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PREFACE
The Scottish Universities Research and Reactor Centre has been studying the Needle's Eye
natural analogue site in Dumfries and Galloway District, southwest Scotland, in conjunction
with the British Geological Survey (BGS), which has been co-ordinating the research
programme. 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 Ecole des Mines de Paris (Centre
d'Informatique Géologique), Fontainebleau, for hydrogeological 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.
The Needle's Eye site lies within the Southwick Coast Reserve of the Scottish Wildlife Trust
who kindly gave permission to sample for soils, sediments and waters for analysis.
This report is one of a series being produced from this effort and is concerned with the U/Th
decay series characterisation of the hydrothermal mineral veins and the movement of these
radionuclides into post-glacial flood plain deposits. Other reports and papers listed below
give further details of the programme:
[1]
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Natural analogues of radionuclide migration: reconnaissance study of sites (May
1985-March 1986). British Geological Survey Report, FL PU 86-6 (1986).
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HOOKER, P.J., CHAPMAN, N.A., MacKENZIE, A.B., SCOTT, R.D.,
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104-115(1987).
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ABSTRACT
Characterisation of the mechanisms, and rates, of the transport and retardation processes which affect
radionuclides in the geosphere is of fundamental importance in far field considerations arising in safety
assessments for proposed radioactive waste repositories. Moreover, application of speciation and
transport codes to well defined natural geochemical processes is the only way of validating models
used in such safety assessments under the complex environmental conditions operating overtimescales
appropriate to the requirements of radioactive waste disposal.
A study is described of the application of natural decay series radionuclides to the investigation of
dissolution, transport and retardation processes affecting radionuclides in the environment around a
uranium mineralisation in south west Scotland. A general geochemical description of the site is
developed in which the radionuclide source term is characterised and the release rate of uranium from
the vein is estimated. Dispersion of uranium for distances of up to 50m is observed in post glacial silts
while the virtual insolubility and immobility of thorium under the same ambient conditions is confirmed.
Three distinct retardation processes affecting uranium during groundwater transport are identified and
characterised. Similarly two retardation mechanisms are identified for radium.
The information derived from this work will be used as input data by other groups involved in the
application of speciation and transport codes.
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EXECUTIVE SUMMARY
In feasibility studies relating to the disposal of radioactive waste in underground repositories, the host
rock, or far field, is identified as an important component in the multiple barrier system designed to
restrict, to radiologically acceptable levels, the long term release of any of the waste radionuclides to the
biosphere. Predictive modelling of the rate of radionuclide transport through the far field is critically
dependent upon a thorough knowledge of the mechanisms and rates of geochemical, hydrological and
geophysical processes operating in the relevant environment and upon the validity of computer codes
used to describe these processes. A considerable research effort has therefore been devoted in recent
years to "Natural Analogue Studies" with the aims of providing qualitative and quantitative descriptions
of such far field processes and identifying suitable natural geochemical systems for testing computer
codes under realistic, complex conditions operating over suitably long timescales.
This report describes a study of the distribution, geochemical behaviour and transport of natural decay
series radionuclides in the environment around a uranium mineralisation vein at a location known as "The
Needle's Eye" on the Solway Coast of South West Scotland. The work described here forms part of a
larger co-ordinated programme which also involves geochemical, hydrological and geophysical studies
by BGS and evaluation of the potential of this natural system for testing speciation and transport codes
by BGS and the Ecole des Mines de Paris. The objectives of the natural decay series contribution to
the study were:
1

to characterise the uranium and thorium isotopie composition of the vein material and thereby
to assess the significance of the vein as a source of radionuclides to groundwaters in the area;

2

to investigate radionuclide concentrations in the groundwaters;

3

to investigate radionuclide concentrations in fracture lining minerals in water-bearing fissures in
the granodiorite;

4

to characterise the dispersion of uranium series radionuclides on a scale of the order of 1 m into
the overlying soils from the line source of the vein;

5

to define the behaviour of uranium being transported by groundwater as it moves through the
varying redox conditions in the different zones of the site;

6

to assess the extent of large scale dispersion of uranium into the silts of the floodplain of the
Solway Firth.

Standard radiochemical methods were used in the work and were validated by analysis of standard
reference material. Interpretation of the analytical data is based upon observations of variations in the
IX

concentrations and activity ratios of the natural decay series radionuclides in samples of water, rock and
soil from the site. A conceptual model has thus been developed to describe the geochemical behaviour
and transport of uranium (and to a lesser extent of thorium and radium) in this system. The essential
features of this model are as follows.
There is negligible dispersion of uranium or any of its descendant radionuclides into overlying soils from
the line source of the vein. Significant dissolution of uranium and radium occurs when groundwater
238

Interacts with the vein and this leads to an Increase in the specific activity of
1

U in the groundwater

1

from about 0.01 Bq I" to values in the range 0.3 to 0.74Bq Γ . Retardation of both uranium and radium
by uptake in carbon minerals lining fissures in the granodiorite occurs during transport and this, or some
other mechanism, results in the retention within the granodiorite of most of the radium which is dissolved
from the vein. Dissolution and transport of thorium is negligible in comparison with that of uranium.
Most of the dissolved uranium (at least 80 to 90%) is removed from solution when the groundwater
draining from the granodiorite interacts with a zone of anoxic, organic rich soil at the base of the cliff.
The mechanism involved may simply be the reduction of uranium from the soluble 6+ oxidation state
to the insoluble 4+ form or could Involve active uptake of uranium by the organic matter. The uranium
which remains in solution is subject to further retardation by uptake on Fe/Μη oxides as the
groundwater drains across the Solway Firth floodplain silts.
The following major conclusions are drawn from the work.
1

The observed general behaviour of uranium, thorium and radium at this study site is consistent
with the established geochemistry of these elements.

2

The vein material acts as a source of uranium and radium to groundwaters.

3

The probability of dissolution of uranium from the vein has an upper limit of about

5x10'

1

y' .
4

Effectively zero dissolution of 230Th from the vein was observed.

5

Groundwater transport has resulted in dispersion of uranium over distances of about 50m in the
post glacial silts of the Solway floodplain.

6

Uptake of uranium and radium by carbonate minerals which line fracture surfaces in the rocks
around the vein has been demonstrated to be a significant retardation process affecting these
elements during groundwater transport. The rate of dissolution, transport and redeposition of
radium in the rock system is rapid relative to a five year timescale. The efficiency of retardation
of radium by this (or some other) mechanism appears to be greater than that of uranium.

7

The anoxic soil presents a highly efficient barrier to transport of uranium in groundwater with the
efficiency of retention of uranium being at least 80 to 90%.

8

The cliff acts as a source of uranium (about an order of magnitude less than the vein) in areas
remote from the main mineralisation at Needle's Eye.

9

Continuous retardation of uranium, by uptake on iron and manganese oxides, occurs as
groundwater moves across the surface of the merse silts. The uranium removal process follows
first order kinetics and is characterised by a halving distance for the groundwater concentration
of uranium of 10m.

10

Upwards migration of radionuclides from the vein into overlying soils was not observed. The
soil profiles in the immediate vicinity of the vein appear to have evolved dominantly as the result
of groundwater leaching of radionuclides originally contained in the soil when it was deposited,
with any dissolution and redeposition of radionuclides from the vein being a minor effect. Rapid
(on a 5 year timescale) dissolution and redeposition of

Ra occurs in these soils, with the

sulphide-sulphate system possibly exerting a control over radium solubility.

XI

INTRODUCTION
In feasibility studies relating to the disposal of radioactive waste in underground repositories (eg NAG RA,
1985) the host rock, or far field, is identified as an important component of the multiple barrier system
designed to restrict , to radiologically acceptable levels, the long term release of any of the waste
radionuclides to the biosphere (IAEA, 1980; Chapman and McKinley, 1987; Roxburgh, 1987). Predictive
modelling of the rate of radionuclide transport through the far field, upon eventual failure of the near field
engineered barriers, is therefore an important feature of performance and safety assessments for
proposed radioactive waste disposal repositories. Such modelling is critically dependent upon a
thorough knowledge of the mechanisms and rates of geochemical, hydrologicai and geophysical
processes operating in the far field environment, and upon the validity of computer codes (in particular
speciation and transport codes) used to describe these processes. Some of the far field processes of
importance in this context are, however, relatively poorly characterised and remain active areas of
research at present (eg radionuclide speciation, sorption processes, matrix diffusion, redox front
reactions and the possible influences of micro-organisms and colloids). Moreover, it is now widely
accepted that, if possible, the computer codes used in safety assessments (derived largely from
thermodynamic considerations in conjunction with the results of relatively simple laboratory-based
experiments operating over, at most, a few years) should be validated by comparison with the effects
of well defined natural geochemical processes operating in realistic environmental conditions over
timescales of up to 10 years.
A considerable research effort has therefore been devoted to "Natural analogue studies" (Chapman et
al, 1984) in recent years in an attempt to address such problems in radioactive waste disposal, both
within the UK (eg Hooker et al, 1986; Hooker and Chapman, 1989) and internationally (eg Come and
Chapman, 1987; Come and Chapman, 1988). The object of many of these studies has been the
definition of numerical values for parameters such as diffusion coefficients or the characterisation of
processes considered to be of importance in far field radionuclide transport and retardation. Such
processes are generally considered in a generic, rather than site specific, way since it may be necessary
to consider a variety of different far field environments and to accommodate potential changes in the far
field conditions over long time periods. Examples of studies of this type are the investigation of
radionuclide diffusion rates in the interstitial waters of saturated clays (MacKenzie et al, 1983; MacKenzie
et al, 1984; Hooker et al, 1985) and studles of the effects of sorption and matrix diffusion processes on
radionuclide transport in water bearing fractures in crystalline rocks (Smelile et al, 1986; Alexander et
al, 1988; Alexander et al, 1989). In these latter studies, the radionuclides of the natural radioactive decay
series (Figure 1) have proved to be particularly useful since the varying chemical behaviour of different
nuclides in the decay chains can be used to investigate geochemical processes and, in suitable cases,
the radioactive decay (or growth) of the nuclide involved can provide an insight into the rates of
processes (Ivanovich and Harmon, 1982). As a further development of the natural analogue approach,
a primary objective of recent programmes (eg The International Poços de Caldas Project; Come and
Chapman, 1987) has been to test speciation and transport codes against natural geochemical
1

