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ABSTRACT.

This thesis details the findings of a study into the spatial distribution
and speciation of ***U, **°*Ra and 228Ra in the soils of the Cronamuck
valley, County Donegal. The region lies on the north-eastern edge of
the Barnesmore granite and has been the subject of uranium prospecting
efforts in the past. The results of the project provide information on the
practicability of geostatistical techniques as a means of estimating the
spatial distribution of natural radionuclides and provide insight into the
behaviour of these nuclides and their modes of occurrence and
enrichment in an upland bog environment.

The results of the geostatistical survey conducted on the area indicate
that the primary control over the levels of the studied nuclides in the
soil of the valley is the underlying geology. Isopleth maps of nuclide
levels 1n the valley indicate a predominance of elevated nuclide levels
in the samples drawn from the granite region, statistical analysis of the
data indicating that levels of the nuclides in samples drawn from the
granite are greater than levels drawn from the non-granite region by. up
to a factor of 4.6 for “**U and 4.9 for *?Ra. Redistribution of the
nuclides occurs via drainage systems within the valley, this process
being responsible for transport of nuclides away from the granite region
resulting in enrichment of nuclides in soils not underlain by the
granite. Distribution of the nuclides within the valley is erratic, the
effect of drainage flows on the nuclides resulting in localized enriched
areas within the valley.

Speciation of the nuclides within one of the enriched areas encountered
in the study indicates that enrichment is as a result of saturation of the
sotl . with drainage water containing trace amounts of radionuclides.
2*8 is primarily held within the labile fractions (exchangeable cations
+ easily oxidisable organics + amorphous iron oxides) of the soil, 226Ra
being associated with the non-labile fractions, most probably the
resistant organic material. “**Ra displays a significant occurrence in
both the labile and non-labile fractions. The ability of the soil to retain
uranium appears to be affected largely by the redox status of the soil,
samples drawn from oxidizing environments tending to have little or no
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uranium in the easily oxidisable and amorphous iron oxide fractions.
This loss of uranium from oxidised soil samples 1s responsible for the
elevated ***Ra/***U disequilibrium encountered in the enriched areas of
the valley. Analysis of the data indicates that samples displaying
elevated **®Ra/***U ratios also exhibit elevated **®Ra/***U ratios
indicating a loss of- uranium from the samples as opposed to 'an
enrichment of 2*°Ra.
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1.0. INTRODUCTION.

I.I General Introduction and Study Objectives

The primary objective of this study was to determine the distribution of
uranium and thorium series radionuclides within the peat of the
Cronamuck Valley in the Bluestack Mountains, Co. Donegal and to
ascertain the chemical mode of occurrence of the radionuclides within
the peat itself The objectives also included an assessment of the
performance of advanced estimation and interpolation methods in the
spatial analysis of natural radionuclides and the investigation of
radioactive disequilibrium in the XU decay series within areas of

elevated natural radioactivity in the Cronamuck Valley

In order to determine the spatial distribution of natural radionuclides
within the valley, the methods embodied in the theory and practice of
geostatistics were employed. Spatial correlation's for the radionuclides
were assessed using semi-variogram analysis and this information was
then used in the implementation of the point estimation process known
as kriging. The final outputs were isopleth maps of radionuclide levels
within the valley. The performance of the geostatistical procedure
relative to other common point estimation methods for the spatial
analysis of natural radionuclides was investigated for a number of

parameters

Areas of the valley exhibiting marked enrichment of radionuclides, and
often concomitant radioactive disequilibrium, were investigated in
detail. A wide range of chemical analyses was performed on the soil in
these regions in order to determine possible controlling factors over the
accumulation of radionuclides in these areas. The chemical speciation of
the radionuehdcs in the soil was established using sequential chemical

extractions This process allowed identification of the soil phases within



which the radionuclides were incorporated. Investigation of various
radionuclide ratios allowed conclusions to be.drawn on the.matte1|' of
radioactive disequilibrium within these regions.

An investigation of this type allows both site-specific and general
conclusions to be made concerning the behaviour and fate of natural
radionuclides and uranium series nuclides. in. particular. Whil_e_h,t‘he
occurrence and behaviour of anthropogenic radionuclides, such as ]37Cs,
in upland regions of Ireland has been studied in some detail, little work
on natural radionuclides in such environments has been carried-out-in-the
past. The majority of work that has been conducted in Ireland has been
part of uranium prospecting.efforts and primarily concerned. itself wi.tlh
the location of radionuclide enriched peat as an 1indicator of
economically viable deposits. These surveys paid scant attention. to the
behaviour of the radioﬁuclides or the processes governing their
distribution,. often being limited to little more than cursory ahal.y.sis of

the data.

Many environmental surveys .rely on the collection of large amounts of
data and the subsequent contouring of the variables as the final output.
Little concern is given to the procedures used in the contouring process
or to the accuracy of the estimates used in the process. The use of
statistical techniques for the estimation. of a large number of points
based on a relatively small data set allows for the production of accurate
tsopleth maps of variables for regions where_ it is impossible to. obtain
large numbers of samples. Such methods also allow a rigid and coherent
procedure to be adopted from. the time of sampling to the production, of
final outputs and do not rely on the implementation of an estimation

procedure in_only the final stages of the data.analysis.

Knowledge of the distribution and behaviour of natural radionuclides is

important for a number of reasons alongside its.intrinsic value. Uranium
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series radionuclides are the precursors of radon gas, responsible for in
excess of 50% of the radiation dose to the Irish population (McLaughlin,
1990). Improved knowledge of the behaviour of Ra’**® in soils may
provide for more accurate estimation of the radon production potentialﬂlof
soils in this country. Uranium i1s a heavy metal, presenting similar
hazards in the environment as other heavy metal contaminants.
Information about uranium in upland peat areas may provide information

of relevance to the study of other heavy metals in similar environments.

Peat bogs have long been accepted as acting as uranium °‘sinks’
(Douglas, 1991), significant amounts of uranium accumulating in some
areas over long periods of time. Disruption of such environments by
agriculture, industry or afforestation may lead to.releases of relatively
large amounts of uranium (and its decay products) into watercourses.
Knowledge of the factors controlling the occurrence and retention of
uranium within these ‘sinks’ is desirable in order to be able to predict
whether activities.in or near these regions may result.in uranium r.el.qases

to the surrounding environment.

Previous studies on natural radionuclides in the soil of this region have
been conducted as part of commercial uranium exploration efforts.
Academic. research efforts to date have involved the selection of, _at
most, one or two samples from the region as part of national surveys of
radioactivity levels in soils and were limited to the determination. of
activity levels. This study provides an integrated assessment of the
status of uranium and associated naturgl radionuclides in,an,uplandpeiat
environment, something not previouély conducted in this country. It
provides information on the distribution, speciation and accumulation of
radionuclides within a defined region using advanced statistical and

analytical_procedures.
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1.1.1. The Barnesmore Pluton

The Barnesmore Pluton, an isolated granite region some 52 km? in area,
forms the Bluestack Mountain range (Grid Ref. H 022 928) in central
Donegal (Fig. 1a). The pluton consists of three granite types, which are
similar in. mineral.composition but differ in their. grain size.and modal

composition.

Barnesmore.
Granit;é

e

‘"( Ballybofey

& Glegt:ies : |
r/—J’ U et

—~ 0kem

Figure la. Location.of the Barnesmore Granite, County Donelgal.




i Sheet Complex G3-

dMain Granite G2
Granodiorite G1

Figure 1b. Schematic of the Barnesmore Pluton. Rectangle denotes

Survey 1 study region.

[

The pluton. was emplaced' in. Dalradian. metasediments by cauldron
subsidence (Walker and Leedal, 1954) forming an elongated dome
stretching in.a NW - SE direction.and maintaining sharp contact with_the
country rocks. The main granite body (G2) consists of ]eucocraﬁc
adamellite with.a small region.of granodiorite (G1) existing within.the
main granite. Both the Gl and-G2 granites are cut by the Sheet Complex
(G3). which may be subdivided into two components, G3a, an. even

grained leucocratic granite, and G3b, a prophyritic aplogranite (Fig.1b.).
1.1.2. Uranium Occurrence in-the Bluestack Mts.
Information on the occurrence of uranium and other radioelements in the

Bluestack. Mountains is largely derived from. two sources, academic

research and from the reports of the mineral exploration companies who



conducted uranium exploration i1n the region during the 1970’s. EEC
funded exploration for uranium. began in. 1976 concentrating. on. the
Caledonian plutons of Leinster, Connemara and Donegal. As this project
1s concerned.with.the Barnesmore region, only the literature. per.tain,%ng
to this area will be reviewed. Exploration in the Bluestack Mountains
was.conducted by. Irish Base Metals in association.with.Tara Prospecting
Ltd., final reports being submitted to the government in 1979. A numbber
of techniques. were employed. in. the prospecting programme.including
alpha track (“Track-Etch”) detectors, ground radiometric surveys (bbth
gross count and gamma spectrometry), stream sediment sampling,_sgil
trenching and a range of geophysical and geochemical techniques. The

period of prospecting.in.the Barnesmore region indicated:

“the presence of high background uranium content in
the Barnesmore Granites,.. the definite and widespread
enrichments found in weathered material and peat, the
presence of secondary uranium. minerals (autinite), prove
thatr wuranium is present in the area and that it is

extremely mobile” (Irish Base Metals, 1979).

Many of the techniques used at the time (portable gamma spectrometry,
alpha. track. detectors) do not. provide quantitative values of the
uranium levels in the area, however the chemical analyses on rock,
peat and sediment. samples do. provide an 1indication. of uranium
levels in the region. It should be noted that the objective of the
work was the location. of economically viable uranium. deposits
which 1mplies that reported values are for regions where high
levels of wuranium. were expected or had been indicated by
radiometric surveys etc. The levels reported therefore are not
representative of the background situation within. the. Barnesmore

region in general



Three of the main drainage systems in the region (Cronamuck, Barnes
and Corabber Rivers) provided sediment uranium values up to 45 ppm,
(Irish Base Metal Ltd., 1978), indicative of a high background uranium
content within the general locality. Reported peat and rock values are
more specific to small radioactive anomalies in the area. The highest
reported value in rock was 279 ppm, the average value for an unreported
number of rock samples being 40 ppm (Irish Base Metal Ltd., 1978). The
maximum reported value. for peat was 7600 ppm at.a small location.near
Browns Hill in the southern rea‘ches of the mountain range (Irish Base

Metals Ltd., 1978).

While.the reported quantities of uranium in samples taken.as. part of the
prospecting effort are of little use in ascertaining the background
uranium content of the Barnesmore region, a number of useful facts‘arre
provided in the reports. The first 1s the location of a number of peat
anomalies within the Browns Hill (7600 ppm U/kg peat).and. Cronamuck
Valley regions. No uranium values are given for the Cronamuék
anomalies (location of the anomalies having been indicated by the.use of
a portable ratemeter) but the report specifies that they are
unsupported in the underlying rock (Irish Base Metals Ltd., 1978).
The second is that these anomalies tend to be regions of less
than 30 m x.30.m and that they tend to be grouped in clusters. No
locations for these anomalous regions within the valley are detailed.
These two.facts indicate that uranium_within.the region would appear.to
be relatively mobile, as high levels within the peat are not associat]ed
with high levels in the underlying rock_and that some areas within_the
general region are undergoing a uranium enrichment process, las
evidenced by the small areas of extremely high. uranium.content, e.g.

Browns Hill.

The prospecting reports of the 1970's have little to offer. in

establishing the average uranium levels in the Barnesmore region
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but do provide useful information about how the uranium may be
distributed in the region (small localised, often unrelated, enrichments
in both rock and peat). Academic research on the occurrence of
radioelements in the area 1s more objective, even though much of it
appears to have been conducted in conjunction with the prospecting

effort.

O’Connor et al (1983) reported the Barnesmore Pluton as exhibiting
the highest average uranium and thorium content (8.1 ppm and 25.1
ppm respectively) of all the Irish Newer Caledonian Granites, with a
relatively high potassium level 0of 4.1%. Uranium in the Barnesmore
pluton occurs as.the secondary mineral autinite, located largely
within the central G3a granite (O’Connor, 1981) with no evidence
of the mineral uraninite in. the granites. Data. on the radioelement
content of the surrounding metasediments is scarce, O’Connor and
Long (1985) reporting average uranium and thorium contents of 1.8
ppm and 12.0 ppm respectively for similar Dalradian lithologies in the

Donegal region.

Evidence of the elevated natural radioactivity of the region. is a\lso
provided by nation-wide radiometric surveys that have been conducted
in-the past. McAuley and-Moran- (1988) reported 4OKrso'i-l-activitiesﬁ of
450-600 Bg/kg and **°Ra soil activities of 60-100 Bq/kg for the
general Barnesmore region (national averages of 350 Bq/kg and 60
Bq/kg respectively). It is- worth noting- that the ***Ra surveys adopted
a scheme. with. a sampling density of 1/10 km* and it is ther,e;fo‘re
improbable that the survey would have encountered one of the

small anomalous regions reported in the prospecting. surveys. of, the
1970°s.



1.2. Peat, Organic soils and Humus

Although a large number. of soil.classification.systems are.in comm,(?n
usage, this project does not concern itself with the finer points of what
constitutes “peat”. For the.purpose of this study, peat is.an organic soil
containing large amounts of carbon, produced in an environment where
the supply of organic. matter exceeds. the rate of. decorr'\pos'Lti“on
. (Cruickshank, 1972). The distinction between “peat” and “organic solil”
as.a.description of a particular soil type 1s. unclear as many researchers
use the term interchangeably and many countries adopt their own
particular classification systems. Cruickshank (1972) and. Farnham_and
Finney (1965) refer to peat (including a variety of peat types) as a sub-
set.of organic soils and distinguish.between peat types using. b.o.tanicz‘ll
components and the chemical nature of the soil, and it is this system

that 1s_used throughout this study.

Humus, a constituent of peat, is the total of the organic compounds in
soil exclusive of undecayed plant material, partially decayed produc}ts
and the soi1l biomass. Humus may be sub-divided into further constituent
components which are classified according to their solubility in. vatious
reagents, most commonly, alkali and acidic solutions (Table 1.). B<‘)th
humic and_fulvic acids play a_large. part. in the chemistry of..peat__a‘nd
organic soils, the chemical behaviour of both these substances being

controlled to a large extent by phenolic hydroxyl and .carb,oxy_l.gnloups
(Sanchez er al, 1988).

Dissociation of H' on the carboxyl group at pH values,g.reater,. than 3
and similar dissociation of the hydroxyl group at pH 9 tends. to.lgi,\(e
humic material a high negative charge (Tan, 1992). This proton donation
by constituents of humic. molecules allows for the interaction_oﬁ‘tlhe
humic molecules with metal cations by a number of mechanisms

(Fig.3.).At low pH values, cation exchange mechanisms. tend to.
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predominate, the emphasis shifting to chelation mechanisms as the pH

value increases.

Fraction Alkali-Solution Acid Solution
(0.1 M NaOH) (0.1 M HCI)
Humic acid Soluble _ Insoluble
Fulvic acid ’ Soluble Soluble
Humin Insoluble ~Insoluble

Table 1. Classification of humic substances (Tan, 1992).
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Figure 2. Proton donation by humic constituent groups at pH.3 and pH 9
¥
(after Tan, 1992).
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Figure 3. Chemical interaction of humic molecules with meta! cations

(after Tan, 1992).

1.2.1. Metal Chemistry of Peat and Organic soils. -

While a complete revieW of the literature pertaining to organic soils and
peat is beyond the scope of this project, a brief summary of the struc,tl‘lre
of peat and the processes controlling metal interactions with peatjis
presented.in this section. Perhaps the.component.of peat that has been
the subject of most research into metal - peat interactions is the humic
acid. fraction. Humic acids occur in all soils and comprise a maj,’or
fraction of peat. Initially studied by Archard (1786), who first used

alkali.to extract humic acids, they are usually described as the pgor.t,i.orlx of
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the organic matter of the soil which is extracted with.a 0.5 M. Na(?H
aqueous solution and later precipitated as a brown substance upon
reduction of the pH to 1 (Szalay, 1958). A more current definition 1s
provided by Aiken (1985):

“a general category of naturally occurring, biogen{c,
heterogeneous organic substances that can generally be
characterised as being yellow to black in colour, of high
molecular weight and refractory”.
The portion of organic matter. that is not. precipitated out of solution
upon pH reduction is termed fulvic acid, humin being the mater:al that is
insoluble 1in either acid or alkali. Although the subject of much work,
the precise structure and characterisation of humic acid has still not been
. achieved. A number of structures have been proposed, a typical example
of these structures being detailed in Fig.4. Organic material in soiliis
negatively charged at pH values greater than about 3. This negative
charge 1s prifnaril& due to the deprotonation of carboxylic and phenolic
groups within.the humic acid. This contribution to the cation exchange
capacities of peats and organic soils has been recognised as a 'maji)r
mode of interaction between humic acids and metals (Schnitzer, 1986).
The contribution of humic acid material to the enrichment of metals
within. peat has been recognised by many authors,. Sholkovitz and
Copeland (1981) and Lee}and Jonasson (1983) studying the transport of
metals 1n soils, Pauli (1975), Boyle (1977), Idiz e} al (1986) and
Kerndorff and Schnitzer (1980) reporting on the enrichment of metals in
peat bogs by humic acids.. These authors all. conclude that the humic acid
component of peat is a major factor in both the accumulation and
transport of metals within bogs. Rashid (1974) observed preferential
adsorption of Cu to humic acids in the presence of Co, Mn, Ni and Zn,
the peat moss used in his experiments exhibiting an adsorption capacity

\

of 1500 mg metal/kg humic acid.
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Figure 4. Proposed structure of humic acid molecules according to Fuchs

(see. Kononova,. 1966).

Complexation_has also. been proposed as.a process contributing to. tAhe
retention of heavy metals by humic acids. Complexation or chelation
occurs if.two.or more functional groups within.the humic acid structure
co-ordinate a metal ion forming a ring structure. Models developed by
Leenheer et al (1989) and. S,tev.enson‘(1982.) indicate possible chelation
involving carboxyl and salicylate groups, as well as sites co’ntaining
nitrogen.and sulphur.In addition_to playing a.major.part in.the r.etenti_qn
of metals within peat, complexation with humic acids also provides.a
means of distribution.. of metals. Humic acids. may form. soluble
complexes with metals, this process being highlighted by Zielinski er a/
(1988).and Smith et al (1990) as a means. of metal transport.in s,ur;face

waters.
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The role of metal oxides has also been. the subject of investigation with
respect to metal retention. Mn(III), Fe(Ill), Pb(IV) and Co(Ill) oxides
are stable in oxygenated systems under neutral pH conditions. Oxides of
these metals, primarily iron and manganese, are found as soil particle
coatings or suspended particles within. many soils. Where iron bearing
waters meet oxidised surface soil layers, the formation of iron a':nd
manganese oxides may be sufficient to cause the formation of deposits
of bog iron (iron pan) as characterised by Newbould (1960). The main
forms of iron oxides in_peats are.the minerals, goethite and lepidocroti}te.
Such metal oxides may also be responsible for metal enrichment in bogs
given the 10on adsorption capabilities of such materials. Adsorption can
occur due to the acid — base nature of the surface hydroxyl groups
formed on the chemisorption of water molecules . Tamura et al (1996)
characterised adsorption of metals to iron oxides as an ion exchange
process caused by the protonation and deprotonation of surface hydroxyl
groups. Schwertmann and Taylor (1977) estimated that the adsorption
capacity of iron oxides was between 30 and 100 umol/g. They. defiqed
two modes of adsorption to such oxides, “non-specific” (electrosta;tic
adsorption) and “specific” (covalent-type ion bonding), the latter being
responsible for the adsorption of heavy metal cations such as Pb. Ho atnd
Miller (1985) investigated the relationship between the adsorption_of
certain metals by iron oxides and organic matter, concluding that Iolw
levels of organic matter could enhance metal adsorption on the oxides,
the enhancement being dependent on humic acid concentration and ti1e

pH.of the solution.

The.mobility of:metals in.peat and.organic.soil is dependent.on a.numbler
of factors including pH, temperature and chemical composition. The
most.important. physical parameter dontro.lling. relocation .()f,“metals__i’n
peat is water movement within the peat itself. Knight (1972) and Rycroft
et al (1975) calculated that there .was. little mass distributionh,(l)f

inorganic compounds below the top 50 cm of peat due to the low
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hydraulic conductivity of peat. This finding is in contrast to the
opinions of Kochenov (1965) who asserts that groundwater infiltration of
a bog may actively transport metals within the peat beds, irrespective of

the nature of water flow within a bog,
1.3. Chemistry of Uranium in the Surficial Environment.

Uranium exists in four valency states, U, U, U’ and U6+, the tetra
and hexavalent states being predominant in nature. The hexavalent
state 1s dominant 1in° oxidising environments such as surficial
materials. and rivers. It is the variable valency of uranium that
largely governs i1ts chemistry in the surficial environment. As tHis
study 1s mainly concerned with the distribution and behaviour of
uranium in peat, this review will concentrate on the behaviour and

chemistry of uranium. in rivers, peat and organic soils.
1.3.1. Chemistry of Uranium in Rivers

Surface waters typically contain 0.01 to 5 ppb uranium (Rogers and
Adams,1969) although values as high as 600 ppb have been reported
(Garner,1972). Palmer and Edmond (1993) calculated a global average
for uranium 1in river water, arriving at a value of 0.18 ppb. Lopatkiﬁa
(1964) derived a relationship between the uranium content of river
water, the uranium content of the underlying rock and the To;tal

Dissolved Solid (TDS) content of the water:
Uwater(ppb) = 0.002 Uock(ppm). TDS(ppm)

Halbach er al/ (1980) found good agreement. between the values
determined for uranium in streams draining a granite region (0.42-0.16
ppb) and those predicted by the Lopatkina relationship. The 5olubility

of uranium 1n surface waters is largely dependent on the valence
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state of uranium and the chemical species present in the water.
Uranium occurs in surface (fresh) waters as. U** and U®" (and to a
much lesser extent, U’"). The work of Szabo and Zapecza (198‘7)
established correlation’s between dissolved uranium content and both Eh
and dissolved oxygen, confirming the fact that uranium is most soluble
in the hexavalent state, dissolved uranium being usually in the form
of di- and tricarbonate uranyl species. Dongarra (1984) concluded that
uranium circulation in fresh water is controlled by carbonate
content. Langmuir (1978) showed that uranium may also complex
with fluoride, sulphate, hydroxyl and phosphate species and that in
the pH range 4 to 7.5, phosphate complexes may predominate.
Holbert et al (1995) found that high levels of uranium were associafed
with samples co.ntaining both high sulphate and high carbonate levels.
Zielinski er al (1988) calculated that in the drainage system of a
urantum rich organic sediment, carbonate and phosphate complexes_of
uranium were the predominant inorganic uranyl species. Dialysis
experiments reported by Zielinski (1988) indicated that at least some
uranium was associated with macromolecular organic particles. The
assoctation of uranium with carbonate in river water is supported by Doi
et al (1975) who found a relationship between uranium content and
carbonate content in Japanese springs and streams. Longworth er al
(1989) studied the drainage of a uranium rich organic soil, establishing
that almost all uranium in the drainage system was in true solution
(defined by the author as existing as particles with diameters less thaﬁ 2
nm). Smith et a/ (1990), studying the same site as Longworth, concluded
that complexation by organic materials was the dominant mode of
occurrence of uranium. in the waters, the complexing agents being_low

molecular weight fulvic acids.

There appears to be general consensus in the literature on the mode of
occurrence of uranium in surficial waters. The majority of researchers

concur that urantum occurs predominantly in conjunction with_ the
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inorganic species carbonate and phosphate and as organic complexes
with humic and fulvic.acids. A smaller number of researchers conclude
that the redox conditions of the waters have some bearing on the

dissolved uranium content.
1.3.2. Chemistry of Uranium in Peat

The behaviour of uranium in various soil types has been w.ei:ll

documented in the literature from about 1950. Less information exists

on the chémistry and behaviour of uranium in peat and organic
soils. Kochenov er al.(1965) outlined a series of features of the

" occurrence of uranium. in. peat beds overlying uranium rich ar.e‘as:

e the distribution of uranium within the beds is irregular,
dropping to background levels between areas of enrichment,
which only constitute 5 to 10% of the total bed

e the uranium i1s concentrated in the lower parts of the. bed,
decreasing to background towards the surface

e iron behaves exactly like uranium within the peat profile

e uranium enrichments are not restricted to any botanical type of
peat

e areas of uranium enrichment lie on.the bottom of valley,siand

gullies and are usually fed by streams or ground waters.

Although this paper appears to suggest a.relationship between.iron.and
uranium, at least in terms of their behaviour, no evidence 1s presented to
support this. Many of Kochenov’s assertions are supported by Wils:on
(1984) who also concludes that uranium distribution within peat bogs is
always extremely heterogenous, high uranium contents usually b.ei,ng
associated with radioactive springs occurring in uranium enriched

granite regions.



While such generalisations are useful, they do not provide information
on the mode of enrichment of the peat beyond the fact that the uraniqm
appears to be introduced to the beds by circulating water. Szalay (1964)
concluded that the insoluble (in 0.5M NaOH) humic acid fraction of
peat was mainly responsible for the enrichment of uranium in peat by a
cation exchange process: Although this argument has been supported by
Titaeva (1967), Do1 e¢r al. (1975) found that peat whose humic acid
component had been removed tended to adsorb more uranium from
solution than peat whose humic acids remained intact. Idiz ef al.(1986)
concurs with Szalay, finding that uranium. is the only metal whoge
enrichment in peat bogs is controlled by the organic component. Halbach
et al. (1980) investigated the role of humic and fulvic acids in the
mobilisation and fixation of uranium in a peat bog and concluded
that uranium. is primarily removed from. the granite bedrock as a
uranyl fulvate complex but is fixed in the peat as a uranyl humate
complex. Hansen and Stout (1968) postulated that the strength with
which uranium binds to organic material in soil is dependent on the
degree of humification exhibited by the organic material.

While the majority of work in this area appears to confirm the
association between uranium and the humic acid component of peat,
little work has been completed on the mode of interaction
between uranium and the humic component. A number of,' processes
have been proposed to account for the fixation of uranium by
organic matter and humic acid. Idiz et al (1986) suggests a combination
of adsorption, cation exchange and reduction. Goldhaber er al. (1987)
‘characterised- the reduction of the uranyl ion (U02?%) by hydrogen
sulphide (a typical reducing agent found in the anaerobic enyiron,ﬁl?nt
of a peat bog) as a slow process and hypothesised that the process
may be catalysed by adsorption of the uranyl ion onto mineral
surfaces. The findings of Disnar (1981), and Nash eral. (1981) suggest

that at environmental temperatures and without significant hydrogen
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sulphide generation, uranium is 'fixed by rapid 1on exchange and -
complexation with the acidic functional groups of humic acid.
Zielinski and Meier (1988) found that uranium bound to humic acids
could only be displaced by highly acidic solutions or solutions
concentrated in CO;> and that uranium is firmly fixed to humic

acid in a non - exchangeable manner.

A significant number of researchers conclude that, at least in some soils,
amorphous iron oxides are the major component responsible for uranium
enrichment. Lowson er al (1986) reported that up to 80% of the uranium
in a soil derived from granite bedrock was associated with this fraction.
Megumi (1979), using ammonium oxalate as the extracting agent, found
that up to 50% of uranium in soil was associated with amorphous iron
oxides, no trend in the proportion being observed with sample depth.
Starik er al (1958) studied the adsorption of uranium onto ferric
hydroxides and concluded that maximum adsorption occurred at pH 5,
reduced adsorption being exhibited at pH values above and below 5.
Ames and Dhanpat (1978) conclude that Eh and pH are the factors
controlling uranium accumulation in soil and peat, Eh and pH being the
dominant processes in the control of the behaviour of manganese and
iron in such environments. Bearing in mind this fact, it is not
unreasonable to assume that the effect of Eh and pH on uranium
adsorption is indicative of it's being adsorbed to iron and manganese
oxides within the soil. The majority of researchers conclude that little
uranium is held as exchangeable cations, Lowson er a/ (1986) finding
less than 1%, Megumi (1979) observing values less than 0.8%. This
conclusion appears to contradict Szalays’ findings (that uranium is
primarily bound by cation éxchange processes) although the
contradiction may be resolved by bearing in mind that although uranium
1s bound by cation exchange it may not be exchangeable once bound . in
this manner. In an earlier paper, Megumi and Mamuro (1977)

hypothesised that the enrichment or depletion of radionuclides
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(including uranium) in soil is affected by the oxides of manganese and

<

iron. No indication 1s given of whether the “oxides” referred to are
amorphous iron/manganese oxides or bog iron. Their assertion however
that the effect of these oxides is to reduce uranium to the tetravalent
state (from the mobile hexavalent state) would appear to point to
élmorphous iron/manganese oxides. An assoctation between uranium and
iron oxides is also indicated by Yakobenchuk (1968) who observed a

correlation. between uranium.levels and oxides of iron and aluminium.

The capacity of peat and humic acid for uranium adsorption has been
investigated by a number of researchers. Szalay (1958) reports capacities
of up to 3% (w/w), Armands (1967) arriving at a geochemical enrichment
factor (G.E.F.) of 10,000, in agreement with Szalay’s (1964) proposed
figure of 10,000, the G.E.F. being defined as: '

G.EF. = [’UO22+}peal/ ['UO22+}\Yaler

Lopatkina (1967).argues that the G.E.F. calculated by Szalay was arrived
at under laboratory conditions and that in nature, the G.E.F. can vary
from 500 to 50,000 as the dissolved total salt content varies from. 10.to
900 ppm. Horrath (1960) calculated enrichment factors of 200 - 350 for
peat, these values differing significantly from other researchers findings.
Read er al (1993) investigated the capacity of peat for uranium
adsorption. and concluded that, at saturation, peat could adsorb up to

16% (w/w) uranium, Lopatkina (1967) arriving at a similar value.

The mobility of uranium. within peét has been investigated by a number
of researchers. Burns er al/ (1991), studying radionuclide migrationfin
soils 1n. America, concluded that leaching is the main mechanism_of
migration for uranium. Subsurface throughflow is also indicated as a
migration process on gradients. It is worth noting however that *'*Bi, the

daughter of **’Rn, was used to determine uranium levels in this study.

20



Given the possible loss of radon from the soil, and the probable
disequilibrium between **°Ra and 38U, the use of this isotope may not
have provided an accurate picture of the behaviour of uranium in this
instance. Dyck (1978) observed radium soil anomalies directly over
uranium deposits in southern Saskatchewan, but the associated uranium
anomalies occurred downhill of the deposit, in the valley floor. Although
not stated in the report, this may provide further evidence of the
downhill subsurface migration of wuranium, at least at the site
inves.tigated by Dyck. Sheppard (1980) concurs with Burns with respect
to subsurface flow and notes the possibility of uranium migration via
particle movements in well drain‘ed, well weathered so1l. Halbach ef a/
(1980) identified acidic, oxidising surface water as the agent responsible
for uranium mobilisation in peat overlying a granite bedrock. Landstro‘.m
and Sundblad (1986) concluded that the leaching of surrounding soils
and subsequent inflow (the nature of the inflow, subsurface or surface, is
not detailed). to small, swampy depressions in a Swedish bog was.the
source of elevated uranium in the depressions. The fact that uranium is
only considered mobile in an oxidising environment is highlighted by the
work of Sheppard and Thibault (1988) on the migration of radionuclides
in. mires. Uranium appeared to be immobile relative to a number of

radionuclides, the reducing nature of the soil being cited as the reason.

Although a significant number of papers on the occurrence of uranium.in
peat are to be found in the literature, a general consensus on the
controlling factors of uranium. enrichment in peat does not seem to_be
prevalent. Although the association of uranium with the humic acid
fraction of peat appears to be generally accepted, a significant number of
researchers have reported different findings. The majority of these
researchers highlight amorphous soil.iron oxides as the factor that would
appear to be controlling uranium levels within peat. The disparity
between the findings of the researchers indicates that there is most

probably a high level of site specificity in relation to the mechanisms
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controlling uranium accumulation in peat and organic soils. A problem
with laboratory studies of the adsorption of uranium to peat and humiic
acid is the exclusion of a broad range of parameters prevailing in natural
systems, from the studies. Field based research. may therefore provide a
better indication of the mode of interaction. All researchers agree
however that uranium is essentially immobile in a reducing environment
but mobile under oxidising conditions. There 1s also agreement on the
migration.mechanism of uranium within peat, water flow being the agent

responsible.

1.4. Chemistry of Radium. in the Surficial Environment

Radium, which 1s chemically similar to barium, has only one oxidation
state, +2. Radium hydroxide (Ra(OH);) is the most soluble of all the
alkaline earth hydroxides, including the hydroxides of actinium and
thorium. The bicarbonate and chloride compounds of ra‘dium are alll
water soluble, but radium coprecipitates with barium as the sulphate or
chromate. Of all the alkaline earth metals, radium shows the ‘lealst
tendency for complex formation, although Schubert et al (1950) detected
1:1 complexes of radium with citric, tartaric and succinic acids iq the

pH range 7.2 to 7.4.
1.4.1. Chemistry of Radium in Rivers

As some salts of radium are soluble in water, surficial waters may be
enriched in radium. The radium concentration of river water typically
lies in the range 107'° to 10" pug/g (Koczy, 1963) although mineral
springs have been shown to contain 748x107%ug/g (Gera, 1975). Szabo
and Zapecza (1987) found significant correlation between **°*Ra and iron,
manganese, bicarbonate and barium in ground and spring waters, ai(so

concluding that Eh and dissolved oxygen are important controls over
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levels of the radionucl'ide in water. Holbert er al (1995) established a
relationship between total dissolved solids (T.D.S.) and **%Ra, -Ialso
concluding that elevated uranium levels (in waters) do not occur
concurrently with elevated 226Ra. Michel (1990) also found a correlation

between **°Ra in water and T.D.S.

Little.evidence exists in the literature of any significant amount of work
having being completed into the occurrence of radium in surface fre‘sh
waters, the main emphasis having being on the assessment of levels and
behaviour of radium in groundwater from a health physics perspective.
As with uranium, Eh and pH, along with the concentration of various
inorganic species such as bicarbonate, appear to be the controlling

factors in relation to the concentration of radium in surface fresh waters.
1.4.2. Chemistry of Radium in Peat

Radium is present as Ra®" over the normal soil pH range of 4 to 8.
Although radium shows little tendency to form. complexes. (Schubert e/
al, 1950), Granger et al (1961) showed that it may be expected to replace
other divalent cations in replacement reactions. Arnold and Crouse
" (1965) obtained a correlation between radiixm adsorption and cation
exchange capacity, the leaching studies of Havlik er al (1968)
supporting the view that cation exchange is an important mechanism for
radium adsorption. Megumi (1979) established that, unlike uranium or
thorium, radium may have a significant occurrence as an exchangeable
ion. Nathwani and Phillips (1979a) showed that organic matter was the
component of soil responsible for radium adsorption and that soils with a
low cation exchange capacity exhibited reduced ébi}ity for adsorption.
Titaeva (1967) studied the nature of radium bonding in peat and
concluded that radium is largel_y associated with the organic residues
that are insoluble in dilute NaOH, by a process involving ion exchange.

A further conclusion however, is that in the presence of high soil water
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calcium concentrations, the radium becomes unexchangeable. Nathwani
and Phillips (1979b). concluded that in. the' presence of elevated Ca‘2+,'
radium. adsorption by soils from water was severely retarded. Greeman
and Rose (1990) found that, in a soil derived from carbonate rock, up;to
24%. of the total.radium was associated with organic soil fractions and

humified matter.

Taskayev e al (1978) studied the speciation of ***Ra in soils-exhibiting
high concentrations of the isotope, concluding.that ***Ra is firmly fi,xéed
within the soil, and that the ratio of the water soluble and exchangeable
proportions varies significantly with. depth. A further conclusion was
that organic acids present in the soil increase the mobility of the isotopé,

no reason for this enhanced mobility being given in the report.

1.5. Chemistry of Thorium in the Surficial Environment

h?*? is of quantitative

Of the six thorium isotopes found 1n nature, only. T
importance, the other isotopes being relatively minor components of the
three decay séries. Thorium only occurs 1in the +4 valency state in
nature. Thorium forms insoluble hydroxides, fluorides and phosphates,
while soluble thorium compounds include nitrate, sulphate and chloride.
Thorium also forms metal complexes with. citric and oxalic acids and
substances such as acetyl acetone. The amount of literature referring to

thorium.in the environment reflects the relative un-importance attached

to this element compared to uranium and radium.
1.5.1. Chemistry of Thorium in Rivers

Thorium is found in very low concentrations in freshwaters. Kamath et
al (1964) determined levels of 1.1 — 2.7 ppb in surface waters of.a region
in India. These figures are among the highest reported values for water

taken from non-uraniferous regions, typical values being in. the region of
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0.008 to 0.9 ppb (Miyake er al, 1964, Dementyev and Syromyatnikov,
1965). Garner (1972) hypothesised that the low occurrence of thortum in
surface waters is due to thorium being readily adsorbed by so'lid
components in. water.and its being precipitated out of solution. as the
hydroxide. Dementyev and Syromyatnikov (1965) established that
approximately 50% of thorium 1n groundwater exists as carbonate and
phosphate complexes, the remainder being adsorbed onto particulates.
Sillen and Martell (1964) calculated that thorium has very low solubility
in water at pH values greater than 5, Th(OH)s being the dominant
species above pH 5. Langmuir and Herman (1980), in what could
possibly be regarded as one of the definitive papers on the subject,
support the findings of Sillen. and Martell, and also make a number_of
valuable points. The authors assert that at pH values from 5 - 9, thorium
rarely exhibits concentrations in natural waters greater than 1 ppb.due
to the insolubility of its parent minerals (thorianite and monazite) and
strong adsorption.of thorium.by natural materials. They also hypothesise
that many of the relatively high values for thorium in water, reported in
the literature, are due to the samples containing thorium adsorbed on

particulates which have not been removed prior to analysis.

The literature contains relatively little information on the occurrence_of
thorium in freshwater. The majority of the studies that do exist consist
of thermodynamic analyses regarding thorium species solubilities. It can
be inferred however, that the concentration of thorium in the majority o6f
fres'hwaters i1s extremely low given it's tendency to form the insoluble

hydroxide and it's strong association with water borne organic matter.
1.5.2..Chemistry of Thorium in Peat

Thortum in organic soils tends to be present as insoluble oxides and
hydroxides of manganese and iron (Schulz, 1965), Rancon (1973)

establishing that strong humic and fulvic complexes with thorium occur
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in acidic soils. This relationsﬁip between humic components of soil and
thorium is supported by Hansen and Huntington (1969) but countered by
Tyuryukanova and Kalugina (1971), who established that soils high.in
humic acids (peats and mountain podsols) had low thorium levels
relative to alluvial soils. This low level of thorium in peat is ascribed to
the weak assimilation of thorium in plant species that populate organic
soils, the decay products of which constitute a major proportion of peat.
Rancon (1973) detailed four processes governing soil-thorium
interactions, (1) Th(OH)s precipitation, (2) adsorption from dillite
solutions onto clay soils, (3) adsorption to organic components under
acidic conditions, and (4) low adsorption under alkaline conditions due
to the dissolution of humic acids. The strength of the humic-thor,illlm
association was highlighted by Bondietti {(1974) using-a calcium citrate
solution to desorb thorium from soil. This solution desorbed 30% of
thorium from montmorillonite and kaolinite but could only desorb 1%

from. a calcium humate material.

In direct contrast to uranium, solutional transport of thorium within soil
is a relatively unimportant process. The major mode of thorium transport
is by particle movement within the soil, Baranov et al (1964) concluding
that thorium transport occurs largely in the colloidal state. Verkovskaja
et al (1967) determined that plant cycling of thorium was not as
important as for radium in the movement of the element in soil. The
immobility of thorium within peat is reflected in the suggestion by
Landstrom and Sundblad (1986) that ***Ra/***Th disequilibrium ratios

could be used in plotting recent water flow within bogs.
1.6. Uranium Series Disequilibrium

Generally, a radioactive decay series is said to be in secular equilibrium
when the activities of all daughter products equal that of the initial

parent. A state of disequilibrium exists if one or more of the daughters
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are removed from the decay series by a process other than radioactive
decay. In the surficial environment, such processes typically involve
diffusion of the gaseous members of decay series, i.e. the Rn isotopes,

migration of daughter nuclides in solution and differential uptake of

daughter nuclides by plants.
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Figure.5. Decay scheme for (a) >**U and (b) 232Th

1.6.1. Uranium Series Disequilibrium in Soil

Four processes are generally accepted as giving rise to disequilibrium in

the uranium decay series in the surficial environment:

Diffusion of Daughters. Diffusion of radon at a soil-gas interface allows

escape of the gas from the decay chain, producing disequilibrium

conditions in the subsequent daughters, relative to the nuclides

preceding radon. Diffusion of non gaseous daughters across soil-water
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boundaries may also result in disequilibrium especially if the half-life of
the daughter is'long and the ratio of the daughters concentration in the

two phases 1s high.

Alpha Recoil. The high energies of the alpha particles emitted. by
members of the uranium decay series (4-9 MeV) results in daughters
recoiling (under the Law of Conservation of Momentum) up to distances
of 20 nm or more (Ivanovich and Harmon, 1992). Recoil over such
distances 1s, in some cases, sufficient to propel a daughter nuclide out
of, for example, a soil particle into a liquid phase, thus removing the
daughter from the system. The process of alpha recoil has been used, to

234

explain disequilibrium between 2>*U and **®U in systems where selective

leaching has not occurred (Osmond and Cowart, 1976).

Szilard-Chalmers Effect. A related phenomenon 1s that of the Szilard-
Chalmers effect or ‘vulnerability to leaching’. Alpha recoil of a daughter
nuclide through a crystal lattice produces damage along the recoil path.
- Subsequent changes to the daughters electronic configuration, combined
with the damage to the lattice can increase the susceptibility of. the

nuclide to leaching.

Dissolution and Precipitation. Perhaps the most .important process
causing disequilibrium in the uranium decay series in soil is selective
leaching of daughters by percolating soil water. Under certain conditions
of Eh and pH, uranium and other isotopes exhibit greaier solubility than,
most notably, radium and thorium. This fact leads to the removal_of
uranium as it is dissolved and carried away by soil water, ar;d,
conversely, enrichment of uranium as the soil water enters a region
where chemical conditions favour its precipitation. *?*Ra/?**U
disequilibrium in soil is largely due to the process of selective leaching

and deposition. Uranium is mobile under oxidising conditions whereas

radium, and its parent nuclide **°Th, are essentially immobile in the
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surficial environment. This process has been identified as causing
disequilibrium in young organic uranium deposits (Zielinski er al, 1986,
Levinson et al, 1984) Megumi (1979) asserted that disequilibrium in the

222

28U decay series (prior to Rn*?*?) is due i)rimarily to the immobility of

*°Th. Greeman and Rose (1990) studied radioactive disequilibrium in
the 2'wU series for a number of soils and concluded that in the surfage
horizons of soil, “**Ra excess could be attributed to the cycling of **°Ra
by plants, leading to an increase in the isotope relative to 38U, This
view appears to be supported by Taskayev et al (19?7) who points out
that, relative to soil,'radium' is less strongly bound in plant tissues and
soil litter and the mobility of the 1sotope may be increased at the soil
. surface due to decay of radium bearing plant material. Von Gunten et a/
(1996) observed **°Ra activities'a factor of 20 above the activity of~‘238U
in a karst region of Switzerland and proposed that, following continu‘oxus
weathering of calcite particles, uranium was lost from the soil as the
soluble carbonate complex, **°Ra being retained within the soil. de Jong
et al (1993) hypothesised that the ***Ra/?*U disequilibrium in a
Saskatchewan soil was probably due to the mode of deposition of the
parent material rather than subsequent selective leaching of members of
the series. Titaeva and Veksler (1977) discuss the possibility of **°Ra
excess being due to the deposition of **Ra from water onto the surface

of weathered particles but offer no conclusive proof.

Ivanovich and Harmon (1992) state categorically that in soils subject to
leaching, the primary cause of radioactive disequilibrium is the removal
of uranium relative to thorium and immobile daughters. A second
statement 1s that in marshy, reducing environments, radium may be more
mobile than uranium causing a different pattern of disequilibrium to

arise.
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1.7. Summary of Relevant Literature

The majority of previous work on the occurrence of natural radionuclides
in peat and organic soils falls into two categories. The first concerns
itself With the general distribution of radionuclides within peat bogs
(Kochenov et al, 1965), the second being the description of the modes of
occurrence of the radionuclides within the peat in relation to the
constituents of peat responsible for radionuclide retention and
enrichment (Szalay, 1964) Most of the authors contributing to the
former agree on the broad features of radionuclide occurrence witl;in
peat bogs, that radionuclide distribution is primarily controlled by
geology and drainage patterns within the bog. Radionuclide enrichment
therefore occurs in.areas where drainage water collects, at the bottom of
peat beds and on the floors of valleys, areas of enrichment often
oécurring some distance away from bedrock containing elevated levels of
these nuclides. This agrees to a large extent with the notion of uranium
being mobile in an oxidising surficial environment, concomitant
enrichment of other nuclides, primarily ***Ra, being due to ingrowth.
Most authors agree on this mobility of uranium and the relative
immobility of radium and thorium in the same environment. The primary
processes involved in the retention of these nuclides within peat appear
to be precipitation of thorium as the hydroxide and radium as the
sulphate. Thorium and radium are also strongly bound by organic matter,

most probably in the humic acid compo‘nent of the soil.

This level of consensus is not encountered on the matter of the
speciation of radionuclides within the peat itself. The arguments for the
association of uranium with organic matter (specifically humic acids)
and amorphous iron oxides both rely on the results of field and
laboratory studies conducted over many yeérs and in many different
countries. Studies of the enrichment of peat witfi natural radionuclides

based on laboratory work only, tend to agree that humic acids are the
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primary agents for the adsorption and enrichment of radionuclides. Field
based studies however, differ greatly 1n their findings, the association
between uranium series nuclides and amorphous iron oxides being
proposed, to a greater or lesser extent, as the primary agent. This
conflict is probably evidence of a certain site specificity or at least a
relation baéed on soil types or groups and reflects the difficulty in
making comparisons on the behaviour of a species which is governed by
a wide variety of controlling factors. The chemical nature of the
relationship between natural radionuclides and humic acids i1s also the
subject of much contention, the majority of authors proposing a range, of
mechanisms, such as ion-e_xchange, reduction and complexation as the
primary means of incorporation of radionuclides onto humic acids, a
substance whose nature and chemical characteristics have still to be fully

investigated.

