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ABSTRACT 

Methodologies have been devised to estimate the uncertainty in measurements 

caused by a combination of field sampling and chemical analysis, in respect of both 

spatial and temporal geochemical investigations. Measurement uncertainties were 

quantified for contaminated land (spatially variable) and landfill gas (temporally 

variable), using inter-organisational trials. A Collaborative Trial in Sampling (CTS) was 

performed at each site to show the agreement between participant's measurements when 

they were using the same nominal protocol. A Sampling Proficiency Test (SPT) was 

used to provide a realistic estimate of uncertainty when participants were using 

protocols selected on the basis of professional judgement 

The uncertainty in measuring the spatial distribution of a contaminant was 
investigated using a spiked reference sampling target on contaminated land. This 

methodology is analogous to that used for chemical analysis, and gives a new method 

for the estimation of sampling bias. Nine organisations from academia and industry 

sampled the site with the aim of delineating `hot spots' of contamination above a 
defined threshold. Samplers were scored on their performance using a cost-effectiveness 

approach. The SPT results were used to determine the consensus hot spot dimension and 

it's uncertainty at 95% confidence. 

Methane, carbon dioxide and oxygen emissions from a landfill were monitored 
by eight organisations to quantify uncertainties from sampling a temporally variable 

system. The CTS protocol was assessed using analysis of variance and the SPT was 

assessed using the z-score assessment proposed by the International Harmonised 

Protocol. This experiment required the development of a methodology to separate the 

natural geochemical component of variability from that caused by sampling. 

The potential for extending this methodology to estimate uncertainty in 

measurements from other environmental media, such as water, air and sediments are 

discussed. These media become increasingly more complex to investigate due to their 

temporal and spatial variability. However, methodologies gained from the initial 

investigations are useful in investigating these more complex environments. 
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GLOSSARY 

Terms related to sampling and sampling quality 

Sample: A portion of material selected to represent a larger body of material (Horwitz, 

1990). 

Sampling target: A lot or consignment of a raw material or manufactured product, or a 

certain area from where the samples are to be collected (Thompson and Ramsey, 1995). 

Reference sampling target: A site or pile of bulk material functioning as an analogy to 

those of a reference material in analysis (Thompson and Ramsey, 1995). 

Sampling protocol: A prescribed procedure for the collection of samples from a 

sampling target (Thompson and Ramsey, 1995). 

Sample increment: A quantity of material taken at one time by one action from a larger 

body of material (ISO, 1993a) 

Sample preparation: For bulk materials, the set of material operations (such as 

reduction in grain size, mixing, dividing) necessary to transform a bulk sample into a 
laboratory or test sample (ISO, 1993a). 

Laboratory sample: A sample intended for laboratory inspection or testing (ISO, 

1993a). 

Test sample: The actual material weighed or measured for analysis (Horwitz, 1990). 

Terms related to error and uncertainty 

Measurand: The particular quantity subject to measurement (ISO, 1993a). 

Error: The result of a measurement minus the true value for the measurand (ISO, 

1993a). It is a single measurement comprising random and systematic components. This 

is in contrast to uncertainty, which represents a range of values. 

Random error: A component of the error which, in the course of a number of test 

results for the. same characteristic, varies in an unpredicted way (ISO, 1993a). When the 

sample population is normally distributed, random errors are quantified by precision as 

a standard deviation (a estimated as s) or a variance (s) using statistical methods. 

Precision: The closeness of agreement between independent test results obtained under 

stipulated conditions (ISO, 1993a). 
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Systematic error: A component of the error which, in the course of a number of test 

results for the same characteristic, remains constant or varies in a predictable way (ISO, 

1993a). Systematic errors are quantified with bias, and can be expressed as the absolute 

difference between the measured and ̀ true' value, or as a relative bias of the true value. 

Bias: `the difference between the expectation of a test result and an accepted reference 

value' (ISO, 1993a). 

Accuracy: The closeness of agreement between a test result and the accepted reference 

value (ISO, 1993a). The term accuracy when applied to a set of test results, describes a 

combination of random components and a common systematic error component 

(Thompson and Wood, 1993). 

True Value: The value which characterises a quantity perfectly defined, in the 

conditions which exist at the moment when that value is observed (ISO Guide 30: 

1981). The actual concentration of the analyte in the matrix is an ideal concept and, in 

general, it cannot be known (Thompson and Wood, 1993). 

Assigned value: a value that serves as an agreed upon reference for comparison and 

which is derived as: (a) a theoretical or established value, based on scientific principles, 

(b) an assigned value, based on experimental work of some national or international 

organisation, (c) a consensus value, based on collaborative experimental work under the 

auspices of a scientific or engineering group (ISO Guide 30: 1981). 

Trueness: The closeness of agreement between the average value obtained from a large 

series of test results and an accepted value (ISO, 1993a). The measure of trueness is 

usually expressed in terms of bias. 

Uncertainty: A parameter associated with the result of a measurement, that 

characterises the dispersion of values that could reasonably be attributed to the 

measurand (ISO, 1993a). 

Terms related to data quality in analysis* 

*Many of the terms in this section have recently being introduced to sampling quality. 
The definitions for analytical quality are not however, always totally comparable to 

sampling quality. 

Quality Assurance: All those planned and systematic actions necessary to provide 

adequate confidence that a product or service will satisfy given requirements for quality 

(ISO 8402: 1994). 
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Internal Quality Control: The set of procedures undertaken by laboratory staff for the 

continuos monitoring of operation and the results of measurement in order to decide 

whether the results are reliable enough to be released (Thompson and Wood, 1993). 

Fitness-for-purpose: The degree to which data produced by a measurement process 

enables a user to make technically correct decisions for a stated purpose (Thompson and 

Ramsey, 1995). 

Traceability: A property of the result of a measurement or the value of a standard 

whereby it can be related, with a stated uncertainty, to stated references, usually national 

or international standards, through an unbroken chain of comparisons (ISO, 1993a). 

Reference Material: A material or substance one of whose property values are 

sufficiently homogenous and well established to be used for the calibration of apparatus, 

the assessment of a measurement method, or for assigning values to materials (ISO, 

Guide 30: 1981). 

Certified Reference Material: A reference material, accompanied by a certificate, one 

or more of whose property values are certified by a procedure which establishes its 

traceability to an accurate realisation of the unit in which the property values are 

expressed, and for which each certified value is accompanied by an uncertainty at a 

stated level of confidence (ISO, 1993a) 

Repeatability Conditions: Conditions where independent test results are obtained with 

the same method on identical test items in the same laboratory, by the same operator 

using the same equipment within a short interval of time (ISO, 1986). 

Reproducibility Conditions: Conditions where test results are obtained with the same 

method on identical test items in different laboratories with different operators using 
different equipment (ISO, 1986). 

Collaborative trial: An inter-laboratory study in which each laboratory uses the 

defined method of analysis to analyse identical portions of homogeneous material to 

assess the performance characteristics obtained for that method of analysis (Horwitz, 

1988). 

Proficiency test: A method of checking laboratory performance by means of inter- 

laboratory tests. It includes comparisons of a laboratory's results at intervals with those 

of other laboratories, with the main object being the establishment of trueness 

(Thompson and Wood, 1993). 
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I Introduction 

1.1 Background of the research 

Geochemistry is `the study of the distribution and amounts of chemical elements 

in minerals, ores, rocks, soils, water, atmosphere, and the circulation of the elements in 

nature' (Goldschmidt, 1958). The objective of geochemical investigations can be to 

identify the composition of a `target', the body of material from which information is 

sought, or provide information on the variation in composition of the target over a 

particular period of time. It is now being recognised that probably as important as the 

estimation of the `true' concentration of an analyte (i. e., `amount' in Goldshmidt's 

definition) is a realistic estimation of the uncertainty on the estimate. Uncertainty 

estimation allows the scientist to select a methodology to obtain data of appropriate 

quality and to quantify the analyte (or contaminant) concentration with a prescribed 
level of confidence. 

In environmental geochemistry the concentration of contaminants are usually 

compared to regulatory threshold limits, to assess whether they have the potential to 

cause harm to humans, living organisms, and property (DoE, 1990). The term 
`contaminant' describes the presence of a substance that is possibly harmless (Petts et 

al., 1997). This is in contrast to the term `pollution' which assumes that the causation of 
harm is inherent (Petts et al., 1997). The potential consequences of misclassification 

could be toxicity of a pollutant to human health and/or the environment, damage to 

property and financial penalties to the organisation conducting the investigation. 

The development of research in this area depends on a clear definition of the 

terminology. Uncertainty, informally defined as `the interval around the result of a 

measurement that contains the true value with high probability' (Thompson 1995) 

comprises two sorts of error; random and systematic. Random errors, quantified as 

precision, are `the closeness of agreement of independent test results obtained under 

stipulated conditions' (ISO, 1993a). Systematic errors, quantified as bias, are the 

difference between the expectation of a test result and an accepted reference value (ISO, 

1993 a). 

Much progress has been made in devising methods for estimating the portion of 

uncertainty that arises from the analytical procedure (Eurachem, 1995 and AMC, 1995). 

A second source of uncertainty, which is often overlooked but can often be 
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predominant, is the primary sampling procedure (Ramsey, 1994). The measurement 

process typically comprises the collection of field samples, the preparation of test 

materials in a laboratory and the analysis of the derived test portions. Methods have 

recently been devised to estimate the uncertainty caused by a combination of both of 

these sources, termed measurement uncertainty. This estimation has been, to date, 

directed to the mean concentration of a contaminant within a body of soil. 

Analytical precision can be estimated routinely using duplicate analysis of a 

small number (typically 10%) of samples (Thompson and Howarth, 1976). Applying the 

same methodology to estimate sampling precision, cannot give the value directly, as the 

field samples require preparation and analysis. To overcome this, a small number of 

samples are collected in duplicate, upon which duplicate analyses are made (Garret, 

1983). An experimental design employing a statistical technique called analysis of 

variance (ANOVA) can then be used to apportion the precision between sampling and 

analysis. For the most rigorous estimate of measurement uncertainty, inter- 

organisational sampling trials can be used (Ramsey and Argyraki, 1997). Such trials 

include collaborative trials that are primarily used to assess the fitness-for-purpose of a 

sampling protocol, and sampling proficiency tests that are used to estimate the accuracy 

of an individual participant's performance (Horwitz, 1988). 

The analytical bias can be estimated by the use of certified reference materials. 
This gives a value of bias in the strict ISO sense of `the difference between the 

expectation of the test result and an accepted reference value' (ISO, 1993a). The bias 

arising from the sampling procedure is harder to estimate as the `true' element 

concentration of the sampling target is usually unknown. Gy (1992), in his work on 

sampling heterogeneous and dynamic materials, denies the validity of the concept of 

sampling bias and suggests that it can be avoided by the use of `correct' sampling. Such 

an approach can be considered equivalent to an `empirical' analytical method 
(Thompson, 1999). Other authors, including Thompson and Ramsey (1995) consider 

sampling bias as a valid component of uncertainty, which could be introduced by 

inadvertently using an incorrect sampling procedure, contaminating the sample with the 

sampling tools, or from preparation errors of the sample in a laboratory, even whilst 

using a `correct' sampling procedure. 

The use of field blanks to assess contamination of the field sample from the 

environment or equipment, and a control site to compare a `background' area with the 

test site, was an initial step in tackling this problem, suggested by Black (1988). Recent 

estimates of bias have also been made between one sampling method and another 
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(Ramsey et al., 1995a) and against the consensus value of an element concentration 

(Argyraki et al., 1995). However, none of these methods give the `true' concentration 

of the elements at the site from which an estimate of sampling bias can be determined. 

An alternative approach suggested by Thompson and Ramsey (1995) comprises 

comparison to a site or pile of bulk material, which is prepared by spiking, to function 

as a reference sampling target (RST). The RST would provide a role in validating 

sampling protocols and for quality control. The preparation of such a site has not yet 

been reported in the literature. 

One aspect of uncertainty that was not covered in previous studies is an estimate 

of the measurement uncertainty of contaminant concentration at individual locations 

within a sampling target, nor has an estimate of the uncertainty its spatial distribution. 

There is a need to investigate the uncertainties in defining the spatial dimensions of 

contamination as contaminated zones are usually identified, remediated and then 

developed in the course of contaminated land investigations. The concentration 

estimated for contaminants at each sampling location is also important, as the area of 

contamination that is stated to be above a specified threshold value will be based on this 

measured concentration. In terms of contaminated soil, soil that is to be remediated can 
be zoned into a hierarchy of cleanliness, and considered to be suitable for use for the 

development to be undertaken. Underestimating a spatial extent of the zone of 

contamination (false negative) may result in potential toxicity to living organisms and 
financial penalties. Overestimating the size of the contaminated zone (false positive) can 
lead to expensive and unnecessary remediation. The misclassification ellipse shown as 
Figure 1.1, highlights the impact of misclassifying contaminated land. 

3 



UNCONTAMINATED '-; CONTAMINATED 

WRONG COR/R CT 
and contaminated anf'contamtnated 
soil is left soil is rem diated z o p 

r-" 
AA 

1iRESHO LD 

T 
CO R FC WRONG Z 

, an ýlean sýoil and clean soil is 
lft"'-' remediated 

Z 
) 

Measured Concentration 

Figure 1.1: The misclassification ellipse, adapted from Myers (1997). The ellipse represents the 

scatter of measurements about the mean concentration. AA and BB indicate that the measured 

concentrations are classified correctly with respect to the true concentrations. The symbol I, 

indicates concentrations at which clean land is falsely classified as contaminated (false positive) 

and the symbol II, indicates where contaminated soil is falsely classified as clean (false 

negative). 

There is also little reported literature on methods to estimate the measurement 

uncertainty on the mean concentration of an analyte that is temporally variable, such as 

river water and atmospheric gases. Such temporally variable, or moving targets, are 

usually sampled at a specified frequency to reflect the change in analyte concentrations 

over a particular time period of concern i. e., daily, weekly, monthly, annually 
(Horowitz, 1997). Modern analytical instruments are capable of measuring analyte 

concentrations with high accuracy (Thompson and Walsh, 1989). However, the amount 

of error on the measurement, which represents the specified time period, will depend on 
how well the frequency of sampling reflects the true variation, and the amount of 

random and systematic error in the sample collection and preparation. 

When the time of sampling does not synchronise with the time at which 

maximum concentration occurs there is a potential for underestimating the harmful 

nature of a contaminant. One way of reducing the error on measurements is to collect 

samples at an increased frequency over the period of greatest variability (Bagchi and 

Carey, 1986). However, it is not always clear when the greatest period of variability will 
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occur. Methods to estimate the measurement uncertainty of analytes from a temporally 

variable target could potentially be estimated by adapting the current methodologies for 

temporally stable targets. Duplicate samples could be collected after a specified time 

period. A method would be required however to separate the variance caused by 

sampling and analysis from that caused by geochemical variability. 

1.2 Context of the research and its objectives 

The overall objective of this research is to further develop methods for the 

realistic estimation of measurement uncertainty (which includes contributions from the 

sampling procedures) on environmental targets that are spatially and/ or temporally 

variable. These estimates of uncertainty can then be used to quantify the quality of 

sampling, and to decide whether the data produced by a measurement process enables a 

user to make technically correct decisions for a stated purpose. 

The objectives for the first phase of this research are to: 

1) Design and prepare a synthetic reference-sampling target (RST) which is 

spatially variable, for the purpose of estimating sampling bias and precision 

caused by sampling. 
2) Set up, implement and interpret an inter-organisational sampling trial for the 

estimation of uncertainty in spatially resolved investigations. 

3) Develop and implement a method to estimate spatial uncertainty. 

The first phase of this research is to construct an environmental `synthetic 

reference sampling target' that is spatially variable and assess its suitability for 

estimating sampling bias. The spiking analyte would need to be selected with care in 

order that a previously `clean' site is not contaminated with a toxic chemical. Once 

constructed, the synthetic RST could be used for assessing the performance of sampling 

protocols by use of a collaborative trial in sampling, or assess the performance of 
individual samplers by use of a sampling proficiency test. The feasibility of preparing 

an environmental reference sampling target has been discussed by Thompson and 
Ramsey (1995). 

The most straightforward RST would comprise a pile or site of material that is 

temporally stable over the period of an investigation. Natural waters, sediments or the 

atmosphere would not be suitable for the construction of a synthetic RST as they are 

temporally variable. Soil on the other hand, could be suitable providing the target is 

intensively characterised and found to be sufficiently well mixed and stable. The 
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preparation of `hot spots' of contamination within the site would allow random and 

systematic errors to be estimated, not only in respect of the ̀ true' concentration, but also 

in respect of the ̀ true' or `assigned' dimension of the contaminated zones. 

The objectives for the second phase of this research are to: 

1) Select an environmental sampling target and an experimental design, which 

enables the separation of the potential sources of variation. 

2) Test the feasibility of applying methodologies of estimating uncertainty 

originally used for a stable target, to a temporally variable or moving target. 

3) Suggest the feasibility of estimating the measurement uncertainties from 

sampling targets that are both spatially and temporally variable. 

For the second phase of this research, the uncertainty in measuring a temporally 

variable sampling target is considered. In this case the objective of the investigation is 

to estimate the uncertainty in measuring the mean concentration of a temporally variable 

analyte using inter-organisational sampling trials. For this investigation the analyte to be 

measured should be temporally variable only. Measurement precision could be 

estimated by collecting sample duplicates within the frequency of monitoring suggested 

by a typical sampling protocol. The sampling target would need to be easily accessible 

and have a consistent emission or flow of the analyte to be measured. Gases emitted 

from a chimney-stack would not be very accessible, while the concentration of an 

analyte discharged from a point source, such as an outfall pipe into a river, is unlikely to 

be discharged for the duration required for an inter-organisational sampling trial. 

In order to separate the uncertainty caused by natural geochemical variation 

from that caused by the sampling procedure a control or reference borehole could be 

established. A suitable sampling target could be the emission of gases from a borehole 

situated within landfill. Such sites could be secured and accessible providing 

permission is granted from the site owner. Landfill gas measurements would also 

provide a suitable target due to the implications of incorrect classification of the 

concentration of particular gases. For example, methane is potentially explosive when 

ignited, if mixed with air at concentrations of 5-15% v/v. 

Although beyond the scope of this thesis, methodologies and results obtained 

from the spatial and temporal investigations can be used to suggest potential approaches 

to estimate measurement uncertainties from sampling targets that are spatially and 

temporally variable. Such sampling targets could include river water or lakes, which 

vary in analyte concentration both spatially and temporally, or estuarine sediments, 
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which may have analyte concentrations that are relatively stable until subjected to 

adverse weather conditions. 

1.3 Thesis structure 

This thesis comprises nine chapters. Information regarding the context of the 

research is provided in Chapter One. This is followed by a critical review of the 

literature on sampling theory and uncertainty estimation in Chapter Two. The sampling 

and analytical methodology used for all the experiments conducted for this thesis is 

presented in Chapter Three. Sections 3.1 to 3.4 describe the methodology used for the 

spatially resolved inter-organisational sampling trials and Section 3.4 onwards describes 

the methods used for the inter-organisational sampling trials on gas concentrations from 

a landfill site. Chapter Four explains the preparation and characterisation of a synthetic 

reference-sampling target of contaminated soil. This is followed by a comparison of 
different spatial interpolation techniques in order to select a suitable method for use on 

small data sets in Chapter Five. Chapter Six provides the results of a spatially resolved 

collaborative trial in sampling (CTS) on the synthetic RST and a methodology for 

estimating a participants performance to spatially delineate an area of contamination. 
Chapter Seven provides results of a spatially resolved sampling proficiency test (SPT) 

on the synthetic RST. This chapter also presents a methodology for estimating the rn 
dimension of contaminated soil with a stated level of confidence. Chapter Eight 

provides the results of inter-organisational sampling trials on temporally variable 

emissions of landfill gas from a single borehole. Finally, Chapter Nine draws 

conclusions from all the experiments and suggests suitable methodologies for 

estimating the uncertainties in measuring spatially and temporally variable 

environmental sampling targets. This chapter also recommends areas of further 

research. 

Four papers related to the work presented in this thesis have been published or 
submitted for publication. The citations for these papers are presented at the end of this 
thesis. 0 
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2 Critical Review of Literature on Uncertainty Estimation in 

Sampling and Analysis 

2.1 Introduction 

This chapter reviews the literature on uncertainty arising from the processes of 

sampling and analysis. A full description of the terminology used in this thesis is 

provided in the glossary. The theoretical basis and the practical approaches to collect 

samples are presented first. This is followed by an explanation of the methodologies for 

estimating analytical uncertainties. The final section describes how sampling and 

analytical uncertainties can be considered together to give an estimate of the overall 

measurement uncertainty. The strengths and weaknesses of the above concepts are 
discussed in each section. 

2.2 Classical sampling theory - sampling techniques 

A sample is `a portion of material taken in the process of sampling, with the 
intent of being representative' (Ramsey, 1994). The objectives of environmental 

sampling can be divided into two types: exploratory (Garrett, 1983) and monitoring 

(Keith, 1991). Exploratory sampling can be used to establish the chemical concentration 

and spatial variability of a parameter of interest. Monitoring sampling activities, on the 

other hand, are used to provide information on the analyte concentrations of a parameter 

of interest, over a particular period of time (Keith, 1991). Monitoring requires sampling 

at a specified frequency, and is commonly used for regulatory purposes. 

The concept of a truly representative sample using classical sampling theory, is 

that a representative sample can only be achieved if the sample population is infinite 

and thoroughly mixed (Attwood and Skipworth, 1994). This is an ideal case that never 

exists in environmental sampling e. g contaminated land surveys, as the sampling target 

is often finite, and heterogeneous in space and/or time. The collection and preparation 

of samples for analysis is therefore an error generating process. 

Sampling theories have thus been developed in an attempt to devise methods of 

sample selection and estimation, at a specified precision with minimum cost (Cochran, 

1977). Theories on the collection of a representative sample for chemical analysis have 

been critically reviewed by Kratochvil et al. (1984) with discussions on the role 

statistics play in solving sampling problems. 
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The optimum mass, number and spacing of samples can be estimated 

theoretically to define the location, mean concentration or spatial distribution of an 

analyte, within specified limits of precision, or with a stated probability. These theories 

assume that the heterogeneity of the material, or the size and shape of the area of 

contamination is known. Such information can be estimated from preliminary 
investigations or an historical literature review of the site. For many site investigations 

however, the standard deviation of individual samples is generally not known in 

advance, and the measurement error cannot be predicted or assumed to be negligible 
(ACS, 1980). 

2.2.1 Sample size 

The size (i. e., mass) of a single sample required depends on the expected 

concentration of the analyte, the analytical method, the required precision of the result 

and the state of distribution of the analyte (Hoffman, 1994). The grain size and 
heterogeneity also affect the sample size. When selecting a sample size, consideration 

must also be made for the cost of sample preparation and manageability of the sample 

for transportation and storage. 

General statistical sampling theory has been applied to deal with the collection, 

reduction and preparation of commercial bulk samples for geochemical and mineral 

evaluation. The theory of Gy (1979) comprises and extends the work of Bailey (1909), 

Davies (1954) and Ingamells (1973). Gy's theory assumes that the sampling of a sought 

after substance within a heterogeneous material depends on particle shape (j, particle 

size distribution (h), weighted mean density of all particles (p), and the degree to which 
the substance sought after is liberated from the sample population during particle size 

reduction by grinding or crushing (1). A simplified working equation of Gy's theory, to 
determine the sample weight, W, can be written as: 

IV = 
Sý3 

Equation 2.1 

Where C=fxhx pxl 

s2 = the sample variance 

d= the linear dimension of the largest particle 
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In order to assume the collection of a representative sample Gy assumes that (i) 

the material is thoroughly mixed and there are no inherent errors in the sampling tool or 

crushing machines; (ii) the individual particles can be selected with equal probability; 

and (iii) the values off, h, p and 1 do not vary in space and time. 

Equation 2.1 has been widely used to estimate the sample mass required to 

achieve a specified sampling precision, but has often been found to overestimate the 

mass required (Smith and James, 1981). The estimates of the parameters required to 

enter the equation are likely to be difficult to determine with high levels of confidence, 

and may also differ within a sampling target in many cases (Ramsey, 1998). Such an 

equation could be useful however, in determining the mass of sample required once the 

sampling variance has been estimated experimentally. Equation 2.1 indicates that 

standard deviation can be minimised by reducing the particle size at the sub-sampling 

stage (Heyworth, 1991) or increasing the sample mass. Doubling the sample mass will 

reduce the sampling variance by a factor of two, and hence the uncertainty by a factor of 
42. Composite sampling is one way of increasing the sampling size. However care must 

be taken not to dilute the concentration and a particular location, especially when the 

objective of the sampling investigation is to identify a hot spot (Garner et al,. 1991). 

Reducing the area over which the composite sample is collected can limit this problem. 

2.2.2 Sampling approach and pattern design 

In exploratory investigations samples can be collected using a judgmental 

approach, which is based on prior knowledge of the sampling target, or a non-targeted 

approach, which can be based on statistical theory (some examples of which are shown 
in Figure 2.1). The number and spacing of samples is dependent on the: 

i) objective of the sampling protocol (e. g. the identification of the mean 

concentration of an analyte or the spatial distribution of an analyte), 
ii) size and dimension of the sampling target for a required probability of a ̀ hit', as 

described in section 2.2.4, 

iii) site history, 

iv) proposed use of the site, and 

v) time and cost constraints. 
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(a) Judgmental Sampling Design (b) Random Grid 
(Ferguson and Abbachi, 1993) (Cochran, 1977) 

Strength of belief Hit probability 

8/10 0.95 

5/10 0.71 

3/10 0.40 

(c) Stratified Random Grid (d) Herringbone Grid (e) W Design 
(Webster, 1977) (Ferguson, 1992) (MAFF, 1979) 

Figure 2.1: Example of different sampling patterns, showing (a) judgmental sampling design, 

(b) random grid, (c) stratified random grid, (d) herringbone and (e) 'W design. 

Judgmental sampling is where sampling designs are modified to reflect expert 
judgement about the likely areas of contamination (Ferguson and Abbachi, 1993). 

Sample locations may be selected on the basis of belief that contamination exists, 

predicted from multistage sampling, an historical study, or obvious sources of 

contamination. Alternatively, more samples could be collected where exposure is 

expected to be greater, e. g. play area. Judgmental sampling is advantageous where 

sources of contamination are known with high certainty. However, care must be taken 

in using this approach as gaps in knowledge from the site history, or unobserved 

contaminant migration may cause areas of contamination to be missed (Heyworth, 

1991). 

Non targeted sampling generally involves the collection of samples to cover the 

whole site. Simple random sampling is the most statistically appropriate design as it 

gives each particle an equal probability of being sampled (Cochran, 1977). However, it 

is difficult to set up and can lead to clusters of sampling points, leaving areas of the site 

unsampled. This type of sampling pattern is therefore considered inefficient for 
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describing areas of the site (Webster, 1977) or locating contamination hot spots 

(Ferguson, 1992). The problem of incomplete coveragq of sites can be partially 

overcome by using stratified random sampling. In this case the site is divided into cells 

(or strata) and a number of samples are chosen at random within each cell. Stratified 

random sampling gains a more even coverage of the site (Webster, 1977) than simple 

random sampling, and is less efficient at locating contamination hot spots than 

systematic sampling grids. However, it is less affected by regularly distributed 

contaminants (Webster, 1977). 

Regular grid designs are commonly used for investigations of contaminated 

land, as the grid is easy to set up, allows the whole site to be covered, and allows 

sampling points to be easily relocated (Cochran, 1977). A triangular grid pattern is 

sometimes used in preference to the regular grid, as the maximum distance between any 

two sampling locations is smaller for triangular rather than regular grid patterns, hence 

yielding more information with less cost (Heyworth, 1991). The herringbone sampling 

patterir (Ferguson, 1992) is an unaligned systematic sampling grid which has been 

shown by simulation to be an effective method for locating contamination hot spots 

because it is weakly influenced by target orientation. Overlapping four regular grids of 

the same size and orientation can form the herringbone pattern. 

Non-targeted sampling designs laid out in the pattern of imaginary letters such 

as ̀ X' and ̀ W can be used to determine the average concentration of an analyte on a 

sampling target. The ̀ W' design is commonly used to determine the mean concentration 

of an analyte for agricultural purposes (MAFF, 1979) by compositing sample 
increments. Because the linear traverses do not systematically cover all parts of the site, 
individual analysis of samples collected from using the `W' design is not suitable for 

locating contaminant hot spots. 

2.2.3 Number of samples required to estimate the mean concentration of 

an analyte. 

The optimum number of samples required for exploratory investigations can be 

estimated statistically to obtain samples within tolerable limits of uncertainty. The 

statistical formula described by Kraft (1994) can be used to estimate the number of 

samples required to achieve a specified uncertainly on the mean concentration of an 

analyte within a sampling target, as shown in Equation 2.2: 
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N. 
(ÜI Equation 2.2 

Where: I= the Student's factor (e. g. 1.96 for 95% confidence). 

s= estimate of the standard deviation of the arithmetic mean value 
from at least 20 single samples collected and analysed using 
identical procedures. 

±U = tolerable uncertainty (in %) of the result. 

Equation 2.2 indicates that a greater number of samples are required in order to 

reduce uncertainty. However, from Equation 2.1, it can be realised that the number of 

samples, N will decrease as the mass of the sample increases, when the tolerable limit of 

uncertainty remains constant. The advantage of Equation 2.2 is that no data is required 

on the sample mass, or the size and shape of particles, in order to estimate the number 

of samples required. Instead, it is assumed that the standard deviation, s, indirectly 

includes all these factors (Kraft, 1994). The limitation of Equation 2.2 for field 

sampling, is that 20 samples must be individually collected and analysed in a 

preliminary investigation of the sampling target, in order to estimate s. This equation is 

therefore aimed at investigations where similar materials require monitoring over a long 

period of time. 

2.2.4 Number of samples required to identify a `hot spot' of 

contamination 

A hot spot can be defined as areas in which concentrations of an analyte are 
higher than the background (Rose et al, 1979). The hot spot may be an area of 

contamination within an otherwise uncontaminated site, or as higher concentrations 

within a generally contaminated site. Alternatively it may be an area of contamination 

that has concentrations above a guideline value (Petts, et al., 1997). When the objective 

of sampling is to identify an area of contamination, rather than the mean concentration, 

then the number and spacing of samples depends on the sampling pattern (section 2.2.2) 

and the number of targets (and their size and shape), for a fixed probability of a `hit' 

(Ferguson, and Abbachi, 1993). The probability of a target `hit' can be based on the 

relationship described by Garrett (1983) as: 
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ph =Ar/A, Equation 2.3 

Where Ph = the probability of a target hit in a search 

At = the area of the target 

Ac = area of the grid cell used in the search 

The number and spacing of samples are therefore dependent on the sampling pattern 

employed. The number of sampling points required to ensure a 95% probability of 

hitting targets of various sizes with a herringbone sampling pattern is given as: 

fr = kA/a Equation 2.4 

Where: A= the total site area 

a= the target area 

k= the target shape constant 

The target area, a, could be an area of contamination assumed from previous site 
investigations, the minimum size of contamination which cannot afford to be missed, or 

`the largest hot spot that could be dealt with economically were it to be missed during 

the site assessment' (DoE, 1994). Equation 2.4 assumes the target area is a single hot 

spot of uniform concentration, with a prescribed geometric shape. The target shape 

constant k is equal to 1.08 for a circular target, 1.25 for a plume shapes target, and 1.80 

for an elliptical target. A conservative choice of k=1.5 is suggested where no reasonable 

assumptions can be made about the target shape (Ferguson, 1993). 

The spacing between sample locations, d for this grid can be estimated from the 

equation given by DoE (1994) as: 

d= (Aln) Equation 2.5 

When using a regular sampling pattern, the Dutch Draft Standard (1991) 

presents a similar equation to Equation 2.4, for an unknown point source of pollution: 

n=4+A/a Equation 2.6 

Ferguson (1993) recognised that Equation 2.6 is equivalent to Equation 2.4 when: 

k=4 (a IA)+I Equation 2.7 

A target shape factor can therefore be considered as included in the Equation 2.6, but 

which varies with the relative target size. For larger relative target sizes the effective 

shape factor increases. 
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When using a stratified random grid pattern the distances between sampling 

locations are randomly distributed. Garrett (1983) briefly describes site specific 

simulation procedures to estimate the probability of hitting a target of known size and 

shape similar to that followed by Ferguson (1993). 

2.3 Spatial interpolation and uncertainty estimation 

Classical statistical procedures can be used to estimate statistical descriptors 

such as the mean, median and standard deviation. Errors arising from the spatial 
interpolation of the measurements are more difficult to quantify as the estimation of 

values between sampling points introduces additional sources of error. To interpolate 

between irregularly spaced sample data, the data is first forced to a uniformly spaced 

grid. At every point where a sample is to be interpolated, the unknown true value is 

estimated using a weighted combination of the available data values (Isaaks and 
Srivastava, 1989). The assignment of weights to the data values is dependent on the 

interpolation method. 

At every location where point estimation is performed there is a true value, v and 

an estimated value, v. The error is the difference between the estimated and true value, 

given by: 

A Error =r=v-v Equation 2.8 

where r is referred to as residuals. An overestimate of the true value returns a positive 

value of r, whereas an underestimate of the true value returns a negative value of r. The 

mean of the error distribution is termed bias and it is a goal for any estimation method 

to produce, unbiased estimates. 

2.3.1 Deterministic methods of point estimation 

Deterministic procedures of point estimation do not provide any estimate of the 

errors from the interpolated value. There are no limits on the number of sample points 

required and methods can be performed manually as well as by using computer software 

packages such as 3Plot (1998) and Surfer (1994). The nearest-neighbour analysis uses 

Dirichlet Tessellation to decluster (or grid) the data by producing polygons around each 

data point (as shown in Figure 2.2). The weighting is assigned so that all the points 

falling within the same polygon of influence have the same value, i. e., all of the weight 

is given to the nearest-neighbour. This method is generally considered undesirable 
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however, due to discontinuities in the estimated values, which are artifacts of the 

estimation procedure (Isaaks and Srivastava, 1989).. 

The method of Triangulation (also shown in Figure 2.2) overcomes this problem 
by fitting a plane through three samples surrounding the point to be estimated. Three 

sample locations form a Delaunay triangle if three polygons of influence share a 

common vertex. Delaunay Triangulation is considered the best method of triangulation 

as it produces triangles that are as close to equilateral as possible (Isaaks and Srivastava, 

1989). 
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Figure 2.2: Geometrically related methods of Dirichlet tessellation (hashed lines) and Delaunay 

Triangulation (solid lines) for the data configuration shown as black dots. Adapted from Isaaks 

and Srivastava (1989) and O'Rourke (1994). 

The plane of the triangle can be divided into regular intervals between the 
known data points. The point of estimation can be solved using three linear equations, 

or using a weighted linear combination in which each value is weighted according to the 

area of. the opposite triangle (Isaaks and Srivastava, 1989). Figure 2.3 shows the 

location of three samples, I, J and K. 

16 

oU /U 80 
Easting 



J 

I 

Figure 2.3: An example showing how the three nearest data to the point estimate can be 

weighted by triangular area. The data is located at the corners of the triangle. The data value at 

I is weighted by the triangular area AI,,; at J by area AoIK, and at K by Aou. From Isaaks and 
Srivastava, 1989. 

The value at co-ordinate 0, is calculated from: 

A AwK " yI + A0 
. 

yJ + A0 

"1, J'O = Equation 2.9 
Aux 

where A represents the areas of the triangles given by their subscripts. In this case, 

closer points receive greater weights. It can be seen that as the point 0 gets closer to I, 

the area of triangle OJK increases, giving the value at I more influence. This 

corresponds with geostatistical theory that points closer together are more similar in 

value. Dividing the individual weights be AjjK normalises the weights so that they sum 

to one (Isaaks and Srivastava, 1989). 

2.3.2 Stochastic methods of point estimation 

Stochastic interpolators allow for the random component of variability by using 

geostatistical techniques. Unlike classical statistical techniques, which assume the 

sample observations are independent, geostatistical techniques assume that the 

observations are strongly tied to spatial locations (Cressie, 1991). Once irregularly 

spaced data has been forced to a regular grid, this rationale allows unsampled points to 

be estimated from the surrounding sample data. The spatial dependence between 

observations is expressed using the variogram in order to assign weightings to the 

sample data (Thylen and Murphy, 1996). It is important to have sufficient suitable data 

for geostatistical interpretations. Oliver and Webster (1991) suggest that 200 samples 

are a minimum, and are often too small in many instances. 
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The variogram y(h) described by Equation 2.10, is used to estimate the way, in 

which one half of the average squared difference of the variance (sometimes 

erroneously called the semivariance, y) of a property changes as the distance separating 

sample pairs (h) varies (Isaaks and Srivastava, 1989). The variogram is interpreted by 

plotting the variance against the lag distance, identifying the variogram shape and fitting 

a model (shown in Figure 2.4) based on mathematical understanding and judgement 

based on experience. 

1 n(h) 

Y(h) = 2n(h) =E (v, - v, +h 
)ý Equation 2.10 

Where: y(h) = the variance on the lag distance (h) according to the model fitted to 
the variogram 

n(h) = is the number of observations on the lag distance(h) 

r, = the observed value at position (i) 

v; +h = the observed value at position (i+h) 

y-"-"- Exponential 
(variance) Spherical 

--- Gaussian 

Co+C0ýsill) ------------------------ 
7 

C0(nuggct) 

a(range) 
h(lag) 

Figure 2.4: Three typical variogram models, exponential, spherical and gaussian, shown with 
the same nugget, range and sill. Adapted from Isaaks and Srivastava (1989). 

In most instances the variance increases as the distance between sample pairs 
(termed lag) increase. The sill marks the maximum range of spatial dependence and the 

range marks the lag distance at which the sill is reached. When h=0 the value of each 

point is being compared with itself and hence the variance should theoretically be zero, 
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although this is not always true in practice. The positive value, at which the 

experimental variogram intercepts the ordinate, is known as the nugget variance. It 

arises from spatially dependent variation at distances much shorter than the smallest 

sampling interval (Oliver and Webster, 1990). When a variogram appears completely 
flat - `pure nugget' this means there is no spatial dependence in the data. Kriging in 

these circumstances will produce equal sample weights so that the procedure returns the 

mean value of the data in any region for the new point (Oliver and Webster, 1991). It 

may indicate that the scale of variation has failed to be identified or that variation occurs 

over such short distances that the data can be treated as purely random. In this case 

classical statistics for analysis and estimation can be used (Oliver and Webster, 1991). 

The variogram can be used for a number of interpolation methods including 
Kriging (described by Matheron, 1976) and' simulation (described by Deutsch and 
Journel, 1998). Ordinary or simple kriging is a best linear unbiased estimator (given the 

acronym B. L. U. E. ). It is `linear' because its estimates are the weighted linear 

combinations of all the data; `unbiased' because it aims to have a mean residual error 

equal to zero (Isaaks and Srivastava, 1989). The Kriging weights are calculated from the 

variogram using matrix algebra (described in Isaaks and Srivastava, 1989). Point 

estimates are calculated using Equation 2.11: 

A 
Point estimate =v=Ew,. VV1 Equation 2.11 

where v1, ... v� are the available data values and ßv1 is a weight assigned to each value v;. 
Kriging takes into account the interpolation error, but does not allow for 

systematic errors in the original measurements. Simulation provides many alternative 

numerical models, each of which is a good representation of the reality. Unlike kriging, 

which is a smoothing algorithm, conditional simulation honours the data values at their 
locations, and is therefore a preferable approach of spatial interpolation (Deutsch and 
Journel, 1998). This method can be used to assess the probability of sample values 

exceeding a defined threshold. Kriging and simulation techniques can be used to 

improve sampling design, but requires large sample numbers to create the experimental 

variogram. 
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2.4 Introduction to measurement uncertainty 

General sampling theory emphasises the improvement of a sampling technique 

rather than estimating the errors introduced from the measurement process. The 

measurement process can be defined to comprise the collection of samples, the 

preparation of test materials in the laboratory and the analysis of the derived test 

portions. The objective of a measurement is usually to estimate the true value of an 

analyte concentration. 

Measurement uncertainty has become one of the key concepts in analytical 

science. The informal definition is `the interval around the result of a measurement that 

contains the true value with high probability' (Thompson 1995). This is somewhat 

clearer that the formal definition by ISO (1993a), which is `a parameter, associated with 

the results of a measurement, that characterises the dispersion of the values that could 

reasonably be attributed to the measurand'. 

Uncertainty of measurement arises from two sorts or error, random and 
systematic. Random error, quantified as precision, is a measure of the repeatability of a 

method (Ramsey, 1994). The precision of a measurement method is expressed as 

standard deviation (s) or variance (s2) using statistical methods for a normally 
distributed population. Systematic error, quantified as bias, is the difference between 

the expectation of the test results and an accepted reference value (ISO, 1993a). Bias 

can be expressed as the absolute difference between the measured and `true' value, or as 

a relative bias of the true value. It can be estimated for analytical methods by use of 

reference materials. 

The inclusion of systematic error within uncertainty is controversial. In the 
formal definition of uncertainty, systematic errors are not included, but only any 

residual errors left after the correction of systematic errors. This is often impractical for 

many analytical systems where the bias is unrecognised or not effectively known at the 

particular concentration levels found in the samples. A suggested alternative (Ramsey 

and Argyraki, 1997), is to add the best estimate of the bias to the estimate of the 

expanded uncertainty when establishing the range of uncertainty, for example when 

comparison is to be made with threshold values of concentration. Systematic errors 

from a single organisation become random errors when considered in the wider context 

of inter-organisational trials (Ramsey, 1997a) and can thereby be estimated. 

Much progress has been made in devising methods for estimating the portion of 

uncertainty that arises from the analytical procedure (ISO, 1993b; Eurachem, 1995). 
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However, laboratory-orientated quality control measures can only account for errors 

occurring after sample collection and preparation. Sampling therefore requires its own 

quality control and quality assurance. Several methods have recently been devised to 

estimate the overall measurement uncertainty that arises from the combination of 

contributions from both of these sources. Many of these methods have been devised 

originally for analytical procedures, but are equally applicable to sampling procedures 
(Thompson and Ramsey, 1995). 

2.5 Estimating uncertainty from chemical analysis 

The quality of data produced by analytical chemists has been regarded as an 
important concept over many years. Many important decisions are based on the 

measurement, for example, to check measured concentrations against statutory 
thresholds. The uncertainty of a measurement is one requirement of traceability in 

analytical chemistry, which has emerged through ISO (1993b) and Eurachem (1995) 

publications, as a means of stating the level of confidence that can be attached to a 

measurement. 

There are two approaches for estimating the precision of an analytical method. 
The International Standards Organisation (1993b) describes a `bottom-up' approach to 

quantifying analytical uncertainty, which involves determining every source of error 

throughout the analytical measurement system and combining each component standard 
deviation (s). The alternative `top-down' approach (AMC, 1995) uses inter- 

organisational trials to estimate the total uncertainty of a measurement. Both approaches 

estimate the uncertainty on the estimated concentration of a single analyte. 

2.5.1 Evaluation of uncertainty using the `bottom-up' approach 

The bottom up approach requires that all the possible sources of uncertainty be 

identified (e. g, weighing, volumetric additions, temperature). This can be achieved 

either through experimental determination (by repeating a specified method at a 
different temperature for example, in order to assess whether this influences the 

uncertainty on the measurement) or alternatively, by using data from reference materials 

or results from previous inter-laboratory studies. Judgement by the analyst is often 

required to assess uncertainty based on a subjective probability of belief (Eurachem, 

1995). An example of where judgement is required, is where the relevance of a 

particular reference material in resembling the nature of the sample is required. 
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The `combined standard uncertainty' (ut) is calculated by taking the square root 

of the `sum of squares' of the individual components of random error. It is 

recommended that the final analytical result is stated together with the expanded 

uncertainty (U) which is calculated by multiplying the standard uncertainty, u by a 

coverage factor k (typically 2-3) to give a specified level of confidence (e. g., k=2 for 

approximately 95% confidence). The largest source of uncertainty tends to dominate, so 
it is sometimes necessary to reduce this component of variance for future 

measurements. The correction of all systematic errors is a requirement, as stated in the 

ISO (1993b) document. 

The limitation of the above approach is that it is not always possible to identify 

every source of uncertainty. For example, laboratory temperature is an important source 

of uncertainty but is not always explicitly stated in a method, and can therefore be easily 

overlooked (Ramsey, 1997a). To apply the `bottom up' approach rigorously this method 
is time consuming and expensive. 

2.5.2 Evaluation of uncertainty using the `top-down' approach 

The alternative, ̀ top-down' approach to uncertainty estimation is achieved by 
identifying the variation in measurements, from inter-organisational trials. There are 

two types of inter-laboratory trials used in the estimation of measurement uncertainty. 
Collaborative trials address aspects of precision, while proficiency tests quantify the 

accuracy of single results (Thompson, 1999). The limitation of the top down approach is 

that the uncertainty estimate may depend on the selection of the laboratories that 

participate. If all the laboratories use similar calibration procedures, they may all be 

equally biased and therefore give an underestimate of uncertainty (Ramsey, 1997a). 

Internal quality control is therefore important to help identify such errors. 

The Collaborative trial (or method performance study) is an internationally 

required method for assessing new or amended analytical methodologies using 

procedures developed by the International Harmonised Protocol (Horwitz, 1988). It 

requires identical portions of the same test sample to be analysed in duplicate by the 

same method, in different laboratories (n>_8). Variation within-laboratory (repeatability) 

and between-laboratories (reproducibility) are used to determine the precision with 

which this test sample has been characterised. The results are used to assess the 

capabilities of the method, or to identify laboratories that may be recognised as a 

competent user of the method. 
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The organisers of the trial interpret the data using one-way analysis of variance 

(ANOVA), after the removal of outliers using the Cochran -or Grubbs test (Horwitz, 

1988) or Robust statistics (AMC, 1989). Estimates are derived of the within-group 

(alternatively termed, repeatability) standard deviation (st = so), the between-group 

standard deviation (SL = si) and the reproducibility standard deviation OR = 
(s2 + si) ) 

(Thompson and Ramsey, 1995). The repeatability standard deviation, Sr are derived 

where independent test results are obtained with the same method on identical test items 

in the same laboratory, by the same operator using the same equipment within a short 

interval of time (ISO, 1986). Reproducibility standard deviation, SR are derived where 

test results are obtained with the same method on identical test items in different 

laboratories with different operators using different equipment (ISO, 1986). 
Proficiency testing (PT) is a method of checking laboratory testing performance 

by means of inter-laboratory tests (Thompson and Wood, 1993). The- method involves a 

validated test sample being distributed to participating laboratories for unsupervised 

analysis. Participants analyse the test portion under routine conditions and report the 

result in a form that would typically be given to a client. The PT coordinator converts 

the results to scores that are reported to the participants by a pre-determined date. Each 

participant can then compare their result with other participants and with the assigned 

value. Most proficiency test schemes proceed by comparing the estimate from each 

individual participant, x with the assigned mean concentration, X (as shown in Equation 

2.12). The z score value for standard deviation that forms the criterion of performance is 

given by Thompson and Wood (1993) as: 

z=(x-X)/a Equation 2.12 

where ß is the target value for standard deviation. The target value of standard deviation 

can be determined by perception, prescription, reference to a validated methodology, or 
by reference to a generalised model (Thompson and Wood, 1993). 

2.5.3 Estimating analytical bias 

The method bias can be described as the difference between the mean, x of 

several measurements and the assigned value X (AMC, 1995). Hence, the standard 

uncertainty of the method bias, Ub can be estimated by: 

Ub= (z-X) Equation 2.13 

23 



The assigned value, X can be obtained from a consensus value from expert laboratories, 

or a consensus value from participants of a collaborative trial (as described above). In 

these cases the analytical bias is incorporated automatically. An alternative estimation 

of X is by formulation, or by direct comparison with certified reference materials. 

Reference materials are defined as a `material or substance, one of whose 

property values are sufficiently homogenous and well established to be used for the 

calibration of apparatus, the assessment of a measurement method, or for assigning 

values to materials' (ISO Guide 30: 1981). Ideally the reference material should have: 

(i) a statement of traceability and uncertainty at a specified level of confidence; 
(ii) the same matrix as the test portion in terms of gross composition and trace 

constituents; 

(iii) a similar physical form i. e., the same state of comminution as the test portions 
(King, 1997); and 

(iv) stability over the period of interest. 