observations. This is, however, an extremely difficult task, with one of the main limitations being
reconciliation of the rigorously defined conditions required for the models with the uncertainties involved
in defining the processes operating in the natural system and the problems of producing a suitably
comprehensive and reliable analytical database. Nevertheless, comparison with natural systems is the
only option for validation of model codes under realistic, complex natural conditions over the timescales
appropriate to radioactive waste disposal considerations.
The work described in this report involves a study of natural decay series radionuclides in the
environment around a uranium mineralisation vein at a location known as The Needle's Eye' on the
Solway coast of South West Scotland. The work reported here forms part of a larger programme,
funded by the Department of the Environment and the Commission of the European Communities, with
the aims of characterising processes of potential importance in the far field transport and retardation of
radionuclides and of providing test cases for validation of speciation and transport codes. The overall
programme thus entails a series of inter-related studies including, in addition to the present work,
geochemical, hydrologicai and geophysical measurements by BGS and evaluation of the potential of this
system for validation of speciation and transport codes by BGS and the Ecole National Superieure Des
Mines De Paris.
THE NEEDLE'S EYE NATURAL ANALOGUE SITE
The existence of a series of uranium mineralisation veins in the Solway coastal area of South West
Scotland was discovered during a car-borne gamma spectrometry survey of the area in the early 1960's.
Some 60 locations containing detectable uranium mineralisation were identified during the survey (Miller
and Taylor, 1966) and the present study site is centred upon the largest and most intensively studied
of these veins, lying to the east of an ancient sea arch known as The Needle's Eye. The site is located
on the edge of the Criffel granodiorite (Figure 2) where the intruded rocks of the pluton are faulted
against Carboniferous rocks underlying thefloodplainof the Solway Firth to the South. The edge of the
granodiorite forms a distinct cliff and Miller and Taylor (1966) positively demonstrated the presence of
the vein in the bedrock by excavations in the field at the top of the cliff, in the cliff face itself and beneath
the post glacial flood plain deposits at the base of the cliff (known locally as The Merse).
Uranium occurs in the veins in the form of pitchblende along with associated mineralisation of other
elements including Cu, Bi, Co, Ni, As and Sb. The age of the vein material was reported by Miller and
Taylor (1966) to be 185 ± 20 million years, substantially more recent than the age of the Criffel pluton
of 397 ± 2 million years (Halliday et al, 1980).
The bedrock and surface soil characteristics of the site are shown schematically in Figure 3 and the
following sequence is encountered on moving from the area above the cliff towards the Solway Firth:

1

Inland from the cliff, the granodior'rte bedrock is overlain by 1 to 2m depth of boulder clay. This
area is grass covered and the fields are used for grazing cattle and sheep. A road forms the
southern limit of this area, at the edge of the cliff. Groundwaters draining from these fields are
channelled under the road via a conduit to form a small stream running to the west of the
Needle's Eye.

2

The cliff, which is of variable steepness and is densely overgrown with trees and shrubs. At the
foot of the cliff, the outcropping rock contains obvious water bearing fissures and, in places,
overhanging rock forms shallow caves. A narrow band of scree forms the limit of the cliff area.

3

Along the base of the cliff is a band of waterlogged, organic-rich, anoxic soil of width varying
from 5 to 10m. The organic rich material extends to a depth of about 1m and is underlain by
a narrow layer (~ 10cm) of fine clay then a coarse gravel (identified by BGS as a fossil beach
deposit).

4

Adjoining the organic, boggy area is a narrow belt of silt covered with a dense vegetation of
trees and shrubs. This zone also has a variable width of some 5 to 10m and the soil depth is
1 to 2m. A small stream draining the organic soli at the base of the cliff emerges in this area.

5

The boundary of the floodplain of the Solway Firth is marked by a sharp transition in the
vegetation from the trees and shrubs of zone 4 to the salt resistant grass of the Merse. This area
consists of silt of depth 1 to 2m overlying carboniferous siltstones and extends for about 55m
to the edge of the Southwick Water, a salt water inlet of the Solway Firth. The merse silts are
cut by a number of small, meandering streams and those emerging from the field drain and
organic bog described above merge before flowing into the Southwick Water.

The cliff area and the adjoining section of the Merse constitute a nature reserve owned by the Scottish
Wildlife Trust. Prior permission for sampling was obtained by BGS from the Scottish Wildlife Trust and
sampling was performed within agreed guidelines to avoid any detectable damage to the site or
disturbance of the natural habitat.
Complementary studies by BGS have characterised the geochemical profile of the sediments at the base
of the cliff and the major features of the hydrology of this area. Figures 4 and 5 show schematic
representations of the findings of this work, with a notable feature being the artesian input of water at
the base of the sediment.
The objectives of the natural decay series contribution to the study of this site were:
1

To characterise the uranium and thorium isotopie composition of the vein material and thereby
to assess the significance of the vein as a source of radionuclides to groundwaters in the area.

2

To investigate radionuclide concentrations in the groundwaters.

3

To investigate radionuclide concentrations in fracture lining minerals in water bearing fissures
in the granodiorite.

4

To characterise the dispersion of uranium series radionuclides on a scale of the order of 1 m into
the overlying soils from the line source of the vein.

5

To define the behaviour of uranium being transported by groundwater as it moves through the
varying redox conditions in the different zones of the site defined above.

6

To assess the extent of large scale dispersion of uranium into the Merse silts.

The integration of the individual components of this work, along with the complementary work by BGS
and the Ecole Des Mines, thus has the aim of producing a well characterised geochemical system with
identified radionuclide transport and retardation processes which have the potential for testing speciation
and transport codes. Preliminary reports of some of the other aspects of the study have already been
presented elsewhere (Soubeyran et al, 1987; Roberts et al, 1988; Doublet et al, 1988; Breward and
Peachey, 1988; Basham and Hyslop, 1989; Higgo et al, 1989).
ANALYTICAL METHODS
The uranium/thorium analysis, based upon the method of Bacon and Rosholt (1982), involved anion
exchange separation of uranium and thorium from the samples followed by alpha spectroscopy. Sample
weights of about 2g were used for soils and sediments and the samples were initially furnaced at 450° C
to destroy organic matter. Thereafter an aliquot of a solution containing a known activity of 232 U, with
its daughter 22aTh in transient equilibrium, was added as a yield tracer to the ashed sample. The spike
solution used is a dilution of a primary 232U/228Th standard solution purchased from AERE Harwell.
Total sample dissolution was then effected by acid digestions using H Cl, H N0 3 and H F, with
intermediate leaching of soluble material into 6M HG. In the early stages of the work, digestions were
performed in a Teflon beaker on a hotplate but, more recently, microwave oven dissolution methods
have been employed (Nadkarni, 1984; Lamothe et al, 1986). Uranium and thorium were coprecipitated
from the 6M HCl leaching solution with Fe(OH)3 by addition of NH4 OH, after which the precipitate was
re-dissolved in 9M hydrochloric acid. Iron was removed by solvent extraction into di-isopropyl ether and,
after heating to remove all residual traces of ether, the solution was allowed to cool to room temperature.
Uranium was then extracted on a 6cm χ 1cm2 column of Bio-Rad AGlx8 anion exchange resin. The 9M
HCl solution which was washed through the column was retained for thorium analysis, while the uranium
was eluted from the column with 1.2M HCl. A second purification of the uranium was performed by a
repeat extraction from 9M HCl onto AGlx8 resin and elution with 1.2M HCl after which the solution was

taken to dryness, the residue redissolved in 8 drops of concentrated HCl and made up to 40ml with a
solution of 3.75% (m/V) NH4 CI. The uranium was electrodeposited from this solution onto a stainless
steel disc in a deposition cell based upon the design of Hallberg et al (1960). The uranium spectrum
was recorded by means of a surface barrier detector and simple multichannel analyser system.
In the thorium analysis it is essential to remove all traces of CI' ion from the sample since the presence
of even trace amounts can interfere with the subsequent anion exchange extraction. Thorium was
therefore coprecipitated with Al(OH)3 by addition of NH4OH to the 9M HCl solution obtained above,
using the natural Al in the sample. The AI(OH)3 precipitate was thoroughly washed with distilled water
then redissolved in HN03. Al (OH)3 was reprecipitated, the precipitate washed with distilled water and
then redissolved in the minimum volume of concentrated HN03, after which the concentration of the
nitric acid was adjusted to 8M. Thorium was extracted from the 8M HN03 solution onto Bio Rad AG 1x8
and was eluted using 1.2M HCl. The el ut ¡on solution was taken to dryness and the residue dissolved
In 8 drops of concentrated HCl and 40ml of 3.75% (m/V) NH4 CI solution for electrodeposition and alpha
spectroscopy as described above for uranium.
Minor modifications of this method were required on occasions in order to produce suitably thin sources
for alpha spectrometry, especially for the organic rich soils from zone 3 at the foot of the cliff. A further
modification was required for certain samples in which the 228Th/232Th activity ratio was found to deviate
significantly from unity. The conventional assumption required in the use of a n"h yield tracer is that,
in the natural sample, the

