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PREFACE 

The British Geological Survey (BGS) has been conducting a co-ordinated research 
programme at the Broubster natural analogue site in Caithness, North Scotland. This work 
on a natural radioactive geochemical system has been carried out with the aim of improving 
our confidence in using predictive models of radionuclide migration in the geosphere. It has 
involved collaboration with the Harwell Laboratory for U/Th series analytical work, and with 
W S Atkins Engineering Sciences for modelling. The natural analogue work jointly carried 
out has been supported by the Department of the Environment from July 1986 to March 1989 
and by the Commission of the European Communities from July 1988 to September 1989 
under the CEC shared-cost action MIRAGE U Project. 

This report is one of a series being produced from this effort and it concentrates on the 
mineralogical characterisation of the uranium distribution in the limestone unit considered as 
the 'source-term' in the natural analogue model. Other reports and papers listed below give 
further details of the programme but the one by Ball & Milodowski, in particular, contains 
much background information relevant to this report. 

Broubster reports 

1. 'Geochemical modelling of the Broubster natural analogue site, Caithness, Scotland' by 
D. Read of WS Atkins Engineering Sciences. British Geological Survey Technical Report 
WE/88/43 and DOE Report DOE/RW/89.005. 

2. 'The development of portable equipment to study physical and chemical phases in natural 
waters' by N. Breward and D. Peachey. BGS Technical Report WE/88/25 and DOE Report 
DOE/RW/88.102. 

3. 'The characterisation of organics from the natural analogue site at Broubster, Caithness, 
Scotland' by B. Smith. M. Stuart, B. Vickers and D. Peachey. BGS Technical Report 
WE/89/33. 

4. 'The geological, geochemical, topographical and hydrogeological characteristics of the 
Broubster natural analogue site, Caithness' by T.K. Ball and A.E. Milodowski. BGS 
Technical Report WE/89/37 and DOE Report DOE/RW/89.069. 



5. 'Sorption studies of uranium in sediment-groundwater systems from the natural analogue 
sites of Needle's Eye and Broubster' by J.J.W. Higgo, W.E. Falck and P.J. Hooker. BGS 
Technical Report WE/89/40 and DOE Report DOE/RW/89.072. 

6. 'Uranium series disequilibrium studies at the Broubster analogue site' by G. Longworth, 
M. Ivanovch and M.A. Wilkins. 20pp. Harwell Report AERE-R 13609 (1989). 

7. Read, D. and Hooker, PJ . 1989. The speciation of uranium and thorium at the 
Broubster natural analogue site, Caithness, Scotland. In Scientific Basis for Nuclear Waste 
Management. Materials Research Society, 127, 763-770. 
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EXECUTIVE SUMMARY 

Supported by the Department of the Environment from July 1986 to March 1989 and by the 
Commission of the European Communities from July 1988 to September 1989 under the 
shared-cost action MIRAGE II Project, the British Geological Survey (BGS) has been 
conducting a number of investigations of locations where natural analogues of radionuclide 
migration can be recognised. The purpose of the research is to describe the processes of 
movement of uranium, thorium and rare earth elements in sediments, in order to provide data 
which can be used in modelling and testing applications of the CHEMVAL thermodynamic 
database and of transport codes such as CHEMTARD. Testing with real geological situations 
in this way can create confidence in the use of such codes as predictors of radionuclide 
transport in performance assessments of radioactive waste repositories. 

The Broubster Natural Analogue site presents an accessible locality with relatively simple 
geology and groundwater system, in which particular emphasis can be placed on the study 
of the role of organics in soils and peat in the transport and fixation of uranium. The primary 
uranium mineralisation or "source-term" from which uranium has been mobilised is 
considered to be a unit of laminated limestone, about 40cms thick, interbedded with organic-
silt beds of the Lybster Subgroup of the Lower Caithness Flagstone Group of the Caithness 
Middle Old Red Sandstone. The limestone appears to persist along strike throughout the 
analogue site and is significantly enriched in uranium compared with the background 
flagstone lithologies in the immediate area. 

Detailed determination of the distribution and mineralogical character of uranium in the 
"source-term" is required in order to assess susceptibility to remobilisation by weathering 
and leaching. This has been accomplished by the integration of a variety of mineralogical 
methods. Autoradiographic and uranium fission track techniques have been used to locate 
uranium in levels ranging from a few to several hundred ppm, identification of the host 
phases being made subsequently by optical and scanning electron microscopy. Fission track 
registration has also allowed quantitative determination of mass balances of uranium in the 
limestone, in order to assess potential contributions from host phases of differing 
teachability. Optical and scanning electron microscopy, coupled with cathodoluminescence, 
have also been applied in the petrogenetic study of the origin and evolution of uranium within 
the rock system, in order to evaluate the behaviour under varying conditions through 
geological time. Samples examined were obtained principally from a pit dug over the 
strongest radiometric anomaly in the site but representative background samples were also 
collected in order to establish the nature of the processes responsible for the concentration of 
uranium in the limestone. 
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The investigation has revealed a complex history of uranium deposition and redistribution 
within the laminated limestone unit during a sequence of distinct geological events. Uranium 
mobility can be considered in relation to its origin within the palaeoenvironment of the 
deposition of the sediments of the Orcadian lake, followed by mechanisms of fixation and 
concentration in the sediments and subsequent diagenetic and tectonic remobilisation and 
redistribution. The cumulative effects of these processes determine the ultimate host phases 
of uranium, thereby governing teachability in the present-day weathering regime. 

The limestone is composed of repeated triple units comprising bands of recrystallised 
carbonate mud (microsparrite), very fine organic-rich silty-clay lamellae and coarser clastic 
lamellae. These units are generally less than 1mm thick, the carbonate bands predominating 
in volume by a factor of about 7:1. The uranium in the limestone was derived from 
weathering of mainly granitic basement rocks in the provenance areas of the Flagstone Group 
sediments and is considered to have been introduced syngenetically into the sedimentary 
environment in solution, colloidal suspension and, to a minor extent, as detrital minerals. 
Seasonal life cycles of algae/cyanobacteria which developed and proliferated in the upper 
(euphoric) waters of the Orcadian lake have been of critical importance in the formation of the 
limestone and are considered to have been the principal factor in the early fixation of 
uranium. Precipitation of the carbonate bands is related to algal growth and the accumulation 
of evenly dispersed uranium in this lithology, most probably held by substitution in the 
carbonate crystal lattice, is considered to be contemporaneous with formation or related to 
very early diagenetic recrystallisation. During this process soluble U6 + (probably present in 
solution as a bicarbonate complex) possibly coprecipitated with Ca2+ from the lacustrine 
waters as a result of algally (photosynthetic)-induced carbonate (CaC03) precipitation during 
the seasonal algal blooms. Consequently, uranium has been concentrated in the carbonate 
sediment bands in levels up to 30ppm but Th, which would not have been present in the 
upper lake waters as a soluble complex, has not been enriched by these processes. Early 
subaerial alteration has modified part of the limestone unit, with loss of uranium from the 
system during calcrete-type recrystallisation of carbonate. 

Within the organic-silt laminae, in addition to minor input from detrital heavy minerals, the 
major part of the uranium can be accounted for by either: 
1) syngenetic concentration of uranium from euphoric lacustrine waters at the margin of the 
Orcadian Lake by living algae/cyanobacteria and accumulation within the sediment upon their 
death, or; 

2) fixation of uranium within the eodiagenetic organic-rich reducing environment of the 

sediments from uranium-charged refluxing lake margin groundwaters. 

Part of this organically-fixed uranium remains in association with biologically mineralised 
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early diagenetic "hydrocarbon globules" as discrete included minerals. However, the major 
location of uranium in quantitative terms is a variety of finely divided diagenetic minerals, 
including phosphates, intimately associated with framboidal pyrite. Some uranium may 
possibly be associated with finely dispersed amorphous organic matter (of algal origin) 
which is abundantly present in these silt laminae and within which the pyrite has developed. 
This dispersed uranium attains levels of up to 60ppm. Thorium and rare earth elements are 
also enriched in this lithology, frequently in association with the uranium. 

Late or post-diagenetic redistribution of uranium has been of minor extent. Several 
successive generations of tectonically-related complex calcite veining have affected the 
limestone unit pervasively, but the only event which appears to have involved significant 
mobilisation of uranium, was a phase of polymetallic mineralisation. Introduction of copper, 
zinc and lead as sulphides, together with pyrite and a trace of gold, was accompanied by 
formation of calcite and baryte and migration and emplacement of liqiud hydrocarbons with 
redistribution of uranium into the mineralised fractures. This uranium, though of minor 
significance quantitatively, appears to be relatively labile although some of these secondary 
uranium minerals in hydrocarbon-filled vuggy cavities may effectively be rendered immobile 
where they are protected from dissolution in the present groundwaters by the highly 
insoluble hydrocarbons. Unlike the early diagenetic hydrocarbon globules this later vein 
hydrocarbon has not suffered uranium biomineralisation. The calcite gangue in the veins, 
which make up 15-20% of the rock, contain negligible dispersed or lattice-held uranium. 

In summary, the two principle lithologies within the limestone unit have been shown to 
contain uranium in different associations. These were established at a very early stage in the 
formational history of the limestone and have been notably stable over considerable time and 
through a variety of geological conditions. Present-day release mechanisms are different but 
related :-
The organic-silt laminae represent around 10% of the source-rock and contain around 20% of 
the total uranium. The bulk of this appears to be contained in very fine grained composite 
diagenetic minerals, often in association with rare earths and occurring intimately intergrown 
with weakly soluble minerals. However, the close spatial relationship to dispersed 
diagenetic pyrite has allowed some degree of oxidation and mobilisation of uranium 
concomitant with pyrite oxidation. Acidic solutions generated by this reaction probably play 
an important role in this respect. Uranium associated with sedimentary carbonate accounts 
for 80% of the total, contained in around 75% of the limestone. As this appears to be held in 
the carbonate lattice (or as a sub-crystalline dispersed phase), liberation into solution 
necessitates bulk rock dissolution. This mechanism is evidently active at the present day in 
percolating acidic groundwaters, uranium presumably being mobilised as the bicarbonate 
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complex. Although some evidence has been found of local re-precipitation, this is not 
considered to be extensive. 

Although the dominant carbonate-band lithology of the limestone contains only low levels of 
thorium and rare earth elements, the organic-silt laminae and the enclosing siltstone 
lithologies show appreciable enrichment. Investigation of these is merited in order to assess 
them as possible "source-terms" in analogue modelling based on these elements, as well as to 
study further their role in supergene release of uranium. 
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1. INTRODUCTION 

It is important to test applications of the CHEMVAL thermodynamic database and transport 
codes such as CHEMTARD with real geological situations in order to create confidence in 
their use as predictors of radionuclide transport in performance assessments of radioactive 
waste repositories. To this end the British Geological Survey (BGS) has been conducting a 
number of investigations of locations where natural analogues of radionuclide migration can 
be recognised, with the purpose of describing the processes of movement of uranium, 
thorium and rare earth elements in sediments. In this way, data can be compiled to be used in 
modelling and testing the inherent ideas in the codes. The uranium mineralisation at the 
Broubster Natural Analogue site presents an easily accessible locality suitable for such a 
study with the emphasis on the role of organics in the transport and fixation of uranium. 
This report concentrates on the mineralogical aspects of the primary uranium mineralisation 
or "source-term" from which uranium has been mobilised. The report compiles new results 
and presents a comprehensive information base for modelling aqueous uranium speciation 
and transport. 

2. GEOLOGICAL BACKGROUND 

2.1 REGIONAL SETTING 

The Broubster site (National Grid Reference ND 021 624) is located inland of the north coast 
of Caithness, about 11km southwest of Thurso and 6km southeast of the Dounreay 
Experimental Reactor Establishment (Figure 1). The mineralised structure was discovered in 
the course of regional radiometric and hydrogeochemical surveys (Gallagher et al, 1971) and 
occurs within the Lybster Subgroup of the Lower Caithness Flagstone Group of the Middle 
Old Red Sandstone (MORS) of north Caithness. Regional stratigraphic relationships (based 
on Donovan et al, 1974; Mykura, 1983; BGS 1985) are shown in Table 1. 