Certified reference materials (CRM's) have the highest level of confidence and 

can be quantified using inter-laboratory trials or by use of a procedure which establishes 

traceability to a realistic unit in which the property values are expressed (ISO Guide 30: 

1981). In-house reference materials (HRM's) are prepared by a laboratory, or group of 
laboratories when an appropriate CRM is not available. Limiting factors of the HRM 

may be the small range of matrix and determined content covered, and that the 

uncertainty in the certified determinant content may not be sufficient for the needs of 

the application concerned. Formulated or spiked control materials are where a material 

essentially free (or measured with known uncertainty) of the analyte is spiked with a 
known amount of the analyte (Thompson and Wood, 1993). The uncertainty in the 

determined level is limited by the possible impurity of the analyte, uncertainty in the 

background concentration of the background material, and any errors in the preparation 

procedure. Spikes of a pure chemical are almost invariably in a form that is more easily 

solublised than the analyte in its natural form and thus may not be representative 
(Barwick and Ellison, 1999). Like the HRM, the spiked reference material can be 

compared with similar CRMs or analysed through inter-laboratory trials. 

Bias is normally estimated with several reference materials, covering the range 

of analyte concentrations. The reference materials are analysed in duplicate at 
randomised positions in a batch. The estimate of bias can be checked using a t-test 

against the certified concentration value of each reference material (Miller and Miller, 
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1993). Alternatively, bias can be detected as a function of concentration using a 

maximum likelihood functional relationship (MLFR) technique (Ripley and Thompson, 

1987). For a single measurement on the CRM, comparisons' can be made with the 

uncertainty interval on the certified value to assess the significance of the bias. 

2.5.4 Traceability 

The assigned value of a reference material should have a statement of 

traceability and uncertainty. Traceability is the `property of the result of a measurement 

or the value of a standard whereby it can be related to stated references, usually national 

or international standards, through an unbroken chain of comparisons all having stated 

uncertainties' (ISO, 1993a). Analytical methods are traceable to one of three sources. If 

it is to the mole or kilogram the methods are termed absolute; if it is to a pure analyte 

they are termed rational; and if it is to the method itself they are termed empirical 

(Thompson, 1997). Rational methods are the most common, e. g, for calibration 

procedures such as matrix matched calibration standards and certified reference 

materials. Certified reference materials can also be traceable using empirical methods, 

such as by use of collaborative trials. The meteorological level using rational methods is 

considered by some metrologists to be inferior to absolute methods. Thompson (1997) 

argues that the traceability of results by all rational measurements is comparable as they 

provide an unbiased estimate of the true value. 

2.6 Uncertainty estimation arising from field sampling 

Rather than estimating analytical and sampling uncertainty separately, a holistic 

approach is to consider sampling and analysis as part of the same measurement process 

and therefore to quantify their combined contribution to uncertainty: The measurement 

uncertainty can be considered to have four component sources. These are the analytical 

precision, the sampling precision, the analytical bias and the sampling bias (Thompson 

and Ramsey, 1995). 

Methods for the estimation of the random component of uncertainty from both 

sampling and analysis are well developed. In the simplest case, they use the taking of a 

small proportion of samples in duplicate, upon which duplicate 'analyses are made. For 

the most rigorous estimate of this component, inter-organisational sampling trials can be 

used. Methods for the estimation of the systematic components of uncertainty are less 

well developed. The analytical bias can be estimated by the use of a certified reference 
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material. This gives a value of bias in the strict ISO sense of `the difference between the 

expectation of the test result and an accepted reference value'. The bias arising from the 

sampling procedure is harder to estimate. It has even been suggested that sampling bias 

does not exist by definition, if a `correct' sampling method is employed (Gy, 1992) i. e., 

by using equipment and protocols which are not biased (discussed further in Chapter 4). 

In practice however, the implementation of a perfect sampling protocol is impractical. 

Even if a `perfect sampling protocol' could be employed, this does not mean that zero 

uncertainty is added to the measurement, from either random or systematic errors. 

Four methods have been devised for the estimation of uncertainty from both 

sampling and chemical analysis for a temporally stable site of contaminated land 

(Ramsey and Argyraki, 1997). The work up to that time had focused on estimating the 

mean concentration of a site only, rather than on estimating the spatial distribution of an 

analyte. The methods utilise different numbers of sampling personnel (samplers) and 

sampling protocols, and are: 

1. single sampler/single protocol (Method 1) 

2. single sampler/multiple protocol (Method 2) 

3. multiple' sampler/single protocol (Method 3) 

4. multiple sampler/multiple protocol (Method 4) 

2.6.1 Method 1 (using a single sampler and a single protocol) 

The simplest methodology (method 1) involves the taking of duplicate samples 
separated by a distance representative of that generated on site by the surveying 

technology employed. It is a development of the method suggested by Garrett (1969) 

for the estimation of sampling and analytical error. A minimum of eight sampling 
duplicates is suggested (as compared to the International Harmonised Protocol, 1988) or 
10% of the total number of samples. This method can be considered as partially a 
`bottom up' approach as it estimates different sources of variance and combines them to 

give an estimate of uncertainty. 

The uncertainty caused by the chemical analysis can be separated from that 

caused by sampling by using a balanced experimental design (Ramsey, 1997b), as 

shown in figure 2.5. Duplicate analysis is made on both the nominal sampling location 

and its sampling duplicate. The geochemical (s2gea, "�), sampling (s2. mp) and analytical 
(sZanal) variances can then be separated using classical or robust analysis of variance 

(Ramsey et. al 1992). Robust ANOVA is generally preferred to classical ANOVA in 
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order to downweight outlying values, which are common in environmental 
investigations. 

LOCATION 

SAMPLE I SAMPLE 2 

ANALYSIS I ANALYSIS 2 ANALYSIS I ANALYSIS 2 

WITHIN- SAMPLE VARIANCE WITHIN- SAMPLE VARIANCE ANALYTICAL 

J PRECISION 

SAMPLING AND 
BETWEEN - SAMPLE VARIANCE ANALYTICAL 

PRECISION 

Figure 2.5: Schematic balanced design of sampling and analytical duplicates. Adapted from 

Ramsey, 1997b. 

The total variance of an investigation can be expressed by Ramsey et al. (1992) as: 

S1otal - geochwnical +SI+S analysis Equation 2.14 

where s is the standard deviation, and s2 is the variance. The within location variance 

represents the small-scale variation at the site, represented by the distance of the 

sampling duplicates. This value indicates the uncertainty in locating a sampling point 

using the surveying technique employed. 

The measurement uncertainty (it = Sineasurement) can be estimated from a 
combination of the sampling and analytical variance: 

It = Stneasurenient - Sramplr, g +Syu Equation 2.15 

To express the expanded uncertainty ̀ U', (ii) is multiplied by a coverage factor (k), 

giving a specified level of confidence: (e. g. approximately k=2, for 95% confidence) 

U= kit = 2s,, 1eas�re», ent for 95% confidence Equation 2.16 

Expressed as a relative uncertainty, this becomes: 

U91o = 200 Sineasurenient /X Equation 2.17 

The analytical systematic component of uncertainty (analytical bias = Ba) can be 

incorporated into the formula. This is employed by use of reference materials which are 

matrix matched to the field samples. For a measured concentration `c', the upper limit 
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of the range encompassing the `true' concentration of a sample is given by Ramsey 

(1998) as: 

c+ U= c(1 + U%/100-Ba/100) Equation 2.18 

and the lower limit is given by: 

c+ U=c(1-U/o/100-BQ/100) 

The advantage of this method in estimating U is that it is relatively cheap. However, 

there is no estimation of sampling bias as the `true' concentration at a site is never 

known. 

2.6.2 Method 2 (using a single sampler and multiple protocols) 

The bias between one sampling method and another can be estimated when the 

same sampler applies different protocols to a single sampling target. Estimates have 

been made of the sampling method bias (Ramsey et al., 1995a) but this does not fulfil 

the ISO definition of bias. This method is relatively cheap and can highlight the most 

appropriate sampling protocol for a particular need. The problem with this method is 

that only one sampler, and often one laboratory is used for the chemical analysis. In 

such a case any consistent bias arising from the sampling protocol is not highlighted. 

2.6.3 Method 3 (using multiple samplers and a single protocol) 

This method is effectively a `top down' approach to uncertainty estimation based 

on the application of a collaborative trial in sampling (CTS). The method is time 

consuming and expensive to conduct, but gives a better estimate of uncertainty than 

Methods I and 2. One objective of a CTS is to validate a sampling protocol. It requires 

a number of samplers (n28) to sequentially take independent duplicate samples from a 

sampling target, at random, using a fixed sampling protocol (Ramsey et. al., 1995b). 

One way of doing this is to repeat the sampling protocol in a second, randomly selected 

orientation. The samples are then analysed in duplicate under randomised repeatability 

conditions. Hierachial ANOVA can then be used to decide whether within-sampler or 

between-sampler precision's have reached statistically significant levels. The sampling 

bias of each individual sampler can be considered as a component of random error when 

viewed as such in an inter-organisational trial. As with chemical analysis, there is a 
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possibility that all the samplers will be equally biased and therefore give an 

underestimate of uncertainty. 

Recent research by Ramsey et al., 1995b, suggests that reproducibility 

precision's are appropriate for estimating sampling uncertainty on a heterogeneous 

sampling target. For a relatively homogenous target however, such as wheat, Thompson 

(1998) found that it may be impossible to find significant between-sampler or within- 

sampler variation because they are both small, relative to the analytical variation. 

2.6.4 Method Four (using multiple samplers and multiple protocols) 

The sampling proficiency test is an inter-organisational sampling trial in which 

many organisations (ný8) each use a protocol for sampling, and equipment which they 

each regard as fit-for-purpose. The uncertainty estimated from such an inter- 

organisational trail reflects the widest definition of uncertainty on the mean 

concentration, at a site (Ramsey and Argyraki, 1997). This approach also produced what 

can be considered to be a Reference Sampling Target (RST), which can be used 

subsequently for the estimation of sampling bias, although not strictly in the ISO sense. 
Such bias estimations have been estimated against the consensus value of a mean 

concentration (Argyraki et al, 1995). This RST approach is analogous to the use of 

reference materials for the estimation of analytical bias (Ramsey, 1994). This is closer 

to the ISO definition of bias, but in this case the sampling trial did not give an `accepted 

reference value' from an officially constituted certification trial, conducted by a 

certifying body. The assigned value in that case was based on consensus between 

participants, but there is an alternative approach to be discussed in 
. 
section 2.6.5 

Moreover, the assigned value was only for the mean concentration of an analyte at the 

site. Two aspects that were not covered in that study, which will be addressed in this 

thesis, are the use of assigned values which are traceable to a known mass of spiked 

analyte for concentrations at individual locations within the site, and expressing the 

spatial distribution of the analyte. 

2.6.5 Independent estimation of sampling bias 

The analogy with chemical analysis suggested by Thompson and Ramsey (1995) 

indicate the potential' of estimating bias incurred by field sampling. The approach 

comprises a site or pile of bulk material functioning as a reference sampling target 

(RST). The RST would provide a role in validating sampling protocols and for quality 

29 



control. The bias in a sampling protocol would be estimated by applying a sampling 

protocol to the reference sampling target and identifying the difference between the 

results obtained from the unbiased analysis of the samples and the assigned value of the 

RST. The validity of using a RST would depend on whether a true value of the 

measurand could be applied to the site with acceptable levels of uncertainty, and like 

reference materials, be homogenous and stable. Economic feasibility, construction and 

maintenance of a site are also factors which need to be considered. 

Assigning a `true' concentration of a site based on consensus (as described 

above) provides a measure of consistency and not trueness. A significant bias could be 

produced if all participants were biased in the same direction. An alternative approach is 

to spike a previously `clean' area of land, or other substance, as for a spiked reference 

material (described in section 2.5.3). If a site of contaminated land was spiked with a 
hot spot the RST could also be used to estimate a samplers performance to spatially 
delineate an area of contamination, and the uncertainty in estimating the concentration 

at a single sampling location. 

2.6.6 Acceptable levels of uncertainty: fitness-for-purpose 

Fitness-for-purpose is defined as `the degree to which data produced by a 

measurement process enables a user to make technically correct decisions for a stated 

purpose' (Thompson and Ramsey, 1995). The main criterion that can be used to judge a 

site investigation is on the quality of the conclusion that can be made, rather than on the 

analytical quality of the measurements (Ramsey, 1998). Applied to sampling, this 

implies sampling protocols should be appropriate for the particular purpose of the site 
investigation. For geochemical investigations one criterion which has been suggested is 

that the measurement variance (s2 1) should not exceed 20% of the total variance 
(s2toul) of the concentration values for any analyte (Ramsey et al., 1992). It is also 

suggested that the analytical variance should not contribute more than 4% to the 

measurement variance. This is because it is assumed that utilising an expensive, 

accurate method would not usefully improve the combined uncertainty. The balance 

between expenditure on improved measurements to reduce uncertainty and the cost of 

the treatment of possibly contaminated material can be expressed as an economic loss 

function (Thompson and Fearn, 1996). 
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2.6.7 Probabilistic classification of contaminated land 

A sampling target can be classified using a probabilistic approach when the 

estimates of uncertainty measurement (U) are known (Ramsey and Argyraki, 1997). 

The uncertainty can either be place on the concentration of the contaminant (C), or on 
the concentration of the threshold (T) as shown in Figure 2.6. 

Ti- 

Threshold (T) Iff 
Probabilitsitic Uncontaminated Possibly Contaminated Probably Contaminated Contaminated 
Classification 

Deterministic Uncontamianted Uncontaminated Contamiantcd Contaminated 
Classification 

Concentration Range C+U<T C<T<C+U C-U<T<C T<C-U 

Probaility of C being 
<0.025 0.025-0.500 0 500-0 975 >0 975 

over the threshold (T) . . . 

Figure 2.6: Probabilistic classification of contaminated soils, allowing for uncertainty on 

either the measured concentration values or the threshold. Classification by traditional 

deterministic methods is provided for comparison (adapted from Ramsey and Argyraki, 1997). 

The advantage of the probabilistic approach is that there is greater confidence 
that land will not be misclassified. The disadvantage is that more land gets considered 

as possibly contaminated which can therefore, increase the cost of site remediation. 

2.7 Sampling and uncertainty estimation of a temporally variable target 

In classical sampling theory, sampling targets are generally considered as 

temporally static. However, many environmental sampling targets are variable in both 

space and time, e. g. river water, sediments and atmospheric gases. The result of 

sampling on one occasion cannot therefore, be expected to represent average conditions 
(Keith, 1991). However, monitoring a moving target can simply be regarded as 

sampling at a specified frequency (Thompson, 1999). The approaches to uncertainty 

estimation using duplicate sampling in space can therefore be applied to moving targets 

by collecting duplicate samples in time (Ramsey, 1994). Barcelona (1988) suggests that 

the frequency of sampling should be at least twice the frequency of the variation. 

T C+U 
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When sampling moving targets, field testing is generally undertaken using in 

situ measurement techniques (e. g. infra-red gas analyser). In this case the collection of 

samples in the field and the testing of the analyte concentration is the same process. 

Both sampling and analysis are therefore addressed at the same time (Petts, et erl. 1997). 

Thompson (1999) considered it conceivable that collaborative trials and 

proficiency tests could be conducted on a moving target, providing all the participants 

visit the sampling target within a period of stability. The precision of the measuring 

instrument at a particular place, rather than over a particular timescale, could also be 

achieved by having two monitors adjacent to each other (Thompson, 1999). This 

approach is considered and expanded in Chapter 8, in which the uncertainty from 

measuring temporally variable emissions of landfill gas are estimated using inter- 

organisational sampling trials. 
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3 Sampling Methodology 

3.1 Introduction 

The sampling and analytical methodology that was followed for the estimation 

of contamination and uncertainty in sampling hot spots on contaminated land (spatially 

variable) and landfill gas monitoring (temporally variable) are given in this chapter. 

The first half of this chapter describes the sampling protocols, sample preparation and 

analytical procedures that were used for the reference sampling target characterisation 

and the inter-organisational sampling trials on contaminated land. The second half of 

this chapter describes the sampling protocols and equipment that were used for 

monitoring landfill gas concentrations in the inter-organisational sampling trials on 
landfill gas. 

3.2 Soil sampling methodology 

3.2.1 Collection of soil samples for RST site characterisation 

The surveying technology utilised for the RST site characterisation involved 

three 30 m metric tapes for measuring the distance between sampling locations, and 

wooden canes for marking the nodes of the sampling grids. The origin of each sampling 
design was selected at random (using computer generated random numbers), at one 
corner of the site. To estimate measurement uncertainty introduced by the surveying 
technique, duplicate samples were collected at an appropriate distance, as described 
later in this section. 

Six different sampling protocols (Figure 3.1) were applied to sample the topsoil 
(0-15cm) to characterise the barium concentration across the whole RST. The six 

sampling protocols selected were (a) simple regular grid, as described by the Dutch 

draft standard (1991), (b) high density simple regular grid; (c) stratified random grid, as 
described by Cochran (1977); (d) high density stratified random grid; (e) herringbone 

grid, as described by Ferguson (1993), and 69 high density herringbone grid. 
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(a) 

REGULAR 

Dutch Draft Standard 
(1991) Adapted 

(b) 
HERRINGBONE 

C. Ferguson 
(1993) 

(c) 

STRATIFIED RANDOM 

WG Cochran 
(1977) 
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N= Number of samples required for 95% confidence assuming one hot spot 
covers 5% of the total area 

A= Area of site 
a= Area of hot spot 
1.08 = Constant for a circular hot spot 

Figure 3.1: Sampling designs used in the initial characterisation of the synthetic reference 

sampling target at both high and low sampling density: (a) regular grid, (b) herringbone grid, and 
(c) stratified random grid. 

The stratified random grid was based on the canes marking the regular grid, with 

exact sampling locations marked using a measuring tape. The co-ordinates for these 

sampling designs are presented in Appendix 2. Soil samples were collected using a 

portable stainless-steel hand auger, with a 200 x 25mm screw thread. A single auger 
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full of soil (ca. 80g) was collected at each sampling location after removing any surface 

vegetation, and then placed in a wet-strength paper bag for transportation to the 

laboratory. The auger was cleaned between each sample location and holes left from 

augering were closed, by stamping on the hole, to preserve the statistical independence 

of subsequent sampling activity. 

For all designs the sampling precision was estimated by collecting duplicate 

samples at a distance selected to represent the spatial uncertainty in locating the nominal 

sampling location (Ramsey and Argyraki, 1997). Due to the simplicity in design of this 

RST (i. e. square with 90-degree corners, short grass and no obstacles) the precision in 

laying out the grids was expected to be unusually good in relation to typical 

contaminated land investigations. In this investigation, eight sampling duplicates were 

collected with spatial separations of 20cm for the stratified random grids, and 10cm for 

all other grids, in order to provide a realistic estimate of the sampling variance. These 

distances of separation were selected by repeatedly surveying (x 3) five nominal 

sampling locations and placing a small marker in the ground. The maximum distance 

between any two markers was recorded and multiplied by two to account for sampling 

reproducibility. 

3.2.2 Collection of soil samples in the inter-organisational sampling trial 

An inter-organisational sampling trial was organised on the synthetic RST that 

comprised a collaborative trial in sampling (CTS) and sampling proficiency test (SPT). 

The CTS and SPT are described in detail in chapters six and seven. The names and 

addresses of the people and organisations who participated in this research are given in 

Appendix 6. 

Nine participants collected samples either according to a defined protocol 

supplied by the organisers (CTS) or according to a protocol that they regarded as fit-for- 

purpose given the aim's of the investigation (SPT). For this research participants were 

asked to collect soil samples of 0-15 cm depth (depth of spiking) with the aim of 
identifying and spatially delineating regions of soil greater than 171 gg g1 barium 

concentration (the threshold concentration, derived in section 4.3.3.1). The SPT was 

carried out before the CTS to avoid bias in the design chosen by the participant for the 

SPT, as both studies were carried out on the same day. The sampling procedures for the 

inter-organisational sampling trial on contaminated land are described in the following 

sections. 
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3.2.2.1 Collaborative trial in sampling 

The collaborative trial in sampling shows the agreement between participant's 

results when they are using the same nominal protocol. It can also be used to show the 

`fitness-for-purpose' of that specified protocol at the site. Nine organisations (five 

university departments and 4 commercial organisations) sent samplers to the site, 

sequentially over a period of 3 months between October 1997 and January 1998. 

Participants visited the site independently and did not observe any other during the 

sampling exercise. The samplers aim of the project (which was given to each participant 

one month before the first participant commenced sampling) was to spatially delineate 

regions of soil >_171 gg g"' of barium, using a protocol and equipment provided by the 

organisers. The sampling protocol and the equipment were presented to the participant 
immediately before commencing sampling for the CTS. The samplers collected soil 

samples using the common protocol prescribed by the organisers. Holes left from 

sampling were closed, by stamping on the hole, to remove any visible trace of their 

sampling that might affect later participants. 

A herringbone sampling design (shown as Figure 3.2) was selected for this CTS 

as an example of a protocol which has been recommended for the objective of locating 

hot spots of contamination (DoE, 1994). The equipment available for use by samplers 

comprised the following: a steel auger (200 by 25mm diameter screw thread); wet 

strength paper sample bags; wooden canes; two 30m surveying tapes; one indelible 

marker pen; and maps with co-ordinates of sampling locations for each protocol 

orientation. Eacf participant completed the protocol twice, by repeating the basic 

design in a different orientation. This duplication was chosen to investigate (a) the 

variation in results when a single sampler uses a single protocol and (b) the variation 
between samplers using the same orientation of the protocol. 

At eight randomly selected sampling locations, a duplicate sample was collected 

at a distance of 20cm from the nominal sampling location, in a random direction in 

order, to determine the average sampling precision at a single sampling location. This 

distance was selected to represent the accuracy in locating the same sampling point with 

the surveying equipment provided. The process of duplicating the sampling protocol for 

the CTS also resulted in nine sampling locations being duplicated (Figure 3.2) for the 

purpose of estimating sampling bias and precision within- and between-samplers for a 

single sampling location. 
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despite re-orientation of the protocol design. 
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Figure 3.2: Herringbone sampling protocol shown in four possible orientations. 

The participants were given three hours to complete the collaborative trial from 

the time of receiving the following information: 

1. Sample the test site using the sampling design provided from random numbers 

(design orientation A, B, C or D). The origins for all the designs (shower on Figure 

3.2) are marked on the map provided (co-ordinates 0,0). See Appendix 2 for the x, y 

co-ordinates and sample niunbers for each protocol orientation. 

2. Use the measuring tape and canes (optional) to nark the sampling locations on the 

test site. 

3. Use the auger provided to take increments of 0-15 cut of topsoil. To do this rotate 

the auger through the grass, drilling into the soil for 15cm. Pull out the auger, 

trying to avoid smearing, and collect the soil. 

Y/in 

+90 rotation 

Orientation D 
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4. Pitt the increment into the craft bag provided and move to the next sampling 

location, leaving no evidence of activity to maintain the statistical independence of 
the oilier participants. 

5. Follow the saure procedure at eacli sampling location and put each increment in a 

separate bag, clearly marked with the sampling design letter and sample number 
(shown on map) e. g. D13. 

6. Collect 8 duplicate samples at the sampling locations marked (see map), which have 

been individually selected from computer generated random �umbers. 
7. Al duplicate sampling locations, first collect a soil sample from the nominal design. 

Next, take a second sample 20cm away fi"oni the first, in a random direction. Clearly 

mark the craft bag with the ivord 'duplicate, sampling design letter, and sample 

location. 

8. Mark with an arrow, the direction in which the sample duplicate was taken, on the 

map provided 
9. Repeat the whole procedure using a different randomly selected design. 

10. Give the 66 marked sampling bags to the organisers. 

Participants were asked to use the equipment provided by the organisers, 

although it was optional as to how much of the equipment was used. In this way, the 
CTS gave a realistic picture of the usual practice of samplers of contaminated land in 
interpreting a sampling protocol. Some of the interpretation of each participant was 

recorded using a video camera for comparison between the participants sampling and 
later interpretation of the results. The 594 soil samples collected from the CTS were 

analysed for Ba by the organisers in 9 analytical runs, using the procedure described in 

section 3.4. 
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3.2.2.2 Sampling proficiency test 

For the sampling proficiency test (SPT) participants were asked to collect soil 

samples using a protocol selected on the basis of their professional judgement. 

Typically, a SPT requires the collection, physical preparation and analysis of samples, 
however this research required just the collection of samples by the participants. This 

eliminated the analytical portion of uncertainty that varies between participants, leaving 

only the portion arising from the sample collection. It also makes participation in the 

SPT less expensive for the participants. 

The participants were provided with a site description, diagram of the site, and 
information regarding the depth of sampling and number of samplers required one 

month before their arrival at the site. Participants were asked to sample the site, 

collecting a maximum of 50 soil samples, to a depth of 15 cm, using their own choice of 

protocol. A limit was set on the number of samples (n=50) which could be collected to 

minimise the time and expense required to process and analyse the samples. Also, it 

was feared that participants might collect more samples than in a typical investigation, 

as they did not have to analyse or pay for the chemical analysis. A 15 cm depth of 

augering was requested, as this was the nominal depth of the sampling target and 
therefore the depth to which barium sulfate was mixed into the soil. After collection of 
the soils, all soil samples were presented to the organisers for sample preparation 
(described in section 3.3) and chemical analysis (section 3.4). The sampling designs 

employed in the SPT are shown schematically as Figure 3.3. 
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Figure 3.3: Diagram of the nine sampling designs used in the 3rd sampling proficiency test in 

sampling (spatially resolved) showing actual sampling locations (solid circles). For each 

participant some of the sampling locations have been joined by a solid line to provide a 

schematic representation of the sampling design employed e. g., participants 4 and 9 have used 

a `W sampling design. 
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3.3 Sample preparation 

All samples were dried overnight at 65°C. The dried samples were 

disaggregated in a porcelain pestle and mortar and passed through a 2mm stainless steel 

sieve. A soil fraction of <2mm was selected as `soil' in general terms consists of 

particles ranging from large stones to microscopic particles, but for the purposes of 

laboratory examination, particles of greater than 2mm are removed (Rowell, 1994). A 

representative <_150g sub-portion of the <2mm soil fraction was crushed to < 75µm in a 

chrome/steel pot (volume 100ml) within a swing mill (rotating at 960 revolutions min' 

for 45 seconds) and then placed in a labelled polythene bag. This speed and timing of 

crushing was found to reduce the sample size to <75 pm (the particle size required for 

lithium metaborate fusion and the acid decomposition methods) when passed through a 

75µm nylon mesh. Deionised water and acetone was used to clean the crushing pot 

between samples. The effectiveness of this cleaning procedure was found to be 

satisfactory. 

Samples of >150g required sub-sampling, and were reduced in size using the 

cone and quartering method (Smith and James, 1981). This particular sample splitting 

method was selected as it minimises the loss of the finest soil fraction (e. g, that 

containing added barium sulfate), that can arise with rotating splitters and riffle boxes. 

Cone and quartering was carried out using the following process. 

Disagregated dried soil was sieved to 2mm and a heaped on to a piece of paper 
in the form of a cone. The top of the cone was then flattened and marked with a cross. 
Opposing quarters were selected to form the sub sample, and the two remaining quarters 

were rejected. When further reduction was required the whole process was repeated 

after mixing the selected two quarters. Sub sampling duplicates were taken to determine 

the precision of the cone and quartering method by retaining the opposing quarters, 

typically rejected and analysing both samples in duplicate. 
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3.4 Analytical methodology 

Analytical test portions of the prepared samples were digested in a mixture of 

nitric, perchloric and hydrofluoric acids (given in Appendix 1) and Ba determined by 

ICP-AES (Thompson and Walsh, 1989). This analytical method was chosen because it 

was suitable for the large batches of samples that required analysing (120 test portions 

per batch) with appropriate data quality, but was quicker and cheaper the well 

established lithium metaborate fusion preparation. 

3.4.1 Selecting the analytical methodology 

An analytical method was required, which performed well when judged against 

certified reference values, but was cheaper and quicker than a better established lithium 

metaborate fusion method (LMB). Three decomposition methods were compared 

against the LBM fusion method (Thompson and Walsh, 1989) using a linear regression 

technique. The three methods tested were (a) perchloric-nitric digestion, (b) 

hydrofluoric-perchloric-nitric digestion and (c) as for (b) but with a times 10 dilution of 

the final aliquot. The raw concentration measurements are given in Appendix 1. The 

analytical method using the LMB fusion indicated no statistically significant analytical 

biases (at 95% confidence) for certified reference materials NIST 2709 and 2711 

(shown in Table 3.1) analysed in duplicate within the batch. Statistically significant 
biases (at 95% confidence) were shown for HRM 1 (2.51%) and HRM 2 (2.84%). 

However, as the confidence intervals on the mean concentration for these house 

reference materials are not known, they are therefore used for estimating between batch 

variation rather than for analytical bias estimation. 

Table 3.1: Concentration of Ba in four reference materials, prepared by lithium metaborate 
fusion and analysed by ICP-AES. 

Reference Accepted Mean Standard % Statistically 
material value of measured deviation Bias significant using a 

reference concentration (Is) two sided t-test at 
material (µg g') (µg g'') 95% confidence 
(µg g'') n=2 Y/N 

NIST2709 968 936.33 4.130 -3.272 N 
NIST2711 726 718.51 0.049 -1.032 N 

FIRM1 250 256.27 0.410 2.508 Y 
HRM2 690 709.62 0.389 2.843 Y 
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The perchloric-nitric acid digestion (Attack 2) produced barium recoveries of 
50% less than the LMB fusion, which rendered it unsuitable for this experiment (shown 

in Table 3.2). A hydrofluoric-perchloric-nitric digestion (Attack 3T) produced barium 

recoveries 95.7% of the LMB fusion, i. e. a bias of -4.3%. Diluting the 3T samples by a 

factor of ten before ICP-AES analysis resulted in barium recoveries that were not 

significantly different to the LBM fusion method. The hydrofluoric-perchloric-nitric 

digestion was selected as the most appropriate analytical method to use for the inter- 

organisational trial samples because it provided acceptable performance in comparison 

to the more reliable LMB technique. It was also cheaper and less time consuming than 

the LBM fusion method and 3T with a times ten dilution method. 

Table 3.2: Linear regression coefficients for 3 analytical methods used to dissolute barium 

compared with the more reliable lithium metaborate fusion method of dissolution. 

Dissolution Concentration R` Linear regression coefficients of barium 
range concentration using three decomposition 

(µg g") techniques against lithium metaborate 
fusion 

Intercept and Slope and Bias 
standard error standard error (%) 

Attack 2v LMB 21-1818 0.792 75.5 ± 38.4 0.501 f 0.043* - 49.9* 
3T v LMB 137- 1818 0.999 5.64 ± 4.53 0.957 ± 0.005* - 4.3* 

3T x10 dilution 267 - 1818 0.998 4.28 t 12.31 0.980 f 0.012 -1.98 
vLMB 

*Slope and percent bias show statistically significant differences from a slope of unity 
(p = 0.05). All the intercepts are not significantly different from zero. 

3.4.2 Preparation of analytical equipment 

All analytical reagents used in the decomposition of samples were of `AnalaR' 

quality. The PTFE tubes used for analysis were initially cleaned by soaking in water 

overnight, then cleaned with a brush and placed in 2% decon solution overnight. The 

tubes were then thoroughly brushed in water to remove the decon and then placed 

overnight in nitric acid (2% v/v). The PTFE tubes were finally rinsed with deionised 

water and dried in a filtered air cabinet at 40 °C before use. 

A faster cleaning procedure to remove any Ba residue was developed to clean 

the PTFE tubes for use when analysing a large number of batches in sequence (batches 

from the collaborative trial in sampling and the sampling proficiency test). The PTFE 

tubes were initially rinsed in water and then cleaned with 5 ml of 1% (m/v) 

ethylenediamine tetraacetic acid (EDTA) disodium salt (Hopkin and Williams, General 
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Purpose Reagent) mixed with deionised water, heated to 90°C for one hour to bring the 

Ba into solution. The tubes were finally rinsed twice with de-ionised water and dried in 

a filtered air cabinet at 40°C before use. The cleanliness of the tubes in terms of barium 

was found not to be statistically different from the conventional methodology using a 

paired t-test comprising 10 blank samples from each cleaning method. This alternative 

method therefore provided an efficient, yet rapid (1 day compared to 4 days) procedure 

for removing residual barium from PTFE tubes. 

3.4.3 Analysis of soil samples 

A simultaneous Inductively Coupled Plasma Atomic Emission Spectrometer 

(ARL 3580) was used for the analysis of test solutions produced by the hydrofluoric- 

perchloric- nitric digestion (Appendix 1). The operation principles of ICP-AES are 

described by Thompson and Walsh (1989). The instrument measured a suit of 24 

elements, with good precision (Thompson and Walsh '1989) and low detection limits. 

Barium was the prime analyte of interest in this investigation. For this machine, Ba (line 

455.5 nm) has a detection limit of 1.5 µg g"' at 99% confidence (assuming a dilution 

factor of 100) and- instrumental precision of typically <10% at 95% confidence for 

concentrations well above the detection limit. The calibration of the ICP was carried out 

using commercial solutions (Spectrosol) of known concentration using the procedure 

described in Thompson and Walsh (1989). Uncertainties introduced into concentration 

measurements by the sample preparation and ICP-AES analysis were quantified using 

analytical reference materials, duplicates and reagent blanks as described in section 
3.4.4 

3.4.4 Analytical quality control and estimation of analytical uncertainty 

Two certified reference materials (NIST 2709 & 2711) were analysed in 

duplicate, at random positions amongst the other test portions, to estimate analytical 
bias and between batch precision (properties described in Table 3.3). These CRM's are 

not completely matrix matched to the soils in the RST. The form of the barium in the 

certified reference materials are unknown, the barium in not applied as spiked barium 

sulphate and the soil types are not of the same composition to that found in the sampling 

target. Two house reference materials (FIRM I& FIRM 2) and 1 specially prepared 
house reference material (FIRM 32) that was spiked with BaSO4 were used to estimate 
between batch precision (properties described in Table 3.4). The BaSO4 used in the 

HRM-32 reference material was the same as that used to prepare the RST. The assigned 
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values for these house reference materials were not considered rigorous enough for use 
in estimating analytical bias. Reagent blanks, comprising approximately 5% of the total 

number of test samples, were analysed at random positions within each batch to detect 

Ba contamination within the reagents and vessels. All Ba measurements were corrected 
for those concentrations of Ba in reagent blanks that were significantly different to zero 
(using a two-sided t-test at 95% confidence). 

Analytical duplicates were prepared from both of the sampling duplicates, for 

the estimation of sampling and analytical precision using a balanced design suitable for 

the analysis of variance (Ramsey et al., 1992). Where no sampling duplicates were 

collected, 10% of the prepared samples were analysed in duplicate to determine 

analytical precision (Thompson and Howarth, 1976)., 

Table 3.3: Certified reference material (CRM's) used for the estimation of analytical bias of Ba 
for all ICP-AES analysis in this research 

CRM Type of Material Concentration Certified Values of Ba (µg g") 
Characteristics and uncertainty (at 95% 

confidence) 
NIST 2709 San Joaquin agricultural Highly elevated trace 968 ± 40 Ba 

soil elements 
NIST 2711 Montana agricultural soil Moderately elevated 726 ± 38 Ba 

collected in the till layer trace elements 
(0-15.2cm depth) 

Table 3.4: House and spiked reference materials used for the estimation of between batch 

precision for all ICP-AES analysis in this research. 

HRM Type of Material Concentration 
Characteristics 

Accepted Values of Ba (µg g"') 
and uncertainty (at 95% 

confidence) where known 
HRM 1 Agricultural soil from East Low concentration of 250 

Anglia many elements 
HRM 2 Mixture of soil and stream Moderate/high 690 

sediments concentration of many 
elements 

HRM 32 HRMI spike with High concentration of 1812 ± 99.69 
precipitated BaSO4 Ba as BaSO4 

3.4.5 Preparation of spiked in house reference material, HRM 32 

A spiked reference material (HRM32) was prepared to estimate the between 

batch precision of soils at concentrations, and of matrix composition, similar to that of 
the synthetic sampling target. For the preparation of the spiked reference material a 
500g mass of matrix matched house reference material, (HRM1) with a particle size of 
1mm, was spiked with 1.67g of barium sulphate precipitate and homogenised in a box 

shaker for 1 hour. This bulk sample was then ground in 100g batches in a chrome/steel 
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pot within a swing mill (at 960 revolutions min-' for 45 seconds) so that the grain size 

was small enough to pass a 75 pm (200 mesh) nylon mesh. The batches were then 

combined and homogenised in a box shaker for 1 hour. On completion of the 

homogenisation the bulk sample was split into 8 sub-samples using a rotating splitter. 

The 8 sub-samples so produced were dried overnight at 105°C and 0.1000g ± 0.0001g 

test portions from each sub-sample weighed into PTFE tubes in preparation for acid 

digestion and analysis using ICP-AES. 

The assigned value of barium for HRM32 was established by replicate (x4) 

analysis of each sub-sample within a run containing 2 certified reference materials 

(NIST 2709 and 2711) and 2 house reference materials (HRM 1 and 2). The HRMs 

were used for the estimation of bias in this instance, as a minimum number of 3 

reference materials were required for MLFR analysis. The assigned uncertainties for the 

HRMs were taken as 5% of the assigned mean concentration as shown in Table 3.5. The 

raw data for characterising F RM 32 is presented in Appendix 1. 

Table 3.5: Elemental concentrations and accepted/certified values from the analysis of the four 

reference materials used to determine the accepted concentration of HRM32. 

RM Ba Ba Certified measured 
concentration concentration /assigned uncertainty at 

certified measured uncertainty at 95% confidence 
/assigned (µg g') for 95% for n=2 
(µg g") n=2 confidence 

NIST2709 968 928.2 " 40 7.38 
NIST2711 726 705.5 38 11.18 

HRM 1 250 243.14 12.5 16.65 
IIRM2 690 681.92 34.5 20.8 

There was no evidence to suggest a significant translational or rotational bias 

(with 95% confidence interval) for Ba, using the MLFR technique (Ripley and 

Thompson, 1987) as shown in Table 3.6. The grand mean of 1812 gg g'1 for the 

analytical measurement of Ba in HRM32 was therefore uncorrected. 
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Table 3.6: MLRF data for Ba showing no evidence of statistically significant rotational or 

translational bias in the reference materials used to determine the accepted concentration of 
HRM32. 

Translational Bias 

Intercept 3.306 Intercept 0.9650 
Standard Error on 30.71 Standard Error on 0.05375 

Intercept Intercept 
tgie -0.0949 tplc 0.65 
ttab 2.78 ttab 2.78 

Statistical No Statistical No 
Significance Significance 

3.4.5.1 Spike recovery 

Rotational Bias 

Accounting for the purity of the barium sulphate spike (determined 

gravimetrially as 87.75% pure, as stated in Chapter 4) a concentration of 1969 µg g' Ba 

was expected. This concentration included the Ba (250 µg g'') in the original unspiked 

soil (HRM 1) which was spiked with BaSO4. The total Ba concentration measured was 

1812 µg g"1. The spike recovery was therefore calculated as 92% using Equation 3.1 

(Horwitz, 1988). 

100 x (total anal)te found - anal, e already present) Equation 3.1 

analyte added 

This statistically significant bias of -8% (at 95% confidence) can be partially 

accounted for by the digestion technique as a bias of -4% was significant for certified 

reference material, NIST 2709, analysed within the same batch in duplicate. Further 

bias may have been attributed to a loss of BaS04 during the sample preparation of HRM 

32(i. e., particles of <75 µm in diameter adhering to the rotating sample splitter). Eight 

samples of HRM 32 were analysed in replicate (x4) before crushing. The mean 

concentration of these samples (1879 pg g"') were found to be not statistically different 

to the crushed samples (p=6.5% at 95% confidence interval) using a2 sample t-test. 

Therefore, it may be that the low recovery is a result of the analytical digestion method, 

with the inclusion of house reference materials in the MLFR, disguising the true 

analytical bias. However, for the purpose of this HRM, which was to identify between 

batch precision, the assigned value of 1812 µg g71 was considered as acceptable. 
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3.5 Landfill gas sampling methodology 

A different inter-organisational sampling trial was organised to assess the 

performance of a single sampling protocol and the performance of samplers, when 

measuring the concentration (%v/v) of methane, carbon dioxide and oxygen gas from 

boreholes situated within landfill. Three boreholes situated within a reclaimed landfill 

site at Bedfont Lakes Country Park, Hounslow (O. S. grid reference TQ 508050 172500) 

was selected for the sampling trial. Eight participants from both government and 

industrial organisations (listed in Appendix 6) independently sampled the boreholes 

during one visit, over a period of ten days (February 2"d -12U' 1999). The samplers 

collected gas samples either according to a defined sampling protocol (CTS) or 

according to a protocol that they regarded as fit-for-purpose given the aims of the 

investigation (SPT). 

3.5.1 Collection of samples for the test borehole characterisation 

Gas samples were collected from 7 boreholes to determine their suitability for 

use as a test borehole. Two boreholes (J14 and J15) were measured as having similar 

gas concentrations. Borehole J14 was designated as a reference borehole and borehole 

J15, a test borehole (or sampling target). The time required for the gas within the test 

borehole to recharge after complete removal of the borehole cap was measured to 

determine the time period between participants visiting the site in inter-organisational 

sampling trials. A comparison was made between the concentration of gas samples 

collected every 10 minutes for 70 minutes using (i) borehole J14, which remained 

unopened for the duration of the experiment and (ii) borehole J15, in which the borehole 

cap was removed for 5 minutes, 10 minutes after the start of the experiment. 

3.5.2 Collaborative trial in sampling 

The collaborative trial in sampling landfill gas was used to show the agreement 
between participant's results when they were measuring methane, carbon dioxide and- 

oxygen using the same nominal protocol (shown below). It was also used to show the 

fitness-for-purpose of the specified protocol at each borehole. Eight participants 

independently sampled borehole J15 on one occasion, over a period of ten days. This 

was done to preserve the statistical independence of the samplers. The sampling 

protocol and the equipment for the CTS were presented to the participant immediately 

before commencing sampling. The organisers also collected gas samples at boreholes 
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J15 and J14 at the start and the end of each participant's inter-organisational trial in 

sampling. 

The sampling protocol selected for the collaborative trial in sampling was 

adapted from the methodology suggested in Waste Management Paper No 27 

(Department of the Environment, 1989). Each participant completed the protocol twice, 

by repeating the protocol after the borehole was recharged (z15 minutes in this case). 

This duplication was chosen to investigate (a) the variation in results when a single 

sampler used a single protocol within as short time interval; and (b) the variation 

between samplers using the same protocol over the 10 day sampling trial. The sampling 

protocol (DoE, 1989) and equipment (Geotechnical Instruments, GA 90 infra-red gas 

analyser), provided by Hounslow Council, was given to each participant immediately 

before commencing sampling and comprised the following information: 

For this experiment you are provided with an Infra-red Gas Analyser, which has 

been calibrated today with gases of certified composition. It is asked that you monitor 

borehole J15, for methane, carbon dioxide and oxygen, and report these results 

together with atmospheric pressure and time of sampling to the organisers. 
At borehole J15 the following methodology should be adopted. - - 
1. Examine the head of the borehole. Check the top and examine fittings before a 

measurement is taken. 

2. Purge the gas sampling equipment prior to taking a sample by pumping air 

through the instrument. Einsure the instrument is reading zero methane and 

approximately 21% oxygen in air. Record the oxygen reading 

3. Note the time. 

4. Measure atmospheric pressure with the pun u) o and the pipe not attached to 

the borehole. 

5. Attach the pipe over the gas tap and turn on to allow gas to flow. 

6. Measure CH4 concentrations, note peak and steady concentrations. 
7. Measure carbon dioxide concentrations, note peak and steady concentrations. 
8. Measure oxygen concentrations, note peak (minimum or maximums) and steady 

concentrations. 

9. Where a steady reading can not be achieved, note the peak and concentration, 

and concentration one minute after the peak. 
10. Close the gas tap and leave to recharge for at least 15 minutes. 

11. Repeat steps 2-10 to obtain a duplicate measurement. 
e 
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*Landfill Gas, Waste Management Paper No 27, Department of the Environment, 1991, 

HMSO, London. 

The instructions given to the samplers were designed so that they would be easy 

to follow. Participants were asked to use the equipment provided by the organisers. 

Some of the sampling procedure practiced by each participant was recorded using a 

video camera for the CTS and SPT. 

3.5.2.1 Analytical equipment 

Geotechnical Instruments (UK) Ltd. GA 90 infrared gas analyser (shown as 

figure 3.4a) was used for the collaborative trial in sampling. An integral pump draws 

landfill gas (biogas) through an in-line water trap and filter into a sample chamber. An 

infrared beam is projected through the gas sample. Methane is detected at an infra-red 

absorption frequency of 3.44µm. Carbon Dioxide is detected at an infra-red absorption 

frequency of 4.26 gm. A microprocessor calculates the amount of infrared light 

absorbed at different Wavelengths and determines the various gas concentration levels 

present. Readings are shown on a liquid crystal display as a percentage of gas 

concentration by volume. Oxygen is detected using lead-oxygen battery sensors. 

Atmospheric pressure is measured using an internal vacuum reference and an output 

voltage proportional to absolute pressure. The typical accuracy expected when 

analysing different gas percentages are shown in the Table 3.7. 

Table 3.7: Infra-red Gas Analyser accuracy for different gas percentages (%v/v) taken from the 

Infra-red Gas Analyser Operating Manual (Geotechnical Instruments, I993b). 

Concentration Typical Accuracy 

CH4 % by volume CO2 % by volume 02 % by volume 
0-5% ± 0.5 % ± 0.5 % ± 1.0 % 

5-15% ±1.0% ± 1.0 % ± 1.0 % 
15-100% ±3.0% ±3.0% ±1.0% 

3.5.2.2 Calibration of equipment 

The gas GA90 gas analyser was calibrated with Geotechnical Instruments (UK) 

calibration gases using calibration procedures for this machine and other infrared gas 

analysers of the same manufacturer (Geotechnical Instruments UK, 1994). One 

calibration gas comprised 5% CH4 ± 2%, 6% CO2 ± 2%, and 6% 02 ± 2% v/v with the 

balance being nitrogen (results presented in Chapter 8). These concentrations were 

considered too low for the concentration of methane measured in a pilot trail (CH4 of 0- 
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50% v/v) but was the only mixture available on the time period required. The machine 

was calibrated before each participant was given the machine for use in the CTS. In this 

way, all participants were given a newly calibrated machine. Geotechnical Instruments 

(UK) Ltd. also calibrated the machine in December 1998. 

3.5.3 Sampling proficiency test 

The SPT was used to provide a realistic estimate of uncertainty in the reported 

analyte concentrations measured by the different protocols (that were selected by the 

samplers on the basis of their professional judgement). Eight participants were asked to 

measure the concentration of gases from 3 boreholes (J15, J 10 and J9) using protocols 

and equipment selected using their professional judgement. Figure 3.4. shows the three 

types of infra red gas analysers that were used over the course of the SPT. The 

participants were asked to report the concentrations of methane, carbon dioxide, 

oxygen, and atmospheric pressure for inclusion in the trial, along with any other 

parameters they would usually measure. The participants were provided with a 
description of the site and a site history, two weeks before their arrival. It was asked that 

participants provided the organisers with a copy of their sampling protocol before 

undertaking the inter-organisational sampling trial. 

a) GA 90 

Figure 3.4: Geotechnical Instruments (UK) infrared gas monitors used in the inter- 

organisational gas sampling trial: a) GA 90, b) GEM 500, and c) GA 94. 

The GA 90 is the same as the model used for the CTS and was used by one 

participant. The GEM 500 is the subsequent model from the GA 90 and was used by 2 

participants. The GA 94 is the latest model that provides an option to measure the flow 

rate in addition to a number of extra gases (H2S, CO, S02, N02, C12, H2, and HCN). 

Flow and extra gases are recorded using a pod that is plugged into the communication 

port of a gas analyser. 
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a) GA 94 with pod to measure flow rate b) GA 94 with pod to measure CO 

Figure 3.5: Geotechnical Instruments (UK) infrared gas monitors showing a) pod to measure 

flow rate b) pod to measure extra gases. 
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4 Preparation of a Synthetic Reference Sampling Target 

4.1 Introduction 

This chapter describes the preparation and construction of the first synthetic 

reference sampling target (RST), for the purpose of estimating uncertainty in 

measurements made from a spatial investigation of contaminated land. The first section 

of this chapter describes the design and preparation of the synthetic RST on 

contaminated land. Section 4.3.2 onwards describes the characterisation of this RST, in 

order to establish a reference value for the concentration and spatial extent, against 

which to estimate bias of future measurements. The application of this RST for the 

estimation of measurement uncertainty using inter-organisational sampling trials is 

discussed in chapters 6 and 7. 

