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Executive Summary

This project creates a new methodology for identifying local sources of contamination and relationships
between historical urban development and groups of potentially toxic elements (PTEs) in urban soils.
The Belfast Tellus data is used to create the methodology, which is then tested on Sheffield using G-
BASE data. Eleven PTEs are considered within this research; arsenic (As), cobalt (Co), chromium (Cr),
copper (Cu), molybdenum (Mo), nickel (Ni), lead (Pb), antimony (Sb), tin (Sn), vanadium (V) and zinc
(Zn). These elements are expected to be related to different geogenic and anthropogenic sources within

the study areas.

The statistical distribution of the PTEs in each of the study areas is used to determine anticipated source
controls. ~ Simple interpolated maps are compared with statistical distributions to gain an
understanding of how the sources vary spatially. Shallow and deep geochemical data (only available
for Belfast) is compared to gain an understanding of geogenic and anthropogenic contributions to PTE
soil concentrations. Multivariate statistical analysis in the form of cluster analysis and principal

component analysis is used to group PTEs anticipated to be from similar sources.

Potentially toxic elements with a controlling geogenic source in Belfast are identified as Co, V, Cr and
Ni; the Tertiary basalts are found to have the largest control over their concentrations. Elements with
predominantly anthropogenic sources in Belfast are split into three groups; 1) Sn, Pb and Sb, 2) Cu and
Zn and 3) As and Mo. Copper and Zn receive some geogenic contribution to their concentrations from
the Tertiary basalts while increasing anthropogenic contributions to both As and Mo see them grouped

together. The greater anthropogenic contribution is noted for Pb, Sb and Sn.

All of the PTEs investigated are found to be under some anthropogenic influence in Sheffield. Nickel,
Co, Cr and V are shown to occur at elevated concentrations in a large area along the north-east
boundary of Sheffield; many of Sheffield’s iron and steel works were/are found here. Therefore,
elevated PTE concentrations could be related to the industrial use (in these various factories) of the
coal. Similarly to Belfast, Pb, Sb and Sn are shown to form a halo around the oldest area of the city.
The widespread nature of these PTEs on their total concentration maps suggests an atmospheric
deposition anthropogenic source. A geogenic contribution to Zn, Cu, Ni and Cr concentrations is

identified in the form of coal outcrops in Sheffield.

The pollution indices (PIs) calculated show that different historical zones are related to different levels
of PTE accumulation. The relationship between historical development and differing PTEs is a novel
finding from this research, suggesting PTEs have the potential for use as “urbanisation tracers’, and

allowing each of the historical zones to be identified as urban subdomains.
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Background values are calculated for the PTEs deemed to have some form of anthropogenic input
within each of the city’s development zones. These PTEs demonstrate varying historical sources within
the development zones which result in varying background values. The background values for Belfast
are generally highest in the 1919-1939 development zone, suggesting that contamination was at its
greatest in Belfast between 1901 and 1939. The background values calculated for Sheffield vary more

widely across the different development zones considered.

The scale of PTE concentration data available within the study areas considered allows for a thorough
examination of the effects of historical development on soil PTE concentrations. The combination of
statistical and spatial techniques used provided a thorough methodology for examining the
geochemical data. The techniques must be used side by side to gain an understanding of the PTE
distributions from both statistical and spatial perspectives. Simply considering statistical distributions
and spatial patterns alone provides a lot of information which can then be augmented by multivariate
techniques. The investigative methodology employed within this research may be useful for

application within other urban environments.
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1 Introduction

Reuse of brownfield sites is a key aspect of government policy to promote sustainable land use; the UK
government has pledged to ensure that 90% of brownfield sites have planning permission for housing
by 2020 (Conservative Party 2015). In 2005 it was estimated that up to 300,000 hectares of UK
brownfield land could be affected by industrial contamination, with an even greater area affected by
diffuse anthropogenic contamination. Between £140 to £280 million per annum is estimated to have
been spent on unnecessary remediation in England and Wales due to an inability to identify

‘contaminated’ land (Defra & WAG 2011).

Many potential redevelopment sites in urban areas are on brownfield or potentially contaminated land,
with little or no, spatial assessment of pollution by potentially toxic elements (PTEs) systematically
performed. The proportion of the population living in urban areas is expected to continue to rise,
resulting in an increased pressure to develop and reuse urban soils. An improved understanding of
PTE sources, concentrations and distribution in urban soils will help to reduce this cost to the economy

and facilitate sustainable development of lasting benefit to the UK.

In particular, ‘background concentrations” of elements are useful in determining the typical
concentration of a PTE within a defined area. Previous research has utilised a variety of methods to
calculate background concentrations of PTEs in both regional (Mcllwaine et al. 2014; Ander et al. 2013)
and, more recently, urban environments (Rothwell & Cooke 2015). They usually aim to differentiate
between concentrations of elements that result from geogenic and diffuse anthropogenic sources and

concentrations generated by point sources, fitting with current statutory guidance.

1.1  Research hypothesis and objectives

This research develops robust tools to identify sources of soil contamination and relationships between
historical development and PTEs, using the wealth of environmental data already collected in urban
geochemical surveys. PTEs are considered spatially and compared with historical development zones
to develop a greater understanding of the resulting environmental change. From this, urban
subdomains are developed, within which background concentrations of PTEs in soils are calculated,
helping to inform on risks posed in urban environments. Elements of emerging environmental concern
(e.g. antimony (Sb) and molybdenum (Mo)), which have recently been added to recognised “urban
elements” (e.g. lead (Pb), copper (Cu) and zinc (Zn)), are included within this study alongside arsenic

(As), cobalt (Co), chromium (Cr), nickel (Ni), tin (Sn) and vanadium (V).
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The outcomes of this research will enable improved risk assessment, and provide key scientific
knowledge of urban processes and tools that will inform transparent decision making in wider
planning and public health issues. Where environmental forensic techniques have previously been
applied to datasets to apportion sources of contamination in urban soils, studies were generally

undertaken with fewer sample locations than are available in this research.



Historical development and its effect on soil contamination in urban areas
Final report

2 Methodology

Geochemical data from Belfast (Tellus survey) and Sheffield (Geochemical Baseline Survey of the

Environment (G-BASE)) were used to complete this study.

The Tellus survey included geochemical surveying of all of Northern Ireland following the G-BASE
methodology (Johnson 2005). Four soil samples were recovered every 1km? in urban areas at depths of
5 to 20cm (shallow) and 35 to 50cm (deep) and analysed for major, minor and trace elements by x-ray
fluorescence (XRF) (shallow samples only) and inductively coupled plasma (ICP) following an aqua
regia extraction (shallow and deep samples). Similar sampling density and analytical techniques were
employed during G-BASE sampling of 26 other urban areas in the UK. After discussions with Mark
Cave (BGS) and consultation with the SOBRA committee, Sheffield was selected as a suitable G-BASE

sampled city for comparison with Belfast. It was felt to be an appropriate location due to the;

e existence of G-BASE data,
¢ similar (though greater and slightly more varied) industrial history to Belfast,
e additional inputs from its coal mining legacy,

e similar type of bedrock geology to Belfast.

This project aimed to create a new methodology for identifying local diffuse sources of contamination
and relationships between historical urban development and groups of PTEs, and to calculate
background concentrations of these PTEs in urban soils. The Belfast Tellus data was used to create the
methodology, which was then tested on Sheffield using G-BASE data. This methodology allowed for an

assessment of land quality by completing five objectives:
(1) Identifying groups of elements thought to be controlled by similar sources of contamination.

(2) Considering element enrichment across city development zones to gain an understanding of how

historical industries have influenced soil quality.
(3) Identifying the geogenic and anthropogenic contributions to PTE concentrations in soil.

(4) Developing urban subdomains — using the findings from (1), (2) and (3) to define where particular

sources are expected to govern PTE concentrations.
(5) Calculating background concentrations for grouped anthropogenic PTEs in urban subdomains.

Eleven PTEs were considered within this research; As, Co, Cr, Cu, Mo, Ni, Pb, Sb, Sn, V and Zn. These

elements were selected as they were expected to be related to numerous different geogenic and
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anthropogenic sources within the study areas; in particular they are likely to represent contamination
from a variety of industrial processes. PTEs such as As, Cr, Cu, Ni, Pb and Zn commonly feature in
urban geochemical studies (Johnson & Ander 2008) while Carrero et al. (2013) demonstrate a
relationship between a variety of the chosen PTEs, including Mo, Sb and Sn, and soils heavily impacted
by traffic. Previous research has demonstrated concentrations of various PTEs, including Cr, Cu, Ni

and V, which are controlled by geogenic sources in the form of bedrock geology (Mcllwaine et al. 2014).

2.1  Research approach

In order to address our specific objectives a novel investigative methodology was employed utilising
depth ratios, a range of multivariate statistical techniques and pollution indices (PIs). The project was

addressed in six stages to allow clear definition of deliverables.

Stage 1 — Defining the urban boundaries

Stage 1 consisted of selecting a second UK city for consideration, collating all urban data for both cities
to ensure non-detects and duplicates were handled appropriately, and preparation of initial
concentration maps for all PTEs of interest. This provided information on spatial trends in contaminant
concentrations, allowing for identification of controlling factors over element concentrations. The
Moran’s [ statistic was calculated to allow interpretation of spatial autocorrelation in both study areas.
Moran’s I is widely used for this purpose (Fu et al. 2014; Helbich et al. 2012; Liu et al. 2012; Goyal et al.
2015) and identifies if there are “relationships between location and attribute values” (Helbich et al.
2012). The results of Moran’s I indicate perfect positive spatial autocorrelation at value “1” (i.e. high
values or low values cluster together), while “~1” suggests perfect negative spatial autocorrelation (a

checkerboard pattern). A value of “0” implies perfect spatial randomness (Fu et al. 2014).

