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Abstract 

As geographical information system (GIS) and spatial analysis techniques have been widely 

used in soil contamination, the methodologies applied in urbanized area and submillimetre 

profiles widened their utility. In this study, the spatial distribution patterns of phosphorus (P), 

aluminium (Al), calcium (Ca) and lead (Pb) in urban topsoils and labile P in lake sediments 

have been investigated using GIS-based techniques. The valuable results would provide 

information for soil management. 

 

The P is a necessary and limiting nutrient element for plants. The excessive P is becoming a 

worldwide environmental concern because it could cause water eutrophication, then threaten 

natural ecosystems and even human life. The hot spot map and results of analysis of variance 

(ANOVA) showed a mixed natural and anthropogenic control on P in the Greater London 

Authority (GLA) area based on analysis of 6467 topsoil samples. In the aspect of natural 

influences, alluvium and river terrace deposits had elevated P content. The hot spot map 

clearly demonstrated that the hot spots in the lower Thames Estuary disappeared suddenly, 

indicating the influences of the tidal dilution on the P-enriched soils. The high values clusters 

of hot spots in the city center and the built-up areas suggested that soil P content was heavily 

affected by human activities, which had also been revealed by the significant difference 

between the P concentration in urbanized area and that in non-urbanized area. 

 

The GIS techniques were used to visualize the labile P distribution in sediments of Lake Taihu 

at a submillimetre scale, showing low labile P in winter and high labile P in summer. The 

significant spatial autocorrelation in sediment profiles was revealed by the high values of 

Moran’s I. The distinct submillimeter-scale spatial patterns with seasonal changes were 

exhibited by the semivariograms. The impact of temperature on the mobility and spatial 

distribution of labile P in sediments was revealed by the apparently different levels of spatial 

variation during summer and winter. 
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Except for P, the spatial distribution of chemical elements in urban topsoils can be changed 

with different degrees. Three metals, Al, Ca and Pb in urban topsoils of the GLA area, 

displayed different levels of geogenic and anthropogenic influences, revealed by ANOVA and 

GIS-based spatial analysis. The spatial distribution of Pb was remarkably changed by human 

activities; The inert element Al could still be able to reserve its natural spatial distribution in 

the highly urbanized London and Ca exhibited the hybrid spatial distribution affected by both 

natural factors and human activities.  

 

Since Pb is often affected by human activities and it is a toxic heavy metal that is detrimental 

to human health as well as social behavior, we attempted to prepare the investigation of the 

relationship between Pb and socioeconomic or healthy status in the GLA area in the future. 

The first challenge is the spatially misaligned data when linking point Pb concentration to the 

socioeconomic or healthy data of the ward. This study has highlighted the point-to-area 

transformation issue on the basis of review and comparison of various methodologies. The 

advantages and disadvantages of different methods have been pointed out. The method of 

median block inverse distance weighted (IDW) interpolation was recommended for our 

further investigations. 

 

Keywords: Phosphorus; GIS; London; Moran’s I, local Moran’s I; Semivariogram; Lake Taihu; 

Lead; point-to-area data transformation 
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1.1 Background 

 

Geographic information system (GIS) mapping and spatial analysis have been widely used to 

reveal spatial distributions and structures of soil properties (Ashaiekh et al., 2019). The GIS 

applications provide invaluable information for risk assessment and soil management (Meng et al., 

2018). The GIS techniques are powerful for determination of spatial distribution and behavior of 

geochemical elements in urban areas (Mihailović et al., 2015; Kim and Choi, 2017). Parchomenko 

and Borsky (2018) applied the Getis-Ord Gi* statistic to identify a phosphorus (P) hot spot where 

was oversupplied by manure and recommended a spatially-targeted regulation on manure 

application. Kumar et al. (2018) used Moran’s I to choose the threshold distance for the Getis-

Ord Gi* statistic, then they assessed the risk of elevated uranium in groundwater depending on 

the hot spot analysis. Since chemical elements in urban soils have been intensively altered by 

human activities, different elements exhibit different levels of influences. Identifying the 

differences helps to discover accumulation locations and potential sources, which is useful to 

better manage and control metal accumulation or contamination in soils. In this study, the GIS 

techniques, geostatistics, spatial analysis were applied to investigate different chemical elements (P, 

aluminium (Al), calcium (Ca) and lead (Pb)) at different spatial scales (regional scale, submillimeter 

scale, point-to-area scale). 

 

The P is an indispensable element as well as a limiting nutrient in terrestrial and aquatic ecosystems. 

Phosphodiester is a component of nucleic acids and adenosine triphosphate is an energy transport 

molecule in a cell. In the natural (pre-human) P cycle, the only significant source is the chemical 

weathering from apatite minerals (Wu et al., 2016). Human activities have dramatically influenced 

P cycle in a variety of forms. Among all, the application of P-fertilizer in agriculture is the main 

source of soil P input. Between 1850 and 2000, the global farmland received approximately 550 

Mt P (Smil, 2000). The other markable sources include deforestation, waste and sewage. In order 

to meet the demands of food consumption and urbanization, more and more forests are cut. 

Deforestation increases P losses via soil erosion and runoff (Maranguit et al., 2017). Huge amounts 

of animal manure are discharged to the environment, causing serious environmental and economic 
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problems due to P losses (Jia et al., 2015). Although P in sewage is largely controlled nowadays, 

the sludge produced by sedimentation of sewage still retains more than 50% of P after standard 

treatment (Orhon, 2015). The P from diffuse sources through soil leaching and from point sources, 

such as discharge of sewage, are often responsible for the eutrophication of water bodies (Némery 

et al., 2005) (Fig. 1). In spite of low solubility of phosphates and their rapid transformation to 

insoluble forms, P can convert shallow freshwater bodies from oligotrophic to hypereutrophic. 

The concerns bringing from eutrophication range from unacceptable taste of drinking water to 

toxic matters (e.g. cyanotoxins) released by algal blooms (Oliver et al., 2019). The best way to 

minimize the anthropogenic impacts on P is to reduce its input. However, it is not fit for the high-

consumption societies of today. Improving the efficiency of P utilization and controlling the 

discharge of P are alternative choices. Setting more effective policies and management methods 

requires a better understanding of the location and magnitude of P in soil. For instance, building 

tree buffer zones and preventing uncontrolled feedlot waste can moderate P runoff, which can be 

located using GIS mapping and spatial statistical methods. Besides soil P leaching, internal P 

release from sediments are another vital cause of eutrophication. A large number of lakes in China 

are encountering the challenge of eutrophication. Two-dimensional (2D) high-resolution profiling 

of P measured by diffusive gradients in thin films (DGT) at the sediment-water interface (SWI) 

has been studied extensively in recent years (Chen et al., 2019a; Chen et al., 2019b). The 

distribution of DGT-labile P improves the understanding of the biogeochemistry behavior of P. 

However, classical statistic description often turns the 2D spatial distribution profile to one-

dimensional (1D) graph, using the mean values and standard deviation of each depth, or even 

several millimeters. This would lead to loss of information. Recently, researchers have utilized 

geostatistical theories to quantitatively study spatial correlation (Onyejekwe et al., 2016; Zhao et 

al., 2018). The spatial variation of sub-millimeter scale DGT-labile P concentration has not been 

quantified using geostatistics yet, which is worth to be investigated. 

 

Three metal elements, Al, Ca and Pb, were selected to compare the extent of geogenic control and 

anthropogenic influences in the GLA area. It was found that Pb is vulnerable to anthropogenic 

influences and Al is resistant to anthropogenic influences. It is well established that urban soils 
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often contain elevated Pb concentrations (Spliethoff et al., 2016). Exposure to Pb has potential 

hazards to human health. Studies have shown that Pb exposure would affect nervous, 

cardiovascular, immunological systems, leading to intelligence quotient deficits (Taylor et al., 2017), 

hearing loss (Carlson and Neitzel, 2018) and asthma (Farkhondeh et al., 2015). In addition, Pb has 

negative effects on socioeconomic status and psychophysiological behaviors (Gump et al., 2009).  

 

Furthermore, a challenge of different supports of data sets emerged when we prepared to carry 

out a research about the association between soil Pb and socioeconomic or healthy status. 

Geochemical data are often collected as point data, for example the geochemistry concentration 

in soils; On the other hand, the health data (e.g. mortality rate, cancer morbidity rate) are usually 

aggregated in administration areal unit level. The problem of point-to-area scale transformation is 

interesting to be reviewed and investigated. 

 

1.2 Policies on soil contamination of European Union, United Kingdom 

and China 

 

Soil is an essential and non-renewable natural resource and offers primary functions, including 

food production, hydrological management and maintenance for sustainable biological diversity 

and terrestrial ecosystems. The Thematic Strategy for Soil Protection was adopted with the 

objective to protect soils, identify the soil problem and remediate contaminated soil across the 

European Union (EU). Member States would support research projects, such as in the areas of 

soil nutrients recycling, consolidate soil monitoring and investigations, operate with contaminated 

sites and further integrate soil and soil protection aspects in different policies (EC, 2006). The 

Environmental Protection Agency of Ireland is the authority to carry out EU regulations that 

cover soil protection. The Environmental Protection Agency encourages soil research in order to 

precisely assess soil states and to supply information and guidance to policy and decision makers 

(EPA, 2014). Department for Environment, Food and Rural Affairs of the United Kingdom (UK) 
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has supported a large amount of research to better understand the risk of soil pollution for the 

purpose of safeguarding soils (Defra, 2009). The Ministry of Ecology and Environment of 

People’s Republic of China has made legislation on protection and remediation of soil pollution 

and black odors water bodies (Xu et al., 2017). 

 

1.3 Research objectives 

 

The spatial distribution patterns of P, Al, Ca and Pb in London topsoils and P in Lake Taihu 

sediments have been modified by human activities in different ways. The main objectives are to 

investigate the spatial distribution patterns and their influencing factors using GIS techniques and 

spatial analysis. 

 

The specific objectives for spatial variation of regional-scale P distribution in topsoils of Greater 

London Authority (GLA) area include: 

1) to reveal the spatial patterns of P using GIS mapping tool; 

2) to identify the locations of P accumulation and depletion using local Moran’s I;  

3) to explore the natural and anthropogenic factors associated with the spatial patterns. 

