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PREFACE 

The British Geological Survey (BGS) has been conducting a co-ordinated research 
programme studying natural analogue sites at Broubster, Caithness, N Scotland and at 
Needle's Eye at Southwick on the Solway coast in Scotland. This work on natural 
radioactive geochemical systems 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 and SURRC, East Kilbride for U/Th 
series analytical work, and with WS Atkins Engineering Sciences and the Ecole des Mines de 
Paris 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 II Project. 

This report is one of a series being produced from this effort and it discusses the sorption 
behaviour of uranium in the sediment groundwater systems at these two sites. Other 
reports, listed below, give detailed accounts of specific features of the sites, including their 
geological, topographical, hydrogeological and geochemical characteristics. 

Broubster reports 

1. 'The geological, geochemical, topographical and hydrogeological characteristics of the 
Broubster natural analogue site, Caithness' by TK Ball and AE Milodowski. British 
Geological Survey (BGS) Technical Report WE/89/37 and DOE Report DOE/RW/89.069. 

2. '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. 

3. '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. 

4. The uranium source-term mineralogy and geochemistry at the Broubster natural analogue 
site, Caithness' by A.E. Milodowski, LR. Basham , E.K. Hyslop and J.M. Pearce. BGS 
Technical Report WE/89/50 and DOE Report DOE/RW/89.073. 
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5. '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. 

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

Needle's Eye Reports 

1. 'The geology, hydrogeology and geochemistry of the Needle's Eye natural analogue site' 
by PJ Hooker. BGS Technical Report in preparation. 

2. 'Hydrogeochemistry of the Needle's Eye site: first interpretation' by R Doublet, Ph Jamet 
and R Soubeyran. Ecole des Mines de Paris, Fontainebleau, CIG Report LHM/RD/88/59 (in 
French) and in English as BGS Technical Report WE/89/55 and DOE Report 
DOE/RW/89.078. 

3. 'Modelling of the Needle's Eye natural analogue' by Ph Jamet, Ρ Lachassagne, R Doublet 
and E Ledoux. Ecole des Mines de Paris, Fontainebleau, CIG Report LHM/RD/89/81 (in 
English). 

4. 'The location of uranium in source rocks and sites of secondary deposition at the Needle's 
Eye natural analogue site, Dumfries and Galloway' by IR Basham, AE Milodowski, ΕΚ 
Hyslop, and J M Pearce. BGS Technical Report WE/89/56 and DOE Report 
DOE/RW/89.091. 

5. 'Natural decay series radionuclide studies at the Needle's Eye natural analogue site, 
1986-1989'by AB MacKenzie, RD Scott, CM Houston and PJ Hooker. SURRC Report 
and DOE Report DOE/RW/89.104. 

6. 'A uranium geochemical study at the natural analogue site of Needle's Eye, SW Scotland. 
by PD Roberts, TK Ball, PJ Hooker, and AE Milodowski. 1989. Proc. ΧΠ Int Symp. on 
the Scientific Basis for Nuclear Waste Management, Berlin, October 1988. Materials Res. 
Soc. Symp. Proc. Vol 127, 933-940. 
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EXECUTIVE SUMMARY 

Studying a natural geochemical system characterised by movements of radioactivity can yield 
data which can be used to test applications of mass transport codes. Codes such as 
CHEMTARD are employed to predict the fate 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, 
thorium and rare earth elements 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 sites 
of uranium mineralisation at Needle's Eye in Dumfries and Galloway, Scotland and 
Broubster in Caithness, N Scotland, present easily accessible locations suitable for such 
studies with the emphasis on the role of organics in the distributions of the natural radioactive 
elements of uranium and thorium. 

This report describes the results of sorption experiments designed ίο provide essential data 
for migration modelling. Sorption of 233U from natural groundwater onto peat from 
Broubster and silt from Needles Eye was studied under atmospheric conditions and different 
pH regimes. The temperature was maintained at 10°C and, in the case of Needle's Eye silt, 
the kinetics of sorption were followed. The results were analysed in conjunction with 
speciation modelling in an attempt to understand the sorption mechanisms and to extrapolate 
the findings to cover the range of conditions likely to be met in the field. 

Two different sets of experiments were carried out with Needle's Eye silt. In the first the 
pH was maintained at 6.0 by the addition of HCl. In the second the pH was allowed to drift 
from its initial value of 6.7 to 7.9. Distribution ratios at pH 6.0 were higher than at pH 
6.7-7.9. At both pH values an initial rapid sorption was followed by slow sorption but 
only at pH 6.7-7.9 did the slow sorption follow first-order kinetics during the first week. 

In order to explain these observations speciation modelling was carried out. This showed 
that under the experimental conditions used the uranium should be present as a mixture of 
negatively charged and neutral carbonate complexes with the proportions of each species 
differing markedy at pH 6.0 and 7.0. It is postulated that U02(C03)2

2- and U02C03 are 
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more readily sorbed than U02(C03)3
4- and that sorption of uranium carbonate complexes is 

by displacement of carbonate ligands in a series of surface-complexation reactions with 
oxide surfaces. 

The Needle's Eye groundwater used in the sorption experiments was very different in 
composition to that in the field because it had been stored in air and iron and manganese 
oxyhydroxides had precipitated out. Uranium speciation in a groundwater, taken from the 
same horizon but analysed immediately after collection was, therefore, modelled under both 
reducing (Eh=0 mV) and oxidising (Eh=400 mV) conditions. It seems probable that in the 
field, even under oxic conditions, sorption and organic complexation will be higher than in 
the laboratory experiments. At zero Eh most of the uranium should be reduced to the IV state 
and strongly sorbed. If organic material is available complexation is likely to be complete. 