The MORS of northeast Scotland is dominated by lacustrine sediments (Donovan, 1975; 
1978; 1980; Donovan et al, 1974; Mykura, 1983) laid down within an enclosed northeast 
trending continental basin (the Orcadian Basin) made up of a series of connected but distinct 
half-graben sub-basins (Norton et al, 1987). A possible connection between the Orcadian 
lake and the sea existed in the middle of the present North Sea area (Kent, 1975 ; Mykura, 
1983). The eastern margin of the lake is 



Figure 1: Location map of the Broubster Natural Analogue Site, Caithness and its relation to 
the distribution of the Middle Old Red Sandstone outcrop. 
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uncertain but the western margin probably corresponded closely to the present western limit 
of the Caithness Flags outcrop (Mykura, 1983). Further west the MORS is represented by 
relicts of fluvial conglomerate and sandstones deposited from rivers draining the 
mountainous metamorphic and igneous terrain to the west of the Orcadian lake (Blackbourn, 
1981). 

Table 1. Middle Old Red Sandstone stratigraphy in the Broubster area 

Middle Old Red Sandstone 

John O' Groats Sandstone Group 
Upper Caithness Flagstone Group 

Mey Subgroup 
Ham-Scarfskerry Subgroup 
Latheron Subgroup/Spittal Subgroup 

Achanarras and Niandt Limestone Member 
Lower Caithness Flagstone Group 

Robbery Head Subgroup (not recognised in this area) 
Lybster Subgroup 
Hillhead Red Bed Subgroup (not recognised in this area) 
Clyth Subgroup/Berriedale Flagstone Formation/undifferentiated sandstone 
(± basal breccia) 

Barren or Basement Group/Sarclet Group 
Basal conglomerate. Angular unconformity in south and west Caithness. 

The lacustrine Caithness Flags throughout comprise a monotonous cyclical series of 
sediments that represent seasonally controlled sedimentation superimposed upon repeated 
longer-term trangressive and regressive cycles in lake level. Four distinct lithological 
associations or facies are distinguished within these cycles (Donovan 1980) and are present 
in the Broubster area : 

Facies A 
Laminated sediment dominated by carbonate which may form limestone horizons. They 
comprise micritic carbonate (dolomite or calcite), organic carbon and clastic lamellae which 
form a triplet averaging 0.5mm in thickness. The clastic lamellae are composed of silt-grade 
detrital quartz, feldspar, chlorite, muscovite and biotite in a matrix of illite and chlorite clay 



minerals. The organic lamellae are very fine and sometimes indistinct from the clastic 
lamellae. These sediments are pyritic, contain fish remains and commonly form fish beds. 
They are interpreted as seasonal varves in a tropical eutrophic lake where the waters were 
subject to some degree of seasonal thermal stratification. "Summer" algal blooms in the 
upper, warm, productive euphotic waters (epilimnion) caused the precipitation of carbonate 
and when the algae died ("autumn") they accumulated on top of the carbonate sediment in the 
anaerobic lake bottom waters (hypolimnion). The elastics may represent either a continuous 
background sedimentation or terrigenous input during wetter seasons ("winter"). These 
laminite limestones were developed close to the edge of the basin where the waters were 
warmer and algal activity more prolific (Donovan, 1975). They represent periods when the 
Orcadian lake was at its deepest and its margin coincided with the basin margin (Donovan, 
1975). Landwards, in shallower waters these laminites pass into more massive limestones, 
stromatolitic deposits and eventually into calcreted horizons which may interdigitate with 
fluvial deposits (Donovan, 1973; 1975; Parnell, 1983). Basinwards they pass into more 
typical dark grey and more clastic-rich flagstone facies. 

Facies B 
Laminated sediments consisting of dark-grey, organic carbon-rich siltstone and shale 
laminae. The thickness of laminations varies between 0.5 to 3.0mm. Distinct carbonate 
bands are fewer, although small amounts of micrite are present in some shale laminae. 
Synsedimentary gas-escape structures ("mound structures", Donovan & Collins, 1978) are 
common and some subaqueous shrinkage cracks (Donovan & Foster, 1972) are present. 
Sedimentary conditions are interpreted as a shallow productive largely permanent lake 
environment but mostly under quiet conditions below the wave base, in which sediment 
supply was restricted. Seasonal stratification of the lake was not well developed and 
consequently carbonate precipitation was limited. 

Facies C 
Alternations of dark grey carbon-rich shale and coarse grey siltstone laminae in pairs 
averaging 10mm thickness. The siltstone laminae often show single-set ripple cross-
bedding; sequences of this type greatly resemble lenticular bedding. Subaqueous shrinkage 
cracks are common but subaerial shrinkage cracks are rare. These sediments are thought to 
have formed in shallow, occasionally dessicated lakes in which water level and salinity 
fluctuated periodically (possibly seasonally). The repetition of siltstone and shale is possibly 
the result of surface wave action during seasonal fluctuations in lake level. 
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Fades D 
Alternations of variously hued (dark grey, light grey, grey green, dark olive green) shales 
with siltstones and fine sandstones in discrete beds from 1 to 100mm in thickness. Coarser 
sediments show abundant multi-set ripple cross bedding which resembles flaser bedding and 
many surfaces display symmetrical ripples. Subaerial shrinkage cracks are common but 
subaqueous shrinkage cracks are restricted to darker shales. Pseudomorphs after gypsum or 
other evaporites are occasionally present (Parnell, 1985(a)). These sediments are considered 
to have formed in a shallow temporary lake environment (lake flats) and locally may have 
been influenced by periods of fluvial sedimentation. This facies developed at the lake 
shoreline during the early stages of lake transgression. 

Thin dolomicrite beds up to 5cm thick may be developed in facies B,C and D and some 
appear to have formed as crusts on the sediment surface. These may in part represent sabkha 
conditions (Donovan, 1978) or stromatolitic deposits (Parnell, 1988). 

2.2 THE BROUBSTER SITE 

The main features of the geology of the Broubster Natural Analogue site, together with a 
summary of earlier work and new results from hydrogeological and geochemical studies, are 
described in detail in a companion report by Ball & Milodowski (1989). Radiometric and 
geochemical investigations reveal a complex pattern of uranium transport and dispersion 
downslope from a source where bedrock is close to surface on the west side of the site into a 
peat-bog which overlies boulder clay to the east. Gallagher et al (1971) considered the source 
to be at the site of an old limestone working (now largely backfilled) and from study of this, 
supported by limited drilling, reported the occurrence of fault-bounded vein mineralisation 
with a northeast trend hosted by a bed of bituminous limestone with similar strike and gentle 
dip to the north. Although the mineralisation was found to comprise calcite with dolomite, 
sphalerite, galena and globules of uraniferous hydrocarbon, it was suggested that the bulk of 
the uranium and other metals in the secondary concentration in the peat was probably derived 
from the limestone itself. The presence of a weakly uraniferous black siltstone horizon to the 
northeast of the old workings was also noted. 

The secondary dispersion pattern closely follows the local drainage pattern of the site with an 
elongation following a surface drainage channel flowing to the northeast. Ball & 
Milodowski (1989) also consider that, in the northeast of the present research area where 
boulder clay cover appears to be absent, there is the potential for a possible recharge of 
"fresh" uranium into the dispersion pattern evolved within the peat horizon. This addition of 



uranium to the system may arise either directly from bedrock or from an extension along 
strike of the mineralisation seen in the west, or from groundwater outflowing from the 
boulder clay-bedrock interface. Any uranium in this groundwater will have evolved along a 
different pathway from the uranium in groundwater moving within the peat layer. 

3. MINERALOGICAL AND PETROLOGICAL ANALYSES 

3.1 METHODS 

3 . 1 . 1 . Sampling 

Outcrop exposure in the study area is limited and samples for petrographical and 
mineralogical characterisation of the uranium source and background lithologies were 
obtained principally from small excavated pits. Details of the locations and their geological 
and hydrogeological relationships within the analogue site as well as results of chemical 
analysis of selected samples are given in Ball & Milodowski (1989). The source 
mineralisation was accessed in PIT 1 which was located over the strongest radiometric 
anomaly in the old limestone working on the west side of the site. For comparison, 
background samples of sandstone and siltstone were obtained from a small, recently worked 
but now disused quarry about 100m southeast of the old limestone working. 

Representative subsamples were ground for chemical analysis, procedures and results being 
given in Ball & Milodowski (1989). Chemical data referred to in this report are taken from 
that source. Polished thin sections for mineralogical and petrological study were prepared by 
conventional methods including prior impregnation with a coloured (usually blue) epoxy 
resin in order to highlight and distinguish porosity. 

3.1.2 Scanning Electron Microscopy (SEM) 

Scanning electron microscope (SEM) analysis was undertaken using a Cambridge 
Instruments Stereoscan S250 scanning electron microscope fitted with a 4-element solid-state 
(diode) backscattered electron detector (KE Developments Ltd). Mineralogical and chemical 
characterisation of phases imaged under the SEM was facilitated by qualitative observation of 
their energy-dispersive X-ray spectra. These were recorded using a Link Systems 860 
energy-dispersive X-ray microanalyser (EDXA). The EDXA system has a detection limit of 
approximately 0.2 % (weight) for most common elements but this is probably of the order of 
0.5% (weight) for uranium, thorium and other heavy elements at typical count-times of 100 



seconds at 20kV. 

Analysis was carried out using both ordinary stub-mounted (rough surface) specimens and 
polished thin-sections. Observations of rough stub-mounted specimens were made by 
routine secondary electron imaging techniques which provide largely morphological 
information by imaging the low-energy secondary electrons produced in the specimen 
surface by interaction between the primary electron beam and the sample. The image 
brightness or shadowing depends largely upon the orientation of the surfaces being examined 
in relation to the electron detector. Polished thin-sections were studied in backscattered 
electron imaging mode (BSEM) in which images are related to the composition of the 
material being examined. Image brightness is proportional to the average atomic number of 
the material, thus allowing the distribution of different minerals or phases to be determined 
on the basis of their chemical composition. Although irregularities on a specimen surface can 
affect the interpretation of BSEM images, the technique can nevertheless be extremely useful 
in the location of dense trace .minerals (which show up as bright grains) even in rough 
surfaces. BSEM has been used very effectively in the study of sediment diagenesis, 
mineralisation and alteration (eg Krinsley et al, 1983; Huggett, 1984; Pye & Krinsley, 1984; 
Strong & Milodowski, 1987). 

Prior to SEM examination the sections were coated with a thin film of carbon (approximately 
200A) by evaporation onto the section surface under vacuum. Rock-chips were similarly 
carbon-coated after being first mounted on aluminium pin-type SEM stubs using Leit-C 
conducting carbon cement All SEM observations were carried out at 20kV beam potential. 

In order to identify the phases containing uranium systematically, comparison of the SEM 
images was made with fission-track prints (Section 3.1.4). Enlargements of these were made 
by microfiche xerox-copier in order to produce a large-scale "map" of the uranium 
distribution for each polished section. From such maps it was possible to locate the 
uranium-bearing phases accurately and rapidly under BSEM in order to identify them by 
EDXA and determine their petrogenetic relationships. 

3.1.3 Cathodoluminescence (CL) 

The phenomenon of the emission of light from certain minerals (eg carbonates) during 
electron irradiation (cathodoluminescence) has been summarised by Nickel (1978). 
Cathodoluminescence (CL) has its origin in the molecular distortions of the crystal lattice. 
These structures give resonance under electron bombardment, but radiation is also controlled 
by the very complex balance of valence electrons in a crystal lattice. These resonating 



valence bands may be related to:-

1. Distorted surfaces (eg stress cracking) 
2. Distorted internal structure between intergrown crystals 
3. Hole defects (atoms or ions missing from the lattice) 
4. Inhomogeneities in composition 
5. Impurities (trace elements) in surface sites, regular lattice sites or interstitial sites 
6. Charge displacements, abnormally ionised atoms, separated cation-anion pairs 
All these imperfections affect the energetics of the crystal lattice. 