Little or no previous information exists on the specific causes_of
uranium series disequilibrium in organic soils or peat bogs. This arises
from the nature of studies on radionuclide accumulation within peat
bogs. The majority of such studies have been either conducted or funded
by parties interested in the location of viable uranium deposits. The
cause of radioactive disequilibrium in the uranium decay series (prior to
222Rn) also remains the subject of much discussion. This is perhaps due
to the number of radionuclides in the series between **U and **°Ra and
the number of possible mechanisms by which disequilibrium may occur
between any two members of the series. Many authors investigate
specific pairs of nuclides, such as **°Th and %**U and then attempt to
apply the perceived reasons for the disequilibrium between the two
studied nuclides to other pairs, such as 2% and **°Ra. This results in
conflicts between various authors on the nature and causes of 'the
disequilibrium. Some information may be gleaned from reports of
geochemical prospectors encountering radiometric anomalies in peat

areas that contain little actual uranium. Loss of uranium by unspecified
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processes is invariably cited as the cause with little or no evidence of
this fact being given in the reports. Although such reports rarely discuss
results not directly concerned with the location of ore deposits, it 1s
probable that at least some of these authots have evidence that uranium
loss, as opposed to radium enrichment, is indeed the cause of *2Ra/***U

secular disequilibrium.
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2.0. GEOSTATISTICS: THEORY AND PRACTICE.

2.1. Introduction

Empirically described by Krige (1951) and theoretically grounded
by Matheron (1963), geostatistical methods were initially employed
in the field for which they were developed, ore reserve
estimation. In the past two decades the methods have been
increasingly applied to the problem of pollution assessment and
the mapping of environrﬁental variables, the surge in interest being
reflected in the increase in the amount of literature on the

application of geostatistics in the field of environmental monitoring.

Traditional methods of estimation and interpolation have relied on
two distinct approaches, the “area of influence” method and
classical statistical treatments. The former utilises both the spatial
position of the known samples and the value of the wvariable at
those points, the latter adheres to classical statistical theory by
assuming the known sample values to be random observations
drawn from a given population, no regard being given to the
spatial location of the samples. Both methods have proven to be
far from 1deal for a number of reasons. The “area of influence”
method, typically demonstrated in polygonal estimation, is unable
to produce confidence limits or a measure of the reliability of the
produced estimates. Although classical statistics are in a position
to produce such values, the spatial location of the samples, is
ignored 1in thé estimation procedure, an omission which was
deemed undesirable by the geologists using the techniques for the

purpose of reserve valuation.
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2.2. Regionalised Variables.

In an attempt to produce an estimation method that incorporated
both the value and position of known samples in the production
of estimates and provided a measure of the estimates reliability,
Matheron (1970) conceived of the concept of “Regionalised
Variables”. A random variable is a variable that varies in_a
probabilistic manner between individual samples. A regionalised
variable 18 a random variable that varies in value according to its
location within some predetermined area, i.e. an ore body, or
survey region. Journel and Huybregts (1978) define the _two

Al

components of a regionalised variable:

1. an observation of the wvariable at point w; within the greater
area w, 1s a realisation of a random variable Z(w;) for the
point w; . This component is random in that the set of rancliom

variables for every point within w is a random function.

11. the random variables for two locations, w; and wi+w (separated
by wvector h) are not considered independent. i.e. Z(wi) and

Z(w;:y) are spatially correlated.

The description of regionalized wvariables provided above is a
mathematical expression of the phenomena intuitively recognised by
many  practitioners of environmental monitoring, that samples
separated by great distances are usually more dissimilar than

samples separated by smaller distances.
- 2.3. The Intrinsic Hypothesis

Geostatistical methods involve the analysis of the spatial

correlation of the wvariable in question and the production, of

()
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estimates for unsampled locations based on the extent and nature
of the spatial correlation. The former 1is achieved using a
technique .known as semi-variogram analysis, the latter employing
a procedure known as kriging. Both these methods rely on the data
set being used fulfilling the intrinsic hypothesis. This hypothesis .is

generally satisfied if:

i. the expectation value of the difference between two points, w;

and wi, separated by a vector h, should be zero

1. the variance of the differences between points separated by. the
vector h is only a function of the magnitude of the vector.

Var[Z(wi+h) - Z(W;)] = ZYh R [1]
where v is the semi-variogram value.

The initial assumption of the intrinsic hypothesis is best explained with
the use of an example. A number of samples, all spatially separated by a
vector h, afe analysed for a variable denoted q. If the difference in the
value of q exhibited by samples separated by h is only a function of h,
then the distribution of the differences depends ‘on h and hence the mean
and variance of the distribution also depend on h. The mean difference,

- a*(h), between points (denoted w) can be established by:
a*(h) = Y [g(w)~(gCw+ )] ¥ 12]
where n is the number of points.

The term a*(h) can also be deemed the ‘expected’ difference between
samples separated by the vector h. If this value is zero then no
difference is expected between samples separated by h. In practical

terms this means that in an area determined by the magnitude of h, atl
35



samples should exhibit similar values for the variable . If this is not
true then a trend i1s said to exist within the area, or the expected

difference between two points does not equal zero.

The second part of the intrinsic hypothesis concerns itself with the
concept of “stationarity of difference”. If the above example is
implemented again, the variance of the distribution of the differences
between samples separated by a vector h may be given by 2y(h), also
called the variogram value. This value should only be a function of the
magnitude of h and not the direction or location ‘.of h within the study

area.

The extent to which the fulfilment of the conditions of the intrinsic
hypothesis affect the implementation of geostatistical procedures
' remains unclear from the examples provided in the literature. Although
many researchers include a statement of the intrinsic hypothesis in their
articles (McBratney and Laslett, 1993, Einax and Soldt, 1995), none give
any indication of their having tested their data for fulfilment of the
conditions. The presence of a trend 1n a data set is often given as, a
reason for the implementation of advanced data modifications to remove
or model the trend (Flatman and Yfantis, 1984). Clarke (1979), in one of
the standard texts on the subject, states that trends in a data set are not a
problem insofar as they may manifest themselves at distances which are
great enough that they do not pose a problem for local estimation. Clarke
also states that there is no statistical test for stationarity, and that
stationarity within a data set may only be assumed and not proven.
Stationarity is a function of the random component of the spatial
structure, not the data itself, and a test would therefore require multiple

realisations of the random function, a feat not possible in practice.
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2.4. The Semi-variogram

The extent and form of the spatial correlation of the data set is
investigated using semi-variogram analysis. The semi-variogram is a
graphical representation of how the similarity between variable
values wvaries as a function of the distance (and direction)
separating them. The theoretical semi-variogram is a plot of one
half of the variance of the differences in variable values (y axis)
as a function of the distance, or “lag”, separating pairs of points

(x axis), the general equation for the semi-variance being:

y(h) = (1/2n(h)i=1) - [q(wisn) — q(w;)]° (3]

As only a limited number of pairs are available in a practical
study, an experimental semi-variogram is plotted using the available
data and a theoretical model is fitted to the resulting plot. The
curve fitted to the data can be seen to consist of two distinct
parts, an initial rising segment and a second, level region (Fig.6.).
The point at which the curve levels off is used to calculate both

the sill (y axis) and the range of correlation (x axis).

I
Q
L

Yh

p-..—-—q:c?....___q

Htﬁn—c

Ihl

Figure 6. Semi-variogram schematic. A - sill, B - nugget, C - range

of correlation.



The sill 1s the maximum semi-variance exhibited by the data set
and the range of correlation 1is the lag (or separation distance) at
which the sill value is reached. Pairs of points separated by a
distance greater than the range of correlation are considered to be
spatially uncorrelated. A sample can be taken as representative of
an area defined by the range of correlation. The range of
correlation provides a mathematical means of measuring the “area.
of influence” described in other estimation methods. The semi-
variance value i1ndicated by the sill can be divided into two
components, B and A-B in Fig.6.. The “nugget effect”, often
denoted Co, (B in Fig.6.) represents the random wvariance in the
data. The semi-variance, represented by A - B in Fig.6., is the

structured component of the data set’s variance.

The experimental semi-variogram only provides information on the
data set used to construct the plot. In order to describe the entire
region (and lag distances for which a semi-variogram value has
not been computed), it i1s necessary to fit a mathematical model
to the data to produce the rtheoretical semi-variogram. A number
of models are frequently used to describe the theoretical semi-

variogram and these are briefly described below.

The most commonly used model in geostatistics, the spherical model, is
indicative of a high degree of spatial continuity. It is linear near the
origin before flattening out as it approaches the sill at a (the range of
correlation). It is described by the equation:

y(h) = 1.5h/a — 0.5(h/a)’ (4]

where a 1s the range and h is the lag distance.
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Figure 7. Theoretical semi-variogram models. (a) spherical, (b)

exponential, (c) gaussian, (d) power.

The exponential model reaches the sill asymptotically, being linear near

the origin, and may be described by the equation:

y(h) = 1 — exp(-3h/a) [5]
Gaussian models are used to model extremely continuous variables.
Exhibiting parabolic behaviour near the origin, the gaussian model

reaches the sill asymptotically, the range being accepted as the point at

which the curve reaches 95% of the sill value:
y(h)=1 - exp(-3h2/a2) (6]

Power models are a collection of models described by a general

equation:

y(h) = hn + Co [7]
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where 0 < n < 2, h is the lag distance and Co is the nugget of the semi-

variogram.

In practice it is often not possible to compute semi-variances for the
exact lags plotted in the semi-variogram, especially if the data has not
been taken from a regular grid. The specification of a lag tolerance is

~

therefore common practice.

A significant feature of many data sets is a state of anisotropy. A data
set 1s said to be isotropic if the properties of the semi-variogram remain
constant for all the directional variograms. A directional semi-variogram
is a semi-variogram plotted for one direction only, i.e. N-S or E-W. If
the range or sill of a semi-variogram model differs between directional
components, then it is said to be anisotropic. If the only difference
between directional semi-variograms 1s the length of a, the range, then
the anisotropy 1is geometric. Zonal anisotropy occurs when the
directional semi-variograms differ in relation to the value of the sill.
Correction for geometric anisotropy involves incorporating the different
range lengths into an ellipsoid describing the zone of influence around
any sample point, as opposed to the circle of influence exhibited by
points in an isotropic data set. Zonal anisotropies cannot be removed in
this way and the different semi-variogram. structures for the various
directions must be accounted for in any subsequent estimation

procedures.

A feature of many semi-variograms is a parabolic ascension of the semi-
variogram at some point, an example of this being shown in Fig.8.
Clarke (1979) demonstrates the use of this feature in the identification
of trends w‘ithin a data set and concludes that as long as the trend does
not occur near the range of correlation then it may safely be ignored.
This view 1s supported by the work of Royle and Hosgit (1974), who

cite an example of 2 sand and gravel deposit which displayed a parabolic
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upward curve, this feature being used as proof of the existence of a trend
within the data. These workers also conclude that unless the parabolic
nature of the semi-variogram occurs before or near the range of
correlation it poses no difficulty to further stages in the geostatistical

process.

Yh

[hi

Figure 8. Gaussian semi-variogram with evidence of trend.
2.4.1. Semi-variogram Analysis: Lognormal Data Sets

The treatment of lognormal data sets in the construction and modelling
of semi-variograms has been the subject of much discussion. Gilbert and
Simpson (1983) and Litaor (1995) both recommend the logarithmic
transformation of lognormal distributions in order to better approximate
a normal distribution, both presenting un-substantiated evidence that
geostatistical procedures perform better on normally distributed data.
McBratney and Laslett (1993) hypothesise that the nugget (the random
component of the spatial correlation) may be over emphasised in semi-
vériograms of lognormal data due to the high values at the upper end of
the distribution being confused with ‘random noise’ in the semi-

variogram structure.
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2.5. Geostatistical Estimation: Kriging

The estimation method known as kriging employs a weighted moving
average interpolation procedure. Weights are assigned to known samples,
the assignation of weights being governed by the information in the
semi-variogram. Generally the closest neighbouring samples are
attributed the greatest weights although in a data set exhibiting
geometric anisotropy, a sample a distance away from an unknown point
may be attributed a heavier weighting than a nearer sample depending on
the ranges of influence.in the two directions. Kriging may either produce
estimates for points in space (punctual) or for three dimensional volumes
(block kriging). Block kriging is usually implemented in the estimation
of ore bodies or similar phenomena, punctual kriging being used in

environmental studies. The function for point kriging is:
* L )
z (xo) = Zﬂ'jz(xj) [8]
i=1

z' (xo) is the estimate value at the unknown location x., A; being the
weight assigned to the known sample z at (x;). The weights are assigned’

according to the following equation, subject to a number of constraints.

Zﬂ,y(xi,xj)+,u=7(x1,xo) i=1,2,...,n [9]

7=l

(xi, xj) being the distance separating points x; and x;, (Xi, Xo) being the
distance between the unknown point x, and the known point x;, p is a
Lagrange multiplier. A distortion free distribution of weights is obtained

by using the following constraint:

>, =l [10]



One of the most often cited advantages of kriging as an estimation
method i1s the production of a measure of the error associated with the
estimates produced by the kriging process. The production of this
indicator of the estimate reliability 1s achieved as demonstrated by the
following example. A point x, for which we wish to estimate the value of
the variable g, 1s surrounded by many other points for whom the value of
q 1s known. A semi-variogram for the data set which contains these
points has been calculated and a theoretical model has been fitted. When
the value of q at x i1s estimated an error 1s incurred:

*

error = qx — Qx : [11]

where qy is the actual value of the variable q at x and q«  is the estimate
of the value of the variable q at x. If the estimating procedure is
unbiased (i.e. no trend present) then repeated estimations of qy will
have an average error of 0. The spread, or standard deviation, of these
errors gives an indication of the reliability of the estimating procedure
for the point x. For the purpose of this example, the estimation error
variance will be denoted ‘e’var’. The variance of the errors can .be
calculated (theoretically) as the mean squared deviation from the mean
error. This 1s equal to:

(error — mean error)?

n
n being the number of estimations performed. However, as the estimating
procedure 1s unbiased, the mean error will be equal to 0, the variance of

the errors reduces to:

(Q.&LQEDZ_ [1 2]

As the value n represents the number of samples (whose values of qare

known) used to estimate qx , the semi-variogram value will. be known
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for each of the samples that constitute the set n, as the distance that
separates x from each of the samples is already known. As the semi-
variogram value is half the variance of the differences in the variable g
exhibited by pairs of samples separated by a distance h, multiplication of
the semi-variogram value by 2 will give a measure of the reliability
associated with an estimate made based on a sample a distance h away

from the unknown point.

The discussion of geostatistical theory presented in the previous section
has, by necessity, maintained a relatively low level of mathematics.
More detailed presentation of the mathematical foundation  of
geostatistics and the associated procedures may be found in Journel and

Huybregts (1978), David (1977) and Krige (1951).
2.6. Sampling Design for Geostatistical Surveys

The design of sampling grids for geostatistical surveys has received
some'attention in the literature. Wang and Qi (1998), using artificially
created sample sets, ascertained that a regular grid system exhibited the
best estimation performance. McBratney and Laslett (1993) recommend a
random approach to sampling when the data displays a short range of
correlation, nearest neighbour sites close to the unknown having strong
~ spatial correlation. Flatman er al (1988) describes a sampling plan
involving transects along the major axes with a regular grid at the
junction of the axes. Geostatistical procedures appear well suited to the
spatial analysis of soil properties and constituents for a number of
reasons. Many soil properties, including radionuclide levels, are
controlled by the underlying geology. Such parameters, in contrast with
those such as "*’Cs soil levels ‘(governed primarily by meteorological
variables), are more likely to be spatially correlated, nearby samples

being more similar than samples separated by large distances.
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Gilbert and Simpson (1983) investigated the application of geostatistical
procedures for the spatial anaiysis of fallout patterns around nuclear test
sites 1n the U.S. Badr et a14(1996) utilised semi-variogram analysis to
confirm geological control over soil gas radon concentrations, fitting
exponential models to raw semi-variograms. Litaor (1995) analysed the
spatial distribution of 239 + 2%y and **'Am around the Rocky Flats
installation in Colorado, adopting a semi-variogram analysis and p‘o_int
kriging for estimation, gaussian models being used to describe the
spatial continuity. Geostatistical analysis has previously been used_to
determine the distribution of ufanium, albeit only within an ore body.
Akin and Bianconi (1984) assessed uranium mineralisation within_a
surficial deposit in Australia. The uranium showed a strong degree of
spatial correlation, although the spherical models applied.to the semi-
variograms incorporated a large nugget effect due to a randém
component in the uranium’s spatial structure. Geostatistical methods
were adopted by Einax and Soldt (1994) in the investigation of heavy
metal contamination of soils, McBratney andv Laslett (1993) describing
some geostatistical approaches to a similar problem. Geostatistical
procedures have also been applied to the aﬁalysis o/f a number of other
environmental parameters including soil pH (Yost et al, 1982),
conductivity. (Russo and Bressler, 1981), sodium levels (Burgess and

Webster, 1980) and sand content (Vauclin er al, 1982).

Srivastava and Isaaks (1989) established that geostatistical methods
performed better than other methods of estimation for a number of
parameters and hypothesised that this was due to the implementation of a
customised statistical measure of distance rather than a geometrical
deséription.' Litaor (1995) observed, in comparing isopleth maps
produced by geostatistics with those produced by a least squares method,
that the kriging method eliminated some features visible in the other
maps. He ascribed the differences to the smoothing effect of the process,

kriging typically overestimating low values and underestimating high

45



ones. The assessment of the performance of kriging in relation to other
methods has been routinely performed in the mining industry. Barnes
(1977) compared geostatistics to a polygonal and inverse distance
procedures for ore evaluation, the geostatistical method performing
favourably. Knudsen et al/ (1978) contrasted geostatistics with more
conventional estimation methods, kriging outperforming the other
methods over the chosen parameters. McBratney and Laslett (1993) point
out that the implementation of geostatistics is often justified on the basis
that the values in a data set are more similar the closer they are in space.
Their argument 1s that other estimation procedures can highlight and use
this feature and that an empirical comparison of geostatistics in relation

to other methods has not been carried out in an environmental setting.

Although geostatistical procedures appear to be gaining acceptance in
the field of environmental monitoring, its only application to natural
radionuclides appears to have been within the mining industry itself.’
There 1s little or no indication in the available literature of its having
being applied to the monitoring of natural radionuclides in the
environment although it has been employed in the assessment of
contamination by anthropogenic radionuclides. While geostatistical
methods appear to offer a number of significant advantages over more
conventional estimation techniques and seem to be well suited to the
analysis of the distribution of natural radionuclides in soil, a number .of
points are worth considering. The application of geostatistics remains
relatively new in the field of environmental monitoring and have not
been implemented long enough to have gained wide acceptance.
Geostatistical methods are quite generél in relation to scale, examples in
the literature have ranged from centimeters to kilometers but it should be
realised that as the spacing between samples increases, the advantages of
treating a variable as regionalised become less and geostatistical
results begin to approach those of classical statistics., A large number of

unresolved issues appear to exist in the field. There remains no true
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measure of the goodness of fit of any theoretical model applied to the
raw semi-variogram, the most appropriate model often being chosen on
the basis of trial and error. The assumption that the applied model
describes spatial variability over the full region must always be made.
Disagreement appears to exist on the correct treatment of log normally
distributed variables and data sets exhibiting trends. The assumptions of
the intrinsic hypothesis cannot be verified in any meaningful way for any

data set.

Despite these caveats, the implementation of a geostatistical procedure,
after a meaningful and thorough examination of a data set, can offer
advantages over other estimation procedures. At the very least, the use
of such methods allows for a more in-depth analysis of a surveys’ results
than would be provided through the blind use of some of the more
conventional methods. The computational requirements of geostatistics
and the lengthy analysis involved, in combination with the problems
listed above may serve to deter researchers in the environmental field
from the adoption of such methods. Possible evidence for this is the
large amount of published material in the statistical and mathematical
journals and the relative lack of material in the earth science and
environmental area. When geostatistics are used, the implementation
often appears to suffer due to either a lack of exploratory analysis of the
" data or via the use of commercial software with little regard for the

quality of the final outputs.
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3.0. METHODS
3.1. Site Selection and Description (Survey 1)

The Cronamuck Valley lies on the north eastern per_iphery of the
Barnesmore pluton, between Cronamuck Mountain and Clogher Hijll,
running in a NE — SW direction for approximately 5 km. The site was
chosen for a number of reasons. The peat of the Cronamuck Valley had
previously been shown to exhibit elevated levels of natural radionuclides
(Irish Base Metals, 1979), as had the underlying geology (O’Connor,
1983). The geology of the area has been well defined and the granite of
the pluton maintains sharp contact with the surrounding country rocks.
The site is relatively accessible by foot during the summer months and is
sparsely populated. Little agriculture is conducted in the region, large
areas of the valley remaining un-modified by man. The main
modification 1s the recent planting of conifer plantations, with
associated drainage schemes, in some parts thhe valley. The soil in the
valley 1s a typical upland peat, depth being less than I1m on the sides of
the valley, deepening to up to 2m on the valley floor. Soils to the west
of the survey region are better drained, being sandy towards the base of
the soil. While there is still no agreed method of classifying organic
sotls (Cruickshank,1972), the method of Farnham and Finney (1965) has
been adopted throughout this study. Based on this classification, the peat
of the valley floor is an oligotrophic mountain peat. Naturally occurring
vegetation in the valley consists largely of heath plants (Calluna and
Erica spp) and bog sedges (Eriophorum spp).

The main drainage systems within the valley are the Cronamuck Riv\er
and Clogher Burn stream, both running in a northern direction along the
valley floor and joining with the Owendoo River, flowing from the west,
at the north eastern end of the valley (F.ig.g.). Both the Owendoo and

Cronamuck rivers are relatively wide (5 m) shallow, fast flowing rivers.

48



Clogher Burn is approximately 1 m wide, varying in depth (0.5 - 1.5 m)
and flow along its length. Along the deeper sections, the stream appears
almost stagnant, the flow becoming turbulent as the bed change from
deep silt to rock. Precipitation within the valley is heavy, average annual
rainfall being 1800 mm (Met Eireann, 1999). Where the waterways reach
the lowest parts of the valley, flooding of the soils is present throughout
much of the year. A number of small streams are also present within the
valley, the majority of which flow into Clogher Burn at various points.
Large amounts of rock outcrop are present within the valley,
predominantly along the sides of the valley and lessening towards the

valley floor.
3.2. Study Methodology

In order to fulfil some of the objectives of the study, a two stage
approach was implemented. The initial stage, termed Survey 1, served to
study the spatial distribution of the radionuclides within the valley. A
series of samples of peat from within the valley were taken and analysed
for uranium and thorium series radionuclides. The chosen radionuclides
were ~°U, ***Ra and **®Ra.The samples were also analysed for ‘K.

>**Th and **°U were analysed for butonly in

Other radionuclides such as
so far as they were necessary for the determination of the primary four.

238 226 : 3 :
U and **°Ra were selected as representative of the 2**U decay series,

228 232

Ra being chosen as an indicator for the “°“Th series. The behaviour of

U is unlikely to deviate significantly from that of 2*%U.

Although radium behaves slightly differently to thorium, the adoption of
*?%Ra as an indicator for the ***Th series seems reasonable given the
short half-life of ***Ra relative to the time spans involved in pedogenic
processes. In certain areas, behaviour of 2*°Th was inferred from. the
behaviour of ***Ra as the two isotopes of thorium (***Th and ***Th) do

not behave differently in relation to their chemistries.
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4000 m

| Metasediments

Figure 9. Map of the Cronamuck Valley, Co. Donegal. Open circles
denote the sampling locations of Survey 1. Rectangle denotes location of
Survey 2 but does not represent the actual size of the survey area. X and
Y indicate locations of water saturated depressions at the confluences of

Clogher Burn with two un-named streams.

The results from Survey 1 were analysed according to a geostatistical
procedure. This method was adopted for a number of reasons. The size of
the data set was limited by the relatively long analysis time required for
samples containing low levels of radionuclides. The valley also remains
inaccessible for much of the year, and given the logistics of moving
large samples of peat from the area, an approach that would yield the
maximum amount of information for a relatively small data set was

needed. For the reasons outlined in Section 2.5, geostatistics were
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deemed suitable for this study given the limitations detailed above. A
st-atistical comparison was made between the geostatistical estimation
procedure and a number of conventional estimation procedures in order
to investigate the performance of the geostatistical analysis in describing
the distribution of the radionuclides. Once 1isopleth maps of the
radionuclide levels within the valley had been obtained, the second stage

of the project was implemented.

The second stage of the project, termed Survey 2, was focused on areas
of elevated radioactivity highlighted by the results of Survey [. In order
to ascertain the chemical form of radionuclides within these areas, and
possible reasons for their enrichment, an in-depth analysis of a number
of samples from within the chosen areas was carried out. The analytical
sequence consisted of both chemical and radiochemiéal analyses,

necessary to fulfil the objectives of the study.

A broad range of chemical parameters of the soil were analysed in order
to determine possible reasons for, or controls of, the enrichment of
radionuclides within these areas. Parameters were chosen on the basis of
the findings of previous research cited in the literature, and included
iron and manganese levels (total and soluble) within the soil, redéx
status of the soils, humic acid content, total organic content and cation
exchange capacity. Many of these parameters have previously been
identified, or proposed, as controlling factors on the accumulation and
behaviour of natural radionuclides within soil.

All samples were analysed for total levels of the selected radionuclides,
the levels of the radionuclides in various fractions of the peat being
analysed using sequential chemical extraction with subsequent
radiochemical analysis. The fractions of the peat chosen for study were
exchangeable cations, easily oxidisable organic matter (which includes

humic acids) and amorphous iron oxides, radionuclides found in these
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fractions being deemed labile (capable of moving, or having moved 1in
the past). The three fractions chosen represent the fractions most
commonly reported in the literature as being responsible for the

enrichment of radionuclides within peat.

A number of depth cores were taken from within the enriched areas in
order to determine the vertical distribution of radionuclides and possible
vertical movement of the radionuclides within the peat. The cores were
differentiated according to depth as opposed to horizon, as horizon
~development within the peat was either poor or non ascertainable. The
depth cores were analysed in the same manner as the discrete samples.
Samples of vegetation and the underlying rock were also taken and

analysed for radionuclide content.

The drainage systems around the areas of enrichment were sampled and
analysed for a number of parameters. Chemical factors that either control
radionuclide content in surface waters or that act as indicators of
possible radionuclide content were analysed. ‘These include the redox
status of the water, total dissolved solids, metal content and radionuclide
content. The purpose of this stage of the project was to determine
whether or not waterborne radionuclides may be responsible for the

elevated radionuclide levels in the region studied as part of Survey 2.

A number of activity ratios were also studied in both Surveys 1 and 2.
The ratios 226Ra/z”Ra, 228Ra/**%U and **°Ra/**®U were chosen for a
number of reasons. The study of the ***Ra/**%U ratio allows for

assessment of the state of secular disequilibrium in the ***U series.

228

Adopting Ra as an indicator for **’Th (and assuming **?Th

immobility) allows decisions to be made on whether variations in the

238

226Ra/?**U ratio are due to either >**U enhancement or depletion or **Ra

enhancement or depletion.
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3.3. Sampling Rationale

The sampling plans for the two surveys differed due to the different
objectives of each survey. The plan for Survey 1 involved taking samples
to describe spatial patterns within an area of 20 km?. The second
involved taking samples from an area of less than 2500 m? in order to

describe chemical and radiochemical conditions. The sampling plan for
Survey 1 involved the identification of 60 sites (Fi1g.9., co-ordinates
provided in Table 1, Appendix 1) within a 4 x 5 km rectangle
encompassing the Cronamuck Valley. The bottom left hand corner of this
rectangle was assigned the easting — northing co-ordinate of 0,0. These
sites were chosen as Being readily identifiable on a small scale (six inch)
map using location markers such as stream confluences, etc. Circles with
diameters of 300 m were inscribed around each site and a sample was
selected from within the circle 1n the following manner. Two random
numbers were generated on a calculator to describe a direction and
distance from the circle centre from which the sample was being taken.
The estimated error in the co-ordinates for any point was +/- 20 m in any
direction. Sites that were flooded, hazardous or occurred over rock
outcrop or water were reselected via a second set df random number;s.
Although regular sampling grids are common in geostatistical surveys a
gr'i’d system was not adopted for a number of reasons. The nature of the
terrain in the valley meant that for any realistic grid of approximately 60
— 80 samples, up to 20% of the samples could not be taken from the
points dictated by the grid due to their falling on rock outcrop or water.
The exact location of points on a grid would also have required the use
of a theodolite which proved extremely difficult from a logistical point

of view.

Samples of soil were selected from the base of the peat bed for a number
of reasons. Geostatistical analysis requires that all samples are taken

from the same “support” or matrix in relation to a possible contaminant-
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source. This means that if studying, for example, the distribution of
surface contamination from a stack, all samples must be taken from the
surface or from an equal depth bélo.w the surface. To describe the spatial
"distribution of radionuclides in peat, the samples selected must only vary
in relation to their position within the region and not in their relation to
the contaminant source, in thi_s case, the bedrock. Given the variable
depth of the bog, this meant selecting all samples from just above the
rock-soil interface. Furthermore, plants have been shown to enrich
radium in the surface layers of soil (Greeman and Rose, 1990), therefore
samples of soils from the surface may not always be representative
of the soil column or of conditions pertaining throughout the peat.
Establishing the ‘surface’ of the peat in the region also proved difficult
due to the varying depth of the organic mat lying on the top of the peat

in the region. :

A region of elevated radioactivity (location X, F1g.9.) was selected for
the location of Survey 2, based on the results of Survey 1. The sampling
plan for Survey 2 differed in that more detailed information was required
from the samples taken. Two sites were selected at random within the
region (Fig.10.). Pits were excavated to the underlying rock and samples
taken at incremental depths of 15 c¢cm from the walls of the pits. A
number of other sampling sites were selected within the region and
samples were taken from the soil-rock interface. Two further pits were
excavated at sites calculated to be outside the elevated region and -
sections were taken in the same manner as before. Samples of rock were
taken from the base of a number of pits, this being achieved by removing
the first inch of rock with a geological hammer and then taking a sample
from the fresh material underneath. The first centimetre was removed as
in all cases it was heavily weathered and cracked and may not have been

representative of the rock itself.
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Water from the drainage system of the valley was sampled at random
along lengths of the rivers and streams that constitute the drainage
system of the chosen region. Samples were selected from both upstream
and downstream of the enriched'aréa, and also from a river -(the
Owendoo river) well removed from the area. Figure 11. indicates the

locations from which samples of river and stream water were taken.

E6 /Site C(D.C)

E1l ” _
\ / _
° Site A

(D.C)

ey |
: a
Site F( D.C.)

500 m

Figure 10. Location of sampling points of Survey 2. D.C. denotes depth
sections, shaded area denotes water saturated depression at location X.
Sample locations 9, 41 and 54 were drawn from Survey 1 but included in

Survey 2 due to their location.



Cronamuck River 500 m

Figure 11. Location of surface water sampling sites.
3.4. Sample Preparation
3.4.1. Soil

Soil samples consisted of 10-15 kg of wet peat. Large stones and twigs
were removed before placing the samples in polyethylene bags. The
inclusion of fresh vegetation in the samples was évoided where
practicable. The bags were partially evacuated and sealed to reduce loss
of moisture before being transported to the laboratory. Once in the
laboratory, the samples were placed on aluminium foil covered trays,
weighed, and transferred to a fan assisted oven. The gross samples were
dried at 110° C for 48 hours. Once dried to constant mass, the samples

were reweighed to establish moisture content. Where possible, soils were
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dissaggregated with a rubber stopper before being sieved through a 2 mm
stainless steel mesh. In some cases the dried peat formed hard nuggets
which were resistant to dissaggregation. These were ground using a
stainless steel food blender before sieving. The powdered dried soil was

then backed into 11 Marinelli re-entrant beakers for gamma analysis.

The samples of Survey 2 were treated slightly differently from those of
Survey 1 in that once the radiometric analysis was complete, the
contents of the Marinelli beakers were riffled and a portion of
approximately 150 g was removed. This portion was ground to a fine
powder in a steel mill grinder, riffled again, and 100 g of this material
was taken for the sequential chemical extractions. A further 10 g of this

material was used in the chemical analyses.
3.4.2. Rock

Rock samples consisted of 3—4 kg of rock in each case. The rock was
washed in distilled 'water and scrubbed with a plastic brush to remove
any adhering detritus. The samples were then crushed to less than 2 mm
using a stainless steel hamrﬁer and thick polyethylene sheeting. Crushed

samples were then packed in Marinelli beakers for gamma analysis.

3.4.3. Water

Water samples were collected 1n acid washed (10% AnalaR HNO: for
three days) 1 1 plastic bottles. Each bottle was rinsed with the river
water before the bottle was filled. On return to the laboratory, the
samples were filtered (0.45 pum) and split into two portions. The first
was acidified with concentrated HNO; and stored, the second was_left

unacidified and stored.
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3.4.4. Vegetation

Samples of vegetation were washed in distilled water and then placed on
2 mm wire mesh. Distilled water was then sprayed over the sample for a
period of 2 hours in ord.er to remove adhering soil particles. The samples
were then placed on aluminium foil trays and dried at 101°C for 48
‘hours. Once dried, the vegetation was then ground to less than 2 mm

using a stainless steel food blender.

3.5. Analytical Methods
' 3.5.1. Radiometric Analysis

The primary radioanalytical technique employed throughout the project
was high resolution gamma ray spectrometry. The system employed
consisted of a high purity germanium detector coupled with an 8 K
multi- channel analyser. The analysis package consisted of the GENIE-

PC software suite.
3.5.1.1. Detector Calibration

Given the fact that a broad range of sample matrices were to be analysed
throughout the course of the project, the detection system was calibrated
for a number of different sample matrix densities in order to eliminate
the possibility of self absorption errors between samples and standards.
This was achieved using the methods outlined by Nemeth and Parsa
(1992). A range of artificial calibration sample matrices were created
from varying proportions of sawdust and sand, the range of densities
being from 0.5 g/cm® to 1.2 g/cm’. The components of the calibration
samples were chosen to reflect the organic and inorganic constituents of

the samples likely to be analysed through the course of the project.
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The calibration solution consisted of a traceable mixed radionuclide
standard solution obtained from the French Commissariat A L ’Energie
Atomique (Ref. No. ELMA60-9MLO1, Appendix 4). The solution
contained known activities of 10 radionuclides em'itting gamma radiation
in the energy range 59.5 keV to 1836.0 keV. This solution was diluted to
1:100 using new, calibrated, Grade A volumetric glassware, the diluent
being IM HCI (AnalaR grade with ultra pure water). Each ml of the
dilution contained a total activity of 8.91 kBq +/- 4%.

Three 1 1 volumes of each density matrix were prepared. 100 g of the
material was removed from each 1 | volume and placed in an acid washed
porcelain crucible. 1 ml of the standard dilution was added to each 100 g
portion using a calibrated pipette. The crucibles and contents were then
dried at 90°C for 6 hours. The contents of the crucibles were then
homogenised by grinding of the contents (within the crucibles) with a
pestle. The contents of the crucibles were then returned to their
respective 1 |1 volumes, each volume being homogenised using a 2 mm
aperture sieve. The matrices were then packed into 1 1 Marinelli re-
entrant beakers. All practicable precautions were taken to avoid loss of
material in the preparation and packing of the standards and cross

contamination of standard matrices.

Each standard matrix was counted for a period long enough to ensure
that the total count in the smallest peak was greater than 10,000 counts
after background correction (negligible in all cases). The average
efficiency of the three standards at each density was taken as the
counting efficiency. In no case did the S.D. of the efficiency for the
three standards for each density vary by more than 5% (lc). The
procedure was also repeated for an aqueous matrix to allow for analysis

of liquids.
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Figure 12. Vanation in counting efficiency (%) as a function of energy

(keV) for a number of matrix densities.

Efficiency and energy calibrations were checked via analysis of TAEA
Reference Material 152 (contaminafed milk powder, Appendix 4.) and
periodically throughout the course of the project using aliquots of ***Ra
standard solution R9/50/151 (Appendix 4.) which had been hermetically
sealed for 60 days to allow for radon ingrowth toloccur. Results were
typically within 5% of the certified value. Results of the calibration
procedure for a number of different matrix densities are detailed in
Fi1g.12 as a plot of detector efficiency (%) against energy over the range
58 keV to 391 keV. The effect of matrix density on efficiency is greatest
at gamma energies of less than approximately 300 keV, variations in
efficiency due to varying matrix density diminishing at energies higher

than 300 keV.
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3.5.1.2. Isotope Analysis ‘

Analysis of the radionuclhides of the uranium and thorium series was
achieved via the emissions of a number of the daughters of the

progenitors of both series.

3.5.1.2.1. 2**U Analysis |

Quantification of ***U is complicated by the fact that ***

U itself has only
a weak emission at 49.5 keV (< 0.07% emission probability). The direct
determination of ***U in environmental samples 1s therefore
impracticable by gamma ray spectrometry. A number of daughter
nuclides however have sufficiently strong gamma emissions which may
be utilised to determine ***U activity, these being *°Ra, ***Th and

234 235 . . : . S
234m pa ?P’U, whose isotopic abundance is constant in the vast majority

238

of environmental samples, may also be used to infer U activities.

There are problems associated with each daughter however, wh‘i‘ch

d **°Ra at

further complicates the procedure. The emissions of 230U an
185.7 keV and 186.1 keV respectively cannot be resolved by
conventional gamma ray spectrometers. In samples of high activity (ca.
1000 Bq/kg), the *’U contribution to the joint peak at 186 keV. may be
assessed via it’s emissions at 163 keV and 205 keV. This is not
practicable with the activities exhibited by the majority of environmental

samples. The **°

Ra contribution may be determined by hermetically
sealing the sample container for a period sufficient to ensure secular
equilibrium between **°Ra and its daughters, >'*Pb and 2'*Bi (> 30 days)

and utilising their strong gamma emissions.

Alternatively, the immediate *®U daughter, ***Th, may be used via 1t’s
emissions at 63 keV and the doublet peak at 92 keV. ***Th, with a half

life of less than 30 days, is generally accepted to be in secular
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equtlibrium with it’s parent, é”U, in soil samples (Miller and
Loosemore, 1971). Problems arise due to the fact that samples which
contain high levels of thorium may produce thorium (K) X-rays in the 92
keV region and that the 63 keV peak also includes contributions from
“*ITh (emission probability 0.023%) and ***Th (emission probability <
0.255%). Given that “>U (of which **'Th is a daughter) levels in
environmental samples are usually low and the low emission probability,

the »!

Th contribution at 63 keV may safely be ignored.

The use of the '™ Pa peak at 1001 keV has received some attention as
a means of quantifying **U. Sutton er al (1993) could not find
equilibrium between Pa®*™ and ***U in silt samples. Their work
id'entifies inconsistencies between data published (at the time of their
paper’s publication) on the emission probabilities of this isotope and
conclude that i1ts emission probability is closer to 0.91% as opposed to
the previously accepted value of approx. 0.589%. A more recent piece of
work by Yucel et al (1998) investigated the use of this peak and
concluded that it provides quantitative measures of **U activities for
count pertods of less than 14 hours. The quoted probability in this case
was 0.835%.

The procedure adopted in this project was to quantify the **®

U activity of
the samples via the 2**Th emissions. This was decided on for a number of
reasons. Given the controversy surrounding the 1001 keV peak of 2**™ Pa,

the fact that **°

U activities in the samples were relatively low
(indicating a low ?*'Th contribution at 63 keV), logistical p‘roblems
surrounding sample storage (to allow radon equilibration) and the‘lo.w

24Th method was deemed most

thorium levels in the samples, the
suitable. The method was tested for a. number of samples (phosphate
fertilisers and a uraniferous soil from Finland) displaying moderate to
high “™U and *’Th activities and assured 2 *Th/*%U equilibrium 2°U

activities in these samples were sufficient to allow for quantification via
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the 205 keV_peak In_all cases_the activity of 238U determined ‘vi_a*'t'he
23%Th peaks agreed (within counting error) with the activity of ***U
determined via the **°U peak (utilising a 2**U/*’°U activity ratio of

21.4).

3.5.1.2.2. ?*°Ra Analysis

Once the ***

U activity of the sample had been determined, the **°U
activity was determined using the activity ratio given above. The iy
contribution to the 186 keV peak was determined using the following -

relationship:

**U Counts = (A¥°U) Cr Ry Effigs W

235

where A®’U is the activity of **°U (Bq), Cr is the count time in

seconds, Ry is the emission probability of “**U at 185.7 keV and W is

235

the sample mass in kg. The “°"U contribution was then subtracted from

the peak area and the **°

Ra activity was determined.

In the case of the liquid samples from the sequential chemical extraction
procedure, a different procedure was used. Samples were sealed in the
Marinelli beakers for in excess of 40 days to allow for radon
equilibration. The **°Ra activity was then determined via the emissions
of 2'*Pb and *''Bi at 352 keV and 609 keV respectively. In a manner

226

similar to the “°°Ra determination in solid samples, the **’U activity was

determined, and hence, the 238

U activity.

The ability of the sealed Marinelli beakers to retain radon gas was
assessed using a traceable *?°Ra standard solution (Radioactive
Reference Solution No. R9/50/151 from Amersham Intl. Plc., Appendix
4.). An aliquot of this solution containing 9 Bq of **Ra was placed in

600 ml of the extraction solution, this being repeated three times for
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each of the three extracting agents (9 solutions in all). The solutions
were de-gassed using an ultrasonic bath for 1 hr and then made up to 11
with ultrapure water before sealing in the Marinelli beakers. The beakers

were sealed with thick PVC electrical insulation tape.

12

Activity Bg/l
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Figure 13. Plot of ?'*Pb and *'*Bi activity (Bq) against time.

The activity of *'*Pb and *'*Bi was measured at various times over a 40
day period, the average activity of the three standards for each
extraction solution being plotted against time to investigate if secular
equilibrium was attained. As can be seen from Fig. 13, radioactive
equilibrium (90%) was achieved under the conditions employed in a

period less than 40 days.
3.5.1.2.3. 2**Th Analysis

232 c o ) . .
Th does not possess a gamma emission allowing for direct

determination by gamma ray spectrometry. The most common means of
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assessing 232Th levels in samples is via one of its daughter nuclides. The
nuclides most commonly reported for this purpose 1n the literature are
“12ph at 239 keV (Zikovsky and Blagoeva, 1994), 2°®*T1 at 583 keV and
2615 keV (Baeza er al, 1994) and “**Ac at 911 keV, 968 keV (Malanca et
al, 1996). 2*Ac is always in secular equilibrium with it’s parent *2*Ra
(due to the ***Ac half-life of 6.13 hours) and, given the “**Ra half-life of
6.7 yrs and its relative immobility in the surficial environment, it seems
reasonable to assume equilibrium between ***Th and 228.Ac, Throughout
this project, ©**Th activities were assessed using the “**Ac peaks at 911
keV and 968 keV. The *'*Pb peak was deemed unsuitable due to the
interference from “'“Pb and the *“*T] peak at 2615 keV was unobservable

for technical reasons.

3.5.1.2.4. K Analysis }

" Measurement of this radionuclide by gamma ray spectrometry is
relatively straightforward given that *°K possesses a stron‘g, well

separated peak, at 1460 keV, by which it was determined.
3.5.1.3. Nuclear Data

The nuclear data used throughout this study (emission probabilities, half
lives, gamma energies) was taken from a number of sources, tabulated

in Table I1.

3.5.1.4. Counting

Samples were counted for a period sufficient to ensure a 20 counting
error of less than 10% (15% for **°Ra) after correction for laboratory
background. Typical count times varied from 1 day to 1 week. Nuclides

were identified using a library driven search routine. Once the spectra
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had been obtained, the appropriate detector calibration (based on matrix
density and constitution) was used for quantitative analysis. Repeated (6

times) analyses of one sample yielded a repeatability of better than 9%.

Nuclide Ener.gy (keV) | Intensity (%) Source Half-life
Reference.
B4ATh 63.2 4.80 Adsley et al, 1998 24.10 days
92.3/92.8(D) 5.58
S b 185.7 57.20 Ruellan ef al,1996 | 7.038E+8 yrs
205.3 5.01
*2%Ra 186.2 3.59 Karmalitsyn er al, 1600 yrs
1996
214pp 241.9 7.43 Shizuma et al, 1992 26.8 m
295.2 19.30
351.9 37.60
214Bj 609.3 46.10 Shizuma e al, 1992 19.9 m
28Ac 911.2 25.80 6.15 hrs
968.9 15.80 Arpesella et al, 1996
'K 1460.8 11.00 El-Daoushy and { 1.277E+9 yrs
Garcia-Tenono,
s 661.6 85.10 1995. 30.07 yrs
Arpesella er al, 1996

Table II. Selected gamma ray emissions (keV), emission intensities (%),

latest reference sources and half-lives of studied radionuclides. m =

minutes, hrs = hours and yrs = years.
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3.5.1.5. In-situ Gamma Measurements

A number of measurements of gamma radiation levels in the field were
taken as part of Survey 2. These measurements were made using a 3x3
inch Nal scintillation crystal connected to an ELECTRA ratemeter from
NE Technologies Ltd.

3.5.1.5.1. Detector Calibration

The ELECTRA 15 a single channel ratemeter employed typically as a
contamination meter which provides no information as to the gamma
en‘ergy range being detected. As the instrument was required to delineate
localised differences in gamma flux due to uranium series radionuclides,
it was therefore necessary to establish some means of preventing
radiation from other radionuclides, primarily the higher energy *°K and
2371 emissions, from being detected. This was achieved via
manipulation of the applied detector voltage (HV) and the upper level

discriminator (ULD) in the following manner.

Two sources, ‘°K and °°Co, were suspended over the detector crystal at a
distance of approximately 100 mm. The HV value was noted and the
ULD was reduced to its lowest value and the count rate recorded. Counts
were allowed to accumulate until approximately 10,000 had been
recorded to reduce the statistical error to an acceptable level. The ULD
was then increased by 0.1 V and the count rate noted again. This
procedure was repeated until the maximum ULD (3.0 V) was reached.
The 1°* differential of the count rate was then plotted against the ULD to
obtain a gamma spectrum (Fig.14a.). The ULD value corresponding to
each of the three photopeaks was then recorded. This entire procedure
was repeated for a variety of HV settings. The variation in the ULD
setting required to “record” events from the two radionuclides as a

function of applied HV is shown in Fig.14b.
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Figure 14a. *°Co spectrum obtained using procedure outlined in Section. .
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Figure 14b. Plot of applied high voltage against upper level
discriminator (ULD) obtained during energy calibration of the ELECTRA

ratemeter.
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Using the information contained in Fig.14b. allowed settings to be made
to both parameters that prevented the ratemeter recording counts at
energies higher or lower than the energy bracket of interest. In this case,
the energy bracket was between 100 keV and 700 keV which
encompasses the strong emissions of >’U and the majority of 28y
daughters while avoiding interference from K** (but not *’K Compton
events). As no attempt was being made to quantify radionuchide levels

using the instrument, 1t was not calibrated for such measurements.
3.5.1.5.2, Field Measurements

The detector housiﬁg was mounted within a polypropylene frame such
that the detector face was elevated 15 cm from the ground. This distance
was chosen as the gamma energies being measured were of relatively low
energy and would therefore undergo significant attenuation over greater
distances, even in air. A secondary reason was that local readings were
required, the reading obtained being intended to represent a region of
less than 10 m in diameter. Given the undulating topography of the area,
it was considered possible that, at a higher elevation, the detector may
have picked up on lateral emissions coming from hillocks etc. adjacent
to the area where the reading was being taken from. Count times were
typically 15-20 minutes long resulting in total counts of between 5000
and 10,000.