 

The specific objectives for spatial variation of submillimeter-scale DGT-labile P distribution in 

sediments of Lake Taihu include: 

1) to visualize the monthly distribution of labile P in sediments using GIS techniques so as to 

reveal the seasonal differences of distribution; 

2) to quantify spatial autocorrelation of labile P using spatial analysis methods, including 

semivariogram and Moran’s I, in order to determine its spatial structure characteristics at the 

submillimeter scale. 
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The specific objectives for identification of geogenic and anthropogenic controls on different 

spatial distribution patterns of Al, Ca and Pb include: 

1) to visualize spatial distribution of Al, Ca and Pb in topsoil of the GLA area using spatial 

interpolation;  

2) to identify the different levels of influences of natural and anthropogenic factors on their 

spatial distributions using analysis of variation (ANOVA) and GIS-based spatial analyses; 

3) to explore the natural and anthropogenic factors associated with the spatial patterns.  

 

The specific objectives for comparison of methods for addressing the point-to-area data 

transformation to make data suitable for environmental, health and socio-economic studies 

include: 

1) to review recently used methods of linking point data to area data; 

2) to compare the popular methods of estimating concentration of soil Pb and to select one 

“optimal” methodology for the further study. 

 

1.4 Structure of thesis 

 

This thesis comprises 5 chapters: 

Chapter 1 is the introduction, presenting the background, main objectives and research structure. 

Chapter 2 reviews the literatures of following aspects: 

1) The application of GIS techniques and spatial analysis methods; 

2) The measurements, influencing factors of spatial P variation in urban soils and lake sediments; 

3) The general spatial information of Al, Ca and Pb, the hazard of Pb contamination 
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4) The causes and resolutions of point-to-area scale transformation problem. 

Chapter 3 demonstrates the materials and methodologies used in the research. 

Chapter 4 consists of four published papers with their summaries and personal dedication 

descriptions. 

Chapter 5 is a discussion chapter which highlights how the four papers:  

1)   relate to each other; 

2)   contribute to the study’s stated goals and link to the literature reviewed; 

3)   advance the field of soil contamination, and the utility of GIS-based techniques. 

Finally, Chapter 6 concludes the four papers, and recommends policy relevant strategy and puts 

forward future research. 
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2.1 Overview 

 

This chapter reviews the literatures of the significance of GIS techniques and spatial analysis 

methods and its applications. As the powerful GIS-based analysis has been widely used, it can 

be applied to investigate spatial distribution patterns of chosen chemical elements (P, Al, Ca 

and Pb) with different spatial scales in urban soils and in lake sediments. This chapter also 

refers the measurements, influencing factors of spatial P variation in urban soils and lake 

sediments, the general spatial information of Al, Ca and Pb, the hazard of Pb contamination, 

and the causes and resolutions of point-to-area scale transformation problem. 

 

2.2 Introduction 

 

GIS technology is not only used to produce maps, but also to help researchers to identify the 

spatial distribution patterns and find out new phenomenon. The new findings would inspire a 

deeper understanding of the mechanisms. In the past decades, enhanced visualization tools 

and spatial analyses have been widely applied in interdisciplinary researches, especially in 

environment-related and health-related fields. In this study, the GIS-based analysis is used to 

explore the spatial distribution patterns of P in extremely urbanized area and in microscale 

profile. 

 

Since extensive urbanization, large areas of agriculture, grassland or forest soils have been 

changed into urban soils. The geochemistry and other characteristics of urban soils are 

tremendously altered by human activities, such as constructing buildings, transforming inputs 

and outputs of materials through the city (Wei et al., 2019). The P plays a significant role in 

urban soil and water quality, closely related with environment as well as residents’ health. 

However, elevated P has been found in cities due to greater input than output (Li et al., 2011). 

The excessive P would potentially transport into aquatic ecosystems and lead to the 
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eutrophication in water body (Addiscott and Thomas, 2000). In the UK, Pretty et al. (2002) 

preliminarily assessed that the economic loss caused by freshwater eutrophication was 75-114 

million pounds annually. It is believed that sewage treatment is one of the point sources of P, 

while the soil P accumulation is a sort of diffuse source as well (Granger et al., 2017). It is, 

therefore, of importance to monitor the locations of soil P accumulation. 

 

The soil P transports from accumulated-P soils to water bodies through various water 

pathways, for instance, leaching to groundwater, and surface run-off to stream (McGinley et 

al., 2016). Except for the external P input, bottom sediments of lakes act as a sink of P as well 

as a source of P (Chen et al., 2018). When the balance between sediment and water phase is 

broken, P would exchange through SWI and it is frequently happened in the uppermost layer 

of bottom sediment (Biswas et al., 2017). A recent study showed that the internal release of P 

from sediment, rather than external P loading, determined the P limitation for harmful algal 

blooms in hyper-eutrophic Lake (Wu et al., 2017). Thus, it is necessary to investigate the spatial 

variation of P in water sediments. 

 

Except for P, metal elements in urban soil have been modified by human activities in different 

levels. It is of great interest that three chosen typical metal elements, Al, Ca and Pb clearly 

demonstrate the different levels affected by human activities in an extremely urbanized city. 

Understanding how much human activities influence the spatial variation is important for soil 

management. 

 

Moreover, if researchers attempted to investigate the relationship of urban soil geochemical 

with environment, health or socio-economy, they would encounter with incompatible data of 

different spatial scales. Addressing this spatially incompatible data problem is an important 

step which will influence the further investigation. In this chapter, this problem is reviewed. 
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2.3 The GIS technology 

 

The GIS technology is commonly used in the study of soil property at the beginning. Xu et al. 

(2019) revealed the “hidden” relationship and pattern between total organic carbon and pH at 

the European scale using hot spot analysis. Fu et al. (2010) investigated the spatial variation of 

P in a grassland of Ireland using local Moran’s I. Meng et al. (2018(b)) identified the natural 

and anthropogenic factors that influence the P spatial distribution pattern in the GLA area 

using local Moran’s I. 

 

The GIS technology has been applied in environmental epidemiology study, in order to better 

understand the changes of the Earth’s surface by natural, social and economic processes that 

affect public health on local, regional and global scales (Cromley and McLafferty, 2002). The 

cases range from basic disease mapping to spatial analysis and spatial modeling. The GIS 

techniques can provide powerful spatial analysis tools to investigate spatial characteristics of 

disease and its environmental influence factors (Rapant et al., 2015). Zhang and Tripathi (2018) 

used IDW interpolation, global Moran’s I statistics, Getis-Ord G* statistics and local 

indicators of spatial association/autocorrelation (LISA) to examine the correlation between 

lung cancer and fine particulate matter (PM2.5). 

 

The GIS also can help to optimize the location for business or facilities. Xue et al. (2017) 

found the optimal location of urban mining facilities in China with the assistance of GIS. Woo 

et al. (2018) optimized the location of biomass energy facilities using the mixed method of 

multi-criteria analysis and GIS. 

 

The GIS provides spatial-temporal tools for investigating the change extent as well as 

identifying the area with high risk. García-Ayllón (2017) applied GIS spatial-temporal analysis 

to assess anthropogenic influences on coastal ecological systems, such as land use, while Singh 



 

 Literature Review 

15 

 

and Kasana (2017) performed GIS-based spatial-temporal investigation of groundwater level 

fluctuation. Vemulapalli et al. (2017) identified distinct spatial and temporal patterns of 

locations with high risk for aging-involved roadway accidents. 

 

The semivariogram and kriging method, initially used for mining industry, is now widely 

employed in environment sciences (Oliver and Webster, 2015). The geostatistics method is 

also applied to the material (Niemietz et al., 2010) and submillimetre scale (Meng et al., 2018(a)) 

researches. Niemietz et al. (2010) carried out variogram analysis to analyze physical properties 

of semiconductors. 

 

2.4 The GIS application of P in soils 

 

Since GIS-based assessment and management of P have been widely applied in catchment and 

agricultural land (Gupta et al., 2012; Fu et al., 2010; Fu et al., 2011), the P in urban soils has 

not been fully investigated. In 2016, several eutrophic phenomena have been observed during 

London field trip (Fig. 2.1). The spatial variability in urban soils is complicated due to human 

disturbance which needs GIS technology to identify the spatial distribution patterns. The 

spatial distribution patterns will provide valuable information for P management. 

 

Figure 2.1: (a, b, c) One section of Lee Navigation; (d) The stream near the Deephams Sewage Work; 

(e) Deephams Sewage Work; (f) Trunk Sewers on Meridian Way; (g, h, i) Stanwell Village. 
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2.4.1 Spatial variability of P in soils 

 

Under natural condition, the spatial variability of P is influenced by complicated factors, such 

as parent materials (PMs), topography, climate, hydrology, vegetation types, soil texture and 

biotic processes (Bennett et al., 2004; Guan et al., 2017). In mountain area, PMs play a 

determining role in the soil P cycling (Mage and Porder, 2013). In humid tropical forest, soil 

moisture affects the available P with a positive relationship (Wood et al., 2016). In agricultural 

areas, topographic index is related with the extractable P under the condition of low external 

P input (Wilson et al., 2016). In one forest of Beijing, vegetation types and elevation have 

strong impacts on soil P (Zhang et al., 2010). On the other hand, P accumulation and storage 

are altered by land use, fertilizer use and manure applications (Hu et al., 2011). The distribution 

of P in farms can be significantly modified by land uses, such as cropland, grassland and 

mountain pasture (Roger et al., 2014; Xu et al., 2014). Fertilizing increases soil P dramatically 

(Gao et al., 2011) and manure results in high P surpluses (Jia et al., 2015).  