Therefore CL can provide a useful tool for the distinction or correlation of mineralisation 
features due to similarities or differences in their geochemical or tectonic paragenesis or for 
revealing the original fabric in recrystallised rocks (eg Sippel, 1968; Meyers, 1974; Grover 
& Read, 1983; Strong & Milodowski, 1987). CL is particularly useful in the study of 
carbonate minerals. In this case, CL activity is considered to be due mainly to variations in 
trace amounts of iron and manganese (Pierson, 1981; Walker et al, 1989). Manganese is 
believed to cause CL excitation whereas iron in excess of about 1% drastically quenches CL 
emission. It should be noted however, that CL zonation can reflect the composition and 
degree of saturation of the precipitating fluid as well as crystal growth rate. Consequently 
CL variations do not necessarily indicate wide differences in fluid composition (Ten Have & 
Heijnen, 1985). 

CL observations were made on polished thin-sections of sandstone and limestone using a 
Technosyn model 8200 Mkll cold cathode cathodoluminecence stage fitted to an optical 
microscope with long working-distance objective lenses. The instrument was operated at an 
excitation voltage of 10-20kV and a beam current of 500-700|iA. Care had to be taken in 
order to prevent the destruction of the sample during observation. CL images were 
photographically recorded with 35mm fast colour film (Kodacolour VR 1000ASA). 

3.1.4 Fission Track Registration 

Uranium and thorium occur naturally in rocks in a great variety of host phases and in a wide 
range of concentrations (e.g. Basham, Ball, Beddoe-Stephens & Michie, 1982(a)). In any 
comprehensive mineralogical and geochemical study of radionuclide occurrence and 
distribution, the location of all possible hosts by charged particle track registration techniques 
is an essential precursor to evaluation by identification methods such as optical and electron 
microscopy. In this study, preliminary evaluation of the distribution of overall radioactivity 
was made by registration of natural alpha particle activity in polished thin sections in CR39 
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plastic, following the procedures described by Basham (1981). However, as this technique 
does not allow ready discrimination between uranium and thorium series nuclides, the 
precise location of all uranium sites was achieved by recording fission fragments derived 
from uranium under neutron irradiation in a reactor [(n,f )reaction]. Interference from 
thorium was avoided by selecting a highly thermalised neutron flux in which only 235U 
undergoes appreciable fission. Irradiations were carried out at the Scottish Universities 
Research and Reactor Centre, East Kilbride. 

The method employed was based on that of Kleeman & Lovering (1967). "Lexan" 
polycarbonate plastic was used as a detector and tracks of the induced fission fragments 
revealed by etching for 5 minutes at 600C in 6 molar NaOH solution. The technique yields 
accurate spatial information on the location of uranium in the sample in the form of 
micromaps. Quantitative estimation of the uranium content of different host minerals was 
achieved by the irradiation of uranium-doped standard glasses along with the sample batches 
and consequent track counting on an equal area basis using an optical microscope. Neutron 
fluence was chosen to yield discrete tracks with minimum overlap to ensure reasonable 
counting accuracy (typically 2x1015 t.n.cm-2 is used). In some cases it was found 
necessary to make more that one fission track registration "print" at different neutron fluences 
in order to obtain workable track densities or to increase sensitivity. In this way, uranium 
contents in the range 1 to several 100s ppm were measured with good reproducibility. Data 
obtained were used in coordination with modal estimates of phase abundance to derive mass 
balances for uranium in the samples. 

3.2 PETROGRAPHY AND GEOCHEMISTRY 

3.2.1 Background Lithologies (sandstones and siltstones) 

3 . 2 . 1 . 1 Field characteristics 

In order to establish the background lithology and geochemistry to the source-term location, 
four samples of sandstone and siltstone (Latherton Subgroup, Upper Caithness Flagstone 
Group; Table 1) were collected from the small forestry quarry to the southeast of the site. In 
this area boulder clay cover is absent and a thin peat blanket rests directly on gently dipping 
flagstones. About 1.5m of bedrock was accessible and the sample depths (relative to the 
bedrock top) and nominal total y count at these depths are given in Table 2, along with the 
analytical data obtained for uranium and thorium. The total y-activity varies largely with 
uranium content but the "anomolously" higher y-count in BR09/4 for its relatively low 
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uranium content is probably due to the solid angle effect on the y-detector at the base of the 
quarry profile. 

Table 2. Sample depths, nominal relative y-activity and U and Th contents in quarry 
samples 

Y- ACTIVITY (cps) U(ppm) Th(ppm) 

75-85 3 8 

130-140 7 9 

105 5 8 

95-105 2 5 

SAMPUE 

BR09/1 

BR09/2 

BR09/3 

BR09/4 

DEPTH (cm) 

0 

30 

45-50 

150 

The samples examined are strongly weathered displaying a buff or orange-yellow to rusty-
brown colour and were quite friable. BR09/1, BR09/3 and BR09/4 are all very similar and 
comprise ochreous fine ripple cross-bedded medium to fine sandstones with occasional thin 
laminae of silty mudstone. Sandy laminae are 3 - 10mm in thickness with thinner mudstone 
laminae typically 0.2 to 2mm thick. BR09/2 is more typical of flagstone lithology, consisting 
of more finely laminated siltstone or mudstone and sandstone with 0.1 - 2mm laminae. 
Despite the strong weathering, relicts of fine black organic laminae are seen on bedding 
planes and traces of low-angle cross-bedding are also apparent. In all specimens vertical 
fractures and bedding planes are commonly coated with secondary iron oxide(s), probably 
goethite. In BR09/1 and BR09/2 this is hard, dense and dark red-brown whereas in BR09/3 
and BR09/4 the coating is powdery and of yellow ochre colour. 

3 .2 .1 .2 Mineralogical composition 

Mineralogically, the samples are similar and composed largely of detrital quartz, with 
subordinate K-feldspar, plagioclase, muscovite, chlorite, biotite and mudstone pellets. Lithic 
clasts comprising granoblastic intergrowths of quartz, K-feldspar, albite and muscovite are 
common and probably represent material derived from granitic terrain. Silty clay and fine 
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siltstone laminae also contain a matrix of fine-grained mica (illite) and possible chlorite or 
mixed-layer chlorite-smectite. Although no confirmatory X-ray diffraction analysis of the 
argillaceous matrix has been performed, these observations are consistent with published 
data for the clay mineralogy of the MORS of Caithness (Wilson, 1971) which indicate a clay 
assemblage dominated by illite and chlorite, at times including minor illite-smectite mixed-
layer species in the mica component. Accessory detrital phases include common zircon, 
rutile and apatite with rarer chromite, a spinel (intermediate between chromite, spinel, 
hercynite or magnesioferrite), monazite and very rare xenotime. 

3.2.1.3 Petrography 

The sandstones and sandstone laminae are extremely porous and possess a largely grain-
supported fabric (Plate 1). A rigid framework has been provided by extensive precipitation 
of interlocking authigenic quartz and K-feldspar as overgrowths seeded on the detrital grains. 
Cathodoluminescence reveals that overgrowth occurred in an open detrital fabric with simple 
grain contacts and without grain stress-cracking, pressure-solution or sutured grain 
boundaries (Plate 2). Together with the absence of compactional deformation in the less 
competent micas (Plate 1), these features suggest that a rigid framework, cemented by 
authigenic quartz and K-feldspar was established at an early diagenetic stage, prior to 
significant burial and compaction. In contrast, the argillaceous laminae consist of closely 
compacted sediments with limited or no grain overgrowth cements. Within these laminae, 
the detrital micas are usually deformed and compacted around quartz and feldspar clasts 
(Plate 3). 

Elsewhere in north Caithness (Basham & Milodowski, unpublished data), the Caithness 
Flagstones are often pyritic and extensively cemented by carbonates. In this study, 
carbonates and pyrite have been noted only in the deepest sample (BR09/4) examined from 
the disused sandstone quarry, the Broubster laminated limestone (see 3.2.2) and in loose 
fragments of flagstone present in the drift deposits. Sample BR09/4 contains preserved 
pyrite in relict patches of carbonate cement consisting of moderate-to-brightly yellow 
luminescent, non-ferroan or weakly ferroan calcite (Plate 2) filling intergranular sites (pore-
filling) and framework grain dissolution (FGD) sites (mainly after feldspar). 
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PLATE 1. BSEM photomicrograph showing grain supported detrital fabric of porous sandstone. Consists of 
detrital quartz (Q), K-feldspar (Kf), muscovite (M), and plagioclase (PI). Note lack of mica 
deformation, presence of corroded plagioclase and intergrowth of quartz. BR09/4. 

PLATE 2. CL photomicrograph of sandstone showing uncompacted grain-supported fabric of non 
luminescent detrital quartz (Ql) and blue-luminescent feldspars with pore-filling bright-yellow 
luminescent calcite cement (C2). Note dull-luminescent quartz overgrowths (Q2) forming 
interlocking grain fabric. Dull orange luminescent detrital carbonate pelloids (Pe) also present. 
BR09/4. 

PLATE 3. BSEM photomicrograph of silty clay lamination in flagstone displaying burial-compaction 
deformation of detrital muscovite (M). Micas aligned parallel to bedding. Detrital zircon (Z) and 
fine secondary Ti02 (Ti) also seen in clay matrix. BR09/4. 

PLATE 4. BSEM photomicrograph showing syntaxial overgrowth of ankerite-ferroan dolomite (An) on 
detrital dolomite carbonate grain (D). Calcite cement (C) and detrital quartz (Q) and K-feldspar (Kf) 
also shown. BR09/4. 

PLATE 5. BSEM photomicrograph of altered detrital biotite showing basal expansion of flake and 
fine precipitates of plumbogummite minerals, TiO-? and goethite along cleavage. Fine 
(bright) goethite coating clays seen in adjacent porosity. BR09/2. 

PLATE 6. BSEM photomicrograph of albitised detrital plagioclase (Ab) with FGD sites infilled by baryte 
(B) and calcite (C). BR09/4. 
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Also present are relatively large areas of calcite cement which are oversized in comparison to 
the normal intergranular regions and are characteristic of the replacement of former detrital 
grains or infilling of FGD sites (Schmidt & McDonald, 1979). The calcite cement encloses 
and partly replaces or corrodes authigenic quartz and feldspar and therefore post-dates quartz 
and feldspar authigenesis. 

Within the calcite-cemented areas, rounded detrital carbonate clasts are abundant and 
comprise both dull-luminescent micritic calcite (Plate 2) and easily distinguishable, red 
luminescent micritic or recrystallised ferroan dolomite. The dolomite clasts usually exhibit 
syntaxial overgrowth (if recrystallised) or partial replacement by ankerite or strongly ferroan 
dolomite (Plate 4). Dolomite cements also invade and replace detrital mica along cleavage, 
causing expansion and splitting of the flakes. Ankerite is either intergrown with, or slightly 
replacive towards quartz and feldspar authigenic overgrowths, indicating either syngenetic or 
slightly later formation. These authigenic dolomite-ankerite cements are in turn partly 
replaced by the calcite cement discussed above. Pyrite commonly occurs in finely 
disseminated around the micritic dolomite clasts or as dispersed framboidal aggregates. 
Detrital apatite is a common minor constituent in the cemented rock and is seen to be rimmed 
by minor authigenic overgrowth. 

3.2.1.4 Alteration 

Extensive alteration of these sedimentary rocks is probably attributable in the main to 
weathering processes. The porosity in the sandstones is largely secondary as a result of the 
dissolution of calcite, dolomite and ankerite cements and, to a lesser extent, the dissolution of 
detrital and authigenic feldspars (Plate 1). Apatite is also etched and corroded in carbonate-
free rock and pyrite, where not preserved within the relict carbonate cement, is represented 
by goethite pseudomorphs. Very fine grained goethitic iron oxide is also abundantly present 
as coatings on mineral surfaces within the secondary porosity (Plate 5). 