The objective of this chapter is to: 

describe the design and preparation of the first synthetic RST. The example 

chosen is for the assessment of contaminated land, but the concept is totally 

general. 
2. describe the characterisation of this RST, in order to establish a reference value 

for the concentration and spatial extent, against which to estimate bias of future 

measurements. 

4.1.1 Requirements of a reference sampling target 

The role of a reference sampling target (RST) is to assist in the assessment of 
uncertainty from measurements generated by sampling practices and protocols in order 
to help to validate the sampling process. The justification for using an RST is based on 
the quality of the `reference value'. This includes the way in which the intended 

objective of sampling (for example the estimation of concentration, location or identity 

of the characteristic of interest) has been defined, determined and controlled. A 

particular issue is the stability of the target, both from the point of view of changes with 

respect to possible natural degradation of the sampling target, and to the effects of 

successive sampling on the target. Economic feasibility, construction and maintenance 

of a site are also factors that need to be considered so as to avoid alteration of its 

properties. The presence of a suitable concentration of the analyte of interest is one 

prerequisite. The level of this concentration, as in the case of an analytical reference 
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material, is important in giving an estimate of bias at a useful concentration level, such 

as a threshold value. Where a spiked RST is being prepared, this concentration can be 

selected independently. This contrasts with an unspiked RST, where concentration 

cannot be selected easily. The size of the RST-should ideally be typical of real sampling 

targets, so that it may reflect the bias that may arise in routine sampling. 

4.1.2 Methods of assigning concentrations to an RST 

Consensus by use of inter-organisational sampling trials is one method for 

obtaining an assigned value for a site of contamination (Ramsey et. al., 1995b and 

Argyraki et al, 1995) but this has drawbacks. A significant bias could be produced in 

this value for example, if many participants provided measurements that were biased in 

the same direction. One way of addressing these drawbacks is to have an independently 

derived nominal value. The approach taken in this project was therefore, to create a 

Synthetic Reference Sampling Target with an `assigned' value based on the known 

mass of an analyte that was added to the target. This is equivalent to the well- 

established method of estimating bias of an analytical method by `spike recovery' 

(Thompson and Wood, 1993). 

Unlike chemical spiking however, where small quantities of a material are 

spiked, ground and homogenised, a reference sampling target may involve a large mass 

of soil (i. e. tonnes) comprising a number of particle sizes, e. g., soil of <2mm to cobbles 

of <256mm (McLeish, 1989). It must therefore be considered whether to spike the soil 

(i) in a laboratory or (ii) in situ. Method (i) would require the removal of a known 

volume of soil, which is dried, weighed and spiked before replacing. This method 

allows the option of discarding any unwanted soil fraction and undertaking 

communition and homogenisation, but it was estimated to involve much time, labour 

and expense due to the vast amount of material to be handled. 

Method (ii) requires the preparation of a RST by spiking a known volume of soil 

with a known mass of spiking analyte in situ. The mass of soil from a known volume 

can be estimated for a specific size fraction, and assumed to be consistent across the 

whole site. It must also be assumed that the soil density does not change over the time 

period the site is in use. After mixing the spike and soil, extensive characterisation of 

the site would be required to measure the homogeneity of the spike and assign an 

uncertainty estimate on the assigned values of concentration. 
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4.1.3 Homogeneity of the RST 

Sufficient homogeneity is an unquestioned requirement for an analytical 

reference material, where all test portions of sufficient mass, from within one bottle or 

between different bottles, should not differ by more than a small specified amount (ss /6 

should be less than 0.3 for sufficient homogeneity, Thompson and Wood, 1993). For an 

RST, such homogeneity may be totally unlike that found in real sampling targets. This 

shows one limitation of the analogy between that of analysis and that of sampling 

reference materials. For an environmental RST such as on contaminated land, 

heterogeneity is to be expected, and furthermore the description of the spatial 

distribution of this heterogeneity is one of the primary tasks of many site investigations. 

The requirement for an RST is that it should have heterogeneity that is similar to that 

found in real sampling targets. This may however, have the effects of reducing the 

effectiveness of the RST in detecting small amounts of bias. 

4.2 Experimental 

The general characteristics for designing an RST were applied to an example of 
the case of a contaminated land investigation for the spatial delineation of a 

contamination `hot spot'. The suitability of sites to locate the sampling target was 

considered by comparison with the following criterion: 

(i) the site dimensions should be similar to those of a typical contaminated land 

investigation, yet small enough to allow a realistic minimum number of samples 
(n=25) to be taken for spatially delineation of a hot spot of contamination; 

(ii) the site should have relatively flat topography, at least in the initial example, to 

minimise surveying errors and have good drainage to prevent any short term 

variation in the composition of the RST; 

(iii) there should be good site access, i. e., no dense vegetation or obstacles in this 
initial study; 

(iv) background concentrations of the target analyte should be low in comparison 
with the final desired spiked concentration; 

(v) the site should be secure and managed to prevent unauthorised- access or grazing 
by animals; and finally, 

(vi) the site owners should be agreeable to the creation of the RST and grant access 
for its subsequent use. 
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A recently ploughed field, in the Imperial College campus at Silwood Park, 

Ascot, UK (Grid reference TQ 9373 6936) was selected to satisfy the above criteria 

(Figure 4.1). A synthetic sampling target was constructed in a square greenfield site of 

dimensions 30 x 30m. The site was surveyed using an `Intelligent Total Station SET4C' 

(standard deviation ± 5mm) in preparation to spike a sub area of the site to a depth of 

15cm with barium sulfate. An RST was thereby created containing a single synthetic 

hot spot of known position, dimension and concentrations. 

_1 km 

Figure 4.1: Geographical location of the synthetic reference sampling target in Ascot, UK. 

Reproduced from the Ordnance Survey map with permission of the Controller of Her Majesty's 

Stationary Office. Crown copyright reserved. Geology Department, Imperial College, London, 

SW7 2BP. Licence No 273996. The red square marks the RST location. 

4.2.1 RST design 

The single, circular hot spot of contamination was designed with a diameter of 

7.5 m and area of 44.2 m2, so as to cover 4.9% of the total area of the site. This area of 

contamination was chosen to comply with typical models constructed for sample 

designs to spatially delineate hot spots of contamination with 95% confidence (e. g. 

Ferguson, 1993 and DoE, 1994). The centre of the hot spot was located at grid co- 

ordinates, x= 12m and y= 13m. The measured background concentration of the target 
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analyte was 154 µg g'' Ba (described in Section 4.3.3) which was well below the desired 

spiking level of over 500 µg gl. The mass of Ba added to the soil was calculated so that 

the assigned total Ba concentration, which would include the background values already 

present, would be clearly above the background concentration. The Ba concentration of 

the hot spot was designed to have a series of different concentrations that decreased in 

concentric circles away from the centre. This mimics approximately, certain types of 

real hot spots that can result from certain mining and smelting activities. 

4.2.2 Selection of a spiking analyte 

Precipitated barium sulfate (BDH-Merck, Poole, Dorset, UK; General Purpose 

Reagent) of particle size 2-25 µm was chosen as the contaminant with which to spike 

the hot spot. The BaSO4 concentration of. this salt was determined gravimetrically (by 

the method described in Appendix 1) to be 87.75% ± 0.05 % m/m. This compound was 

chosen because it is both relatively non-toxic and relatively insoluble (0.5 mg m"3 in 

cold water) as described by Bretherick (1986). It is therefore unlikely to dissolve, 

disperse or change concentration appreciably over the course of the sampling trials. The 

ethical aspects of creating a site of contamination were also considered. There are 

currently no guidance values for the safe levels of Ba in soil in the UK. Even using the 

Dutch regulations, which are the only national guidelines to mention Ba (un-speciated), 

there is no significant risk for this project. The volume of soil that was contaminated to 

a concentration above the Dutch intervention value for barium (625 µg g"1) was 6.63 m3, 

which is well below the soil volume (25 m) regarded as being seriously contaminated 
(Ministry of Housing, Spatial Planning and Environment, 1994). 

4.2.3 RST preparation and construction 

The calculation of the Ba concentration produced in the soil by the addition of a 
known mass of Ba depends on the definition of soil. `Soil' in general terms consists of 

particles ranging from large stones to microscopic particles, but for the purposes of 
laboratory examination, particles of greater than 2mm are removed (Rowell, 1994). 

Calculations were therefore formulated to derive the mass of barium sulfate required to 

produce a predetermined concentration of barium, assuming mixing within the <2 mm 

soil fraction to a depth of 15cm. The mass of Ba adhering to particles >2 mm was 

measured and subtracted from the calculation of the total mass of barium added to the 

soil. It was considered impractical to remove all the soil to dry, spike and homogenise it 

57 



before returning it to the site, due to the mass involved (11.6 tonnes). The site was 

therefore prepared in situ by applying a known volume of a barium sulfate and sand mix 

containing a known mass of Ba, to a known volume and mass of soil. 

In order to estimate the dry density of the soil on the site (calculated as 1.745 g 

cm 3), a large soil sample was collected from a pit of known dimensions (30 x 25 x 15 

cm) and dried overnight in an oven set at 8011C. Once it was cool, the total dry mass of 

soil was recorded (as 19.6 kg). The dried soil was then disaggregated with a pestle and 

mortar and sieved using a mechanical shaker to determine the percentage of the total 

soil mass that has a grain size of <2 mm, which was 76.2 % m/m. 

The precipitated barium sulfate was mixed with sharp sand (particle size 0.2 -2 

mm) in a cement mixer in a ratio of 1: 4 by mass (20% BaSO4: 80% sand) to produce a 

sufficiently homogenised standard mixture that would be easier to apply than the 

precipitated barium sulfate alone (Choudry, 1997). Sharp sand was use in preference to 

Silversand (particle size 0.2 - 0.5mm) as mixing tests with dry BaSO4 and Silversand 

produced BaSO4 nodules of 2mm diameter. 

The barium sulfate and sand mix was applied to the site at a fixed mass per unit 

area using a scoop of known volume (234cm), dispersed with a plastic colander into a 

wooden frame of known dimensions (1.0 x 0.44 m). The mass of barium sulfate and 

sand mix added to each ring varied to obtain different levels of contamination. One 

scoop of 234cm3 volume was applied to Ring 4, two scoops to Ring 3, three scoops to 

Ring 2 and four scoops to Ring 1. The spiked area was then rotavated to a nominal 
depth of 15cm (depth of topsoil) on three occasions, over a period of two months. 
Figure 4.2 presents 6 photographs to show the preparation of the RST at Silwood Park, 

UK. Samples were collected from each ring after each mixing to measure the 
heterogeneity. Sufficient homogeneity was considered achieved when the precision Of 

the measurements taken within each ring was <50% (Is), which is a typical figure of 

real contaminated sites (Ramsey and Argyraki, 1997). The site was then seeded with rye 

grass to disguise the position of the hot spot, to protect the topsoil from erosion, and 

reduce losses of barium sulfate when the site was walked upon. 
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(a) 

(c) 

(e) 

(b) 

(d) 

(f) 

Figure 4.2: Preparation of the synthetic RST at Silwood Park, UK showing: (a) the site before 

preparation, (b) application of a known mass of spiking analyte into a frame of dimension 1X 

0.44 m, (c) completed application of the barium sulfate and sand mix, (d) homogenisation of the 

spiking and mix and soil to a depth of 15 cm, (e) the site immediately after seeding with Rye 

grass, (f) the final RST 3 months after preparation. 
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4.2.4 Sample collection 

Six different sampling protocols were applied to sample the topsoil (0-15 cm) to 

characterise the barium concentration across the whole RST as described in Chapter 3. 

The six sampling protocols selected were (a) simple regular grid, as described by the 

Dutch draft standard; (b) high density simple regular grid; (c) stratified random grid, as 

described by Cochran; (d) high density stratified random grid; (e) herringbone grid, as 

described by Ferguson; and (1) high density herringbone grid. 

The measured hot spot concentration and dimension was characterised by 

collecting soil samples of 15 cm depth, in the middle of concentric circles within and 

around the nominal rings of the spiked hot spot, as shown in Figure 4.3. The long term 

stability of the site was measured by analysing samples collected from the hot spot on 

three occasions; immediately after the construction of the site; after 7 months; and 14 

months after the construction of the site. 
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Figure 4.3: Sampling locations on and around the nominal hot spot to characterise the hot spot 

concentrations and dimension. 

4.2.5 Sample preparation and chemical analysis 

The field samples from the site characterisation were prepared and analysed at 
Imperial College using the methods described in section 3.3. and 3.4. Analytical 

duplicates were prepared from both of the sampling duplicates, for the estimation of 
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sampling and analytical precision using a balanced design suitable for the analysis of 

variance (Ramsey et. al., 1992). Reagent blanks, two certified reference material (NIST 

2709 and 2711), two house reference materials (HRM 1 and FIRM 2) and one house 

reference material (IHM 32) spiked with the same BaSO4 as the RST were analysed in 

duplicate, at random positions between the test portions, to estimate analytical bias and 

between-batch precision. 

The analytical test portions for the high-density regular and stratified random 

grid designs were split between two batches due to the large sample numbers (n ? 85). 

The measurements for, the low-density random and stratified random grids were derived 

from subsets of their high-density measurements. The analytical test portions from the 

hot spot collected on three separate occasions, were analysed together in random order 

within one batch (i. e., under repeatability conditions) to test for temporal changes in 

barium concentration. 

4.3 Results 

4.3.1 Analytical quality control 

An average negative analytical bias of -7% for Ba was detected from the 

certified reference materials within a batch containing samples collected from within the 

hot spot (Table 4.1). An average negative bias of -4% was detected from the measured 

CRM concentrations containing samples from each of the six different protocols applied 

across the whole site (Table 4.2). These biases were noted as a contribution to the 

overall systematic error on the concentrations measured on the RST. There was no 

significant difference in the concentration of FIRM 1, HRM 2 and HRM 32 between the 

batches. 
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Table 4.1: Analytical bias for Ba concentration estimated from two CRM's within the batch of 

hot spot data (x = mean concentration; and s= standard deviation). 

CRM NIST 2709 
Certified value of 968 ± 40 µg g" 

CRM NIST 2711 
Certified value of 726 ± 38 µg g" 

cxs Bias %cxýs Bias % 
µg g' P9 g' k8 Sf µg t; ' Bias µg g'' P9 g' µt; g' tg g-' Bias 

920.24p 898.3°` 31.03 -69.71 -7.2 672.47p 679.13" 9.41 -46.88 -6.46 
875.35p 685.78p 

a Significantly different mean Ba concentration at 95% confidence. 
ß Ba Concentration is outside the uncertainty limit of the reference material (95% 

confidence) 

Table 4.2: Analytical bias for Ba concentration estimated from two CRM's for the site 

characterisation data (x = mean concentration; and s= standard deviation). 

GRID CRM NIST 2709 CRM NIST 2711 
DESIGN Certified value of 968 ± 40 µg g" Certified value of 726 ± 38 µg g' 

and cxs Bias %cxs Bias % 
batch* 99 9" µS g4 999-1 Fig g' Bias 999,1 999,1 µg g' µg g'' Bias 

Regular 935.80 935.12" 0.96 -32.88 -3.52 717.91 718.79 
(batch 1) 934.44 719.68 
Regular 921.71p 925.71 5.65 -42.29 -4.57 723.72 724.18 
(batch 2) 929.71 724.64 

Hbne 901.000 903.48" 3.51 -64.52 -7.14 697.31 703.94 
(high 905960 710.55 

density) 
Stratified 912.17p 920.03 11.12 -47.97 -5.21 702.89 703.10 
Random 927.89 703.31 
(batch 1) 

Strat. 899.08p 910.90 16.74 -57.08 -6.27 682.0Oß 689.55 
Rdm. 922.750 697.10 

and Hbne 
(low 

density) 

a Significantly different mean Ba concentration at 95% confidence. 

1.25 -7.21 -1.00 

0.65 -1.81 -0.25 

9.35 -22.07 -3.14 

0.30 -22.90 -3.26 

10.68 -36.45 -5.29 

ß Ba Concentration is outside the uncertainty limit of the reference material (95% 
confidence) 
* The co-ordinates and measured concentrations are presented in Appendix 2. 

4.3.2 Intensive characterisation of the hot spot. 

The best estimate of the `true' value of the barium concentration, called the 
`assigned value', for each of the original rings within the hot spot (Table 4.3) was based 

on and traceable to, the mass of barium added to the < 2mm size fraction of soil. The 

assigned concentrations are derived from the combined data collected before and after 
the use of the site; as these two data sets were not significantly different (at 95% 
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confidence). The detailed survey on and around the hot spot identified a one metre (+/- 

20cm) `smear zone' around the edge of the hot spot. This was probably caused by the 

process used for the in sitrr mixing of the contaminant in the hot spot. The mass of 

barium relocated to this outer ring, or smear zone, was calculated and subtracted from 

the mass assigned to the concentration of the outer ring (ring number 4). This enlarged 

the area of the hot spot to 70.88 m2 (8% of the site area), and was given an assigned 

value based on the measured extent of contamination around the known centre point (x 

=12 m, y= 13 in, see Figure 4.4). The uncertainty on the lateral dimension of the hot 

spot was estimated to be ± 20 cm, and ± 1.0 cm in the vertical dimension (with 95% 

confidence). 
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Figure 4.4: Final design of the synthetic reference sampling target at Ascot, UK. 

16.75 

The standard deviations associated with the assigned values of concentration 

were derived from measured values (Table 4.3), and hence represent the actual variation 
in results obtained from the site characterisation. These standard deviation values are 
traceable to certified reference materials described in Section 314.4 and are used to 
derive the uncertainty values, for 95% confidence. The standard deviation of the 

population rather than the standard error on the mean has been used because this gives 
the best estimate of the confidence interval for individual measurements. Because the 

uncertainty on a concentration measurement in an RST is limited by heterogeneity 

(unlike the case for a CRM) then the repeated measurements that have been made on the 

ring do not reduce this uncertainty. 
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Table 4.3: Barium concentration values and uncertainties for the synthetic sampling target at 
Silwood Park. 

Ring 1 Ring 2 Ririg 3 Ring 4 Ring 5 

Average Measured Ba Concentration / 1855 1478 823 531 187 

µg g'1 (n=8) (n=8) (n=16) (n=15) (n=8) 

Standard Deviation of measured values 382 330 249 230 17 

Relative Precision at 95% confidence 
(196s/ X) 

40 44 59 85 18 

Assigned value / µg g'1 2015 1512 1099 468 187 

Percent `bias' between measured & 
-7 94 -2 28 -25 11°` 13 41 0 20 

assigned . . . . . 

Upper limit of uncertaintyP on the 
assigned value / µg g"1 

2764 2159 1588 919 221 

Lower limit of uncertaintyD on the 
assigned value / µg g'1 

1266 865 610 17 153 

"Statistically significantly different from the assigned value at 95% confidence. ß For 
single measurements (i. e. based on standard deviation and not standard error on the 
mean). 

The levels of uncertainty in this RST are relatively high (averaging 49%), but 

not atypical of those found in real contaminated sites (Ramsey and Argyraki, 1997). 

For rings 4 and 5, the lower limit of the uncertainty includes the background Ba 

concentrations for the site. This implies that there is a finite probability that samples 

taken in these two outer rings could be misclassified as `false negatives', which will 
limit the usefulness of those rings within the RST. The Ba concentration measured in 

each ring differs from the'concentration estimated from the amount of Ba added to each 

ring (Table 4.3, row, 5). However, only for one ring (number 3) is this difference 

statistically significant. 

Factors that may be contributing to the high heterogeneity in the RST rings 
include the heterogeneity of the spiking mixture (± 6.51% at 95% confidence) the 

variable loss of barium sulphate powder due to adhesion to equipment, wind dispersion 

during the construction of the RST, mixing to a depth greater than specified and 

compaction of the contaminated soil. Such a variation from the intended depth of 

mixing (15cm) would be expected to cause approximately a -5.5% bias from the spike 

calculations for every 1cm depth of soil mixing greater than the nominal depth (Figure 

4.5). 
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Figure 4.5: Chart showing the concentration of Ba calculated for a soil sample collected from a 

depth of 0-15 cm, when the BaSO4 and sand mix is homogenised to depths of 15,16,17,18,19 

and 20cm's. In each ring, a1 cm increase in depth of mixing from the nominal depth of 15 cm, 

causes approximately a -5.5% bias from the assigned Ba concentration. 

No temporal changes in the Ba concentration of the RST were detected (at 95% 

confidence) during the 7 months that the site was in use. Between 7 and 14 months after 

the construction the only significant change detected in the Ba concentration (+ 15%) 

was for ring'number 3, which brings its measured concentration closer to its assigned 

value. 

4.3.3 Site characterisation using six sampling protocols 

The six different sampling protocols applied to the RST confirmed that the 

intended RST design of the site had been realised in practice (Figure 4.6). Sampling 

-locations away from the intended location of the hot spot gave background Ba 

concentrations that were below the threshold value of 171µg g"1 (derived below). Two 

sampling locations close to the edge of the hot spot (< 0.5 m) did give elevated Ba 

concentrations, reflecting the spatial uncertainty from the surveying technique. The 

sampling locations that were positioned within the intended location of the hot spot did 

give elevated concentrations above the threshold value for Ba. There was one exception, 

with a sampling location positioned in the hot spot using the coarse herringbone grid 

having a concentration of <171 µg g' Ba. This underestimate was not unexpected as the 

lower limit of uncertainty on the assigned value for this ring was 17 gg g'1 Ba (see 

Table 4.3). 
65 



Coarse Grid 

`.. 

cn C) 
P4 : 0:: 

tt=24 

0 
co 

x 

ý* 

E 
0 v 

b a) 

n=22 

1" 

Fine Grid 

.. **".. 

r1= 100 

n=85 

"* , *, 

n=25 n=100 

N 

30'm 

Assigned hot spot location 
" Sampling location measured as <171 gg g'1 barium 
* Sampling location measured as>171 gg g' barium 

Figure 4.6: The three sampling designs used to characterise the site, all applied at two 

sampling densities: (a) simple regular grid; (b) herringbone design; (c) stratified random design, 

showing measured concentrations above and below the threshold limit of 171 gg g" Ba. These 

measurements confirmed that the hot spot was correctly positioned, with only two sampling 

points on the edge of the hot spot showing higher than expected concentration. 

Sampling and analytical precision was estimated using robust analysis of 

variance (AMC, 1989). This technique was applied to the Ba concentrations measured 

for the sampling and analytical duplicates that were mainly located on the original 

uncontaminated soil. It provides separate estimates of the geochemical, sampling and 
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analytical variances. The measurement variance (combined sampling and analytical 

variance) contributed more than 20% of the total variance. The small proportion of 

duplicated samples taken on the hot spot (<l0%) do not significantly affect these 

estimates of the variances because of the robust nature of the calculation. 

These apparently large analytical and sampling variances result from relatively 

homogenous concentrations, and hence small geochemical variance of Ba on the site. 

This implies that no reliable patterns of Ba concentration can be resolved within the 

original background population of the uncontaminated soil (Ramsey e/ (1l., 1992). The 

protocols are not therefore, considered suitable for distinguishing Ba within the 

background population. The measurements are good enough however, to distinguish 

between Ba concentrations in the background samples and those in the `hot' samples, as 

shown in Figure 4.6. The percentage of geochemical, sampling and analytical 

components of precision for each high density protocol are shown as pie charts in 

Figure 4.7. 

Regular Grid (n=8) Herringbone Grid (n=9) 

0 Geochemical 
25.8% 

QSampling 63.2% 

 Analytical 11.0% 

Stratified Random Grid (n=9) 

O Geochemical 
64.1% rlý 

13 Sampling 32.4% 

  Analytical 3.6% 

Q Geochemical 
40.3% 

Q Sampling 37.1 % 

  Analytical 22.6% 

All data (n=26) 

Q Geochemical 
49.2% 

Q Sampling 44.5% 

  Analytical 9.3% 

Figure 4.7: Percentage of geochemical, sampling analytical variance expressed as a 

proportion of the total variance for regular, herringbone and stratified random protocols, and 

with all protocols combined. 
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4.3.3.1 Threshold concentration (T) for the RST 

The measurement variance for the regular grid design was used to estimate the 

measurement uncertainty as 10.32 µg g'1 (2Smeas), which is equivalent to a value of 6.7% 

relative to the concentration. This value is useful for setting the threshold of Ba 

concentration above which there is significant levels of contamination. 

For the spatial delineation of the hot spot of Ba contamination it was necessary 

to set a threshold concentration (T) for this particular site. This was set at the 95th 

percentile of the range of background Ba concentration of uncontaminated site, with an 

allowance made for the measurement uncertainty. This is derived from the mean 

concentration of the uncontaminated site plus the addition of two standard deviation of 
the natural geochemical variability (2sgeoci, em) and a further two standard deviation from 

the measurement uncertainty (2s . , a, ), giving a final definition as T =154 + 2Sgeochem + 

2Srneas. For this sampling target the mean concentration of barium in the background 

population was estimated at 154 µg gl using the robust mean of 16 randomly selected 

samples of unspiked soil across the site. Given the estimates of sgeocl, em as 3.04 µg gl 

and smeas as 5.16 . tg g', this gives a value of T as 171 µg g"' in this case. Therefore, any 

soil giving a measurement of barium concentration that is 171µg gl or greater, can be 

considered as contaminated on this site, with 95% confidence. Sampling locations that 

had concentration values exceeding this value are therefore classified as hitting the hot 

spot (Figure 4.6). 1 

4.4 Conclusions 

It has been shown possible, for the first time reported in the literature, to design 

and construct a reference sampling target (RST). The general requirements of temporal 

stability, appropriate dimensions and appropriate assigned values have been discussed, 

and fulfilled for the example chosen of contaminated land. The RST that has been 

prepared, has assigned values not just for analyte concentration, as with a reference 

material, but also for the spatial dimensions of the extent of the contamination. The RST 

has been fully characterised by sampling of both the whole sampling target and also the 
hot spot of Ba contamination in detail. The intended design of the RST has been broadly 

confirmed by this sampling. Nominally uncontaminated areas were substantiated as 
being below the threshold on all six of the sampling designs applied, when allowance is 

made for the uncertainty in its spatial extent. The threshold of Ba contamination was set 

at 171 µg g'1 using these measurements, by using the 950' percentile of this background 

population'with the addition of the estimated measurement uncertainty (6.7% relative). 
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The measured Ba concentrations within the hot spot were not significantly 
different from the assigned (i. e. spiked) concentrations, with one exception. One ring of 

contamination (ring 3) was significantly lower than the intended value, possibly due to 

mixing to a depth more than the target (15cm). Another ring of contamination (ring 5) 

was created inadvertently around the edge of the intended outer edge of the hot spot, 

probably by lateral smearing caused by the mixing technique employed. The RST was 

redefined to include this outer ring. Assigned values of concentration for the middle 

four rings of the RST were derived from the mass of Ba spiked into the soil, and 

confirmed by measurements on the RST. For the outer ring (ring 5) the measured Ba 

value was used as the assigned value. For the uncertainty, the assigned values for the Ba 

concentrations for all rings within the RST were derived from measured values of the 

variability of the Ba concentration within that ring. The assigned value for the spatial 

position of the hot spot was based on the survey measurement used in the construction 

of the RST, modified slightly by site measurements to allow for deviations caused 
during the mixing process. 

This RST has been shown to be suitable for the estimation of bias, and for use 
during inter-organisational sampling trials, such as collaborative trials in sampling and 

sampling proficiency tests. The results of such trials, and the estimation of measurement 

uncertainty that they facilitate, are reported in Chapters 6 and 7. The use of the RST to 

quantify uncertainty arising from the sampling process allows the balance to be 

established between this source of uncertainty and that arising from the chemical 

analysis. It is only when both sources of uncertainty are monitored that realistic targets 

can be set for acceptable levels of uncertainty arising from both components of the 

measurement. 
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5 Spatial Interpolation of data from the Reference 
Sampling Target 

5.1 Introduction 

Spatial interpolation is an essential feature in many environmental fields of study 
(e. g., meteorology,. hydrology and soil science) to estimate the values of a variable at 

unsampled locations. However, there are many interpolation techniques which can lead 

to very different estimates of the variable value and the uncertainty (Karimi, 1997). In 

this chapter deterministic and stochastic methods of point estimation and spatial 

delineation, which are described in Chapter 2, are applied to two data sets from the site 

characterisation of the RST (Chapter 4). The performance of each approach is compared 

with the others, and with the assigned (or `true') dimension of the RST Kotspot using 

the procedure described in Chapter 6. The objectives of this investigations is to establish 

a method which can: 

1. provide a reliable spatial delineation of the RST hot spot when compared with the 

assigned dimensions. 

2. be applied to data sets typical of that used for a collaborative trial in sampling (1i = 
25). 

3. be understood by, and transparent to participants of an inter-organisational sampling 
trial. 

4. provide an estimate of uncertainty on the interpolated concentration values. 

5.2 Experimental 

Two data sets from the site characterisation of the reference sampling target 

were spatially interpolated using deterministic and stochastic techniques in order to 

spatially delineate areas of contamination >_171 . tg g"1 Ba. The coarse regular grid data 

(n=25) was investigated first. This was followed by a combination of all the data from 

the site characterisation to form one large data set (of n=285) to determine whether this 

would improve the results. 
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5.2.1 Deterministic methods of spatial interpolation 

Two deterministic methods of spatial interpolation were investigated. These 

were Dirichlet tessellation with nearest-neighbour analysis and Delaunay triangulation 

with linear interpolation (described in sections 2.3.1 and 2.3.2). A third method was also 

employed to represent the worst case scenario in spatially delineating an area of 

contamination. This method does not perform point estimation at unknown values. 

Instead, it requires the connection of uncontaminated sample values around those 

samples above a defined threshold concentration. Delaunay triangulation was performed 

using Plot version 4.40 software (1998) to determine which sample values to connect 

when employing this method. Dirichlet tessellation with nearest-neighbour analysis was 

preformed using 3Plot software (1998). Delaunay triangulation with linear interpolation 

was performed using Surfer version 5.01 (Golden software, 1994) based on a grid of 

0.5m by 0.5m. 

5.2.2 Stochastic methods of spatial interpolation 

Variograms were constructed using GEO-EAS version 1.2.1 software (1991) to 

assess the suitability of the RST data for ordinary kriging and conditional simulation. A 

normal (Gaussian) distribution of the data is required to construct the variogram (Isaaks 

and Srivastava, 1989). Histograms were employed to assess the data for a normal 

distribution using Minitab for Windows statistical software, version 12 (1998). 'A 

population that was not normally distributed (i. e., skewed) was transformed by 

computing the normal-score-transformation. This method was selected in preference to 

a log-transformation, as back-transformations of log-transformed data exponentiates any 

error in the process of estimating either the lognormal estimate or its variance (Deutsch 

and Journel, 1998). 

Where a separate background and contaminated population of samples was 

observed (in comparison to a skewed distribution) a variogram was constructed for each 

of these populations. Kriging or conditional simulation could then be applied to the 

whole data set using the variogram from the background population (Rosenbaum, 

1997). The geostatistical method of cross-validation (using GEO-EAS statistical 

software, 1991) indicated that this method underestimates values at concentrations 

typical of the contaminated samples. This method preformed better than forcing the two 

populations into one however, as this resulted in the background concentrations being 

overestimated and the contaminated values to being underestimated. 
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5.3 Results and Discussion 

5.3.1 Deterministic Interpolation 

A number of deterministic spatial interpolation techniques were applied to the 

regular grid (n=25) and combined data set (n=285) as shown in Figure 5.1. These 

techniques were found to be fit-for-purpose (score <_ 3) on both coarse and fine grids 

(shown below each map). The scoring method is described in detail in Chapter 6. For 

the purpose of this chapter it is sufficient to state that a score of zero reflects a perfect 

spatial delineation. The score increases as the area of false positive or false negative 

classifications increase. 

The Dirichlet tessellation with nearest neighbour technique, with scores of 2.24 

and 0.78 performed less well than the other methods, mainly because only 59% and 

84% of the assigned hot spot were correctly identified for the coarse and fine grid 

respectively, compared to >_ 90% for the other two methods. However, the simplicity of 

this method would make this technique more transparent to participants of a sampling 

trial. 

The Delaunay triangulation with uncontaminated sampling locations joined 

around those which were above a defined threshold (171 pg g'1 Ba for this site) gave 

performance scores of 1.59 and 0.57 for the coarse and fine grid respectively. This 

method does not involve interpolation, which would make this method transparent to 

participants. However: the uncertainty at each sampling location must be estimated to 

avoid misclassification. 

The spatial interpolation scores using Delaunay triangulation (1.16 and 0.27) 

produced the best results (scores closest to zero) out of all the deterministic methods. 
The limitation of all the deterministic methods of spatial interpolation is the absence of 

uncertainty estimation on the interpolated values. 
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Figure 5.1: Spatial delineation of the regular grid (n=25) and the combined data set (n=285) 

using (a) Dirichlet Tessellation with nearest neighbour interpolation (b) Delaunay Triangulation 

with the connection of sample locations showing no contamination around those sample 

locations with Ba concentrations z 171 µg g'1 and (c) Delaunay Triangulation with linear 

interpolation. All the techniques perform within the fitness for purpose criterion assigned for this 

site (score of s 3). 
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5.3.2 Stochastic Interpolation 

Histograms that were constructed for the regular grid (n=25) and combined data 

sets (n=285) showed that there were 2 populations within each data set (Figure 5.2). 

Plots of the measured barium values against their normal scores identified an inflection 

points at 160 µg g"1, from which to divide each data set into a background and 

contaminated population. 
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Figure 5.2: Histograms of the measured concentration of barium for (a) the regular grid and (b) 

the combined data set. Also shown is a plot of the measured barium concentration against their 

normal score transformation, showing an inflection point at approximately 160 µg g'1 for both 

data sets. 

Histograms were then drawn for the concentration of Ba below and above 160 µg g"1 

(where there were a large number of samples, e. g., n >20) and tested for a normal 
distribution using histograms of the measured barium values. Histograms that did not 

show a Gaussian distribution were normalised using a normal score transformation of 

the original Ba values as shown in Figure 5.3. 
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Figure 5.3: Histograms of the measured and 'normal score transformed' data from (a) the 

background population of the regular grid (b) the background population of the combined data 

set and (c) the contaminated population of the combined data set. 

Experimental variograms were constructed using the `normal-score transformed' 

data to identify the spatial dependence of the data (as described in Chapter 2) of the 

background population of samples (<160 µg g"I Ba). The variogram constructed from 

the regular grid data set (Figure 5.4a) shows an almost pure nugget, i. e., the variogram 

appears almost completely flat. The combined data set does show some spatial 

dependence (Figure 5.4b), but the nugget is so large that no model can be fitted to the 

data. The large nugget and flatness of the variogram for both data sets indicate that 

background population of soil is not spatially dependent. This observation was expected 

as classical statistics showed relatively homogenous concentrations of the background 

population of soil in Chapter 4. The variograms shown in Figure 5.4 confirm that 

classical statistics techniques can be used to estimate statistical descriptors of this 

background population of samples. 
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Figure 5.4: Experimental variogram of the normal score transformed concentration of Ba below 

160 µg g" for (a) the regular grid data (n = 25) and (b) the combined data set (n = 254). 

Variogram (a) shows a nugget and sill of 1. Variogram (b) shows a nugget of 0.3 and a sill of 
0.45 although no model fits this variogram. 

An experimental variogram was also constructed using the `normal-score 

transformed' contaminated population of samples (>_160 µg g"1 Ba). This variogram 

(Figure 5.5) shows some spatial dependence, although it was not possible to fit a model 

to this experimental variogram within GEO-EAS. It may be possible to fit a `hole 

effect' model (Deutsch and Journel, 1998) using more sophisticated packages that were 

not available in this study. The hole effect model is used to identify hot spots of 

contamination. 
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Figure 5.5: Experimental variogram of the normal score transformed concentration of Ba above 

160 µg g'' for the combined data set (n = 254). 

5.3.3 Conclusions from the deterministic and stochastic interpolation 

techniques 

The deterministic methods of spatial interpolation were demonstrated to be fit- 

for-purpose in spatially delineating the known area of contamination within the RST 

(described in Chapter 4) using the scoring system described in Chapter 6. Delaunay 

triangulation with linear interpolation was found to produce spatial delineation's that 

were close to the `true' or assigned dimensions of the hot spot (scores of 1.16 and 0.27 

for the coarse and fine grids respectively). The joining of uncontaminated sample 

locations around those that was contaminated (>_ 171 p. g g71 for the RST) produced 

scores of 1.59 and 0.57 using Delaunay triangulation. Dirichlet tessellation with nearest- 

neighbour interpolation produced scores of 2.24 and 0.78. The variograms indicated that 

the data from the background population was spatially independent. The data from the 

contaminated population showed some spatial dependence, although no model could be 
fitted to the experimental variogram using GEOEAS software, in this case. The 

statistical technique of analysis of variance is therefore, considered a suitable method 
for assigning the concentration value and measurement uncertainty on the background 

population. Linear interpolation is considered to be the most suitable approach for 

interpolating points within the hot spot. Unfortunately, the limitation of this 

deterministic technique is the inability to determine the uncertainty on an interpolated 

value. 
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6 Collaborative Trial in Sampling for the Spatial Delineation of 
Contamination and the Estimation of Uncertainty 

6.1 Introduction 

In this chapter the fitness-for-purpose of a sampling protocol to spatially 
delineate a region of contamination is assessed by use of a collaborative trial in 

sampling conducted on a synthetic reference sampling target (RST). This trial employs 

the RST described in Chapter 4, to show the agreement between participant's estimates 

of the extent and intensity of contamination, when they are all using the same nominal 

protocol applied in any of its four, equally probable orientations. The spatial extent of 

contamination is compared with the true hot spot dimensions to score the participants 
based on a novel adaptation of the International Harmonised Protocol (Thompson and 
Wood, 1993). Within- and between-sampler variations are then used to assess the 

performance of the sampling protocol both for spatial delineation and for the estimation 

of concentration at particular sampling locations. 

The objectives of this study are to determine: 

1. whether it is possible to use a spatially resolved CTS to judge the fitness-for- 

purpose of a particular sampling protocol (e. g., herringbone pattern, it = 25); 

2. whether the variation in spatial delineation by samplers is greater within-sampler 

or between-samplers; and 

3. the measurement uncertainty caused by the precision and bias of the sampling 
and analytical methods at two selected sampling locations, where one location is 

on the hot spot and the other is on the background population of uncontaminated 
soil. I 

6.1.1 Collaborative trials in analysis and its analogy in sampling 

The Collaborative trial (or method performance study) is an internationally 

required method for assessing new or amended analytical methodologies using the 

procedures described in the protocol for the design, conduct and interpretation of 

collaborative studies in analysis (Horwitz, 1988). It is primarily a `top down' approach 
to estimating uncertainty that is based on the estimates from a number of participants 

measurements and not from uncertainty budget summations as outlined in ISO (1993b). 
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The results are used to assess the capabilities of the method, or to identify laboratories 

that may be recognised as a competent user of the method. 

At least 8 participants are required for a collaborative trial, with a minimum of 5 

being acceptable where it is impossible to obtain this number. The more participants in 

the trial, the greater the reliability of the results. The participants are provided with an 

analytical / sampling protocol and the material to be analysed (e. g. soil sample or 

sampling target). The protocol should be written clearly and unambiguously. However, 

in the CTS discussed in this research, the participants could use any combination of the 

equipment provided, in order to observe how different samplers interpreted the same 

protocol. For analytical CT's, test portions of the prepared samples are analysed in 

duplicate to determine analytical repeatability. The analogy for sampling is to repeat the 

sampling protocol in a different orientation. 

In the analytical CT the participants are sent a minimum of five homogenous 

samples, which differ slightly in composition. In this case, the reproducibility standard 
deviation is not affected by the heterogeneity of the test material as it is carefully 

homogenised prior to distribution. In comparison, heterogeneity is to be expected on 

environmental RST's, and furthermore the description of the spatial distribution of this 

heterogeneity is one of the primary tasks of many site investigations. 

Some preliminary work is required for collaborative trials, to ensure the method 
to be investigated has received adequate testing by the organisers prior to conducting 
the trial. For an analytical CT the information required includes estimates of the; within- 
laboratory standard deviation over the concentration range of interest; recovery of 

spiked materials; systematic error of analytical results; comparison of the method to be 

tested with existing methods; and calibration procedures. The analogy of these 

requirements within a CTS is possible when using an RST. There does not seem to be a 
direct analogy in sampling however, for analytical calibration procedures. 

For the CTS described in this chapter, the following information was obtained 
prior to the trial commencing: 

1. the variation in Ba concentration within the <2mm soil fraction across the RST. 

2. the spike recovery of Ba within the sampling target (section 4.3.2) 

the systematic error from measurements collected at individual sampling 
locations and; a comparison of the protocol to be tested with other sampling 

protocols (section 4.3.3). 
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The collaborative trial assesses a protocol in terms of precision, but makes no 

estimate of bias arising from the analytical or sampling methodology. The analytical 
bias can be estimated by assigning a concentration to the test material using the 

consensus value from the participants of the trial, or by formulation, as described in 

Section 2.5.3. The reference point for the estimation of sampling bias, for previous CTS 

trials on contaminated land, were assigned from the consensus value from a substantial 

number of measurements made by different protocols (Ramsey, et. al., 1995a) and/or 
independent samplers (Ramsey, et al., 1995b). Previous applications of this 

methodology have also taken no account of the spatial variability of the analyte in 

question, which is a parameter often required for assessing potentially contaminated 

areas for remediation. 

This study therefore uses a synthetic reference sampling target (RST), 

comprising a single hot spot of known concentration and position, to act as a reference 

value against which to assess the performance of the sampling process (described in 

Chapter 4). This collaborative trial in sampling (CTS), in addition to the objectives of 

previous trials, allows the first estimates of the bias from sampling to be obtained, these 

being traceable to a known mass of pure analyte. Such biases could arise from several 

causes, such as contamination from the sampling tools, inappropriate handling or 

selective sampling (Thompson, 1998). A new scoring method, based on the true hot 

spot characteristics, was required to assess the fitness-for-purpose of the sampling 

protocol to spatially delineate an area of contamination. The results of the CTS are 

processed to provide an assessment of the sampling protocol, and its application by each 

participant, in the form of a score derived from a novel adaptation of the International 

Harmonised Protocol (Thompson and Wood, 1993). 
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6.2 Experimental 

6.2.1 The sampling target 

A synthetic reference sampling target of dimensions 30 m by 30 m was 

constructed at the Imperial College campus at Silwood Park, Ascot (grid reference TQ 

9373 6936) for use in inter-organisational sampling trials (chapter 4). A single circular 

hot spot comprising 8% of the site area was spiked with barium sulfate to a depth of 15 

cm (centred at co-ordinates x= 12 in, y= 13 m). The concentration of barium in the hot 
, 

spot decreases towards its edge, comprising 5 rings, to mimic approximately the 

contamination that can result from some historical mining and smelting activities. This 

site was characterised in a pilot study using six different sampling protocols and 
intensive sampling of the hot spot. The pilot study showed relatively homogenous 

concentrations of barium in the background population of the uncontaminated soil 
(typically 154 ± 11 µg g"I at 95% confidence). The threshold limit of concentration that 

indicates the edge of the hot spot was calculated to be 171 µg g"1. The temporal stability 

of the target was tested by comparing soil samples collected from the hot spot before 

and after the sampling trial. A two-sided t-test showed no significant temporal 

variability over the duration of the experiment, where a change of 95 p. g g'1 would have 

been detected as significant for the highest concentration of Ba in the hot spot. 

6.2.2 Sample Collection 

Nine organisations from academia and commercial organisations, listed in 
Chapter 3, sent samplers to the site, sequentially over a period of 3 months, between 

October 1997 and January 1998. The samplers' aim for the project was given to each 

participant 1 month before the first participant commenced sampling. This aim was to 

spatially delineate regions of soil containing ? 171 pg g'1 of barium. It was intended that 

the samplers should'collect soil samples using a herringbone sampling design (1i = 25, 

with 8 sampling duplicates at 20 cm from the nominal sampling location), as given in 

Section 3.2.2.1. The organisers would then analyse the soils and use the results to arrive 

at an estimate of the location of the area of contamination, using two different 

methodologies described in Chapter 5. -This spatial delineation step was not required of 

the participants in this trial so as to maintain the independence of a sampling 

proficiency test, which was also being undertaken by the same participants. Participants 

visited the site independently and did not observe any other participant during the 
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sampling exercise. Holes left from sampling were closed to remove any visible trace of 

the sampling that might affect later participants. 
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Figure 6.1: Diagram of the sampling target showing the true hot spot location and four possible 
herringbone pattern orientations with sample locations. 

6.2.3 Sample Preparation and analysis 

The soil samples from all the participants were collected by the organisers for 

sample preparation and chemical analysis. The soil samples were prepared and analysed 

as described in sections 3.3. and 3.4. All the test portions from the collaborative trial in 

sampling were analysed between nine analytical batches. Analytical quality control 

procedures were used to determine analytical precision and bias of the method, and to 

test if there was any significant differences in the quality of measurements between the 

batches. 
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6.2.4 Analytical Quality Control 

Test portions from two sampling protocols were randomised within each batch, 

as it was impossible to analyse all the samples in one batch due to the large number of 

samples collected (n = 594). Many of the batches showed a small but statistically 

significant negative bias (shown in Table 6.1) for the certified reference materials 

(typically -6%) using a two-sided t-test. Many of the individual measurements were also 

below the lower limit of uncertainty on the mean for the assigned CRM's. Between the 

batches there was no significant differences in the mean concentration of reference 

materials, as judged using one way analysis of variance. In this way the analytical bias 

does not affect the objectives of comparing within- and between-batch variations within 

this study. The overall analytical bias (i. e. -6%) was accounted for however, when 

estimating the bias in spatial delineation of the hot spot, resulting from a particular 

sampling methodology. 

Table 6.1: Analytical bias for Ba concentration estimated from two CRM's (x, mean 

concentration; ands, standard deviation). 

Reference Statistic Participant number and design within each batch 
Material 

2C, 5C 1C, 9D 3A, 9C 7D, 4A 3D, 6A 1B, 8B 7A, 5B 4B, 6B 2D, 8D 

NIST2709 x 989.55 919.87 916.42 882.66 896.34 911.23 907.77 899.39 881.32 
918.52 916.24 890.08 902.96 898.60 902.68 908.02 892.84 897.51 

x 954.03 918.06 903.25 892.81 897.57 906.95 907.90 896.12 889.42 

s 50.23 2.56 18.63 14.35 1.46 6.05 0.17 4.63 11.45 
968 ± 40 Acc Valuc 968 968 968 968 968 968 968 968 968 

Bias -13.97 -49.94 -64.75 -75.19 -70.43 -61.05 -60.10 -71.88 -78.58 
% Bias -1.44 -5.16" -6.69 -7.77 -7.28" -6.31" -6.21" -7.43" -8.12 

700.14 686.77 690.00 683.85 689.13 680.06 702.59 686.20 673.24 
NIST2711 x 679.37 711.63 683.95 688.46 684.77 692.35 698.27 681.03 680.33 

x 689.75 699.20 686.98 686.16 686.95 686.20 700.43 683.62 676.79 

s 14.69 17.57 4.28 3.26 3.08 8.69 3.05 3.66 5.01 
726 ± 38 Acc Value 726 726 726 726 - 726 726 726 726 726 

Bias -36.25 -26.80 -39.02 -39.84 -39.05 -39.80 -25.57 -42.38 -49.21 
% Bias -4.99 -3.69 -5.38" -5.49" -5.38" -5.48 -3.52 -5.84" -6.78" 

Significantly different measured mean Ba concentration compared to that assigned for the CRM at 95% 
confidence. 
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6.3 Results and discussion 

6.3.1 Internal quality control of the herringbone sampling protocol 

The taking of duplicate samples that are separated by a distance representative of 

that generated on site by the surveying technology employed (i. e., 20 cm) is a relatively 

cheap and quick method of obtaining the measurement uncertainty from a single 

sampler (as described in Chapter 2). The sampling. duplicates are assumed to be 

representative of uncertainty across the whole sampling target. The method is primarily 

a `bottom up' approach as it estimates different sources of variability and combines 

them to give an estimate of uncertainty (Ramsey and Argyraki, 1997). 