22a

Th/232Th activity ratio is unity so that in the αspectrum the sample

contribution to the events in the 22STh αpeak can be taken as being equal to the number of events in
the S 2 Th αpeak. Thus, in samples for which the 22aTh/232Th ratio does not equal unity, an additional
procedure for determination of this ratio is required, namely the analysis of unspiked samples. The
effect of this correction, as opposed to the assumption of equilibrium, generally produces only a small
change in the calculated thorium isotope activities since 232Th and its descendants are present in the
samples at low levels. Nevertheless the analysis of unspiked thorium samples has been introduced as
a standard component of the analytical method at a minimal level of "screening "analyses for groups of
similar samples and, where 22STh/232Th disequilibrium is revealed, the analysis is applied to all of the
samples in the group.
Analysis of vein material followed the same general procedure as described above, but with the following
modifications, necessitated by the very high specific activity of U:
(a)

the sample weight was restricted to a few tens of mg;

(b)

furnacing was not employed;

(c)

the spike was not added at the beginning of the dissolution. In this case, in order to obtain
compatible activities of uranium in the sample and in the amount of spike used, the sample was

dissolved, the solution volume made up to 11 and the spike was added to a subsample of the
solution which was then analysed and the initial sample composition calculated by proportion.
Water analyses were similar except that AI and Fe carriers were added and the samples were initially
passed through 0.22 μπι filters.
The accuracy of the method was evaluated by analysis of the Canadian Centre for Mineral and Energy
Technology standard reference sandstone DM a (CANMET, 1983), with results for spiked and unspiked
analyses showing a satisfactory level of accuracy as Indicated in Table 1. The accuracy of the method
was further validated by comparison with other analyticaTmethods (MacKenzie et al, 1986) and by a
comprehensive interlaboratory comparison organised as part of the International Pocos de Caldas
Project. Within-laboratory replicate analyses indicated that values for the precision of uranium and
thorium analyses were about 5%, while the interlaboratory exercise indicated that if results from different
laboratories were to be compared, uncertainties of about 6% and 8% should be applied to uranium and
thorium analytical results respectively.
In addition to whole samples of sediment, some samples were also subjected to a sequential leaching
analytical scheme, as described by Cook et al (1984), designed to indicate the association of
radionuclides with different operationally defined constituents of the sediment (viz available,
exchangeable, organic, oxides and residual).
RESULTS
The results for analysis of a sample of the bulk uranium vein material from the exposed section of the
vein on the cliff at the Needle's Eye are shown in Table 2, along with the results for analysis of a sample
of pitchblende separated from the vein. The specific activity of 2.48 χ 106 Bq kg" 1 of 238U for the bulk
vein material corresponds to a concentration of uranium of 20% by weight.
Only a limited number of water samples were analysed during the course of the study and a
comprehensive programme of water analyses has not been possible as a result of restrictions on access
to the site. Nevertheless, a systematic pattern does emerge when the ranges of values of uranium
concentration and the

U/

U activity ratios are considered in the context of the various zones of the

site defined above. The results for the water analyses are summarised on this basis in Table 3. In all
cases, 230Th was not detectable.
Four samples of carbonate minerals (tufa) lining fractures in the hornfels and felsite rocks around the
Needle's Eye were collected by BGS, Edinburgh and the results for analysis of these samples are given
in Table 4.

Six sections were excavated by spade at the positions indicated in Figure 6 as Pits 1 and 5 in the anoxic
zone, Sections 1,2 and 3 in the merse area and 'intertidal section' in the course of the Southwick Water.
Pits 1 and 5 were excavated to the level of the bedrock at 110cm and 65cm respectively. Section 3 was
excavated to a depth of 55cm which marked the level of the water table at this location and at which
rapid ingress of water prevented further excavation. The remaining three sections were each excavated
to a depth of 1m. Pit 5 was sampled in 5cm vertical increments while all of the other sections were
sampled in 10 cm vertical increments. The results for samples so far analysed from these various
sections are presented in Tables 5-7 and results for analysis of a sample of offshore surface sediment
from the north eastern basin of the Irish Sea are also contained in Table 7.
Two samples each from the intertidal section and from section 3 in the merse were also subjected to
the sequential leaching scheme of Cook et al (1984) and the results of this exercise are shown in Table
8. A sample of surface (top 1cm) of soil was taken every 5m on a transect running from the mean high
water mark of the Southwick Water inland for a distance of 55m as shown in Figure 6. The samples
were analysed for uranium and thorium and, to provide complementary data, for radiocaesium, plutonium
alpha emitting isotopes and 241Am; the results are presented in Tables 9(a) and (b).
A pit, Identified as NEP 2 in Figure 6, was excavated by BGS directly over the vein in the field at the top
of the cliff and samples from three vertical profiles in the section were analysed for natural decay series
radionuclides, with the sampling positions being shown in Figure 7 and the results in Tables 10 to 12.
DISCUSSION
Before a detailed discussion of the results, it is useful initially to consider some of the basic assumptions
and methods of interpretation used in natural decay series studies of this type. Of fundamental
importance is the assumption that uranium in the 6+ oxidation state is normally soluble in natural waters
whereas uranium in the 4+ oxidation state and thorium (which occurs naturally only in the 4+ oxidation
state) are highly insoluble in natural waters. This behaviour pattern is well established by observation
of natural geochemical systems (Ivanovich and Harmon, 1982) and is supported by relatively simple
chemical principles. Thus, U with an ionic potential of 8.22 (Mason, 1966; Henderson, 1982; Greenwood
and Earnshaw, 1984) readily forms the uranyl ion (U022+) which is capable of forming soluble anionic
complexes with naturally occurring ligands (eg [U0 2 (C03)2]2"). In contrast, U4+ and Th4+ with
respective ionic potentials of 4.49 and 4.25 are highly susceptible to hydrolysis, leading to precipitation
of insoluble hydroxides in aqueous systems and to sorption on the surfaces of negatively charged
mineral particles or organic matter (Wedepohl, 1978).
Isotopie fractionation of 238U from 234U is also of considerable importance and is considered to occur
238

as a result of alpha recoil, oxidation and lattice déstabilisation during the decay of

U, and possibly

enhanced rates of etching along alpha particle tracks in minerals by natural waters, leading to the
preferential removal of 234U into solution relative to 238U (Fleischer, 1980). Thus, uranium dissolution

from minerals can be considered to occur as the result of two competing processes, namely bulk
dissolution of the mineral and preferential 'recoil' loss of 234 U. Rapid bulk dissolution of minerals would
result in groundwater 234 U/ 238 U activity ratios equal to unity whereas a slow rate of dissolution relative
to 'recoil' loss of

234

U will give a groundwater

23A

U/238U activity ratio of greater than one and a

corresponding ratio In the leached mineral of less than one. Groundwaters thus commonly have high
"HU/

U ratios, as do minerals formed by deposition from groundwater within the last 10 years or so.

On the basis of these considerations, the following general observations can be made with respect to
radionuclide activity ratios in rock (and soil etc) samples:
If the 23AU/238U activity ratio is less than one, 'recoil' loss of 234U to groundwater has affected

(a)

the sample. The greater the deviation of the ratio from unity, the slower is the rate of bulk
dissolution of the mineral relative to the rate of recoil loss of

U.

If the 234 U/ 238 U activity ratio is greater than one, deposition of uranium from groundwater has

(b)

occurred within the last 106 years.
(c)

If the 23&Th/234U ratio is less than one, uranium deposition from groundwater is implied.

(d)

If the 23CTh/234U ratio is greater than one, uranium removal to groundwater Is implied. A
complicating factor can, however, apply in this situation in that if a sudden (relative to the half
lives involved) deposition of uranium occurs with a 234 U/ 238 U activity greater than one, then
^ ^ h can grow in to a state of transient equilibrium (Friedlander et al, 1981) with the excess
^ U , to give a 23aTh/234U ratio greater than unity.

A very useful method for presentation of natural decay seríes results for rock analysis is by plotting one
radionuclide activity ratio against another. For example, Latham and Schwartz (1987) have used
234

U/238U versus 23&Th/234U plots in the investigation of uranium removal rates from igneous rocks.

In the present work we have adopted the approach of Thiel et al (1983) and use plots of
versus

23tt

Th/

238

U/

U

U. With the assumption of initial secular equilibrium conditions which have subsequently

been perturbed by rock-water interaction, plots of this type can be used to identify samples which have
been affected by uranium deposition or removal processes. Extension of this approach to include the
possibility of continuous or sudden (relative to the ^^Th half life) discontinuous processes can, as
discussed in detail by Alexander et al (1989), be used to identify those areas of the graph shown in
Figure 8 which can be reached by operation of various processes.
Radium can also provide useful information in certain natural decay series studies since, with a single
possible oxidation state of +2 and ionic potential of 1.48, it is a relatively soluble species in many natural
aqueous systems. Removal of radium from solution generally occurs by coprecipitation in situations
where species such as Ca C0 3 or BaS04 are being deposited. Thus, although radium itself is not

directly affected by redox processes, it can be dissolved or precipitated under varying redox conditions
affecting the sulphide-sulphate system.
The uranium analysis of the bulk vein material (Table 2) indicates a composition of about 20% by weight
of uranium and the 230Th/234U activity ratio of 1.84, in conjunction with a 234 U/ 238 U activity ratio of unity
indicates dissolution of total uranium from the vein material at a rate which is high relative to the rate of
preferential 'recoil' loss of