 

Soil properties exhibit variance and heterogeneity at different spatial scales, ranging from 

submillimeter to kilometer (Yost et al., 1982; Hu et al., 2003; Meng et al., 2018(a)). In many 

circumstances, spatial variation is not random but has autocorrelation in which variability 

increases as distance increases between points (Fu et al., 2011). The precision of P 

management depending on the identification of P variability can significantly reduce the risk 

of P accumulation. In practice, farmers focus on the variability within field; while 

environmental planners and policy makers are interested in the regional variability. Previous 

studies paid attention on agriculture land and rural area, however P in urban soil has not been 

fully studied. Urban system changes the input and output of P, thus soils in several cities such 

as Nanjing, Hangzhou, Hefei of China, have been enriched with P (Zhang et al., 2001; Zhang, 

2004; Li et al., 2010). Urban soil is closely related to health due to huge populations living in 

urban areas. It is therefore vital to investigate the magnitude and location of P accumulation 

and storage. The research sets the foundation for improving P management and preventing P 

from transporting into aquatic systems. 
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2.4.2 Anthropogenic factors for P variability 

 

2.4.2.1 Fertilizer 

 

To meet the rapidly increasing demand for food production, P input has been transformed 

from locally available organic matter like manure and human excreta to inorganic P fertilizer 

derived from distant phosphate-rich rock since the mid-to-late 19th century. It is predicted that 

the P demand would continue to grow until 2030 and the P scarcity would threaten the food 

supply on global level (Cordell et al., 2009). The global agricultural soils received around 550 

Mt P from 1850 to 2000 (Smil, 2000). In the UK, P losses from agricultural land have 

contributed to eutrophication, although P surpluses have decreased by about 50% due to the 

reduction of P fertilizer application since the last decades (Ulén, et al., 2007). Except for 

agricultural land, fertilizer is also widely used in urban domestic gardens which is often 

neglected but is significant for the urban soils. Gardens in Flemish have higher P content due 

to the usage of 0.07 kg fertilizer per m2 (Dewaelheyns et al., 2013). London has a large area of 

garden of 37,900 hectares, accounting for approximately 24% of the GLA area (Smith et al., 

2011). Thus, the fertilizer application in gardens plays an important role in urban soil. In China, 

the consumption of P fertilizer has boosted about 100-fold during the period of 1960 and 

2010 (Li et al., 2015). Despite of the improved efficiency, there are still plenty of P exported 

from river basins to the coastal areas (Liu et al., 2018(a)). 

 

2.4.2.2 Reuse of organic wastes (manure) 

 

Because of scarcity and increasing cost of exploitable phosphate rock, over-abundance of crop 

residues and animal manure are recycled to meet the need of P (Sarvajayakesavalu et al., 2018). 

Government encourage to reuse livestock manure because it remains valuable plant nutrients 

and organic matter (Grande et al., 2005). There are around 2 Gt dry matter produced by fresh 
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manure per year worldwide. In Europe and Asia, agricultural fields received 5-10 kg P per 

hectare annually which is contributed by animal manure (Smil, 2000). However, the application 

of manure is spatially uneven. Some areas have manure P deficits due to unavailability of local 

livestock and the bulky texture of manure, while some areas have saturated or even surplus P 

(Bateman et al., 2011). Although the addition of manure is beneficial to agricultural 

sustainability, repeated manure application for achieving the balance of nitrogen (N) and P 

would cause high P accumulation (Bundy and Sturgul, 2001). In China, the huge amounts of 

livestock and poultry manure disposed to the environment have brought up the P pollution 

(Yuan et al., 2019). The high manure P surpluses in Beijing, China resulted from per-urban 

arable land have become a big concern regarding the environment. Balanced manure P 

management is urgently required to minimize the P uneven distribution and potential risk of 

runoff. 

 

2.4.2.3 Sewage 

 

Organic waste and detergent component (sodium triphosphate) are important sources of P in 

domestic wastewater (Halliwell et al., 2001). Wastewater is centrally treated in large cities 

nowadays, which is a more economic and efficient way for disposal of human waste to water. 

This step transferred multiple small diffuse sources of P to large point sources. Across the 

United States of America (USA), nearly 0.06 Tg P transported to riverine as sewage and 

detergent in 2012 (Metson et al., 2017). In the UK, with the great efforts made by sewage 

treatment works, the mean total reactive P concentration in river waters has decreased by 60% 

since a peak in 1985 (Civan et al., 2018). Although P has been removed partially by treatment 

works prior to discharge into receiving waters, downstream of the receiving water still contains 

high concentrations of all species of P, particularly soluble reactive P (Millier and Hooda, 2011). 

On the other hand, millions of tons of sewage sludge are generated globally, which remains 

high P content (1-5%) (Wang et al., 2018.). Utilization in agriculture, landscaping, incineration 

and landfilling are major methods for sludge treatment (Kelessidis and Stasinakis, 2012). 

Sewage sludge is not suitable to reuse in agriculture directly owning to harmful heavy metal 



 

 Literature Review 

19 

 

residues. Thus, regenerating P from sewage sludge is an environmental-friendly alternative 

(Wollmann et al., 2018). For example, sewage sludge ash can be made into P fertilizer (Herzel 

et al., 2016). Inappropriate disposal of sewage and its derived substance would likely export 

excessive P into the aqueous environment. Most eutrophication is attributable to the sewage 

emitting from boosting urbanized human population (Reynolds and Davies, 2001). 

 

2.4.3 The P management 

 

It is urgent to reduce anthropogenic P burdens as it is already an awareness that unsustainable 

use of P has led to worldwide eutrophication. GIS techniques can help in P management which 

has been mentioned in the following contents. The P management can be divided into three 

general categories: cutting down the P input; mitigating P loss to water body; enhancing the 

recovery and reuse of P waste. 

 

Cutting down the P input: 

1) Improve efficiency of P fertilizer in farming system. Spatial variation of nutrient in 

agricultural land has been recognized, especially by GIS. Thus, precise application of 

fertilizer is a way to improve financial and environmental outcomes (Fu et al., 2010). On 

the other hand, optimizing input rate of fertilizer based on assessing the efficiency by 

several methods, such as P isotope track, P Balance Efficiency is also an approach (Iho 

and Laukkanen, 2012; Weaver and Wong, 2011).  

2) Limit the number of livestock and the amount of manure produced in problem areas 

(Smil, 2000). 

3) Improve farmers’ awareness of the negative consequences of P fertilizer. Some surveys 

have found that farmers over-applied fertilizer in order to increase yields (Li et al., 2016). 

4) Restrict the use of P-containing detergents. In 2012, detergent was still one of the major 

sources of P water pollution in the USA (Metson et al., 2017). 
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5) Increase the performance of fertilizer by technology, such as addition of P-solubilizing 

bacteria in fertilizer (Abbasi et al., 2015). 

6) Encourage the change of diet type of people by reducing meat and dairy consumption. 

Given the fact that more than 60% of fertilizer is used on cereals of which more than 

40% is used as livestock feed (Smil, 2000). 

 

Mitigating P loss to water body: 

1) Increase the capability of removal of P from sewage and industrial. Developing 

techniques of biomass engineering and sewage treatment works is a vital step to minimize 

the transportation of P into aqueous systems (Chan et al., 2017). 

2) Decrease the speed of deforestation. Abundant organic matter in forest soils is helpful 

in reducing water and nutrients runoff (Ouyang et al., 2015). 

3) Establish treed buffer zones around intensively fertilized fields, high P concentration 

areas or along riverine. GIS mapping and hot spot analysis could help to identify the 

areas with high P pollution risk (Meng et al., 2018(b)). 

4) Slow down the flow rate during rainfall events with high intensities and short durations. 

Li et al. (2013(a)) pointed out that flow rate is the primary influence factor on P release 

in urban soils. 

 

Enhancing the recovery and reuse of P waste: 

1) Balance P among the arable land, grassland and livestock sectors. The efficiency of 

manure collection, storage and field application are crucial in reuse of P waste. The closer 

linkage of these sectors would reduce P losses (Li et al., 2016). 

2) Improve manure to be more suitable for farm application by techniques. For example, 

fungal biomass treatment can increase the N-to-P ratio which can better satisfy crop 

growth and help to reduce P pollution (He et al., 2019). Extracted P from manure by acid 
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wash can be used as fertilizer and the manure after this treatment is environmentally safe 

for land application (Szögi, et al., 2015). 

3) Recover P from sewage. Combined with population growth and urbanization 

development, the potential of recovery P from sewage is huge (Wu et al., 2016). 

 

2.5 The GIS application of labile P in lake sediments 

 

Internal labile P in lake sediments plays an important role in water eutrophication. Labile P 

can be available to plants or microorganisms, which includes the sum of inorganic P and 

organic P extracted in resin and bicarbonate (Costa et al., 2016). It can be captured in 2D 

submillimeter-scale profiles. However, it is often described as 1D. The 2D spatial information 

obtained by GIS can help in decision making and support for better management of the water 

resources. 

 

2.5.1 Spatial variability of labile P in lake sediments 

 

After an excess of P moves to lakes, the sediments perform not only as a sink of P by forming 

mineral-P complexes, but also as a source to release P back to overlaying water column (Xu 

et al., 2013). Therefore, internal loading of P can be sufficient to maintain waterbody in a 

eutrophic state for a long period of time, even when the external anthropogenic input has 

already substantially declined (Wang et al., 2011). Although porewater dissolved reactive P in 

sediment is increasing from top to lower depth, P flux is more active in the top few centimeters 

of the sediment. It is because that the anaerobic condition of uppermost sediment promotes 

a large amount of P fluxes (Moore et al., 1998). As a result, a debate on the effects of dredging 

on the control of P is ongoing. Some studies pointed out that dredging is an effective way to 

reduce the internal P loading (Liu et al., 2016(a); Yu et al., 2017); others reported as an opposite 

conclusion (Pu et al., 2000). The spatial variation of P does not only exist in different locations 
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(Spears et al., 2006; Yao et al., 2016), but also presents in different depths, even in 

submillimeter scale in sediments (Meng et al., 2018(a); Yao et al., 2016). Quantification of 

spatial variability is essential for investigating the relationship between water sediment 

properties and environmental factors. Management of eutrophication depends on the 

determination of spatial horizontal and vertical variation as well as the mechanism behind it. 

 

2.5.2 Measurements of labile P in lake sediment 

 

The assessment of total P in sediment gives essential information about its enrichment, while 

the measurement of bioavailability of P is vital for measuring its mobilization (Barik et al., 

2019). Sequential extraction using different solution is a traditional method for analysis of P 

fraction in water and sediments (Chen et al., 2016(a); Moore et al., 1998; Tang et al., 2018). 

The measurement at high spatial resolution and in situ is required at SWI because the chemical 

varies within short distance in the surface of sediment (Ding et al., 2011). Several techniques 

have been developed recently, such as Rhizon, diffusive equilibration in thin films (DET) and 

DGT (Ding et al., 2011; Xu et al., 2012). Precise data from such measurements are necessary 

in order to improve our knowledge of biogeochemical processes. 