The variances to be described for sampler number 5, protocol orientation C 

(abbreviated as 5C), were typical of all the participant's results (shown in Appendix 3) 

The component standard deviations. measured using robust analysis of variance 
(ANOVA) for this single sampler using a single sampling protocol were Sgeoche, nical = 

1.10 99 g'1, Ssampling = 1.96 pg gl and Sanalysls = 1.53 µg g'. The measurement uncertainty 

(Smear) was calculated from the sum of squares from sampling and analysis, and was 

calculated as 2.49 gg g71 (1 s). The expanded uncertainty for 95% confidence, U, was 

4.88 gg g"' (1.96 s). This gives a relative measurement uncertainty, U, of 3.34%, 

expressed relative to the mean Ba concentration of 146 gg g''. 

The RST used in this investigation contained a large proportion (92% by area) of 

relatively homogenous background concentrations of uncontaminated soil. The majority 

of the sampling duplicates were therefore collected away from the hot spot. This 

resulted in a low value of measurement uncertainty (typically U of 3.34%), as there was 

very little small-scale variability between the sample duplicates in this homogenous soil 
(154 ± 11 pg g"1 at 95% confidence). Therefore, this estimate of uncertainty is not 

simply a characteristic of the sampling and analysis procedures, but also of the site 
heterogeneity. This single estimate of measurement uncertainty can best be considered 

as a lower limit of measurement uncertainty that applies to such relatively homogeneous 

sites. Applying this value to all sample locations (including those on a hot spot) is 

therefore considered to underestimate the measurement uncertainty in sample locations 

within areas of higher geochemical variability. 
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6.3.2 Measurement uncertainty at a single sampling location 

Within- and between-sampler variations were measured by classical analysis of 

variance (ANOVA) to determine the sampling repeatability (within-sampler standard 
deviation) and sampling reproducibility (total standard deviation) at two sampling 
locations (one on the hot spot, location 13, and one in the background population, 

location 3). The sampling repeatability standard deviation determines the uncertainty of 

a single sampler measuring the Ba concentration at a single sampling location. The 

reproducibility standard deviation quantifies the uncertainty of multiple samplers 

measuring the Ba concentration at a single sampling location. 

The two sampling locations (numbered 3 and 13) were sampled twice by all nine 
samplers (once in each protocol orientation). Each sample was analysed once for Ba by 

ICP-AES and all of the measurements interpreted using classical analysis of variance 
(ANOVA) to estimate precision (as standard deviations) under sampling repeatability 
(s, (s) = s1) and reproducibility (sR(, ) . s, 2 +S2 ) conditions. The symbols sl and s2 refer to 

the within- and between-group standard deviations. Classical rather than robust statistics 

were applied in this case as there was no intention of focusing on the main population 

and down-weighting outlying values. 

The ISO (1993a) definition of analytical bias is the difference between the 

expectation of the test results and an accepted reference value. Sampling bias can 
therefore be defined, by analogy, as the difference between the mean of the population 

of sampling measurements and the assigned value of the sampling target. The assigned 

value for the RST was derived from the spiked concentration of barium sulfate added to 
the soil. The confidence limits (at 95% confidence) for the assigned value were based 

on the standard deviation of the measured concentration results. The mean 
concentrations for locations 3 and 13 for each sampler were compared with the 

respective assigned concentration value `to estimate the sampling bias. The consensus 
mean was also compared with the assigned mean in order to determine if the protocol 
gave rise to an overall bias in concentration. 
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Table 6.2: Participants measurements on the hot spot (location 13) showing no significant 
difference within and between samplers and no significant measurement bias for either the 

samplers or the protocol. 

Participant 
Number 

Locationl3 concentration 
(µg g'') 

Average 
concentration 

(µg g-') 

Absolute bias" 
(µg g-') 

Sample 1 Sample 2 
1 472 869 671 203 
2 832 641 737 269 
3 255 318 287 -182 
4 146 256 201 -267 
5 393 294 344 -125 
6 790 629 710 242 
7 398 576 487 19 
8 748 374 561 93 
9 592 484 538 70 

x=504±192(1s) 
" Where the assig ned concentration is 468 ± 451 µg g" at 95% confidence 

Location 13 is situated within Ring 4 of the hot spot and has an assigned 

concentration of 468 ± 451 µg g"1 at 95% confidence. The large uncertainty on this 

value was introduced inadvertently by the heterogeneous mixing in this zone of the hot 

spot. None of the measured Ba concentrations from the nine participants differed 

significantly from the assigned value for this location (as shown in Table 6.2). Even if 

the -6% analytical bias is allowed for, none of the measurements shows a significant 
bias against the assigned value. The large heterogeneity of Ba within this hot spot ring 

(RSD of 85%) made identifying sampling bias difficult using the assigned value at this 

location. This indicates the need for a more homogenous sampling target, or 

concentrations within the hot spot being much higher above the background population. 

The performance of the sampling protocol was judged against the consensus 

value. The mean Ba concentration over all the participants (504 ± 376 gg g"1 at 95% 

confidence) was found to be not significantly different from the assigned value. The 

uncertainty of a single sampler identifying a single sampling location (sampling 

repeatability) was estimated at 60.08% at 95%` confidence (using the equation. 196 x 

Swrthin / x). Similarly, the uncertainty of multiple samplers identifying a single sampling 

location (sampling reproducibility) was estimated as 85.79% at 95% confidence. There 

was no statistically significant difference in within-sampler variance compared with 
between-sampler variance for location 13. For site investigations requiring lower 

uncertainty, such as those where the mis-classification of the land could cause 

unacceptable financial losses, then one way of reducing this uncertainty would be by the 

collection of larger or composite samples. 
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Table 6.3: Participants measurements away from the hot spot (location 3) showing no 

significant difference within and between samplers and no measurement bias for either the 

samplers or the protocol. 

Participant 
Number 

Location 3 concentration 
(µg g') 

Average 
concentration 

(µg g l) 

Absolute bias 
(µg g") 

Sample 1 Sample 2 
1 144 148 146 -8 
2 145 147 146 -8 
3 145 143 144 -10 
4 142 145 143.5 -10.5 
5 147 144 145.5 -8.5 
6 143 152 147.5 -6.5 
7 143 144 143.5 -10.5 
8 145 145 145 -9 
9 143 147 145 -9 

x=145±1.32(s) 
" Where the assigned concentration is 154 ± 11µg g'' at 95% confidence 

Location 3 is situated in the background population and has an assigned 

concentration of 154 ± 11 µg g'1 at 95% confidence. None of the nine participants 

measured statistically different concentrations of Ba from that assigned for location 3 

(as shown in Table 6.3). No significant difference between the consensus of the nine 
participants and assigned value was evident, even when the -6% analytical bias was 

taken into account. The performance of the sampling protocol judged against the 

consensus value showed the mean measured concentration (145 ± 2.59 µg g"1 at 95% 

confidence) to be not significantly different from the assigned concentration. The 

uncertainty of a single sampler quantifying the concentration at a single sampling 
location (sampling repeatability) was estimated at 3.77% at 95% confidence (using the 

equation 196 X Swithin / x). For multiple samplers (sampling. reproducibility) this 

uncertainty was the same (3.77%) as there was no extra variance between-samplers. 

These results contradict those found in analogous situations encountered in 

collaborative trials in chemical analysis, where inter-laboratory variations tend to be 

greater than those within a laboratory. This is due to the relatively homogenous 

background population of Ba and all samples being analysed within one laboratory. It 

can therefore be concluded that the protocol is fit for estimating the background 

concentrations of barium to within 3.77% of the consensus concentration at this 

location. 
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6.3.3 Scoring system for spatial delineation 

Assessing the spatial performance of the herringbone sampling protocol required 

the development of a new methodology, to provide a score relating it to a fitness-for- 

purpose (FFP) criterion. The fitness-for-purpose scoring system for spatial delineation 

was based on a cost - effectiveness approach (shown as eqn. 6.1). Figure 6.2 gives an 

example of an estimated hot spot area relative to the assigned or `true' area. 

OVER 

N 

Assigned hot spot (T) Estimated hot spot (E) 

I 

m 

Figure 6.2: Schematic diagram showing the false positive and false negative delineations of a 
hot spot, which are factors influencing the spatial scoring system for the CTS. 

The score for each participant in the CTS was given by the excess cost: 

`Excess cost' =a (E - l, ) +b (T- %) Equation 6.1 

Where T is the hot spot assigned area, E is the estimated hot spot area and i is 

the area. of overlap of the two regions, T and E. The cost of unnecessary remediation 
(false positive) is (E = i) and the cost of not remediating areas that should be remediated 
(false negative) is (T - i). Proportionality constants a and b are used to give weight to 

the importance of each classification. In this instance (a= 1 and b= 4) as the financial 

penalty of a false negative classification was estimated to be four times that of a false 

positive classification. The value of the proportionality constants could be changed 
depending on the type of contaminant and remediation techniques used on an individual 

site. The value of the area E, is expressed relative to the value of T, which is taken as 

unity, hence E , eben T 31 =E/T. The value of i is expressed as a fraction of T, so that i 

when T=1 =1/T 

Scores for this trial were produced that ranged upwards from zero. A score of 
zero indicates perfect spatial delineation with no excess cost. A larger score reflects 

greater `excess cost'. The fitness-for-purpose criterion of this trial has been set at a 
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score of :0 based on professional judgement. Figure 6.3 shows that when the measured 

area of the hot spot is equal to the assigned area, only a 40% overlap area is required to 

achieve a satisfactory score (i. e., _<3) 
from equation 6.1 
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Figure 6.3: Graphical demonstration of the fitness-for-purpose scoring system used for the 

CTS, derived from equation 6.1. The score for participants varies with the area and percentage 

overlap measured in comparison to the assigned hot spot. Participants achieving a FFP score 

of 53 were classed as satisfactory in this CTS. Where the measured hot spot is the same area 

as the assigned and has an overlap of 40 %, a satisfactory score can be achieved. 

A score better than required (e. g. 1) could be achieved when the measured hot 

spot area is the same size as the assigned with an overlap of 80%. For site investigations 

requiring less spatial precision a FFP score of 5 may be acceptable. Such a score could 

be achieved with the measured hot spot size being three times that of the assigned, with 

an overlap of 40% for these particular values of a and b. 
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6.3.4 Spatial delineation of the hot spot from the CTS 

The measured concentration values for each sampling protocol were spatially 

delineated using two consistent methodologies. The simplest option for the spatial 

delineation employed the joining of uncontaminated sampling locations around a hot 

spot using Delaunay triangulation (3Plot software, 1998). A second option used linear 

interpolation of the concentration values between the contaminated and non- 

contaminated sampling points to locate the position of the threshold concentration. For 

the linear interpolation each data set was interpreted, without smoothing, on a square 

grid of 0.5 by 0.5 m (Surfer, Golden Software). This method has several limitations but 

was considered a suitable option for these small data sets in comparison with the other 

techniques available. Investigations into the use of geostatistical techniques, such as 

kriging (described by Isaaks and Srivastava, 1989) showed several problems that made 

the technique impractical for delineation of the hot spot, in particular the small number 

of samples within each data set (n=25). The spatial characterisation of the hot spot using 

the data collected from each participant of the CTS is shown in Figure 6.4. 
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Table 6.4: Spatial delineation of hot spots based on measurements made by participants in the 
CTS. The solid line is delineation based on linear interpolation. When compared with the 
assigned location of the hot spot (dotted line), the performance scores (given below each map) 
are mainly satisfactory (score of s 3) vviith one exception (A4). A second method of interpolation 
(based on joining the nearest uncontaminated sampling locations) shows a satisfactory 
performance for all participants. This indicates that the protocol is fit for the specified purpose of 
spatially delineating a single hot spot of contamination with minimal misclassification. 
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The results of the spatial delineation of the CTS data using the linear 

interpolation, shown as the solid line in Figure 6.4 indicates a greater extent of between- 

orientation variability (in rows) than within-orientation variability (in columns). 

Protocol design orientation A shows the greatest variability in spatial delineation 

between-samplers out of all orientations. Comparisons of the hot spot hits (against the 

accepted values for each individual sampling location) indicate the varying delineation's 

to be partially a result of heterogeneity within the outer two rings of the hot spot. 

Participant number 4, orientation A, (4A) is one such example, which showed no 

evidence of contamination (<171 µg g-1 of Ba) at 2 out of 3 locations within the hot 

spot. 

The fitness-for-purpose score for each organisation's sampling designs (given in 

Figure 6.4) was calculated using Equation 6.1. These scores showed that the linear 

interpolation method indicates satisfactory performance (scores < 3) for all but one 

instance (4A). Triangulation was also used to define the edge of the hot spot using the 

measurements from each participant, to judge the possible effect of this method on the 

score. The triangulation method assumes a `worse case' scenario in which the soil is 

contaminated right up to the nearest uncontaminated sampling location (<171 gg g-1 

Ba). The advantage of this methodology is that it does not make any assumptions about 

the spatial distribution of the barium between the sampling locations. The triangulation 

results were similar to that of the linear interpolation with the exception of case 4A, 

which was found to be fit-for-purpose in' this instance. Performance scores for 

triangulation were, on average, 25% higher than liner interpolation, primarily because of 

a greater proportion of `false positive' classifications. 

All but one of the protocol designs (Participant 4, design orientation A) had a 

fitness-for-purpose score of <_3, indicating that the herringbone sampling protocol was 

fit for the purpose in identifying the true hot spot location and dimensions on this RST, 

with minimal misclassification. There was no significant difference in within-sampler 

scores compared with between-samplers scores using one-way analysis of variance. 
However, Figure 4 shows that a particular protocol orientation does tend to produce a 

distinctive shape of the measured hot spot. This sampling target was very simple in 

design when compared with typical contaminated land investigations. The hot spot was 

perfectly circular and the site was perfectly square and flat, with no obstacles such as 
building foundations, mounds and trees. This closely corresponds with the idealised 

model assumed in the theoretical testing of this sampling protocol (Ferguson, 1993). A 
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potentially more informative approach in the future would be to perform a CTS on a 

more realistic site with irregular hot spots and typical obstacles such as buildings, trees 

and topographic irregularities. The approach would then allow assessments of such 

protocols in more realistic circumstances. 

6.4 Conclusions 

The collaborative trial in sampling has been demonstrated to be a useful new 
tool in assessing the performance of a sampling protocol for the spatial delineation of 

cdntamination. The synthetic reference sampling target allows estimates of bias to be 

calculated, both in terms of the spatial position of any hot spots and the concentration at 

a single sampling location. The fitness-for-purpose scoring scheme based on cost- 

effectiveness allowed these parameters to be assessed on their performance for this site. 

There was no significant difference in spatial performance scores within- and between- 

samplers. For the interpolation methods all but one score was below a fitness for 

purpose score of 3 indicating the protocol was fit-for-purpose in spatially delineating a 
hot spot of contamination with acceptable levels of misclassification. The uncertainty in 

estimating the concentration at a single sampling location with a single sampler 
(sampling repeatability) was estimated to be 60.08% in the contaminated area (location 

13) and 3.77% in the uncontaminated area (location 3). Using multiple samplers this 

uncertainty (sampling reproducibility) was estimated to be 85.79% for location 13, 

while only 3.77% for location 3. There was no significant difference between the 

uncertainty measured for a single sampler compared with that measured for multiple 

samplers for locations 13 and 3. There was no significant sampling bias detected at 
individual sampling locations, although bias may have been masked at some locations 

by the heterogeneity of the hot spot. This initial investigation has highlighted the 

potential for constructing more realistic sites for use in inter-organisational sampling 

trials. Such sites could be used to take into account the depth of sampling, multiple 
irregularly shaped hot spots and obstacles within the site, in order to make these 
investigations more realistic. The methodology reported here should have general 

applicability to other situations where measurements are used to express the spatial 
distribution of analytes (e. g., electron microscope analysis of mineral grains). 
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7 Sampling Proficiency Test for the Estimation Of Uncertainty 

in the Spatial Delineation of Contamination 

7.1 Introduction 

In this chapter the fitness-for-purpose of spatially delineating a hot spot of 

contamination using multiple samplers and multiple sampling protocols is assessed. A 

sampling proficiency test (SPT) is applied to the synthetic reference sampling target 

described in Chapter 4. The spatial extent of contamination which is reported by each 

participant is compared with the assigned dimensions of the hot spot using the novel 

scoring procedure described in Section 6.3.3. The area within which the `true' hot spot 

lies with 95% confidence is assigned a boundary using a new method based on the 

consensus (spatial interpretation) of a number of participants (ri = 9). The feasibility and 

potential use of this methodology is discussed. The objectives of this study are to: 

1. assess the feasibility of conducting a spatially resolved SPT. 

2. devise a method of scoring an SPT with spatial parameters. 

3. report the results of the first spatially resolved SPT and discuss the application of 

this procedure and its future development. 

7.1.1 Proficiency tests in analysis and its analogy to sampling 

Proficiency testing (PT) is a method of comparing the performance of a single 

sampler with those of other participants (Thompson and Wood, 1993). This method also 

provides a `top-down' approach to uncertainty estimation as described in Section 2.5.2. 

For both analytical and sampling proficiency tests, the method requires that participants 

of the trial analyse the substance under investigation by whatever method they consider 

appropriate under routine conditions, and to report the result in a form that would 

typically be given to a client. However, for PT's in sampling the resultant errors arise 
from both the sampling and the chemical analysis, and provide the participants with no 
information on the source of the errors. For the outcome to reflect variations in the 

sampling quality alone, the SPT co-ordinator can arrange for all the samples to be 

analysed in one laboratory under repeatability conditions (Thompson and Ramsey, 
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1995). The PT co-ordinator converts the participants' results to z-scores as described in 

Section 2.5.2, which are then reported to the participants by a pre-determined date. 

For analytical PT's the test materials are characterised for sufficient 

homogeneity and stability before being distributed to the participants of the trial. This is 

in order that no significant difference in the analyte concentration is present, between 

replicate test samples when the bulk material is spilt. The description of heterogeneity 

within environmental sampling targets is, by contrast, one of the primary tasks of many 

site investigations (as discussed in Section 4.1.3). Reference sampling targets (RST's) 

should be tested for stability to ensure consistent composition throughout the duration 

of the trial. In practice however, the site's temporal stability can be measured by 

collecting samples before and after the trial, analysing all the test samples in one batch, 

and applying a two sided t-test to observe any significant difference in the concentration 

of the samples. 

The number of test materials sent to the participant of an analytical PT depends 

partially on the range in analytical concentration required. The frequency of the 

distribution of these test samples in one series is a maximum of one sample every four 

months. When determining the mean concentration of an RST there will typically be 

only one site to be sampled. Participants are therefore required to visit the sampling 

target once only. In order to cover a range of analyte concentrations a number of piles or 

sites of bulk material with different concentrations would be required. 

For analytical PT's the assigned value for the substance being tested can be 

assigned using a number of procedures. Such procedures include the consensus of 

measurements by expert laboratories, consensus of participants', `formulation' and 
direct comparison with certified reference materials (as described in Section 2.5.3). For 

PT's in sampling the formulation method is applicable (Chapter 4). This method enables 

participants to be assessed against a `true' rather than consensus value, but it is complex 
in its application. For previously unsampled substances the consensus of participants is 

the most applicable method of establishing an assigned concentration. The limitations of 

consensus are that (a) there may be no real consensus among the participants and (b) the 

consensus may be biased by the general use of faulty methodology (Thompson and 
Wood, 1993). For analytical PT's outlying values are usually rejected. However, as the 

true heterogeneity of the site is one of the parameters of interest in sampling proficiency 

tests, classical statistics are generally used for the estimation- of the mean concentration. 
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It is considered reasonable however, to reject participants where there is evidence that 

the participant has performed unsatisfactorily (e. g, video evidence). 

The statistical analysis of the PT results requires the bias of each participant's 

result to be estimated as described in Section 2.5.3, followed by the formation of a z- 

score proposed by the International Harmonised Protocol, described in Section 2.5.2. 

Up until this present study, the SPT scores for single measurements of concentration 

have taken no account of the spatial distribution of the contaminant. This dimension is 

important in many contaminated land investigations to ensure adequate site remediation. 

Failure to correctly identify areas of contamination can potentially result in 

consequences that are both costly and harmful to human health. 

This chapter therefore assesses the performance of samplers in their ability to 

spatially delineate an area of contamination applied to the RST described in Chapter 4, 

using the scoring methodology described in Section 6.3.3. Furthermore, a new method, 

which is discussed in section 7.4, has been devised to establish an `assigned area' of 

contamination based on the consensus of participants. This method is potentially 

feasible for use on other sites, in which the true dimensions of contamination hot spots 

are unknown. 

7.2 Experimental 

7.2.1 The sampling target 

A synthetic reference sampling target of dimensions 30 m by 30 m was 

constructed at the Imperial College campus at Silwood Park, Ascot (grid reference TQ 

9373 6936) for use in inter-organisational sampling trials (chapter 4). A single circular 
hot spot comprising 8% of the site area was spiked with barium sulfate to a depth of 15 

cm (centred at co-ordinates x= 12 m, y= 13 m). The concentration of barium in the hot 

spot decreases towards its edge, comprising 5 rings, to mimic approximately the 

contamination that can result from some historical mining and smelting activities. This 

site was characterised in a pilot study using six different sampling protocols and 
intensive sampling of the hot spot. The pilot study showed relatively homogenous 

concentrations of barium in the background population of the uncontaminated soil 
(typically 154 ± 11 pg g"1 at 95% confidence). The threshold limit of concentration that 

indicates the edge of the hot spot was calculated to be 171 µg g'1. The temporal stability 

of the target was tested by comparing soil samples collected from the hot spot before 
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and after the sampling trial. A two-sided t-test showed no significant temporal 

variability over the duration of the experiment. 

7.2.2 Sample collection 

Nine organisations from academia and commercial organisations, listed in 

Chapter 3, sent samplers to the site, sequentially over a period of 3 months, between 

October 1997 and January 1998. The samplers' aim for the project was to spatially 

delineate regions of soil containing >_171 µg g"1 of barium. The participants were 

provided with a site description, diagram of the site, and information regarding the 

depth of sampling target and the maximum number of samplers allowed, one month 
before their arrival at the site. The participants were asked to collect soil samples to 15 

cm depth, using their own sampling equipment and a protocol that they had selected on 

the basis of their own professional judgement. A maximum of 50 soil samples was 

permitted for each participant. Holes left after sampling were closed, to remove any 

visible trace of prior sampling activities that might affect later participants. Participants 

visited the site independently and did not observe each other during the sampling 

exercise. 

7.2.3 Sample preparation and analysis 

The organisers of the trial collected, prepared and analysed all of the participants 
soil samples at Imperial College, using the methodology described in sections 3.3 and 
3.4. The samples were analysed in a single laboratory to eliminate the analytical portion 

of the measurement uncertainty that varies the between participants. It should therefore 

reveal only that portion of the uncertainty that arises from the sample collection and 

spatial interpolation. Analytical test portions of the laboratory samples were digested in 

a mixture of nitric, perchloric and hydrofluoric acids and analysed for Ba by ICP-AES 

(described in Section 3.4). Analytical quality control procedures were assessed using 
blanks and certified reference materials (Section 3.4.3). Five analytical batches were 

required to analyse all the samples from the nine participants. All of the test portions 
from each participant's sampling activities were randomised within one batch. 
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7.2.4 Spatial delineation of the hot spot 

The measurements of Ba concentrations made on the CRMs were sent to 

participants, together with those for each sampling location that were taken within their 

own sampling protocol. Information on the analytical duplicates for each participant 

was available on request. Each participant spatially delineated regions of soil in which 

the Ba concentration was estimated to be >_ 171 gg g'1, using whatever method the 

participant considered suitable for this investigation. They were also asked to make an 

estimate of the uncertainty on their spatial delineation. Each participant was requested 

to mark on the their site plan the position of the gate and the x and y co-ordinates of the 

locations for the Ba concentration reported (given in Appendix 2). This allowed all the 

participant's maps to be orientated in a consistent direction in order to compare their 

results with (a) the assigned hot spot dimensions, (b) those from other participants and 
(c) the consensus assigned area from all of the participants. 

7.2.5 Scoring the Participants 

The participants were scored on their ability to spatially delineate the dimensions 

of the hotspot using the approach described in Section 6.3.3. The score is based on the 

balance between the false negative and false positive areas of contamination from the 

participants deliverable. The fitness-for-purpose criterion of this trial has been set at a 

score of <_ 3 based on professional judgement (by the organisers and participants), where 

a score of zero indicates perfect spatial delineation. The participants were scored on 
their performance in overall spatial delineation, rather than on the concentration values 

reported at particular sampling locations. This choice was made because the quality of 
the estimate of the barium concentration at individual sampling locations was included 

within the reported estimate of basis of the spatial delineation, and was therefore 

assessed indirectly. 

7.3 Results 

7.3.1 Sampling protocols 

The sampling designs utilised by the participants in this trial included regular, 
triangular, herringbone and `W' patterns (as shown in Chapter 3, Figure 3.3). The 

sampling protocol used by each participant is described in Table 7.1. 
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Table 7.1: Protocols selected by participants for use in the SPT based on professional 
judgement. 

Number 
Part- Sampling 

icipant mples 
qu pment 

Sampling tecluºique Time / 

No. sa minutes 

Triangular Grid: Lay out a triangular grid of 6m 

Steel auger of spacing marking each sampling node with a 
25imn by 200mm wooden cane. Collect one auger full of soil at 

33 
screw thread; 30m each sampling location and place into separate 60 

tapes (x2) 
bags. Collect 5 sampling duplicates at random 
locations and in a random direction 50cm from 

the nominal sampling location 
Stainless steel 

hollow stem auger Regular Grid: Lay out a grid of 4.29m spacing. 
2 49 of 25mm Collect one auger full of soil at each grid node 90 

diameter, 30m and place into a separate bag. 
tapes (x2) 

Triangular Grid: Lay out a grid of 9.33m spacing 
Steel auger of lm inside of the sampling target using a tape. 

3 25 25mm by 200mm Once completed place another cane in the centre 75 
screw thread; 20m of each grid cell and align with a tape. Collect one 

tape measure auger full of soil at each sampling location and 
place in separate bags. 

Seven-Legged '6iß' Design: Mark the nodes of the 

Steel auger of 
`W' using a tape measure and canes. Use a tape 

25nun by 200mm measure to join to nodes of the W. Collect 2 
4 50 

screw thread; 30m auger fulls of soil every 3.8m and place into a 115 

tape measure single bag. Place each sample in a separate bag. 
Clean the auger between each sample location 

using de-ionised water and paper towels. 
Dutch stainless Herringbone Grid: Lay out the grid with the 
steel cylindrical measuring tape and mark each sampling location 

5 36 auger of 25mm with a wooden peg. Collect a five-fold composite 160 
diameter, 100m at each sampling location (4 x lm separation from 
tape; wooden the central sampling node) and place them into a 

pegs sample bag. Repeat at each sampling location. 
Steel auger of Regular Grid: Collect one auger full of soil every 

6 49 251mn by 200mm 4.29m along a transect. Move the tape another 60 
screw thread; 30m 4.29m until 7 transects comprising 7 samples 

tape measure have been collected 
Regular Grid: Locate one grid square of 

Stainless steel 
dimensions 3m by 3m using canes to mark the 

Dutch soil auger; corners and string to join the edges. Leave a 3m 

7 49 30m measuring edge unsampled on the sampling target. Collect a 140 
tape; canes and 

five-fold composite (one sample in the middle of 

string 
the square and one sample at each corner). Put all 
the sample increments into one bag. Repeat for 

each grid square. 
Stainless steel Herringbone grid: Construct a herringbone grid 
gauge auger of with a nominal sample spacing of 4.29m. Collect 

8 49 50mm diameter, a 3-fold composite (approximately 500g of soil) 105 
hanmter; ranging in a triangle around the nominal sampling 
pole and string. location. 
Steel auger of 

9 24 25mm by 200mm 'IV' Design: Walk in `W' pattern collecting one 20 
screw thread auger full of soil approximately every 5m. 
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All of the participants used a soil auger to collect their samples. The types of 

auger included screw, hollow stem, gouge and Dutch. The mass of soil collected at each 

sampling location ranged from c. 80 g to 500 g. The time taken to lay out a sampling 

grid and collect soil samples ranged from 20 minutes to 160 minutes. The average time 

to complete a sampling protocol was 100 minutes. 

7.3.2 Analytical quality control 

For all the participants the estimates of analytical bias made from the analysis of 

certified reference materials NIST 2709 and 2711 are shown in Table 7.2. All of the five 

batches showed a statistically significant analytical bias, of typically -6% for both of 

the CRM's. There was no significant difference between the batch biases for HRM 32, 

which had Ba spiked in the same form as the RST. 

Table 7.2: Analytical bias of Ba on two certified reference material (NIST 2709 and 2711) for 

the five analytical batches of participants samples. 

Participant CRM NIST 2709 CRM NIST 2711 
No. Certified value of 968 ± 40 µg g" Certified value of 726 ± 38 µg g" 

Cxs Bias % Bias cxs Bias % Bias 

kg g' pg g4 kg g4 pä g' Ng g' pg g4 pä gl pg gI 

1,2 922 918 5.00 -508" -5.15" 712 
915 697 

4,5 896 903 10.94 -65 -6.67 692 
911 690 

7,9 910 907 3.61 -61" -6.27" 688 
905 700 

3,6 891 890 1.26 -78" -8.01" 678 
890 679 

8 894 893 1.43 -75" -7.78" 672 
892 669 

705 10.47 -21 -2.92 

691 1.12 -35" -4.84" 

694 8.34 -32 -4.40 

679 1.33 -47" -6.54" 

670 2.10 -56" -7.71" 

" Mean concentration is statistically significantly different to the accepted value at 95% confidence 

Participant number one was the only participant to collected sample duplicates. 

Five sampling duplicates were collected at random locations and in a random direction, 

50 cm from the nominal sampling location. The robust ANOVA method recommended 
by the Analytical Methods committee (1989) was then used by the participant to 

estimate the standard deviations resulting from geochemical, sampling and analytical 

components. Four out of the five sampling duplicates were collected on background soil 

and so the estimate of measurement uncertainty (combined sampling and analytical 

uncertainty) was very low (i. e., 7.78% on a mean of 148 p. g g"1). This participant used 

this estimate the Ba concentration to estimate the uncertainty in the concentration of the 
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hot spot with 95% confidence (i. e., 764 ± 60 µg g"1 in this instance) and to assist in 

estimating the uncertainty on their spatial delineation. However, this is an 

underestimate as the uncertainty corresponds to the background population of samples. 

7.3.3 Spatial delineation and scores 

The maps that were drawn and reported by each participant are shown in Figure 

7.1. The spatial performance scores show that participants number two (score of 4.15) 

and nine (score of 6.09) failed to achieve fitness-for-purpose scores (score of :! 0) and 

were therefore considered as outliers and rejected from further calculations. Video 

recording taken when these participants collected their samples showed that both failed 

because of a mis-orientation of their field map when they constructed their final map 

showing the spatial delineation. Participants number three, six and seven produced' 

exceptionally good results with scores of <0.6. 

The different parameters recorded (i. e., grid design; number- of samples 

collected, mass of samples, time to complete the sampling protocol and performance 

scores) were tested for significant correlation's. Principal component analysis indicated 

that the scores achieved by participants were not due to particular combinations of the 

parameters, with no single factor significantly influencing all of the SPT scores. There 

was however an unsurprising correlation (r = 0.761 significant at 95% confidence) 
between the mass of soil collected and the time taken to complete the sampling 

protocol. 

101 



144 149 ýIýB , III 150 

``17 

149 14 I43 

u 
i+: in{`: '" 

.s tos 

.. ti 

ip 1ý, ter ý1e 

sps i. eý 
r 

+d11 +ý9 154 

Participant 1 

score= 2.17 

43 14914.1 1,5044 1.57 

ISS 
M 151 154 157 14" 1ý7 

1I1 

1S0 147 I48 117 
": 

ISS 

1ý9 1ý0 '" `iýf¢: ü apm 144 

14 7 

la 151 ~ ii tti 1: 0 149 
\Y '' 144 

1.047 fA943 W48 15 

Participant 4 

score =1.69 

'1/ 113 IN T Ij 1N I., V 

: '0 1ýý týý týi It$ tr1 1lý1 

ß0 I21 1.4 I 1.45 
ý 

UI 1.4e 

I 1 

IAA 1: +: yr, ` 
; 

1,1 tu '4a 

Ilk 1.46 1.14 

"" 143 N4q 
- 

13 
.ý 

"a 
11,4 

1.4 111 

143 I47 IK tY IU 161 1]J 

is? 151 147 148 153 u9 
- -- 

141 

147 148 12 148 157 148 1.7 

49 15ý / BB . 148 1 385 ýe I 1 

150 m S :: 1' 6 B I10 I 163 ,. 
",, 

ý {9 A O 

153 I5U: ": 

" 

".: ;i r1P, i'_ ý3.. Isa 
. 

ýw 
151 

153 149 t. 5 1ý3 148 161 142 

1S0 130 1.8 1.4 143 48 1.1 

Participant 2 

score= 4.15 

I4 
" 

112 
" 

14.! 

148 "! 152 

1.0 141 

1w 141 1! I 

152 /'" 310 146 

49 

141 

140 14 148 

153 143 145 

152 147 144 

Participant 5 

score = 0.88 

1ý3 
"7 

tja y3 tie 

ýs fli tos 
141 139 IIB NS 

144 112 1.! 
1.3 1'17 1'5 1.44 

111 140 
Ios 141 

139 146 141 

ISI "' .S 143 
14.4 47 149 

147 142 117 

140 ' 1'ý0 " 1.3 " I. 48 

p +w ;B 

Participant 3 

score = 0.60 

141 138 13B 14 NB 

147 1'8 IN 143 .6 

' 
u0 1! 

) 
140 

"ý l 
13Y 

lv. - ^ir 1R - '431 1.3 

Participant 6 

score = 0.45 
ne u< 

7 I. 3a 

)141 

(. 47 

r 

a 833 140 

3&'''i141 

141 

` 
aa3A9 :' 

1o 140 

16 .1 140 142 

141 

Participant 7 Participant 8 

score = 0.59 score = 1.09 

True hot spot 
Boundary of participants estimated hot spot 
Boundary of participants estimated hot spot including perceived uncertainty 
Nominal sample location 

Participant 9 

score = 6.09 

sý 
N 

30m 

Figure 7.1: Spatial delineation maps reported by the nine participating organisations showing 

the sampling design, measurement of Ba at each sampling location, spatial delineation and 

perceived uncertainty on the spatial delineation. 
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7.4 HScoreWin: A Program to Determine the Consensus Spatial 

Delineation and Uncertainty Estimation 

7.4.1 Introduction 

The following computer program was written to estimate the consensus location 

of a contamination `hot spot' with a stated probability, when multiple samplers, or 

multiple sampling designs, are used to spatially delineate a region of contamination 

within a single sampling target. Dustin Lister (1998) employed the algorithms (adapted 

from O'Rourke, 1994) for this method (provided in Appendix 5) into a computer 

program called `HScoreWin' for Windows. A digital copy of this software is supplied 

at the rear cover of this thesis. The logic of the program can be explained using an 

example of the three simple polygons (called sub-polygons), shown below. 

Sub-polygon I 
Sub-polygon 2 
Sub-polygon 3 

Figure 7.2: Three simple polygons for used to explain the methodology for estimating the 

consensus polygon with 95% confidence. 

7.4.2 Data source 

The boundaries of each participants spatial delineation (i. e., >_ 171µg g"' Ba for 

the RST) are digitised, or defined manually, as a set of ordered x, y co-ordinates (given 

in Appendix 5). Successive points are then connected to form a closed loop or `polygon' 

representing the boundary. The boundaries can be defined in mathematical terms, 

enabling the data to be stored and manipulated using geometrical algorithms (given in 

Appendix 5). The accuracy of the boundary definition is dependent on the number of 
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points used, where there is no restriction imposed by the software. For smooth curving 

boundaries, many points must be defined. For straight edges, fewer points need to be, 

specified. 

7.4.3 Data Processing 

7.4.3.1 Step 1: Centroid of the consensus polygon 

The centroid (or centre of mass) of a polygon based on the consensus boundary 

from a number of sub-polygons, is derived by tessellating each sub-polygon into a 

connected mesh of triangles using a form of triangulation termed `otectomy', as 

described by O'Rourke (1994) and shown in Figure 7.3. Otectomy is a recursive 

algorithm that clips extreme triangles from the sub-polygon at each recursive step until 

only one triangle remains. The algorithm relies on finding internal diagonals between 

point neighbours of the sub-polygon that have no intersection with any other part of the 

sub- polygon. The co-ordinates for the centroid of each triangle from the newly formed 

mesh are then calculated using the algorithm presented in Appendix 5. 

An origin for the sub-polygon is found that corresponds to the minimum x and 

minimum y values from all sub-polygon points, which is used in subsequent 

calculations for determining the centroid of the consensus polygon. The distance taken 

in the x direction from the origin to each centroid of a triangle for a single sub-polygon, 

is multiplied by the area of the corresponding triangle (the area of a triangle is defined 

in Appendix 5.2). These values are summed before being divided by the area of the sub- 

polygon (sum of all triangles areas within a sub-polygon). The resultant value is the x 

co-ordinate for the centroid of the sub-polygon. This process is repeated for the y 
direction to find they co-ordinate for the centroid of the sub-polygon. The origin for the 

consensus polygon (approximately the centroid) is derived by calculating the average x 

and y co-ordinates of each sub-polygon centroid. 
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Figure 7.3: Otectomy triangles and centroid for each sub-polygon. The x and y co-ordinate for 

the centroid of each triangle is determined, as shown graphically by the single red triangle 

(algorithm presented in Appendix 5). The x and y co-ordinate for the centroid of each sub- 

polygon is derived using the area and centroid co-ordinate of each triangle within this sub- 

polygon. 

7.4.3.2 Step 2: Intersection lengths to sub-polygon boundaries 

Radial lines (the number of which can be specified) are projected from the 

origin of the consensus polygon (C, �) of all the sub-polygons (C,, ), at regular angles to 

fill 360°. The length of each radial line is chosen to be greater than the distance to any 

sub-polygon point used in the consensus polygon estimate. The length of each radial 
line, from the origin (C,,, ) to any intersection with the boundary of each sub-polygon is 

measured. In this example 100 radial lines were chosen. Every tenth line is shown in 

Figure 7.4. 
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Figure 7.4: The three simple polygons showing every tenth radial line from the consensus 

origin (Cm). 

7.4.3.3 Weighting factors 

Each measured intersection length is then given a weighting, which is inversely 

proportional to the area of the smallest sub-polygon used in the consensus estimate (the 

smallest sub-polygon is weighted 1, the largest is a fraction of 1). The weighting is 

assigned to each sub-polygon (C�) so that larger shapes do not have undue influence on 

the results. The weighting for radial line number 60, taken as an example, is explained 

in Figure 7.5). 
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STEP Intersection length 
Cm 

51.3 

1 38.3 
27.5 

2 
27.5 10.8 13.0 
2.01 1.01 0.54 

55.3 66.2 7 
3- 

95th 

4 

Seperated intersection length (SIL) 
Summed weighted value (SWV) 

SIL * SW V=a 

95% of a 

73.2 * 0.95 = 69.5 

Figure 7.5: Assigned weights to the measured radial line intersection lengths. An example is 

shown for radial line number 60, where Cm represents the consensus centroid and B� 

represents the boundary of sub-polygons 1,2 and 3. 

Sub-polygon 1, which has an area of 2295 mm2 has a weighting of one, as this 

polygon has the smallest area. Sub-polygon 2, with an area of 4865 mm2 has weighting 

of 0.47 (derived from 2295/4865) and sub-polygon 3, with an area of 4270 mm2 has 

weighting of 0.54 (from 2295/4270). 

7.4.3.4 Step 4- Assigning the polygon weighting 

The length of the radial line from the consensus centroid (Cm) to the boundary 

line of each sub-polygon is calculated as the intersection length. The polygon weighting 

is assigned to each measured intersection length. Where the radial line encounters 

multiple sub-polygons, the measured intersection length takes an additive weight value 

from these sub-polygons. From C,,, to B, there are three sub-polygons that overlap. The 

summed weighted value (SWV) for this section is therefore the sum of all three sub- 

polygon weighting factors (0.54 + 0.47 + 1.0 = 2.01). From C, � to B2, sub-polygon 

numbers 1 and 2 overlap to give a SWV of 0.47 + 0.54 = 1.01. From B2 to B3 there is 

sub-polygon number 3 only, so this section gets a SWV of 0.54. 

Each separate intersection length is then multiplied by its SWV to give new 

intersection units. In this case C�, to B1 is 55.3 units, Bl to B2 is 10.9 units and B2 to B3 is 

7.02 units. The affect shown here, is to make each unit wider, where there is less 

overlap (and hence less confidence that the hot spot is present) so that the 95th percentile 

will tend toward the direction of greatest overlap. 

Area weighted value 
B, 

0.54 
0.47 
1.0 
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For the example shown in Figure 7.5, the 95`x' percentile will lie at unit 69.4 out 

of a total of 73.09 units (derived from 73.09 x 0.95). At B2 (38.3mm from C,,, ) lies unit 

65.9. Therefore, unit 69.4 is 3.5 units towards B3. As each unit in section B2 to B3 is 1.9 

mm wide, from 13/(73.2-66.2), the 95th percentile lies at 38.3 + (3.5 x 1.9) = 44.95mm 

from C, �. This process is repeated for each radial line. The 95`" percentiles are then 

joined to give a non parametric estimate of the consensus spatial delineation of a hot 

spot with 95% confidence. The consensus spatial delineation for the three simple sub- 

polygons used in this example, is shown as Figure 7.6. 

Figure 7.6: Three simple sub-polygons and the consensus polygon at 95% confidence using 

the HScorewin program. 

7.4.4 Determining a consensus boundary line and uncertainty for the extent of 

contamination from the spatially resolved sampling proficiency test 

The consensus boundary line of Ba concentration > 171 µg g"' was derived from 

the participants estimate of the hot spots within Silwood Park site, using the HScoreWin 

program just described. The performance score for the consensus boundary line was 

0.64, where a score of zero indicates perfect spatial delineation and a score of <3 

indicates acceptable performance in this trial. This score of 0.64 is comparable to the 

best performances of some individual participants shown in Figure 7.7. However, each 

organisations spatial delineation map (which was fit-for-purpose) was considered, thus 

randomising consistent measurement bias. 
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Figure 7.7: The consensus boundary line of Ba at >_ 171 µg g"1 estimated by the new 

HScoreWin programme showing no false negative classification compared with the assigned 

hot spot dimension. The spatial extent of contamination at 95% confidence is estimated from 

the summation of measurements by seven participants. The measurements by 2 of the 

participants were excluded due to observed errors in their procedure. 

There is a potential for use of the HScoreWin methodology spatially delineating 

contamination when the true hot spot dimensions are unknown (i. e., applicable to an 

RST that is not spiked). There could be a problem however, in deciding when to reject 

outlying results submitted by participants. The detection of gross errors, as in this case, 

can be made by observation. Alternatively, another possible way of dealing with this 

problem could be to assign the consensus boundary line using all the participants results 

and assess each samplers performance relative to this. The identification of, and whether 

to exclude outlying results will ultimately come down to professional judgement. 

109 



7.5 Conclusions 

The performance of samplers in the task of spatially delineating a single hot spot 

of contamination has been assessed using a sampling proficiency test on a reference 

sampling target. All but two participants identified the dimension of the true hot spot 

within a specified fitness-for-purpose of scores of 5 3. The participants who failed, did 

so because of a mis-orientation of their sampling location points when constructing their 

final map. A significant positive correlation was identified between the collection of 

large (composite) samples and the time taken to complete the sampling protocol. There 

was np evidence to suggest that the performance scores achieved by participants were 

the result of any one overriding factor (i. e., the number of samples collected, the sample 
design, and the mass of soil collected per sampling location). The consensus boundary 

line at 171 gg g" that was derived from the 95t" percentile of all shapes showed close 

agreement with the true hot spot dimension. The score for the consensus boundary line 

(0.64) was also fit-for-purpose, although the method was based on the rejection of non- 
FFP individual results. The sampling proficiency test proved useful on this relatively 

simple site. The method now needs to be tested on sites with greater geochemical 

variability, topography, and obstacle's such as trees, where the true dimensions of the 

hot spot are unknown to investigate the performance of samplers under these more 

realistic conditions. 
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8 Inter-Organisational Sampling Trials on Gas Concentrations 
from a Landfill Site for the Estimation of 

Measurement Uncertainty 

8.1 Introduction 

This chapter describes two inter-organisational sampling trials, which were 

performed at a reclaimed landfill site in Bedfont, West London, to assess the variability 

of results between participants when measuring temporally variable emissions of 

landfill gas. A collaborative trial in sampling is used to show the agreement between 

participant's results when methane, carbon dioxide and oxygen gases are measured 

using the same, nominal protocol and equipment. The measurements are assessed for 

repeatability and reproducibility precision using classical analysis of variance 

(ANOVA). A sampling proficiency test is applied to obtain a realistic estimate of 

uncertainty in measured gas concentrations when participants use protocols selected on 

the basis of their own professional judgement. Each sampler's performance is compared 

with the consensus mean for each of the three gases, using the z-score assessment 

proposed by the International Harmonised Protocol. The objectives of this investigation 

are to: 

1. assess the feasibility of conducting temporally resolved inter-organisational 

sampling trials. This required the sub-objective of selecting a suitable RST and 

experimental design capable of separating the potential sources of variation. 

2. report the results of the first temporally-resolved inter-organisational sampling trials 

and discuss their application and future development. 

8.1.1 Landfill gas emissions and their associated hazards 

Many environmental sampling targets are variable in both space and time, e. g. 

river water, sediments and atmospheric gases. The result of sampling on one occasion 

cannot therefore, be expected to represent the average or maximum concentration. 
Measured concentrations that are to be compared to `threshold' values for regulatory 

purposes could therefore give rise to a false reassurance that the concentration levels are 
`safe'. Nowhere is this problem greater than in landfill gas monitoring, where changes 
in variables such as atmospheric pressure, temperature, moisture and wind speed 
(shown as Figure 8.1) affect the concentration and migration rate of potentially 
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explosive gases. The potential hazards of migrating landfill gas (comprising methane, 

carbon dioxide, trace gases, VOC's and vapours) include: 

1. fire and explosion in nearby buildings, underground services or voids when the 

concentration of methane is 5-15% v/v in air at ambient pressure (DoE, 1989); 

2. health risks such as asphyxiation when carbon dioxide is >3% v/v in air (CIRIA, 

1995); 

3. damages to vegetation by the removal of oxygen to the root zone by displacement 

or oxidation of methane, and by excess concentrations (>20% v/v) of carbon 
dioxide (Kjeldsen, 1996); and 

4. groundwater pollution from highly water soluble gases, i. e. the solubility for carbon 

dioxide is 2320 mg 1"1 at 25°C and ambient pressure (Kjeldsen, 1996). 
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Figure 8.1: The conceptual framework for landfill gas migration and factors contributing to it's 

associated hazards. Adapted from P. Kjeldsen (1996). 

Barometric pressure changes are potentially the most variable factor, with a 
falling barometric pressure causing higher gas concentrations. Williams and Aitkenhead 

(1991) reported that a methane explosion destroyed a bungalow near Loscoe Landfill, 

Derbyshire in 1986, when an intense atmospheric depression passed over the region. 
The depression resulted in a drop of 40 millibars over 10 hours, and the explosion 

112 



occurred after a fall of 20 millibars. Many other meteorological, geological and waste 
factors that affect gas concentrations have been disused extensively by the Institute of 
Wastes Management (1990) and McBean and Farquhar (1980). 

The gas sampling protocol selected and the frequency of sampling specified is 

therefore of prime importance to ensure early detection of potentially dangerous 

concentrations of landfill gas. Gas monitoring is therefore a major concern for landfill 

operators and has become part of the legal requirements for the operation and closure of 

landfill sites in many countries. It is therefore surprising that there is little reported 

critical evaluation of the methodology applied to the detection of gas and measurement 

of their concentrations. 

8.1.2 Threshold concentrations for landfill gas 

Current UK guidelines for dealing with gas contaminated sites is summarised in 

CIRIA Report 149 (CIRIA, 1995) and Waste Management Paper No. 27 (DoE, 1989). 

Much of this guidance is based solely on the comparison between the gas concentration 
in the air and their threshold concentrations, as shown in Table 

. 
8.1. 

Table 8.1: Threshold concentrations for the major components of landfill gas in air. 

