis (Tables 6.14, 6417, 6.18 and

6.22).

The/
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The contents of trace elsments with the excsption of S, Sr
and Ba ares assumed to be derived from the clay fraction as inferred

from the good correlation between some of them and A1203.

Renov and Ermishkina (1959 in Leaks et al, 1975) claim that
low Fe/Mn ratios in carbonates ars indicative of near-shore environ-
ments, if true this will be : additional svidsnce in support of
the assumption that thess carbonates were formed in a lagoonal
environmant as their Fe/Mn ratios range from about 1.00 - 9,00

but generally below 5.00.

According to Veizer and Demovic (1974) the range of Sr
concentrations in the late diagenstic dolomitss is 30-100 ppm, and
the measured valuss of Sr concentrations in sarly diagenetic dolo=-
| mite (penecontemporaneous) are between 100-600 ppm. These measure-
ments will obviously assign the dolomites of thé present.study to
the category of early diagenstic origin as'£heir Sr concentrations

generally lie within the cited rangs.

The role of the tarrigsnous material fraction in the dstarmin-
ation of the formed amounts of carbonates is qbvibus, but whether
or not it played any significant rols in the determination of the

calcite-dolomite pfopcrtion and in what manner, is not svident from

-

the gesochemistry as a result of the analyses showing a rather wide
rangs of associations in terms of calcite-dolomits-terrigenous
material proportions, also no element of those analysed showed any

diagnostic/
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diagnostic property. Howsver, speculation on this aspect is not

'attempted.

According to the above mentioned obsgrvations with respsect
to the origin of dolomites Weber's (1964) hypothesis may be
applicable and that is they represent very slouwly forming truly
primary precipitates of very fina grain size, co-precipitatsd with
pﬁssibly authigenic clay minerals (mostly detrital in the present
investigation)_but not appreciable aragonitic or organic component,

in a basin of above normal salinity.

6.4 Electron Microprobs Analysis

Electron microprobe analyses were carried out using the EDS
system. Thess analyses wsre dirscted at the three microfacies
identified in the petrographic study in addition to veinlets and
cavity-éement. Many of the rocks undsr inVéstigation are so fing=-
grained that probe analysis of the individual minerals is extremely
difficult, Thevprobe analysés ars, therefors, neither thes compos-
{tions of individual minerals nor that of the bulk composition of
the rock but are used sﬁlely to indicats the rangs of minerals

present, in a qualitative not a gquantitative manner.

Analyses of Microfacies A (Tables 6.9 and 6.10) and Micro=-
facies B (Tables 6.11 and 6.13-15) show that the crystals of the
jatter contain comparatively less impurity. This difference in

impurity/ o :
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impufity-content in the crystals is attributed to the fact that
Microfacies B is belisved likely to b; produced from Microfacies A
through neomorphism. This neomorphic process resulted in the
rejection of the impurity by the newly formed crystals possibly

partially as evidenced by its presence in minor amounts.

Analyses of Microfacies C (Tables 6.18, 6.19 and 6.23) indicats
that it is composad almost exclusively of calcite, associated in
some instancses with gypsum, ceiestine and baryte according to ths
analyses. In some analyses more than ons of thésa sulphate
‘minerals ars possibly present (Table 6.22) which may signify their

cc-axistence.

Analyses of the original sediment (Table 6.17) and the coarse
calcita clots (Table 6.18) show that the first contains calcite
whereas ths second is almost clay-free and, therefors, the formation
of these clﬁtS'is considered as a rssult of segregatiﬁn of the
calcite dissaminated in the clay material. Plots of A1203 against
Ca0 (Figurs 6.28) clearly demonstrates the negative corrslation
between thsse two(oxidas which represent clay and calcite respact-
ively, this indicates that the original sediment was constituted
of a mixturs of these minerals. Plots of Alzﬂ3 against MgO gives
an excellent positive correlation which may signify the absences of

the mineral dolomits (Figure 6.29).
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Analyses across a neomorphic dolomite crystal (Tablé 6.16)
and calcite crystals of Microfacises C (Tables 6.20 and 6+21) show
that no significant zoning exists. Also, the lack of zoning

implies that there were no changes in pore water chemistry during

crystal growth. In the case of nesomorphism, this may hint at the
compositional homogeneity of the transformed material and probably
the slowness and continuity of the neomorphic process in order to
enable ths forming crystals to reject almost all impurity(clay)as

if the process were rapid, sentrapment of impurity is liksly to occur.