 

The DGT technology was invented by Bill Davison and Hao Zhang in 1993 which is based 

on the fundamental theory of Fick’s first law of diffusion. It is a novel approach for measuring 

the labile forms of chemical elements, for instance P, sulfur (S) and arsenic (As), in water, 

sediment and soil (Davison and Zhang, 1994). The DGT has the following merits: in situ 

measurement; labile fractionation; kinetic and thermodynamic constant; high spatial resolution; 

2D concentration images (Zhang et al., 2014). The device comprises three layers, including 

binding gel, diffusive gel and filter membrane (Fig. 2.2). The binding gel contains binding 

agents to accumulate ions. It is the establishment of a constant concentration gradient in the 

diffusive layer that forms the basis for measuring chemical element concentration in solution 

quantitatively. The labile ions diffuse through a filter membrane and a diffusive gel and are 
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then bound on the binding gel. The concentration of labile P can be calculated using Equation 

(2.1) (Davison and Zhang, 1994): 

 𝐶𝐷𝐺𝑇 =
𝑀∆𝑔

𝐷𝐴𝑡
                                                          (2.1) 

Where ∆g (cm) represents the thickness of the diffusive layer, D (cm2 s-1) refers to the diffusive 

coefficient of P in the diffusive layer, t (s) is the deployment time, A (cm2) represents the 

exposure area of the gel, and M (μg) is the accumulated mass over the deployment time (e.g., 

24 hours). 

 

In reality, the 2D concentration images obtained by the DGT technology are often changed 

to 1D vertical distributions using conventional statistics (Xing et al., 2018; Yao et al., 2016). 

This change would lose a lot of valuable spatial information. There is a gap between the 2D 

image information and conventional statistical analysis. The GIS techniques and geostatistics 

are proposed to handle with this issue. 

 

 

Figure 2.2: The DGT probe structure. 
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2.5.3 Influencing factors for labile P variability 

 

Studies have indicated that the internal P release is strongly affected by pH, temperature, 

microbial activity, bioturbation, dissolved reactive P in pore water, resuspension as well as 

redox condition (Su et al., 2014). Competitive exchange of phosphate anions with OH- 

liberates significant amounts of soluble P into water column in high pH condition (Niemistö 

et al., 2011). High temperature is favorable for the release of P, because elevated temperature 

strengthens organic mineralization, microbial metabolic processes and solute chemical 

diffusion (Liu et al., 2018(b); Xue and Lu, 2015). Microbial activity enhances the degradation 

of organic matter, releasing P from sediments and dead plants (Wang et al., 2013). Worm 

bioturbation decreased the concentration of labile P in sediment in the first month, then the 

effects disappeared and emerged again (Chen et al., 2016(b)). The elevated P-adsorbed 

suspended particulate matter has a negative impact on post-dredging SWI and consequently 

increases internal P loading (Liu et al., 2016(b)). Huang et al. (2016) have pointed out that the 

bottom sediment of Lake Taihu could be notably resuspended by wind-driven waves, then 

enhancing the release of P. 

 

Redox condition is the most popular explanation for controlling P mobilization. It is widely 

accepted that Fe is the most prevalent redox-sensitive metal and Fe redox cycle plays an 

important role in P lability. In the oxidized condition, P combines to Fe(III) and settle down 

to sediments. While in anoxic condition, Fe(III) is reduced to Fe(II) and subsequently both 

Fe(II) and phosphate are dissolved to water column (Han et al., 2015). Moreover, dissolved 

sulphate is reduced to S(II) under anoxic circumstances which can combine Fe(II) and form 

insoluble iron-sulphide (FeS and FeS2) rapidly (Sun et al., 2016). Therefore, the interactions 

among P, Fe and S can influence their availability and mobility. 

 

2.6 The GIS application of Al, Ca and Pb in soils 
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The GIS techniques have been widely used to identify and evaluate metal pollution (Hou et 

al., 2017). The Pb is one of potential toxic metals which is affected by anthropogenic factors. 

Otherwise, some metals, such as Al, iron (Fe), are dominated by PMs. In this study, GIS 

techniques are used to identify geogenic and anthropogenic factors on different spatial 

distribution patterns of Al, Ca and Pb in urban topsoil of the GLA area. 

 

2.6.1 The different spatial distribution patterns of Al, Ca and Pb 

 

Since Craul (1985) defined urban soils to have “characteristics unlike those of their natural 

counterparts”, the PMs still have major natural control on soil geochemistry even in intensively 

urbanized areas (Argyraki and Kelepertzis, 2014). Therefore, it is of great interest to investigate 

the different levels of the natural and anthropogenic influence factors on spatial distributions. 

Wilcke et al. (1998) found that the metal groups of Al, Chromium (Cr), Fe, manganese (Mn) 

and nickel (Ni) were dominated by the PMs, whereas the metal groups of cadmium (Cd), 

copper (Cu), Pb, and zinc (Zn) likely originated from anthropogenic emissions in Bangkok 

topsoils. Appleton et al. (2013) reported that the variance of Al, Ca and Pb in London region 

was controlled by soil PMs in dominant, moderate and slight level, respectively. The Al is the 

most enriched metal in the crust and is existing as oxides or silicates in the mineral feldspars, 

beryl, and garnet. The Al and Fe are significantly correlated with the clay content (Wilcke et 

al., 1998). Li et al. (2013(b)) demonstrated that the roadside and residential areas had greater 

concentrations of Ca, Cu, Mn and Zn compared to other land use types, which is in accordance 

with Appleton et al. (2013) and Liu et al., (2015). Low background value of Pb in soil due to 

naturally occurring soil lead minerals such as anglesite, cerussite, and galena (Minca and Basta, 

2013). It is believed that the elevated Pb in urban soils is caused by human activity, coming 

from the historic use of Pb-based products (Wong and Li, 2004). 

 



 

 Literature Review 

26 

 

2.6.2 The Pb contamination in urban soil and its hazard 

 

The Pb contamination of urban soils is pervasive and detrimental to human health, resulting 

from that soil is a major sink for anthropogenic metals via varied pathways (Deng et al., 2016). 

Quite a lots cities have been revealed with elevated Pb in soils, for instance, Moscow (Russia) 

(Nikiforova and Kosheleva, 2007), Sydney (Australia) (Walter et al., 2005), Shenyang (China) 

(Li et al., 2013(c)), Toronto (Canada) (Nazzal et al., 2015), New Orleans (USA) (Laidlaw et al., 

2017). This contamination is mostly derived from Pb-added petroleum, deterioration of Pb-

containing paint, emission from Pb smelters and battery recycling and other industries. 

Although Pb has been banned to be used in petrol in most countries, Pb-based paints, Pb-acid 

batteries and Pb-soldered printed circuit boards in electronic appliances are still produced in 

many countries (Sung and Park, 2018). The spatial pattern of contamination is influenced by 

historical and current land use, traffic, landscape and socioecological landscape (Laidlaw et al., 

2017).  

 

Eating edible vegetation is an important pathway to transfer soil Pb to human beings. Urban 

agriculture has grown in large cities, such as New York City (USA), Oakland (USA), Daejeon 

(Korea), because it provides many advantages, such as the production of fresh and health 

foods using less chemical pesticide, and the improvement of physical and mental health of 

urban residents (Sung and Park, 2018). However, a large portion of vegetables exceeded the 

local standard for maximum Pb threshold value, presenting a risk of Pb exposure (McBride et 

al., 2014; McClintock, 2012; Sung and Park, 2018). There were 738 allotments in London and 

each allotment is usually around 250 m2 (GLA, 2006). They can be rented by an individual for 

growing fruit and vegetables. Therefore, the Pb concentration is very crucial for urban farmers. 

 

Children are more amenable than adults to Pb poisoning due to typical childhood hand-to-

mouth characteristics (Sahmel et al., 2015). It is recorded in many studies that elevated Pb 

concentration in children’s blood has a harmful impact on neurological and physiological 
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development (Deng et al., 2016). In the Pearl River Delta region of China, a high number of 

children have elevated blood Pb level (Chen et al., 2012). The blood Pb levels of preschool 

children living suburb areas was higher than those who were living in the central district in 

Shanghai due to the industrial areas moving form city center to suburb areas. This study also 

pointed out that boys’ blood Pb levels were greater than those of girls which possibly caused 

by more outdoor playing among boys (Cao et al., 2014). Despite the sharp drop of children’s 

blood Pb levels owing to banned Pb-additive gasoline, there is abundant evidence that low-

level Pb exposure is associated with intellectual deficits, behavioral impairments, conduct 

disorder even criminal behavior without apparent threshold (Oulhote et al., 2013). Oulhote et 

al. (2013) also demonstrated that the steepest increase in blood Pb levels happened at the 

lowest levels of Pb-contaminated floor dust, which suggested that Pb contamination should 

be kept as low as possible. 

 

2.7 The GIS application in transferring point data to areal data 

2.7.1 Causes for different spatial supports 

 

Spatially misaligned data are becoming more and more ubiquitous because of the development 

in data collection as well as the increasing scientific interdisciplinary researches, including the 

geographical, environmental, epidemiological, ecological and economical fields. Data are 

primarily collected either at locations in space (point data), or over areal units like postal zip 

zones, residential communities, administrative districts or counties (areal data) (Moraga et al., 

2017). For example, concentration of heavy metal in soils, air pollutions, such as sulfur dioxide 

(SO2), measured at air monitoring stations, temperature and precipitation estimated at weather 

stations are often collected as point data, whereas socio-economic data, such as education 

levels, ethnicity and income, are commonly recorded by census or survey in designed regions. 

In epidemiology, cases of disease occurrence or death can be recorded with location, but areal 

data are frequently adopted by aggregating the point data over spatial units due to ethical 

concerns and patient confidentiality (Lawson, 2012). In practice, we wish to find out the 
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relationship between two variables which are recorded at different spatial resolution. In the 

literature, the incompatibility problem is called as point areal spatial misalignment (Finley et 

al., 2014), though Gotway and Young (2002) prefer the term of “change of support problem”.  

 

2.7.2 Methods to address the challenge 

 

The examples of three groups of methodology to address the problem of point areal spatial 

misalignment are listed (Table 2.1). The first is upscaling approaches which are more often 

applied (Fig. 2.3). It is the determination of representative values over the area units using the 

point data. On the opposite direction, downscaling methods is to change the areal data to 

match the point data (Fig. 2.3). The third one is the jointly model using the two variables, 

including their spatial variations. There are a variety of approaches, ranging from the 

straightforward arithmetic average to the more demanding Bayesian models. There is no such 

a thing as a ‘best” approach for all situations. Rather, the user should select an approach 

according to the specific objective of the study (Goovaerts, 1999). 

 

 

Figure 2.3: Simplified graphical representation of upscaling and downscaling processes between point 

and areal data.
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Table 2.1: Examples of dealing with point areal spatial misalignment. 