Distribution ratios for Broubster peat were greater than 104 ml/g at pH values of both 6.5 
and 7.0. Speciation modelling indicated that carbonate complexation should dominate in the 
groundwater but it is suggested that given sufficiently strong interaction with the solid 
substrate then, as a result of mass action, complexation/sorption will be nearly complete. 

Finally an attempt was made to estimate likely distribution coefficients for use in migration 
modelling. It is suggested that, until ranges are narrowed by further work , the 

silt layers at Needle's Eye be divided into three Eh and pH regimes viz 

(i) oxidising with pH 6.5 to 8.0 Best estimate 102ml/g. Range 101 to 103 ml/g 
(ii) oxidising with pH 6.5 to 4.0 Best estimate 103 ml/g . Range l O ^ o l ^ m l / g 
(iii) reducing ( Eh < OmV): pH 4 to 8 Best estimate >104ml/g. Range 103 to 106ml/g 

For peat layers at both sites, suggested values for modelling purposes are: 

Best estimate >104ml/g. Range 103 to 106ml/g · 
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1. INTRODUCTION 

The short-term aim of this programme has been to achieve a better understanding of the 
migration behaviour of uranium, thorium, rare earth elements and iodine in a variety of 
shallow sedimentary and weathering environments. The long-term aim is to validate research 
model predictions of radionuclide migration over long time-scales, and to provide confidence 
in the application of such codes in the performance assessments of proposed radioactive-waste 
repositories. 

Two sites showing uranium anomalies have been investigated in detail. These are the 
Needle's Eye site at Southwick on the Solway coast, Scotland and Broubster, Caithness, N. 
Scotland. Here extensive sampling and analysis of groundwater, rocks and sediments 
together with sorption studies and speciation modelling have been carried out. 

At Needle's Eye interest centres on a number of pitchblende veins trending north beneath 
coastal sediments and then outcropping in the cliff. The anoxic peaty soil layers near the cliff 
base are particularly enriched in uranium with values as high as 880 ppm correlating positively 
with the amount of organic matter present. (Hooker et al., 1987). 

The Broubster site is characterised by surficial sedimentary deposits of brown earths and peat 
which still play host to the transport and retardation of U/Th series isotopes and rare earth 
elements (REE) involving processes that have probably been going on for at least about 5000 
years over a distance of the order of 100 m. 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 (Ball and Milodowski, 1989). 

Migration of radionuclides such as uranium and thorium in water-rock systems is largely 
controlled by precipitation/dissolution and adsorption/desorption reactions. The relative 
importance of these will depend on the concentration and speciation of the radionuclide and on 
the tendency of the radionuclide-containing minerals to precipitate. Thus in the vicinity of the 
uraniferous veins, where uranium concentrations are relatively high, precipitation/dissolution 
reactions involving uranium oxide, phosphate and silicate minerals might control solubility 
and hence migration. However, within a short distance of the veins, and away from a source 
of uranium, sorption will be the dominant process controlling partitioning between solid and 
liquid phases. 



Clearly, therefore, it is essential that sorption be accounted for in the development of a model 
that will adequately describe the migration of uranium through a natural site. The two 
materials selected for these preliminary sorption experiments were: 

(i) the silty material from Needle's Eye through which uranium appears to have migrated. 
This material contains quartz, clays and a variable amount of organic material. Field 
measurements indicated that the pH of the associated groundwater ranges from 5.3 to 7.5 
and the Eh from -5mV to 400mV. 

(ii) the peaty material from Broubster. This material appears to be a sink for uranium and 
contains up to lOOOppm uranium. Field measurements showed that the associated 
groundwaters tended to be oxidising (Eh 175 to 419 mV) and slightly acidic (pH 5.3 to 6.9). 

Uranium speciation in groundwaters, even in the absence of organic ligands, is extremely 
complex. Four well-defined oxidation states (III, IV, V & VI) of uranium exist (although 
only three of these [IV, V and VI] exist in natural systems) and speciation depends on pH, Eh, 
carbonate, phosphate and organic-ligand concentrations. Inorganic complexes may be 
negatively charged( e.g. U02(C03)3

4-) , neutral (e.g. UO2CO3
0) or positively charged (e.g. 

U02+). Similarly, organic complexes may be neutral or charged depending on conditions and 
the organic ligand. Generally sorption of the oxidised species (V & VI) is lower than that of 
the reduced (TV) species and reduction to U-IV normally results in immobilisation. (Allard, et 
al., 1984; Skytte Jensen, 1982; Hsi and Langmuir, 1985). 

The bulk mineralogy is often deceptive because the surfaces of minerals tend to be coated with 
oxides and/or organic material. Thus, although quartz is relatively inert and clays have a net 
charge deficiency which is negative and permanent, surface impurities such as hydrated iron 
oxides and hydrated alumina may dominate the sorption characteristics. The charge on oxide 
and hydroxide surfaces is pH dependent being negative at high pH values and positive at low 
pH values. The point at which they reverse their charge (ZPC) is not known accurately and 
will vary from sample to sample and within samples as a function of ageing etc. Wayman 
(1977) reports estimated values for hydrated iron oxides in the range 8.5 to 8.7 and for 
hydrated alumina from 2.2 to 5.6. Greenland and Hayes (1978) report values of 2, 2.5, 6.7 
and 8.2, respectively, for kaolinite, silica (>SiOH surface), goethite (FeOOH surface) and 
gibbsite (>A10H surface). Kinniburgh et al. (1975) reported that the ZPC for freshly 
prepared iron and aluminium hydroxide gels and the amorphous product of heating gibbsite 
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