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Abstract 

Urban soils are major recipients of large amount of contaminants from multiple 

sources of both natural and anthropogenic origins. Accumulation of heavy metals 

at trace levels can be hazardous to human health and to the environment due to 

their ubiquity, high toxicity and persistent bioavailability. In order to mitigate the 

adverse effects of contaminants in soil, it is essential to have a better understanding 

of their characteristics and sources. Knowledge of contaminant sources is a 

prerequisite for developing appropriate prevention and control regulations. The 

overall aim of this research work was to undertake a forensic analysis of urban soil 

contaminants.  The methodology included determination of Pb isotopic ratios in 

combination with a spectrum of associated elements.  The experimental objectives 

utilized a sequential extraction procedure (SEP) and isotopic dilution (ID) to assess 

the fractionation and reactivity of pollutants and thereby reveal source-associations.  

A key part of the project was to refine experimental and instrumental protocols for 

accurate and precise measurement of Pb isotope ratios using a current generation 

inductively coupled plasma quadrupole based mass spectrometer (ICP-QMS).  This 

is a widely available and relatively inexpensive instrument providing a rapid assay 

of isotope ratios. However, ICP-QMS is subject to various interferences which limit 

the accuracy and precision of Pb isotope signals. The protocol developed on the ICP-

QMS benchmarked very well against multi-collector inductively coupled plasma 

mass spectrometry (MC-ICP-MS) assays on the same sample material. The protocol 

was then applied to a range of samples, including soils from urban locations, 

sewage-amended arable fields and allotments, in order to determine soil Pb source 

apportionment. The characterization of Pb isotopes were helpful in confirming that 

Pb from petrol and local geological (coal, ore) sources were the dominant sources 
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of Pb in soils. The examination of Pb isotopic ratios in allotment topsoils and subsoils 

was useful in revealing the extent to which labile Pbpetrol migrated down the soil 

profile into the subsoils. The evaluation of trends of Pbpetrol with total soil Pb (Pbtotal) 

further helped in identifying allotment sites where the main influence was from 

vehicular emissions and coal burning.  

The determination of Pb isotopes in the individual fractions of SEP was a useful 

approach in giving more insight regarding the estimation of Pbpetrol and Pbgeogenic 

associated with different phases. The relative proportion (%) of Pbgeogenic in all 

fractions was greater (>67%) than the Pbpetrol whereas highest proportion Pbpetrol 

was observed associated with the most labile fraction (F1). Measurement of Pb 

isotopes also helped in assessing the behaviour of Pbpetrol across different fractions 

of SEP. An interesting finding was the presence of Pbpetrol (24%) in the most resistant 

fraction (F5), which was unexpected. The proportion of Pbpetrol in F5 was greatest in 

soils with greater concentration of organic matter, available P and Pbtotal. This may 

represent transformation of initially soluble Pbpetrol to more resistant forms through 

reaction with soil constituents or, it might be an artefact arising from resistant 

anthropogenic (non-petrol) Pb that does not have a typical isotopic signature of 

‘geogenic Pb’. 

The measurement of labile (isotopically exchangeable) trace metals including Ni, 

Cu, Cd, Zn and Pb in allotment soils showed that the reactivity of these five trace 

metals were below 50% and followed a consistent decreasing order of Cd> Pb≥ 

Zn> Cu> Ni. The overall weak influence of soil properties on lability of trace metals 

suggested a lasting impact from the original contaminant sources. Furthermore, the 

relative contribution of Pbgeogenic (coal Pb) to both labile and non-labile fractions was 

greater whereas surprisingly the intrinsic lability of Pbpetrol was observed lower. The 
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greater lability of Pbgeogenic was unexpected which reflected that the particulate coal-

derived Pb arrived as aerial deposition were in more reactive form. 

The comparison of E-values for Ni, Cu, Zn, Cd and Pb with SEP data showed no 

consistent agreement between the labile fractions and any single fraction although 

a reasonable correspondence was found between metals extracted in combined 

fractions (i.e., F1+F2) and E-values for Zn and Ni. In case of Cu, the non-isotopically 

exchangeable fraction correlated with the sum of the most resistant two fractions 

(i.e., F4+F5). 

Approach such as cluster analysis (dendrogram) using the full range of trace 

elements with source apportioned Pb (Pbpetrol and Pbgeogenic) in all sets of soils (urban 

soils, sewage amended soils and allotment soils) was to some extent helpful in 

understanding the likely origins of key contaminant metals and metalloids. In 

allotments, the variation observed in the concentration of trace metals at different 

sites was partly associated with the location, age and history of sites. For example, 

site BH, relatively new allotment and remote was less contaminated compared to 

other allotments which were near to major pollutant sources. 