Data was plotted in histograms, box plots and cumulative distribution plots so that careful
consideration could be given to what methods were appropriate to normalise the data. Data was
interrogated alongside land use data from the Corine land cover dataset to determine urban
boundaries. The deliverables of stage 1 are normalised datasets for all elements of interest and defined

urban study boundaries.

Stage 2 — Identification of geogenic and historical urban controls

In order to differentiate between geogenic and anthropogenic contributions it was vital to have a clear
understanding of bedrock and superficial geology, in addition to any other obvious geogenic controls.

In order to assess likely anthropogenic contributions to soil PTE concentrations, a summary of the
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historical development in each city was completed. This involved using historical maps to define the
urban boundary at distinct times in the cities’ development; these were used to produce city
development zones which spatially demonstrate how the city has developed and changed over time.
The deliverables of stage 2 are summaries of geogenic controls in Belfast and Sheffield and maps of city

development zones.

Stage 3 — Source identification via depth comparison and PTE groups

Geogenic contributions are believed to result in elevated soil PTE concentrations at depth, whereas
elevated shallow soil PTE concentrations are often related to anthropogenic contributions (Chiprés et al.
2009a; Galan et al. 2008). As Belfast data exists at both depths, a boxplot comparison of the deep (35-
50cm) and shallow (5-20cm) concentrations was undertaken to define the main controls over the PTE

concentrations.

Geochemical data is compositional in nature, i.e. all the elements analysed in a sample sum to a
constant value and therefore are reported in mg/kg or parts per million. Therefore, prior to completion
of multivariate statistical analysis (cluster analysis and principal component analysis (PCA)), the data
was centred logratio (clr) transformed in order to ‘open’ it. The clr transformation uses the geometric

mean to divide all elements measured before completing a log-transformation (Aitchison 1982).

Cluster analysis and PCA were used in both study areas to split the datasets into groups of PTEs which
are similar in their characteristics or behaviour. Cluster analysis aims to split the data under
consideration into a number of similar groups. Ward’s minimum variance method was used within
this cluster analysis - it is a commonly used procedure for determining hierarchical clusters (Ward
1963). This method forms “hierarchical groups of mutually exclusive subsets on the basis of their
similarity with respect to specified characteristics” (Ward 1963). It is therefore an agglomerative
technique whereby initially each sample is considered a cluster and this is reduced until all

observations are included in one cluster.

PCA is a popular multivariate statistical technique used to eliminate ‘noise” from multivariate data and
present variability in a reduced number of components (Candeias et al. 2011; Yunker et al. 2012;
Reimann et al. 2007). The PCA method plots geochemical data in multivariate space, searching for the
direction that contains maximum variability. This axis becomes principal component (PC) one, which
explains the most variance, with each component after that orthogonal to the previous component and
explaining the maximum amount of remaining variability. By reducing the data down to a few
components which contain the maximum variance of all the variables, it should become easier to

determine the main factors affecting the data (Reimann et al. 2008).
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Within PCA, the biplot is a common image used to visualise the scores and loadings of the PCs
simultaneously. The loadings describe the relationship between the original variables and the PCs,
while the scores describe the relationship between each of the observations and the PCs (Reimann et al.
2008). Biplots are particularly useful in helping to understand the controlling variables over each PC;
the distance between the variables is a demonstration of their correlation while their distance in the
direction of the PCs demonstrates their effect on that PC. In order to understand the spatial
distribution of the PCs the score for each observation can be plotted spatially, forming a map of how
the PC is distributed. This allows a comparison between the identified controlling variables (from the
biplot) and geographical distribution, which should allow a full interpretation of the PCA (Reimann et
al. 2008).

These methods aided in the identification of the main controls over the PTEs being investigated. The

deliverable of stage 3 is R-scripts of the developed chemometric methods.

Stage 4 — Consider element enrichment across city development zones

In order to gain an understanding of how the soil PTE concentrations within the city’s development

zones show various levels of enrichment, PIs were calculated using;
PI = Uc/ Rc

where Ucis the median element concentration within the development zone under consideration and Re
is the median rural element concentration. Previous research (Biasioli et al. 2006) has used PlIs in a
similar manner in order to estimate the enrichment of a city with certain elements. The median rural
element concentrations were easy to calculate for the Belfast study area, as the remaining Tellus rural
data was available. The median rural element concentrations for the Sheffield study area were taken
from Freestone et al. (2004), which provided the ‘median concentrations in regional surface soil samples
overlying Carboniferous Coal Measures, Humber-Trent atlas areas’. The deliverable of stage 4 is a

summary of the PIs calculated within each of the city’s development zones.

Stage 5 — Identification of urban subdomains

The results from stages 1-4 were collated at this stage and used to produce the deliverable of stage 5;
urban subdomains. A domain is an area where a readily identifiable factor can be shown to control the
concentration of a PTE, therefore the various source apportionment techniques applied allowed for

subdomain identification.
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Stage 6 — Calculate background concentrations within urban subdomains

A variety of methods for calculating background concentrations were utilised, and the results
contrasted and compared to gain an understanding of their strengths. As previously suggested for use
at a regional scale in Northern Ireland, the typical threshold value (TTV) (Mcllwaine et al. 2014)
methodology which utilises the Finnish upper limit of geochemical baseline variation (ULBL) (Jarva et
al. 2010) to define background concentrations was employed. The ULBLs are based on the upper limit
of the upper whisker line of the box and whisker plots, which can be calculated using;:
ULBL = P75 + 1.5 x (P75-P2s)

P75 and P2s are the 75™ and 25t percentiles of the element concentrations respectively (Jarva et al. 2010).
Logarithmic transformed data were not used to plot the box and whisker plots, as the untransformed
data led to the highest amount of outliers and therefore gives a more conservative value. This is a very
straightforward method for calculating TTVs, solely requiring the calculation of the 75" and 25t
percentiles.

In addition, the Normal Background Concentration (NBC) method employed for use alongside Part 2A
of the Environmental Protection Act in England and Wales was used. Within the NBC methodology, it
is recommended that the domains (areas where a readily identifiable factor can be shown to control the
concentration of an element) are based on at least 30 values. The NBC is calculated for each domain
using a statistical methodology that (1) assesses the skewness of the geochemical data by observing a
histogram and calculating the skewness and octile skewness of the distribution. Based on the results of
that assessment, the method (2) performs either a log transformation or a box-cox transformation on the
data if necessary and then (3) computes percentiles using either parametric, robust or empirical

methods depending on the results of the transformation applied.

The NBC is then taken to be the upper 95% confidence limit of the 95th percentile. A detailed
explanation of how the methodology was constructed and how it should be applied is given in Cave et
al. (2012). The project outputs included R code scripts which can be used to determine NBCs, as
discussed by Johnson et al. (2012). These R scripts have been utilised by the author to calculate NBCs

within this research.

The median + 2MAD (median absolute deviation) (Reimann et al. 2005) method was also utilised. The
median + 2MAD, boxplot upper whisker and English NBC methods were compared as methods by
which to calculate background concentrations in urban environments in a study by Rothwell & Cooke
(2015). The lack of systematically collected geochemical data (no G-BASE data was available) meant
that a different approach had to be taken within this study in Gateshead; site investigation data

collected during the planning process was instead used. The local authority determined that the
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median + 2MAD method provided the preferred NBCs within this study as it consistently gave the
most conservative values i.e. the lowest NBC (Rothwell & Cooke 2015). The deliverables of stage 6 are

a summary of the background concentrations calculated.
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3 Results and discussion

3.1 Study areas

The section aims to provide background to both the Belfast and Sheffield study areas and summarise
the main anticipated controls over PTE concentrations in soils. The Corine land cover data (European
Environment Agency 2012) was utilised to define both the Belfast and Sheffield study area boundaries.
This data is split into 44 different land uses based on the interpretation of satellite images. The majority
of land uses were simplified by the author into either the urban or rural category; areas of urban fabric
and industrial units were obviously urban while areas of pasture and forest were clearly rural. Where
any inconclusive land uses were identified, the surrounding land use was utilised as an indicator of
land use type on a site by site basis. If the surrounding land use was majority urban then the area was
also classed as urban, and vice versa where the surrounding land uses were mainly rural the area was
classed as rural. This allowed identification of study area boundaries for both Belfast (Figure 3-1) and
Sheffield (Figure 3-2). Within Sheffield, this had to be correlated with the spatial extent of the G-BASE
data to ensure a suitable boundary was defined. These boundaries incorporated 782 samples within

Belfast from the Tellus survey and 495 in Sheffield from its G-BASE survey.

3.1.1 Bedrock and superficial geology
Belfast

As shown in Figure 3-1, the bedrock geology in the Belfast urban area is diverse. Silurian greywacke
and Silurian shale are the two oldest rock formations, forming part of the Southern Uplands-Down-
Longford Terrane, followed by the Permo-triassic sandstones and mudstones (known locally as
Sherwood Sandstone and Mercia Mudstone respectively). This is covered in the west of the city by
Cretaceous sandstone and chalk and finally by the most recent Tertiary basalts which run along the
north-west boundary of the city (Mitchell 2004). A number of Palaeogene intrusions occur within the

study area.

Geology has been previously identified as a control over element concentrations in Northern Irish soil,
with geogenic controls from underlying basalt or sandstone defining domains in a regional study by
Mcllwaine et al. (2014). From this perspective, this study area is of great interest due to the expected

geogenic controls within an urban environment.
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Superficial geology is found in the form of till, glacial sands and gravels, and alluvium within the

vicinity of the River Lagan (Bazley et al. 1984).

