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Executive Summary
The UK Soil and Herbage Pollutant Survey (UKSHS) has been a research project jointly
sponsored by the Environment Agency, the Department for Environment, Food and Rural Affairs
(Defra), the Environment and Heritage Service (Northern Ireland), the Food Standards Agency,
the Food Standards Agency Scotland, the National Assembly for Wales, the Scottish
Environment Protection Agency (SEPA) and the Scotland and Northern Ireland Forum for
Environmental Research (SNIFFER). Dr Peter Crook from the Environment Agency provided
overall project management on behalf of the sponsors. A consortium led by the University of
Liverpool’s School of Biological Sciences was commissioned to undertake the work.

The primary aim of the project was to establish a baseline for pollutant levels in soil and herbage
in the UK. The three-year project has led to wealth of data and the results are presented in a
series of 11 reports.

This report, No. 6 in the UKSHS report series, discusses the spatial variability of soil contaminant
data and was conducted to justify the UKSHS soil sampling methodology (see UKSHS Report
No. 2). An evaluation is also made of the spatial variance of soil contaminant data compared with
the ‘uncertainty of measurement’ of soil contaminants in laboratory analyses (see UKSHS Report
No. 3 which describes the analytical methodologies used in the UKSHS).

The results generated by this intensive sampling study indicate that field sampling uncertainties
lie well within the ranges of uncertainties found in other studies. The semivariograms produced in
this study for soil properties, inorganic contaminants and organic contaminants were found to be
unstable. This was thought to be due to the small sample size and because the areas between
lags of 150–300 m on the sampling grid were under-sampled. Despite this, the form of the
variograms confirms that the chosen scale of sub-sampling (three sub-samples collected within
20 m of each other) at each rural and urban location in the main UKSHS Project (see UKSHS
Report No. 2) would have captured the greater part of any spatial dependence in soil
contaminants for a wide range of inorganic determinands.

Large variations in the example UKSHS organic contaminants, illustrated by the semivariograms,
indicate that a much larger dataset, collected over a more intensive and more closely spaced
sampling grid, would be required to detect spatial patterns in organic contaminants.
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Glossary of terms
Base position South west corner of a northerly orientated 20 m x 20 m sampling area

from which GPS readings and triangulation bearings were taken.

Effective stack
height

The effective stack height is equal to the physical stack height plus the
plume rise.

Industrial A site dominated by some form of industry.

Isopleth A line drawn on a map through all points of equal value of some
measurable quantity.

Rural All other areas not categorised as industrial, urban, semi-urban or semi-
rural. Predominantly agricultural land or undeveloped countryside.

Semi-rural Any area within a small town or village. A small town is taken as being 3–
20 km2 in area and a village as being <3 km2 in area.

Semi-urban All areas that abut urban centres and/or 25 per cent urbanised/built up.
Normally up to 3 km outside the urban core. May also be known as the
urban-fringe.

Semi-variogram A mathematical expression of the way in which variance of a property
changes as distance and/or direction separating two points varies.
Compares overall variance in a dataset to covariance for each set of
distances.

Total standard
deviation (st)

Standard deviation is a statistical value representing how widely members
of a dataset deviate from the mean. Calculated as the square root of the
variance. In this context, it includes the field sample and laboratory
standard deviation.

Uncertainty of
Measurement
(UoM)

The known interval on a measurement scale within which the true value
lies with a specific probability.

Undisturbed site Unploughed land which has not had chemicals applied
(pesticides/herbicides). May include common land, meadows, rough
pasture, parkland and fields that are infrequently grazed (if at all). Avoids
wooded areas where possible.

Urban An area which is ≥90% urbanised/built up. A conurbation may be formed
when a large town and city merge. Urban areas include large towns (20–50
km2 in area) and cities (>50 km2 in area).

Variance A value for the amount by which a property or characteristic changes or is
different over space or time.
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List of abbreviations and acronyms
CRM Certified Reference Material
Defra Department for Environment, Food and Rural Affairs
DGPS Differential global positioning system
Dioxins polychlorinated dibenzodioxins and dibenzofurans
IUPAC International Union of Pure and Applied Chemistry
LOD limit of detection
NLS Environment Agency’s National Laboratory Service
PAH polycyclic aromatic hydrocarbon
PCB polychlorinated biphenyl
ppb parts per billion
ppm parts per million
RSD relative standard deviation
SD standard deviation
SEPA Scottish Environment Protection Agency
SNIFFER Scotland and Northern Ireland Forum for Environmental Research
SRM Standard Reference Material
SSEW Soil Survey of England and Wales
TEF toxic equivalent factor
UKAS United Kingdom Accreditation Service
UKSHS UK Soil and Herbage Pollutant Survey
UoL University of Liverpool
UoM Uncertainty of Measurement
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1 Introduction
The UK Soil and Herbage Pollutant Survey (UKSHS) is a research project sponsored jointly by:

• Environment Agency;
• Department for Environment, Food and Rural Affairs (Defra);
• National Assembly for Wales;
• Food Standards Agency;
• Food Standards Agency Scotland;
• Scottish Environment Protection Agency (SEPA);
• Environment and Heritage Service (Northern Ireland);
• Scotland and Northern Ireland Forum for Environmental Research (SNIFFER).

Dr Peter Crook from the Environment Agency provided overall project management on behalf of
the sponsors. A consortium led by the University of Liverpool’s School of Biological Sciences was
commissioned to undertake the work. The consortium consisted of the Environment Agency’s
National Laboratory Service (NLS), Nottingham Trent University, the University of Stirling and the
University of Liverpool (UoL), with additional assistance being provided by Parkman Ltd.

The project’s primary objective was to establish a baseline for pollutant levels in soil and herbage
in the UK. The UKSHS has involved the collection of soil and herbage samples for chemical and
radiometric analysis from industrial, rural and urban sites throughout the UK. Full details of the
number of samples/sites visited and sampling techniques used are given in UKSHS Report No.
1.