Group Methodology Advantage Disadvantage Reference 

Upscaling Arithmetic average/median value 

Geometric average/median value 

easy calculation and 
application 

not suitable with sparse 
sampling or uneven random 
sampling 

Cave et al., 
2018 

Average/median value extracted by interpolation 
(e.g. IDW, kriging; an empirical model) 

unbiased prediction;  

taking spatial variability 
into account 

the uncertainty and 
estimated errors with 
predicted values 

Pinichka et 
al., 2017 

Average/median value extracted by block 
interpolation (e.g. IDW, kriging) 

unbiased prediction;  

taking spatial variability 
into account 

the uncertainty and 
estimated errors with 
predicted values 

Rapant et 
al., 2015 

Centroid value extracted by interpolation (e.g. 
IDW, kriging; an empirical model) 

taking spatial variability 
into account 

biased prediction based on 
one point 

Young et 
al., 2009 

Downscaling Area-to-point kriging including covariates and 
providing standard 
errors for the resulting 
prediction 

no implantation in GIS 
software and no defaults 
that allow automatic 
solutions  

Wang et 
al., 2016 

Modelling Bayesian models (e.g. Markov Monte Carlo; 
Integrated Nested Laplace approximation) 

taking spatial variation 
and uncertainty into 
account 

complex model; long 
computational time 

Moraga et 
al., 2017 
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2.8 Summary 

 

The literature review indicates: i) It is necessary to investigate the magnitude and location of 

P accumulation and their sources which is the basement to improve P management and to 

prevent P from transporting into aquatic systems; ii) The GIS can be used to reveal spatial 

distribution patterns of P, Al, Ca and Pb in extensively urbanized area; iii) The GIS can be 

used to describe 2D spatial pattern obtained by the DGT measurement that the classical 

statistical description cannot satisfy; iv) The different level of geogenic and anthropogenic 

influences on different spatial distribution patterns of Al, Ca and Pb in urban topsoils of the 

GLA can be identified using GIS; v) The GIS can be used to transform point data to areal 

data and different GIS-based methods have respective pros and cons. 
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3.1 Study area 

3.1.1 The GLA area, the UK 

 

The GLA area had a 1579 km² administrative area and a population of more than 8.67 million in 

2015 (Lu et al., 2018). London, one of the largest urban zones, has a two-thousand-year history 

as a major settlement. The properties of urban soils could be changed considerably under 

substantial human activities. Recently, urban soil is receiving more and more attentions due to 

its close relationship with environment and potential association with public health (Li et al., 

2018). 

 

A simplified geological map (Miles and Appleton, 2005) (Fig. 3.1) presents a bedrock sequence 

from Cretaceous Period to Paleogene Period of the GLA area. The bedrock sequence of 

Cretaceous Period ranges from Lower Greensand Group, Selborne Group (Gault Formation 

and Upper Greensand Formation), Grey Chalk Group to the top of White Chalk Group. 

Chalk crops out in the south part of the GLA area which is typically a fine-grained white 

limestone and contains almost pure calcium carbonate. The Paleogene Period bedrock 

includes Lambeth group, Thames group and Bracklesham group. In addition, some parts of 

the area are covered by considerable Quaternary superficial deposits (BGS, 2011). The 

Quaternary deposits consist of clay-with-flints, plateau gravels, glacial till, river terrace deposits, 

brickearth, alluvium, and Head. The clay-with-flints are derived from the original Palaeogene 

cover via weathering and solifluction. Glacial till is a deposition of the Anglian ice sheet which 

is primarily made of pebbles or boulder-rich clay. River terrace deposits took the current shape 

due to the diversion of the River Thames. The main PMs of flat surface in valleys of the rivers 

Thames and Lee are alluvial deposits, and they contain principally silty clay and clayey-silt with 

subsidiary sands. Brickearth is loessic deposits with basal gravel. 
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Figure 3.1: Simplified geology map of the GLA area overlaid with soil sampling locations. 

 

3.1.2 Lake Taihu, China 

 

Lake Taihu (30˚25’40” - 31˚32’58” N, 119˚52’32” - 120˚36’10” E) is the third biggest 

freshwater lake of China. It lies on the Yangtze River delta which is one of the most developed 

region in China. It has a total annual average surface area of 2338 km2 and average depth of 

1.89 m (Gao et al., 2006). The whole lake consists of Zhushan Bay, Meiliang Bay, Gonghu 

Bay, Eastern Bays and central area (Fig. 3.2). Over the past few decades, large quantities of 

nutrients’ inputs have made it eutrophic. Several times of severe cyanobacterial bloom have 

happened in Lake Taihu in the recent years, especially in west and north regions of Lake Taihu. 

The disastrous consequence of cyanobacterial bloom in 2007 was the shortage of drinking 

water for more than 2 million people, because Lake Taihu is one of the primary water sources 

for a few large cities including Suzhou, Wuxi and Huzhou (Wang et al., 2016).  
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The sampling site is situated in Meiliang Bay, northwest region of Lake Taihu, which has 

experienced several times of cyanobacterial blooms. Meiliang Bay receives a huge amount of 

residential and industrial wastewater from three major inflowing rivers, the Wujin Gang, Zhihu 

Gang and Liangxi River (Ye et al., 2015). Although industrial and domestic sewage have been 

largely controlled, internal P loading can still persist for 5-15 years (Ding et al., 2018). 

 

 

Figure 3.2: Sketch map of Lake Taihu. 
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3.2 Sampling and laboratory analysis 

3.2.1 Soil sampling at the GLA area 

 

A total of 6467 topsoil samples were taken using a hand-held auger by British Geological 

Survey (BGS) during 2005 and 2009 in the GLA area. The sampling was collected with a depth 

of 5-20 cm and each sample was gained on the node of a 1 km × 1 km grid (Fig. 3.1). In the 

purpose of reducing the influence of small-scale heterogeneity of the chemical elements, each 

sample comprised 5 sub-samples, taken from the center and four corners of a 20 m × 20 m 

square. After drying, the soil samples were sieved through a 2 mm nylon mesh, with the aim 

to remove stones and plant debris. Then, the samples were simply ground by hand in a pestle 

and mortar. Next, the samples were sealed into vessels which contained mill balls. Finally, after 

adding solid binder to improve adhesion of soil samples, the milled powder was compressed 

into pellets (Johnson, 2011). Forty-eight chemical elements, including Al, Ca, Pb and P, were 

examined by X-ray fluorescence (XRF) spectrometry. Moreover, loss on ignition (LOI at 450 

ºC) and pH were determined. More details about sample preparation, analytical methods, and 

quality control procedures were described in Allen et al. (2011) and Johnson (2011). 

 

3.2.2 Sediment sampling at Lake Taihu 

 

Spanning from February 2016 to January 2017, colleagues in Nanjing collected three parallel 

sediment cores into plexiglass tubes using a gravity core sampler monthly at the sampling site 

of Meiliang Bay (Fig. 3.2). They transported the core sediments to laboratory and deposited 

them overnight, while the temperature was maintained at the same temperature as in the field. 

Then, one Zirconium-oxide DGT probe (Fig. 2.2) which had been already deoxygenated with 

N for 16 hours was put into each core vertically and deployed for an entire day (24 hours). 

The DGT probes applied in this study were made of high-capacity Zirconium-oxide binding 

gel, which were produced in the guide of the procedure described by Ding et al. (2011). A 



 

Material and Methodology 

50 

 

polyvinylidene difluoride (PVDF) filter membrane with a pore size of 0.45 μm and a thickness 

of 0.10 mm bought from Millipore Corporation was chosen as the diffusion layer for the 

purpose of submillimeter measurement. After retrieval, the SWI was drawn immediately. 

Subsequently, each probe was rinsed using deionized water. The accumulated mass of P in the 

binding gel was measured referring to the method reported by Ding et al. (2013). Each binding 

gel was heated in hot water of 85 ℃ for 5 days. Afterwards, it was immersed in a vessel with 

the mixed reagent (ammonium molybdate tetrahydrate and potassium antimonyl tartrate), kept 

at 35 ℃ for 45 minutes. In the end, the surface of the binding gel was scanned by a flat-bed 

scanner at a resolution of 600 dpi, corresponding to a pixel size of 42 μm × 42 μm. The 

grayscale intensity was calculated into mass of P accumulated per area (μg cm-2) according to 

Equation (3.1) (Ding et al., 2013): 

                                                 G = −167.29𝑒
𝑀

−6.51 + 214.63                                        (3.1) 

where G is the grayscale intensity of the gel surface, and M (μg cm-2) is the accumulated mass 

over the deployment time (24 hours). In this case, the measured concentration of labile P in 

sediments was far lower than the concentration in the pore water. Therefore, the DGT-labile 

P was represented as flux (pg cm-2 s-1) (Widerlund et al., 2012) and the flux was calculated 

based on Equation (3.2). 

F =
106

24×60×60
𝑀                                                  (3.2) 

 

3.3 Data analysis 

3.3.1 Descriptive statistics 

3.3.1.1 Representatively descriptive parameters 

 

Before any treatment or analysis on a data set, we carried out the descriptive statistics to obtain 

its basic information. The descriptive parameters include sampling number, average, 
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percentiles, standard deviation, coefficient of variation, skewness, etc. The arithmetic mean 

(average), median and mode are three measures of centrality. The mean summaries all the 

information of the observations and is the center of mass of the data set. The median is an 

observation that lies in the middle of a data set. Compared to the mean, the median is less 

affected by extreme observations. The variance and standard deviation are frequently used to 

measure variability or dispersion. The larger the variance and standard deviation means that 

the farther deviation of the observations from their mean (Aczel, 1995). The coefficient of 

variance is a normalized measure of dispersion which is useful for comparing data sets with 

different units or means (Gallardo and Paramá, 2007). The skewness is a descriptor of the 

asymmetry of the probability distribution of a data set. Under common condition, negative 

skewness suggests left-tailed, while positive skewness suggests right-tailed (Groeneveld and 

Meeden, 1984). 

 

3.3.1.2 Frequency distribution graphs  

 

There are plenty of sorts of graphs used to display data directly. We can choose different 

graphs out of different interests. A histogram commonly exhibits a frequency distribution with 

aggregation of data into groups. Comparing a histogram to a normal probability curve is an 

informal but straightforward method for testing normality, especially when the sample is big 

(Lin and Mudholkar, 1980). A box plot is a comprehensive approach to illustrate the central 

tendency (the median and mean), spread (the interquartile range), skewness (the position of 

median) and the outliers (the values beyond the outer fences) (Aczel, 1995). We can draw 

several box plots to compare several data sets. 