U. By assuming an initial state of equilibrium which has been disturbed

by the onset of the leaching process, values for the removal probability per unit time of a uranium atom
can be derived as a function of the leaching time if this removal probability is assumed to be constant.
For example, if a time of 12,000 years, corresponding to the end of the last period of glaciation, is taken
as the time during which leaching of uranium has occurred, then a removal probability of 5 χ 10"5 y"1
is obtained (ie. dissolution of 5 χ 10 g of uranium/g of uranium in the vein/year). As discussed below,
the appropriate leaching time is in fact likely to be much greater than 12,000 years so this leaching value
should be regarded as an upper limit. The analysis of the vein material thus confirms that it acts as a
source of uranium to groundwaters in the area.
The separated pitchblende shows a higher uranium concentration than the bulk vein material and has
a 234 U/ 238 U activity ratio of 0.96 (average of two measurements) and a 230Th/234U activity ratio of 0.98
which is, given the analytical uncertainty, indistinguishable from unity. These results are consistent with
the dissolution of uranium from the vein by groundwater since the bulk sample consisted of weathered
material whereas the separated pitchblende was unweathered. It should, however, be noted that while
any loss of uranium from the unweathered pitchblende had been insufficient to produce a detectable
effect on the 230Th/234U activity ratio, loss of 226Ra is evidenced by the 226Ra/230Th activity ratio of 0.79
for this sample.
The enrichment of uranium in groundwaters which interact with the rocks of the cliff area is clearly seen
-1

238

in the results shown in Table 3. If the

U concentration of 0.012 Bq I for the field drain water is taken

as the 'normal' groundwater concentration before interaction with the rocks of the cliff, then it is apparent
that enrichments by factors of 25 to 62 are observed in the water draining from the cliff. It has been
noted qualitatively that the uranium concentration in the water is inversely proportional to the flow rate,
which in tum varies directly with the amount of rainfall. A further point of interest here is that the
"*U/

U ratios for these waters have all given values of less than unity (uncertainties here and

throughout are propagated ΐσ errors arising from counting statistics). This suggests that the material
presently acting as the source of uranium has previously been subject to leaching in which preferential
loss of 234U was occurring at a relatively high rate compared to total uranium dissolution but that at
present, total dissolution is much more rapid ie. it is probable that (at least) a two stage leaching history
applies to the source of uranium.
The single

Ra measurement for water draining through a fissure in the cliff gave a

Ra/

U ratio

of 0.08 indicating that, for this sample at least, some highly efficient retardation process is operating
9

within the rock, preventing the effective release from the rock body of any 226Ra initially dissolved from
the vein material.
The results of the analysis of water from the organic rich soils suggest that uranium is removed from
solution with an efficiency of about 98% when groundwater interacts with the highly reducing conditions
in this area. The mechanism of retardation of uranium may simply involve reduction of uranium from
the 6+ to the 4+ oxidation state or could involve an active uptake of the uranium by the organic matter.
Fission track analyses being performed by BGS, Edinburgh, may provide more information on this topic
(Basham and Hyslop, 1989).
If the uranium present in the waters draining from the anoxic area and appearing as surface drainage
in the merse silts is regarded as being derived from the cliff area then the anoxic soil would appear to
be about 80-90% effective in arresting the flow of uranium towards the merse. This is, however, likely
to be an underestimate of the efficiency of the retardation since artesian input of water to the base of
the sediments has been established by BGS and the auger hole result indicates that these rising waters
may be enriched in uranium. There are therefore two potential sources of uranium for waters draining
through the merse silts.
The uptake of radionuclides from solution in groundwater by minerals forming on the walls of water
bearing fissures in rocks is a potential retardation process of considerable importance in far field
transport considerations. The uptake of radionuclides by such minerals could involve a variety of
mechanisms including reversible sorption, precipitation or physical trapping of radionuclides in the matrix
of a growing mineral. The results contained in Table 4 for the four samples of carbonate scraped from
the surfaces of fissures in the rocks around the Needle's Eye indicate that a highly active system of
radionuclide dissolution, transport and retardation is operating within the rock system and that different
processes may be effective within the individual fissures.
Thus in sample 1, from a fracture in the felsite just to the west of the Needle's Eye, a 238U activity of 70.3
Bq kg" was observed along with a 234U/238U activity ratio of 0.41. This extreme disequilibrium between
U and

U indicates that recoil loss of 234U from this material is highly efficient and that once ejected

into the groundwater, there is a negligible return of the Ώ 4 υ to the carbonate. To obtain this degree of
efficiency for the preferential loss of

U requires that the uranium must be contained essentially on the

surface of the carbonate. Moreover a time equivalent to at least three half lives of

U would be

required to generate this degree of disequilibrium implying a leaching time of at least 7 χ 105 years.
Active rock-water interaction within this system for such a time would mean that the leaching rate
derived above for uranium would be a considerable overestimate of the true value. Thorium analysis
of the small amount of material available for this sample was unsuccessful so no information is available
on the

n"h content of the sample.

Ra, however, was found to be highly enriched in the carbonate

material with a specific activity of 1704 Bq kg"1, corresponding to a 226Ra/234U activity ratio of 59 (or
226

a

238

Ra/

U ratio of 24). Retardation of radium is clearly much more efficient in this system than is
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retardation of uranium and this may explain the above observation of the low 226Ra/234U activity ratio
for water draining through fissures in the vicinity of the uranium vein. The 232Th activity of 78.5 Bq
kg" probably reflects the presence of small quantities of detritai rock fragments in the sample but the
Th/2 32 Th activity ratio demonstrates an active deposition of 232Th daughters in this material. The
observed enrichment of
that

Ra in the carbonate and the extremely low solubility of thorium strongly imply

228

Ra is being actively incorporated in the carbonate where it decays to produce 228Th.

Samples 2 and 3 were both collected from under the arch of the Needle's Eye. They have similar natural
decay series radionuclide concentrations and activity ratios, with 238U concentrations of 77.5 Bq kg"1
and 72.6 Bq kg-1 respectively, in conjunction with 234U/238U activity ratios of 0.87 and 0.85. The
uranium in those samples therefore either had a

234

U/238U ratio of less than unity at the time of

deposition or else has undergone preferential loss of 234U since deposition. Since the groundwaters in
the cliff area have been found to have 234U/238U ratios of generally less than unity (Table 3), the uranium
deposited in these carbonates probably did have an initial 234U/238U ratio of less than one but the values
for the carbonates are lower than the corresponding 234U/238U values for the water samples, which
implies that recoil loss of
than one is assumed. The

U is probably a significant factor even if an initial deposition ratio of less
230

Th/234U activity ratios of 0.38 and 0.18 for these samples confirm the

active deposition of uranium, and the 230Th which is present probably arises from the inclusion of small
rock fragments in the sample, evidenced by the 232Th activities of 11.7 and 7.5 Bq kg"1 respectively.
The 226Ra activities of 96 and 129 Bq kg"1 (representing 226Ra/238U ratios of 1.2 and 1.8) again indicate
that radium is being more efficiently retained by the fracture lining materials than is uranium but the effect
is much less pronounced for these samples than for sample 1. In the absence of appropriate water
analyses, it is not possible to say whether this is a result of a lower efficiency for retention of radium or
of a lower

Ra/

U ratio in the waters passing through these fissures relative to the water in the

fissure from which sample 1 was collected. Indirect evidence that the efficiency of retention of radium
may be fairly similar in all three cases is provided by the 228Th/232Th activity ratios of 21.8 and 10.1 for
samples 2 and 3 respectively, relative to a value of 19.7 for sample 1.
Carbonate sample 4 which was collected from a fissure in the shallow cave close to the location of the
uranium vein shows the highest level of uranium enrichment, with a 238U activity of 3614 Bq kg"1 and
a

U/

U activity ratio of 0.97 (which is very similar to the activity ratio values for water samples

collected from this fissure system). The very low 230Th/234U ratio of 0.01 confirms that the uranium is
effectively being transported and deposited in the absence of thorium, with the small activity of 230Th
being accounted for by traces of rock fragments in the sample (the presence of which is indicated by
the low 232Th activity of 3.4 Bq kg"1).
sample, with the

226

Ra is present at much lower activities than uranium in this

226

Ra activity of 79 Bq kg-1 corresponding to a 226Ra/238U ratio of 0.02. As discussed

above for samples 2 and 3, this may well be the result of a low 226Ra content in the water passing
through the fissure rather than a reduced efficiency for retention of radium since the 228Th/232Th ratio
of 172 implies an efficient uptake of 228Ra in this sample.
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In summary, therefore, the carbonate samples confirm that the vein Is acting as a source of uranium and
radium to groundwaters In the cliff area and that uptake of these species by fracture surface minerals
can significantly retard their rate of transport through fissures.

Uranium is most enriched in the

carbonate sample collected close to the vein but is present at much lower concentrations In the samples
226

from fissures more remote from the vein. Uranium is also preferentially enriched relative to

Ra in the

sample from the vein area but the reverse situation is true for the more remote samples.
22&

ZiZ

Th/ Th

results imply that

228

The

Ra is also subject to dissolution, transport and deposition in this
228

system, indicating that the rates of these processes are fast relative to the

Ra half life of 5.75y.