3.5.2. Chemical Analysis

3.5.2.1. pH

The pH value of the soil was measured in situ. A small depression was
made in the peat and allowed to fill slightly with soil water. A calibrated
portable pH electrode and temperature probe were then inserted into the
hole and left to equilibrate for 600 s before the reading was taken. In

very dry samples, some distilled water was added to the hole to improve
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electrical conductivity. For water samples, the probe and temperature

probe were left to equilibrate for a period of 60 s before being read.
3.5.2.2. Eh

Eh measurements, related to the redox potential of the soil, were also
made in situ. A hole was made in the peat and a portable redox probe
was then inserted into the hole. The probe was left for 600 s to
equilibrate before reading. For water samples, the probe was left to

equilibrate for 180 s before the reading was recorded.

3.5.2.3. Moisture Content

On receipt into the laboratory, the weighed sample of soil (approx. 10 —
15 kg) was dried at 110°C for 48 hrs or to constant mass. When cool, the

sample was reweighed, loss in mass being the moisture content,
3.5.2.4. Organic Matter

Organic matter was determined via loss on ignition for 4 hrs. A known
mass of powdered soil (approx. 5 g) was placed in a fired (900° C for 12
hrs), pre-weighed crucible and heated at 500° C for 4 hrs. The crucible
was then cooled in a dessicator and weighed. The loss of mass on

ignition was taken as the amount of organic matter present in the sample,
3.5.2.5. Cation Exchange Capacity

Cation exchange capacity was measured using an adaptation of the
sodium saturation method (Chapman, 1965). 40 - 6.0 g of dried
powdered soil were placed in a round bottomed polyethylene centrifuge

tube. 33 ml of a 1.0 N NaOAc solution (pH 7.5) were added and shaken
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on a rotary shaker for 5 min to remove adsorbed cations. The suspension
was then centrifuged at 10 k rpm for 10 min, the supernatant being
discarded. This procedure was performed three times. Three 33 ml
aliquots of propan-2-ol were then used to rinse the soil, following the
same centrifuge procedure as before. Finally, three 33 ml aliquots of 1.0
M NH;OAc were used to desorb the adsorbed sodium. The supernatants
1n this final stage were filtered through a 0.45um filter before being
combined and made up to 100 ml in a volumetric flask. The sodium
content of the supernatant was determined using flame photométry. The
amount of sodium adsorbed per gram of peat was then used to determine

the cation exchange capacity of the samples in meq/100 g.

In order to estimate the reproducibility of the procedure, one
homogenised sample of soil was subdivided into three portions, each
portion being analysed as above. The standard deviation of the results

was less than 10%.
3.5.2.6. Humic Acid Content

The humic acid content of the samples was determined via extraction
with 0.5 M NaOH (Stevenson, 1965). An accurately weighed amount
(1.0-2.0 g) of dried powdered soil was placed in a 50 ml polyethylene
centrifuge tube to which was added 40 ml of 0.5 M NaOH solution. The
suspension was shaken for 1 hr before being centrifuged at 10 k rpm for
10 min. The supernatant was discarded and the solid material was
resuspended in fresh 0.5 M NaOH before being shaken for 1 hr and
centrifuged as before. This process was repeated until the supernatant
ran clear four successive times. The solid material was then resuspended
in distilled water and centrifuged as above. The solids were then
transferred to a fired, preweighed crucible and dried at 110°C for 24 hrs.
Once dry, the samples were weighed, the humic acid content being the

loss in sample mass, expressed as percent (w/w). The procedure was
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repeated on three replicate samples, reproducibility being better than
12%. Subtraction of the humic acid percentage from the total organic
matter percentage provided a value for the non-humic content of the

samples.

3.5.2.7. Total Iron, Manganese, Calcium and Potassium

Weighed amounts of dried, powdered sample (approx. 1 g) were leached
with 5 ml of 3:1 HCI:HNO3 for 1 hr at 90°C before being filtered through
a glass fibre pre-filter, then through a 0.45 um filter. The leachates were
transferred to 100 ml volumej(ric flasks and made up to volume with
distilled water. The i\;on, manganese and calcium contents of the
leachates were measured wusing atomic absorption spectrometry,

potasstum being measured by flame photometry.

L]
)

3.5.2.8. Soluble Iron, Manganese, Calcium and Potassium Content

A known amount of dried powdered soil (approx. 10 g) was placed in a
beaker with 50 ml of distilled water and shaken for 1 hr. The suspension
was then filtered through a glass fibre pre-filter before being filtered
through a 0.45 um filter: The solutions were then added to 100 ml

volumetric flasks and brought up to volume with distilled water.
3.5.3. Sequential Extractions

The chemical reagents used to extract the various fractions of the peat
were those adopted by Greeman (1990), the solid/liquid ratios being
those of Bunzl er al (1995). These methods offer a number of advantages
over those such as Rose et a/ (1977) by using reagents that are more
specific than those of earlier workers. Hence, MgCl; replaces NH4sOAc

for the extraction of exchangeable cations, and NaOCl replaces the more
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aggressive hydrogen peroxide for the extraction of easily oxidisable
organic matter. No distinction was made between manganese and iron
oxides in the selection of sodium dithionite as the extracting agent. All
reagents were adjusted to pH S +/- 0.5 as this approximates the actual pH

of the soil samples.

3.5.3.1. Sequential Chemical Extractions - Methods

The following procedures were used for the sequential chemical
extractions of the soil. All practicable means were taken to ensure that
no cross contamination occurred between samples and that no sample

was lost at any point in the procedure.

3.5.3.1.1. Exchangeable Cations

100g of powdered, dried soil was placed in an acid washed (10% HNO;
for 4 days) 1 | polyethylene bottle. 600 ml of 1 M MgCl, was added and
the bottle was shaken on a shaker table for 2 hrs, at room temperature,
before being let stand for 30 min. The supernatant was filtered
(Whatman No.6), the solids being washed with 300 ml of distilled water
and refiltered. The washings were added to the initial filtrate and
filtered through a 0.45 um filter. The solution was stabilised with 1 ml
of concentrated HNO: and made up to 1 | with extracting agent before
being prepared for gamma analysis. The solid residue was then returned

to the plastic bottle for the next extraction.

3.5.3.1.2. Easily Oxidisable Organic Matter

To the solid residue from the previous stage were added 600 ml of an
aqueous 5% NaOCl solution. The bottle was shaken for 2 hrs then let
stand for 30 minutes. It was necessary to periodically vent off gaseous

chlorine produced in the reaction and no attempt was made to reduce the
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significant amount of heat generated in the bottles by the oxidation of
the organic matter. The supernatant was poured into 50 ml centrifuge
tubes and centrifuged at 10 k rpm for 5 min. The supernatant liquid was
stored, the solids being returned to the bottle and washed with 300 ml of
distilled water. The solids were kept suspended and the mixture was then
centrifuged again at 10 k rpm for S min. The supernatants were bulked,
and brought to 1 1 with extracting solution before being prepared for

gamma analysis.

3.5.3.1.3. Extractable Iron (and Manganese) Oxides

The solid residue of the previous stage was mixed with 600 ml of
extracting solution consisting of 50 g sodium dithionite per litre of a
0.3 M sodium citrate/0.2 M sodium bicarbonate buffer. The mixture was
maintained at 80° C for 1 hour in a. water bath. It was necessary to
release hydrogen sulphide gas at various stages in the extraction. Once
complete, the suspension was allowed stand for 30 min; the-supernatant
was centrifuged at 10 k rpm for 5 min, the solids being washed with 300
ml of distilled water before being centrifuged again. The supernatants
were bulked, and filtered through a 0.45um filter. The extracts were then
brought to 1 1 with extracting solution before being prepared for gamma -

analysis.

A blank was prepared for each extraction, consisting of the appropriate
volume of extracting solution without any soil. The blanks were treated
n ekactly the same manner as the samples. Reproducibility was
estimated by conducting the extractions on four aliquots of an
homogenised soil sample. The RSD for each extraction over the four

samples was better than 18%.
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3.5.4. Chemical Analysis - Water
3.5.4.1. pH and Eh

Measurements of pH, Eh and conductivity were conducted in the field
using calibrated portable probes, an equilibration time of greater than 60

s being allowed before a reading was taken.
3.5.4.2. Total Dissolved Solids

A 50 ml aliquot of filtered (0.45 um) unacidified sample was placed in a
weighed, acid washed and fired 100 ml porcelain evaporation dish. The
sample was then placed on a steam bath until the liquid was completely
evaporated and the dish was then dried at 80°C. Upon cooling to room
temperature in a dessicator the dish was reweighed and the dissolved
solid load of the sample calculated. All samples were analyse\d n

triplicate, the average of the three results being reﬁorted.
3.5.4.3. Metal Analysis

Analysis of the water samples for total iron and uranium was conducted
by PlasmaTech Ltd, Business Innovation Centre, Ballinode, Sligo using

Inductively-Coupled Plasma Mass Spectrometry (Varian PlasmaQuad).

Operational conditions were as follows:

Rf power: Forward - 1.4 kW
Reflected - 4 W
Gas control: Auxiliary - 0.55 1/min
Coolant - 12.75 I/min
Nebuliser - 0.911 I/min

Spray chamber: Double bypass, water cooled Scott-type
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Ion sampling: Nickel 1.0 mm orifice sampling cone, nickel 0.75
mm orifice skimmer cone.
Vacuum conditions: Expansion - 2.7 . 10° mbar, intermediate

-0x10™* mbar, analyser - 3.7 . 10°® mbar.

Sample flow: 1 ml/min.
Torch: Conventional ICP—AES.
Nebuliser: Metnhard.

The instrument was calibrated with NIST traceable reference standards
and quality control was conducted using a traceable riverine water
reference solution (SLRS-2, National Research Council Canada).
Analysis of this solution under the analyticai conditions employed for
this project yielded results within 5% of the stated value with a precision

of better than 10%.
3.6. Geostatistical Analysis

The data set from Survey 1 was entered into a matrix consisting of
easting and northing co-ordinates (m), (Table i, Appendix 1) and

activities of the samples for the radionuclides 28U, ?*°Ra, ***Ra and K.
3.6.1. Semi-Variogram Analysis

Semi-variogram analysis and theoretical model fitting was performed
using Variowin Ver.2.2 (Pannatier, 1996) and GEO-EAS (Englund and
Sparks, 1988), some analysis being conducted using GEOSTATISTICAL
TOOLBOX (Froideuaux, 1990). Although the gross features of semi-
variograms can be determined relatively easily, fine tuning of the range
and sill parameters was conducted using a cross validation procedure in
conjunction with simple point kriging. Cross validation involves the

elimination of a known sample point from the matrix and the estimation
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of that point using the kriging conditions and semi-variogram model
chosen. The process 1s repeated until all samples have been estimated.
The comparison of the estimates with the actual values allows
assessment of the performance of the kriging procedure (and the semi-
variogram parameters). Between 10 .and 20 models were tried for each
semi-variogram {(omni- and directional), the models differing in range
and sill value, the model producing the lowest average error and the
smoothest error map being selected. An omni-directional semi-variogram
was constructed for each radionuclide as well as four directional semi-
variograms for each radionuclide to assess the degree of anisotropy

present.
3.6.2. Kriging

Ordinary block kriging of the data was performed using GEO-EAS.
Areas of 250 x 250 m were established, 16 estimated points lying in each
block, resulting in a grid of 320 estimates. A search radius of 1200 m
was implemented around each point to be estimated, a minimum of 3
known points being required in each search radius (maximum 14) before
estimation would take place. The search conditions employed were based
on the results of an extensive series of cross validation analyses. Once
the kriging process was finished, the estimates were contoured using the
GEO-EAS contouring sub-program. Where the natural logarithms of data
were used in the kriging process, back transformation was achieved

using the equations provided by Litaor (1995).
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4.0. RESULTS and DISCUSSION
4.1. Spatial Distribution of Radionuclides

One of the primary objectives of the project was to establish how natural
radionuclides were distributed within the soil of the Cronamuck Valley.
This section discusses the results of Survey 1 which was conducted 1n
order to ascertain how natural radionuclides are distributed within the

valley via the implementation of a geostatistical procedure.
4.1.1. Survey 1: Preliminary Investigations

The data set from Survey 1 consisted of spatial co-ordinates and specific
activities of 2*8U, ?2Ra, 2*®Ra and *°K for 60 samples drawn from the
survey region. Summary statistics for each of the radionuclides are
' presented in Table III, raw data being presented in Table i., Appendix 1.
All of the radionuclides distributions are influenced by the presence of
small numbers of samples exhibiting high levels ' of radionuclides
causing the frequency distributions for the radionuclides to skew to the
left (Fig.15a.). Only *°K passes the Kolmogorov — Smirnov test for
normality (p = 0.574), with ***Ra passing the test (p = 0.073) only after
removal of the largest three values from the data set, reflecting the

22%Ra data set. Construction of

underlying normal distribution of the
probability plots for the four radionuclides indicated lognormal
distributions for >**U, **Ra and ***Ra (Fig.15b.). The probability plot
for *°K supported the normal distribution indicated by the iniAt'ial
statistical analysis of the data. If two or more distributions are identical
then quantile-quantile plots of the distributions will produce a straight
line (Srivastava and Isaaks, 1989). In order to investigate tlhe
relationship between the distributions of the three radionuclides, the data

set for each radionuclide was ranked in ascending order and both 2*Ra

and “**Ra were plotted against **U (Fig.16.).
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7_38U 226Ra 228Ra dOK 226Ra /238U
N 60 60 60 60 60
Mean 793 1047 | 358 | 526.4 1.70 °
Std. Dev. 149.9 1255 25.1 278.1 1.02 -
Skew. 3.78 1.50 1.93 -0.06 085 .
Min. 2.7 4.0 3.0 8.0 047
25% tile 20.0 24.5 22.6 354.3 121
 Median 295 477 30.5 551.3 . 147
75% tile 87.9 1113 39.0 697.0 211
Max. 788.0 479.0 135.0 1088.0 5.54

238
/

Table II. Summary statistics of sample activities and ***Ra/*’*U activity

ratios of samples taken in Survey 1. Activities in Bq/kg.

The ***Ra and *’®U distributions remain relatively similar at the. lower
end of each distribution although the distribution of *?°Ra differs
significantly from ***U across the entire range of values. Significant
differences between the ***Ra and ***U distributions are however obvious
at the higher end. Such a plot for a normal distribution should yield a
straight line and this fact serves to demonstrgte that the deviation from
normality in the *?°Ra and *?®Ra sets is primarily caused by the high
values in the sets. As this project is concerned mainly with the three
radionuclides 22(’Ra, 22%Ra and 23U the degree of correlation between
these radionuclides was tested using Spearmans rho correlation for non—
normal distributions. Each of the radionuclides exh‘ibited strong

correlation with each other (Table 1V.).
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Figure 152. Histograms of the distributions of ***U, **°Ra, ***Ra and *°K

for the 60 samples of Survey 1.

To investigate whether the radionuclide content of samples extracted
from the part of the valley underlain by the granite differed from the
radionuclide content of samples drawn from the metasediment area of the
valley, the Survey 1 data set was split into two groups, the groups being
designated on-pluton and off-pluton for convenience. Summary statistics
for the two groups are presented in Tables Va and Vb, raw data for both

sets 1s presented in Table i, Appendix 1.
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Figure 15b. Probability plots of, (i) **®U, ***Ra and (ii) ?*®Ra and *°K.

Note log scaling of x-axis for >*U, **’Ra and ***Ra.
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ZBTU 226Ra 228Ra‘
¥y | Correlation Coefficient 1.000 0.858% 0.804* |
Significance (2 tailed) 0.000 0.000
N 60 60 60
““°Ra | Correlation Coefficient 0.858* 1.000 0.735%
Significance (2 tailed) | 0.000 0.000
N ' 60 60 60
“**Ra | Correlation Coefficient | 0.804* 0.735* 1.000 -
Significance (2 tailed) 0.000 0.000 .
N 60 60 60

Table IV. Correlation matrix for 2*%U, ??Ra and 22®Ra activities for_the

data set of Survey 1. * denotes significance at the 0.05 (2 tailed) level.

The average U**® value for the on-pluton set is 4.6 times the average for
the off-pluton set, the magnitude being approximately the same for
Ra**® (4.92). Average Ra’?® levels for the on-pluton set are only greater

than the off-pluton set by a factor of 1.37. Both minimum and maximum
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values remain higher for the on-pluton set for 2**U, ?**Ra and ?**Ra while

the maximum values for

*°K are comparable.

238_U 2T6Ra msRa 40K 22(R‘a/238_U
N 14 14 14 14 14
Mean 199.7 268 8 44.42 704.2 2.1
Std. Dev. 234.6 124.9 24.5 267.9 1.1
Mir. 33.0 48.5 22.6 162.0 0.5
Med. 125.3 260.0 37.8 788.4 2.1
Max. 788 1 479.0 1173 1015.1 55 -
Table Va. Summary statisfics for the on-pluton d’ata set. Activities in
Bq/kg.
238U 226Ra 228Ra 40K 226R87238U
N 46 46 46 46 46
Mean 42.7 54.5 32.3 4725 1.5
Std. Dev. 79.5 69.0 24.3 254.5 0.6
Min. 2.7 4.0 3.2 8.1 0.5
Med. 25.3 39.7 28.3 519.1 1.4
Max. 546.0 393.0 135.0 1088.1 3.4
Table Vb. Summary statistics for the off-pluton data set. Activities in
Bq/kg.

The off-pluton set is affected strongly by a small number of elevated

% values, 95% of the data remaining below 58.7 Bq/kg, the maximum

~ value being 546.0 Bq/kg. The same is also true for the

226

Ra data, the

95% tile being only 21% of the maximum value for the data set. The

226

Ra values for the on-pluton data exhibit this feature to a lesser extent

as the maximum value is only 13% greater than the 95% tile value. The

238

U values for this data set (on-pluton) are affected by elevated levels,




80% of the samples containing less than 152 Bq/kg, the maximum value
being 788 Bq/kg (5.18 times4the 80% tile). ***Ra statistics.are similarly
affected by a small number.of elevated levels in both data sets. The
maximum “**Ra lével is 3.27 times the 80% tile in the offpluton set and
2.55 times the 80% tile for the on-pluton set. To test whether the two
sets of data are significantly different with respect to radionuclide
activities, a Mann-Whitney fest for non-normal distributions was
implemented. The results of this test indicate that a significant
difference exists between the activities exhibited in peat samples taken
from the granite region (on-pluton set) and those taken from the
metasediment region (off-pluton set). *%U (p < 0.001), ***Ra (p <
0.001), ***Ra (p = 0.03) and *°K (p = 0.01) activities are all higher in
samples drawn from the granite region. The ratio “*®Ra/**®

significantly different (p = 0.063).

U was_not

Construction of scatterplots for the data sets (Figs. 17-20) allows
preliminary investigation of how the radionuclides are distributed
throughout the survey area. A cursory inspection indicates the clustered
presence of elevated »**U, **°Ra and ***Ra valu~es' in the south-western
corner of the survey region which corresponds to soils underlain by the
granite. The high values for the radionuclides in the non-granite region
which heavily influenced the statistics for the off-pluton data sét are
visible in the south-eastern region of the valley. Also visible, beside the
highest 2*®U values, are a series of much lower values indicating.a sharp

28U levels over a relativ’ely small distance. The scatterplot

decline in
for **K indicates a broader spread of values, high values occurring

throughout the sampled region.
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Figuré 17. Scatterplot of ***U values for.the 60 samples of Survey 1.

Values in Bg/kg. Axes units — m. Note that sample values have been

rounded down to nearest whole number for clarity.
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Ra values for the 60 samples of Survey 1.
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rounded down to nearest whole number for clarity.
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Figure 19. Scatterplot of *2%Ra values for the 60 samples of Survey 1.

Values in Bq/kg. Axes uni.ts — m. Note that sample values have been

rounded down to nearest whole number for clarity.
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Figure 20. Scatterplot of *°K values for the 60 samples of Survey 1.

Values in Bq/kg. Axes units — m. Note that sample values have been

rounded down to nearest whole number for clarity.
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In order to investigate whether the average radionuclide levels and the
variability between samples remains constant throughout the Surve}( 1
region, a technique based on the principle of ‘moving windows’ was
used. Moving windows involves the setting up of smaller sub-regions
throughout the greater survey area and determining summary stati.stics
for the samples located within each sub-region. Analysis of the results of
such an exercise allows determination of whether trends exist within the
samples region in relation to variability between samples and average
radionuclide levels. The existence of trend within a data set has
important implications with respect to the Intrinsic Hypothesis as

outlined in Section 2.2.

As the number of samples used in this study was relatively small, it was
realised that large windows would be required thereby reducing the total
number of windows obtained. It was therefore decided that overlapping
windows would be used in 6rder to provide a realistic number of
windows, each containing approximately 10 individual samples. The
window size chosen was 2000 m by 2000 m and this window was moved
through the greater survey region as follows. The initial window was
placed in the bottom left corner of the survey region (Window 1) and
summary statistics for the samples contained within that window were
calculated. The window was moved 500 m to the right (Window 2) and
summary statistics were calculated. The window was then moved another
500 m to the right and so on until the right hand limit of the survey
region was reached. It was then returned to the left hand side but to a
position 500 m more northerly than Window 1. This process was
repeated until all the area had been covered resulting in the production
of summary statistics for a total of 35 windows. Once all the windows
had been obtained, summary statistics for 238U, *26Ra, ***Ra, *°K. and
*26Ra/***U were calculated. Tabulated results are provided in Tables VIa

through VId , raw data is presented as Table ii, Appendix 1.
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29.76 36.06 . 28.22 2542 24 .09 23.28 18.82
29.7 27.03 13.58 14.49 14.41 15.51 10.90
128.93 134.17 124.10 88.25 29.44 30.98 27.20
213.17 222.29 224.97 203.85 26.67 28.57 28.62
128.93 134.24 222.68 97.21 39.08 31.46 29.10
213.17 211.95 554.84 202.93 39.08 27.33 28.57
257.78 218.35 222.55 143.85 79.37 71.01 75.75
288.92 275.18 291.76 240 78 150.91 134.55 144.49
252.3 217.08 196.93 162.12 96.59 86.89 76.15 |
272.59 261.35 271.43 259.05 162.92 155.28 144.28

Table Via. Summary moving window statistics for Z*U. All -valuqs n

Bq/kg. Upper figure denotes average value, lower figure denotes

standard deviation.

53.44 61.85 42.14 31.80 29.21 2 25.62 |
67.24 61.19 15.47 15.14 15.81 16.2 16.45
187.51 186.64 166.16 92.63 42 .41 41.73 38.97
169.40 174.41 179 55 144.22 38.61 42.05 44 .22
187.51 195.67 188.62 110.50 61.65 41.20 39.75
169.40 169.49 178.73 153.03 79.96 40.01 43.60
304.29 260.65 256.85 145.84 87.33 2.35 78 .82
112.90 150.44 165.82 171.29 123.77 98.53 104.62
329.44 282.47 233.18 164.05 109.80 91.64 82.03
87.27 145.45 168.46 181.23 131.87 109.42 1G2.83

Table VIb. Summary moving window statistics for 2?Ra. All values in

Bq/kg. Upper figure denotes average value,

standard deviation.
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lower figure denotes




22.95 27.27 30.21 25.35 23.43 21.95 19.69
9.83 6.20 10.88 12.92 12.76 3.80 10.88
34.85 35.90 9.45 37.36 36.32 37.98 37.34
28.04 28.82 27.95 31.86 38.02 41.09 43.29
34.85 37.94 41.71 41.14 40.38 38.48 39.12
28.04 28.38 28.60 31.99 38 24 38.55 42.02
48 .51 45.07 46.26 47.76 39.16 43.74 46.99
30.70 30.87 32.33 34.13 30.12 37.61 39.28
50.83 48.00 45.14 52.55 55.67 53.20 47.08
27.79 28.27 29.23 34.51 39.77 39.11 38.97

228pa. All values in

Table VIc. Summary moving window statistics for
Bq/kg. Upper figure denotes average value, lower figure denotes

standard deviation.

517.01 564.47 614.37 491.79 461.91 435.08 368.08
183.60 113.09 238.90 306.98 294.53 313.40 238.89

566.96 549.68 572.99 417.93 421.36 418.69 340.96

295.93 298.82 306 63 31.23 328.80 336.70 260.32
566.96 539.92 307.69 441.10 446.32 457.10 380.40°
265.93 286.71 1.95 358.91 372.95 390.01 366.67
660.28 559.92 495.72 407.03 410.18 443.85 416.95
309.22 320.50 291.42 340.64 355.85 345.60 343.55

698.30 591.22 497.45 377.04 431.73 463.04 461.88
309.06 334.41 303.09 304.30 325.13 339.17 339.70~

Table VId. Summary moving window statistics for **K. All values in

Bq/kg. Upper figure denotes average value, lower figure denotes

standard deviation.

Examination. of the results of the moving window analysis highlights the
trend in the data that was initially suggested by the scatterplots of the

data. Average “**U, *°Ra and ??*Ra values all increase steadily on
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moving from the north-eastern corner of the survey region (underlain by
metasediments) to the south-western corner (underlain by granite). The
trend is not as visible for the *°K values. While an analysis such as this
does highlight trends within the greater survey region, the presence of
elevated values in the centre of the region, as indicated by the
scatterplots of the data, is not evident due to the smoothing effect of the
averaging process. The highest standard deviations for both ***U and
22°Ra occur in the central area of the survey region, this fact being

indicative of the close juxtaposition of samples containing elevated

radionuclide activities and samples containing much lower activities.

Standard deviations of the radionuclide levels for the samples contained
within each window also increase in a similar manner to the average
levels. This feature indicates a certain proportionality between the
average radionuclide levels and the variability of the levels. In order to
investigate this proportionality further, plots were constructed of the
window average against the window standard deviation for each of the
four radionuclides (Fig.21.-24)." An analysis of such plots allows
determination of the extent of this proportionality if it exists and
provides further information on the nature of the distribution of the

radionuclides.

The proportionality between the window radionuclide averages and
standard deviations indicated by the moving window analysis is strongly
upheld by the results of the average — standard deviation plots. The
effect is strongest for ***U and virtually non existent for *’K. ?*°Ra
exhibits a strong but non linear relationship between the two parameters.
Srivastava and Isaaks (1989) attribute a proportional effect to the data

being log normally distributed which is indeed the fact in this case.
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4.1.1.1. Summary

The previous anaiysis of the Survey 1 data set serves a number of
purposes. Knowledge of the features of the data set allows an assessment
of what problems are likely to be encountered in further stages of the
analysis and also predicts problems that may arise in the implementation
of any point estimation process. Two features in par'ticular are .of
concern, the presence of a trend for three of the radionuclides and the
close juxtaposition of samples exhibiting contrasting levels. How, and to
what extent, these features affect subsequent procedures implemented on
the data set, in this case, geostatistical operations, cannot be predicted
until at least the preliminary stages of such analyses have been carried

out.

In relation to the distribution of the radionuclides within the valley, an
initial examination of the data set indicates that a statistically
significant difference -exists between levels of the radionuclides (**u,
‘*°Ra and ***Ra in peat underlain by granite and that underlain By the
metasediments. The average U>® level over the granite is 4.6 times the
level over the metasediments, the values for ***Ra being 4.9 and 1.37 for
??YRa. The difference is also apparent in the scatterplots of the data, high
values tending to cluster towards the south-western portion of the
surveyed area. Examination of the off-pluton data sets indicates that
transport of radionuclides off the‘pluton may be occurring, the data set
being strongly effected by the presence of a small number of samples

drawn from the metasediment area exhibiting high radionuclide levels.
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4.1.2, Survey 1: Semi-variogram Analysis

The pfimary tool in any geostatistical study 1s analysis of the spatial
continuity of the data using a semi-variogram. Such an analysis involves
separating the data set into pairs of samples each separated by a certain
distance or lag. Half the variance of the difference in the variable values
exhibited by the pairs of samples separated by that lag 1s then plotted
against the lag increment to form a raw semi-variogram. A model is then
fitted to the raw semi-variogram in order to describe the spatial

continuity over the whole survey region.

Two potential problems are indicated by the initial analysis of the
Survey 1 data set. The first 1s the fact that the majority of the
radionuclides approximate log normal distributions, the second being the
trend in the data set for a number of the radionuclides, indicated by the
moving window analysis. Some researchers (Rendu, 1979, Litaor, 1995)
suggest that log normal distributions should be transformed to normal
distributions before semi-variogram analysis, whilst this is refuted by
others (Clarke, -1979) who indicate that the data should only be
transformed if the log normal data set does not provide a smooth semi-
variogram. The présence of a trend may also affect the.semi-variogram
by imposing a parabolic curve on the raw semi-variogram. The final
computed omni-directional semi-variograms, with fitted models, are
shown 1n Fig.’s 25 - 28, .details of fitted models are displayed in Table
VII. Depiction’s of the directional semi-variograms may be found in

Appendix 2.

The raw semi-variograms were constructed and theoretical models fitted
using the Variowin (Pannatier, 1996) software package. Semi-variograms
were only plotted up to a lag distance that corresponded to

approximately half the maximum lag distance present in the data set,
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In ©*%U ““*Ra “**Ra K
Model Gaussian .Exponential Gaussian Gaussian
Siil Value 1.15 18000 750 83000
Nugget 0.0 0.0 0.0 0.0
Range m 600 3000 700 750
N-Sm 650 3000 400 600
E-Wm 700 3000 1000 1100

Table VII. Theoretical models fitted to semi-variograms of radionuclides

of Survey 1.

This procedure was followed as the number of pairs contributing to the
semi-variance decreased with increasing lag distance, resulting in
reduced reliability at greater lag distances. In order to investigate the
finer detail of the semi-variograms, h-scatterplots were employed to
deduce which samples contributed most to the semi-variance at each lag
distance and to locate any aberrant pairs that may have had an
disproportionate effect on the semi-variance value for each lag. The
technique of h-scatterplots involves the plotting of the value of a
variable at location w; against the value of the same variable at a
location wi+n, separated from w; by the vector h. Such plots allow the
investigation of which pairs of samples are contributing most to the
semi-variance value exhibited in the semi-variogram for the lag distance
that corresponds to h. All semi-variograms, both omni-directional and
directional for all radionuclides, were analysed in this fashion to
determine how representative the raw semi-variograms were of the
spatial structure. Model fitting was accomplished using a least squares
procedure..On average, ten possible models were calculated for each
semi-variogram and each model was tested using a cross validation
procedure that i1s described in detail in Section 3.5.1. A smooth semi-

variogram could not be obtained for the un-transformed **®U data set so
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the variable was transformed using the natural logarithm of the data to

produce a much smoother semi-variogram.

All the radionuclides exhibit strong spatial correlation, the range of
correlation varying among the radionuclides. Over ‘the distances for
which the semi-variograms were plotted there is no evidence of trend

except in the 238

U semi-variogram where the beginning of an ascension
may be observed at the greater lag distances. This feature is only
evident in the E-W and NE-SW directional semi-variograms for this
radionuclide (Fig. i., Appendix 3.) highlighting the presence of the trend
that was indicated for these directions in the moving window analysis.
No evidence of the trend in the *?°Ra values is provided in. the
directional semi-variograms. Three of the four radionuclides, **U, *K

and ***Ra display geometric anisotropy in their spatial structures.

The features of the semi-variograms of most interest are the relatively
long ranges of correlation and the lack of “nugget effect” or‘a random
cdmponent to the spatial structure of the radionuclides. The significant '
variation in the range of correlation in the N-S and E-W directions for
**K and ***Ra is indicative of maximum spatial correlation in the
direction with the longest range, in this case E-W. This seems surprising
given that the orientation of the plutoh relative to the survey area would
suggest maximum continuity in the N-S direction. However in light of
the fact that the initial statistical analysis suggests transport of
radionuclides off the pluton, this may not be so depending on the
direction and extent of the radionuclide movement. An inspection of the
moving window data (Table VI) for *’’Ra seems to indicate a more
gradual reduction in values on moving off the pluton in an E-W
direction than in a N-W direction, especially in the southern part of the

surveyed region.
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4.1.2.1. Summary

_ - The semi-variogram analysis of the radionuclides indicates a level of

suitability in relation to geostatistical estimation procedures. All of the
‘radionuclides exhibit a high degree of spatial correlation without nugget
effect, the trend present in the data set not manifesting itself at lag
distances less than the range of correlation. Although geometric
anisotropy is present for some of the radionuclides, no zonal anisotropy
was encountered. The length of the range of cor}elations for the
radionuclides is significant as it allows for more accurate estima.tion of
points. The range of correlation governs the magnitude of the search
radius (the area around a point to be estimated within which points
whose variable values are known must be located to be included in the
estimation procedure) and therefore the number of sample points to be
used in estimating the unknown point. The number of samples
contributes to the accuracy, a larger number being preferable. The large
search radius also allows a reduction in the number of points that are not
provided with an estimate value as a result of not having any known
sample points within the search radius. Although the effect of the trend
in the data does not impinge on the semi-variogram structure until after
the range of correlation (and is therefore unlikely to affect estimation),
the problem of closely spaced samples of varying activity remains
unaffected as a neighbouring sample will always exert more weight on a
point to be estimated than a more distant sample, irrespective of the

number of samples used in the estimation.
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4.1.3. Estimation: Kriging

In. order to obtain.as accurate. a picture. as .possible of the spatial
distribution of the radionuclides within the valley and given the limited
data set, the geostatistical estimation.procedure known as kriging was

|

implemented.
4.1.3.1. Cross Validation Analysis

Once semi-variograms had been constructed and theoretical models fitted
to. the data, the estimation process. known. as kriging was initiated. In
order to optimise the esti.mation process, a cross-validation procedure
was adopted. Cross-validation analysis involves the eliminating of single
known data points from the data set and estimation of the variables vaiue
at. the samples location.. The data point is.then replaced and_the
procedure is repeated until all sample locations have been estimatéd.
Comparison .of the true_data set with that provided by.the. estimation

process allows for the investigation of how the estimation procedure

performs throughout the entire data set.

An initial exploration of how the process performed across the data set is
provided via the use of bubble plots, the size.of the bubeeSAproviding‘]an
indication of the absolute error in the estimate at that data point (Fig. 29
- 32). For three of the four.plots, 238y, 228Ra and *°K, poor.estima}ion
performance. 1s. encountered along._the contact of the. pluton. w_ith,,'_tlhe
metasediments, indicated by the preponderance of the largest errors in
this_region. This poor performance. is undoubtedly caused by the_hi'gh

variability in soil radionuclide activities, as indicated by the moving

window statistics, over the contact of the two_lithologies.
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Figure 29. Bubble plot of the »’*U estimation error in the 60 samples of
Survey 1 using a cross validation analysis of the kriging procedure. Dark

circles denote over-estimation, light circles denote under:estima,ﬁion.
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Figure 30 Bubble plot of the ***Ra estimation error in the 60 samples of
Survey 1 using a cross validation analysis of the kriging prdcedure. Dark

circles denote over-estimation, light circles denote under-estimation.
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Figure 31. Bubble plot of the ***Ra estimation error in the 60 samples of
Survey 1 using a cross validation analysis of the kriging procedure. Dark

circles denote over-estimation, light circles denote under-estimation.
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Figure 32. Bubble plot of the *°K estimation error in the 60 samples of
Survey 1 using a cross validation analysis of the kriging procedure. Dark

circles denote over-estimation, light circles denote under-estima,tlion.
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The poor performance of the estimation procedure for the samples
exhibiting the highest radionuclide.activities i1s also demonstrated_by
plots of estimation errors against radionuclide values (F1g.33-34). These
plots indicate the smoothing effect of the kriging process, high values
being consistently underestimated and low values being overestimatclad.
The poor estimation for certain. a‘reas,_‘i.ndicated. by the bubble plots_for
the cross validation pfocedure, 1s also evident in the contour maps of the

kriging standard. deviations for the region (Fi1g.35-38.).
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The highest kriging.standard deviations. occur in_locations exhibiting

high radionuclide specific activities as indicated in the cross validation
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analysis. This feature is due to a combination of factors that include a
low sampling. density in. the south.eastern corner of the study\region-ar]ld
the occurrence of high radionuclide activities in close proximity with

areas exhibiting lower activities.
4.1.3.2. Comparison of Point Estimation Procedures

A comparison. of. the performance. of kriging and more.conventional
point estimation procedures (triangulation, polygonal and inverse
distance squared) was made in order to examine the possible benefits of
geostatistical estimation. The results of this comparison are presented

‘ and.discussed.in Appendix 5..as.the published. paper:

Dowdall, M. and O’Dea, J. Comparison of Point Estimation
Techniques in the Spatial Analysis of Radium-226, Radium-228 and
Potassium-40 in Soil.

Environmental Monitoring and Assessment 59. 1999, pp..19L -_,%09.

4.1.3.3. Summary

The comparison of the geostatisticél procedure with more conventional
estimation methods highlights a number of points. Kriging outperforms
triangulation, inverse. distance. squared. and. a polygonal. method,,ﬁjn
relation to the reproduction of the sample values and the distribution of
the estimation errors. Kriging also provides estimates with the lowest
mean error. However, the method does not perform as well as the
polygonal procedure in relation to.replicating the.statistical distribution
of the data set. This feature is a direct result of the smoothing of the
kriging process which results in conditional bias, or over and under-

estimation for samples whose radionuclide levels are low or high
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respectively. This bias 1s also evident in the bubble plots of the cross
validation procedure, the highest estimation errors occurri'ng, in
association with samples at either end’ of the sets distribution. The
problem ofbias is exacerbated. by the nature.of the data set in. relatan to

the close positioning of low and high samples.

Whether or not the kriging process offers significant advantages over the
other, more traditional, methods depends largely on what i1s required
from. the procedure. In. this instance,. a general appraisal. of _the
distribution of radionuclides within the valley was desired, with tile
identification of enriched areas. Of lesser concern was the actual activity
of the samples 1n these areas. However, although kriging performed well
within the context..and objectives. of. this. study, the results of }he
previous analysis indicate that in a situation involving, for exampile,
estimation to assess compliance with regulatory controls,. kriging may

not be the most suitable procedure to use.
4.1.4. Distribution of Radionuclides within the. Cronamuck. Valley,

Contour maps of the specific activities of the radionuclides were
constructed using the estimate grids provided by the kriging process.

These maps are presented in Fig. 39-42.

A number of features.are evident from the. contour mapsl of. the_,_fqur
radionuclides activities. The elevated radionuclide activities over the
grani‘te portion of the study regiqn are clearly delineated for all the
radionuclides except K** whose Qalues are more evenly distributed. The
contour plots indicate a sharp reduction in **°U, *’°*Ra and ?**Ra
activities over a relvatively.short,distance corresponding.to the. contact

of the granite with the country rocks at location X. !
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Figure 39. Contour map- of 238-U—a(:t—i»v.i.ty estimates.- Contour values-.in
Bq/kg. Shaded area denotes granite region. X and Y indicate locations of

water saturated depressions.
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Figure 40. Contour map of ***Ra activity estimates. Contour values in

Bq/kg. Shaded area denotes granite region. X and Y indicate locations of

water. saturated depregsions.
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Figure 41. Contour map of ***Ra activity estimates. Contour values in
Bq/kg. Shaded area denotes granite region. X and Y indicate locations of

water saturated depressions.
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Figure 42. Contour map of ‘°K activity estimates. Contour values in

Bq/kg. Shaded area denotes granite region. X and Y indicate locations of

water saturated depressions.
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P8 activities decrease from 400.Bq/kg-to 25 Bq/kg over»avdis'tanceT of

2l
) . .
“*’Ra-follows-a-similar

less-than 500 m-across the contact at-location X.
decrease (400 to 50 Bq/kg) and ***Ra activities exhibit a reduction from
90 Bq/kg to 15 Bqg/kg. This drop in radionuclide activity on crossing the
granite — metasediment. contact. is most evident for the two radium

isotopes which exhibit a tighter contour pattern than **°

U, perhaps
reflecting the suggested immobility of radium in the surficial

environment (Shepperd, 1980).

A second area of elevated activity within the valley, indicated by the
contour .maps, occurs. at.lbca‘tio.n-Y,, this area.lying some distance away
from the granite but being upstream of location X. Radionuclide levels !at
this location are not are not.as high.as for.location X,howe,v.ez,location| Y
~does display the same contour pattern as X, a rapid reduction in
radionuclide activities.occurring towards_ the north eastern.corner. of the
location. Both location X and location Y occur at points on the Clogher
Burn stream. This stream runs. along the_valley bottom (between X and
Y) and the contour maps of »**U, **°Ra and **®*Ra all exhibit a band of
elevated radioactivity between X and Y that appears to coincide with the
course of the. Clogher. Burn. As_both X .and.Y .occur in water. logged
depressions along the course of this stream, and the stream runs along
the bottom of the valley, it.appears logical to.suggest that distributionof
natural radionuclides within, and transport away from, the pea;[ overlying
the granite region is governed largely by water. drainage. On a.larger
scale however, it 1s apparent from the contour»maps that the underlyililg
geology. controls the levels of uranium and thorium.series.radionuclides

in the peat of the Cronamuck valley.
Taking values of 8.1 ppm and 25.1 ppm as.the average levelsnof._uranit'lm

and thorium respectively in the Barnesmore granite (O’Connor et al,

1983) and using mass to activity conversion factors of 12.2 Bg/mg and
|
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4.1 Bq/mg for 2**U and ’*Th (Eisenbud, 1987), it is possible to estimate
the level to which the peat overlying each of the two lithologies is
enriched relative to the underlying rock. The soil lying on the granite

lithology is enriched by a factor of 2 for **®

U but the soil remains
depleted (or un-enriched) in ***Th with less tl.lan‘ half the activity of the
rock being present in the peat (based .on-??*Ra activities). Emp,loy.ﬁng
values. of 1.8 ppm and 12.0 ppm for the uranium and thorium_lev.els;,in
the metasediments (O’Connor and Lang, 1985) produces enrichment
factors for uranium and thorium of 1.9 and 0.6 for the peat overlying the
metasediments, these figures being calculated on the ‘assumption that
*2%Ra is in equilibrium with **?*Th. Using the above mass. to- activity
conversion and the rock radionuclide levels.reported.by O’Connor (,198}3)
and O’Connor and Lang (1985), indicates an approximate equality in the
activities- of **U and ***Th for the.granite rock-and-a 2*2Th/**3U. activity
ratio of approximately 2 for the metasediments. Neither of these ratitos
are upheld in the overlying soil. Calculating >**Th / **3U activity ratios
for the soi1l of the two regions yields values of 0.22 for the granite and
0.75 for the non-granite. The. disparity between_the values for the g[an%te
lithology and its overlying soil suggests either loss of thorium relative‘to
uranium, enrichment of uranium in the soil or a significant
disequilibrium between ***Ra and **?Th. The latter seems unlikely given
the relatively short half-life of ***Ra and adopting the generally accepted
concept. of thorium being immobile in such.environments, it would
appear that the basal layers of peat in the Cronamuck Valley are

enriched itn uranium.

The results of Survey.l. support the.findings of the uranium.prospectors
who initially surveyed the valley in the 1970°s in that radionuclide
enrichment. within the valley i1s.localised, and giv:en that there. is. s,omle
evidence that enrichment i1s a result of the transport and deposition of

radionuclides by water, 1t would appear unlikely that enriched areas of
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peat are supported by elevated radionuclide levels in the rock underlying
the areas. of enrichment.. The findings of the prospectors (Irish Base
Metals, 1978), that there is a high background activity within the valley
and that uranium is mobile within the soil, are also echoed by the current
conclusions. The Survey 1 results are also supportive of the work of a
number of researchers.in this field. Kochenov (1965) indicated a number
of features of uranium enrichment in peat, two of which are completely
upheld by the results of this survey, primarily the irregular distribution
of uranium within the peat and the association of uranium enriched
areas. with. areas. with. gullies and. depressions. in. the valley. Wilson’s
(1984) conclusion that uranium enrichment in peat is associated wi"th
uranium bearing waters also appears to be confirmed by the findings,‘of
Survey 1. Th'e previously mentioned apparent immobility of radium and
thorium_ echoes the,fiﬁdin,gs of many researchers including,,Shep_Pard
(1980) and Taskayev ef al (1978) as detailed in Section 1.3.1..

1

4.1.4.1. Summary

The. disparity. in radionuclide_levels in peat ovérlying the granite and
peat overlying the metasediments initially demonstrated in Section 41.1.
is made highlighted by the isopleth maps. However, although. the. fact
that the part of the valley underlain by granite exhibits higher levels :<)f
the studied radionuclides, the transport. of radionuclides, indicated by
the off-pluton data set (Section 4.1.1.), from the granite region to the
metasediments is indicated by the maps. The cause of this transport.is
made clear by the fact that highest radionuclide levels in the valléy
occur at the lowest points of the valley, typically in.the water saturated
depressions that are encountered along the course of the Clogher Bufn.
As. location Y lies at the foot of a slope and is fed by water,.dréining_tlhe
granite, it 1s reasonable to assume that transport of radionuclides offthe

pluton is via drainage water flowing off the granite. Location X also lies
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at the foot of a slope and is also fed by waters draining the granite,
supporting.the opinion.that although,litholog.y appears. to govern p.e?t
radionuclide levels on a large scale, some small scale redistribution of
the radionuclides within the valley occurs as a result of the flow of
water draining the peat. The findings of this project, with respect to the
distribution of the radionuclides, is largely supported. by the. findings
prev1ously reported 1n the literature, particularly Kochenov’s (1965)

studies of radionuclide occurrence in peat bogs.
4.2. Radionuclide Accumulation in the Cronamuck Valley

One of the most obvious. features. of the. spatial distribution._of
radionuclides within the Cronamuck Valley 1s the localised accumulation
of uranium and thorium series radionuclides in certain areas of the
valley. In order to further delineate one of these locations and to
ascertain_ the reasons for these accumulations, a.second sur.vey,-Suglvey

2, was implemented.

The aim of this survey was an investigation of the speciation of the
radionuclides within one of the two regions of anomalous radioactivify
identified 1n. Survey . L. (locations X .and Y, Fig.9) and the
identification of possible controlling factors on radionuclide enrichment
within the peat itself. The approach adopted involved the use of,k a
portable gamma ray spectrometer to investigate the spatial extent of the
radionuclide. enrichment within one. of these regions,. chemi,cal;..a[nd
radiometric analysis of the peat and drainage system both within and
outside the chosen area of accumulation and radiometric analysis. of tbe
underlying lithology. This section outlines the results of these
investigations and presents.conclusions.on the form and behaviour of the

radionuclides within one of the enriched areas (location X) and on the

‘
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nature, and. possible reasons for, ***Ra/***U disequilibrium within the

area.

The location of the.sampling.sites. of Survey 2.are detailed in Fig.10..A
total of four depth cores were taken (Sites A, C, E and F) as well as six
other discrete samples (E1,.E4, E5, E6, F2 and F3), taken using.the
same procedufe as for Survey 1 samples. Sites A and E were located
within the area of enrichment termed location X. Sites C an,d.E,,*l_y.i_’ng
outside the area were taken for comparative purposes, Site F lying on the
granite but.outside .the depression at X, Site.C. lying neither inft|he
depression or on the granite. The set of samples used for analysis also
incorporated. three samples..taken from.the area as.part.of Survey 1

(sample’s 9, 41 and 54).
4.2.1. Portable Gamma Ray Spectrometry

A portable Nal gamma ray spectrometer was employed to make a series
of field measurements around the_radiometric anomaly chosen for Survey
2. The instrument was calibrated as described in section 3.4.2.1. and 30
readings were taken (raw data tabulated in Table xiii.,, Appendix 1). .The
. data was contoured and the results are displayed in Fig.43. A number of
difficulties. were encountered in.the exercise, primarily the .effec,t1 of
outcrop on the readings and the variation in count rate depending on the
depth and saturation.of the overburden. To.counter these effects, some
effort was made to ensure that readings were taken over sites with the
same overburden depth and some distance (approx. 20 m) away-ﬂrom

outcrop.

