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Lower Carboniferous palaeolatitude being dose to the equator.
834S analyses were m ade for pyrite samples, collected from a wide 

variety of lithological assodations at East Kirkton. A large range of results 
was obtained, +8 to -34%o with no strong mode, which is consistent with the 
potential variety of sulphur sources available within a lacustrine environment. 
The lowest values were obtained for pyrite associated with fossil wood, and 
for these samples bacterial involvement in sulphate reduction is inferred. 
Values of +6 to -2%o are observed for pyrite extracted from chert samples, and 
this m ay possibly reflect a direct m agm atic/hydrotherm al source for the 
sulphur. It is thought that the East Kirkton results are not consistent with 
sulphur originating from dosed-system marine sulphate reduction

Whole rock analyses, by XRD and XRF, were obtained for thirty-one 
samples, collected from the five main lithological groups of the East Kirkton 
succession: Group I are stromatiform carbonate samples; Group II are shales 
and tuffs; Group El are carbonate-rich tuff samples; Group IV are shaley 
laminites; and Group V are carbonate-rich laminites. The results of these 
analyses show that the majority of elements which are found in East Kirkton 
samples (major and trace elements), are derived from the contemporary 
volcanic activity in the Bathgate Hills.

SiC>2 and CaO are anomalously enriched in the East Kirkton Ethologies, 
relative to the Bathgate basalts (Smedley, 1986, for basalt analyses). It is 
thought that a second source from which both elements could be derived, are 
the Tyninghame or Gullane Formations, carbonate-rich sediments which 
occur at depth, beneath the East Kirkton Limestone. It is proposed that the 
elements were remobilised from these sediments via hydrotherm al fluids, 
associated w ith the volcanic activity. Silica could be precipitated by the 
mixing of cooler lake waters with these fluids, but the CaO, forming calcite, 
could have been precipitated via biogenic mediation.

Group II samples have the highest concentrations of trace elements. 
These shales contain clay minerals, on which trace elements may be adsorbed; 
or trace elements may become concentrated in slowly deposited sediment. Sr 
values are high in all East Kirkton samples, and it is thought that the Sr- 
enriched basalts are a likely source. The highest values were obtained for 
samples containing biogenic carbonate features, like spherules. It would 
appear th a t biogenic precip ita tion  m echanism s m ay also increase 
concentrations of Sr.
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1. INTRODUCTION.

1.1 Background.

In 1984 Mr. Stan Wood, a commercial fossil-collector, discovered the 
fossilised remains of a tetrapod amphibian in one of the walls of Limefield 
Farm, a farm close to the town of Bathgate, in West Lothian. The source of 
this fossil was found to be a disused limestone quarry; the lithology was 
called the East Kirkton Limestone (Figure la  and lb). Vigorous excavation 
of this site, and study of the farm walls, revealed m any other unique 
fossils (W ood et al, 1985), "including the earliest know n com plete 
amphibian ancestors of frogs and salamanders, and of reptiles" (Rolfe et al, 
1990).

The fossil biota appeared to be a mixture of aquatic and terrestrial 
lifeforms. Some of the amphibians were fully land-going (Figure 2) and 
m any of the other fossils preserved here, were indicative of preservation 
of a rare, early, terrestrial biota (e.g. the harvestm an "spider", millipedes, 
scorpions and tree-fern-type plants). It was felt that this site could yield the 
earliest know n fossil reptiles. One particu lar specim en (Figure 3), 
discovered by Stan Wood, seemed to fit many of the criteria which would 
distinguish amniotes (reptiles, birds and mam m als) from  non-am niote 
tetrapods (amphibians) (Smithson, 1989). Westlothiana , as it was named, 
ultim ately fetched a price of £180,000, and resides in the collection of the 
N ational M useum s of Scotland, bought from the proceeds of a high- 
profile, fund raising campaign, that prevented it from being sold outside 
the country.

These discoveries prom pted the form ation of the East Kirkton 
Research Group (in 1987); co-ordinated by Dr W. D. I. Rolfe of the National 
M useums of Scotland, and mainly comprised of palaeontologists studying 
the fauna and flora of the East Kirkton Limestone. The site has also been 
designated a Site of Special Scientific Interest (SSSI) due to the importance 
of these discoveries.

This Ph.D. thesis forms a significant p a rt of the geochemical 
investigation of the lithology, focussing on silica phases. W ork has been 
done on the carbonate phases by Dr. G. W alkden and Mr. R. Irwin, at 
Aberdeen University (Walkden et al, 1993), and the volcanic material has 
been studied by Dr. G. Durant of the H unterian M useum, University of 
Glasgow (Durant, 1993).
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1.2 Aims.

This thesis contains the results of a geochemical study of the East 
Kirkton Limestone (EKL). It began in October 1989, with the objectives of 
characterising the chemistry of this palaeontologically im portant lithology 
and to determ ine the extent to which the form ation of the lacustrine 
limestone, and its chemistry, had been influenced by local hot-spring 
activity. Other directions which this project has taken include: producing 
a m odel of the palaeoenvironm ent to be updated  as new  data was 
obtained; assessing the  litho logy 's po ten tia l for p recious m etal 
mineralisation; and to identify any lithologies that were possible lateral 
equivalents (contemporary and of similar origin) of East Kirkton, in the 
Lower Carboniferous of Scotland (Appendix B).

1.3 Background Geology

The East Kirkton Limestone (EKL) is of Visean age (Figure la), and 
is situated in the south of the Bathgate Hills, occurring only at the one 
locality, next to Limefield Farm (Figure lb). The Bathgate Hills are high 
topographically and stratigraphically, in relation to the surrounding areas. 
They are one of many focuses for Carboniferous volcanic activity, and are 
at the m argin of a major oil shale basin, stretching to the east, in the 
Midland Valley of Scotland.

To the east, pre-dating the EKL, are oil-shale deposits from a large 
fresh water lake, Lake Cadell (Figure 4). The maximum extent of this lake, 
an estimated 70km, is defined by outcrops of the Burdiehouse Limestone 
(Loftus and Greensmith, 1988). The EKL is possibly an isolated remnant of 
this larger lake, remaining after the main body of water had receded. On 
the western side of the Bathgate Hills, the sequences which pre-date the 
EKL are generally thick piles of lava; covered by the sediments of the Coal 
Measures, the W estphalian succession.

The dom inant lithologies of the Bathgate Hills are of volcanic 
origin, alkaline basic lavas and ashes (Macdonald et al, 1977; Smedley, 
1986). The focus of volcanic activity in this area is a crater located a few 
kilometers to the north of East Kirkton (near Linlithgow, Figure 5). The 
lava flows are thickest here; they taper to the south at East Kirkton, and are
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commonly interspersed with tuffaceous material.
Locally, to the east of the EKL, separated by a sequence of ashes and 

basalts, are outcrops of the Strathclyde Group, while to  the west, and 
overly ing  the EKL, are fully m arine lim estones, the W est Kirkton 
Lim estone and the Petershill Limestone. The EKL has no apparent 
features suggesting m arine deposition; it has proximal terrestrial input 
(fauna and flora) and its fine scale laminations indicate a calm lacustrine 
environment. It is thought to be a fresh water limestone from the top of 
the W est Lothian Oil-Shale Formation (Visean series, low er Brigantian 
stage, figure 1), pre-dating the marine incursion of the Lower Limestone 
Group. The base of the Lower Limestone Group in the M idland Valley of 
Scotland is generally defined by the H urlet Limestone, the first of the 
m arine sequence. The local equivalent of the H urlet Limestone in the 
Bathgate Hills is the West Kirkton Limestone (Geological Survey of Great 
Britain, 1949).

The EKL was quarried (until early 1830's), and this excavation is the 
only exposure of this lithology (see also Appendix B). The area is mostly 
farm land, and rock outcrops are seldom exposed. The full extent of the 
EKL is no t know n, bu t attem pts have been m ade to determ ine this 
through geophysical means (see appended paper Doody et al, 1993).

1.4 Description of the East Kirkton Limestone.

The East K irkton Limestone is a very im pure lim estone. The 
sequence is comprised of (i) mixed shales and tuffs; (ii) thick tuffaceous 
horizons, which are often cemented by carbonate; (iii) laminites which can 
be shaley, carbonate-rich or cherty; (iv) lenses of massive limestone, often 
with strom atiform  textures, and with voids filled by silica phases, calcite 
and occasionally bitumen.

The m assive limestone lenses are possibly subaqueous, biogenic 
carbonate m ounds focussed around hydrotherm al seeps or small vents, as 
evidenced by the pervasive, m ulti-phase veining and vug fillings. The 
cherty lam inae m ay represent prim ary silica deposits, sourced from 
hydrotherm al fluids (Chapters 2 and 3). Full detailed descriptions of 
lithologies are given in Appendix C, and in Rolfe et al (1993).
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1.5 Rationale of the project.

Dr A. J. Hall, supervisor of this project, sensed the potential for 
research into the geochemistry of the lithology. It has a valid contribution 
to make to the characterisation of the East Kirkton Limestone and it has 
provided evidence about the palaeoenvironm ent, in particular to the on
going debate concerning the presence or absence of hot-springs. In close 
proximity to the Hilderstone Silver Mine (Stephenson, 1983) and at a time 
w hen interest in the EKL, palaeontologically, coincided w ith renewed 
interest in gold exploration, which was focussing on fossil hot-springs, the 
EKL was considered to be a potential target for m ineralisation. It was 
thought that the EKL m ight be similar to the Lower Devonian, Rhynie 
Chert (Aberdeenshire), where enrichments of gold and other heavy metals 
were discovered (Rice and Trewin, 1988).

Preliminary analyses were carried out as part of an Undergraduate, 
4th year Applied Geology project, at Strathclyde University, by David Large 
(BSc thesis 1989, Strathclyde). The results of this isotope analyses and 
petrographic study were included in an early paper, summarising the work 
completed at this point by various members of the East Kirkton Project 
(W.D.I. Rolfe et al, 1990). This was not the first published work on East 
Kirkton; it had been observed in geological papers as early as the 1820's - 
30's (Fleming, 1825; Hibbert, 1836), already the subject of hot-springs was 
m entioned in association with this lithology. These earlier interpretations 
and papers are discussed at the start of Chapter 3, and in Rolfe et al, 1993.

1.6 On the origin and sources of silica in lacustrine deposits.

The occurrence of silica in laminae, as at East Kirkton, can be due to 
several agencies: (i) biogenic silica from sponge spicules, radiolarian tests 
or diatom s, often diagenetically rem obilised resulting in nodular chert 
form ation; (ii) silica from hot-spring fluids, precipitated due to fluids 
cooling or a change in pH, sourced by country rocks, volcanogenic material 
or siliceous sediments; (iii) chert laminae w ith sodium  silicate precursor 
e.g. m agadiite, in an evaporitic type of environm ent, w ith hot-spring 
fluids and volcanogenic m aterial as silica sources; and (iv) as a later 
replacive feature, due to veining, alteration, replacement or diagenesis.

The discussion below compares features of cherts with magadiite 
precursors and  chertified lithologies w here silica is derived from a
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biogenic source or from volcanogenic material. It is intended to show why 
the hot-spring source of silica is favoured for the East Kirkton laminae, 
and that other models have been considered, bu t do not appear to be 
closely analogous to the East Kirkton chert laminae.

Discussion of textures that occur at East Kirkton, and how they have 
been interpreted are to be found in Chapters 2 and 3. These chapters also 
contain the evidence by which the chert lam inae are considered to 
prim ary, and not replacive.

1.6.1 M agadiite precursor to chert.
M agadiite (NaSi7 0 i 3 (0 H )3 *3 H 2 0 ) precursors to chert can produce 

irregular nodules or w idespread thin chert laminae (Hay, 1968; Eugster, 
1969; Sheppard and Gude, 1986). The change from the sodium  silicate 
precursor to chert is thought to occur in early diagenesis and may produce 
syn-sedimentary deformation, as the magadiite has a putty-like consistency 
(Eugster, 1969). Often the chert laminae and nodules have a white coating 
- quartzose porcellanite (O'Neil and Hay, 1973) - which has often a 
reticulate surface pattern, and in which can be found preserved moulds of 
evaporite crystals, e.g. trona. The surface reticulation is due to the volume 
reduction which occurs on removal of N a+ and water from the magadiite 
as it changes to chert.

"The occurrence of M agadi-type chert in sedim entary  rock is 
indicative of an alkaline, lacustrine depositional environment..." and it is 
"useful as a prospecting tool for locating evaporites, zeolites and fluorite in 
continental sedim entary deposits", Sheppard and Gude (1986). These 
cherts have high 8*80  contents, as they precipitate from brines "a solution 
undergoing evaporation, as in the form ation of a brine, will in general 
increase in 180  content, w ith an increase in salinity" ... "Chert from high- 
salinity deposits of Lake Magadi have S180  38.9 - 44.1%o (average 42.1%o). 
Chert from m oderate-salinity deposits have 8180  values of 34.7 - 40.9%o 
(average 38.0%c). Cherts of low-salinity deposits range from 32.1 to 34.6%o 
(average 33.6%c)." The white rinds were lightest, isotopically, 31-32%o and 
were considered to have grown after meteoric w ater was added, O'Neil 
and Hay (1973).

Mineral assemblages commonly associated with this type of silica 
occurrence include trona N a3H(C0 3 )2 *2 H 2 0 , gaylussite N a2Ca(C0 3 )2 *2 H 2 0  

or pirssonite N a2 Ca(C0 3 )2 ’5 H 2 0 , indicative of sodium  carbonate brines, 
and siliceous zeolites clinoptilolite (Na,K)6[Al6Si3o072]*24H20, and less
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comm only erionite  NaK2M gCai.5[Al8Si28072]*28H20. "Where direct 
evidence of sodium-carbonate brine is lacking, authigenic zeolites and K- 
feldspar provide an indirect line of evidence that the beds were deposited 
in saline, alkaline lake water." from Hay (1968). It has also been observed, 
Folk and Pittman (1971), that fibrous chalcedony associated w ith evaporitic 
environm ents has a tendency to be length-slow , th is is relatively 
uncom m on in any o ther environm ent, and  occurs w hen the fluid 
precipitating the silica is in contact with brines or sulphate-rich fluids.

East Kirkton cherts have a 8180  and 8D isotopic signature consistent 
w ith form ation from meteoric waters of a m oderate tem perature, 60°C 
(5180  = 21-27%o, see Chapters 2 and 3), which appears to discount formation 
of the cherts from brine solutions. There are isolated occurrences of 
pseudomorphs after gypsum noted from East Kirkton (Parnell, 1988), but it 
is possible that the gypsum  formed biogenically (Thompson and Ferris, 
1990) rather than by evaporation, and this evidence alone does not 
confirm this as a sabkha or playa environment. It is also noted that the 
fluids involved in the precipitation of the M agadi-type chert do not form 
mineral assemblages that include gypsum. Vug infilling chalcedony in the 
East Kirkton "mound" is observed to be length fast.

The white rinds in some East Kirkton laminae are not considered to 
be analogous to the "quartzose porcellanite" of the M agadi-type cherts, 
because the East Kirkton samples lack the surface reticulation features and 
evaporite m oulds, that characterise magadiite cherts. Shales and laminites 
of the East K irkton succession do not generally show any features 
associated w ith desiccation, i.e. m ud cracks, which would be expected if 
periodic drying out of the lake had occurred. Cracks, filled by calcite veins, 
in the chert lam inae (Chapter 2) do not have the d istribu tion  or 
morphology expected of desiccation cracks.

It is uncertain w hat the white rinds in the East Kirkton samples 
represent. They appear only to occur in the upper part of the sequence 
(above Unit 53/54) and are often associated w ith shale and  carbonate, 
rather that chert. XRD analyses of samples with these coatings gave no 
indication of an unusual mineral assemblage i.e. XRD results were quartz, 
calcite and clays. The thin rind was very difficult to separate from the 
lithologies it coated and no pure samples were extracted for analyses.

Some of the vug infillings for m ound samples also consisted of 
porous, white silica (EK 2.69 vug, results in Chapter 3, Table 1), and 8180  
values were inconsistent from one analyses to the next (it was repeated 
three times), although the sample had undergone standard processing to
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ensure homogenisation. This was the only sample which behaved in this 
m anner and the variation has been interpreted as a feature of oxygen 
exchange with later fluids, which have affected this porous sample after 
lithification. It is, therefore, suggested that porosity and oxygen exchange 
m ight be factors which also affect the "quartzose porcellanite" of the 
M agadi-type cherts resulting in the lighter isotopic results (O'Neil and 
Hay, 1973), w ith the 5180  re-equilibrating w ith later, possibly meteoric 
fluids.

1.62. Chertification associated w ith biogenic and volcanogenic silica.
C hert as a rep lacem ent generally occurs in  nodu les and  is 

considered to be a diagenetic feature. The main sources considered for the 
silica which forms these chert nodules are (i) a volcanogenic silica source 
(Cummings et al , 1989), or (ii) sponge spicules a n d /o r  radiolarian tests 
(Meyers, 1977; Maliva and Siever, 1989).

In basaltic volcanic material interstitial glass can release silica when 
converted to smectite (Cummings et al, 1989). At East Kirkton smectite is 
present in tuff samples, bu t as a mixed layer illite-smectite phase. Other 
m inerals that are associated w ith the conversion of volcanic glass to 
smectite are celadonite, opal-CT and clinoptilolite, and these are not 
present at East Kirkton. In Cummings et al (1989), it is also stated that the 
conversion from the metastable assemblage (smectite, celadonite, opal-CT 
and clinoptilolite) to quartz, requires elevated tem peratures (probably in 
excess of 150°C), or hydrotherm al conditions with w ater as a solvent. 
There is no evidence that such tem peratures were reached in the East 
K irkton environm ent, or th a t the secondary, m etastable m ineral 
assemblage had occurred. If the chert was derived in situ , from alteration 
of volcanic m aterial, then it w ould contain m ore im purities than are 
actually observed.

In the Kenyan-rift setting volcanic material is also considered as one 
of the sources of silica (Hay, 1968; Renaut and Owen, 1988). The associated 
volcanics are trachytic tuffs in H ay (1968), and they contain siliceous 
zeolites; clinoptilolite and erionite (or phillipsite in chert-free sequences). 
At Lake Bogoria (Renaut and Owen, 1988) the volcanics are phonolitic 
trachytes, and analcime is associated with removal of silica from clasts of 
this m aterial. At East K irkton local volcanics could have provided 
hydrothermal silica, produced by similar processes of alteration of volcanic 
material (Hall, 1989). The assemblages of secondary minerals, produced by
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this alteration, are not found w ithin the East Kirkton tuffs. It is also 
thought that 5180  values associated w ith silica from the volcanic source 
m ight preserve a relict signature of volcanic 5180 ,  this is not observed for 
East Kirkton samples.

C hert w hich has form ed from the skeletons of organism s will 
generally have rem ains of these skeletons preserved, or in associated 
lithologies which are not silica-rich, m oulds of the silica skeletons will be 
observed w here the silica has been rem oved to be reprecipitated in the 
chert-rich area (Renaut and Owen, 1988; Meyers, 1977; Maliva and Siever, 
1989). A biogenic silica source is not considered very likely for East 
Kirkton as there are no m oulds or calcitised grains resem bling siliceous 
biogenic tests.

1.7 Format of the Thesis.

The m ain bulk of the research involved in this thesis is presented 
in three papers, Chapters 2 to 4, which comprise results from petrographic 
observation, stable isotope analyses (5180  and 5D of silicates, and 534S of 
pyrite), XRD and XRF whole rock analyses. Chapter 5 is a sum m ary of the 
conclusions draw n from these analyses, and a sum m ary of the research 
project. Results of other work that was completed as part of this project, 
b u t which are (i) less relevant to the m ain aim of the research, i.e. 
geochemical characterisation of the East Kirkton Limestone, and (ii) not 
suitable for publication, are included in Appendices A - E.

Chapters 2 and 3 are concerned with the isotopic analyses and how 
evidence from these results relate to the observed petrographic textures. 
Chapter 2 was published after the first year of research in the proceedings 
of The 12th N ew  Zealand Geothermal W orkshop (1990), pp  203- 208. It 
provides an introduction to petrographic features of the East Kirkton 
lithologies; a discussion on evidence for the palaeoenvironm ent model 
that is proposed; and preliminary results from isotopic analyses with brief 
in terpretation.

In Chapter 3, there is a further discussion of petrographic evidence, 
by which the silica phases are designated prim ary or secondary, and 
petrographic details of varieties of pyrite are described. The evidence 
provided by stable isotope analyses of silicates (8180  and 8D) and pyrite 
(534S), for the East Kirkton palaeoenvironment, are presented as the bulk 
of the discussion of this paper. It has been published in the Transactions of
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the Royal Society of Edinburgh: Earth Science, volume 84, a special East 
Kirkton publication with contributions from all the members of the East 
Kirkton Research Project.

There is still heated debate about the interpretation of silica phases 
(Walkden et al, 1993), but the interpretation of textural details and isotopic 
analyses presented in these chapters is considered to be the sim plest 
explanation of the evidence that is presented.

Fluid tem peratures obtained from 8lsO of carbonates (Walkden et 
al, 1993) indicate tem peratures lower than those obtained from 8180  of the 
silica. W hat is represented by the tem perature obtained from 5180  of the 
silica, is discussed in Chapter 3, but it should also be noted that two 
different values for 8180  of Lower Carboniferous waters were used to 
calculate the quoted temperatures. That which is used in Chapter 3 (8180  
water = -4%o, which gives silica tem peratures of 40-60°C) was estimated 
from the East Kirkton data and if it is used to calculate tem peratures for 
the fluids which deposited the carbonate, it gives higher values than those 
presented in W alkden et al (1993) (quoted tem perature of 20°C, becomes 
30-50°C). Carbonate phases would be precipitated biogenically from cool 
lake waters, while periodic influxes of warmer siliceous fluid w ould result 
in silica precipitation, on mixing of the two fluids. This need not cause a 
significant rise in the overall lake temperature.

Recent work on step heating of samples for 8lsO analyses, suggested 
that 8180  results might be strongly influenced by oxygen in bound water 
w ithin silica, as m uch as oxygen in Si-O bonds (Matheney and Knauth, 
1993), but this was for samples where high water contents were observed 
and where water yield correlated with the 8180  results (unlike East Kirkton 
samples, see Chapter 3).

Chapter 4 contains work that has not been published. It contains the 
results of the XRD and XRF bulk rock analyses. The results are related to 
specific rock types, and m ineralogy (XRD) is com pared with elemental 
analyses. The aim of the analyses in this chapter was to constrain which 
elements were sourced in the local volcanic m aterial, and which required 
an additional hydrotherm al source.
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1.9 Figure Captions.

Figure la  The geographical locality of the East Kirkton Quarry, in the 
Midland Valley of Scotland. It also shows the stratigraphic position of the 
East Kirkton Limestone within the lower Carboniferous, Visean Series.

Figure lb  East Kirkton is found at locality 1, on a map of the local 
geology of the Bathgate Hills. This figure is taken from an excursion 
guide, by Stephenson and Munro, in McAdam and Clarkson, 1986).

Figure 2 A fossil of a temnospondyl amphibian, which was found in
the East Kirkton Limestone. The reconstruction of the living form is by 
Michael Coates.

Figure 3 A fossil of w hat was believed to be the oldest reptile,
W estlothiana Lizziae. Found by Stan Wood, at East Kirkton.

Figure 4 A palaeoenvironm ental reconstruction  of the M idland 
Valley of Scotland, in Calciferous Sandstone Times. To the eastern side of 
the valley the extent of Lake Cadell is shown and the position of East 
Kirkton, which was deposited after the margins of Lake Cadell had begun 
to recede, and volcanic activity had begun in the Bathgate Hills.

Figure 5 The main focus of volcanic activity in the Bathgate Hills was
at Linlithgow, and the lava flows taper to the south where the East Kirkton 
Limestone is found. The other limestones shown interfingered w ith the 
lava flows, lie stratigraphically above the EKL and are all marine.



13

Figure la

.O

&
-J

q-'&s . u v
4 ?A3 *3

.o
r

A. 'C
•£V°<7*

3  RIG A N T I  AM
S C

V F

V
[ N M

3 A S B I A N

c T C
A
N H C L K c R I A N T 3

A R U N O I A N P u

C H A O  I AN

T
0
U
R
N
A C O U R C S Y A N C M

S

A
N

l o w e r  
—  LI ME S T ON E  G R O U P

LOWER  LIME 
S T O N E  G R O U P

•jppsa scOiMgNTAar
i’TyV v> ^ ,  caoup

:;c l y o e  p l a t e a u :::̂ r:LA'/AS -

OEM E N T S  T O N E
G R O U P

U P P E R  OIL 
S H A L E  v  w  *
G R O U P  r i :

r y v v

LOW ER OIL
S HA L E
G R O U P

V V V V vj
2 :::r4
Y v v v v v l
V V V V V VI
\v y »  vvj 
V y y y «*|

C S M E N T S T O N E  
G R O U P

£a«t Klrttoiv

(after Scott, 1990).



14

Figure lb

To UNUTHGOW  V\

W h ite b a u lk s

'Jj3eecraigs /  
C  Reservoir x

Lochcote
Reservoir

Wairdlaw.
N orth
M ain s

i artraven
'S o u th  V 
M ains

J l i l l iL I I im i i m i n/•
To TORPHICHEN.

a iiT m rTiTr

L ow er L im e s to n e  G roup and  
U pp er O il-sh a le  G roup

Lim estone

Other sedim entary rocks

V olcanic rocks: m ainly basalt 
lava flow s with tuffs and 
agglom erates in basal seq u en ce

L ate-C a rb o n ifero u s

Quartz-dolerrte intrusions

Dip of strata

1 kilometre

BATHGATE

6095



15

Figure 2
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CARBONIFEROUS, LACUSTRINE HOT-SPRING DEPOSIT: EAST 
KIRKTON, BATHGATE, SCOTLAND.
R. McGill1, A.J. Hall1, A.E. Fallick2, W.D.I. Rolfe3.
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2 Scottish Universities Research and Reactor Centre, East Kilbride, Glasgow G75 OQU. 

3 Keeper of Geology, National Museums of Scotland, Chambers Street, Edinburgh EH11JF.

2.0 ABSTRACT.

The East Kirkton, Brigantian "limestone'' was thought to be of hot- 
spring origin by Hibbert, (1836) due to the occurrence of num erous, small, 
spherulitic growths, this was supported by Cadell, (1925) following his 
observations of active hot-springs in Yellowstone National Park and in 
N ew  Zealand. The aim of the continuing research is to constrain this 
geological setting by exam ination of textural evidence and detailed 
geochemical analyses.

The spherules occur in most horizons of this finely lam inated 
sequence, which includes: bituminous shales; carbonate rich and silica rich 
sedim ents; and occasional limestone bands and lenses. The regular 
lam inae are typical of a lake deposit, a low energy, environm ent of 
restricted circulation, w ith freshw ater organism s preserved  in many 
horizons. This study has focussed on the silicic sediments, unusual in a 
fresh water lake. At East Kirkton many chert textures suggest an origin as 
a gel-like precipitate: synsedimentary slumping w ithout brittle fracturing 
indicates a silica precipitate capable of ductile movement. Cracks have 
form ed perpendicular to bedding, w ithout continuing from the chert into 
surrounding layers and these may be the shrinkage cracks of a cooled silica 
gel. Both silica and carbonate form primary precipitates, though both also 
form  several replacive phases. C athodolum inescence (CL), UV 
fluorescence and SEM were used to identify the presence of both carbonate 
and silica spherules,and also to differentiate a variety of carbonate phases, 
principally calcite and dolomite.

Isotopic analysis of S180  and 8D are presented show ing that the 
origins of the siliceous fluids can be constrained for the East Kirkton 
environm ent. The analyses (5180  = 21.3 to 26.9%o, n=18; 5D = -52.2 to 
-90.7% o, n=13) fall close to the "agate line" of Fallick et al (1986) and
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are consistent w ith equilibration of the cherts at 40 to 90 #C with L. 
Carboniferous meteoric water of 8180  = -4%o and 8D = -2%o. Fluids in 
equilibrium with this silica "gel" may have been trapped only as the "gel" 
cooled and hardened, upon mixing with the lake waters, to result in fine, 
laminae of chert.

2.1 INTRODUCTION.

2.1.1 General Background.
The East Kirkton "limestone" quarry is situated in an area of poor 

exposure in the Bathgate Hills, towards the eastern side of the Midland 
Valley of Scotland (Figure 1, locality 3). The lim estone is located 
stratigraphically at the top of the Upper Oil Shale Group (Stephenson and 
Monro, 1986). The other localities indicated (Figure 1) across the Midland 
Valley, are seven other Carboniferous outcrops where well preserved and 
perm inera lised  p lan t specim ens have been found , o ften  w ithin  
volcanogenic sediments (Scott, 1990). Localities 4-7 on the east coast are 
also associated with lake deposits. The East Kirkton sequence is 12m at its 
thickest, and is an alternation of finely lam inated, lacustrine sediments, in 
which are preserved freshwater brachiopods and evidence of considerable 
biological activity within the lake; and ash horizons which are only poorly 
bedded and show little lateral continuity. The aim of the petrographic 
study and geochemical analyses is to constrain the geological setting of this 
deposit allowing for evidence of low tem perature origins as indicated by 
the biological activity, and high temperature input as indicated by the silica 
gel textures. Future research m ust also include using a soil geochemical 
survey to explore for associated mineralisation.

This small, disused quarry has become famous for its unusual fossil 
biota, including several unique, species of plant and animal. The fossil of 
the earliest reptile, nicknamed "Lizzie", is particulary well known since it 
has been featured in scientific journals (Wood et al, 1985 and Gee, 1988), on 
television, and was even discussed by the British Parliament when it was 
to be sold abroad. The sale of this fossil eventually realised £200,000 and it 
is now exhibited in the N ational M useum  of Scotland (NMS) in 
Edinburgh. It is hoped that by study of the flora and fauna of this quarry, 
m uch may be learned about the evolution of early terrestrial life. The 
research reported here forms part of the East Kirkton Project co-ordinated
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by W.D.I. Rolfe, (NMS). A review of studies under-taken up  to 1989 has 
been published by Rolfe et al, (1990).

2.1.2 Palaeoenvironment.
Current interpretations suggest that the finely lam inated sediments 

of which the succession is largely com prised, indicate a low energy, 
lacustrine environment which is disrupted by periodic volcanic eruptions 
depositing ash horizons of varying thickness (lm  to 5cm). The volcanic 
centre identified by Cadell, (1925) was situated 8 km to the north of the 
quarry. There has been slumping within the sequence triggered either by 
the volcanic activity or by syn-sedimentary faults (Figure 2).

The preserved fossil plants and animals have been washed into the 
lake from their terrestrial habitat and since some of the plant remains are 
preserved as fusain they may have been burnt by forest fires sparked by 
volcanic activity. Other sediments, including the carbonate spherules and 
slum ped chert horizons appear to have been derived from a hot-spring. 
There were also laminae comprised of pellets that could have been the 
faecal pellets of some animal living in or beside the lake. Delicate plant 
spores are often preserved in these laminae and this combined w ith small 
cubes of pyrite indicate a reducing environment. The thermal energy for 
the hydrotherm al system could well have been high level intrusives such 
as alkali dolerites (teschenites) (Francis, 1983) associated w ith Lower 
Carboniferous volcanism in the Midland Valley of Scotland. The siliceous 
fluids are a possible product when meteoric water reacts with hot, alkaline 
basalt to produce hydrated alumino silicates such as prehnite and zeolites 
(Hall et al, 1989).

Within the quarry are two well defined massive lenses of carbonate. 
The lower of these was thought (Rolfe et al, 1990) to represent a carbonated 
sinter deposit but an altenative hypothesis for its origin is a low, mound 
grown around an active fluid conduit w ith both major carbonate and 
minor silica as chemical precipitates caused by the fluids expelled from the 
vent or by algal grow th. The carbonate com m only form s in a 
stromatiform habit and distinct stromatolites are observed above the level 
of the sedim ents blanketing the lower parts of the lens; silica in the 
stromatolites may be replacement of the carbonate or could be fixed by the 
algae from a supersaturated silica solution. The second, higher, lens is 
possibly a channel deposit, since some of the bedding is truncated against 
the lens and the overall shape of the lens was convex dow nw ards with a 
flatter top. No evidence of layering was found in either of the lenses.
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Similar, smaller features were observed elsewhere in the quarry, formed 
from the stromatiform carbonate, these m ay be fragments broken from a 
larger lens or they may be discrete growths.

2.2 PETROGRAPHY.

2.2.1 General Features.
The m ost striking feature of the succession is the regular, fine 

laminae (Muir and Walton, 1957). Some horizons are comprised of these 
lam inae and they are m ainly carbonate rich or very dark  due to 
com pressed organic debris. Many layers consist of a combination of 
carbonate spherules and organic debris, but some laminae are formed of 
silica. In hand specimen isolated laminae of dark brown chert can be seen 
w ithin horizons of the carbonate lam inae which vary in their colour, 
organic and clay content and some contain spherules while others have 
none. A lthough the chert is less comm on than  the carbonate, its 
occurrence throughout the succession suggests that understanding its 
origin and formation will contribute significantly tow ards interpretation 
of the palaeoenvironment. XRD analyses indicate that typical laminated 
lim estone contains major calcite and quartz w ith m inor kaolinite and 
dolomite (probably ferroan). Tuffaceous layers are mainly calcite with 
m inor kaolinite, quartz and chlorite. Chert layers consist of quartz with 
minor calcite and trace dolomite.