Without water analysis data it is not possible to say whether the varying patterns of uranium and radium
deposition in the carbonate represent different mechanisms or simply varying uranium to radium ratios
in the waters in the different fissures.
The results for the SURRC Pits 1 and 5, presented in Tables 5 and 6 and shown graphically in Figures
9 and 10, demonstrate a very high efficiency for retention of uranium by the organic rich, anoxic soils
at the base of the cliff, consistent with the above observations for groundwater. The profile for Pit 1
consists of a high water content section extending from the surface to about 40cm depth, with organic
content of up to 72% and

U activities in the range 6500 to 9850 Bq kg . The presence of

Cs from

the surface to 40cm depth and the zero values for radiocarbon ages from the surface to 50cm depth
indicate that this section of the soil is subject to rapid mixing relative to a 30 year timescale. The
absence of

134

Cs from the mixed section implies a weapons testing fallout origin for the

Cs and

indicates that this area is not subject to incursion by seawater from the Solway Firth, which does affect
lower areas of the merse, as discussed below, and can be identified by 134 Cs/ 137 Cs ratios characteristic
of the Sellafield discharge. (The samples discussed here were collected before deposition of fallout from
the Chernobyl nuclear reactor accident). Below the mixed zone, uranium concentration and organic
content show very similar trends of depth distribution, with a subsidiary maximum in each at 60 to 70
cm, and the 238 U activity and organic content in fact show a reasonable degree of correlation over the
ρτΛ

entire profile (linear correlation coefficient = 0.85).
in the profile, with an average

234

U/

238

238

U shows an identical depth distribution to

U

U ratio of 0.97 in the mixed zone (very similar to the activity ratio

of waters draining into this area at present) but with an average value of 1.00 for the deeper sections,
this small difference in the 2 3 4 U/ 2 3 8 U ratio between the two sections of the profile may simply be due
to the increased proportion of inorganic material in the lower section but the results are also consistent
with the BGS hydrological model with an input of artesian water at the base of the soil and the above
observation of a 2 3 4 U/ 2 3 8 U activity ratio of 1.1 for water from the bottom of an auger hole in the merse.
232

Th activities in the Pit 1 profile range from below detection limit at the surface up to values of about
20 Bq kg" in the lower section of the profile. On the basis of a negligible dissolved state transport for
232

232

Th, the

Th concentration can be taken to indicate the amount of detrital mineral material in the soil.

Any such detrital component in the soil will also contain some ^^Th but, despite this, all of the observed
^"h/

U ratios are very low (ranging from 0.0084 to 0.108) confirming that the uranium is being

transported in solution in the virtual absence of thorium before it is taken up in the organic soils. The
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transport of 230 Th In mineral grains is also Implied by the fact that ^ ^ h / 2 3 ^ ages (Ivanovlch and
Harmon, 1982), calculated on the assumption of zero activity of ^ ^ h upon initial deposition of the soil,
are too high relative to corresponding 14 C ages as shown in Tables 5 and 13.
The change in redox conditions affecting uranium as it is transported (initially, almost certainly in the 6+
oxidation state) in groundwaters which are highly oxygenated when they drain through the cliff area but
which rapidly become anoxic upon interaction with the organic soil, would, on its own, be sufficient to
cause reduction of U 6 * to U 4+ , with consequent rapid removal from solution (Wedepohl, 1978). However,
the organic matter may play an active role in the uptake of uranium, and it has been suggested (Idiz et
al, 1986) that humic and fulvic compounds can actively cause uptake of uranium in organic soils by
complexatlon. Leventhal and Daws (1986) have also shown an association of uranium with aromatic
hydrocarbons rather than aliphatic hydrocarbons in sediments. Moreover, consolidation of organic rich
sediments can lead to effectively 'permanent' immobilisation of uranium, with the existence of fossil
organic rich deposits containing elevated levels of uranium of ages of the order of 108 years being well
established (Das, 1985).
Uranium fission track distribution studies in conjunction with scanning electron microscopy techniques
are being used by BGS to investigate the role of organic matter in the retardation of uranium at this site.
Initial results (Basham and Hyslop, 1989) indicate that organic matter is probably actively involved.
Pit 5 was located some 80m to the east of Pit 1, well away from the uranium vein, but uranium
enrichment in this profile is once again apparent, although at a much lower level than observed in Pit
1. The characteristics of the concentration profiles for Pits 1 and 5 are in fact very similar and Pit 5 also
238

shows a high organic and high water content upper layer enriched in uranium (with a maximum
1

activity of 1065 Bq kg" ) overlying a more inorganic layer with lower uranium content.

230

Th/

234

U

U ratios

are, once again, low (ranging from 0.088 to 0.31) suggesting uranium transport and retardation in the
absence of ^^Th. The mobilisation of uranium from the cliff area with subsequentgroundwater transport
and deposition in the anoxic zone is thus clearly established at this location well away from the main
location of uranium mineralisation at the Needle's Eye. Consequently the general cliff area must be
regarded as a source of uranium for groundwaters in this area, or else there is an additional, and as yet
unidentified, location of uranium mineralisation somewhere in the vicinity of Pit 5.
The manmade radionuclide concentrations and activity ratios observed in the surface transect samples
(Table 9(a)) are characteristic of the Sellafield discharge and demonstrate that the silts being deposited
in the merse are of marine origin from further south in the Irish Sea (MacKenzie et al, 1987). The natural
decay series radionuclide concentrations and activity ratios of the sample collected on the mean high
water mark (Table 9(b)) are very similar to those observed for the surface sediment of the Irish Sea
(Table 7). There is, however, as shown in Figure 11 a systematic change in uranium concentrations and
230

Th/ 2 3 4 U ratios on moving inland, with 238 U concentrations reaching a maximum of 1078 Bq kg"1 in

the sample from the 45m position on the transect which was adjacent to the small stream draining from
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the anoxic area. The 230Th/234U ratios show a change from values in excess of unity in the seaward
section of the transect to values significantly less than unity from 30m inland to the end of the transect,
with the lowest value of 0.020 being observed for the 45m sample which also showed the highest
uranium concentration. The uranium/thorium system observed in the merse surface deposits therefore
consists of at least two components, with Irish Sea silt, characterised by a
238

U/

232

Th ratio of 0.93 and a

238

230Th/234Uratio of 1.9,

1

U concentration of 18.8 Bq kg' , being deposited and then being

subject to addition of uranium with this contribution increasing on moving towards the Needle's Eye
mineralization.
If we assume that the 232Th in the surface transect samples is derived solely from Irish Sea silt and, that
the relative activities of 232Th, 238 U, 234U and 230Th for this material are characterised by those of the
Irish Sea surface sediment sample (Table 7) then an Irish Sea sediment contribution can be subtracted
from the total uranium concentration for each sample. The excess

U contributions calculated in this

way are shown in Table 14 along with analogous 230Thdata and the resulting 230Th/234U ratios for the
excess component. The influence of the stream draining the anoxic zone is again apparent in the very
high excess 238U value of 1071 Bq kg"1, while the remaining results show an exponential increase In
excess 238U on moving towards the mineralization site, as shown in Figure 12. If the 45m sample is
238

omitted, the remaining results plot on a straight line in the graph of In (excess

U) against distance,

1

with a correlation coefficient of 0.945, gradient 0.0695m" and intercept 1.25. This indicates that removal
of uranium from solution in surface groundwaters in the merse follows first order kinetics and the
exponential decrease in excess uranium concentration with distance is characterised by a removal, or
retardation, coefficient of 0.0695m" , corresponding to a halving distance of 10m. The data in Table 14
reveal that throughout the length of the transect, a significant fraction of the uranium in the samples is
in excess of that normally present in Irish Sea silt. Moreover, the data suggest that in several of the
samples, all of the 230Th can be accounted for by the Irish Sea contribution. The samples from 40, 50
and 55m, however, contain 230Th well in excess of the values appropriate to the Irish Sea silt, which
suggests incorporation of detrital material from a source other than the Irish Sea and probably indicates
seaward movement of fragments of rock and minerals from the cliff area.
The results presented in Table 7 for the samples from the sections dug in the intertidal and merse areas
(Figure 6) can be treated in the same way as the surface transect results and Table 15 shows the excess
238

U and 230Th components for these samples. The intertidal samples show uranium values similar to

the Irish Sea silt but have lower 230Th concentrations and lower 230Th/232Th ratios. This may arise as
the result of additional terrigenous detrital material transported by the Southwick Water to these
sediments diluting the marine excess of 230Th. The section 1 samples are all very similar to the Irish Sea
silt with no indication of uranium deposition. This is consistent with the fact that

Pb dating plus

Sellafield waste radionuclide profiles indicate that this area, in an eroded section of the merse, is
accumulating at a rate of about 4cm y-1. The section 2 samples show evidence of slight uranium
deposition at the surface but not at depth and it is notable that the 100cm sample is much less enriched
in 230Th than present day Irish Sea silt. This could indicate either than the 230Th/234U ratio in the silt
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deposited from the Irish Sea has varied with time or alternatively that the material at 100cm depth in this
section is from a different source from that at the surface. In the samples from section 3, there is clear
evidence of uranium deposition at the surface and also at 80cm but not at the intermediate depth (40cm)
sample. This deposition pattern is consistent with that predicted by the BGS hydrological model for the
site which suggests that uranium deposition should occur at the surface and at depth in the sediment
where groundwater flow from the cliff area occurs. Once again, the deeper samples from this section
are less enriched In 230Th than present day Irish Sea surface sediment. In all of the samples from the
Merse sections, there is no evidence of any excess ^''Th deposition.
The final set of results relating to the merse sediments is for the sequential leaching study summarised
in Table 8. The data relating to the intertidal sediment are much as would be expected, with a small
amount of the uranium in the exchangeable, organic and oxide fractions but with about 80% in the
detrital phase. In contrast, the samples from section 3 show 81.6% of the uranium in the surface sample
and 20.2% in the 80cm sample to be associated with the oxide component.
In summary, therefore, the results for the merse samples indicate that uranium dispersion for distances
of up to about 50m from the cliff takes place both on the surface of the sediments and at depths where
groundwater flow occurs. Retardation of uranium in the surface silts occurs by a process of continuous
removal, following first order kinetics and being characterised by a halving distance of about 10m. The
evidence of the leaching experiment suggests that the sorption process may involve uptake on iron and
manganese oxide species.
During the initial survey of this site in the early 1960's, Miller and Taylor (1966) excavated a section in
the soil overlying the main uranium vein in the field at the top of the cliff. Beta-probe measurements in
the overlying soil formed a pattern with a systematic decrease in activity on moving away from the vein
as shown in the insert diagram in Figure 3. The cause of the observed pattern of beta-probe readings
was not investigated, but one possibility was that uranium series nuclides could have been transported
by groundwater movement away from the vein and deposited in the overlying soil in this pattern. The
existence of such a system would have allowed the systematic investigation of natural decay series
radionuclide movement and retardation processes operating over a distance of the order of 1 m on a
timescale of up to about 104y. The vein in the field at the top of the cliff was excavated along its total
length during the 1960's survey and was consequently unsuitable for further study of this type. Attempts
to locate the vein in the course of the present work in the merse area were unsuccessful so in an attempt
to further investigate the possible movement of radionuclides from the vein into overlying soils, a pit
NEP2 (Figure 6) was excavated over a smaller vein to the east of the main vein in the field at the top of
the cliff.
The three profiles for NEP 2 (Figure 6) overlying the uranium vein in the field at the top of the cliff all
show increasing uranium concentrations with increasing depth and, on first sight, these could be taken
to relate to the vein as a source of uranium being deposited in the soil. Any such deposition of uranium
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would, however, result in a systematic increase in the 238U/232Th ratio with depth and, as shown in Table
18, this is not observed (with the possible exception of the higher value observed for sample 204).
Moreover, the 23CTh/234U ratios for the samples from this pit are all substantially greater than unity,
indicating uranium removal, with increasing values at depth for this ratio suggesting a higher rate of
uranium removal in the lower parts of the profiles.