 

3.3.2 Data treatment 

3.3.2.1 Data transformation for London data 
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The normal distribution is crucial for conventional statistics and geostatistics (Clark and 

Harper, 2000). Unfortunately, soil geochemistry data are usually abnormally distributed. High 

skewness and outliers of raw data make the mean no longer the best representative of central 

tendency, which would make the results of ANOVA unreliable (Aczel, 1995). Additionally, 

abnormal distributed data sets would also lead to unstable estimates in geostatistics (Webster 

and Oliver, 2007). For example, the extreme value would affect the calculation of Moran’s I 

and local Moran’s I through the influence of the mean value. Therefore, data transformation 

is essential to normalize the raw data set with abnormal distribution. Logarithmic 

transformation is one of the most popular ways and is often used to transfer positively skewed 

data sets to normal distribution (Webster and Oliver, 2007; Zhang et al., 2008). In our study, 

the logarithmic transformation was applied for dealing with the data sets which needed to be 

transformed. 

 

3.3.2.2 Data analyses for Lake Taihu data 

 

The majority of the grayscale images scanned from binding gels of DGT comprised 472 × 

2829 pixels with the size of 42 μm × 42 μm. There were slightly differences in the number of 

pixels among the biding gels owning to some errors happened during the experiment 

procedure. To get the values of greyscale intensity, the raster data of grayscale images were 

changed to point data using ArcGIS (version 10.3). A point feature class of 1,335,288 (472 × 

2829) greyscale intensity values was obtained from each image. The labile P flux was calculated 

from the greyscale intensity. The basic descriptive statistics of each image were computed 

using the whole original values of P flux, while the semivariograms and Moran’s I analysis 

were conducted based on the aggregated values of P flux. It is because that the computer 

cannot deal with the calculation of the original point data which were too large. The aggregated 

data were generated using “raster” package in free R program (version 3.4.1). The aggregation 

of 10×10 points into 1 point was based on the mean value. The new size of each aggregated 

data set was 13584 (48 × 283) with a resolution of 0.42 mm × 0.42 mm. The semivariograms 

were obtained in ArcGIS. The Moran’s I was computed using spatial autocorrelation tool 
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under spatial statistics tools in ArcGIS. The conceptualization of spatial relationship of this 

tool was chosen as “Inverse Distance” which means that the nearby neighboring values carry 

larger weight than the values that are further away. Selecting a distance band value as 10 mm 

(the minimum of the range) in this case. The spatial correlograms were drawn by free R 

program. The spatial distribution maps of P flux were produced using ArcGIS software. 

 

3.3.3 One-way ANOVA 

 

The ANOVA was applied to detect whether there were significant differences in the chosen 

chemical elements among PMs or land use groups in the London studies. The ANOVA 

statistics are based on two assumptions: (i) the population follows normal distribution; (ii) the 

observations are random and independent (Aczel, 1995). But these two requirements are 

seldom satisfied entirely by geochemical data because of the demand of regular sample density. 

Logarithmic transformation (based on 10) was performed to improve the normality to meet 

the statistical assumption when the skewness coefficient exceeded 1.0 (Appleton et al., 2013). 

In the specific application of ANOVA, the null hypothesis would be that different PMs or 

land use groups had the same effect on the variables. When the probability (p-value) was less 

than the significance level (p < 0.001), we rejected the null hypothesis, meaning that the 

differences observed among PMs or land use groups were unlikely to be caused by random 

chance. 

 

3.3.4 Spatial analysis 

3.3.4.1 Geostatistics 

 

Geostatistics was developed in the 1960s as a methodology for ore reserve evaluation in 

mining deposits. Until the late 1980s, it became an approach to analyze spatial structure and 
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interpolate the value of the variable at unsampled places. Recently, it is increasingly applied to 

model spatial uncertainty which is useful in risk analysis and decision making (Goovaerts, 

1997). 

 

(a) Semivariogram 

 

Semivariogram is fundamental to geostatistics, and semivariance can be calculated according 

to Equation (3.3) (Cressie, 1993): 

                                         𝑟(ℎ) =
1

2𝑁(ℎ)
∑ [𝑍(𝑥𝑖) − 𝑍(𝑥𝑖 + ℎ)]2𝑁(ℎ)

𝑖=1                               (3.3) 

where r(h) is the semivariance for a lag distance h between a pair of observations Z(xi) and 

Z(xi+h), and N(h) is the number of pairs of data separated by lag distance h. The 

semivariogram is a graph of an ordered set of semivariances obtained by changing h. 

 

Theoretically, r(h) is continuous and the semivariogram increases from 0 at h=0. However, in 

practice, the experimental or sample semivariogram is a graph of fluctuating plotted points, 

and r(h) is a positive value when h approaches zero (Fig. 3.3). This discrepancy near the origin 

is called nugget, which consists of measurement error and spatial variation occurred at 

distances less than the shortest sampling interval (Niemietz et al., 2010). The observed 

fluctuation includes error and structural increasing. The semivariance increases as the lag 

distance increases, indicating that samples which are located closer to each other are more 

similar than those farther away. The sill is the maximum of variance and the range is a lag 

distance at which the sill reaches constantly or asymptotically. Practically, the effective range 

is the distance where the function reaches 95% of its sill. The sill marks the variation level, 

while the range means the maximum spatial autocorrelation distance. Locations farther apart 

than the range are spatially uncorrelated or independent (Webster and Oliver, 2007).  

 



 

Material and Methodology 

55 

 

 

Figure 3.3: Bounded semivariogram models with the same range, reproduced from Goovaerts (1997). 

 

(b) Semivariogram models 

 

As we have mentioned that the experimental semivariogram is a graph of plotted points, we 

need model a function that follows the general trend, ignoring the point-to-point fluctuation. 

The reason is that it is hard to separate error and structural increasing clearly. After fitting a 

continuous function, we can predict values at unsampled locations (Webster and Oliver, 2007). 

Gaussian, exponential and spherical models are frequently used bounded models (Fig. 3.3). 

The spherical model has actual range, while the exponential and Gaussian models have 

effective ranges. The respective Equations (3.4), (3.5) and (3.6) are listed at below: 

 

Gaussian model with effective range a and sill c: 

                                                  𝑟(ℎ) = c {1 − exp (−3
ℎ2

𝑎2)}                                         (3.4) 

Exponential model with effective range a and sill c: 
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𝑟(ℎ) = c {1 − exp (−3
ℎ

𝑎
)}                                             (3.5) 

Spherical model with range a and sill c: 

𝑟(ℎ) = {
𝑐 {1.5

ℎ

𝑎
− 0.5(

ℎ

𝑎
)3} , ℎ ≤ 𝑎

𝑐                              , ℎ > 𝑎
                            (3.6) 

 

3.3.4.2 Interpolation 

 

Spatial interpolation is the estimation of the variable value for all the points within the map 

area based on the observed values. It is a key process to convert discrete data points into a 

continuous distribution. Spatial interpolation relies on two cornerstones. The first one is the 

continuous variable of the surface and the second one is spatial autocorrelation (Chou, 1997). 

The spatial autocorrelation is based on the first law of geography of Waldo Tobler. He pointed 

out that "everything is related to everything else, but near things are more related than distant 

things" (Tobler, 1970). The distribution maps produced from different interpolation methods 

could be quite dissimilar. 

 

(a) The IDW interpolation 

 

The IDW is a relatively simple interpolation method, and it is often used to visualise the overall 

distribution pattern, especially with a large data set (Zhang, 2006). This method assumes that 

the closer points are assigned greater weights than farther places when predicting the target 

point value. The IDW is defined by the specific relationship between spatial weight and 

distance, which is an inverse function (e.g. a square inverse or a cubic inverse). The power 

value decides how fast the spatial weight decreases as the increase of distance. The number of 

neighbours determines how many data points are included to predict the target point value. 

These two parameters are the key for an IDW.  
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(b) Kriging 

 

The prediction of kriging is also a weighted combination of the data with the sum of 1. The 

spatial weights of kriging are allocated to the sample data within the neighbourhood of the 

target point, which are based on spatial autocorrelation rather than a function of inverse 

distance. As a result, kriging can provide more accurate estimation compared to other methods 

of spatial interpolation. Prior to the implementation of kriging, a model must be chosen to fit 

the sample semivariogram (Webster and Oliver, 2007). The ordinary kriging is one of the most 

frequently used classes of the kriging family when the mean of the variable is not known. The 

OK is a robust and unbiased estimator since the error variance is minimized and the error 

mean is equal to zero (Goovaerts, 1997). In an OK, the weight depends on the selected model 

of semivariogram and the position of the observed points (Krige, 1966). 

 

(c) Block kriging 

 

Block kriging is a popular approach to transfer point data to areal data. The point kriging refers 

to the prediction on point support, while block kriging estimates the averages over a block. In 

the study, prior to carrying out block kriging, a fine grid (100 m × 100 m) was laid over the 

GLA area. Then OK was used to predict Pb concentration at each node of the grid. In the 

end, the predicted Pb concentrations within a ward were averaged to represent the Pb 

concentration of the ward (Young et al., 2009). Block IDW used in the study is alike with 

block kriging whose estimator is IDW interpolation rather than the OK. 

 

(d) The measurements for the accuracy of the interpolation 
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Three statistical parameters based on the result of cross-validation are applied to compare the 

accuracy of the interpolation methods. The mean relative error (MRE) and the root mean 

square error (RMSE) are calculated according to Equation (3.7) and (3.8), respectively. 

MRE =
1

𝑛
∑ |

𝑂𝑖−𝐸𝑖

𝑂𝑖
|𝑛

𝑖=1                                                              (3.7) 

RMSE = √
1

𝑛
∑ [𝑂𝑖 − 𝐸𝑖]2𝑛

𝑖=1                                                   (3.8) 

where 𝑂𝑖 is the observed value at location i, 𝐸𝑖 is the estimated value by interpolation method 

at location i, and n is the sample size. The smaller is the MRE and RMSE, the more precise 

does the interpolation perform.  

 

The correlation coefficient (R2) is another criterion which is employed to detect the correlation 

between the measured and predicted values (Yao et al., 2014). It can be calculated using the 

following Equation (3.9): 

𝑅2 =
[∑ (𝑂𝑖−𝑂𝑎𝑣𝑒)(𝐸𝑖−𝐸𝑎𝑣𝑒)𝑛

𝑖=1 ]
2

∑ (𝑂𝑖−𝑂𝑎𝑣𝑒)2𝑛
𝑖=1 ∑ (𝐸𝑖−𝐸𝑎𝑣𝑒)2𝑛

𝑖=1

                                            (3.9) 

where 𝑂𝑎𝑣𝑒 is the average value of the measured samples, 𝐸𝑎𝑣𝑒 is the average value of the 

predicted values. 