The scale of the UKSHS has resulted in a wealth of methodological information and analytical
data. This made the presentation of the whole study in one report unwieldy and a series of 12
stand-alone reports has therefore been prepared, which users can read individually or as a
complete set. This report discusses the spatial variability of soil contaminant data and is Report
No. 6 in the series. Full details of the other reports in the series can be found on the CD-ROM
included with UKSHS Report No. 1 or from the Environment Agency website (www.environment-
agency.gov.uk). The objectives of this report are to:

• indicate the purpose of, and outline the approach for, carrying out an assessment of spatial
variability of soil contaminants both inorganic and organic (Section 2);

• indicate and assess the spatial variability of selected soil properties and soil contaminants
(Section 3);

• assess the appropriateness of the UKSHS soil sampling scheme in relation to prevailing
spatial variability of soil properties and soil contaminants (Section 4);

• compare levels of contaminant spatial variability in the UKSHS with ‘uncertainty of
measurement’ estimates evaluated for the UKSHS’ laboratory analyses (Section 4).

• compare levels of contaminant spatial variability in the UKSHS with the results of previous
studies (where available) in order to evaluate UKSHS conditions against those obtained
elsewhere (Section 5).

http://www.environment-agency.gov.uk/
http://www.environment-agency.gov.uk/
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2 Purpose and methodology for
assessing spatial variability of
soil contaminants

This section describes:

• the purpose of the UKSHS intensive sampling study;
• the methodology used to assess in situ spatial variability of soil properties and soil

contaminants.

The methodology section describes the location of the study, the field sampling procedures
adopted and the statistical analyses used.

2.1 Purpose of the intensive sampling survey
The distribution of various contaminants in soils is likely to depend on a range of different factors
including:

• local rock type;
• proximity of urban centres, industrial developments and/or roads;
• previous additives to the soil;
• previous uses of land on or adjacent to the site.

In addition to these factors, other influences such as air pollution have affected the quality of
surface soils over hundreds of years. Soil properties themselves determine the aeration, moisture
status and ion retention ability of different soils. The interaction of all of these influences
contributes to both the spatial and temporal variability of soil contaminants.

There are many reasons why knowledge of the spatial variability of soil properties and soil
contaminants is important. For the UKSHS, the prime purpose in assessing the spatial variability
of a few basic soil properties and organic and inorganic soil contaminants was to make an
informed decision about the most appropriate spatial scale for soil sampling at sites across the
UK.

When estimating spatial variability in soil properties, it is often possible to detect a directional bias
in different properties as a result, for example, of the predominant direction of wind (blowing a
plume of air pollution) or the direction of a geological outcrop. It may even be possible to
interpolate values of soil properties at locations on a map that were not sampled. The reliability of
such assessments depends on the degree of variability found in a large number of samples
(usually taken from >100 points) sampled over a grid of locations whose nearest neighbour
distances range from several metres to several hundreds of metres.

Ideally, spatial variability assessments should be carried out in each location where further field
sampling is anticipated. Since it is impossible to predict whether the spatial variance of soil
properties and soil contaminants will be similar, spatial variability assessments should also be
made for each determinand at each different location. For the UKSHS this would, of course, not
be possible since it would mean the sampling and analysis of an impossibly large number of
samples.
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For this reason, the UKSHS intensive sampling study examined the spatial variability of three soil
properties, plus all the soil chemical determinands included within the main UKSHS study (13
metals/metalloids, 26 polychlorinated biphenyls, 22 polycyclic aromatic hydrocarbons and 17
dioxins) at one location only.

2.2 Methodology of the intensive sampling survey
There are three components to the methodology:

• field soil sampling
• laboratory analyses
• data analysis and interpretation.

These three stages are described in Sections 2.3 and 2.4.

2.3 Field sampling and laboratory analyses for the
intensive sampling survey

A location, 1000 m x 700 m, at Tatton Park, Cheshire, was chosen for carrying out the intensive
sampling study. Tatton Park is part of a National Trust estate and was selected because the soil
at this site was relatively undisturbed and not subject to any obvious direct source of pollution
(e.g. there is no heavy industrial activity on the land bordering the site). Thus any contamination
at the site is likely to be due to aerial deposition from ambient air contamination. Spatial variability
should therefore be a reflection of the natural variability in the soil rather than due to contaminant
plume grounding.

The soil in this location is described by the Soil Survey of England and Wales (SSEW) as Wick 1
Association (Jarvis 1984). Wick 1 Association is a deep, well-drained coarse loamy and sandy
soil generally over glacio-fluvial or river terrace drift.

Soil samples were collected from the field site according to the methods outlined in UKSHS
Report No. 2. These samples were then prepared in the laboratory prior to analysis according to
the methodologies outlined in UKSHS Report Nos. 3 and 4. The samples were analysed for:

• soil properties (soil bulk density, soil organic matter, soil organic carbon and pH);
• metals and metalloids;
• polychlorinated biphenyls (PCBs);
• polycyclic aromatic hydrocarbons (PAHs);
• dioxins/furans.

All the analytical results are provided in Appendices 2, 3 and 4.

Seventy soil samples were collected on a grid as laid out in Figure 2.1. A theodolite and ranging
pole were used, in conjunction with tape measures, to ensure that the distances between
samples were measured accurately. This grid was designed to capture all variation found at both
short spatial scales (<10 m) and larger spatial scales (hundreds of metres). There was no
information available on the likely soil spatial variability at the survey site prior to this project.
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2.4 Methodology for data analyses for the intensive
sampling survey

Variation in soil properties over short and long distances has been recognised by soil scientists
for many years. Matheron (1971) first brought together a number of statistical approaches into a
coherent method for analysing the spatial variability of properties in geology and earth sciences
when he introduced his theory of regionalised variables. Techniques for the analysis of spatial
variability of soil properties have been refined over the past 2–3 decades and have been amply
described, discussed and illustrated for UK soils by authors such as Burgess and Webster
(1980), Webster (1985), Oliver (1987), and Oliver and Webster (1991). Use of these techniques
for choosing and optimising soil sampling schemes was discussed and defined by McBratney et
al. (1981), and has subsequently become an important preliminary stage in most large-scale soil
sampling projects.