A suite of thin sections was prepared by the NMS w ith material 
from a stratigraphic sequence logged through the quarry succession. By 
studying the textures of the whole sequence an initial overview of the 
lithologies was gained before selecting the silica rich horizons to be studied 
in m ore detail. Thin sections were then prepared  for all these silica 
lam inae and various other types of silica from samples that had been 
collected in situ and loose in the quarry.

2.2.2 Silica Textures.
There are several textural reasons w hy m any chert laminae are 

considered to be primary. The chert layers (1mm to 3cm thick) are often 
slum ped, like the carbonate and ash horizons around them. This is due to 
syn-sedimentary deformation (first recognised by W alton and Muir, 1957) 
where both carbonate and chert horizons have behaved plastically. For the 
chert a gel-like stage is envisaged for the unlithified layers. This is
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confirm ed by the pinching of some chert lam inae around carbonate 
spherules. In other horizons there are small silica lenses, flattened and 
stretched by early compaction (Figure 3a). Similar textures are found in 
the carbonate, but they are usually of m edium  grained, granular calcite 
whereas the silica laminae and lenses are very fine grained.

In Figure 3b, typical carbonate-silica laminae are shown. There is no 
sharply defined contact between laminae and in many cases the carbonate 
appears to grade into the silica, with isolated, often euhedral, carbonate 
crystals growing as though suspended within the chert. These crystals may 
have formed from carbonate rich fluids trapped in the chert before it was 
fully hardened, thus allowing the crystals to grow euhedrally. However, 
they may have grown by replacement of the chert during early diagenesis.

W ithin the chert laminae a disordered pelloidal texture (Figure 3c) 
was observed that could only be seen using Ultra-Violet Fluorescence 
which causes most organic material to fluoresce. Patches of m any of the 
primary chert layers appear to be replaced organic material. From the lack 
of com paction of the organic pellets it can be concluded that the 
replacement was an early feature of the prim ary lacustrine fluids. Similar 
pellets are found cemented by carbonate.

Many silica laminae have chert-filled and calcite-filled cracks cutting 
perpendicular to layering. It is thought tha t these m ay either be 
desiccation cracks of the hardening silica gel or represent differential 
compaction of the layers, since they do not continue into the carbonate 
laminae (Figure 3d).

Other occurrences of silica include isolated dark chert lenses within 
carbonated ash horizons and silica cement in stromatiform and pisolithic 
carbonate, in the lower carbonate lens. The cementing silica is often a 
bluish white banded chalcedony but can also be am orphous white silica 
coating the walls of vugs and cavities. The centres of chalcedony coated 
vugs are often filled w ith  equant m egaquartz (Milliken, 1979) bu t are 
occasionally filled with a single coarse calcite crystal or even some small 
droplets of bitumen. In some vugs the chalcedony is zebraic (Figure 3e) 
and takes an almost spherular form.

2.2.3 Spherulites.
Carbonate spherules are a common feature of the East Kirkton 

sediments and there m ay have been a feature of this environm ent that 
caused both silica and carbonate phases to take spherular habits. There is a 
diversity of spherule types, the commonest being of radiating carbonate
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with no apparent nucleus. Others, buff-coloured in hand specimen and of 
m ore irregular shape, are of carbonate which seems to form a coating 
around plant fragments.

A few spherules have concentric rings and appear isotropic in thin 
section. These may consist of microcrystalline silica. Concentric banding 
of carbonate spherules was only observed when cathodoluminescence (CL) 
was used. CL is sensitive to changes in the ionic state of Fe and Mn ions 
inherited from the solutions that formed the spherules. Thus the banding 
indicates that the Eh and the pH of the fluids changed several times during 
the form ation of each spherule. The m ore complex shape of some 
spherules can be explained by banded overgrow ths around an original 
core, also only visible in CL (Figure 3f).

CL shows where neom orphism  has occurred w ithin a spherule, 
usually as a brighter patch of luminescing carbonate that cuts across the 
growth banding. Where spherules have been bored it is often observed 
that both the central sphere of carbonate and the later overgrow ths have 
been similarly bored (Figure 3f). These borings may act as the passage-way 
along which neomorphosing fluids pass, but alteration around them is not 
often observed. It is not clear why the organisms should choose to bore 
through these spherules but it can be concluded that they formed a loose 
aggregate for a period of time long enough for the boring to occur.

In some horizons many spherules are broken and this is another 
indicator of the transport of the spherulitic sedim ent. M any of the 
spherules which appear whole in plane polarised and cross polarised light 
were observed in CL to have sections of their outerm ost grow th rings 
broken off.

Some of the prim ary carbonate is replaced by later carbonate as 
observed for the neomorphism in the spherules, bu t the carbonate is also 
replaced by silica. This is especially common in the strom atiform  
carbonate where only a skeletal rem nant of the carbonate remains. Often 
the process of replacement appears to highlight the growth banding of the 
spherule.

2.3 STABLE ISOTOPE ANALYSES.

Oxygen isotope analyses of the silica and hydrogen isotope analyses 
of the bound water (thought to be present as a silanole group, Si-OH) have 
obtained for some fifteen samples of variable silica forms, and data will be
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reported elsewhere (McGill et al 1993, in press). Here we are concerned 
with the implications of the data.

Earlier analyses m easured S180  of only six silica samples (Rolfe et al, 
1990). The results that have now been obtained extend the range of oxygen 
values, while confirm ing the earlier results, and including hydrogen 
isotope analyses. Eighteen silica samples give a range of 8180  = 21.3 to 
26.9%o.

Thirteen samples were analysed for hydrogen isotopes. The range 
of values obtained is 8D = -52.2 to -90.7%o. The water contents of the 
samples were measured during analysis and the range is 0.28 to 0.52 wt% 
H 2O. There was no correlation between the water contents of the silica 
samples and 8D showing that the isotope results were not influenced by 
yield.

McGill et al (1993, in press) show that on a 8ls O /8 D  diagram  
(Figure 4) data plot close to the line defined by chalcedony in agates of 
different ages from Scotland (Fallick et al, 1985). This argues for a surface 
derived fluid with a major meteoric w ater contribution, and rules out 
formation fluids of magmatic origin. The interpretation is summarised 
below.

2.4 INTERPRETATION OF ISOTOPE RESULTS.

The East Kirkton isotopic analyses plot relatively close together 
(Figure 4) suggesting that the different silica samples w ere formed by 
similar fluids, or by a fluid with a small variation in isotopic composition, 
and w ithin a narrow  range of tem peratures (see line to represent 10 °C 
variation, Figure 4). They plot quite close to the "agate line" indicating 
similar fractionation and formation processes. The "agate line" is the best 
fit line through data from Scottish Tertiary and Devonian agates (Fallick et 
al, 1985). This line has a slope similar to the present day Global Meteoric 
Water Line (MWL), 8D = 7.9S180  - 260 and it was concluded (ibid.) that the 
East Kirkton silica had formed from slightly heavier meteoric water than 
Devonian agates. These values are consistent w ith form ation from L. 
Carboniferous meteoric w ater which w ould have approached the zero 
seawater value as Scotland approached equatorial latitudes.

Assum ing a Scottish L. Carboniferous meteoric 8180 h 2 0  value of 
-4%o, the equation of M atsuhisa et al (1979) can be used to obtain 
tem perature estimates:
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8180  Qt2  - 8180  H2O = 3.34 x IQ8 - 3.31
T2 (*K)

These calculations yielded  a tem pera tu re  range of 40-90 ’C 
corresponding to the equilibrium temperatures of the cooled silica gel and 
associated fluid. The results are consistent with periodic input of high 
tem perature (near to or above boiling) siliceous solutions into the cool 
lake water, where mixing of the fluids resulted in the precipitation of 
silica.

While much of the variation in isotopic composition may be due to 
tem perature differences, it is also probable that the isotopic signature of the 
meteoric water was modified within the hydrothermal system as the water 
tended towards re-equilibration with hot basalt. The m odified oxygen 
isotope value w ould approach +8%o and this w ould lead to higher 
calculated  equ ilib rium  tem peratu res (+80 °C approx.) due  to the 
correspondingly smaller fractionation. Organic m atter is abundant in the 
sam ples and  this is know n to possibly absorb deu terium  giving 
anomalously light 8D measurements. Future analyses will be undertaken 
on organic-free samples.

2.5 CONCLUSIONS.

1. Regular lam inated horizons indicate a quiet, lacustrine environm ent 
with minor, fine sediment enriched in organic material and disturbed by 
influxes of carbonate spherules, often preceded by a chert horizon, and 
poorly graded basaltic ash.

2. The lake water m ay have been stratified due to influxes of fluids at 
different tem peratures. Pyrite is also com m on in som e lam inated 
horizons and indicates anoxic conditions, associated w ith  abundant 
organic material, in deeper parts of the lake.

3. Prim ary silica originated as a gel because of the syn-sedim entary 
slum ping in some laminae, the possible dehydration cracks, the carbonate 
rhom bs w hich grow  in suspension in the chert horizons, and the 
occasional grading of carbonate laminae into chert.

4. The prescence of silica spherules suggest similar factors effect the 
precipitation of silica and carbonate.
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5. The silica probably originated from a hydrotherm al remobilisation of 
silica in the mildly alkaline volcanics triggered by the intrusion of the 
later, high-level, alkali dolerite dykes and sills.

6. Carbonate spherule zones seen w ith Cathodolum inescence indicate 
frequent changes in Eh and pH  of formation waters.

7. High organic content in silica and carbonate laminae and bituminous 
shales suggest high biological productivity and preservation potential.

8. A dom inantly low tem perature environm ent is suggested by: (i) the 
tem perature range from 5lsO results (ie. 40-90 #C), (ii) organic matter eg. 
spores are well preserved, and (iii) organism s m ust have lived in the 
water, since some secreted pellets and others bored into spherules. The 
above give a picture of mixing fluids, some w arm er and some cooler 
allowing organisms to live close to a hostile hot-spring environment.

9. The isotopic signature is that of the water that was in equilibrium with 
the silica gel until a certain tem perature when it hardened and no further 
isotopic exchange occurred.

10. Meteoric water is the major component of the silica formation fluids.
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2.8 Figure Captions.

Figure 1 Location m ap and extract from  the Lower Carboniferous
stra tig raph ic  colum n indicating  the position  of the  East K irkton 
Limestone.

Figure 2 A hypo the tica l reco n stru c tio n  of the  E ast K irkton
palaeoenvironm ent.

Figure 3 (A) Attenuated lenses of chert form ed due to compaction of
the sedim ents (PPL). Field of view is 2mm. (B) Typical alternation 
between carbonate and chert laminae, w ith rhombs of carbonate growing 
in the isotropic chert (XPL). Field of view is 2mm. (C) Pelloidal sediment 
suspended within a laminae of chert (UV Fluorescence). Field of view is 
1mm. (D) Laminae of chert and carbonate deposited above a carbonate 
spherule, which has holes bored through it by some organism. The chert 
layer shows shrinkage cracks which do not continue into the carbonate 
horizons (PPL). Field of view is 2mm. (E) Vugs in the sedim ent of 
carbonate spherules filled by radiating zebraic chalcedony, which also 
appears to form spherules (PPL). Field of view is 1mm. (F) A carbonate 
spherule showing four stages of overgrowth around the original core. In 
this spherule both the core and the overgrow ths have been bored and 
some of the brighter patches of the spheru le  appear to have been 
neomorphosed, due to the irregularity of their boundaries (CL). Field of 
view is 3mm.

Figure 4 5l80  and 8D plot of East Kirkton chert. Also shown are agate
data from Fallick et al (1985), and the best estimates of Devonian and 
Tertiary (Taylor and Forester, 1971) Scottish meteoric waters. The probable 
position of L. Carboniferous meteoric water will be heavier than Devonian 
(-5%o, -20%o) and may be modified by a hydrotherm al system (this would 
result in even heavier 81 sO of closer to 0%o). A 10°C tem perature variation 
about the agate line is indicated (Fallick et al, 1985).
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3. THE EAST KIRKTON PALAEOENVIRONMENT: STABLE ISOTOPE 
EVIDENCE FROM SILICATES AND SULPHIDES 
R.A.R. McGill1, A.J. Hall1, A.E. Fallick2 and A. J. Boyce2.

*Dept. of Geology and Applied Geology, University of Glasgow, Glasgow, G12 8QQ.

2Isotope Geosciences Unit, SURRC, East Kilbride, Glasgow, G75 OQU.

3.0 ABSTRACT

Stable isotope data from the East Kirkton succession are used to 
elucidate the extent of hot-spring influence in the palaeoenvironm ent by 
constraining conditions of deposition of the silica and the formation of 
sulphides.

Petrographically silica occurs as chert lam inae thought to be 
primary, and as patchy chert considered as replacive. No evidence for 
biogenic silica was observed. For 20 silica samples 8180  was measured for 
structural oxygen and 8D for bound water. 8180(SMOW) varied between 
+21 and +27%o with no sam ple groupings related to petrography. The 
range in 5D(smoW) was from -50 to -90%o with lower values characterising 
replacive or altered silica; water contents of both petrographic groups were 
similar. A plot of 8180  versus 8D for the laminated primary silica defines a 
grouping about the line defined by Scottish agates (Fallick et al., 1985). This 
suggests for the unaltered silica a formation temperature of about 60°C and 
a fluid which contained a strong component of meteoric water. The data 
imply a Lower Carboniferous meteoric water 8180  composition of perhaps 
-3%o, consistent with the known palaeolatitude.

The only sulphide observed was pyrite; 34 samples were selected 
from a wide variety of lithological and textural occurrences. 834S(CDT) 
ranges widely and continuously between +8 and -34%c with no strong 
mode. The sulphur appears to be derived from several sources, and pyrite 
formation from a variety of conditions as indicated by such wide ranging 
data, but for the samples with the lowest 834S the involvement of bacteria 
in sulphate reduction is inferred.



3 4

3.1 INTRODUCTION.

The East Kirkton Limestone, which outcrops only in the Bathgate 
Hills, West Lothian, has attracted much geological interest since early in 
the 19th century. Hibbert (1836) produced the first detailed description of 
the lithology and compared its textures with Tertiary strata in Auvergne, 
France, which were also closely associated w ith volcanic rocks. Hibbert 
suggested that several of the original features of this lithology - blistered 
appearance on the surface of the laminae, w arping of the strata, and 
occurrence of m am m illated concretionary nodules - indicated a local 
source of strong heating and "powerful chemical action". He concluded 
that the calcareous m aterial was deposited "in the form of hot springs, 
probably at the time in a state of ebullition". Geikie (1861) had observed 
silica charged hot springs in Iceland and considered that this was the mode 
of deposition of the bands, nodules and thin laminae of chert. He also 
described the unit as being isolated to the quarry alone, a "limestone" 
originating as a small lagoon in a hollow in the lava.

N early a century later M uir & W alton (1957) focused on the 
carbonate spherulites, including a description of the variety of spherulites 
and their occurrence in the various lithologies. They considered that the 
hot springs were the source of "salts or ions", e.g. Ca2+, N a+, K+, and with 
denitrifying bacteria producing ammonia, conditions would be suitable for 
the form ation of spherulites: "spherulitic structures are ascribed to 
penecontem poraneous developm ent w ithin an aragonite m ud. The 
calcareous material and the salts causing the developm ent of spherulites 
are thought to have been derived from hot springs" (Muir & Walton, 
1957).

The aim of the present study, combining petrographic observations 
and isotope geochemistry, is to elucidat2 the extent of hot spring influence 
on the formation of the East Kirkton "limestone". Isotopic investigation of 
various silica phases and pyrite, the only su lphide phase observed 
commonly in the quarry lithologies, was undertaken in order to give a 
clearer picture of the fluids involved in the precipitation of the deposit.

Details of the stra tig raphy  and location of the East Kirkton 
Limestone are given by Rolfe et al. (1993); its regional and strati graphic 
setting can be found in Smith et al. (1993).
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3.2 PETROGRAPHY.

3.2.1 Primary Silica
The most striking occurrence of silica at East Kirkton is as dark 

brow n, v itreous chert in the form  of th in , continuous lam inae 
conformable w ith the organic-rich shales and carbonate laminites. The 
chert layers can be divided into two hand specimen types: individual thick 
laminae, usually containing carbonate spherules and cross-cut by calcite 
veins (Figure 1A, NMS G1993.21.1); or m ultiple, thin layers seldom 
containing spherules (Figure IB, NMS G1993.21.2). The laminae (thin and 
thick) may be observed to continue laterally for the extent of the exposure 
e.g. in Unit 58 (National Museums of Scotland, stratigraphic log, Rolfe et 
al., 1993) seven spherulitic laminae (each about 5mm thick, in a bed that is
0.7m thick) continue laterally 14m along the north facing quarry faces and 
18m over the east facing faces, disturbed occasionally by local faulting, 
folding or vegetation. Some laminae are less continuous 0.1-0.5m, and 
thickness also varies laterally, e.g. 5mm laminae becoming 40mm thick. 
Clasts of brown chert of similar colour and grain size are often found in 
carbonate-rich volcanic ash (Figure 1C, NMS G1993.21.3) and may appear 
to be deform ed by compaction. The only exam ple of m assive chert 
(Figure ID, NMS G1993.21.4) - though not found in situ - contains many 
spherules and some pale, brecdated silica laminae.

The silica lam inae and lenses are often observed to show syn- 
sedimentary deformation (Figure IE, NMS G1993.21.5). Textures observed 
in thin section also strongly suggest that this very fine grained, dark brown 
chert is prim ary (McGill et a l, 1990). Examples of these textures include: 
layers slum ping w ithout fracturing and appearing squashed and stretched 
by early compaction (Figure IF, NMS G1993.21.6); intra-layer sedimentary 
faulting that leaves the overlying layer unaffected (Figure 2A, NMS 
G1993.21.2); and outlines, of what appear to be borings, cutting into the 
semi-consolidated silica (Figure 2B, NMS G1993.21.1). The silica laminae 
have w ithin them many small, euhedral carbonate crystals that give the 
layers a graded texture (Figure 2C,D, NMS Unit 59); it is possible that these 
crystals are a late diagenetic feature, w ith the nuclei for these crystals 
occurring as a graded sediment within the silica as they were deposited. It 
is also apparent that organic material is best observed in silica laminae 
(Figure 2E) because of their fine grain size and the lack of compaction. The 
clearest examples of this detailed organic preservation are p lant stems 
(Figure 2F), spores, and also fecal pellets which occur in m any of the
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laminae and in the massive chert sample (Figure ID, NMS G1993.21.4). 
Although these fecal pellets, can be seen only as faint shadows in plane 
polarised light (Figure 2G, NMS G1993.21.4) w hen observed with an 
ultraviolet fluorescence microscope structures are seen within individual 
pellets (Figure 2H). One further, unusual occurrence of silica is as 
concentrically banded spherules within samples of volcanic ash (Figure 3E, 
NMS Unit 71).

3.2.2 Altered and Secondary Silica
Besides the primary, dark brown chert, there is another phase of 

silica that forms laminae. It is a milky brown colour, very similar to the 
colour of the East Kirkton stromatiform carbonate and though fine grained 
is not vitreous. This second type of lam inae occurs only occasionally 
within the lam inated limestone but is more often found associated with 
strom atiform  carbonate or unstratified carbonate-rich ash (Figure 3A, 
NMS G1993.21.7). This m ay be a sil'ca phase which differs from the 
primary, dark brown chert by a variation of impurities; it may have been 
primary chert that has recrystallised resulting in this paler colouring; or it 
could be silica that is totally replacing the similarly-coloured, carbonate 
phase.

In thin section it is very difficult to differentiate between silica 
phases. To illustrate the complexities of textural relationships that can 
occur with silica phases, a hand specimen of a complex breccia, involving 
at least four silica phases is chosen as an exam ple (Figure 3B, NMS 
G1993.21.8). It appears that the milky brown silica laminae were brecdated 
first, then the fragments were cemented by either a darker, grey/brow n 
silica phase (which appears like a disordered sediment) or by a whiie 
chalcedonic vug-coating, centrally infilled by quartz or caltite. These latter 
vug infills were occasionally brecciated and cemented by the grey/brow n 
silica phase. However the white chalcedony may also be observed filling 
in fine vugs within the grey/brow n silica. The fourth silica phase that can 
be observed in this spedm en is darker brown and occurs both as selective 
replacement in some of the brecciated laminae, and as patchy replacement 
cutting across textural features. Calcite is observed infilling vugs and as 
cross-cutting veins. In thin section, w ithout the distinctive colouring of 
the silica in hand specimen, it is impossible to identify all of these textural 
details.

The milky brown laminae in one volcanic sample (Figure 1C, NMS 
G1993.21.3) appear to be com posite layers w hen observed in hand
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specimen; centrally, they have m edium  grained silica, w ith very fine 
grained silica rims containing organic matter and small carbonate crystals. 
The outer rims of these layers are very similar when observed with a 
microscope, to the prim ary, dark brow n chert lam inae, b u t in hand 
specimen they are milky brown.

There are several phases of silica which do not form laminae; one 
occurs as large patches of textureless, grey chert (Figure 3C, NMS 
G1993.21.9) with remains of concentric carbonate layering or vugs coated 
w ith white chalcedony. Vugs with this white chalcedony coating occur 
m ost often within the stromatiform carbonate lenses and may even form 
small agates with bands of blue chalcedony; such vugs are infilled by single 
crystals of calcite or equant megaquartz. The white silica coating these 
vugs, when observed in thin section, can be described as radial, zebraic 
chalcedony (Milliken, 1979) growing out from the carbonate matrix into 
the vug, often forming half-spherules (Figure 3D, NMS G1993.21.4). With 
silica spherules occurring in two forms (Figure 3D, NMS G1993.21.4, Figure 
3E, NMS Unit 71) and carbonate phases form ing such a diversity of 
spherules, perhaps some special feature of the East Kirkton environment 
is causing spherules to develop, as suggested by Muir and W alton (1957). 
Details of appropriate m odern analogues were not readily available for 
comparison.

3.2.3 Pyrite
Pyrite was collected from several of the above silica types: the single, 

thick, dark brown laminae; dark brown chert lenses in ash; milky brown 
silica laminae and lenses in carbonate-rich ash and stromatiform carbonate 
(Figure 4A, NMS G1993.21.10). Wood and plant remains are common sites 
for pyrite growth (Figure 4B, NMS G1993.21.ll) where organic decay 
produces a localised reducing environm ent. Pyrite was also found 
dissem inated and as nodules within shale and ash (Figure 4C, NMS 
G1993.21.12 from Unit 61, figure 4D, NMS G1993.21.13), some of the 
volcanic clasts containing cubes, amygdales and rare veins of pyrite. Pyrite 
was also disseminated in carbonate nodules (Figure 4E, NMS G1993.21.14) 
and in one sample of a carbonate breccia w ith organic rich matrix (Figure 
4F, NMS G1993.21.15), this resembles a ganister, but no rootlet structures 
were observed.
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3.3 ANALYTICAL PROCEDURES.

3.3.1 Silica: Sample Collection and Preparation
When collecting silica samples from within the quarry, the widest 

variety of silica phases and occurrences were selected to provide as 
complete a picture as possible of the fluids which deposited the silica. 
Seven different sample groupings resulted from this selection (Figure 
5A,B, & Table 1) with four representing prim ary chert and three that were 
considered replacive. For the primary chert samples it was relatively easy 
to separate m anually the hard silica from the softer sediments around 
them. Unfortunately, white chalcedony infilling vugs and milky brown 
silica layers had to be separated from dark brown chert, milky grey chert, or 
b lue chalcedony, all phases of sim ilar hardness; they could only be 
extracted individually by chipping the mixed silica from each sample in 
small enough pieces to allow selection of chips of different coloured silica. 
To hom ogenise the samples, each was ground finely until it passed 
through a sieve of 180mesh (85pm). To ensure that there was no 
contam ination  from carbonate veins, crystals or spheru les, each 
homogeneous powder was treated with 10% HC1 a d d  solution and heated 
gently (20°C) overnight. After several washes with de-ionised water to 
remove all of the add, sample purity was confirmed by XRD analyses.

3.3.2 Pyrite: Sample Collection and Preparation
Pyrite samples were collected from each different lithological type 

and occurrence that could be found in the quarry, resulting in thirty-four 
samples from ten lithological categories (Figure 6 & Table 2). Samples 
were also collected from three ether lithologies of similar age, but with no 
likely hot spring influence: a pyrite nodule from a rootlet horizon exposed 
on the coast east of St Andrews, Fife; coarse pyrite cubes (3cm across) 
formed within organic rich strata of Goat Quarry, central Fife; and smaller 
cubes of pyrite (1cm) found at the Craigs Limestone of the Bathgate Hills, 
m apped as the stratigraphic equivalent of the East Kirkton Limestone. 
W here possible the pyrite was drilled from the samples, but often it was 
disseminated or too fine grained. In these cases the samples were crushed 
to disaggregate the pyrite from its matrix and the resultant coarse powder 
was acid treated to remove carbonate impurities (10% HC1, 20°C overnight) 
and then separated by heavy liquid (tetrabrom oethane SG 2.8). The 
sam ples th a t had  been m echanically  se p a ra ted  w ere stud ied  
petrographically to observe any variation in grain size and crystal habit
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that might affect the isotopic signature. In samples where it was possible 
to hand-pick pyrite crystals of two different habits, these were run as 
separate analyses but little isotopic difference was observed (see Table 2, 
and discussion below).

3.3.3 Oxygen extraction for 5lsO analyses
For total oxygen extraction from silica, the procedure followed was 

that developed by Clayton & M ayeda (1963). The reagent used was BrFs, 
w ith the resultan t oxygen converted to CO2 by reaction with a hot, 
platinised graphite rod. Twenty samples were run using this method and 
duplicate analyses give an analytical precision (la ) of ±0.5%o; standards of 
NBS28 quartz gave 5180  within the limfts of analytical precision, the same 
as the standard value of 9.6%o(SMOW)- The notation used for isotopic 
analyses is parts per thousand (per mil, %o) difference from Standard 
Mean Ocean Water (SMOW, 5180  of 0%o).

3.3.4 Hydrogen extraction for 5D analyses
Hydrogen was extracted (Friedman,1953), by heating in a previously 

degassed Pt crucible to >1200°C to release the structurally bound water. 
This was then cryogenically purified to remove CO2 and non-condensibles, 
and converted to hydrogen upon reaction w ith uranium  at 700°C. The 
same twenty samples were used for hydrogen as for oxygen extraction to 
allow direct comparison of results. D uring prelim inary analysis of these 
samples organic matter was considered as a factor that could affect isotopic 
analysis of the hydrogen gas. To prevent this, several samples were 
plasma ashed prior to extraction but resultant values of 5D and yields of 
gas were more erratic than for those analysed w ithout pre-treatment. Four 
standards of DW2 [0%o(SMOW>] were run  w ith the East Kirkton samples 
and they gave values within the range of analytical precision (la ) obtained 
from duplicate analyses, ±5.0%o and ±0.02wt.% for H20+ yield.

3.3.5 Sulphur extraction for 834S analyses
Pyrite samples were converted tc SO2 by reaction with excess CU2O 

following the m ethod developed by Robinson & Kusakabe (1975). Forty- 
seven samples were analysed, including three duplicates, and fourteen 
standard  analyses completed for three standards (C P I/I  chalcopyrite 
-4.56%o, NBS123 sphalerite +16.6% o  and Z-40 sphalerite 25.6%o). The 
analyses gave results that were w ithin ±1.0%o(CDT) analytical precision (la)
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of the standard values. For 834S analyses the reference standard, taken as 
834S=0%o, is troilite from the Canyon Diablo Meteorite (CDT).

3.4 RESULTS

3.4.1 Silica
For twenty silica samples, of phases petrographically described in 

sections 1.1 and 1.2, 8180  was measured for structural oxygen and 8D for 
bound water. 8180  varied between +2! and +27%o (Figure 5a); when the 
isotopic results are com pared with the petrographic groupings, no 
correlation is observed. This suggests that the 8180  for each silica phase 
originated from (i) a fluid with similar 8180  and same T, (ii) a fluid with 
similar 8180  and slightly variable T, or (iii) a fluid with slightly variable 
S180  with similar T (Figure 5a). From the proposed palaeoenvironment, 
fluctuations in temperature and 8180  are expected, but observed variation 
in 8180  in silica cannot be ascribed to one of these causes unambiguously. 
The range in 8D was from -50 to -100%o (Figure 5b) with lower values (-75 
to -90%o) characterising replacive or altered silica and higher values (-50 to 
-75%o) from prim ary chert samples (Table 1). The water contents of both 
petrographic groups were similar (0.35±0.02 to 1.10±0.02 wt% H 2O). A plot 
of 8180  versus 8D (Figure 7), for the prim ary silica phases, defines a 
grouping about the line defined by Scottish agates (Fallick et al, 1985); 
samples of the secondary phases fall consistently below this line.

3.4.2 Pyrite
The range of values measured for 834S in pyrite varied widely from 

+12 to -36%o (Figure 6 & Table 2). From the data set several groupings 
related to lithological types can be picked out: samples associated with 
w ood /o rgan ic  m atter, range from -26 to -36%o; nodular pyrite  and 
associated shale, mostly span -12 to -24%o; and pyrite from within primary 
chert laminae, generally varies from +6 to -2%o. However, pyrite from 
other lithologies cannot be simply grouped, and can show a large spread of 
834S, for example, pyrite in volcanic rocks exhibit a range of 834S from 
+9.4%o to -34.4%o.
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3.5 DISCUSSION.

3.5.1 Oxygen isotopic analyses and their implications for formation 
temperature.

If silica is precipitated in isotopic equilibrium with its parental fluid, 
the 5180  of the silica is a function of the 5180  of the fluid and the 
tem perature of precipitation. If there is no independent evidence of 5180  
or tem perature available for this fluid (eg. fluid inclusion measurements) 
the interpretation of 5180  for the silica becomes model dependent.

Studying nodular and bedded cherts, Knauth & Epstein (1976) 
concluded that (i) samples contained water as hydroxyl groups (-OH), (ii) 
SDwater and 518Osilicate are preserved with time, (iii) meteoric waters were 
involved in the crystallisation of many cherts (since the bands obtained 
from 5D and 5180  data were parallel to the MWL) and (iv) variations were 
interpreted as reflecting changes in the Earth's surface tem perature - the 
higher the tem perature at which isotopic exchange occurs the less the 
isotopes will be fractionated. Retention of an original 8D signature, in 
cherts, was confirmed by work on deep sea deposits (including chalcedony) 
by Knauth & Epstein (1975) and Kolodny & Epstein (1976). This basic 
picture has been refined by Fallick et al (1985), in their work on agates, a 
silica form probably less susceptible to post-predpitation alteration.

Typical 5180  published for other occurrences of inorganic silica 
include +9%o for high tem perature igneous quartz (Taylor,1968) forming 
from granitic magma; quartz  from hydrotherm al fluids, +14 to +16%o 

(Levitan et al. 1975) forming at tem peratures around 250°C; and siliceous 
sinter, +23%o deposited at surface by steam discharge (55-60°C) (Clayton & 
Steiner, 1974). In each case the control of 5180(Qtz) remains 5180(fluid) a^d 
p rec ip ita tion  tem p era tu re  (assum ing equilibrium ). The isotopic 
composition of crustal fluids is discussed in detail by Sheppard (1986). 
Prim arily magm atic fluids have 5180  values of about +5.5 to +9.5%o; 
meteoric fluids have negative 5180  values which decrease as latitude 
increases; and geotherm al fluids, identified as predom inantly  meteoric 
water, have increased 5180  values due to w ater/rock interactions.

Using the formula (Matsuhisa et al, 1979):-

518On»7 - 518O i = 3.34xlQ8 -3.31
T2(K)
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tem perature can be calculated from m easured 8180 ,  assuming 8180(H20)- 
However, what this calculated temperature represents, in the case of chert, 
is less well understood. Bedded chert is thought to be precipitated on 
mixing a n d /o r  cooling of a siliceous solution w ith the lake waters. 
Petrographically the silica in the chert laminae appears to have been 
deposited in a form allowing soft-sediment deformation. At this stage 
silica, in contact w ith lake waters, could continue to cool from the 
temperature at which it was initially precipitated.

A temperature of about 60°C was calculated for the "agate line", see 
Fallick et al, (1985). The data for East Kirkton primary silica plot around 
this line implying precipitation at a similar tem perature from meteoric 
w ater (see Figure 7 and detailed discussion of 8D and fluids below). 
However, this may not reflect the actual precipitation tem perature for the 
silica, as it is not known at which stage in the mixing a n d /o r  cooling 
process the isotopic signature is fixed. It could be that the calculated 
tem perature represents a transition from a mechanically soft state to 
hardened, brittle silica, a process supported by petrographic observations 
(McGill et al, 1990) e.g. the transition  from am orphous silica to 
m icrocrystalline quartz. Figure 8, is a p lo t of tem perature versus 
5180(H20) for the range in values of 5180(Q t2) at East Kirkton, for both 
primary and secondary silica. The range of values for 5180(H20) m  figure 8 
as chosen to encompass all likely waters from which the silica could have 
been precipitated. The temperatures of precipitation that are obtained for 
the East Kirkton 5180(Qtz)/ for Lower Carboniferous meteoric water with 
an expected value of -3%o, are between 50°C and 60°C. These values are 
similar to those calculated for the "agate-line", warmer than is typical for 
earth surface temperatures.