Gas Threshold Consequence Concentration 
20% of (Lower explosive limit of CH4) for 

Methane <1% consideration under building regulations 
5-15% Explosive limit of methane 
30% Asphyxiation 

Carbon dioxide 1.5% 10 min occupational exposure limit for 
consideration under building regulations 

>3% Breathing difficulties 
>5% Death can occur 
>20% Asphyxiant to plants 

Oxygen <19% Indicator of high CO2 
Source: CIRIA Report 152 ( 1995), except for oxygen, from DoE (1989) 

Threshold concentrations are appropriate for relatively stable systems, such as 
contaminated soil, since the spatial extent of contamination can be defined relatively 

easily. However, the generation and emission rates of landfill gas are in a continuous 

state of flux depending on a number of meteorological, geological and waste conditions 

as described above. Therefore, in order to determine if a gas concentration is likely to 

exceed specified threshold concentrations, an estimate of the gas emission concentration 

across the period of temporal variability would be required (Crowhurst, 1987). 
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8.1.3 Frequency of monitoring landfill gas 

The frequency of monitoring landfill gas concentration and flow rate is generally 

agreed between the operator and the waste disposal authority, depending on a number of 

factors including: the age of the site, the type and mix of waste, the possible hazard or 

nuisance from gas escaping from the site, the results of previous monitoring, the control 

measures that have been installed, the development surrounding the site, and the 

geology (DoE, 1989). It is not therefore surprising that every site is unique in terms of 

the amount of gas sampling required to assess the risk from migrating gas. 

Waste Management Paper No. 27 (DoE, 1989) suggests that monthly monitoring 

should be carried out on operational sites, until regular monitoring has shown a 

predictable pattern. The frequency can then be reduced but should never exceed six 

months. Closed sited should be monitored weekly where there is a significant amount of 

biodegradable waste within 50 metres of a building development. Monitoring is usually 

undertaken until the maximum concentration from flammable gas (i. e. methane) is less 

than 1% (20% of the lower explosive limit) by volume, and the concentration of carbon 

dioxide is less than 1.5% by volume within a two year period, taken under specific 

barometric conditions (DoE, 1989). 

The potential variability in gas migration rates when a single sample is collected 

on a single occasion (i. e., monthly or biannually) does. not take into account the 

temporal variability of the gas, over the time period of monitoring. This is because the 

time of sampling may not synchronise with the time at which maximum concentration 

occurs. To assess this problem Bagchi and Carey (1986) suggest `intensive monitoring 

periods (one to two times a day for seven to ten days) at times when off-site migration is 

most likely to occur (i. e. during spring and winter when the upper layer of ground is 

either saturated or frozen)'. This same procedure of intensive monitoring could be 

applied during any stage of monitoring in order to assess the uncertainty in gas 

concentration using a, specified sampling protocol. Such a methodology of replicated 

samples is analogous to those collected in contaminated land surveys for an estimate of 

spatial uncertainty. 

8.1.4 Typical gas sampling protocols and equipment 

A commonly used guide on sampling landfill gas for concentration requires the 

collection of a `peak' and `steady' gas reading from a borehole (DoE, 1989). However, 

the practical interpretation of this sampling protocol (as it is for guidance only) 

undoubtedly varies between different samplers. This may be due to the sampler's 
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interpretation of the protocol, or limitations of the protocol due to the design of some 

boreholes. For example, some boreholes do not have a sealed gas tap, which can 

potentially result in the ingress of oxygen into the borehole when a gas measurement is 

taken. 

The type of equipment used for measuring the gas concentration may also cause 

variations in measurement results. Gas chromatography is considered the most reliable 

method of analysing the major components of landfill gas (DoE, 1989). However, the 

instruments are rarely portable (unless in a field laboratory) and'are not very cost 

effective for a large number of samples (DoE, 1989). Portable infra-red gas analysers 

are therefore used by many samplers to measure the major landfill gases (CH4, CO2 and 

02) on-site, quickly and reliably (DoE, 1989). 

The limitations of any in-situ field measuring technique must be assessed for gas 
temperature inaccuracies and cross-gas effects in order to determine their suitability for 

use. Gas density changes at a rate of 0.3% per 1°C. (Geotechnical Instruments, 1993a). 

Therefore an infrared gas analyser that is calibrated at 20°C and then has gas passed 

through it at 10°C will have an expected error of 3% in the reading (e. g. at 50% gas a 

reading 51.5% will be obtained). Infrared absorption measuring techniques for methane 

detection are calibrated to a frequency of 3.44µm which is specific to hydrocarbon 

bonds, (Geotechnical Instruments, 1993a). Therefore, analysers which have been 

calibrated with certified gas mixtures will give accurate readings providing there are no 

other hydrocarbon gases present within the sample (e. g. ethane, propane, butane). 

The flow rate of gases is typically measured to assess the risk of migration, 

although this is not a specified requirement for the protocol suggested in Waste 

Management Paper No. 27 (DoE, 1989). Hot wire anemometers are not considered 

suitable techniques to measure low flow rates. This is particularly the case in older sites, 

with lower gas flow rates, as the gas flows are typically below the detection limit of this 

instrument (Hartless, 1995). Mass flow transducers are suggested by Garvin et al. 
(1998), as an alternative instrument although there is a problem with head loss, i. e,, the 

flow through an uncapped borehole standpipe is greater than when the flow is 

constrained to pass through a narrow bore tubing into the instrument. 
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8.1.5 Estimates of measurement uncertainly in inter-organisational sampling 
trials on temporally stable targets and its analogy with temporally variable 
targets. 

The `top-down' approach to uncertainty estimation (described in chapter 2) is 

achieved by identifying the variation in measurements from a number of participating 

organisations (typically n>_8). The two types of inter-organisational trials used in the 

estimation of measurement uncertainty on the concentration of an analyte are (i) 

collaborative trials in sampling (CTS), described in Chapter 6 and (ii) sampling 

proficiency tests (SPT), described in Chapter 7. 

When applied to a stationary sampling target (e. g. contaminated land) the CTS 

requires a number of participants to take two sets of samples from a target, using 

various interpretations of the same sampling protocol. Each sample is then analysed in 

duplicate, under randomised repeatability conditions, and hierarchical analysis of 

variance (ANOVA) used to estimate precision (as standard deviations) between- 

samplers', within-samplers, and between analytical duplicates (as discussed in Chapter 

2, section 2.5.2). In this case the variation in results is a reflection of the heterogeneity 

(or spatial variability) of the sampling target and any errors inherent from the process of 

sample collection and preparation. The SPT requires a number of samplers to assign a 

concentration to the sampling target using any method they regard as suitable. The 

accuracy of each sampler is assessed using z-scores as described in Chapter 2. The SPT 

methodology also provides a `top-down' approach to uncertainty estimation. 

The inter-organisational sampling trial approach can be analogously applied to 

estimate the mean concentration of a temporally variable target (e. g. gas from a 
borehole). This approach involves a number of samplers independently measuring the 

concentration of a substance in duplicate, separated by a specified time period (Ramsey, 

1994). The time period between the duplicated samples should reflect the frequency of 

variation (i. e. temporal variability). This corresponds with the work of Barcelona (1988) 

who suggests that the frequency of sampling for general purposes should be at least 

twice the frequency of the variation. 

Thompson (1999) suggests that participants of an inter-organisational trial 

should collect their samples throughout a period of relative stability. This would enable 

the estimation of measurement uncertainty between participants at a single period in 

time, providing the sampling procedure does not alter the composition of the sampling 

target significantly. However, the method would not provide information on the 
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potential variability in results over a particular time period represented by a monitoring 

protocol. For example, the uncertainty on a single measurement that is measured on a 

monthly or biannual basis. The uncertainty on such an estimate is of primary importance 

when measured concentrations are compared to `threshold' values for regulatory 

purposes. 

One possible approach to assess uncertainty in measuring an analyte 

concentration within a temporally variable target is to include the geochemical 

variability over time as one source of the uncertainty. In this case the temporal 

variability of the sampling target is analogous to the spatial heterogeneity of a static 

sampling target such as contaminated land. This would require participants to measure 

the analyte concentration of the sampling target, each on separate occasions. To identify 

increased variance above the natural geochemical variation the co-ordinator could 

independently monitor the temporal variation in analyte concentration over the period of 

the trial. An F-test could then be used to establish whether there is significantly different 

variance within- and between-samplers. This is the strategy employed in this study. 

8.2 Site Selection 

The suitability of a site for undertaking the inter-organisational gas sampling 

trials were based on the following criterion: 

(i) the landfill gas should contain detectable levels of methane and carbon dioxide, 

preferably at concentrations close to their threshold concentrations. 

(ii) The rate of recharge of the gas within the borehole should be fast (<1 hour) in 

order that conditions have stabilised before duplicate gas samples are collected, 
or other participants commence sampling. 

(iii) A second control borehole, should be selected in order to monitor the fluctuation 
in gas concentration resulting from natural variability over the time scale of the 
inter-organisational sampling trial, without the removal of its cap. This borehole 

should be close to the borehole under investigation (e. g. <50m) and have similar 

gas composition and concentration. 

(iv) - the site should be secure and managed over the time-scale of the experiment to 

prevent unauthorised access to the boreholes; and finally, 

(v) the site owner should be agreeable to the use of the site for the duration of the 
inter- organisational sampling trial. 
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A reclaimed 100 hectare landfill site located in Bedfont (O. S. grid reference TQ 

508050 172500), owned by Hounslow Borough Council was selected to satisfy the 

majority of the conditions above. This site was a municipal landfill from 1945 until 

1965, and was opened as a country park in 1989. Geologically, this area consists of 

Terrace Gravel overlying London Clay (Rutland Hall Ltd, 1990a). Figure 8.2. shows the 

site layout and location of the boreholes selected for use in the inter-organisational 

sampling trials. 
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Figure 8.2: Site plan of Bedfont Lakes Country Park showing the. location of the reference 
borehole (J14) and sampling target boreholes (J15, J10 and J9). 

Boreholes pass through the fill material and Im into the London Clay (Rutland 

Hall Ltd., 1990b). Figure 8.3 gives the design of the boreholes used at this site. A 150 

mm void is drilled out of the site into which a specified length of 50 mm diameter 

plastic pipe with 5 mm perforated holes is installed, surrounded by gravel of uniform 

size (typically pea gravel of 10 mm) to act as a gas permeable support for the pipe work. 
A removable screw cap with a gas tap is placed in the top of the pipe to stop air ingress. 

A lockable metal cover is placed over the pipe to protect the pipe from damage and to 
deter vandals. 
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Figure 8.3: Design detail of a typical gas monitoring borehole. Adapted from Petts et. aL (1997) 

and Pecksen (1985). 

Borehole J15 was selected as the sampling target for the inter-organisational trial 

as it was shown to produce relatively stable gas concentrations when sampled by the 

organisers over 5 consecutive days (2°d Feb- 12`h Feb' 1999). A second borehole (J14), 

which is situated 30m to the east of J15, was selected as a reference borehole as 

similarly high gas concentrations were measured when the same sampling protocol was 

used to measure the gas concentrations in this borehole at nominally the same time as 

J15. Borehole J15 was used as the sampling target for both the CTS and an SPT trial. 

Two other boreholes (J9 and J10) provided additional SPT information on gas 

concentrations that showed greater temporally variability over five days before the 

inter-organisational trial commenced. These boreholes (J9 and J10) did not have a 

similarly matched reference borehole. 

Gas samples are typically measured using a portable measuring instrument. 

Plastic tubing (approximately lm long and 10mm in diameter) allows the sample to pass 

from a removable screw gas tap at the top of a borehole, into the instrument. The 
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removable screw cap is typically removed completely to measure the depth from the top 

of the borehole to the water table, once the gas samples have been collected. However, 

this allows the ingress of oxygen into the borehole, which can dilute the concentration 

of the other gases. 

The time required for the sampling target to recharge after complete removal of 

the borehole cap was measured to determine the time period between participants 

visiting the site. This was in case any participant measured the water depth in the 

borehole for their SPT. A comparison was made between the concentration of gas 

samples collected every 10 minutes for 70 minutes using (i) borehole J14, which 

remained unopened for the duration of the experiment and (ii) borehole J15, in which 
the borehole cap was removed for 5 minutes, 10 minutes after the start of the 

experiment. Figure 8.4 shows the experimental results graphically. 
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Figure 8.4: Recharge time for methane, carbon dioxide and oxygen gas in borehole J15 (solid 

symbols) after being opened to the atmosphere for 5 minutes, 10 minutes after the start of the 

experiment. The same gases are measured in borehole J14 (open symbols) with no opening of 
the borehole for comparison. 

When the borehole cap is not completely removed and the gas tap is used to 

collect a sample (J14), there is no observable decrease in gas concentration (open 

symbols). In contrast, borehole J15 shows a decrease in the concentration of methane 

and carbon dioxide and an increase in oxygen when the cap is removed after 10 

minutes. Figure 8.4 shows that the gas concentration within borehole J15 is completely 

recharged after 60 minutes. Similar results (approximately 90 minute recharge) were 

observed when this experiment was repeated on a consecutive day. The raw results are 

presented in Appendix 2. A conservative estimate of 2 hours was therefore selected as 

120 



the time period between the completion and start of sampling for any two participants 

should the borehole-cap be completely removed. 

8.3 Experimental Design 

For this research eight participants were asked to measure independently, the 

concentrations of methane, carbon dioxide and oxygen gas with the aim of identifying 

significant gas concentrations in air (CIRIA, 
. 
1995). This aim, along with the site 

history, was given to the participants' two weeks before their arrival on site. Eight 

participants from both government and industrial organisations (given in Appendix 6) 

independently sampled the target gases during one visit, over a period of ten days 

(February 2' _12'x', 1999). For each sampler, a collaborative trial was performed first, 

followed by a sampling proficiency test. A minimum time period of 2 hours was 

selected to separate any two participants where the borehole cap was completely 

removed. This time period was selected in order that (i) no participant observed any 

other and (ii) the borehole had time to replenish. When the gases were measured using 

the gas tap only, a minimum time period of 15 minutes was selected to separate any two 

participants. 

For the collaborative trial, participants were provided with a calibrated portable 
infrared gas analyser (GA90) and a standard gas sampling protocol taken from Waste 
Management Paper No 27 (DoE, 1989) adapted to include a sampling duplicate after 15 

minutes. Participants were asked to measure the concentration of the target gases within 
borehole J15, without completely removing the airtight screw cap. The instructions and 

equipment that were given to the participants are described in detail in Chapter 3, 

Section 3.5. A collaborative trial in sampling (CTS) was carried out by each sampler 
followed by a sampling proficiency test (SPT). 

For the SPT, participants were asked to measure the concentration of the target 

gases within boreholes J15, J10 and J9 using any equipment and protocol that they 

regarded as fit-for-purpose. A summary of the equipment and gases measured by the 

participants for the SPT are given in Table 8.2. 
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Table 8.2: Parameters measured by the participants in the inter-organisational gas sampling 

trial. 

Participant Code 

1 
2 
3 
4 
5 
6 
7 
8 

Infrared Gas 
Analyser 

GA94 
GEM500 
GEM500 

GA94 
GA90 
GA94 
GA94 
GA94 

Flow 
Analysed Y/N 

and type if 
known 

Y 
N 
N 

GA94 flow pod 
N 
Y 

Gas flow pod 
N 

Gases other than 
methane, carbon 

dioxide and 
oxygen 

measured 
None 
None 
None 
H2S 

None 
None 
None 
None 

Water depth in 
borehole 
measured 

Y/N 

N 
N 
N 
Y 
N 
N 
Y 
Y 

In order to separate the natural geochemical variation from that caused by the 

measurement process over the duration of the experiment, the organisers monitored 

boreholes J14 (reference borehole) and J15 (experimental borehole) at nominally the 

same time, before and after each participant's collaborative trial in sampling. The 

sampling protocol used by the organisers was the same as that provided for the CTS 

(given in Chapter 3, Section 3.5.2). Figure 8.5 shows the day and time at which 

methane, carbon dioxide and oxygen gases were measured by the organisers and 

participants at the test borehole (J15). 
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Figure 8.5: Day and time of gas sample measurement by the organisers and participants in the 

test borehole (J15). The variation in gas concentrations across the 10 day duration of the trial is 

used to give an estimate of between-sampler variance. Duplicate samples collected by the 

organiser and participants are used to estimate within-sampler variance. 

8.4 Statistical analysis 

8.4.1 Collaborative Trial in Sampling 

Classical analysis of variance was used to estimate the consensus mean 

concentration, and the within- and between-sampler variability for each of the 3 gasses 

analysed in the CTS. Classical statistics was selected in preference to robust statistics 

as the variation in participants results was estimated as being predominantly influenced 

by natural geochemical variability (as described in Section 8.5).: It was not therefore, an 

objective to down-weight outlying values. Sampling repeatability and reproducibility 

were assessed using the formulas shown below: 

Sampling repeatability = 196 Sw; rh;,, / X Equation 8.1 

Sampling reproducibility = 196 stotal/ x Equation 8.2 

For the CTS protocol the collection of samples in the field and the testing of the 

analyte concentration was the same process. In this case it was not possible to separate 

the analytical and sampling sources of variations (Pelts et al. 1997). Variations in the 

concentrations of methane, carbon dioxide and oxygen for the participants CTS 

measurements (from borehole J15) were compared to the co-ordinators data (from 
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boreholes J14 and J15) using an F-test to determine any extra variability resulting from 

sampling. 

8.4.2 Sampling Proficiency Test 

For the sampling proficiency test the gas concentration data submitted by 

participants were analysed using the z-score assessment (an estimation of bias between 

participants that is proposed by an International Harmonised Protocol). The z-score, 

given by z= (x - X) /ß required the definition of an assigned value of concentration X, 

and a target standard deviation, a for a reported result x. ., 
The best estimate of the `true' values (X) for individual gases were calculated 

from the robust mean of the submitted' data sets for steady readings. The robust 

methodology accommodates up to 10% of outlying results and so avoids the need to 

reject occasional outliers (AMC, 1989). In this case robust statistics were used instead 

of classical statistics as it was not known whether anomalous results were due to 

inaccuracies in the participants monitoring equipment. This is in contrast to the CTS, 

where each participant was provided with a machine that was calibrated with gases of a 

certified gas mixture. 

The target standard deviations(6) were based on fitness-for-purpose criteria and 

assumes that the standard deviation of the observed concentration at a site varies with 

concentration as a linear function of the form: 

a, =QO+kxc Equation 8.3 

where o. = standard deviation at concentration c, 6o = standard deviation at zero 

concentration and k=a constant (Thompson and Howarth, 1976). It is assumed that oo 
is equal to the resolution limit of the monitoring equipment, which is 0.1% v/v. The 

constant, k is taken to be 0.1 to represent a fitness-for-purpose precision (at 1 6) of 10% 

relative of the mean concentration well above the detection limit. This gives the target 

standard deviation (6c) for fitness-for-purpose at any concentration, c as: 

6, =0.1 + 0.1 xc 

For example, the mean concentration of methane for borehole J15 in the proficiency test 
is 51.49% v/v. Applying this concentration to the above equation gives: 

o. =0.1+0.1x51.49 

6, =5.25 
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so for a concentration of 51.1%v/v methane you would expect a target standard 
deviation of 5.25 %v/v. 

When the concentration for the PT data matches the fitness-for-purpose criteria, 

values of Z are expected to fall inside the range -2 <z <2 matches in 95% of instances. 

Values falling outside the range -3 <z <3 is expected to occur in about 0.3% of 

instances. Scores of z<_3 were classed as fit-for-purpose in this trial 

8.5 Results and Discussion 

8.5.1 Collaborative Trial in Sampling 

The following sections describe the fitness-for-purpose of the adapted Waste 

Management Paper No. 27 (DoE, 1989) protocol for methane, carbon dioxide and 

oxygen measurements at test borehole (J15). The raw measurements for each gas 

collected by the co-ordinator and participants at the test borehole (J15), along with the 

organisers measurements at the reference borehole (J14) are shown the following tables. 

The standard deviation over the duration of the trial (between-sampler) and within- 

sampler are provided for each gas measured at the test and reference borehole. For the 

collaborative trail all of the participants were provided with a GA 90 infra red gas 

analyser which showed acceptable performance when calibrated (measurements within 

the tolerance for each gas), as shown in Table 8.3. 

Table 8.3: Calibration measurements for the GA90 infra red gas analyser using a gas canister 

of known concentration. 

Bottle number: GE00050 
Master cylinder number: P256511597A 

Gas Assigned 
concentration 

% v/v 

Tolerance Participant 

Min. Max. 1 2 3 45 6 7 8 

02 air 21 - - 20.8 20.8 20.7 20.7 20.9 20.8 20.9 20.9 
CH4 5 4.9 5.1 5 5 4.9 5 5.1 4.9 5 5 
CO2 5 4.9 5.1 5 5 4.9 4.9 4.9 5 5 4.9 
02 6 5.88 6.12 5.6 5.6 6 5.5 5 5.4 5.5 5.5 
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8.5.1.1 Methane 

The participant's methane concentrations for borehole J15 (Table 8.4, column 2) 

ranged from 44.1 to 61.1 %v/v over the time scale of the experiment (10 days) with a 

mean concentration of 50.6 ± 5.33 %v/v (Is). 

Table 8.4: Measurements of methane gas concentrations (at steady state) for the test borehole 

(J15) and reference borehole (J14). 

Visit number Participant's measured 
concentration of 

CH4 (% v/v) at the 
test borehole (J15) 

Organisers measured 
concentration of 

CH4 (%v/v) at the test 
borehole (J15) 

Organisers measured 
concentration of 

CHq (%v/v) at the 
Reference borehole (J14) 

SIA1 S1A2 S1A1 S1A2 S1A1 S1A2 

1 48.3 48.5 47.8 48.8 48.3 47.7 
2 48.9 49.1 48.8 47.9 47.7 46.6 
3 43.8 45.8 42.8 47.7 34.5 34.9 
4 51.2 52 51 53.1 44.6 45.2 
5 49.1 50.7 47.7 50.9 52.7 53.3 

6 54.5 54.6 53.8 54.8 55.8 55.5 

7 61.1 61.1 60.4 61.5 59.4 59.9 
8 44.1 46.7 42.4 50.3 51.9 51.6 

Si Al represents sample! analysis 1; S1A2 represents sample 1, analysis 2. 

The standard deviation in concentration of methane measured by the participants and 

organisers is shown in Table 8.5. 

Table 8.5: Within- and between-sampler standard deviations for methane gas. 

Borehole CH4 standard deviation 
%v/v 

Between-sampler Within- sampler 
J15 Participant 5.242 0.937 
J15 Organiser 4.761 2.563 

J14 Reference hole 7.621 0.424 

There is no significant difference in the variance of methane concentration 

(%v/v) between-samplers over the 10 day duration this investigation (calculated from 

Table 8.5 using the F-test). This indicates that there is no extra variance introduced from 

sampling and that the fitness-for-purpose criterion is largely determined by the natural 

geochemical variability of the borehole. The within-sampler variance is not significantly 
different between the participants measurements in the test borehole (0.937) and 

organisers measurements in the reference borehole (0.424). There is a significant 

difference however, between the organisers measurements in the test (2.563) and 

reference borehole (0.424). This increased variance in the test borehole is thought to 

result from increased sampling activity in the borehole by participants throughout the 
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time period before the duplicate measurement was collected by the organiser (as shown 
in Figure 8: 5). 1 

The uncertainty (at 95% confidence) of a single sampler identifying the methane 

concentration (sampling repeatability) was estimated as 3.63 % relative to the mean of 

50.6 %v/v. The uncertainty of multiple samplers identifying the methane concentration 

(sampling reproducibility) was estimated as 20.63% at 95% confidence. This indicates 

that the protocol investigated is fit for identifying the concentration of methane in this 

borehole to within approximately 21% of its true value. 

8.5.1.2 Carbon Dioxide 

The concentration of carbon dioxide in the test borehole (J15) ranged from 3.9 

%v/v to 5.2 %v/v in the CTS with a mean concentration of 4.76 %v/v ± 0.4 (ls) derived 

from Table 8.6, column 2. 

Table 8.6: Measurements of carbon dioxide gas concentrations (at steady state) for the test 

borehole (J15) and reference borehole (J14). 

Visit number Participant's measured 
concentration of 

CO2 (% v/v) in the test 
borehole (J15) 

Organisers measured 
concentration of CO2 

(%v/v) in the 
test borehole (J15) 

Organisers measured 
concentration of CO2 

(%v/v) in the 
reference borehole (J14) 

SIA1 S1A2 SIA1 S1A2 S1A1 SIA2 
1 4.9 4.9 4.9 4.9 3.8 4.2 
2 4.8 4.7 4.9 4.8 4.2 4.8 
3 4.2 4.6 4.2 4.6 8.5 8.5 
4 55 4.8 5 9.2 9.3 
5 4.8 4.9 4.7 4.9 5 5.3 
6 5.2 5.2 5.1 5.1 8.6 8.7 
7 55 55 10.2 10.4 
8 3.9 4.1 3.8 4.4 11.3 11.3 
SIA1 represents samnpleI analysis 1; S1A2 represents sample 1, analysis 2 

The standard deviation in concentration of carbon dioxide measured by the participants 
and organisers is shown in Table 8.7. 

Table 8.7: Within- and between-sampler standard deviations for carbon dioxide gas 
Borehole CO2 standard deviation 

°/av/v 
Between-sampler Within- sampler 

J15 Participant 0.377 0.117 
J15 Organiser 0.306 0.195 

J14 Control hole 2.776 0.205 

There was no significant difference in the between-sampler variance of gas 

concentrations measured in the test borehole (JI5) by the participants and those 

measured in the same borehole by the organisers. This once again indicates that natural 
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variability is the dominant factor in determining the fitness for purpose of the sampling 

protocol for measuring CO2 gas. There is a significant difference in the between- 

sampler variability measured by the organisers for the reference and test borehole. This 

indicates that the reference borehole (J14) was not well matched to the test borehole 

(J15) for CO2 gas. There is no significant difference in within-sampler variance for 

samplers listed in Table 8.6. The sampling repeatability using the CTS protocol to 

measure CO2 gas is 4.8 % and the sampling reproducibility is 16.3 % relative to a mean 

concentration of 4.8 %v/v. The protocol used in the CTS is therefore suitable for 

measuring the concentration of carbon dioxide in borehole J15 to within 16 % of its 

assigned concentration (%v/v). 

8.5.1.3 Oxygen 

The concentration of oxygen in the test borehole (J15) ranged from 0 %v/v to 

3.7 %v/v in the CTS with a mean concentration of 0.58 %v/v ± 1.1 %v/v (Is) derived 

from Table 8.8 (column 2). 

Table 8.8: Measurements of carbon dioxide gas concentrations (at steady state) for the test 

borehole (J15) and reference borehole (J14). 

Visit number Participant's measured 
concentration of 

02 (%v/v) in the test 
borehole (J15) 

Organisers measured 
concentration of 02 

(%v/v) in the 
test borehole (J15) 

Organisers measured 
concentration of 02 (%v/v) 

in the 
reference borehole (J14) 

SIA1 S1A2 S1A1 S1A2 S1A1 S1A2 
1 0.05 0.05 0.05 0.05 0.05 0.05 
2 0.05 0.05 0.05 0.05 0.05 0.05 
3 1.3 0.6 1.9 0.1 1.4 1.1 
4 0.05 0.05 0.05 0.05 0.05 0.05 
5 0.8 0.1 1.3 0.1 0.05 0.05 
6 0.05 0.05 0.05 0.05 0.05 0.05 
7 0.05 0.05 0.05 0.05 0.05 0.05 
8 3.7 2.3 4.3 1 0.05 0.05 
SIA1 represents samplel analysis 1; SIA2 represents sample 1, analysis 2. 

The standard deviation in concentration of oxygen measured by the participants and 

organisers is shown in Table 8.9. 

Table 8.9: Within- and between-sampler standard deviations for oxygen gas. 

Borehole 02 standard deviation 
%v/ v 

Between-sampler Within- sampler 

J15 Participant 0.984 0.429 
J15 Organiser 0.595 0.986 

J14 Control hole 0.421 0.075 
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There is no significant difference in the organiser's between-sampler variance 
for the test borehole (0.595) and reference borehole (0.421). This suggests that these 

two boreholes have a similar natural geochemical variation of oxygen over the duration 

of the trial. There is a significant difference however, between the participants' 
between-sampler variance (0.984) and that of the reference borehole (0.421). This 

increased variance is potentially a result of a sampling error component. Such 

measurement uncertainties are to be expected however, as the measured oxygen 

concentrations are very close to the detection limit of the analysing instrument (0.1 

%v/v) for this gas. 

There is a significant difference between the participants and organisers within- 

sample variation for the test borehole (J15), the organisers having a larger standard 

deviation. As for methane, this increased variance in the test borehole is thought to 

result from increased sampling activity in the borehole by participants throughout the 

time period before the organiser collected the duplicate measurement. The control 
borehole had zero readings apart from one anomalous reading. This is thought to be 

because the borehole remained unopened during the entire trial. The anomalous reading 

of oxygen in the control borehole is thought to be real, as increased 02 levels were also 

anomalous for the co-ordinator and the participant of the CTS in the experimental 
borehole on the same day. Sampling repeatability is estimated, as 145 % relative to the 

mean of 0.58 % v/v and the sampling reproducibility is 363 % (relative). The protocol 

used in the CTS is therefore suitable for measuring the concentration of oxygen in 

borehole J15 to within 363% of its assigned concentration (%v/v). 

8.5.1.4 Conclusions from the CTS experiment 

The reliability of gas concentration measurements collected by organisations 

over a ten-day period for borehole J15 is largely dependent on the natural geochemical 

variability of the gases. On a very stable borehole, such as J15, the CT protocol used in 

this experiment could be representative of the true concentration to within 

approximately 21% (relative) for CH4 and 16% for C02, but with less confidence for 02 
(i. e. 363%) due to the low concentration present. 

There was no significant difference in the organiser's between-sampler variance 
for methane and oxygen gases measured at the test (J15) and reference (J14) borehole 

over the duration the investigation, calculated using the F-test. The test and reference 
boreholes can therefore be defined as having a similar natural geochemical variability of 

methane and oxygen gas over the duration of the CTS. The reference borehole was 
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duration of the trial, than the test borehole. This control borehole was therefore 

considered unsuitable for detecting the uncertainty in measuring CO2 gas concentrations 
in this CTS. 

There was no significant difference in the between-sampler variance from the 

participants and organisers measurements of methane. This suggests that there is no 

extra variance resulting from multiple-samplers, and that the fitness-for-purpose 

criterion is largely determined by the natural geochemical variability of the borehole. 

There was also no significant difference in the variance of carbon dioxide measured by 

the participant's and the organisers in the test borehole (J15). This once again suggests 

that the fitness-for-purpose criterion is largely determined by the natural geochemical 

variability of this borehole. In this case however, there is a possibility that a small, 

undetected component of variability is due to sampling. This is because the between- 

sampler variance using many samplers (J15 participant) is greater (although not 

significantly) than the between-sampler variance for a single sampler (J15 organiser) at 

the same borehole. The measurement of oxygen by the participant's in the test borehole 

was found to be significantly different to the measurements collected by the organisers 

in the test and control borehole. It is suggested that this increased variance may 

potentially result from sampling error. 

The within-sampler variance is not significantly different for the participant's 

measurements of methane and carbon dioxide from the test borehole and the organisers 

measurements of the same gases from the control borehole. The organisers within- 

sampler variability of oxygen in the control borehole (0.075) is significantly lower than 

the organisers and participant's measurements collected in the test borehole. For all the 

gases measured, the within sampler variability is always greater (although not always 

statistically significantly greater) than the participants within-sampler variance in the 

same borehole (J15). This increased variance, measured by the organiser in the test 
borehole, is thought to result from sampling activity in the borehole by participants 
throughout the time period before the organiser collected the duplicate measurement. 

8.5.2 Interpretation of SPT Results 

The concentration (steady state) of methane, carbon dioxide and oxygen gas at 
boreholes J15, J10 and J9 are presented in Table 8.10. Measurements reported as 

<0.1%v/v have been replaced by 0.05%v/v, representing half the resolution limit of the 
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instruments to enable statistical analysis. The participant's z-scores are given in Table 

8.11. 
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Participants performed to within a 10% fitness-for-purpose criterion for borehole 

J15 (Table 8.11, column 5), excluding participant 8, who showed an anomalously high 

reading for oxygen (z score of 15.90). The mean concentrations of gases using the PT 

method was CH4 51.5%v/v ± 4.69%v/v, CO2 4.83%v/v ± 0.30%v/v, and 02 0.24 ± 

0.49%v/v (with 95% confidence). The uncertainty of single measurements relative to 

the mean concentration was 9.10% for CH4,6.30% for CO2 and 207% for 02 (at 95% 

confidence). The organiser's measurements at J15 (measured approximately 15 minutes 

earlier than the SPT) followed a similar trend to the participants for all gases, indicating 

geochemical variation to be the dominant source of uncertainty in measurements. The z- 

scores indicate that all samplers determined the mean concentration of CH4 and CO2 to 

be within 10% of the mean value, with only one participant failing to reach this target 

for 02. It is possible that the participant did not fail on oxygen due to poor sampling 

performance, rather than to an anomalous natural change. This could perhaps be verified 

using meteorological data. The closest meteorological station to Bedfont Lakes is 

Heathrow Airport, however the data is costly to purchase (Wood, 1999). 

8.5.2.1 Test borehole J10 

Borehole JI0 was also very heterogeneous in measured concentrations of CH4 

and 02. Robust mean concentrations and uncertainty (1.96. s) of the gases measured by 

participants were: CH4 19.88 ± 18.19 %v/v; CO2 17.36 ± 4.01 %v/v and 02 1.85 ± 3.94 

%v/v. This corresponds to relative uncertainties on the mean of methane, carbon dioxide 

and oxygen as 92%, 23% and 212% respectively. Half of the participants failed the 10% 

fitness-for-purpose for CH4, all passed for CO2 and all but one failed for 02. 

8.5.2.2 Test borehole J9 

Borehole J9 was found to be heterogeneous (i. e. highly temporally variable) for 

C02, resulting in a large scatter of data about the mean, giving several high z scores 

(z>3). Methane was not detected by any sampler, so all participants performed within 

the fitness-for-purpose criterion on this gas. The robust mean concentration for C02 was 

3.74 ± 3.78 % v/v and the robust mean concentration for oxygen was 15.93 ± 5.08 %v/v 

(at 95% confidence). There were three z-score failures for CO2 and no failures for 02 in 

terms of identifying the gas concentrations to within 10% of their true, or assigned 

value. This borehole highlighted how the scoring system should be viewed in 

relationship to the heterogeneity of the borehole. However, it provides a useful insight 
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into how variable the borehole is with the relative uncertainty of single measurements of 
CO2 being 101% and 02 being 32% of the mean value (at 95% confidence). 

8.5.2.3 Conclusions from the PT experiment. 

The fitness-for-purpose criterion selected in this trial required the participants to 

estimate the concentration of the gas within a borehole, to within 10% of the accepted 

value at high concentration values. This fitness-for-purpose (FFP) criterion is realistic 

for relatively stable boreholes, such as borehole J15, but not for borehole concentrations 

that change significantly over time. In such cases it may be better to have different 

criterion based on the natural variability of the borehole. To this end, participants will 

have scores that reflect their performance given the geochemical variability of the 

borehole. However, an external assessment of the FFP criterion could also be 

considered which reflects the confidence that regulators require from such 

measurements. If a criterion of 10% were required, even for boreholes of very variable 

composition, then the use of more elaborate sampling protocols using repeated 

measurements over several weeks may be justified. 

8.6 Conclusions 

Temporally resolved inter-organisational sampling trials have shown to be 

feasible at a landfill site in Bedfont, Hounslow. A summary of the consensus mean 

concentrations and uncertainty estimates for the gases measured in the experimental 
boreholes are shown below in Table 8.12. 

Table 8.12: Summary of the consensus mean concentration and uncertainty estimates of 

methane, carbon dioxide and oxygen gas measurements from 3 test boreholes, J15, J10 and 
J9. 

Gas Robust mean and uncertainty (1.96. s) for the selected experiment and 
borcholes 

CTS (J15) SPT (J15) SPT (J10) SPT (J9) 

CH4 50.60±10.45 51.49±4.69 19.88±18.19 0t0 
CO2 4.76±0.78 4.82 ± 0.30 17.36±4.01 3.74±3.78 
02 0.58±2.10 0.24±0.49 1.85±3.94 15.93±5.08 

The collection of duplicated samples in the collaborative trial has shown to be 

feasible in identifying within-sampler variation. For the collaborative trial in sampling, 

all the participants had lower within-sampler standard deviations than between-sampler 

standard deviations. This is primarily due to the large natural geochemical variation of 

the gases over the duration of the experiment. The collection of a sample (in dupicate) 
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by the organiser on the experimental borehole (J15) before and after each participant's 

CTS identified increased within-sampler variability in comparison to that reported by 

each participant. This is likely to result from the increased sampling activity by 

participants before the organiser collected a duplicate sample. The control borehole that 

was used to monitor natural geochemical change was unfortunately found to be more 

highly variable than the experimental borehole for carbon dioxide gas, which was a 

limiting factor. The results were still useful however, to compare the within-sampler 

variability between the control and experimental borehole when the organisers collected 

the measurements. A potential way of overcoming this problem could be to install a 

borehole closer to the test borehole. Investigations would be required however, to 

determine the affect gas extraction through one borehole has on the other borehole. The 

natural geochemical variability was the dominating factor of variability between- 

participants for both the collaborative trial and the proficiency test. The proficiency test 

showed that participants were able to perform within a 10% fitness-for-purpose criterion 

primarily when the natural geochemical variability of the borehole was relatively stable. 

To overcome this problem an external assessment of the FFP criterion could be 

considered which reflects the confidence that regulators require from such 

measurements, or the use of more elaborate sampling protocols that use repeated 

measurements over several weeks. 
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9 Conclusions and Recommendations for Further Research 

9.1 Introduction 

The general conclusions from this research on quantifying uncertainty in 

measurements caused from a combination of field sampling and chemical analysis of 

spatially and temporally variable environmental systems are presented in this chapter. 

Methodologies have been developed to quantify the uncertainty in measuring the 

concentration of a contaminant (i) at a single location and (ii) spatially by undertaking 

inter-organisational sampling trials on a specially constructed synthetic reference 

sampling target (RST) of contaminated land. The uncertainty in measuring the mean 

concentration of a temporally variable target was also quantified by using inter- 

organisational sampling trials on landfill gas. Suggested methodologies for estimating 

the uncertainty in measuring the concentration of analytes that are both spatially and 

temporally variable are considered in this chapter, based on the conclusions from the 

previous two investigations. The final section presents some recommendations for 

further research. 

9.2 Concepts of measurement uncertainty 

In this thesis field sampling and chemical analysis have been considered to be 

components of the same `measurement' process. Methodologies for the quantification 

of random errors (expressed as precision) and systematic errors (expressed as bias) have 

therefore been developed for the process of both sampling and analysis in order to 

quantify `measurement uncertainty'. The best estimate of the `true' values of the 

concentration and the spatial extent of contamination can be estimated from the 

consensus of a number of participants when the `true' value, is unknown. However, this 
'assigned' concentration that is based on this consensus can be inaccurate if all the 

participants from the certification trial are biased in the same direction. The `true' value 
does exist however, and can be considered as the mass of analyte in the target, divided 

by the mass of the target. Such aa target can be considered as a reference sampling 
target (RST) and can be constructed in this instance by spiking a known. mass and 

spatial extent of a non-toxic analyte, at a known position with a known mass of soil. A 

comparison between the measured analyte concentration and an assigned concentration 
for the RST allows estimates of sampling bias and accuracy to be estimated for both a 
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single location and for a delineation of the spatial extent of the analyte concentration. 

Precision is estimated using internal quality control, collaborative trials and proficiency 

tests. 

9.3 Preparation of a synthetic sampling target 

The first objective of this research (given in Section 1.2) was to design and 

prepare a synthetic reference-sampling target (RST) which was spatially variable, for 

the purpose of estimating sampling bias and precision. 

The construction of a synthetic reference-sampling target (RST) comprising a 

single hot spot of known position, dimension and concentration was prepared by spiking 

the top soil with a non toxic analyte, barium sulfate. This RST allowed the first 

estimates of sampling bias to be made against a known mass of spiked analyte, both in 

terms of the concentration at a single location and in a spatial dimension. 

The size of the sampling target for this application (30 m by 30 m) was similar 

to those of a typical contaminated land investigation, yet small enough to allow an area 

of contamination to be spatially delineated with a limited number of samples (n ? 22 

100). The site was perfectly square and flat, with no obstacles such as building 

foundations, mounds or trees. 

Six sampling protocols applied to the whole sampling target confirmed that the 

indented design of the site had been realised in practice. The concentration of the 

analyte within the hot spot decreased towards it edge, to form 5 rings of contamination. 
Lateral smearing from the mixing technique employed produced the outer ring. The 

complexity of this hot spot made the construction of the site more difficult than a hot 

spot of uniform concentration, but allowed more realistic interpretations to be made of 
the measurement results. 

Values were assigned to each ring of contamination based on the mass of Ba 

within the target divided by the total mass of the sampling target. The target in this case 

was soil of the <2 mm size fraction. The measured concentrations within each ring 

were not significantly different to the assigned concentrations, with one exception. Ring 

3 showed a negative bias of -25.11%. This is likely to have been caused by an 

overestimation in the depth of mixing by 5cm. An alternative explanation is that the soil 
had been compacted more than the other rings. 

Underestimating the depth of mixing does not cause a bias in the concentration 

of measured samples when values have been assigned to the hot spot for a specified 
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depth. In future preparations of a synthetic RST, the spike could be mixed to a lesser 

depth than that on which the assigned values are calculated. 

The uncertainty on the assigned values for each ring of contamination were 

derived from the variability in measured concentrations of the Ba within each ring 
(expressed as 1.96s). The uncertainty estimates were relatively high (averaging 49% 

relative), but were not atypical of real contaminated sites. 

The size of the heterogeneity of the spiking analyte affects the quantity of 

sampling bias that can be detected at the site: One way of reducing the heterogeneity of 

the analyte could be to prepare and homogenise the sampling target in a laboratory. 

However, this is potentially costly and time consuming and intensive characterisation of 

the site would still be required once the RST had stabilised. 

The sampling target showed no significant temporal variability over the duration 

of the experiment, when calculated from soil samples collected from the hot spot before 

and after the sampling trial. There was a significant increase in the measured 

concentration of one of the rings of contamination between 7 and 14 months after the 

initial construction of the site, bringing it closer to its accepted value. This could 

potentially be a result of the site becoming less compact over its lifetime. 

9.4 Spatially resolved inter-organisational sampling trials and 

uncertainty estimation 

The second objective of this research was to set up, implement and interpret an 
inter-organisational sampling trial for the estimation of uncertainty in spatially resolved 
investigations. 

0 Inter-organisational sampling trials were shown to be feasible for estimating the 

uncertainty in measuring the spatial dimension of a hot spot of contaminated soil. The 

fitness-for-purpose of the performance by a single sampler and a sampling protocol was 

assessed by comparing the measured extent of contamination reported by the 

participants with the assigned hot spot dimensions. 

9.4.1 Estimation of uncertainty at a single location 

Investigations on contaminated land are not typically conducted to identify the 

concentration at a single location specifically. However, many individual locations are 

sampled, analysed and then spatially delineated to assess a site for contamination above 

a defined threshold value. The uncertainty at a single location therefore influences the 
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area of land classed as contaminated by this criterion. A bias in concentration at a single 
location causes a bias in the spatial -delineation as shown in Figure 9.1. Equally, a 

sample collected away from the nominal location (surveying error) causes a bias in the 

measured concentration. Previously derived methods for estimating the measurement 

uncertainty for the mean concentration of a site were therefore applied in this research, 

to estimate the uncertainty in concentrations measured at a single sampling location. 
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Figure 9.1: Chart showing how a bias in concentration at a single location can cause a bias in 

the spatial delineation. 

The collection of a proportion of samples (approximately 10% of the total, or >_8 

samples) in duplicate, separated by a distance representative of that generated on site by 

the surveying technology employed, is a relatively cheap and quick method of obtaining 

the sampling precision for a single sampler. Duplicate analyses are made on each of the 
duplicate samples (Garret, 1983) after which an experimental design employing analysis 

of variance, can be used to apportion the precision between geochemical, sampling and 

analytical components. This method is primarily a `bottom up' approach as it estimates 

different sources of variability and combines them to give an estimate of uncertainty 

(Ramsey and Argyraki, 1997). 

Using the above methodology on the RST, sampling duplicates are assumed to 
be representative of the uncertainty across the whole sampling target. This research has 

highlighted, that when samples are collected from a background population of relatively 
homogenous uncontaminated soil only, no reliable patterns of analyte concentrations 
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can be resolved because the within-location (measurement variance) and between- 

location (geochemical variance) components are not significantly different. The 

measurement uncertainty is useful however, in setting the threshold concentration of Ba 

above which there is a significant level of contamination. 

When a small proportion of samples are also collected from a hot spot 

(approximately 10%) it is considered important to either remove outlying results or 

down-weight the outliers using robust statistics in order that the uncertainty estimates 

are specific to the background population under study. Sampling bias is estimated by 

comparing the measured concentration with the assigned concentration of the RST. 

A more rigorous estimate of sampling uncertainty at a single location can be 

estimated using a collaborative trial in sampling, which is a `top-down' approach to 

uncertainty estimation. A number of participant's (ii >_ 8) individually collect a duplicate 

sample at a single location using two different randomly selected orientations of a single 

sampling protocol. Each sample is analysed once, after which classical analysis of 

variance is applied to the data to identify the within- and between-sampler variance, in 

this case. Classical analysis of variance is used in preference to robust analysis of 

variance where there is no intention of down-weighting outlying values and 

concentrating on the main population, e. g., when outlying values are assumed to be 

valid. 

Duplicates samples can be analysed twice to estimate the analytical component 

of precision. However, such procedures would be uneconomic for a large number of 

samples. The protocol bias is estimated by comparing the consensus concentration with 

the assigned concentration of the RST. It is important to take into account the analytical 
bias from measurements and the uncertainty on the assigned concentration of the RST 

when determining sampling bias. 

All of the samplers within the CTS estimated the uncertainty at single location 

by collecting 8 samples in duplicate separated by 20 cm, as part of a herringbone 

sampling design (ii = 25). The component standard deviations of sgeochen»cal = 1.10 99 9- 
Iq Ssampling = 1.96 µg g-1 and sanalys; s = 1.53 µg g"1 were typical of all the samplers. This 

gives a relative measurement uncertainty, U, of 3.34%, expressed relative to the mean 

Ba concentration of 146 µg g 1. 

When a Collaborative Trial in Sampling (n = 9) was applied to single locations 

within the synthetic reference-sampling (one on the hot spot and one on the background 

population of uncontaminated soil) it was found that heterogeneity of the analyte 
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concentration at a site influences the quantity of sampling precision that can be detected. 

The heterogeneity of the contaminated location was 468 ± 230 pg g"1 Ba (Is) compared 

to only 154 ±6 gg g71 Ba (Is) for, the uncontaminated location from the background 

population of uncontaminated soil. For a single sampling location situated on a hot spot, 

no significant difference in variance was detected within-sampler compared to between- 

samplers. This is a result of the large heterogeneity in concentration at this location. 

Correspondingly high measurement uncertainties were estimated on the hot spot, 

and low uncertainties on the uncontaminated population. Sampling repeatability 
(within-sampler variance) was estimated as 60.08% and sampling reproducibility (total 

variance) 85.79% relative to a mean concentration of 504 µg g'1 Ba on the hot spot. This 

uncertainty contrasts with the sampling repeatability of 3.77% for a single sampling 

location situated on the background population of uncontaminated soil relative to a 

mean concentration of 145 gg g71 Ba. There was no extra variance introduced from 

between-sampler variance at this location, so that sampling reproducibility was also 

3.77%. These results contradict those often found in analogous situations encountered in 

collaborative trials in chemical analysis, where inter-laboratory variations tend to be 

greater than those within a laboratory. 

Comparing the measured mean concentration from a single sampler with the 

assigned concentration for an individual location allowed the assessment of sampling 
bias. The performance of the sampling protocol was judged by comparing the consensus 

mean with the assigned concentration for a single location. Sampling bias was not 

significant for either samplers or the sampling protocol, although such a bias may have 

been masked by the heterogeneity of the sampling target. The large heterogeneity of Ba 

on one particular hot spot ring (RSD of 85%) made identifying sampling bias difficult, 

using the assigned value at this location. This indicates the need for a more homogenous 

sampling target, or concentrations within the hot spot being prepared to be much higher 

above the background population. 

