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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, Ν 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 
WS 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 Π Project. 

This report is one of a series being produced from this effort and it concentrates on the main 
geological, topographical, hydrogeological and geochemical characteristics of the site. Other 
reports listed below give more detailed accounts of specific features of the site. 

Broubster reports 

1. 'Geochemical modelling of the Broubster natural analogue site, Caithness, Scotland' by 
D. Read of WS Atkins Engineering Sciences. BGS 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 
water' by N. Breward and D. Peachey. BGS Technical Report WE/88/25 and DOE Report 
DOE/RW/88.102. 
3. 'The uranium source-term mineralogy and geochemistry at the Broubster natural analogue 
site, Caithness' by A.E. Milodowski, I.R. Basham , E.K. Hyslop and J.M. Pearce. BGS 
Technical Report WE/89/50 and DOE Report DOE/RW/89.073. 
4. '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. 
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. 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. Ivanovich and M.A. Wilkins. 20pp. Harwell Report AERE-R 13609. 





EXECUTIVE SUMMARY 

Studying a natural geochemical system characterised by movements of radioactive elements 
may yield data which can be used to test applications of mass transport codes. Codes such 
as CHEMTARD are employed to predict the distributions of radionuclides migrating from 
proposed radioactive waste repositories. Equally, it is important to test applications of the 
CHEMVAL thermodynamic database and equilibrium speciation codes with data acquired 
from real geological materials in order to create confidence in their use as predictors of the 
chemical forms of radionuclides. To this end the British Geological survey 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 (U), thorium (Th) and rare earth elements (REE) in sediments. In this way, data can 
be compiled to be used in testing the modelling, and inherent ideas of the processes, 
underpinning the codes. The site of uranium mineralisation at Broubster in Caithness, Ν 
Scotland, presents an easily accessible location suitable for such a study with the emphasis 
on the role of organics in the distribution of the natural radio­elements U and Th. This report 
compiles new results of the hydrology and geochemistry of the site. 

The Broubster site is characterised by surficial deposits of brown earths and peat which play 
host to the transport and retardation of the U and Th series isotopes and REE, and involve 
processes that have been present for at least 5000 years over a distance of the order of 100m. 
The source of the natural radioactivity is a thin mineralised limestone layer exposed to 
weathering and leaching. Radioactive hydrocarbons are intimately associated with the 
uraniferous mineralisation. This is one of the few areas studied where a labile form of REE 
mineralisation exists. Samples of the mineralisation, soils and peat and associated 
groundwaters have been collected and analysed in the laboratory for their chemical 
characteristics. 

The history of the site is uncertain prior to the glacial deposition of ground moraine. It is 
likely that the area was planed glacially presenting a relatively flat and fresh surface before 
the waning phases of the latest glacial period which is thought to have ended some ΙΟ­

Ι 2,000 years ago. There followed a relatively mild climatic episode extending for some 
5,000 years BP resulting in an extensive forest cover. This phase ended with the climate 
apparently cooling, and becoming wetter, with the forest cover being replaced by peat. The 
main secondary fixing of U following erosion of the limestone was probably initiated at 
about this time. A major disturbance occurred some 100­200 years ago with the quarrying of 
the mineralised limestone, and probable liberation of U from both the quarry spoil and 
freshly exposed limestone, with further fixing in the peats. Further liberation of U has 



occurred within the last 20 years as a result of extensive liming of the peaty soils, with a 
consequent pH increase and remobilisation of the U previously fixed in the soils. 

Detailed values of soil pH and Eh were recorded from the discovery of the U anomaly in 
1968. In the recent past, soils in the area, have had their geochemical character changed 
markedly by liming resulting in the increase of soil pH. Eh/pH diagrams provide a key to the 
interpretation of the data and the net result of the liming appears to have been that a greater 
proportion of the soils now occupy the same stability fields as the stable and easily soluble 
bicarbonato uranyl complex. 

Soil Eh measurements show significant fluctuations which appear to be related to seasonal 
effects (e.g. waterlogging). The fluctuations appear to be sufficient that, dependent upon the 
season, the soil Eh/pH may either fall within the stability field of uraninite and thus U 
becomes relatively immobile; or may be oxidised to the stability fields of the more mobile 
bicarbonato complexes. · 

The ground level falls gently from west to east. The main U anomaly, in a quarried zone, is 
found in the middle part of the area with dispersion of U and associated elements downslope 
to the east. 

Within the quarry area the water table is close to, or at, the bedrock interface. The overlying 
fill is thus well-drained and aerated and contains abundant limestone fragments and 
uraniferous waste material. Under such conditions U minerals in the quarry waste will tend 
to oxidise to the hexavalent state, the U readily complexes with carbonate and mobility will 
increase. Percolating rainwater and introduced groundwater therefore carry U down the 
hydraulic gradient. The flow within the quarry is likely to be strongly affected by 
irregularities in the quarry floor and channelled drainage is a strong possibility together with 
surface seepage over bedrock and karstic movement through the limestone. U in 
groundwater increases greatly down gradient in this area, reflecting the source of U in the 
quarry area. 