As. can_be seen from Fig.43 ., the highest readings were centred_on ,t]he
confluence of Clogher Burn and the unnamed stream flowing from the

south..This.area is at the lowest part of the water.saturated depression
b



(and also the lowest part of the Cronamuck valley) found at this
location. Readings drop. away rapidly on moving north away from_the
depression but the drop i1s less pronounced as one follows the general
shape of the depression, which runs in.a NW - SE direction along the

|

course of Clogher Burn.

Clogher-Burn- ~

& Cronamuck River

500 m

Figure 43.. Isopleth. map of gamma ‘spectrometer readings. over
radiometric anomaly X studied in Survey 2. Contours in counts per
second. Shaded area.denotes extent of water saturated depression. . _
The portable spectrometer readings agree broadly with the findings of

Survey 1 and confirm that this area of elevated radioactivity, highlighted
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in Survey 1, is associated with the saturated depression. It should be
noted that the other area of elevated radioactivity. in the valley is also
located within a heavily saturated depression at the confluence of.a
second stream and Clogher Burn, an observation that supports the
previous suggestion that radionuclide accumulation within the valley

may be due to.radionuclide transport. by waﬁer.
4.2.2. Drainage system analysis

A series of 20 water samples were taken from' the drainage system
associated with the location under study. A series of chemical analyses
were.performed. on these samples which were also. analysed.by ICR—MS
for uranium. The purpose of this exercise was to ascertain the chemical
condition of the drainage system and to identify a possible influx_of
uranium into the area. Raw data 1s provided in Table x11., Appendix. 1.
Summary statistics for chemical parameters. studied are pro,vide,?i n

Table VIIL., uranium results are contained in Fig.44.

pH - Eh mV Conductivity | T.D.S. | Fe ppm
uS em™ ppm |
N 15 20 17 18 19
Average 644 - | 11005 68.76 - 10178 | 015+
Std . 083 | 4030 2025 | 9379 .| .016_,
Min 430 33.00 2020 4000 0.01 -
25th 6.21 74.75 62.10 58.50 0.01
Median 6.62 115.50 68.10  85.00 005
75th 7,05 149.00 84.00 109.50 0.23
Max 721 160.00 | 104:00° 462:00 0.51 ~

Table VIII. Summary statistics for the chemical properties of the water

samples taken during Survey 2. - :
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Cronamuck River

Figure 44. Drainage system uranium levels. Values in ppb.

As national values.for uranium in. fresh water were unavailable, it was
not possible to ascertain how the levels encountered in this study
compare with an average national value. Figures obtained by the
prospectors of the 1970°s (Irish Base Metals, 1979) for uranium levels in
stream water draining a.different part of,the, valley ind;cate..leyels.in__t]he
range 0.01 - 0.5 ppb, which are substantially lower than values obtained
in this study. Without details of the anaiytical method, sampling
technique etc., meaningful comparison is impossible. The values
obtained in this study are.in broad agreement with the range.of 0.01 to
5.0 ppb quoted by Rogers and Adams (1969) as typical surface water
levels but largely exceed the global average of 0.18 ppb calculated by
Palmer and Edmoﬁd (1993). The high value of 54.5 ppb could not be
explained (bracketed as it is.by values an order of magnitude lower).and

was assumed to be erroneous on the basis of the results of a Q-test (Q >
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0.30, N = 18). The value of 19.3 ppb occurs at the junction of the -un-
named stream and Clogher Burn, at a point where the highest levels of
uranium are encountered in the.peat. It.is therefore possible thatﬁtl‘he
water at this location exhibits high levels of uranium due to contact with
enriched peat. Given the data to hand, it is impossible to deduce a likely
cause for the elevated level (19.3 ppb) at this site although it is possible
to conclude.that.the.drainage. system. flowing along the. bottom of the
valley does contain appreciable amounts of uranium. It is possible
therefore that the Clogher Burn and its associated streams may provide a
source of uranium and other radionuclides to the depressions at X and Y,
which, in conjunction with chemical conditions.favourable to. uraniulm
retention occurring at X and Y, may give rise to the levels of enrichment

observed at the sites during the course of Survey’s 1.and 2.

160

104

Predicted U value ppb

04

Observed U value ppb

Figure 45. Observed uranium levels against uranium levels predicted by

Lopatkina relationship.

Adopting_an average uranium content of 12.9 ppm for the eight rock
sémples taken frpm within the study area (Table XV) a comparison was
made between the observed. values and those pr,edi,cte.d by L,opatkinq’s
(1964) formula for uranium levels in fresh waters (see Section 1.3.1=.).
As can be seeh.from_Fig_45., there is relatively good agreement.between

the observed and predicted values for low levels of uranium although the
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rélationship degenerates at higher values. The only significant
correlation (0.01 level) exhibited by the data exists between the level of

total dissolved solids and uranium levels in the samples.

4.2.3. Chemical and Radiological Properties of Depth P.r.o.f_jles

4.2.3.1. Sites A and E

9
i | 1m
A0-15
El, E6 Maximuin Seasonal Water Level A 15-30
Es | E 0-13 A 30-45
E15-30-|- A 45-60 -
Iron pan
54, 41 E 30-45 rirnum Seasonal Leve A 60-75
E4 E 45-60
Clogher Burn

]

Figure 46. Vertical .positions. of Sites A,  E and individual samples

relative to the Clogher Burn.

Sites. A_and E both. lie within.the saturated depression. that coincides
with one of the two areas of radionuclide enrichment delineated by the
results. of Survey 1 (location X) and the survey conducted using.the
portable gamma ray spectrometer. Results of the radiometric and
chemical. analyses conducted on. these. profiles may serve to pr.o.v.igle
information on the enrichment of radionuclides within the area and may
highlight possible controls on. the .accumulation and behaviour of

radionuclides within the valley in general.
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Figure 47. Radiometric properties of profiles taken from Sites A and E.
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2381 activities throughout the soil profile at Site A differ considerably’
from those at Site E. All layers in the profile exhibit lower activities for
this radionuclide. The difference between the activities in the upper and
lower layers 1s less marked than for Site E.‘ Both “?Ra and ***Ra
activities remain relatively constant throughout the profile, maximum
activities. for these nuclides being .exhibited.in the 30-45 cm layer.as
opposed to the bottom layers for Site E. The activities of both these
nuclides. remain lower than for Site. E. The ***Ra/*’*U ratio. is.gr-ezllter
than unity at.all depths at. Site A. A large excess of **°Ra isve,videnf‘in
the.upper layers of Site A, the maximum ratio being associated with the

30-45 cmlaxer.

The -three radionuclides, **U, ***Ra and. ?**Ra all exhibit a. mar-|ked
increase with depth at Site E, the increase being most for 2**U.-?*°Ra
increases by only a factor of 2 over the entire profile whereas 285U levels
increase steadily on going down the profile, the bottom layer containing
7 times the amount. of ***U as the top layer (Fig.47.). The motst
prominent feature of the radiometric.profile at_this site_is the. matk\'ed

3% activities on going from the 30-45 cm layer to the

reduction 1n U
surface which is not accompanied by an associated reduction in **°Ra
activities.. “**Ra activities .throughout the .profile. display. a similar
pattern to those of **Ra._ The ***Ra/***U ratios throughout._‘the.-,ﬁ‘eat
profile vary from approximately unity at the lower depths to greater than
four in the upper levels of.the profile. ***Ra levels increase steadily on

going down.the.profile, as do. the.levels of this. radionuclide at Site A

The chemical properties of the soil profile at A, (Fig.48.), provide
insight into what factors may control the accumulation of radionuclides
within localised areas of elevated radioactivity. The marked transition

from a.reducing.environment.to. an oxidising.one. at.the 30-45 cm,.llayer
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(as 1indicated by the relevant Eh valﬁes) coincides with the layer
exhibiting the highest ***Ra/***U ratio for the-soil profile at.Site. A-This
interface was evident in the field as a concreted crust of iron oxide some
2 - 3 cm thick. The presence of this crust 1s'not indicated in the results
obtained for iron levels.at that depth as solid. lumps of the material were
removed prior to analysis of the sample. The difference in the redox
state across this crust is obvious from the change in Eh values (a
measure‘of redox potential) on moving down the profile. Immediately
above the. iron pan, the Eh value 1s.504 mV (very oxidising), this value
changing to one of 19 mV (very reducing) just below the .[')an.
Cruickshank (1972) notes. that soils beneath such pans tend to be
extremely reducing due to the inability of air to penetrate the pan to the

lower soil depths. Maximum **¢

Ra values.are encountered-in this-layer
in direct. contrast.to the. 2**U values.which. are. at their. lowest atjthis

depth. -

The presence of this crust can be explained as follows. The bank of the
Clogher Burn at which site A is located is some 30-40 cm higher than the
bank on.which.Site E is.located (Fig.46.). Iron pan_(a hard.layer of ferric
oxide) forms when groundwater carrying dissolved iron in the reduced
state meets an oxidising environment (such as near the surface of the
soil) and the iron is precipitated out as the oxide (Cruickshank, 1972).
Studying the results of the chemlcal analysts. of the drainage. system
(Table x111., Appendix 1.) it can be seen that the water of Clogher Burn,
prior to reaching the area of enrichment, is relatively reducing, with Eh
values less than 100 mV. This may be attributed to the depth of the
stream. (approx. 0.75-1.25 m). and. its sluggish. flow at this point.. _Ilhe
redox state of the stream gradually becomes more oxidising as the stream
reaches the area of enrichment, as the water becomes shallower, more
turbulent and hence more aerated. This process is reflected in the

dissolved iron . values, the amount of dissolved iron gradually decreaging
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as the redox state of the water becomes more oxidising, promoting the
precipitation of the dissolved iron load. This precipitation of iron forms

iron pan which gradually builds up to form a visible layer.

The difference between.Sites. A.and.E, with respect to.redox. states_at
various depths and the behaviour of iron in the profile, is related to the
vertical positioning of the soil profiles relative to the stream water level.
The upper levels of Site A are never saturated with water and hence
remain. relatively. oxidising.throughout. the year. It. is.at the. point of
maximum seasonal ascension of the stream that the iron pan is located,
at the interface between the saturated lower depths, which are reducing

in nature, and the oxidising upper layers.

This.situation.is. not. present.at Site E, as no level_of this profile is ever
completely unsaturated throughout the year. While an iron pan at Site‘ E
has not formed, levels of iron are at a maximum at a depth that
corresponds approximately with the depth at which the iron pan occurs at
Site A. This may be due to precipitation.of.iron from the stream water as
it is exposed to the relatively oxidising upper layers of Site E but a pan
may not have formed, as the upper levels of Site E do not have such a
distinct interface between oxidising and reducing conditions (due to

“seasonal saturation.of the upper_ layers) as does. Site A.

The position of Site A relative to the Clogher Burn stream is reflected in
the moisture levels of the profile (Fig.46. and Fig.48.). Site A exhibits
moisture levels typically in the range 50 - 60%, while Site E, due to its
lower level in. relation to the stream, has moisture levels .in excess_of
75% (Fig.48.). Organic material levels at Site A are lower than for Site. E
at ‘a}l levels except for the 15 - 30 ¢m level, probably indicative of the

more oxidising conditions pertaining at Site A than at Site E, where
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organic matter levels are almost all above 30%. The amount of organic
material present at Site’s A and E are low relative to typical organic
matter levels. for soil in.the.valley. Soil_samples taken from. outside_the
depression exhibit levels of > 90%, Site’s A and E containing l:ess
organic material due to the greater amounts of iron and manganese
present, layer 30 - 45 c¢cm of Site A containing an estimated 30 -40%
iron. Mineral. material is also present in. greater. amounts.at. these_two

sites due to the presence of sand that has been carried downstream

settling out in the relatively still waters of the depression.

The total iron and manganese content of the soil at Site E increases
towards the top. of the soil column, possibly due. to.the deposition, of
these metals when the water level in Clogher Burn is periodically lower.
The higher iron and manganese levels at the surface of the profile_are
indicative of a more oxidising environment although this is not reflected
in either the Eh.or moisture levels.. It should.be noted that at.the:.timei of
sampling (March-April) the soil column was uniformly saturated due to
the level of the Clogher Burn watercourse. The Eh value of 300 mV
recorded for the 45 - 60 cm level is assumed to be erroneous given the
fairly uniform reduction in. Eh values on going down the profile and the
fact that there is no logical explanation for an oxidising layer to be
preceded and succeeded by more reducing layers. It is likely that the
observed saturation level is not prevalent throughout the year and that
the surface. of the soil column .experiences. a. fluctuation in redox
conditions over the course of a year, becoming more oxidising during the
summer months. The lack of a distinct iron pan or crust, usually found_ at
the interface of an oxidising layer with more reducing conditions
~underneath,. would appear to support.the hypothesis that the .surface
layers at Site E underéo fluctuations in redox conditions. The pH oftlhe
soil remains constant throughout the profile. The layer of peat at a depth

of 45 — 60 cm exhibits the largest amount of humic acid, however the
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bottom layer has a low content of this material, assumed to be due to the
relatively large amount of inorganic detritus present at the.rock — soil
interface. The cation exchange capacity of these two layers reflects the
relative amounts. of humic acid present, the bottom layer havmg| a
capacnty that 1s much lower than the preceding layer which displays the

highest capacity of any layer in the profile.

The previous discussion highlights a number of pertir{ent facts about how
-the radionuclides.are dispersed throughout.the profiles taken at A and E.
Both profiles differ markedly in relation to the occurrence of *>*U, Site
A exhibiting levels of this nuclide up to an order of magnitude lower
than those at Site.E, while “?°Ra and ?**Ra levels-are comparable at-rTnost
depths of the profile. In most cases the highest levels of nuclides_are
found at the lower levels of the profiles;. There appears to be some
relationship between the.iron pan.found at Site A.and how the nuclides
are distributed within that profile. The highest levels of **°Ra at Site A
correspond with iron pan as does a marked rise in the ***Ra/***U ratio.
Given the fact that the predominant difference between Sites A and E is
the position of the profiles relative to the Clogher Burn and that this
difference. produces different moisture. levels. and.redox. conditions
within the peat, it may be possible that the radiological differencles
between the two profiles exist as a.result of their positions. relative_to
the Clogher Burn. By inference, it is also possible to conclude that the
elevated radionuclide.levels within.the depression.are due to the influx
of water bearing trace amounts of the radionuclides (confirmed for ***U
during the drainage system analysis). If Clogher Burn is viewed as the
major.source.of radionuclides. within. the depression then the profile_at
Site A may exhibit lower lev4els of radionuclides because it was either
never.enriched (due to_its position relative to.the water).or was enriched

and then subsequently depleted due to some change in soil conditions.
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4.,2.3.2. Sites C and F
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Figurc 49 . Radiometric properties of profiles taken from Sites C and F,
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Figure 50. Chemical properties of profiles taken from Sites C and F.
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The predominant feature of the profile taken at C is the lower activities
of all three.radionuclides relative to the previous three profiles (Figs. 49
and 47.). This fact is due to a combination of the profile having beiné
taken from an area underlain by metasediments.as opposed.to granite.and
its not being.exposed to the same volume of water as Site’s A and E. The
profile at C is similar to that of F in.that all the radionuclides.activities
increase towards the bottom of the profile (Fig.50.). Profile C differs
from the others- however due to the fact that the **°Ra/**°*U ratio--is
relatively constant throughout the profile, remaining close to unity at
all depths. Radionuclide levels at Site C are extremely low relative, to
those samples taken from within the depression. The obvious conclusion
to be drawn is that Site C is not exposed ‘to the same. influx_ of
radionuclides as are E and A, namely.Clogher Burn and the unnamed
stream_flowing from the south. Also, as Site. C lies on. a south facing
aspect overlying metasediments, percolating soil water is unlikely to
bear the same. level of radionuclides as water draining the. granite area
thereby removing another source of enrichment. Site F, [ocated outside
the localised area of enrichment, exhibits. a. markedly different
radiological profile to Site’s E and A (Fig.54.), but similar to Site C.
Elevated activities are only found in. the basal layers. of the profile at
Site F, the activity 6f 83U being up‘to" six times greater in the bottom
layer than in the top. This feature is not as evident for ***Ra for which
the difference is. much less distinct. The *?°Ra levels in the sur—far[ce
layers of Site F are unsupported by >*U, the ***Ra/***U ratio being
over 13 times higher at the surface than throughout the body of the peat.

Site.C’s position relative. to the depression.is.clear from the low levels
of iron and manganese present when compared to samples drawn from
within the depression, samples from.Site. C.béing.lower by up. to a.factor
of 10 (F1g.49.) An interesting ob;ervation that may be made is that the

amount of humic acid material (well decayed organic material). presentin

130



each layer is only 0.2 - 0.5 times the amount of non humic organic
material present (Table xiii., Appendix 1.), this situation. seeming to
indicate a relatively young soil or lack of decay of organic material due
to reducing conditions, the second situstion (lack of decay) appearing
unlikely given that Eh values at the site approach.200 mV. The low iron
and manganese content of the profile at Site F reflects the fact that the
site lies outside the area from which the E and A profiles were taken.
The profile at F also exhibits greater levels of organic matter although
the humic acid content remains.comparable with the other sites (Fig.50.).
The relatively high moisture content is reflected in the reducing nature

of the soi1l but the pH remains constant throughout the profile.

The depth distribution of >>*U appears to be related to the redox status of
the samples. The 0-15 cm and 15-30 cm layers of both the A and E
profiles exhibit lower uranium. levels than the deeper layers. Uranium
levels are lowest for the upper layers of profile A which has a typical
moisture level of approximately 50% compared with moisture levels of
80% for the profile at E. The effect of the water level of Clogher Burn is
clearly displayed in.the profile at A which exhibits_iron pan formation_ at
the 30-45 cm layer and whose radiological properties differ considerably
on going across. this. boundary. *?°Ra.levels. (for the- A profile) ar.eI‘ at
their highest at this depth while uranium levels are, conversely, at their
lowest. The profile at E, which does not display such a marked
difference in radiological properties (or Eh value) with depth, remains
saturated for most of the year due to the bank from which it was drawn
being some 30 cm lower than the bank "at which A was locafe.d.
Radionuclide levels at Site E all increase with depth, the lowest
activities. occurring within the upper layers of the profile. It. mus‘t.t‘)e
assumed that the upper layers of the E profile are not saturated for all of

the year and therefore undergo periods where the Eh value increases as
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" the soil becomes more oxidising. Such a process would explain the lack

of **U in the upper layers of Site E.

While. the results of.the analysis of peat profiles provide evidence.that
radionuclide enric\hment is due to infiltration of the péat with uranium
bearing stream water, the results.do not indicate the mode of.occurrence
of the radionuclides within the peat. In order to investigate possitl)le
relationships between the.radionuclides.and the chemical properties of
the peat, a statistical analysis of the data using Spearmans correlation
for non-parametric data was i1mplemented. to highlight possible
correlation’s. Detailed correlation matrices for the twenty five samples
taken i1n Survey 2 (including profile samples) are provided in Appendix
3. All the radionuclides exhibit significant (99% level) positi]ve
correlation’s with. each other. U®® is not correlated. with organic
material, humic acid content, non humic. content, cation exchange

capacity or iron/manganese levels. **°

Ra exhibits significant negative
correlation with the amount of non humic acid material (r =- 0.691) and
a weaker (significant at. 95% level) correlation with. the amount_of
organic material present (r = -0.402). This correlation is not evident for
22%Ra indi-cati'n.g some difference in the behaviour of the two radium
isotopes, most probably due. to.the difference in their. half-lives.and the

differing behaviour of their parent radionuclides.

Despite thé strong opinions voiced in the literature by Szalay (1964),
Idiz et al (1986) and Halbach er al (1980) among others regarding the
positive association of uranium. with. organic matter and. humic acids,
there 1s no evidence of this in the correlation analysis of the data. It
should be noted however that the inclusion.of samples from Sites F and
C may have prejudiced the analysis given that these sites have not
undergone the same level of enrichment as Sites E and. A. A repeat

analysis of the data set, omitting samples from C and F, did not produce

132



eviderice of any correlation either. Neither 1s it possible to discount the
views of Lowson et al (_1986) and Megumi (1979) regarding the
association of uranium with amorphous iron oxides based on the lack of
correlation between uranium (or any of the other radionuclides) and iron
levels in the peat samples. However, as Site A contained a large
proportion of iron.in a.solid concreted form, all five.depth samples from

Site A were removed and a plot of *?°

Ra against iron level was
constructed. As no other site bore evidence of iron in this form, it is
assumed that- the majority of iron in the rema‘inihg samples was
amorphous and therefore some evidence should be present if a
relationship. exists between . “*Ra.and amorphous iron. Figure 51 appears
“to suggest. higher “?°Ra_levels in soil samples that. contain. higher
levels of amorphous iron. Little or no relationship is observed for a
similar plot involving ?**U. levels. (Fig. 51.). buyrelanonship,coui? be

228Ra. Although no mention of the relationship between

observed for
solid forms of soil iron and radionuclides is made in the literature,
pieces. of the solid iron oxide layer were subjected to radiometric
analysis (Table VIII.). It can be seen from Table VIII. that relatively

little 22*

Ra is-found associated with the solid 1ron oxides- although it
would appear that significant amounts of 2**Ra and ***U mayA be

associated with this material.

Two. points however. should be borne in. mind. The first is that_,ﬁhe
analysis of the material indicated a 10-15% content of organic material,
most probably as inclusions within the solid material as the surface had
been cleansed prior to radiometric analysis. A proportion of the
radionuclide content of the concreted iron material may therefore have
been associated with these organic matter inclusions. The second point is
that amorphous forms of iron may have been associated with the

material, the subsequent results including the radionuclides in this
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material. Therefore it may be possible that the radiological results for

this material may be slightly elevated.
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Figure 51. Plots of ***U and **°Ra against iron levels after removal of

Site A samples from the data set. Note log axes.
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Sample 233 U Bq/kg *2%Ra.Bqlkg .. ?2%Ra Bq/kg. .
' 1252 1248.26 6.9
2 140.5 2206 10.1
3 110.8 185.1 8.9

Table IX. Radionuclide levels in-solid iron oxide removed- from Site A.

Although many authors (Sheppard, 1980) report on the immobility of
thorium in the surficial environment, there. is some evidence from.the
depth profiles that enrichment of soil with ***Th has occurred although
the level of enrichment is .less than for 2**U. If levels of **?Th (inferred

22
from 2%8

Ra levels) in the depression.are-compared with levels at SitefF,
this site being outside the depression but overlying the granite, it may.be
seen that the basal layer of Site E has 2.1 times as much 2*’Th as the
corresponding layer of site F (Table vii., Appendix 1), the same layer of
h **°Ra and 4.8 times.as much 2*%U.

Th

Site E having 10.1 times.as muc
Although the.peat within.the depression appears.to be enriched in ***
comparison of these ratios indicates that, of the three radionuclides, the

2Th. As enrichment implies a

level of enrichment is. lowest for
movement of nuclides from one location to another, it would appear that
23ITh is the least mobile of the radionuclides based-on the results of this .

study.

A number of the,.féatures.exhibited.by the peat.profiles are.supported in
the literature. The occurrence of the highest radionuclide levels in the
basal layers of profile F (which is. assumed to be representative_of
conditions pertaining in the peat overlying the granite iﬁ general) is‘in
agreement with the findings of Kochenov (1965), Wilson (1984), and
Greeman and Rose (1990). Kochenov (1965) hypothesises that uraniﬁm
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enrichments occur in areas (gullies and valleys) fed by stream waters, in
accordance with the findings of this project, this view also being upheld
by Landstrom and Sundblad (1986). The occurrence of uranium
enrichment in these areas would also go some way towards. explain,i}ng
the localised uranium enrichments found in the valley during the
prospecting of the 1970’s (Irish Base Metals, 1978). The production of

localised enrichments by such a process also explains why many of the |
enriched areas.found by the.prospectors were found to be unsupported in

the underlying rock.
4,.2.3..3.AS,umm'z‘lry

With_respect_to the occurrence of elevated radionuclide. levels. w,i,tl}in
the depression originally identified as location X, the previous sections
indicated that an influx of water (Clogher Burn and an unnamed draina'ge
stream), bearing trace amounts of radionuclides, has resulted in peat
found within the depression exhibiting elevated.levels. This.conclusion
1s supported by a number of facts. Both Sites C and F were taken from
outside the depressioﬁ, neither site exhibiting the same level of

enrichment as those taken from within. The **

U content of the peat
sections at Site A appear to suggest that the occurrence of this nuclide in
the peat 1s related to the samples. position relative to the water level.in
Clogher Burn. Site E, whose lower depths remain saturated permanently
exhibit the highest levels of 2**U, the uppér levels of Site A, which are
rarely saturated, exhibit the lowest. The upper levels of Site E and the
lowest sections of Site A, which undergo comparable saturation, have

3
comparable **®

U levels. The redox- state- of the peat also seems to-exert
some control_over.the.levels. of »**U. The upper layers of both Sites. A
and E are more oxidising than the lower levels and exhibit the greatest

8
f23

depletion o U. This fact conforms to the accepted notion that->**U is

most mobile in an oxidising environment, the U*" state being more
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soluble than the U*" state. Combining this fact with the results of the
previous analyses leads to the conclusion that radionuclide enrichment in
the water saturated depressions of the Cronamuck valley is via an influx
of water bearing at least amounts of radionuclides into a region where
the prevalent chemical conditions are conducive to the retention and

accumulation of these radionuciides.

Although the previous section has highlighted the probable r,easons,l\"or
the elevated radionuclide levels within the depression, no information
has yet been.provided in.relation to the mode. of association between_the
radionuclides and the soil constituents. In order to investigate the
relationship between the soil and the radionuclides a selective extraction
procedure was employed, the results of which are detailed in the

following section.
4.2.4. Radienuclide speciation

With a view to obtaining.a greater insight.into the. chemical parameters
influencing radionuclide accumulation within the enriched areas of the
valley, and to determine the mode of occurrence of the radionuclid,esw a
sequential chemical extraction of the peat was conducted. As only the
peat of.the enriched area was. of interest in.this regard, the profiles.taken
at C and F were not included in this analysis, reducing the total number

of samples in this.data set.from twenty-five to seventeen.
4.2.4.1. Sites A and E

Results. of the épeéiation analysis-at.Site A indicate that **U is bqund
primarily in.the amorphous. iron oxide fraction of,the,upper,Iayers.oﬁS,ite
A (Fig.52). The amount of ***U incorporated in this layer remains

relatively constant throughout the profile, as does the amount occurring
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as exchangeable cations, a minor proportion of the total level. The most

obvious feature of the profile is the change in the amount of 28y

occurring in the easily oxidisable organic matter on traversing the_iron -

pan at 30 - 45 cm.
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Figure 52. Speciation of >**U,
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Up to 50% of the total ***U in the soil at the lower depths of Site A
occurs in the easily oxidisable organic fraction, this percentage dropping
tc; less than 10% in.the upper three layers. This finding is indicative of a
loss of uranium from this fraction within the upper layers of the soil,
above. the iron. pan, at Site A. No. layer. of the profile. from Site A
exhibits the same proportion of”éU associated with this fraction as the
layers at site E (Fig.53.) which are all greater than 60% . This loss of
uranium from the easily oxidisable.fraction in the upper layers of Sit? A
1s supportive of the views of Idiz et al (1986), Goldhaber et al (1987)
and Ames and Dhanpat (1978) who all highlight redox processes as a
factor governing the ability of humic acid/organic material to retain
uranium. As the.upper layers.of Site A.are. more. oxidising. due to their
lower saturation level, it would appear that the lower levels of uranium
in these layers 1s due.to either. a loss.of uranium.via oxidation and,l?ss
in solution or a reduction in the ability.of this fraction to retain uranium
under oxidisin,g.conditi?ns.

?2°Ra also displays. predominance in the iron oxide fraction at Site. A,
little or no *°Ra occurring in the other two fractions analysed (Fig.52))

238U, a smaller proportion of the total ***Ra is bound in

However, unlike
the labile fractions (i.e. exchangeable cations + amorphous iron oxides +
easily oxidisable organic matter).. This fact supports.the views of Titaeva
(1967) who ascertained that radium is associated with organic residues
that are insoluble (i.e. non-humified) in NaOH. As the hypochlorite
extraction does not remove the more resistant organic residues (Kogel-
Knaber and Hatcher, 1989), it would appear that aﬁsignifi,cant.pro.portiqn

of the **°

Ra present-at the site is present in that form. The lack of **°Ra
in the labile fractions is not unexpected given the immobility of radium
in such environments (Burns et a/,, 1991) and indeed, the proportion of
the total ***Ra bound in the labile fractions at Site A is in approximate

agreement with the proportions calculated by Greeman and Rose (1990).
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*2%Ra also features strongly in the amorphous iron oxide fraction but
does appear to have a stronger association with organic material than
*26Ra although a significant proportion occurs. with iron oxides (Fig.53.).
2y occ‘urrence at .Site E 1s also predominantly within the amorphous
iron oxides although the amount in this fraction does vary with depth by
up to a factor of 4 (Fig.52.). In a similar pattern to Site A, the lowest
occurrence.in the organic fraction is associated with.the upper_ layers of
the profile, the amount increasing significantly with depth. Converting
the values to f)ercentages of total activity does however, display a
different pattern to that exhibited at Site A (Fig.53). In contrast to Site
A, the increase in the proportion of ys occurring in-the eastly oxid»i‘s}ed

organic. matter with depth. is not as pronounced. The top.two. layers of
238

Site E which display the lowest = "U content appear to follow the same

approximate distribution of the nuclide among the three fractions as the

deeper three layers which-contain the most 238

U. This-is presumably.due
to the fact that the upper levels of Site E are never as oxidising as the
same levels of Site A and hence uranium loss is not as severe as for Site

A.

*26Ra levels in each fraction at Site.E increase steadily.on going down
the profile (Fig.52.), the highest levels occurring in the amor.pho‘us;ir.on
oxide fraction. The proportion of this nuclide bound in the iron oxide
fraction_ is less at Site. E_than at Site A, the. proportion.never exceeding
13% of the total present in the sample. The proportion of the total >*°Ra
present at Site E in the labile fractions is greater than the proportion
present at Site A in.the same. fractions. by more than a factor of tw_? at

all levels of the profile.
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4.2.4.2. Individual Samples

A number of individual samples were also subjected to speciation
analysis for comparative purposes. The radiological properties are

presented in Table. X., the speciation data.being presented in Tables.Xll -

XII. Chemical data for the samples is presented in Table xii.,
Appendix.1.
Sample “%U-Bq/kg ““Ra Bq/kg “**Ra Bq/kg -
El 53.1 320.4 18.6
E4 476.0 540.0 123.5
ES 115.3 421.6 38.8
E6 83.6 4448 32.2
9 75.9 421.5 22.6
4.1 546.2 393.0 30.4
54 788.0 479.0 117.3

Table X . Radionuclide activities. for.individual samples.of Survey 2. |

Sample “%U Ex.Cation “'y Eas Org. “%U Fe Oxides
El 2.0 3.8) 19.9 (37.6) 31.0 (58.3)
E4 106 (2:2) 114.0 (23.9) 3200 (67.2)
ES 17.5-(15.2) 54.0 (46.8) 40:1 (34.7)- -
E6 3.5 (4.2) 4.1 (4.8) 1.1 (13).

9 7.5 (10.0) 36.6 (48.2) 21.1 (27.8)
41 8.2 (1.5) 74.9 (13.8) 283.0 (51.8)
54 17.0 (2.2) 85.9 (10.9) 451.2 (57.2)

Table XI. 3%

brackets denote percentage of tota

U speciation for individual samples of Survey 2. Values in

1 230U activity.
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Sample “*Ra Ex.Cation “®Ra Eas.Org. ““°Ra Fe Oxides

E1l 1.6 (0.5) 2.5 (0.8) 76.0 (23.7)

E4 23.8 (4.4) 11.6 (2.1)- 3.9 (0.7)

ES 37.5 (8.9) 96 (2.3) 17.7 (4.2)

E6 2.9 (0.6) 1.1 (0.3) 22 (0.5)

9 1.1 (0.3) 1.2 (0.3) 13.0 (3.1)

41 140 (3.5) 1.4 (0.4)- 19.0 (4.8)

54 - 8.0 (1.6) 24 (0.5 315 (6.6)
Table-XH. ?**Ra speciation for individual samples of Survey 2. Values

in brackets denote percentage of total ***Ra activity.

"”78

Sample “**Ra Ex.Cation | “"°Ra Eas.Org. | ”Ra Fe Oxides
El 47 (25.1) 21 (11.1) 9.7 (523)
E4 142 (11.5) 41 (3.3) 8.1 (6:6)
ES 3.9 (10.8) 38 (9.9) 23 (6.0)
E6 47 (145) 17 (5.2) 2.8 (8.6)
9 47 (20.6) 0.5 (2.2) 22 (10.1)
41 8:6 (28.4) 6.1 (20.1) 8.7 (28.6)
54 41 (3.5) 24 (0.5) 149 (12.7)
Table XIIL.. ***

Ra speciation for individual samples of-Survey 2. V.alues

in.brackets.denote.percentage of total ***Ra. activity.

A number of facts present themselves on examination of the results for
the individual samples. Four of the samples (E4, E5, 41 and 54) lie
within the waterlogged depression marked in Fig.10. These samples
contain relgtiv.e]y»lar~ge<amoun-ts of U*® in the easily oxid_isablerorgfmic

fraction. compared to the three samples lying .outside the.depr.ess‘ic;n,

i
although the proportions of this nuclide existing in this fraction are

greater for these samples. The samples lying within the depression all

contain greater amounts of “°"U in the amorphous iron oxide fraction

226

than samples outside, “""Ra values being comparable. Investigation of
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how the radionuclides are distributed among the three fractions
depending on how.the sa}nples are positioned relative to the water level
of Clogher Burn also provides some insight into how the radionuclides
behave within the soil. Samples E1, E6, E5 and 9 are positioned above
the maximum level of water in Clogher Burn and are rarely saturated.
Samples 54, 41 and E4 are regularly saturated, being positioned lower
down in the depression (Fig.46). The former four contain, on average,
30.5% of the total **®U content of the. sample 1n the amorphous“i.ron
oxide fraction. compared. to an average of 58 7% for the latter three
which remain more saturated (60.3% average moisture as opposedl to
80.2%). Although **°Ra. levels are comparable. between the two groups
(470 B;]/kg and 402 Bq/kg), there-is a disparity between the levels of
28U exhibited. The saturated group contains an average >'U level of
603.4 Bq/kg with the unsaturated group containing 82 Bqg/kg ***U on

average.

In an attempt to explain the pattern of occurrence observed in the depth
profiles at sites A and E and the individual samples, correlation betwelen
the levels of each radionuclide in each fraction and the studied chemical
parameters was sought. As the occurrence of the radionuclides in the
exchangeable cation fraction proved slight in most cases, this.fractjon
was not included in the analysis. Detailed correlation matrices are
provided in Tables xix - xxvii.,. Appendix.3.

*?°Ra levels in the easily oxidisable organic fraction display significant
(p = 0.01 level) correlation’s with *?°*Ra-as an exchangeable cation
indicating that easily removed- 2°Ra. (and hence very-mobile) is. du? to
its presence.in.the easily oxidisable organic fraction. Assuming that the
??Ra present as an excha.ngeable cation is derived totally from the 226Ra '

present in the aforementioned organic fraction indicates that, on average,

71% of the total *°°Ra bound in the easily oxidisable organic matrix

144



(easily oxidisable + exchangeable) is mobile. This implies that 2*°Ra is
not firmly bound in the easily oxidisable material and its immobility in
soil must therefore be due. to the predominance of its occurrence. in_the
amorphous iron oxide fraction, a fact supported by the findings of the
speciation analysis. This may be contrasted with the fact that

238

exchangeable U constitutes only 23%, on average, of the easily

238
f

oxidisable + exchangeable, indicating strong binding o U with easily

sy . . 228
oxidisable - organic material.

Ra occurrence as an exchangeable caltion
constitutes, on average,.76%. of total occurrence in_the two .fractions}, a
figure that is comparable to the ***Ra value. Assuming “**Ra to be an
indicator for ***Th implies that thorium bound to easily oxidisable

material is relatively easily removed and hence mobile. **¢

Ra leve1§ in
the amorphous iron oxide fraction are negatively correlated with humic
acid levels indicating a possible role for humic acid in the occurrence of

radium in the amorphous iron oxide fraction.

The role of organic material in the binding of uranium in peat is

. . . 23
reflected 1n a. positive correlation between. 8

U levels-in the ea-s-"lly
oxidisable organic fraction and total 2**U levels. As 2**U levels in this
fraction are positively correlated with the levels existing in the
amorphous. iron oxide fraction there may be an equilibrium (chemical)

B3 levels

existing between levels of this nuclide in these two fractions.
in the organic fraction are positively correlated with moisture levels in
the soi1l. The predominant effect of moisture levels in the soil is to affect
the redox condition of the soil, greater saturation producing a more
reducing soil. No correlation however is observed between **U i-nr,a\ny
fraction and Eh value.In a reducing environment uranium.is considered
immobile (Sheppard, 1980) and this view is supported by the results of
this analysis, samples with- lower moisture levels having lower ***U
levels relative to samples exhibiting greater degrees of saturation. It is

possible to conclude, however, that the samples with the lesser



degree of saturation and the lower 2**U conteﬁt may be thus due to their
not being exposed to the same volumes of uranium bearing water as the
samples with greater saturati‘on and corresponding higher uranium
content. This seems improbable given the fact that samplés exhibiting

the lower levels of labile. 2*®

226

U.tend to contain relatively high levels of
Ra, some. proportion of which, it must be presumed, came abo.ut,i(ia
£ 238

ingrowth from an initial concentration o U. The conclusion is drawn

_therefore, that the samples taken from the depression, which contain the

238

lower amounts of labile-“" U, must at some point have contained greater

amounts of 23AKU in these fractions, a large proportion of which has bte_en
lost via some change in the condition of the soil. The change most likely
to have precipitated such.a loss.is a change from reducing conditions_to
oxidising conditions via a lessening in the degree of saturation of the

soil.
4.2.4.3. Summary

Inrelation.to the mode of occurrence.of radionuclides. within the studied
depression, a significant finding is the fact that the total amount of
uranium occurring in the depression is associated with the labile soil
fractions. This i1s supportive of the previous findings of this study and is
consistent. with the.conclusion that elevated uranium levels at the site
are due to transport of the nuclide via the drainage system. The samples
that display the greatest levels of apparent uranium loss all exhibit low
levels of this nuclide in the easily oxidisable organic fraction.
Consideration of this fact-in light of the~ conclusions of the preceding
Sections lends weight to the notion that redox status exerts a control
over the association of, at least, uranium with humic acids and decayed
organic matter. While much of the literature supports the concept of
redox. status controlling uranium._retention.on.iron oxides, the effect_qf

redox on the accumulation of uranium by organic matter has been studied
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less frequently. The results of this study suggest that uranium retention
by such material may be affected to a large extent by the prevailing
redox status of the soil or peat. **Ra and ***Ra have .a much lower
occurrence in. the labile fractions of the soil and exhibit.a.certain level
of disparity in their mode of occurrence, most probably due to their
relative positions in their decay chains in relation to their nearest
thorium parént and the differences in their half-lives. As radium exhibits
a low level of solubility, it is likely that much of the. radium“with‘u.; the

depression arises via ingrowth from, primarily, uranium.

4.3. **Ra/?**U Secular Disequilibrium

An obvious feature of both Surveys 1 and 2 was the anomalous
226Ra/***U disequilibrium exhibited by samples lying within the enriched
areas. The level of disequilibrium of the samples taken in Survey 2 is
anomalous.both in terms of the.magnitudes.of the ratios exhibited.by the
samples and in the varying levels of disequilibrium found at different
depths within individual profiles and at different.locations. withinwt]he
studied area. The disequilibrium condition within the area at location X
1s summarised below (Fig.54), the diagram indicating. a large disparity
between ratios for samples separated by relatively small distance. An
initial examination indicates that samples lying outside.the depression
tend to have large excesses of **°Ra relative to ***U and that depth
profiles tend to exhibit broadly varying ratios at different depths. The
obvious questions. therefore relate to whether the disequilibrium

226

conditions observed are due to Ra enrichment rélative to 223U or 2*%U

depletion relative to **°Ra and why the enrichment/depletion occurs.
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Figure 54. **°Ra/**%U ratios for samples taken as part-of Survey 2.

4.3.1. Radiometric Analysis

For the purpose.of this investigation, the data set. from Survey 2 was

226 .
Ra/***U ratio was

divided on the basis of whether or not a samples
above or below the average **Ra/>>*U ratio (1.71) for the entire valley.

Such a division produced.the following two sets. of figures.
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ABOVE 1.71 BELOW 1.71
Sample “*Ra/P%U Sample 2Ra/”*U
E0-15 , 4.50 E 30-45 1.03
E 15-30 4.77 E 45-60 0.78
A0-15 6.22 _ E 60-75 1.14
A 15-30 5.95 E4 1.13
A30-45 9.10 54 . 06l
A.45-60 5.57 : 4] 0.72 -
A 60-75 232 F 30-45 0.46
E1l 6.04 _ C0-15 1.35
ES5 365 - C 15-30. 1.43.
E6 532 C 30-45 1.15
9 5.55 F3 1.05
F0-15 . 13.70
F 15-30 5.70
F2 2.38

Table XIV . Survey 2 data set split on basis of sample’s ***Ra/?**U ratio

relative to the Survey 1 **°Ra/***U average of 1.71.
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Figure 55. Plot of total labile ***U (Bq/kg) against 22°Ra/***U

Assuming that uranium loss or enrichment would occur from within the

labile fractions (exchangeable cations + amorphous.iron oxides + eastly
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oxidisable organics), evidence was.sought from within these fractions_ by
plotting a graph of total labile ***U against the **°Ra/***U ratio. Figure
55 provides some evidence for a relationship between the level of >**U in
the labile fractions of the soil,.an,a...the disequilibrium condition.of the
sample. This graph does not however indicate whether enrichment br

*26Ra) has-occurred, only that the level of

depletion of ?**U (relative to.
28U in. the. labile fractions has.a bearing. on the **Ra/?**U ratio._As
radium and thorium are assumed to be immobile in the surficial
environment, some evidence for which has. been.provided. by this stud.ly,
then comparison of the **®*Ra/***U ratio (adopting ***Ra as an indicator

2387

of >**Th) provides an indicator of whether or not ***U has been enriched

or depleted. A plot of ***Ra/***U against 22°Ra/?*ty (Fig.56.) indicates

226

that. as the. amount. of »**U present.relative to “*’Ra decreases. then a

corresponding drop is evident in the amount of »**U present relative to

*?%Ra, and therefore, ***Th. This point forces the conclusion that an

increase in the “**Ra/?*®U ratio is caused by a loss-of ***U rather th?n a

: 226
gain.of ““"Ra.
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Figure 56. Plot of ***Ra/***U against 2**Ra/?**U.
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Figure 57..Plot of ***Ra/***Ra.against ***Ra/***U.

This conclusion is supported by the relationship between ***Ra and ***Ra
at various 2**Ra/*’*U ratios (Fig.57.). The amount of **°Ra present in

the soil- compared. to. the amount of **®

Ra remains relatively constant
irrespective.of the **°Ra/***U ratio,.a condition that would not exist were
varying “**Ra/?*U ratios due to influx or loss of *?*°Ra. In order ‘xto
ascertain from which of the labile fractions uranium is lost, plots of >**U
levels in_both the amorphous. iron oxides and easily oxidisable.fractions

were constructed (Fig.58).

Elevated ***Ra/*>*U ratios.-appear to be.related to-loss of ﬁraniu-m-—lf'rom
both.the easily oxidisable organic material. and.amorphous iron oxi:deis.
“Although it appears that elevated **Ra/***U ratios are due to loss of2A38U
from the labile fractions of the soil, it is worth considering again if the
disequilibrium state is due to an. influx of *?°Ra to the soil (most

probably via drainage. water as discussed in section.4.1.5. Assuming,,gu’ch

1



an influx has occurred, it would be expected that the labile fractiqns of

. . Lo . 2 3 . . 6 -
soils exhibiting high ***Ra/***U should contain-high-**°Ra.levels..
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Figure 58. Plots of ***U in (a) easily oxidisable organic fraction and (b)

iron oxides fraction against ***Ra/***U. Note log scale.
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Figure 59. Plot of total labile **°Ra.against ***Ra/>**U.

Figure 59. provides- no evidence of elevated. labile 22°Ra at hi-grl}wr
22°Ra/***y ratios. Greeman and Rose (1992) hypothesise that elevated

A O] may be due to selective cycling of 226Ra by plants

?26Ra relative to
at the so1l surface. A series of measurements of the radionuclide content
of plants growing at.the site. were. made in order to investigate. wh.ethclar

or not this may be so. Four individual samples were taken from Site A




and. four were taken. from Site E, results being displayed in Table XV.

*2°Ra enrichment by vegetation at the sites,

There 1s no evidence of
samples displaying *2°Ra activities greater than those of ey
approaching the average soil ratio for the. valley_.:Sampl,es drawn. from
Site E, whose surface -layers exhibit excessive *26Ra relative to 2°U,
display preferential uptake of uranium which would seem to discount the

theory that selective uptake of “*’Ra may account for elevated *2°Ra/>**U

rqtios.

Sample | ~°U Bq/kg | “*Ra Bq/kg | °° Ra Ba/kg | “"°Ra/7°U,
1 A 124.0 201.6. 84.6 1.63.
2 A 132.1 188.3 79.5 1.43
3A 140.3 175.6 81.0 1.25
4 A 110.5 198.7 75.8 | 1.80
1 E 462.2 271.3 192.4 0.58
2 E 390.5 241.8 175.9 ’ 0.62
3 E 4201 220.3 " 180.0 0520 ¢
4 E 378.9 - 205.7 160.2 0.54

Table. XV. Radionuclide activities. for vegetation sample drawn from

Sites A and E.

Although radiometric analysis of vegetation from the sites does.not
indicate preferential uptake of ***Ra to such an extent that woﬁld
account for observed excess, two further points should be taken into
account. The.average lifespan of vegetation at the siteé, is.undoubtedly
.short relative to the age of the soil; therefore small excesses of *°Ra in
plant tissues could feasibly result, over a time period corresponding to
many life cycles, in.2?°Ra excess. as observed in the soi1l. samples. This

point is supported by the fact that, on average, 89 5% of the total ***Ra




resides in non la_bile' fractions. Assuming that the non-labile fractions
contain resistant or non-humified organic material + rock residues
(“float”) + mineral residues (concreted manganese and iron oxides), then
estimation. of the.amount of *°Ra in the non-humified organicfresricilue
may be made using. the. ***Ra contents of. these. materials. and .tH.Qir
relative proportions per unit mass of soil. On average, 75% of the total
*2°Ra per unit soil mass..is associated with the resistant organic fracti,(?n,
compared to negligible amounts. of ***U, although there is no appar,g"nt
relationship between the amount of **Ra in this fraction and the
observed disequilibrium (Fig.60.). The fact that little or no ***U resides

in this fraction cannot be explained by the results of.this. study and._is a

point worthy of further investigation.