Our basic premise on the variability of a soil property is that we would expect data from points
close to each other to exhibit strong similarity, then progressively less similarity as distances
increase. This is a pattern of high autocorrelation of data at points close together with
autocorrelation decreasing as distance increases.
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Figure 2.1 – Sampling grid for the intensive survey at Tatton Hall, Cheshire: 70 sample
locations taken over a 1000 m x 700 m grid
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The semivariogram is the statistical technique used in the analysis of soil data in this intensive
sampling project. The calculation and production of a semivariogram for a soil property involved a
number of steps:

1. Calculation of nearest neighbour distances (called lags – see below) for every point on the
selected field sampling grid

2. Calculation of the spatial autocorrelation (Geary Index) for each determinand at each lag
3. Plotting the semivariogram for each determinand, based on lags between points (x-axis) and

the semivariance (y-axis)
4. Applying a model to the semivariogram data.

Each of these steps is described below.

The nearest neighbours between each point on the field sampling grid were determined in both
orthogonal and diagonal directions (see Figure 2.2). The next step was to calculate 1, 2 and 3
lags for each point on the grid (see Figure 2.3). The Geary Index of autocorrelation was then
used to test whether the observed value of a variable at one location was independent of values
of that variable at neighbouring locations.

Figure 2.2 – Identification of orthogonal and diagonal nearest neighbours

Figure 2.3 – Examples of 1, 2 and 3 lags on linear transects

A similarity measure (e.g. Geary Index)
is computed for orthogonal and every
diagonal away from each point.

Orthogonal direction

Diagonal direction

Nearest neighbour
distances

Identifying lags

Lag 1

Lag 2

Lag 3

Examples of lags

of 1, 2 and 3 on

linear transects
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The semivariogram expresses mathematically the way in which the variance of a soil property
changes as the distance and direction separating any two points varies. Thus, the semivariogram
compares the overall variation in the whole dataset to the joint variation (covariance) for each set
of distances (lags) computed in the nearest neighbour analysis. In simple terms, it plots the
dissimilarity among values as a function of distance. This technique is described below.

The semivariance is calculated as:

Thus, the semivariogram is defined as half the expected value (or mean) of the squared
difference between pairs of points Y(x) and Y(x+h), separated by distance (lag) h.

The most widely used semivariogram model is the spherical model used below (Figure 2.4) to
illustrate the description of the semivariogram.

Figure 2.4 – The semivariogram (spherical model)

The smallest distance (one orthogonal step) between points in the dataset is termed the
minimum range of the variogram. If most of the shaded area lies below this distance, there is
insufficient spatial dependency in the dataset to warrant interpolation of data for points which
were not measured (i.e. an isopleth map of the data cannot be drawn). The maximum range of
the variogram is the distance between sampling points beyond which the data values are
considered to be independent of one another. In Figure 2.4, Ko represents the overall variation of
the whole dataset, while Kh represents the joint variation, i.e. the variation-reflected pairs of
points at various distances. The nugget variance is the point at which the variogram intersects
the y-axis. This represents the ‘white noise’ present due to error resulting from measurement
errors, random errors or spatial variability occurring over shorter distances than the shortest lag
interval. The sill of the variogram is the plateau of the plot. Observations over this value are
spatially independent.

The semivariogram represents the pattern of spatial variation in a soil property and the average
rate of change of that property with distance. The steepness of the initial slope of the

1

2
γ(h) = E[{Y(x+h) -Y(x)}2]

where: Y (x) = value of the variable, Y, at distance (lag)h

  Y(x+h) = value of the variable, Y, at distance (lag)x+h

  E[..]  =   the expected value
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semivariogram indicates the intensity of change and the rate of decrease in spatial dependence
of that soil property with distance.

Semivariogram analysis for the UKSHS intensive sampling study was carried out using Golden
Software’s Surface Mapping System – Surfer for Windows Version 7.05. Semivariances for
selected determinands were plotted as scatter diagrams and visually inspected to locate sills.
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3 Spatial variability of selected soil
properties and contaminants

As a precursor to assessing the spatial variability of soil properties, a preliminary inspection was
made of the correlation plots between four soil properties and 12 heavy metals, and among these
12 heavy metals. The overall matrix of plots is provided in Figure 3.1. It can be seen from this
matrix that there are key positive relationships among the determinands, e.g. Ni/Cr, Pb/Cd, V/Cr
and Zn/Cd.

Figure 3.1 –Overall matrix of plots

        Y        X        pH      OM     OC    BD     As      Cd      Cr    

OM

OC

BD

As

Cd

Cr

Cu

Hg

Mn

Ni

Pb

Sn

Ti

V

Zn
Key:

• Heavy metals indicated by symbols (e.g. As = arsenic)
• OC = organic carbon
• OM = organic matter
• BD = bulk density (no data in this plot)
• Sn = tin (no data in this plot)

The matrix represents the plot of every property and heavy metal
against every other property and heavy metal. Each ‘square’ in the
figure indicates an individual correlation plot, based on all data
generated in the intensive sampling study. For example, all graphs
in the first column from the left represent the correlation of each
element with pH; graphs in the sixth column from the left, together
with the fifth row from the top, represent correlations of properties
and elements with Cd.
  Cu      Hg      Mn      Ni      Pb      Sn      Ti         V 
l and Herbage Pollutant Survey 9
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3.1 Preliminary comments on spatial variability
A total of 70 samples were used in the data analysis. Because this is a relatively small dataset to
use for semivariogram analysis, the results are considered to be exploratory and should be
interpreted with caution. Over the entire sampling grid, the average nearest neighbour distance
was 29.15 m. The minimum nearest neighbour distance was 10 cm and the maximum nearest
neighbour distance was 420 m.

Omnidirectional semivariograms (using both orthogonal and diagonal lags) were plotted for four
soil properties, 12 metals and one example each of a PAH, a PCB and a dioxin. A series of
standard variograms were produced at lag intervals of 5 m, 10 m, 25 m and 50 m, representing
82, 41, 16 and 8 lags respectively. These are illustrated as four differently coloured plots for each
determinand in Figures 3.2–3.4.

Many of the points on all semivariograms are based on a very small number of pairs. The small
sample numbers combined with the uneven spread of sampling points in the grid means that little
confidence should be placed on lag distances >200 m.