234

U/238U versus 230Th/238U plots (Thiel et al., 1983)

for the three profiles from pit NEP 2 are shown in Figures 13 -15, with the uranium vein result also
plotted for comparison in each case. The majority of the results lie in the complex process or uranium
removal areas close to the vein sample. The two lowest samples from the 0cm and -60cm profiles are
exceptions to this general pattern with both having very high 230Th/238U ratios, sample 221 (0cm profile)
lying in the complex process area and 204 (-60cm profile) being in the uranium removal sector. Within
the analytical uncertainties, the data are generally consistent with uranium removal at, or close to,
equilibrium. The soil profiles therefore appear to have been generated by the effects of groundwater
leaching of natural decay series radionuclides originally contained in the soil, rather than deposition of
radionuclides transported from the vein. This mechanism would be consistent with the number of data
points lying in the complex process zone. Further evidence of recent dissolution/deposition processes
influencing the natural decay series radionuclides in these profiles is provided by the 228Th/232Th ratios
which in all cases show an excess of 228Th. Given the low probability of solution transport of
the most likely cause of these ratios is the dissolution of the more soluble

228

area followed by deposition in these soils. There is a tendency for higher

228

n"h itself,

Ra from some other source
Th/232Th ratios at shallower

228

locations in the profile and this could suggest redox control of the

Ra distributions via the

sulphide/sulphate system, with soluble behaviour of Ra under reducing conditions in the presence of
sulphide but precipitation as the sulphate under more oxidizing conditions. The 228Ra half life of 5.75
years indicates that the transport involved in this situation is rapid and suggests advectlve rather than
diffusive movement, possibly as a result of drainage down the slope of the hill.
The general conclusion from the study of NEP 2 is therefore that the disequllibria observed in the natural
decay series nuclides in the profiles do not bear a simple relationship with the vein as a source of
uranium, but are more likely to have been produced by a complex set of processes including transport
of nuclides from the vein, leaching of indigenous minerals in the soils, advectlve transport of soluble
nuclides in the groundwater draining downslope and possibly redox reactions.
CONCLUSIONS
The following salient conclusions can be drawn from the above discussion:
1

The observed general behaviour of uranium, thorium and radium at this study site is consistent
with the established geochemistry of these elements.

2

The vein material acts as an effective source of uranium and radium to groundwaters.
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3

The probability of dissolution of uranium from the vein is about 5 χ 1o"5 y"1 on the assumption
that leaching has been continuous since the end of the last period of glaciation (-12,000 years
ago) but this is almost certainly a much lower value for the leaching time than the true value
so this leaching probability is an upper limit.

4

Effectively zero dissolution of 230Th from the vein was observed.

5

Groundwater transport has resulted in dispersion of uranium over distances of about 50m in the
post glacial silts of the Solway floodplain.

6

Uptake of uranium and radium by carbonate minerals which line fracture surfaces in the rocks
around the vein has been demonstrated to be a significant retardation process affecting these
elements during groundwater transport. The rate of dissolution, transport and redeposition of
radium in the rock system is rapid relative to a five year timescale. The efficiency of retardation
of radium by this mechanism appears to be greater than that of uranium.

7

The anoxic organic soil presents a highly effective barrier to transport of uranium in groundwater,
with the efficiency of retention of uranium being at least 80 to 90%.

8

The cliff acts as a source of uranium (about an order of magnitude less than the vein) in areas
remote from the main mineralisation at Needle's Eye.

9

Continuous retardation of uranium, by uptake on iron and manganese oxides, occurs as
groundwater moves across the surface of the merse silts. The uranium removal process exhibits
first order kinetics and is characterised by a halving distance for the groundwater concentration
of uranium of 10m.

10

Upwards migration of radionuclides from the vein into overlying soils was not observed. The
soil profiles in the immediate vicinity of the vein appear to have evolved dominantly as the result
of groundwater leaching of radionuclides originally contained in the soil when it was deposited,
with any dissolution and redeposition of radionuclides from the vein being a minor effect. Rapid
228

(on a 5 year timescale) dissolution and redeposition of

Ra occurs in these soils, with the

sulphide - sulphate system possibly exerting a control over radium solubility.
The general features of the dissolution, transport and deposition of uranium (and to a lesser extent
radium) have therefore been established for this study site and, in the context of a geochemical model,
are reasonably well understood. A variety of dissolution, groundwater transport and retardation
processes, of significance in far field transport considerations, have been identified and characterised.
Continuing work on this project is being focussed upon further definition of these processes, with
particular attention to uranium aqueous phase speciation, solid phase geochemical associations and
17

quantitative characterisation of redox controlled reactions in the system. The next phase of the study
will be carried out in close liaison with the modelling groups who will be attempting to apply speciation
and transport codes both to some of the individual processes observed and to the overall transport of
uranium at the site.
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T A B L E S

A.

SPIKED ANALYSIS (specific activities In Bq kg"1)
238

a4

U

1400 ±33

U

1427 ±33

234

u/ 2 3 8 u

230

1.02 ± 0.02

Th

1423 ± 40

^Wu
1.00 ± 0.03

^Th
300 ± 12

These activities correspond to a uranium concentration of 114 ± 3 ppm and a thorium
concentration of 74.5 ± 3 ppm.
Β.

UNSPIKED URANIUM RATIO ANALYSES
Analysis number

^U/23^

1

1.00 ±0.02

2

1.01 ± 0.02

CERTIFIED VALUES
Uranium concentration

: 116 ppm

Thorium concentration

: 76 ppm
1

??Ä

Ra specific activity

: 1400 Bq kg

^ R a / ^ U activity ratio : 0.980

Table 1

Analytical results and certified values for the reference sandstone Dl1A(CANMET,
1983).
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Concentration (MBq kg"1)

Nuclide

Bulk Vein Material

Separated Pitchblende

u

2.48 ± 0.07

4.29 ± 0.28

23^

2.56 ± 0.08

4.17 ± 0.27

230

4.70 ±0.18

4.10 ±0.15

238

Th

226

-

Ra

3.22 ± 0.93

Activity Ratio

Bulk Vein Material
1.03 ±0.04

234U/,238U

Separated Pitchblende
(a) 0.97 ± 0.03

(b) 0.94 ± 0.03
23Λ

\\\^\ί

Table 2

1.84 ±0.09

0.98 ±0.06

Uranium and thorium isotope data for vein material and separated pitchblende from
the mineralization at Needle's Eye
234

U/ 238 U r atio:

(a) spiked
(b) unspiked

Pitchblende sample separated from crushed, washed vein material using heavy liquid (sodium
polytungstate) separation followed by hand picking of the pitchblende (separation performed by
E Hyslop, BGS, Edinburgh)
226

Ra determination by gamma spectroscopy.
28

Field Above Cliff
Field drain

[238U] =

0.012 Bq I"1

23

1.15 ±0.08

V38u =

Cliff
Water draining through
fissures in cliff

[238U] =
23

«u/ 2 3 8 u =

0.3  0.74 Bq I"1
0.91 ± 0.04
0.97 ± 0.02

226

Ra =

0.022 Bq I"1
(single analysis)

Anoxic OrganicRich Soil
Surface drainage into
anoxic area

[238U] =

0.80 Bq I"1

234

0.96 ± 0.03

U/238U =

Interstitial water from
5cm depth in soil

f*\j\ =

0.015 Bq Γ 1

(Very large uncertainty ^.20%; isotopie activity ratio 1.3 ± 0.3)
Merse Silts
Surface drainage

[^U] =
234

u/ 2 3 8 u =

0.03  0.19 Bq I"1
0.951.06(10.06)

Sample from bottom of
auger hole

Table 3

[238U] =

0.26 Bq Γ 1

23

1.11 ±0.04

*u/ 2 3 8 u =

Summary of uranium specific activities and isotopie activity ratios for water
samples from the Needle's Eye area.
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co
o

^h/^ü

19.714.5

ND

ND

17041356

11.711.1

21.813.8

25.611.6

0.3810.03

96125

0.8510.03

7.510.4

10.110.9

11.110.6

0.1810.01

129132

0.9710.01

3.410.6

172171

21.211.7

0.0110.001

79119

234,

U

23V38u

232Th

22

1

70.319.8

28.8±6.1

0.4110.10

78.5110.9

2

77.5±4.2

67.813.91

0.8710.06

3

72.612.7

61.6±2.5

4

3614+95

3521192

U

Table 4

226,

230

238,

Sample

W 3 2 Th

Th

Ra

Natural decay series radionuclide analyses for fracture lining materials from fissures In the hornfels and felsite at the Needle's Eye
analogue study site.
Specific activity units: Bq kg" 1
226

Ra determined by gamma spectroscopy.