Figure 9 shows a plot of 8180  versus 8D, showing the "agate line" 
and the present day Meteoric Water Line. It also provides an estimate of 
values expected for 8 l80(Qt2) precipitated from meteoric water, of Lower 
Carboniferous age at a tem perature of around 20°C; the tem perature at 
which the carbonate phases precipitated according to Irwin & Walkden, 
(1991). The silica results for 8D and 8l80  correspond more closely to the 
higher tem perature "agate line", indicating that the carbonate and silica 
phases have precipitated from fluids at different temperatures.
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fluids.

Petrography clarifies the main reason for the two groupings of 5D 
values. The higher 8D values, obtained from primary, dark brown chert 
samples, range from -50 to -75% o. When these values are plotted against 
the 8180  results (Figure 7), they group around a point on the "agate line" 
(Fallick et al 1985). Comparison with the "agate line" gives a minimum 
temperature estimate for the silica formation, as discussed above, but it can 
also prov ide  evidence of the natu re  of flu ids involved in silica 
precipitation at East Kirkton.

The "agate line" is alm ost parallel to the present day, global, 
meteoric water line which strongly suggests that the water from which the 
agates were derived had at least a component of meteoric water. The two 
fields outlined along this line are for Scottish Tertiary agates and Scottish 
Devonian agates (ibid); the Devonian agates were formed when Scotland 
was about 20° south of the equator (Tarling, 1983) and the Tertiary agates 
when Scotland was approximately at its present day latitude (ibid.).

The oxygen isotope fractionation factor between silica and meteoric 
water can be used to predict the composition of the original meteoric water 
from which the agates of the "agate line" formed, as discussed in Fallick et 
al (1985). Using the lowest grouping of values for each set of agate results 
m inim ises the chance of including results for fluids w ith a m arine 
influence (Figure 7, Fallick et al. op cit for Devonian meteoric water and 
Taylor & Forester, 1971 for Tertiary meteoric water). Correspondingly for 
the East Kirkton data, it is possible to estimate the isotopic signature for the 
meteoric water from which the prim ary silica formed. The estimate for 
Lower Carboniferous meteoric water obtained from the East Kirkton data 
is SlsO -3%o and 8D -15%o this is consistent w ith tem peratures discussed 
above.

The secondary/altered silica samples plot below the "agate line", 
due to low 8D whilst the S180  values fall within the range of results for the 
prim ary chert. This appears to indicate that when the silica samples are 
undergoing  alteration, 8*80  for chert is relatively unaffected but 8D is 
changed, most likely by hydrogen isotope exchange with later fluids at low 
temperature. In one sample of white vug chalcedony, inhomogeneity was 
suspected w hen three 8180  results varied by 4%o. The 8D value was, 
however, readily duplicated and it is suspected that in this silica sample, 
which was clearly altered and quite porous, 8D had  already been 
completely reset and 8180  alteration was incipient.
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The hydrogen that is extracted for analyses from these silica phases 
is thought to occur as an hydroxyl group bound within the silica lattice 
possibly as silanole (Si-OH) (discussed in Fallick et al, 1985 and Fallick et al, 
1987). It has recently been established for kaolinite, that H  of -OH groups 
can be isotopically exchanged with no apparent shift in 8180  (Longstaffe & 
Ayalon, 1990). The lower 5D values for the East Kirkton altered/replaced 
chert are consistent w ith hydrogen isotope exchange occurring more 
readily than 8180  in cherts, similar to the results observed for kaolinite. 
The scatter of these results is more comparable with data for cherts 
(Knauth & Epstein, 1976) than agates (Fallick et al, 1985, 1987).

3.5.3 Sulphur isotope analyses
The histogram of 834S (Figure 6) shows a broad spread for the East 

Kirkton pyrite samples. Many of the individual lithological occurrences 
give w idely variable values bu t for ’’wood", "nodules in shale", and 
"primary chert laminae", results define relatively narrow ranges.

The most likely source of isotopically light sulphur (-10%o to -40%o) 

in all Ethologies is from open system bacteriogenic reduction of sulphate 
(Figure 10, after Nielsen, 1979), which has a fractionation of between 30%o 

and 60% o  from the parent sulphate. The extent of fractionation is 
controlled by (i) availability and type of organic matter; (ii) the type of 
bacteria, and, most dramatically, (iii) the availability of sulphate.

Differences in S34S ranges, for example, between "wood" samples 
(S34S -26 to -36%o) and "nodules and their background shale" (generally 
from -12 to -24%o) probably relate to variations in the availability and type 
of organic m atter (Briggs et al, 1991), although differences in bacteria type 
cannot be d iscounted , given the very  d istinc t env ironm ents of 
precipitation (Kaplan and Rittenberg, 1964). In any case, bacteriogenic 
reduction would imply that the 834S value of the original sulphate was 
positive, i.e. >0%o. W hat was the source of this sulphate? The East 
K irkton lithology is non-m arine, but two potential sources of marine 
sulphate were available: (a) the overlying W est Kirkton and Petershill 
Limestone are fully marine, and it can be envisaged that sulphate could 
percolate downw ards through the sediments; and (b) sulphate could be 
remobilized from underlying evaporite beds in the Lower Carboniferous 
Cementstone Group (especially in the M idland Valley, Anderton, 1985; 
Scott, 1986). Thus, by remobilisation, evaporitic SO42' can be utilised (as the 
dom inant source of SO42' in a meteoric system) even though the sequence
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is non-marine. In either case, the 834S of the sulphate would have been 
around +20 %o (Claypool et al. 1980 and Pattrick et al. 1983).

To explain the 34S-enriched values, two potential processes can be 
envisaged. Firstly, when a bacteriogenic system is closed with respect to 
sulphate, then S^S of product sulphide can approach or exceed the 834S of 
the starting sulphate. It is possible that some of the higher pyrite 834S 
resulted from this process because of the potential for sulphate depletion 
in this non-marine sequence (e.g. within the volcanic sequences), but the 
d istribution of 834S, and the absence of pyrite 834S approaching or 
exceeding a parent sulphate value of +20%o suggests that closed system 
reduction of such marine sulphate was not a significant process (Ohmoto 
& Rye, 1979). However, for such a variable and sporadic occurrence of 
pyrite as found at East Kirkton, isotopic fractionation corresponding to 
closed system sulphate reduction might be expected, and an appropriate 
S34S value for original sulphate would have to be near the heavy range of 
the measured values for the pyrite, i.e. about 0%o. Such sulphate could 
have been produced by the oxidation during weathering of magmatic 
sulphide in the local volcanics.

The second group of 34S-enriched values particularly relates to the 
range of 834S for "primary chert laminae" from +6 to -2%o, clustering 
around 0%o (Figure 6). Chert lam inae-hosted pyrite  is found in an 
env ironm ent w here the occurrence of p y rite  p rec ip ita ted  from 
hydrothermal sulphide would not be surprising - and it is notable that the 
su lphide here is isotopically distinct from  the general background 
bacteriogenic signature. It is possible that the source of this sulphur could 
have been m agmatic (0±3%o, Ohm oto, 1986) and leached from local 
volcanic lithologies by the hydrotherm al system.

It is not possible to conclusively identify the sulphur source or 
conditions of pyrite formation from these results. However bacteriogenic 
reduction of sulphate to sulphide, may be inferred for the lightest S34S 
results in samples associated w ith organic material but the distribution in 
834S values makes it unlikely that the su lphur is solely from a Lower 
Carboniferous seawater source.
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3.6 CONCLUSIONS

1. In accordance with the findings of Geikie (1861) it is considered that the 
silica laminae are a primary feature and a result of hot spring influence in 
the lagoon.

2. Formation of the silica was from meteoric water, 5lsO around -3%o, 5D 
around -15%o, at a tem perature of about 60°C, this represents a minimum 
tem perature for the siliceous fluids.

3. O bserved petrog raph ic  div isions betw een  p rim ary  silica and 
altered/replacive silica phases are confirmed by results of the 8D analyses 
forming two groups, the higher group correlating with the prim ary chert 
lam inae and the lower group corresponding to samples that appeared 
petrographically to be replacive or altered.

4. Pyrite, especially associated with plant material, is isotopically light 
indicating its formation involved bacterial sulphate reduction.

5. Isotopic groupings for pyrite in nodules and chert rule out closed system 
marine sulphate reduction. Pyrite in prim ary chert varies mostly from +6 
to -2%o possibly indicating a direct, m agm atic/hydrotherm al source for the 
sulphur.
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3.9 Figure Captions.

Figure 1 H and specimens of dark brown chert from East Kirkton; (A) 
thick silica lamina with carbonate spherules, (B) m ultiple silica laminae 
(C) isolated silica clast within volcanic material, (D) massive silica breccia 
w ith carbonate spherules in silica cement, (E) m ultiple silica laminae 
showing syn-sedimentary slumping, (F) photomicrograph (Plane Polarized 
Light (PPL), x3) showing syn-sedimentary slumping.

Figure 2 Photomicrographs exhibiting the textures that make the silica 
appear primary; (A) syn-sedimentary faulting, affecting individual layers 
(PPL, x4) ,(B) light coloured silica horizon cut by burrow s, or algal 
filam ents/bacteria, sim ilar in texture to those cutting the carbonate 
spherules (PPL, x5), (C & D) laminae of silica and carbonate, w ith the 
crystals of carbonate suspended w ithin the silica lam inae as though 
forming a graded sediment (PPL and-XPL, x4), (E) one single lamina in 
which the paler half (left) is fine grained silica and displays many delicate 
textures that cannot be observed in the other half (right) which is coarse 
grained carbonate (PPL, x4), (F) section through a plant stem showing 
original structure well preserved in silica (reflected light PPL, xlO), (G) dark 
regular shaped organic remains of either fecal pellets or algae/bacteria 
preserved in detail in the silica lam inae (PPL, x5), (H) sam e pellets 
show ing how much more clearly the details, e.g. of banding, can be 
observed with Ultra Violet fluorescence (U.V. fluorescence, xlO).

Figure 3 Hand specimen examples of replacive/altered silica from East 
Kirkton with two photomicrographs of silica spherules; (A) pale brown 
laminae breaking off laterally, into an ash horizon, (B) breccia of several 
silica phases, predom inantly pale brown silica, with some of the darker 
brown chert also in the laminated material and early fractures infilled by 
w hite or blue banded chalcedony, later vein fillings are calcite, (C) 
stromatiform carbonate that has had vugs infilled by white chalcedony and 
has subsequently been replaced by grey textureless chert, (D) clear edged 
carbonate spherules surround a vug that has been infilled by radial zebraic 
chalcedony which encrusts the edges of the vug and forms a spherule 
centrally (XPL, xlO), (E) in this sediment of predom inantly volcanic ash 
several silica spherules w ere observed w ith  a texture of concentric 
banding, similar to tree growth rings, these spherules were isotropic since
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the silica is so fine grained these spherules often appear to have an eroded 
outer surface as occurs in the carbonate spherules (PPL, x4).

Figure 4 H and specimen samples of lithologies from which pyrite was 
sam pled, (A) strom atiform  carbonate w ith occasional paler laminae of 
silica which contain small lenses of pyrite, (B) remains of p lant material, 
often branches and trunks of trees, are the most common sites of pyrite 
formation, (C,D) nodules of pyrite occurring in shale and ash layers, (E) 
strom atiform  carbonate nodules that contain dissem inated pyrite, (F) 
carbonate breccia with an organic matrix that contains dissem inated and 
framboidal pyrite.

Figure 5 5180  and 5D composition of East Kirkton silica samples,
frequency of occurrence of sample results within 0.5%o intervals and 5.0%o 

intervals, respectively. The key indicates to which petrographic type each 
symbol refers. For the 5D histogram the results form two distinct groups, 
Group I are mostly samples thought to be primary and G roupn are mostly 
samples thought to be altered or replacive silica.

Figure 6  534S composition of East Kirkton pyrite samples, frequency of
occurrence of sample results within 2.0%o intervals. A w ide variety of 
lithologies contain pyrite, results were only observed to form groups for 
"fossil wood", "nodules in shale" and "primary chert laminae".

Figure 7 8180  versus SD plot of the East Kirkton silica data -with error
bars- with a filled, black diam ond motif for Group I primary silica samples 
and an open diamond motif for G roupn replacive or altered silica. Fields 
are also shown for agate data (Fallick et al, 1985) and data for Carboniferous 
vein chalcedony, Fife, unpublished SURRC data. The "Kaolinite line" 
(Savin & Epstein, 1970a) is show n for comparison to the "Agate line" 
(Fallick et al, 1985) around which lies the East Kirkton data; with calculated 
Devonian Meteoric W ater (ibid.), Tertiary Meteoric W ater (Taylor & 
Forester, 1971), and Carboniferous Meteoric water -as calculated from East 
Kirkton data- indicated on the meteoric water line.

Figure 8  Tem perature versus S180 h 2 0  calculated from the formula of
M atsuhisa (1979) using a range of values for 8 18O h 2 0  from +10 to -10%o, 

w ithin  which range the value of Carboniferous m eteoric w ater was 
thought to lie, and a range of tem peratures obtained for the S18Osiiica

i
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values of 24.85%o, the average of all the East Kirkton 8180  data, 21 %o and 
27%o being the highest and lowest values obtained for the East K irkton 
samples, thereby giving a range of tem peratures and 8 1 8 0 h 2 0  values 
within which the East Kirkton results m ust lie.

Figure 9 8180  versus 8 D plot showing the field for the East Kirkton
prim ary silica data, Kaolinite line, Agate line, Meteoric water line, and the 
field for Standard mean ocean water (SMOW) and a fourth line which 
indicates the approximate position where the agate line and East Kirkton 
would plot if they had formed at about 20°C and thereby undergone greater 
fractionation.

Figure 10 A dapted from a figure in Neilsen (1979), showing ranges of
8 34S values for a variety of lithologies, p roviding a fram ework for 
comparison with the East Kirkton data.

Table 1 Petrographic description, 8180 ,  SD and wt% H 2O for East
Kirkton silica samples.

Table 2  Paragenesis, pyrite crystal habit, extraction m ethod and S34S
for East Kirkton pyrite samples. The table also includes pyrite samples of 
Lower Carboniferous age from (i) a marine influenced environm ent (STA 
10, from St. Andrews in Fife), (ii) a lacustrine environment (GQ1 & 2 , from 
Goat Q uarry, central Fife) and (iii) a lacustrine/m arine? environm ent 
from Craigs Limestone in the Bathgate Hills often m apped as a lateral 
equivalent of East Kirkton.
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Table 1.
RESULTS OF 8180  AND 8 D ANALYSES FOR EAST KIRKTON SILICA

SAMPLES

Sam ple# Description 

Prim ary silica samples

8ls O(%o) 8D(%o) wt% H2O*

EK11 thick layers and carbonate spherules 23.2±1.1 -59±5.0 0.3510.02
1.39 thick layers and carbonate spherules 26.5±0.5 -58±5.0 0.3410.02
2.30 thick layers and carbonate spherules 23.3±0.5 -60±4.0 0.8010.02
2.60 thick layers and carbonate spherules 26.1±0.5 -71±2.8 0.7610.01
2.79 thick layers and carbonate spherules 24.3±0.1 -59±4.8 0.8410.01
2.14 thick layers with no spherules 26.4±0.5 -61±8.8 0.6810.01
2.15 thick layers with no spherules 25.1±1.4 -63±4.6 0.6610.01

86-29 multiple thin layers and carbonate 
spherules

26.0±0.5 -54±5.0 1.1310.02

1.94 multiple thin layers with few 
spherules

26.9±0.5 -83±4.5 0.7510.02

2.07 multiple thin layers, no spherules 21.3±0.5 -72±4.5 0.5210.02
2.67 multiple thin layers, no spherules 25.9±1.1 -66±5.0 0.4110.02
2.68 multiple thin layers, no spherules 24.0±0.6 -62±8.8 0.8910.05

1.35 carbonate spherules in massive chert, 
laminated and brecciated

22.8±0.5 -70±3.9 0.4410.02

2.59 chert clasts in ash 24.9±0.5 -66±13.4 0.4710.02
2.61 chert clasts in ash

Silica that appears late or replacive

24.1±0.5 -5215.0 0.4410.02

2.36 vug infillings 23.910.9 -7715.0 0.8310.03
2.66 vug infillings 25.110.7 -8310.8 0.4210.04
2.69(w) vug infillings 23.88 -8714.4

25.69
27.74

0.4610.01

86-25 grey replacive chert 23.010.5 -7115.0 0.4910.02
2.36(m) brown replacive chert 25.510.4 -9615.3 1.0210.02
2.69(b) brown replacive chert 24.410.3 -8512.0 0.5610.02
2.83 milky brown chert 26.310.1 -8016.9 0.5410.02

’‘The analytical procedure is capable of precision of 0.02 wt% H 20  la ,  
variation greater than this on replicates are thought to reflect real sample 
inhom ogeneity.
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Table 2.
PYRITE SAMPLES FOR 8 34S ISOTOPE ANALYSES

Sample # S^S 

Fossil W ood

Paragenesis Pyrite crystal habit Extraction
m ethod

XI -33.4 buff carb. with wood fine grained lens drilled
X51(i) -35.4 fossil wood v. fine grained lenses drilled
X51(ii) -26.9 i t  t t i t  i t  ft t t

X51 (iii) -30.1 i t  t i t t  f t  t t t t

88/lc  -29.7 fossil wood 

Nodules in Shale Matrix

fine grained lens drilled

55/1 -13.6 shaley laminae, v.fine grained 
small, regular nodules (1cm)

drilled

61a -21.2 diffuse nodule 
in shale

shiny grains with 
framboids

heavy liquid 
/acid treated

61b(i) -18.1 shale surrounding 61a shiny grains with 
framboids

heavy liquid 
/acid treated

61b(ii) - 17.6 f t  f t t t framboids, cubes and 
irregular grains

heavy liquid 
/acid treated

62(i)a -17.6 nodule in shale + ash shiny grains with 
smooth irregular surface

heavy liquid 
/acid treated

62(i)b 20.6 shale around 62(i)a fine aggregate + cubes 
smooth irregular surface

heavy liquid 
/acid treated

62(ii) -6.7 small nodule + shale v. fine grained heavy liquid 
/acid treated

2.09 -21.7 nodule + ash + shale shiny grains with 
smooth irregular surface

heavy liquid 
/acid treated

Shale

X25 1.8 dark shale v. fine grained heavy liquid
81 -14.9 organic shale v. fine grained pyrite heavy liquid

Carbonate

X42(i) 

X42(i) [D]

-22.2

-19.2

buff carb. nodule cubes and shiny, 
sharp fragments

heavy liquid 
/acid treated

X42(ii) -31.1 i t  t f  tf skeletal cubes (2-3mm) heavy liquid 
/acid treated

2.22 -4.6 buff carbonate shiny bladed forms 
and cubes

heavy liquid 
/acid treated

2.28 -21.3 buff carbonate shiny bladed forms heavy liquid 
/acid treated

2.65(i) -3.6 carbonate rich 
shale laminae

shiny aggregates 
with some crystal faces

heavy liquid 
/acid treated
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Sample # 534S Paragenesis Pyrite crystal habit Extraction
m ethod

V eins

EK 59 -15.2 chert laminae (vein) v. fine grained drilled
2.12(clast) 1.6 volcanic clast (vein) fine grained drilled

Primary Chert Laminae

X50 -0.9 chert laminae v. fine grained drilled
X52(ii) 0.6 chert laminae v. fine grained lens drilled
80(i) -13.4 chert laminae v. fine grained drilled
2.30 3.7 chert laminae octahedra + cubes heavy liquid
2.30 [D] 4.2
2.88 3.7 chert + shale laminae v. fine grained drilled
Poster 1 -2.0 chert laminae octahedra + cubes heavy liquid

/acid treated

Chert lenses

X40 2.6 chert lenses in buff cubes,octahedra heavy liquid
X40 [D] 10.9 carbonate. (0.5mm) and fine aggregates
X41 -13.7 

Altered Chert

chert lenses in buff 
carbonate

cubes,sharp
fragments and fine aggregates

heavy liquid

X43 -30.3 milky brown, broken 
silica layers in ash

v. fine grained drilled

Volcanic

63 (cube) -34.4 volcanic clast single cube (1cm) drilled
80(ii) -21.9 carbonated ash radial pyrite spherule drilled
88 -32.0 volcanic clast cubes, shiny-platy 

crystals elongate
heavy liquid 
/acid treated

1.38 5.8 ash with shales cubes + fine aggregate heavy liquid 
/acid treated

2.12(i)a 32 ash with pyrite 
visible

cubes heavy liquid 
/acid treated

2.12(i)b 9.4 in dark shaley patch cubes + fine aggregate heavy liquid 
/acid treated

2.40 -15.9 carbonated ash \ . fine aggregate drilled
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Sample # S34S Paragenesis Pyrite crystal Extraction
habit m ethod

Carbonate Breccia

2.89(i) -13.4 breccia with organic framboids drilled
2.89(ii) -14.4 matrix (gannister?) v. fine grained lens drilled
2.89a 0.2 breccia with organic cubes + bladed heavy liquid

matrix (gannister ?) forms /acid treated
2.89b -8.6 breccia with organic cubes + fine heavy liquid

matrix (gannister ?) aggregates /acid treated

Samples selected for comparison with East Kirkton.

Craigs 1st 0.1 pure, massive skeletal cubes
[CL] limestone + ash
St. Andrews, Fife -3.0 nodule in rootlet
[STA10] horizon
St. Andrews, Fife -14.4 nodule in rootlet
[STA10] horizon
Goat Quarryl -8.1 shales cubes
[GQ1]
Goat Quarry2 -8.0 shales cubes
[GQ2]

heavy liquid 
acid treated 
drilled

heavy liquid 
/acid treated 
drilled

drilled
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4. THE INFLUENCE OF VOLCANIC MATERIAL ON THE EAST 
KIRKTON GEOCHEMICAL SIGNATURE 
R. A. R. McGill1, A. J. Hall1, and W. D. I. Rolfe2.

1. Department of Geology and Applied Geology, University of Glasgow, Glasgow, G12 8QQ.

2. National Museums of Scotland, Chambers Street, Edinburgh.

4.0 ABSTRACT

Thirty-one whole rock sam ples were collected from  a range of 
lithologies and from a variety of stratigraphic levels w ithin the East 
Kirkton Limestone (EKL). The samples were divided into five groups 
based  on field observation of their lithology, i.e. G roups I to V, 
stromatiform carbonate, ash & shale, carbonate-rich ash, shaley laminites, 
and carbonate-rich laminites.

From analyses of these sam ples, by XRD and XRF, the five 
lithological groups were characterised geochemically. All the East Kirkton 
samples had high calcite a n d /o r  high silica, comprising 85-100% of the 
samples' composition. The trace element Sr also had  ubiquitously high 
concentrations (1000-5000ppm). Samples which consisted prim arily of 
carbonate phases (i.e. mostly calcite, but sometimes a mixture of dolomite 
and  ankerite) w ere generally  found  to have low  trace elem ent 
concentrations, except for Sr, whereas samples w ith a higher content of 
shale or tuff, tended to have a more enriched trace element geochemistry, 
higher total Fe and higher AI2O3 .

The main source of sedim ent for the East Kirkton lake, was from 
the ash and basalt of the local, contemporary, Bathgate Volcano. The 
basalts originated from magmas of a primitive composition, and they are 
relatively Sr enriched (Smedley, 1986). It is felt that volcanic material is 
the source for all major, minor and trace elements, except Si0 2  and CaO, 
which are anomalously enriched. This enrichment in SiC>2 and CaC0 3 , 
shown by the East Kirkton samples, could have come from hydrotherm al 
fluids that had  circulated through sedim ents of the Tyningham e or 
Gullane Formations, which occur directly below the Lower Limestone 
Group. No evidence of precious, or base metal mineralisation was found 
(several samples were assayed by Navan Resources pic.) and it is likely that 
hydrotherm al fluids associated with the EKL would have been stripped of 
metallic elements by the W est Lothian Oil Shale Formation lithologies, 
found below the East Kirkton sequence (Bottrell et al, 1988).
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4.1 INTRODUCTION.

Thirty-one samples were collected from  a variety of stratigraphic 
units, w ithin the East Kirkton Quarry. These were sam pled to reflect 
chemical variations that were controlled by (i) stratigraphy, (ii) rock type 
and (iii) large scale lateral variations within single units. The aim of this 
was to detect whether there was an anomalous horizon or lithology, or if 
there was an area of the quarry that was enriched in m ore unusual 
elements. It is intended primarily as a reconnaissance survey to pinpoint 
general geochemical variations; the sample population is not large enough 
statistically for significant conclusions tc be draw n about small scale lateral 
variations, w ithin lithological groups, but they can be characterised 
geochemically from this data.

4.2 SAMPLE COLLECTION AND PETROGRAPHIC GROUPINGS.

The sample distribution was as follows: samples 1-11 were collected 
from our logged section 1 (see A ppendix C) also figure 1, quarry 
photograph; samples 13-16 from "the m ound" a lim estone lens at the 
north end of the quarry; sample 17 to the south of this, from the horizon 
in which the "mound" occurs, and sample 1 2  from a small m ound to the 
east of this; samples 18-20 from "the channel", another limestone lens, but 
within the main face of the quarry, slightly of the north of logged section 1 ; 
samples 21, 22, 24-28, were collected as lateral equivalents of lithologies 
sam pled from stratigraphic. log 1; and samples 29-31 were collected from 
two exposed faces along the quarry track, south of the other samples and 
probably higher up the sequence.

Field terms for the hand specimens were used to place the 31 
sam ples into five m ain lithological groups: G roup I, strom atiform  
carbonate (1,13,14,15,16,18,19,20); Group II black shale, often including 
friable volcanic tuff (2,3,10,11,12,25); Group HI, carbonate-rich volcanic tuff 
(4,9,23,24); Group IV, shaley lam inites (5,7,8,17,21,22,26); Group V, 
carbonate-rich laminites (27,28,29,30,31); and one sam ple that is a chert 
lam ina (6 ) but which is generally included w ith G roup IV samples.
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Results of XRD analyses are presented in Table 1 (I-V, for each lithological 
group), and XRF analyses for major and trace elements are presented in 
Table 2 (I-V). Sample by sam ple analyses descriptions are given in 
Appendix A.

4.3 ANALYTICAL PROCEDURES.

4.3.1 X-Ray Diffraction.
The East Kirkton Limestone has a m ineralogy dom inated by 

carbonate and silicate minerals. The XRD results (see Appendix D for 
technique) reflect this, i.e. the major peaks for minerals in each of the 
sam pled rocks are caldte, quartz or, less commonly, dolom ite/ankerite. 
O ther minerals that feature on the XRD trace are chlorite/kaolinite, a 
mixed-layer clay of illite-smectite type (with a peak at 1 1  A), potassium 
feldspar and a little plagioclase. The feldspars only occur in small 
concentrations, and a small feldspar peak will be masked in m any samples 
by the wide base of an intense quartz peak. Pyrite also occurs in most 
lithologies here, as was observed from pyrite separations for isotopic 
analyses, but the position of the main XRD peak for pyrite is overlapped by 
one of the stronger ankerite/dolom ite peaks and is consequently masked 
by this in most East Kirkton samples. No figures are given for pyrite from 
the XRD analyses and it is possible that feldspar may occur in some 
samples where a distinct peak was not observed.

4.3.2 X-Ray Fluorescence.
4.3.2.1 Major Element Analyses.

Samples were prepared for analyses using the standard Glasgow 
Departm ental technique (see Appendix D for details). The results are 
dom inated  by Si02 and CaO, the only other elements that occur in 
concentrations greater than 10%, are AI2O 3 for 3 samples (2,11&25 all of 
which are black shales) and FeO for two samples (2&25, black shales).

The results of FeO determ inations for East Kirkton samples are 
predom inantly  high FeO and lower Fe2 0 3  (only sam ple 1, has higher 
Fe2 0 3  than FeO). Most of the mineral phases occurring in these samples 
(from XRD and petrographic study) tend to contain FeO rather than Fe2 0 3  

so the relative proportions of iron, in these two oxidation states, was not
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unexpected.
The determination of H 2O and CO2 , by gravimetric analyses, gave 

results which were inconsistent and relatively inaccurate. This was due to 
(i) very high values for CO2 (30*40%), and (ii) soot, that accumulated in the 
H 2O collecting tube, probably produced from oxidation of organic carbon, 
occurring in shaley samples in particular. Results are given where 
reasonable accuracy was obtained, but some analyses required to be 
repeated up to 1 0  times before concordant results were achieved.

East Kirkton samples give values between 10% and 45% for Loss on 
Ignition (LOI), which are high, but not unusually so for limestones. LOI in 
these samples, is an expression of the carbonate content of each sample, 
including calcite and dolom ite/ferroan  dolomite. Only the clay-rich 
sam ples will contain significant am ounts of w ater (from the m ineral 
lattices), and from the results of H 2O determinations this could am ount to 
some 7-8% of the samples, bu t these results m ay be exaggerated. It is 
thought that the LOI value may also include the oxidation of some organic 
carbon, nitrates and possibly sulphates, bu t these volatile phases are 
insignificant com pared to the carbonate con tribu tion . The LOI 
determinations were considered to be more reliable than the data obtained 
from the CO2 and H 2O determinations.

4.3.2.2 M inor Element Analyses.
The most enriched minor element in the East Kirkton lithology was 

Sr, particularly in the shaley laminites, Group IV (up to 6300ppm). The 
black shales, Group n , are the samples which are generally m ost enriched, 
ie. most elements, except for S r/T h /Z r. It also appears that the base of the 
sequence is generally more enriched than the top, bu t this trend is less well 
defined than the variation from one rock type to another.

Minor element analyses of Zr gave a strong correlation with Sr. 
This was felt to be due to the overlap of the Sr Kp peak w ith Zr Ka. 
Appropriate corrections have been made, see Appendix E.
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4.4 SUMMARY OF THE GEOCHEMICAL CHARACTERISTICS OF THE 
FIVE LITHOLOGICAL GROUPS.

4.4.1 G roup  I: S tro m atifo rm  C a rb o n a te  S am p les ( s a m p l e s
1,13,14,15,16,18,19,20).
This group consists of alm ost pure carbonate, generally precipitated 
through biogenic mediation, with very little clastic sediment input. This 
group has therefore a different chem istry to those groups in which 
sam ples contain clastic m aterial. The XRD analyses of these samples 
in d ica te  tha t all have h igh  calcite  w ith  m inor quar t z  and 
ankerite/dolom ite in varied amounts. Samples 1 , 13 & 16, all have high 
quartz, whereas samples 14, 18 & 19 have high ankerite/dolom ite peaks. 
In samples 1 & 18 there is a very small peak indicating the presence of 
some chlorite/kaolinite.

The XRF analyses for major elements shows the sum  of CaO and 
LOI to be generally high, up to 90% in samples 15 & 20 which consist of 
almost pure calcite. Measurements of CO2 and H 2O for these samples, 
shows LOI to be mostly CO2 , derived from the carbonate phases. The 
samples which had highest quartz peaks, 1,13 & 16, also have highest Si0 2  

content (41.87, 30.06 and 44.89 w t %, respectively). Samples 14, 18 & 19, 
have the highest MgO (7.32, 5.40 and 2.78 w t %) and FeO compositions 
(3.81, 2.86 and 1.82 wt %). They also have high LOI which corresponds 
clearly to the high ankerite/dolom ite XRD peaks for these samples. The 
MnO content for samples 14 (0.40 wt. %) and 19 (0.30 wt. %) are the highest 
for this group. In general, samples with high MnO are also carbonate-rich.

Samples 1, 15 & 18 all have high AI2O 3 , for Group I, (0.70, 0.77 and 
0.88 wt %). The XRD trace for samples 1 & 18 both indicate the presence of 
a little chlorite or kaolinite, whereas sample 15 has an almost insignificant 
plagiodase feldspar peak. Sample 1 was collected from the algal coating to 
a fossil tree trunk and has the highest m inor element concentrations for 
this group. The Ba (272ppm) and Sr (5131ppm) concentrations are 
particularly high. Other elements are generally above group average, 
though none are over 30ppm. Of the samples from the "mound'' (13, 14, 
15 & 16), sample 15 has the highest Ba (77ppm) and Sr (2030ppm), with Ce, 
Cu, La, Ni, Rb and Zr also highest for the sub-group of four, ranging from 
10-17ppm. The samples from the "channel" (18, 19 & 20) have slightly 
higher Sr (all have values just over 2 0 0 0 ppm ) and sam ple 18 has the 
highest Ni (20ppm), Rb (15ppm), Zn (31ppm) and Zr (44ppm).
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There is a strong correspondence betw een those samples which 
have the highest trace element contents and those which contain minor 
amounts of clay/feldspar. The presence of clay/feldspar, seems to imply a 
small volume of clastic input, probably of volcanic origin. FeO and MgO 
contents of each sample can be correlated w ith the intensity of the XRD 
peaks for ankerite/dolom ite. This is the only mineral phase which can 
accommodate FeO and MgO in this carbonate-rich group. Samples which 
appear to contain an anomalous am ount of quartz are generally those 
which have vug and vein infillings of silica, most common in samples 13 
and 16 which were from the outer edges of the '’mound".

4.4.2 Group II: Black Shales and Tuff Samples (samples 2,3,10,11,12,25).
The shale and tuff samples are grouped together for three main 

reasons: the similarity in chemistry of all six samples (they are most 
enriched in all elements, except CaO and Sr); the samples were physically 
difficult to separate, occurring in units vhere tuffs and shale interfingered 
or were interbedded; and because the shales are generally composed of the 
same material as the tuffs, but with a finer grain size. These samples 
consist of material that has mostly been transported into the lake, or is 
reworked from sediments that had already been deposited.