A second mechanism that may.account for excessive “*°Ra.is preferential
leaching. of ***Ra from the. underlying lithology during soil formation
processes. Such a process should lead to observable depletion of **°Ra

relative to 3%

U 1n the rock, however a series of sample from the area
show no evidence of this, “>°Ra/***U ratios being close to unity (Table.

XVI).
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Figure 60. Plot of ??°Ra in the resistant organic- fraction against

**Ra/***U disequilibrium.



Sample 230 Bq/kg | **°Ra Bq/kgv 2'ZgRa Bq/kg “'Ra/*tU
1 A 134.6 145.4 86.1 1.08
2 A 168.0 150.6 98.2 0.89
3A 157.4 132.9 79.2 - 0.84
4 A 146.2 128.7 : 74.6- - 0.88
1E 1432 164.5. V 98.6 1.15.
2 E 174.1 152.9 106.7 0.88
3E 156.2 148.9 101.0 0.95
4 E 159.8 127.0 96.2 0.79

Table XVI1. Radionuclide content of rock samples from Sites A and E.

In order to further investigate whether or not the observed
disequilibrium ratios were due to >**U depletion or *?°Ra enrichment,
the two sample groups (Table XIV.) were analysed for significant
differences. in. their. radiological characteristics. using a. Mann-Whitney
Rank Sum test for non-normally distributed groups. Significant
differences were detected between the two groups for a number of
variables. 2*U (p = 0.023), ***Ra (p = 0.011), **Ra/?**U (p = <0.001)
and **°Ra/?**Ra (p = <0.001) were all significantly different between the
two groups: No-significant difference was-observed for >*°Ra (p = 0.603)
or “**Ra/***U (p = 0.147). While the differences between the.two groups
in relation to 2**U and **’Ra/**®U were expected, the result in relation to
*2%Ra/***Ra and ?*®*Ra were not and remain unexplained at this point.
Supporting the theory that loss. of  **®U has occurred from sa—rr}ples
exhibiting elevated *?°Ra/?**U ratios is the fact that a significant
difference (p< 0.001.) exists between the two groups in relation to the

amount of labile **®

U present in the samples, samples with ratrio&be.lLow
1.71.containing, on average, 521. Bq/kg of labile ***U and samples with
ratios above 1.71 containing only an average of 68.2 Bq/kg. The

argument that the observed elevated ***Ra/**®U ratios. are due to-loss of

4




238U from the labile fractions is supported by the strong differences

28U levels in the easily

exhibited by the two groups in relation to
oxidisable fractions and amorphous iron oxides (p = 0.002 and 0.001
respectively). No difference exists between *?°Ra levels in either of

these fractions.

The previous discussion. has. sought to explainn the observed
disequilibrium ratios of the samples from Survey 2 in .relation to the
mode of occurrence of the radionuclides and their distribution between
the different fractions of fhe soil. The evidence so far presented appears
to suggest a loss of *®U relative to- **°Ra as explanation- for ele.v:ated
?2°Ra/***U ratios in the samples. This. does not account.for. the ratios
exhibited by sonie samples which remain significantly below the average
for the valley. In.order to provide some explanation as.to why-***U is
depleted in some samples and enriched in others (samples being
separated by relatively Vsmal’l distances), a detailed examination of the

chemical conditions pertaining.to the samples. 1s necessary.
4.3.2. Chemical Analysis

Examination of the conditions pertaining at the site and a knowledge of
the chemical behaviour of the radionuclides in question allows for
conclusions to. be drawn about. the. likely processes that. have,resulte.d]in
the disequilibrium conditions observed. This discussion will concern
itself with how chemical conditions may have a bearing on the
disequilibrium observed, a detailed description of the chemical
properties of the.samples. having being.provided. in Section 4.2.3 .-Raw
data for the chemical properties of all the samples of Survey 2 may be

found in Appendix 1.



Having divided the data set of Survey 2 on the basis of **°Ra/***U
disequilibrium relative to the average value for the valley of 1.71
(caiculafed from the data set of Survey 1), an analysis of the data
pertaining to chemical conditions was conducted. On the basis of a
Manh.—Whitney test, the only chemical parameter that is significantly
different between the two groups is moisture content. Samples whose
ratios lie below 1.71 value contain an average of 80.1% moisture,
samples whose ratios are above 1.71 containing an average of 65.5%
moisture. While this.difference does not.seem great, the situation may t?e
clarified by removing samples from Si.te F (which does not lie strictly
within the enriched area) which reduces the average moisture content of
samples with ratios above 1.71, to 60%. The moisture content of samples
whose ratio is below 1.71 is therefore, on average, some. 33% greater
than for samples with ratios above 1.71. This difference in moisture
content, most probably related to the positions of the samples relative to
the Clogher Burn stream and its associated depressions (see Fig.54)),
raises two possibilities. The. first is that. loss. of uranium.from_the
elevated **°Ra/***U samples has occurred for some reason related to the
moisture level of the soil, or secondly, that enrichment of these samples
with uranium never took place. The second hypothesis assumes that
| initial enrichment of the samples with uranium took place via saturation

of the soil with uranium bearing stream.water.

The second hypothesis, that enrichment of the soil never occurred due to
the positioning of the soil relative to the stream , seems unlikely for a
number of reasons. “*®Ra is considered immobile in the surficial
environment and is unlikely to have reached the levels displayed in_'.th\e
soil by any other means than ingrowth from ***U. There is no evidence of
enrichment of ***Ra in the soil via preferential lea’gching of the nuclide
from the underlying~ rock, nor is there any real evidence for the

enrichment of the nuclide via plant cycling (see section 4.3.1.). It is also
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unlikely that the samples whose ratios are above 1.71 always contained
the same amount. of moisture. that they do now, the depth of.the, soil

having increased over time.

The initial hypothesis, that samples previously enriched. with uranium,
via saturation with uranium- bearing stream water, underwent a
subsequent loss. of uranium, seems more likely. The.previous discussi‘_'on
has indicvated that statistical evidence points to a loss of uranium from
the labile. fractions. of the soil. The most obvious. situation that wm}xld
result in such a loss is a change in either the source of uranium to the
soil.and/or a.change.in.the chemical conditions of the soil affecting_the
ability of the soil to retain uranium. The most significant impact on soil
uranium chemistry that a drop in the water content. of the soil would
have is a change in the redox status, a reduction in water content

increasing the oxidative nature.of the soil.-

The scenario of loss of uranium from previously enriched peat resulting
in elevated “**Ra/***U. ratios is well-supported-in-the literature. The.loss
of uranium from organic. material via oxidation has been previously
reported as causing “*°Ra/>**U disequilibrium in peat bogs by Zielinski
et al, (1986) and Levinson ef al (1984). The categorical statements of
Ivanovich and Harmon (1992), that secular disequilibrium.arises. as a
result of loss of uranium relative to immobile daughter nuclides, is well
supported by the. results of this study. Other. proposed. pro.c.es,?es
resulting in elevated ***Ra/***U ratios (plant enrichment, deposition etc.)

are not in accordance with the results of this project.

4.3.3. S,umm?ry

Based on the results obtained in this study, the most likely cause_for

anomalous "»*Ra/>**U disequilibrium appears to be loss of ***U, Samples
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whose Ra/U?*® average remains close to or less than the average value
for the soils of the valley display appreciable levels of 2*U in the labile
fractions whereas those. exhibiting. elevated ratios. typically display a
lack of ?*U in these fractions. The concept that ratios are elevated due
to loss of ***U is supported by the fact that >**Ra/***U ratios are highest
in the more oxidising surface layers of the profiles where loss of
uranium, as the more soluble hexavalent U% is most likely. Uranium
lost in this manner from the upper layers is unlikely to be replenished as
the these levels only undergo periodic saturation with the water. th}at 18

the most likely source of the uranium in the depression.

The loss of uranium is supported by the fact that a comparison of
226Ra/U?*° ratios with the ratio 228Ra/***U indicates a loss of uranium,
relative to the immobile **Th, has occurred in samples displaying
elevafed *2%Ra/**®U ratios. Evidence provided by the previous.discussion
is supported by the results of the.speciation analysis whic.h_indicate,_tk%at
conditions pertaining in the upper layers of the profiles within the
depression.are conducive to the loss of uranium via oxidation to. the
hexavalent state and subsequent loss 1n solution. The hypothesis that
elevated ratios are as a result.of the peat not being enriched by uran,i,\;m
in the first place are not supported by the evidence yielded by this study.
The most obvious problem with such a theory is the. presence_of
significant amounts of *’°Ra in layers with high ratios. Given the
relative immobility of >*°Ra, it appears that much of the radium present
in these layers must have arisen via ingrowth. from. an initial level of
uranium. As the peat of the upper layers of the profile must have, at
some. point in the past,. been at a lower level than it is. at present.and
would therefore have been in a similar position to the lower levels of
Site E, 1.e. undergoing uranium_enrichment.as a result of contin_}lous

saturation with uranium bearing water in a reducing environment.



6.0 CONCLUSIONS

The results.of this project may be.subdivided into two dis,tinct.group.‘s,
those pertaining to the distribution of the radionuclides within the valley
and those relating to the mode of occurrence of the radionuclides within

[
the areas of enrichment within the valley.

The distribution of uranium and thorium series-radionuclides-within-the
valley is largely governed by the underlying lithology, average ***U soil
levels are greater than the levels in soils underlain by metasediments by
a factor of 4.6 within. the granite region, average “**Ra levels.are.greater
by a factor of 4.9 and 228Ra (¥2Th) by a factor of 1.3. Statistical
analysis confirms that a significant difference exists between soil
radionuclide levels in.the ‘granite region and soil radionuclide le,vels1 1n
the region underlain by the metasediments. As no correlation is observed
between any soil property likely to exert an.effect. on soil.radionuclide
levels and any of the radionuclide activities, it must be assumed that.
geology 'i1s the controlling factor. governing the level of these
radionuclides in'the soil of the Cronamuck Valley. This assertion is fully
supported by the results of a detailed geostatistical analysis, theAfin\al
outcome of which was the production of isopleth maps of radionuclide
levels within.the valley. These maps highlight the strong level of control
exerted by the underlying geology and serve to demonstrate the relative
immobility. of radium and thorium relative. to wuranium. in_ this
environment. The maps also support the findings of previous studies irl1to
the occurrence of natural_radionuclides in this locality and the. r,es,u,llts
concur with other research done into the occurrence of uranium and

thorium series radionuclides.in peat.

On a smaller scale, it may be seen that water flow and drainage patterns

within the valley exert a level of control over the radionuclides
1
{
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distribution.. Evidence 1is provided by the r.egions-‘. of elevated
radioactivity at the deepest parts of the valley, and by the occurrence of
the highest levels.in_areas associated with water saturate,d,depressiops.
The major sources of water to these depressions appears to be small
drainage streams draining.the granite region of the valley.. Transport. by
water is responsible for the one enriched region not lying on the granite
that was encountered. in. this. study. This. conclusion. was based .on
examination of the contour maps in relation to the topographical features

of the valley and the likely drainage patterns.

The results of the geostatistical survey indicate that soil levels of natural
radionuclides are amenable to this form of analysis, a high degree._of
spatial correlation having being exhibited by all the radionuclides
studied.. Geostatistical procedures applied to the problem of spatial
analysis of natural radionuclides offer significant advantages over more
traditional estimation procedures, results obtained .in this study
indicating that the estimation procedure known as kriging significantlty
out-performs a number of other estimation. procedures.over a. wide
variety of parameters that may be used to test estimation effectiveness.
The. smoothing. effect. of the kriging process tends to produce. low
estimates fof high values and vice versa. This feature may tend to limit
the usefulness. of the technique as a means of identifying areas_of
elevated radioactivity on a larger scale or during surveys designed to
ensure. bompliance with regulatory controls, but on the.scale of. the
project whose results are reported here, the technique does exhibit
advantages in relation to the reliability. of the ultimate output. Many, of
the problems associated with the implementation of geostatistical
procedures may be avoided.by examination of the data prior to actually

carrying out the estimation.
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Further work suggested by the results of Survey 1 centres on the
redistribution of radionuclides within the peat via water flow. The
movement of uranium and thorium series radionuclides as a result of
water flow within. peat. has. not been covered in. any depth in th‘e
literature. The results of this project suggest that drainage of water
flowing off the granite region may result in transport of radionuclides
away from the granite region, causing enrichment of peat underlain by a
lithology not usually associated with high soil radionuclide levels. The
processes involved in this transport are worthy of further study given the
fact that prediction of indoor radon levels is often reliant on identifying
lithologies that characteristically exhibit high levels of uranium. This
study has shown that water. transport. of radionuclides may cause.soil
overlying a non-uraniferous rock type to become enriched in the

radionuclides that ultimately give rise to indoor radon.

Geostatistical processes, combined with surveys of radionuclide levels,
may provide some insight into the nature of water movements within
peat bog areas. This study has shown that enrichment of radionuclides is
associated with water flow patterns in the peat and it may be possible to
map water flow using uranium series radionuclides as an indicator of

flow patterns.

Based on the results of the study, it is reasonable to suggest that.the
redox condition of the soil exerts a strong influence over the
accumulation of uranium and thorium series radionuclides. The
association of areas exhibiting the highest levels of radionuclides
encountered in. the study are associated with heavily saturated areas of
soil with correspondingly low Eh values, indicating the reducing
conditions. under which uranium is least mobile. The results of the
speciation analysis indicate that in the oxidising upper layers of the sgil,

uranium 1s. lost from the labile. fractions which contain high,leve.lls of
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'uranium in the lower, more reduéing bottom layers. It is this loss of
uranium. from the labile fractions that gives. rise to. the elevated
226Ra/®*®U ratios observed in the samples. “*°Ra is not associated with
the labile fractions of the soil, appearin-g to reside in the undecayed
plant.material. ***Ra, and by inference, 2Th. levels.are -evenly. divi(%ed
between. labile and non-labile fractions. The study confirms the.widely

accepted immobility of radium i1sotopes in the surficial environment.

The behaviour of *?°Ra in relation to the processes. governing its
distribution between different soil phases remains unclear. The dispar_%ty
of its behaviour relative to »*U is worthy of further investigation. The
precise location of “*°Ra within the soil fractions has not been identified
by this.study and work.remains to.be.done on theﬂmode,.of‘occurrence; of
this radionuclide in organic soils. Further work is also required with

respect to the mode of transport of 2%°

Ra from the labile phases- of the
soil. (with which 1ts parent, i T associated) to. the non-labile
fractions where it 1s found in greatest quantities. The behaviour of
nuclides intermediate.-in the decaryfchain-bet-ween-v”sU-and~226R.a-, such as
230Th, also warrants further attention, as it may be the behaviour ofth?se
nuclides that ultimately determines the location of 2**Ra within the soil.
Although the effect of redox conditions on the occurrence of >**U has
been well demonstrated.by this study, the,.results.at_hand yield no insight

into the precise mechanisms involved in the association of uranium with

either organic material. or amorphous.iron oxides.

This study highlights the localised occurrence of areas of elevated
radioactivity in the peat overlying the studied part of the. Barnesmore
granite. The results also i.ndicate the vulherability of these areas with
respect. to changes in.the redox conditions and the ability of the peat.to
retain the accumulated radionuclides. Of concern is the potential release

of the_accumulated radionuclides as a result of redox changes brought
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about via the activities of the forestry companies currently involved in
the afforestation of many upland bogs. The effect of bog.drainage on
uranium sinks in upland Irish bogs has not been assessed previously in
_this country and.requires investigation for.a number of reasons. This
study only investigated a small portion of the Barnesmore granite and it
1s. probable that there are a large number. of enriched areas of peat
(possibly exhibiting a much greater level of enrichment) within the
greater granite region. It is therefore. probable that.a significant amount
of" uranium (and associated daughters) are vulnerable to release from the
peét via changes inredox conditions. as a result of drainage and aeration
of the peat. The ultimate destinations for such nuclides once released
are the numerous. water courses.draining the Barnesmore.region. Given
the predominance of private water supply schemes in the area, it is
feasible that the. radiological quality of such water supplies may be
degraded should a large scale release of radionuclides occur. Of
secondary concern,is the.use by the local population of peat drawn from
these areas as a source of domestic fuel. Further work should therefore
concern. itself with an assessment of the radiological risk posed.to the
local population by possible releases of radionuclides from the “sinks”

described. in this.study and.by the abstraction.of peat from these: areas

for domestic uses.
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APPENDIX 1.



No.

Easting. Northing.

228
Ra.

226Ra
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U.

40K

137
Cs.
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25.0
19.8
30.1
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45 | 4730 3750 27.7 52.2 21.4 516.7 13 .
46 4600 | 3600 28 4 47.0- 180- | 5663 | 1787
47 4180 2080 142 15.2 20.4
48 [ 4780 | 950 | 217 46.5 34.6
49 4310 1440 5.1 8.4 3.6
50 4780 1620 35.5 48.0 27.5
51- 4150- | 1130~ | 494 | 650 46.7
52 4390 500 19.6 25.8 17.0

53 | 4630 430 | 434 7080 | 969

.54 | 1850 | 1550 | 1173 | ..479.0.7| 7881
55 | 650 3500 | 268 | 811 57.0

560800 | 2560 |- 240 | 485 | 33.0 .| 4
57 2140 1700 8.3 125 9.2 .

58 150 3570 14.5 204 | 189 446.0 26.3"
59 |. 390. | 2640 97. | 119 7.7 100.6 52
60 2650 3380 | 455 54.9 31.83 739.5 1.4

Table 1. Spatial co-ordinates and radionuclide values for soil
samples.. of Survey 1. Shaded cells denote samples taken from the
granite region of the Cronamuck valley during Survey 1 (on-pluton).

Co-ordinate values in meters, radionuclide values in Bq/kg dry weight.
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Win. No. “*Ra_ SD. **Ra  SD. Sy SD. K SD. Ra”PU SD.
1 5083 2779 3294 87.27 2523 2725 6983 309.0 224 140
2 4800 2827 2824 1454 2170 2613 5912 3344 199 137
3 - 4514 2923 2331 1684 1969 2714 4974 3030 185 138
4 5255 3451 164.0 1812 162.1 259.0 377.0 3043 1.48 086
S 5567 3977 1098 1318 9659 162:9° 431.7 3251 113 073
6 5320 3911 91.64 1094 8689 1552 463.0 3391 153 0.5
7 4708 3897 8203 1028 76.15 1442 4618 3397 162 0.6l
8 4851 307 3042 1129 2577 2889 6602 3092 213 152
9 4507 3087 2606 1504 2183 2751 5599 3205 200 137
10 ~ 4626 3233 2568 1658 2225 291.7 4957 2914 204 142
11 4776 3413 1458 171271438 240.7° 407.0 3406 147 " 08i
12 3916 3012 8733 1237 7937 1509 4101 3558 143 069
13 4374 3761 7235 9853 7101 1345 4438 3456 138 064
14 4699 3928 7882 1046 7575 1444 4169 3435 147 064
15 3485 2804 . 1875 1694 1289 2131 5669 2959 .199 1.28
16 ~ 37.94 2838 1956 1694 1342 2119 5399 2867 194 128
17 4171 2860 1886 1787 2226 5548 3076 195 135 064
18 4114 3199 1105 153.0 9721 2029 4411 3589 150 076
19 4038 3824 61.65 79.96 39.08 3908 4463 3729 149 064
20 3848 3855 4120 40.01 3146 2733 4571 3900 142 067
21 3912 4202 3975 43.60 29.10.- 2857 38043666 1.44 069
22 3485 2804 1875 1694 1289 2131 5669 2959 199 128
23 3590 2882 1866 1744 1341 2222 5496 2988 192 134
24 3945 2795 1661 1795 1241 2249 5729 3056 191 135
25 3736 3186 9263 1442 8825 2038 4179 3162 151 0.7l
26 3632 3802 4241 3861 2944 2667 4213 3288 150 0.7
27 37.98 41.09 4173 4205 3098 28.57 4186 3367 139 - 0.64
(28 3734 4320 3897 4422 2720 28.62 3409 2603 142 062
20 2295 983 5344 6724 2976 297 5170 1836 168 0.69
300 2727 620 61.85 61.19° 3606 27.03 564:4 113.0° -1.66° = 0:65
31 3021 1088 4214 1547 2822 1358 6143 2389 171 076
32 2535 1292 31.80 1514 2542 1449 4917 - 3069 14 048
337 2343 1276 2921 1581 24.09 1441 461.9° 2945 - 136 048
34 2195 1380 2596 1627 2328 1551 4350 3134 .128 052
35  19.69 1088 2562 1645 1882 1090 3680 2388 1.51

0.69

Table 11. Summary statistics for moving windows analysis.
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Inv. Dist.>

No. Actual Value. Kriging. Triangulation. Polygonal.

1 25.3 - 700 - 451 81.1- 66.2 -
2 18.7 293 49 11.9 27.4

3 75.0 62.7 176 72.7 65571
4 72.0 76.6 73.2 75.0 69.7

5 43.0 103.0 60.3 72.7 69.3

6 111.0- 172.3. 177.7 2833 170.2 -
7 . 226.0 1313 131.6 111.0 111.5
8 238.0° ' 194.7 1316 111.0 759 "
9 421.0 281.6 131.6 353.6 3150
10 258.0 337.7 304.4 3536 360.0
11 279.0. 288.7 313.8 243.0 . 2923 ..,
12 243.0 276.4 293.7 279.0 310.4
13 262.0 251.0 n/a 399.8 - 365.5 -
14 399.8 260.5 239.1 262.0 260.2
15 72.0 35.1 494 81.1 369
16 32.4 32.8. 48.6 . 364 353 ..,
17 346 58.0 n/a 72.0 60.7
18 3536 - 356.6 403.7 258.0° 3362
19 12.1 37.3 na 32.4 39.1
20 36.4 36.2 418 32.4 33.1
21 25.2 2509 199.2 . 3930 . . 314.9.
22 529 38.7 38.4 54.8 329
23 47.0 505 48.7 89 24.6 -
24 43.0 34.4 28.9 142 22.6
25 373.0 362.1 414.5 479.0 . 3729
26 - 2950 - 64.2-- 298 12.5. 138.2...
27 145.5 60.0 451 84.0 29.0
28 84:0" - 108.8 148.6 21.4 - 63.5~
29 13.7 117.7 112.5 19.9 146.0
30 19.9 44 .4 n/a 58.8 81.4 |
31 299 33.1- n/a- 44.0 35.5- -
32 24.4 36.5 37.1 299 209
33 44.0 26.8" 33.5" 29:9 27:9-~
34 22.0 35.8 48.5 52.9 39.5
35 7.0 23.5 395 142 27.0
36 21.0 40.4- 38:1- 142 283 .
37 14.0 143 123 21.4 19.9
38 4.0, 3206 154 15.2" 37.1 -
39 29.0 25.3 24.9 44.0 32,5
40 132.0 115.8 131.7 65.9 1059 °
41 393.0 64:3 65.1 25.2 389. .
42 588 152.8 443 19.9 121.0 -
43 44.0 48.8 n/a 522 503 -
44 50.4 76.5 249 292.0 104.9
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45
46
47
48
49
50

5t

52
53
54
55

56

57
58
59
60

522
47.0
15.2
46.5
8.4
48.0

65.0 -

258
70.80
479.0

- 81.1
48:5 -

12.5
204
11.9
54.9

453

46.0° -

35.0
50.1
66.5
20.6
94.0
34.2
323
257.6

. 327

94.2:
3079
41.6
46 .4
33.5

n/a
48.7
772

n/a
95.3

n/a

11 6:6’

75.6
n/a
271.8
352
368
326.3
n/a
71.4
36.0

44.4
52.2
4.6
70.9
65.9
8.4

132:6 -

70.9
25.8
373.0
25.3
75.0
479.0
81.1
18.7
32.4

Table,,iii_,,226Ra,,estimatesi.produced_b'y each of the

procedures. Values in Bg/kg dry weight.
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No. Actual Value Knging. Triangulation.  Polygonal. Inv Dist \

1 16.0 30.9 26 9 26.8 28.6
2 12.4 165 8.8 9.7 14.0
3 31.0 28.3 28.5 31.0 29.1
4 31.0 33.9 32.2 31.0 30.0
5 35.0 269 289 31.0 30.5
6 28.0 29.9 29.7 30.6 22.4
7 34.2 20.4 31.6 28.0 24.2
8 30.6 25.7 31.9 28.0 28.9
9 22.6 30.5 83.1 80.1 55.2
10 46.0 63 9 62.5 80.1 63.7
n 38.75 46.9 52.4 41.0 43.7
12 41.0 48.6 45.7 38.7 42.6
13 36.9 49.6 n/a 52.4 49.9
14 52.4 39.3 38.0 36.9 383
15 35.4 243 28.8 26.8 23.7
16 25.2 20.9 40.1 30.4 23.7
17 32.5 397 n‘a 35.4 31.0
18 80.1 75.0 26.8 46.0 45.0
19 3.2 23.4 n‘a 25.2 31.9
20 304 34.2 35.5 25.2 26.3
21 47.4 758 55.2 42.0 829
22 39.0 175 27.7 45.5 27.7
23 24.7 43.6 30.8 4.6 27.2
24 41.2 23.6 21.8 9.2 23.3
25 390 42.3 77.5 1173 81.0
26 60.4 67 8 21.7 8.3 369
27 135.0 63.0 490 95.1 311
28 950 940 93.7 30.7 63.0
29 33.2 339 34.1 29.7 34.6
30 29.7 40 2 n/a 304 39.8
3 257 240 n/a 339 296
32 24.6 26 8 289 25.7 17.9
33 33.9 24 1 33.5 257 249
34 194 340 36 2 39.0 30.0
35 3.5 25.5 34.6 9.2 21.7
36 307 27.2 399 9.2 21.7
37 9.2 283 111 307 21.9
38 5.3 161 141 14.2 368
39 256 17.6 14.6 33.9 27.4
40 56 3 61.5 528 494 384
41 920 536 464 34.5 42.3
42 304 47.9 384 297 63 4
43 28.3 26.7 n/a 27.7 27.6
44 253 319 236 603 32.4



45 27.7 28.4 na | 283 28.2
46 284 266 27-6 27.7 276 -
47 14.2 26.4 66.9 53 35.1
48 21.7 38.8 n/a 43.4 C275 °C
49 5.1 57.6 . 80.0 49 4 . 351
50 35.5 35.0 n/a o 5.1 275 .
5t 494 - | 422 - 677 | 563 45-7-
52 19.6 . 408 43.1 43 4 188
53 434 225 ' na © 196 © 453
54 117.3 53.6 60.0 39.0 4238
55 26.8 15.3 18.9 ©16.0 18.1
56 - 2400 | 226 - | 121 31.0- 15:9- —
57 8.3 583 78.5 117.3 66.7
58 14.5 18.9 n/a 26.8 22.1
59 _ 9.7 20.9 16.8 12.4 182
60 455 23.0 26.2 25.2 227

Table iv. 2**Ra  estimates produced by each of the four point

estimation procedures. Values in Bg/kg dry weight.
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No. Actual Value. Kriging. Triangulation. Polygonal. Inv.Dist.>.
I3 468.8 : 4529 : 600.3 ; 385:1 497.17 -
2 440.5 195.1 1723 100.6 240.4
3 636.5 587.6 6320 675.0 6184

4 675.0 634.6 662.3 636.5 609.5

5 700.1 547.6 662.5 675.0 659.2
6 990.0- - 4893 6861 752.5- 583:5 —
7 8243 623.4 686.1 990.0 673.2

8 752.5 789.5 793.7 990.0 668.7
9 4342 597.6 570.0 470.9 754.0
10 1012.0 560.0 638.5 470.9 488.4
11 932:5 - 821.6 793:2 899.7 940.3 -~
12 899.7 858.4 776.4 932.5 9289
13 1015.1 873.5 n/a 868.2 877.4
14 868.2 975.1 1000.3 1015.0 972.8
15 644.7 572.6 308.2 6447 4959
16 480.3 541.3-- 7399 639.0- 4449
17 593.7 601.4 n/a 644.7 592.2
18 470.9 6703 4543 1012.0 688.3
19 83.0 633.4 n/a 480.3 579.7
20 639.0 570.4 3233 480.3 469.4
21 1088.1- 363.3- 377.7- 90.1 300.1- -
22 . 889.0 734.4 469.9 739.5 562.1
23 521.6 523.9 653.9 20.1 380.9
24 960.3 341.9 288.6 81 102.9
25 364.1 305.5 286.4 162.0 228.1
26- 432.5- 363.7 - 367.1 86.8 1.7
27 696.0 2854 129.9 100.0 216.7
28 100.2° 531.6 532.8 288.1 501.6
29 416.6 571.7 422 4 217.5 732.1
30 2175 620.3 n/a 648.9 586.8
31 4272 604.7 n/a 633.9- 492.7
32 611.2 490.5 523.0 4272 3233
33 633.9 466.4 604.0 4272 4928
34 564.2 351.4 775.1 889.0 577.9
35 339 300.48 789.7 8.1 446.9
36 288.1- 94.8 66:1 8.1 244.1
37 8.1 220.7 236.6 288.1 341.5
38 156.9° 4986 2179 3682 3298~
39 562.0 4943 270.3 633.9 573.4
40 597.0 743.9 525.5 783.0 382.2
41 90.1 598.4. 843.7.. 1088.0 - 8783
42 648.9 403.1 455.2 2175 415.7
43 580.4 5204 n/a 516.7 - 5245
44 540.6 481.9 474.3 432.5 438.1
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45 516.7 574.0 n/a 580.4 574.3
46 566.3 5217 526.4 516.7 - 5352
47 368.2 201.9 4513 156.9 304.4
48 705.1 - 460.6 n/a 325.0 - 3788
49 299 651.3 685.6 783.0 701.6 |
50 632.0 442.4 n/a 209.0 3880 -
51 783.0 383:1- 344.9 597.0- 499:9- -
52 302.1 437.6 323.1 3250 4400
53 3252 426.0 n/a 362.0 4546
54 162.0 320.2 389.4 364.1 299.7
55 385.3 465.6 500.8 46.8 485.9
56 459:0- - 644:0- 204.0 6365 |- 2836~
57 86.8 372.0 329.9 162.0 275.0
58 446.0 574.0 n/a 459.0 320.6
59 100.6 509.6 516.2 440.5 526.8
60 739.5 454.3 552.9 480.3 475.6

1

~Table v. **K estimates produced by each of the four point estimation

procedures. Values in Bq/kg dry weight.
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Sample = **U. Ra.. Ra._ K. PRaPU PPRaPU P°RaPRa
E 0-15 923 418.0 20.0 339.7 4.50 0.22 20.90
E15-30 1096 523.5 442 470.4 4.71 0.40 11.84
E 30-45 4993 515.2 66.6 381.3 1.60 0.13 7.74
E 45-60 884.0 692.4 107.7 478.4 0.78 0.12 6.43
" E 60-75° 7378 847.9 1421 3677 1.14 019 5.97
A O-15 53.8 3349 30:5 361.5 6.22 057 10.97
A 15-30-  59.5- 354:t 36:3- - 3972 5:95- 0:61 9. 75—
A 30-45- 502 457.1 - 33.0 360.9- 9.10-- 0.66- 13.85--
A 45-60 73.7 411.0. 31.4.. 4058. 5.57 0.43. 13.09..,
A 60-75 109.6 255.0 41.9 517.8 232 0.29 6.09
E1 53.1 3204 18.6 660.2 6.04 0.39 17.23
E4 476.0 540.0 123.5 318.0 1.13 0.19 4.37
ES 1153 421.6 38.8 339.0 3.65 034 11.78
E6 83.6 444 38 32.2 275.0 5.32 0.39 13.81
o* 75.9 421.5 22.6 4342 5.55 0.30 18.63
54%* 788.0 479.0 1173 162.0 0.61 0.15 4.08
41%* 546.2 393.0 304 893 0.93 0.06 12.93
F 0-15 25.0 34.0 2.1 2935 13.70 0.08 16.19
F 15-30 7.0 399 27 204.1 5.70 0.39 14.78
F30-45 1540 71‘3" 66.3 75.7 0.46 0.43 1.08 ™
C10-15 14:1 “19:1 5.9 134.4 - 1.35 042 - 323
C15-30 38.3: 55.5 21:2- 362.0- 1.43- 0.55- 2.62 -
C30-45. 445 51.6 44.5 788.0. 1.15 1.00. 116
F2 . 20.8 498 . 25.6. 76.1. 2.38. 1.23 . 1.99 .
F3 206.9 218.3 46.8 68.0 1.05 0.23 4.66
Table vii. Radiological properties of samples.taken_in Survey 2. Values

in Bq/kg. * denotes samples taken in Survey 1 but included for data

analysis with those of Survey2.
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Sample PUEC. % UEC. “PUEOQ. %UE.O. **UFe % ‘UFe

E 0-15 59 6.4 7.9 8.5 559 . 605
E 15-30 6.3 5.8 6.0 5.4 99.8 91.0
E 30-45 4.9 1.0 495 9.9 350.9 702
E 45-60 13 0.2 167.8 19.0 542.9 61.4
E 60-75 1.9 14 110.4- 125 522.3 708. ..
AO-15 38 72 12 22 40.1 745~
A 1530 27 46 6.7 1.3 498 83.6
A 30-45 1.9 3.7 5.1 10.1 30.9 419
A 45-60 11.4 15.6 402 544 282 382
A 60-75 3.8 3.5 58.5 53.3 46.1 420
El 2.0 38 19.9 376 31.0 58.3
E 4 10.6 22 114.0 23.9 320.0 67.2
ES 175 15.2 540 468 401 347
E6 35 42 41 . 48 1.1 1.3
o* 75 10.0 36.6 482 211 278...
54+ 17.0 22 85.9- 109. 4512 572 -
41*- 8.2 IS5 749 13.8 283.0 51.8-

Table viii. Speciation of *’*U for samples of Survey 2. Values in Bq/kg
where applicable. * denotes samples taken in Survey 1 but included for

data analysis. with.those of Survey2.. E.C._- exchangeable cations,.E.O. -

an

1

eastly oxidisable organic matter, Fe - amorphous iron oxides.




Sample Ra™ E.C. %Ra™E.C. Ra®™EO. %Ra™E.O. Ra™Fe %R**Fe

E0-15 48 1.15 2.3 0.6 26.5 63

E 15-30 5.3 1.02 2.1 0.4 26.1 49

E 30-45 8.19 1.59 0.3 0.1 36.2 7.0

E 45-60 15.9 2.30 5.4 0.8 67.7 9.7

E 60-75 18.7 2.20 6.6 1.0 63.3 74,

A-0-15 5.3 1.57 1.3 0:4 3:4-- 1.0-

A 15-30 3:4 0.95 0.6 0.2 27.8" 7.8~

A30-45 15 033 21 0.5 84.1 18.4

A 45-60 4.7 1.15 1.4 0.3 84.5 205

A 60-75 10.2 4.03 2.8 11 53.3 209
E1 1.6 0.50 2.5 0.8 76.0 237
E4 23.8 442 11.6 2.1 3.9 0.7
E5S . 375 8.90 - 9.6 23 17.7 42
E6 29 067 11 03 22 0.5
o 1.1 0.26. 12 . 03 13.0. 3.1
54* 8.0 1.67 2.4- 0.5 315 6.6- .
41%* 14.0 : 3.56 1.4 04 19.0 4.8

Table. ix. Speciation of **°

Ra for samples.of Survey 2. Values.in. Bqg/kg
where applicable. * denotes samples taken in Survey 1 but included for
data analysis with those of Survey2. E.C. - exchangeable cations, E.O. -

easily oxidisable organic matter, Fe - amorphous iron oxides.
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728

Sample- Ra™EC  %Ra™EC Ra™EO. %Ra™EO. Ra™Fe- %R"Fe

E0-15 2.1 104 55 275 3.7 18.5-
E 15-30 32 71 8.3 1.9 3.5 7.9
E 30-45 6.1 9.1 1.7 25 9.7 14.5
E 45-60 76 7.1 45 42 217 20.1
E 60-75 9.0 6.3 34 0.3 260 183
A5 2.3 75 41 13.4 3.4 113
A 15-30 14 . 38 0.5 1.5 8.5 23.4
A 30-45 3.8 115 0.9 2.8 143 433
A 45-60 5.0 16.0 8.0 255 9.0 28.7
A 60-75 5.8 13.7 1.1 2.5 10.3 246..
E1 47 251 21 -1 9.7 52,3
E4 142 IT.5 41 3.3 81 6.6 -
ES 3.9 10.8 3.8 9.9 2.3 6.0
E6 4.7 14.5 1.7 5.2 2.8 8.6
o 4.7 20.6 0.5 2.2 2.2 101
54% 4.1 35 24 0.5 14.9 12.7
41* 8.6 28.4 6.1 20.1 8.7 28.6

Table x. Speciation of ***Ra for samples.of Survey. 2. Values in Bq/kg
where applicable. * denotes samples taken. in»SAur‘vey 1 but .included for
l

data analysis with those of Survey2 E.C. - exchangeable cations, E.O: - |

easily oxidisable organic matter, Fe - amorphous iron oxides.
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Sample
E 0-15
E 15-30

E 30-45
E 45-60 .

E 60-75
A 0-15
A 15-30
A 30-45
A 45-60

- A-60-75 -

E1l
E4
ES5
E6
9*
54*
41
F 0-15
F 15-30
F 30-45
C10-15
C15-30

C 30-45.

F2
F3

% Org.Mat.

32.8
19.2
29.9
38.7
36.7
28.9
22.6
14.1
1576
19.8
11.5
41.6
45.4
385
19.7
49.7
40.8
96.5
96.9
87.9
84.1
383
404
90.9
85.1

% H,0
743
63.1
76.5
78.5
78.6
61.4
56.2
55.9
565"
58.1
51.1
78.0
77.8
68.4
43.9
81.8
80.7.
82.1
83.6
83.4
88.0
849
67.3
85.2
833

4.6
4.5

4.3

4.6
438
3.8
42
43

5T
5.7

4.0
5.7
5.8
5.4
4.9
5:1

54.

38
3.8

3.9

3.7

3.9

3.9
3.8
4.1

Eh
220.0
190.0

190.0
300.0.

165.0
421.0
496.0
504.0
19.0

-55.0-

287.0
182.0
136.0

308.0
264.0
191.0
213.0
192.0

182.0. .

334.0
330.0

CEC Hum.Acid %

39.8
299
49.8
79.2
583
372
38.3
42.8
1299
153
58.2
68.9
56.7
40.6
3.7
68.7
46.1
136.9
131.9
92.4
60.3
54:0
37.1
82.9
91.8

16.1
9.8
15.9
34.7.
13.1
14.8
10.9
7.8
72
14.1
7.6
37.1
17.2
19.2
8.4

18.4-

20.6
40.2
39.2
20.8
15.0
13.3

12,1 -

325
346

NonHum%

16.7
9.4
14.0 -
4.0- |
23.6
14.1
12.0
6.3
g4 -
57 -
3.9
4.5
28.2
19.3
11.3
31.3
202..,
56.3
577
67.1
69.1
250 -
28.3. .
58.4
50.5

Table xi.. Chemical. properties of samples of Survey 2. * denotes.samplles

taken in Survey 1 but included for data analysis with those of Survey2. -~

%O0Org.Mat-%age organic material w/w, %H,0-%age moisture w/w, Eh-

mV, CEC-cation exchange capacity meq/100 g, %HumAcid-%age humic

acid w/w, %NonHum-%age non humic material_w/w.
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Sample Iron Sol Iron. Manganese. Sol. mang. Potassium Sol._Potasa‘.

EO-15 106900 <03 34550 445 153 37
E15-30 104900 <03 39250 212 100 1
E30-45 88550 - <03  30200- 255 159- 16
E4560 39750 <03 6570 50 268 !
E60-75 45080 <03 3060 37 169 I
A0-15 110600 <03 16700 320 147 32
A1530 117700 <03 29400 200 156 6
A30:45 2150 <03 43600 128 109 0
A45-60 143200 <03 21090 160 125 0
A60-7S 97900 47 6450 8 68 2
~ El 72580 <03 25400 260 75 7
E4 54370 5.9 1570 40 185 2
ES 63340 24 11000 238 72 6
E6. 3850 <02 130 <2 116 16
o* 90000 <03 43600 54 110 1
sqx 66500 <03 6950 23 63
Ma* 147300 <03 14650 70 139 0
F0-15 16200 <03 260 <1 177 58
F1530 2770 . <03. 28 <3 105. 23
F3045 580 <03 70 <3 74 6
C10-15 2490 142 60 - <4 260 202
C1530 17580 <03 55 <2 63 17
C30-45 1260 <03 135 <5 61 3
F2. 810 <03, 30. <3 a4. 4
F3 1690 <03 30 <4 79 12

Table xii. Chemical properties of samples of Survey 2. * denotes
samples taken in Survey 1 but included for data analysis with those of
Survey2. All values.in ppm. Sol.lron-soluble iron, .Sol.,mang_-.éolu]ble

manganese, Sol.potass- soluble potassium.
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94 81 67 41 20 14

20) 19 23 20

Cronamuck River

Figure 1. Raw data for portable gamma spectrometer survey of lo,ca}ion

X. Values in counts per second.
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Sample pH
1 n/a
2 6.4 |
3 n/a
4 n/a
5 6.91
6 7.05
7 6.61
8 7.2
9 7.21
10 6.62
I 6:69
12 6:5
13 7.04
14 n/a -
15 n/a
16. 5.56.
L7 4.3
18 6.01
19 53
20 7.14

Eh mV
33
45
68
71
61
76
82
100
109
104
148
152
152
1-55-
155.
1.60.
133.
137
122
138

Cond. uS Tds ppm Fe ppm

75.8
N/a
N/a
N/a

86.9

43.2
104

66.5

. 68.1
68"

551

62.1

62.2
46.7

20.2
87

69.2.

91
79
84

n/a
116
462
50
66
48
92
n/a
90
68

80~

40
70-

46-

56
126

102

112
96
112

0.05
0.053
0.282
0.005

0.23

0.43
0.104

0.51

0.005

0.23"
0.0t

0.01-
0.01-

0.01

0.01..

0.23
n/a..

0.35
0.2

0.05

54.5
3.9

M

Table xi11. Chemical properties. of water samples taken during Survey 2.

Cond. — conductivity, Tds. — total dissolve solids, ppm.
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Correlation Matrix for 23%U..

238U 226Ra 228Ra 226Ra/238U
C.C 071 C.C.0:78%%* C.C:-0.67**-
Sig. 0.000 Sig. 0.000 Sig. 0.000 °
N 25 N 25 N25
22Ra/ P 226Ra/??*Ra- | 2°U Ex. Cation. | **°Ra Ex. Cation.
C.C. -0.64** C.C. -0.14 C.C. 0.44 C.C. 0.78%* "
Sig. 0.001 Sig. 0.504 Sig. 0.077 Sig. 0.000
N 25 ' N 25 N 17 N 17
*”*Ra Ex.Cation. | “"U-Eas. Ox.Org | “*RaEasOxOrg. | “*RaEas.OxOrg.
C.C. 0.58 C.C. 0.81** C.C. 0.40 C.C. 032
Sig. 0.14 . Sig. 0.000 Sig. 0.111. Sig. 0.200. |
N 17 N 17 N 17 N17 ‘
“**U Fe Oxides | *°’Ra Fe Oxides | “’Ra Fe Oxides Moisture |
C.C.0.81%* - C.C. -0.43. C.C. 0.36 - C.C. -0.52 .
Sig. 000 Sig. 0.870 Sig. 0.15 Sig. 0.80
N17 N17 N17 N 25
pH - Eh- Cation-Ex: Cap. Humic acids—
C.C 0.66** C.C. -0.36 C.C -0.03 C.C 0.16
Sig. 0.000 Sig. 0.105" Sig. 0.868" Sig. 0525 A
N 25 N 21 N 25 N 25
Non humic acids | Organic material " Iron Manganese
C.C. -0.29 C.C. -0.64 C.C. 0.31 C.C. 0.23
Sig. 0.156 Sig. 0.762 Sig.0.125 Sig. 0.265
N 25 N 25 N 25 N 25 !
Total Lab. 2°U | Total Lab. **°Ra | Total Lab. ***Ra
C.C. 0.92** C.C. 0.22 C.C.0.57
Sig. 0.000 Sig. 0.392 Sig. 0.017
N 17 N17 N-17 |
Table xiii. Correlation matrix for ***U. €.C. . - Correlation coefficient

(Spearmans), Sig.

- Significance (2 tailed), N

number of da'ta

points.‘.Asterisks denote significant correlation at the 0.01 level (2

tailed).
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Correlation Matrix for **°Ra

7387 8 Ra. T¥Ra TR0
cc.o71” C.C. 0.68** C.C. -023 '
Sig. 0.000 Sig. 0.000 Sig. 0:265°7

N 25 N 25 N 25 '
“Ra/**U **Ra/**RaC.C. | U Bx. Cation. | ***Ra Ex Cation.
C.C. -0.40 0.15 C.C 026 C.C 0.39 ™
Sig. 0.045 Sig. 0.465 Sig. 0.302 Sig. 0.114 _

N 25 N 25 N17 N17 .

“**Ra Ex.Cation. | 7 °U Eas.Ox.Org | “RaEas.Ox.Org. “*Ra Eas.0x.0Org.
C.C. 036 C.C. 045 C.C. 0.33 C.C. 0.35
Sig. 0.145 Sig. 0.067 Sig. 0.189 Sig. 0.216

N17 N.- 17 N:1.7 N 17

“*%U Fe Oxides. | “°Ra Fe Oxides | “°*Ra Fe Oxides. |. Moisture _
C.C. 0.82** C.C. 0.02 C.C. 0.68** C.C. -038:
Sig. 0-000 Sig. 0.913 . Sig. 002 Sig. 0.189 -

N 17 N17 N 17 N 25§ ‘

pH Eh Cation Ex. Cap. Humic acids
C.C. 0:70%* C.C -0.24 C.C. -0:268. - C:C. —O"157"'\
Sig. 0.000 Sig. 0.151 Sig. 0.269 Sig. 0.450

N 25 N 21 N 25 N 25

Non humic acids | Organic material Iron Manganese
C.C. -0.58 C.C. -0.41 C.C. 0.40 C.C 054
Sig. 0.002 Sig. 0.037 Sig. 0.045 Sig. 0.005

N 25 N.25 N 25 N 25

Total Lab. °*U | Total Lab. “**Ra | Total Lab. “**Ra
C.C. 0.63 C.C 0.22 C.C. 0.49
Sig. 0.006 . Sig. 0.382 Sig. 0.045. .