The occurrence of celestine is infefred from the presencs of
sulphur (Tsble 6.22) in the absence of both calcium and barium
which are expected to be alternative elements combing with sulphur
kin the form of gypsum and baryte respectively. Barium has not
actually been analysed by the electron microprobe, but the peak of
this element coincides with that of titanium which is not expected -
to occur in significant amounts. Theréfore, in analyses that
appear to show large concentrations ofltitanium (Table 6.24), this
is considered indicative of é substantial barium content and,
therefore, of baryte. It is obviously difficult, if not impossibls,
ﬁa determine the source of sulphur in the analyses where calcite is
present in considerable amounts. It is even mors difficult when
barium is al=o present. Howsver, either celestine or gypsum of
. baryte or a combination of these minerals may be a possible source
for the sulphur in a given analysis. The sulphate minerals, as

mentioned above, are associated with Microfacises C.
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Clay is concentrated mainly at the intercrystalline boundaries

especially in Microfacies B (Table 6.12) which may substantiate

the assumption made aariier with respect to its neomorphic origin
from Microfacies A, the concentration.is believed to have occurred
by the accumulation of the rejected impurity in these sites. 1In
Microfacies C clay is found concentrated in an irregular patches
(Table 6.25) presumably as a result of almost total rejection of
impurity by the neuwly formed crystals and their advanced process

of development.

The investigation of veinlets indicates that at least three
different typss are present, namely,ferroan-dolomite (Table 6.26);
calcite (Table 6.27); and composite (Table 6.28) veinlets. In the
case of the single-mineral veinlets, the minerals concarnea ars bsl-
ieved tb have crystallized from solutions riqh in their respective
elements. In the composite veinlet, dolomite is found near the
~ wall, then calcite and finally celestine in the centre (Plats 4.5).
The controlling factor(s) of-such crystallization order of these
minerais in a single veinlet, assuming that they ars all'formed as
primary chemical precipitates, is unknown. Howsver, it is assumed
that the solution from which they crystallized was rich in the
gelements Mg; Ca; Sr and 504. There is a possibility that the rock
being dolomite might have acted as a nucleus for the dolomite portion
to form first, followed by calcits as this solution became depleted

in magnesium and finally celestine after the remaining calcium was

used/
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used to form calcite. There is also the possibility that some or

even all of these minerals are secondary in origin.

Analyses of a cavity-cement show that it is composed mainly
of calcite (Table 6.29). This may indicate that the cavity was
occupied by a soclution from which only calcite crystallized in

amounts sufficient to seal off ths cavity.
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Table 6.9 ‘Electron Microprobe Analyses. Microfacies A,

0BL2A
1 2 3 A 5
510, 9.10 8,20 2.06 2,00 8.15
AL,0, 3.03 3.74 0.81 0.96 3.96
Tig, - - - 0.15 -
F8203 - - - - -
Fed 1.31 1.36 . 0.54 0.50 1.20
) 25.84 24,43 29,17 30,42 . 26.96
NBZU DQ“’} - - _' - -
K0 1.68 0.75 0.17 . 0.25 9.71
Ml'lU : 0.27 0.17 0027 0129 0.18
- - .h L ] [ 3
PO, 0.42 0.26 0.30
50, 0.34 0.47 0.43 0.36
57.98 55,91 51,96 54,05 59.07
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Table 6.10:

8i0
A1203
TiO
Fe203
FeO
MgO
Cal

NaZU

MnO

P05

S0

Electron Microprobe

ges

1.09

0.60

1.28
17.71

33.95

g8.15

0.56

55.34

3.31

1.75

1.37
18.21

32.36

~ 0.85

O.14

0.57

0.24

58.80

206

Rnalyses,

3.66
2.17

0.43
19.84
30.57

0.84

0.55

0.38

0.31

58.93

Microfacies A,

1.87

1.19

0.22
20.29

32.687

0.15

0.33

0.41

57.13



Table 6.11: Electron Microprobe Analyses. Microfacies B,

0B16
1 2 3 A 5
510, 0.27  B.L3 0.52 0.79 0.21
Al,0, 0.16 0.43 0.31 0.33 0.29
Ti0, - - - - -
Feztl3 - - - - -
Fed - 0.50 0.28 0.30 -
Mg0 19,33 20.30 20.65 20.37 19,65
Ca0 30,42 29,49 28.92 29.08 30.92
. NaZU ) - - 0.35 - -
MnO T 0.17 - 0.27 0.26 0.14
pzus T e 0020 - Oo 19 -
50, ..0.19 - - - 0.29
50.54 51.49 51.43  