Figure 3-1 Maps showing a) location of Belfast within Northern Ireland, b) simplified bedrock geology and c)
topographical cross section showing bedrock and superficial geology within study area (Bedrock geology derived
from data provided by GSNI (Crown Copyright))

Sheffield

Sheffield is underlain by Carboniferous deposits of Westphalian and Namurian age (Freestone et al.
2004). As shown on Figure 3-2, the rocks are highly faulted and folded creating many discontinuous
outcrops. The Middle Coal Measures Formation outcrops to the east of the city centre; it is Westphalian
in age and composed of sandstone. The Lower Coal Measures Formation, also composed of sandstone
and Westphalian in age, underlies most of the city centre. The Rossendale and Marsden Formations are

present to the west of the study area comprising of mudstone and siltstones.

10
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As shown on Figure 3-2, quaternary deposits cover approximately 10% of Sheffield. Silt alluvium is
located in the river valleys around and in the city of Sheffield. Some river terrace deposits in the form

of sand and gravel also infill these valleys (Freestone et al. 2004).

b Pennine Lower Coal Measures
Rossendale Formation
Rossendale Formation

Pennine Middle Coal Measures
Marsden Formation

Pennine Lower Coal Measures
Pennine Middle Coal Measures
Marsden formation

— Sheffield study area

Boulders

Alluvium

Sand and Gravel
— Sheffield study area

Figure 3-2 Map showing a) location of Sheffield within the United Kingdom, b) bedrock geology (taken from BGS
Geolndex) and c) superficial geology (taken from BGS Geolndex) within Sheffield

11
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3.1.2 City development
Belfast

Belfast is located on the eastern coast of Northern Ireland and is its largest city. The city’s origin dates
back to 1613 when it was given ‘town’ status; this was later updated to ‘city’ in 1888. The city is
historically recognised for both linen production and ship-building; the early 18th century saw the
introduction of the linen industry involving bleaching, weaving and spinning processes while ship-
building was introduced later in the 18th century (Beckett & Glasscock 1967; Crawford 1986). It was
this ship-building industry that created one of Belfast’s most famous exports; the Titanic. The city was
an important manufacturing centre during the industrial revolution with other common businesses
including rope works, bleachers, glass manufacturers, tobacco factories and distilleries (Royle 2007). A
contamination legacy remains from historical gasworks sites in Belfast; Belfast was one of the first

towns in Ireland to use coal gas for lighting purposes (Niskavaara et al. 1997).

Sectarian and political unrest between the Protestant and Catholic populations in Northern Ireland
came to a head in 1968 and the well-known conflict, “The Troubles’, lasted until 1998 when the Good
Friday Agreement was signed. ‘The Troubles’ took over the latter half of the 20th century resulting in
the loss of much industry and commerce. Present-day Belfast is a prosperous and lively city, much
more reliant on service provision related occupations (82% in Northern Ireland in the 2013 Census of

Employment (NISRA 2014)) than the historical industrial and manufacturing employment.

12
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Figure 3-3 Development of Belfast over time (1858, 1901, 1901-1939 to the current boundary)

Historical maps of Belfast have been used to produce historical study area boundaries (Figure 3-3).
These historical boundaries were constructed by the author using historical 6 inch county maps (Land
and Property Services 1858; Land and Property Services 1901; Land and Property Services 1919); the
boundaries were constructed for 1858, 1901 and 1919-1939. The last boundary is inclusive of the period
between 1919 and 1939 as detailed mapping for a more specific year was not available. Although
towns such as Carrickfergus, Bangor and Newtownabbey (see Figure 3-1) also witnessed development
prior to the current boundary, their historical development was not incorporated as they could only be

considered part of the larger Belfast area within the current boundary.
Sheffield

Sheffield is located in South Yorkshire in England and is believed to have been originally founded in
the 8% century. It was given town charter in 1297 and city status in 1893. Coal has played an important
role in the city’s history, being mined and burnt for “space heating and industrial purposes in Sheffield
since Roman times” (Rawlins et al. 2005). By the 1750s, more than 150 firms were dedicated to steel
manufacture within the city. High quality cutlery, an export for which Sheffield is recognised, has been
produced in the city since that time (Gilbertson et al. 1997). Industrial expansion continued until the
late 1960s, when British Steel opened their Tinsley Park Works in the north east of the city. The steel

and cutlery industry in Sheffield began to decline in the late 1970s and 1980s when cheaper alternatives

13
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were being produced in other areas of the world. This also affected the coal used to fuel industry in

Sheffield, with coal use declining dramatically from the mid-1980s (Gilbertson et al. 1997).

Figure 3-4 Development of Sheffield over time (1850-1851, 1904, 1920, 1938-1951 to the current boundary)

Historical maps of Sheffield have also been used to produce its historical study area boundaries (Figure

3-4). The maps came from a variety of sources and are listed below:

e Yorkshire 294 (includes: Sheffield), surveyed 1850-1851, published 1855 from OS Six-inch
England and Wales, 1842-1952.

e Sheet 9 — Sheffield, published 1904 from Bartholomew’s “Half Inch Maps” of England and
Wales 1902-1906.

e Sheet 9 - Sheffield, published 1920 from Bartholomew’s Revised “Half Inch Maps”.

e 5K38, SK39, SK48 and SK49, published 1951 to 1953 from 1:25,000 maps of Great Britain, 1937-
1961

3.2  Statistical distribution

Median concentrations of the PTEs in each city were compared to gain an understanding of their
anticipated differences in scale. As the median is robust to extreme values, it was used to give an

average concentration of the PTEs in each city.

14
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Table 3-1 Summary of median concentrations of each PTE in Belfast and Sheffield

PTE | Belfast median (mg/kg) | Sheffield median (mg/kg)
As 10.0 22.0
Co 19.8 16.4
Cr 171.7 88.7
Cu 53.6 54.5
Mo 1.3 3.9
Ni 65.1 35.8
Pb 73.4 166.5
Sb 1.4 29
Sn 5 12.6
\Y 110.7 84.8
Zn 120.3 158.8

From Table 3-1 it is immediately obvious that very different median concentrations of many of the PTEs
exist in Belfast and Sheffield. Sheffield has higher median concentrations of As, Mo, Pb, Sb, Sn and Zn,
while Belfast has higher median concentrations of Cr, Ni and V. The median concentrations of Co and
Cu are relatively similar in both cities. Source identification will help to determine the causes of these

differences in scale i.e. are the PTEs controlled by geogenic or anthropogenic sources in the two cities.

15
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Figure 3-5 Boxplots and histograms used to examine the distribution of the data and the effectiveness of a log
transformation for As in Belfast and Sheffield

16
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Figure 3-5 provides an example of the coupled boxplot and histogram approach taken to examine the
distribution of the data in Belfast and Sheffield. The remainder of the boxplots and histograms are

included in Appendix A.

Figure 3-6 Plot of the (log) skewness against the (log) kurtosis for each of the PTEs in Belfast (black) and Sheffield
(red)

Figure 3-6 provides a comparison of the skewness and kurtosis of the data in each of the cities.
Skewness is a measure of the symmetry of the data while kurtosis indicates whether the data is heavy-
tailed relative to the normal distribution. All the skewness and kurtosis values calculated are positive,
demonstrating the right-skewed and highly peaked nature of geochemical data. Figure 3-6 provides an
indication of which PTEs are more likely to be governed by geogenic sources and therefore have a
distribution closer to the normal distribution. These PTEs have smaller skewness and kurtosis values,
for example Cr, Co and Ni in Belfast and V in both cities. PTEs with greater skewness and kurtosis

values are likely to be governed by anthropogenic sources of both diffuse and point nature.

The concentrations of Cr are much more right-skewed in Sheffield than they are in Belfast. The Belfast
distribution of Cr is relatively normal with the presence of some upper outliers. In contrast, in Sheffield
the Cr distribution is highly skewed suggesting a greater anthropogenic control over Cr in Sheffield.

Ni also demonstrates very different distributions in both areas. The Sheffield distribution of Ni is much
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more highly skewed than the Belfast distribution, suggesting a greater anthropogenic contribution to
Ni concentrations in Sheffield. The distribution in Belfast is relatively normal with the presence of
some upper outliers. As shown in Table 3-1, the median concentrations are higher for Cr and Ni in

Belfast than they are in Sheffield.

The distribution of V in both areas is probably the closest to a normal distribution, suggesting
controlling geogenic contributions in both areas. The distribution in Belfast is slightly closer to a
normal distribution than the distribution in Sheffield but low skewness and kurtosis values are

calculated for this PTE in both cities.

Cobalt shows very different statistical distributions in Belfast and Sheffield. In Belfast the data is
relatively normally distributed with only a few upper outliers. A log transformation is still required to
allow the data to closely approximate the normal distribution. In Sheffield the data is highly skewed;
the presence of one extreme outlier (>1000 mg/kg) has a large effect over its distribution and is
generating the high skewness value shown in Figure 3-6. This suggests a greater geogenic control over

Co concentrations in Belfast compared to greater anthropogenic contributions to Co concentrations in

Sheffield.

The statistical distribution of arsenic in both Belfast and Sheffield is quite similar. Prior to log
transformation both datasets are right-skewed with the presence of a reasonable amount of outliers.
The Belfast data is slightly less skewed than the Sheffield data with a lower median value, suggesting

more of an anthropogenic input to the Sheffield As concentrations.

Copper demonstrates quite similar distributions in both urban areas, with similar skewness and
kurtosis values calculated. The untransformed distributions demonstrate highly right-skewed data
suggesting anthropogenic controls over this element. Molybdenum also demonstrates quite similar,
right-skewed distributions in both areas. The data in Sheffield is less skewed than the data in Belfast.

These distributions would suggest an anthropogenic control over Mo concentrations.

Lead concentrations in Belfast and Sheffield are both highly skewed suggesting an anthropogenic
control over this element. A lot of upper outliers are present in both datasets with the main difference
between the two urban areas being a number of extremely elevated concentrations in Sheffield (>1500
mg/kg) that are well above the maximum Belfast concentrations. These elevated concentrations result

in the calculation of higher skewness and kurtosis values in Sheffield than in Belfast.