In all variograms, small changes in lag distance produce differently shaped plots. The four
different plots for each determinand are thus designed to provide a first impression of the
instability of the data. The scatter of points in all variograms shows a ‘dip’ in the region of lags
150–300 m (see Figures 3.2–3.4). This indicates an under-sampling in this part of the grid.

3.2 Spatial variability of three soil properties
The semivariograms for soil pH, soil organic matter and bulk density are shown in Figure 3.2.
The semivariograms for organic matter and bulk density show a characteristic ‘dip’ at lags of
150–250 m. This can be seen most clearly in the plot for lags of 50 m. Neither of the
semivariograms for these two soil properties shows the classic form illustrated in Figure 2.4. No
attempt has been made to fit models.

For bulk density, there is a gradual rising limb in the semivariogram from a ‘nugget’ variance
(background variation or ‘white noise’) of approximately 0.01 to a high at approximately 0.08. If
the ‘dip’ associated with under-sampling in the grid had not occurred, this level could have
marked the sill position. However, it would be unsafe to make this interpretation on the basis of
the present data.

For soil organic matter, there is no obvious trend because the ‘nugget’ variance is high. The
same is true for soil pH. For both organic matter and pH, the ‘nugget’ variance can be seen in
plots of all four lags, indicating no spatial dependence in these properties over the scales
sampled.

Overall, the semivariograms for soil properties show that the chosen UKSHS sampling scheme
(see UKSHS Report No. 2) in which three sub-samples were taken within 20 m of each other
would capture the greater part of any spatial dependence in the data.
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3.3 Spatial variability of selected inorganic soil
contaminants

Although 12 semivariograms were plotted, only six are discussed here. The semivariograms for
cadmium (Cd), chromium (Cr), mercury (Hg), manganese (Mn), lead (Pb) and zinc (Zn) are
shown in Figure 3.3. They all show the same overall pattern of a ‘dip’ at lags of 150–300 m and a
general overall instability. Again, no models were applied. Instead, the semivariograms were
inspected visually to locate sills. All six elements show a steeply rising limb in the first 10–20 m of
the variogram. This becomes gentler from 20–50 m, although there are no clear sills in any of the
plots. Similar unstable plots were obtained for the five elements whose semivariograms are
shown in Appendix 1.

Overall, the semivariograms for inorganic determinands given in both Figure 3.3 and Appendix 1
show that the chosen UKSHS sampling scheme (see UKSHS Report No. 2), in which three sub-
samples were taken within 20 m of each other, would capture the greater part of any spatial
dependence in the data.

3.4 Spatial variability of selected organic soil contaminants
Only three semivariograms were plotted for examples (benzo(a)pyrene, dioxin WHO-TEQ upper
limit and PCB 101) from the organic contaminants dataset. These are shown in Figure 3.4 and
are even less stable than those for inorganic determinands.

The plots for benzo(a)pyrene and PCB 101 again show the same overall pattern of a ‘dip’ at lags
of 150–300 m. No models were applied. Instead, the semivariograms were inspected visually to
locate sills. None of the three plots show the clear pattern expected for a semivariogram. These
results indicate that a much larger dataset would be required to detect any spatial trends for
organic determinands.

Overall, the semivariograms for organic determinands shown in Figure 3.4 indicate high
background (white noise) variability for these determinands, which may not be spatially
dependent. The spatial analysis and semivariograms do not identify whether the UKSHS
sampling scheme (see UKSHS Report No. 2), in which three sub-samples were taken within 20
m of each other, would capture the greater part of any spatial variability in the organic
determinand data. A further, more detailed, spatial sampling campaign based on a few organic
determinands would be required to determine whether or not there is any clear spatial trend and,
if so, what the scale of that pattern is.
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4 Comparison of ‘uncertainties’
associated with field sampling
and laboratory analyses

4.1 Introduction
Tables 4.1–4.4 give the relative standard deviation (RSD), bias and uncertainty of laboratory
analyses of inorganic and organic determinands. The method of calculating these statistics is
described in UKSHS Report No. 3.

To compare the relative ‘uncertainties’ of contaminant results derived from laboratory analyses
and field sampling procedures, the relative standard deviation and the uncertainty were
calculated for each determinand in the intensive sampling study. This was carried out for data
points lying within 20 m of each other, the maximum distance between samples collected from a
single site as part of the main UKSHS sampling programme. In the sampling grid at Tatton Hall,
this involved calculating the %RSDs for the 12 points lying within the 10 m x 20 m portion of the
grid. Tables 4.5 and 4.6 give the field sampling %RSDs for inorganic and organic determinands
respectively.

4.2 Uncertainty of field sampling and laboratory
measurement

This section assesses and compares the degree of uncertainty attached to:

• the UKSHS field sampling strategy;
• the laboratory analysis and measurement of metal and organic determinands.

Statistical data for field sampling and laboratory determination of all 13 metals and metalloids are
compared, but consideration of the organic determinands (dioxins, PCBs and PAHs) is restricted
to the totals data.

4.2.1 Uncertainty of measurement (UoM)

UKSHS Report No. 3 describes the uncertainty of measurement (UoM) calculation used for all
metal and organic laboratory determinations carried out in the UKSHS. The UoM is the interval
on the measurement scale within which the true value lies with a specified probability when all
relevant sources of error have been taken into account. For the purposes of this assessment, the
UoM for laboratory determinations is given as 2 x RSD as described in UKSHS Report No. 3.

A similar calculation was applied to field sampled data in the intensive sampling study using only
those data that lay within the first 20 m of the sampling grid; this represents the approximate area
within which replicate soil samples were taken at each UKSHS site (see UKSHS Report No. 2).

The section compares UoM values obtained from soil sampling during the intensive sampling
project and those obtained from analysing Certified Reference Materials (CRMs) in the
laboratory.
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4.2.2 Relative standard deviations (%RSDs)

As well as comparing the UoM, the proportion of uncertainty due to (a) laboratory and (b) field
data was estimated as described below.