Other secondary minerals are present, including anatase, baryte and minerals of the 
plumbogummite group. In many cases it is not possible to assign these minerals specifically 
to either diagenetic or weathering processes. Microcrystalline anatase or amorphous Ti0 2 is 
particularly abundant and in some cases is intimately associated with goethite in secondary 
porosity, most probably as a product of weathering. Elsewhere, coarser crystalline anatase 
occurring in both cemented and uncemented rock as an alteration product of detrital grains 
(probably former ferromagnesian and Fe-Ti oxide minerals) is more likely to be of early 
diagenetic origin. Similarly, baryte may be associated with goethite as a fine admixed 
alteration along bedding lamellae but also occurs as an early diagenetic mineral precipitated in 
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FGD sites and enclosed in, or associated with, later calcite cement (Plate 6). 

The plumbogummite group minerals are associated with sites of mica alteration, in particular 
biotite, accompanying secondary iron and titanium oxides precipitated along cleavages 
(Plate 5). They range in composition from goyazite (SrAl3H(P04)2(OH)2) to a mineral 
intermediate between goyazite and florencite ((Ce,La,Nd)Al(P04)2(OH)6). Ce is the 
dominant REE in most examples of florencite-goyazite and sometimes the only REE 
detectable by BSEM-EDXA. Alteration to material of rhabdophanic composition 
((Ce,La,Nd,Th,Ca)P04.nH20) is also sometimes present around rare detrital monazite 
grains. Rare possible witherite (BaC03) is found in the most weathered sandstone samples 
(BR09/1, BR09/2). As these less common minerals have not been observed in the 
unweathered carbonate cemented rock they are considered to be products of supergene 
alteration. 

In view of the altered state of the specimens examined, it is difficult to assign these 
sandstones precisely within the lacustrine facies defined by Donovan (1980). On the basis of 
the grain size, lack of shale and presence of ripple cross-bedding, the most probable facies to 
which these sediments belong is either Facies "C" or Facies "D". 

3 . 2 . 1 . 5 Uranium locations 

Whole rock values for uranium and thorium range from 2-7ppm U and 5-9ppm Th (Table 2). 
These levels do not indicate significant enrichment and suggest that uranium and thorium are 
located principally in detrital heavy minerals. Although no autoradiographic or fission track 
analyses have yet been conducted on these sandstones it is likely that some redistribution will 
have occurred at least during the supergene alteration described above. In BSEM-EDXA 
examination, uranium was detectable only in rare detrital xenotime although other detrital 
minerals present such as zircon, apatite and monazite undoubtedly contain uranium, albeit 
below detection level. Thorium was detectable in significant amounts in rare detrital 
monazite and associated rhabdophanic alteration but the characteristic X-ray lines for any 
uranium present in these minerals would probably be obscured by thorium lines. 

Recognition of detrital minerals as principal hosts for the low levels present, together with 
limited evidence of very local redeposition during weathering, indicates that these sandstones 
are not to be considered as potential sources of appreciable uranium and thorium. 
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3 .2 .2 Broubster Laminated Limestone 

3 . 2 . 2 . 1 Field relationships 

Limestone and associated mineralisation were accessed by a shallow pit (PIT 1) dug in the 
area of the old limestone workings. The pit profile is shown in Plate 7 and illustrated 
schematically in Figure 2, annotated with pertinent analytical data for uranium and thorium. 
A thin (approximately 40cm) bed of brownish grey, finely laminated limestone with abundant 
siltstone laminations, dips gently northwards at the base of the pit. The basal 4-10cm is 
intensely brecciated and irregularly veined with the development of lenticular "pods" or 
"lenses" of coarsely crystalline and vuggy white calcite (Plate 8). In the lower third of the 
limestone bed, abundant sub-vertical veins of calcite are also developed, varying from thicker 
(3-5mm), rather irregular and impersistent vuggy veins to more continuous fine (less than 
lmm), straight fractures. Both coarse and fine veins carry small amounts of sulphide 
minerals and sticky honey-brown hydrocarbon seeps from vuggy cavities. Small globules 
and botryoidal masses up to 5mm across of glassy, brittle bitumen are also seen in the 
coarser veins. 

The limestone rests on finely laminated (0.5-3mm thick laminae) organic-rich, calcareous 
siltstone. Carbonaceous laminae are apparent on the exposed bedding plane and significant 
y-activity was registered from the surface using a field ratemeter. No samples of this 
siltstone have been obtained yet for study but further investigation is planned. The limestone 
is overlain by a highly weathered, regolith of decalcified and gleyed siltstone or very fine 
sandstone in which the very finely laminated (l-2mm thick laminae) sedimentary structure is 
well preserved. Samples of this regolith and the brown earth soil profile above have been 
collected and analysed geochemically but petrographic analyses of this material have not been 
included in this phase of the study. The limestone represents Facies "A" of Donovan (1980) 
and the enclosing siltstones are provisionally considered as Facies "B". 

Although direct evidence of faulting was not immediately obvious in PIT 1, well-developed 
slickensided surfaces within the basal brecciated zone indicate shearing of the limestone 
parallel to bedding. Tectonic movements parallel or sub-parallel to bedding are common 
features throughout the Caithness Flags (Donovan et al, 1974) and are considered to relate to 
low-angle thrust movements from the southeast, usually followed by northeast-southwest 
compression. The thinly-bedded organic-rich laminites (frequently fish-beds) are the usual 
locations of such bedding-plane movements (Donovan et al, 1974) which are manifested by 
zones of crushed and slickensided rock cutting vertical or subvertical joints. 
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PLATE 7 Photograph of soil section in PIT 1 showing limestone laminite at base of pit Note zones 
of Mn and Fe accumulation and staining towards base of soil profile and seepage of water at 
base of pit. 

PLATE 8. Detail of base of laminated limestone (PIT1) showing reddish sphalerite (Sp) and hydrocarbon 
globules (H) associated with calcite veins (C) in brecciated rock. Local small-scale cavenous 
dissolution of the limestone is apparant at its base. 
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lower part Ferruginous-manganiferous soil shows strong 
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Figure 2: Schematic profile of PIT 1, showing analytical data for uranium and thorium. 
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Following the conclusions of Gallagher etal (1971), evaluation of the source-term has so far 
concentrated on the examination of the complex mineralogy and petrology of the limestone 
and its associated vein mineralisation. However, in view of the results contained in this 
report, this appraisal is being extended to include the siltstones immediately adjacent to the 
limestone. 

3 .2 .2 .2 Sedimentary Petrography 

The limestone is finely-laminated, especially in the upper half. It comprises alternations of 
thin (0.2-0.5mm) bands of recrystallised micrite (microsparrite) with minor scattered silt 
grains, overlain by very fine (less than 0.1mm) lamellae of dark, organic-rich silty clay 
which in turn is overlain by lamellae (0.1-0.4mm thick) of coarser silts tone or fine sandstone 
(Plates 9,10 & 11). The clastic component is similar to the background flagstones described 
previously except that dolomite and calcite clasts are notably absent. The organic-rich 
laminae are often superimposed on siltstone lamellae and are usually represented by fine 
laminae of pyrite-rich silt or silty clay (Plate 13). The authigenic pyrite is largely present as 
disseminated, very fine (0.1-l|im) octahedra and sometimes as framboidal aggregates. The 
coarser siltstone is less pyritic. 

The "cleaner" siltstone and fine sandstone laminae show extensive development of authigenic 
quartz and feldspar (both K-feldspar and albite) overgrowths producing well-developed 
euhedral forms and cementing the laminae (Plate 14). Lack of compaction and deformation 
of detrital micas indicates that cementation occurred prior to any significant burial. More 
argillaceous laminae are less cemented and display compactional deformation, as in the 
flagstones described earlier. However, the earliest diagenetic feature appears to be the pyrite 
which is often found trapped on the surface of detrital grains beneath later quartz or feldspar 
overgrowths (Plate 15), closely associated with contemporaneous fine authigenic anatase and 
apatite (Plate 16). Detrital apatite grains are ubiquitously overgrown by small (2-10|im) 
perfect euhedral authigenic apatite crystals, trapping pyrite, anatase, Y-Dy-Heavy REE-
phosphate and U-rich phosphate (?) or silicate (?) on the surface of the detrital core (Plate 
17). 

The carbonate component of the limestone is extremely complex and multiple generations of 
both authigenic and vein carbonates are apparent from BSEM and CL analysis. The finely 
recrystallised micrite (microsparrite) of the carbonate bands (hereafter referred to as CI) 
luminesces with a dull to moderate orange-yellow CL (Plate 11). In the upper parts of the 
limestone this microsparrite appears to be relatively homogenous. Authigenic overgrowths 
of quartz and K-feldspar are enclosed and partly replaced by the microsparite (Plate 14) 
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PLATE 9. Typical laminated limestone with interbanded carbonate (micrite/microsparrite) and darker thin 
organic-silt laminae, both cross-cut by subvertical calcite veins (C). Scale bar: 2mm (plane 
transmitted light) 

PLATE 10. Detail of area "A" in Plate 9 showing brecciated collophane fossil fish fragment (F) within silt 
lamination. Fossil fragment is veined by calcite (C). Silt laminae show graded bedding, fining 
upwards and resting on a dark, organic-rich base. Scale bar: 0.50mm (plane transmitted light) 

PLATE 11. CL photomicrograph of Plate 10 showing relationships of mutiple generations of calcite veining 
(C2 & C3) to micrite/microsparrite calcite (CI). Note C2 occurs as cement in silt laminae and is 
cross-cut by later C3 veins. 

PLATE 12. Fission track print of Plate 9 showing different concentrations of uranium in the various 
lithologies. High intensity of tracks seen associated with fossil fish fragment (F). Note fission 
track prints have been photographed with dark field illumination. Fission tracks show white. 
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PLATE 13. BSEM photomicrograph showing concentration of early diagenetic finely disseminated and 
framboidal pyrite (P) concentrated in organic-rich clay laminae in quartz (Q) - K-feldspar (Kf) silt 
laminae of laminated limestone. 

PLATE 14. BSEM photomicrograph of "cleaner" clay-free siltstone laminae in limestone. Note extensive 
authigenic overgrowths producing well developed euhedral crystal faces on detrital quartz (Q) and 
K-feldspar (Kf). Microsparrite calcite encloses and corrodes overgrowths. 

PLATE 15. BSEM photomicrograph showing very early fine-grained diagenetic pyrite trapped on surface of 
detrital quartz grain (Ql) beneath later authigenic quartz overgrowth (Q2). Overgrowth enclosed in 
calcite cement (C) 

PLATE 16. BSEM photomicrograph of organic-rich silt/clay lamination containing fine grained pyrite (P) 
associated with authigenic apatite (Ap) and anatase (An). 

PLATE 17. BSEM photomicrograph of authigenic apatite overgrowth (Ap2) on detrital apatite grain (Apl). 
Note presence of tiny bright inclusions of U-rich (?uraninite) and Y, Dy, heavy REE-phosphate 
phases (U/REE) trapped on surface of detrital grain, beneath later overgrowth. 
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indicating that recrystallisation of the micrite post-dates quartz and feldspar overgrowth. 

In the lower part of the limestone bed the micrite laminations are very inhomogenous and 
must have possessed considerable original or early diagenetic porosity in the form of 
irregular fissures, fractures and vugs (Plate 18). These features are lined by idiomorphic 
finely-zoned calcite which has similar CL properties to CI and can therefore be considered as 
probably of a similar generation. CL also reveals the presence of small micritic nodules or 
clasts in the carbonate bands, and the locally extensive development and replacement of 
siltstone lamellae by both structureless and nodular micrite. A very early origin for the 
fissures is indicated by the presence of small amounts of geopetal silt infill. The association 
of nodular micrite and irregular Assuring filled by early diagenetic carbonate described above 
closely resembles the incipient development of calcretes described from elsewhere in the 
Orcadian Basin (Parnell, 1983). Alternatively, these pelloidal carbonates may represent 
early-cemented "oolitic" basin margin sediments. 

3 . 2 . 2 . 3 Calcite veining 

The vugs and irregular fractures in the limestone are filled by a later bright yellow 
luminescent (more Mn-bearing) poikilotopic calcite (C2) (Plate 18) which also fills displacive 
vertical, subvertical and horizontal fractures (Plates 11 & 19) and occurs as a cement in the 
siltstone lamellae. The CL properties of C2 are identical to the cement in the flagstones 
(Section 3.2.1) and it may extensively replace detrital grains in the siltstone lamellae, 
particularly in the lower part of the limestone (Plate 19). 