 

3.3.4.3 Moran’s I 

 

Moran’s I is a global indicator of spatial association/autocorrelation (GISA) to measure 

whether the values of labile P are clustered, dispersed or random by taking account of the 

spatial distribution as a whole. It is calculated by Equation (3.10) (Cliff and Ord, 1981): 
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I =
𝑛

∑ ∑ 𝑤𝑖𝑗
𝑛
𝑗=1

𝑛
𝑖=1

×
∑ ∑ 𝑤𝑖𝑗

𝑛
𝑗=1 (𝑥𝑖−�̅�)(𝑥𝑗−�̅�)𝑛

𝑖=1

∑ (𝑥𝑖−�̅�)2𝑛
𝑖=1

                              (3.10) 

where n is the sample number of the variable x, xi and xj are the values at the location i and j, 

�̅�  is the mean and wij is the weight matrix. The weight determines a local neighborhood 

surrounding the location i, and xi is compared to the weighted average of the values of its 

neighbors.  

 

Moran’s I usually ranges from -1 (dispersed, negative spatial autocorrelation with different 

high and low value patterns in the distance band) to 1 (clustered, positive spatial 

autocorrelation with the same high value or low value patterns in the distance band), and a 

value close to zero represents absence of spatial autocorrelation (randomness). The Moran’s I 

statistic is assessed by testing a null hypothesis that the spatial pattern is random. In this study, 

we rejected the null hypothesis and concluded that the spatial patterns were clustered, because 

the Z score for Moran’s I was far more than 1.96 (p < 0.05). The results were based on 9999 

permutations to avoid sensitivity on the specific randomization (Huo et al., 2012). 

 

Correlogram is a graph of Moran’s I plotted against the size (distance) of the local 

neighbourhood. It is often used to examine the average radius of a spatial patch in a data set. 

If the Moran’s I fluctuates around zero for all distance lag, the data set is spatial randomness. 

If the Moran’s I departs from zero significantly, the data set has spatial autocorrelation. 

 

3.3.4.4 Local Moran’s I 

 

Moran’s I has limit to recognize local or regional spatial autocorrelation of the observations. 

Local Moran’s I belongs to LISA family and can well figure the limitation out. It decomposes 

the global indicator into sub-indicators of each unit, with its sum for all the units being 

proportional to the corresponding global one (Zhu et al., 2018). It is used to subgroup the 
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positive autocorrelation into high-high cluster (high values surrounded predominantly by high 

values) or low-low cluster (low values surrounded predominantly by low values) and the 

negative autocorrelation into high-low outlier (high values surrounded primarily by low values) 

or low-high outlier (low values surrounded primarily by high values). The local Moran's I at 

location i is given by Equation (3.11) (Anselin, 1995; Getis and Ord, 1996): 

                                                 𝐼𝑖 =
𝑧𝑖−𝑧

𝛿2
∑ [𝑤𝑖𝑗(𝑧𝑗 − 𝑧)]𝑛

𝑗=1,𝑗≠𝑖                                      (3.11) 

where zi is the value of the variable z at location i; 𝑧 is the mean value of z of the n samples; 

zj is the value of the variable at all the other locations (where j ≠ i); σ2 is the variance of variable 

z; and wij is a spatial weight which can be defined by many means. For example, we chose the 

fixed distance band of 5000 m in London P study and 50 nearest neighbors in London Al, Ca, 

Pb study.  

 

When the local Moran's I is tested as significance using random permutations of 9999 times, 

it detects clusters as either “hot spots” (high-high cluster; high values and low values are 

classified based on the mean value), or “cold spots” (low-low cluster), as well as “spatial 

outliers” as either high-low outlier or low-high outlier.  

 

3.3.5 Computer software 

 

Original data were stored in a file of MS Excel®. Summary statistical parameters were given 

by SPSS® ver. 23. The computation of local Moran's I index was carried out in the GeoDa 

(version 1.6.7 by Luc Anselin, 2015) software. All the maps were generated using ArcGIS (ver. 

10.3) software. The semivariograms were illustrated in ArcGIS. The Moran’s I was calculated 

using spatial autocorrelation tool of spatial statistics tools in ArcGIS. The spatial correlograms 

were drawn by free R program. 
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3.4 Summary 

 

This chapter has described the background of the sampling sites, the GLA area of the UK and 

Lake Taihu of China. The sampling and laboratory procedures have been provided. The 

methodologies and data analysis have been listed with details. 
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4.1 Spatial distribution patterns of P in topsoils of the GLA area and 

their natural and anthropogenic factors 

 

Meng, Y., Cave, M., Zhang, C., 2018. Spatial distribution patterns of phosphorus in topsoils 

of Greater London Authority area and their natural and anthropogenic factors. Applied 

Geochemistry 88, 213-220. 

 

Summary: 

This article presented the hot spots and cool spots of P in the GLA area and explored the 

natural and anthropogenic factors that might affect the spatial pattern. The hot spot map was 

produced using local Moran’s I based on 6467 topsoils samples that were collected by the 

BGS. Both the hot spot map and the results of ANOVA showed a remarkably natural control 

of P. The elevated P concentrated in the PMs of alluvium and river terrace deposits. The 

absence of hot spots in the lower Thames Estuary indicated that the tide diluted the P-enriched 

sediments. The high concentration of Silicon (Si) and low pH level corresponded to the cool 

spots of P in Hyde Park and Richmond Park. Except from the natural control, the hot spots 

in the city centre and built-up area suggested that soil P content was heavily influenced by 

human activities. The result of a t-test displayed the significant difference of P concentrations 

between urban area and non-urbanised area, implying that urbanization and built-up materials 

contributed to the accumulation of P. In conclusion, both natural and anthropogenic factors 

had impacts on the spatial patterns of P in the GLA area. 

 

My dedication in this paper accounted for 90% in reviewing literatures, exploring data 

and writing manuscript. 
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4.2 Submillimeter-scale heterogeneity of labile P in sediments 

characterized by the DGT and spatial analysis 

 

Meng, Y., Ding, S., Gong, M., Chen, M., Wang, Y., Fan, X., Shi, L., Zhang, C., 2018. 

Submillimeter-scale heterogeneity of labile phosphorus in sediments characterized by diffusive 

gradients in thin films and spatial analysis. Chemosphere 194, 614-621. 

 

Summary: 

Sediments have a heterogeneous distribution of labile redox-sensitive elements which have 

been recognized to affect the labile P content. The DGT technique enables one to measure 

labile P in situ on a 2D submillimeter level. Conventionally, the 2D profile is displayed into 

1D graph whose X axis is P concentration and Y axis is depth. This kind of statistic description 

would lose a lot of information, especially the horizonal spatial variation. This paper employed 

GIS techniques to visualize the labile P distribution at such a micro-scale, showing that the 

labile P was low in winter and high in summer. Spatial analysis methods, including 

semivariogram and Moran’s I, were used to quantify the spatial variation of labile P. The 

Moran’s I values were near one, indicating that the distribution had significant spatial 

autocorrelation during the whole year. The semivariograms illustrated clear submillimeter-

scale spatial patterns with seasonal changes. The strong spatial variation in summer and weak 

spatial variation in winter suggested the influence of temperature on the mobility and spatial 

distribution of labile P in sediments. 

 

My dedication in this paper accounted for 80% in reviewing literatures, exploring data 

and writing manuscript. 
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4.3 Identifying geogenic and anthropogenic controls on different 

spatial distribution patterns of Al, Ca and Pb in urban topsoil of the 

GLA area 

 

Meng, Y., Cave, M., Zhang, C., 2020. Identifying geogenic and anthropogenic controls on 

different spatial distribution patterns of aluminium, calcium and lead in urban topsoil of 

Greater London Authority area. Chemosphere 238, 124541. 

 

Summary: 

Geochemical elements are influenced by human activities, especially in urban soils. However, 

some elements are resistant to variation and some are liable to variation. The significance of 

this study is that three chosen typical metal elements clearly demonstrate the different levels 

affected by human activities in an extremely urbanized city based on ANOVA and GIS-based 

spatial analysis. Understanding how much human activities influence the spatial variation is 

important for soil management. To conclude, Al is an inert element which can still maintain 

its natural spatial distribution even in the intensively urbanised GLA area; Pb is more easily 

affected by human activities which can be significantly changed; Ca demonstrates a mixed 

spatial distribution affected by both natural factors and human activities. In the geogenic 

aspect, Al tends to be enriched in clay PMs, and Ca is abundant in White Chalk Subgroup. In 

the anthropogenic aspect, building activity has a great impact on Ca distribution, while built-

up and road traffic have strong influence on Pb distribution.  

 

My dedication in this paper accounted for 90% in reviewing literatures, exploring data 

and writing manuscript. 
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4.4 Comparison of methods for addressing the point-to-area data 

transformation to make data suitable for environmental, health and 

socio-economic studies 

 

Meng, Y., Cave, M., Zhang, C., 2019. Comparison of methods for addressing the point-to-

area data transformation to make data suitable for environmental, health and socio-economic 

studies. Science of the Total Environment 689, 797-807. 

 

Summary: 

Soil Pb is closely associated with human health as well as social behavior through soil ingestion 

and dust inhalation. We met the challenge of misaligned data when linking point Pb 

concentration to socioeconomic or healthy data of ward. The methodologies for integrating 

point and areal data have been reviewed. We conducted this article due to the need of 

considering the most suitable method. Among a number of methodologies, eight popular 

methods: (1) average, (2) median, (3) centroids IDW, (4) average block IDW, (5) median block 

IDW, (6) centroids OK, (7) average block OK and (8) median block OK, have been compared 

using Pb data set in the GLA area. The results indicated that the method of (5) median block 

IDW was recommended for further investigation in the ward-level of the GLA area. The 

reasons were (i) spatial interpolations were useful for estimating unobserved values when there 

was no samples collected in some wards; (ii) the median was more suitable than the average 

to represent a data set when it is heavily skewed; (iii) the block method decreased the 

estimation error and gave more representative values of ward than the centroid method; (iv) 

IDW preserved more spatial variation than OK, containing more local maxima (hot spots) 

and local minima (cool spots). Regardless of the difficulty in choosing the optimal method, 

this study has highlighted the point-to-area transformation issue and offered examples to 

compare the different methods. 