The XRD analyses of these samples shows the presence of chlorite 
an d /o r kaolinite in each sample. Samples 2  and 25 have the highest peaks. 
Each sample has also a broad bulge in areas of the XRD trace which 
indicate that other clay phases are present. From sedim entation and 
glycolation of these samples the main clay found to be present was an 1 1 A 
m ixed layer illite-smectite clay. Small peaks are also observed for 
potassium feldspar in samples 10,11,12 ■& 25.

Most samples have high quartz with samples 2 , 3 & 12 having the 
highest quartz. All samples are rich in calcite, but samples 3, 10 and 11 are 
richest. Sample 2 is the only sample which does not show a distinct peak 
for the ankerite/dolom ite phase.

From the XRF major element analyses, all samples have a higher 
Si02 than CaO content (this is the only group in which this occurs), and 
the two samples with highest Si0 2  are 3 (50.86 wt.%) and 12 (60.25 wt. %), 
the two which have the highest quartz XRD peaks. The highest CaO (27.12 
wt.%) and LOI (24.26%) occur in sample 10 which has the highest calcite 
XRD peak. The CaO contents of the other samples are in proportion with 
their calcite peak heights.
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Samples 2 and 25 have the highest chlorite/kaolinite XRD peaks 
and the highest AI2O3 (14.13 and 14.66 wt. %). The AI2O3 content for other 
samples is not dominated by the chlorite or kaolinite, but a combination of 
clay phases. High chlorite/kaolinite in samples 2 and 25 also corresponds 
with high MgO (6.81 and 5.05 wt.%), FeO (15.33 and 10.64 wt.%) and Fe2 0 3  

(2.94 and 2.45 wt.%). Ti0 2  (1-1.5 wt.%) and K2O (1.5-3 wt.%) are highest in 
samples 10, 11 and 25; trace elements are also most enriched in these three 
samples with Ba (397-465ppm), Ce (69, 45 & 8 6 ppm), Cr (131,100 & 94ppm), 
Cu (33, 43 & 38ppm), La (30, 36 & 41ppm), Rb (65, 123 & 122ppm), Zn (71, 79 
& 76ppm), and Zr (113, 145 & 191ppm). Samples 1 0 , 1 1  & 25 are all from 
the same horizon (Unit 42). Sample 2 has the highest Ni value (131ppm), 
w ith fairly high Cr (79ppm) and Zn (56ppm). These three metallic 
elements can occur in chlorite. Sample 25 also has a high Ni value 
(119ppm) and also contains chlorite. Sr is highest in samples 3 (3081ppm) 
and 10 (3591ppm); these samples also have the highest values for CaO.

In this group are samples with the lowest CaO values and calcite 
XRD peaks; with some very high Si0 2  and quite high quartz peaks. They 
are characterised by chlorite/kaolinite, an 1 1 A mixed-layer illite-smectite 
clay phase and high AI2O 3 . They have the highest values for most trace 
elem ents but not Sr. This enrichm ent seems to correspond to the 
occurrence of clay/alum inous phases. MgO and FeO in these samples can 
be accommodated in chlorite, since the ankerite/dolom ite content of the 
samples is very low; trace elements Ni, Cr and Zn are also thought to occur 
in the chlorite phase. There appears to be a difference in trace element 
(plus Ti0 2  and K2O) composition betw een two sub-groups of samples. 

-Values are generally lower in samples 2, 3 and 12, collected from the base 
of the East Kirkton quarry sequence (NMS Unit 76/77 & 80), and higher in 
samples 10, 11 and 25, from NMS Unit 42. This may reflect changes in the 
source material from which the samples were derived.
NB. In these shale/tuff samples LOI is mainly C0 2 , but the shales have the 
highest measured H 2O. This m ay'be due to high water content in clay rich 
phases, but the H2O results were not really considered reliable for these 
samples due to soot collecting in the tube that was weighed to calculate 
H 2O content. This soot occurred only w hen running samples which 
appeared to be rich in organic carbon, i.e. shale samples in particular.
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4.4.3 Group III: Carbonate-rich Tuff Samples (samples 4,9,23,24).
The four samples in this group are all com prised of volcanic 

m aterial, with coarse clasts (1 cm size common, or finer) and with a fine 
grained matrix. Clasts are often comprised of pyroclastic material, but 
bedded  lim estones, calcareous m udstone, fragm ents of pre-existing 
volcanic tuff and shale, and carbonate spherules are also common. In each 
sample, the shaley matrix has been cemented by carbonate. The samples 
still retain a patchy chloritic colouration, but generally volcanic clasts are 
altered and appear white and often powdery. It is thought that the East 
K irkton tuffs are either "waterlain epiclastic or secondary pyroclastic 
deposits, produced by the transport and subsequent aqueous deposition of 
volcanogenic material" (Durant, 1993, in press). These samples are 
expected to show similar chemical characteristics to the carbonate-rich 
Ethologies and the shale/tuff samples.

XRD analyses shows that each sam ple has a very high calcite 
content, but only sample 24 is also quartz rich. A nkerite/dolom ite is quite 
low in samples 4, 9 and 24, but high in sample 23. Each sample has a small 
kao lin ite /ch lo rite  peak (except 23), and sam ple 4 has also a small 
plagioclase feldspar peak.

The chemistry of these tuffaceous samples is dom inated by the 
calcite that cements them and indurates them. CaO content for these 
samples is generally about 40%, with relatively low Si0 2  (9-12%). The 
exception to this being sample 24, with higher Si0 2  (25.87%) and lower 
CaO (32.50%); this sample has the highest quartz content. The LOI 
measurements correspond closely to the CaO values, except for sample 23, 
w hich has especially high LOI (37.50%) due to the occurrence of 
ankerite/dolom ite in this sample as well as calcite. Sample 23 has highest 
MgO (4.31 wt.%) and MnO (0.46 wt.%) values, but not the highest FeO, 
suggesting that dolomite is the second carbonate phase in this sample.

Samples 4 & 24, collected from  the same horizon, have high 
concentrations of AI2 O 3 and FeO (about 4%), with Fe2 0 3  ( -1%), and 
moderate MgO ( -2.5%); both these samples have high chlorite XRD peaks. 
These samples also have highest Ti0 2  compositions (0.78 and 0.44 wt.%); 
most trace element enrichment, with high values for elements which are 
generally immobile e.g. Ce (30 and 27ppm), Cr (56 and 44ppm), La (30 and 
20ppm), Ni (52 and 50ppm), Zr (23 and 30ppm); and high values for Ba (194 
and 250ppm), Sr (3887 and 3941ppm) and Zn (37 and 29ppm) which tend to 
be mobile. Usually Ba and Sr are associated with calcite-rich samples, but 
in this group, samples 9 and 23 have the highest CaO and LOI contents.
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Sample 23 has the most intense XRD peaks for the carbonate phases calcite 
and dolomite, but has lowest Ba, Sr, AI2O 3 , TiC>2 , (and other trace element 
values) and it has no clay peak.

Apart from ubiquitous calcite, samples generally have low contents 
of quartz, ankerite/dolom ite and chlorite/kaolinite. Sample 24, has higher 
quartz than the group norm, and sampie 23 has high dolomite, m oderate 
quartz and no chlorite/kaolinite. MgO in this group can occur in dolomite 
or chlorite. In samples 4 and 24 which have highest chlorite/kaolinite, 
MgO is associated w ith high FeO, AI2 O 3 and high trace elem ent 
concentrations, but in sample 23 it is associated with high MnO and low 
trace element values. It is assumed that the source of most trace elements, 
at East Kirkton, is the volcanic material transported into the lake as they 
are generally concentrated in samples containing high AI2 O 3 , and clay 
phases.

4.4.4 Group IV: Shaley Laminite Samples (samples 5,7,8,17,21,22,26).
This group of laminites is characterised by shaley horizons which 

are often spherulitic, fine grained layers of carbonate m ud, occasionally 
chert laminae and some tuff. Quite often these laminite units show syn- 
sedim entary slum ping and they are commonly cut by calcite veining. 
Sample 6 , a single, thick, chert lamina is also included in this group; it was 
sampled from the same locality as sample 5 and has similar trace element 
values to the samples of this group, though it has a different major 
element chemistry, as it is dominated by Si0 2 -

This group has ubiquitous, high calcite XRD peaks, high quartz in 
sam ples 7, 17, 21 and 22 (and sample 6 ) and slightly lower quartz in 
samples 5, 8  and 26. The group also contains ankerite/dolom ite with most 
in samples 7, 2 1  and 2 2 . Sample 17 has the highest chlorite/kaolinite peak, 
and also contains a small, broad clay peak, indicating the presence of an 
1 1 A mixed-layer illite-smectite clay. Samples 5, 7, 2 1  and 26 contain small 
chlorite/kaolinite peaks.

From the XRF analyses, CaO (39-44 wt.%) and LOI (32-37 wt.%) are 
highest in samples 5, 8  and 26 , but they have the lowest values for Si0 2  

(16-20 wt.%). Samples 6 , 7, 2 1  and 2 2  have higher Si0 2  values and lower 
CaO and LOI, but the sum of these three components for most Group IV 
samples is about 90% of the analyses total. The only sample with a lower 
total for Si0 2 , CaO and LOI is sample 17, which contains the highest AI2O3
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(4.08 wt.%), high TiCb (0.36 wt.%), K2O (0.36 wt.%) and showing general 
trace element enrichment (not Sr). Samples 6 , 8  and 2 2  have lowest values 
for TiC>2, AI2O3 , Fe2C>3 (FeO and MgO, also for samples 6  and 8 ), and trace 
elements this is probably because there is no chlorite and only a little 
ankerite/dolom ite  on their XRD trace. Sample 5 has the highest Sr 
(6300ppm) and Ba (272ppm); it has high CaO, but not the highest.

This group, generally, have a sim ilar chem istry to Group III, 
carbonate-rich tuffs. Samples also show that w here chlorite/kaolinite, 
clays and aluminous phases occur, there is also the greatest trace element 
enrichment, particularly of immobile elements. Sample 17 has tuffaceous 
lenses within its laminae and it is probably for this reason that it has a 
high clay content, and consequently high trace elem ent concentration. 
The other unusual feature of the group is the extremely high Sr in sample
5. Sr is also high in the other six shaley lam inite samples (and chert 
sample 6 ); most Sr values for this group exceed 3000ppm (except sample 6  - 
2991ppm, and sample 26 - 2582ppm'.. These samples are commonly 
spherulitic, and the spherules are often Sr-enriched (Walkden, 1993 in 
press), therefore they seem to be a concentrated source of Sr. Ostracods 
with radial fibrous carbonate infills are also commonly Sr-enriched, and 
may provide a second source of enrichment, but infilled ostracods are less 
common in these samples than the ubiquitous spherulites.

4.4.5 Group V: Carbonate-rich laminite Samples.
The Group V lam inites are geochem ically sim ilar to Group I 

samples, almost pure carbonate. They are quite coarsely crystalline, and it 
is unlikely that this is an original feature of the laminite, but indicates that 
alteration or recrystallisation has occurred. This process gives the laminae 
a more homogeneous appearance. The XRD analyses show high calcite for 
each sample; high quartz for samples 29 and 30, lowest for sample 31; and 
high ankerite/dolom ite in samples 31 and 30. All samples contain only 
calcite, quartz and ankerite/dolomite.

This is echoed by the XRF major element analyses. The CaO content 
for all five samples is very high (35-47 wt.%), combining w ith high LOI (33- 
42%), to account for 84% of samples 27 and 28 (67-80% of the other 
sam ples), and points to the dom inance of the carbonate phases, 
particularly calcite, in these samples.

Sample 31 has the highest LOI, but low CaO; this corresponds to its

ll
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high FeO (5.77 wt.%) and MgO (8 .8 6  wt.%) and the high ankerite/dolom ite 
peak observed from the XRD trace. Sample 30 also has slightly elevated 
FeO and MgO; this sample has the second highest ankerite/dolom ite XRD 
peak. The high proportion of MgO to FeO in sample 31 suggests that the 
second carbonate phase in this sample is dolomite.

The highest percentages of Si0 2  (23.72 and 26.07 wt.%) occur in 
samples 29 and 30, they are the two samples in which the quartz peak is 
highest. Sample 31 has least Si0 2  (5.05 wt.%) and has the lowest quartz 
XRD peak. MnO (0.11-0.34 wt.%) is relatively high in these samples, 
similar values to those observed for Group I. All five samples have very 
low AI2O 3 (0.09-0.48 wt.%), T i0 2 (0.05-0.09 wt.%), N a20  (0.22-0.33 wt.%), 
K2O (0.03-0.07 wt.%) and very low trace element concentrations (generally 
below lOppm), even Ba (35-92ppm) and Sr (796-2271ppm).

These samples most closely resemble the other most carbonate-rich 
group, Group I, in geochemical signature. That is, high calcite, significant 
quartz, and ankerite/dolom ite which is high in samples 30 & 31, but much 
lower in the other samples. Sample 31 is one of only two samples which 
has higher LOI than CaO (sample 14, Group I was the other), due to the 
occurrence of a second carbonate phase (dolomite). CaO content and Sr 
concentration are in proportion for this group; samples 27 & 28 have the 
highest values for both Sr and CaO, samples 30 & 31 have the lowest. All 
other trace element values are too low to be significant (lOppm or less). 
This appears to correspond to the absence of clay m inerals, spherulitic, 
tuffaceous or shaley material in these samples. These laminites are quite 
coarsely crystalline; this is possibly a result of the passage of cool, 
carbonate-rich hydrotherm al fluids, or m aybe produced by diagenetic 
processes.
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4.5 INTERPRETATION.

This section begins with a description of elements which correlate 
w ith aluminium. This is because: (i) aluminous samples tend to be more 
enriched in m ost trace, and m any major, elements than carbonate-rich 
samples; (ii) aluminous samples reflect, most closely, the chemistry of the 
detrital material that has been transported into the East Kirkton lake; and 
(iii) these samples give the best indication of alteration, replacement and 
diagenetic processes that occurred, associated w ith the East Kirkton 
palaeoenvironm ent, changing them from a basaltic geochemistry to the 
unique East Kirkton geochemical signature.

The m inerals chlorite and kaolin ite are the m ost common 
alum inous phases in these samples, therefore it follows that the AI2 O 3 

contents of samples will generally correspond to the presence or lack of a 
chlorite/kaolin ite XRD peak. W here other clay or feldspar peaks are 
present the AI2O 3 is higher than expected for the chlorite/kaolinite peak 
height alone, but where there is no peak present AI2O 3 values generally lie 
around 0.5 wt.% of the sample, or less.

Higher AI2O3 was also expected and noted for samples comprised of 
terrigenous clastic m aterial, which has been m ainly derived from the 
volcanic hinterland. The shales are generally very fine grained and 
organic-rich, which makes it difficult to identify individual clasts. It is 
assum ed that the shales (and shaley laminae) are comprised of similar 
material to the tuffs, including more organic debris (possibly derived from 
leaf litter or palaeosol, from the land surface).

The data is not ideal, from a statistical outlook, for proving 
correlations betw een elem ents, bu t in each case know ledge of the 
m ineralogy, from  pe trograph ic  observations and  XRD analyses, 
complements these geochemical conclusions.

The calculation of correlation coefficients (r), quoted in the text, are 
used to identify elements which have a greater tendency to correlate with 
one another, although the absolute values are of limited use for this data 
set Or' values greater than 0.7 or less than -0.7 are generally good 
correlations), Table 3 a + b. The spread of data for each element does not 
generally show a normal distribution. This is one of the assum ptions 
m ade of data used in the calculation of Pearson Product - M oment 
correlation matrices, Table 3 a + b (which are comprised of the correlation 
coefficient data), arithmetic means and standard deviations, Table 1 (I-V). 
The range of data from East Kirkton samples is probably too heterogeneous
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for a normal distribution, and for individual lithologies, our sample 
population is often too small to show clearly any trends or correlations.

The XRF data may provide artificial correlations because analytical 
values are given as a percentage, and are therefore a ’’closed array" of 
"compositional data" (Rollinson, 1993). There is a particular danger of 
forced correlation where analyses are dom inated by one or two elements 
in particular, such as CaO and Si0 2  for the East Kirkton samples. As was 
stated in the introduction, the following interpretation is intended as a 
reconnaissance survey, to give a clearer perspective of the overall 
geochemistry of East Kirkton, and it is hoped that this can be a guide for 
future work in this area.

4.5.1 Correlations between AI2O 3 and other major elements.

4.5.1.1 AI2O3 plotted against Ti0 2  (and P2O5).
High AI2O3 is often associated with high Ti0 2 - This is illustrated in 

figure 2 , which shows a good correlation betw een the two elements 
(correlation coefficient, r = 0.914). It is not always a proportional 
association, ie. sample 2 , the main outlier from this linear trend, which 
appears to be depleted in TiC>2 or enriched in AI2 O3 . The black diamond 
symbols on the graph represent Group II samples, which comprise six of 
the seven highest values for AI2 O 3 and TiCb. Samples 4, 9 and 24, 
carbonate-rich tuffs from Group III, and sample 17 (a shaley laminite), also 
have relatively high values for both elements. In general, samples which 
contain aluminous minerals, and those that appear volcanically derived, 
have the highest TiC>2 .

Titanium concentrations probably reflect the values which existed 
in the original tuffaceous sediment. Variations in Ti02 for tuff samples 
possibly reflect the percentage of volcanic m aterial in the sediment, or 
compositional variations in the erupted volcanic ash /tu ff. From SEM 
observation the Ti0 2  was observed to occur as discrete TiC>2-rich grains eg. 
rutile (Figure 3). These grains could occur as part of larger volcanic clasts, 
or as individual grains, bu t they are m ost likely to be derived from 
terrigenous sediment, possibly epiclastic (Durant, 1993). T i02 can also 
occur in colloidal form, in am orphous alum inous phases, on the 
breakdown of volcanic material (Mohamad, 1980).
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High P2O 5 also seems to occur in the shaley lam inites/shales and 
tuffs. It is unlikely that m uch phosphate originates from  a volcanic 
source, but it is likely that bone fragments - very rich in phosphate - would 
be terrestrially derived and transported, by water, along with the tuffaceous 
material. P2O5 does not correlate very well with AI2O3 (r = 0.691), but has a 
good correlation w ith Ti0 2  (r = 0.869). This may indicate that both 
elements are terrestrially derived - Ti0 2  representing epigenetic volcanic 
m aterial, P2 O 5 representing dead am phibians - and transported  via 
flooding, or river into the lake (different source, same transport). The 
preservation of many skeletal fragments by silica does, however, suggest 
that the porous bones are commonly perm ineralised, though fragments 
would still result in local P2O5 enrichment.

4.5.1.2 AI2O3 plotted against K2O (and Na2 0 ).
The correlation coefficient for AI2O3 and K2O is quite high (r = 0.861) 

and the relationship between the two elements is shown in Figure 4a. 
Generally, the data clusters below 4 wt.% AI2O3 and 0.5 wt.% K2O, except 
for Group II samples. N a2 0  has a poor correlation with AI2O 3 (r = 0.024), 
the data on Figure 4b, can be seen to have a wider spread than on Figure 
4a. K 2 O occurs in clay phases eg. illite and smectite, and also in 
potassium  feldspar. It is therefore related to samples w ith high AI2O 3 , 
especially those samples of the shale/tuff group which include potassium 
feldspar. In Figure 4a, Group II samples are illustrated by the black 
diam ond symbols (sample 2 is the outlier from this trend, with low K2O, 
or enriched AI2O3).

■ N a 2 0  has a poor correlation with AI2O 3 (r = 0.024) which indicates 
that m uch of the plagioclase feldspar, which w ould be volcanically 
derived, has been broken down to clay (possibly kaolinite), and Na2 0  

released into solution. It is also possible that the results of N a2 0  analyses 
are dubious in some cases, as Na contam ination can easily occur in 
preparation (e.g. salt from hands, although handling was avoided as far as 
possible) and XRF detection of this element has a relatively low precision. 
Small amounts of plagioclase and potassic feldspar may also occur in other 
shaley or tuffaceous samples (Groups HI and IV), but, small feldspar peaks 
can be masked by quartz, and not be observed from the XRD trace.

In Groups I, in, IV and V the values for N a2 0  exceed K2O, and this 
represents either (i) the relative proportions of the two elements in
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solution, derived from volcanic material, and incorporated as impurities 
w ith in  the carbonate phases, (ii) the tendency of m eteoric fluids to 
"dissolve more albite than potassium  feldspar" (Bjorlykke and Aagard, 
1992), hence K2 O w ould rem ain in shaley samples and N a2 0  w ould 
rem ain in solution and be relatively enriched, as in the carbonates 
precipitating from this solution, or (iii) the am ount of each element that 
can be accommodated by the carbonate phases. N a2 0  and K2O can occur 
w ithin other mineral phases, e.g. illite or smectite clays, and the relative 
stability of these phases in various lithologies m ay also affect the relative 
concentrations of the two elements.

It is unusual for potassium  feldspar, derived from basaltic volcanic 
material, to exceed plagioclase feldspar from the same source. In most 
samples (except Group II shales 3 ,10,11 & 25), the small quantities of K2O 
found, are consistent w ith a basic, volcanic source; in Group II shales, K2O 
values exceed Na2 0  content. Only in these Group II samples does the K2O 
content also exceed 1.12 wt.%, the value observed for Bathgate basalt 
samples (Smedley, 1986). Samples 10, 11, 12 and 25 have small potassium 
feldspar XRD peaks, but apparently no plagioclase feldspar. K2O content 
may be further increased by the occurrence of mixed layer illite-smectite 
clay phases, in which, uptake of K+ is preferred to N a+. It is possible that 
potassium  feldspar may have formed diagenetically: this w ould require 
high K+ activity in the diagenetic fluids, as m ay occur in some brines 
(Wedepohl, 1972). Fluids of this type may have been present during the 
m arine incursion which followed the deposition of the East Kirkton 
limestone. This was, however, not a mechanism which appeared to affect 
the 534S isotopic signature (see Chapter 3), and no other evidence is found 
to support its occurrence.

4.5.1.3 AI2O3 plotted against Si0 2 .
AI2O3 correlates poorly with Si0 2  (r = 0.354) as shown in Figure 5. 

For reference, a line derived from the analyses of AI2 O 3 and Si0 2  for 
samples of Bathgate basalt (Smedley, 1986) has been added. Only a few 
samples occur on or near this line (Group n , shale/tuff samples 2,10,11&25, 
and Group in, carbonate-rich tuff samples 4 & 9). The majority of the East 
Kirkton data lies to the silica-enriched (AI2 O 3 depleted) side of this line. 
Petrographic observations confirm that in many cases the samples will be 
silica-rich. In this case it is not the elem ental correlation which is 
im portant (they do not correlate), but what the lack of correlation suggests
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about the origin of the samples.

AI2O3 correlates poorly with SiC>2 , even for samples dom inated by 
detrital material, which may suggest that the two are not from the same 
source. In Figure 5, when the data is compared to the Bathgate basalt 
analyses (Smedley, 1986), some of the Group II samples can be seen to lie 
close to this line, suggesting that, for these two elements, shales have a 
close geochemical relation to the basalts. Another indication that most of 
the detrital material appears to be derived from the volcanic hinterland.

Samples from the other groups are all siliceous, compared to the 
basalt. They have not the same input of terrigenous material, but have 
petrographic features which include; silica laminae, chert patches, and 
vugs filled by chalcedony and euhedral mega-quartz. These features all 
suggest an input of silica that is not detrital, and the imbalance between 
AI2 O 3 and SiCb indicates that a source, other than the local volcanics, is 
required to provide the silica. It is thought that the most likely local 
source of silica is the underlying Calciferous Sandstone Series sediments, 
and that remobilisation of the silica from here may have occurred via 
hydrotherm al fluids, which precipitated silica on mixing with the cooler 
lake water, and through diagenetic fluids.

4.5.1.4 AI2O3 plotted against CaO & LOI iand MnO).
There is a weak, negative correlation between CaO and AI2O 3 (r = 

-0.716) Figure 6 a, and between AI2 O 5 and LOI (r = -0.642), Figure 6 b. 
Outliers from the main linear trends on these two plots include those 
samples which have m oderate/high Si0 2 , (samples 1,3,6,12,16 &2 1 ), and, 
for the AI2 O 3 v's CaO plot, those samples w ith high dolom ite/ankerite 
contents (samples 14, 30 &31). These outliers fall below the line, so they 
are depleted in both CaO and AI2O3 .

MnO has a poor negative correlation with AI2O 3 (r = -0.581). MnO 
only appears to correlate with CaO and LOI. This also may be a feature of 
results from a closed data set, ie. MnO correlates positively with CaO and 
LOI, LOI and CaO correlate negatively with AI2O 3 , therefore, MnO shows a 
similar, negative correlation.

The trend observed in Figures 6 a & 6 b was expected because of the 
lack of detrital material, and therefore, lack of the associated aluminous 
phases in the most carbonate-rich samples, eg. those from Groups I and V.
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The carbonate phases are precipitated directly from fluid solutions, not 
derived from fluid/sedim ent suspensions.

The outliers from the general linear trend of the AI2 O 3 versus CaO 
plot (Figure 6 a), include all those samples with significant XRD peaks for 
silica or dolomite/ankerite. In the AI2O 3 versus LOI plot (Figure 6 b) only 
samples with intense silica peaks, were expected to be outliers. Si0 2 -rich 
sam ples were the furthest from the line of correlation in both plots and 
the positions of these outliers hardly vary  from Figure 6 a to 6 b, there 
appears to have been little change in the relative positions of many of the 
other samples too.

It is, however, noted that the correlation coefficient for Figure 6 b is 
lower than for 6 a. For both figures, the line of correlation appears to lie 
through Group I samples 15, 18 and 20 (with lowest Si0 2 ), shale group 
sam ples (2, 10, 11 and 25), Group HI carbonate-rich tuffs, and Group V 
samples 27 and 28. Group IV samples have an almost random  distribution 
in these figures, probably because there is no strict relationship between 
the amount of calcite, dolomite or ankerite in a sample, and the quantity 
of detrital material that it incorporates.

It is probable that the negative correlation for AI2O 3 with CaO and 
for some samples on the LOI plot, is statistically forced, by the closed data 
set. Where element oxides associated w ith the carbonate phases e.g. CaO, 
LOI, MgO and FeO, have high values (-50% of the sample, or above), the 
percentage of other element oxides present becomes an increasingly small 
proportion of the sample, statistically, i.e. their upper values are limited by 
w hat is left over from 1 0 0 % - dominant element oxides.

4.5.1.5 AI2O3 plotted against MgO & Festal
MgO gives a poor correlation w ith AI2O 3 (r = 0.322) as illustrated in 

Figure 7. Some aluminous samples have also high MgO (eg. samples 2, 25, 
10 &11), but most of the carbonate-rich sam ples have very little AI2 O 3 . 
The plot shows these two trends. The calculation for a correlation 
coefficient does not take into account the possibility of two correlations, 
and consequently the AI2O3 versus MgO has a low correlation coefficient.

Fetotal ^ as a Sood correlation w ith AI2O 3 (r = 0.887), Figure 8 . The 
data mainly clusters in the area of low Festal (below 5%) and AI2O3 (below 
2%), w ith only shale/tuff samples outside this region (samples 2, 3, 4, 10, 
11,12,17, 24 & 25). Samples 3 , 1 0 , 1 1  & 25, fall below the general line of the 
trend, and are, therefore, relatively enriched in AI2O 3 or depleted in FeO.
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Samples from Groups I and V, in which little detrital material is found, 
are depleted in AI2O3 (with very low Festal values too). Any Fetotal in the 
G roup I and V samples will occur in a carbonate phase (dolomite or 
ankerite).

M agnesium  is an elem ent w hich can be volcanically derived 
(Bathgate basalts are MgO-rich, -  9%, Smedley, 1986). It can occur in clays 
and  chlorite, especially w hen these m inerals are form ed from the 
breakdow n of volcanic m aterial. East Kirkton shales/tu ffs would be 
expected to contain volcanically derived MgO (probably occurring in 
samples 2, 10,11 &25), but for carbonate-rich samples, which lack the input 
of detrital material, MgO occurs in dolom ite/ankerite.

In the carbonate phases Fetotal is a minor component, compared to 
MgO and CaO. Fetotal (FeO and Fe2 0 3 ) will be a major component in 
chlorite and clay phases; it therefore correlates better with AI2O3, than does 
MgO. The plot of MgO and AI2O3 has two trends along which the samples 
correlate; the set of carbonate-rich samples with high MgO and low AI2O3 , 
and the shale samples with m oderate/low  MgO and high AI2O 3 .

It is likely that oxidised iron as Fe2 0 3  has an "epiclastic" origin. 
M any of the tuff clasts in the East Kirkton sequence, are fragments of 
volcanically  derived lithologies, that have been broken  up, and 
transported into the E.K. lake to be re-sedim ented (Durant, 1993). The 
Fe2 0 3  may be a result of terrestrial Carboniferous weathering, since the 
depositional environment in the lake was more anoxic than oxidising and 
Fe2 0 3  is unlikely to occur as a result of lake processes.

It follows that Fe2 0 3  derived in this m anner w ould  be most 
common in the shaley and tuffaceous sedim ents (these samples also 
contain the chlorite and clay phases w hich can accommodate Fe2C>3 ). 
Fe2C>3 also correlates with Ti0 2  (r = 0.790) which is thought to be similarly 
derived ie. epiclastic.

i  4.5.2 O ther major element correlations (not including AI2O3 ).
1
i

4.5.2.1 MgO plotted against Fe (total).
The relationship observed betw een MgO and Fetotal (as Fe2 0 3 ), 

Figure 9, is unusual because the data correlates along two separate trends; 
this seems to be a feature of the East Kirkton MgO plots (see also section
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4.5.1.5, Figure 7). This results in a relatively low correlation coefficient (r = 
0.648); r, can only reflect only one linear correlation for each plot.

As described in the previous section (4.5.1.5), MgO, FeO and Fe2 0 3 , 
can occur in detrital material, from the volcanic source, or they can be 
incorporated in carbonate phases. This is the reason for the two trends 
which occur when data from these two elements are plotted together. The 
trend of data with the steeper gradient is comprised of samples from the 
shale and tuff groups (Groups II and III), whereas the line with the more 
gentle gradient is made up mostly from carbonate samples (Groups I and 
V).

The basalt line, on Figure 9 (from MgO and Fetotal values of 
Bathgate basalt, Smedley, 1986) is compared w ith the two East Kirkton 
trends. The shale/tuff samples are enriched in iron bu t depleted in MgO 
relative to the basalt line. Conversely, the carbonate samples are enriched 
in MgO and depleted in Fetotal/ particularly samples that contain dolomite 
or ankerite (samples 14,19, 23, 30 & 31).

It is felt that the carbonate trend represents (i) the proportion of 
MgO and Fetotal that could be taken up by these carbonate phases, as 
de te rm ined  by the precip ita tion  m echanism , or (ii) the relative 
proportions of the two elements present in the fluids, ie. availability. In 
either case, the carbonate phases are more enriched in MgO than Fetotal- 
In ankerite (or ferroan dolomite) iron will predom inantly occur as Fe2+, 
FeO, therefore, the carbonate samples have very low Fe2 0 3 , even where 
they have high FeO, unlike the samples which contain detrital material.

The shales, falling to the other side of the basalt line are relatively 
enriched in Fetotal/ but depleted in MgO. The volcanic material is the only 
apparent source of iron in this area, although MgO could be derived from 
other carbonates (as considered for CaO, see section 4.5.3.4). In the shale 
and tuff samples, FeO and Fe2 0 3  occur in chlorite and clays (eg. smectite), 
which contain only a little MgO (compared to the Fe content). These 
samples contain less MgO than the basalt source material. The process by 
which tuff and basalt were broken down to c lays/chlorite , m ay have 
concentrated iron in these mineral phases and taken MgO into solution. If 
this is the case, it seems quite possible that the MgO is also derived from 
the volcanic source.
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4.S.2.2 MnO plotted against CaO (&LOI).
There is a weak correlation between MnO and CaO (r = 0.606), Figure 

1 0 a, but a stronger correlation between MnO and LOI (r = 0.727), Figure 10b, 
the LOI in these samples representing mainly, their CO2 content (and 
small amounts of water). The trend observed for these correlations, is that 
the MnO v’s CaO plot has a steeper gradient, but the data, for each plot, is 
spread around a central line rather than focussed along it. The spread of 
data in Figure 10a, encompasses ±0.067 wt.% MnO, and ±18.75 wt.% CaO; 
while the spread of data in Figure 10b is ±0.067 wt.% MnO and ±11.25 wt.% 
LOI.

There are four outliers from the main trend in both figures, samples 
14, 19, 23 & 31; they have the highest MnO values. These four samples are 
all carbonate rich, and contain dolom ite/ankerite in addition to calcite (the 
four highest XRD peaks for ankerite/dolom ite occur in these samples). 
This indicates that the highest MnO is associated with carbonate phases 
other than calcite.

MnO appears very depleted in East Kirkton samples compared to 
the Bathgate basalt value of 0.185 wt.% MnO, for 10.26 wt.% CaO and 5.46 
% LOI (Smedley, 1986). This trend can also be attributed to enrichment of 
the samples in CaO and LOI. Tne latter is the more likely explanation, as 
the value quoted for basalt MnO is quite low (0.185 wt.%).