The presence of two extreme outliers creates a highly skewed distribution of Sb in Belfast. The
distributions are actually highly skewed in both cities with the added presence of two extreme outliers

in Belfast, suggesting an anthropogenic control over Sb in both urban areas. Similarly to Sb, the
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distribution of Sn is highly skewed in both urban areas. The presence of a number of extreme outliers
in Belfast means that it appears initially to be more skewed than Sheffield. Both these PTEs appear to

be governed by anthropogenic controls in both cities.

Anthropogenic controls over Zn concentrations are anticipated based on the distribution of Zn in both
areas. The Belfast data appears to be even more skewed due to the presence of two extreme outliers

(>6000 mg/kg), resulting in much higher skewness and kurtosis values in Belfast than in Sheffield.

3.3 Spatial distribution

Soil concentration maps were produced for the PTEs in Belfast and Sheffield using the inverse distance
weighting (IDW) interpolation technique in the ArcMap (ESRI 2010) package of ArcGIS. The IDW

technique was given an output cell size of 200 m, power of 2 and a search radius of 500 m.

Belfast

Figure 3-7 Interpolated map showing As concentrations (mg/kg) across Belfast

The soil concentration maps for Belfast, shown in Figure 3-7 and Appendix B, can be broadly split into
two groups of PTEs which demonstrate similar patterns. Cobalt, V, Cr and Ni all show very similar
distributions that are generally elevated in the north-west of the Belfast study area. This is related to
the presence of the Tertiary basalts, which have previously been identified as a control over these PTEs
(Mcllwaine et al. 2014). Other less widespread elevated concentrations of these PTEs do occur within

the Belfast study area, which are likely to be related to anthropogenic sources - however, the
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overwhelming control over Co, Cr, Ni and V concentrations seems to be bedrock geology in the form of

the Tertiary basalts.

The other group of PTEs consists of Cu, Zn, Sn, Pb, Sb, As and Mo. As discussed in Section 3.1, all of
these PTEs would be anticipated to have some anthropogenic contribution. They are likely to be
anthropogenically controlled, by a number of sources, within the Belfast study area. All these PTEs
demonstrate different distributions, with As and Pb appearing to show greater contamination spread
than more recent ‘elements of concern” such as Mo and Sb. Generally, the docklands area of Belfast
(Figure 3-1) appears to be relatively highly contaminated, with many of the PTEs highlighting elevated
concentrations in this area. Many of these anthropogenic PTEs show elevated concentrations in a halo

surrounding the oldest part of the city centre.

Sheffield

Figure 3-8 Interpolated map showing As concentrations (mg/kg) across Sheffield

The maps for Sheffield (Figure 3-8 and Appendix B) show quite different patterns. One of the most
obvious features for Ni, Cr, Co, Mo, Zn and V is that they all demonstrate elevated concentrations in an
area to the north-east of the study area. The map for Cr has been included in Figure 3-9 to demonstrate
this area of elevated concentrations (outlined approximately in a dashed black line). Some of these

PTEs show a more widespread pattern of elevated concentrations in this north-east area than others.
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Figure 3-9 Interpolated map showing Cr concentrations (mglkg) across Sheffield, dashed line shows area of
elevated concentration noted in the text

Nickel and Cr show very similar spatial distributions, with their largest area of elevated concentrations
located in the north-east of the study area. This area is shown as partially developed in the 1920
Sheffield map (Figure 3-4) with further development within the 1938-1951 development boundary.
This area has obviously expanded further since then. As shown on Figure 3-10, a concentrated area of
past and current surface coal mining is located in this north-east location in Sheffield, along with many
of the large steel factories for which Sheffield is famous (outlined approximately in dashed red line). It
is likely that the elevated PTE concentrations identified in this area are linked to the geogenic presence
of coal, its mining and/or its industrial use in the steel factories. According to Rawlins et al. (2005), the
disposal of slag from locally produced stainless steel may have led to generally elevated concentrations

of Cr and Ni in soils in Sheffield.
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Figure 3-10 Map summarising specific coal mining legacy plan for Sheffield created by the Coal Authority (The
Coal Authority 2015), dashed red line encircles the area of large steel factories as well as past and current surface
coal mining

The map for Co also demonstrates elevated concentrations in the same location to the north-east of the
city, with a small number of other point sources across the study area contributing to elevated Co
concentrations. In contrast, although Zn concentrations are shown to be elevated in the north-east area,
more widespread elevated concentrations of Zn are obvious across Sheffield’s city centre. The
concentrations of Mo are elevated in the same north-east area of Sheffield, with other sources

generating elevated concentrations of Mo in dispersed locations across the city.

Likewise V concentrations are elevated in a number of locations across the city, with elevated

concentrations visible in the same north-east location. It should be noted that concentrations of V are
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substantially lower in Sheffield than they are in Belfast. This is likely to be because V is elevated in the

Tertiary basalts in Belfast.

The concentration maps for As and Cu are similar for Sheffield. Elevated concentrations of these PTEs
are generally related to point sources across the study area, with the largest areas of elevated

concentrations surrounding the oldest area of the city (Figure 3-4).

Elevated concentrations of Pb, Sb and Sn are more widespread across the Sheffield study area. All of
these PTEs show a halo effect surrounding the oldest area of Sheffield, with their most elevated
concentrations surrounding this area. The widespread nature of their elevated concentrations perhaps
suggests a controlling atmospheric deposition source of these PTEs. Although the use of Pb in petrol
was phased out in the UK in 2000, elevated Pb concentrations resulting from traffic remains a
possibility in both Sheffield and Belfast. The high density road network in Sheffield and its associated
heavy traffic (Rawlins et al. 2005) may have had an effect over Pb concentrations in soils. Elevated
concentrations of Sn are also quite widespread, with less spatial distribution shown for Sb,
acknowledging its more recent contribution to anthropogenic concentrations of PTEs in soils (Tian et al.

2012).

3.3.1 Calculation of Moran’s I

In order to assess patterns of spatial correlation the Moran’s I method was applied to the various PTEs
in both Belfast and Sheffield. The calculated statistics for Moran’s I provide a measure of global spatial
autocorrelation across the entire study area. The results of Moran’s I indicate perfect positive spatial
autocorrelation at value “1” (i.e. high values or low values cluster together), while “~1” suggests perfect
negative spatial autocorrelation (a checkerboard pattern). A value of “0” implies perfect spatial

randomness (Fu et al. 2014).

The Moran’s I calculations for both Belfast and Sheffield generated significant (p=0.05) positive statistics
for all the PTEs. This tells us that all the distributions are more spatially clustered than randomly
distributed. The Moran’s I statistics are higher in Belfast for all the PTEs apart from Mo and Sn, for
which they are higher in Sheffield. This suggests more heterogeneous patterns in Sheffield for the

majority of the PTEs, while the distributions in Belfast show greater spatial autocorrelation.
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Table 3-2 Moran’s I statistics calculated for all PTEs in Belfast and Sheffield to indicate spatial autocorrelation

Observed Moran’s I

Belfast Sheffield

As 0.01791 0.01185

Co 0.15913 0.00001

Cr 0.14950 0.02949

Cu | 0.04868 0.01863

Mo | 0.03826 0.04055

Ni 0.10599 0.04092

Pb 0.02528 0.02191

Sb 0.01645 0.01461

Sn 0.02444 0.02504

A% 0.18792 0.04058

Zn 0.02264 0.01071

From Table 3-2, the Moran’s I statistics in Belfast are highest for V, Co, Cr and Ni (0.1060 to 0.1879)
demonstrating the geogenic Tertiary basalt influence over these PTEs which generates a higher spatial
correlation. The lowest spatial correlation is noted for Sb (0.01645), followed by As (0.0179), Zn, Sn, Pb,
Mo and Cu (0.0487) respectively, suggesting more contributions from anthropogenic point sources to

these PTEs.

In Sheffield, the highest Moran’s I statistic is calculated for Ni (0.0409), followed closely by V (0.0406)
and Mo (0.0406), suggesting some spatial autocorrelation for these PTEs. Chromium (0.0295), Sn, Pb,
Cu, Sb, As and Zn (0.0107) gradually show a reduction in the statistic calculated, suggesting less spatial
autocorrelation for these PTEs in Sheffield. The lowest statistic is calculated for Co, suggesting the

greatest contribution from anthropogenic point sources to this PTE.

3.4 Grouping PTEs of similar sources

Sample R scripts detailing the packages and functions used to complete the depth comparison, cluster

analysis and PCA are included in Appendix C.

34.1 Depth comparison
Belfast

Both shallow (0-20cm) and deep (35-50cm) ICP (following an aqua regia digestion) data are available

for Belfast, however data at depth is not available for Sheffield. Therefore a comparison of the results
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from the two depths was completed for Belfast only. Depth ratio boxplots allow for the evaluation of
geogenic and anthropogenic influences over the PTEs to be assessed. By comparing the geochemical
concentrations measured at different depths, an understanding of the controlling sources over PTEs can
be gained. If the shallow concentrations are more elevated this suggests an anthropogenic control over
the PTE (Chiprés et al. 2009b). Generally a geogenic control will result in elevated concentrations in the
deep samples (Galan et al. 2008). There will obviously be exceptions to these assumptions, for example
the presence of deep anthropogenic point sources, such as buried tanks and pipes. However, across the
urban study areas considered in this chapter, where geochemical samples have been taken at high
densities, these assumptions are believed to be appropriate for this hypothesis regarding depth

comparisons. The R script used to complete this comparison is provided in Appendix C.