N17 N 17 N 17 :

Table xiv. Correlation matrix for “>*Ra. C.C. - Correlation coefficient

(Spearmans),. Sig. -  Significance. (2 tailed), N . - number of. data

points. Asterisks denote significant correlation at the 0.01 level:(2

tatled).
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Correlation Matrix for ***Ra

TR TR '228Ra ) TR/ .
C.C. 0.78** C.C. 0.68** C.C. -0.62%*
Sig. 0:000 Sig. 07000 Sig. 0,001 =
N 25 N 25 N 25 ‘
“*Ra/**u 22°Ra/***Ra “%U Ex. Cation. | “’°Ra Ex.Cation.
C.C. -0.18 C.C. -0.509*%* C.C. 0:27 C.C. —0.65*"“l
Sig. 0.384 Sig. 0.009 Sig. 0.290 Sig. 0.004
N 25 - N 25 N17 N17
"“?*Ra Ex.Cation. | *U Eas.Ox.Org | ““RaEas.OxOrg. | “RaEasOx.Org’
C.C. 0.41 C.C.0.58 C.C. 0.41 C.C. 0.02
Sig. 0.095 Sig. 0.013 Sig. 0.096 Sig. 0.922
N 17 - N-17 N.17 N7
“*U Fe Oxides | **°Ra Fe Oxides | ““*Ra Fe Oxides Moisture
C.C. 0.69%* C.C.0.10 C.C. 047 C.C -0.05
Sig: 0.002 Sig. 0:69 Sig. 0.055- Sig. 0.790-.
N17 . N17 = N 17 N 25 ’
pH Eh Cation Ex. Cap. Humic acids’
C.C. 0:45 C.C:-0:37 C.C.-0.03" C.C. 0.05-
Si1g. 0.023 Sig. 0.094 Sig. 0.861 Sig. 0.810 °
N 25 N 21 N 25 N25 " n
Non humic acids | Organic material || Iron Manganese -
C.C. -0.21 C.C. -0.38 C.C.-0.13 C.C. 0.04
Sig. 0.308 Sig. 0.858 Sig. 0.951 Sig. 0.841
N 25 N.25 . N.25 N 25. 1
Total Lab. “°°U | Total Lab. “**Ra | Total Lab. “**Ra '
C.C. 0.75%* C.C. 0.30 C.C. 0.55
Sig. 0.001 Sig. 0.228 Sig. 0.020
N 17 N 17 N 17 :
i
Table xv. Correlation matrix for ***Ra. C.C. - Correlation coefficient

(Spearmans), Sig. -  Significance (2 tailed), N - number of data
points. Asterisks denote significant correlation at the 0.01 level (2

tailed).
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Correlation Matrix for 22Ra/**%U

B 8 TR TR, ' 2L OWEAL P
C.C.-0.67** CC -0.23 C.C. -0.62** “
Si1g. 0000 - Sig. 0.265 S1g. 0.001 "~
N 25 N 25 N 25
PRra/tU “2°Ra/***Ra *%U Ex. Cation. | “*°Ra Ex.Cation.
C.C.0:36 - CC 0.67*"; C.C. -0.43 C.C. —0.73%*
Sig. 0.070 Sig. 0.000 - Sig. 0.083 Si1g. 0.001
N 25 N 25 N 17 N 17
"“?®Ra Ex.Cation. | °°U Eas.Ox.Org | ““RaEas.Ox.Org. “*Ra Eas.Ox.Org.|
C.C. -0.59 C.C. -0.81** C.C. -0.34 C.C. -0.28
Sig. 0.011 Sig. 0.000 Sig. 0.177 Sig. 0.272
N 17 N 17 N-1.7-- N7
“%U Ee Oxides .| ”°Ra Fe Oxides. | "“*Ra Fe Oxides Moisture...
C.C. -0.73%* C.C. 0.06 C.C. -0.34 C.C. -0.49 !
Sig: 0-000 - Sig. 0.815~ Sig. 0176 - Sig. 0.011 -
N 17 N17 N 17 N 25
pH Eh Cation Ex. Cap. Humic acids :
C.C. -0.21 C.C. 0.40" C.C: -0.17 C.C. -0.36-
Sig. 0.292 Sig. 0.072 Sig. 0.402 Sig. 0.073
N 25 N 21 N 25 N 25
Non humic acids | Organic material Iron Manganese-—
C.C. -0.23 C.C.-0.39 C.C. 015 C.C. 032
Sig. 0.253 Sig. 0.052 Sig. 0.470 Sig. 0.119
N 25. N 25 N 25 N 25
Total Lab. >*U | Total Lab. “**Ra | Total Lab. “**Ra
C.C. -0.86** C.C. -0.17 C.C.-0.55
Sig. 0.000 Sig. 0.504 Sig. 0.022
N17 N 17 N 17
Table xvi. Correlation matrix for *?°Ra/?**U. C.C. - Correlation
coefficient.(Spearn{ans), Sig. -. Significance (2 tailed), N- - number

of data points. Asterisks denote significant correlation at the 0.01 level

(2, tailed).




Correlation Matrix for 2**Ra/**%U

coefficient (Spearmans), Sig. -

Significance (2 tailed), N -

238U ZZGRa ; 228Ra 226Ra/238U
C.C. -0.64** C.C. -0.40 C.C.-0.18- C.C. 0.36 -.
Sig. 0.001 Sig. 0.045 Sig. 0.384 Sig. 0.070Q
N 25 N 25 N-25 . N 25 N
2¥pa/F U 2R a/* " Ra 3% Ex. Cation. 226Ra‘Ex.Catiorg.
C.C. -0.28 C.C. -032 C.C. -0.55
Sig. 0.167 Sig. 0.209 Sig. 0.020
N 25 N17 N17
*%Ra Ex.Cation. | ~°°U Eas.Ox.Org | ““RaFEas.OxOrg. | ““RaEas.Ox.Org.
~ C.C. 0.60%* C.C. —0.75%* C.C. -0.27 C.C. -0.25
Sig. 0.009 Sig. 0.000... Sig. 0.279 Sig. 0.325
N 17 N 17 N 17 N17
28U Fe Oxides | °°°Ra Fe Oxides | “**Ra Fe Oxides Moisture |
C.C. —0.68** C.C. 0.02 C.C. -0.29 C.C. —-0.15.-,
Sig. 0.002 Sig. 0.926 Sig. 0.249 Sig. 0.474
N 17 N 17 N 17 N 25"
pH Eh- ~Cation-Ex--Cap:- Humic acids‘\
C.C. -0.38 C.C. 0.22 C.C. -0.20 C.C. -0.424
Sig. 0.054 Sig. 0.337 Sig. 0.325 - Sig. 0.035 ~
N 25 N 21 ' N 25 N 25 '
Non humic acids | Organic material Iron Manganese
C.C.0.10 C.C. -0.17 CC -022 CC.-0.12
Sig. 0.622 Sig. 0.392 Sig. 0.282 Sig. 0.564
N 25 N 25 N 25 N 25
Total Lab. YU | Total Lab. *°Ra | Total Lab. **Ra
C.C. -0.75*%%* C.C.-0.17 C.C. -0.47
Sig. 0.000 Sig. 0.492 Sig. 0.052
N17 N-17 N-17-
Table. xvii. Correlation matrix for 22*Ra/?*%U. C.C.

- Correlat'L?n

number

of data points. Asterisks denote significant correlation at the 0.01 level

(2 tailed).
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Correlation Matrix for 22°Ra/***Ra

23‘6U 226Ra- 228Ra' 226Ra/-238U -
C.C.-0.14 C.C.0.15 C.C. -0.509** C.C. 0.67** -
Sig. 0.504 Sig. 0.465 Sig. 0.009 Sig. 07000 7
N 25 N 25 N 25 N 25
- ***Ra/>”*U “*Ra/***Ra “3U Ex. Cation. | “**Ra Ex.Cation.
C.C -0.28" CC. -0.27" c.C —O.‘7‘1"‘**vL
Sig. 0.167 Sig. 0.290 Sig. 0.001
N 25 N17 N 17
"2®Ra Ex.Cation. | ~>°U Eas.Ox.Org | “"RaEasOx.Org | ““RaEas.Ox.Org
C.C. -0.41 C.C. -0.63** C.C. -0.37 C.C. -0.01
Sig. 0.095 Sig. 0.007 Sig. 0.133 Sig. 0.963
N 17 N-17 N 17 N17 -
“%U Fe Oxides | ““°Ra Fe Oxides. | “*Ra Fe Oxides. Moisture _
C.C. -0.71** C.C.-0.02 C.C. -0.47 C.C. -0.53**
Sig. 0.001- Sig- 0:911 Sig: 0:051" Sig. 0:006 -,
N 17 N 17 N 17 N 25 ’
pH Eh Cation Ex. Cap. Humic acids
c.C. 020 C.C. 0:20 CC. -017 C.C ~0:19
Sig. 0.321 Sig. 0.384 Sig. 0.391 Sig. 0.355
N 25 N 21 N 25 N 25
Non humic acids | Organic material™| Iron Manganese )
C.C. -0.40 C.C. -0.41 C.C. 0.44 C.C. 0.57*x*
Sig. 0.045 Sig. 0.040 Sig. 0.027 Sig. 0.003
N 25. N .25 N.25 N 25. )
Total Lab. U | Total Lab. **°Ra | Total Lab. “*°Ra
C.C. -0.69** C.C. -0.23 C.C -0.52
Sig. 0.002 Si1g. 0.390 Sig. 0.030. .
N17 N 17 N 17
i
Table xviii. Correlation matrix for >*Ra/>*®Ra. C.C. - Correlation
coefficient (Spearmans), Sig. - Significance (2 tailed), N - number

of data points. Asterisks denote significant correlation at the 0.01 level
(2.tailed).
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Correlation Matrix for

**%U: Exchangeable Cations

238U 226Ra 2'28Ra 226Ra/238U
C.C. 0:44- C.C. 0:26 C.C 6.27 C.C. -0.32 -
Sig. 0.077 Sig. 0.302 Sig. 0.290 Sig. 0.209
N17 N 17 N 17 N17
“2Ra/ U *25Ra/**°Ra “*U Ex. Cation. 22(’Ra»Ex;Catioq.
C.C. -032 Cc.C -0.27 C.C. 047
Sig. 0.209 Sig. 0.290 Sig. 0.056
N 17 N 17 N17
*Ra Ex.Cation. | ~°°U Eas.Ox.Org | ““RaEas.Ox.Org. “*Ra Eas.Ox.Org.
C.C. 0.22 C.C. 0.41 C.C. 0.29 C.C. 034
Sig. 0.391 Sig. 0.097 Sig. 0.251 Sig. 0.176
N17 N 17 N 17 N17 ‘
%Y Fe Oxides | “*°Ra Fe Oxides | “**Ra Fe Oxides Moisture |
C.C.0.19 C.C. -0.23 C.C. -0.16 C.C. 0.47 -
Si1g. 0.463 Sig. 0.389 Sig. 0.535 Sig. 0.051
N17 N17 N17 N 17
pH Eh Cation Ex. Cap - Humic.acids-.
C.C. 0.62%* C.C. -0.73** C.C.0.262. CC. 014
Sig. 0.008 Sig. 0.004 Sig. 0.309 " Sig. 0:570" "
N17 N 13 N 17 N 17 '
Non humic acids | Organic material Iron Manganese
C.C. 0.59 C.C. 0.47 C.C.0.173 C.C. -0.19
Sig. 0.12 Sig, 0.055 Sig. 0.507 Sig. 0.448
N17 N17 N17 N17 .[
Total Lab. ©°*U | Total Lab. ***Ra | Total Lab. **Ra
C.C 0.46 C.C..0.04 C.C.0.16 .
Sig. 0.059 Sig. 0.874 " | Sig. 0.522 |
N 17 N-17 - N-17

Table xix.. Correlation. matrix .for

238

U: Exchangeable Cations. C.C. -

Correlation. coefficient (Spearmans),.Sig. - SignificanceA(Z,tailed‘),‘ N

- number of data points. Asterisks denote significant correlation at the
0.01 level (2 tailed).
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Correlation Matrix for ***Ra; Exchangeable Cations.

- 238U 226Ra 2'28Ra 226Ra/238U
C.C. 0.78** C.C. 0.39~ C.C. —0:65**-. C.C. -0.55 -
Sig. 0.000 Sig. 0.114 Sig. 0.004 Sig. 0.020

N17 N17 N17 N17
BRaA/7PY “Z5Ra/***Ra 27 Ex. Cation: | “*°Ra E‘x‘Cation‘.
C.C. -0.55 C.C. -0.71** C.C. 0.47 ’
Sig. 0.020 Sig. 0.001 Sig. 0.056

N17 N17 N17

“’®Ra Ex.Cation. | 'U Eas.Ox.Org | *®RaEas.Ox.Org. “*Ra Eas.Ox.0rg.
C.C. 0.52 C.C.0.73** C.C.0.61** C.C 0.42
Sig.0.032 . .'Sig. 0.001 Sig. 0.008 . Sig. 0.092 _
N17 N 17 N17 N 17 ‘
“3*U Fe Oxides | ““°Ra Fe Oxides | “**Ra Fe Oxides Moisture |
C.C. 0.70%* C.C.-0.11 C.C. 0.20 C.C. 0.79*% 1
Sig. 0.002 Sig. 0.670 Sig. 0.430 Sig. 0.000
- N17- N17 N17 N 17 |
pH- Eh Cation-Ex. Cap: Humic.acids.
C.C. 0.45 C.C -057 C.C. 041 C.C. 0.64%*
Sig. 0.064 Sig. 0,040 Sig. 0.097 Sig. 0.005 "y
N17 N 13 N17 N 17 '
Non humic acids | Organic material Iron Manganese
C.C. 0.23 C.C. 0.71*% C.C.-0.10 C.C. -0.60%**
Sig. 0.358 Sig.0.001 Sig. 0.680 Sig.0.006 _
N17 N17 N 17 N 17
Total Lab. °*U | Total Lab. “*°Ra | Total Lab. **Ra
C.C. 0.78** C.C.0.29 C.C.0.52
Sig. 0.000 Sig. 0.254 Sig. 0.030
N 17 N 17 N-17

Table. xx. Correlation matrix. for

226

Ra: Exchangeable Cations. CCT -

Correlation coefficient. (Spearmans), Sig.. - Significahce (2 tailed'),\ N

- number of data points. Asterisks denote significant correlation at the
0.01 level (2 tailed). ‘
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Correlation Matrix for 22%Ra: Exchangeable Cations.

238U 226Ra 228Ra Tcha/sz
C.C. 0.58 C.C. 0.36 C.C. 041 C.C. -0.59
Sig. 0.14 Sig. 0.145 Sig. 0.095 Sig. 0.011
N17 N17 N17 N17
“fRa/ Uy ?2%Ra/***Ra- ¥ Ex. Cation. 2-26Rz:1“'Ex.(‘Zati'on'.
C.C. 0.60** C.C. -0.41 C.C. 022 C.C. 0.52
Sig. 0.009 Sig. 0.095 Sig. 0.391 Sig. 0.032
N 17 N 17 N17 N17
“*Ra Ex.Cation. | 2°*U Eas.Ox.Org | ““RaEas.Ox.Org. “*Ra Eas.Ox.Org.
C.C.0.0.75%* C.C. 0.35 C.C.0.13
Sig. 0.000 Sig..0.165 . Sig. 0.611. .
N 17 N17 N17 :
“*3U Fe Oxides | “*°Ra Fe Oxides | ““*Ra Fe Oxides Moisture
C.C. 0.38 C.C.0.15 C.C. 0.41 C.C. 0.44
Sig. 0.125 Sig. 0.566 Sig. 0.102 Sig. 0.074
NI17 N-17 N17 - N 17 i
pH- Eh- Cation Ex. Cap.- Humic acids—
C.C. 0.45 C.C.-0.50 C.C. 0.51 C.C. 035
Sig. 0.065 Sig. .081" Sig. 07033 Sig. 0:167 7
N 17 N1i3 N17 N17
Non humic acids | Organic material Iron Manganese
Cc.C -0.17 C.C. 030 C.C. -0.25 C.C. -0.55
Sig. 0.497 Sig. 0.242 Sig. 0.317 Sig. 0.021 _
N 17 N17 N 17 N17 '
Total Lab. ©°®U | Total Lab. “*°*Ra | Total Lab. ***Ra
C.C 0.60** C.C.0.45 C.C.0.69** ]
Sig. 0.010 Sig. 0.070 S1g.0.002
N 17 N 17 N 17 -

Table xxi. Correlation matrix for **®

Ra: Ex,chanrgeable.Cations..,C,.(\I. -
Correlation coefficient (Spearmans), Sig.. - Significance (2.tailed), N
- number of data points. Asterisks denote significant correlation at the

0.01 level (2 tatled).
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Correlation Matrix 2**U: Easily Oxidisable Organic.

238U 226Ra 228Ra ‘ZZGRa/238U
C.C. 0.81** C.C. 045 - C.C. 0:58~ C.C. —0;8--1--*-*\
Sig. 0.000 Sig. 0.067 Sig. 0.013 Sig. 0.000 °
N17 N17 N 17 N17
“*Ra/*U “7Ra/*"®Ra- | *UEx. Cation. | ”’°Ra Ex.Cation,
C.C.-0.75%** C.C. -0.63** c.c 041 C.C. 0.73**
Sig. 0.000 Sig. 0.007 Sig. 0.097 Sig. 0.001
N 17 N 17 N17 N 17
“’Ra Ex.Cation. “®RaEas.Ox.Org. | ““RaEasOxOrg.
C.C. 0.0.75** C.C. 0.62** C.C.0.19
Sig. 0.000 Sig. 0.008 Sig. 0.456. _
N17 N17 N17 :
U Fe Oxides | “*°Ra Fe Oxides | “**Ra Fe Oxides Moisture
C.C. 0.68** C.C.0.23 C.C. 051 C.C. 0.65**
Sig. 0.002 Sig. 0.374 Sig. 0.036 Sig. 0.004
N 17 N17 N17 N 17 1
pH Eh- Cation-Ex. Cap. - Humic acids.,
C.C. 0.50 C.C. -0.58 C.C. 0.60** C.C. 0.47
Sig. 0.037 Sig. 0.047 Sig: 0.10 Sig: 0:054™
N17 N 13 N17 N17
Non humic acids | Organic material Iron Manganese
C.C.-0.10 C.C. 0.56 CC. -0.18 C.C. -0.50
Sig. 0.970 Sig. 0.18 Si1g. 0.468 Sig. 0.039
N17 N17 N17 N 17
Total Lab. *U | Total Lab. “*°Ra | Total Lab. ***Ra
C.C. 0.88** C.C.0.53 C.C..0.74%**
Sig. 0.000 Sig. 0.026 Sig. 0.001
N17- N17- N 17-

Table xxii. Correlation matrix for >*U: Easily Oxidisable Organic. c.C

- Correlation coefficient (Spearmans), Sig. - Significance (2 taile&), N

- number of data points. Asterisks denote significant correlation at the
0.01 level (2 tailed).
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Correlation Matrix for 2?°Ra:

Easily Oxidisable Organic.

7383 TR, ¥R, TR /7%
C.C. 0:40 C.C.0.33" C.C.0.41 C.C. —0.734*-‘
Sig. 0.111 Sig. 0.189 Sig. 0.096 Sig. 0.177
N17 N17 N17 N17
“Frar* U “**Ra/*"*Ra “*%U Ex. Cation.-| “**Ra Ex-Cation.
C.C. -0.27 C.C. -0.37 C.C. 0.29 C.C.0.61%*"
Sig. 0.279 Sig. 0.133 Sig. 0.251 Sig. 0.008
N 17 N17 N17 N17
“2¥Ra Ex.Cation. | “’®U Eas.Ox.Org | “*RaEas.Ox.Org. mRaEaS.Ox.Org
C.C. 0.35 C.C. 0.62%* C.C. 0.29 .
Sig. 0.165.. . Sig. 0.008 Sig. O"ZSZ”W
N 17 N17 N 17
“’%U Fe Oxides | ““°Ra Fe Oxides | >**Ra Fe Oxides Moisture
C.C. 0.38 C.C.0.18. C.C.0.32 C.C. 0.39 1
S1g. 0.130 Sig. 0.485 Sig. 0.210 Sig. 0.117 -
N17 N17- N-17 N 17 N
pH Eh - Cation Ex: Cap.- | Humic acids,
C.C. 0.40 C.C. -0.42 C.C. 0.45 C.C. 027
Sig. 0.103 Sig. 00153 ° Sig.'0.068" Sig. 0.290"
N17 N 13 N 17 N 17 ’
Non humic acids Organic material Iron Manganese
C.C -0.14 C.C. 0.34 C.C. -0.41 C.C. -0.47
Sig. 0.573 Sig. 0.182 Sig. 0.100 Sig. 0.056 _
N17 N17 N17 N17 J
Total Lab. °*U | Total Lab. ***Ra | Total Lab. 2°°Ra L
C.C. 0.50 C.C. 0.52 C.C.0.49
Sig. 0.040 Sig. 0.029 Sig. 0.046
N17 N17 - N 17
Table. xxiii. Correlation. matrix for.’*®Ra: Easily Oxidisable Organic.
C.C. - Correlation coefficient (Spearmans), Sig. - Siglnificance‘_(z
tailed), N - number of data points. Asterisks denote significaﬁt

correlation at the 0.01 level (2 tailed).
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Correlation Matrix for ***Ra: Easily Oxidisable Organic.

238U 226Ra 228Ra 226Ra/2‘38U
C.C. 0.32 C.C. 035 C.C.0.02- C.C:. -028 -
Sig. 0.200 Sig. 0.216 Sig. 0.922 Sig. 0.272
N 17 N17 N 17 N 17
“Ra/Ptuy "2%Ra/***Ra- | P’U Ex. Cation. | “*°Ra Ex.Catron.
C.C. -0.25 C.C. -0.01 C.C. 0.34 C.C. 042
Sig. 0.325 Sig. 0.963 Sig. 0.176 Sig. 0.092
N17 N 17 N17 N17
“*Ra Ex.Cation. | ©*U Eas Ox.Org | “*RaEasOxOrg | ““RaEas.OxOrg
C.C.0.13 CC.0.19 CcC.C. 029
Sig.0.611 Sig. 0.456. Sig. 0.252
N 17 N17 N17
%0 Fe Oxides | “*°Ra Fe Oxides | “’°Ra Fe Oxides Moisture
C.C. 0.32 C.C.-0.02 C.C. -0.04 C.C. 0.45 B
Sig. 0.21 Sig. 0.918 Sig. 0.868 Sig. 0.065
N17 N17 N17 N17- A
pH- Eh- Cation Ex. Cap.- Humic acids..,
C.C.0.19 C.C. -0.26 C.C. 0.36 C.C.0.24 °
Sig. 0.457" Sig. 0.388 Sig. 0.149° Sig. 0.347 -~
N17 N13 N17 N17
Non humic acids | Organic material Iron Manganese
C.C 0.05 C.C. 0.21 C.C. 032 C.C. -0.11
Sig. 0.822 Sig. 0.405 |  Sig.-0.210 Sig. 0.652 _
N17 N17 N17 N17 !
Total Lab. *®U [ Total Lab. “*°Ra | Total Lab. 2°*Ra
C.C.0.39 C.C.0.15 . - C.C. 0.36
Sig. 0.119 Sig. 0.566 Sig. 0.152
N17 N-17 N17. ;

Table xxiv. Correlation .matrix for ***Ra: Easily. Oxidisable- Organic.

C.C.. - Correlation coefficient. (Spearmans),. Sig.. - Significance‘ (2

tailed), N - number of data points. Asterisks denote significaﬁt

correlation at the 0.01 level (2 tailed).
j
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Correlation Matrix for 2*%U- Iron Oxides.

238U 226Ra- ZZSRa 226Ra/238U' :
C.C.0.81** C.C. 0.82** C.C. 0.69** C.C. -0.73%**
Sig. 000 Sig. 0.000" Sig. 0.002" Sig. 0:000
N 17 N 17 N 17 N 17
“2*Ra/”%U “°Ra/***Ra >*U Ex. Cation. | “*°Ra Ex.Cation.
C.C. -0.68** C.C -071** C.C. 019 C.C. 0.70**
Sig. 0.002 Si1g.-0.001 Sig. 0.463 Sig. 0.002
N 17 N 17 N 17 N 17
*?®Ra Ex.Cation. | °°U Eas.Ox.0Org | ““RaEas.Ox.Org. “*Ra Eas.Ox.Org.
C.C.0.38 C.C. 0.68** C.C. 0.38 C.C. 0.32
Sig. 0.125 Sig. 0.002 Sig. 0.130 Sig. 0.21
N 17 N17- N-17 N-17 ‘
38U Fe Oxides | ““°Ra Fe.Oxides | “**Ra Fe Oxides - Moisture.
C.C. 0.15 C.C. 0.56 C.C. 0.77** .
Sig:0.557 Sig: 0:018 Sig: 0.000
N 17 ( N 17 N 17
pH Eh Cation Ex. Cap. Humic acids
C.C. -0.05 C.C. -0.03 C.C. 0:39 C.CO05F
Sig. 0.836 Sig. 0.900 Sig. 0.121 Sig. 0.035
N17 N 13 N 17 N17
Non humic acids | Organic material Iron Manganese 7
C.C 013 C.C. 0.53 C.C. -0.08 C.C -0.28
Sig. 0.596 Sig. 0.026 Sig. 0.757 Sig. 0.264
N.17 N 17 N 17 N17  _
Total Lab. “°®U | Total Lab. ***Ra | Total Lab. >*Ra |
-C.C. 0.26 C.C. 0.86** C.C. 0.67*%
Sig. 0.302 Sig. 0.000 Sig. 0.003
N17 N 17 N 17
Table xxv. Correlation matrix for **U: Iron Oxides. C.C. - Correlation

coefficient (Spearmans), Sig.. -

Significance. (2 tailed), N

- number

of data points. Asterisks denote significant correlation at the 0.01 level

(2 tailed).
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Correlation-Matrix for **°Ra: Iron Oxides.

238U 226Ra ‘228Ra 226Ra/'238U
C.C. -0.43- - C.C. 0.02 CC.0.10: C.C. 0:06 —
Sig. 0.870 Sig. 0.913 Sig. 0.69 Sig. 0.815
N17 N17 N 17 N17
“¥Ra/P?y. T8 Ra/***Ra’ “**U Ex. Cation. | “**Ra Ex.Cation.
"C.C. 0.02 C.C. 0.02 C.C. -0.23 - C.C.-0.11
Sig. 0.926 Sig. 0.926 Sig. 0.389 Sig. 0.670
N 17 N17 N17 N 17
*Ra Ex.Cation. | °°U Eas.Ox.Org | “RaEas.Ox.Org. *®Ra Eas.0x.Org.
CcCo0.15 C.C. 023 C.C.0.18 C.C. -0.02
S1g..0.566. Sig. 0.374 Si1g.. 0.485 . Sig. 0.918....
N17 N 17 N 17 N17
%0 Fe Oxides | “*°Ra Fe Oxides | “**Ra Fe Oxides Moisture
C.C. 0.15. C.C.0.79**% C.C. -0.16 -
Si1g. 0.557 Si1g. 0.000 Sig. 0.535
N17 N 17 N 17 1
pH Eh -Cation-Ex. Cap:-{ Humic-acids-
C.C.-0.17 C.C. 0.008 C.C. 0.42 C.C. -0.50
Sig. 0.508 Sig. 0.979 Sig. 0.088 Sig. 0.040 7
N 17 N 13 N17 N17
Non humic acids | Organic material Iron Manganese
C.C. -0.40 C.C. 0.45 C.C. -0.08 C.C.0.18
Sig. 0.112 Sig. 0.068 Sig. 0.751 Sig. 0.480
N17 N17 N17 N17
Total Lab. °*U | Total Lab. “’°Ra | Total Lab. >>°Ra
Cc.C.0.17 C.C. 0.86** C.C. 0.55
Sig. 0.504 Sig. 0.000 Sig. 0.021
N 17 N-1-7- N-17-

Table xxvi. Correlation- matrix. for **°Ra: Iron. Oxides.. CC.. -

Correlation coefficient (Spearmans), Sig. - Significance (2 tailed), N

- number of data points. Asterisks denote significant correlation at the
0.01 level (2 tailed).
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Correlation Matrix for 2*®Ra: Iron Oxides.

238U 2261{a 228Ra 226Ra[238U" -
C.C. 0.36 C.C. 0.68** C.C. 0.47 C.C. -0.34
Sig. 0715 Sig. .002 - Sig. 0:055 Sig. 0.176 ™
N 17 N17 N17 N17 .‘
“TPRa/”tU “**Ra/***Ra 8y Ex. Cation. | “°°Ra Ex.Cation.
C.C. -0729 C.C. -0.47" C.C.-0.16 C.C. 020 "
Sig. 0.249 Sig. 0.051 Sig. 0.535 Sig. 0.430
N 17 N 17 N 17 N 17 ’
| 2®Ra Ex.Cation. | > U Eas.Ox.0rg | ““RaEas.Ox Org. **Ra Fas.Ox.Org.
C.C. 0.41 C.C. 0.51 C.C. 0.32 C.C. -0.04
Sig. 0.102 Sig. 0.036 Sig. 0.210 Sig. 0.868
N 17 N-17. N-17- N17
“%U Fe.Oxides . | ““°Ra Fe Oxides. | ““*Ra Fe_Oxides Moisture.. _
C.C. 0.56 C.C.0.79%* C.C. 030
Sig. 0.018 Sig. 0:000 Sig. 0.237. -
N 17 N17 N17 '
pH Eh Cation Ex. Cap. Humic acids -
C.C. -0.13" C.C. 0.04 - C.C.0.51 C:C. -0:03
Sig. 0.609 Sig. 0.897 Sig. 0.036 Sig. 0.896
N 17 N13 N17 N 17
Non humic acids | Organic material | Iron Manganese
C.C. -0.19 C.C.-0.01" C.C. -0.27 C.C. -0.22
Sig. 0.465 Sig. 0.970 Sig. 0.279 Sig. 0.379
N.17 N 17 N 17 N 17
Total Lab. “°*U | Total Lab. “*Ra | Total Lab. ***Ra
C.C. 0.48 C.C. 0.74%=* C.C. 0.79%**
Sig. 0.050 Sig. 0.001 Sig. 0.000
N 17 N17 N 17

c.C. -

Correlation coefficient. (Spearmans), Sig. - Significance (2.ta'11e.d_),1 N

Table xxvii. Correlation matrix for “?®Ra: Iron Oxides.

- number of data points. Asterisks denote significant correlation at the
0.01 level (2 tailed).
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Correlation Matrix for Moisture.

7Y TR, TR R/
C.C. -0.52 C.C.-0.38 C.C. -0.05 C.C. -0.49
Sig. 0°80 - Sig. 0.189 Sig. 0:790 Sig. 0.01'l" ™
N 25 N 25 , N 25 N 25 '
“**Ra/**%u *?°Ra/***Ra “**U Ex. Cation. | “°°Ra Ex.Cation.
CC -0.15 C.C.~0753** C.C. 047 C'C. 0779%*"
Sig. 0.474 Sig. 0.006 Sig. 0.051 Sig. 0.000
N 25 N 25 N 17 N 17
“*®Ra Ex.Cation. | °*U Eas.Ox.0Org | “*RaEas.Ox.Org. “*Ra Eas.Ox.Org.
C.C. 0.44 C.C. 0.65** C.C. 0.39 C.C. 0.45
Sig. 0.074 Sig. 0.004 Sig. 0.117 Sig. 0.065
N 17- N-17 N-17. N-17-
“*%U Fe.Oxides | "°Ra.Fe.Oxides. | ““*Ra.Fe Oxides . Moisture .
C.C. 0.77** C.C. -0.16 C.C. 0.30
Sig. 0-000 - - Sig. 0.535- Sig- 0.237-
N17 N17 N17
pH Eh Cation Ex. Cap. Humic acids
C.C. -0:40 C.C.0:01 C.C. 0:63*% C.C. 0.70%%,
Sig. 0.043 Sig. 0.949 Sig. 0.001 Sig. 0.000
N 25 N 21 N 25 N 25
Non humic acids | Organic material Iron Manganese °
C.C. 0.77** C.C. 0.86%* C.C. -0.56** C.C. -0.79**
Sig. 0.000 Sig. 0.000 Sig. 0.004 Sig. 0.000
N 25. N 25. N 25 N 25
Total Lab. *U | Total Lab. ***Ra | Total Lab. ***Ra
C.C. 0.77** C.C. 0.12 C.C. 0.55
Sig. 0.000 Sig. 0.639.. Sig. 0.020..
N 17 N 17 N 17
Table xxviii. Correlation matrix for Moisture. C.C. - Correlation

coefficient (Spearmans), Sig. -

Significance (2 tailed), N

- numbpr

of data points. Asterisks denote significant correlation at the 0.01 level

(2 tailed).
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Correlation Matrix. for pH.

238U 22611a 228Ra ZZGRa/ZSSU
C.C. 0:66** C.C. 0.70** C.C. 0.70**: C.C. -0.21
Sig. 0.000 Sig. 0.000 Sig. 0.000 Sig. 0.292
N 25 N 25 N 25 N 25
“Fra/ty “2°Ra/*** Ra’ !y Ex. Cation. | °*°Ra Ex.Cation.
C.C. -0.38 C.C.0.20. C.C. 0.62** C.C. 0.45
Sig. 0.054 Sig. 0.321 Sig. 0.008 Sig. 0.064
N 25 N 25 N17 N17
“*%Ra Ex.Cation. | Z°*U Eas. Ox.Org 'mRaEas.Ox.Org. “*Ra Eas.Ox.Org.
C.C. 0.45 C.C. 0.50 C.C. 0.40 CC.0.19
Sig. 0.065 Sig..0.037 Sig..0.103. Sig. 0.457_ .
N17 N17 N17 N17
“*U Fe Oxides | “*°*Ra Fe Oxides | “*Ra Fe Oxides Moisture !
~C.C. -0.05 C.C. -0.17. C.C. -0.13 C.C. -0.40 -
Sig. 0.836 Sig. 0.508 Sig. 0.609 Sig 0.043 -
N 17 N17- N17 N 25§
pH Eh ‘Cation-Ex. Cap: Humic acids-,
C.C.-0.57** C.C. -0.23 CC. -0.13
Sig. 0006 Sig. 0.252 Sig. 0.509
N 21 N 25 N 25
Non humic acids | Organic material Iron Manganese
C.C. -0.52** ~C.C. -0.34 C.CO.51** C.C. 0.39
Sig. 0.007 Sig.0.096 Sig.0.009 Sig. 0.050
N 25 N 25 N 25 N25
Total Lab. “°*U | Total Lab. “**Ra | Total Lab. ***Ra
C.C.0.31 C.C.0.17 C.C.0.18
Sig. 0.214 Sig. 0.496 Sig. 0.469
N 17 N 17 N 17

Table xxi1x. Correlation matrix for pH. C.C. -

(Spearmans), Sig.

- Significance (2 tailed), N

Correlation coefficient

number of data

points. Asterisks denote. significant correlation at the 0.01 ]eyql (2

‘tailed).
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Correlation

Matrix for Eh.

238U‘ 226Ra ] 228Ra~ 226Ra/238U -
C.C. -0.36 C.C -024 C.C. -0.37 C.C. 040
Sig. 0.105 Sig. 0151 - Sig. 0.094 " Sig. 0.072
N 21 N 21 N 21 N 21 _
“Ra/"*U ***Ra/***Ra #%U Ex. Cation. | “°Ra Ex.Cation.
C.C. 022 C.C 020" CC —-0.73** CC -0.57"7
Sig. 0.337 Sig. 0.384 Sig. 0.004 Sig. 0.040
N 21 N 21 N 13 N13
“**Ra Ex.Cation. | “°U Eas.Ox.0Org | ““RaEas.Ox.Org. | “RaEas.Ox.Org
C.C. -0.50 C.C.-0.58 C.C. -0.42 C.C. -0.26
Sig. .081 Sig. 0.047 Sig. 0.153 Sig. 0.388
N 13 N 13- N 13 N 13
“*!U Fe.Oxides | “**Ra Fe Oxides | °*Ra.Fe.Oxides. Moisture . -
C.C. -0.03 C.C. 0.008 C.C. 0.04. Cc.C.0.01
Sig- 0.900 - Sig. 0.979 Sig: 0.897 Sig:-0-949 -
N 13 N 13 N13 N 21 ’
pH- Eh Cation Ex. Cap. Humic acids
C.C-0.57**- C.C.0.11 C.C. 014 -
Sig. 0.006 Sig. 0.628 Sig. 0.523
N 21 N 21 N 21
‘Non humic acids | Organic material Iron Manganese °
C.C. 0.09 C.C.0.08 C.C. -0.21 C.C. 0.00
Sig. 0.670 Sig. 0.726 Sig. 0.355 Sig. 0.978
N 21 N 21. N 21.. N2l
Total Lab. *U | Total Lab. **°Ra | Total Lab. “*Ra '
C.C. -0.48 C.C. -0.31 C.C. -0.23
Sig. 0.096 Sig. 0.301 Sig. 0.442
N 13 N 13 N 13

|

Table xxx. Correlation matrix for Eh. C.C. - Correlation coefficient

(Spearmans),. Sig. -  Significance (2 .tailed), N - number of .data
, points. Asterisks denote significant correlation at the 0.01 level (2

tailed).
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Correlation Matrix for Cation Exchange Capacity.

ERTT TR 4. TR TR/ 50
C.C. -0.03 C.C. -0.268 C.C. -0.03 C.C. -0.17 -
Sig. 0.868" Sig. 0:269 Sig. 0.861 - Sig. 0.402

N 25 N 25 N 25 N 25 '
“**Ra/***U ““*Ra/***Ra “¥U Ex. Cation. | “*°Ra Ex.Cation.
C.C. -0.20 CC. -017" C.C.0.262" cCC 041 7
Sig. 0.325 Sig. 0.391 Sig. 0.309 Sig. 0.097

N 25 N 25 N17 N17-

“*Ra Ex.Cation. | ~°°U Eas.Ox.Org | ““RaFas.Ox.Org. 22xRaEas.Ox.Org.i
C.C. 0.51 C.C. 0.60** C.C. 045 C.C. 0.36
Sig. 0.033 Sig. 0.10 Sig. 0.068 Sig. 0.149

N17 N17 - N17 N 17 q
“*U Fe Oxides. | “*°Ra.Fe Oxides | -°Ra.Fe Oxides Moisture
C.C. 0.39 C.C. 0.42 C.C. 0.51 C.C. 0.63**:
Sig: 0.121 Si1g: 0.088- Sig. 0.036 - Sig. 0.001 -

N 17 N17 N 17 N 25

pH Eh Cation Ex. Cap. Humic acids
C.C. -0.23 C.C. 011 C.C. 0:57%* 4
Sig. 0.252 Sig. 0.628 Sig. 0.003

N 25 N 21 N 25

Non humic acids | Organic material Iron Manganese °
C.C. 0.41 C.C. 0.63%* C.C. -0.47 C.C. -0.56*%*
Sig. 0.038 Sig. 0.001 Sig. 0.018 Sig. 0.003

N.25 N 25 N.25 N.25

Total Lab. °*U | Total Lab. “”°Ra | Total Lab. “***Ra
C.C. 0.52 C.C. 0.67** C.C. 0.72%*

Si1g..0.031 Sig. 0.003 Sig. 0.001

N17 N 17 N 17

Table xxx1. Correlation matrix for Cation Exchange Capacity. C.C.

Correlation coefficient (Spearmans), Sig. - Significance (2 tailed), N
w

- number of data points. Asterisks denote significant correlation at the
0.01 level (2 tailed).
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Correlation Matrix for Humic Acids.

238U 226Ra- ‘ZZSRa‘ 226Ra/238U- .
C.C.0.16 C.C.-0.15 C.C.0.05 C.C.-0.36
Si1g. 0525 Sig. 0:450 Sig. 0810 Sig. 0.073 =

N 25 N 25 N 25 N 25 ‘
“BRra/?tU 225Ra/***Ra '?BSU Ex. Cation. | °“°Ra Ex.Cation.
C.'C.-0.42 CcCC.-019 C.C0.14 C.C. 0.64x** I
Sig. 0.035 Sig. 0.355 Sig. 0.570 Sig. 0.005

N 25 N 25 N17 N 17

**Ra Ex.Cation. | °°U Eas.Ox.0Org | “°RaEas.Ox.Org. "®Ra Eas.0Ox.Org
C.C. 0.35 C.C.0.47 C.C. 0.27 C.C.0.24
Sig. 0.167 Sig. 0.054 Sig. 0.290 Sig. 0.347
- N 17 N 17 N 1.7 N-17

% Fe Oxides | “°°Ra Fe .Oxides.| “**Ra Fe Oxides. Moisture
C.C. 0.51 C.C.-0.50 C.C.-0.03 C.C.0.70%*
Sig. 0.035- Sig. 0.040 Sig-0.896 - Sig. 0.000. —,

N17 N17 N17 N 25 ‘

pH Eh Cation Ex. Cap. Humic acids
cC.C-0:13 C-C:014 C.C:0.57*%*-

Sig. 0.509 Sig. 0.523 Sig. 0.003

N 25 N 21 N 25

Non humic acids | Organic material” Iron Manganese "
C.C. 0.46 C.C. 0.85*x C.C.-0.42 C.C. -0.61*%*
Sig. 0.02 Sig. 0.000 Sig. 0.034 Sig. 0.001

N.25 N 25 N 25. N 25 .

Total Lab. *U | Total Lab. 2**Ra | Total Lab. 2*°Ra
C.C. 046 -C.C. =0.211 C.C. 022
Sig. 0.058 Sig. 0.417 Sig. 0.390..

N17 N17 N17

i

Table xxx11. Correlation matrix for Humic Acids. C.C. - Correlation

coefficient (Spearmans), Sig. - Significance (2 tailed), N - number

of data points. Asterisks denote significant correlation at the 0.01 level

(2.tailed).
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Correlation Matrix for Non Humic Acids.

Z3§U 226Ra_ 228Ra 226Ra/238U~--]
C.C.-0.29 C.C.-0.58 C.C.-0.21 C.C.-0.23
Sig 0156 Sig. 0.002 Sig. 0.308 Sig. 0.253"

N 25 N 25 N 25 N 25 '
“fRal/* MU 2I°Ra/***Ra ¥ Ex. Cation. | **Ra Ex.Cation.
CC. 010 C.C.-0.40" C.C°0.59 cCC 023 —
Sig. 0.622 Sig. 0.045 Sig. 0.12 Sig. 0.358

N 25 N 25 N 17 N17

"2¥Ra Ex.Cation. | 2°°U Eas.Ox.Org | ““RaEas.Ox.Org. “Ra Eas.Ox.Org.
C.C -0.17 C.C. -0.10 C.C.-0.14 cC o005
Sig. 0.497 Sig. 0.970 Sig. 0,573 Sig. 0.822
N 17 N.17 N 17 N7
¥ Fe Oxides | 2*°Ra Fe Oxides | “**Ra Fe Oxides.. . Moisture. ..
C.C.0.13 C.C.-0.40 C.C. -0.19 C.C.0.77** !
Sig. 0.596 - Sig. 0.112 Sig: 0.465- Sig:0:000 —
N 17 N17 N17 N 25
pH Eh Cation Ex. Cap. Humic acids
C.C.-0:52**: C:C.0:.09 C.C.0:41 C.C. 046 -
Sig. 0.007 Sig. 0.670 Sig. 0.038 Si1g. 0.020
N 25 N 21 N 25 N 25
Non humic acids | Organic material Iron - Manganese -
' C.C. 0.81%% C.C. 0.58%* C.C. -0.67**
Sig. 0.000 Sig. 0.002 Sig. 0.000
N.25 . N 25. N.25.
Total Lab. “°*U | Total Lab. “**Ra | Total Lab. ““"Ra
CC.0.12 CC.-0.32 C.C. 022
Sig. 0.639 Sig. 0.198.. Sig. 0.390.
N 17 N17 N 17

Table xxxiii.

Correlation coefficient (Spearmans), Sig.. -

Correlation matrix for Non Humic Acids.

c.Cc. .-

Significance. (2.tailed), N

- number of data points. Asterisks denote significant correlation at the -
0.01 level (2 tailed).
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Correlation Matrix for Organic Matter.

» 238U 226Ra 228Ra 726Ra/238U ]
C.C.-0.64 C.C.-0.41 C.C.-0.38 C.C. -0.39
Sig. 0.762 Sig. 0.037 - Sig. 0.858 Sig. 0.052°7
N 25 N 25 N 25 N 25
28Ra/*?U “2°Ra/***Ra U Ex. Cation. | ““°Ra Ex.Cation.
CC.-0.17 cC-041 CC 047 CC 0.71**7
Sig. 0.392 Sig. 0.040 © Sig. 0.055 Sig. 0.001
N 25 N 25 N 17 N 17
*Ra Ex.Cation. | °°U Eas.0x.0rg | “°Ra Eas.Ox.Org. ““Ra Eas.Ox.0rg..
C.C.0.30 C.C.0.56 C.C.0.34 C.C.0.21
Sig. 0.242 Sig. 0.18 Sig. 0.182 Sig. 0.405
N--17 N-17- N-17 N 17 )
28U Fe.Oxides | ***Ra Fe Oxides. |.“**Ra Fe Oxides Moisture
C.C. 0.53 C.C. 0.45 C.C.-0.01 C.C.0.86%*
Sig. 0.026 - Sig. 0.068 Sig. 0:970 Sig. 0.000- -
N17 N 17 N17 N 25 ‘
pH Eh Cation Ex. Cap. Humic acids
C.C.-0:34 C.C.0:08 C.C.0.63*%%* C.C. 0.85%*
Sig. 0.096 Sig. 0:726 Sig. 0.001 Sig. 0.000
N 25 N 21 N 25 N 25
Non humic acids | Organic material Iron Manganese
C.C. 0.81** C.C. —0.62%* C.C. —0.78*%*
Sig. 0.000 Sig. 0.001 Sig. 0.000
N 25. N 25 N25
Total Lab. *U | Total Lab. ***Ra | Total Lab. “**Ra '
C.C. 0.56 C.C. -0.12 C.C.0.23
Sig. 0.018. Sig. 0.626. Sig. 0.36
N17 N 17 N17

Table xxxiv. Correlation matrix for Organic Material. C.C. - Correlation

coefficient (Spearmans), Sig. - _Significance (2 tailed), N - numb!er

of data points. Asterisks denote significant correlation at the 0.01 level

(2 tailed).
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Correlation Matrix for Iron.

238U ﬁGRa ] 228Ra 226Ra/-238U- -
C.C. 0.31 C.C. 0.40 C.C.-0.13 C.C.0.15
Sig.0.125 Sig. 0.045 - Sig. 0.951 Sig. 0.470
N 25 N 25 N 25 N 25 ‘
“ZBRa/M Py 22%Ra/***Ra “%U Ex. Cation. | “*°Ra Ex.Cation.
C.C 022 CC. 0.44 CcCC. 0173 C‘Cf—OfTO'}
Sig. 0.282 Sig. 0.027 Sig. 0.507 Sig. 0.680
N 25 N 25 N17 N17 :
“*Ra Ex.Cation. | °"U Eas.Ox.0rg | ““RaEas.Ox.Org. 228RaEas.0x.Org]
C.C.-0.25 C.C. -0.18 C.C.-0.41 C.C.0.32
Sig. 0.317 Sig. 0.468 Sig. 0.100 Sig. 0.210
N 17 N 17 N17 N 17 3
“*3U_Fe Oxides | **°Ra Fe.Oxides | “**Ra Fe Oxides. Moisture _
C.C.-0.08 C.C.-0.08 C.C.-0.27 C.C.-0.56** .
Sig: 0.757 Sig. 0.751 Sig. 0.279 Sig. 0.004 -
N17 N 17 N 17 N 25
pH Eh Cation Ex. Cap. Humic acids
C.C.OS51%* - cCC-021 C.C -0:47 C.C. -0.42 ~
Sig. 0.009 Sig. 0.355 Sig. 0.018 Sig. 0.034
N 25 N 21 N 25 N 25
Non humic acids | Organic material Iron Manganese °
C.C. -0.58%** C.C. -0.62** C.C. 0.69**
Sig. 0.002 Sig. 0.001 Sig. 0.000
N.25. N.25. N 25 .
Total Lab. “*U | Total Lab. ““°Ra | Total Lab. “**Ra
CC. 034 C.C.0.28 C.C. -0.18
Sig. 0.174 Sig..0.265 Sig. 0.480.
N17 N17 N17
Table xxxv. Correlation matrix for Iron. C.C. - Correlation coefficient

(Spearmans), . Sig.

points. Asterisks denote significant correlation at the 0.01

tailed).