The C2 veins are cut by displacive veins of dull-luminescent ferroan calcite, C3 (Plates 11 & 
18). These veins are extremely complex and form a vuggy, repeatedly brecciated fabric with 
sharp, non-replacive walls (Plate 20). The breccia complex is particularly well-developed in 
the lower part of the limestone where up to three generations of brecciation and calcite 
mineralisation can be discerned by BSEM and CL observation (Plate 21). The earliest 
generation of breccia vein calcite (C3A) is seen as very dull-luminescent (brownish-yellow), 
coarse idiomorphic spar growing in from fracture walls (Plates 20 & 21). This in turn has 
been intensely brecciated by fracture movement and the resultant vein breccia is mineralised 
by slightly brighter, brown-yellow luminescent calcite, C3B (Plates 20 & 21). Sub-vertical 
veins often "pinch-and-swell" as a result of longitudinal displacive slip-shearing during 
fracture opening (Plate 22). In these veins C3A is brecciated along shears parallel to the 
fracture. In the basal breccia zone, but much less commonly higher up the limestone, C3B 
itself is brecciated and mineralised by a later brighter orange-yellow luminescent low-ferroan 
calcite, C3C (Plate 21). 
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PLATE 18. CL photomicrograph of lower part of laminated limestone bed showing pelloidal micritic calcite 
(CI) cemented by zoned calcite (Cll) of similar luminescence lining early diagenetic vuggy 
fissures cutting laminae. Later brightly luminescent C2 calcite fills remaining vuggy porosity 
and in turn, is cut by later dully luminescent C3 calcite veins. Scale bar: 0.25mm. 

PLATE 19. CL photomicrograph showing brightly luminescent C2 vein calcite cutting and partly replacing 
laminated limestone. Scale bar: 0.5mm. 

PLATE 20. CL photomicrograph displaying complex nature of breccia calcite veining at base of laminated 
limestone. Note "dog-tooth" calcite of initial C3A calcite originally lining limestone wall-rock 
(CI calcite) has been brecciated and invaded by subsequent brighter luminescent C3B calcite. 
Scale bar: 0.5mm. 

PLATE 21. CL photomicrograph of C3 breccia vein calcite showing initial vein infill by dull C3A calcite on 
wall-rock of micrite/microsparrite (CI). C3A vein has been refractured and pulled apart (as 
indicated) and subsequently mineralised by progressively more luminescent C3B and C3C 
calcites. Note lath-like psuedomorph after baryte (B) replaced by bright C3C calcite. Scale bar: 
0.5mm. 

PLATE 22. CL photomicrograph of subvertical C3 calcite breccia vein showing slip-shear opening of vein 
and subsequent multi-generation calcite mineralisation (C3A, C3B). Note very bright luminescent 
C4 calcite filling fractures cutting and/or following walls of earlier C3 calcite veins. Scale bar: 
0.5mm. 

PLATE 23. CL photomicrograph showing detail of very late brightly luminescent C4 calcite mineralisation 
lining open and fractures cutting C3 calcite veins. Scale bar: 0.25mm. 
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A further generation of calcite (C4) occurs in very fine veinlets of very brightly luminescent 
calcite sub-parallel to bedding, or along the walls of earlier calcite veins. These late veinlets 
cut across C3 structures (Plate 23) and, although sometimes similar in luminescence to C3C 
calcite, are not related specifically to breccia veins. Many of these late structures are irregular 
cracks and open fractures lined by uncorroded, euhedrally-terminated calcite syntaxially 
seeded on the earlier calcite substrate (Plate 23). 

The sequence of formation of calcite in the limestone and veins can be summarised as 
follows :-

Table 3. Sequence of calcite formation and cathodoluminescence characteristics 

CALCITE STAGE MODE OF OCCURRENCE CATHODOLUMINESCENCE 

Dull to moderate orange-yellow 
Bright yellow 

Very dull, brownish-yellow 
Brown-yellow; brighter than C3A 
Orange-yellow to bright yellow; 
brighter than C3B 

C4 Late, cross-cutting fine veinlets Very bright yellow 

3 . 2 . 2 . 4 Other vein minerals 

Lath-like crystals of baryte, apparently syngenetic with C3A are common in the basal 
brecciated veins (Plate 21) and many are replaced to varying degrees by bright C3C calcite or 
occasionally C3B calcite. Baryte crystals also occur commonly as linings to hydrocarbon-
filled vuggy cavities in C3A calcites (Plate 24). The baryte in these vugs is sometimes 
brecciated and partly replaced by pyrite, chalcopyrite and C3C calcite (Plate 25) but 
replacement by C3B calcite, as in the veins, was not confirmed. 

Sulphide mineralisation, including pyrite and minor chalcopyrite, sphalerite and galena is 
mainly observed at the boundary between C3C calcite and earlier C3 carbonates, or as wall-
rock replacements adjacent to C3 veins. Sulphide mineralisation therefore appears to largely 
precede C3C mineralisation. Trace amounts of native gold (grains up to lp.m) are also 
associated, mainly with pyrite. 

CI 
C2 

C3A 
C3B 
C3C 

Limestone microsparite & vug-lininj 
Later vug- & early fracture-fills; 
siltstone cement 
Ferroan, in breccia-vein - first stage 
Ferroan, brecciating C3A 
Low-ferroan, brecciating C3B 
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PLATE 24. BSEM photomicrograph showing vuggy cavity in coarse breccia calcite vein from base of 
limestone. Note bright baryte (B) lining vug walls with dark hydrocarbon (H) filling remainder of 
vug. 

PLATE 25. BSEM photomicrograph of large hydrocarbon-filled vug in breccia calcite vein showing baryte (B) 
lining wall of vug (C3 A calcite). Later C3C calcite has grown on baryte surface partly replacing 
the earlier sulphate. Later hydrocarbon (H) fills remaing vuggy porosity. 

PLATE 26. SEM photomicrograph showing microbotryoidal uranium-rich phase (U), possibly uraninite or 
U-carbonate, coating calcite surface (C) of wall of hydrocarbon-filled cavity in C3 calcite veins. 

Tiny grains (up to l(im) of rare U-rich mineral, probably uraninite, occur at the boundary 
between C3C and earlier C3 calcites. Similarly, a U-rich mineral occurs as a microbotryoidal 
coating (possibly uraninite or U-carbonate) on calcite surfaces in hydrocarbon-filled vugs 
(Plate 26), most of which appear to be in C3A and C3B calcites. Precipitation of the 
uranium mineral appears to be strongly controlled by the calcite cleavage directions at the vug 
surface (etched ?). No uranium was detectable by EDXA within the hydrocarbon phase, 
which was found to be a S-rich in all cases from brittle to sticky bitumens. 
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3 .2 .2 .5 Uranium locations 

Fission track prints of polished thin sections of the laminated limestone indicate that uranium 
is strongly concentrated within the organic-rich silt laminae, is less so in the carbonate bands 
and is virtually absent from the calcite veins (Plates 9, 12, 27 & 28). This is in good 
agreement with the whole rock analytical values which show considerably higher contents in 
the silt-rich samples compared with the samples of "normal" laminated limestone (Figure 2). 

Within the organic-silt laminae, fission tracks form a diffuse high background to discrete 
individual dense track clusters relating to significantly higher uranium concentrations (Plate 
29). This background distribution can be related generally to the presence of fine grains of 
disseminated pyrite (Plates 30, 32 & 33). The very fine nature of the distribution largely 
precludes identification of a discrete uranium-bearing species using BSEM and electron 
microprobe analysis, although fine authigenic anatase and apatite have been recognised in 
close association with the pyrite. This suggests that uranium is perhaps complexed onto 
pyrite surfaces. However, within the assemblage discrete uranium rich phases (uraninite or 
U-phosphate or -silicate) were seen, together with HREE, Y-phosphates, trapped beneath 
authigenic quartz or apatite overgrowths. These phases are syngenetic with early diagenetic 
pyrite formation and it is possible that these represent the principal mode of occurrence of the 
uranium within the siltstone lamellae. 

The intense clusters of fission tracks in the laminae correspond with a number of detrital 
components. Moderate track densities are associated with zircons (often metamict, Plate 31), 
fine anatase pseudomorphs replacing detrital Fe-Ti or ferromagnesian minerals (Plate 32) and 
detrital apatite with authigenic overgrowths which trap fine U-, Y- and HREE phases. 
However, the highest uranium contents are associated with subspherical hydrocarbon 
globules which are common throughout the organic-silt laminae in the size range 50-200 
microns (Plates 30 & 33). BSEM indicates that two distinct generations of hydrocarbon are 
present; an original core containing minute inclusions surrounded by a later inclusion-free 
rim (Plates 34 & 35). The rims appear to be corrosive towards the host carbonate cement 
and surrounding detrital components and commonly have associated fine framboidal pyrite 
around the outer edge of the globule (Plate 36). 

Inclusions in the hydrocarbons are mainly anatase with fine overgrowths of U-Ti (possibly 
brannerite, (U,Ca)(Ti,Fe)206) and U-Ti-Si phases and rarer U-Ti-Ca-Dy-Si phases and fine 
copper and zinc sulphides (Plates 34, 35, 36 & 37). Small euhedral authigenic anatase 
crystals 5-10 microns across are observed to grow outwards from hydrocarbons into the 
matrix. A second discrete group of much rarer hydrocarbon globules is also recognised 
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PLATE 27. Laminated limestone with interbanded carbonate bands and organic-silt laminae cut by sub-vertical 
calcite breccia vein. Scale bar: 0.4mm (plain transmitted light). 

PLATE 28. Fission track print of Plate 27 showing high concentration of uranium within organic-silt 
laminae, less in the carbonate bands, and very low concentration in the calcite vein. 

PLATE 29. Fission track print of an organic-silt lamination showing a high background of diffuse tracks 
amongst discrete individual clusters of high track density. Note the lower concentrations in the 
surrounding carbonate bands. Scale bar: 0.2mm. 

PLATE 30. Organic-silt lamination containing fine disseminated pyrite (bright) and a discrete hydrocarbon 
globule (he). Scale bar: 0.1mm (plain reflected light, oil immersion) 
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in which the uranium is located in Th-U-silicate phases (Plate 38). Although they may also 
contain calcium, it appears that thorium and titanium are mutually exclusive (at EDXA 
detection levels) in individual inclusions and mixed assemblages of discrete Ti-U(Si) and 
ThUSi inclusions do not occur in the same globule. 

Many hydrocarbon cores display an inclusion pattern that resembles a cell-like structure 
consisting of a network of interconnected individual "cells" each 2-20 microns across (Plate 
39). This cellular morphology strongly suggests a biological origin for the mineralised 
structure within the hydrocarbon. Larger clusters of fission tracks are also associated with 
lenticular bodies comprising collophanic microcrystalline Ca-phosphate representing 
fragments of exoskeletons of bony fishes (Plates 10 & 11). Towards the margins of the 
lenticle the material is less distinctly crystalline and optically more reflective, resembling 
hydrocarbon. Although the uranium-bearing phases are too small to resolve by SEM, fission 
tracks are clearly concentrated around such margins and along fractures and cavity surfaces. 
No discrete hydrocarbon was seen by BSEM to be associated with this material but the 
collophanic structure appeared to be "degraded". It may be that surface complexing of higher 
levels of uranium onto the degraded collophane has occurred. 

The carbonate bands in the laminated limestone show a more uniform distribution of fission 
tracks, though of appreciably lower density than in the organic-silt laminae. Only occasional 
dense clusters correspond to isolated detrital grains (Plates 27, 28 & 40). The dispersed 
uranium most likely resides within the carbonate lattice or in phases too fine grained and 
disseminated to be resolvable by SEM. 