Figure 3-11 Boxplots of the shallow/deep PTE concentrations (depth ratio) using ICP following an aqua regia
digestion data (solid red line shows where the shallow and deep concentrations are equal, dashed line shows where
the depth ratio is equal to 0.2, dotted line shows where the depth ratio is equal to 1.5 and the M values represent
the median depth ratio)

Similar boxplot characteristics are shown for Co, V, Cr and Ni; the majority of the boxplot falls below a
ratio of one i.e. the median is less than one, representing more elevated concentrations in deep soils. A
number of lower outliers are identified, as well as some upper outliers. The lower outliers are related
to elevated concentrations at depth, while the upper outliers are likely to be related to anthropogenic

sources of these PTEs within shallow soils. This pattern suggests a predominantly geogenic control
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over these PTEs within Belfast. These upper outliers may be a useful way of spatially assessing
anthropogenic point sources of these PTEs in the study area. These outliers show a great deal of
consistency across the Co, V, Cr and Ni distributions; the depth ratio falls above 1.5 (Figure 3-11) for at

least 3 of the PTEs at 18 sample locations and for all 4 PTEs at 8 sample locations.

Similarly, geogenic controls are also exerted over Cu and Zn, however the overall pattern for these
PTEs is a little different. A larger variance of the ratio is obvious, with a wider dispersion of the
boxplot’s whiskers. A number of lower outliers represent the geogenic influence over these PTEs,
however the increased amount of upper outliers suggest a more substantial anthropogenic contribution
to Cu and Zn concentrations. The geogenic contribution to soil PTE concentrations is more obvious

overlying the Tertiary basalts for Cu than Zn in Figure 3-11.

The remainder of the PTEs appear to be controlled by anthropogenic processes as the medians of the
depth ratio are generally high and only upper outliers are present. They can be split into two groups;
As and Mo behave in a similar manner as both show a relatively small variance with only upper
outliers. Although Pb, Sb and Sn again only have upper outliers they demonstrate a much larger
variance. This is related to a small number of samples where the deep concentration is much greater
than the shallow concentration, for example the number of samples where the depth ratio is below 0.2
(dotted line on Figure 3-11) is 7, 6 and 15 for Pb, Sb and Sn respectively. Most of these samples are
dispersed across the study area and are potentially related to sites where the deeper soil has been
disturbed or replaced (perhaps with waste materials) during development leading to higher
concentrations of these PTEs at depth. An alternative possible explanation for this pattern is that these

PTEs are more easily leached from shallow to deeper soils at these locations.

In summary, these boxplots suggest the highest levels of anthropogenic input for Pb, Sb and Sn
followed by As and Mo in Belfast, whilst geogenic inputs control the concentrations of Ni, Co, Cr and
V, and Cu and Zn are influenced by both anthropogenic and geogenic inputs. These results correlate

well with the spatial assessment completed in Section 3.3.
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3.4.2 Cluster analysis

Belfast

Figure 3-12 Results of cluster analysis completed for Belfast using shallow XRF data

Figure 3-12 provides the results of a cluster analysis completed for the shallow XRF data in Belfast;
more detail on this analysis can be found in the R scripts in Appendix C. The results of the cluster
analysis for Belfast groups the PTEs in a very similar pattern to that previously determined by the
depth ratio analysis (Figure 3-11), thereby validating both sets of results. The results from both
techniques also align closely with the results from Sections 3.2 and 3.3. The PTEs are first split into two
main groups which can be explained by controlling geogenic (Co, V, Cr and Ni) and anthropogenic

(Cu, Zn, Sn, Pb, Sb, As and Mo) factors.

Within the geogenic cluster two separate groups of Co and V, and Cr and Ni are present. Previous
research has shown strong correlations between all these PTEs in a Northern Ireland context (Barsby et
al. 2012), related to the stark control areas of Tertiary basalt exert over these PTEs. The total
concentration maps of Co, V, Cr and Ni (Appendix B) show similar spatial distributions. Although the
main control over these PTEs in Belfast is the Tertiary basalts, a few anthropogenic hot spots (many of
them similar for these elements) are dispersed across Belfast. It could be these point sources, and their
influence over the PTEs separately, that creates the difference between the Co and V, and Cr and Ni

groups.

Three smaller groups make up the anthropogenic cluster; firstly Cu and Zn, secondly As and Mo and
finally Sn, Pb and Sb (Pb and Sb are most closely related within this cluster). As previously discussed
in Section 3.4.1, these separate groupings are related to the different source contributions for these
PTEs. Although anthropogenic controls govern these concentrations, Cu and Zn are probably grouped

because they also have geogenic contributions from the Tertiary basalts (Young & Donald 2013). From
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an anthropogenic perspective, the close grouping of Cu and Zn could also be explained by their role in
the production of brass (Herting et al. 2008). Arsenic and Mo are anthropogenically controlled, but a
geogenic influence from the Silurian greywackes may contribute to elevated concentrations of As and
Mo in overlying soils (Young & Donald 2013) and could cause them to cluster together within the
overall anthropogenic cluster. No geogenic contributions to Pb, Sb or Sn could be identified within the
study area suggesting a sole anthropogenic control over these PTEs, creating their separate grouping

(Figure 3-12).

Sheffield

Figure 3-13 Results of cluster analysis completed for Sheffield using shallow XRF data

The results of the cluster analysis for Sheffield (Figure 3-13) are strikingly similar to those presented for
Belfast (Figure 3-12). The Sheffield results also align quite well with the previous discussions in
Sections 3.2 and 3.3. Two main separate groupings are noted; Zn, Cu, Sb, Pb, Sn, Mo and As are
grouped separately from Ni, Cr, V and Co. As demonstrated on the concentration maps, Ni, Cr, V and
Co all show elevated concentrations to the north-east of the study area. Although they are all affected
by the presence of other point sources in Sheffield, the anthropogenic source to the north-east is

probably their most obvious characteristic, resulting in them being grouped together.

In contrast, the other PTEs all have other factors affecting their concentration distributions. This cluster
analysis suggests similar sources controlling three groups of PTEs, 1) Zn and Cu, 2) Sb, Pb and Sn and
3) As and Mo. Although these elements are anthropogenically controlled it is difficult to narrow down
their specific sources. As noted for Belfast, Zn and Cu could be grouped together due to their role in
the production of brass. The Pb, Sb and Sn concentrations are again likely to be solely
anthropogenically controlled; their distributions (Section 3.3) would suggest a controlling atmospheric

deposition source.
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The difference in the scale on the cluster analysis from the two cities should be noted. The overall
difference between the two groups, (Ni, Cr, V and Co are grouped separately from Mo, As, Sb, Pb, Sn,
Zn and Cu) is much greater for Belfast than for Sheffield. In addition, the PTEs identified as being of
geogenic origin in Belfast (Ni, Cr, V and Co) have a much smaller difference in height (between the two
groups and the adjacent PTEs), than is noted for these PTEs in Sheffield. These two findings suggest a
stronger similarity between these PTEs in Belfast, defending the identification of a geogenic control

over these PTEs in Belfast and an anthropogenic control over these PTEs in Sheffield.

Although the other group of PTEs (Mo, As, Sb, Pb, Sn, Zn and Cu) show similar height (a measure of
difference between either the individual data point or clusters) differences in Belfast and Sheffield
between most of the groups, the overall difference between the Zn and Cu group, and the Mo, As, Sb,
Pb and Sn group is much greater for Belfast than it is for Sheffield. This could be explained by the
geogenic contributions to Zn and Cu in Belfast compared to the governing anthropogenic controls over

Mo, As, Sb, Pb and Sn.

These results are useful for providing preliminary information on links between PTEs; in order to
ascertain the underlying associations between the anthropogenic PTEs more detailed multivariate

analysis is required, along with an understanding of how their sources vary spatially.

3.4.3 Principal component analysis

An initial PCA utilising all the elements included in the G-BASE and Tellus analysis of Sheffield and
Belfast respectively was completed to gain an understanding of the general controls governing

geochemistry in both cities. The results of this PCA are included in Appendix D.

Within this PCA utilising all the elements, PC1 in Belfast seems to be controlled by geology with areas
influenced by the Tertiary basalts shown in red on the PC1 map (Appendix D) and areas mainly
overlying the Silurian Greywacke shown in blue. As would be anticipated, the Tertiary basalts are
associated with elements such as Co, Ni, Fe20s3, CaO, Cr, V and Cu while the samples overlying the
Silurian Greywackes show correlation between Rb, KO, SiO2, Zr, Hf, Na2O and Ba. Principal
Component 2 within Belfast highlights PTEs under anthropogenic influence in a red/orange halo
surrounding the oldest part of the city. This area is associated with Pb, Sb, Sn, Mo, Zn and As and as

such is similar to the trends previously identified for Belfast.

For Sheffield, PC1 from the PCA utilising all the elements demonstrates a relationship between a
number of anthropogenically controlled elements and the area surrounding the oldest part of Sheffield

city centre. It should be noted that this area is more spatially dispersed than the anthropogenic halo
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defined for Belfast. This area is related to Sb, Cu, Pb, Sn, Mo and Zn which are therefore all anticipated
to be under anthropogenic influence in Sheffield. The PC2 results for Sheffield demonstrate a
relationship between Ni, Co, Cr and V and an area mainly along the north-east of the study area. It is

difficult to determine the source of these PTEs in this area.

This overall PCA is useful for determining the anticipated main geogenic and anthropogenic controls
over element concentrations, and gaining an idea of their spatial patterns. In order to further elucidate
the controls over the PTEs under investigation in this report, a PCA has been completed in the

following section with solely As, Co, Cr, Cu, Mo, Ni, Pb, Sb, Sn, V and Zn.

Belfast

Figure 3-14 Results of PCA completed for Belfast using shallow XRF data
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Figure 3-15 Map of PC1 from PCA completed for Belfast using shallow XRF data

Figure 3-16 Map of PC2 from PCA completed for Belfast using shallow XRF data
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The first two identified PCs explain 67 % of the total variance within the results of the Belfast PCA.

Table 3-3 Main controls over PC1 and PC2 for Belfast

Controlling PTEs
Co, V, Cr & Ni

PC1 Vs.