The total variance (STOT
2) of the data is related to the field sample variance (SF

2) (i.e. the
sampling variability) and the laboratory associated variance (SAN

2) as follows:

STOT
2 = SF

2 + SAN
2 (S = standard deviation) and so SF

2 = STOT
2 – SAN

2

With unlimited resources, the best approach to take would be to determine the laboratory
precision (SAN) at a particular concentration by analysis of replicates of each sample collected.
However, this was not possible within the financial constraints of the UKSHS and, as is shown
later, it was reasonable to assume that SAN did not show significant variation for samples with
similar concentrations.

Therefore, field uncertainty can be calculated as follows:

i. Calculate the value of SAN expected at the mean concentration for the samples using the
laboratory %RSD for the same determinand.

ii. Estimate the value of SF from STOT and the calculated SAN using the equation above.
iii. Calculate the %RSD from SF and the mean value.

The data for benzo(a)pyrene1 are used to illustrate this approach:

1) SAN = (150.12 x 13.53)/100 = 20.3

2) So, SF
2 = (104.86)2 – (20.3)2 = 10583

3) Therefore, SF = 102.87 and %RSD = (102.87/150.12) x 100 = 68.5

This result (the proportion of the ‘total uncertainty’ due to field sampling) of 68.5 per cent
indicates that virtually all of the uncertainty in the result is associated with the soil heterogeneity;
it compares well with the value of 69.9 per cent (the uncertainty calculated using 2 x RSD) from
Table 4.6.

Note that the estimated SF includes the variability for:

• the determinand across the sampling region;
• the sampling, sub-sampling, drying and other sample preparation processes.

Finally it is necessary to address the issue of the change in precision with concentration. The
assumption is made that, for benzo(a)pyrene, the precision at the field mean concentration
(150.12 mg/kg) is twice as bad as at the laboratory mean concentration (351.76 mg/kg) – a very
pessimistic assumption. When 27.0 is substituted for 13.5 in the calculation above, the RSD
drops to 64.4 per cent, which is not a big difference from 68.5 per cent. Thus the assumption is
fair unless the field and laboratory concentrations are very different.

                                                
1 Field mean concentration from Table 4.6 and laboratory %RSD from Table 4.4
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4.3 Uncertainty associated with inorganic determinands
The uncertainty data for field sampling and laboratory analysis of inorganic CRMs are given in
Tables 4.1 and 4.5. A direct comparison of field and laboratory UoM and %RSD data is
presented in Tables 4.7 and 4.8 respectively.

There is little difference in the directly calculated field uncertainty and the estimated proportion of
total uncertainty for all metals. The results therefore indicate that the vast majority of the
uncertainty is due to relatively small-scale field heterogeneity.

4.4 Uncertainty associated with organic determinands
The uncertainty data for field sampling and laboratory analysis of the three types of organic
CRMs are given in Tables 4.9–4.11.

Since there is little difference in the directly calculated field uncertainty and the estimated
proportion of total uncertainty for all metals, the above results indicate that the vast majority of
the uncertainty is due to relatively small-scale field heterogeneity.

4.5 Conclusions
The study of the spatial variability of determinands (including soil properties, inorganic and
organic determinands) measured in the UKSHS has shown that the soils in this intensive study
are spatially variable even at a relatively small scale.

For both metals and organics, an estimate of the proportion of total uncertainty due to field spatial
variability has indicated that the vast majority of the uncertainty is due to relatively small-scale
field heterogeneity.

A study entitled ‘Comparative Evaluation of European Methods on Sampling and Sample
Preparation of Soils’ (CEEM Soil) carried out for the European Commission (Wagner et al. 2000)
included 15 institutions from 13 European countries. Participants used their own standard
methods of soil sampling on a single (common) test site of 0.61 ha, which consisted of four
different soil mapping units and three different types of land use.

The study concluded that there was insufficient comparability of results. This is illustrated by the
fact that the participants came to different conclusions for up to 61% of the 18 soil quality criteria
investigated. It was concluded that, in general, sampling and sample preparation errors were of
about the same order of magnitude as the errors in chemical analysis.

These conclusions are consistent with findings of this current study. Wagner et al. (2000)
emphasised the need to establish quality assurance (QA) and quality control (QC) measures for
sampling, just as there are for analysis. They pointed out that there was no agreement among
the participants on:

• how many samples need to be taken;
• whether single or composite samples should be taken;
• how many samples there should be in a composite (different methods involved <20).
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Table 4.1 – Precision/bias/uncertainty data for laboratory determination of metal CRMs

Metal CRM Ref (mg/kg) SD (mg/kg) %RSD %Bias Uncertainty (%)
As [6.12] 0.54 9 18
As + 5 spike 0.93 8.5 (–8.7) 17
Cd 14.0 0.37 2.65 –4.8 5.3
Cr 134.8 6.99 5.2 –1.5 10.4
Cu 46.9 1.4 3.0 –15.0 6.0
Hg 0.24 0.0225 9.4 7.7 18.8
Hg +0.5 spike 0.041 5.55 (5.9) 11.1
Mn 653 32.56 5.0 –12.7 10.0
Ni 94 3.16 3.35 –8.6 6.7
Pb 51.3 2.66 5.2 –2.5 10.4
Pt +1 spike 1.0 0.05 5.0 –1.0 10.0
Sn [6.7] 0.64 9.5 19.0
Sn +10 spike 2.2 13 (–19) 26
Ti [225] 21.65 9.5 19
V [46.3] 1.56 3.35 6.7
V + 10 spike 1.46 2.6 (–9.3) 5.2
Zn 270 7.8 2.9 –14.0 5.8

[ ] Estimate of reference concentration (i.e. no certified reference value available)
( ) Bias estimated from spike recovery rather than certified reference value
UoM calculation used includes no bias component (i.e. % UoM = 2 x RSD).
SD = standard deviation

Table 4.2 – Laboratory uncertainties for organic determinands (dioxins) based on relative
standard deviations for CRMs analysed during the UKSHS Project