- Significance (2 tailed), N
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Correlation Matrix for Manganese.

238U 226Ra~ 228Ra 226Ra/238U~--~
C.C.0.23 C.C.0.54 C.C.0.04 C.C.0.32
Sig. 0.265 - Sig. 0.005 Sig. 0.841 Sig. 07119 ™
N 25 N 25 N 25 N 25 '
2¥Ra/ U 2PRa/***Ra 3% Ex. Cation. | “*°Ra Ex.Cation.
C.C-0.12 C.C.Oo57** - C.C.-0.19 C.C'.“-O.60**"“
Sig. 0.564 Sig. 0.003 Sig. 0.448 Sig. 0.006
N 25 N 25 N 17 N 17
***Ra Ex.Cation. | ~'U Eas.Ox.0Org | ““RaEas.Ox.Org. ““Ra Eas.0x.0Org’
C.C.-0.55 C.C.-0.50 C.C.-0.47 C.C.-0.11
Sig. 0.021 Sig. 0.039 Sig. 0.056 Sig. 0.652
N-1.7 N 17 N17 N-17 5
“*®U Fe Oxides | “*°Ra Fe Oxides | - 'Ra Fe Oxides. Moisture .
C.C.-0.28 C.C.0.18 C.C.-0.22 C.C.-0.79** .
Sig. 0.264 Sig. 0.480 Sig. 0.379 - Sig. 0:000 -
N17 N 17 N 17 N 25 '
pH Eh Cation Ex. Cap. Humic acids
C.C.0:39 - C.C.0.00~ C.C.-0.56** C.C. -0:61**-
Sig. 0.050 Sig. 0.978 Sig. 0.003 Sig. 0.001
N25 N 21 N 25 N 25
Non humic acids | Organic material Iron Manganese
C.C-067** C.C.-0.78%%* C.C. 0.69**
Sig. 0.000 Sig. 0.000 Sig. 0.000
N 25 N 25. N 25
Total Lab, **U | Total Lab. “*°Ra | Total Lab. 2**Ra
C.C. -0.35 CC -0.14 C.C -0.365
Sig. 0.158. Sig. 0.593. Sig. 0.149
N 17 N17 N 17
Table xxxvi. Correlation matrix for Manganese. C.C. - Correlation

coefficient (Spearmans), Sig. - Significance (2 tailed), N - number
of data points. Asterisks denote significant correlation at the 0.01 level

(2 tailed).

233




Correlation Matrix for Total Labile 2**U.

238U 226Ra~ 228Ra--- 226Ra/238U~ -
C.C. 0.92%* C.C.0.63 C.C.0.75** C.C.-0.86*%
Sig. 0.000 Sig. 0.006 Sig. 0.001 - Sig. 0:000 ~
N 17 N17 N 17 N17 '
“8Ra/” %y “26Ra/***Ra 238 Ex. Cation. | “*°Ra Ex.Cation.
C.C.-0.75** C.C-0.69** C.C 046 C.C'.Of78**”‘:
Sig. 0.000 ‘Si1g. 0.002 Sig. 0.059 Sig. 0.000
N17 N 17 N17 N17 ‘
7?¥Ra Ex.Cation. | ©°°U Eas.Ox.Org | "RaEas.Ox.Org. “*Ra Eas.Ox.0rg,
C.C.0.60%* C.C. 0.88*#* C.C.0.50 C.C.0.39
Sig. 0.010 Sig. 0.000 Sig. 0.040 Sig. 0.119
N17 N-17 N-17 N 1.7 -
380 Fe Oxides | ““°Ra Fe Oxides.| “°*Ra Fe Oxides Moisture.
C.C.0.26 C.C.0.17 C.C.0.48 C.C.0.77%*
Sig. 0.302 Sig. 0.504 Sig.-0.050 - Sig: 0.000 -,
N17 N17. N 17 N17
pH Eh Cation Ex. Cap. Humic acids
C.C.0o31 C.C.-0:48 C.C:0.52 C.C.046 -
Sig. 0.214 Sig. 0.096 . - Sig. 0.031 Sig. 0.058
"N 17 N13 N17 N 17
Non humic acids | Organic material | Iron Manganese
CC. 0.12 C.C. 0.56 C.C. 0.34 C.C. -0.35
Sig. 0.639 Sig. 0.018 Sig. 0.174 Sig. 0.188
N 17. N 17 N 17 N 17 .
Total Lab. 2*®U | Total Lab. **°Ra | Total Lab. ***Ra
C.C.0.42 C.C. 0.72%*
Sig. 0.092 . Sig. 0.001.
N17 N17
Table xxxvii. Correlation matrix for Total Labile ***U. c.Cc. -
Correlation coefficient. (Spearmans), Sig. - Significahce_(.2.tailed.),|N

- number of data points. Asterisks denote significant correlation at the

0.01 level (2 tailed).
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Correlation Matrix for Total Labile *°Ra.

IR TR, TR TR 270 n
C.C.0.22 C.C.0.22 C.C.0.30 C.C-0.17
Sig. 0.392 Sig. 0.382 Sig. 0.228 - Sig. 00504

N17 N 17 N 17 N 17
“!Ra/*%U “2Ra/™*Ra 3% Ex. Cation. | “**Ra Ex.Cation.
CcC.C-017 CcC. -023" C.C.0.04 C.C0.29
Sig. 0.492 Sig. 0.390 Sig. 0.874 Sig. 0.254

N17 N17 N17 N 17

“*Ra Ex.Cation. | °U Eas.Ox.0Org | ““Ra Eas.Ox.Org. **Ra Eas.Ox.Org.”
C.C.0.45 C.C.0.53 C.C.0.52 C.C.0.15
Sig. 0.070 Sig. 0.026 Sig. 0.029 Sig. 0.566

N-17 N 1.7- N 17 N17 -

“*%U Fe Oxides | "*’Ra Fe Oxides. |.”“*Ra Fe Oxides Moisture. ._
C.C.0.86%** C.C.0.86** C.C.0.74%** CCo0.12
Sig: 0.000 Sig. 0:000 - Sig. 0.001 Sig. 0.639 -

N17 N 17 N 17 N17

pH Eh Cation Ex. Cap. Humic acids
C.C.0:17 C.C.-0:31 C.C. 0.67** C.C.-0.21 -
Si1g. 0.496 Sig. 0.301 Sig. 0.003 Sig. 0.417

N17 N 13 N17 N1i17

Non humic acids | Organic material Iron Manganese
C.C.-0.32 C.C0.12 C.C0.28 C.C. -0.14
Sig. 0.198 Sig. 0.626 Sig. 0.265 Sig. 0.593

N 17 N17 N 17 N.17

Total Lab. *U | Total Lab. 2**Ra | Total Lab. **Ra
C.C.0.42 C.C. 0.71**

Si1g. 0.092 Sig. 0.001

N 17 N 17

Table xxxviii. Correlation matrix for Total Labile *?**Ra. C.C. -

Correlation coefficient (Spearmans), Sig.. - Significance (2_.tailed),wN .

- number of data points. Asterisks denote significant correlation at the

0.01 level (2 tailed).




Correlation Matrix for Total Labile 2**Ra.

738 TR, ¥R TR /%0
C.C. 0.57 C.C. 0.49 C.C.0.55 C.C.-0.55
Sig. 0.017 Sig. 0.045 Sig. 0.020" Sig. 00022

N 17 N 17 N17 N17
“8Ra/ U ““*Ra/***Ra % Ex. Cation. | ““*Ra Ex.Cation.
c.C-047 C.C.-0.52" C.C0.16 CfCﬁ'0,5’2"”§
Sig. 0.052 Si1g. 0.030 Sig. 0.522 Sig. 0.030

N17 N 17 ' N 17 N17

“**Ra Ex.Cation. | °*U Eas.Ox.Org “*Ra Eas.Ox.Org. 228RaEas.Ox.Org.jl
C.C. 0.69** C.C.0.74%** C.C.0.49 C.C.0.36
Sig. 0.002 Sig. 0.001 Sig. 0.046 Sig. 0.152

N 17 N 17 N 17 N.17 ;

“*%U Fe Oxides. | “*°Ra Fe.Oxides | **Ra Fe Oxides Moisture
C.C.0.67** C.C.0.55 C.C. 0.79** C.C.0.55
Sig. 0.003 - Sig. 0.021 - Sig. 0.000 - Sig: 0:020--
N 17 N17 N 17 N17 :
pH Eh ‘Cation Ex. Cap. Humic acids
C.C.0.18" C.C.-0:23- C.C.0.72% C.C.0:22
Sig. 0.469 Sig. 0.442 Sig. 0.001 Sig. 0.39

N17 N 13 N17 N17

Non humic acids | Organic material | Iron Manganese "

C.C.0.22 C.C.0.23 C.C.-0.18 C.C.-0.36
Sig. 0.39 Sig. 0.363 Sig. 0.480 Sig. 0.149
N 17 N 17 N 17 N 17
Total Lab. U | Total Lab. *°Ra | Total Lab. 2>°Ra
C.C. ~-0.72%% C.C.0.71%*%* -
Sitg. 0.001 Sig. 0.001
N17 N 17
Table xxxix. Correlation matrix for Total Labile 2?*Ra. C.C. -
Correlation coefficient. (Spearmans), Sig. -  Significance (2. tatled), N

- number of data points. Asterisks denote significant correlation at the

0.01 level (2 tailed).
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" CALIBRATION
No. 0146
ﬁrincipa] radionuciide:  Radium-226 . ' Product code: . RAY. 24
' Solution number: R9/50/151

Referéncq time: . - 1200 GMT on 2 January 1991
ﬁadioactive concentration of radium—ZZG:' 4.499 kilobecquerels per gram of solution

which is equivalent fo: ) . 121.6 -nanbcuries per gram of solution
Mass of solution: . 5.0676  grams
Total activity of radium-226: 22.80 kilobecquerels

which is equivalent to: 616 nanocuries
Recommended half life: | ' 1600  years

" Method of measurement:

The activity of the solution was measured in a high pressure re-entrant ionisation chamber
calibrated with a large number of absojutely standardized solutions.

Overall uncertainty in the radioactive concentration quoted above:

+
)
.

~
RS

Random uncertaintyf t0.7% ‘ Systematic uncertaintyf t3.01%

The 1imits of overall uncerta1nty were taken as the arlthmetxc sum of the uncertaint y due to
random var ld\.lullb, calcuiated st the $9.7% confidance ]\,'”}, Sﬂd he zstimatad S_'fit:’f:?. tic

uncertainties in the measurement.

The estimated activities of any radioactive impurities found-by high-resolution gamma ray
spectrometry, or in any other examination of the solution, -are listed below expressed as
percentages of the activity of the principal radionuclide at the reference time,

Carrier free in 0.5M HCI1

'

At the reference date radium-226 was shown to be in radioactive equitibrium wilh its daughfer
nuciides down the decay chain to polonium-214 and thallium-210, the.precursors of lead-210.
The jonisation chamber was.calibrated using a standard suppiied by the National Bureau of
Standards, Washington DC. USA. -

This product meets the quality assurance requirements of NRC Regulatory Guide 4 15 for
achieving implicit NIST traceability as defined in NCRP 58 (1985).

6.0.M.Parker . -Page 1 of | AmerSharn

This certf-cate 1s issued in accergance with the conditions of accreditation granted by the Nat cnal Measurement Accedizton Service, whah
has gssessad the measuremeant capability of the laboratory and its traczaniiy (o r3cagr Ai standards 7.0 10 the units of
msasurentent reansed at the co*respond NQ nat-onat standards iaboratsry 1 by ihs 8r '~'1 Crowi

e e Ve b rdatan. s DL et s ene cn Sy e e thanin g d ~mER

th

2% sty




&)

INTERNATIONAL ATOMKIENERGY AGENCY
AGENCE INTERNATIONALE DE L’ENERGIE ATOMIQUE
MEXIOYHAPORDHOE AFEHTCTBO 1O ATOMHOH 3HEPIUMU
ORGANISMO INTERNACIONAL DE ENERGIA ATOMICA

WAGRAMERSTRASSE 5, P.O.BOX 100, A-1400 VIENNA, AUSTRIA
TELEX 1- 12645, CABLE: INATOM VIENNA, FACSIMILE: 43 222 230184, TELEPHONE: (222) 2360

Y PLEASE REFER TO: . ’ DIAL DIRECTLY TO EXTENSION:
DE RAPPELER LA REFERENCE: : COMPOSER DIRECTEMENT LE NUXERQ DE POSTE:

352-G4.12 ' : November 1988

REFERENCE SHEET
TAEA-152 Milk Powder

for
Radionuclides

A. Description and preparation of the material

" A bulk samples of approximately 500 kg (20 sacks of about 25 kg each)
of milk powder with elevated radiocactivity was collected from a processing’
plant. These twenty sacks were all from the same batch process. Thus,
they were assumed to be as homogeneous as possible. Nevertheless, a pre-
liminary homogeneity testing of every two sacks for 134¢cs and 137¢s
was performed before bottling in approximate portions of 250 grams. In
order to assure long-term stability of the material, all bottles were
sterilized by gamma-ray irradiation of about 2.5 x 104 Gy using a
60co source. : ' '

The final homogeneity testing (after bottling) was performed on 12
bottles from different sacks as follows: '

bottles A and B - six measurements each of 250 grams
_ bottles C and D -~ three measurements each of 250 grams
bottles E to L - one measurement each of 250 grams

Considering the results of 134cs and 137¢s from the above and
employing the Student's t-test it was found that they did not differ by
more than 3% of the mean value and thus this material can be considered

homogeneous for these components for a sample size of greater or equal to
250 grams. ¢



B.

Criteria for recommended values and confidence intervalsk

The overall mean values (excluding data that was detected and

rejected as outliers) were considered as the recommended values when

x%k

1) more than ten‘laboratory'means were available .
2) . the percentage of outliers was less than 20% and

3) the results of the A and B intercomparisons are mutually con-

sistent (i.e: the mean value for A falls within the confidence
interval for B and vice versa).

Recommended values and confidence intervals for radionuclides in
IAEA-152 (Milk Powder)

Radibnuclide . Recommended Value Confidence Intervalx*
‘ ' (Bq/kg) (Bq/kg)
34 : : i
1 Cs 764 . : 722 - 802
137 : . o
Cs 2129 - . . 2053 - 2209
40 S
K - 539 - 510 - 574
0 ' :
° Sr 7.7 7.0 - 8.3
ft

Based on the outermost 'confidence intervals of the A and B
intercomparison for a significance level 0.05 '

Reference 'date: 31 August 1987.

Important Note

The analysts using the Reference Material TAEA-152 are kindly

requested to communicate their . meaningful analytical results on this
material to:

International Atomic Energy Agency
Laboratory Seibersdorf

Analytical Quality Control Services
P.0.Box 100, A-1400 Vienna, Austria

These results may be used in the future for an updating of the re-

commended values which are the best estimates as of September 1988.

Finally, a detailed description of results of the intercomparison

and of the criteria used for their qualification has been published in
IAEA/AL/009. This report is free of charge upon request.

* Please note that these criteria are designed especially for this

report and do not apply in general.
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226Ra/”**U  disequilibrium in an upland organic soil exhibiting

elevated natural radioactivity.

Mark.Dowdall.and. John O’Dea..
Dept. of Applied Science, Institute of Technology, Sligo, Ballinode,
Sligo,. Ireland. -

Abstract
This paper presents the results.of a study into the anomalous. 226Ra./.?f'gU

dis,equilibrium_(226Ra/_23gU of 0.5 - 9) exhibited by an upland organic,,s(])il
in Co. Donegal, Ireland. Radiochemical speciation of ***Ra, ***U and

?%Ra indicates that in this organic soil the high **°Ra/***U ratio is

?2®Ra  via. oxidation.and. mobil-isation] of

U in the upper layers of the soil and subsequent loss in solution: ‘At

due to loss of ***U relative to
238
the lower, more reducing depths of the soil profile, *>*U and **°Ra are
essentially in-equilibrium. .Loss. of >**U.appears. to-occur. primacily-from
the easily oxidised organic_and. iron oxide.fractions of.the soil,. samphes
exhibiting high *?°Ra/*’*U ratios displaying significantly lower **U
levels in these fractions than samples whose ratio is below the average
value for the soil of the valley. Selective enrichment of-**°Ra by-pl.lants
or. preferential leaching . of *°°Ra. from. the. underlying.. rock ils1 not

supported by the results of this study.

Keywords: Radionuclides; Redox; Disequilibrium; Soil,; Irelland

1. Introduction

Although identified as a region of anomalous_natural ra_dioactiyitym.‘in
the past (Irish Base Metals, 1979), the Cronamuck Valley in the
Barnesmore Moun}'ains, Co. Donegal, Ireland has been shown to contain

regions of anomalous *?°Ra/***U disequilibrium (O’Dea & Dowdall,
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1999), soil samples in these regions exhibiting ratios of between 0.5 -

9.0. This papef outlines the results of a study into the nature and causes
I

of this disequilibrium and presents a likely mechanism to account for the
ratios observed in_samples drawn from.the. areas.

Previous work into the nature and cause of ***U series disequilibrium
has resulted in the identification of a number of processes by which the

238

radionuclides- of the U. series- may- be brought- into. disequilibrium.

Ivanovich. (1994). highlights.. four processes. that may pro!duwce
disequilibrium in the surfical environment: precipitation/dissolutioin,
alpha recoil, diffusion . and. the Szilard-Chalmers .. effect.. .Pract,ic?l
investigations of *’°Ra/>**U  disequilibrium  typically  highlight
precipitation and dissolution as the primary cause. Uranium is mobile
under. oxi.dis@ng” conditions. wher.easqradi,um_ and thorium are essentia)IIy
immobile in the surfical environment (Landstrom & Sundblad, 1986).
The. differing. mobility’s. of these rad.ionuclides_ has previously b%en
identified as causing disequilibrium in young organic uranium depos‘its
(Zielinski, et al, 1986, Levinson et al,. 1984). Megumi (1979) s,up,p,olrts

238

this hypothesis by asserting that disequilibrium in the ***U decay series

(prior to ***Rn) is due primarily to the immobility of **°Th. Greeman and

238

Rose ((1990) .studied radioactive disequilibrium. in- the U series.-for a

number. of soils. and concluded that in the surface horizons of some

226

soils, “*°Ra excess could be attributed to the cycling of ***Ra by plants,

81U, Von Gunten et al

leading to an increase in the isotope relative to
(1996). observed.**°Ra.activities. a.factor of 20 above. the. activity- of %38U
in a.karst.region of Switzerland and proposed that,‘.following,continuoxus
weathering of calcite particles, uranium was lost from the soil as the

soluble carbonate complex, **¢

Ra being retained- within.the soil. de.IOJng
et al (1993) hypo.thesised that the 226R;l/”SU disequilibrium in _a
Saskatchewan soil was probably due to the mode of deposition of the

parent material rather.than subsequent selective leaching of. memben]s of
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the series. Titaeva and Veksler (1977) discuss the possibility of *’°Ra
excess.being due to the deposition of **°Ra from water onto the surface
of weathered.. particles but. offer no conclusive..proof.. Ivano.vich,_arlld
Harmon (1992) state categorically that in soils subject to leaching, the
primary cause of radioactive disequilibrium is_the. removal of. uranwium

relative to thorium and immobile daughters.

The areas of anomalous ***Ra/*’*U disequi'libr,ium. within. the Cr,onamt‘lck
Valley as reported by O’Dea and Dowdall (1999), consist. of lo.calié]ed
areas (< 100 m diameter) lying at the bottom of the valley. They are
typically found at the confluence of watercourses. within. the. valle,y,,aqd
exhibit concomitant elevated levels of natural radionuclides. The aim i)f ‘
the. study. whose. results. are reported 1in this. paper. = was. tl|,1e
characterisation of the disequilibrium condition of one such area and the
_investigation..of possible causes. for. the *°Ra/***U ratios. exhibited. by
sarﬁples of soil from the area. In order to fully elucidate the distribution
of **°Ra, ***U and-?**Ra at the site a number of depth sections were
taken and subjected to a sequential chemical extraction procedure. A
range. of chemical. .parameters. of the soil were also. analysed.. T‘h‘e

primary radioanalytical method was High Resolution Gamma Ray

spectro,mqtry.

2. Methods

Results. were obtained for. two. depth sections taken from a_select_Fd
region of elevated natural radioactivity. Two sample sites were selected
from.within. the. region,. the -sites being denoted. as. A and. .B.. "Llhe
sections were sampled by depth rather than horizon as little or no
horizon development. was.. evident within  the. peat. Sections. were
obtained by excavating a pit to the bedrock (< I'm in both cases) and

sampling one wall of the pit at incremental depths of 15 c¢m. Salqples
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consisting of 10 -15 kg (wet weight) were bagged and removed to the
laboratory.. A number of random samples were. also. taken,,in_order__:to
obtain information on the disequilibrium condition at different poiﬁts
within the general area (Fig.la.). These samples were. all d_ra_wn,_f{om

the basal layers of the peat, at the rock - soil interface.
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Radiological Anallysis

Samples were. dried at 101° C to a constant mass, dissaggregated
using. a. rubber. stopper and sieved through a 2. mm. me:sh, sieve.. T.be
samples were then packed into 11 Marinelli re-entrant beakers f:or
gamma. analysis.. The. liquid extracts produced during the chemical
speciation of the radionuclides were reduced, where necessary, to 1 1 by
evaporation. and placed in 1 1 Marinelli re-entrant beakers. T,helse
beakers were sealed with thick polyethylene tape and stored for a period
in excess. of 30 days to allow for radon ingrowth. Samples were counted
on a high purity germanium detector linked to a 8 k multichannel
analyzer incorporating.the Genie-PC software suite fr,om...Canber_ré. The
system was. calibrated with a NIST traceable mixed radioﬁuclide
standard solution. (Commissariat .a L’Energie. Atomique, 9MLOA11—
ELMAG60) and errors due to differing matrix densities were avoided
using. the. calibration procedures.described by Nemeth and Parsa (1992).
Calibrations were checked using IAEA Reference Material 152. Count
times. were long.enough. to. ensure. a 26 counting.error. of less. than. 1.0%.
The peaks utilized for analysis of soil samples were the 63 keV and 92
keV peaks. of the daughter ***Th-for ***U and. the 911 keV. and 96.9.,lfeV

228

peaks of ***Ac. for Ra activity. **°Ra was. determined via the 1.86_k|eV

peak of **’U and ***Ra having corrected for the *°U contribution as

follows:

Counts due to 2*°U = AZ°VYCtRuE 56 W

235U 235
A

i1s the activity of U (equal .to the specific activity of 23?U

divided by 21.4), Cr is the count time in seconds, Ry 1s the emission
f 235

probability o U at 186 keV, E,s6 is- the counting efficiency of  the

detector. system at 186 keV.and W is_the sample mass in grzllms.
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Analysis of the liquid extracts differed in that equilibrium of ***Th with
238U could not be assured. The samples were sealed for a period long
enough to ensure..equilibrium- between. “*°Ra, .***Rn and. its. garrllma
emitting daughters (>30 days). The activity. of 226
determined via the emissions of *'*Bi (295 keV, 609 keV and 1120 keV)

and *'*Pb (242 keV). The peak at 186 keV was then corrected in a

Ra. was. . t,hen

similar manner to. above to determine *’U and hence ***U. The-abi]lity
of the Marinelli beakers to retain radon under the analytical conditions
employed. was confirmed .using a. NIST traceable *°Ra standard solution

(R9/50/151 from Amersham Int,ernational;_glc).

Sequential Extractions

The methods used by Greeman.and Rose. (1990) were adapted to. catier
for large samples and employed to determine the chemical nature of the
radionuclides w,ith‘irL the peat. The. samples. used for..the seque,ntiial
extractions were 100 g portions of the soil mass used for gamma
analysis...The. entire.soil mass was riffled to obtain a random portion,
this being crushed to a fine powder in a stainless steel mill. The three
fractions were extracted-as-follows:

100 g of finely ground soil was placed in a 11 acid washed plastic
bottle with 600 ml of extraction solution. The bottle was shaken for- Lhr
and the mixture was then centrifuged at 10 k rpm for 600 s. The
supernatant. was .stored .and. the.solid material was resuspended in,3,0,0Aml
of distilled water and shaken for 1200 s before being centrifuged at 10! k
rpm.for. 600. s. Supernatants were bulked,_ filtered._through a 0.45.um
filter, made up to one liter and sealed for gamma analysis. All
extractions. were - done at. 20°C except for Fe oxides which. ‘were

}
performed at 80°C.. The extracting solutions were as. follows:
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Exchangeable cations

1 M magnesium chloride, pH 6 with HNO;

Easily oxidisable organic matter

5%. sodium.hypochlorite, pH 6. with,Hll\IO3

Fe oxides

50 g/l of sodium dithionite. in a 0.3 M sodium citrate/ 0.2 M sodi\um

bicarbonate buffer.

Chemical Analysis
|
A number . of chemical parameters. for each sample were determineid.
The samples for analysis (with the exception of those for pH and Eh)

were extracted. from.the riffled soil mass used_for.gamma analysis.

pH.

.pH. values. for. the. soils. were. determined. in.situ. A .small hole_.w_zlis
made in the soil into which the electrode was inserted. In cases where. a
good. contact between the electrode and the soil water was. not made,1 a
small amount of distilled water was added. The reading was taken after

a.10 minute.equilibration. p,e{iod.

Eh.

A portable. Eh meter was utilized. to determine _the Eh_status. of_.tlhe
so1l in a similar manner to the pH determination, the electrode being léft
for.up.to 10 minutes in.the soil.to allow equilibrium to occur.

Total iron and manganese .

Approximately 1.g of finely ground. soil was digested with 5 ml‘.ot; a
3:1 HCI/HNO; mixture and boiled for 1 hr. The mixture was filtered

through _glass. fiber. filter paper before being filtered with a.0.45 um
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filter. The solution was then made up to 100 ml. Both metals were

analyzed by AAS.

Cation exchange capacity (CEC)

4-6 g of soil was mixed with 33 ml of 1 N NaOAc and shaken for 3_90
s. The supernatant was removed after centrifuging at 10 k rpm for 600
s. The.cycle.was repeated three.times. The_soil was then mixed.with. 33
ml of propan-2-ol, this cycle being repeated three times. The soil Qas
then mixed with 33 ml of NH,OAc,. this cycle also being repeated thrlee
times, the three NH4OAc supernatants were filtered (0.45 prﬁ),
combined, and then brought. up. to- 100 ml. The. Na._.cont,ent_-o% this

solution was measured by flame photometry.

Organic matter content
Organic matter. was..determined as. the. loss.on.ignition. at.500° C-for 4

hr.

Humic acid—co-n-’[tent

Approximately 1 g.of ground soil was mixed with 50 ml of 0.5 M
NaOH and shaken for 600 s. The mixture was centrifuged at 10 k rpm
for 600_s, the supernatant.being.discarded. The procedure was.repeated
on the solid material until three consecutive supernatants ran clear
(typically 7 to 8 times). The material was washed with three 30 ml
aliquots of distilled water, and dried at 101° C. Humic acid content was

calculated from loss of mass from the soil.

Quality Co ntro 1
Chemical analyses. were. conducted. subject. to.. the r.egu,llar
quality  control ‘procedures implemented in the ]aborato;ryA

Reproducibility of results was assessed using replicates (three), of
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homogenized samples. The coefficients of variation were typically less
than 20% (2c). The accuracy of the analytical methods was checked
using traceable reference standards, spikes and blanks at a typical

loading of S per 50 analytical samgles.

2. Results

Sample pH Eh Fe Mn C.EC€. Humic Organic- Moistm’f:
Acid  Matter  Content
Al 38 4210 110600 16700 583 13.1 289 786

A2 42 4960 117700 29400 372 148 26  6l4
A3 43 5040 2110° 43600 383 109 141 - 562
A4 57 190 143200 21100 428 78 156 559
AS 57 550 97900 6450 1299 72 198 565
A6 4.9 n/a 90000 43600 37 84 197 439
A7 5.1 n/a 6650 695 68.7 184 497 818
A8 5.4 n/a 147300 1465 46.1 20.6 40.8  80.7.
A9 5.4 n/a  380. 132 40.6 192 385 684

Table 1. Chemical properties of samples.taken from site A.. Units are: Eh.- mV,.Fe - ppm,
Mn - ppm, Cation Exchange Capacity (C.E.C.) - meq / 100 g, Humic Acid - % , Moisture
Content - % and. Organic matter - %. The Fe value. at. for sample. A3 (denotedAby_ﬁm
asterisks) s after removal of concreted iron pan from the analytical sample, total Fe being

estimated- at»35%-~w/WA
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Sample pH Eh Fe Mn CE.C Humic Organic Moisture
' Acid’ Matter Content
Bl 46 220.0 106900 34550 398 16.1 32.8 74.3
B2 45 190.0 104900 39200 299 98 19.2 63.1
B3 43 1900 88500 30200 498 159 29.9 76.5
B4 46 3000 39700 6600 79.2 347 38.7 78.5
B5 438 -. 165.0. 45100 3060. 583 131  36.7 78.6]
B6 4.0. 287 . 72600. 25400. 58.2 7.6. 1L5 511
B7.- 5.7 182 - 54400- 1570- 68.9- 37.1. 41.6- 780
B8 5.8 136 63300 11000 567 17.2 45.4 77.8J

Table 2. Chemical properties-of samples-taken from site B: Units are:"Eh - mV, Fe - ppm,
Mn - ppm,.Cation Exchange Capacity (C.E.C.).- meq./ 100 g, Humic Acid - %, Moi’sture

Content - % and Organic matter - %.

Sample Y8 Ra®* | Ra®® 3
I (AY 124.0 201.6 84.68 :
2 (A 1321 188:3 795 |
3'(A) [40.3 175.6 810 1
4 (A) 110.5 198.7 75.8
1 (B) 462.2 2713 192.4
2 (B) 390.5 241.8 175.9
3 (B) 420.1 2203 180.0
4 (B) 378.9 205.7 1602

Table 3. Radionuclide activities for vegetation samples from Site’s A and B. Values in

Bq/kg ash weight.

253




Sample

1 (A)
2 (A)
3 (A)
4 (A)
1 (B)

2.(B)

3 (B)

4.(B)-

U8
134.6
168.0
157.4
146.2
143.2

174.1.

156.2
159.8

RaZ25
145.4
150.6
132.9

128.7"

164.5

152.9.
148.9..
127.0-

Ra™*
86.1
98.2
79.2
74.6
98.6
106.7 .
101.0.
96.2

Table 4. Radionuclide activities-for-rock samples- drawn from-Site’s A and B: Values m\

]%q/kg.




Depth : Ra228 U238 . Ra226 .
A110-15¢cm

A2115-30 cm.
A3130-45cm

A4 145-60 cm

A5160-75 cm-
Ra228

Ra226
A6 160-75 cm U238 =

A7 60-75 cm

~ A8160-75¢

A9160-75 cm

0.01 0.1 1 10 100 1000

Figure 2..Radiological properties.of Site.A depth section and. individual

samples. Values where applicable in Bq/kg (dry weight). Note log axis.
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Depth Ra228 Ra226 ‘gaizg. Ra228
B110-15cm U238 U238 a ‘

B2t 15-30 cm
B3i3045¢cm
B4 4560 cm
B5{60-75 cm
B6 ‘60-75cm

B7160-75cm

B8160-75 cm

| 1
0.01 0.1 1 10 100 1000

Figure 3. Radiological properties. of Site B depth section and individual

samples. Values where applicable in Bq/kg (dry weight). Note log axis.
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Figure 4. Radionuclide levels present.in.association.with_the

exchangeable cation fraction. Values in Bq/kg (dry weight).
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Figure 7. Plot of ***Ra/***U against ***Ra/***U.
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Figure 8. Plot of total labile.***U againstfn(’Rav/Eng,
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Figure 9..Plot of *?°Ra/*’*U against moisture content--ﬁ%).

3. Discussion

T‘he.,.ysite .selected .for .this. study is typical.of.the. sites. within_ the
Cronamuck Valley that exhibit elevated natural radioactivity. The site
consists. of a.shallow.depression lying at.one of the lowest parts of_the
valley at the confluence of Clogher Burn river and a small stream. T.he
north eastern bank  of the Clogher Burn. river, upon which site A_.is
located, is elevated some 30 - 40 cm with respect to the opposite
bank. As a result of this, the lower depths of Site A are only saturated
for parts of the year when the level of water in the depression rises. Tﬁe
lower.depths of Site. B remain.saturated.for. most .of the.year (Fig.lb.).
A distinct, concreted, iron pan .is present at an approximate depth of '30
- 45 cm at Site A, indicating the maximum level of stream water within
the soil profile at this location. This pan is not present at Site B
although . amorphous iron levels. ar:e, at. a maximum. at. a. dﬁ:pth

corresponding with the location of the pan at Site A.
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| 226R,/28 ratios range from 9.10 to 2.32 at Site A and 4.50 to 0.78
at Site B. The **°Ra/***U ratio at both Site’s A and B appears to reach
a maximum towards the upper levels of the depth sections. The largest
value occurs at the level of Site A at which iron pan formation is
evident. As the activity of **°Ra is less variable with depth at both sit.es
and given the generally accepted concept that radium is less mobile than
uranium in the surfical environment (Sheppard, 1980), 1t would initial\ly
appear that uranium mobilization and loss relative to radium is the cauée
of the disequilibrium exhibited at these sites. This hypothesis is also
supported by the relationship between the ratios >**Ra/**‘U ar‘ld
‘25Ra/**U. Although no statistically significant correlation exists
between the two ratios, a scatterplot of the ratios provides some

evidence for a positive relationship between the two parameters

(Eig.7.).

Using ***Ra as.an indicator .for ***Th, which rhay be. considered ,v_\ery
immobile. (Landstrom and Sundblad, 1986), it i1s possible to conclgde
that uranium 1s similarly depleted relative td, thorium. Sampj'les
displaying low 2*°Ra/***U ratios all contain significant. amounts of. labile
38y, the highest disequilibrium values being associated with low lelvqls
of labile ***U (Fig.8‘.), a fact which also supports the depletion of 238y
in samples with high **°Ra/***U ratios.

Adopting an average >?°Ra/***U ratio. of 1.71 for. the soil of.\'the’
Cronamuck Valley (O’Dea & Dowdall, 1999) allows for division of the
data set on the basis of the samples 2?°Ra/***U ratios being,ab,ove‘:or
below average for the soil of the valley. None of the chemiéal
parametefs measured for the soil samples, except moisture content,
show any significant difference between the two groups on the basis of a

f 226

-Mann Whitney Rank Sum Test.. The amount o Ra is not significantly

different for either the easily oxidisable organic fraction (p=0.315) or
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the iron oxides (p=0.802) of the two groups of samples. In samples
displaying above average 2*°Ra/***U_ratios, >*U occurrence.in.the afore-
mentioned two fractions has a significantly lower occurrence (p=0.002
and p=0.001 respectively) than for samples exhibiting lower thén
average 226Ra/:.BKU,rati_os ‘indicating the probable loss of **°U from
samples exhibiting greater than average 226Ra/***U ratios. -
The. apparent loss of 2**U relative to **°Ra in these samples appears
reiated to the positions of the samples relative ‘to the water le\}el,
samples. that remain saturated for much of the year exhibiting _{;\he
higher ***Ra/*’®*U ratios. The most oxidising layers, based on tile
measured Eh values, are found above the iron pan at Site A and in the
surface layers at Site B. Although there 1s no statistical relationshlip
between Eh or pe+pH valués and the disequilibrium status of the
samples, a. marked transition in *?°Ra/***U values may be observe(\i on
traversing.the 1ron pan at Site A Samples taken from above the‘p_gn
(Eh values >400 mV) exhibit the highest ratios, samples taken from tﬁe
more reducing lower layers (Eh < 20 mV) having ratios closer to the
~average for the valley (Fig’s.2 & 3.). Given the seasonal fluctuation of
water .. levels in the depression, the Eh values taken in this study are not
indicative of the redox status of the soil throughout the year. It‘ is
obvious however that the samples moisture content is related to its
disequilibrium status (Fig.9.), the two wvariables having a negatil've

correlation.
: /

This fact provides further evidence that the better drained / less
saturated, and hence, more oxidising soil levels, exhibit greater
depletion of ***U relative. to ***Ra. This. view. is- supported by. the
disequilibrium values of the series of random samples taken from lj[he

vicinity of Sites A and B (Tables 1 & 2, Fig’s.2 & 3.). Samples A8, lA7
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and B7, taken from the lower layers within the water saturated
depressi‘on, all display ?*°Ra/*’’U ratios of less than 1.71 ((5_;60 -
1.13), and_ moisture contents of 78 - 82%, in accordance with the
hypothesis that ***U depletion is less severe for samples taken fr(;m
water logged, reducing areas. The remainder of the random samples
were all taken from relatively well drained locations, with lower
moisture contents (43 - 77%) and 226Ra/***U ratios in the range 3 to 5.5.

Considering the distribution of >**U within the soil phases of Sites A
and B. and the fact that a relatively small proportion of Site A’s 338U

l

38U loss is p,rimé[jly

resides in the organic fraction, it appears that
from the easily oxidised organic material of the soil. This observation!is
supported by the evidence provided by both profiles as the proportion of
U**® present in this fraction, tends to increase on going down tﬁe
profile, as conditions become increasingly reducing.

Greeman and Rose’s (1990) assertion that selective plant uptake may
be responsible for 22°Ra/***U disequilibrium by enriching ***Ra in the
surface‘layers of soil is not supported by the results of this study. There
is-no-evidence of ***Ra enrichment. in the upper layers of either section,
*2°Ra activities being greater with depth by up to a factor of 2. T\_J‘le
average >°Ra/***U ratio in plant ash from Site B is 0.56 and 1.49 f;)r
Site A indicating preferéntial uptake of uranium by vegetation growijng
on peat containing excess “2°Ra. It would appear unlikely therefore that
preferential uptake and cycling of **°Ra by vegetatioh has given rise to
the exhibited disequilibrium ratios. Anafysis of the underlying rock
yields no indication of preferential leaching of *?°Ra (Table 4.) whic\:h
may have accounted for the enrichment of the overlying peat with **°Ra.
Average “*°Ra/***U ratios for. rock samples drawn from Site’s B an,\d A

are 0.943 and 0.925 respectively.
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The  conclusion that elevated **°Ra/?**U ratios (due to leaching of
uranium) at this site are a result of pertaining redox ‘conditions is in
agreement with Kochenov et al (1965), Zielinski et al (1987) and Boyle
(1984). The loss of **U from this fraction as a result of soil red\ox
status is of concern given the proportions of ***U bound in this manner
at Site B. Given the fact that a large number of such sites have been
reported in the Cronamuck Valley (Irish Base Metals, 1979) it would

appear -that .a significant amount of U?*®

1s therefore. vulnerable to
release from the soil should.a change in the redox status of the peat
\

occur.

Acknowledgments
The authors. wish to acknowledge the following persons for their
contribution to this study-: P. Maughan, R. Courtney, C. Duffy and J.J.

McGloin.
|

References '

Boyle,. D. R. (1984) The genesis of surfical._uranium_ deposits. in
Surfical uranium deposits. IAEA-TECDOC-322. |
deJong, E., Acton, D. F. & Kozak, L. M. (1993). Naturally occurri\ng
gamma-emitting 1sotopes, radon release and properties of pare‘nt
materials of Saskatchewan Soils. Carnadian Journal of Soil Science, -

74, 47-53.

Greeman,. D. J. The geochemistry of uranium, thorium and radium in
soils of the eastern United States. Ph.D. Thesis. University Microfilms

International, Ann Arbor, M. L.

-



Greeman, D. J. & Rose, A. W. (1990). Form and behaviour of radium,
uranium and thorium in central Pennsylvania soils derived from

Dolomite. Geophysical Research Letters,17/6, 833 - 836.

Irish Base Metals Ltd. (1979). Research. into the occurrence of radioactive
raw materials in Ireland. Final Report, 33 - 34.. ‘
Ivanovich, M. (1994). Uranium series disequilibrium: concepts and

applications. Radiochimica Acta, 64, 81 - 94,

Ivanovich, M.. & Harmon, R..S. (1992). Uranium series disequilibritam:
applications to earth, marine and environmental sciences. Oxford,

Clarendon Press.

Kochenov,. A. V., Zinev'yev,. V. V. & Lovaleva, S.A. (1965) Some
features of the accumulation of uranium in peat bogs. Geokhimiya, 1, 97

-~-103.

Landstrom, O. & Sundblad, B. (1986). Migration of thorium, uranium,
radium and "*’Cs in till soils and their uptake in organic matter and
peat. Studsvik Energiteknik AB. Report No. SKB - TR - 86 - 24. 2 -
15. '

Levinson, A. A. , Bland, C. J. & Dean, J. R. (1984). Uranium series
disequilibrium 1n young surfical uranium deposits in southern British

Columbia. Can. J. Earth Sci., 21, 559 - 566.

|

266-



Megumi, K. (1979). Radioactive disequilibrium of uranium and actinium
series nuclides.in soil.. Journal of Geophysical Research, 84, 3677 -

3682.

Nemeth, W.. K. & Parsa, . B. (1992). Density correction of gamma ray
detection efficiency in environmental samples. Radioactivity and

Radiochemistry. 3(3), 32 — 39.

O’Dea,. J.. & Dowdall, M. (1999). Spatial analysis of natural
radionuclides in peat overlying a lithological contact in Co. Donegal,

Ireland. Journal of Environmental Radioactivity. 44, 107 - 117.

Sheppard, M. 1. (1980) The environmental behavior of radium. AECL-
6796. Whiteshell Nuclear Research Establishment, Manitoba, Canag\ia. 7
- 9.

Titaeva, N. A. & Veksler, T. I. (1977): The state of radioactive
disequilibrium in the uranium and thorium series as an indicator of
migration of radioactive elements and active interaction between phases

under natural conditions. Geochemistry International, 14, 99 — 107.:

Von Gunten, H.R., Surbeck, H. & Rossler, E. (1996). Uranium series
disequilibrium and high thorium and radium enrichments in karst

formations. Environ. Sci. Technol, 30, 1268 — 1274.

N

|

Zielinski, R. A., Bush, C. A. & Rosholt, J. N. (1986). Uranium series
disequilibrium in a young surfical uranium deposit, northeasten

Washington, U.S . A. Applied Geochemistry. I, 503 - 511.

267



o

Zielinski, R. A, Otton, J. K., Wanty, R. B. & Pierson, C. T. (1987).
The geochemistry of water near a surfical organic-rich uranium deposit,

northeastern Washington state, U.S.A. Chemical Geology, 62, 263-289.

268



Speciation of 2*°Ra, >*U and ***Ra in an Upland Organic Seil

Overlying a Uraniferous Granite.

Mark. Dowdall and John O’Dea
Institute of Technology, Sligo,
Ballinode, Sligo, Ireland.

Radiochimica Acta. 87. 1999 pp. 109-114.



Radiochim. Acta 87, 109—114 (1999)
© by Oldenbourg Wissenschaftsverlag, Miinchen

Speciation of ***Ra, **U and ***Ra in an Upland Organic Soil

Overlying a Uraniferous Granite

By Mark Dowdall* and John O’Dea

Research Laboratory, Department of Applied Science, Institute of Technology, Ballinode, Sligo, Ireland

(Received May 12, 1999; accepted in revised form October 15, 1999)

Peat / Radionuclides / Speciation / Redox / Ireland

Summary

A sequential chemical extraction procedure was implemented in
order to ascertain the chemical speciation of ***Ra, ***U and
***Ra within fractions of an upland organic soil. A number of
samples and depth cores were taken from a region where the
soil contains elevated levels of these radionuclides. Sequential
chemical extractions were employed to identify within which
of the three soil phases, namely exchangeable cations, easily
oxidisable organic matter or iron oxides, the radionuclides were
incorporated. The primary analytical technique was high-resolu-
tion gamma ray spectrometry. A number of other chemical pa-
rameters likely to affect the mode of occurrence of the radio-
nuclides were also analysed. These included humic acid content,
iron and manganese content and cation exchange capacity. Re-
sults indicate that the average amount of radionuclides bound as
exchangeable cations, expressed as a percentage of the specific
activities of each radionuclide, are: ***Ra — 2.13% (S.D. 2.13),
28U — 5.2% (S.D. 4.6) and ***Ra — 12.2% (S.D. 7.0). For easily
oxidisable organic matter, the average percentages are: “*Ra —
32% (S.D. 3.2), U — 21.9% (S.D. 18.4), and **Ra — 8.5%
(S.D. 8.7). Percentages for iron oxides are ***Ra — 8.7% (S.D.
7.5), **U —54.8% (S.D. 22.2) and ***Ra — 19.7% (8.D. 12.9).
N equals 17 in all cases. The results indicate that the primary
factor controlling U*** accumulation, and to a lesser extent *“Ra
and “*Ra, is the redox condition of the peat. Release of radio-
nuclides from the peat could possibly occur via changes in the
redox status as a result of activities such as forestry or drainage
of the peat. ’

Introduction

The aim of the study was to ascertain the chemical
form of natural radionuclides in an upland organic soil
exhibiting elevated levels of these radionuclides. The
procedure adopted was the sequential chemical extrac-
tion of radionuclides bound to three distinct chemical
fractions of the soil, namely as exchangeable cations,
easily oxidisable organic matter and bound as iron
oxides. Such procedures have previously been adopted
for the speciation of radionuclides in soil. Bunzl er al.
[1] used the Tessier et al. [2] procedure to determine
the speciation of radionuclides in the vicinity of a ura-
nium mine. Greeman and Rose [3] modified the Tes-
sier et al. procedure for the speciation of radionuclides
in soils of the eastern U.S. Other examples of sequen-
tial chemical extractions as applied to the analysis of
radionuclides in soils include Voss er al. [4], and Lima
and Penna-Franca {5].

* Author for correspondence
(E-mail: dowdallm@students.itsligo.ie).