Forensic analysis of trace elements including REEs and PGEs in allotment soils was 

of limited use in identifying other specific sources of contaminants. It revealed that 

REEs mainly originated from natural sources whereas, the EFs values and 

comparison of isotopic abundance ratios with the mean upper continental crust 

(UCC) showed a small influence from anthropogenic sources such as fertilizers. The 

concentration of PGEs were below detection limit following sample preparation. This 

revealed two possibilities, first there was no substantial influence of PGEs on 

allotment soils. Secondly the method used for soil digestion and resulting dilutions 

would have produced solution with very low concentrations of PGEs. An optimised 



viii 
 

analytical approach (e.g. digestion of samples with Aqua regia and pre-

concentration) is therefore suggested for determination of PGEs in soils.  
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1 Chapter 1:   Introduction 

In the urban environment, trace elements are released on a daily basis from 

numerous human activities such as municipal, commercial, industrial, vehicular 

emissions and the corrosion of construction/building materials (Nriagu, 1996, 

Martin and Griswold, 2009, Chen et al., 2005b). Trace element emissions from 

coal-fired power plants, mining and smelting activities are also important 

contaminant sources if located in or near urban areas. Trace elements typically 

accumulate in surface soils and may migrate into water bodies through urban run-

off (Thornton, 1993, Mielke and Reagan, 1998, Wong et al., 2006). Their presence 

in urban environments increases the chances of exposure via inhalation, ingestion 

and dermal contact (Mielke and Reagan, 1998, Mielke et al., 1999) and result in 

long-term environment impacts (Callender and Rice, 2000, Sutherland and Tolosa, 

2000, Cui et al., 2005, Zhang et al., 2007). Lead (Pb) is considered one of the 

most hazardous metals to have affected the environment to a significant extent. 

In the human body it can enter mainly through inhalation and ingestion from 

variety of sources such as contaminated food, water, air and soil (Needleman, 

2004, Cheng and Hu, 2010). Children are at greater risk to Pb poisoning as 

compared to adults due to ingestion of contaminated soils because of their hand-

to-mouth behaviours (Wixson and Davies, 1994). It has been reported that 

adverse health effects in children at blood lead levels (BLLs) <10 µg/dL are 

associated with attention disorders, behavioural problems, cognitive deficits, 

reduced height and delayed puberty (Lanphear et al., 2000, Canfield et al., 2003, 

Barbosa Jr et al., 2005, Surkan et al., 2007). Exposure of children to very high 

level of Pb causes neurological effects, coma, death, ataxia and convulsions 

(ATSDR, 2007). In adults, Pb poisoning can cause neurological effects, headache, 

impaired concentration, fatigue, increase blood pressure and nervousness (Goyer, 
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1993, Sanborn et al., 2002, ATSDR, 2007). Due to its high toxicity, knowledge 

regarding the occurrence and behaviour of Pb in environment may be useful for 

developing mitigating strategies to ameliorate problems arising from Pb 

contamination.  

1.1 Lead in the environment 

1.1.1  Natural abundance of Pb isotopes 

Lead has four main isotopes with a range of average natural isotopic abundances: 

204Pb (1.4%), 206Pb (24.1%), 207Pb (22.1%) and 208Pb (52.4%) (Komárek et al., 

2008). The minor isotope, 204Pb, is the only primordial stable isotope with a 

constant abundance on Earth. The other three isotopes (206Pb, 207Pb and208Pb) are 

both primordial (originating from supernovae) and radiogenic, the latter formed 

by the radioactive decay of 238U, 235U and 232Th (Sangster et al., 2000).  Different 

Pb ores and products derived from these ores have distinct isotopic signatures 

which differ from the surrounding bedrock (Faure, 1986). For example there are 

Pb deposits in Australia, Scandinavia and the USA that have ‘extreme’ isotopic 

compositions and their signatures are considered unique when compared to many 

other mines that have a narrow range of 206/207Pb (1.15-1.22) and 208/207Pb (2.42-

2.50) (Sangster et al., 2000). The specific isotopic composition of an ore body 

depends on initial U/Pb and Th/Pb ratios of source rocks (bed rocks) and half -

lives of the parent isotope (geological age) (Faure, 1998, Walraven et al., 2013).  