 Mean* SD* %RSD % Bias Uncertainty (%)
2378-TCDF 77.49 8.10 10.46 –3.14 20.92
2378-TCDD 76.71 7.84 10.22 –4.11 20.45
12378-PeCDF 381.31 49.46 12.97 –4.67 25.94
23478-PeCDF 389.57 33.48 8.59 –2.61 17.19
12378-PeCDD 364.65 59.96 16.44 –8.84 32.89
234678-HxCDF 372.46 33.75 9.06 –6.88 18.12
123789-HxCDF 381.07 36.52 9.58 –4.73 19.17
123678-HxCDF 380.90 36.66 9.62 –4.77 19.25
123478-HxCDF 382.42 44.73 11.70 –4.40 23.39
123478-HxCDD 376.90 32.41 8.60 –5.78 17.20
123678-HxCDD 387.70 37.83 9.76 –3.08 19.52
123789-HxCDD 395.44 40.24 10.18 –1.14 20.35
1234678-HpCDF 384.33 34.94 9.09 –3.92 18.18
1234789-HpCDF 384.87 32.69 8.49 –3.78 16.99
1234678-HpCDD 399.69 37.95 9.50 –0.08 18.99
OCDF 781.66 103.05 13.18 –2.29 26.37
OCDD 785.90 105.52 13.43 –1.76 26.85
Data derived from ongoing QC data over duration of survey (108 datasets)
* Expressed in pg/g (ng/kg)
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Table 4.3 – Laboratory uncertainties for organic determinands (PCBs) based on relative
standard deviations for CRMs analysed during the UKSHS Project

 Mean* SD* %RSD % Bias Uncertainty (%)
PCB 18 1757.93 181.31 10.31 –12.10 20.63
PCB 28 2089.96 195.70 9.36 4.50 18.73
PCB 31 2062.56 178.43 8.65 3.13 17.30
PCB 47 1489.02 221.31 14.86 –25.55 29.73
PCB 49 1411.74 212.82 15.07 –29.41 30.15
PCB 51 1194.46 219.30 18.36 –40.28 36.72
PCB 52 1364.51 180.75 13.25 –31.78 26.49
PCB 77 1920.64 150.98 7.86 –3.97 15.72
PCB 81 1964.16 182.47 9.29 –1.79 18.58
PCB 99 1725.17 162.61 9.43 –13.74 18.85
PCB 101 1675.87 193.73 11.56 –16.21 23.12
PCB 105 1888.42 168.80 8.94 –5.58 17.88
PCB 114 1882.34 195.68 10.40 –5.88 20.79
PCB 118 1942.34 156.85 8.08 –2.88 16.15
PCB 123 1966.90 175.14 8.90 –1.66 17.81
PCB 126 1934.64 169.46 8.76 –3.27 17.52
PCB 128 1921.75 170.38 8.87 –3.91 17.73
PCB 138 1847.71 210.87 11.41 –7.62 22.83
PCB 153 1796.03 252.96 14.08 –10.20 28.17
PCB 156 1934.05 184.62 9.55 –3.30 19.09
PCB 157 1931.86 177.23 9.17 –3.41 18.35
PCB 167 1961.28 194.80 9.93 –1.94 19.87
PCB 169 1962.22 169.69 8.65 –1.89 17.30
PCB 170 1874.77 215.98 11.52 –6.26 23.04
PCB 180 1866.83 196.14 10.51 –6.66 21.01
PCB 189 1920.42 216.31 11.26 –3.98 22.53
Data derived from ongoing QC data over duration of survey (121 datasets)
* Expressed in pg/g (ng/kg)
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Table 4.4 – Laboratory uncertainties for organic determinands (PAHs) based on relative
standard deviations for CRMs analysed during the UKSHS Project

Mean* SD* Ref.* %RSD %Bias Uncertainty
(%)

1-methyl-
phenanthrene 63.64 11.84 68.1 18.60 –7.00 37.20

2-methyl-
phenanthrene 107.51 12.23 113.1 11.38 –5.20 22.76

Acenaphthylene 79.76 13.51 84.15 16.93 –5.50 33.87
Acenaphthene 20.80 3.33 22.25 16.00 –6.96 32.00
Anthracene 91.06 12.34 90.65 13.56 0.45 27.11
Benzo-(a)-anthracene 378.84 70.66 416.8 18.65 –10.02 37.30
Benzo-(a)-pyrene 351.76 47.60 361.3 13.53 –2.71 27.06
Benzo-(b)+(j)-
fluoranthene 546.66 62.68 582.8 11.47 –6.61 22.93

Benzo-(e)-pyrene 386.90 47.69 413.25 12.33 –6.81 24.65
Benzo-(ghi)-perylene 314.49 33.60 328.2 10.69 –4.36 21.37
Benzo-(k)-
fluoranthene 379.57 49.04 398.55 12.92 –5.00 25.84

Chrysene 523.35 61.72 570.45 11.79 –9.00 23.59
Coronene 138.73 15.48 140.45 11.16 –1.24 22.32
Dibenzo-(ah)+(ac)-
anthracene 67.89 2.90 67.45 4.28 0.65 8.56

Fluorene 33.53 6.77 36.5 20.19 –8.86 40.38
Fluoranthene 672.16 111.33 737.35 16.56 –9.70 33.13
Indeno-(123cd)-
pyrene 347.66 36.41 354.7 10.47 –2.02 20.95

Perylene 93.18 10.74 93.65 11.53 –0.50 23.05
Phenanthrene 424.74 71.50 455.35 16.83 –7.21 33.67
Pyrene 488.85 92.37 542.7 18.90 –11.02 37.79
Ref. = reference material
Data derived from ongoing QC data (Ref.) over duration of survey (129 datasets)
* Expressed in ng/g
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Table 4.5 – Mean/standard deviation/uncertainty data for field sampling for inorganic
determinands

Determinand Mean
(mg/kg) SD (mg/kg) RSD (%) Uncertainty

(%)
Arsenic 6.18 1.10 17.80 35.6
Cadmium 0.37 0.11 29.80 59.6
Chromium 18.25 2.19 12.00 24
Copper 17.18 4.22 24.56 49.12
Lead 45.68 13.53 29.62 59.24
Manganese 212.58 38.78 18.24 36.48
Mercury 0.11 0.03 27.27 54.54
Nickel 11.81 1.78 15.07 30.14
Platinum 0.02 0.00 0.00 0
Tin 2.73 0.69 25.27 50.54
Titanium 111.91 12.62 11.28 22.56
Vanadium 24.63 3.86 15.67 31.34
Zinc 61.98 14.00 22.59 45.18