This work, in comparison to Gy's (1992) has shown that sampling bias can 

occur from inappropriate sampling, handling and preparation. The heterogeneity of the 

RST is a limiting factor in the identification of bias, which can influence the shape and 

size of a spatially delineated area of contamination. It is conceivable that a `correct' 

sampling protocol, with no surveying error, or errors in sample collection and 

preparation could give an unbiased estimated of concentration, as stated in Gy's theory. 
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However, the methods described above are utilised to determine just how `correct' the 

protocol really is. 

A sampling proficiency test could have also been used to estimate the 

uncertainty at a single location. This is also a `top-down' approach to uncertainty 

estimation, which allows participants to collect and analyse samples using a 

methodology selected using their own professional judgement. Such a procedure was 

not conducted in this research as the focus of the investigation on contaminated land 

was for spatial delineation. In this way, individual sampling locations were positioned 
based on the judgement of individual samplers. 

9.4.2 Spatial Interpolation and fitness-for-purpose 

A Collaborative Trial in Sampling trial has been demonstrated to be a useful 

new tool in assessing the fitness-for-purpose of a sampling protocol for the spatial 

delineation of contamination. A number of participants (n=9) independently collected a 

number of soils samples according to a prescribed protocol, and then repeated the 

protocol in a second, randomly selected orientation. The soil samples were analysed 

within one laboratory, using the same analytical procedure, in order to reduce the 

analytical component of variation between participants. Certified reference materials 

were used in the chemical analysis to test for any analytical bias. 

A herringbone sampling protocol (ii = 25) was found to be fit-for-purpose on the 

RST. The orientation of the sampling protocol influenced the shape of the delineated 

hot spot. One orientation showed evidence of sampling bias, with two locations situated 

on the hot spot being mis-classified. No significant differences in the scores were 

observed within-samplers compared to between-samplers as judged by one-way 

analysis of variance. A Delaunay triangulation method of interpolation in which the soil 

is considered to be contaminated right up to the nearest uncontaminated sampling 

location showed performance scores averaging 25% higher than for Delaunay 

triangulation with liner interpolation. This was primarily because of a greater proportion 

of `false positive' classifications. 

A sampling proficiency test was found to be a suitable methodology for 

assessing the performance of samplers in spatially delineating an area of contamination. 

A number of samplers (ii = 9) independently collected a maximum of 50 samples from 

the RST using a sampling protocol and equipment selected using their own professional 
judgement. All the samples were analysed by the organisers at Imperial College due to 
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the specialised equipment required for the analysis of this analyte. The Ba 

concentrations for each sampling location, and quality control information was reported 

to the participants in order that they could spatially delineate concentrations of Ba >_171 

. 1gg"1. 

All but two participants identified the dimension of the true hot spot within a 

specified fitness-for-purpose of scores of _< 
3. The participants who failed, did so 

because of a mis-orientation of their sampling location points when constructing their 

final map. A significant positive correlation was identified between the collection of 

large (composite) samples and the time taken to complete the sampling protocol. There 

was no evidence to suggest that the performance scores achieved by participants were 

the result of any one overriding factor. 

9.5 Estimation of spatial uncertainty 

The third objective of this research was to develop and implement a method to 

estimate spatial uncertainty. This objective had to be met in order to estimate the 

performance of samplers or a sampling protocol within inter-organisational sampling 

trials (objective 2). 

" The uncertainty in spatially delineating a region of contamination was estimated 

by developing a method to compare the spatial extent of contamination measured by a 

participant with the `assigned' dimensions of the hot spot. The performances of 

individual samplers were given a score based on fitness-for-purpose (FFP) criterion, 

which comprised a cost-effectiveness approach. The area within which the `true' hot 

spot lay with 95% confidence was assigned using a new method based on the consensus 

boundary line of contamination that was reported by participants and deemed fit-for- 

purpose by the FFP score. 

The fitness-for-purpose criterion for the trials on the RST was set at a score of 

: 53 based on professional judgement. Scores ranged upwards from zero, with a score of 

zero indicating perfect spatial delineation with no excess cost. The value of the score 

was derived from a weighted sum of the `false negative' and `false positive' areas 
designated as contaminated by the participants (Chapters 6 and 7). In this research the 

financial penalty of a false negative classification was estimated to be four times that of 

a `false positive' classification. 

The spatial interpolation made by each participant, comprised random 

systematic, and interpolation errors, as individual measurements were required in order 
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to spatially delineate an area of contamination. For large data sets (n >100) it, may be 

possible to estimate the interpolation error using geostatistical techniques. This was not 
feasible in this research due to the small number of samples collected for each sampling 

protocol (typically ri = 25 for the CTS). 

A computer program was written to estimate the consensus location of a 

contamination ̀ hot spot' with a stated probability, when multiple samplers, or multiple 

sampling designs, were used to spatially delineate a region of contamination within a 

single sampling target. The method involved estimating the scatter of spatial 
interpolations (polygons) reported by participants around the consensus centroid (centre 

of mass). 

For this research it was possible to exclude the results of participants, whose 

performance was not fit-for-purpose using the cost effectiveness scoring scheme. For 

real contaminated sites the fitness for purpose of a protocol would need to be-compared 

against the consensus shape. 

The sampling proficiency test data was used to obtain the consensus spatial 
delineation with 95% confidence. The score for the consensus' (0.64) spatial delineation 

was fit-for-purpose (53) and there was no false negative interpretation. This indicates 

that this software has potential for use on real sites of contamination where the position 
of the hot spot is not known. 

9.6 Measurement uncertainty estimation at a temporally variable 
target. 

The first objective for estimating the measurement uncertainty of a temporally 

variable target (given on page 6) was to select an environmental sampling target and an 

experimental design, which would enable the separation of the potential sources of 

variation. 

" Methane, carbon dioxide and oxygen gas from a borehole situated in landfill was 

a suitable target to develop methods for estimating the uncertainty in measuring the 

mean concentration of a temporally variable target. The potential sources of variation, 

which were measurement uncertainty and natural geochemical variability, were 

separated by comparing the variance of measurements collected from a reference 
borehole to those of a test borehole. 
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Borehole number J15 was selected as the test borehole because it had 

measurable concentrations of methane, carbon dioxide and oxygen, was relatively stable 

and recharged quickly (<15 minutes). Two other boreholes (J9 and J10) were also used 

as test boreholes to estimate the uncertainty in measuring the concentration of gases that 

were more temporally variable. 

Borehole number J14 was selected as a reference site as the generation rate and 

concentrations of gases within this borehole were measured to be similar to those of the 

test borehole (J15). The organiser of the sampling trials independently monitored the 

temporal variation of gases at the test and reference borehole, at the start and end of 

each participant's collaborative trial in sampling. An F-test was then used to establish 

whether there was any significantly different variance within- and between-samplers 

compared to the organisers measurements. 

9.6.1 Inter-organisational sampling trials on a temporally variable target 

The second objective for this section of the research was to test the feasibility of 

applying methodologies of estimating uncertainty originally used for a stable target, to a 

temporally variable or moving target. 

" Temporally resolved inter-organisational sampling trials are feasible for 

estimating the uncertainty in measuring the mean concentration of methane, carbon 
dioxide and oxygen gas. A collaborative trial was conducted and the results were used 

to estimate the fitness-for-purpose of a sampling protocol adapted from Waste 

Management Paper No. 27 (DoE, 1989). A, sampling proficiency test showed improved 

performance by participants, assessed using a 10% fitness-for-purpose criterion, when 

the natural geochemical variability of the gases were relatively stable. 

For a single sampler within the CTS, measurement uncertainty was estimated by 

collecting duplicate samples, separated by a specified time period (Ramsey, 1994). The 

time period between the duplicated samples should reflect the frequency of variation, 
i. e., temporal variability. The frequency of variation for landfill gas has been found to 

be borehole specific. When in situ monitoring equipment is used to measure the 

concentration of gases, it is not possible to separate the sampling and analytical 

components of variability. 

For the CTS, eight participants independently measured the concentration of 

methane, carbon dioxide and oxygen gases in duplicate- using a specified protocol, 

separated by 15, minutes. The participants collected their samples independently. A 

145" 



minimum of 2 hours separated any two participants, but was typically 24 hours. In this 

way, geochemical variability over the period of the trial was considered as one source of 

the uncertainty. 

The relatively short time period between the nominal and sampling duplicate (15 

minutes) was selected as the minimum time for the concentration of gas within a 

borehole to totally recharge. With appropriate organisation of participants, it is 

suggested that for future trials, each participant collect the duplicate measurement on a 

different day from the primary measurement. This would give more realistic estimates 

of within-sampler variability resulting from the definition of the monitoring protocol. 

Typical estimates of sampling reproducibility (stotal x 196 /x) for methane, 

carbon dioxide and oxygen measurements at the test borehole (J15) were: 21% relative 

to a mean concentration of 50.6% v/v for methane, 16% relative to a mean 

concentration of 4.76% v/v for carbon dioxide, and 363% relative to a mean 

concentration of 0.55% v/v for oxygen. The natural geochemical variability of the gases 

was the dominating factor of variability between-participants for the collaborative trial 

in sampling. 

The SPT required each participant to collect samples using their own equipment 

and sampling protocol. The measurements were compared with those collected by the 

organisers at the reference borehole at nominally the same time. The participants of the 
SPT were scored using the z-score assessment proposed by an International Harmonised 

Protocol (Thompson and Wood, 1993). The best estimate of the `true' values (X) for 

individual gases were calculated from the robust mean of the submitted data sets for 

steady readings. The target standard deviation (a) was based on fitness-for-purpose 

criteria of a set target e. g., 10% of the consensus mean concentration that varies as a 
linear function of concentration. 

The uncertainty estimates for gases measured at the relatively stable test 
borehole (J15) using the SPT were: 9.1% relative to a mean concentration of 51.49% 

v/v for methane, 6.3% relative to a mean concentration of 4.83% v/v for carbon dioxide, 

and 207% relative to a mean concentration of 0.4% v/v for oxygen For a more 
temporally variable borehole (J10) uncertainty estimates were: 91% relative to a mean 

concentration of 19.9 %v/v for methane, 23% relative to a mean concentration of 17.4 
%v/v for carbon dioxide, and 207% relative to a mean concentration of 1.9 %v/v for 

oxygen. Geochemical variability was the dominant component of the uncertainty. To 

overcome the problem of boreholes with highly variable gas concentrations performing 
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worse than boreholes with relatively stable concentrations, an external assessment of the 

FFP criterion could be considered which reflects the confidence that regulators require 
from such measurements. 

9.7 Measurement uncertainties from sampling targets that are both 

spatially and temporally variable. 

The final objective of this research was to suggest the feasibility of estimating 

the measurement uncertainties from sampling targets that are both spatially and 
temporally variable, as discussed below. 

The estimation of measurement uncertainty from sampling spatially and 
temporally variable targets such as water, atmospheric gases and sediments is a difficult 

task. Analytical methods are sophisticated enough to measure analyte concentrations at 

trace levels (i. e., parts-per-trillion range, ng 1"1). However, improvements in analytical 

measurements have raised issues of concern with regard to the spatial and temporal 

variability of measurements. For example, the concentration of suspended sediment in 

river water tends to vary with increasing distance from the riverbank, depth of sampling, 

rate of discharge (velocity) and grain size distribution, to name a few factors. A single 

grab sample taken from a specific depth will not therefore represent the water body as a 

whole. It is therefore common to collect a composite sample with increments collected 

at a specified width and depth across a river in order to estimate the mean concentration 

of an analyte within the water body (Horowitz, 1997). 

In periods of relative stability (similar conditions and velocity) it would be 

possible to repeat the sampling protocol using a single sampler or inter-organisational 

sampling trials to provide an estimate of uncertainty. However, this would not provide 

an estimate of the true variability of the analyte stated by a sampling protocol. For 

example, if a measurement is required to represent a biannual measurement, it is 

suggested that samples be collected in duplicate at different conditions i. e., before and 

after a storm and in periods when evaporation is high. Duplicate analysis could then be 

carried out on each of the samples to estimate geochemical, sampling and analytical 
components of variability. As water samples deteriorate, these samples could not all be 

analysed under repeatability conditions. Reference materials would need to be used to 

estimate between-batch precision and analytical bias. 

Where the spatial delineation of contamination is the parameter of interest, e. g, 

the analyte concentration of sediment in an estuary, participants of an inter- 
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organisational sampling trial could collect samples on a grid. For a collaborative trial 

participants could repeat the sampling protocol separated by a specified time period. A 

number of the samples could be duplicated in time and also at a distance representative 

of the surveying error and then analysed twice to estimate geochemical, sampling and 

analytical components of variance. The within- and between-sampler variations could 

then be used to estimate whether the sampling protocol was fit-for-purpose. 

All the samples for an inter-organisational sampling trial would need to be 

analysed under repeatability conditions. Such trials would not therefore, be viable using 

samples that deteriorate with time, e. g. water samples, unless they could be stabilised 

and it could be found that there was no significant differences between batches using 

certified reference materials. The spatial delineation at. 95% confidence could be 

obtained using the method described in Chapter 7. To estimate the measurement 

component of uncertainty alone a reference method would be required to separate out 

the temporal variation. Such a method could be an in situ permanent monitoring system 

at a site compared to participant's measurements. An F-test could then be used to 

determine if there was any extra variance resulting from participant's measurements due 

to sampling activities. 

9.8 Recommendations for further research 

This research has highlighted the importance of estimating measurement 

uncertainties in sampling spatially and temporally variable environments and has 

demonstrated methodologies for its estimation. The heterogeneity and geochemical 

variability of an analyte has been shown to be the dominant factors influencing the 

quantity of sampling precision and bias that can be measured. The calculation for z- 

scores could therefore be modified to allow for this factor of heterogeneity. 

Alternatively, if a low z-score is required, the sampling protocol may require changing. 

The RST constructed in this research was found to be too heterogeneous to 
identify all but the largest sampling bias, even though the level of heterogeneity was not 

untypical of real contaminated sites. In future, it may be possible to remove and spike 

the soil in a laboratory before replacing it on the RST. The development of reference 

sampling targets on environmental media other than contaminated land could also be 

constructed. For example, the sampling uncertainty in measuring landfill gas could be 

assessed by preparing as a gas borehole RST. A known concentration of gas could be 
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emitted from a gas canister situated in the borehole at a known rate. Any air ingress into 

the borehole or inaccuracies in the monitoring equipment could then be identified. 

Further experimentation is required to assess the 'performance of the stated 

methodologies on more complex sites. Hot spots of different sizes, shapes and 

concentration within targets comprising topographic irregularities and obstacles could 

be realistic. An interesting task would be the ability to determine the spatial 

interpolation component of uncertainty using geostatistical data. However, a large 

number of samples would need to be collected and analysed individually, which would 

be costly to perform as an inter-organisational sampling trial. 

Inter-organisational sampling trials could also be conducted to estimate the 

mean concentration of a contaminant in a temporally variable media, such as river water 

and atmospheric gases. The uncertainty in defining spatial distribution of a contaminant, 
(e. g, estuarine sediment or volatile organic compounds) could be quantified. Such 

methodologies would allow scientists to estimate the uncertainty arising from both the 

sampling and analytical components to ensure the appropriate classification of 

environmental media. 
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Appendix 1.1: Nitric and perchioric acid digestion of rocks, soils and sediments 
for multi-element analysis. 

1. SAFETY 

1) do not add perchloric acid to samples in the absence of nitric acid; 

2) samples with high organic content may react vigorously with nitric and perchloric 

acids; 

3) this method must not be attempted on samples containing oil or bitumen. 

2. APPARATUS 

1) test tubes 18mm x 180 mm (Pyrex); 2) wire test tube racks (plastic coated); 3) 

stainless steel test tube racks; 4) aluminium heating block (deep, 252 holes); 5) shallow 

aluminium heating block (315 holes); 6) Oxford dispensers; 7) centrifuge tubes 18mm x 
110mm (polystyrene); 8) vortex tube mixer; 9) balance, top pan; 9) centrifuge. 

3. REAGENTS 

1) deionised water; 2) nitric acid (A. R. 70% w/w); 3) perchloric acid (A. R. 60% w/w); 

4) hydrochloric acid 5M (A. R. 36% w/w) 

4. PROCEDURE 

1) weigh 0.250g (± 
. 
001) sample onto a clean piece of weighing paper using top pan 

balance. Transfer carefully into clean, dry, numbered test tubes (in wire test tube racks). 

2) add 4. Oml nitric acid into each tube from an Oxford dispenser. 

3) add 1. Om1 perchloric acid into each tube from an Oxford dispenser. 

4) place tubes in the aluminium heating block and switch the block programmer to 

'Manual' mode, then set up as follows: 

Rise rate (sec/deg) Dwell time (hrs) Dwell temp °C 

001 3.0 50 

001 3.0 150 

001 18.0 190 

001 0.1 195 

5) turn on he fume cupboard and switch the block programmer to 'Auto' and press 'Reset' 

button. 

6) when the attack cycle is complete, check each tube to ensure that residue is dry. If 
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any liquid remains continue heating at 195°C until dry. Transfer tubes to stainless steel 

racks. 
7) when tubes are cool, add 2. Oml of 5M HCl to each tube from an Oxford dispenser. 

8) place tubes in shallow heating block and leave to leach for one hour at 60°C. 

9) transfer tubes to wire racks and allow to cool. 

10) add 8. Oml DIW from an Oxford dispenser and mix each tube, using a vortex mixer. 

11) decant into polystyrene tubes and cap. 

12) centrifuge at 2000 rpm for 2 minutes. 

13) allow solutions to equilibrate at 21°C for at least 12 hours before chemical analysis 

for general elements using ICP-AES. 

Appendix 1.2: Nitric, perchloric and hydrofluoric digestion of rocks, soils and 
sediments for multi-element analysis. 

1. SAFETY POINTS: 

1) this method must not be attempted on samples containing any significant amount of 

organic material e. g. oil or bitumen; 

2) silica gel and shower should be available in case of hydrofluoric acid spillage. 

2. EQUIPMENT 

1) PTFE test tubes 98mm x 19mm; 2) wire test tube racks (plastic coated); 3) stainless 

steel test tube racks; 4) aluminium heating block (shallow, 120 holes); 5) Oxford 

dispenser (calibrated gravimetrically to ± 0.05m1); 6) vortex mixer; 7) centrifuge tubes 

18mm x 110mm (polystyrene); 8) hydrofluoric acid dispenser and plastic tray for 

dispensing acids; 9) PTFE rod; 10 balance, top pan (to 4 decimal places). 

3. REAGENTS: 

1) deionised water; 2) nitric acid (A. R. 70% w/w); 3) perchloric acid (A. R. 60% w/w); 

4) hydrofluoric acid (A. R. 40%w/w); 5) hydrochloric acid (A. R. 36% w/w); 6) 4M HCl 

(Dilute 349m1 Hydrochloric Acid A. R. 35.4% w/w, specific gravity 1.18, to 1 litre with 

DIW); 7) 0.3M HCl (Dilute 26ml Hydrochloric Acid A. R. 35.4% w/w, specific gravity 

1.18, to 1 litre with DIW). 

4. PROCEDURE: 

1. weigh 0.1000 (± 
. 0001)g sample into clean dry PTFE tubes using a four place 
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analytical balance. The following should be performed within a fume cupboard. 

2. add 2.0 ml nitric acid from an Oxford dispenser. 

3. add 1.0ml perchloric acid from an Oxford dispenser. 

4. add 5. Oml hydrofluoric acid using an HF dispenser. 

5. place tubes into hotblock (within a fume cupboard) and set programmer, as follows: 

Hours Temp°C Dial Setting 

3 90 470 

3 140 720 

10 190 975 

6) when the attack cycle is complete, check each tube for a dry residue. Samples which 
have not reached dryness should be tapped with a PTFE rod and left until dry. 

7) remove tubes from block and place into a stainless steel test tube rack, allow to cool. 

8) when cool, replace tubes in wire racks and add 2. Oml of 4M HCl to each tube from 

an Oxford dispenser. 

9) Leach for 1 hour on hotblock at 70°C (setting 360). 

10) after one hour, remove tubes leave to cool. 

11) when tubes are cool, add 8. Oml 0.3M of HCl from an Oxford dispenser. 

. 12) mix each tube, using a vortex mixer and then decant into disposable centrifuge tubes. 

13) cap the tubes and allow solutions to equilibrate at 21°C for at least 12 hours, before 

chemical analysis for general elements using ICP-AES. 

Appendix 1.3 : Determination of moisture (H20) and loss on ignition (LOI) for 
rocks, soils and sediments for multi-element analysis. 

1. Moisture (H20) is determined by heating about 4g of sample, weighed into a 

porcelain crucible, overnight at 110°C. The % moisture loss is the difference in mass as a 

percentage of the original mass of the soil. 

2) after the % H20- has been determined, 0.2500 ± 0.0001 g of the dried sample is 

weighed into a clean porcelain crucible. This will be used for the ICP preparation. An 

amount of Spectroflux 100B (0.7500 ± 0.0003g) is weighed into each crucible. 

3) reweigh the remanding dried powder. This will be used for LOI determination. 

4) heat the dried sample from room temperature to 1000°C in a muffle furnace keeping at 

1000°C overnight. 

161 



5) once dried, allow the samples to cool at room temperature in a desiccator for at least 

2 hours. 

6) weigh the cooled powder. The LOI is the weight loss as a percentage of the original 

mass of the powder. 

Appendix 1.4: Lithium metaborate fusion for the digestion of rocks, soils and 
sediments for multi-element analysis. 

1. PREPARATION: 

1) Loss on ignition (LOI) must always be determine before analysis (see Appendix 1.3). 

2) Spectroflux 100B contains 12.80% Li and 22.50% B. Before use, the Spectroflux 

100B must be weighed out in 40 g portions and dried at 450°C for 4 hours. The dried 

Spectroflux 100B must be stored in a desiccator over silica gel and sodium hydroxide 

pellets. If flux weighings cannot be completed in 7 days, the Spectroflux 100E must be 

re-dried before any further weighings are made. 

3) Safety goggles and gloves must be worn during the fusion procedure when handling 

the red-hot crucibles and using the furnace. 

2. EQUIPMENT 

1) balance, top pan; 2) porcelain crucibles; 3) graphite crucibles; 4) plastic stirring rod; 

5) narrow spatula; 6) small brush; 7) electric muffle furnace; 8) plastic beaker (400m1); 9) 

magnetic stirrer; 10) volumetric flask (250 ml); 11) filter paper (Whatman 12.5 cm, No. 

41); 12) plastic bottles (250 ml); pipette (5m1); centrifuge tubes 18mm x 110mm 

(polystyrene). 

3. REAGENTS: 

1) deionised water; 2) spectroflux 100B (80% LiBO2,20% Li2B4O7); 3) 2M nitric acid 

(dilute 129m1 hydrochloric acid A. R. 69% w/w, specific gravity 1.42, to 1 litre with 
DIW) 

4. PROCEDURE 

1) Weigh 0.2500 ± 0.0001g of dried (110°C) sample, previously ground to pass a 200 

mesh sieve, into a clean porcelain crucible. 

2) weigh 0.7500 ± 0.0003g of Spectroflux 100B (80% LiBO2,20% Li2B4O7) into the 

crucible. 
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3) mix well using a plastic stirring rod. 

4) transfer the mixture completely, using a narrow spatula and a small brush, to a pre- 

ignited graphite crucible. 
5) fuse the mixture at 1000°C in an electric muffle furnace for 20 minutes. 

6) carefully remove the crucible from the furnace and rotate it slowly so that the molten 

bead swirls round inside the crucible combining with any smaller beads. 

7) pour the red-hot bead into a 400 ml plastic beaker containing 25 ml of 2M HN03 

and 150 ml water. 

8) dissolve the shattered bead by using a magnetic stirrer without any heat for 30 

minutes. 

9) when the graphite crucible has cooled examine it carefully to see if any small beads are 

adhering to the internal surfaces. If any are found, which only rarely happens, dislodge 

them with a spatula and add them to the solution in the beaker. 

10) transfer this solution, when the bead has completely dissolved, to a clean 250 ml 

volumetric flask. Rinse the beaker thoroughly with water and add the rinsing to the flask. 

11) dilute to volume and shake well to mix. 

12) filter the solution through a Whatman 12.5 cm No. 41 filter paper into a plastic 

bottle. 

13) seal the bottle well with a piece of plastic placed under the cap. 

14) immediately after the solution has been prepared pipette 5.00 ml into a disposable 

centrifuge tube. 

15) cap the tubes and allow solutions to equilibrate at 21°C for at least 12 hours, before 

chemical analysis for general elements using ICP-AES. 

Appendix 1.5: Gravimetric determination of Barium Sulfate. 

1. EQUIPMENT: 

1) platinum crucibles; 2) filter paper; 3) balance, top pan. 

2. REAGENTS: 

1) sodium carbonate; 2) sodium carbonate solution (1%); 3) sulphuric acid (10%). 

3. PROCEDURE: 

1) weigh sample onto a clean piece of weighing paper using a top pan balance. 
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Transfer carefully into a platinum crucible. 

2) add sodium carbonate into the crucible. 

3) fuse the mixture at 1000°C in an electric muffle furnace for 10 minutes. 

4) cool the melt. 

5) leach the cooled melt with hot water. 

6) filter off the insoluble barium carbonate. 

7) Wash the barium carbonate with hot 1% sodium carbonate solution. Discard the 

filtrates 

8) dissolve the barium carbonate from the filter paper using hot 1+ 4 hydrochloric 

solution. 

9) evaporate the solution to dryness at 120°C for 1 hour on a hot plate. This dehydrates 

the silica that accompanies the insoluble carbonates. 

10) add 2ml of 1+1 hydrochloric acid to the dried solids, followed by 25m1 of DIW. 

11) warm the solutions on a hot plate to dissolve the soluble salts. 

12) filter off the silica by washing the filter paper with hot 0.1% HCL solution. 

13) dilute the filtrates to 200m1 with DIW and then heat to boiling. 

14) precipitate the barium by slowly adding 15ml of 10% sulphuric acid solution. 

15) stand the precipitate on a hot plate for 2 hours. 

16) cool the precipitate in a desiccator for 2 hours. 

17) filter off the barium sulphate with hot DIW. 

18) transfer the precipitate and filter paper into a platinum crucible and ignite in an 

electric muffle furnace. 

19) cool the precipitate and filter paper. 

20) weigh the filter paper and precipitate to obtain the weight of barium sulphate. 
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Appendix 1.6: Ba concentration for the old and new cleaning method for washing 

the PTFE tubes (as described in Chapter 3) 

Ba concentration using 
the old method / µg g' 

Ba concentration using 
the new method / . ig g'' 

1.054 1.841 
1.303 0.665 
1.052 0.530 
0.736 0.488 
0.660 0.536 
0.944 0.664 
0.634 0.616 

TWO SAMPLE T FOR Cl VS C2 

N MEAN STDEV SE MEAN 

CI (old) 7 0.912 0.247 0.093 

C2 (New) 7 0.763 0.480 0.18 

P=0.49 DF= 8 

There is no significant difference in the Ba concentrations measured using the two 

cleaning procedures. 
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Appendix 1.7: Ba concentration for hot spot samples measured using 4 different 
methods of sample decomposition (as described in Chapter 3). 

Sample Attack 2 Attack 3 Lithium 3T x 10 
Number Metaborate dilution 

1.1 770 1250 1316 
1.2 720 1360 1432 
1.3 815 1330 1413 1390 
1.4 803 1190 1253 1240 
2.1 527 642 680 
2.2 725 1570 1677 1610 
2.3 706 873 907 902 
2.4 718 857 898 
3.1 462 591 615 612 
3.2 692 1680 1739 
3.3 574 857 893 
3.4 465 580 593 
3.6 620 752 787 
3.7 659 828 868 859 
3.8 553 668 703 
4.1 164 280 267 295 
4.2 589 696 735 
4.3 316 407 419 
4.4 332 432 442 
4.5 518 632 667 
4.6 585 679 719 
4.7 767 1240 1280 1250 
4.8 380 464 495 484 
5.1 60 172 171 
5.2 51.8 143 163 
5.3 51.4 161 195 
5.4 47.4 137 152 
5.5 44 138 152 
5.6 44 147 158 

P fprpnce materials used in the above batch and measured Ba concentration 

Reference Ba Conc. Ba Conc. Ba Conc. Ba Conc. 
Material using using using Lithium using 3T x 10 

Attack 2/ Attack 3/ Metaborate / dilution / 
µg g1 µgg-1 µgg-1 -' 

NIST 2709 448.51,451.54 854.29,856.21 939.25,933.41 908.03,900.52 
NIST 2711 251.77,255.53 662.59,664.25 718.54,718.47 687.82,694.63 
HRM 1 19.58,21.42 224.56,235.24 256.56,255.58 234.42,249.86 
HRM 2 410.2,281.26 662.29,671.49 709.34,709.89 698.74,711.75 
Where the accepted values of Ba on the reference materials are: NIST 2709 = 968 ± 40, 

NIST 2709 = 726 ± 38, HRM 1= 250 ± 12.5, and HRM 2= 690 ± 34.5. 
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Appendix 1.8: Characterisation of HRM 32 

1.7.1: Ba concentration within each bottle when the particle size was 1mm 

Bottle1 Bottle2 
Ba/4g g1 

Bottle 3 
Ba/µg g' 

Bottle 4 
Ba/µg g-1 

Bottle 5 
Ba/4g g-1 

Bottle 6 
Ba/48 g-1 

Bottle 7 
Ba/µg g' 

Bottle 8 

Ba/µg g-1 
1794.45 1861.68 1874.05 1968.11 1850.54 

. 
2202.15 1898.83 1819.17 

Ba/µg g'' 2041.67 1997.87 1731.25 1886.87 1625.73 1601.54 1919.14 1827.06 

n=4 2135.38 1929.05 1800.34 1970.64 1748.96 1870.62 1966.21 1828.76 
1881.11 1815.51 1828.49 1880.6 1793.74 1934.08 1954.13 1901.03 

Mean 1963.153 1901.028 1808.533 1926.555 1754.743 1902.098 1934.578 1844.005 
* Mean of all bottles (n=8) is 1879.366 µg g' Ba. 

Ba concentration of reference'material used in the above batch. 
Ba/µg g' using Ba/µg g' using Ba/µg g-' using Ba/µg g-' using 

HRM I HRM 2 NIST 2709 NIST 2711 
256.933 745.013 898.333 688.381 
245.360 714.376 937.572 693.344 
234.297 716.323 897.704 692.137 
246.861 711.186 889.297 685.837 

Mean Ba 
concentration /µg g' 

245.863 721.725 905.727 689.925 

Absolute bias /µg g" -4.137 31.725 -62.274 -36.075 
% Bias -1.655 4.598 -6.433 -4.969 

Where the accepted values of Ba on the reference materials are: NIST 2709 = 968 ± 40, NIST 2709 = 
726 ± 38, HRM 1 =250±12.5, and HRM2=690±34.5. 

1.7.2: Ba concentration within each bottle when the particle size was <63 µm 

Bottlel Bottle2 
Ba/µg gl 

Bottle 3 
Ba/µg g'1 

Bottle 4 
Ba/µg g'' 

Bottle 5 
Ba/µg g'' 

Bottle 6 
Ba/µg g"1 

Bottle 7 
Ba/µg g-' 

Bottle 8 
Ba/µg g" 

1842.63 1829.22 1775.41 1789.66 1812.18 1744.65 1851.31 1859.85 
Ba/µg 9"' 1922.97 1887.03 1919.36 1775.44 1855.52 1753.25 1857.16 1801.95 

n=4 1784.79 1794.14 1869.86 1826.61 1793.59 1749.81 1785.35 1786.64 
1737.77 1784.98 1830.67 1781.15 1766.32 1722.85 1855.05 1840.86 

Mean 1822.04 1823.843 1848.825 1793.215 1806.903 1742.64- 1837.218 1822.325 
* Mean of all bottles (n=8) is 1812.126 µg g" Ba 

Ba concentration of reference material used in the above batch. 
Ba/µg g' using Ba/µg g'' using Ba/µg g'' using Ba/gg g-' using 

HRM 1 HRM 2 NIST 2709 NIST 2711 
237.15 674.41 925.531 711.462 
249.134 689.43 930.856 700.098 

704.938 
Mean Ba 

concentration /µg g' 
243.141 681.923 928.194 705.500 

Absolute bias /µg g' -6.860 -8.078 -39.807 -20.501 
% Bias -2.744 -1.171 -4.112 -2.824 

Where the accepted values of Ba on the reference materials are: NIST 2709 = 968 ± 40, NIST 2709 = 
726±38, HRM 1= 250 ± 12.5, and HRM 2= 690 ± 34.5. 
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Appendix 2.1: Grid co-ordinates and ICP-AES barium concentrations from the intensive 
characterisation of the hot spot at Silwood Park, UK (as shown in Figure 4.3) 

x y After 7 months after 14 months after 
Location (metres) (metres) construction construction construction 

Ba conc. Ba conc. Ba conc. Ba conc. 
<2mm <2mm <2mm > 2mm 
(µg g1) (m g') (µg g') (µg g) 

1.1 12 12.63 1670 2400 
1.2 11.63 13 1320 1850 00 o 00 N 
1.3 12 13.38 1690 2430 11 N u 

fi4n 
1.4 12.38 13 1840 1640 
2.1 12 11.63 1460 1590 
2.2 10.63 13 1230 1210 00 o 00 
2.3 12 14.38 1930 1970 ° r- Iz: 10 
2.4 13.38 13 1090 1340 
3.1 12 10.63 1440 758 
3.2 10.41 11.41 508 811 
3.3 9.63 13 566 765 
3.4 10.41 14.59 598 1010 0 00 M 
3.5 12 15.38 833 1080 ° 
3.6 13.59 14.59 467 911 
3.7 14.38 13 664 764 
3.8 13.59 11.41 1040 953 
4.1 12 9.63 417 747 
4.2 9.7 10.7 321 435 
4.3 8.63 13 375 690 
4.4 9.7 15.3 458 676 00 00 
4.5 12 16.38 384 453 ýz ° ýSz M 
4.6 14.3 15.3 304 370 
4.7 15.38 13 1140 410 
4.8 14.3 10.7 782 
5.1 12 8.63 221 
5.2 8.99 9.99 175 
5.3 7.63 13 175 
5.4 8.99 16 192 00 o 00 ,., 
5.5 12 17.38 203 Iz: 

o r 
-11 

5.6 15.01 16.01 183 
5.7 16.38 13 168 
5.8 15 10 182 
6.1 12 7.63 
6.2 8.29 9.29 
6.3 6.63 13 
6.4 8.29 16.71 co N 00 . 00 
6.5 12 18.38 11 

fiý 
o? 
^- Z11 M 

6.6 15.71 16.71 
6.7 17.38 13 
6.8 15.71 9.29 
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Appendix 2.2: Grid co-ordinates and ICP-AES barium concentrations from the site 
characterisation of the RST in Silwood Park, UK (as shown in 

Figure 3.1) 

2.2.1 Regular grid (fine) 

Sample sy Ba conc. Sample xy Ba conc. 
location (metres) (metres) (µg g') location (metres) (metres) (µg g') 
number mm-nber 

Al 30 0 152 F1 30 15.2 148 
A2 26.96 0 154 F2 26.96 15.2 150 
A3 23.92 0 149 F3 23.92 15.2 149 
A4 20.88 0 151 F4 20.88 15.2 149 
A5 17.84 0 149 F5 17.84 15.2 162 
A6 14.8 0 149 F6 14.8 15.2 614 
A7 11.76 0 153 F7 11.76 15.2 1080 
A8 8.72 0 155 F8 8.72 15.2 184 
A9 5.68 0 158 F9 5.68 15.2 157 

A10 2.64 0 154 F10 2.64 15.2 153 
B1 30 3.04 153 G1 30 18.24 148 
B2 26.96 3.04 154 G2 26.96 18.24 162 
B3 23.92 3.04 153 G3 23.92 18.24 149 
B4 20.88 3.04 154 G4 20.88 18.24 150 
B5 17.84 3.04 148 G5 17.84 18.24 151 
B6 14.8 3.04 149 G6 14.8 18.24 157 
B7 11.76 3.04 150 G7 11.76 18.24 199 
B8 8.72 3.04 152 G8 8.72 18.24 162 
B9 5.68 3.04 156 G9 5.68 18.24 158 
B10 2.64 3.04 149 G10 2.64 18.24 152 
CI 30 6.08 148 Hi 30 21.28 153 
C2 26.96 6.08 150 H2 26.96 21.28 149 
C3 23.92 6.08 152 H3 23.92 21.28 154 
C4 20.88 6.08 151 H4 20.88 21.28 147 
C5 17.84 6.08 155 H5 17.84 21.28 147 
C6 14.8 6.08 148 H6 14.8 21.28 146 
C7 11.76 6.08 153 H7 11.76 21.28 151 
C8 8.72 6.08 152 H8 8.72 21.28 157 
C9 5.68 6.08 152 H9 5.68 21.28 153 
CIO 2.64 6.08 150 H10 2.64 21.28 153 
D1 30 9.12 146 I1 30 24.32 153 
D2 26.96 9.12 148 I2 26.96 24.32 150 
D3 23.92 9.12 150 I3 23.92 24.32 149 
D4 20.88 9.12 149 I4 20.88 24.32 147 
D5 17.84 9.12 143 I5 17.84 24.32 150 
D6 14.8 9.12 155 I6 14.8 24.32 149 
D7 11.76 9.12 270 17 11.76 24.32 150 
D8 8.72 9.12 160 18 8.72 24.32 151 
D9 5.68 9.12 157 19 5.68 24.32 152 
D10 2.64 9.12 146 110 2.64 24.32 148 
El 30 12.16 147 J1 30 27.36 155 
E2 26.96 12.16 150 J2 26.96 27.36 149 
E3 23.92 12.16 147 J3 23.92 27.36 148 
E4 20.88 12.16 149 J4 20.88 27.36 148 
E5 17.84 12.16 154 J5 17.84 27.36 146 
E6 14.8 12.16 767 J6 14.8 27.36 147 
E7 11.76 12.16 958 J7 11.76 27.36 150 
E8 8.72 12.16 629 J8 8.72 27.36 148 
E9 5.68 12.16 150 J9 5.68 27.36 145 

E10 2.64 12.16 143 J10 2.64 27.36 145 

170 



Appendix 2.2: Grid co-ordinates and ICP-AES barium concentrations from the site 
characterisation of the RST in Silwood Park, UK (shown in Fig. 3.1) 

2.2.2 Herringbone grid (fine) 

Sample 
location 
number 

x 
(metres) 

y 
(metres) 

Ba conc. 
(µg g-) 

1 1.6 1.6 147 
2 8 1.6 150 
3 14.4 1.6 150 
4 20.8 1.6 151 

5 27.2 1.6 147 
6 4.8 2.4 145 
7 11.2 2.4 148 
8 17.6 2.4 147 
9 24 2.4 152 
10 0.8 4.8 144 
11 7.2 4.8 152 
12 13.6 4.8 151 
13 20 4.8 144 
14 26.4 4.8 144 
15 4 5.6 147 
16 10.4 5.6 154 
17 16.8 5.6 151 
18 23.2 5.6 145 
19 29.6 5.6 146 
20 1.6 8 144 
21 8 8 152 
22 14.4 8 143 
23 20.8 8 145 
24 27.2 8 146 
25 4.8 8.8 143 

26 11.2 8.8 203 
27 17.6 8.8 144 
28 24 8.8 144 
29 0.8 11.2 150 
30 7.2 11.2 149 

31 13.6 11.2 1160 
32 20 11.2 144 
33 26.4 11.2 143 
34 4 12 147 
35 10.4 12 1290 

36 16.8 12 163 
37 23.2 12 142 
38 29.6 12 144 
39 1.6 14.4 150 
40 8 14.4 206 
41 14.4 14.4 365 
42 20.8 14.4 143 

Sample 
location 
number 

x 
(metres) 

y 
(metres) 

Ba conc. 
(µg g 1) 

43 27.2 14.4 145 
44 4.8 15.2 149 
45 11.2 15.2 1330 
46 17.6 15.2 152 
47 24 15.2 149 
48 0.8 17.6 144 
49 7.2 17.6 158 
50 13.6 17.6 154 
51 20 17.6 149 
52 26.4 17.6 147 
53 4 18.4 154 
54 10.4 18.4 156 
55 16.8 18.4 151 
56 23.2 18.4 150 
57 29.6 18.4 147 
58 1.6 20.8 146 
59 8 20.8 150 
60 14.4 20.8 142 
61 20.8 20.8 145 
62 27.2 20.8 154 
63 4.8 21.6 147 
64 11.2 21.6 150 
65 17.6 21.6 146 
66 24 21.6 147 
67 0.8 24 152 
68 7.2 24 146 
69 13.6 24 147 
70 20 24 148 
71 26.4 24 153 
72 4 24.8 146 
73 10.4 24.8 147 
74 16.8 24.8 143 
75 23.2 24.8 147 
76 29.6 24.8 150 
77 1.6 27.2 141 
78 8 27.2 140 
79 14.4 27.2 145 
80 20.8 27.2 143 
81 27.2 27.2 151 
82 4.8 28 141 
83 11.2 28 144 
84 17.6 28 145 
85 24 28 147 
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Appendix 2.2: Grid co-ordinates and ICP-AES barium concentrations from the site 
characterisation of the RST in Silwood Park, UK (shown in Fig. 3.1) 

2.2.3 Stratified random grid (fine) 
Sample x y Ba conc. Sample x y Ba conc. 
location (metres) (metres) (pg g") location 

(metres) (metres) (µg g ,) 
number number 

1 29.088 2.24 153 51 13.28 0.30 146 
2 29.696 3.95 149 52 14.496 3.34 151 
3 28.48 6.99 148 53 14.496 8.82 149 
4 29.696 11.25 145 54 13.28 10.64 782 
5 29.088 13.07 145 55 12.672 13.07 1630 
6 28.48 17.33 150 56 13.888 17.33 170 
7 29.696 20.98 163 57 13.28 20.98 149 
8 29.696 23.41 153 58 13.28 23.41 154 
9 27.872 27.06 153 59 12.064 27.06 140 
10 29.088 27.66 150 60 12.604 29.49 144 
11 24.224 0.30 150 61 9.024 1.52 150 
12 24.832 3.95 145 62 9.632 3.95 152 
13 26.048 8.82 150 63 10.848 8.21 157 
14 24.224 9.42 148 64 10.848 11.25 661 
15 25.44 14.29 144 65 11.456 14.29 1070 
16 26.656 16.72 149 66 9.632 15.50 377 
17 25.44 19.76 147 67 11.456 20.37 151 
18 26.048 24.02 152 68 9.024 21.58 149 
19 24.832 25.84 146 69 11.456 26.45 144 
20 25.44 30.00 147 70 9.632 28.27 137 
21 21.184 2.13 148 71 6.592 0.30 149 
22 23.008 5.17 143 72 5.984 3.34 152 
23 23.616 8.21 147 73 8.416 7.60 162 
25 23.616 10.64 148 74 7.2 11.86 151 
24 21.184 13.68 147 75 6.592 13.07 179 
26 21.184 16.11 149 76 7.2 16.72 157 
27 22.4 18.54 149 77 7.808 19.76 149 
28 23.008 24.02 149 78 6.592 23.41 146 
29 21.184 24.62 148 79 8.416 25.84 148 
30 23.008 29.49 149 80 6.592 28.27 151 
31 19.968 0.91 156 81 4.768 1.52 147 
32 19.968 3.34 143 82 5.376 4.56 148 
33 20.576 8.82 144 83 4.16 8.21 145 
34 18.752 11.25 148 84 4.16 11.25 155 
35 18.144 13.07 152 85 4.16 14.29 154 
36 20.576 16.72 148 86 5.376 17.33 155 
37 18.144 18.54 146 87 4.768 20.37 149 
38 20.576 24.02 150 88 3.552 23.41 146 
39 19.968 25.84 149 89 4.768 25.23 148 
40 19.36 29.49 148 90 2.944 27.66 147 
41 15.104 1.52 151 91 0.552 0.91 145 
42 15.712 4.56 143 92 0 3.95 146 
43 16.928 8.21 148 93 1.728 7.60 148 
44 15.104 10.46 410 94 1.12 11.86 148 
45 16.32 14.29 174 95 2.336 13.07 148 
46 15.712 16.72 161 96 1.728 16.11 146 
47 16.928 20.37 145 97 2.336 18.54 153 
48 15.104 22.80 147 98 2.336 23.41 148 
49 15.104 25.84 147 99 2.336 26.45 146 
50 16.928 27.66 144 100 1.728 27.66 144 
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Appendix 2.2: Grid co-ordinates and ICP-AES barium concentrations from the site 
characterisation of the RST in Silwood Park, UK (shown in Fig. 3.1) 

2.2.4 Regular grid (coarse) 

Sample x y Ba conc. Sample x y Ba conc. 
location (metres) (metres) (µg g 1) location (metres) (metres) (µg g4) 
number number 

B2 26.96 3.04 154 F8 8.72 15.2 184 
B4 20.88 3.04 154 F10 2.64 15.2 153 
B6 14.8 3.04 149 H2 26.96 21.28 149 
B8 8.72 3.04 152 H4 20.88 21.28 147 
B 10 2.64 3.04 149 H6 14.8 21.28 146 
D2 26.96 9.12 148 H8 8.72 21.28 157 
D4 20.88 9.12 149 H10 2.64 21.28 153 
D6 14.8 9.12 155 J2 26.96 27.36 149 
D8 8.72 9.12 160 J4 20.88 27.36 148 
D 10 2.64 9.12 146 J6 14.8 27.36 147 
F2 26.96 15.2 150 J8 8.72 27.36 148 
F4 20.88 15.2 149 J10 2.64 27.36 145 
F6 14.8 15.2 614 

2.2.5 Herringbone grid (coarse) 
Sample x y Ba conc. Sample x y Ba conc. 
location (metres) (metres) (µg g") location (metres) (metres) (µg g') 
number number 

1 11.2 1.6 147 12 4.8 17.6 150 
2 24 1.6 151 13 17.6 17.6 156 
3 4.8 4.8 149 14 9.6 22.4 152 
4 17.6 4.8 144 15 22.2 22.4 145 
5 9.6 9.6 156 16 3.2 24 146 
6 22.2 9.6 146 17 16 24 150 
7 3.2 11.2 148 18 28.8 24 145 
8 16 11.2 195 19 11.2 27.2 146 
9 28.8 11.2 143 20 24 27.2 150 
10 11.2 14.4 761 21 4.8 28.8 143 
11 24 14.4 146 22 17.6 28.8 145 

2.2.6 Stratified random grid (coarse) 
Sample x y Ba conc. Sample x y Ba conc. 
location (metres) (mnetres) (µb g') location (metres) (metres) (µg g') 
number number 

1 29.09 2.24 153 51 13.28 0.30 146 
3 28.48 6.99 148 59 12.06 27.06 140 
6 28.48 17.33 150 68 9.02 21.58 149 
8 29.70 23.41 153 70 9.63 28.27 137 
9 27.87 27.06 153 71 6.59 0.30 149 

24 21.18 10.64 147 73 8.42 7.60 162 
26 21.18 16.11 149 76 7.20 16.72 157 
29 21.18 24.62 149 82 5.38 4.56 148 
32 19.97 3.34 143 85 4.16 14.29 154 
37 18.14 18.54 146 89 4.77 25.23 148 
43 16.93 8.21 148 94 1.12 11.86 148 
46 15.71 16.72 161 98 2.34 23.41 148 
48 15.10 22.80 147 
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Appendix 2.3: Grid co-ordinates and ICP-AES barium concentrations from the 
collaborative trial in sampling, Silwood Park (as shown in Figure 6.1) 

2.3.1 Orientation A 

Sample 
Location 

I. D. 

x 
(metres) 

y 
(metres) 

Ba conc. (µg g'') and participant number 

3 4 6 7 
Al 3 3 145 143 141 146 
A2 9 4.5 144 140 149 151 
A3 15 3 145 142 143 143 
A4 21 4.5 139 141 140 148 
A5 27 3 144 146 146 145 
A6 1.5 9 138 140 140 143 
A7 7.5 10.5 148 164 186 155 
A8 13.5 9 195 177 166 166 
A9 19.5 10.5 142 140 141 143 
AlO 25.5 9 138 142 141 146 
All 3 15 147 152 152 151 
A12 9 16.5 162 153 728 163 
A13 15 15 255 146 790 398 
A14 21 16.5 139 141 141 143 
A15 27 15 142 140 146 144 
A16 1.5 21 143 141 143 150 
A17 7.5 22.5 143 145 142 150 
A18 13.5 21 145 142 144 145 
A19 19.5 22.5 143 140 144 146 
A20 25.5 21 143 149 146 153 
A21 3 27 141 137 141 143 
A22 9 28.5 137 139 136 141 
A23 15 27 140 141 141 145 
A24 21 28.5 140 145 145 145 
A25 27 27 142 145 135 149 
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Appendix 2.3: Grid co-ordinates and ICP-AES barium concentrations from the 
collaborative trial in sampling, Silwood Park (shown in Fig. 6.1) 