Occurrence of the manganese may be affected by precipitation on to 
organic substrates; (i) subaerially outside the lacustrine environment, and 
subsequen tly  tran sp o rted  into the lake, or (ii) associated  w ith  
algae/bacteria, or organic debris within the lake. Manganese apparently is 
m ore abundant in carbonate (particularly calcite and dolom ite, not 
ankerite) than in the detrital fraction of carbonate rocks, contrary to the 
behaviour of most other trace/m inor elements (Wedepohl, 1972). If this is 
true for the East Kirkton samples it may explain why MnO is the only 
elem ent oxide, which has a positive correlation coefficient, w ith CaO. 
D iagenetic processes can m obilise the m anganese under reducing  
conditions, and cause it to become more concentrated in carbonate rocks 
(Wedepohl, 1972). The managanese is most probably derived from the 
volcanic source, but concentrated by all of the above processes.
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4.S.2.3 Si0 2  plotted against CaO (&LOI).
Si0 2  has a slightly stronger negative correlation with LOI (r = -0.925), 

Figure l ib ,  than CaO (r = -0.860), Figure 11a. The data seems to have a 
relatively diffuse distribution in Figure 11a, but focuses along a linear 
trend in Figure 11b.

Outliers in Figure 1 1 a include shale samples 2 , 10, 1 1  & 25; tuff 
sam ple 4; Group I samples 14 & 19; and Group V sample 31, which all 
occur in the area of the plot with less CaO and Si0 2  than is normal in these 
samples, i.e. below the marked Ca0 /S i0 2  mixing line. Samples 2 , 4 , 1 0 , 1 1  

& 25 are also outliers in Figure l ib ,  with Si0 2  and LOI depletion, relative 
to the general East Kirkton trend. These samples have the highest XRD 
peaks for chlorite/kaolinite and clays. Samples 14, 19 & 31, have the 
highest ankerite /do lom ite  XRD peaks. These sam ples, containing 
significant am ount of clays or the second carbonate phase, bear least 
geochemical resemblance to the CaC0 3 /S i0 2  phase system illustrated by 
the mixing line (Figure 11a).

When dealing with the main elements which comprise the East 
Kirkton samples (Si0 2 , CaO and LOI) correlations should be distrusted. 
The statistical imperfections of a closed data set (with a fixed total of 100%), 
are most likely to produce forced correlations for these, the dom inant 
components of the system.

It is possible that the geochemical system is responsible for this 
negative correlation. Fluctuations in tem perature or Eh, pH  conditions 
can determine whether Si0 2  or CaC0 3  is more likely to precipitate. It has 
also been suggested that perhaps wet and dry season conditions could affect 
which of the two phases was preferentially precipitated (pers. comm. R. 
Renaut).

The periodic introduction of hot-spring, siliceous fluids would tend 
to raise the lake tem perature a little, and increase the rate of carbonate 
precipitation (by CO2 degassing and the resulting increase in pH). The 
mixing of the warm er siliceous fluids and cooler lake waters would also 
tend to precipitate the silica from the cooling fluid. At the end of this brief 
ep isode the lake w ould  resum e m ore norm al levels of carbonate 
precipitation, via bacterial mediation.

It should be noted that the solution and precipitation mechanisms 
within the lake environment are not the only factors affecting the quantity 
of CaC 0 3  and Si0 2  in these samples. These two phases have been 
remobilised, forming replacive features and extensive veining in most
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4.5.3 Correlations betw een m ajor elements and trace elements.

4.5.3.1 A120 3 plotted against trace elements (Ce, Co, Cr, Ga, Ni, Zn & Zr).
There is a strong correspondence between the Al2C>3-rich samples 

and enriched trace element concentrations, especially Ce, Co, Cr, Ga, Ni, 
Zn and Zr (all have r > 0.820), and to a lesser extent Ba, Cu, La and Y (r >
0.700). For all of these trace elements and AI2O 3 the highest values are 
observed in the shale /tu ff group. Five of these elements have r > 0.9. 
They are Cr, Ga, Ni, Zn, and Zr. The elements Cr, Ni, and Zn can be 
associated with chlorite and smectites, and are shown plotted against 
AI2O3 in Figures 12a, b & c.

The sample which is most often observed as an outlier when trace 
elements are plotted against AI2O 3 is sample 2 . It is either (i) depleted in 
trace elements, or (ii) enriched in AI2O 3 (the same pattern occurs in the 
AI2O3 plots against Ti0 2 , Figure 2, and K2O, Figure 4a). This m ay be due to 
its close association with organic material (lies just above a tree trunk 
encrusted by stromatiform carbonate, sample 1 ), or it may be related to the 
sample's low stratigraphic level (only samples 3 and 12 are comparable in 
stratigraphic level, and lithology, but both tend to contain more tuff, and 
have lower AI2O3).

The correlation coefficient for AI2O 3 and Rb is 0.876, but the data 
mainly forms a cluster close to the origin, except for Group II samples, four 
of which compose the line that is the main trend (sample 2  is again the 
main outlier). There is not really a sufficient scatter of data in this plot to 
justify a true correlation. There is no relationship between AI2O 3 and Sr (r 
= -0.085) or Th (r = 0.007). Fetotal has a similar correlation pattern  with 
trace elements, but the correlation coefficients are lower (see table 3b).

The trace elements with which the AI2O 3 correlates best, Ce, Co, Cr, 
Ga, Ni, Zn and Zr, can all be associated with clay phases (Wedepohl, 1972), 
particularly  chlorite, m ontm orillonite/sm ectites, iron and m anganese 
oxides and kaolinite. In many carbonate rocks these elements are observed 
to occur in proportion to the detrital c lay /s ilt fraction of the sample 
(Wedepohl, 1972). This appears to correspond w ith w hat is observed for 
East Kirkton samples; where AI2O 3 wt.%, is taken as a close reflection of
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the clay content of these samples.
Cr, Ni and Zn are plotted against AI2O 3 (Figures 1 2 a, b & c). They 

are elements which can occur in chlorite and smectite phases. They do not 
always occur in the same proportions, from one sample to the next, but 
there is a strong correlation between their occurrence and that of AI2O 3 

and chlorite/clays (though not so closely related to kaolinite). Variation 
amongst these three elements may depend on relative availability within 
the volcanic, source material, or the relative mobility of each element, and 
the fluids which have interacted w ith their host sedim ents. The Ni 
content of these samples seems particularly enriched.

Hand specimens containing chlorite were occasionally collected and 
analysed (XRD), as their intense green colour was suggestive of Cu mineral 
phases. They did not contain copper minerals, bu t it is now considered 
that the bright green colour could have been related to higher chrome 
content.

4.5.3.2 K20  plotted against Rb.
There is a close association between K2O and Rb (r = 0.985), as shown 

in Figure 13. Although m any of the samples have low values, the cluster 
of data in this area of the graph is distributed along a similar linear trend 
to the Group II samples, which have higher values.

This correlation, F igure 13, is a very  com m on geochemical 
correlation, as K and Rb have a sim ilar ionic radius and m ay easily 
substitu te  for one another. Rb, does no t actually form any Rb-rich 
m inerals, but is alm ost always incorporated in K-minerals (Wedepohl, 
1972). Often Sr shows a similar distribution, but not in East Kirkton 
samples, where Sr distribution is affected by carbonate phases.

The size of the sample population for shales is considered too small 
to conclude whether or not the K /Rb ratios indicates marine or freshwater 
conditions of deposition (though m arine conditions are felt to be an 
unlikely occurrence). K /Rb ratios for East Kirkton, Group II samples range 
from 163-250, with tuff and shaley laminae samples tending to have lower 
values, 107-190. Havard (1967), found high K2O and K /Rb ratios in black 
shales, and suggested that this was a result of authigenic grow th of K- 
minerals (see also section 4.5.1.2).
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4.S.3.3 T i0 2 and trace elements (Cr, La, Rb, Zn & Zr).
TiC>2 , like AI2O 3 , correlates with m any of the trace elements (see 

table 3b); r > 0.9, for Cr, La, Rb, Zn and Zr. All the other trace elements 
have values of r > 0.8, except for Pb, Sr, and Th. Plots of Ti0 2  versus trace 
elements have generally higher correlation coefficients than for AI2 O 3 

versus traces.
Group II samples usually comprise the majority of the 6  highest 

values for each trace element (except Pb, Sr and Th). These correlations 
maybe due to statistical closure of the data set (ie. TiC>2 correlates well with 
AI2O 3 , and both major elements show a similar correlation pattern when 
plotted against trace elements), but less concentrated elements, such as 
AI2 O 3 and Ti0 2 , are perhaps less likely to be affected by closure than 
dom inant elements like SiC>2 and CaO. It is also noted that, though 
sim ilar, the correlation patterns from the trace elem ent plots are not 
exactly the same for AI2O3 and Ti0 2 , many elements correlate better with 
T i0 2  than AI2 O 3 , but a few have lDwer values (differences are not 
consistent with a forced trend, but it is possible that these small variations 
occur because the data set does not always show a normal distribution).

Zirconium could be derived from volcanic material in a similar way 
to Ti0 2  Figure 14 (both are generally immobile elements • particularly TiC>2 

- and often occur as accessory minerals in igneous rocks). Titanium often 
occurs as rutile, ilmenite, or anatase (besides occurring in pyroxenes), and 
from SEM studies of the East Kirkton samples (Figure 3), the mineral does 
occur in discrete Ti0 2 -rich grains. The inclusion of one grain of Ti0 2  in a 
sample prepared for analyses can radically change the concentration of Ti 
for that sample. If this were the case for any of the East Kirkton samples, it 
is felt that the correlation between T:0 2 , AI2 O 3 and m any of the trace 
elements would be much poorer.

T itanium  can also occur w ith  clay m inerals eg. kaolinite 
(Wedepohl, 1972). In section 4.5.3.1, it was observed that this is a common 
association of many trace elements, including Cr, Zn, Zr, and Rb (section 
4.5.3.3). The coexistance of all these elements in similar groups of phases - 
all related to the breakdown of volcanic material - would seem to suggest 
that their correlation is quite strongly related to the clay fraction of each 
sample.
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4.5.3.4 CaO/SiC>2 and trace elements (especially CaO v’s Sr).
CaO and Si0 2  have poor trace element correlation patterns. In the 

case of CaO in particular, the weak correlations with Ba, Cr, Cu, Zn and Zr 
are all negative correlations (r = -0.600 to -0.700), and probably reflect the 
negative relationship betw een CaO and AI2 O 3 (positive relationship 
between AI2O3 and traces). N i has the strongest negative correlation with 
CaO (r = -0.795), see table 3b.

These elements appear to be concentrated where there is least CaO 
(and probably carbonate generally), therefore it is likely that they will occur 
predom inantly in the shales/tuffaceous groups (as observed from other 
correlations, sections 4.5.3.1 and 4.5.3.3). It is possible that this is a forced 
statistical correlation and not a "real" one, but the carbonate-rich samples 
which have depleted trace element concentrations, and lack phases which 
could accommodate these element (eg. clays).

The only positive values on the CaO: trace element correlation 
matrix are Sr (r = 0.034), Figure 15, and Th (r = 0.151), but both are very low 
values, indicating random  distribution. Sr and Th do not correlate with 
each other either (r = 0 .0 1 0 ).

A CaO versus Sr graph is plotted, Figure 15, and the relative ratios 
for these two elements are added from the Bathgate basalt data (Smedley, 
1986). The shale/tuff samples appear to show a correlation for these two 
elements, along a line which has higher Sr than CaO, when compared to 
the basalt line. This shift is due either to CaO depletion or Sr enrichment; 
one possible explanation for this may be that Sr is mobilised less during 
weathering than Ca, and that Sr is therefore held more tightly in clays, 
W edepohl (1972).

In East Kirkton samples the highest Sr occurs in spherules (7584 - 
16160ppm), rhombohedral calcite in laminae (6843 - 13799ppm) and radial 
fibrous calcite infills in ostracods (9490 - 10659ppm), but the Sr in the vein 
calcite has lower values (1870 - 8303ppm) (W alkden et a l , 1993). The 
concentration of the Sr in the samples analysed by W alkden et al. does not 
appear to correlate w ith Mg, Fe or Mn values also quoted for these 
samples. It is possible that shales or shaley laminites may contain one/ or 
m ore of the above carbonate groups, eg. spherules, and be anomalously 
enriched in Sr. It also appears from the data that the veining, a later 
feature than spherules etc., was not so enriched in Sr, therefore the earlier 
source of Sr (possibly the lake waters) may no longer exist, or these later 
fluids may not encounter it.
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Many of the East Kirkton samples, however, are enriched in CaO 
relative to Sr, when compared to the basalt line; especially samples from 
Groups I and V. These samples are pure carbonates, containing very little 
detrital material, and this enrichment in CaO seems to require additional 
CaO for the geochemical system, than that which is introduced from the 
volcanic m aterial. As the East Kirkton lithologies are not of marine 
derivation, and the CaO is not from the volcanic source, it is proposed that 
the second CaO source could from hydrotherm al fluids circulating 
through the Tyninghame or Gullane Form ations, which lies below the 
East Kirkton Limestone, and has also been suggested (above) as the source 
for some of the hydrothermal silica.

It is proposed that the carbonate fluids were hydrotherm al, warm 
(not hot) fluids which circulated /convected  through the underlying 
caldferous sandstones (a sequence which includes comstones), and became 
enriched in carbonate. These fluids mixed at surface with the cooler lake 
water, producing a lake that was enriched in carbonates, but, which mainly 
precipitated carbonate through biological mediation.

4.7 CONCLUSIONS.

1. From the results of our analyses it is concluded that m ost major 
elements and trace elements were derived from  the volcanic material 
(represented by analyses of local Bathgate basalt samples, Smedley 1986), 
either directly or from epigenetic material, reworked by water.

2 . Only Si0 2  and CaO require a source other than volcanic material, to 
supply the concentrations in which they occur in the East Kirkton samples. 
This second source is thought to be the com stones a n d /o r  limestone 
horizons of the Tyningham e or Gullane Form ations, w hich occur 
stratigraphically below the East Kirkton limestone. It is also proposed that 
the silica and calcite were remobilised from this source via hydrothermal 
fluids, and reprecipitated upon mixing w ith  lake fluids, a n d /o r  via 
biogenic mediation.

3. Strontium  occurs in greatest concentrations in the carbonates that 
are considered to have been precipitated via biogenic m ediation (eg. 
spherules, ostracod infillings, and rhombs). High Sr values do not appear
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to occur in the veins, and from m ajor/trace element correlation patterns, 
it too appears to be from the volcanic source. It is suggested that future 
investigation of the sources of East Kirkton fluids w ould perhaps gain 
som e useful inform ation from  the S r/C aO  ratios of carbonate-rich 
members of the Tyninghame or Gullane Formations.

4. Shales seem enriched in mobile and immobile elements alike. This 
may reflect the impermeable nature of the shale horizons, which can limit 
fluid circulation. It is also a feature of the concentration /re ten tion  
/adsorption of many trace elements by clay minerals. Slow deposition of 
these shale horizons could also concentrate trace elem ents. Trace 
elements, in East Kirkton samples, typically correlate with AI2O 3 , Fetotal 
and TiC>2/ and are therefore likely to be derived from the volcanic source.
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4.10 Figure Captions

Figure 1  The East Kirkton Quarry, main section (photograph taken 
facing WSW). The scale figure is about 6  feet tall. Coloured, num bered 
dots on this figure indicate where the samples for whole rock analyses 
w ere taken. Orange dots represent strom atiform  carbonate samples 
(Group I); red  dots represent shale samples (Group II); yellow dots 
represent carbonate-rich tuff samples (Group III); green dots represent the 
shaley laminites (Group IV); and the blue dots are where carbonate-rich 
laminite samples were collected (Group V).

Figure 2  A plot of AI2O3 versus Ti0 2 -

Figure 3 Four images of one, rectangular grain of Titanium -oxide
pho tographed  using the SEM. The grey and w hite im age is the 
backscattered electron image from the SEM, and the other three indicate 
the concentrations of a variety of elements w ithin the image. In the 
top /le ft image red represents Si, and blue S; in the to p /rig h t image green 
represents Ti, and Ca is red; with the bottom /left image showing Fe in blue 
and A1 in red. It shows that the grain is predominantly Ti-rich.

Figure 4a A plot of AI2O3 versus K2O.

Figure 4b A plot of AI2O3 versus Na2 0 .

Figure 5 A plot of AI2O 3 versus SiC>2 ; the "Basalt Line" indicated on
this plot is derived from a ratio of AI2O 3 to SiC>2 from the values obtained 
for local Bathgate basalts, by Smedley (1986).

Figure 6 a A plot of AI2O3 versus CaO.

Figure 6b A plot of AI2O3 versus LOI.

Figure 7 A plot of AI2O 3 versus MgO; the "Basalt Line" indicated on
this plot is derived from a ratio of AI2O3 to MgO from the values obtained 
for local Bathgate basalts, by Smedley (1986).

Figure 8 A plot of AI2O3 versus Fetotal-
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Figure 9 A plot of MgO versus Festal; the "Basalt Line" indicated on 
this plot is derived from a ratio of MgO to Festal from the values obtained 
for local Bathgate basalts, by Smedley (1986).

Figure 1 0 a A plot of MnO versus CaO.

Figure 10b A plot of MnO versus LOI.

Figure 11a A plot of Si0 2  versus CaO; the "Mixing Line" indicated on 
this plot is derived from the relative am ount of Si0 2  in silica ( 1 0 0  wt.%) 
and the amount of CaO in caldte (56 wt.%), and a rough estimate of where 
concentrations of a mixture of the two phases w ould lie, between these 
two extreme values.

Figure l i b  A plot of Si0 2  versus LOI.

Figure 1 2  A plot of AI2O3 versus Ni, Zn and Cr.

Figure 13 A plot of K2O versus Rb.

Figure 14 A plot of Zr versus TiC>2 .

Figure 15 A plot of Sr versus CaO; the "Basalt Line" indicated on this 
plot is derived from a ratio of Sr to CaO from the values obtained for local 
Bathgate basalts, by Smedley (1986).

Table 1 (Group I - V) Five tables with the XRD results for each of the
five lithological groups.

Table 2 (Group.I - V) Five tables with the XRF results for each of the
five lithological groups.

Table 3 (a &b) Pearson Product - Moment Correlations for
(a) major element XRF analyses.
(b) mixed major and minor element XRF results
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5. CONCLUSIONS.

5.1 SUMMARY OF RESULTS.

5.1.1 Palaeoenvironment
The units which comprise regular lam inae, are typical of a lake 

deposit, reflecting a low energy environment. The preservation of organic 
m aterial, i.e. as fossils, and its occurrence in bitum inous shales, both 
associated w ith pyrite, suggests that anoxic conditions have occurred 
within this lake. This indicates that fluid circulation was restricted and the 
lake may have been stratified.

These periods of calm w ere in te rrup ted  by influxes of coarse 
volcanic tuff which formed thick units of m aterial which is sometimes 
graded. Much of this material is now believed to be epigenetic; i.e. lithified 
and reworked before its deposition in the East Kirkton lake (Durant, 1993). 
Most of these units have been permineralised by carbonate-rich fluids, and 
are consequently well cemented and indurated. It is thought that the 
intervals of volcanic activity m ay be responsible for triggering the syn- 
sedimentary slumping and faulting observed in the laminated units.

W ithin the lake, lenses of massive carbonate have formed. These 
lenses have a distinctive strom atiform  texture. The lower of the two 
lenses (referred to as the "mound", Chapter 4, Units 61-64) had originally 
an open texture; i.e it was quite vuggy. These vugs are now infilled, and 
the stromatiform carbonate is perm ineralised by m ultiple phases of silica 
and carbonate, with inclusions of bitumen in some vugs. This feature is 
considered to represent strom atolitic grow th around a hydrotherm al 
seepage. The upper lens, or the "channel" has a less vuggy texture and was 
not affected by such pervasive alteration. The quarry was cleared of rubble 
and soil (in the summer of 1992) and another lens very similar to the 
"mound" was revealed. It is found beneath the "channel", w ithin the 
same units as the "mound", and it may be a lateral continuation of this.

The other main feature of the lithology is the occurrence of chert 
w ithin the laminites. Prim ary chert lam inae m ay imply a hot-spring 
influence in this lacustrine environment. A biogenic source for the silica 
is ruled out; the silica does not appear to have come from the local 
volcanics and a M agadiite precursor is considered unlikely (Chapter 1). 
W ithin this setting of volcanic activity, a hot-spring hypothesis for the 
formation of chert laminae is quite possible. The reasons w hy the chert
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laminae are considered to be prim ary are given below.

5.1.2 Textures in Primary Silica Laminae.
The main features of the silica laminae which makes them appear 

prim ary are (pp. 2 1 -2 2 ): the syn-sedimentary slumping and faulting; pinch 
and swell textures; and borings within the silica. All these features appear 
to occcur in a phase which was able to deform  plastically w ithout 
fracturing. This was originally interpreted as a "gel"-like phase, but may 
equally have occurred within an unlithified, viscous, siliceous mud.

In some chert laminae there are euhedral carbonate rhombs, which 
appear to be suspended within the silica, and can even resemble a graded 
carbonate sedim ent which has settled through the silica. Chert laminae 
also preserve pellets, which have been interpreted as fecal pellets possibly 
from some sm all aquatic organism  (they may also be filaments of 
bacterial/algal origin). These pellets are preserved uncompacted. The 
original organic material has been replaced very early by the silica and this 
has prevented compaction destroying the organic detail. Organic material 
is generally better preserved w ithin the chert horizons than in the 
carbonate.

Dark brown chert, similar to that of the laminae, can also be found 
as isolated lenses within the tuff horizons. These small lenses often show 
plastic deformation, similar to that observed in the laminae. It is thought 
that these m ay be rip-up clasts incorporated w ithin the tuff due to the 
increased energy of the environm ent, associated w ith deposition of the 
tuffs.

5.13 Secondary Silica.
There are many phases of secondary silica and details are given in 

Chapter 3. Most of these are associated with the stromatiform "mound". 
In these samples, silica phases cut across carbonate textures, and often do 
not preserve any fine detail of the original texture. These phases are 
generally followed by the phases which infill the vugs, i.e. banded 
chalcedony, equant mega-quartz, bitumen and coarse calcite.

The zebraic chalcedony w ithin the vugs can form spherulitic 
features. The laminites contain num erous carbonate spherules, one of the 
unique features of the East Kirkton lithology. Spherulitic habits often 
occur in m ineral phases associated w ith hot-spring environments. The 
form ation of the carbonate spherules is considered to be biogenically 
m ediated (Walkden et a l , 1993) bu t it is possible that some feature of the
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East Kirkton lake fluids influences the formation of spherules in carbonate 
and chalcedony phases (Muir and Walton, 1957).

5.1.4 S18© and 5D Stable Isotope Analyses.
8 l s O was m easured for structural oxygen, Si-O, and 5D was 

measured for bound water, within the silicate structure. A range of values 
from +21 to +27%o was obtained for 8180  and these values were not related 
to different petrographic types of silica. 8 D values gave a range from -50 to 
-90%©, and it was observed that the lower 8 D values corresponded with 
those silica phases which were considered to be secondary (i.e. altered or 
repladve). The variation between the two groups of 8 D values was not 
related to the sample yield obtained during extraction.

W hen 8180  and 8 D results are plotted they are observed to form a 
tight isotopic, grouping which lies on the "Agate-line" (Fallick et a l , 1985). 
This indicates a similar origin for all the East Kirkton samples. That is, 
form ation from fluids w ith a strong meteoric w ater signature and at a 
tem perature of around 60°C, as deduced for the Scottish agates, from the 
results of which the "Agate-line" was derived.

From the fractionation factors of Fallick et al (1985), for isotopic 
fractionation of 8 l s O and 8 D betw een silica and w ater, the isotopic 
signature of the formation water is estimated. The lower Carboniferous 
meteoric water, from which the East Kirkton silica formed, had 5*80  of 
a round  -3%o, and 8 D of around -15%o. This is consistent with the 
palaeolatitude which is known to be close to the equator.

The lower 8 D values for the altered or replacive silica samples cause 
the results for these samples to plot below the "Agate-line". This appears 
to indicate that the 8 D from the structurally bound water in these samples 
has been reset by later flu ids w hich in teracted  w ith  these rocks 
(particularly, the m ost porous sample, EK 1.69 (w), for which duplicate 
8 180  results, could not be obtained).

5.1.5 Lithological Occurrences of Pyrite.
Pyrite was found in alm ost every type of lithological occurrence 

w ithin the East Kirkton succession. It was commonly found within silica 
and carbonate phases; associated with fossilised plant remains; and as 
disseminated nodules in shales and tuffs.
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5.1.6 S^S Stable Isotope Analyses.
8 34S was m easured for a variety of the pyrite samples and a wide 

range of values was obtained. 8 34S varied between + 8  and -34%o. Those 
sam ples which were associated with fossilised plant m aterial gave the 
lowest values (-26 to -36%o), and it is likely that the formation of this pyrite 
involved bacterial sulphate reduction.

There was an isotopic grouping for pyrite that had been extracted 
from nodules, centred around -18%o, and for chert laminae around 0%o. 

These results rule out closed system, marine sulphate reduction, but the 
pyrite  from  the chert sam ples m ay indicate a direct m agm atic or 
hydrotherm al source for the sulphur. The pyrite obtained from tuffaceous 
samples and carbonates had no apparent grouping.

5.1.7 Description of Whole Rock Samples Used in XRD and XRF Analyses.
Thirty-one whole rock samples were collected from a variety of 

different stratigraphic levels w ithin the East Kirkton Limestone. The 
Ethologies from which they were taken have been divided into five main 
categories.

Group I, were samples comprised of beige-coloured, stromatiform 
carbonate, probably formed by biogenic mediation. Group II samples were 
of organic-rich black shales, with lenses of friable volcanic tuff. Samples in 
Group HI were volcanic tuffs which had been permineralised by carbonate- 
rich fluids; these carbonate fluids have also created a hard , crystalline 
cement in these horizons. The Group IV samples are from horizons 
which contain mainly shaley laminites; they also contain occasional chert 
laminae and num erous carbonate spherules. Group V samples are also 
laminites, but these are mostly comprised of carbonate. The carbonate 
probably represents a late alteration of m uddy sediments by carbonate-rich 
fluids.

These sam ples were collected to reflect the range of types of 
deposition which had  occurred in this environm ent. The variety of 
sedimentary material which was transported into the lake, or precipitated 
out of solution on mixing with lake waters is also encompassed by these 
samples.
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5.1.8 XRD and XRF Analyses.
The analyses obtained for the sam ples described above were 

compared w ith results obtained for the local Bathgate Basalts (Smedley, 
1986). With so much of the East Kirkton succession comprised of volcanic 
material, it was thought that this would be the main source for most of the 
elements in the EKL samples. Any element which was enriched in the 
EKL samples would either be a product of fluids from a different source, or 
w ould require some process of enrichment, by which it could become 
concentrated in the East Kirkton lake.

The analyses show  that m ost elem ents, as suspected , had 
concentrations which were consistent w ith a local volcanic source. The 
only two major elements which showed significant enrichm ent, with 
respect to the basalt concentrations, were Si0 2  and CaO. One local source 
for these elements could be the Tyninghame or Gullane Formations's 
sediments which lie below the limestones and volcanic m aterial in the 
Bathgate Hills. It is suggested that hydrotherm al fluids, heated by the 
proximal volcanic activity, remobilised these elements from the sediments 
below. The effect of mixing the hydrotherm al fluids with the cooler lake 
waters, causes silica to precipitate and form the chert laminae, bu t the 
carbonate is precipitated via biogenic mediation.

Analyses of trace elements indicate that the East Kirkton samples 
have high strontium  values (760 - 6300ppm). The highest values were 
obtained from samples which contained spherules, and other forms of 
carbonate that are thought to be biogenic precipitates (Walkden et al, 1993). 
The Bathgate Basalts have relatively high values for Sr in basalts, but the 
values are considerably lower than those of the EKL sam ples. It is 
considered possible that biogenic processes may be sufficient to concentrate 
the Sr to these levels, but it is not possible from these data alone, to rule 
out some additional source of Sr, possibly from the underlying sediments.

The group of samples which were most generally enriched in trace 
elements, was Group n , the shale samples. This may be due to preferential 
adsorption of m any trace elements by clay m inerals, or the retentive 
properties of the clay minerals in the shales where the trace elements 
occur. Most trace elements correlate with AI2O3 , Festal and TiC>2 , and this 
appears to suggest that they are derived from the local volcanic source.
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5.2 COMPARISON OF CONCLUSIONS WITH ORIGINAL OBJECTIVES.

It is felt that this research has produced some very im portant results 
which help to define conditions of the East Kirkton palaeoenvironment. 
In particular, characterisation of the nature of the fluid involved in the 
precipitation of the silica phases, and the range of sources from which the 
sulphur in pyrite was derived. The preliminary XRD and XRF whole rock 
analyses characterise the five lithological groups that were sampled, and 
indicate that the main source of the elements found in the EKL, was the 
local volcanic material. These analyses indicate also the need to identify 
an additional source for calcareous and siliceous fluids.

The results are consistent with the hypotheses that hot-spring fluids 
influenced the lacustrine environment, and that the main fluids involved 
w ith this lake were meteoric rather than m arine. Research has not 
produced any evidence for precious, or base, metal mineralisation, and no 
contem porary lacustrine deposits were found that were form ed under 
similar conditions to those found at East Kirkton, or that had a definite 
hot-spring influence.

5.3 SUGGESTIONS FOR FUTURE WORK.

From the geochemical analyses that have been completed, for 
suites of East Kirkton samples, several areas have been identified in which 
the research could be further developed.

It is suggested that a 8 7 S r /86Sr fingerprint could be obtained from 
lithologies that are potential local sources of Sr. This could possibly test 
conclusively whether the Sr is derived from the local volcanic material; 
from  Lower Carboniferous sea water; or from  the sedim ents of the 
Tyningham e or Gullane Formations, which lie below  the EKL. This 
w ould be potentially useful for determing the source of the calcium in the 
carbonates as Sr behaves geochemically in a similar way to Ca.

There is also potential for gathering m ore isotopic data  from 
carbonate samples. Values obtained from previous analyses gave wide 
ranges, and it is felt that closer petrographic control, e.g. for spherules, 
could identify areas which had been neomorphosed by different carbonate 
fluids. It is possible to analyse carbonates on a micro-scale, and this may be 
required  for these sam ples. There are several potential sources for 
carbonate fluids in these samples and their individual influences might
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become clearer through further analyses of this type.
The nature and signature of the fluids influencing the East Kirkton 

environment, particularly those that were in equilibrium with the silica 
phases, may be confirmed by 8 lsO and 8 D analyses of kaolinite. The main 
difficulty that this will present is the extraction of the kaolinite from the 
shales and volcanic tuffs. It is also possible that the isotopic signature may 
have been reset by later diagenetic fluids.

Finally, it may be possible to analyse the 8 34S from the sulphate in 
gypsum  samples, or from w hole rock samples in which gypsum  
pseudom orphs are observed. If enough samples can be obtained for 
analyses, the results may determine whether the sulphate has undergone 
bacteriogenic fractionation, or has been precipitated in evaporitic 
conditions.
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APPENDIX A: DATA DESCRIPTION FROM XRD CHAPTER, 4.

Bold typeface for section titles, or parts of text that are interpretation.

GROUP I
Stromatiform/Buff Carbonate (samples 1,13,14,15,16,18,19,20.) 8  samples, see 
Table 1 (Group I) and Table 2 (Group I).

Sample 1 was collected from the stromatiform, carbonate coating around a fossil 
tree trunk, near the base of the quarry sequence, the base of Log 1 (top of NMS 
unit 77, see Appendix C). It is comprised of buff carbonate, some of which is 
quite coarse grained, and has a stromatiform habit, with a small radius. It has 
minor chert and possibly a little pyrite associated with preserved wood. From its 
XRD trace it contains mostly calcite and quartz, with a small peak indicating a 
mixture of ankerite and dolomite, and a very small peak for pyrite.

Sample 1 , has high Si0 2  (41.87% > and has CaO (26.42%), which is the 
lowest concentration of this group. CCb appears to be around 2 0 %; LOI was 
measured to be 22.75%; and expected CCb is 20.76% - calculated from CaO 
which, it is assumed, occurs mainly as carbonate. This indicates that there is a 
fairly high proportion of calcite in this rock with little CO2  that is not involved in 
this phase, confirmed by the ratio of the XRD peaks for calcite and 
ankerite/dolomite. It has also 0.7% AI2 O 3 , 1.21% Fe2 0 3 , 1.08% FeO and 1.6% 
MgO, all of which are moderate concentrations for this grouping, and which are 
probably components of the ankerite/dolomite and pyrite that are indicated to be 
present from minor XRD peaks; there is also the suggestion of a chlorite phase 
present, but the XRD peak is very small. The sample has the lowest CaO for this 
group, but with calcium carbonate at about 45%, it shows that this group is 
carbonate-rich. Samples 13 and 16 have similarly high Si02 and low CaO, both 
samples were collected from the extremities of the "mound".

This sample has the most enriched minor element chemistry of the group, 
especially for the elements Sr (5131ppm or 0.51%) and Ba (272ppm), and also 
high Zr (1 0 2 ppm). Sample 1 has also highest group values for Ce (15ppm), Co 
(8 ppm), Cu (19ppm), Ga (7ppm) and Ni (26ppm), all of these, though highest for 
the group, only amount to trace concentrations and are of little significance.

Sr is expected to correlate w ith calcite yet this Sr-rich sam ple has lowest 
CaO for Group I, this seems to suggest that there is another factor influencing
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Sr concentration. ^(According to analyses by  G. Walkden, spherule calcite 
- 1 .6 % Sr, rhombohedral calcite ~1.3% Sr, pore filling radial fibrous calcite 
-1.0% Sr, and botryoidal cements -1.0% Sr)* Ba is highest in the black 
shales/ash group, so perhaps the Ba enrichment in this sample is related to a 
minor ash component in the sample.