Isotopic signatures, if carefully measured, can be used as ‘fingerprints’ allowing 

the movement of Pb through the environment to be investigated. 
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1.1.2  History of Pb use 

Lead has been released into the environment for approximately 5000 years, 

originally from inefficient smelting technologies, particularly the processing of 

sulphide ores containing Pb-Ag alloys in South Western Asia. World production of 

Pb at that time is estimated to be 200 t yr-1 (Patterson, 1971). During the ‘Roman 

period’, there was an increase in the processing of Pb, with up to 80,000 t yr-1 

being produced by around 2000 years ago (Adriano, 2001). Following the decline 

of the Roman Empire there was a long period of “clean” conditions between about 

400 A.D. and 900 A.D.  In the Medieval period (900-1600 A.D) levels of Pb 

pollution again increased (Brännvall et al., 1999). The period from 900 to 1200 

A.D. in Europe was one of both increasing population and economic growth during 

which an increasing number of Pb deposits were exploited and old mines re-

opened. At the start of the 20th century, a further increase in Pb use occurred due 

to industrialization and increased coal burning.  Lead has been extensively used 

in building materials such as flashing and piping because of its high ductility, it 

was also an important component of paints and glazes (Ahlberg et al., 2006, 

Walraven et al., 2013).  A particular increase in Pb concentration was observed 

after World War II (1945 onwards) as the use of alkyl lead gasoline additives 

increased and became a major source of Pb pollution throughout the world 

(Nriagu, 1990).  

Nriagu and Pacyna (1988) suggest that more than 90% of Pb emission into the 

environment originates from anthropogenic sources.  Cumulative total world Pb 

production since ancient times is estimated to be 300 Mt (based on Nriagu, 1998 

and updated to 2010 according to current world mine production figures) with the  

most intense emission within the past 500 years (Tong et al., 2000).  
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1.1.3  Current sources of Pb contamination 

Due to its high toxicity, and the fact that it offers no benefit to human or 

environmental health, Pb is ranked second in a list of hazardous metals by the 

U.S. Agency for Toxic Substances and Disease Registry (ATSDR, 2007). As a 

consequence since the 1980s leaded petrol has been phased out and greater 

pollution controls implemented.  These have resulted in a decrease in Pb pollution 

(Renberg et al., 2002).  Despite this reduction Pb continues to enter the 

environment  and has been found in very remote areas including the Antarctica 

ice sheet and snow in Greenland (Boutron et al., 1991, Vallelonga et al., 2002). 

Lead is still used for many commercial purposes such as sheeting, car batteries, 

radiation protection and cable sheathing (Ahlberg et al., 2006) and half of the total 

Pb use is from recycled Pb - approximately 8 Mt (Walraven et al., 2013). Current 

mining, smelting, industrial activities and improper disposal of electronics are 

sources of Pb in the environment. Lead is also applied incidentally to soils through 

sewage sludge application and the use of artificial fertilizers (Ahlberg et al., 2006, 

Walraven et al., 2013).  

Resuspension and remobilization of particulates deposited from historical activities 

are important source of prevailing Pb pollution (Duzgoren-Aydin, 2007).  Exterior 

sources are also responsible for indoor Pb pollution via transfer of particulates 

from contaminated soil or road dust (Farfel et al., 2003, Bi et al., 2015). Lead-

based paints are another important source of Pb inside old houses. Clark et al. 

(2006) determined the Pb content of paint samples from India, China and Malaysia 

and found that 66% of new paint samples contained ≥5000 ppm (0.5%) Pb (the 

US definition of Pb based paint in existing housing) and 78% contained ≥600 ppm 

(0.06%) (limit for new paints). The intake of Pb through food is also considered a 
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common exposure route for both children and adults (Finster et al., 2004).  

Watanabe et al. (2000) reported that 59% and 81% of the total lead uptake of 

adults could be attributed to dietary sources in urban and rural areas, respectively. 

1.2  Soil Pb  

1.2.1  Urban soils 

Urban soils generally have high levels of Pb contamination as these provide a sink 

for a variety of point and diffuse anthropogenic sources (Wong et al., 2006, Clark 

et al., 2008). Many studies have used the abundant isotopes i.e. 206Pb, 207Pb and 

208Pb to identify the origin of Pb in soil. This is possible because different sources 

of Pb can have characteristic ratios e.g. leaded petrol with alkyl additives from 

Broken Hill Type (BHT) Pb ore and Canadian ores have low isotopic ratios in the 

range between 1.03-1.04  (Doe and Stacey, 1974). Few studies of Pb isotopes 

have included consideration of the least abundant isotope 204Pb, alongside the 

abundant isotopes i.e.,206/204Pb and 208/204Pb to assist with source identification. 

The use of Pb isotopes for identification of common sources of Pb in urban soils is 

described in the following sections. 

1.2.1.1 Leaded gasoline  

The emission of Pb into the urban environment in the modern era is mainly due 

to the use of tetraethyl lead as an anti-knock agent in leaded gasoline with a Pb 

contamination footprint in surface soils (Lin et al., 1998, Sutherland et al., 2000). 