Pb, Sb & Sn
Cu & Zn

PC2 VS.

As

PC1 separates the geogenic controls over Co, V, Cr and Ni from the anthropogenic PTEs. Cobalt, V, Cr
and Ni, shown in green, cluster closely on the biplot (Figure 3-14) reemphasising their almost identical
spatial distributions related to their similar sources. The strong control exerted by the Tertiary basalts

over these PTEs is represented in the red areas in the PC1 map (Figure 3-15).

The PC1 results distinguish Pb, Sb and Sn (shown in pink) as the most clearly defined anthropogenic
PTEs. The map of PC1 shows the anthropogenic group to create a halo effect around the oldest part of
the city, with a stronger presence towards the east of the city. The shipbuilding industry has been
based within this area of this city for many years, with George Best Belfast City Airport now also
located here. This pattern is particularly obvious from the 1901 zone out to the current Belfast zone,

suggesting a long-term pattern of contamination within these soils.

PC2 appears to be explained by different contaminant sources contributing to As (red), and Cu and Zn
(blue). The widespread As contributions suggest a domestic source such as coal combustion (Duan &
Tan 2013), whereas the dark areas related to Cu and Zn suggest point sources across the city centre and
also highlight the area of Tertiary basalts in the west of the city. A geogenic contribution to As in areas
overlying Silurian greywacke is also possible; although the concentrations of As in this type of bedrock
would not be expected to be particularly elevated, we would expect them to be higher than those found

over the Tertiary basalts (Young & Donald 2013).
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Sheffield

Figure 3-17 Results of PCA completed for Sheffield using shallow XRF data

Figure 3-18 Map of PC1 from PCA completed for Sheffield using shallow XRF data

33



Historical development and its effect on soil contamination in urban areas
Final report

Figure 3-19 Map of PC2 from PCA completed for Sheffield using shallow XRF data

The PCA outputs for Sheffield are again similar to those for Belfast (Figure 3-17). In total PC1 and PC2
account for 53% of the total variance within the geochemical dataset for Sheffield. This is 14% less than

the PCA completed for Belfast demonstrating a greater complexity associated with soil geochemistry in

Sheffield.

Within PC1 the results again clearly separate Ni, Cr, Co and V (green) from Sb, Pb and Sn (pink). In
contrast to the Belfast results, Ni, Cr, Co and V are distributed much more widely on the biplot (Figure
3-17), demonstrating that although they are still anticipated to be from the same or similar sources, they
are not as closely correlated in Sheffield as they are in Belfast. The map for PC1 demonstrates that these
PTEs exert the greatest control over a large area along the north-east boundary of the study area where
these PTEs were previously shown to occur at elevated concentrations (Appendix B). This pattern is
thought to be related to the various industrial land uses located in this part of the city; many of
Sheffield’s iron and steel works were/are found here. The elevated concentrations could be related to

the industrial use (in these various factories) of the coal which also occurs naturally in this area.

The darker blue colours on the PC1 map represent the areas controlled by Pb, Sb and Sn, and similarly

to Belfast these PTEs are shown to form a halo around the oldest area of the city. The widespread
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nature of these PTEs on their total concentration maps (Appendix B) suggests an atmospheric

deposition anthropogenic source.

For Sheffield, PC2 separates As (red), from Cu and Zn (blue). In contrast to the Belfast PCA results, Ni
and Cr also seem to have an influence over PC2, falling towards the same side as Zn and Cu on the
biplot. The blue areas on the PC2 map are related to elevated concentrations of As, suggesting a
particular point source of As in these areas. The red areas are related to Zn, Cu, Ni and Cr and fall in a
similar, though smaller, area to the north-east of the location identified in PC1. As shown in Figure
3-20, PC2 seems to be influenced by the geogenic presence of coal with many of the red areas on the
map aligning with coal outcrops in Sheffield. Therefore, PC2 seems to identify a geogenic or mining

contribution to PTE concentrations (Zn, Cu, Ni and Cr) in Sheffield in the form of coal outcrops.

Figure 3-20 Map of PC2 from PCA completed for Sheffield using shallow XRF data compared with the specific
coal mining legacy plan for Sheffield created by the Coal Authority (The Coal Authority 2015)
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Compared to the overall PCA completed with all available elements (Appendix D), the more refined
PCA completed with the eleven PTEs of specific interest to this study provides a better approach for

identifying specific sources of PTEs.

3.4.4 Pollution indices

Belfast

Figure 3-21 Bar chart showing the PI for the PTEs within each of Belfast’s development zones (dashed line where
PI=1)

Pollution indices are used to assess the enrichment of the PTEs in the different historical development
zones of both cities. In Belfast, the Pls are calculated using rural median concentrations, thereby
demonstrating enrichment of these PTEs in the different Belfast zones compared to rural Northern
Ireland. The PlIs suggest that certain groups of PTEs are related to different development zones of

Belfast (Figure 3-21).

For Co, V, Cr and Ni the highest PI is within the current Belfast zone, due to the fact that a greater
proportion of the current Belfast area overlies basalts, which have a significant control over their

concentrations, than in the remainder of the development zones. These PIs are much reduced when the
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median concentration of the PTEs in soils overlying areas of Tertiary basalts replaces the rural median
concentration (Table 3-4). For example, the PIs for V, Co, Cr and Ni within the current development

zone reduce from 1.29, 1.83, 1.85 and 2.23 to 0.59, 0.69, 0.62 and 0.66 respectively.

Table 3-4 Pls generated for V, Cr, Co and Ni using the median basalt concentration in place of the overall rural
median concentration

\Y% Cr Co Ni
Belfast 1858 median / Basalt median 058 065 059 0.62
Belfast 1901 median / Basalt median 055 058 058 0.60
Belfast 1919-1939 median / Basalt median | 0.58 0.61 0.58 0.62
Belfast current median / Basalt median 059 069 0.62 0.66

Pb concentrations are at their highest within the 1901 zone, although the PI is only slightly higher at
4.56 than that within the 1919-1939 zone (4.50). For Cu, Zn, Sn, Sb, As and Mo the highest PIs are
located within the 1919-1939 zone suggesting this development zone is the most enriched in the
majority of the anthropogenically controlled PTEs. However, these PTEs do differ in the zones
containing the second highest PI; for Cu and Zn these fall within the 1858 zone, for Sn, Sb and Mo
within the 1901 zone and for As within the current Belfast zone. This suggests that rapid growth
associated with development of heavy industry in the city between 1901 and 1919-1939 may be
responsible for the elevated concentrations of a number of PTEs however contamination from all of
these PTEs is likely to have begun before this period of time. The similar pattern shown for Cu and Zn

again could be related to their role as constituents of brass.

Overall, Pb and Sn have the highest pollution indices suggesting the biggest anthropogenic enrichment
of these PTEs in Belfast. These are also two of the oldest and best recognised urban contaminants.
Although Sb and Mo also show anthropogenic enrichment, it is at a much lower level with PIs ranging
between 1.30 and 2.00 for Sb and 1.50 and 2.06 for Mo. Geogenic contributions to As in the form of
natural mineralisation (Mcllwaine et al. 2014) in rural areas of Northern Ireland probably results in

lower PIs for As.
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Sheffield

Figure 3-22 Bar chart showing the PI for the PTEs within each of Sheffield’s development zones (dashed line
where PI =1)

As opposed to the PIs calculated for Belfast, the PIs for Sheffield are calculated using a rural median
solely from the Carboniferous Coal Measures, rather than the median concentrations from the entire
surrounding rural area. When interpreting the PIs calculated for Sheffield, it should be noted that the
results therefore tell us about enrichment of these PTEs in the urban area compared to one type of

bedrock geology, rather than enrichment compared to the rural area as a whole.

The PIs calculated for Sheffield are consistently highest within the 1920 zone. This suggests that
industry in Sheffield between 1904 and 1920 may be responsible for the most elevated PTE
concentrations in soils. For Sn, Pb and Sb the PIs fall considerably within the 1938-1951 zone, below all
three of the previous historical zones. The PlIs are lowest for Cr, Mo, Sn, Pb, Sb, Cu and Zn in the

Current zone, and lowest for Co, V, Ni and As in the 1850-1851 zone.

Lead, Sb and Sn show the greatest accumulation in urban soils (highest PIs), followed by Cu and Zn.

The PIs for Sb are so high due to its low median concentration in the Carboniferous Coal Measures (0.5
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mg/kg). Cobalt and V are actually depleted in urban soils when compared to the rural median, while

Cr, Ni, As and Mo show minimal accumulation.

3.5 Urban subdomains

In summary, a mixture of geogenic and anthropogenic influences were identified over the PTE
concentrations in both cities. In Belfast, Co, Cr, Ni and V were shown to be geogenically controlled by
the Tertiary basalts. This geogenic influence was also evident for Cu and Zn, however both these PTEs
were also under anthropogenic influence, showing elevated concentrations across Belfast city centre.
Potential geogenic influences over As and Mo were identified in the form of the Silurian Greywackes,
with additional anthropogenic influences over both PTEs across Belfast. Solely anthropogenic
influences were identified over Pb, Sb and Sn in Belfast, most likely in the form of atmospheric

deposition.

An industrial area to the north-east of Sheffield was identified to be contributing to elevated
concentrations of Ni, Co, Cr and V. Areas of open cast mining as well as iron and steel works were
identified in this area, suggesting an anthropogenic source of these PTEs related to the industrial use of
the mined coal. The natural presence of coal was also found to be contributing geogenically to
concentrations of Zn, Cu, Ni and Cr in Sheffield. Similarly to Belfast, a sole anthropogenic source of Pb,
Sb and Sn in the form of atmospheric deposition was identified. Both As and Mo were also considered

to be anthropogenically controlled in Sheffield.