Sample 13 is one four samples collected from the "mound" (within NMS units 61- 
64), and comes from its north eastern end. It is typical, petrographically, of this 
upper end of the mound, with buff coloured carbonate and a network of vugs 
infilled by porcellanous white silica, coarse crystalline carbonate, microcrystalline 
quartz  and minor bitumen. The sample shows little of the distinctive 
stromatiform texture. There are only two elements in its composition that 
comprise over 1%, i.e. Si0 2  30.06% and CaO 38.27%. Measured CO2  was 28.92%, 
and LOI 30.78%, which correlate with CO2  calculated from CaO content (30.07%), 
it can therefore be seen that this specimen is mainly comprised of calcite and 
quartz. The XRD trace confirms this and shows a very small peak suggesting a 
mixture of ankerite and dolomite is present, in trace quantities; this sample has 
the lowest FeO and MgO contents of all 31 samples. The minor element 
concentrations in this sample are very low, i.e. all below lOppm, except for Sr 
(1108ppm), Ba (67ppm) and Zr (29ppm).

Considering the petrographic texture of the stromatiform carbonate in 
this "mound" the high SiC> 2  in this sample and sample 16 are probably due to 
either veining or a high vuggy porosity, infilled by silica phases. These 
elements (Sr, Ba, Zr) may be ubiquitous to all East Kirkton rock types, as are 
calcite and quartz suggesting some correlation between them, most probably 
with the carbonate phase. The carbonate in this sample (13) appears relatively 
compatible with these elements, though less so than other samples of the same 
group.

Sample 14 is from the central portion of the "mound" (within NMS units 61-64), 
close to an area that was strongly veined, by quartz, bitumen and calcite. It has a 
powdery appearance, is very pale coloured and has more of a spherulitic texture 
than stromatiform, with many vugs of silica, carbonate and a little bitumen. Its 
chemistry is mostly dominated by carbonate phases, CaO (38.15%), CO2  (37.54%) 
and LOI (39.57%). This sample has calcite and ankerite according to the XRD 
trace, which corresponds with the variation between calculated CO2  (29.98%) and
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measured CO2 /LOI of about 9.5%, because the calculated CO2  only accounts for 
calcium carbonate and there is excess CO 2  in  this sample, more than is 
required to form calcite. The presence of other carbonate phases is also reflected 
by high concentrations of the following elements MgO (7.32%), FeO(3.81%), 
Fe2 C>3 (0 .5 4 %), MnO (0.4%). The MnO (0.4%) for sample 14 is the highest for any 
East Kirkton sample, and appears to occur in carbonate-rich samples.

The elements Sr (763ppm), Ba (26ppm) and Zr (20ppm) are more depleted 
in this sample than any other East Kirkton sample (except for sample 31, a 
laminite, which has lower Zr, 16ppm). Other elements occur in concentrations of 
less than 7ppm, except Ni at 13ppm.

Samples 14 & 15 both have low Si0 2  (11.94% Si02 for sample 14) and 
high CaO. Sample 14 has slightly lower CaO content than sample 15, though 
equally  h igh  CO 2  and LOI - they both have a roughly equal amount of

1

carbonate, but in sample 14 there is ankerite as well as calcite, with sample 15 
it is purer calcite - the difference between calculated CO2  and measured 
CO 2 /LOI for each sample, 9.59% for sample 14 and 1.98% for sample 15, also 
gives an indication of which sample has more calcite. The MnO (0.4%) for 
sample 14 is the highest for any East Kirkton sample, and would appear to 
occur in carbonate samples rather than with chlorite, it may contribute to the 
unique buff colouring of so much of the carbonate. Sample 14 is unusual 
because it has carbonate with more of an ankerite composition, than other 
samples which have dolomite or a mixture of the two. It was also collected 
close to pervasive carbonate veining. These factors suggest that (i) the ankerite 
is less attractive to these elements than other carbonate phases, (ii) perhaps 
these later carbonate fluids in the veins had a source that was not influenced 
by the local Sr enriched volcanics, or even (iii) that the later veining could have 
leached/depleted Sr, Ba and Zr from the stromatiform carbonate.

Sample 15, from the centre, of the top of the "mound" (within NMS units 61-64), 
is a more heterogeneous sample including; chloritic, ashy material; organic-rich 
patches; buff coloured stromatiform carbonate; and a matrix of coarse crystalline 
carbonate, quite dark brown in colour. It is predominantly comprised of calcite, 
CaO(50.21%), measured C02(36.82%) and LOI(41.43%) with a calculated CO2  of 
39.45%. It appears to contain more dolomite (possibly ferroan) than it does 
quartz. Of the "mound samples", sample 15 has the highest concentrations of 
TiO2(0.16%) and Al2 O 3 (0.77%); high Fe2O3(0.31%), FeO(1.44%), MgO(1.89%),
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N a 2 O(0 .5 4 %), and K2 O(0 .2 %). It is most similar to sample 14 for CaO, Si0 2 , Fe 
total, and MgO; but is also comparable to the AI2 O 3  for samples 1 and 18. Sr 
(2030ppm), Ba (77ppm) and Zr (80ppm) are most concentrated in this "mound" 
sample, compared to samples 13,14 & 16. Other minor elements occur in trace 
quantities, but are also more enriched for sample 15 than the other three.

Although the carbonate is quite pure calcite, the sam ple (15) has small 
inclusions of m inerals more commonly found  in the shale and ash groups. 
This is likely because sample 15 was taken from the top of the mound, just 
below  the ash layer which covers it, and may also be due to the heterogeneity 
of the sample. It is also likely  that the sm all am ount of volcanic material 
incorporated in this sample is responsible for its slight enrichm ent in trace 
elements.

Sample 16 is the fourth "mound" sample, and came from the thin, southern end 
which consists of buff, stromatiform carbonate with banded chalcedony and very 
coarse carbonate in the ubiquitous vugs, and patches of blue/grey chert. The 
mound (within NMS units 61-64) appears to be faulted here and the area is quite 
highly veined. The sample has the highest SiCH concentration for this group 
(44.89%) and low CaO (28.42%), mostly as calcite since CO2  (21.36%), LOI 
(24.00%) are similar to calculated CO2  (22.33%). Most of the other elements in 
this sample occur in very small amounts (less than 0.1%) except MnO(0.14%), 
Na2O(0.24%), FeO(0.84%) and MgO(1.36%). The MgO and FeO may both exist in 
the dolomite phase (probably ferroan) that can be observed from the XRD trace. 
The Si0 2  and CaO content occurs in similar proportions to sample 1 and the less 
extreme sample 3. This sample has relatively low Sr (1525ppm), Ba (49ppm) and 
Zr (46ppm) and has no other minor element concentration greater than lOppm.

The h igh  percentage of quartz in th is "carbonate” sam ple is again 
suggestive of a very vuggy texture or some silicification by fluids that could be 
associated w ith the local faulting. It is sim ilar to sam ples 1 & 13 for its high 
S i0 2 / and sample 13 for its general lack of enrichm ent in any other elements. 
Since it is quartz rich and contains no suggestion of chlorite or clay minerals, 
the theory that - the trace elem ents are p referen tially  partitioned into the 
weathered ferro-magnesian m inerals and, to a lesser extent, carbonate phases - 
is confirmed.
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Sample 18, like samples 19 & 20, was taken from a second massive, stromatiform 
carbonate lens, located higher up the quarry sequence (probably from NMS units 
38/39, partially overgrown in places). This second lens is cut by fewer veins and 
has less vuggy porosity; sample 18 was taken from its centre and is comprised of 
fine grained, pale-beige coloured carbonate, with some shaley patches, some 
areas of coarse carbonate and a texture that is sometimes like a breccia.

This sample is mainly calcite, CaO(46.36%); but CC>2(39.96%) and 
LOI(41.45%) are higher than calculated CCb of 36.43%, which indicates that 
another carbonate phase is present. From the XRD trace the second carbonate 
phase appears to be closer to the dolomite peak position than ankerite, and it has 
produced a higher peak than quartz for this sample, which has very low 
SiC>2(6.38%). It is probably a ferroan dolomite, since FeO(1.82%), Fe2 C>3 (0 .5 9 %) 
and MgO(2.78%) are high, for a Group I sample. The sample includes small 
quantities of Al2 O3 (0 .8 8 %), MnO(0.21%), Na2O(0.31%) and K2O(0.25%). Most of 
these are relatively high for a sample that is so carbonate-rich, and suggests that 
some volcanic material is incorporated in the sample, possibly from shaley 
partings in this sample. Its high AI2 O3  compares only with samples 1 &15, but 
its Si0 2  and calcite/dolomite content, compare well with other samples from 
the same carbonate lens.

Sample 18 has moderate Sr (2110ppm), low Ba (49ppm) and the highest Zr 
(114ppm) and high Cr (5ppm), Ni (2 0 ppm) and Zn (31ppm), for this group. This 
sample may include small amounts of volcanic material, and though this has 
not affected the concentration of Sr or Ba, it may be partially responsible for 
the small enrichment in Zn, Ni and Cr, elements that may be incorporated in a 
chlorite phase. These three elements are not enriched in the other two samples 
from the same lens.

Sample 19 is from the southern end of this lens (from NMS units 38/39), where it 
thins out and becomes less than lm  thick. It exhibits a good stromatiform texture 
which is exaggerated by preferential weathering of interlayer material, leaving a 
thin pale carbonate parting, which highlights the sub-spherical, concentric 
texture. In unweathered areas of the sample a mid-brown, coarse-grained 
carbonate phase is observed between paler partings. This may be the original 
interlaver material, partially removed by weathering or an infilling/replacement. 
The sample is comprised mostly of calcite (CaO 43.13%) and a mixture of ankerite 
and dolomite (MgO 5.40%, FeO 2.86%), which produced an XRD peak that was
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almost off the trace, (larger than for the other two samples from the same lens); 
like samples 14 & 18 there is a significant difference between measured 
CO2(38.80%), or LOI(42.19%), and calculated 002(33.89%), caused by the 
presence of a second carbonate phase. Na2 <D (0.37%) is also fairly high in this 
sample, but unlike sample 18, few of the other elements show any enrichment 
above 0.1% except Fe2 O3 (0 .5 7 %) and MnO (0.30%). The low Si0 2  (6.36%) in this 
sample is typical of the three, second-lens, samples.

There is little variation between the minor element concentrations for 
samples 18,19 & 20, though sample 19 appears to have marginally lower values 
for most elements than the other two. It has lowest Sr (2041ppm), Ba (41ppm) 
and Zr (39ppm), with only Th (llppm ), of the remaining minor elements, above 
lOppm.

Sample 2 0  was collected to the northern end of the lens (from NMS units 38/39), 
where the rock was more strongly fractured (recent feature). Formed from buff- 
coloured, coarse-crystalline carbonate, it has an indistinct stromatiform texture 
and occasional organic-rich patches which appear to be associated with fractures. 
It has the highest CaO for this group (51.97%) forming fairly pure calcite - since 
0 0 2 (3 9 .57%) and LOI (41.90%) have values similar to calculated 002(40.83%) - 
S iO 2 (6 .0 0 %) is very low, and none of the other elements have greater 
concentration than 1 %.

The XRD trace shows a very small peak for dolomite, and, 
correspondinglv, the chemistry shows MgO(0.77%) and FeO(0.46%) to be the 
onlv elements with greater than 0 .2 %; also indicating how little dolomite is 
actually present. When compared to samples 18 & 19, sample 20 has higher Sr 
(2228ppm) and Ba (65ppm), with moderate Zr (52ppm). It is possible that the 
h igher Sr coincides w ith  the h igher calcite content, Sr is commonly 
incorporated into a calcite phase; but this sample has half the quantity of Sr 
that occurred in sample 1 , which contained less calcite, but probably more 
volcanic material.
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GROUP II
Black Shale/Ash (samples 2,3,10,11,12,25). 6  samples, see Table 1 (Group II) and 
Table 2  (Group II).

Sample 2  was collected from above the carbonate-coated, fossilised tree trunk 
(sample 1), from a finely laminated, organic-rich shale horizon (NMS units 
76/77), which contained lenses of coarse volcanic ash; the material selected for 
crushing was the black shale, avoiding the coarse ash. It is expected to be 
geochemically similar to sample 3, which was collected from the same unit but 
contains slightly more ash.

The dominant element oxide in this sample is SiCb (37.68%), occurring as 
quartz which has the strongest XRD trace. The other main phases observed from 
the XRD analysis are calcite, chlorite and kaolinite, and a clay peak at about 11A 
which shows characteristics, on glycolation and heating, of an illite-smectite 
mixed layer clay. Al20 3 (14.13%), FeO (15.33%), MgO (6.81%) and Fe2 0 3 (2.94%) 
are the main elements in this sample, including low CaO (7.38%). High A12 0 3 

will relate to chlorite and the clay phases. Chlorite will also account for much 
of the FeO and MgO, but it does not appear to contain MnO, as this sample has 
only 0.03% MnO (one of the lowest values for MnO in all 31 samples). This 
sample has no dolomite on its XRD trace (although others in the group have) 
but it has the highest MgO, so the percentage of chlorite and clay phases 
occurring in this sample will control the concentration of MgO, and probably 
FeO too. Chlorite and smectite group clays, enriched in FeO and MgO, are 
typical weathering products of basic volcanic material. The XRD shows calcite 
with the second highest peak on the trace, but it has only 7.39% CaO; C 0 2 

(9.75%) and LOI (13%), vary by a few percent from calculated C 0 2 (5.80%) 
suggesting that there is (i) another carbonate phase present, besides calcite, or 
(ii) that there may be other volatile phases contributing to the LOI total e.g. 
organic carbon and water. The lack of calcite or other carbonate phases in this 
horizon may indicate that there has been no replacement or alteration by later 
carbonate fluids, and apparently there was only a little carbonate present when 
this horizon was being formed. When comparing major element analyses, 
sample 2 is actually most similar to sample 25, but samples 2, 3 & 12, from the 
same horizon, have similar moderate concentrations of trace elements.

The minor elements are moderately depleted in this sample relative to the 
other shales (except sample 12); Sr (1365ppm), Ba (202ppm) and Zr (127ppm), but
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enriched when compared to carbonate-rich samples. The most enriched element 
is Ni (131ppm - highest for the group), with Cr (79ppm) quite high and moderate 
Zn (56ppm). These elements will probably be included in the chlorite phase. 
These three elements are not proportionately enriched or depleted in Group II; 
they are similar in samples 2 & 3 (i.e. Ni highest), but for samples 10 & 1 1 , Ni is 
lower but Cr and Zn are more enriched. This may reflect a variation in the 
composition of the chlorite phase.

Sample 3 is a very black shale with interbedded, fine-grained ash layers, that 
were a greenish, chloritic colour, and also contains small, buff-coloured 
spherules. It was collected from the horizon above the friable shale of sample 2 
(NMS unit 76); sample 3 is well cemented by a carbonate phase and is quite 
indurated. It is comprised of 50.86% SiCb, mostly as quartz, and the other main 
phase is calcite; the sample has 14.87% CaO from which CO? (as calcite) was 
calculated as 11.68%, this is lower than measured LOI (20%). The difference in 
LOI and calculated C 0 2, was similar for this sample and samples 2 , 12, and 25 
(measured C 0 2  of 27.50%, was considered to be an inaccurate result and difficult 
to duplicate, LOI was more reliable). Small XRD peaks occur for chlorite and 
kaolin, with very small peaks for clay (again an 11 A clay, showing characteristics 
of a mixed layer illite-smectite clay) dolomite and potassium feldspar. These 
phases will account for the 5% A12 0 3, 3.26% FeO, 2.03% MgO and 1.27% Fe2 0 3. 
The element concentrations (AI2 O 3 , Fe total and MgO) are the lowest for this 
group and appear to be more comparable with the concentrations for these 
elements in the Carbonate-rich ash group (although dissim ilar in other 
respects).

The small peak on the XRD trace for potassium-feldspar corresponds to 
the 1.3% K20  in this sample, though the potassium could also be associated with 
clay phases (e.g. illite). Potassium feldspar is an unusual component for 
basaltic ashes, and illite is unusual as a weathering product of basaltic ash, but 
if the feldspar has been present it could be the source of the illite (in the illite- 
smectite mixed layer clay phase). Sample 3, collected close to sample 2  has 
considerably less chlorite, the ashy material is much paler in colour, and does 
not have such a strong greenish colour. Most of the geochemical variation 
between samples 2 & 3, is due to the amount of volcanic material that they 
contain.
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The correlation between CaO and Sr (3081ppm) is observed for Group II's 
chemistry; i.e. sample 3 has the second highest concentration of CaO and the 
second highest Sr component. This sample and sample 10 have the largest 
percentages of volcanic ash, in hand specimen, and both have high values for 
CaO and Sr. Ba (347ppm) is also quite high, Zr (142ppm) and Ni (102ppm) 
moderate with Cr (44ppm) and Zn (41ppm) quite low. This sample has low 
AI2 O 3 and contains little chlorite, this is thought to influence Cr, Ni and Zn 
concentrations. The small quantity of chlorite that is present in this sample 
appears to be relatively Ni-rich, compared w ith the more Cr/Zn-rich chlorites 
of the shaley horizon further up the sequence. Samples 2 , 3 and 1 2  have high 
Ni relative to Cr and Zn; but samples 10,11 and 25 have high Cr, quite high Ni 
and a Zn concentration that is lower than Cr or Ni, but is higher than the Zn 
concentration for samples 2, 3 and 12 (and for any other sample).

Sample 1 0 , was collected together with sample 1 1 , from a friable horizon (NMS 
unit 42) that passed from chloritic, ashy shale (sample 10) into black shale 
(sample 1 1 ). Sample 10 has clasts of 2-3mm size and some larger clasts of 1 cm 
size, it is poorly sorted, weakly bedded with no apparent gradation, and it is very 
poorly cemented. Clasts occur in a matrix of dark shale, and generally appear to 
be of altered volcanic material; rusty by iron staining, green and chloritic or, 
commonly, white and powdery, probably including kaolinite.

This sample has 27.S6% SiCb and 27.12% CaO, which represents the lowest 
Si0 2  for this group, but the highest CaO and probably highest calcite since the 
LOI for this sample is 24.26%, quite close to calculated CO2  (21.31%). It has 
quite high TK> (1.31%) which is probably of local volcanic derivation (highest 
for group); moderate AI2 O 3 (9.09%), FeO (5.42%), MgO (3.19%) and Fe2 C>3 

(1.48%) will occur in the chlorite/kaolinite and clay phases observed from the 
XRD trace (clay peak is at 11 A, and is probably a mixed-layer illite-smectite clay), 
and possibly in a mixed ankerite/dolomite phase, which had a very small peak. 
The clay composition also contains K2 O (1.68%) and to a lesser extent Na2 0  

(0.40%). K2 O is especially enriched in samples 10 & 11 and may correlate with 
a small peak at potassium feldspar on the XRD trace, shown by both samples. 
The P2 O5 content of the sample, 0.35% (same in sample 11), is the highest for any 
analysed East Kirkton sample, and suggests that there is either apatite in this
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horizon, or fossil bone (though not coarse enough to be observed in hand 
specimen).

Sr (3591 ppm), Ba (397ppm) and Zr (233ppm), are relatively enriched in 
this sample, which has a correspondingly high CaO content. The chlorite phase 
appears to be dominated by Cr (131ppm) rather than Ni (79ppm) or Zn (71 ppm), 
and this may relate to local variations in the composition of the chlorite phase. 
Ce (69ppm), Cu (33ppm), La (30ppm) and Y (21ppm) are also enriched compared 
with concentrations in other East Kirkton samples, only samples 11 and 25 have 
equal or higher concentrations for these elements.

Sam ple 11, was collected close to sample 10 and from the same horizon as 
sample 25 (NMS unit 42), and is a black shale with fine-grained ashy lenses, in 
which the ash fragments are often chloritic. Sample 11 has higher SiC>2(34.62%) 
and lower CaO (13.98%) than 1 0 , but with very similar, high values for 
Ti0 2 (1 .5 5 %), P2 O5 (0.35%), moderate Fe2 0 3 (2.12%), FeO(5.28%), MgO(3.29%); 3% 
higher A12 0 3  (11.92%), and higher Na2O(0.84%) and K20(2.78%). The XRD trace 
for sample 1 1  shows predominantly calcite and quartz, and more of the 
po tass ium -fe ldspar  and clay phases (kaolin, a 10.9A mixed layer clav 
component, probably illite-smectite, and a little chlorite) than in sample 10. This 
accounts for its higher AI2 O 3 and K2 O, and is partially accountable for the 
large discrepancy between the calculated CO 2  (10.98%) and LOI (22.35%) 
values for this sample, through the water content of the clays (oxidation of 
organic matter will contribute to the LOI total and minor CO 2  will also be 
associated with the small quantity of ankerite that is present in the sample). 
Both samples have low MnO, sample 1 1  especially with only 0.01%.

Samples 10, 11 & 25 have high minor element concentrations: Sr
(2477ppm), Ba (460ppm) and Zr (228ppm). Sample 1 1  has the third highest 
percentage of CaO for the shale group and the third highest Sr content. Cr 
(lOOppm), Ni (102ppm) and Zn (79ppm) are all enriched in sample 11 and will 
probably be incorporated in the chlorite, or smectite phase. Cr and Zn appear 
to be more enriched than Ni, relative to the concentrations of these elements in 
most other shale samples, but in similar proportion to sample 10. Sample 11 
has also relatively high Rb (123ppm) which may correlate with its high K2 O 
(2.8%) content, though sample 25 has Rb 122ppm and K2 O of only 0.24%.
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Sample 1 2  was a well-laminated, fine-grained, organic-rich, black shale, that 
coated a small stromatiform, carbonate lens (NMS unit SO, now buried), close to 
the main "mound" (NMS units 61-64). This sample has the highest SiCb for 
Group II (60.25%) - highest of all the East Kirkton samples except for the chert, 
sample 6  - and is obviously dominated by quartz. As might be expected of a 
sample with high SiCb, sample 1 2  has correspondingly low CaO and LOI, it 
contains only 6 .8 8 % CaO; this gives a calculated CO2  of 5.41%, which accounts 
for only a third of the LOI total of 15% (measured CO2  is 22.78% and appears to 
be inaccurate). The presence, on the XRD trace, of kaolinite and a little 
chlorite, clay (probably an 11A mixed layer illite-smectite phase) and 
ankerite/dolomite, may account for some of the LOI total, as will oxidation of 
organic  carbon. It has very little TiO2(0.61%), and low A b 0 3 (5 .1 9 %), 
FeO(5.27%), and MgO(2.18%), elements that are likely to be found in the 
chlorite, clay and ankerite/dolomite phases. It may be that these phases were 
not so well developed in this horizon, or possibly, that they were replaced or 
altered by later fluids. In this sample, because of the high silica content, it 
would appear that any later fluids were Si0 2  enriched. Its high Si0 2 , low 
Ti0 2 , AI2 O3 , FeO and MgO, are comparable with sample 3 (50%)

This sample is least enriched in trace elements for the shale/ash group, 
though relative to the other, four, lithological groups it is enriched in minor 
elements. This may correspond to a lower percentage of chlorite and clay for 
this sam ple than was observed for the other shales (possibly due to 
silicification as indicated by its high silica content). It may be that without 
chlorite and clay there is less opportunity for the lattice substitutions which 
accommodate the minor elements. The elements Cr, Zn, and Ni, that are most 
likely  to be associated w ith  the chlorite phase are also in very low 
concentration in this sample, like the chlorite.

Sample 25 is a lateral equivalent of samples 10 & 11 (NMS unit 42). It is a well- 
laminated, fairly-fissile black shale, containing none of the coarser ashy material, 
often observe in other shale group samples (e.g. sample 3 & 10). Samples 10,11 & 
25 were taken from a horizon that was relatively continuous compared with the 
common, but often extreme pinching and swelling of these friable ash-shale 
lithologies.
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Sample 25 has higher Si02(38.74%) than the other two samples ( 1 0  & 1 1 ), 
and lower CaO(8.64%), but considerably more chlorite - A b 0 3(14.66%), 
FeO(10.64%), MgO(5.05%), Fe2 0 3 (2 .4 5 %). Its XRD trace shows quartz as the 
dominant phase, then chlorite, clay (a 10.9A mixed layer illite-smectite phase) 
and then calcite. This sample also shows a large discrepancy between 
calculated CCb (6.79%) and LOI (15.8%), and like the other shale samples, 
contains FbO-rich phases e.g. clay and chlorite, and a small quantity of a 
second carbonate phase, probably a mixture of dolomite and ankerite. In 
common with samples 1 0  & 1 1 , it has high Ti02(1.27%) and relatively high 
PzO5(0.25%), this may be a geochemical signature, common to samples in this 
horizon, i.e. elevated titanium and phosphate.

Samples 10,11 & 25 are all very enriched in minor elements, sample 25 has 
the highest Ba (465ppm) and Zr (235ppm) for the group, though its Sr is rather 
lower (1313ppm), which may correspond to its lower CaO content. It also has 
highest Ce (8 6 ppm), Co (44ppm), Ga (22ppm), La (41ppm), Pb (12ppm) and Rb 
(122ppm), and relatively high Cu (38ppm), Cr (94ppm), Ni (119ppm) and Zn 
(76ppm) too. Elements Ni, Zn and Cr are probably from the chlorite phase, 
other elements may also occur in chlorite or within clay or possibly carbonate 
phases.

GROUP III
Carbonate-rich Volcanic Ash (samples 4,9,23,24). 4 samples, see Table 1 (Group 
III) and Table 2 (Group III).

Major Element Analyses.
Sample 4 was collected from the horizon above Group Il-samples 2 & 3 (NMS 
unit 75), and consists of chloritic ash, that has been permineralised by a carbonate 
phase, and has predominantly pale-green, chloritic, volcanic clasts and small 
(buff), carbonate spherules (5mm). It is geochemicallv dominated by calcite with 
high CaO (40%), this gives a calculated CO 2  content of 31.16%, and measured 
C O 2 was around 30%, LOI 33.7%, indicating that calcite is the dominant 
carbonate phase, and that there is little organic carbon or water present in this 
sample. There was a corespondingly pronounced calcite peak in the XRD trace, 
with only small XRD peaks for quartz, chlorite, a mixture of dolomite and 
ankerite, and possibly some kaolinite and plagioclase feldspar. The sample has 
low Si0 2  (12.13%), which reflects the small XRD peak for quartz, but there will
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also be some silica in the chlorite, kaolinite and piagioclase feldspar. These 
latter phases will also contain the 4.27% AI2 O 3 , which is the highest value for 
Group III. Chlorite, and to a lesser extent the dolomite/ankerite phase, will 
account for the 4.4% FeO and 2 .8 % MgO; this is not an especially high value 
for MgO, and may indicate that both mineral phases are relatively iron-rich. 
The MnO concentration of 0.14% is quite low for a carbonated ash sample, but 
relatively h igh compared w ith the MnO in the black shales - possibly 
suggesting that the manganese is found w ithin the carbonate phases rather 
than in chlorite.

The 0.78% TiCb is highest in sample 4 (for Group III) and it is assumed 
that this component will have been derived from ferro-magnesian minerals in 
the local volcanics, and, that its concentration in the East Kirkton samples will 
be determined by its relative concentration in the contemporary basalts/ashes 
from which the sediments were derived. The sample has also the highest P2 O 5 

composition, suggesting the existence of fossil bone remains in this horizon, in 
small quantities. It should also be noted that sample 4 and sample 24 are 
geochemically similar; for TiCb, AI2 O 3 , Fe2 C>3 , FeO, MnO and MgO major 
element proportions (not for CaO and Si0 2 , for which sample 4 is best compared 
to 23) and enrichment in trace elements. Samples 4 and 24 were collected from 
the same horizon in order that lateral variations could be observed, see 
description of sample 24.

This sample is has some of the largest concentrations of trace elements 
within this lithological group (as for sample 24). In sample 4, elements 
Ce(30ppm), Ga (llppm ), La (30ppm) and Rb (17ppm) have the group's highest 
values; Cr (56ppm), Ni (52ppm) and Zn (37ppm) also in very high quantities are 
probably related to the high chlorite content of the sample. There is also high 
Sr (3887ppm), Ba(194ppm) and Zr(153ppm), which may relate to the high CaO 
and calcite enrichment, but other sam ples in this group have higher 
CaO/calcite content and have lower values for Sr, Ba, & Zr (e.g. sample 9 & 23). 
Minor amounts of piagioclase were noted from the XRD trace and this phase, 
too may contain Ba (±Ce, La, Rb).

Sample 9; this sample was collected from the upper part of Log 1 (NMS unit 51, 
from the same unit as sample 27), below the horizon where shale/ash samples 10 
&11 were found. It is a sample of indurated, ash with a coarse-crystalline, 
carbonate-rich matrix, which is quite shaley in some areas. Clasts are comprised
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of thin, white, discontinuous laminae (either silica or kaolinite), pale-green, 
powdery volcanic clasts and organic material. It was sam pled close to a 
carbonate vein, and may thus be particularly carbonate enriched. Sample 9  has 
the lowest SiCb content for its group (9.39%) but has the highest CaO (46.61%) (in 
Group III, especially, there seems to be a balance between SiOz and CaO, i.e. 
where one element is enriched the other is proportionately depleted). A strong 
calcium carbonate presence is indicated by the group’s highest LOI. (38.26%), 
which compares closely with the calculated CO 2  value (36.62%).

The XRD confirms the dominance of the calcite mineralogy (the major 
peaks on the trace all relate to calcite), with minor quantities of quartz, a mixture 
of ankerite and dolomite, and chlorite (± kaolinite). These secondary peaks are 
of relatively little importance in the geochemical balance of this sample since, 
for its group, it has lowest concentrations of Fez0 3  (0.49%), FeO (2.42%) and 
MgO (1.64%). It also has only minor amounts of TiOz (0.31%), AI2 O3  (1.87%) and 
MnO (0.15%), but has highest percentages of NazO (0.74%) and K2 O (0.28%), 
which would suggest some m inor feldspar component, though none was 
apparent on the XRD trace. Samples 10 &11 from the horizon above also have 
high NazO and KzO contents, so this slight enrichment in sample 9 may be a 
localised feature, perhaps related to the volcanic source.

Sample 9 is a relatively unenriched sample, bearing little resemblance to 
shales 10 & 11. Sr (2548ppm), Ba(127ppm) and Zr (89ppm) have only moderate 
concentration in this, the sample with the most calcite (in Group III), which 
suggests strongly that calcite composition is not the lim iting factor for Sr 
content in these carbonate-rich ashes (see also samples 4 &24). The sample has 
very low values for Cr (19ppm), Ni (ISppm) and Zn (15ppm), corresponding to 
a lack of chlorite development.

Sample 23 is a sample collected from the base of the quarry sequence, but on the 
eastern side of the quarry next to a small stromatiform carbonate mound (now 
backfilled by debris from new quarry excavations). The sample is indurated ash 
of pale coloured, sometimes chloritic, volcanic clasts, small, (buff), carbonate 
spherules, occasional organic material, chert patches and a matrix which is 
mostly carbonate enriched, but can be shaley. It has relatively low SiCb (12.70%) 
and quite high CaO (39.64%), similar proportions to those for sample 4, which 
was also collected from the lower part of the sequence, and quite close to the 
main carbonate ’’m ound”. Sample 23, however does not show any XRD trace of
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chlorite (which is present in sample 4), but shows a significant XRD peak for 
ankerite, a low quartz peak, and a little pyrite (this peak is possibly exaggerated 
by a nearby ankerite peak). Measured LOI (37.59%) is h igh relative to 
calculated CO2  (31.15%) because of the presence of ankerite. This is confirmed 
w hen CaO and LOI are compared for samples 23 and 4; CaO values are very 
similar, but LOI is 4% higher for sample 23 which contains the ankerite phase, 
lower in sample 4, which has purer calcite. The relatively high concentrations 
of FeO (2.97%), Fe2 0 3  (1.03%) and MgO (4.31%) (highest concentration for this 
group) will mostly be associated with the ankerite phase, though they might 
seem to suggest a potential for formation of chlorite. A low value for AI2 O 3 

(0.59%) is also consistent with the absence of chlorite. The sample has highest 
MnO (0.46%) for the group, suggesting that this element is found in carbonates 
rather than chlorite.

Sample 23 is the least enriched sample for most of the minor elements; 
this may possibly correlate with its low AI2 O 3 value, indicating the phases 
with which these trace elements are associated (chlorite and clays, see Group 
II). It has the lowest values for Sr (1527ppm), Ba(lOOppm), Zr(56ppm) which 
can be associated with carbonate phases, although this sample contains mostly 
carbonate; lowest Cr (5ppm) and Zn (5ppm) that occur with chlorite; and lowest 
Ce (6 ppm), Ga (4ppm), La (16ppm), Rb (lOppm) and Y (llppm ). This sample 
has quite a high ankerite content, and this may account partially for the lack of 
Sr in the carbonate phases (Sr being less likely to substitute into the ankerite 
lattice than a calcite lattice).

Sample 24 is the lateral equivalent of sample 4, both were collected from the base 
of the sequence (NMS unit 75), though there is more friable shaley material 
around the site where sample 4 was collected than for sample 24. It is an 
indurated chloritic ash with small (buff) carbonate spherules (2 mm), larger 
stromatiform spherules (3-4cm across) and a carbonate-rich matrix, which is 
sometimes shaley and can be weakly laminated.