Samples (provided by E Hyslop, BGS, Edinburgh):
1.

From joint surfaces in Wocky felsite to the west of the Needle's Eye.

2.

From fractured hornfels under the Needle's Eye

3.
4.

From fractured felsite under the Needle's Eye
From fractured felsite in cave to the east of the Needle's Eye - the same fissures from which the water samples identified as 'cliff In Table 3 were

collected.

137

14

234U

234u/238u

a

V4u

WET:DRY
RATIO

%LOSS
OF WEIGHT
ON
IGNITION

%
ORGANIC
MATTER

%
PYRITE

Cs
cps kg

C AGE
YEARS BP

238

0-10

5.10

86.3

72

0.31

0.93

NA

65001133

6320±133

0.9710.01

9017

0.014210.0007

ND

10-20

6.64

83.0

69

0.29

0.75

0

7220±183

69701167

0.9710.01

5814

0.008410.0005

5.011.7

20-30

5.62

60.6

62

0.28

0.22

0

9850±350

96831350

0.9810.01

12715

0.013110.0005

8.711.3

30-40

4.18

47.3

38

0.10

0.28

0

65701183

62801167

0.9610.02

15515

0.025 10.001

11.111.2

40-50

2.69

24.8

29

0.12

ND

0

506± 15

4931 15

0.9710.03

4212

0.085 10.004

16.710.8

50-60

3.07

30.8

26

0.11

ND

505

982± 40

9701 40

0.9910.02

4612

0.047 10.002

15.710.8

60-70

4.22

45.2

36

0.28

ND

520

4050±117

40301117

1.0010.02

8515

0.021 10.001

21.012.2

70-80

3.40

34.4

37

0.29

ND

605

1180±28

1143128

0.9710.01

4112

0.035 10.001

16.311.0

80-90

2.54

21.2

19

0.30

ND

670

463± 10

4701 10

1.0110.01

4713

0.100 10.005

18.211.5

90-100

2.90

25.4

25

0.18

ND

790

633± 18

6301 18

0.9910.01

4412

0.070 10.003

11.811.2

100-110

1.91

9.2

8

0.09

ND

NA

295± 10

3001 10

1.0210.02

3311

0.10810.005

18.011.0

TABLE 5

Analytical results for samples from a vertical section in SURRC Pit 1 at the Needle's Eye natural analogue study site.

DEPTH
[cm)

NA = not analysed
ND = not detected

U ,
Bq kg"1

Bq kg"

1

230

Th

^Th

238U

23a

2 30 1 . h/2 34 u

. 1.0010.02

37.211.7

0.24 10.009

6.210.7

16814

0.9910.02

34.811.7

0.21 10.008

5.310.5

362112

330112

0.9110.02

49.711.7

0.15 10.005

11.510.7

64.4

815120

773120

0.9810.02

80.513.2

0.10 10.003

13.811.0

3.34

48.5

1065137

1018135

0.9610.02

89.713.3

0.08810.003

15.311.0

2530

4.32

45.1

1040135

1002133

0.9610.02

96.515.3

0.096+0.005

19.712.0

3035

3.35

29.4

293113

277113

0.9410.04

36.711.5

0.13 10.006

16.010.8

3540

3.94

33.8

453113

442113

0.9710.02

46.312.0

0.10510.004

16.811.0

4045

3.96

33.8

463110

447110

0.9610.01

46.312.0

0.10410.004

21.011.2

4550

3.46

39.2

410113

393113

0.9610.02

NA

5055

4.46

42.1

432110

428110

0.9910.02

42.212.5

0.09810.005

14.511.5

5560

1.73

5.9

5711

5511

0.9610.02

17.210.8

0.31 10.01

20.810.8

»U/^U

DEPTH
(cm)

WET:DRY
RATIO

%LOSS
OF WEIGHT
OF IGNITION

05

8.06

80.2

152±4

15314

510

7.41

84.9

17014

1015

6.54

78.3

1520

5.31

2025

TABLE β

Bq kg"

1

Bq kg"

1

Th ,
Bq kg"1

NA

232

Th ,
Bq kg"1

NA

Analytical results for samples from a vertical section in SURRC Pit 5 at the Needle's Eye natural
analogue study site.
NA = not analysed
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Sample

^U

ö*U

23

*u/ 2 3 8 u

aa

Th

aa

Th

Be

Th/ B *U

Intertidal Section
Surface
50cm
100cm

15.5 ± 0.4
12.5 ± 0.7
11.8 ±0.5

13.8 ± 0.8
13.6 ± 0.8
10.8 1 0.4

0.89 ± 0.06
1.09 ± 0.09
0.92 ± 0.05

16.3 ± 0.8
12.0 ± 0.6
12.3 ± 0.3

17.0 ± 0.8
17.6 1 0.9
13.1 1 0.3

1.23 1 0.09
1.29 1 0.10
1.21 1 0.05

13.0 ± 0.3
14.9 1 0.3
15.4 1 0.3

0.94 10.03
0.89 1 0.03
0.97 1 0.04

17.5 10.5
16.8 ± 0.6
17.5 1 0.6

28.0 10.7
28.7 1 0.7
27.1 1 0.6

2.15 10.07
1.93 1 0.06
1.76 1 0.06

18.5 1 0.5
17.5 1 0.5
14.6 1 0.3

0.92 1 0.04
0.89 ± 0.04
0.99 1 0.04

16.0 1 0.6
18.5 1 0.9
17.8 1 0.9

28.3 1 0.8
16.4 ± 0.7

1.53 1 0.06
1.12 ± 0.06

33.8 1 1.2
19.9 ± 1.2
47.3 1 3.0

33.5 1 0.9
20.1 ± 1.2
43.2 1 2.8

0.99 1 0.04
1.01 ±0.09
0.91 1 0.08

20.5 1 0.6
21.711.0
18.0 1 1.0

36.8 ± 1.2
23.4 ± 1.0
16.0 ± 0.8

1.10 ±0.05
1.16 ±0.09
0.37 ± 0.03

18.8 ± 0.9

18.3 ± 0.8

0.97 ± 0.05

20.3 ± 1.6

34.9 ± 2.3

1.91 ±0.15

Merse Section 1 (7.5m)
Surface
50cm
100cm

13.910.4
16.8 1 0.5
15.9 1 0.6

Merse Section 2 (15m)
Surface
50cm
100cm

20.2 1 0.7
19.7 1 0.6
14.7 ± 0.5

Merse Section 3 (30m)
Surface
25cm
55cm
Irish Sea
Surface
Sediment

TABLE 7

Uranium and thorium concentrations and isotopie activity ratios for selected samples from
Netherclifton Merse sections (Figure 6) plus a sample of surface silt from the north eastern basin of
the Irish Sea

Concentration Units: Bq kg'1
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Sample

% of Uranium Associated with Different Soil Components
Available

Exchangeable

Organics

Oxides

Residual

Intertidal Section
Surface
100cm

0
0

4.5
5.4

4.0
6.6

7.6
8.7

83.8
79.2

0.5
0.25

0
3.2

7.0
2.0

81.6
20.2

10.7
71.3

Merse Section 3
Surface
55cm

Sequential Leaching Scheme:
Fraction

Leaching Solution

Readily available
Exchangeable/adsorbed
Organic bound
Fe/Μη oxides
Residual

0.5M CaCI2
0.5M acetic acid
0.1 M tetra sodium pyrophosphate
0.1 M oxalic acid/0.175M ammonium oxalate
HNOj/HCI/HF

TABLE 8

Uranium association with different soil fractions for samples from Netherclifton Merse and intertidal
sections

34

Distance
Inland from
Mean High
Water
Level (m)

"*ÇS
7

" Cs

^PU
239.2*0p u

7

" Cs

»9.2*0pu

M1

Am

0

804 ±25

0.012 ± 0.003

206 ± 16

0.20 ± 0.02

206 ±28

S

746 ±24

0.013 ± 0.004

155 ± 10

0.22 ± 0.02

222 ±24

10

1945 ± 57

0.009 ± 0.001

254 ±14

0.22 ± 0.02

419 ± 42

15

2371 ± 69

0.007 ± 0.001

297 ±15

0.18 ± 0.01

486 ±49

20

3347 ±95

0.007 ± 0.001

378 ± 29

0.20 ± 0.02

700 ±68

25

1952 ± 59

0.008 ± 0.001

304 ±22

0.20 ± 0.02

548 ± 55

30

2135 ± 62

0.006 ± 0.001

195 ±12

0.24 ± 0.02

419 ± 45

35

1961 ± 61

0.007 ± 0.002

167 ±12

0.20 ± 0.02

304 ± 35

40

1532 ± 51

0.009 ± 0.002

130 ± 9

0.26 ± 0.03

236 ± 35

45

1549 ±54

0.013 ± 0.004

BDL

BDL

159 ± 30

50

845 ±31

0.011 ±0.004

60± 4

0.20 ± 0.02

81 ± 18

55

144 ± 8

12 ± 1

0.16 ± 0.03

BDL

Table 9(a)

BDL

Radionuclide specific activities and isotopie activity ratios for surface soil samples from a 55m
transect running from the Southwick Water towards the Needle's Eye (Figure 6)

35

Inland from
Mean High
Water
Level (m)