The calcite veins generally contain very few fission tracks indicating that uranium has 
remained immobile during most of the veining events. Exceptions to this relate to minute 
(<l|im) discrete grains of a uranium rich mineral (possibly uraninite) and to microbotryoidal 
coatings along calcite cleavages (section 3.2.2.4). This uranium is associated with a period 
of sulphide mineralisation immediately prior to C3C vein generation (section 3.2.2.2) but the 
remobilisation appears to be relatively minor in terms of the total uranium content of the 
limestone. Fission track prints made under higher neutron fluences show that uranium 
occurs in very low levels uniformly distributed in the more luminescent, low-Fe C3B and 
C3C calcite generations but is absent from the C3A breccia carbonate. Fission track analysis 
and BSEM-EDXA both indicate the absence of either intrinic uranium or discrete uranium 
mineral inclusions within the vein hydrocarbons. 

Late uranium mobilisation is indicated by a series of linear fission track clusters associated 
with thin cross-cutting fractures cutting C3 breccia clacite veins and along contacts between 
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PLATE 31. BSEM photomicrograph showing metamict zircon from organic-silt laminae. Metamict, hydrated 
(duller) core has expanded and disrupted the non-metamict (presumably non-radioactive) rim of the 
zircon grain. 

PLATE 32. Organic-silt lamination containing fine disseminated framboidal pyrite and a large authigenic 
anatase grain (An). Scale bar: 0.1mm (plain reflected light, oil immersion). 

PLATE 33. BSEM photomicrograph showing globular hydrocarbon particles (H) in silt lamination. 
Hydrocarbons contain bright U-Ti -rich inclusions. 

PLATE 34. BSEM photomicrograph showing detail of hydrocarbon globules in calcite cemented (C) silt 
lamination. Note two "generations" of hydrocarbon: core of globule containing minute bright 
inclusions of a U-Ti mineral (HI); and an inclusion-free outer rim (H2) displaying a corrosive 
behaviour towards calcite (C) and K-feldspar (Kf) of the host siltstone. Fine pyrite (P) seen at 
boundary of HI. 

PLATE 35. Detail of Plate 34 showing two phases of hydrocarbon with pyrite associated with boundary of 
earlier inclusion-rich hydrocarbon core. 

PLATE 36. BSEM photomicrograph of globular hydrocarbon with abundant fine bright inclusions of fibrous 
U-Ti -rich mineral. Framboidal pyrite (P) is abundantly developed around the borders of the 
hydrocarbon globule. Note close-packed relationship of associated detrital quartz (Q) cemented by 
calcite (C). 
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PLATE 37. BSEM photomicrograph showing detail of inclusions in hydrocarbon globules. Fibrous bright 
U-Ti mineral, possibly brannerite (U-Ti) can seen replacively growing on a core of anatase (An). 

PLATE 38. BSEM photomicrograph of rare Th-inclusion bearing hydrocarbon globules. Bright inclusions are 
Th-U-silicate associated with duller calcite material. 

PLATE 39. BSEM photomicrograph of fibrous U-Ti-Ca-Dy bearing inclusions in hydrocarbon mimicking 
probable former cellular morphology of hydrocarbon particle. 

PLATE 40. Fission track print of a carbonate band containing occasional discrete dense track clusters caused 
by detrital grains within an area of relatively homogenous lower track density. Scale bar: 0.2mm. 
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PLATE 41. Details of laminated limestone cross-cut by C3 calcite vein with late microfracture developed 
along the vein/wall-rock junction (F). Scale bar: 0.4mm (plain transmitted light). 

PLATE 42. Fission track print of Plate 41 showing linear track distribution related to uranium mobilisation 
associated with the late fracture. 

PLATE 43. Detail of laminated limestone cross-cut by C3 calcite breccia vein causing vertical displacement 
of host-rock with late microfractures (F). Scale bar: 0.4mm (plain transmitted light). 

PLATE 44. Fission track print of Plate 43 showing linear track distribution related to late uranium mobility 
along the cross-cutting microfractures. 
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PLATE 45. Fission track print produced under high neutron fluence and photographed under light field 
illumination (ie. fission tracks are dark) showing uranium mobilisation along a late cross-cutting 
microfracture (F). The high neutron dose reveals the presence of small concentrations of uranium 
along grain boundaries in the calcite vein. Scale bar: 0.5mm. 

PLATE 46. Yellow goethite developed within an organic-silt lamination by the oxidation of pyrite. Scale bar: 
0.1mm (cross-polarised reflected light, oil immersion). 

PLATE 47. BSEM photomicrograph of late (open) fracture along borders of C3 calcite vein corresponding to 
simila r fission track concentrations as described in Plate 45. Note presence of fine bright baryte 
coating the open fracture surface 
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these calcite veins and limestone wall rock (Plates 41, 42, 43, 44 & 45). The fractures 
sometimes contain a yellow-brown stain which is associated with the formation of goethite 
due to oxidation of pyrite in the organic-silt laminae (Plate 46). BSEM and CL indicate that 
such mobilisation of iron and uranium is associated with baryte (Plate 47) or calcite (Plate 
23) coprecipitation along largely open fracture surfaces related to the last phase of calcite 
veining (C4). This process is probably related to recent or present-day weathering and might 
be considered as representing a contemporary highly localised source and sink of uranium. 

3 .2 .2 .6 Uranium mass balance 

Comparison of fission track prints with calibrated uranium standards provides quantitative 
data on uranium concentrations in specific locations within a sample. Fission track counting 
of a sample from the top of the laminated limestone indicates an average concentration of 
60ppm U for the dispersed uranium in the organic-silt laminae, 25ppm U for the carbonate 
bands and <lppm U for the calcite veins. Table 4 relates these data to modal volumes 
estimated for each lithotype and provides a calculated whole rock mass balance for uranium 
in the sample. Similar data for a sample from the base of the limestone are also included. 

Table 4. Uranium contents determined by fission track counting, modal compositions and 
derived mass balances for uranium for two samples of the Broubster limestone 

LITHOTYPE LIMESTONE (TOP) LIMESTONE (BASE) 
Mode U content Whole rock Mode U content Whole rock 

Organic-silt laminae 10 60 6 10 50 5 
Carbonate bands 75 25 19 65 15 9 
Calcite veins 15 <1 _^_ 25 <1 -

25ppm 14ppm 

The table shows that, in both samples, uranium contained in vein calcite is negligible in 
amount and that the carbonate bands account for significantly more of the whole-rock 
uranium content than the organic-silt laminae, in spite of the lower intrinsic content in this 
lithotype. The calculations exclude the dense track clusters related to inorganic detritals and 
the hydrocarbons. However, the close correspondence in Fig 2 between the calculated 
whole rock contents (25 &14 ppm) and the analytical values (26 & 14 ppm) strongly 
suggests (even allowing for errors in the method) that these phases contribute very little to 
the overall uranium budget in the laminated limestone. 
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In comparing the data for the two samples it is to be noted that the contribution from 
carbonate bands is significantly lower in the sample from the base of the limestone whereas 
the organic-silt component remains relatively uniform. This appears to correspond with the 
petrographic evidence of early (pre-Cl) diagenetic development of fissures and vuggy 
porosity related to possible calcrete formation or early diagenetic carbonate "reworking" 
(section 3.2.2.2) and indicates uranium removal due to carbonate remobilisation at a very 
early stage. 

4 . DISCUSSION 

4 .1 GENERAL 

This investigation has revealed a complex history of uranium deposition and redistribution 
during a sequence of distinct geological events. Uranium mobility can be considered in 
relation to its origin within the palaeoenvironment of the deposition of the lacustrine 
sediments of the Orcadian lake, followed by mechanisms of fixation and concentration in the 
sediments and subsequent diagenetic and tectonic remobilisation and redistribution. Finally, 
the cumulative effects of these processes in determining the various ultimate host phases of 
uranium can be assessed with reference to leachability in the present-day weathering regime. 
A summary of the relationships between the diagenetic processes and uranium mineralisation 
or enrichment is given in Table 5. 

4 .2 URANIUM ORIGIN AND THE PALAEOENVIRONMENT 

4 .2 .1 The Lacustrine Model 

The deposition of these sediments is envisaged to have taken place in an arid tropical 
lacustrine sedimentary environment (Donovan, 1975; 1978; 1980; Donovan etal, 1973; 
Mykura, 1983). The upper part of the uraniferous limestone bed encountered at Broubster is 
largely typical of "Fades A" laminites (Donovan, 1980) in which sedimented triplets of 
micritic algally-precipitated carbonate, fine organic matter and silty sediment are interpreted 
as seasonal varves deposited in a relatively deep, thermally stratified permanent lake. These 
types of sediments are considered to have accumulated in deep, anoxic (reducing) waters and 
are unlikely to have been subject to desiccation or wave action (Duncan & Hamilton, 1988). 
However, the studies presented here show that the lower part of the limestone is nodular or 
pelloidal, fissured and penecontemporaneously calcite-cemented laminated micritic sediment. 
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These features appear to have been superimposed on an earlier original laminite fabric and 
strongly resemble those shown by post-depositional calcretes (Parnell, 1983). It is therefore 
indicated that retreat and shallowing of the Orcadian lake, accompanied by subaerial exposure 
of the laminites, occurred soon after their deposition. This is consistent with the 
development of Facies A close to the basin margins (Donovan, 1980), albeit in relatively 
deep water, where changes in the Orcadian lake level would have a significant effect on the 
sedimentology and subsequent eodiagenetic processes. 

4 .2 .2 Uranium 

Uranium was probably transported from source areas into the Orcadian lake both in solution 
or colloidal suspension (eg on clays and Fe sesquioxides) and as clastic sediment and the 
ultimate distribution within the sediments controlled by the processes of fixation, 
concentration and remobilisation. Much of the uranium mineralisation in the Caithness Flags 
is thought to depend heavily on early diagenetic processes and, in common with other 
lacustrine associations, shows a strong correlation with phosphate (Michie & Cooper, 1979). 
The highest levels recorded in the Caithness Flags (excepting fracture-related occurrences) 
generally coincide with the postulated basin margin immediately adjacent to basement rocks 
(Michie & Cooper, 1979; Tweedie, 1981; Michie, pers. comm.). An analogy may be drawn 
between the situation in the Orcadian Basin and uranium or other metal mineralisation at the 
capillary fringe (sabkha or playa environment) of present-day arid-region lakes in Australia 
and Africa (Renfro, 1974; Arakel & McConchie, 1982; Carlisle, 1983; DeDeckker, 1988). 
In these situations soluble hexavalent uranium produced by oxidative weathering of U-rich 
basement source rocks is transported in percolating groundwater which discharges at the 
interface with saline groundwater (Ghyben-Herzberg Interface) at the margin of saline lakes 
towards the centre of the drainage basin. In modern lakes the discharging groundwaters 
cause the formation of lake margin calcretes or interact with the algal organic-rich sediments 
at the lake margin. Uranium may become enriched as a result of these processes in these 
marginal sediments. Evidence that saline (Na-rich) conditions are likely to have been present 
in the Orcadian lake is shown by the presence of reported pseudomorphs after trona in 
"Magadi-type" cherts associated with "Facies A" sediments (Parnell, 1985(a); 1988), 
extensive development of authigenic albite (noted in this study) and occasional authigenic 
aegirine (Fortey & Michie, 1978). Nodules of possibly similar "Magadi-type" origin were 
found at Broubster but have not been characterised so far during this investigation. 

Although geochemically anomalous source-rocks are not essential a priori for secondary 
enrichment to occur, given appropriate fixation and concentration processes being operative 
(c.f. the Yeeleerie uraniferous calcrete of Western Australia), in the present case enriched 
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basement is present. To the west, granitic members of the Strath Hallidale migmatite 
complex contain up to 13ppm U and 31ppm Th (Storey & Lintern, 1981) and there is good 
evidence of remobilisation of uranium from a group of accessory minerals including 
uraninite, monazite, sphene, zircon and a variety of Nb-Ta-Y-Ti-REE oxides, into more labile 
sites (Basham, Ball, Beddoe-Stephens & Michie, 1982(b) ). To the south, the Helmsdale 
granite is also enriched in uranium (9ppm mean) and several remobilisation processes are 
well documented (Tweedie, 1979). 