The main difference between samples 4 and 24, is the balance between 
SiC>2 CaO content. Sample 24 has the highest Si0 2  (25.87%) for this group and 
the lowest CaO (32.50%), if this is considered along with LOI (28.79%) - quite 
similar to calculated CO 2  (25.54%) - it indicates that the dom inant phase is 
calcite, although it occurs in smaller quantities here than in the other three 
sam ples of Group III. According to the XRD trace it also contains small
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quantities of chlorite (ikaolinite) and an ankerite/dolom ite mixture. T he  
presence of these phases is reflected in the concentrations of AI2 O 3 (3 .3 7 %), 
FeO (3.70%), Fe2 0 3  (0.96%), and MgO (2.33%), and it would appear from the 
relative proportion of MgO to Fe0 /Fe2 0 3 , that chlorite is iron rich. The high 
Si0 2  in sample 24 may be due to veining, or inclusion of chert patches/layers 
in the analysed sample, but it is more likely to be a local effect than a marked 
lateral change (this will be confirmed or refuted by comparison with other 
samples that are laterally equivalent to Log 1).

Sr (3941ppm), Ba (250ppm) and Zr (161ppm), are highest in sample 24 
(within Group in) though the sample has the lowest value for CaO. Co (1 2 ppm), 
Cu (24ppm), Ga (llppm), and Rb (17ppm) are highest for the group and Ce 
(27ppm), Cr (44ppm), La (20ppm), Ni (50ppm) and Zn (29ppm) are also 
concentrated in this sample. Sample 24 is also comparable, for its enriched 
trace chemistry, to sample 4, this may be related to the fact that they both have 
high chlorite peaks (relative to other samples in the group).

GROUPS IV AND V.
Lam inites (samples 5,7,8,17,21,22,26,27,28,29,30,31). 1 2  samples, see Tables 
1 (Group IV and V) & 2(Group IV and Group V). This group of samples is 
divided into two for discussion, because a large difference was observed between 
the analysis results for samples from the area of Log 1, and those from nearer the 
museum section (NMS log), most of which were from higher up the stratigraphic 
column. Differences were also apparent between the samples' general 
lithological composition.

Group IV Laminites (5,7,8,17,21,22,26), Table KGroup IV) and Table 2 
(Group IV), are those samples which were more shaley/spherulitic, containing 
also chert laminae and ash fragments, and were generally from low in theC7 C7 j

stratigraphic sequence (below the equivalent of the 5m mark in log 1). Group V 
Laminites (27,28,29,30,31), Table 1 (Group V) and Table 2 (Group V), are those 
that contained finer grained, laminated, crystalline carbonate and very little 
shaley material (with no spherules) and which probably occur higher in the 
sequence (unit 50 or higher, difficult to correlate unit numbers to samples that 
occur to the southern end of the quarry e.g. samples 29,30 & 31).
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GROUP IV 
Laminites.
Major Element Analyses
Sample 5 is a spherulitic, laminated shale with pale, fine-grained carbonate 
laminae, patches of chloritic and ashy material, and was collected from the same 
part of the horizon as the chert of sample 6  (NMS units 61-62); from the same unit 
as sample 17 & 21. The base of the unit is a well cemented tuff, but it grades up 
into the spherululitic, weakly laminated shale, where samples 5 & 6  were 
obtained.

Si0 2  of 17.65% is low for Group IV; CaO (38.92%) and LOI (35.29%) are 
amongst the highest values corresponding to a high calcite peak, on the XRD 
trace, and lower quartz, but LOI is almost 5% greater than calculated CO2  

(30.58%), therefore the CO2  from calcite does not account for all of the LOI. 
The XRD trace also indicates minor quantities of a dolomite/ankerite mixture 
and a little chlorite, which will contribute CO 2  and H 2 O respectively to the 
LOI measured, and these two phases will account for the MgO (2.13%), FeO 
(2 .1 0 %), Fe2 O 3 (0 .8 0 %) and Al2 O 3 (1 .0 0 %) contents. The concentration of Ti0 2  

(0.24%) is quite high for this group, and coincides with the Ti0 2  enrichment of 
the carbonated ash (sample 4) which was from the unit below.

This is the sample with the highest Sr (6300ppm) six times more 
concentrated than occurred in the basalts that are assumed to be the local Sr 
source (P.L Smedley, 1986). Calcite spherules are also known to be rich in Sr 
(G. Walkden, 1993), and the high value for this sample may be due to presence 
of highly Sr-rich spherules, formed perhaps when fluids were being derived 
from an especially Sr-rich basalt (the ash in sample 4, from a unit below, had 
3887ppm Sr, - sample 24, same horizon 3941ppm - quite high values).

Sample 5, has-high trace element values, especially Sr, Ba (272ppm), Ce 
(35ppm), Cr (19ppm), Cu (21ppm), La (18ppm), Th (9ppm), Zn (32ppm) and Zr 
(143pm) compared with other samples of the laminite group (IV). It has a 
similar pattern of trace element concentration to carbonate-rich ash samples 4 
&c 24 from unit 75, but contains more Sr and Ba (often associated with 
carbonate phases) and less Cr, Ni, Rb and Zr, the former two are probably 
linked to chlorite content (sample 5 has only a small amount of chlorite). 
Therefore it is likely that the enrichment of element concentration in sample 5 
is due to the geochemistry of contmporary, volcanic source-material rather than 
a result of the sample’s formation as a laminite.
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Sample 7 is an indurated, finely-laminated, spherulitic shale, containing 
deformed chert layers, carbonate cemented laminae and fine-grained white 
laminae. The horizon (NMS unit 58) from which the sample was taken weathers 
a rusty orange colour. It has 29.42% SiCb and 32.09% CaO, the relative 
proportions of Si0 2  and CaO in this sample are similar to those observed in 
samples 17 & 2 2  (the latter being the lateral equivalent of sample 7). LOI was 
m easured to be 30.80%, which is high w hen  compared to calculated CO2 

(25.68%), this difference suggests that other phases besides calcite have 
contributed to the LOI for this sample. The XRD trace shows the presence of a 
dolom ite/ankerite  mixed carbonate phase and small quantities of chlorite 
(±kaolinite); these phases will contribute to the measured LOI, and they will 
include the 2.71% MgO (which for Group IV is high), 2.74% FeO and 1.11% AI2 O3  

(Feo0 3 , 0.64%, low in proportion to FeO) that analyses indicates to be present in 
this sample.

Na2 0  (1.30%) is very high in this sample though the phase in which it 
occurs is not apparent, it would normally be associated with feldspars or in 
clay but neither phase is observed from the XRD trace, only carbonate or 
chlorite (NB. it is easy to obtain exaggerated N a zO  values by experimental 
contamination, through handling XRF fused discs, but this is not generally a 
significant error).

This sample has a high Sr concentration (4432ppm) (which may again be 
associated with the chemistry of the local basalts, see sample 5) and also 
contains high Ba (2 0 0 ppm), Zr (164ppm), two elements often associated with 
high Sr in the East Kirkton samples. It contains also relatively high Cu (26ppm) 
and Y (lOppm). The elements associated with chlorite, Cr (llppm ), Ni (32ppm) 
and Zn ( llpp m ), occur in small quantities in this sample; as would be 
expected, this appears to correlate with low AI2 O3  and chlorite.

Sample 8  is comprised of fine grained shale and carbonate-rich laminae with 
some bands of chert. Only a few of the thicker, shaley laminae are spherulitic but 
svn-sedimentary slumping is often observed in this unit (NMS units 55-56). The 
sample has the lowest Si0 2  (16.19%) and highest CaO (43.57%) in Group IV, 
comparing more closely with the CaO/Si0 2  content of the samples in Group V; it 
has a measured LOI (36.49%) and calculated CO 2  (34.23%) comparing quite 
closely ( 1  or 2 % difference in these values is equivalent to the standard range
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of H 2 O values for these samples, without requiring to invoke the presence of 
additional volatile-rich mineral phases). Calcite is the dominant mineral phase 
on the XRD trace, with some quartz and a very small peak representing an 
ankerite/dolomite mixture.

The other major elements have relatively low values for this sample (for 
Group IV); TiCb (0.11%), AI2 O3  (0.53%), Fe2 0 3  (0.28%), FeO (1.64%) and MgO 
(1.52%). Samples 8  and 2 2  have the lowest concentrations of these elements in 
Group IV, and neither has chlorite on its XRD trace, bu t both  have some 
ankerite/dolomite in which the Fe and Mg will occur. The MnO (0.25%), Na20  
(2.09%) and P2Os (0.14%), in sample 8 , are high for laminites. Na20  and P2Os 
are similarly high in sample 7, and neither sample (7 or 8 ) appears to contain a 
unique mineral phase which could explain the extra high Na 2 0 .

Sample 8  is depleted in most trace elements, which coincides with the 
lack of chlorite observed from the XRD trace, and a high proportion of pure 
calcite which does not appear to accommodate many trace elements in East 
Kirkton samples. The Sr (3339ppm) content is higher than samples 17 & 26 but 
low relative to the other Group IV laminites (Group IV have all high Sr values 
relative to the other groups); Ba (137ppm) and Zr (103ppm) are also low for 
Group IV, but high compared to Groups I, III and V. Cr (Oppm), Ni (17ppm) & 
Zn (4ppm) are very poorly represented in this sample where no chlorite is 
present, this observation would tend to confirm their association with the 
chlorite phase.

Sample 17 was taken from the same horizon as the "mound" (NMS unit 61-62), 
immediately to the south of its faulted margin (any displacement associated with 
this small fault has not affected the lateral continuity of the beds/units), and is 
also a lateral equivalent of samples 5, 6  & 21. It is a shaley, laminated, spherulitic 
sample with carbonate-rich ash lenses, and was collected near thick carbonate 
veins.

According to the XRD trace the specimen consists of calcite and quartz, 
with chlorite (± kaolinite) as the most dominant of the minor phases) and some 
ankerite/dolomite. Disaggregation and sedimentation of this sample, followed

9

by repeated XRD analyses, revealed a small amount of a 10.9A clay which 
behaves like a mixed layer illite-smectite phase on glycolation and subsequent 
heating to 300°C. This sample has almost equal proportions of Si0 2  (28.21%) and 
CaO (30.22%), and has high values for AI0 O3 (4.08%), FeO (4.62%), Fe2 0 3 (1.02%),
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TiCb (0.36%) and K20  (0.36%), with moderate MgO (2.34%). Since there is only 
a small amount of ankerite/dolomite and clay in this sample, the chlorite phase 
must account for the high FeO and AI2 O3 , and possibly also for the T i0 2  and 
K 2 0 ,  which must also be related to material from a volcanic source. The 
sample does not show carbonate enrichment as might have been expected from 
its proximity to calcite veins, but the percentage of chlorite (and AI2 O 3 ) in the 
sample suggests that the ashy lenses in the laminite have strongly influenced 
its chemical signature.

Elements Ce (17ppm), Co (16ppm), Cr (28ppm), Ga (12ppm), La (19ppm), 
Ni (51ppm), Pb (5ppm), Rb (16ppm) and Y (12ppm) are all high in this sample, 
with Ba (190ppm), Zn (20ppm) and Zr (114ppm) only moderately enriched 
(relative to other Group IV samples), and low Sr (3270ppm) and Cu (13ppm).

The sample has widespread chlorite which appears to be related to the 
increase in trace element concentration, but w ith relatively low CaO in 
proportion to low Sr. Zn and Cr are not especially enriched for this sample 
even though it has high chlorite (compared to sample 4, e.g. Cr (56ppm), Ni 
(52ppm), Zn (37ppm)), perhaps the Fe2+, Fe3+ or Al3+ atoms are not being 
substituted by the trace elements in this chlorite phase. A relative enrichment 
in Rb (16ppm) reflects a high K20  value; Rb is likely to substitute into K sites 
in whichever phase they occur, normally it would be expected to occur in 
potassium feldspar, but this phase does not appear on the XRD trace, so the 
K20  and Rb may occur in the clay phases.

The trace element characteristics of sample 17, have nothing in common 
with the "mound" samples, which are from the same horizon, this can easily be 
explained by the totally different ways in which the two lithologies were 
formed and by the chemical influence of the volcanic ash in the laminite. 
Samples 5  & 2 1  which are also lateral equivalents, do not have significant 
chlorite or clay, and have lower AI2 O3 , FeO and Cr, Ni, but have higher Ba, Sr, 
Zr and Zn.

Sam ple 2 1  is the lateral equivalent of sample 5 (NMS unit 61-62) and is 
comprised of pale carbonate laminae, with spherules, and dark shaley laminae. 
Compared with sample 5, sample 2 1  has more S i0 2  (38.36%) and less CaO 
(25.70%). It was from this horizon that the chert, sample 6 , was obtained, and it is 
probable that concentrations of chert (laminae, lenses or patches) vary locally 
throughout this unit. The XRD trace shows high intensity peaks for quartz and
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calcite, indicating also the less distinctive presence of ankerite and a little chlorite 
(±kaolinite). These latter two phases contribute to the measured LOI(25.66%), 
causing it to be higher than the calculated CO2(20.19%), by more than would 
be expected simply from the standard sample water content (usually 1 -2 %).

The MgO (2.98%) content is the highest for the group and combined 
with high FeO (2.92%) corresponds to ankerite being the most dominant of the 
minor phases. AI2 O3 (1 .2 1 %) is relatively low and will relate to the proportion 
of chlorite present; but, the Fe2 0 3  (0 .6 8 %) and FeO that give the sample quite a 
high iron content can be accommodated in ankerite and chlorite.

The lowest CaO in the group coincides with the third highest Sr 
(4190ppm), and, as for Group III, this shows that very high concentrations of Sr 
do not relate directly to CaO content. The high Sr does correlate with high Ba 
(215ppm) and Zr (136ppm). Samples 5 & 21 have both high Sr, Ba and Zr 
which is probably related to the geochemistry of the contemporary volcanic 
source material; sample 2 1  is less enriched in some of the other trace elements 
and this maybe related to the marked variation in CaO and S i0 2  between the 
two samples. Sample 2 1  has a little chlorite and high FeO and Ni (37ppm), but 
Cr (7ppm) and Zn (llppm ) are low (this is similar to the concentrations of 
these elements observed for sample 17).

Sample 2 2  is comprised of 30-40% spherulitic, crystalline carbonate laminae, 10% 
pale, fine-grained carbonate laminae, 5-10% chert laminae and the remaining 40- 
55% of organic-rich shaley material. It is the lateral equivalent of sample 7 (NMS 
unit 58). Calcite and quartz are the dominant phases shown by the XRD trace, 
with S i0 2 at 29.83% and CaO 33.30%. The measured LOI 31.27% is higher than 
calculated C 0 2 (26.16%) due to the presence of a second carbonate phase, a 
m ixture of dolomite and ankerite, that can also be observed from the XRD 
trace. In common with sam ple 8, the lack of a chlorite phase results in low 
A120 3 (0.43%), Fe20 3 (0.25%), KzO (0.05%) and T i0 2 (0.09%), but in contrast 
sam ple 2 2  has high MgO (2.49%) and FeO (2.40%) since it contains 
ankerite/dolomite, and sample 8 does not.

Sample 7, from the same horizon also has ankerite/dolomite, but has 
chlorite too, therefore, having higher values for Al2 0 3 , Fe2 0 3 , FeO and MgO. 
The S i0 2 and CaO occur in very sim ilar quantities for sam ples 7 <k 22, 
indicating the possibility that this horizon has a more uniform distribution of 
calcite and quartz phases than was apparent from comparison of sam ples 5 &



2 1  (though this may be an artifact of the sampling process). There is a contrast 
between the contents of Na20  and P2Os for samples 7 & 2 2 ; sample 2 2  is depleted 
in both elements relative to sample 7. This is not very significant for the P2 O 5 , 

but for Na20  it is the difference between a sample with one of the lowest 
(0.29%) concentrations in the group, and one of the highest (1.30%), and may 
indicate Na20  contamination during preparation for the analysis.

Sample 22 is not enriched in any elements other than Sr (3834ppm), Ba 
(198ppm), and Zr (129ppm). These elements are also less concentrated than in 
sample 7 (except Ba which is almost the same). Sample 22 has the lowest values 
for Ce, Co, Cr, Cu, La, Ni, Pb, and Y, but shows a relatively high content of Zn. 
This lack in trace elements is probably related to the absence of chlorite from 
the sample.

Sample 26 is comprised of medium grained carbonate laminae with fine-grained, 
organic-rich, shaley partings. It was sampled from a horizon (NMS unit 42) just 
below shale sample 25, which was extremely enriched in most elements.

The chemistry of the sample is dominated bv calcite, with very high CaO 
( 3 9 . 7 5 7 c ) .  LOI ( 3 2 . 2 1 7 o )  is very close in value to calculated C 0 2  ( 3 1 . 2 3 7 c )  which 
suggests that this sample has very little trapped H 2 0 .  The MgO ( 1 . 6 5 % )  and 
FeO ( 1 . 8 7 7 c )  are relatively low compared to other samples from Group IV, but the 
Fe2 0 3  ( 1 . 5 8 7 c ) ,  AI2 O 3 ( 1 . 5 0 % )  and K20  (0.24%) are relatively high. The XRD 
trace also show s very sm all peaks for ch lorite  ( ik ao lin ite )  and 
ankerite/dolomite. SiOz only amounts to 1 9 . 3 9 7 o  which may be due to fewer 
chert laminae in the horizon/sample.

In this sample, CaO has the second highest value and Sr, the lowest 
(2582ppm), for Group IV. There is therefore no correlation between these two 
elements in this sample. Relative to the other Group IV samples, Ba (128ppm) 
and Zr (llOppm) are also low in low concentration. Cr, Ni and Zn have quite 
low values when compared to other samples containing chlorite, but sample 26 
has only small chlorite peaks. Ni appears to be higher than Cr or Zn, which 
seems to be typical for this group and the sample is enriched in Rb (19ppm) 
which correlates with relatively high K2 0 ,  probably some relict volcanic 
signature.

GROUP V 
Laminites.
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Sample 27 was collected from a horizon, just below samples 25 & 26 (NMS unit 
51), and is comprised of grey and white, alternating, crystalline carbonate 
laminae which often show deformation, this may be syn-sedimentary or tectonic. 
The XRD trace indicates the predominance of calcite, and shows a little quartz 
and small peaks for a mixture of ankerite and dolomite. The sample has very 
high CaO (46.52%), with LOI (37.77%) correlating closely to calculated CO 2 

(36.55%) indicating that calcite is the main carbonate phase (as observed form 
XRD); and low Si0 2  (14.31%), A12 0 3  (0.09%), MgO (0.82%), Fe2 0 3 (0.27%), but 
moderate FeO (1.46%) for Group V. The low A12 0 3 indicates that there is 
hardly any volcanic material or shale in this sample, and that the sample 
consists of fairly pure calcite, w ith  occasional chert laminae. The second 
carbonate phase, which is represented on the XRD trace by a very small peak, 
will probably be a ferroan dolomite since the sample has high FeO relative to 
MgO.

The only trace elements in this sample which significantly exceed 
concentrations of lOppm, are Sr (2267ppm), Ba (92ppm) and Zr (90ppm), the 
elements that are enriched in all the East Kirkton samples analysed. This sample 
has the highest values for these three elements (like sample 28), and the 
highest proportion of CaO, as calcite, and it may be that the elements Sr, Ba & 
Zr are partitioning into the calcite phase.

Sample 23 is from the core of an 's'-shaped fold, quite close to the NMS logged 
section (NMS unit 48-49), collected as a lateral equivalent of sample 27. 
Individual lamina are either pale, fine-grained carbonate; coarse crystalline 
carbonate; or darker shaley material (not spherulitic). The XRD trace indicates 
that calcite is the main mineral phase present, with some quartz, small quantities 
of ankerite and dolomite, and a possible chlorite peak (too small to be 
distinctive).

Sample 28 has CaO (46.61%) and S i0 2  (14.04%), in similar quantities to 
sample 27. The measured LOI(38.03%) corresponds well with the calculated 
C 0 2 (36.62%) for sample 28, confirming that the calcite is the main supplier of 
the C 0 2  evolved on ignition. It has low A12 0 3  (0.27%), and values for FeO 
(1.40%), Fe2 0 3  (0.25%) and MgO (0.90%) that are similar to those of sample 27. 
In both samples FeO is high relative to MgO, and tends to indicate the 
presence of a ferroan dolomite/ankerite carbonate phase. Where no chlorite



phase is present only the carbonate will accommodate both elements. Dark 
shale laminae, observed in the hand specimen, have had no apparent effect 
upon this sample's chemistry.

Sr (2271ppm), Ba (64ppm) and Zr (51ppm) are relatively similar to 
sample 27; Sr is slightly higher (4ppm) and Ba and Zr are both a little lower. 
Sample 28 has marginally higher CaO (+0.09%) than 27, which may explain the 
variation in Sr concentration between the two, but it is un like ly  that the 
analytical apparatus is sensitive enough to draw any conclusions from these 
small variations.

Sample 29 was taken from a outcrop to the south of the NMS section, away from 
the main quarry face. It is considered possible  that there is some fault 
displacement between the NMS section and the cutting from which this 
sample was taken (J.J. Doody et al, 1993) fluids channelled through such a 
feature might have some effect on the chemistry of the rocks on either side. 
The predominant mineral phase in this sample is calcite, though some quartz and 
a little ankerite/dolomite are also present.

It has high CaO (40.03%) as was expected from the calcite peak intensity 
on the XRD trace. The calculated C 0 2 (31.45%) is considerably lower than the 
measured LOI (37.67%), this sample does not appear to contain significant 
quantities of a second carbonate, chlorite/clays, or any other phase which is 
associated with this discrepancy in other samples. The sample has high S i0 2 

(23.72%), like sample 30, suggesting that there is more quartz/chert in these two 
samples than others in Group V. MgO (1.09%) is slightly higher here than in 
samples 27 & 28, FeO (1 .1 1 %) is a little lower and both will occur in the minor 
carbonate phase, which is shown to be mixed ankerite/dolomite from the XRD 
trace (when compared to the quantities of FeO and MgO observed for sample 
30 & 31, which contain significant ankerite/dolomite, it can be seen that this 
phase does not occur significantly in sample 29, but all three samples show a 
large difference between calculated C 0 2 and LOI).

The values for Sr (1350ppm), Ba (35ppm) and Zr (30ppm) are low in 
sample 29 (like samples 30 & 31 - some of the lowest values for all the 
samples). In sample 29, Sr is higher than for 30 &c 31, as is CaO, but there is 
little difference between their Ba and Zr concentrations.
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Sample 30 is from a cutting that overhangs the quarry track, and appears 
stratigraphically to have come from high up the sequence, just below the Little 
Cliff Shale (see Rolfe et til., 1993) that caps the East Kirkton limestone. The 
laminae in this sample show small scale syn-sedimentary deformation, and are 
either, darker in colour, appearing more shaley, more organic-rich, or as 
crystalline carbonate, a g rey/brow n colour. Calcite and quartz are the most 
common phases, but this sample also has a high XRD peak for a carbonate phase 
that is a mixture of ankerite and dolomite.

Compared with samples 27 - 29, sample 30 is richer in S i0 2 (26.07%), 
AI2 O3 (0.33%), Fe2 0 3 (0.60%), FeO (2.17%) and MgO(3.96%); this will in part be 
related to the higher ankerite/dolomite content of the sample (i.e. for the FeO 
and MgO). The Al2 0 3.is still in too small a quantity to suggest a significant 
input of ash/shale material. The balance of S i0 2  (26.07%) and CaO (34.60%) in 
this sample, shows CaO reduced where Si02 is increased, but when CaO and 
S i0 2 are added together the total is very similar to that obtained from samples 
27 & 28 (most samples from East Kirkton - except Group II - are 85-100% 
comprised of CaO, S i0 2 and C 0 2/L0I).

This sample has lower CaO, than any other Group V sample; S r  
(1138ppm) decreases too, and low values are also observed for Ba (40ppm) and 
Zr (35ppm). There is a slight enrichm ent (not significant) in elements Rb 
(8 ppm), Th (9ppm) and La (lOppm), when compared with other unenriched 
samples .

Sample 31 was collected from the same exposure as sample 30. Most of the 
horizons next to the track are slumped and in the vicinity of samples 30 & 31 
were many carbonate veins, especially close to sample 31. This sample appeared 
to be mostly crystalline carbonate, occasionally appearing breccia ted. The XRD 
trace indicates that an ankerite/dolomite mixture was the dominant phase along 
with the ubiquitous calcite; minor quartz was also present.

In common with sample 30, 31 has two dom inant carbonate phases 
(calcite and the ankerite/dolomite mixture) and this second carbonate accounts 
for the high values for FeO (5.77%) and MgO (8 .8 6 %). This is the only sample, 
outside Group II, that falls below 85% for the sum of its CaO (37.28%), S i0 2  

(5.05%) and LOI (42.33%) (Total=84.66%), due to the presence of a third 
dom inant phase (not calcite or quartz). LOI (42.33%) and calculated C 0 2 

(29.29%) are very different, as would be expected for a sample with two
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carbonate phases. Sample 31 has the lowest value for S i 0 2  (5%) compared to 
any other East Kirkton analysis (close to samples 15,18,19 & 20, Group I). It also 
shows a relatively high concentration of MnO (0.34%), and it is possible that 
this can be correlated to the vein carbonate, which appears slightly pink in 
colour, perhaps also affecting the background carbonate which was observed 
to be buff coloured, unlike other samples from this group.

As was observed for sample 30, low CaO and low Sr (796ppm) correlate 
relative to other Group V samples; as with Ba (40ppm) and Zr (16ppm). Other 
elements show small increases, Ce (5ppm), Cu (llppm ), Ni (14ppm) and Th 
(9ppm), but they are not large enough to be significant.

Chert (sample 6 ). 1 sample, see Table 1 (Group IV) and Table 2 (Group IV).
Major Element Analyses.
Sample 6  is a chert layer (from NMS unit 61-62) that was about 3cm thick, 
containing spherules and pvrite, and appeared to show some syn-sedimentary 
slumping. This individual lamina pinched out laterally, but all along this 
horizon there was some chert at the same level as this sample. Not surprisingly 
the main constituent of this sample is Si0 2  (62.26%) as quartz, but it also contains 
calcite, CaO (16.58%), with a minor XRD peak for dolomite and ankerite, MgO 
(1.28%) and Fe total (1.58%). LOI (12.63%) is lower than calculated C 0 2 

(13.03%), suggesting that there is very little bound water in this sample and 
that some of the CaO must exist in a phase other than calcite (this is the only 
sample in which this occurs; other samples with low CaO, e.g. Group II, have 
organic carbon and H2 0-rich phases like chlorite, to contribute to LOI).

The Al2 0 3  (0.38%) is high relative to Group V, but the sample was 
collected from the same locality as sample 5, a Group IV sample which has more 
AhOs- Its geochemistry is similar to samples from the stromatiform carbonate 
group that have a suspected small input of volcanic material, but less enriched 
than most other samples which have stronger volcanic components. It is 
therefore possible that this chert has a very weak volcanic signature. It also has 
0.45% Na2 0 ,  which is relatively high compared with carbonate-rich samples 
but more typical of samples with a moderate ash or shale content.

The concentration of the elements in this chert, not including CaO and 
S i 0 2, seems most similar to those in Groups I & V. These two groups have 
only the smallest amounts of chlorite or clay, but are dominated by a carbonate 
phase. Sample 6  is mostly quartz, also lacking chlorite and clay, and it is



158

probably the absence of these phases that g ives it a similar chemistry to the 
carbonate-rich samples.

Sample 6, in common with Groups I & V, has very little enrichment in 
any trace elem ents except for Sr (2991ppm), Ba (148ppm) and Zr (102ppm). 
O nly Cu (12ppm) and N i (14ppm) exceed lOppm in concentration. Group V 
samples all have equivalent or lower trace element concentrations than sample 6 
(except Th and Y where all samples have a few ppm more); but in Group I, 
samples 1 and 15 (most enriched for this group) have generally higher values for 
each trace element (sample 1, all higher except for equal values of Zr, and lower 
Rb; sample 15 has slightly more Cr, La, Ni, Rb & Y but less Sr, Ba & Zr). It is 
apparent that the trace elements are concentrated in neither quartz or calcite 
phases.

Full citations of the references are given in Chapter 4.
Tables of results are also in Chapter 4.
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APPENDIX B: PROSPECTING FOR A SECOND EAST KIRKTON- TYPE 
DEPOSIT.

From the geochemical evaluation of the East Kirkton Limestone it 
appears likely that hot-spring activity occurred locally. The geological 
setting in which the lake deposit was formed, i.e. its close association with 
volcanic activity, is the kind of setting in which hot-springs can occur e.g. 
modern examples in Iceland; Yellowstone, USA; the Kenyan Rift; and in 
North Island, N ew  Zealand.

In the eastern part of the Midland Valley of Scotland, in southern 
Fife, the Bathgate Hills and East Lothian, are sequences of volcanic 
material of lower Carboniferous age (Visean series), associated with the 
margins of Lake Cadell (see Chapter 1). It is possible that hot-spring 
activity might also have occurred in these areas and formed a similar 
deposit to the East Kirkton Limestone.

Part of the remit of this project was to consider how to identify any 
potential equivalents of East Kirkton, around the margins of the Oil Shale 
basin, of similar age and in a similar setting; and to attempt to find them. 
For this purpose three weeks of reconnaissance fieldwork was carried out 
(Summer 1991) investigating sedim entary lithologies, associated with 
volcanic activity, particularly looking for outcrops of silica-rich laminated 
limestone, with spherules and stromatiform features. Target areas to be 
studied were chosen from the geological maps of the region, where 
volcanic activity of this age was associated with sediments. Details of the 
area were also obtained from The Midland Valley of Scotland, BGS British 
Regional Geology Series (1985 edition) and Lothian Geology: An excursion 
Guide, by McAdam and Clarkson (Eds.) (1986 edition)

The Limestones of Scotland, and The Lim estones of Scotland: 
chemical analyses and petrography, by the Geological Survey of Great 
Britain (1956), were also very useful for a rapid reference to limestones of 
the Calciferous Sandstone Series and Carboniferous Limestone Series. 
These publications offer chemical analyses of these lim estones, from 
which those with high SiCh contents could be identified; descriptions of 
the limestones, by which lithologies with detrital quartz grains, or chert 
laminae could be differentiated; and a clear description of where outcrops 
could be found. They do not, however, give a record of every limestone in 
Scotland. No analyses of limestones from the Bathgate Hills are included, 
so it is therefore possible that some small limestone outcrop, similar to the 
East Kirkton Limestone, may have been overlooked by the reconnaissance



I 60

survey of this project.
The following sections give details of the findings of the Lower 

Carboniferous lim estone survey. Particularly, the w ays in which  
limestones and laminated sedim ents, with strong volcanic associations, 
differed from the East Kirkton Limestone (EKL). It is felt that the 
limestone which was most similar to the EKL, was that which was found 
in East Lothian, south of East Linton, around Traprain Law, a phonolitic 
laccolith forming a prominent local landmark. Although this limestone 
is similar to the EKL there are still too many differences between the two 
lithologies (see below) to conclude that they have a common hot-spring 
origin.

Southern Fife.
Lam inated lim estones are uncom m on in the sedim entary  

sequences of the lower Carboniferous, in Fife. Target areas were the 
volcanic sequences in the Cleish and Saline Hills of western Fife; Largo 
Law, the Lomond Hills (associated with the Midland Valley Sill complex) 
and the southern coast of Fife, particularly around Burntisland.

There were no apparent examples of lacustrine deposition to be 
found in western or central Fife, or at Largo Law. Sediments wTtich were 
observed, associated with volcanic material show ed no evidence of 
silicification.

At Pettvcur and Kingswood, near Burntisland, are sites known for 
calcareous permineralisations of plant material (Scott, 1990). The detailed 
preservation of the plant material, and proximity to volcanic material are 
similar to that found at East Kirkton, but there was no associated 
silicification.

Bathgate Hills.
The areas around the East Kirkton Limestone, particularly along 

strike to the north, were examined closely, including observation of some 
field float specimens. Nothing was found which had textures similar to 
the EKL.

At Craigs, approximately 1km north of East Kirkton, beneath the 
outcrop of a quartz dolerite sill, is a limestone which is correlated with the 
EKL on the Geological Survey maps, but not in Lothian Geology: an 
excursion Guide, (Stephenson and Monro, 1986). The lim estone in this 
quarry is coarsely bedded, and horizons are generally of a pure carbonate. 
It has none of the unique features that characterise the EKL. If this
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limestone is indeed a lateral equivalent of the EKL then the conditions 
under which this limestone was forming are almost com pletely different 
from those at East Kirkton; a dramatic lateral facies change has occurred. It 
contains some pyrite (see Chapter 3, Table 2).

South Queensferry to Granton.
This area was m ainly investigated  to find outcrops of the 

Burdiehouse Limestone (Loftus and Greensmith, 1988). It is also a 
freshwater lim estone, and contains som e strom atolites. From shore 
samples, at South Queensferry, collected close to where the outcrops were 
located (none were found) the typical laminated mature of the sediments 
seem ed very familiar, but samples lacked the cherty lam inae of East 
Kirkton.