Although the evidence is more conclusive for Belfast, the different historical zones within both cities
have been demonstrated to be related to different sources of the PTEs. This is demonstrated by the Pls
where differing levels of enrichment are shown across the varying historical boundaries and is clearly
shown for a number of the PTEs on their spatial maps where halos surrounding the oldest areas of the
cities are visible (Section 3.3). To allow calculation of background values, the different historical zones
will be considered as urban subdomains, and background values calculated within each of them for

any anthropogenically influenced PTEs.

3.6 Background concentration calculations

Within the Belfast study area, four PTEs (Co, Cr, Ni and V) have been clearly identified as elements that
are geogenically controlled. The remainder of the PTEs in Belfast (As, Cu, Mo, Pb, Sb, Sn and Zn) are
thought to be affected in some way by anthropogenic inputs. In Sheffield, all the PTEs are thought to

be under some anthropogenic influence. From these results, different methods for calculating
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background concentrations have been applied to assess the concentrations of the anthropogenically
controlled PTEs within the city development zones, which have been shown to act as urban
subdomains. These background values indicate what a ‘typical” or background concentration of these
PTEs would be within the defined domain; aiming to differentiate between concentrations related to

geogenic and diffuse anthropogenic sources, and concentrations generated by point sources.
Belfast

Table 3-5 Summary of ULBLs calculated for the PTEs in Belfast regarded as having some anthropogenic input
within the separate development zones (highest shown in bold and lowest in italics)

ULBLs (mg/kg)
1858 | 1901 | 1919-1939 | Current
As 18 21 26 19
Cu 120 160 200 120
Mo 2.8 3.5 5.1 2.7
Pb 190 | 430 620 200
Sb 2.7 4.3 7.2 3.0
Sn 16 20 51 14
Zn 240 | 310 510 240

Table 3-6 Summary of Median + 2MAD background values calculated for the PTEs in Belfast regarded as having
some anthropogenic input within the separate development zones (highest shown in bold and lowest in italics)

Median + 2MAD (mg/kg)
1858 | 1901 | 1919-1939 | Current
As 13 15 17 14
Cu 95 100 120 80
Mo 1.8 24 3.0 1.8
Pb 140 280 270 120
Sb 1.9 3.1 3.7 21
Sn 11 14 18 7.7
Zn 210 220 290 170
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Table 3-7 Summary of NBC values calculated for the PTEs in Belfast regarded as having some anthropogenic
input within the separate development zones (BC = box-cox transformation, Log = log transformation and Emp =
empirical percentiles utilised)

NBC (mg/kg)
1901 1919-1939 Current
As BC 37 Emp 52 Log 21
Cu BC 210 BC 640 Log 130
Mo Log 4.7 Emp 18 Log 3.1
Pb Log | 490 BC 1300 Log 260
Sb Log 10 BC 33 Log 4.3
Sn Log 33 BC 1000 BC 24
Zn Log | 470 BC 2100 Log 290

NBCs cannot be calculated for the 1858 Belfast domain as there are only 18 samples available within
this area. With the exception of the Median + 2MAD method for Pb, all the background values
calculated are highest within the 1919-1939 zone. This would be expected for all the PTEs apart from
Pb, where the calculated PI is highest within the 1901 zone (Figure 3-21) suggesting the greatest
enrichment of Pb in this zone. Upon further investigation this was found to be related to the
distribution of the data. As the PI is based on the median of the dataset it is less affected by skew than
the background value calculations via the ULBL and NBC methods; the 1919-1939 Pb data is more
highly skewed than the 1901 Pb data. This suggests a more homogenous source of Pb, such as
atmospheric deposition, within the 1901 zone, whereas the 1919-1939 zone is possibly witnessing
atmospheric deposition as well as more independent point sources of Pb. This is possibly associated
with increased development in the east of the city within this 1919-1939 zone, as identified and

discussed within the PC1 results.
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Sheffield

Table 3-8 Summary of ULBLs calculated for the PTEs in Sheffield regarded as having some anthropogenic input
within the separate development zones (highest in bold and lowest in italics)

ULBLs (mg/kg)
1850-1851 | 1904 | 1920 | 1938-1951 | Current
As 62 70 54 50 41
Co 31 29 36 29 29
Cr 220 190 | 270 190 160
Cu 210 300 | 250 180 120
Mo 12 12 15 9.1 8.3
Ni 97 82 120 75 68
Pb 940 930 | 800 560 370
Sb 16 14 12 11 7.2
Sn 100 77 69 46 33
\ 130 140 130 140 140
Zn 420 620 | 520 420 330

Table 3-9 Summary of Median + 2MAD background values calculated for the PTEs in Sheffield regarded as
having some anthropogenic input within the separate development zones (highest in bold and lowest in italics)

Median + 2MAD (mg/kg)
1850-1851 | 1904 | 1920 | 1938-1951 | Current
As 34 44 39 38 31
Co 22 23 24 23 23
Cr 130 130 | 140 130 120
Cu 110 160 | 150 120 80
Mo 7.4 8.3 8.3 6.7 5.9
Ni 57 62 82 58 51
Pb 440 530 | 460 360 250
Sb 8.0 8.2 6.7 6.2 4.6
Sn 47 45 48 28 21
\Y% 110 110 110 110 110
Zn 290 400 | 380 280 230
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Table 3-10 Summary of NBC values calculated for the PTEs in Sheffield regarded as having some anthropogenic
input within the separate development zones (None = no transformation required, BC = box-cox transformation,
Log = log transformation and Emp = empirical percentiles utilised)

NBC (mg/kg)
1904 1938-1951 Current
As Log 77 Log 61 Log 50
Co Log | 40 Emp 41 Emp | 28
Cr Emp | 780 Emp 600 Emp | 370
Cu Log | 590 Log 260 BC | 200
Mo Log | 23 BC 19 Log 13
Ni BC | 240 BC 140 Log | 89
Pb Log | 1400 Log 790 Log | 600
Sb Log | 20 BC 22 Log | 9.2
Sn Log | 170 Log 64 Log | 46
A% None | 140 Emp 150 Log | 130
Zn Log | 920 BC 880 Log | 390

NBCs cannot be calculated for the 1850-1851 or 1920 Sheffield domain as there are only 22 and 27
samples available within these areas respectively. The domains with the most elevated background
values are reasonably consistent across the ULBL and Median + 2MAD calculations; it is difficult to
draw a comparison with the NBCs due to the missing subdomains. Where these differences occur it is

likely to be related to the distribution of the data, as explained for Pb in the Belfast results.

The main differences between the ULBL and Median + 2MAD concentrations are noted for Pb, Sb and
Sn. The highest concentrations via the ULBL method are in the 1850-1851 zone for all three PTEs,
whereas via the Median + 2MAD method the highest concentrations are in the 1904 zone for Pb and Sb
and the 1920 zone for Sn. In conjunction with the spatial distribution previously discussed, the most
elevated concentrations of all of these PTEs seem to form a halo surrounding the oldest part of the city,

suggesting a stronger alignment with the ULBLs than the Median + 2MAD values.

The ULBL method highlights the highest concentrations for Co, Cr, Mo and Ni in the 1920 zone, while
the Median + 2MAD method has the highest concentrations for Co, Cr, Mo, Ni, Sn and V in this zone.
The concentrations of V do not vary much across the development zones for any the methods used to
calculate background values, suggesting this PTE is not influenced by different periods of historical

development to the same extent as the other PTEs.
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Table 3-11 Summary of the percentage of concentrations exceeding the various background concentrations using
Sheffield’s Current zone as an example

Percentage of concentrations exceeding various background concentrations
within Sheffield’s Current zone

As Co Cr Cu Mo Ni Pb Sb Sn \Y% Zn

ULBL 63 | 30| 111 | 89 | 111 | 89 | 114 | 7.0 8.1 2.6 10.0
Median +2MAD | 14.8 | 7.7 | 20.3 | 19.6 | 17.3 | 17.0 | 185 | 19.2 | 19.2 | 13.7 | 19.6
NBC 3.0 | 3.0 | 3.0 4.4 5.5 4.4 3.3 3.7 3.7 5.2 5.9

As can be seen in Table 3-11, the most conservative background concentrations (i.e. the lowest
concentrations) are calculated by the Median + 2MAD method, while the least conservative (i.e. the
highest concentrations) are calculated via the NBC method, for all the PTEs except V. This is true for
the majority of the background concentrations calculated, not just for Sheffield’s Current zone (Table

3-11).

Rothwell & Cooke (2015) suggested the median + 2MAD method for use because it consistently
calculated the most conservative background concentrations in their study in Gateshead. Although this
is a sensible precaution from a risk perspective, it may not be realistic to state that further investigation
may be required at 19% of sampled sites within Sheffield’s Current zone where the concentration of Pb
is above the calculated Median + 2MAD value. The ULBLs provide concentrations between the most
conservative Median + 2MAD concentrations and the least conservative NBCs; they may therefore be
more appropriate values to use in gaining an understanding of background concentrations of different
PTEs in these studies. In addition, the NBC methodology is only applicable to domains with more than

30 samples and so it can’t be applied in a number of the urban subdomains identified.

The ULBL methodology has previously been applied on a Northern Ireland regional scale to generate
TTVs (Mcllwaine et al. 2014) as it was identified as the most appropriate method for calculating

background values.

4 Conclusions

The scale of PTE concentration data available within the study areas considered allowed for a thorough
examination of the effects of historical development on soil PTE concentrations. Clear groups of PTEs
were identified within the study areas investigated via depth ratios, a range of multivariate statistical
techniques and PIs. Controlling sources and links between historical development and PTE

concentrations were identified.
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The combination of statistical and spatial techniques used provided a thorough methodology for
examining the geochemical data. The techniques must be used side by side to gain an understanding of
the PTE distributions from both statistical and spatial perspectives. Simply considering statistical
distributions and spatial patterns alone provides a lot of information which can then be augmented by
multivariate techniques. The investigative methodology employed within this research may be useful

for application within other urban environments.