234U
238

U

238

u

232

Th

230Th

230

Th

234

U

0

18.2 ± 0.5

0.89 ± 0.03

22.4 ± 0.8

35.8 ± 1.9

2.21 ± 0.13

5

24.2 ± 0.7

1.08 ±0.04

19.3 ± 0.8

30.9 ± 1.7

1.18 ± 0.07

10

27.8 ± 0.5

0.89 ± 0.02

17.7 ± 0.6

28.7 ± 1.7

1.16 ±0.07

15

23.2 ± 0.5

1.00 ±0.03

25.3 ± 0.8

38.1 ± 2.3

1.65 ±0.10

20

33.8 ± 0.9

0.98 ± 0.04

24.2 ± 0.8

42.4 ± 2.7

1.28 ±0.09

25

29.7 ± 0.4

0.99 ± 0.02

18.5 ± 1.0

35.7 ± 2.5

1.21 ± 0.09

30

45.5 ± 2.2

1.03 ± 0.07

16.1 ± 0.5

28.6 ±1.9

0.61 ± 0.05

35

35.5 ± 1.7

1.06 ± 0.05

12.6 ± 0.3

22.4 ± 1.5

0.60 ± 0.05

40

49.4 ± 2.4

0.99 ± 0.07

9.8 ± 0.2

27.1 ± 1.8

0.55 ± 0.05

45

1078 ± 46

1.00 ± 0.06

8.0 ± 0.2

21.6 ± 0.7

0.020+0.001

50

219+4

1.01 ±0.03

12.0 ± 0.2

49.3 ± 1.6

0.22 ± 0.01

55

218 ± 4

1.01 ±0.02

20.2 ±1.2

126 ± 5

0.57 ± 0.02

Table 9(b)

Radionuclide specific activities and isotopie activity ratios for surface soil samples from a 55m
transect running from the Southwick Water towards the Needle's Eye (Figure 6) ■
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3

Sample

238

NEP 216

13.810.5

13.610.5

NEP 217

14.310.6

NEP 218

234,

234

U/ 238 U

232-

23ι°Th

0.9810.03

11.310.7

21.811.0

1.60 10.06

15.010.6

1.04 10.04

12.5 i 0.6

19.9 i 0.9

1.33 1 0.06

1.73 1 0.06

17.411.0

20.0 11.0

1.1510.07

18.3 1 0.9

26.8 i 1.2

1.34 1 0.07

1.4810.13

NEP 219

18.6 10.7

19.910.7

1.0710.03

20.2 11.1

32.8 11.5

1.65 10.07

1.73 1 0.06

NEP 220

21.0 10.8

20.010.8

0.95 10.04

25.8 1 1.4

39.0 1 1.8

1.95 1 0.09

1.01 10.05

NEP 221

23.510.8

25.5 10.9

1.08 10.04

23.7 1 1.0

76.2 1 2.1

2.99 1 0.09

1.51 1 0.06

Table 10

Natural decay serles radionuclide specific activities and Isotopie activity ratios for samples from the 0cm (above vein) profile for NEP
2 (Figures 6 and 7)
' r

U

Specific Activity Units: Bq kg" 1

U

Th

^Th/^U

232
228T.
*Th/,232.
Th

8

234,U

234u/238u

232 T h

231

23a

13.8 ± 0 . 6

14.0 ± 0.6

1.03 ±0.05

12.3 ±0.6

18.8 ± 0.8

1.34 ±0.06

1.68 ±0.06

NEP 212

14.9 ± 0.5

16.3 ± 0.5

1.09 ±0.03

9.8 ±1.5

18.7 ± 2.1

1.14 ±0.12

1.83 ±0.27

NEP 213

15.1 ± 0.5

15.2 ± 0.5

1.01 ±0.03

13.6 ±0.5

26.2 ± 0.8

1.73 ±0.04

1.80 ± 0.27

NEP 214

17.0 ±0.6

17.4 ±0.7

1.02 ±0.04

15.2 ±0.5

25.0 ± 0.7

1.44 ±0.04

1.05 ±0.14

NEP 215

17.2 ±0.7

18.6 ± 0.8

1.08 ±0.05

15.3 ±0.7

29.5 ± 1.0

1.58 ±0.06

1.17 ±0.11

Sample

238

NEP 211

Table 11

U

°Th

Th/ 2 3 4 U

22a

Th/ 232 Th

Natural decay series radionuclide specific activities and isotopie activity ratios for samples from the -20cm profile for NEP 2 (Figures
6 and 7)

Specific Activity Units: Bq kg" 1

Sample

^

234.

234υ/238υ

232.

Th

231

°Th

230η,/234
3

228τι.
/232
!8
232

W ^

Th/

Th

NEP 200

13.6 ± 0.6

12.8 ± 0.6

0.94 1 0.04

10.410.5

15.9 10.6

1.24 10.05

1.89 1 0.08

NEP 201

15.6 ±0.7

16.5 ± 0.7

1.05 10.04

17.9 11.6

25.5 12.0

1.54 10.11

1.79 1 0.26

NEP 202

15.8 ±0.4

16.110.4

1.02 ± 0.02

15.1 11.0

24.7 11.3

1.53 10.07

1.47 10.18

NEP 203

17.5 10.5

18.6 ± 0.5

1.0610.02

20.0 11.1

30.8 11.4

1.6510.08

1.26 1 0.10

NEP 204

49.8 12.0

45.4 11.9

0.9110.04

26.5 11.4

192.2 + 5.4

4.1610.15

1.7810.14

ω
CD

Table 12

Natural decay series radionuclide specific activities and isotopie activity ratios for samples from the -60cm profile for NEP 2 (Figures
β and 7)

Specific Activity Units: Bq kg" 1

DEPTH (cm)

TABLE 13

APPARENT AGE (y)

0-10

1550

10-20

900

20-30

1400

30-40

2700

40-50

9600

50-60

5300

60-70

2300

70-80

3900

80-90

11400

90-100

6900

100-110

12700

Apparent age of samples from the profile in Pit 1, at the Needle's Eye natural
analogue site on the assumption of ^ Ί ι being totally absent at the time of the
deposition of the soil.
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Distance
Inland from
Mean High
Water
Mark (m)

Excesş* 38 U xirjo%
Total " e U

Excess ^ U

" ° T h for Excess
Excess

°Th

0

-2.6



2.7

-

5

6.3

26

2.5

■

10

11.3

41

1.7

-

15

-0.3



5.3

-

20

11.2

33

0.8

0.09

25

12.5

42

3.9

0.31

30

30.5

67

0.9

0.03

35

23.7

67

0.7

0.03

40

40.3

81

10.3

0.25
0.007

45

1071

99

7.8

50

208

95

28.7

0.14

55

199

91

91.3

0.45

Table 14

Excess 2 Î 8 U and

Concentration Units: Bq k g '

Z5a

Th in Netherclifton surface transect samples relative to Irish Sea sift

1

41

Sample

230

«p
Excess ^ U

Excess " « U
„.
x100%
Tota) a 8 U

„„
Excess ^ h

0.3
1.3
0.4

1.9
10.4
3.4

-11.0
-3.0
-8.0

7.1

-2.0
-0.2
-3.0

Th
„,,
for Excess
23
*U

Intertidal Section
Surface
50cm
100cm

Merse Section 1 (7.5m)
Surface
50cm
100cm

-2.4
1.2
-0.4

Merse Section 2 (15m)
Surface
50cm
100cm

5.3
2.5
-1.9

26
13

0.8

-

-14.2

14

1.5
-13.9
-14.9

0.20

Merse Section 3 (30m)
Surface
40cm
80cm

14.7
-0.3
30.6

.

65

0.10

Table 15 Excess ^"u and Z30Th In Nethercliflon intertidal and merse section samples relative to Irish Sea silt
Concentration Units: Bq kg"'

42

Sample 2 3 8 U/ 2 3 2 Th Activity Ratio
200

1.31 ±0.08

201

0.87 ± 0.16

202

1.05 + 0.11

203

0.88 ±0.11

204

1.88 ±0.26

211

1.11 ±0.07

212

1.51 ±0.28

213

1.11 ±0.05

214

1.12 ±0.05

215

1.12 ± 0.07

216

1.22 ±0.09

217

1.14 ±0.07

218

0.95 ± 0.07

219

0.92 ± 0.06

220

0.81 ± 0.05

221

0.99 ± 0.05

Table 16

23a

O/232Th

activity ratios for samples from pit NEP 2 (Figures 2.1 and 2.2)
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Figure 2

Maps showing the location of the Needle's Eye natural analogue s i t e

Sketch map of the western Southern Uplands, showing the distribution of
mineral veins (from Miller & Taylor 1966).
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^ . Fault
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ţ = \ Carboniferous
I
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Borchole

Geological sketch map of Southwick cliffs and shore at Needle's Eye (from
Miller & Taylor).
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Figure 3

Schematic diagram of bedrock and surface soil characteristics of the
Needle's Eye natural analogue site. Insert (topright)is a reproduction
of beta probe readings in soils overlying the vein obtained by Miller
and Taylor in the original 1960's survey.
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■»

'

Figure A

BGS schematic diagram of the sedimentary sequence at the base of
the cliff at the Needle's Eye natural analogue site
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BGS schematic diagram showing the main hydrologicai features of the
Needle's Eye natural analogue s i t e

Figure 6

Schematic diagram of t h e Needle's Eye n a t u r a l analogue s i t e
showing t h e l o c a t i o n s from which samples were c o l l e c t e d
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Figure 7

Sample l o c a t i o n s i n Needle's Eye p i t NEP2
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Figure 8

Diagram showing uranioum behaviour in a plot of 23I,U/238U versus
Th/ Ü for rock samples (Based upon Thiel et al (1983) and
Alexander et al (1989)
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1.5

23β

ϋ concentrations and 23l, U/ 23e U activity ratios for SÜRRC pits
1 and 5 at the Needle's Eye natural analogue site
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Figure 10

% loss of weight on ignition and 2 3 0 Th/ 2 3 *ü activity ratios fop
SURRC pits 1 and 5 at the Needle's Eye natural analogue site
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0.40
■

23

8U, concentrations and 230 Th/ 234 U activityratiosfor samples from the
surface transect (Figure 6) at the Needle's Eye natural analogue site.
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Plot of 234u/238u versus 230rh/238ij activity ratios for samples from the -20cm
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