 

My dedication in this paper accounted for 90% in reviewing literatures, exploring data 

and writing manuscript. 
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5.1 Overview of the Research Process 

 

With the development of GIS technology, increasingly environmental and geophysical studies 

are applying it to investigate soil nutrient accumulation (Zhang et al., 2010; Qiu et al., 2011) 

and toxic heavy metal contamination (Severini et al., 2018; Kim and Choi, 2019). 

Eutrophication caused by over-enrichment of nutrients has been observed in London which 

has become an environmental concern. In addition, different metal elements display different 

tolerance to human disturbance which provide the information for determination of the 

contamination level. Therefore, the four papers applied GIS techniques to investigate the 

spatial distribution patterns and influencing factors of P, Al, Ca and Pb in topsoils of GLA at 

the regional scale and P in sediments of Lake Taihu at microscale. To achieve this objective, 

local Moran’s I (section 4.1) was used to map the hotspots and high-low spatial outliers of P 

which successfully revealed the existence of over-enrichment of P and indicated geogenic and 

anthropogenic influences on the spatial distribution in an intensively urbanized area. 

Eutrophication is attributed not only by accumulated-P soils via leaching, but also by internal 

P of lake sediments. To further investigate the spatial structure of labile P in lake sediments, 

Moran’ I and geostatistics were applied in section 4.2 to determine spatial variability of labile 

P quantitively. Local Moran’s I and ANOVA in section 4.3 were also proven to be useful to 

identify different level of geogenic and anthropogenic influences on Al, Ca and Pb. Different 

interpolation techniques in GIS can be used to transfer point data to areal data and had 

respective advantages and disadvantages (section 4.4). The study of topsoils of London 

provides valuable information for policy makers. Meanwhile, the geostatistics was applied 

assess the spatial variability of labile P in sediments which can help to compare different DGT 

profiles from spatially quantitative perspective. 

 

5.2 Contributions of Research 

 



 

Discussion 

109 

 

The local Moran’s I has been highlighted as a powerful tool for identification of the hot spots 

of P and enlightenment of exploring the influencing factors that control the spatial distribution 

pattern. There were some significant new findings. For example, the hot spot map provided 

remarkable evidence that tide affected the P concentrations in topsoils of lower Thames 

Estuary.  This finding was supported by relative low concentration of P in lower estuary 

(Berbel et al., 2015; Gao et al., 2016) and high P in the coast (Fang, 2000). One other finding 

was that several hotspots scattered in the outskirts indicated the point sources from sewage 

treatment works, such as Beddington and Deephams. Neal et al. (2010) stated that the main 

concern of P contamination came from sewage within the UK. 

 

The semivariogram and Moran’s I are useful for quantifying spatial autocorrelation of labile P 

in binding gel at a submillimeter scale. The spatial analysis could add more valuable 

information than classic 1D descriptive statistics and provide new parameters for the DGT 

profile comparison. The quantitative parameters include nugget, sill, nugget/sill ratio, range, 

Moran’s I. The sill indicates the variation level. The higher a sill value was, the larger its 

variation of labile P was. The range marks the maximum spatial autocorrelation distance. 

Locations further apart than this distance are spatially uncorrelated or independent. Summer 

was featured by small patches size and high heterogeneity which was suggested by short ranges. 

These parameters clearly showed the seasonal change of labile P in sediments, which was 

corresponding to the previous studies (Chen et al., 2016; Ding et al., 2016). 

 

Local Moran’s I was proven as a powerful tool for identifying the difference of spatial patterns 

among Al, Ca and Pb in an extensively urbanized city. The different proportions of the 

variance were distinguished by the results of the ANOVA and local Moran’ I. The significant 

difference between built-up and non-built-up area supported the research of Appleton and 

Cave (2018). The distinction between within-buffer and outside-buffer was associated with 

historical leaded petrol from road traffic (Xue et al., 2017). 
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Last but not least, the incompatible scaling problem has been highlighted and the commonly 

used methods of integrating point and areal data have been reviewed. This review would 

provide more choices for environmental, biological scientists. Valuable comparison example 

and take-home messages have been offered for readers. The GIS methods for integrating point 

and areal data are a relatively popular and easy way to carry out transformation (Pinichka et al., 

2017). In particular, the block method reduced estimation variance and provided more 

representative values of areal units (Young et al., 2009). 

 

5.3 Advancement 

 

In the field of soil contamination, there were three main advancements in this dissertation. 

Firstly, sewage treatment works played an important role in P contamination in London. 

Secondly, the accumulation of Ca in London city centre was associated with historical 

destruction of buildings. Thirdly, the Pb contamination was influenced by built-up activities 

and road traffic. These findings provided crucial information for soil management. 

 

In the perspective of the utility of GIS-based techniques, there were two main advancements 

in this dissertation. One was the utility of geostatistics and GIS-based spatial analysis in profiles 

at submillimeter scale. The other was comparison GIS-based methods of transforming point 

data to areal data. 
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6.1 Overview 

 

This Ph.D. research is to apply GIS-based techniques to investigate the spatial variation of P 

in the topsoils of the GLA area and its association with the natural and anthropogenic factors. 

The submillimeter-scale spatial variation of labile P in sediments measured by the DGT has 

been analyzed using methods of geostatistics. The different level of natural and anthropogenic 

influences on Al, Ca and Pb has been identified based on GIS-based spatial analysis. The 

point-to-area transformation issue has been highlighted and a valuable example to compare 

the different GIS-based methods has been provided. 

 

6.2 Main conclusions 

 

Urban soil contamination remains a vital environmental and healthy concern because of large 

population. Meanwhile, the GIS-based techniques are powerful for handling with big data and 

extracting the characteristics and structure of spatial distribution. It is, therefore, of great 

importance to investigate the spatial distribution patterns of chemical elements. The identified 

sources that affected accumulation help the treatment and management of soil contamination. 

In addition, the further application in microscale profiles widened the utility of GIS-based 

techniques. Moreover, the comparison of different GIS-based methods for transforming point 

and areal data provided more alternatives for scientists with different purposes. 

 

6.2.1 Spatial distribution patterns of P in topsoils of the GLA area 

and their natural and anthropogenic factors 

 

1) Both natural and anthropogenic factors had impacts on the spatial variation of P in 

topsoils of the GLA area.  
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2) The spatial patterns of P were controlled by PMs, including alluvium and river terrace 

deposits. 

3) The distribution of P along the lower Thames Estuary was affected by the tidal effect. 

4) The accumulation of P was associated with population density and urbanization. 

5) Sewage treatment works were the main point sources of P in urban soils. Fertilizer 

application also had an effect on the P concentration. 

6) The hot spot map provided important information for soil management. 

 

6.2.2 Submillimeter-scale heterogeneity of labile P in sediments 

characterized by the DGT and spatial analysis 

 

1) The spatial distribution of labile P was visualized using GIS techniques. High values of 

labile P with strong spatial variation were displayed in summer. Low values of labile P 

with weak spatial variation were found in winter. Medium values of labile P with 

moderate spatial variation were observed in spring and autumn. The maximum labile P 

of winter existed at the bottom of the profile; the maximum labile P of spring and autumn 

existed at the middle of the map; and the maximum labile P of summer existed at the top 

of the profile. 

2) The spatial variation of labile P was quantified using semivariogram and Moran’s I. The 

labile P had significant submillimeter-scale spatial autocorrelation, regardless of seasonal 

change of spatial autocorrelation. The results suggested that the spatial analysis, 

semivariogram and Moran’s I, could provide useful information about the 2D, 

submillimeter-scale spatial variation. 

3) The spatial autocorrelation of labile P with strong spatial variations (small patches) in 

summer implied weak spatial dependence and complex spatial pattern, while the spatial 

autocorrelation of labile P with low spatial variations (large patches) in winter exhibited 
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strong spatial dependence and relatively uniform spatial pattern. The significant 

difference in summer and winter suggested the temperature strongly influenced the 

spatial patterns. 

 

6.2.3 Identifying geogenic and anthropogenic controls on different 

spatial distribution patterns of Al, Ca and Pb in urban topsoil of the 

GLA area  

 

1) Spatial analyses were useful in identifying spatial patterns of urban soil geochemistry. 

2) Different levels of geogenic and anthropogenic controls found on different chemicals. 

3) Al was mainly controlled by geology, elevated in clay PMs. 

4) Pb was mostly under anthropogenic control, elevated in built-up area and near primary 

roads. 

5) Ca was impacted by both geogenic and anthropogenic controls. The high Ca 

concentrations were in the White Chalk Subgroup of the southern GLA area as well as 

the historical deconstruction and reconstruction sites in the downtown area. 

 

6.2.4 Comparison of methods for addressing the point-to-area data 

transformation to make data suitable for environmental, health and 

socio-economic studies 

 

1) The point-to-area misaligned problem has been highlighted.  

2) The methods for integrating point and areal data that were applied in recent literature 

have been reviewed. 
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3) Eight methods, (1) average, (2) median, (3) centroids IDW, (4) average block IDW, (5) 

median block IDW, (6) centroids OK, (7) average block OK and (8) median block OK, 

were compared for their performances of transforming point data of Pb concentration 

to areal data in the GLA area. The advantages and disadvantages of eight methods were 

pointed out. 

4) The method (5), Median block IDW, was advised to calculate Pb concentration in each 

ward of the GLA area. 

 

6.3 Recommendations  

 

The results of this dissertation would provide several suggestions for carrying out soil 

management.  

1) Sewage treatment works and golf courses should be paid more attention which have more 

risk of leaching P. Tree buffer could be applied around these places.  

2) London Authority should notice the gardeners who plant vegetables particularly in 

urbanized backyards and allotments, to be cautious to Pb accumulation. 

3) The management of lake sediments should be carried out in summer due to the high labile 

P release and its strong spatial variability. 

 

6.4 Future research 

 

According to the results obtained in this research, several recommendations for future 

research are put forward as follows: 

1) Submillimeter-scale spatial variation of labile P in sediments measured by the DGT 

should be investigated at more sites, such as the locations with and without 
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macrozoobenthos bioturbation in order to compare the effects of macrozoobenthos 

bioturbation on P spatial distribution. 

2) Submillimeter-scale spatial variation of labile P in sediments measured by the DGT could 

be investigated in a time series, and the temporal-spatial analysis could be available by 

GIS techniques. 

3) The relationship between Pb level and socioeconomic or healthy status in the GLA area 

should be conducted, since the suitable method had been decided by the comparison of 

methods of converting point data into areal data. 

 