The observed surface drainage pattern and the U distribution in waters, in general, shows a 
good agreement. The groundwater pattern indicates a general flow from west to east across 
the site. There is a possible bifurcation of the flow in the eastern part of the site with some 
distribution to the northeast and some to the southeast. This has resulted in U transport, and 
fixing in peat, along divergent paths. 

The studies indicate the possibility of significant groundwater movement along the interface 
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of the bedrock and boulder clay cover, as the result of the removal, by weathering, of detrital 
feldspar components and the carbonate cement of both siltstones and sandstones. There is 
thus a potential for two groundwater systems to develop in the near surface environment, 
separated from each other by boulder clay: (a) one in which the drainage is essentially 
through the peat in isolation from bedrock and another (b) in which groundwater evolves by 
drainage along the weathered bedrock/boulder clay interface in isolation from the peat. 
However in areas of the site where the boulder clay is absent there is the possibility that the 
two groundwaters would mix and therefore complicate the U dispersion pattern. The 
soil/groundwater system may be fed directly from bedrock via shallow karstic flow from the 
mineralised limestone and siltstones. Therefore in the far east of the site the possibility of 
multiple U inputs must be considered. 

Yttrium (Y) appears to show important similarities in behaviour to U, and dissimilarities to 
the other REE and Th. The Light REE elements have been proposed as appropriate 
analogues for the transuranic elements americium (Am) and curium (Cm), and Th for 
plutonium (Pu). Unfortunately there is little information that Th is appreciably mobile at 
Broubster. However Th is found in some phosphate minerals in organic soils and weathered 
bedrock and in association with REE. In the soils it is not clear whether these minerals are of 
detrital or authigenic origin. In waters Th correlates with the sulphate ion. 

Where the actual behaviour of Am and Cm in soils has been studied, there appears to be a 
marked difference to the behaviour suggested by the analogues in the present investigation. 
Elsewhere Am and Cm have been found to be dominantly associated with insoluble Mn 
oxides; at other sites Cm was associated with organic complexing agents. In the present 
study the REE were found dominantly in minerals of monazite, rhabdophanic and 
plumbogummite types. In many cases these minerals are of primary detrital origin but in 
some cases, as for example in weathered bedrock, rhabdophane or plumbogummite is seen 
as a secondary phase and plumbogummite may also be present as a secondary soil mineral. 
The nature of the Ce anomaly in the REE distribution patterns, in soils and soil porewaters, 
confirms that the REEs can be mobilised in solution in this environment 

No discrete U mineral has been identified in the soil. The highest values for U are found in 
the peats implying that organic complexation is the dominant fixing mechanism. 

The soil dispersion anomaly appears to be divided into zones which describe the general 
behaviour of the elements of interest. Up slope from the mineralisation there appears to be 
little labile U. There appears to be a small amount of REE mobility with a slight cerium (Ce) 
negative anomaly in the peats, and a small increase in radioactivity related to sesquioxide 
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coprecipitatíon of radium (Ra). 

In the region of the main radiometric anomaly the gamma activity is higher than would be 
expected from the U content, and the REEs show evidence of transport with a positive Ce 
anomaly indicating movement of the REE away from the area leaving a residual Ce anomaly. 
This area is characterised by brown earths with neutral to high pH and oxidising conditions. 

In the adjoining and mostly waterlogged area to the east, pH values remain high but there is a 
significant decline in Eh consistent with the waterlogged nature of the ground. The gamma 
activity is lower than would be expected from U in equilibrium with its daughter products. 
U is statistically related to Y and the REEs, and is probably fixed by organic matter. Th 
relates to the heavy mineral detrital fraction of the soils. Some of the variance for the REE is 
explained by part of the Ce being resident in heavy detrital minerals. Further from the 
source, in the same area, the nature of the fixing mechanism for the U appears to change. U 
whilst still being related mostly to Y, lanthanum (La) and neodymium (Nd) shows some 
evidence for being partially fixed by iron sesquioxides. Th and Ce are mostly found within 
the heavy mineral detrital suite whilst the other REEs appear to be independent of both 
sesquioxides and heavy minerals. 

The extent of the U dispersion is greater than was suspected at first, and the anomaly is still 
open to the east. The extent of the REE dispersion, or whether it is co-extensive with the U 
anomaly is equally uncertain. The nature of seasonal variations in redox potential, and the 
effect these would have on the solubilities of U and the REE, needs to be characterised 
further. Different methods of estimating the redox potential need to be assessed. An 
extension of the piezometer array is required to support studies of the flow regime and to 
provide samples of groundwater for analyses by BGS and Harwell. In particular accurate 
phosphate determinations would be useful in determining the mechanisms of REE transport. 
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