2.3.2 Orientation B 

Sample 
Location 

I. D. 

x 
(metres) 

y 
(metres) 

Ba conc. (µg g'') and participant nwnber 

1 4 5 6 8 
B1 3 3 145 142 147 145 142 
B2 9 4.5 149 142 151 152 146 
B3 15 3 144 145 147 152 145 
B4 21 4.5 142 147 145 145 144 
B5 27 3 145 146 147 148 144 
B6 4.5 9 141 145 147 146 139 
B7 10.5 10.5 524 597 442 696 411 
B8 16.5 9 144 143 149 152 144 
B9 22.5 10.5 141 144 145 142 142 
B 10 28.5 9 131 149 146 141 142 
B11 3 15 156 146 159 156 149 
B12 9 16.5 156 146 148 167 161 
B13 15 15 472 256 393 629 748 
B14 21 16.5 143 147 146 146 144 
B15 27 15 142 144 145 145 142 
B16 4.5 21 140 147 143 148 144 
B 17 10.5 22.5 149 149 147 148 144 
B18 16.5 21 143 142 147 146 143 
B19 22.5 22.5 144 150 149 145 144 
B20 28.5 21 144 149 147 147 145 
B21 3 27 140 140 143 143 138 
B22 9 28.5 137 139 147 139 139 
B23 15 27 143 142 144 143 139 
B24 21 28.5 142 144 144 153 142 
B25 27 27 145 148 148 146 149 
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Appendix 2.3: Grid co-ordinates and ICP-AES barium concentrations from the 
collaborative trial in sampling, Silwood Park (shown in Fig. 6.1) 

2.3.3 Orientation C 

Sample 
Location 

I. D. 

x 
(metres) 

y 
(metres) 

Ba conc. (µg g') and participant number 

1 2 5 9 
Cl 3 3 154 144 145 140 
C2 9 1.5 146 147 150 145 
C3 15 3 148 145 144 143 
C4 21 1.5 146 146 147 143 
C5 27 3 150 146 147 148 
C6 1.5 9 144 147 142 141 
C7 7.5 7.5 153 143 145 143 
C8 13.5 9 163 179 160 194 
C9 19.5 7.5 144 144 144 141 

CIO 25.5 9 143 143 145 142 
C11 3 15 153 155 156 149 
C12 9 13.5 489 553 373 641 
C13 15 15 869 832 294 592 
C14 21 13.5 148 144 145 141 
C15 27 15 146 144 142 141 
C16 1.5 21 143 151 147 143 
C17 7.5 19.5 152 144 148 145 
C18 13.5 21 145 144 145 144 
C19 19.5 19.5 143 143 146 142 
C20 25.5 21 148 149 150 143 
C21 3 27 138 142 149 144 
C22 9 25.5 150 144 143 143 
C23 15 27 146 142 144 141 
C24 21 25.5 148 145 148 144 
C25 27 27 149 149 148 146 
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Appendix 2.3: Grid co-ordinates and ICP-AES barium concentrations from the 
collaborative trial in sampling, Silwood Park (shown in Fig. 6.1) 

2.3.4 Orientation D 

Sample 
Location 

I. D. 

x 
(metres) 

y 
(metres) 

Ba conc. (µg g-') and participant number 

2 3 7 8 9 
Dl 3 3 147 139 147 151 146 
D2 9 1.5 145 144 145 148 145 
D3 15 3 147 143 144 145 147 
D4 21 1.5 148 144 144 147 148 
D5 27 3 152 142 144 145 143 
D6 4.5 9 142 140 140 145 143 
D7 10.5 7.5 155 153 151 163 150 
D8 16.5 9 149 141 142 145 144 
D9 22.5 7.5 144 141 143 144 147 

D10 28.5 9 144 141 140 141 144 
D11 3 15 154 145 145 156 159 
D12 9 13.5 853 591 654 592 510 
D13 15 15 641 318 576 374 484 
D14 21 13.5 143 141 138 144 143 
D15 27 15 144 144 143 143 142 
D16 4.5 21 141 143 141 143 144 
D17 10.5 19.5 154 150 149 149 152 
D18 16.5 21 145 139 141 147 144 
D19 22.5 19.5 149 143 140 145 141 
D20 28.5 21 146 145 143 147 147 
D21 3 27 142 137 139 147 141 
D22 9 25.5 147 144 138 142 140 
D23 15 27 140 138 137 141 141 
D24 21 25.5 145 141 139 144 146 
D25 27 27 146 144 144 146 148 
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Appendix 2.4: Grid co-ordinates and ICP-AES barium concentrations from the 
sampling proficiency test, Silwood Park (shown Fig. 7.1) 

2.4.1 Participant number One 

Sample 
Location 

Name 

x 
(metres) 

y 
(metres) 

Ba 
Concentration 

(µg g') 

Al 0 30 144 
A2 6 30 139 
A3 12 30 147 
A4 18 30 141 
A5 24 30 146 
A6 30 30 147 
B1 3 24 144 
B2 9 24 149 
B3 15 24 149 
B4 21 24 149 
B5 27 24 150 

C1 0 18 159 
C2 6 18 148 
C3 12 18 160 
C4 18 18 144 
C5 24 18 143 
C6 30 18 143 

2.4.2 Participant number two 

Sample 
Location 

Name 

x 
(metres) 

y 
(metres) 

Ba 
Concentration 

(PPm) 

Al 2.15 27.89 153 
A2 2.15 23.6 147 
A3 2.15 19.31 148 
A4 2.15 15.02 150 
A5 2.15 10.73 153 
A6 2.15 6.44 153 
A7 2.15 2.15 150 
B1 6.44 27.89 151 
B2 6.44 23.6 146 
B3 6.44 19.31 148 
B4 6.44 15.02 143 

B5 6.44 10.73 150 
B6 6.44 6.44 149 
B7 6.44 2.15 130 
Cl. 10.73 27.89 147 
C2 10.73 23.6 142 
C3 10.73 19.31 151 
C4 10.73 15.02 154 
C5 10.73 10.73 144 
C6 10.73 6.44 145 

C7 10.73 2.15 148 
D1 15.02 27.89 148 
D2 15.02 23.6 146 
D3 15.02 19.31 395 
D4 15.02 15.02 409 

Sample 
Location 

Name 

x 
(metres) 

y 
(metres) 

Ba 
Concentration 

(µg g'1) 
D1 3 12 143 
D2 9 12 467 
D3 15 12 1060 
D4 21 12 145 
D5 27 12 145 
El 0 6 138 
E2 6 6 146 
E3 12 6 145 
E4 18 6 144 
E5 24 6 147 
E6 30 6 146 
F1 3 0 145 
F2 9 0 146 
F3 15 0 147 
F4 21 0 148 
F5 27 0 154 

Sample x y Ba 
Location (metres) (metres) Concentration 

Name (ppm) 
D5 15.02 10.73 162 
D6 15.02 6.44 142 
D7 15.02 2.15 144 
El 19.31 27.89 152 
E2 19.31 23.6 157 
E3 19.31 19.31 467 
E4 19.31 15.02 1490 
E5 19.31 10.73 163 
E6 19.31 6.44 146 
E7 19.31 2.15 143 
Fl 23.6 27.89 149 
F2 23.6 23.6 146 
F3 23.6 19.31 169 
F4 23.6 15.02 170 
F5 23.6 10.73 150 
F6 23.6 6.44 161 
F7 23.6 2.15 148 
G1 27.89 27.89 147 
G2 27.89 23.6 147 
G3 27.89 19.31 148 
G4 27.89 15.02 163 
G5 27.89 10.73 151 
G6 27.89 6.44 148 
G7 27.89 2.15 141 
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Appendix 2.4: Grid co-ordinates and ICP-AES barium concentrations from the 
sampling proficiency test, Silwood Park (shown in Fig. 7.1) 

2.4.3 Participant number three 

Sample 
Location 

Name 

x 
(metres) 

y 
(metres) 

Ba 
Conc. 

(µg g'') 
Al 1 1 143 
A2 1 10.33 144 
A3 1 19.67 150 
A4 1 29 155 
B1 1 10.33 142 
B2 10.33 10.33 931 
B3 19.67 10.33 143 
B4 29 10.33 143 
Cl. 1 19.67 143 
C2 10.33 19.67 150 
C3 19.67 19.67 146 
C4 29 19.67 150 
D1 1 29 137 

2.4.4 Participant number four 

Sample xy Ba 
Location (metres) (metres) Conc. 

Name (µg g4) 
1 30 0 151 
2 29.46 3.75 150 
3 28.93 7.5 144 
4 28.39 11.25 143 
5 27.86 15 145 
6 27.32 18.75 147 
7 26.79 22.5 145 
8 25.72 30 149 
9 25.06 25.71 152 
10 24.46 21.43 142 
11 23.84 17.14 143 
12 23.23 12.86 144 
13 22.62 8.57 149 
14 22.01 4.28 148 
15 21.4 0 147 

16 20.79 4.28 147 
17 20.18 8.57 140 
18 19.57 12.86 143 
19 18.95 17.14 146 
20 18.34 21.43 144 
21 17.73 25.71 144 
22 17.11 30 142 
23 16.51 25.71 150 

24 15.89 21.43 157 
25 15.29 17.14 850 

Sample x y Ba Conc. 
Location (metres) (metres) (µg g'l) 

Name 
D2 10.33 29 144 
D3 19.67 29 146 
D4 29 29 148 
1AA 5.67 5.67 148 
1BB 5.67 15 153 
1CC 5.67 24.34 150 
2AA 15 5.67 141 
2BB 15 15 421 
2CC 15 24.34 142 
3AA 24.37 5.67 144 
3BB 24.37 15 144 
3CC 24.37 24.34 148 

Sample x y Ba 
Location (metres) (metres) Conc. 

Name (µg g') 
26 14.67 12.86 165 
27 14.06 8.57 144 
28 13.45 4.28 143 
29 12.84 0 152 
30 12.23 4.28 145 
31 11.62 8.57 168 
32 11.01 12.86 1370 
33 10.39 17.14 248 
34 9.78 21.43 154 
35 9.17 25.71 141 
36 8.56 30 139 
37 7.95 25.71 145 
38 7.34 21.43 154 
39 6.73 17.14 142 
40 6.11 12.86 160 
41 5.5 8.57 151 
42 4.89 4.28 147 
43 4.28 0 145 
44 3.66 4.28 144 
45 3.06 8.57 140 
46 2.46 12.86 149 
47 1.83 17.14 156 
48 1.22 21.43 143 
49 0.61 25.71 143 
50 0 30 140 
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Appendix 2.4: Grid co-ordinates and ICP-AES barium concentrations from the 
sampling proficiency test, Silwood Park (shown in Fig. 7.1) 

2.4.5 Participant number five 
Sample x y Ba Sample X y Ba 

Location (metres) (metres) Conc. Location (metres) (metres) Conc. 
Name (µg g") Name (µg g') 

2,2 2 2 152 9,19 9 19 155 
4,7 4 7 148 9,29 9 29 145 
7,4 7 4 153 12,12 12 12 1138 
9,9 9 9 193 12,22 12 22 149 
12,2 12 2 147 14,17 14 17 360 
14,7 14 7 148 14,27 14 27 142 
17,4 17 4 143 17,14 17 14 166 
19,9 19 9 142 17,24 17 24 145 
2,12 2 12 149 19,19 19 19 144 
2,22 2 22 146 19,29 19 29 146 
22,2 22 2 144 22,12 22 12 142 
24,7 24 7 148 22,22 22 22 144 
27,4 27 4 145 24,17 24 17 146 
29,9 29 9 142 24,27 24 27 145 
4,17 4 17 152 27,14 27 14 147 
4,27 4 27 146 27,24 27 24 152 
7,14 7 14 169 29,19 29 19 151 
7,24 7 24 148 29,29 29 29 142 

2.4.6 Pa rticipant number six 
Sample x y Ba Sample x y Ba 

Location (nictres) (metres) Conc. Location (metres) (metres) Conc. 
Name ( µg g'1) Name (µg gl) 

0,0 30 0 148 10,15 10 15 542 

0,5 25 0 146 10,20 5 15 151 
5,0 20 0 146 10,25 0 15 143 
5,5 15 0 144 10,30 30 20 146 

0,10 10 0 147 15,10 25 20 145 
0,15 5 0 147 15,15 20 20 143 
0,20 0 0 147 15,20 15 20 144 
0,25 30 5 143 15,25 10 20 146 
0,30 25 5 143 15,30 5 20 147 
10,0 20 5 141 20,10 0 20 142 

10,5 15 5 142 20,15 30 25 145 
15,0 10 5 151 20,20 25 25 148 

15,5 5 5 147 20,25 20 25 144 
20,0 0 5 147 20,30 15 25 139 
20,5 30 10 138 25,10 10 25 139 
25,0 25 10 139 25,15 5 25 141 
25,5 20 10 140 25,20 0 25 146 
30,0 15 10 254 25,25 30 30 144 

30,5 10 10 384 25,30 25 30 142 
5,10 5 10 145 30,10 20 30 144 
5,15 0 10 137 30,15 15 30 134 

5,20 30 15 144 30,20 10 30 139 
5,25 25 15 140 30,25 5 30 137 
10,10 15 15 248 30,30 0 30 138 
5,30 20 15 140 
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Appendix 2.4: Grid co-ordinates and ICP-AES barium concentrations from the 
sampling proficiency test, Silwood Park (shown in Fig. 7.1) 

2.4.7 Participant number seven 

Sample 
Location 

Name 

x 
(metres) 

y 
(mnetres) 

Ba 
Conc. 

(µg g) 
1 3 3 153 
2 7 3 140 
3 11 3 145 
4 15 3 144 
5 19 3 154 
6 23 3 151 
7 27 3 133 
8 3 7 143 
9 7 7 149 
10 11 7 163 
11 15 7 148 
12 19 7 144 
13 23 7 145 
14 27 7 148 
15 3 11 142 
16 7 11 261 
17 11 11 679 
18 15 11 306 
19 19 11 144 
20 23 11 145 
21 27 11 144 
22 3 15 151 
23 7 15 157 
24 11 15 805 
25 15 15 399 

Sample 
Location 

Name 

x 
(metres) 

y 
(metres) 

Ba 
Conc. 

(µg g') 
26 19 15 143 
27 23 15 143 
28 27 15 145 
29 3 19 136 
30 7 19 157 
31 11 19 160 
32 15 19 145 
33 19 19 145 
34 23 19 143 
35 27 19 148 
36 3 23 148 
37 7 23 144 
38 11 23 145 
39 15 23 138 
40 19 23 135 
41 23 23 150 
42 27 23 152 
43 3 27 147 
44 7 27 143 
45 11 27 140 
46 15 27 134 
47 19 27 135 
48 23 27 146 
49 27 27 149 

181 



Appendix 2.4: Grid co-ordinates and ICP-AES barium concentrations from the 
sampling proficiency test, Silwood Park (shown Fig. 7.1) 

2.4.8 Participant number eight 

Sample x y Ba Sample x y Ba 
Location (metres) (metres) Conc. Location (metres) (metres) Conc. 

Name (µg g'1) Name (µg g) 
1 27.86 2.14 148 26 20.36 15.00 145 
2 23.57 3.21 142 27 24.64 16.07 146 
3 19.29 2.14 143 28 28.93 15.00 141 
4 15.00 3.21 142 29 27.86 19.29 144 
5 10.71 2.14 150 30 23.57 20.36 145 
6 6.43 3.21 142 31 19.29 19.29 145 
7 2.14 2.14 140 32 15.00 20.36 142 
8 3.21 6.43 144 33 10.71 19.29 152 
9 7.50 7.50 151 34 6.43 20.36 144 
10 11.79 6.43 162 35 2.14 19.29 143 
11 16.07 7.50 145 36 3.21 23.57 144 
12 20.36 6.43 147 37 7.50 24.64 145 
13 24.64 7.50 143 38 11.79 23.57 139 
14 28.93 6.43 148 39 16.07 24.64 137 
15 27.86 10.71 141 40 20.36 23.57 138 
16 23.57 11.79 142 41 24.64 24.64 145 
17 19.29 10.71 149 42 28.93 23.57 145 
18 15.00 11.79 987 43 27.86 27.86 148 
19 10.71 10.71 769 44 23.57 28.93 145 
20 6.43 11.79 150 45 19.29 27.86 143 
21 2.14 10.71 138 46 15.00 28.93 141 
22 3.21 15.00 152 47 10.71 27.86 140 
23 7.50 16.07 163 48 6.43 28.93 142 
24 11.79 15.00 1210 49 2.14 27.86 143 
25 16.07 16.07 161 

2.4.9 Pa rticipant number nine 

Sample x y Ba Sample x y Ba 
Location (metres) (metres) Conc. Location (metres) (metres) Conc. 

Name (µg g'') Name 1 (µg 1; ) 
1 28.75 5 142 13 13.75 5 141 
2 27.5 10 140 14 12.5 10 146 
3 26.5 15 141 15 11.25 15 139 
4 25 20 140 16 10 20 833 
5 23.75 25 142 17 8.75 25 1430 
6 22.5 30 144 18 7.5 30 139 
7 21.25 25 144 19 6.25 25 143 
8 20 20 146 20 5 20 150 
9 18.75 15 159 21 3.75 15 142 

10 17.5 10 143 22 2.5 10 141 
11 16.25 5 140 23 1.25 5 146 
12 15 0 141 24 0 0 144 
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Appendix 2.5: Date and time of measurements collected in the inter-organisational 
sampling trial on landfill gas (described in Chapter 8) 

Participant Date Time of measurement 
Organiser 1 Participant 1 Participant 2 Organiser 2 Participant 

CT CT PT 
RMC (southern) 02/02/99 09.42 10.25 10.50 11.00 11.12 
Henry Streeter 02/02/99 11.28 11.35 11.58 12.06 12.15 

LTG 03/02/99 09.41 09.55 10.12 10.21 10.35 
PBA 05/02/99 10.25 11.13 11.57 12.14 12.27 

Hounslow Council 08/02/99 11.01 11.11 11.46 11.56 12.06 
Stanger 10/02/99 09.45 10.32 11.10 11.18 11.23 

WYG partnership 11/02/99 10.45 11.36 12.25 12.48 12.56 
RMC (UK) 12/02/99 10.58 11.10 11.30 11.42 11.55 

Appendix 2.6: Recharge rate of borehole J15 compared to J14 

2.6.1: Measurements collected on the 20/01/99 

Atmospheric Time (minutes) Methane Carbon Dioxide Oxygen 
Pressure 

J14 
Methane 

J15 
Methane 

J14 Carbon J15 Carbon 
dioxide dioxide 

J14 
Oxygen 

J15 
Oxygen mb 

0 54.5 35 10.5 2.6 0 5.6 1011 
10 54.3 20.9 10.4 1.6 0 11.4 1012 
20 54.9 26.2 10.5 2.1 0 9 1012 
30 54.5 30.9 10.3 2.6 0 7.1 1013 
40 54.6 33.5 10.3 3.1 0 5.9 1013 
50 54.3 36.4 10.3 3.4 0 4.8 1013 
60 54 39.1 10.4 3.7 0 3.6 1013 
70 54.1 39.1 10.3 3.8 0 3.8 1013 

2.6.2: Measurements collected on the 21/01/99 

Time (minutes) Methane Carbon Dioxide Oxygen Atmospheric 
Pressure 

J14 
Methane 

J15 
Methane 

J14 Carbon J15 Carbon 
dioxide dioxide 

J14 
Oxygen 

J15 
Oxygen mb 

0 40.1 39.7 3.8 2.2 3.8 4.1 1020 
10 40.3 25 3.9 2.1 3.4 10.9 1020 
20 41.5 28.7 2.9 2.7 3.4 8.1 1021 
30 42.3 31.1 3.2 3 2.9 6.8 1021 
40 43.1 32.5 3.4 3.1 2.3 5.8 1022 
50 43.2 33 3.5 3.2 2.3 5.6 1022 
60 43.4 34 3.6 3.3 2.2 5.4 1023 
70 43.6 34.5 3.5 3.3 2.1 5.3 1023 
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Appendix 3.1: Duplicate data and ANOVA results from the site characterisation of the RST 
in Silwood Park, UK. 

3.1.1 Regular grid 

Location S1A1 Ba 
(ug g') 

S1A2 Ba 
(µä g') 

S2A1 Ba 
(gg g) 

S2A2 Ba 
(µg t; ) 

Average Ba 
(µg 1; ) 

A6 150.53 148.831 146.749 149.853 149 
C5 153.817 157.49 154.476 153.985 155 
D4 146.179 144.818 152.97 151.098 149 
D9 154.911 154.522 158.465 158.138 157 
F 10 156.304 156.304 152.962 148.368 153 
F5 155.951 153.017 170.371 169.217 162 
G6 159.202 162.379 155.597 150.825 157 
H7 156.319 153.258 147.286 148.555 151 

Number of duplicates, n=8 
Classical results: Mean = 154.14834 
Sums of Squares arc - 568.0128 430.3054 53. 37947 
Sigma values(gcochcm, sampling, analysis) - 2.615 5.023 1.827 
Percent variance(gcochem, sampling, analysis) - 19.32 71.26 9.42 
sigma (total) - 5.950 

Robust results: Mean = 153.93787 
Sigma values (geochem, sampling, analysis) - 3.044 4.759 1.988 
Percent variances (geochem, sampling, analysis) - 25.83 63.15 11.02 
sigma (total) '- 8.636 

Mean + 1.96sge hem = 160 µg g'' (Robust results) 
U%= 196sn, ea, / mean = 6.7% (Robust results) 
Mean + 1.96Sgeochem+ U%= 171 µg g" (Robust results) 
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Appendix 3.1: Duplicate data and ANOVA results from the site characterisation of the 
RST in Silwood Park, UK. 

3.1.2 Herringbone grid 

Location S1A1 Ba S1A2 Ba S2A1 Ba S2A2 Ba Average Ba 
(ug g 1) (µg g*') (µg g") (µg g) (µg g') 

2 147.550 148.439 151.977 151.714 150 
16 153.449 156.656 152.238 151.845 154 
18 142.030 142.994 149.541 146.417 145 
40 176.997 180.759 230.978 233.659 206 
47 145.474 147.382 152.756 151.881 149 
55 150.609 151.189 150.299 150.430 151 
59 147.753 149.503 148.287 153.565 150 
76 151.753 147.435 152.084 146.846 150 
84 143.685 148.430 143.936 144.184 145 

Number of duplicates, n =8 
Classical results: Mean = 155.40900 
Sums of Squares arc - 11554.082 2953.941 73.83286 
Sigma values(gcochem, sampling, analysis) - 16.704 12.730 2.025 
Percent variance(geochem, sampling, analysis) - 62.68 36.40 0.92 
sigma (total) - 21.099 

Robust results: Mean = 149.79082 
Sigma values (geocliem, sampling, analysis) - 2.932 2.811 2.193 
Percent variances (geocliein, sampling, analysis) - 40.34 37.09 22.57 
sigma (total) - 4.616 

Mean + 1.96sgi, em = 156 µg g'' (Robust results) 
U%= 196sm,,, / mean = 4.76% (Robust results) 
Mean + 1.96sgeahem± U%= 163 µg g'' (Robust results) 
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Appendix 3.1: Duplicate data and ANOVA results from the site characterisation of the 
RST in Silwood Park, UK. 

3.1.3 Stratified random grid 

Sample 
Location 

I. D. 

S1A1 Ba 
(µg g') 

S1A2 Ba 
(µS g') 

S2A1 Ba 
(µ8 g') 

S2A2 Ba 
(µg g') 

Average Ba 
(n g 1) 

16 146.303 149.699 149.972 148.365 149 
23 145.023 144.081 149.245 148.442 147 
29 148.645 149.187 147.642 146.598 148 
38 148.962 149.076 151.136 151.558 150 
44 328.322 326.304 491.608 494.832 410 
50 143.679 145.194 144.484 143.321 144 
54 708.258 714.582 850.075 856.331 782 
86 150.767 151.802 157.928 158.827 155 
93 150.592 151.846 141.984 146.506 148 

Number of duplicates, n=8 
Classical results: Mean = 248.08824 
Sums of Squares are - 1524176.4 47755.22 69.18348 
Sigma valucs(gcocliem, sampling, analysis) - 215.184 51.489 1.960 
Percent variance(geocliem, sampling, analysis) - 94.58 5.42 0.01 
sigma (total) - 221.267 

Robust results: Mean = 151.74561 
Sigma values (geochein, sampling, analysis) - 6.913 4.912 1.634 
Percent variances (geochem, swnpling, analysis) - 64.07 32.35 3.58 
sigma (total) - 8.636 

Mean + 1.96Sg hem = 166µg g"' (Robust results) 
U%= 196s,,,,,, / mean = 6.82% (Robust results) 
Mean + l. 965ge m+ U%= 177µg g" (Robust results) 

187 



Appendix 3.2: Duplicate data and ANOVA results from the collaborative trial in sampling, 
for each of the participants sampling protocols, Silwood Park. 

3.2.1 Participant number one 

3.2.1.1 Orientation B 
Sample 

Location 
I. D. 

S1A1 Ba 
(µg g'') 

S1A2 Ba 
(µg g") 

S2A1 Ba 
(µg g'') 

S2A2 Ba 
(µg g-) 

Average 
Ba 

(µg g-) 

1B2 146.136 148.294 150.164 151.04 149 
I B6 140.14 139.221 141.986 143.28 141 
1B9 141.814 144.041 138.944 138.781 141 
IB 17 149.225 151.911 147.413 147.535 149 
1B 18 141.654 141.279 143.967 143.83 143 
1B 19 144.265 144.481 144.197 144.066 144 
IB21 140.174 141.666 140.419 138.282 140 
I B23 143.958 144.154 142.429 141.23 143 

Number of samples, n=8 
Classical results: Mean = 143.74926 
Sums of Squares arc - 337.5181 59.67962 14.325526 
Sigma values(geochem, sampling, analysis) - 3.192 1.812 0.946 
Percent variance(geochem, sampling, analysis) - 70.92 22.85 6.23 
Signa (total) - 3.790 

Robust results: Mean = 143.74925 
Sigma values (geoclicin, sampling, analysis) - 3.618 2.067 1.018 
Percent variances (geoeben, sampling, analysis) - 71.14 23.23 5.63 
Sigma (total) - 4.289 

U%= 196smea, / mean = 3.14 % (Robust results) 

3.2.1.2 Orientation C 
Sample S1A1 Ba S1A2 Ba S2A1 Ba S2A2 Ba Average 

Location (µS S 1) (µ8 S') (µg g-1) (µg g) Ba 
I. D. (µt; g) 

I C3 142.713 148.183 151.017 148.776 148 
I C4 149.003 148.689 143.258 143.2 146 
I C6 144.871 143.389 141.709 145.872 144 
I C9 141.709 145.872 142.91 144.859 144 

1C15 147.681 143.508 146.98 146.379 146 
1C17 148.165 152.571 154.684 152.479 152 
1C18 144.242 142.389 147.476 146.362 145 
I C23 147.473 146.433 143.359 148.041 146 

Number of samples, n=8 
Classical results: Mean = 146.38289 
Sums of Squares are - 188.25751 77.52318 72 . 71417 
Sigma values(geoclicm, sampling, analysis) - 2.074 1.604 2.132 
Percent variance(gcochem, sampling, analysis) - 37.67 22.53 39.80 
Sigma (total) - 3.379 
Robust results: mean = 145.96121 
Sigma values (geochem, sampling, analysis) - 0.807 1.717 2.379 
Percent variances (geochem, sampling, analysis) - 7.04 31.85 61.12 
Sigma (total) - 3.043 

U%= 196s... / mean = 3.94 % (Robust results) 
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Appendix 3.2: Duplicate data and ANOVA results from the collaborative trial in sampling, 
for each of the participants sampling protocols, Silwood Park. 

3.2.2 Participant number two 

3.2.2.1 Orientation C 
Sample SIAI Ba SIA2 Ba S2A1 Ba S2A2 Ba Average 

Location (µg g') (µg g'') (µg g') (µg g") Ba 
I. D. (µg g) 

2C4 147.514 144.851 146.938 145.036 146 
2C6 141.992 143.956 150.924 150.59 147 

2C15 145.123 144.466 144.818 141.958 144 
2C16 153.513 154.119 148.457 146.604 151 
2C18 143.998 142.738 145.373 143.602 144 
2C20 153.779 148.029 148.425 147.038 149 
2C22 143.813 142.245 146.026 142.501 144 
2C24 146.449 145.994 142.906 143.139 145 

Classical results: Mean= 146.15359 
Sums of Squares arc - 195.16387 125.17489 40.97301 
Sigma values(gcochem, sampling, analysis) - 1.749 2.558 1.600 
Percent variance(geochcm, sampling, analysis) - 25.15 53.80 21.06 
Sigma (total) - 3.487 

Robust results: Mean = 146.07317 
Sigma values (geocliem, sampling, analysis) - 2.079 2.473 1.514 
Percent variances (geocliem, sampling, analysis) - 33.96 48.04 18.00 
Sigma (total) - 3.568 

U%= 196sm. / mean = 3.89 % (Robust results) 

3.2.2.2 Orientation D 
Sample SlAlBa S1A2 Ba S2AlBa S2A2 Ba Average 

Location (µg g'') (µg g') (µg g') (µg g') Ba 
I. D. (µg g) 

2D I 148.951 146.343 148.44 144.161 147 
2D2 147.706 145.907 144.512 142.219 145 
2D4 150.238 149.022 145.882 144.927 148 
2D5 151.774 154.574 152.268 149.487 152 

2D 13 603.347 601.671 668.509 691.951 641 
2D15 140.555 144.836 146.234 143.113 144 
2D18 147.748 148.198 140.142 142.017 145 
2D25 145.654 146.516 147.252 146.101 146 

Number of samples, n=8 
Classical results: Mean = 208.44547 
Sums of Squares are - 856974.1 6129.111 318.8806 
Sigma values(geochem, sampling, analysis) - 174.398 19.316 4.464 
Percent variance(geocliem, sampling, analysis) - 98.72 1.21 0.06 
Sigma (total) - 175.521 

Robust results: Mean = 147.35557 
Signa values (geochem, sampling, analysis) - 2.945 2.995 2.079 
Percent variances (geochein, sainpling, analysis) - 39.49 40.84 19.68 
Signa (total) - 4.687 

U%= 196s, n. / mean = 4.85 % (Robust results) 
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Appendix 3.2: Duplicate data and ANOVA results from the collaborative trial in sampling, 
for each of the participants sampling protocols, Silwood Park. 

3.2.3 Participant number 3 

3.2.3.1 Orientation A 
Sample S1AlBa SIA2 Ba S2AlBa S2A2 Ba Average 

Location (µg g') (µg g'I ) (µg g'') (µg g'') Ba 
I. D. (µg g 1) 

3A2 143.045 144.758 148.092 146.018 145 
3A6 138.007 137.889 137.944 137.335 138 

3A12 161.439 162.023 163.989 160.683 162 
3A13 335.455 333.83 174.657 176.909 255 
3A15 140.349 140.68 143.716 143.206 142 
3A19 143.102 141.284 143.921 142.283 143 
3A22 136.387 134.626 135.433 139.969 137 
3A23 139.969 140.568 140.568 140.568 140 

Number of samples, n=8 
Classical results: Mean = 157.77194 
Sums of Squares are - 45161.07 25261.157 28.498202 
Sigma values(geochem, sampling, analysis) - 28.696 39.723 1.335 
Percent variance(geocliem, sampling, analysis) - 34.27 65.66 0.07 
Sigma (total) - 49.022 

Robust results: mcan = 146.20022 
Sigma values (gcochcm, sampling, analysis) - 11.649 1.523 1.266 
Percent variances (gcocliem, sampling, analysis) - 97.19 1.66 1.15 
Signa (total) - 11.816 

U %= 196sm,. / mean = 2.66 % (Robust results) 

3.2.3.2 Orientation D 
Sample S1AlBa S1A2 Ba S2AlBa S2A2 Ba Average 

Location (µg g') (µg g'') (µg g1) (µg g') Ba 
I. D. (µg g) 

3D5 139.933 140.783 143.319 143.789 142 
3D6 141.283 139.417 138.321 139.085 140 
3D9 140.804 142.286 140.504 139.279 141 

3D 10 140.197 139.981 141.129 142.033 141 
3D 16 142.278 140.421 142.836 144.921 143 
3D 17 149.196 149.947 149.175 152.388 150 
3D 18 140.003 140.474 137.507 138.662 139 
3D24 142.457 142.725 139.792 139.365 141 

Number of samples, n=8 
Classical results: Mean = 142.00906 
Sums of Squares are - 340.9863 39.46201 15.031462 
Sigma values(geochem, sampling, analysis) - 3.308 1.413 0.969 
Percent variance(geochem, sampling, analysis) - 78.85 14.38 6.77 
Sigma (total) - 3.726 

Robust results: mcan = 141.17866 
Sigma values (gcochem, sampling, analysis) - 1.110 1.638 0.983 
Percent variances (geochem, sampling, analysis) - 25.23 54.97 19.80 
Sigma (total) - 2.210 

U%= 196smea, / mean = 2.65 % (Robust results) 
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Appendix 3.2: Duplicate data and ANOVA results from the collaborative trial in sampling, 
for each of the participants sampling protocols, Silwood Park. 

3.2.4 Participant number 4 

3.2.4.1 Orientation A 
Sample S1AlBa SIA2 Ba S2A1 Ba S2A2 Ba Average 

Location (µg g'') (µg g') (µg g') (µg g) Ba 
I. D. (µg g) 

4A3 141.255 147.346 137.947 143 142 
4A4 142.353 141.723 140.229 141.68 141 

4A 10 141.699 141.389 141.389 142.348 142 
4A11 153.477 154.102 150.155 152.032 152 
4A16 141.345 141.668 141.055 139.861 141 
4A 19 138.016 138.321 142.282 142.334 140 
4A23 138.622 142.043 140 142.457 141 
4A24 141.139 142.324 156.537 139.389 145 

Number of samples, n=8 
Classical results: Mean = 143.10991 
Sums of Squares are - 453.5734 81.06289 192.44422 
Sigma values(gcoclhem, sampling, analysis) - 3.697 0.000 3.468 
Percent variance(geochem, sampling, analysis) - 53.19 0.00 46.81 
Sigma (total) - 5.069 

Robust results: Mean = 142.19424 
Sigma values (gcochcm, sainpling, analysis) - 1.297 2.028 1.545 
Percent variances (geoclhetn, sainpling, analysis) - 20.56 50.28 29.17 
Sigma (total) - 2.861 

U%= 196s, nea, / mean = 3.51 % (Robust results) 

3.2.4.2 Orientation B 
Sample SIAlBa S1A2 Ba S2AlBa S2A2 Ba Average 

Location (µg g'') (µS g'') (µg gl) (µg g') Ba 
I. D. (µl; g-) 

4B3 145.121 146.809 143.876 144.287 145 
4B4 146.997 147.012 146.841 149.101 147 
4B6 148.152 146.755 142.978 141.547 145 
4B 11 147.756 143.316 145.699 147.883 146 
4B14 141.904 139.412 144.669 140.711 142 
4B 18 141.477 142.447 143.902 141.437 142 
4B22 139.14 136.957 139.875 139.782 139 
4B24 143.401 144.364 142.379 144.083 144 

Number of samples, n =8 
Classical results: Mean = 143.75220 
Sums of Squares are - 208.79718 41.22573 37.05348 
Sigma values(gcochcin, sampling, analysis) - 2.484 1.191 1.522 
Percent variance(geoclicm, sampling, analysis) - 62.29 14.33 23.38 
Sigma (total) - 3.147 

Robust results: Mean = 143.87157 
Sigma values (geochem, sampling, analysis) - 2.672 0.760 1.560 
Percent variances (geochem, sampling, analysis) - 70.33 5.69 23.97 
Sigma (total) - 3.186 

U%= 196sR,. / mean = 2.36 % (Robust results) 
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Appendix 3.2: Duplicate data and ANOVA results from the collaborative trial in sampling, 
for each of the participants sampling protocols, Silwood Park. 

3.2.5 Participant number five 

3.2.5.1 Orientation B 
Sample S1AlBa SIA2 Ba S2AlBa S2A2 Ba Average 

Location (µg g) (µs g') (µg g(µg g') Ba 
I. D. (µg g) 

5B5 147.734 146.697 147.617 147.782 147 
5B8 149.663 147.979 149.297 150.088 149 
5B9 142.08 146.684 145.314 147.349 145 
5B 13 466.34 459.254 322.437 322.939 393 
5B 14 147.208 148.808 144.127 144.626 146 
5B 18 146.592 149.588 146.017 145.863 147 
5B21 143.935 142.501 141.797 145.128 143 
5B24 144.836 141.295 145.978 144.772 144 

Number of samples, n=8 
Classical results: Mcan = 176.94765 
Sums of Squares arc - 212977.06 19658.519 59.65967 
Sigma values(gcochcin, sampling, analysis) - 83.618 35.026 1.931 
Percent variancc(gcoclicm, sampling, analysis) - 85.03 14.92 0.05 
Sigma (total) - 90.678 

Robust results: Mean = 146.67282 
Sigma values (geochem, sampling, analysis) - 2.419 1.419 1.735 
Percent variances (geocliem, sampling, analysis) - 53.80 18.51 27.68 
Sigma (total) - 3.298 

U%= 196smea, / mean = 3.0 % (Robust results) 

3.2.5.2 Orientation C 
Sample SIA1 Ba SIA2 Ba S2AI Ba S2A2 Ba Average 

Location (µg g') (µg g'') (Ng g") (µg g1) Ba 
I. D. (µg g) 

50 144.998 145.085 143.669 143.705 144 
5C5 146.699 ' 143.538 149.144 147.67 147 
5C7 147.122 149.682 142.1 142.585 145 

5C] 1 157.982 156.244 156.077 153.453 156 
5C14 144.895 148.447 143.362 144.399 145 
5C16 147.599 150.454 145.777 145.854 147 
5C17 148.875 148.33 148.638 146.597 148 
5C25 147.651 145.852 149.05 147.645 148 

Number of samples, n=8 
Classical results: Mean = 147.59933 
Sums of Squares are - 365.4788 76.49429 30.195254 
Sigma values(gcochcm, sampling, analysis) - 3.265 1.959 1.374 
Percent variance(gcocliem, sampling, analysis) - 65.07 23.42 11.52 
Sigma (total) - 4.048 

Robust results: Mean = 146.79424 
Sigma values (geochem, sampling, analysis) - 1.102 1.957 1.530 
Percent variances (geochem, sampling, analysis) - 16.45 51.86 31.70 
Sigma (total) - 2.717 

U%= 196s,,,, ß, / mean = 3.32 % (Robust results) 
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Appendix 3.2: Duplicate data and ANOVA results from the collaborative trial in sampling, 
for each of the participants sampling protocols, Silwood Park. 

3.2.6 Participant number six 
3.2.6.1 Orientation A 

Sample S1AlBa S1A2 Ba S2A1 Ba S2A2 Ba Average 
Location (µg g'') (µb g') (µg g'1) (µg g') Ba 

I. D. (µg g l) 

6A4 140.744 144.198 137.448 139.557 140 
6A6 140.272 137.685 141.113 140.728 140 

6A10 144.445 142.251 138.716 139.475 141 
6A 11 146.941 149.399 154.384 156.151 152 
6A14 140.581 138.951 142.092 143.291 141 
6A 19 147.947 147.776 141.401 140.712 144 
6A22 137.207 134.801 137.267 135.982 136 
6A23 139.523 140.652 142.085 143.088 141 

Number of samples, n=8 
Classical results: Mean = 142.08948 
Sums of Squares are - 563.5959 149.47545 26.045897 
Sigma values(gcochcm, sampling, analysis) - 3.932 2.920 1.276 
Percent variance(geocliem, sampling, analysis) - 60.35 33.30 6.36 
Sigma (total) - 5.061 

Robust results: Mean = 141.44712 
Sigma values (geochem, swnpling, analysis) - 1.472 3.319 1.403 
Percent variances (gcochem, sampling, analysis) - 14.30 72.72 12.99 
Sigma (total) - 3.892 

U%= 196s,,, e. / mean = 4.99 % (Robust results) 

3.2.6.2 Orientation B 
Sample 

Location 
I. D. 

S1A1 Ba 
(µs g, ) 

S1 A2 Ba 
(µg g) 

S2A 1 Ba 
(µg g1) 

S2A2 Ba 
(pg g) 

Average 
Ba 

(µg g) 

6B4 146.065 145.039 144.96 145.185 145 
6B7 732.172 715.523 667.578 669.551 696 
6B 10 142.423 138.501 142.48 139.983 141 
6B 16 149.153 149.855 147.751 145.376 148 
6B 17 143.875 146.758 150.592 149.079 148 
6B21 143.416 141.11 142.482 144.704 143 
6B24 144.24 182.455 141.3 143.98 153 
6B25 145.334 144.964 145.224 148.345 146 

Number of samples, n=8 
Classical results: Mean = 214.98292 
Sums of Squares are - 1058998.1 3519.347 904.1186 
Sigma values(geochem, sampling, analysis) - 194.194 13.846 7.517 
Percent variance(geocliem, sampling, analysis) - 99.35 0.51 0.15 
Sigma (total) - 194.832 

Robust results: Mean = 147.30931 
Sigma values (geochem, sampling, analysis) - 4.865 2.777 2.107 
Percent variances (geochem, sampling, analysis) - 66.07 21.54 12.40 
Sigma (total) - 5.985 

U%= 196smea, / mean = 4.64 % (Robust results) 
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Appendix 3.2: Duplicate data and ANOVA results from the collaborative trial in sampling, 
for each of the participants sampling protocols, Silwood Park. 

3.2.7 Participant number seven 
3.2.7.1 Orientation A 

Sample S1AlBa SIA2 Ba S2A1 Ba S2A2 Ba Average 
Location (µ6 g'') (µg g') (µg g) (µg g'') Ba 

I. D. (µg g') 

7A2 153.617 152.289 146.368 150.216 151 
7A4 146.126 149.032 148.889 147.56 148 
7A8 170.397 171.519 163.251 160.174 166 
7A9 148.929 142.492 142.152 138.386 143 

7A11 148.466 149.793 152.677 152.434 151 
7A 17 150.968 148.547 150.987 149.357 150 
7A 19 145.225 143.471 146.06 147.974 146 
7A25 148.057 148.245 149.274 149.084 149 

Number of sämples, n=8 
Classical results: Mean = 150.37551 
Sums of Squares are - 1363.1215 157.32051 55.13793 
Sigma valucs(gcochem, sampling, analysis) - 6.616 2.848 1.856 
Percent variancc(gcochcm, sampling, analysis) - 79.11 14.66 6.23 
Sigma (total) - 7.438 

Robust results: Mean = 148.94652 
Sigma values (gcochem, sampling, analysis) - 2.868 2.710 1.836 
Percent variances (geochem, sampling, analysis) - 43.43 38.77 17.80 
Sigma (total) - 4.352 

U%= 196sn,,. / mean = 4.31 % (Robust results) 

3.2.7.2 Orientation D 
Sample S1A1 Ba S1A2 Ba S2A1 Ba S2A2 Ba Average 

Location (µg g') (Fis g") (µs g) (µg g') Ba 
I. D. (µg g") 

7D3 146.228 146.554 139.732 143.196 144 
7D4 143.423 142.366 144.682 145.584 144 
7D6 139.223 141.246 141.314 140.147 140 
7D9 142.118 141.371 143.072 144.811 143 
7D 10 141.721 141.482 136.771 141.917 140 
7D 18 139.608 142.825 140.995 140.023 141 
7D 19 139.197 142.391 138.732 139.838 140 
7D21 138.704 140.673 139.18 137.349 139 

Number of samples, n=8 
Classical results: Mean = 141.45229 
Sums of Squares are - 99.97974 44.26085 39.77989 
Sigma values(gcochcm, sampling, analysis) - 1.479 1.234 1.577 
Percent variancc(geocliem, sampling, analysis) - 35.30 24.58 40.12 
Sigma (total) - 2.489 

Robust results: Mean = 141.45228 
Sigma values (geochcm, sampling, analysis) - 1.825 1.105 1.607 
Percent variances (gcochcm, sampling, analysis) - 46.69 17.12 36.19 
Sigma (total) - 2.671 

U%= 196sm. / mean = 2.70 % (Robust results) 
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Appendix 3.2: Duplicate data and ANOVA results from the collaborative trial in sampling, 
for each of the participants sampling protocols, Silwood Park. 

3.2.8 Participant number eight 
3.2.8.1 Oricntation B 

Sample S1AlBa S1A2 Ba S2AlBa S2A2 Ba Average 
Location (µg g'1) (µg Si) (µg 9") (µg g') Ba 

I. D. (µg g t) 

8B I 141.066 141.4 65 142.795 141.86 142 
8B2 147.137 148.025 145.08 145.492 146 
8B8 144.021 144.124 144.449 143.309 144 
8B 12 168.863 167.999 153.721 152.851 161 
8B17 142.252 143.088 146.596 145.702 144 
8B 18 139.703 141.567 146.23 144.136 143 
8B20 146.979 146.383 143.16 143.851 145 
8B25 146.291 149.882 146.964 151.007 149 

Number of samples, n=8 
Classical results: Mean = 146.75150 
Sums of Squares are - 1030.1973 279.4830 22.118301 
Sigma values(gcochem, sampling, analysis) - 5.297 4.096 1.176 
Percent variance(geocliem, sampling, analysis) - 60.71 36.30 2.99 
Sigma (total) - 6.798 

Robust results: Mean = 145.35115 
Sigma values (gcoclicm, sampling, analysis) - 2.502 2.415 0.964 
Percent variances (geochem, sampling, analysis) - 48.08 44.79 7.14 
Sigma (total) - 3.609 

U %= 196s,,, ea, / mean = 3.51 % (Robust results) 

3.2.8.2 Orientation D 
Sample 

Location 
I. D. 

S1A1 Ba 
(µg g) 

SIA2 Ba 
(µg g") 

S2A1 Ba 
(µg g-) 

S2A2 Ba 
(µg g) 

Average 
Ba 

(µg g-) 

8D4 152.007 146.428 147.741 141.493 147 
8D7 168.48 161.06 164.971 158.633 163 
8D9 143.826 142.719 140.447 149.617 144 

8D 12 557.755 550.865 628.332 630.153 592 
8D 16 140.904 143.153 143.069 143.724 143 
8D 18 152.931 144.825 141.617 150.347 147 
8D 19 142.126 145.189 145.456 149.127 145 
8D24 142.766 144.492 146.519 144.132 144 

Number of samples, n=8 
Classical results: Mean = 203.27827 
Sums of Squares are - 691154.4 5674.290 240.21720 
Sigma values(gcochem, sampling, analysis) - 156.546 18.632 3.875 
Percent variancc(beochcm, sampling, analysis) - 98.54 1.40 0.06 
sigma (total) - 157.699 

Robust results: Mean = 149.35679 
Sigma values (geocliein, sampling, analysis) - 8.688 0.000 4.391 
Percent variances (gcochem, sampling, analysis) - 79.65 0.00 20.35 
sigma (total) - 9.735 

U%= 196sm, ý, / mean = 5.76 % (Robust results) 
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Appendix 3.2: Duplicate data and ANOVA results from the collaborative trial in sampling, 
for each of the participants sampling protocols, Silwood Park. 

3.2.9 Participant number nine 
3.2.9.1 Orientation C 

Sample S1A1 Ba S1 A2 Ba S2A1 Ba S2A2 Ba Average 
Location (µg g") (µg g 1) (µg g) (µg g) Ba 

I. D. (µg g) 

9C2 146.062 146.882 144.134 143.586 145 
9C3 145.206 143.262 141.172 143.235 143 
9C6 136.962 142.729 142.729 143.435 141 
9C9 140.505 144.064 140.816 140.173 141 

9C11 150.209 150.178 146.938 147.52 149 
9C]8 143.727 141.788 143.443 146.024 144 
9C20 144.58 143.346 142.473 141.905 143 
9C22 143.607 141.176 143.562 142.816 143 

Number of samples, n=8 
Classical results: Mean = 143.69513 
Sums of Squares are - 156.20593 41.10022 37.45856 
Sigma valucs(gcoclicm, sanmpling, analysis) - 2.072 1.182 1.530 
Percent variancc(geoclicm, sampling, analysis) - 53.45 17.40 29.14 
sigma (total) - 2.834 

Robust results: Mean = 143.33809 
Sigma values (geochcm, sampling, analysis) - 1.252 1.546 1.350 
Percent variances (gcochcm, sainpling, analysis) - 27.13 41.33 31.53 
sigma (total) - 2.404 

U%= 196sm,. / mean = 2.81 % (Robust results) 

3.2.9.2 Orientation D 
Sample 

Location 
I. D. 