Table 4.6 – Mean/standard deviation/uncertainty data for field sampling for organic
determinands

Determinand Mean
(mg/kg) SD (mg/kg) RSD (%) Uncertainty (%)

Total PCBs 1704.86 657.86 38.58 77.16
Seven PCBs (28, 52,
101, 118, 138, 153,
180)

1161.43 48.53 4.18 8.36

Total PAHs 2287.71 1527.05 66.75 133.5
Benzo-(a)-pyrene 150.12 104.86 69.9 139.8

Table 4.7 – Comparison of UoM data for field sampling and laboratory determination for
inorganic determinands

Determinand Field sampling uncertainty (%) Laboratory uncertainty (%)
Arsenic 35.6 17–18
Cadmium 59.6 5.3
Chromium 24 10.4
Copper 49.12 6.0
Lead 59.24 10.4
Manganese 36.48 10.0
Mercury 54.54 11.1–18.8
Nickel 30.14 6.7
Platinum 0 10.0
Tin 50.54 19.0–26
Titanium 22.56 19
Vanadium 31.34 5.2–6.7
Zinc 45.18 5.8
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Table 4.8 – Comparison of %RSD data for field sampling and laboratory determination of
inorganic determinands

Intensive
sampling

mean

Intensive
sampling

SD

Intensive
sampling

%RSD
Laboratory

%RSD
Estimated proportion of
total uncertainty due to

field sampling %RSD (SF)
Arsenic 6.2 1.1 17.8 9.0 15.4%
Cadmium 0.4 0.1 29.7 2.7 29.6%
Chromium 18.3 2.2 12.0 5.2 10.8%
Copper 16.2 5.4 33.2 3.0 33.1%
Lead 54.1 15.0 27.8 5.2 27.3%
Manganese 285.4 100.5 35.2 5.0 34.9%
Mercury 0.1 0.0 27.3 9.4 25.6%
Nickel 9.5 3.7 38.9 3.4 38.8%
Platinum 0.0 0.0 0.0 5.0 –
Tin 2.6 0.6 23.9 9.5 22.0%
Titanium 111.1 20.6 18.5 9.5 15.9%
Vanadium 21.2 5.2 24.4 3.4 24.1%
Zinc 50.3 17.0 33.8 2.9 33.7%

Table 4.9 – Comparison of %RSD data for field sampling and laboratory determination for
organic determinands (dioxins)

Intensive
sampling

mean

Intensive
sampling

SD

Intensive
sampling

%RSD
Laboratory

%RSD
Estimated field

sampling
%RSD

2378-TCDF 3.3 2.3 69.0 10.5 68.2
2378-TCDD 0.6 0.6 94.8 10.2 94.3
12378-PeCDF 3.9 2.9 74.6 13.0 73.5
23478-PeCDF 4.3 2.7 63.4 8.6 62.8
12378-PeCDD 1.2 1.2 94.4 16.4 92.9
234678-HxCDF 4.1 3.3 79.2 9.1 78.7
123789-HxCDF 1.8 1.8 97.8 9.6 97.3
123678-HxCDF 3.8 3.2 84.0 9.6 83.4
123478-HxCDF 7.5 5.0 66.2 11.7 65.1
123678-HxCDD 2.1 1.5 69.5 9.8 68.8
123789-HxCDD 2.7 2.1 77.7 10.2 77.1
1234678-HpCDF 33.0 21.8 66.1 9.1 65.5
1234789-HpCDF 3.8 2.7 69.9 8.5 69.4
1234678-HpCDD 17.7 14.5 81.8 9.5 81.3
OCDF 60.1 55.5 92.4 13.2 91.4
OCDD 82.9 50.8 61.2 13.4 59.7
Total 43.7 32.1 73.3 10.8 72.5
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Table 4.10 – Comparison of %RSD data for field sampling and laboratory determination for
organic determinands (PCBs)

Intensive
sampling

mean

Intensive
sampling

SD

Intensive
sampling

%RSD
Laboratory

%RSD
Estimated field

sampling %RSD

PCB 18 60.0 46.0 76.7 10.3 76.0
PCB 28 44.6 49.5 111.0 9.4 110.6
PCB 31 40.9 45.3 110.8 8.7 110.5
PCB 47 9.4 28.4 303.9 14.9 303.5
PCB 49 15.0 12.4 82.7 15.1 81.3
PCB 51 3.2 3.4 107.0 18.4 105.4
PCB 52 19.3 21.5 111.1 13.3 110.3
PCB 77 7.4 10.1 136.5 7.9 136.3
PCB 81 0.8 2.0 244.6 9.3 244.4
PCB 99 37.8 29.9 78.9 9.4 78.3
PCB 101 66.5 63.1 95.0 11.6 94.3
PCB 105 23.8 33.4 139.9 8.9 139.6
PCB 114 1.7 6.4 379.8 10.4 379.6
PCB 118 74.1 79.3 107.0 8.1 106.7
PCB 123 4.9 6.2 128.4 8.9 128.1
PCB 126 4.4 4.1 94.7 8.8 94.3
PCB 128 42.9 55.4 129.2 8.9 128.9
PCB 138 126.1 134.6 106.7 11.4 106.1
PCB 153 186.5 150.9 80.9 14.1 79.7
PCB 156 16.7 12.6 75.3 9.6 74.6
PCB 157 4.8 3.8 78.8 9.2 78.2
PCB 167 7.8 5.6 72.0 9.9 71.3
PCB 169 1.3 1.3 101.5 8.7 101.1
PCB 170 72.3 41.9 57.9 11.5 56.7
PCB 180 101.2 73.4 72.5 10.5 71.8
PCB 189 3.8 7.7 205.3 11.3 205.0
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Table 4.11 – Comparison of %RSD data for field sampling and laboratory determination for
organic determinands (PAHs)