The chemical form of radionuclides in peats and
organic soils has been the subject of work by re-
searchers in the past. Szalay [6] concluded that the
insoluble (in 0.5 M NaOH) humic acid fraction of peat
was mainly responsible for the enrichment of uranium
in peat by a cation exchange process. Although this
hypothesis has been supported by Titaeva [7], Doi et
al. [8] found that peat whose humic acid component
had been removed tended to adsorb more uranium
from solution than peat whose humic acids remained
intact. Idiz et. al. [9] concur with Szalay, finding that
uranium is the only metal whose enrichment in peat
bogs is controlled by the organic component. Halbach
et al. [10] investigated the role of humic and fulvic
acids in the mobilization and fixation of uranium in a
peat bog and concluded that uranium is primarily re-
moved from the granite bedrock as a uranyl fulvate
complex but is fixed in the peat as a uranyl humate
complex. |

A significant number of researchers conclude that,
at least in some soils, soil iron oxides are the major
component responsible for uranium enrichment. Low-
son et al. [11] reported that up to 80% of the uranium
in a soil derived from granite bedrock was associated
with Fe oxides. Megumi [12], using ammonium oxa-
late as the extracting agent, found that up to 50% of
urantum in soil was associated with Fe oxides, no
trend in the proportion being observed with sample
depth. All researchers conclude that little uranium is
held as exchangeable cations, Lowson et al. [11] find-
ing less than 1% whilst: Megumi [12] observed values
less than 0.8 %. :

Although radium shows little tendency to form
complexes Schubert e al. [13] and Granger et al. [14]
showed that it may be expected to replace other diva-
lent cations in replacement reactions. Arnold and
Crouse [15] obtained a correlation between radium ad-
sorption and cation exchange capacity, the leaching
studies of Havlik et al. [16] supporting the view that
cation exchange is an important mechanism for radium
adsorption. Megumi [12] established that, unlike ura-
nium or thorium, radium may have a significant occur-
rence as an exchangeable ion. Nathwani and Phillips
[17] showed that organic matter was the component of
soil responsible for radium adsorption and that soils
with a low cation exchange capacity exhibited reduced
ability for adsorption. Titaeva [7] studied the nature of
radium bonding in peat and concluded that radium is
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100 g of finely ground soil was placed in a 1l acid
washed plastic bottle with 600 ml of extraction solu-
tion. The bottle was shaken for 1 hr then the mixture
was centrifuged at 10 k rpm for 600 s. The supernatant
was stored and the solid material was resuspended in
300 ml of distilled water and shaken for 1200 s before
being centrifuged at 10 k rpm for 600 s. Supernatants
were bulked, filtered through a 0.45 pm filter, made
up to one litre and sealed for gamma analysis. All ex-
tractions were done at 20°C except for Fe oxides
which was performed at 80°C. The extracting solu-
tions were as follows:

Exchangeable cations
1 M magnesium chloride, pH 6 with HNO,.

Easily oxidized organic matter

5% sodium hypochlorite, pH 6 with HNOs.

Fe oxides

50 g/1 of sodium dithioite in a 0.3 M sodium citrate/
0.2 M sodium bicarbonate buffer.

Chemical Analysis

A number of chemical parameters for each sample
were also determined. The samples for analysis (with
the exception of pH and Eh) were extracted from the
riffled soil mass used for gamma ray analysis.

pH

pH values for the soils were determined in situ. A
smal! hole was made in the soil into which the elec-
trode was inserted. In cases where a good contact be-
tween the electrode and the soil water was not made,
a small amount of distilled water was added.

Eh

A portable Eh meter was utilized to determine the Eh
status of the soil in a similar manner to the pH deter-
mination, the electrode being left for up to 10 minutes
in the soil to allow equilibrium to occur.

Total Iron and Manganese

Approximately 1 g of finely ground soil was digested
with 5 ml of a 3:1 HCI/HNQ, mixture and boiled for
1 hr. The mixture was filtered through glass fiber filter
paper ‘before being filtered with a 0.45 um filter. The
solution was then made up to 100 ml. Both metals
were analyzed by AAS.

Cation exchange capacity (CEC)

4—6 g of soil ‘was mixed with 33 ml of 1 N NaOAc
and shaken for 300s. The supernatant was removed
after centrifuging at 10 k rpm for 600 s. The cycle was
repeated three times. The soil was then mixed with
33 ml of propan—2-ol, this cycle being repeated three
times. The soil was then mixed with 33 ml of
NH,OAC, this cycle also being repeated three times,
the three NH,OAC supernatants being filtered
(0.45 pm) and combined, then brought up to 100 ml.
The Na content of this solution was measured by flame
photometry.

Organic matter content

Organic matter was determined as the loss on ignition
at 500°C for 4 hours.

Humic acid content

Approximately 1 g of ground soil was mixed with
50 ml of 0.5 M NaOH and shaken for 600 s. The mix-
ture was centrifuged at 10 k rpm for 600 s, the super-
natant being discarded. The procedure was repeated on
the solid material until three consecutive supernatants
ran clear (typically 7 to 8 times). The material was
washed with three 30 ml aliquots of distilled water,
and dried at 101°C. Humic acid content was calculated
from loss of mass from the soil.

Quality control

Chemical analyses were conducted subject to the
regular quality control procedures implemented in the
laboratory. Reproducibility of results was assessed
using replicates (three) of homogenized samples. The
coefficients of variation were typically less than 20%
(2g). The accuracy of the analytical methods was
checked using traceable reference standards, spikes
and blanks at a typical loading of 5 per 50 analytical
samples.

Results
Table 1. Radionuclide activities (Bq/kg) for site E. Depth given
in em.
Sample Depth *Ra U **Ra
Et 0—15 418.0 923 20.0
E2 15-30 5235 109.6 442
E3 30-45 515.2 499.3 66.6
E4 45—-60 6924 884.0 107.7
ES5 60—75 8479 737.8 1421
E6 60—75 3204 53.1 18.6
E7 60—-75 540.0 476.0 123.5
ES8 60—75 421.6 1153 38.8
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“*|Ra has a significant and comparable occurrence
as an exchangeable cation at both sites, the occurrence
in the easily oxidized fraction being less than that of
the exchangeable cations for almost all samples. Simi-
lar to the previous two nuclides, ***Ra has its major
mode of occurrence in the Fe oxide fraction. Assuming
that, given its short half life relative to soil processes,
*25Ra can be used to infer ***Th levels, it appears that
??Th is bound chiefly to the organic material (ex-
changeable cations + easily oxidisable fractions) and
Fe oxides.

Averaging the total labile (exchangeable cations +
easily oxidisable organic + Fe oxides) radionuclide
content for the 17 samples yields values of 12.01% for
**Ra, 81.3% for ***U and 41.2% for ***Ra. These fig-
ures appear to confirm the generally accepted hypo-
thesis that Ra is relatively immobile in soil and U is
mobile. **°Ra levels do not exhibit the same amount
of variation throughout the soil columns as U and Th
indicating a lower level of vertical migration than
either U or Th, The apparent disparity between the

behaviours of ***Ra and ***Ra is probably due to the
different behaviour of the parent nuclides, **Th and
238U respectively.

The controlling factor for U accumulation would
appear to be the redox condition of the soils. U is rela-
tively immobile in reducing conditions (+4 valency)
compared with its mobility in oxidizing conditions
(+6 valency). The majority of samples from site E
exhibit Eh values lower than 200 mV, indicating re-
ducing conditions, the soils of site A having Eh values
of up to 500 mV. The depth section of site E has an
average U activity nearly 5 times greater than that
of site A. Further evidence is provided by the fact that
28U activity increases by a factor of two on going
from the oxidized upper layers to the more reducing
lower levels of the peat. Both sites exhibit similar
levels of organic matter and humic acid, cation ex-
change capacities for both- soils also being comparable.
It would appear that in this region, redox potential of
the soil is a major factor controlling either the en-
richment or depletion of U within the peat. Activities
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Abstract. Many environmental surveys require the implementation of estimation techniques to de-
termine the spatial distribution of the variable being investigated. Traditional methods of mterpolation
and estimation, for example, inverse distance squared and triangulation often ignore features of the
data set such as anisotropy which may have a significant impact on the quality of the estimates
produced. Geostatistical techniques may offer an improved method of estimation by modelling the
spatial continuity of the varizble using semi-variogram analysis. The theoretical modet fitted to the
semi-variogram.-is then used in the assignation of weighting factors to the samples surrounding the
location fo be estimated. This paper outlines the results of a comparison between three common esti-
mation methods, polygonal, triangulation and inverse distance squared and a geostatistical method, in
the estimation of soil radionuclide activities. The geostatistical estimation method known as kriging
performed best over a range of parameters used to test the performance of the methods. Kriging
exhibited the best correlation between actual and estimated values, the narrowest ercor distribution
and the lowest overall estimation error. Polygonal estimation was best at reproducing the data set
distribution. Conditional bias was evident in all the methods, low values being over-estimated and
high values being under-estimated. '

Keywords: estimation, geostatistics, interpolation, radionuclides, soil

1. Introduction

By necessity, many enironmental surveys are limited to relatively small data sets.
Such data sets often require the implementation of estimation methods to provide a
clearer picture than that provided by mere visual inspection of the survey results. In
many cases estimation methods are applied with little or no regard as to the quality
of the estimates produced or how they relate to the actual data values. To assess
how well an estimation procedure has performed in relation to the known data set,
it is possible to use a jack-knifing procedure involving the elimination of a single
data value from the data set and then producing an estimate of this value using
the remaining data points and the chosen method. The data point is then replaced
and the procedure repeated until al} data points have been estimated and a set of
-estimated values and their estimation errors have been produced. Certain features
of both the set of estimates and the distribution of the associated errors can be used

;‘ Environmental Monitoring and Assessment 59: 191-209, 1999.
’F © 1999 Kluwer Academic Publishers. Printed in the Netherlands.
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TABLE]

Parameters of theoretical models ‘fitted to the experimental
semi-variograms of each radionuclide

228R a 40K 226Ra
Fitted model Gaussian Gaussian exponential
Sill 750 83 000 13 000
Nugget 0 0 0
Range (m) 700 750 .3 000
North-South 400 600 3000
East—West 1000 1100 .3000

to assess the effectiveness of the estimation method in reproducing the original data
set. , ‘ o '

The data set used in this study consisted of activity values (Bq kg™1) for the
nawural radionuclides, radium-226 (***Ra), radium-228 (**®Ra) and potassium-40
(*9K) for a set of sixty soil samples extracted from a 20 km? region in County
Donegal, Ireland, as part of a radiological survey being conducted by the Institute
of Technology, Sligo- Sample locations were identified using a 1:10 560 (six inch)
scale map and samples were randomly chosen from within a 300 m radius circum- .
scribed around the location, the random number function of a pockét calculator
being used to determine a direction and a distance from the centre of the circle.
In cases where the final sample location coincided with rock outcrop or water, the
procedure was repeated. The final positien of the sample was determined using
a compass and a tape measure and the easting—northing co-ordinates were noted.
Samples were sealed in polythene bags and removed to the laboratory for analy-
sis by high resolution gamma ray spectrometry. All spectra were corrected for
known interferences and laboratory background. A matrix of sample values and
co-ordinates was then constructed for subsequent data analysis.

The four estimation techniques chosen were (1) a basic polygonal method,
(2) inverse distance squared, (3) triangulation and (4) the methods embodied in
the theory of geostatistics. A polygonal estimator can be described as a weighted
linear combination which results in all of the weight being assigned to the closest
- neighbouring data point. Each known sample location is therefore surrounded by a
polygon of influence delineated by the perpendicular bisectors of the lines joining
the sample point and its adjoining points. A basic polygonal estimation procedure
produces a discontinuous set of estimates in which the value of an estimate changes
abruptly as the location being estimated moves from one polygon to the next. The
triangulation method attempts to remove this discontinuity by mathematically de-
. scribing the plane that exists between the three samplées surrounding the Jocation to
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TABLE 11

Summary statistics for actual and gsiimatcd 226Ra. Values in Bg kgfl (dry
weight)
Actual  Poly. Inv. Dist.  Kriging  Actual Toang.

n- 60 60 60 . 60 .49 a9
Mean 1047 1101 1045 1015 1143 107.02
Std.dev 1255 1300 108.2 98.1 1339 1172

. Skew. 1.51 1.49 1.38 139 129 143
Min. 46 4.6 199 143 46 49
20%tile 205 199 315 334 187 368
W0%tile 430 440 39.4 453 432 . 4875
Median 477 568 51.8 580 . 485 494
60%tle 550 721 692 70.0 721 1316
80% tile 2260 2383  146.0 1720 2433 4037
Max. 4790 4790 3729 362.1 479 414.5
p. coeff. 0573 0451 0701 - 0.628
CV.(%) 1199. - 1180 103.5 9.6 1171 1092

‘ TABLE III
Summary statistics .for actual and estimated 228Ra. Values in Bgq kg~! (@ry-
weight) - )
Actual  Poly. Inv. Dist.  Kriging Actual 'I;n'ang.

n 60 0 60 . .60 49 . a9
Mean 351 352 344 365 - 367 390
Std.Dev. 251 233" 150 172 272 204

- Skew. 193 1.72 1.40 - 110 173 086
Min. 32 46 140 . 153 - 35 88
20%tile 194 196 233 230 192 268 .
4O%tle” 277 280 © 2769 © 269 280 322
Median 477 306 297 304 307 335
60%tle 332 310 319 . 349 342 464
80%tle 434 434 428 496 471 830
max. 1350 1173 829 - 939 1350  93.69
p. cocff. . 0.254 0253 0.604 0.307

CV.(%) 719 662 435 471 7416 5219
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TABLE IV
Summary statistics for actual and estimated *°K. Values in Bq kg~ (dry weight)

Actual Poly. Inv. Dist.  Kriging  Actual  Triang.
0 60 60 60 60 49 49
Mean 5264 4880 4981 516.3 S35 5019
Std.Dev.  278.1 295.1 1952 " 1708 2792 2089
Skew. -0061 0012 040 014 -0.12 0.05
Min. 80 816 1035 94.8 80 66.1
20%ule  288.1 1620 3206 3720 302 3233,
40% tile  459.0 4272 4469 4817 4688 5008
Median 5513 4752 4921 521.1 562.0 5162
60% tile  597.1 5803 5245 . 5609 6339 - 6385
80%tile  739.5. 7396 6184 6231 7832 8437
Max. 10880 10880 9725 9751 10880 10003
p. cocff. ' 0263 0219 0.338 . 0222
CV. (%) . 5283 60.50 - 39.10 3300 5182 4162

TABLEV

Summary statistics of eétimate errors {actual-estimate) for
226Ra. Values in Bgkg ™! (dry weight)

Polygonal Inv.dist® Kriging Triang.

n 60 60 60" 49

Mean 6.05 0.49 0.48 ~7.40
.Std.Dev. 1189 . 962 . 896 106.7
Skew. 085 . 025 .. 056 071
Min,  -3700  -3546 2956  -327.8
Median 5.2 2.9 04 5.4
‘Max. 4702 298.6 3285 313.8
M.SE. 140225 92609 79026 111289
M.AE. 68.8 59.1 51.8 66.8

be estimated. If a sample’s easting and northing co-ordinates are denoted as e and
n respectively, and the vanable value 15 g, then the equation of the plane joining
thrce points, in the form g = ae + bn + ¢, can be obtained by solving for a, b and
¢ in the set of equations: ‘ ‘

aey + bny 4+ ¢ = g
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TABLE VI

Summary ‘statistics of estimate errors (actual-estimate) for
228Ra’ Values in Bq kg~ ! (dry. weight)

Polygonal Inv. dist.2’ Kriging  Tnang.

n 60 60 60 49

Mean 0.32 -0.05 130 230
Std. dev. 297 25.9 20.2 28.5 .
Skew. 0.40 130 093  -0.26
‘Min. -70.8 1039 719 860
Median - 0.0 0.7 2.9 1.7
Max. 90.8 475.0 52.0 74.9
MSE. 8846 6718 © 4066 8239

MAE. 195 17.4 137 . 192

-aez + bny + ¢ = g
aey + bnz + ¢ = g3

Substitution of the co-ordinate values for the unknown location. into the result-
ing equation yields the estimate value. The method known as inverse distance
squared involves assigning weights to samplés based on the relative distances of
the samples from the unknown location, using the equation given below:

= (5)e /50

where g* is the estimated value, g; is the known sample value and d is the separa-
tion distance. o o '

Geostatistical methods are those embodied in the theory of regionalised vari-
ables, empirically described by Krige (1951) as a means of ore estimation and
theoretically grounded by Matheron (1970). Geostatistical methods involve two
distinct stages, modelling of the spatial correlation of the variable using semi-
variogram analysis and the estimation of vanable values at unsampled locations
using the method known as kriging. The semi-variogram is constructed by plotting
thé semi-variance, y (k), in relation to the distance between sample points, 4. The
semi-variance is calculated according to the equation:

n—h

1 2
y(h) = M 2 FZ(Xi+h) - Z(‘xi_)]
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TABLE VII-

Sumimary statistics of estimate errors (actual-estimate) for 40k
Values in Bq kg™! (dry weight)

Polygonal  Inv.dist> Kriging  Triang.

n ) 60 60 60 - 49

Mean -29.7 -19.4 ~10.1 -36.5
Std. dev. 3472 3012 272.7 309.3
Skew. -0.13 —0.12 ~0.03 038
Min. -1000.0 -857.4 —T24.6 -710.3
Median - -25.5 331 408 309
Max. 989.9 788.0 6214 755.8
MSE. 1215991 912394 744773 970255
M.AE. 262.1 230.0 2117 233.49
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where n(h) is the numbér of sample pairs separated by distance, or lag, » and
[2(xisn) — z(xidl s, the difference between varablé values separated by a distance
h. '

The resulting plot, termed the semi-variogram, describes the spatial correla-
tion of the data set, the semi-variance typically increasing as the distance between
samples increases. To.describe the spatial correlation, it is necessary to fit a math- -
ematical model to the experimental semi-variogram, -the model usually being a
gaussian, exponential or spherical function. The features of most interest in the
semi-variogram are the maximum semi-variance value, or sill, and the separation
distance at which the sill is reached, termed the range of correlation. Samples
separated by a distance more than the range are spatially independant. If the semi-
* variance is not eqml to 0 at = 0, then a random component termed the nugget,
Is present.

The second step in a geosmtJSUCal study mvolves the estimation of variable
values at unknown locations using a weighted moving average estimation method
called kriging. Subject to the conditions that the vanance of the difference between
sample values is only a function of the separation distance and that the data set
approaches a normal distribution, kriging assigns weights to samples according
to the information provided by the semi-variogram, in a manner that ensures that
“the estimate produced is a best linear unbiased estimator. Point kriging can be
descnbed by the equation:

(%) = Z[x 2(e)l

i=]

Z*(xo) being the knged estimate, A; being the weight assigned to the known sample
-z at the location (x;). Sample weights are assigned according to the kriging system:

ZA )t as e, =123
Jj=1

(x, JX5), (x,-, Xo) are the lag intervals separating the relevant points, xq is the location
to be estimated, y is the semi-variogram value for that lag distance, A; is the as-
signed weight and x is a Lagrange multiplier. In a manner similar to the polygonal
and inverse distance squared methods, the Wewhts are normahsed to ensure an
un-distorted estimate distribation.

Although ongma}ly developed as a means of ore estimation, geostatistical meth-
ods are increasingly being applied to the spatial analysis of environmental van-
ables. Flatman,Englund and Yfantis (1988), Gilbert (1987) and McBrainey and
Laslett (1993) detail the general application of such methods to environmental
monitoring; specific applications being described by Einax and Soldt (1994), Litaor
- (1995) and Barns (1980). Detailed mathematical descriptions of the methods in-

volved In geostatistics are contained in Davis (1973) and ]oumel and Huybregts
(1978).
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2. Methods B

Individual sample points were eliminated from the sample matrix and then esti- -
mated using each of the four methods previously described before being replaced
in the matrtx. The polygonal method estimated a point using the nearest known
sample, the triangulation method used the nearest three samples to the unknown
location. In cases where a location could not be circumscribed with a triangle it
was not estimated, in this study resultingin a decrease from 60 samples to 49 esti-
mates. A computer program was written to solve the nine simultaneous equations
associated with each estimate.
Semi-variograms were constructed for each of the radionuclides, Figure 1-de-
picting the omni-directional semi-variograms, one for each radionuclide.
Directional semi-variograms were then constructed for each radionuclide to de-
termine if the spatial correlation was the same in cach direction (isotropy). Both |
40K and Z**Ra displayed evidence of anisotropy, the range of correlation being
significantly longer in the east-west direction than in the north-south direction.
Table I gives details of the spatial correlation and fitted theorencal model for each
radionuclide. ' . ‘
Points were estimated using the samples contained within a 1200 m search
radius, a minimum of 3 points being tequired for each estimation. Semi-variogram
- modelling of the radionuclides was conducted using Geostatistical Toolbox soft-
ware (Froideuaux, 1990) and Variowin 2.2 (Pannatier, 1996), ordinary point kriging
being performed using the GEO-EAS software suite (Englund and Sparks, 1988).
The parameters suggested by Srivastava and Isaaks (1989) were used to com-
pare the results of the four methods, these being:

" 1. the univariate statistics of the estimate — error distributions; -
2. the scatterplot of estimate against actual value;
3. the mean absolute error (MAE) and mean squared error (MSE);

4. the ability of the methods to reproduce the actual distribution.
AN

An estimation method that performs well in relation to the original data set should
have a mean and median error close to zero, with the error distribution €xhibiting
a small standard deviation. The MAE and MSE should be low and the scatterplot
of the estimates against the actual values should fall close to the 1deal, a 45 degree
line. Plots of the quantiles of the estimated distribution against the actual distribu-
tions’ quantiles reflect how well the actual distribution has been reproduced. Scatter
plots of the estimate error aoamst the actual value are used to indicate global or
conditional bias.
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3. Results and Discussion

Tabulated summary statistics for the actual radionuclidé values and the statistics for
the estimates produced by each method are presented in Tables II to IV. As only 49
estimates could be produced by the trangulation procedure, the statistics for the
true values of the 49 points are used for comparison with the triangulation method.-
" Summary statistics for the error distributions of each method are also presented
(Tables V to VII). »

Examination of the statistics for both the estimates and the estimate errors indi-
cates that the geostatistical procedure performs better than the other procedures for
a nurmber of parameters. It produces the lowest MSE and MAE of all the methods
and the narrowest error distribution. The mean and median errors for 2*Ra and
0K indicate slight global over and under-estimation respectively but the values
compare favourably with the other methods. The correlation coefficient for the
scatter-plot of actual values against estimates is highest for the kriging method.
Quantile plots of estimate quantiles against actual quantiles (Figure 2) indicate that
all the methods, with the exception of the polygonal method, produce smoothing
of -the upper and lower data values. Incorporation of the highest and lowest data
values in the polygonal method undoubtedly contributes to it’s better reproduction
- of the data set distribution. The deviation from the ideal 45 degree line is less severe
for kriging than for the inverse distance squared and triangulation procedures but”
highlights the possibility of conditional bias in the estimates. '

The extent and type of bias present in the estimates was investigated using
residual plots of estimate error against actual values. An unbiased set of estimates
produces a uniform cloud of points centred on a zero line,. global bias being re-
flected by groupings above or below the zero line, conditional bias appearing as
deviations from the zero line at the upper and lower regions of the distribution. The
residual plots for each nuclide (Figure 3) indicate that all the methods produce one
- or both kinds of bias. The *°K plots indicate that all methods produce conditional

bias, the effect being most severe. for triangulation and inverse distance squared.
The polygonal method shows little evidence of bias, the estimates being relatively -
poor across the entire range and being equally distributed above and below the zero
. line, despite having performed well in the quantile-quantile plots. All the methods
show positive global bias for 2**Ra as well as a slight negative conditional bias to-
wards the higher value region. The effect is least for the kri ging estimates. Kriging
and the polygonal method exhibit strong positive bias at the higher 2**Ra values,
the opposite occurring in the inverse distance squared and triangulation procedures.
The use of residual plots highlights the fact that although an estimation method may.
appear to reproduce a sample distribution accurately, based on quantile plots, the
overall quality of the estimates may be relatively poor.
The difference in the spatial correlations exhibited by 2°Ra and *?®Ra may, ini- -
tially, appear surprising given that both isotopes should behave similarly. However,
given the differing behav1our of their progenitors, %0 and 2*?Th respectively, in a
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surfical environment (U being mobile relative to Th), it is unlikely that the two Ra
isotopes would exhibit the same spatial characteristics:

For the range of parameters used in this study, kriging appears to perform better
than the other methods tried in relation to the data set studied. The incorporation
of the anisotropy present in the data set, and the fact that it is an error variance
minimisation technique may contribute to the better performance of the geosta-
tistical technique. Assessment of the performance of any estimation method is
dependant on what is required from the technique in relation to the data set in
hand. It would appear that kriging performs best over a range of parameters for
the data set used in this study, offering a better reproduction of the data set, lowest
average error and the narrowest error distribution. It did not perform as well as the

" polygonal method in reproducing the data set distribution due to smoothing of the
“more extreme values. The results obtained in this study. would appear to suggest

that geostatistical methods may offer advantages in the determination of spatial
distributions using small data sets in enviropmental studies. '

References

Bams, M. G.: 1980, “The use of Kriﬂiﬁg for Estjmatirig the Spatial Distribution of Radionuclides and
Other Spatial Phenomena’, TRANSTAT ‘(Statistics for Envnronmental Studies) No. 13. Baticlle
Memorial Institute, Richland, W.A_, pp. 1-22.

Davis, J. C.: 1973, Statistics and Data Analysis in Geology, John Wiley & Sons, New York.

Emnax, J. and Soldt, U.: 1994, ‘Geostatistical Invesuganons of Polluted Soils’, Fresenius J. Anal.
Chem. 351, pp. 48-53.

Englund, E. and Sparks, A.: 1988, ‘GEO-EAS: Geostatistical Environmental Assessment Software,
Users Guide’, USEPA Rep. 600/4-88/033. USEPA Las Vegas, N.V.

Flatman, G. T., Englund, E. and Yfantis, A. A.: 1988, ‘Geostatistical Approaches to the Design
of Sampling Schemes’, in L. H. Keith (ed.), Principles of Environmental Sampling, American’
Chemical Society, pp. 73-84.

Froideuaux, R.: 1990, Geostatistical Toolbox Primer, Versnon 1.30. FSS International, 10, Chemin
de Drize, 1256 Troinex, Switzerland.

Gilbert, R. O.: 1987, Staristical Methods for Environmental Monitoring, Van Nostrand Reinhold,
New York. _

Journel, A. G. and Huybregts, Ch. J.: 1978, ‘Mining Geostatistics’, Academia Press, London and

" New York, 1.- .
Krige, D. G.: 1951,°A Smlwucal Approach to some Basic Mine Valuation Problems in the Wit-

watersrand’, Journal of the Chemical, Metallurgical and Mining Society of South Africa 52,
119.

- Litaor, M. L: 1995, “Spatial Analysis of 239+240py and 2*'Am in Soils around Rocky Flats,

Colorado’, J. Environ. Qual. 24, pp. 505-516.

Matheron, G. F.: 1970, ‘La Theoric des Variables Regionalisees ct ses Applications’, Rep Fascicule
5, Les Cahiers du Centre de Morpholome Mathematique de Fontainbleau, Ecole Superieure des
Mines de Paris.

McBratney A. B. and Lzu;lc(t G. M.: 1993, ‘Sampling Schemes for Contaminated Soils’, in H.

Eyjsackers and T. Hamers (eds.), Integrated Soil and Sediment Research: A Basis for Proper
Protection, pp. 435439



COMPARISQ& OF POINT ESTIMATION TECHNIQUES IN SOIL ) 209
Pannatier, Y.: 1996, Variowin 2.2: Software for Spatial Data Analysis in 2D, Springer-Verlag, New
York. | o
Srivastava, R. M. and Isaaks, E. H.: 1989, Applied Geostatistics, Oxford University Press.



Spatial analysis of natural radionuclides in peat overlying a

lithological contact in Co. Donegal Ireland.

John O’Dea and Mark Dowdall. !
Institute of Technology, Sligo,
Ballinode, Sligo, Ireland.

Journal of Environmental Radioactivity.44. 1999,
pp. 107-117.

1



JOURNAL OF
ENVIRONMENTAL
Journal of RADIOACTIVITY

Environmental Radioactivity 44 (1999) 107-117

Spatial analysis of natural radionuclides
in peat overlying a lithological contact
in Co. Donegal, Ireland

JYohn O’Dea, Mark Dowdall

Institute of Technology, Sligo, Ballinode, Sligo. Ireland
Received 20 December 1997; accepted 9.June 1998

Abstract

The Cronamuck Valley lies on the north-eastern contact of the Barnesmore pluton in Co.
Donegal and has been identified as a region with elevated levels of natural radionuclides during
a programme of uranium prospecting in the region, conducted in the 1970s. As part of
a radiological survey of the area carried out by the Institute of Technology, Sligo the spatial
distribution of 2*®U, 226Ra, 22®Ra and *°K in the valley was investigated using geostatistical
methods. Radionuclide levels i sixty soil samples were determined using high-resolution
gamma-ray spectrometry. >*¥U levels ranged from 2.7 to 788 Bq kg™* with a mean value of
79 Bqkg™', **°Ra levels ranged from 4 to 479 Bqkg™", with a mean value of 104 Bqkg™!,
22813 levels ranging from 3 to 135 Bqkg™* with a mean of 35 Bgkg™* and *°K activities
ranged from 8 to 1088 Bq kg ™! with'a mean valuc of 526 Bqkg™'. Standard deviations for the
radionuclide distributions were 149.9, 125.5, 25.1 and 278.1 Bqkg™*, respectively. Isopleth
maps of the radionuchde activities were constructed using geostatistical techniques. These
indicate strong geological control over soil radionuclide levels in the region, the highest activity
values occurring in the granite area, and provide evidence of the immobility of natural
radionuclides in organic soils. © 1999 Elsevier Science Ltd. All rights reserved. -

Keywords: Soil; Radionuclides; Geostatistics; Gamma ray spectrometry

1. Introduction

The Barnesmore pluton forms the Bluestack Mountains, an isolated range in
central County Donegal. The pluton, 52 km? in area and comprised of three granite
types, is an oblong shaped body set in Dalradian metasediments by cauldron subsid-
ence (Pitcher & Berger, 1972). O’Connor et al. (1983) identified the Barnesmore
granite as having the highest average levels of uranium and thorium of any of the.

0263-931X/99/8 — see front matter & 1999 Elsevier Science Ltd. All rights reserved
PIL: S0265-931X(98)00070-8 '
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Donegal granites, 8.1 and 25.1 ppm, respectively. Radioclement levels tn the Dal-
radian metasediments of the Kilmacrennan succession, into which the pluton was
emplaced, are not available but figures for similar lithologies in Donegal indicate
uranjum levels of 0.8-2.3 ppm and thorium levels of 2.2-17.2 ppm (O’Connor &
Long, 1985). ‘ -

As part of a period of uranjum prospecting conducted in the 1970s, Irish Base
Metals Ltd. performed widespread stream sediment and soil sampling in the region,
preceded by extensive radiometric (ground and airborne) and soil radon surveys. The
results of these surveys indicated a high background uranium content in the region,
the presence of secondary uranium minerals in the granite (autinite) and a series of
widespread uranium enrichments in the soils of the Cronamuck Valley (Irish Base
Metals Ltd,, 1979). McAuley and Moran (1988), as part of a national survey, identified
the Barnesmore region and surrounding area as having soil *°K levels of greater than
600 Bgkg ™! and *?%Ra levels of 60-100 Bqkg ™. McAuley and Marsh (1992) identi-
fied the region as having soil 2?®Ra levels of 65-100 Bqkg ™.

The purpose of this study was to investigate the spatial distribution of 2**U, ??Ra,
228Ra and *°K in the soils of the Cronamuck Valley and to delineate the extent of the
region of elevated natural radioactivity reported in the 1970s. Previous studies on the
spatial distributions of patural radionuclides in Ireland have been conducted on
a nation-wide scale. This study aims to nvestigate how radionuclides are distributed
on a smaller scale ip a region of elevated natural radioactivity. This objective was
accomplished by utilising geostatistics, a data analysis technique not previously used
in this country in the assessment of radioactivity levels. The analytical technique
employed in the study was high-resolution gamma-ray spectrometry.

2. Survey region and sampling plan

The Cronamuck Valley lies between Cronamuck Mt. and Clogher Hill, running in
a NE-SW direction for approximately 5 km. The Cronamuck River flows along the
valley, joining the Owendoo River, flowing from the west, at the north eastern end of
the valley (Fig. 1). Soils in the area consist of shallow peat i the higher regions,
deepening towards the bottom of the valley. Some man-modified regions exist to the
east as a result of forestry and sheep farming. The region is remote and sparsely
populated. :

A 4 km x 5 km rectangle was set up around the valley and 60 sampling locations
were identified using small-scale maps of the area. Circles, with diameters of 300 m,
were established around each location and a sample was selected at random within
the circle, subject to the condition that flooded, forested or hazardous areas would not
be sampled. A regular sampling grid could not be implemented due to the nature of
the terrain. The exact location of each sample site was determined using a compass
and tape measure and easting and northing co-ordinates were determined.

Samples consisting of 3-12 kg of wet soil were taken from depths of greater than
60 cm to avoid the effects of plant cycling of the radionuclides. In the majority of cases,
the shallow nature of the soil meant that samples were taken from the seil immediately
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" Fig. 1. Outline map of the survey area. Open circles denote sampling sites.

above the bedrock. Samples were sealed in polythene bags and taken to the Jaborat-
‘ory for analysis.

-3. Methods

Gross samples were oven-dried at 110°C for 48 'h. Soif aggrepates were crushed with
a mallet and the soil was sieved through a 2 mm mesh before being packed into L L
Marnnelli re-entrant beakers for gamma analysis.

Samples were analysed using high-resolution gamma-ray spectromelry incorporat-
ing a 4 k multichannel analyser and the Genie-PC suite of analysis software from
Canberra. The system was calibrated for energy and cfficiency using a traceable mixed
radionuclide standard solution. Errors due to density variations between samples
were avoided by using the calibration procedures developed by Nemeth and Parsa
(1992). 238U was determined via the peaks of its daughter, 22*Th, at 63 and 92 keV.
226Ra was determined via its 186 keV peak, having corrected for the 2*>*U interference .
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in the following manner. The 2?®U activity for each sample was divided by 21.4
(calculated using the specific activities of 2**U and 2?*U and their relative isotopic
abundances) to obtain the 2**U activity for each sample. The contribution of 2**U to
the 186 keV peak was then determined using:

2351 counts = A2 UCRyEfl 3¢ W

where 423U is the 2*°U activity, Cy the count time in seconds, Ry the emission
probability of 2*°U @ 186 keV, Eff, 3¢ the counting efficiency @ 186 keV and W the
sample mass (kg). The 235U contribution was then subtracted from the total counts at
186 keV and the ***Ra activity determined. o

-228Ra was determined via the ***Ac photopeaks at 911 and 969 keV. The 1460 keV
peak was employed for *°K analysis. All samples were counted for a period sufficient to
ensuré a 2 sigma counting error of less than 10% (15% for 2**Ra), resulting in counts
ranging from 1 day to 1 week. All samples ‘were corrected for laboratory background.

4. Data analysis

Radionuclide activities and spatial co-ordinates were entered into a matrix for data
analysis. Experimental semi-variograms and theoretical models were constructed for
each radiopuclide using Geostatistical Toolbox (Froidevaux, 1990). Geostatistical
estimation methods perform best when the data set is normally distributed (Rendu,
1978) and in order to better approximate a normal distribution, the >**U data were
transformed using the natural logarithm of the data. Transformation of the >*®U data
also served to smooth the experimental semi-variogram and simplified the fitting.of
the theoretical model. The distributions of 226Ra, 22*Ra and *°K did not require
transformation. Ordinary block kriging, cross validation analysis and contouring of

estunates were conducted using the' GEQ-EAS software suite (Englund & Sparks,
© 1988). The search radius employed was 1200 m, an unsampled location requiring
a maximum of 14 and a minimum of three known data points within the search radius
for estimation to take place. The block size was 250 m x 250 m with 16 points per
block, resulting in a grid of 320 estimates. Cross validation analysis was performed to
optimise search conditions, those search conditions that resulted in the narrowest
distribution of errors, lowest mean absolute error (MAE) and smoothest error map
being deemed best. Kriging was performed on the natural logarithms of the 238U data,

the final estimates being back transformed to the original units using the equation .
given by Litaor (1995).

5. Results and discussion

Summary statistics for each radionuclide are presented in Table 1 and details of the -
experimental semi-variograms aud theoretical models in Table 2. Fig 2 depicts
isopleth maps for the knged estimates for each radionuchde. Fig 3 displays the
frequency distributions of the radionuclides and the ratio 22°Ra/?**1J.
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Table 1
Summary statistics for 238U, 2%6Ra, 22%Ra and “°K. Values in Bqkg™* dry weight

238U QZGRa ZZSRa AOK

n : 60 60 60 60
"Mean 79.3 104.7 35.8 5264
Std. dev. 1499 125.5 25.1 278.1
Coefl. var. 189.0 © 1199 715 528
Skewness 3.78 ) 1.50 1.93 —0.06
Minimum 27 40 3.0 80
Median 29.5 477 30.5 5513
Maximum 788 479.0 1350 . 1088.0

Table 2 B
Semi-variogram and theoretical model parameters

IDZBSU ZZGRa ) lZBRa 40K
Model Gaussian .Exponential Gaussian Gaussian
Sill value L1s50 18000 750 83000
Nugget 00 00 0.0 00
Range {m) . 600 ) 3000 700 750
N-S (m) 650 : 3000 400 600
E-W (m) 700 3000 1000 1100

4000

Fig. 2. Isopleth maps of kriged radionuclide estimates, (a) 28U, (b) 22Ra, ic) #28Ra, and (d) *°K. Values
in Ba kg™ dry weight. Shaded area denotes granite region. Open circles denote sampling sites.
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4000m

5000m

Fig. 2. continued

All of the radionuclides exhibited strong spatial correlation, the range of correlation
being approximately 650 m for 2>¢U, 3000 m for *°Ra and 750 m for >**Ra and *°K.
Significant geometric anisotropies were present for 22°Ra and *°K, the ranges being
approximately 1000 m in the E-W direction and 500 m in the N-S direction.
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Fig. 3. Frequency distributions of (a) **“Ra, {b) 2*Ra, (¢} 2*%U, (d) *°K and (¢} **°Ra/*>*U. Radionucdl-
ide activities in Bg kg™*. :

Inspection of the isopleth maps indicates that the soils showing elevated levels of
238, 226Ra and 2?®Ra correspond well with area underlain by the granite bedrock.
Activities of these radionuclides in the soils overlying the metasediments are lower
than those in the granite area by up to an order of magnitude in some cases. *°K
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. Fig. 3. Continued

activities are more widely distributed throughout the survey area, the difference in
0K soil values between the two regions being less pronounced than for the other
radionuclides. This finding is supported by the fact that %X values for the granite and
metasediments are quite similar and do not differ by the same amount as cither
uranium or thorinm. Reported values are 3.3%X for the mctasediments (O’Connor
& Long, 1985) and 3.6 to 5.1%K for the Barnesmore granite (O’Connor et al., 1983).
A region of clevated radionuclide levels is also indicated shightly to the east of the
contact, in an area underlain by the metasediments. The reason for the high levels of
radioactivity in this portion of the study region are unknown at present. A sharp
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reduction in radionuclide levels over a relatively short distance occurs in the northern
end of the valley, the drop corresponding well with the contact of the granite and the
melasediments. This reduction 15 not surprising given the.sharp contact of the two’
lithologies (Pitcher & Berger, 1972) and the immobility of the radionuclides in organic
soils and peat (Sheppard, 1980).

A surprising observation was that both regions of elevated activity displayed
marked 22Ra/?**U disequilibrium, 225Ra activities being over five time greater than
238y activity for some samples. The area to' the north contained samples with
226Ra/?3%Y ratios of 0.5 in close proximity with samples exhibiting ratios of 5.0-9.0.
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_ Although a national average for this parameter is unavailable, McAuley and Marsh

(1992) suggest that the majority of soils in Ircland exhibit 22°Ra/**®U ratios in the

range 0.5-2.0. Ivanovich (1994) identifies four mechanisms as being responsible for

fractionation of decay chain radionuclides in natural systems: solution and precipita-

tion, alpha recoil, diffusion and susceptibility to leaching due to the Szilard~Chalmers

effect. Osburn (1565) indicates that in an ox1dmed environment, sharp disequlibrium
may exist due to the increased solubility of uranium above its daughters. All the sites

displaying high 2?°Ra/?*®U ratios occurred in an area of shallow overburden on

a relatively sharp incline. The arca was well drained in comparison to the rest of the

study region. It is therefore possible that the disequilibrium is a consequence of
U being lost by dissolution in soil water and subsequently being carried away with the

flow of water down the slope. Further elucidation of this phenomenon requires an

in-depth study of the radiological, physical and chemical conditions prevailing at the-
site.

None of the samples drsplayed evidence of having being drawn from one of the:
numerous uranium anomalies (soil U levels of up to 1000 ppm) reported by Irish Base.
Metals Ltd. (1979). Given that the majorty of these anomalies consist of areas less:
than 10 m in diameter and the number of samples taken in this study, the probablllty
of encountering such levels would appear to be Jow.

Acknowledgéments

The authors wish to thank the following for assistance with aspects of this study: the
stafl of the Geological Survey of Ireland, the Radiological Protection Institute of
Ireland, Dr. B. Crocock (Institute of Technology, Wﬁtcrford) and E. Grennan, P.
Maughan (Institote of Technology, Sligo).

References

Englund, E., & Sparks, A. (1988). GEO-EAS, geostatistical environmental assessment software, users gmde
USEPA Report 600/4-88/033, Las Vegas, NV.

Froideuaux, R. (1990). Geostatstical toolbox printer, version 1.3. FSb International, Chemin de Drize 10,
1256 Troinex, Switzerland.

Irish Base Metals Ltd. (1979). Research into the occurrence of radioactive raw materials in Ireland. Final
Report (pp. 33-34). . :

Ivanovich, M. {1994). Uranium series disequihibrium: concepts and applications. Radtochumca Acia, 64,
81-94.

Litaor. M. 1. (1995) Spatial analysis of **?*2°Pu and 2*'Am in soils around Rocky Flats Colerado
Journal of Environmental Quality, 24, 506-516.

McAuley, I R, & Marsh, D. (1992). 226Ra concentrations in soil in the Republic of Ireland. Radiation
Protection Dosimetry, 45(1/4), 265-267.

McAuley, I. R, & Moran, D. (1988). Natural radioactivity in soil in the Republic of Ireland. Radiation
Protection Dosimetry, 24(1/4), 47-49. '

Nemeth, W._ K., & Parasa, B. (1992). Density correction of gamma ray detection efficiency in environmentat
samples. Radioactivity and Radiochemistry, 3(3), 32-39. -



J. O'Dea, M. Dowdall{J. Environ. Radioactivity 44 (1999) i07-117 117

O’Connor, P. J., & Long, C. B. (1985). Radioelement 2bundance data for some Dalradian Rocks from Co.
Donegal, Ireland. Mineralogical Magazine, 49, 643-643.

O'Connor, P. J,, & Long, Hennessey, J. (1983). Radioelement geochemistry of Irish newer caledonian
granites. Geological Survey of Ireland Bulletin 3, 125-140.

Osburn, W. S. (1965) Primordial radionuchides: their distribution, movement, and possible cfiects within
terrestrial ccosystems. Health Physics, 11, 1275-1295.

Pitcher, W_ S., & Berger, A. R. (1972). The geology of Donegal. New York: Wiley Interscience.

" Rendu, J. M. M. (1978). Geostatistics, 2 powerful too! in the evaluation of energy resources. In Proceedings
of Fifth Annual UMR-DNR Conference and Exposition on Energy, Umversity of Missouri-Rolla.

Sheppard, M. 1. (1980). The environmental behaviour of uranium and thorium. Atomic Energy of Canada
Ltd, AECL-6795.



. APPENDIX 6.



37Cs in the Cronamuck Valley

Although this study was not designed to investigate the occurrence of
137Cs in the soils. of the Cronamuck Valley, the. levels- of-this
anthropogenic radionuclide. in the soil samples ,.were.measured_.‘as,. a
matter of course. The sampling rationale and methodology of the study
were.not optimized for obtaining information on this radionuclide as the
majority of soil samples were extracted from the bottom of the peat beds,
where levels of this radionuclide.are typically at.their lowest.due_to the

nature of the deposition of this radionuclide.

“7Cs Bq/kg ]
N ' 60
Mean 19.2
Std. Deviation 31.9
Minimum , 0.5
Median 8.6
Maximum 178.7

Table xxxx. Summary statistics for *’Cs values of the 60 samples of

Survey 1.

Construction of a. histogram.for the- '*’Cs. values indicates a skewed
distribution. that 1s strongly affected by the.presence. of two.value,.s,,lin
excess of 100 Bq/kg. The majority of samples display values less than 50
Bq/kg. A scatterplot.of the samples.values does.not indicate any obvious
clustering of high "*’Cs values, the two samples exhibiting the highelst
levels being separated by a distance of over 1 km. The scatterplot does

137

not provide any evidence that. "'Cs soil levels- are-any greater qlver

elevated portions. of the study region,.most notably the south.— western

\
corner of the valley.
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Figure ix. Histogram of '*’Cs values for the 60 samples taken as part of

Survey 1.
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Figure x. Scatterplot of '*'Cs. values.for the 60 samples of Survey 1.
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14

<05

Sample | ™"Cs | "*"CsEx | %"*"CsEx | "*'CsOrg | %'*'CsOrg | *'CsFeO %CsFeO
E015 | 1912 |86 45 <05 <03 <09 <05
E15-30 | 551 |<12 <22 <1.1 <19 <11 <19
E3045 [449 |<14 | <32 23 52 1.7 S
E4560 |99 |<13  |<131 <11 <115 | <38 <393 _
E60-75 [27- |11 388" <15 <54.4 <12 <459 -
AD-15 | 186.4 | <22 <12 <12 <06 <14 <08
A1530 |307 | <12 <38 <15 <4.8 <14 <45
A3045 |229 |<15 | <66  <1_2 <52 <14 <6.2
A4560 |28 |14 49.4 1.7 594 <12 <439
A6075 |14 |07 51:8- <16 <1000 12 887
E 1 467 |<16 <34, <12 <26 <14 <29
E4 36 | 1.1 30.0 <0 <547 <16 44.4
ES. .14.5 27 190 0.1 07 <18 7<12.2
'E6 679 | <12 <18 2.1 3.0 <0.9 <13
9 217 | <17 <77 <09 <41 | <12 ' <5.0- -~
54 73 |<1a | <189 <14 <19.3 <1.4 <19.5

13 <37.8 <1.4 <100.0 <15 <1000

Table xxxxi. '*'Cs levels

in each of the three fractions studied during

Survey 2. Ex — exchangeable cations, Org — easily oxidisable organic

matter, FeO - iron oxides. Values in Bq/kg.
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The ’Cs levels for the depth cores at A and E indicate the

f 1*7Cs in the upper levels of the peat and the fact that

preponderance o
little or none of this radionuclide has moved downwards in the soil
column. It i1s interesting to note that at depth at both sites, a large
percentage of the. 7Cs present is.associated- with the- exchangeable

cation. fraction, possibly. indicating. that. downward transport. of. the

~radionuclide is via percolating water. The fact that very little BCs

exists in any of the three fractions would appear to suggest that the
radionuclide is largely associated with the residual organic matter
component of the soil, a fact that is in accordance with the relatively
recent. deposition.of this.radionuclide..As most.of the fractions_displayed
*7Cs levels below the detection limit of the analytical technidue (under
the parameters employed) little useful information regarding correlations

with any other soil parameter could be ob,taiped.
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