4 .3 URANIUM IN THE BROUBSTER LAMINATED LIMESTONE 

4 .3 .1 Deposition and Concentration 

For reasons outlined above, the close proximity of the Broubster site to the immediate lake 
margin during deposition of the limestones is considered important in terms of the primary 
accumulation of uranium. Fission track studies have shown that levels of up to 25ppm U are 
present in the micritic carbonate bands. The presumed origin of these as algally induced 
precipitates suggests that the uranium might be syngenetically derived from solution, 
although post-depositional (? diagenetic) recrystallisation could have been responsible for 
some redistribution/reconcentration. 

During seasonal algal/cyanobacterial blooms the photosynthesing activity of the organisms 
would have removed C 0 2 from the lacustrine waters thereby raising the pH and inducing the 
precipitation of CaC03 . Concomitant with this process, uranium in solution in the lake 
waters, probably as a bicarbonate/U6+ complex, would have been destabilised and the 
uranium would probably have coprecipitated with the CaC03 and thereby incorporated in the 
micritic sediment. High concentration of uranium in the carbonate sediment would have been 
favoured by the proximity of uranium-rich surface and groundwaters entering the lacustrine 
environment at the lake margins. The strong correlation of uranium with organic-silt laminae 
in which the organic components are considered to derive largely from algal material 
(Donovan, 1978; Marshall et al, 1985) may also result from the direct accumulation of 
uranium in marginal lake waters. Cyanobacteria (blue-green algae) are known to have a 
strong affinity for the fixation of uranium (Disnar, 1981) and incorporation and concentration 
of uranium during seasonal algal blooms is considered likely. This would then become 
incorporated into the organic-silt laminite, upon death of the algae. Alternatively, uranium-
charged oxic groundwaters refluxing through the sediments at the lake margin may have 
deposited uranium in the organic-rich silty laminae due to the presence of reducing 
conditions. 
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Clastic detrital components in the laminated limestone are largely restricted to the organic-silt 
laminae and include resistate accessory minerals from granitic sources. In terms of the total 
uranium budget, these are of minor importance and likewise are not considered to represent 
an appreciable source of labile uranium. 

4 .3 .2 Diagenetic Redistribution 

The formation of lake margin calcretes and related soils has been shown to be of considerable 
importance in the initial accumulation of uranium (Arakel & McConchie, 1982; Carlisle, 
1983). This "primary" concentration may then represent a source-term for reworking during 
subsequent diagenetic processes (Arakel & McConchie, 1982). Erosion of these deposits 
during "seasonal" storms would rework the uranium which could be transported with 
terrigenous material (and possibly in solution) in surface and groundwaters into deeper lake 
environments. At Broubster, it appears that the base of the laminated limestone unit has been 
affected by processes involving recrystallisation of carbonate and replacement of the original 
fabric in a manner in keeping with possible incipient calcrete development. Quantitative 
estimations of relative uranium contents indicates bulk uranium removal although no direct 
evidence has been found of the destination of the lost uranium. However, calcrete formation 
would have created an environment in which uranium precipitated in reducing laminites 
would probably have been subaerially oxidised, complexed with bicarbonate and 
redistributed into a secondary carbonate or evaporite phase (c.f. Arakel & McConchie, 1982; 
Carlisle, 1983). A situation involving complex seasonal reworking of uranium within lake 
margin calcretes, transport and diagenetic fixation in deeper lacustrine facies, followed by 
further reworking of these sediments by subsequent calcrete development during lake 
regression could be envisaged as a plausible model. 

The earliest diagenetic features preserved in the Broubster limestone are the formation of 
authigenic framboidal pyrite, fine-grained Ti0 2 precipitates or replacements of Fe-Ti -bearing 
detrital minerals and contemporaneous or slightly later authigenic apatite precipitates or 
overgrowths. These minerals are closely associated with organic-silt or sandstone laminae in 
the limestone and also occur in the background sandstones. A significant amount of uranium 
is spatially associated with the early diagenetic framboidal pyrite which results from the 
bacterial reduction of iron and sulphur in the anoxic organic-rich silt sediment. Uranium, 
introduced into the sediment either adsorbed on detrital colloidal material (eg ferric oxides), 
complexely fixed in decaying algal remains or in solution in groundwater at the lake margin 
as discussed above, would have been reduced to the insoluble tetravalant species and 
precipitated or sorbed onto growing sulphide surfaces which represent the reduction sites. 
The discrete, fine uranium minerals (?uraninite) and REE phosphates seen in association with 
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apatite, nucleating Ca-phosphate precipitates, and fine grained Ti02 are also considered to be 
syngenetic. The presence of early diagenetic, authigenic quartz, albite and K-feldspar 
indicates that the cleaner silt and sand laminae were relatively uncemented and represented 
porous and permeable pathways for pore fluids during early diagenesis. 

Another potentially significant uranium source in terms of their high uranium concentrations 
are the common U-rich and, less usually Th-rich, hydrocarbon globules found in the 
organic-silt laminae. Similar globular hydrocarbons have been described from elsewhere in 
the Caithness Flags by Parnell (1985(b)). On the basis of their corrosive boundaries, 
generally spherical shape and lack of organised internal structure, these have previously been 
interpreted simply as hydrocarbon migrated into the sediment which subsequently absorbed 
uranium from groundwaters. However, this explanation is inadequate to explain the 
observations made in the present study. 

In many cases the U-rich inclusions within the hydrocarbon globules define a relict internal 
fabric which, in some cases, resembles cellular structures similar to heavy metal-stained 
bacterial membranes described from present-day and Eocene sediments associated with 
uranium-phosphate and sulphide mineralisation (Degens & Venugopalan, 1982; Beveridge et 
al, 1983). Bacterial and other microbial membranes are known to have an affinity to bind 
heavy metals such as uranium and this property is utilized in the preparation of electron 
microsopy specimens (Cole & Popkin, 1981). It is clear that the structures seen within these 
globular hydrocarbons must also have a biological origin. 

The restricted occurrence of these globules to the silty laminae might be taken to indicate that 
they originated from detrital mineralised organic matter. The cell-size and morphology of the 
aggregated cellular structure is comparable with coccoid, colonial cyanobacteria (blue-green 
algae) that construct pustular algal mats in present-day ephemeral and saline lakes (Bauld, 
1981). Algal mats are extensively developed at the margins of warm ephemeral and 
permanent saline lacustrine environments and it is conceivable that they existed at the margins 
of the Orcadian lake. It is also in this lacustrine zone that sabkha-discharges are most likely 
to occur (stimulating algal growth) with significant accumulation of metals likely to occur as 
a result of sulphide reduction beneath the mat surface (DeDekker, 1988) and as described 
above, cyanobacteria (blue-green algae) have a strong affinity for uranium. This model has 
also been applied to organic-controlled uranium mineralisation in the Precambrian 
Witwatersrand Basin of South Africa (Pretorius, 1975). The incorporation of organic 
fragments into the siltstones might be expected as a result of seasonal storm-scouring of the 
lake margin, causing erosion of sabkha-mineralised algal mat material and its subsequent 
transport with terrestrial silt to deeper waters. This is consistent with the sedimentological 
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model postulated for the Orcadian Basin (Donovan, 1980). 

Unfortunately, the detrital origin outlined above fails to account for the corrosive/replacive 
nature of the globule margins, nor for the excellent uncompacted preservation of the delicate 
cellular internal structure of the hydrocarbon globules. The cellular structure of organic 
detritus derived from erosion of algal mats would not be expected to have survived even 
minor sediment compaction. Therefore the hydrocarbons are unlikely to be detrital organic 
particles and a post-depositional diagenetic origin is more plausible. One possible 
explanation is that they represent small-scale hydrocarbon migration and nucleation within 
the sediment after early lithification, locally replacing the calcite cement and siliciclastic 
components. Subsequently, this hydrocarbon may have been biodegraded during further 
diagenesis by bacteria introduced by perculating groundwaters. The bacteria probably 
sorbed uranium present in the diagenetic porewaters and immobilised it within their cell 
walls. Basham et al (1989) have described similar uranium biomineralisation in vein 
hydrocarbons as a result of bacteria using the hydrocarbon as a nutrient source. The rigid 
framework of the early lithified sediment would have prevented compaction of these delicate 
mineralised structures. The presence of framboidal pyrite in the outer rim of the hydrocarbon 
globules is compatible with mineralisation occurring as a result of bacterial sulphide 
reduction processes. The hydrocarbon globules must represent a much earlier stage of 
hydrocarbon migration than the non-uraniferous fracture-bound hydrocarbon associated with 
tectonic movements (section 4.3.3). 

A further association of uranium with diagenetically modified clastic material is seen in fossil 
fish fragments where concentration appears to have been enhanced by degradation of the 
bone phosphate to more poorly ordered collophanic material. Together with the authigenic 
phosphates discussed above, this association probably represents the mechanism generally 
accepted for the phosphate-related mineralisation throughout the Caithness Flags (Michie & 
Cooper, 1979). 
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Table 5. Summary of relationships between diagenesis and uranium mineralisation in the 
Broubster limestone 

DTACiRNETlC/SEDIMENTARY PROCESS 

1.DEPOSITION: 

i) algal photosynthetic precipitation of micritic 
CaCO, 

URANIUM MINERALISATION 

possible coprecipitation of U with 
Ca in carbonate from euphoric lake 
waters (epilimnion) 

ii) death of algae and deposition of organic 
algal remains 

iii)Deposition of detrital sediment 

possible bioconcentration of U 
from epilimnion waters within 
algal cells and accumulation within 
organic sediment upon algal death 

Deposition of 
heavy minerals 

minor U-bearing 

2.EODIAGENESIS: 

i) Formation of fine grained and framboidal 
pyrite during microbial sulphide reduction 
and decomposition of organic matter in 
reducing organic-rich sediment Closely 
accompaniedby breakdown of unstable 
Fe-Ti minerals and replacement by anatase. 
Precipitation of authigenic apatite. 

ii) Precipitation of authigenic quartz and 
K-feldspar overgrowths with Unification 
over silt laminae 

iii)Recrystallisation of micritic carbonate 
to form CI microsparite and lithification 
of calcareous sediment 

a) Remobilisation of U from algal 
organic matter and precipitation of 
U02 species in close association 
with pyrite, and/or; 
b) Reduction of U6+ present in 
oxic groundwaters discharging 
through the reducing sediments at 
the lake margin and the 
precipitation of reduced U0 2 
species in close association with 
pyrite. 
c) incorporation of U in anatase 
d) precipitation of minor discrete 
U-REE phosphate or incorporation 
of U in authigenic apatite 
overgrowths 

Redistribution of U initially in 
micritic component into the 
microsparite (CI) calcite cement 
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3.MESODIAGENESIS 

i) Burial and compaction 

ii) Minor formation of liquid hydrocarbon 
and localised migration into more permeable 
silt and sand laminae with local corrosion and 
replacement of siliciclastic and carbonate 
fabrics 

iii Biodegradation of hydrocarbon globules 

iv)Fracturing and precipitation of C2 calcite 
cements and fracture infills (precise 
relationship with ii) and iii) above not exactly 
known but possibly closely associated) 

v) Repeated fracturing during Late Caledonian 
and/or Variscan tectonic movements and 
vein mineralisation by C3 calcites, minor 
sulphides, baryte and migration of liquid 
hydrocarbon in fractures. 