Intensive
sampling

mean

Intensive
sampling

SD

Intensive
sampling

%RSD
Laboratory

%RSD

Estimated
proportion of total
uncertainty due to

field sampling
%RSD (SF)

1-methyl-
phenanthrene 15.7 19.1 121.7 18.6 120.3%

2-methyl-
phenanthrene 24.7 29.9 121.4 11.4 120.9%

Acenaphthylene 15.2 10.6 69.4 16.9 67.3%
Acenaphthene 13.7 27.0 197.1 16.0 196.4%
Anthracene 33.2 91.6 275.8 13.6 275.5%
Benzo-(a)-
anthracene 147.1 265.0 180.2 18.7 179.2%

Benzo(a)pyrene 211.0 460.5 218.2 13.5 217.8%
Benzo-(b)+(j)-
fluoranthene 269.3 689.5 256.0 11.5 255.7%

Benzo-(e)-pyrene 153.2 255.8 167.0 12.3 166.5%
Benzo-(ghi)-
perylene 179.6 439.5 244.6 10.7 244.4%

Benzo-(k)-
fluoranthene 182.2 215.2 118.2 12.9 117.4%

Chrysene 192.4 282.1 146.7 11.8 146.2%
Coronene 63.1 85.0 134.8 11.2 134.3%
Dibenzo-
(ah)+(ac)-
anthracene

35.6 137.6 387.0 4.3 387.0%

Fluorene 18.3 16.4 89.5 20.2 87.1%
Fluoranthene 288.6 538.1 186.5 16.6 185.7%
Indeno-(123cd)-
pyrene 167.0 329.6 197.4 10.5 197.1%

Perylene 53.6 115.3 215.2 11.5 214.9%
Phenanthrene 141.2 211.4 149.7 16.8 148.8%
Pyrene 262.0 497.9 190.0 18.9 189.1%
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5 Comparing the assessment of
spatial variability for the UKSHS
with that of previous studies

Although spatial variability analyses are widely used in soil classification and, more recently, in
soil nutrition and fertilising studies, there are few studies on the spatial variability of soil
contaminants. Those that exist document heavy metal fallout (e.g. lead or cadmium from stacks
or smelting). No similar comprehensive studies on organic contaminants have been found.

5.1 Spatial variability of inorganic soil contaminants.
Raw data from a number of other studies have been used to calculate the ‘uncertainty’ from
intensive sampling campaigns, which can be compared with those encountered in the UKSHS
intensive sampling project (Table 5.1).

Table 5.1 – Calculation of field sampling ‘uncertainties’ for other soil sampling studies,
using the technique outlined in Section 4

Study No. of
samples

Statistic Cd Cu Mn Pb Zn

Mean
(mg/kg)

6.18 17.18 212.58 45.68 61.98

%RSD 17.80 24.56 18.24 29.62 22.59

UKSHS 70

Uncertainty 35.6 49.12 36.48 59.24 45.18
Mean 0.238 20.4 - 23.3 53.8
%RSD 46.22 62.25 - 51.50 34.57

von Steiger et al.
(1996)

204

Uncertainty 92.44 124.45 - 103 69.14
Mean 0.34 - - - -
%RSD 17.65 - - - -

Wu et al. (2002) 124

Uncertainty 35.29 - - - -
Mean - - 331 211 -
%RSD - - 23.63 37.83 -

Arrouays et
al.(1996)

60

Uncertainty - - 47.25 75.67 -

A relatively high range of field sampling ‘uncertainties’ (calculated as outlined in Section 4) were
discovered in the data for an urbanised area in north-east Switzerland where 204 samples were
collected over an 8 km2 area (von Steiger et al. 1996). All uncertainties are significantly higher
than in the UKSHS, with uncertainties in the Swiss study around 2.5 times higher for Pb and Cd.
The uncertainties calculated for Cd in the USA (Wu et al. 2002) and Mn/Pb in France (Arrouays
et al. 1996) are approximately the same as, or a little higher, than those obtained in the UKSHS.

The field sampling uncertainties generated in the UKSHS are thus within the ranges of
uncertainties generated elsewhere.

5.2 Spatial variability of organic soil contaminants.
Spatial variability of organic contaminants within soils cannot currently be compared with other
datasets due to a lack of comparable intensive surveys.
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6 Conclusions
Geostatistical methods to analyse and study the spatial variability of soil properties are widely
used in soil classification and mapping and, increasingly, in soil fertility studies. However, there
are relatively few studies of soil inorganic contaminants and none have been found that focus on
the organic contaminants (dioxins, PAHs and PCBs) studied in the UKSHS Project.

Geostatistical methods, particularly analysis of the semivariance of soil properties on intensively
sampled grids, are now an important first step in determining appropriate soil sampling scales for
large-scale soil sampling projects. This intensive soil sampling study was introduced into the
UKSHS Project to assess appropriate scales for soil sampling at each of the rural and urban sites
in the main study.

Overall, the results presented in this report indicate that there was an under-sampling of certain
regions in the sampling grid used for the intensive sampling study, particularly between lags 150–
300 m. The resulting semivariograms showed ‘dips’ in these lag regions of the plots. A larger
dataset, collected over a more evenly and intensively sampled grid, might generate more stable
semivariograms than those presented in this report.

However, the results confirm that the chosen scale of sub-sampling (three sub-samples collected
within 20 m of each other) at each point in the main UKSHS Project (see UKSHS Report No. 2)
would have captured the greater part of any spatial dependence in soil contaminants for a wide
range of inorganic determinands.

The apparently large variations in the example UKSHS organic contaminants (as illustrated in the
semivariograms presented in Section 3.4) indicate that a much bigger dataset, collected over a
more intensive and more closely spaced sampling grid, would be required to detect spatial
patterns in organic contaminants.

Statistical analysis of field sampling uncertainties in the UKSHS Project indicates that they lie
well within the uncertainties found in similar studies elsewhere.

Estimates of the proportion of total uncertainty due to field spatial variability have shown that
there is little difference in the directly calculated field uncertainty and the estimated proportion of
total uncertainty for all metal and organic determinations. These results indicate that the vast
majority of the uncertainty is due to relatively small-scale field heterogeneity.
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