Outcrops of laminated limestones and shales also occur to the east 
at Granton, where the Granton Shrimp Bed preserves fossil crustaceans in 
fluorapatite. Shales in this sequence show  slump feature but no other 
similarities with East Kirkton. /

Coastal East Lothian.
To the east of Edinburgh, coastal exposures of lower Carboniferous 

sedim ents were visited, but few argillaceous, and even fewer finely, 
laminated sedim ents occur in this sequence (especially around North 
Berwick and Dunbar). The coast between Gullane and Dirleton (Yellow 
Craigs) provides sediments in which calcareous, perm ineralised plants 
(around W eakiaw Vent) and shrimps (Cheese Bay) are preserved in 
sedim ents deposited in low energy environments, and associated with 
volcanic material.

To the south (and west) of the locality where the shrim ps were 
found are sediments which have been baked by the intrusion of a basaltic 
sill. This has caused the formation of a white trap, by remobilisation of 
carbonate phases from the sediments. Pervasive veining and alteration is 
found locally associated with this intrusion, and phases in these veins 
include carbonates and silica. The silica forms agates and small geodes 
within vugs in the sediments.

These vug infillings occur in a different context from those at East 
Kirkton, but the proximity of volcanic activity in both cases could provide 
the source of heat required to mobilise and remobilise carbonate and silica 
phases.
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East Linton, East Lothian.
A thin limestone unit, was followed to the south of East Linton. 

Localities of the small farm quarries, where it outcrops, were obtained 
from The Lim estones of Scotland. These quarries were generally  
overgrown, and infilled, and none of the samples collected were in s i t u ,  
though it appeared from the text book descriptions that the samples were 
derived locally.

Best examples of the variation in this lithology were found in a 
wall, encompassing fields, and a small pine plantation, to the south of the 
first quarry (just south of East Linton). Some samples were laminated 
w hile others were more m assive. Sam ples which contained the 
"occasional bands of chalcedony" were verv rare, and these "bands" often* s '
crossed laminae boundaries and were apparently a later feature, probably 
associated with the quartz veinlets and stringers, also observed in the 
samples. There were no sam ples found where the w hole rock was 
silicified; in patches or laminae. The silica was mainly limited to late 
veins and to planes of weakness which were exploited parallel to the 
laminae. The most striking feature of this lithology is its red colouring, 
derived from iron oxides.

Sam ples of this lith o logy  were also collected  along the 
VVhittinghame Water (1 /4  of a mile WN'W of Ruchlaw Mains), some in  
s i t u ,  and others from the river bed, which appeared to be similar to the 
lithological descriptions and samples already found. Samples from this 
locality included many well laminated sediments, some with spherulitic 
structures associated w ith nodular, strom atiform  features. The 
stromatiform features were not found occurring as massive lenses, as at 
East Kirkton.

Although this lithology is described as containing "occasional bands 
of chalcedony" and "in places crowded with stringers and vesicles of 
chalcedony" it does not contain significant quantities of silica, in 
particular, no chert laminae; or any equivalent of the stromatiform  
lim estone lens, with its m ultiple generations of silica and carbonate 
phases. Petrographically the spherulitic structures are not comparable 
with the textures of East Kirkton's carbonate spherules, they have a 
diameter of 3-10mm, with concentric banding like p isolites, when 
weathered. They are generally larger than those found at East Kirkton, 
and on a fresh surface, they seem to be formed of recrystallised carbonate 
as they are less powdery than the carbonate-rich matrix which surrounds 
them.
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APPENDIX C: STRA TIG R A P H IC  LOG OF EAST K IR K TO N  QUARRY 
SECTION.

This stratigraphic log was m easured  from a section, 10m north  of the 
N ational M useum s' of Scotland, s tra tig raph ic  log. It was co n s id e red  that 

further logged sequences should  be m easu red  w ithin  the quarry , d u e  to the 

lateral variations w hich are common? in som e lithologies/e.g. the tuff horizons 
and  massive, limestone lenses in particular.

The petrographic details of the lithological sequence are g iven  below.
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LENS

SHALE

CARB.

SHALE

CARB.

(tuff?)

SHALE

SHALE

TUFF 

(carb. ?)

TUFF

Shale with fine, but weak lamination (only occasional well 

defined partings). The horizon has been weathered and is 

friable and brown.

Finely laminated carbonate and black shale, (carb.)

Massive, indurated, carbonate-rich lens (2m max. 

thickness, and pinches out along strike). It appears  to have a 

stromatiform texture, and is a buff (beige) colour. It also 

appears to contain buff spherules. It contains a few plant 

fragments, and vugs formed between the stromatiform 

features are most commonly infilled by calcite.

A soft, black shale parting.

Massive, indurated, carbonate-rich horizon with 

(tuff?)siltsized grains (it maybe carbonate-rich tuff). The 

horizon is spherulitic and contains irregular chert patches. 

Shale with carbonate lenses.

Indurated carbonate-rich layer (maybe tuff?) 

contains irregular siliceous patches. Laver 

pinches out laterally.

Soft, black shale with carbonate lenses.

Indurated, finely alminated chales - showing soft 

sediment deformation in places. Patches of chert 

occur within some layers, and also fine, white siliceous 

laminae. Botrvoidal nodules are also found in this horizon, 

commonly coated by the white, siliceous material.

Indurated tuff layer - very few larger ash clasts, mostly 

mostlv fine grained and carbonaceous. Contains some buff 

coloured carbonate spherules.

Indurated, well cemented ash, with thin parting of black
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shale (few  mm thick) at the top of the bed.

SHALE Soft, black shale grades upw ards into a mixture of black

shale and tuffaceous material.

SHALE Indurated, finely lam inated, organic-rich shales and

carbonaceous shales. Alternating with fine w hite siliceous 

lam inae. Slum ping occurs towards the south east side of the 

rock face. Ash lenses (2 cm) within layers.

[Also see botrvoidal nodules coated in w hite material.- Algal?)

VOLC Close to the 5m MARKER occurred som e fine white

SEDS lam inae - distinct against orange of weathered rock

surface - continue to feature upw ards in succession.

Sequence of clastic and volcaniclastic sedim ents in one 

one distinct, coherent unit with gradational contacts between 

varying lithologies.

Sequence of friable finely bedded ashes (2 - 3 cm thick). Thin 

organic rich, black shale partings (1 cm thick). Well 

cem ented, indurated tuffaceous layers (approx. 25 cm).

Som e laminated siltstone layers, indurated and lighter in 

colour than the shale partings.

ASH Hard carbonated ash - only a few fragments appear

chloritised. Buff carbonated spherules and som e layered 

organic matter.

SHALE Soft black, organic rich shale.

ASH Well cem ented ash, clasts 1 cm m axim um , layer of

variable width.

SHALE Finely laminated, dark shale.

SHALE Organic rich shale, show ing soft sedim ent slum ping at the

thin end of the ash lens below . Only a little chert in these 

layers. Alternation of light and dark layers.

TUFF Chloritised tuff which is quite well cem ented - clasts approx.

1 cm  size. Thickness of the unit is quite variable - forms a 

lens of this tuff material.

SHALE Finely laminated shale w ith alternating light and dark layers

TUFF Friable tuff with lateral pinch and sw ell. H ighly altered and

poorly sorted.

SHALE Indurated black shale - possibly silicified - contains some

spherules. Chert layers are betw een 5 - 1 0  mm thick and 

have been plastically deform ed (THEORY - perhaps partially 

lithified chert was deposited  on unlithified ash and
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slum ping of the chert occurred, triggered by local tectonics]. 

Chert layers contain fewer spherules than surrounding  

shale. The horizon weathers a rusty orange colour and is cut 

by m any calcite veins.

TUFF Friable, chloritised tuff - fragments com m only upto 3 cm size

(larger fragments also found). Contains som e buff coloured  

carbonate spherules (5 -1 0  mm). Layer thins out laterally 

and to the north is cut by an internal low  angle thrust - 

slum ping occurs near this thrust.

TUFF Indurated, tuffaceous layer with irregular darker partings,

particularly at the top of the layer. The layer seem s to give 

fining upwards sequence. Also spherulitic.

SHALE Dark, organic rich shale parting, appears slickensided.

TUFF Indurated tuff in a layer which pinches and sw ells

(15 cm maximum). Bed thins and becom es slickensided near 

a fracture to the north.

SHALE W eakly laminated shale with abundantsphcrulcs.

Layer tends to pinch and sw ell (50 cm maximum). 

Interbedded chert occurs in the layered material, 

layers pinch out laterally and can slum p internally. Some 

spherules in chert, thickest layer 3 cm. Hard tuffaceous 

material grading into tuffaceous shale. [Chert layers have 

been stretched, veilding tension gashes!.

TUFF Soft greenish tuff.

SHALE Hard shale with tuffaceous material, organic fragments and

abundant spherulitcs. Patchy carbonate cement.

SHALE Thin tuffaceous shale.

TUFF Very hard carbonated tuff - also chloritised.

SHALE Dark shale parting - possib ly organic rich.

TUFF Indurated tuffaceous material.

SHALE Shale with som e tuffaceous material, thins to 1 cm

laterally.

TUFF Coarse, green tuff with scattered spherules.

SHALE Tuffaceous shale with scattering of spherules.

TUFF Coarse, chloritised tuff with scattering of 5 -1 5  mm

sized, buff, carbonated spherules [bed pinches and 

sw ells laterally].

SHALE Tuffaceous shaley material with small carbonated

spherules.
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MARKER HORIZON - FIRST SILICIFIED LAYER.

Laterally persistant, indurated layer, never of constant 

width, often interbedded with ash bands, often with wood  

fragments surrounded by algal material. Chert occurs as 

discontinuous bands and patches.

ASH Chloritised ash with m any discontinuous shale partings.

Shale forms approx. 1 cm  (m axim um ) thick bands, possibly  

organic because of very dark colour. W here shale bands arc 

broken slickensides can be seen on the broken surfaces.

TREE FUSAINISED tree trunk forms lens, coated by a few

centimetres of calcareous algal material.

ASH Greenish grey coloured, poorly sorted volcanic ash with

disrupted shale partings. Ash fragments, m axim um  size  

1 cm and are sub-rounded.



APPENDIX D: ANALYTICAL PROCEDURES.

1 6 8

1. X-Ray Diffraction.
To prepare each sample for analyses, approximately 0.02-0.05g of the 

sample is taken and crushed finely, with a mortar and pestle, in a small 
volume of acetone. The sample slurry is poured onto a glass slide, coating 
it evenly, and once dried it can be placed in the XRD sample holder. The 
Phillips X-ray Diffractometer in the Geology Department at Glasgow is Co 
Ka.

The East Kirkton Lim estone has a chem istry dom inated by 
carbonate and silicate minerals. The XRD results reflect this i.e. the major 
peaks for minerals in each of the sampled rocks are calcite, quartz or, less 
commonly, dolom ite/ankerite. Other minerals that feature on the XRD 
trace are chlorite/kaolinite, a mixed-laver clay of illite-smectite type (with a 
peak at llA), potassium feldspar and a little plagioclase. The feldspars 
only occur in small concentrations, and a small feldspar peak will be 
masked in many samples by the wide base of an intense quartz peak. 
Pyrite also occurs in most lithologies here, as was observed from pyrite 
separations for 534S isotopic analyses, but the position of the main XRD 
peak for pyrite is overlapped by one of the stronger ankerite/dolom ite  
peaks and is consequently masked by this in most East Kirkton samples. 
N o figures are given for pyrite from the XRD analyses and it is possible 
that feldspar may occur in some samples where a distinct peak was not 
observed.

2 . X-Ray Fluorescence.
2 .1  Major Element Analyses.

Samples were made into fused discs, according to the method of 
Harvey et  al . ,  1973; taking 0.3750g of dried sample, at lOOmesh to be 
w eighed and mixed with 2g of spectroflux 105, Q (containing lithium  
tetraborate, lithium carbonate and lanthanum oxide). This was heated in 
a furnace at 1000°C, in a lidded platinum crucible, for 25 minutes, re-mixed 
and re-heated on a bunsen burner to keep the sample fluid and ensure 
that sample and flux are thoroughly mixed. The mixture is then decanted 
onto a hot pewter platten (on a hotplate at 225°C) and pressed flat into the 
mould by a metal plunger. The plattens and resultant glass discs were
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cooled slowly to prevent the samples from cracking, via a second hotplate 
(200°C) on which they were set between two, warmed, asbestos blocks for 
10 minutes. The asbestos blocks, platten and sample were then removed 
from the second hotplate and left to cool at room temperature. The glass 
discs were placed in the sam ple holder of the Phillips PW 1450/20  
automatic X-ray fluorescence spectrometer for analysis.

The results are dominated by SiCb and CaO, the only elements that 
occur in concentrations greater than 10%, are AI2 O3 for 3 samples (2,11&25 
all of which are black shales) and FeO for two samples (2&25, black shales).

2 .2  Ferrous Iron Determ inations.
To determine the FeO contents of the samples 0.5g of rock powder 

(100/250m esh) from each sample was heated with a solution of 10ml of 
50% sulphuric acid and 5ml of 40% hydrofluoric acid and added to 10ml of 
50% sulphuric acid, 10ml of conc. orthophosphoric acid, lOg boric acid 
powder, 300ml deionised water and 10 drops of a 0.2% solution of sodium  
diphenlvamine sulphonate (as indicator). This was titrated with standard 
potassium  dichromate solution, to a purple end point, the volum e of 
KCr2C>4 required to reach the end point, determines the relative quantities 
of FeO for each sample.

%FeO = 0 . 2  x vol. dichromate 
weight of sample

The percentage of Fe2 C>3 in the sample can then be calculated from the 
following ratio:-

Fe20 2 = Fe total - (FeO x 1.1113)
The results for East Kirkton samples are predominantly high FeO 

and lower Fe2 0 3  (only sample 1, has higher Fe2 0 3  than FeO). Most of the 
mineral phases observed to be present, by XRD and petrographic study, 
tend to contain FeO rather than Fe2 0 3  so the relative proportions of iron, 
in these two oxidation states, was not unexpected.

2.3 Carbon Dioxide and Water Determinations.
The sim ultaneous determination of C 0 2 and H20  content of a 

pow dered rock sample (100/250m esh) is carried out by gravimetric 
analyses. 0 .5 g of dried sample is weighed into a rectangular alumina boat, 
pre-heated to remove any moisture, then sam ple and boat are inserted 
into the combustion tube of a furnace at 1100-1200°C. Nitrogen is passed
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through the combustion tube, to eliminate atmospheric H 20  and C 0 2 
from the system, and gas that is evolved from heating the rock sample is 
collected by two absorption tubes. The absorption tubes contain (1) 
anhydrous magnesium perchlorate, which absorbs water from the sample, 
the gas is then passed through saturated chromium trioxide in phosphoric 
acid to remove any sulphur dioxide that was present, and (2) C 0 2 is 
absorbed by a tube of carbosorb (80% NaOH). Absorption tubes (1) & (2) are 
weighed before and after the sample is ignited, the increase in weight is 
proportional to the samples C 0 2 and H20  contents.

The analyses of H20  and C 0 2 gave results which were inconsistent 
and relatively inaccurate. This was due to (i) very high values for C 0 2 (30- 
40%), and (ii) soot, that accumulated in the H20  collecting tube, probably 
produced from oxidation of organic carbon, occurring in shaley samples in 
particular. Results are given where reasonable accuracy was obtained, but 
some analyses required to be repeated up to 10 times before concordant 
results were achieved.

2.4 Weight Loss from Sample Ignition.
The major element analyses can usefully be combined with results 

for loss on ignition (L.O.I.) analyses, indicating that significant quantities 
of vapour/gas is evolved during heating in sample preparation and will 
be lost to the total percentage analyses. This is quite important in samples 
such as these with high carbonate, relatively high organic carbon and 
water contents. About 1-1.5g of dried sample was weighed into a platinum  
crucible. Samples were left in a desiccator to cool, then each crucible and 
its contents were placed in a furnace at 1000°C for Ihour and 30 minutes. 
When the crucibles were removed from the furnace they were replaced in 
the desiccator and then reweighed when cool (several hours later). The 
resultant weight loss, or Loss On Ignition, is given as a percentage of the 
sample:-

LOI % = loss in weight x 100 
sample weight.

East Kirkton samples give values between 10% and 45% for LOI, 
which are high, but not unusually so for lim estones. LOI in these 
sam ples, is an expression of the carbonate content of each sample, 
including calcite and dolom ite/ferroan dolom ite. Only the clay-rich 
samples w ill contain significant amounts of water (from the mineral 
lattices), and from the results of H20  determinations this could amount to 
some 7-8% of the samples, but these results may be exaggerated (soot



contamination in the collection tube). It is thought that the LOI value may 
also include the oxidation of some organic carbon, nitrates and possibly  
sulphates, but these volatile phases are insignificant compared to the 
carbonate contribution.

2.5 Minor Element Analyses.
Samples were powdered to 250mesh, dried, then lg  of each was 

weighed out and mixed with 6g of phenol formaldehyde resin (R. 0214/1), 
the resulting powder was pressed into a disc (pressure 25kbars) and baked 
in an oven at 60-70°C for 25 minutes. The discs of each sample were then 
placed, for analyses, in the sample holder of the Phillips PW 1450/20  
automatic X-Ray fluorescence spectrometer.

The most enriched minor element in the East Kirkton lithology was 
Sr, particularly in the shaley laminites, Group IV (up to 6300ppm). The 
black shales, Group II, are the samples which are generally most enriched, 
ie. most elements, except for Sr/Th/Zr. It also appears that the base of the 
sequence is generally more enriched than the top, but this trend is less 
well defined than the variation from one rock type to another.

Harvey, P. K., Taylor, D. M., Hendry, R. D. and Bancroft, F. 1973. An 
accurate fusion method for the analyses of rocks and chemically 
related materials by X-ray fluorescence spectrometry. X - r a y  
S p e c t r o m e t r y  2, pp33-44.
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APPENDIX E: CORRECTION REQUIRED FOR Zr TRACE ELEMENT 
ANALYSES.

During the interpretation of data in Chapter 4, it was observed that the 
highest analyses' results for trace elements were obtained for Sr, Ba and Zr. 
When the East Kirkton trace element results were compared with the results 
from Bathgate basalts (Smedley, 1986), it was observed that Sr and Ba were 
high in both sets of results, but Zr was only high for the East Kirkton 
samples. There was a particularly good correlation between Sr and Zr for the 
East Kirkton samples; for which there seemed to be no apparent logical or 
mineralogical reason.

It is noted, for XRF analyses, that the Sr KP peak can overlap the 
position of the Zr Ka peak when very high results are obtained for Sr. It is 
considered that the Sr results for the East Kirkton samples fall into the 
category of very high Sr results (ranging from 763 - 6300 ppm), and therefore 
the Zr results will be strongly influenced by the Sr Kp peak. The automatic 
corrections made for XRF results do not generally include a carbonate 
standard (in the Glasgow Department of Geology and Applied Geology), and 
do not, therefore, account for particularly high Strontium values. A slate 
standard is included in the automatic correction, and this may account for 
the lack of correlation for Sr/Zr in Group II shale samples (see figure 1), 
which also have the lowest carbonate contents.

It was decided to correct the Zr data, for Sr Kp. This was calculated 
using the gradient, of the line of correlation, between Zr and Sr (see figure 1 
and table 1). The results of this recalculation of Zr results are given in table 1 
and the Zr versus Sr graph is replotted and show n in figure 2. It is the 
recalculated data that has been used in the interpretation of XRF results 
found in Chapter 4.
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Sample Mo. Sr value 
(ppm)

x 0.0333

1 5131 171.0
2 1365 45.5
3 3081 102.7
4 3887 129.6
5 6300 210.0
6 2991 99.7
7 4432 147.7
8 3339 111.3
9 2548 84.9
10 3591 119.7
11 2477 82.6
12 906 30.2
13 1108 36.9
14 763 25.4
15 2030 67.7
16 1525 50.8
17 3270 109.0
18 2110 70.3
19 2041 68.0
20 2228 74.3
21 4190 139.7
22 3834 127.8
23 1527 50.9
24 3941 131.4
25 1313 43.8
26 2582 86.1
27 2267 75.6
28 2271 75.7
29 1350 45.0
30 1138 37.9
31 796 26.5

Example of correction calculation. 

Gradient of the line =

Zr value Zr (corr.) Zr
(ppm)
102 -69.0

(ppm)
0

127 81.5 82
142 39.3 39
153 23.4 23
143 -67.0 0
102 2.3 2
164 16.3 16
103 -8.3 0
89 4.1 4
233 113.3 113
228 145.4 145
106 75.8 76
29 -7.9 0
20 -5.4 0
80 12.33 12
46 -4.8 0
114 5.0 5
114 43.7 44
39 -29.0 0
52 -22.3 0
136 -3.67 0
129 1.2 1
56 5.1 5
161 29.6 30
235 191.2 191
110 23.9 24
90 14.4 14
51 -24.7 0
30 -15.0 0
35 -2.9 0
16 -10.5 0

3000/100 correction factor = 3000/100 x 1/Sr 
correction factor = 0.0333

5131 x0.0333 = 171.0

102-171.0 = -69.0

1, the Zr result was below the detection limit of the

Sample 1, Sr = 5131

Sample 1, Zr = 102

Therefore, for sample 
XRF.
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ABSTRACT.

Magnetic and resistivity geophysical surveys conducted across the only 
know n exposure of the East Kirkton Lim estone have produced new 
information upon its extent. This is im portant to determine because of its 
unique faunal assemblage and possible hot spring deposition, suggesting a 
potential for precious m etal m ineralisation. Magnetic anomalies are 
a ttribu ted  to basalts w ith in  the Bathgate Hills Volcanic Formation. 
Modelling of the magnetic data demonstrates a general dip to the west of 
about 25°, and the presence of significant local faulting. M odelling of 
vertical electrical sounding data shows the East Kirkton sequence (the 
limestone and associated beds) to be a low resistivity layer within the more 
highly resistive volcanic sequence. The East Kirkton sequence is seen to 
deepen to the west, and also to the north probably by faulting. Therefore 
the present exposure is the only near surface occurrence of the East 
Kirkton Limestone locally, but within the area of the survey no lateral 
limits to the formation are observed.

KEY WORDS: Geophysics, hot springs, magnetic surveys, mineralisation, 
resistivity surveys, Visean.

The East Kirkton quarry  at Bathgate (Fig. 1 ) is the only known 
exposure of the Lower Carboniferous East K irkton Limestone, which 
occurs within the Bathgate Hills Volcanic Formation as part of a ca. 15 m 
thick largely sed im en tary  sequence observed  w ith in  the quarry. 
Lithostratigraphically the East Kirkton sequence (EKS) can be divided 
broadly into three beds: the East Kirkton Limestone, forming over 50% of 
the sequence, overlain by the Little Cliff Shale and Geikie Tuff. Full details 
of the stratigraphy and location of the East Kirkton Limestone are given by 
Rolfe et al. (this volume). Overall, the sequence is a varied succession of 
thin, interbedded, lacustrine limestones, shales, sandstones, ironstones



and tuffs, thought to have formed in a hot spring environm ent (eg Hibbert 
1836, Muir & Walton 1957). C urrent opinion is divided regarding the 
amount of geothermal input to the East Kirkton water body (McGill et al. 
1993, Walkden et al. 1993).

Bedding planes seen at outcrop dip at 15-25° to the W. Various 
hypotheses exist regarding the extent of the East K irkton Limestone 
beyond the quarry: (i) it continues N beneath a thin glacial cover as shown 
on the one-inch geological map (Scotland Sheet 31); (ii) subcrop to the N is 
limited due to faulting at the N  end of the known exposure (Stephenson & 
Monro 1986); or (iii) the sequence was deposited in an isolated lagoon 
forming only a small lens of sedim ent (Geikie 1861).

Geophysical surveys were undertaken to determ ine the structure 
and extent of the EKS in the vicinity of the quarry. Exploration was 
undertaken mostly W (down dip) and to the N. H ousing development 
prevented work to the S. The results are of use in future prospecting of 
the East Kirkton Limestone or precious metal mineralisation (Stephenson 
et al. 1983), or with regard to its rare fossil assemblage (Rolfe et al. 1990).

1. GEOPHYSICAL APPROACH.

Our aim was to determine the subsurface structure of the EKS using 
the East Kirkton quarry as a reference point. Given the presence of basaltic 
lavas and clastic volcanics above and below the sedim entary sequence, it 
was anticipated that there w ould be a strong contrast of magnetic and 
electrical resistivity properties betw een the EKS and volcanics. Borehole 
information was made available by the National M useums of Scotland, 
permitting calibration of the geophysical results but only to rather limited 
depths (typically 10 m, maximum 33 m).

2 . MAGNETOMETER SURVEY.

The total magnetic field intensity  was m easured along 12 E-W 
traverses across the quarry and its projected continuation along strike to 
the N. The contoured results are p lotted in Fig. 2. Large magnetic 
anomalies in the W of the survey area can be correlated with basalts at 
outcrop, and in the NE with a quartz dolerite sill. Low anomaly values are 
obtained within the East Kirkton quarry and to the N  of the quarry, where



the anomaly trend coincides with the N-S strike of the strata. Although 
this suggests that the EKS may continue to the N at very shallow depth, it 
is absent from the line of boreholes GC3-6 (Fig. 3). A localised, high 
anomaly occurs immediately W of the quarry. This correlates w ith the 
basalt seen immediately above the EKS, b u t the lim ited extent of the 
anomaly suggests that there is local structure affecting the basalt.

Magnetic susceptibility measurements of borehole samples (Fig. 4) 
indicate that the largest susceptibility contrast is between basalt and other 
lithologies. Thus the distribution of basalts is the major control upon the 
local magnetic field. Remanent m agnetisation of the highly magnetic 
basalts was measured; it showed a very low angle inclination. This would 
be expected for Lower Carboniferous lavas extruded in equatorial latitudes.

Using these values, a model profile across the East Kirkton quarry 
was determ ined using the GRAVMAG com puter program . The model 
was constructed along line Z, a dip line crossing the anomaly immediately 
W of the quarry (Fig. 2) and passing near to BH1 (Fig. 3). The model (Fig. 5) 
shows two basaltic horizons. The upper one is the unit seen at outcrop W 
of the road. The lower one (7m thick) immediately overlies the EKS and is 
dow nfaulted by at least 7m near to the W side of the quarry. Other 
horizons cannot be distinguished magnetically. These results clearly 
dem onstrate a general dip to the W of about 25°, and the presence of 
significant local faulting.

The one-inch geological m ap shows the EKS to be underlain by 
basalts (Fig. 1), which would be expected to generate a significant anomaly 
near to the subcrop of their contact with the EKS to the E of the quarry. 
This anom aly is clearly absent from our m agnetic data (Fig. 2). We 
conclude that either the rocks beneath the EKS are not basalts but perhaps 
clastic volcanics, or that these basalts have lost their magnetic properties 
perhaps due to hydrothermal alteration. Our dataset does not permit us to 
distinguish between such models.

3. RESISTIVITY SURVEY.

Four electrical resistivity vertical soundings were conducted using 
expanding W enner arrays (VES1-VES3 of Fig. 3) and an Offset Wenner 
array (VES4). Maximum electrode spacings were 40, 100, 64 and 64 m 
respectively. Com puter m odelling was undertaken for each sounding, 
assum ing a 1-dimensional variation of ground electrical properties. Each



model is attributed to the centre point of the array. The field data and 
results of VES1 are shown in Fig. 6  to illustrate our data and the goodness 
of fit obtained in the m odelling procedures. The m odels of all four 
soundings are shown in Fig. 7. A constant separation traverse (points 1 to 
6  on Fig. 3) was carried out to determine changes in depth to the N  of the 
quarry.

Resistivity of rock ranges over several orders of m agnitude and is 
one of the most variable of rock physical properties. Most rock-forming 
m inerals are insulators and electrical current is m ainly carried through 
rock by the passage of ions in pore waters. Therefore porosity is the main 
control of resistivity, which generally increases as porosity decreases. 
Crystalline rocks may be conductive to some extent due to water-filled 
cracks and fissures. Identification of lithology is not possible on the basis 
of resistivity data alone, correlation with outcrop a n d /o r  boreholes is 
required.

At East Kirkton we attribute generally low, but highly variable, 
resistivities modelled at surface to soils an d /o r boulder clay. At depth the 
main resistivity contrast was expected to be betw een the highly resistive 
volcanics of the Bathgate Hills Volcanic Formation and the low resistivity 
of the mixed sedimentary EKS. Resistivities of much less than 100 ohm-m 
modelled at depth can be correlated with the EKS. High resistivities (480 
ohm-m) above the EKS on VES1 and VES2  are correlated with the lower of 
the two basalts of the magnetic model. High resistivities (typically over 
400 ohm-m) beneath the EKS are consistent with the presence of volcanic 
rocks. Fig. 7 is an attem pt to correlate the results of VES1 to VES4. The 
lithological interpretations are based on m odelled resistivity values and 
correlation with boreholes and the magnetic results. The correlation of 
units is entirely reasonable, particularly the contrast of the EKS and 
adjacent volcanic units. However, the assignm ent of lithologies to near 
surface layers and within the volcanics above the EKS m ust be treated with 
caution given the variability of resistivity values (see above).

The following points arise from the resistivity results:
1. Com parison of VES1 and VES2 confirms the significant w estw ard 
deepening of the EKS shown by the magnetic interpretation.
2. VES1, VES3 and VES4 are located broadly along strike from each other, 
bu t show the sub-EKS volcanics to deepen northw ards. This was 
confirmed by the constant separation traverse. Thus the EKS may thicken. 
The resolution of the resistivity data does not perm it us to distinguish 
between a northw ard deepening due to folding or faulting.



4. DISCUSSION.

The geophysical techniques used have produced models of subsurface 
structure at East Kirkton based upon different rock physical properties. 
The resistivity survey has show n the EKS to be a low resistivity unit 
between volcanic units of higher resistivity. The m agnetom eter survey 
has provided a model of basalts w ithin the overall sequence. Both 
techniques show the EKS to deepen to the SW. The magnetic model (Fig. 
5) shows this deepening to be a function of dip. However, significant local 
structure is superimposed on this general trend.

The m odelled E-W m agnetic profile crosses the local anomaly 
immediately W of the quarry. A fault is m odelled near to the W edge of 
this anomaly and it is suggested that the N edge of the anomaly is also 
associated w ith faulting, especially since the EKL also appears to be 
displaced at this point. Borehole BH2, drilled close to the NW edge of the 
quarry (Fig. 3), does not penetrate basalt. Good exposure of the base of the 
quarry sequence, at its northern end, indicates no displacement although it 
is possible that quarrying has assisted natural erosion processes and 
rem oved the basalt capping the succession; backfilling obscures these 
exposures.

Comparison of the magnetic and resistivity results regarding units 
below the EKS is revealing. High resistivity values are consistent with the 
basalt lavas shown on the one-inch geological m ap to underlie the EKS 
and subcrop to the E of the quarry. However, the absence of an associated 
magnetic signature indicates that either these lavas are no longer magnetic 
or that clastic volcanics underlie the EKS. Therefore we use the general 
term 'volcanics' for this unit on Fig. 7.

The resistivity m odelling of the sub-EKS unit is also significant 
since it not only shows the top of the unit to deepen SW as expected, but 
also that its top (and so the base of the EKS) becomes deeper towards the N. 
The presence of local faulting seen at outcrop and in the magnetic model 
suggest that this deepening may be due to faulting.

It is seen to continue to the W and N, deepening and possibly 
thickening in both directions. Therefore, regard ing  the hypotheses 
outlined in our introduction, it w ould appear that locally the EKS occurs at 
surface only at the quarry, that Geikie's localised model is refuted at the 
scale of the survey, and that deepening to the N  of the EKS could be fault



controlled. The presence of such faults could be an important factor in any 
precious metal mineralisation.
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FIGURE CAPTIONS

Figure 1, Geological map of the East K irkton quarry locality based on 
Scotland Sheet 31. EKL = non-m arine East K irkton Limestone; WKL = 
marine W est Kirkton Limestone.

Figure 2, Detailed magnetic survey of the East Kirkton quarry locality. Data 
are contoured total magnetic field values in nT. Survey lines are indicated. 
Note that excavations at the Water Board Site exposed basaltic lavas.

Figure 3, Map of the resistivity profiles and boreholes used in this survey. 
VES1-4 are vertical electrical sounding profiles; the line m arked 1-6 is a 
constant separation traverse profile. Boreholes are shown by labelled dots.

Figure 4, Magnetic susceptibility results for local lithologies determined 
from indicated boreholes. Note the logarithmic horizontal scale which is 
in SI units of susceptibility. Lst = Limestone. See Fig. 3 for location of 
boreholes.

Figure 5, Magnetic m odelling results for survey line Z (see Fig. 2 for 
locality). U pper figure shows the observed and calculated profiles. The 
latter was computed, from the model in the lower figure. Origin of the 
distance scale is at the W end of line Z (Fig. 2); the m odel profile is 
extended further W to include the upper basalt in the model. Both basalt 
horizons have a dow nw ard-pointing total m agnetisation. The fault 
inferred at 90 m along the profile has the m inim um  throw  required to 
account for the observed anomaly.

Figure 6 , Com parison of the field data (crosses) of vertical electrical 
sounding profile VES1 (see Fig. 3) and final com puted m odel curve 
(asterisks). The model is shown in the inset: depth  in m, resistivities in 
ohm-m. EKS = East Kirkton sequence; Vole = Volcanics.

Figure 7, Correlation of the 1 -dimensional depth models derived from the 
vertical electrical sounding profiles. Note: VES1 was sited immediately 
west of the East Kirkton quarry (see Fig. 3); boreholes GC5 and GC6 , both 
located in the vicinity of VES3 and VES4, show  a clay to weathered 
ash /tu ff transition at depths of 5-10 m. EKS = East Kirkton sequence; Vole 
= Volcanics.
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Figure 7
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