Microbial enrichment of U in 
association with biodegraded 
hydrocarbon globules 

Minor localised remobilsation of U 
from organic matter and early 
diagenetic pyrite. Incorporation of 
very low concentrations of U in 
C3B and C3A calcite and as very 
minor discrete U vein minerals 

4 .3 .3 Tectonic Remobilisation 

Five generations of carbonate cementation and veining subsequent to the early diagenetic 
processes described above can be discriminated at Broubster. The complex sequence of vein 
generation generally involved very little interaction with the host laminated limestone and 
therefore very little uranium remobilisation. However, calcite veining of the C3 generation, 
which involved brecciation and tectonic disturbance at the base of the limestone unit, was 
associated with sulphide mineralisation and uranium mobilisation. In this paragenesis, three 
generations of carbonate mineralisation are associated with movement along bedding plane 
thrusts. Initial calcite and baryte precipitation was followed by a second generation of calcite 
which in turn was closely superceded by sulphides, uranium and gold deposition before a 
third and final episode of calcite precipitation. Hydrocarbon migration occured after each 
episode of calcite mineralisation resulting in a range of hydrocarbon species being formed. 
This complex event possibly involved hydrous fluids associated with a basal shear zone 
which induced oxidation of the organic-silt laminae assemblage, followed by vein mineral 
precipitation. It was probably at this stage that the "fault-bounded" mineralised vein, 
considered originally as the source of the uranium mineralisation, was formed. The 
variations in hydrocarbons seen in vugs, ranging from sticky liquid to brittle bitumen, might 
reflect the maturity of the hydrocarbon source at the time of migration. Organic geochemistry 
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studies of MORS source rocks in the Orcadian Basin indicate that the sediments reached 
maturity and attained peak hydrocarbon-generating potential during late Devonian or early 
Carboniferous (Parnell, 1985(d); Marshall et a l , 1985). Although hydrocarbons may have 
been generated by actual thrust movements, it is also likely that the postulated late-
Caledonian movements (Donovan, 1974) coincided with the "oil-window" of the sediments. 
Uranium was probably remobilised from the local sediments (in particular from the organic 
components that may have been undergoing maturation) during this process. 

4 .3 .4 Supergene Redistribution 

Oxidation of the organic-silt laminae by contemporaneous or recent weathering occurs 
throughout the limestone and is considered to result in the liberation of uranium held in 
association with diagenetic pyrite. The association of mobilised uranium with goethite, 
baryte and calcite of the last (C4) generation in open fractures indicates that some uranium is 
being "fixed" close to source in secondary minerals. These minerals might also be expected 
to contain other radionuclides (e.g. radium in baryte and calcite). Precipitation of uranium in 
the young carbonate fractures might be indicative also of the transport of uranium as a 
bicarbonate complex within the area of the old limestone workings. 

4.4 DEFINITION OF THE BROUBSTER SOURCE TERM 

Extensive studies have established that uranium is contained in a variety of locations in the 
laminated limestone and has been subjected to several mobilisation and reprecipitation events. 
Mass balance studies indicate that the carbonate bands constitute the major source of uranium 
in quantitative terms but the controlling factor in defining the most significant source is the 
potential for leaching of uranium from each identified site, irrespective of concentration. 
Extensive removal of uranium from part of the carbonate occurred at a very early stage in the 
diagenesis although it appears that this uranium was lost from the local geochemical system. 
Subsequent mobilisation was caused by oxidative processes acting upon the organic-silt 
laminae. Although not as significant volumetrically as the carbonate bands, the organic-silt 
laminae contain higher intrinsic levels of uranium and, due to the presence of fine 
disseminated pyrite, are more susceptible to oxidative alteration and hence to the leaching of 
uranium. 

Therefore, the main mechanisms of uranium leaching from the laminated limestone are likely 
to be two-fold :-
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1. oxidative weathering of organic-silt laminae by percolating groundwaters (reaction of 
pyrite (FeS2) with oxygenated groundwater generating acidic (H2S04) conditions and 
resulting in : a) the formation of Fe-oxides (goethite); b) dissolution of detrital grains 
with the release of Ba from feldspar or calcite and its concommittant reprecipitation as 
baryte (BaS04); c) oxidation of U4+ to mobile U6+. 

2. bulk dissolution of limestone carbonate bands by acidic porewaters related to pyrite 
oxidation or, more generally, the pervasively acidic groundwaters emanating from the 
overlying peaty soils. 

It appears that these processes have been active at several stages in the past but can be 
considered to be effective in the post-glacial weathering regime during which the geochemical 
dispersion pattern in the Broubster Natural Analogue Site developed. 

The formation of a mineralised calcite vein at the base of the limestone unit (assigned to the 
C3 calcite generation event) involved relatively minor uranium remobilisation and is 
considered not to be significant in terms of a labile source. The Broubster source-term is 
therefore defined as comprising the entire laminated limestone unit, with contributions being 
made to the groundwaters from both the dissolving carbonate bands (calcite) and from the 
release of uranium closely associated with oxidising pyrite in the organic-silt laminae. The 
lithological and geochemical similarity of the organic-rich, calcareous Facies "B" siltstone 
below the limestone to these laminae, and the marked contrast to the background lithologies 
examined, suggests that some attention needs to be given to assessing the possible 
contribution from that horizon. It is also noted that the overlying highly weathered siltstone 
(also a possible Facies "B" lithology) shows contents of uranium and thorium comparable to 
those in the organic-silt laminae. While this in itself may indicate that these elements have 
not been significantly mobilised by the weathering processes, the possibility of migration 
throughout the horizon cannot be discounted and should be investigated further. Additional 
study of the organic-silt laminae and Facies "B" beds is also warranted in respect of analogue 
modelling of thorium and REE's, as useful comparison may be made between unaltered and 
highly weathered representatives of similar lithologies. (It is to be noted that the carbonate 
bands contain very low levels of these elements and therefore do not present a potentially 
useful source-term for modelling.) 

It is significant that the limestone unit at Broubster continues in a northeast direction beneath 
the site of the present radiometric anomaly, and it seems apparent that, under favourable 
hydrological conditions, direct vertical migration of uranium could be a major contributory 
factor to the anomaly in the peat. Further consideration of this must rely upon delineation of 
the hydrological system above the limestone along its strike length and on establishing the 
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distribution of glacial till and its capacity for efficient retardation of groundwater movement 
and dissolved species. 

5. CONCLUSIONS 

A detailed petrographical and mineralogical study has been made of the laminated limestone 
unit being considered as the source-term in the Broubster Natural Analogue Site with the 
following conclusions: 

1. On lithological, mineralogical and geochemical grounds, the laminated limestone unit can 
be considered as a fairly typical member of the Facies "A" association distinguished by 
Donovan (1980) in the cyclically sedimented MORS Caithness Flagstone succession. It is 
interbedded above and below with finely laminated organic-rich calcareous siltstone bands, 
which are considered to belong to Facies "B". 

2. A complex genetic history has been established which includes sedimentation, early 
diagenetic modification and mineral growth, later fracturing and veining, and 
contemporaneous supergene alteration. These processes have all played varying but integral 
parts in the origin, fixation, distribution and remobilisation of uranium within the sediment 

3. The bulk uranium content of the limestone unit is significantly enriched (23-30ppm U) 
compared with the background regional siltstone lithologies (2-7ppm U) although thorium 
contents are comparable or slightly lower (4-7ppm Th as opposed to 5-8ppm Th). Fine 
laminae of organic-silt within the limestone show even higher levels of uranium (up to 
around 60ppm U), apparently in keeping with those in the immediately adjacent siltstone 
beds. Thorium contents in this lithology range ll-37ppm Th, in marked contrast to the 
levels in the "average" carbonate-dominated limestone. 

4. Detailed study of the location and quantitative distribution of uranium indicates that the 
carbonate bands in the limestone account for around 80% of the whole rock content. This 
uranium is held as a fairly uniformly dispersed distribution of around 25ppm U within the 
carbonate component, most probably contained by crystal lattice substitution. The remaining 
20% of the whole rock uranium is concentrated in the organic-silt laminae which account for 
approximately 10% of the limestone rock volume. Within this lithotype, levels of up to 
60ppm U occur as a diffuse association with finely disseminated diagenetic pyrite, apatite 
and anatase. Very fine, discrete uranium-bearing mineral phases appear to account for much 
of this uranium, as oxide, silicate or phosphate, at times in combination with REEs. Much 
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higher levels of uranium occur in association with titanium and silica or with thorium and 
silica, in hydrocarbon globules which are considered to be of biodiagenetic origin. However 
these, together with detrital heavy mineral species, contribute only a minor part of the whole 
rock mass balance for uranium. 

5. Uranium, derived from weathering of the provenance areas of the sediments themselves, 
is considered to have been introduced syngenetically into the sedimentary environment in 
solution, colloidal suspension and, to a minor extent, as detrital minerals from a 
predominately granitic source. Seasonal algal life cycles are thought to have been the 
principal factor in the early fixation of uranium in the sediment, into locations which have 
been largely stable over considerable time. 

Precipitation of the carbonate bands is related to algal growth and photosynthesis and 
association and accumulation of uranium in this lithology is considered to be 
contemporaneous with formation or with later diagenetic recrystallisation. Early subaereal 
diagenetic alteration has resulted in modification in part of the limestone unit, with loss of 
uranium from the system during calcrete-type recrystallisation of carbonate. Thorium has not 
been enriched by these processes. 

Within the organic-silt laminae, in addition to minor input from detrital heavy minerals, 
concentration of uranium from lacustrine (epilimnion) waters by living algae and their 
accumulation within the sediment upon their death, and/or the fixation of uranium within the 
reducing organic-rich sediment from uranium-charged groundwater during early diagenesis 
can account for the major part of the uranium. Part of this organically-fixed uranium may be 
contained within the organic matter itself in a dispersed form and part may have been 
redistributed diagenetically. Indeed, the main uranium association is in the finely divided 
diagenetic minerals intimately associated with framboidal pyrite and possibly with the 
associated fine amorphous organic sediment. Also uranium is associated with early 
diagenetic hydrocarbon as discrete included minerals. 

6. Late or post-diagenetic redistribution of uranium has been of minor extent. Although 
several successive generations of tectonically-related complex calcite veining have 
pervasively affected the limestone unit, only one event appears to have involved significant 
mobilisation of uranium. This was associated with a phase of sulphide mineralisation in 
which introduction of metals, probably in hydrous fluids, was accompanied by formation of 
calcite and baryte and the migration and emplacement of liqiud hydrocarbons. It seems likely 
that this event mobilised some uranium into mineralised fractures with reprecipitation in a 
more labile, accessible form along calcite grain boundaries and on the walls of calcite-lined 
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vuggy cavities prior to their infilling with migrating hydrocarbons. 

7. Recent to present-day supergene weathering processes are effective in mobilising 
uranium. Oxidation of pyrite in the organic-silt laminae initiates acid leaching from more 
accessible sites within that lithology while dissolution of calcite in the carbonate bands in 
percolating acidic groundwaters gives direct release of uranium as the soluble carbonate 
complex. Uranium minerals present on the walls of vuggy cavities, though probably in a 
labile form (eg uraninite or uranium carbonates) may be rendered immobile in the present 
groundwaters, being protected from dissolution by the presence of vug-filling hydrocarbons 
which themselves have very low solubilities (Smith et al, 1989). 

8. In summary, the Broubster laminated limestone is concluded to be a sedimentary unit 
which presents a fairly persistent horizon of uranium enrichment within the Broubster 
Natural Analogue Site and, where outcropping in the western part of the site, can be shown 
to contribute uranium in solution to the present-day groundwater regime. Within the 
limestone unit, the two principal lithologies contain uranium in different associations, 
involving different, but related mechanisms for its release. The organic-silt laminae represent 
around 10% of the source-rock and contain around 20% of the total uranium. Although the 
bulk of this appears to be contained in very fine grained composite diagenetic minerals (often 
in association with rare earths and in intimate textural relationships with other,weakly soluble 
minerals), the close spatial relationship to dispersed diagenetic pyrite results in oxidation and 
mobilisation concomitant with pyrite oxidation. Acidic solutions generated by this reaction 
probably play an important role in this respect. Uranium associated with sedimentary 
carbonate accounts for 80% of the total, contained in around 75% of the limestone. As this 
appears to be held in the carbonate lattice (or as a sub-crystalline dispersed phase), liberation 
into solution necessitates total dissolution of the carbonate. This mechanism is evidently 
active in the present day, acidic groundwater regime, uranium presumably being mobilised as 
the carbonate complex. Although some evidence has been found of local re-precipitation, 
this is not considered to be volumetrically significant, 

9. Little indication has been found of appreciable mobilisation of thorium and REEs from the 
limestone, although the intrinsic levels are perhaps too low to allow adequate detection by the 
methods used in this study. It is to be noted that the organic-silt laminae within the limestone 
unit, and the enclosing Facies "B" lithologies, show appreciable enrichment in thorium and 
REEs as well as in uranium. Investigation of these is merited in order to assess them as 
possible source-terms in thorium/REEs analogue modelling as well as to study further their 
role in supergene release of uranium. 
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