Potentially toxic elements with a controlling geogenic source in Belfast were identified as Co, V, Cr and
Ni. The marked similarity in the spatial distributions of these PTEs clearly demonstrates the control
that the Tertiary basalts have over their concentrations, and suggests similar point sources of
anthropogenic contributions perhaps due to importing of ‘clean’ topsoil, which originally overlaid the
Antrim basalts, in these areas. PTEs under predominantly anthropogenic sources in Belfast can be split
into three groups; 1) Sn, Pb and Sb, 2) Cu and Zn and 3) As and Mo. Cu and Zn receive some geogenic
contribution to their concentrations from the Tertiary basalts but similar anthropogenic contributions
are also obvious. Increasing anthropogenic contributions to both As and Mo see them grouped

similarly, with Pb, Sb and Sn noted for the greatest anthropogenic contribution.

All of the PTEs investigated were found to be under some anthropogenic influence in Sheffield. Nickel,
Co, Cr and V were found to align well in a large area along the north-east boundary of Sheffield where
they were shown to occur at elevated concentrations. This pattern is thought to be related to the
various industrial land uses located in this part of the city; many of Sheffield’s iron and steel works
were/are found here. The elevated concentrations could be related to the industrial use (in these
various factories) of the coal which also occurs naturally in this area. Similarly to Belfast, Pb, Sb and Sn
were shown to form a halo around the oldest area of the city. The widespread nature of these PTEs on
their total concentration maps suggests an atmospheric deposition anthropogenic source. A geogenic
contribution to Zn, Cu, Ni and Cr concentrations was identified in the form of coal outcrops in

Sheffield.

The PIs calculated show that different historical zones are related to different levels of PTE
accumulation. The relationship between historical development and differing PTEs is a novel finding
from this research. This suggests that PTEs have the potential for use as ‘“urbanisation tracers’ as

different PTEs have been shown to be associated with different historical anthropogenic sources.

Background values were calculated for the PTEs deemed to have some form of anthropogenic input
within each of the city’s development zones. These PTEs demonstrated the varying historical sources

within the development zones which result in varying background values. The background values for
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Belfast were generally highest in the 1919-1939 development zone, suggesting that contamination was
at its greatest in Belfast between 1901 and 1939. The background values calculated for Sheffield varied

more widely across the different development zones considered.

Point sources have not been considered in great detail in this study. Although they are likely to cause
problems on a small scale, this research suggests that diffuse contamination from larger scale issues
such as traffic, domestic combustion and more widespread industrial processes contribute a large part
of the contamination within urban environments. Current statutory guidance for Part 2A of the
Environmental Protection Act states that widespread geogenic or diffuse anthropogenic pollution in
soil should not be regarded as contaminated land unless other evidence demonstrates that they pose a
risk. These findings suggest that further research into the risk posed by these elevated concentrations

may be required.
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Appendix C — Sample R scripts

Depth Boxplot

rm(list=l1s())
ppi=300
library(psych)

## Read Belfast data
A <- read.csv("D:/Belfast.csv")

## Divide shallow concentration by deep concentration

Depth <- data.frame(A$Co_A_ICP/A$Co_S_ICP, A$V_A_ICP/A$V_S_ICP, A$Cr_A_ICP/A$Cr_S_ICP,
AS$Ni_A_ICP/A$Ni_S_ICP, AS$Cu_A_ICP/A$Cu_S_ICP, A$Zn_A_ICP/A$Zn_S_ICP,
A$Sn_A_ICP/A$Sn_S_ICP, A$Pb_A_ICP/A$Pb_S_ICP, A$Sb_A_ICP/A$Sb_S _ICP,
A$As_A_ICP/A$As_S_ICP, A$Mo_A_ICP/A$Mo_S_ICP)

COll‘lameS(Depth) <- C(HCOH, ”V”, nCrvv,nNin, ”Cu”, ”Zn”, ”Sn”, nan, ”Sb”, ”AS”, HMO”)

## Generate boxplot image

png("Depth BPlot Belfast.png", width = 10*ppi, height = 8*ppi, res = ppi)

par(mfrow = ¢(1,1), mar = c(2.2, 3.2, 2, 0.5), mgp = c(2, 0.7, 0))

boxplot(Depth, ylab = "Depth Ratio (Shallow/Deep)", main = " ", log = "y", yaxt = "n", cex.lab = 1.5,
cex.axis = 1.5, cex.main = 1.5)

axis(2, at = ¢(0.01, 0.1, 1, 10, 100), label = ¢(0.01, 0.1, 1, 10, 100), cex.axis = 1.5)

t <- apply(FUN = median, X=Depth, MARGIN = 2)

t <- round(t, 2)

mtext(adj = c(0.05,0.14,0.23,0.32,0.41,0.50,0.59,0.68,0.77,0.86,0.94), side = 3, text =t, col =1, cex = 1.5)
mtext(text ="M", adj = 0.01, side = 3, cex =1.5)

abline(h=1, Ity =1, col =2)

abline(h=0.2, Ity =5, col =1, Iwd = 1.5)

abline(h=1.5, Ity = 3, col =1, Iwd = 1.5)

dev.off()

Historical development and its effect on soil contamination in urban areas



Appendix C — Sample R scripts

Cluster Analysis

rm(list=Is())

ppi =300

library(vegan)
library(robCompositions)

library(dendextend)

## Read Sheffield data
A <- read.csv("'D:/Sheffield.csv")

## Complete clr transformation

CLR_XRF — CenLR(A[,C(”AS", nCOnI "CI‘", ”Cu”, HMOHI ”Ni”, "Pb”, "Sb", ”Sl’l", "V”, "Zn”)])

k1 <- subset(A[,c("SAMPLE", "Easting", "Northing")])

k2 <- subset(CLR_XRF$x.clr[,c("As", "Co", "Cr", "Cu", "Mo", "Ni", "Pb", "Sb", "Sn", "V", "Zn")])
colnames(k2) <- ¢("As", "Co", "Cr", "Cu", "Mo", "Ni", "Pb", "Sb", "Sn", "V", "Zn")

k2 <- scale(k2)

png("Cluster Sheffield.png", width = 8*ppi, height = 4*ppi, res = ppi)

par(mfrow = ¢(1,1), mgp = c(1.7, 0.75, 0))

x=t(k2)

res=hclust(dist(x),method="ward")

dend <- as.dendrogram(res)

dend <- rotate(dend, order = ¢("Co", "V", "Cr", "Ni", "As", "Mo", "Sn", "Pb", "Sb", "Cu", "Zn"))

plot(dend, main = "Cluster analysis Sheffield", cex = 1, cex.axis = 1, cex.main = 1, cex.lab = 1, horiz = TRUE,
xlim = ¢(80,0))

dev.off()
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Appendix C — Sample R scripts

Principal Component Analysis

rm(list=Is())
ppi =300
library(vegan)

library(robCompositions)

## Read Sheffield surface data - clr transformed
A <- read.csv("'D:/Sheffield.csv")

## Create subset As, Co, Cr, Cu, Mo, Ni, Pb, Sb, Sn, V, Zn
CLR_XRF — CenLR(A[,C(HASH, HCOH, HCrH, HCuH, HMOH, HNiH, HPbH, HSbIY, HSnlY, IIVH, llZnH)])

k1 <- subset(A[,c("SAMPLE", "Easting", "Northing")])
k2 <_ Su‘bset(CLR_XRF$X.C1r[,C(”ASH, HCO”, VYCrH, HCu”, VVMOH, VYNi”, ”Pb”, ”Sb”, HSn”, HV”, HZn”)])
Colnames(kz) <_ C(”ASH, VVCO”, VYCrVY, ”Cu”, HMOH, HNi”, HPbH, HSb”, IYSn”, ”V”, ”anl)

k = cbind(k1, k2)

summary(k)

pca <- rda(na.omit(k[,-1:-3]), scale = TRUE)
PCA_S <- summary(pca)
PCA_S$cont

png('PCA 1&2.png", width = 6*ppi, height = 4*ppi, res = ppi)
par(mfrow = ¢(1,2), mar = c(2, 2, 0.5, 0.5), mgp = c(1, 0.4, 0))

plot(pca, scaling = 3, display = "species", type = "n", xlab = "PC1 (37.8%)", ylab = "PC2 (14.9%)", cex.axis =
0.75, cex.lab = 0.75)

text(pca, scaling = 3, display = "species", cex=0.75, col =¢(2, 3, 3,4, 1, 3, 6, 6, 6, 3, 4))
plot(pca, scaling = 3, display = "sites", type = "n", cex.axis = 0.75, cex.lab = 0.75)
points(pca, scaling = 3, display = "sites", cex = 0.75)

dev.off()

png("PCA 2&3.png", width = 6*ppi, height = 4*ppi, res = ppi)
par(mfrow = ¢(1,2), mar = c(2, 2, 0.5, 0.5), mgp = c(1, 0.4, 0))

plot(pca, scaling = 3, display = "species”, type = "n", choices = ¢(2:3), xlab = "PC2 (14.9%)", ylab = "PC3
(13.6%)", cex.axis = 0.75, cex.lab = 0.75)

text(pca, scaling = 3, display = "species", cex = 0.75, choices = c(2:3))
plot(pca, scaling = 3, display = "sites", type = "n", choices = ¢(2:3), cex.axis = 0.75, cex.lab = 0.75)

Historical development and its effect on soil contamination in urban areas



Appendix C — Sample R scripts

points(pca, scaling = 3, display = "sites", cex = 0.75, choices = c¢(2:3))
dev.off()

PCA = vegan::scores(pca, scaling = 3, display = "sites", choices = 1:3)
write.csv((cbind(k, PCA)), file = "PCA.csv")
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