S1A1 Ba 
(µg g'') 

S1A2 Ba 
(FL6 g") 

S2A1 Ba 
(µS s) 

S2A2 Ba 
(µg g-) 

Average 
Ba 

(µt; g") 

9D3 143.984 146.695 148.484 147.698 147 
9D5 142.969 144.995 140.262 143.418 143 

91310 139.322 141.324 148.282 148.379 144 
91313 357.623 364.406 605.271 606.829 484 
91317 156.039 154.519 148.421 149.265 152 
9D20 148.304 150.456 142.46 146.492 147 
9D23 137.384 145.972 140.623 138.08 141 
9D25 149 142.981 150.563 148.289 148 

Number of samples, n=8 
Classical results: Mean = 188.08716 
Sums of Squares are - 399363.4 60201.36 110.00865 
Sigma values(gcochcm, sampling, analysis) - 111.273 61.312 2.622 
Percent variance(geochem, sampling, analysis) - 76.68 23.28 0.04 
sigma (total) - 127.074 

Robust results: Mean = 146.90384 
Sigma values (gcochem, sampling, analysis) - 4.008 4.144 2.369 
Percent variances (geochem, sampling, analysis) - 41.35 44.21 14.44 
sigma (total) - 6.233 

U%= 196sm, � / mean = 6.37 % (Robust results) 
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Appendix 3.3: Duplicate data and ANOVA results for a single sampling location using 
collaborative trail data, Silwood Park, UK. 

3.3.1 Location 1 

Participant Sample! Sample 2 Average Ba Absolute bias from assigned value 
Sample Ba Ba (µg g) of 154 ±11 µg g'1 Ba at 95% 

I. D. (µg g') (µg g) confidence (µg g") 
1 143 154 149 -6 
2 144 147 146 -9 
3 145 139 142 -12 
4 143 142 143 -12 
5 147 145 146 -8 
6 141 145 143 -11 

146 147 147 -8 
8 142 151 147 -8 
9 146 140 143 -11 

x= 145 ± 2(s) 

Number of samples, n=9 
Classical results: Mean = 144.83332 
Sums of Squares are - 163.99998 305.0000 
Sigma values (between, within) - 0.000 4.116 
Percent variance (between, within) - 0.00 100.00 
sigma (total) - 4.116 
Robust results: Mean = 144.82584 
Sigma values (between, within) - 0.000 4.398 
Percent variances (between, within) - 0.00 100.00 
sigma (total) - 4.398 
Sampling repeatability = 196swiffii� / mean = 5.68 % (classical results) 
Sampling reproducibility = 196st0 / mean = 5.68 % (classical results) 

3.3.2 Location 3 
Participant Design 1 Design 2 Average Ba Absolute bias from assigned value 

Sample Ba Ba (µg g') of 154 ±11 µg g"' at 95% 
I. D. (µg g') (µg g) confidence (µg Si) '1 

144 148 146 -8 2 145 147 146 -8 3 145 143 144 -10 4 142 145 143.5 -10.5 5 147 144 145.5 -8.5 6 143 152 147.5 -6.5 7 143 144 143.5 -10.5 8 145 145 145 -9 9 143 147 145 -9 
s=145±1.32(s) 

Number of samples, n=9 
Classical results: Mean= 145.11111 
Sums of Squares are - 55.55555 140.00000 
Sigma values (between, within) - 0.000 2.789 
Percent variance (between, within) - 0.00 100.00 

sigma (total) - 2.789 
Robust results: Mean = 145.05471 
Sigma values (between, within) - 0.000 2.490 

Percent variances (between, within) - 0.00 100.00 

sigma (total) - 2.490 
Sampling repeatability = 196s,,; ä,. / mean = 3.77 % (classical results) 
Sampling reproducibility = 196storai / mean = 3.77 % (classical results) 
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Appendix 3.3: Duplicate data and ANOVA results for a single sampling location using 
collaborative trail data, Silwood Park, UK. 

3.3.3 Location 5 

Participant Design I Design 2 Average Ba Absolute bias from assigned value 
Sample Ba Ba (µg gl) of 154 ±11 µg g-1 at 95% 

I. D. (µg g") (µg g7) confidence (µg g") 
1 145 150 148 -7 
2 146 152 149 -5 
3 144 142 143 -11 
4 146 146 146 -8 
5 147 147 147 _7 
6 146 148 147 -7 
7 145 144 145 -10 
8 144 145 145 -10 
9 143 148 146 -9 

x=146±2(ls) 

Number of samples, n=9 
Classical results: Mean = 145.99999 
Sums of Squares are - 108.00000 96.00000 
Sigma values (between, within) - 0.842 2.309 
Percent variance (between, within) - 11.72 88.28 

sigma (total)'- 2.458 

Robust results: Mean = 145.99999 
Sigma values (between, within) - 0.941 2.511 
Percent variances (between, within) - 12.32 87.68 
sigma (total) - 2.682 
Sampling repeatability = 196sd,;,, / mean = 3.10% (classical results) 
Sampling reproducibility = 196s, o, ai / mean = 3.30% (classical results) 

3.3.4 Location 11 

Participant Design 1 Design 2 Average Ba Absolute bias from assigned value 
Sample Ba Ba (µg g1) of 154 ±11 gg g"1 at 95% 

I. D. (µg g'') (µg g'') confidence (µg g'') 
1 156 153 155 1 
2 155 154 155 1 
3 147 145 146 _g 
4 152 146 149 _5 5 159 156 158 
6 152 156 154 p 
7 151 145 148 -6 8 149 156 153 

-2 9 159 149 154 n 
x= 152±4(ls) 

Number of samples, n=9 
Classical results: Mean = 152.22223 
Sums of Squares are - 446.2222 260.0000 
Sigma values (between. within) - 2.593 3.801 
Percent variance (between, within) - 31.76 68.24 

sigma (total) - 4.601 

Robust results: Mean = 152.26912 
Sigma values (between, within) - 2.947 4.101 
Percent variances (between. within) - 34.05 65.95 
Sigma (total) - 5.05 
Sampling repeatability = 196sµ�t, i, / mean = 4.90% (classical results) 
Sampling reproducibility = 196s,. ß / mean = 5.93% (classical results) 
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Appendix 3.3: Duplicate data and ANOVA results for a single sampling location using 
collaborative trail data, Silwood Park, UK. 

3.3.5 Location 13 

Participant 
Sample 

I. D. 

Design I 
Ba 

(µg g'') 

Design 2 
Ba 

(µg g'1) 

Average Ba 
(µg g'1) 

Absolute bias from assigned value 
of 468 ± 451 µg g' at 95% 

confidence (µg g") 
1 472 869 671 203 
2 832 641 737 269 
3 255 318 287 -182 
4 146 256 201 -267 
5 393 294 344 -125 
6 790 629 710 242 
7 398 576 487 19 
8 748 374 561 93 
9 592 484 538 70 

x=504±192 

Number of samples, n=9 
Classical results: Mean = 503.7223 
Sums of Squares are - 1174310.2 429105.0 
Sigma values (between, within) - 157.409 154.399 
Percent variance (between, within) - 50.97 49.03 
sigma (total) - 220.492 
Robust results: Mean = 503.7223 
Sigma values (between, within) - 184.419 162.036 
Percent variances (between, within) - 56.43 43.57 
sigma (total) - 245.492 
Sampling repeatability = 196s v;, hi, / mean = 60.08% (classical results) 
Sampling reproducibility = 196s, ow / mean = 61.25% (classical results) 

3.3.6 Location 15 

Participant 
Sample 

I. D. 

Design 1 
Ba 

(µg g) 

Design 2 
Ba 

(µg g) 

Average Ba 
(µg g") 

Absolute bias from assigned value 
of 154 ±11 µg g"' Ba at 95% 

confidence (µg g") 
1 142 146 144 -10 
2 144 144 144 -10 
3 142 144 143 -11 
4 140 144 142 -12 
5 145 142 144 -11 
6 146 145 146 -9 
7 144 143 144 -11 
8 142 143 143 -12 
9 142 141 142 -13 

x= 143 ±1(Is) 

Number of samples, n=9 
Classical results: Mean = 143.27776 
Sums of Squares are - 46.22222 49.00000 
Sigma values (between, within) - 0.289 1.650 
Percent variance (between, within) - 2.97 97.03 

sigma (total) - 1.675 
Robust results: Mean= 143.21710 
Sigma values (between, within) - 0.000 1.842 
Percent variances (between, within) - 0.00 100.00 

sigma (total) - 1.842 
Sampling repeatability = J96s y;, }, i,, / mean = 2.26 % (classical results) 
Sampling reproducibility = 196s, ow / mean = 2.29% (classical results) 
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Appendix 3.3: Duplicate data and ANOVA results for a single sampling location using 
collaborative trail data, Silwood Park, UK. 

3.3.7 Location 21 

Participant Design 1 Design 2 Average Ba Absolute bias from assigned value 
Sample Ba Ba (µg g) of 154 ±11 µg g"1 Ba at 95% 

I. D. (µg g") (µg g") confidence (µg g") 
1 140 138 139 -15 
2 142 142 142 -12 
3 141 137 139 -15 
4 137 140 139 -16 
5 143 149 146 -8 
6 141 143 142 -12 
7 143 139 141 -13 
8 138 147 143 -12 
9 141 144 143 -12 

x= 141±2(ls) 

Number of samples, n=9 
Classical results: Mean = 141.38887 
Sums of Squares are - 177.55559 174.99999 
Sigma values (between, within) - 0.829 3.118 
Percent variance (between, within) - 6.60 93.40 
sigma (total) - 3.226 
Robust results: Mean = 141.21349 
Sigma values (between, within) - 0.453 3.143 
Percent variances (between, within) - 2.03 97.97 
sigma (total) - 3.176 
Sampling repeatability =196s,, idj,, / mean = 4.32% (classical results) 
Sampling reproducibility = 196sow / mean = 4.47% (classical results) 

3.3.8 Location 23 
Participant 

Sample 
I. D. 

Design 1 
Ba 

(µg g'') 

Design 2 
Ba 

(µg g'') 

Average Ba 
(µg g-') 

Absolute bias from assigned value 
of 154 ±11 µg g" Ba at 95% 

confidence (µg g') 
1 143 146 145 -10 
2 142 140 141 -13 
3 140 138 139 -15 
4 141 142 142 -13 
5 144 144 144 -10 
6 141 143 142 -12 
7 145 137 141 -13 
8 139 141 140 -14 
9 141 141 141 -13 

x= 142±2(Is) 

Number of samples, n=9 
Classical results: Mean =, 141.55556 
Sums of Squares are - 98.88889 90.00000 
Sigma values (between, within) - 0.768 
Percent variance (between, within) - 10.56 

sigma (total) - 2.364 
Robust results: Mean = 141.53040 
Sigma values (between, within) - 1.548 
Percent variances (between, within) - 46.72 
sigma (total) - 2.265 
Sampling repeatability = 196s,, ü, / mean = 
Sampling reproducibility = 196s, ow / mean = 

2.236 
89.44 

1.653 
53.28 

3.10% (classical results) 
3.27% (classical results) 
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Appendix 3.3: Duplicate data and ANOVA results for a single sampling location using 
collaborative trail data, Silwood Park, UK. 

3.3.9 Location 25 
Participant 

Sample 
I. D. 

Design 1 
Ba 

(µg g'') 

Design 2 
Ba 

(µg g) 

Average Ba 
(µg g') 

Absolute bias from assigned value 
of 154 ±11 µg g' Ba at 95% 

confidence (µg g') 
1 145 149 147 -7 
2 149 146 148 -7 
3 142 144 143 -11 
4 145 148 147 -8 
5 148 148 148 -6 
6 135 146 141 -14 
7 149 144 147 -8 
8 149 146 148 -7 
9 148 146 147 -7 

x= 146±3 (Is) 

Number of samples, n=9 
Classical results: Mean = 145.94444 
Sums of Squares are - 200.88888 196.99999 
Sigma values (between, within) - 0.898 3.308 
Percent variance (between, within) - 6.86 93.14 
sigma (total) - 3.428 
Robust results: Mean = 146.61426 
Sigma values (between, within) - 0.000 2.826 
Percent variances (between, within) - 0.00 100.00 
sigma (total) - 2.826 
Sampling repeatability = 196si,;, / mean = 4.44% (classical results) 
Sampling reproducibility = 196s, ow / mean = 4.60% (classical results) 
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Appendix 3.4: Duplicate data and ANOVA results for gases within the reference borehole 
(J14) at Bedfont, UK measured by the co-ordinator 

3.4.1 Methane Gas 
Participant visit 

number 
Cl14 concentration 

%v/v 
Average CH4 concentration 

%v 
Average 

concentration 
%v/v 

Measurement Atmospheric Measurement Atmospheric 
1 Pressure* 2 Pressure* 

1 48.3 1041 47.7 1040 48 
2 47.7 1041 46.6 1041 47.15 
3 34.5 1036 34.9 1036 34.7 
4 44.6 1020 45.2 1021 44.9 
5 52.7 1004 53.3 1003 53 
6 55.8 1012 55.5 1013 55.65 
7 59.4 1020 59.9 1021 59.65 
8 51.9 1026 51.6 1028 51.75 

*The atmospheric pressure is the same for the carbon dioxide and oxygen gas 

Number of samples, n=8 
Classical results: Mean = 49.35000 
Sums of Squares are - 1623.8000 2.880007 
Sigma values (between samplers, within samplers) - 7.609 0.424 
Percent variance (between samplers, within samplers) - 99.69 0.31 
Sigma (total) - 7.621 
Robust results: Mean = 50.02243 
Sigma values (between samplers, within samplers) - 7.079 0.458 
Percent variances (between samplers, within samplers) - 99.58 0.42 

Sigma (total) - 7.094 
Sampling repeatability = 196s,,, i, l, iI, / mean = 1.68% (classical results) 
Sampling reproducibility = 196st w/ mean = 30.27% (classical results) 

3.4.2 Carbon Dioxide Gas 

Participant visit CO2 concentration Average CO2 
number %v/v concentration 

%v/v 
Measurement 1 Measurement 2 

1 3.8 4.2 4 
2 4.2 4.8 4.5 
3 8.5 8.5 8.5 
4 9.2 9.3 9.25 
5 5 5.3 5.15 
6 8.6 8.7 8.65 
7 10.2 10.4 10.3 
8 11.3 11.3 11.3 

Number of samples, n=8 
Classical results: Mean = 7.706249 
Sums of Squares are - 216.38877 0.6700004 
Sigma values(between samplers, within samplers) - 2.776 0.205 
Percent variance(between samplers, within samplers) - 99.46 0.54 

sigma (total) - 2.784 
Robust results: Mean = 7.706250 
Sigma values (between samplers, within samplers) - 3.148 0.197 

Percent variances (between samplers, within samplers) - 99.61 0.39 

sigma (total) - 3.154 
Sampling repeatability = 196s,, i hin / mean = 5.21% (classical results) 
Sampling reproducibility = 196stotaj / mean = 70.81% (classical results) 
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Appendix 3.4: Duplicate data and ANOVA results for gases within the reference borehole 
(J14) at Bedfont, UK measured by the co-ordinator 

3.4.3 Oxygen Gas 

Participant visit 02 concentration Average 02 
number %v/v concentration 

v/v 
Measurement 1 Measurement 2 

1 0.05 0.05 0.05 
2 0.05 0.05 0.05 
3 1.4 1.1 1.25 
4 0.05 0.05 0.05 
5 0.05 0.05 0.05 
6 0.05 0.05 0.05 
7 0.05 0.05 0.05 
8 0.05 0.05 0.05 

Number of samples, n=8 
Classical results: Mean ='0.2 
Sigma values(between samplers, within samplers) - 0.421 0.0750 
sigma (total) - 0.428 
Sampling repeatability = 196s,; t,; 1, / mean = 73.5% (classical results) 
Sampling reproducibility = 196sýo, g / mean = 419.4% (classical results) 
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Appendix 3.5: Duplicate data and ANOVA results for gases within the test borehole (J15) 
at Bedfont, UK measured by the co-ordinator. 

3.5.1 Methane Gas 
Participant visit CH4 concentration Average CHa concentration Average 

number %v/v %v concentration 
%v/v 

Measurement Atmospheric Measurement Atmospheric 
1 Pressure* 2 Pressure* 

1 47.8 1041 48.8 1040 48.3 
2 48.8 1041 47.9 1041 48.35 
3 42.8 1036 47.7 1036 45.25 
4- 51 1020 53.1 1021 52.05 
5 47.7 1004 50.9 1004 49.3 
6 53.8 1012 54.8 1013 54.3 
7 60.4 1020 61.5 1021 60.95 
8 42.4 1026 50.3 1027 46.35 

*T'he atmospheric pressure is the same for the carbon dioxide and oxygen gas 

Number of samples, n=8 
Classical results: Mean = 50.60625 
Sums of Squares are - 726.5686 105.08997 
Sigma values(between samplers, within samplers) - 4.761 2.563 
Percent variance(between samplers, within samplers) - 77.53 22.47 
Sigma (total) - 5.407 
Robust results: Mean = 49.99198 
Sigma values (between samplers, within samplers) - 3.984 2.316 
Percent variances (between samplers, within samplers) - 74.74 25.26 
Sigma (total) - 4.608 
Sampling repeatability = 196swiffii,, / mean = 9.93% (classical results) 
Sampling reproducibility = 196s, oi / mean = 20.94% (classical results) 

3.5.2 Carbon Dioxide Gas 
Participant visit CO2 concentration Average CO2 

number %v/v concentration 
% VA, 

Measurement 1 Measurement 2 
1 4.9 4.9 4.9 
2 4.9 4.8 4.85 
3 4.2 4.6 4.4 
4 4.8 5 4.9 
5 4.7 4.9 4.8 
6 5.1 5.1 5.1 
7 5 5 5 
8 3.8 4.4 4.1 

Number of samples, n=8 
Classical results: Mean = 4.756250 
Sums of Squares are - 3.148750 0.6100003 
Sigma values(between samplers, within samplers) - 0.306 0.195 
Percent variance(between samplers, within samplers) - 71.01 28.99 
Sigma (total) - 0.363 
Robust results: Mean = 4.789136 
Sigma values (between samplers, within samplers) - 0.281 0.161 
Percent variances (between samplers, within samplers) - 75.25 24.75 
Sigma (total) - 0.324 
Sampling repeatability = 196s,,, ithý, / mean = 8.03% (classical results) 
Sampling reproducibilityj= 196stow / mean = 14.95% (classical results) 
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Appendix 3.5: Duplicate data and ANOVA results for gases within the test borehole (J15) 
at Bedfont, UK, measured by the co-ordinator 

3.5.3 Oxygen Gas 

Participant visit O., concentration Average OZ 
number %v/v concentration 

v/v 
Measurement 1 Measurement 2 

1 0.05 0.05 0.05 
2 0.05 0.05 0.05 
3 1.9 0.1 1 
4 0.05 0.05 0.05 
5 1.3 0.1 0.7 
6 0.05 0.05 0.05 

0.05 0.05 0.05 
8 4.3 1 2.65 

Number of samples, n=8 
Classical results: Mean = 0.5750000 
Sums of Squares arc - 23.520000 15.570001 
Sigma values(between samplers, within samplers) - 0.595 0.986 
Percent variance(between samplers, within samplers) - 26.64 73.36 
sigma (total) - 1.152 
Robust results: Mean = 0.3883279 
Sigma values (between samplers, within samplers) - 0.302 0.645 
Percent variances (between samplers, within samplers) - 18.00 82.00 
sigma (total) - 0.713 
Sampling repeatability = I96sw,, hi, / mean = 336.10% (classical results) 
Sampling reproducibility = 196s-,. w / mean = 392.68% (classical results) 
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Appendix 3.6: Duplicate data and ANOVA results for the collaborative trial at the test 
borehole (J15), Bedfont, UK, measured by the participants 

3.6.1 Methane Gas 
Participant visit 

number 
Clio concentration 

%v/v 
Average CH4 concentration 

%v 
Average 

concentration 
%y/y 

Measurement Atmospheric Measurement Atmospheric 
1 Pressure* 2 Pressure* 

1 48.3 1039 48.5 1039 48.4 
2 48.9 1041 49.1 1041 49 
3 43.8 1035 45.8 1036 44.8 
4 51.2 1020 52 1020 51.6 
5 49.1 1023 50.7 1023 49.9 
6 54.5 1013 54.6 1013 54.55 
7 61.1 1021 61.1 1021 61.1 
8 44.1 1027 46.7 1028 45.4 

*The atmospheric pressure is the same for the carbon dioxide and oxygen gas 

Number of samplers, n=8 
Classical results: Mean = 50.59375 
Sums of Squares are - 781.6885 14.050017 
Signa values(between samplers, within samplers) - 5.242 0.937 
Percent variance(betwcen samplers, within samplers) - 96.90 3.10 
Sigma (total) - 5.325 
Robust results: Mean = 50.02554 
Sigma values (between samplers, within samplers) - 4.604 0.957 
Percent variances (between samplers, within samplers) - 95.86 4.14 
Sigma (total) - 4.702 

Sampling repeatability = 196s, jth;, / mean = 3.63 % (Classical results) 
Sampling reproducibility = 196s,. w / mean = 20.63 % (Classical results) 

3.6.2 Carbon Dioxide Gas 
Participant CO2 concentration Average CO2 

%v/v concentration 
%v/v 

Measurement 1 Measurement 2 
1 4.9 4.9 4.9 
2 4.8 4.7 4.75 
3 4.2 4.6 4.4 
4 5 5 5 
5 4.8 4.9 4.85 
6 5.2 5.2 5.2 
7 5 5 5 
8 3.9 4.1 4 

Number of samplers, n=8 
Classical results: Mean = 4.762500 
Sums of Squares are - 4.174999 0.2200001 
Sigma values(between samplers, within samplers) - 0.377 0.117 
Percent variance(bctwcen samplers, within samplers) - 91.18 8.82 
Sigma (total) - 0.395 
Robust results: mean = 4.802414 
Sigma values (between samplers, within samplers) - 0.340 0.076 
Percent variances (between samplers, within samplers) - 95.23 4.77 
Sigma (total) - 0.348 

Sampling repeatability = 196swihh / mean = 4.82 % (Classical results) 
Sampling reproducibility = 196s,, )td mean = 16.26 % (Classical results) 
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Appendix 3.6: Duplicate data and ANOVA results for the collaborative trial at the test 
borehole (J15), Bedfont, UK, measured by the participants 

3.6.3 Oxygen Gas 

Participant 02 concentration Average 02 
%v/v concentration 

%v/v 
Measurement 1 Measurement 2 

1 0.05 0.05 0.05 
2 0.05 0.05 0.05 
3 1.3 0.6 0.95 
4 0.05 0.05 0.05 
5 0.8 0.1 0.45 
6 0.05 0.05 0.05 
7 0.05 0.05 0.05 
8 3.7 2.3 3 

Classical results: Mean = 0.5812500 
Sums of Squares are - 29.658749 2.940000 
Sigma valucs(between samplers, within samplers) - 0.984 0.429 
Percent variance(between samplers, within samplers) - 84.04 15.96 
sigma (total) - 1.073 
Robust results: Mean = 0.3313659 
Sigma values (between samplers, within samplers) - 0.408 0.351 
Percent variances (between samplers, within samplers) - 57.42 42.58 
sigma (total) - 0.538 
Sampling repeatability = 196s,,.;, t,;, / mean = 144.97 % (Classical results) 
Sampling reproducibility = 196saw / mean = 362.60% (Classical results) 
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Appendix 3.7: Single Measurements and Robust Mean estimate forthe Sampling 
Proficiency Test at borehole J9, Bedfont, UK, Measured by the Participants 

Participant CH4 
concentration 

%y/y 

CO2 
concentration 

%y/y 

02 
concentration 

%y/y 

Atmospheric 
pressure 

(mb) 
3 0.00 4.00 14.10 1037 
4 0.00 2.80 14.00 1015 
5 0.00 6.40 12.90 1007 
6 0.00 5.10 16.10 1012 
7 0.00 3.20 18.60 1018 
8 0.00 3.60 17.60 1021 
9 0.00 0.90 18.20 

3.7.1 Carbon dioxide 

Number of samplers, n=7 
Classical results: Mean = 3.714286 
Sums of Squares are - 72.99430 
Sigma values(geochem. ) - 1.744 
Percent variance (geochem. ) - 100 
Sigma (total) - 1.744 

Robust results: Mean = 3.736864 
Sigma values (geochcm. ) - 1.929 
Percent variances (geochem. ) - 100.00 
Sigma (total) - 1.929 
Geochemical variability = 196sataj / mean = 101.09% (Robust result) 

3.7.2 Oxygen 

Number of samplers, n=7 
Classical results: Mean = 15.928573 
Sums of Squares are - 125.41717 
Sigma values(geochem) - 2.286 
Percent variance(geochem) - 100.00 
sigma (total) - 2.286 

Robust results: mean = 15.928572 
Sigma values (geocliem) - 2.591 
Percent variances (geochem) - 100.00 
sigma (total) - 2.591 
Geochemical variability = 196s, w / mean = 31.88 % (Robust result) 
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Appendix 3.8: Single Measurements and Robust Mean estimate forthe Sampling 
Proficiency Test at borehole J10, Bedfont, UK, Measured by the Participants 

Participant CH4 CO2 02 Atmospheric 
concentration concentration concentration pressure 

%y/y °/uy/y %y/y (mb) 
3 9.3 17.6 0.2 1037 
4 
5 

12 
23 

17.7 0.8 1020 
15.8 3.5 1006 
19.3 0.05 1012 
19.7 0.2 1018 
18.3 2.9 1021 
12.7 5.7 

6 30.9 
7 30.9 
8 21.3 
9 17.7 

3.8.1 Methane 

Number of samplers, n=7 
Classical results: Mean = 19.9 
Sums of Squares are - 1876.6999 
Sigma valucs(gcoclicm) - 8.187 
Percent variancc(gcochem, ) - 100.00 
Sigma (total) - 8.187 
Robust results: Mean = 19.9 
Sigma values (gcochcm) - 9.279 
Percent variances (gcocbem) - 100.00 
Sigma (total)' - 9.279 
Geochemical variability = 196s,. w / mean = 91.39 % (Robust result) 

3.8.2 Carbon dioxide 

Number of samplers, n =7 
Classical results: Mean = 17.1 
Sums of Squares arc - 143.59499 
Sigma values(geochem) - 2.265 
Percent variancc(gcochem) - 100.00 
sigma (total) - 2.265 
Robust results: Mean = 17.4 
Sigma values (geochem) - 2.046 
Percent variances (geochcm) - 100.00 
Sigma (total) - 2.046 
Geochemical variability = 196s,,,,, i / mean = 23.05 % (Robust result) 

3.8.3 Oxygen 

Number of samplers, n= 7 
Classical results: Mean = 2.0 
Sums of Squares are - 114.87875 
Sigma values(gcochem) - 2.026 
Percent variance(geocbem) - 100.00 
sigma (total) - 2.026 
Robust results: Mean = 1.9 
Sigma values (gcoclicm) - 2.009 
Percent variances (geochem) - 100.00 
Sigma (total) - 2.009 
Geochemical variability = 196s, aal / mean = 207.24 % (Robust result) 
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Appendix 3.9: Single Measurements and Robust Mean Estimate for the Sampling 
Proficiency Test at borehole J15, Bedfont, UK, Measured by Participants 

Participant CH4 
concentration 

°/ay/y 

CO2 
concentration 

°/uy/y 

02 
concentration 

%y/y 

Atmospheric 
pressure 

(mb) 
1 50.2 4.8 0.5 1034 
2 49.8 4.6 0.3 1041 
3 49.3 4.8 0.3 1036 
4 54.2 4.8 0.05 1015 
5 52.1 5 0.05 1008 
6 53.1 5 0.05 1013 
7 54 4.9 0.05 1018 
8 49.2 4.7 2.2 1021 

3.9.1 Methane 

Number of samplers, n=8 
Classical results: Mean = 51.48750 
Sums of Squares are - 124.67499 
Sigma values - 2.110 1 

Percent variance - 100.00 
Signa (total) - 2.110 
Robust results: Mean = 51.48750 
Sigma values - 2.392 
Percent variances - 100.00 
Sigma (total) - 2.392 
Geochemical variability = 196s, ß, / mean = 9.10% (Robust result) 

3.9.2 Carbon dioxide 

Number of samplers, n=8 
Classical results: Mean = 4.825000 
Sums of Squares are - 0.5400003 
Sigma values(geochem) - 0.139 
Percent variance(geochem) - 100.00 
Sigma (total) - 0.139 
Robust results: Mean = 4.826018 
Sigma values (gcochem) - 0.155 
Percent variances (geochem) - 100.00 
Sigma (total) - 0.155 
Geochemical variability = 196stt,, i / mean = 6.30 % (Robust result) 

3.9.3 Oxygen 

Number of samplers, n=8 
Classical results: Mean = 0.4 
Sums of Squares are - 14.995001 
Sigma values(gcoclicm) - 0.732 
Percent variance(geocbem) - 100.00 
Sigma (total) - 0.732 
Robust results: Mean = 0.2356504 
Sigma values (geochem) - 0.249 
Percent variances (geochem) - 100.00 
Sigma (total) - 0.249 1 
Geochemical variability = 196s, ß, / mean = 207.10 % (Robust result) 
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Appendix 4: 

Statistical Significance Tests 
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Appendix 4.1: t-test 

4.1.1: Comparison of an experimental mean with a known value 

Significance tests can be employed to determine whether the difference between 

two results are significant, or can be accounted for by random variations. The t-test is 

based on the t probability distribution, which is derived from the normal distribution, for 

a known sample size (number of samples). Confidence increases in the results of the t- 

test as sample size increases, because the distribution of the sample mean becomes more 

like a normal distribution. A measured sample mean, x can be compared with a `true' 

value, µ to determine if the difference is a result of random errors alone. This method 

was used in this research to determine if an analytical method showed a systematic 

error, by comparing the measured concentrations of reference materials with their 

assigned concentrations. The t value is calculated as: 

1", =(Y-P) 11 /S 

where t has n-1 degrees of freedom 

The calculated t value is compared with the tabulated t value from a 1-table 

(Table 1) for a specified degree of freedom and a specified level of confidence. If 111 

(i. e. the calculated value oft regardless of sign) exceeds the critical value stated in the 

table, then the null hypothesis is rejected. 

4.1.2: Comparison of the means of two samples 

The results of two methods can be compared with each other. For example, a 

new analytical method can be compared with a more reliable (or reference) method, as 

described in Chapter 3. When assuming the two methods give the same results, a t-test 

is performed to determine whether x, - xz differs significantly from zero. A pooled 

estimate of standard deviation can be estimated when the two samples have a standard 

deviation which is not significantly different. The pooled variance is given by: 

SZ = 
{(11ý 

- I)SI + 
(112 

- 1)S2 
}/ (11I 

+ 112 - 2) 

tai is then given by: 

1 =(X. -x2 
/S I/N1 +1/llz) 
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where t has nl + 112 -2 degrees of freedom. 

The calculated t value is compared with the tabulated t value from a t-table 

(shown below) for a specified degree of freedom and a specified level of confidence. If 

III (i. e. the calculated value oft regardless of sign) exceeds the critical value stated in 

the table, then the null hypothesis is rejected. 

Table 1: The t-distribution, from Miller and Miller (1993) 

Value oft for a confidence interval of 
Critical value of III for P values of 

90% 
0.10 

95% 
0.05 

98% 
0.02 

99% 
0.01 

Number of degrees of freedom 
1 6.31 12.71 31.82 63.66 
2 2.92 4.30 6.96 9.92 
3 2.35 3.18 4.54 5.84 
4 2.13 2.78 3.75 4.60 
5 2.02 2.57 3.36 4.03 
6 1.94 2.45 3.14 3.71 
7 1.89 2.36 3.00 3.50 
8 1.86 2.31 2.90 3.36 
9 1.83 2.26 2.82 3.25 
10 1.81 2.23 2.76 3.17 
12 1.78 2.18 2.68 3.05 
14 1.76 2.14 2.62 2.98 
16 1.75 2.12 2.58 2.92 
18 1.73 2.10 2.55 2.88 
20 1.72 2.09 2.53 2.85 
30 1.70 2.04 2.46 2.75 
50 1.68 2.01 2.40 2.68 

00 1.64 1.96 2.33 2.58 

The critical values of ItI are appropriate for a two-tailed test. For a one-tailed 

test the value is taken from the column for twice the desired p-value e. g. for a one-tailed 

test, P=0.05,5 degrees of freedom, the critical value is read from the P=0.10 column 

and is equal to 2.02 (Miller and Miller, 1993). 
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Appendix 4.2: F-test 

An F -test is used to compare the standard deviations of two data sets. A one- 

tailed test is used to determine whether method A is more precise than method B (one- 

tailed test) and a two-tailed test is used to determine whether methods A and B differ in 

their precision. 
The F-test compares the ratio of the squared standard deviation (sample 

variances) from two sets of data. The calculated F value is given by: 

r=s; /SZ 
where F has n-1 degrees of freedom, and the largest variance is the numerator in order 
that F is always >1. The null hypothesis assumes that the sample population is normal 

and the population variances are equal. If the null hypothesis is true than the variance 

ratio should be close to 1 (Miller and Miller, 1993). If the calculated value of F exceeds 

the critical F value obtained from tables (as shown on the next page), then the null 
hypothesis is rejected. Using the F-table, the number of degrees of freedom of the 

denominator is given in the left-hand column and the number of degrees of freedom of 

the numerator at the top. 

Table 2: Critical F for a one-tailed test (P = 0.05) 

V2 
1 2 3 4 5 6 7 8 9 10 12 15 20 

1 161.4 199.5 215.7 224.6 230.2 234.0 236.8 238.9 240.5 241.9 243.9 245.9 248.0 

2 18.51 19.00 19.16 19.25 19.30 19.33 19.35 19.37 19.38 19.40 19.41 19.43 19.45 

3 10.13 9.552 9.277 9.117 9.013 8.941 8.887 8.845 8.812 8.786 8.745 8.703 8.660 

4 7.709 6.944 6.591 6.388 6.256 6.163 6.094 6.041 5.999 5.964 5.912 5.858 5.803 

5 6.608 5.786 5.409 5.192 5.050 4.950 4.876 4.818 4.772 4.735 4.678 4.619 4.558 

6 5.987 5.143 4.757 4.534 4.387 4.284 4.207 4.147 4.099 4.060 4.000 3.938 3.874 

7 5.591 4.737 4.347 4.120 3.972 3.866 3.787 3.726 3.677 3.637 3.575 3.511 3.445 

8 5.318 4.459 4.066 3.838 3.687 3.581 3.500 3.438 3.388 3.347 3.284 3.218 3.150 

9 5.117 4.256 3.863 3.633 3.482 3.374 3.293 3.230 3.179 3.137 3.073 3.006 2.935 

10 4.965 4.103 3.708 3.478 3.326 3.217 3.135 3.072 3.020 2.978 2.913 2.845 2.774 
11 4.844 3.982 3.587 3.357 3.204 3.095 3.012 2.948 2.896 2.854 2.788 2.719 2.646 
12 4.747 3.885 3.490 3.259 3.106 2.996 2.913 2.849 2.796 2.753 2.687 2.617 2.544 
13 4.667 3.806 3.411 3.179 3.025 2.915 2.832 2.767 2.714 2.571 2.604 2.533 2.459 
14 4.600 3.739 3.344 3.112 2.958 2.848 2.764 2.699 2.646 2.602 2.534 2.463 2.388 
15 4543 3.682 3.287 3.056 2.901 2.790 2.707 2.641 2.588 2.544 2.475 2.403 2.328 
16 4.494 3.634 3.239 3.007 2.852 2.741 2.657 2.591 2.538 2.494 2.425 2.352 2.276 
17 4.451 3.592 3.197 2.965 2.810 2.699 3.614 2.548 2.494 2.450 2.381 2.308 2.230 
18 4.414 3.555 3.160 2.928 2.773 2.661 2.577 2.510 2.456 2.412 2.342 2.269 2.191 
19 4.381 3.522 3.127 2.895 2.740 2.628 2.544 2.477 2.423 2.378 2.308 2.234 2.155 
20 4.351 3.493 3.098 2.866 2.711 2.599 2.514 2.447 2.393 2.348 2.278 2.203 2.124 

V, = number of degrees of freedom of the numera tor and 1'2 = number of degrees of freedom of the 
denominator. 
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Table 3 Critical F for a two-tailed test (P = 0.05) 

VI 
1'2 

1 2 3 4 5 6 7 8 9 10 12 15 20 

1 647.8 799.5 864.2 899.6 921.8 937.1 948.2 956.7 963.3 968.6 976.7 984.9 993.1 

2 38.51 39.00 39.17 39.25 39.30 39.33 39.36 39.37 39.39 39.40 39.41 39.43 39.45 

3 17.44 16.04 15.44 15.10 14.88 14.73 14.62 14.54 14.47 14.42 14.34 14.25 14.17 

4 12.22 10.65 9.979 9.605 9.364 9.197 9.074 8.980 8.905 8.844 8.751 8.657 8.560 

5 10.01 8.434 7.764 7.388 7.146 6.978 6.853 6.757 6.681 6.619 6.525 6.428 6.329 

6 8.813 7.260 6.599 6.227 5.988 5.820 5.695 5.600 5.523 5.461 5.366 5.269 5.568 
7 8.073 6.542 5.890 5.523 5.285 5.119 4.995 4.899 4.823 4.761 4.666 4.568 4.467 
8 7.571 6.059 5.416 5.053 4.817 4.652 4.529 4.433 4.357 4.295 4.200 4.101 3.999 
9 7.209 5.715 5.078 4.718 4.484 4.320 4.197 4.102 4.026 3.964 3.868 3.769 3.667 
10 6.937 5.456 4.826 4.468 4.236 4.072 3.950 3.855 3.779 3.717 3.621 3.522 3.419 
11 6.724 5.256 4.630 4.275 4.044 3.881 3.759 3.664 3.588 3.526 3.430 3.330 3.226 
12 6.554 5.096 4.474 4.121 3.891 3.728 3.607 -3.512 3.436 3.374 3.277 3.177 3.073 
13 6.414 4.965 4.347 3.996 3.767 3.604 3.483 3.388 3.312 3.250 3.163 3.053 2.948 
14 6.298 4.857 4.242 3.892 3.663 3.501 3.380 3.285 3.220 3.147 3.050 2.949 2.844 
15 6.200 4.765 4.153 3.804 3.576 3.415 3.293 3.199 3.123 3.060 2.963 2.862 2.756 
16 6.115 4.687 4.077 3.729 3.502 3.341 3.219 3.125 3.049 2.986 2.889 2.788 2.681 
17 6.042 4.619 4.011 3.665 3.438 3.277 3.156 3.061 2.985 2.922 2.825 2.723 2.616 
18 5.978 4.560 3.954 3.608 3.382 3.221 3.100 3.005 2.929 2.866 2.769 2.667 2.559 
19 5.922 4.508 3.903 3.559 3.333 3.172 3.051 2.956 2.880 2.817 2.720 2.617 2.509 
20 8.871 4.461 3.859 3.515 3.289 3.128 3.007 2.913 2.837 2.774 2.676 2.573 2.464 

vl = number of degrees of freedom of the numerator and v2 = number of degrees of freedom of the 

denominator. 
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Appendix 5: 
Algorithms for the RST Preparation 

and HScoreWin Program 
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Appendix 5.1: Algorithms for the preparation of the synthetic RST 
(described in Chapter 4) 

1. The RST dimensions are 30 mx 30 m (900m) 

2. The hot spot is to comprise 5% of the site area. 
900 * 0.05 
45m2 

3. The radius of the hot spot is calculated from 
r= -�(A /; r) 

where r= radius 
A= surface area 

So that r= '(45/ic) 
3.78m 

4. The diameter of the hot spot is twice the radius 
2. r 2x3.78 

7.56 m this was rounded to 7.5m 

5. The hot spot is designed to comprise 4 rings of contamination (as shown below). 
The diameter of ring 1 is 1.5m, ring 2 is 3.5m, ring 3 is 5.5m and ring 4 is 7.5m. 

6. The area of each ring is estimated from 
ir" r circle n- ;T-1 circle n-1 

1 2 3 4 
Area of circle /m 
Area of ring / m2 

1.77 
1.77 

9.62 
7.85 

23.76 
14.14 

44.18 
20.42 
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7. The volume (V) of each ring is determined from the depth to which the spike is 

to be mixed with the soil, 0.15 m in this case. 
V=A. h 

where V= volume 
A= surface area 
h= depth 

1234 
Volume of ring /m0.27 1.18 2.12 3.06 

8. The total dry mass of soil (kg) can be estimated as the dry density of the soil was 
estimated to be 1.745 Mg M-3. 

M: -- pd . 
V. 1000 

where M =Mass 
Pd= dry density 
V= volume 

1234 
Total dry mass of soil / kg 463.30 2055.78 3700.40 5345.03 

9. The mass of dry soil <2mm is estimated by multiplying the total dry mass of 
soil by the percentage soil mass of < 2mm in size (76.2% for this experiment). 

1234 
Dry mass of soil 353.03 1566.50 2819.71 4072.91 

<2mm/kg 

10. The mass of Ba added to the site as barium sulfate is calculated, where the 
percentage Ba in BaSO4 is 58.84% m/m, and the purity of BaSO4 is 87.75% 

Mass of barium added as barium sulfate = mass of BaSO4 x purity of BaSO4 X 
%BainBaSO4 

1 2 3 4 
Mass of BaSO4 added as 

precipitate / kg 1.32 4.39 5.25 3.78 

Mass of Ba accounting for 
purity / kg 1.16 3.85 4.61 3.31 

Mass of Ba in BaSO4 / kg 0.65 2.58 3.09 2.27 

11. The mass of Ba added as sand was also calculated as the concentration of Ba in 

the sharp sand was measured as 129 µg g'1 using lithium metaborate digestion. 

1234 
Mass of sand added / kg 5.28 17.55 20.99 15.11 
Mass of Ba in the sand 0.0007 0.0023 0.0027 0.0019 

added / kg 
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12. The total mass of Ba at the site at this stage is calculated from: 

Mass of Ba added to the site / (mass of BaS04 added + mass of sand + mass of 
soil < 2mm) + concentration of Ba in soil 

Where the concentration of Ba in the soil was 154 µg g"1 

1234 
Assigned concentration /µg g"1 2051 1582 1107 631 

13. The amount of Ba lost to the > 2mm size fraction and the smear zone was 
calculated. The mass of Ba lost from each ring is summarised below. 

1234 
Mass of Ba lost to >2mm size 0.01 0.13 0.03 0.76 
fraction and smear zone / kg 

14. The final assigned concentrations of Ba for the < 2mm size fraction of soil is 
therefore shown below. 

1234 
Final 

Assigned concentration of Ba 2015 1512 1099 468 
in the RST / µg g'1 
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5.2: Algorithms for the Hscore Win Program. 

The algorithms described below have been adapted form O'Rourke (1994) by 
Dustin Lister. 

1. Length of a line 
The length of vector ab is given by 

b 

l 
abl = 

(ax 
- bx)'' + (ay 

- by)2 

a 
Where: x and y are grid co-ordinates 

2. Area of a triangle 
b 

For any 2D triangle its area (A) is given by 

A 
(ax 

- by-ay " bx + ay " cx-ax " cy + bx - cy-cx " by) ac 
2.0 

Returns signed area of triangle abc, - positive if a, b, c 
are counter-clockwise, negative if clockwise. 

3. Centroid of a triangle 

The centre d, of triangle abc can be found by moving one third 
along ab and one third along ac having started at a. b 

H 

d =a+ 
+b d 
3 

a 

4. Identifying a point left of a vector: (S4) 

Point c is to the left of vector ab when the area of abc is positive. C 
This is determined from S2. 
C is Left of ab when S2 > 0; C is Right of ab when S2 <0 ýý 

S4: iff ( S2 > 0) return TRUE else return FALSE a 

5. Identifying a collinear points: S5 

Point c is collinear with vector ab when the area of abc is zero. 'C 
b 

This is determined from S2. 

c is Collinear with ab when S2 =0a 

S5: iff ( S2 = 0) return TRUE else return FALSE 
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6. Intersecting lines 

Vector ab intersects cd only iff no points are collinear and c or d is tb 
left of ab, and a or b is left of cd. a 

S6: iff ( Collinear(a, b, c) or Collinear(a, b, d) or Collinear(c, d, a) or Collinear(c, d, b) ) return 
FALSE 
else iff( (Left(a, b, c) orLeft(a, b, d) ) and (Left(c, d, a) orLeft(c, d, b))) return TRUE 

else return FALSE 

5.3: Vertices for the Polygons used to demonstrate HScoreWin, Chapter 7. 

5.3.1: Vertices for the Circular polygon (Polygon 1) 

Minimum x: -4679 Maximum x: -3383 
Minimum y: -260 Maximum y: 1034 
Centroid: x= -4031.06 y= 387.687 
Number of Triangles: 62 
Area: 1313106 
Perimeter: 4064.37 
Circularity: 0.998902 

Vertex List, n= 64 

x y x y x y 

-4096 1031 -4530 -24 -3412 194 

-4162 1022 -4490 -69 -3396 258 

-4223 1005 -4442 -111 -3387 322 

-4283 983 -4394 -149 -3383 389 

-4339 957 -4339 -179 -3387 452 

-4394 924 -4283 -207 -3396 518 

-4442 887 -4223 -230 -3412 579 

-4490 845 -4162 -246 -3436 639 

-4530 798 -4096 -256 -3463 694 

-4567 749 -4031 -260 -3494 749 

-4601 694 -3965 -256 -3530 798 

-4628 639 -3902 -246 -3574 845 

-4650 579 -3839 -230 -3620 887 

-4664 518 -3780 -207 -3670 924 

-4675 452 -3722 -179 -3722 957 

-4679 389 -3670 -149 -3780 983 

-4675 322 -3620 -111 -3839 1005 

-4664 258 -3574 -69 -3902 1022 

-4650 194 -3530 -24 -3965 1031 

-4628 135 -3494 25 -4031 1034 

-4601 78 -3463 78 

-4567 25 -3436 135 
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5.3.2: Vertices for the Square Polygon (Polygon 2) 

Minimum x: -4543 Maximum x: -2871 
Minimum y: -449 Maximum y: 1223 
Centroid: x= -3707 y= 387 
Number of Triangles: 2 
Area: 2795584 
Perimeter: 6688 
Circularity: 0.785398 

Vertex List, n=4 

x y 
-443 -449 
-2871 -449 
-2871 1223 

-443 1223 

Appendix 5.3.3: Vertices for the Elliptical Polygon (polygon 3) 

Minimum x: -5299 Maximum x: -3033 
Minimum y: -691 Maximum y: 684 
Centroid: x= -4166.07 Y= -3.2657 
Number of Triangles: 62 
Area: 2441850 
Perimeter: 5803.17 
Circularity: 0.911168 

Vertex List, n= 64 

x y x y x y 
-4281 680 -5041 -440 -3084 -205 
-4394 670 -4968 -488 -3055 -142 
-4502 654 -4885 -532 -3038 -73 
-4606 629 -4799 -574 -3033 -4 
-4706 601 -4706 -608 -3038 66 

-4799 566 -4606 -635 -3055 133 

-4885 526 -4502 -659 -3084 200 

-4968 483 -4394 -677 -3122 263 

-5041 433 -4281 -687 -3169 323 

-5105 381 -4167 -691 -3227 381 
-5163 323 -4050 -687 -3290 433 

-5211 263 -3939 -677 -3364 483 

-5248 200 -3830 -659 -3447 526 
-5278 133 -3726 -635 -3532 566 
-5294 66 -3627 -608 -3627 601 
-5299 -4 -3532 -574 -3726 629 
-5294 -73 -3447 -532 -3830 654 
-5278 -142 -3364 -488 -3939 670 
-5248 -205 -3290 -440 -4050 680 
-5211 -270 -3227 -387 -4167 684 

-5163 -331 -3169 -331 
-5105 -387 -3122 -270 
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