Different studies have also shown through the characterization of Pb isotopes that 

surface roadside soils have a legacy of petrol-Pb in their surface layers despite the 

phase-out of leaded gasoline (Davies et al., 1987, Bäckström et al., 2004). For 

example, Gulson et al. (1981), measured 208/206Pb, 207/206Pb and 206/204Pb in soils 
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from an urban-rural transect in South Australia and observed that leaded gasoline 

was higher in the surface horizon compared to geogenic Pb, which was the major 

source of Pb at depths greater than 30-40 cm. Similarly Hansmann and Köppel 

(2000) used Pb isotopes (207/206Pb, 206/204Pb and 208/204Pb) to identify different 

types of anthropogenic and natural sources of Pb in urban soils of Switzerland. 

They found that anthropogenic sources of Pb were less radiogenic than the Pb in 

unpolluted soils (206/204Pb>18.8). Lead from vehicle exhausts was the least 

radiogenic (206/204Pb = 17.13 - 17.52).  

Determination of Pb isotopes is also helpful for investigating the downward 

migration pattern of Pb (anthropogenic and natural) in soil profiles as 

anthropogenic Pb is considered to be more mobile than geogenic Pb in soils  (Ettler 

et al., 2004). The evaluation of migration of Pb in soils using Pb isotope ratios has 

been investigated in several studies conducted in Europe and the Mediterranean 

region (Efcel and Veron, 1997). For example, Erel et al. (1997) used 206/207Pb to 

characterize the isotopic composition of petrol Pb in roadside soils in Israel and 

calculated that the velocity of migration of petrol Pb in soil was 0.5 cm year-1. 

Izquierdo et al. (2012)  found the evidence of post-depositional vertical migration 

of petrol Pb in alluvial subsoils to a depth of 35 cm. Studies have also examined 

the relative contribution of different sources of Pb principally petrol derived and 

geogenic, in the labile and non-labile fractions of soils using Pb ratios (206/207Pb 

and 208/207Pb) in order to investigate the influence of sources and contact time on 

lability. For example, Mao (2014) estimated the relative contributions of petrol Pb 

and geogenic Pb in the labile pool of rural roadside top soils by measuring the Pb 

ratios and it was evidenced that petrol Pb was more labile (35%) as compared to 

geogenic Pb (ore or coal) (27%). Shetaya et al. (2018) also reported similar 
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results with greater contribution of petrol Pb in the labile pool as compared to 

geogenic Pb in soils from urban and industrial locations. 

In some studies, sequential extraction and isotope analysis have been used in 

combination to give more insight into the behaviour of mobile Pb in soils (Teutsch 

et al., 2001, Emmanuel and Erel, 2002, Bacon et al., 2006). For example, Teutsch 

et al. (2001) used this combined approach to identify the distribution of petrol Pb 

and natural Pb to investigate the penetration pathway of petrol Pb in 

Mediterranean roadside soils over a period of 40 years to be 25-30 cm depth . In 

the same study, it was reported that the petrol Pb was found in more labile phases 

of the soils whereas natural Pb was mostly associated with the more stable soil 

minerals. Efcel and Veron (1997) observed similar results where acid leached 

fractions of roadside soils were dominated with petrol Pb and the concentration of 

petrol Pb was observed decreased with soil depth. Lead isotopes measurements 

have also been used to investigate the mechanisms of mobilisation of roadside Pb 

into streams in an upland catchment in NE Scotland (Bacon et al., 1996).  

1.2.1.2 Coal 

Coal is a dominant anthropogenic source of Pb in most urban soils, and Pb in coal 

is generally present at concentrations between 2.0-80 mg kg-1 (Díaz-Somoano et 

al., 2007).  Lead isotopes are helpful in distinguishing coal from other Pb sources. 

Walraven et al. (1997) identified the coal as the most radiogenic Pb isotope ratio 

(206/204Pb = 18.29-18.57) amongst potential Pb sources including leaded gasoline 

and residues of building materials. Similarly Farmer et al. (1999) identified that 

the isotopic composition of British coals (average 1.182 ± 0.009) is close to the 

isotopic composition of indigenous Pb-ore (1.16-1.18) but different from the 

Australian Pb-ore (approx. 1.04) ‘BHT’ ore used to manufacture the Pb additive in 
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leaded petrol. They also established that coal combustion strongly influenced the 

Pb ratio (206/207Pb) in the UK until the mid-1950s and was the dominant source of 

Pb contamination before the introduction of leaded gasoline. In China, studies 

have used the measurement of Pb isotopic composition and revealed that high Pb 

concentration in soils after the phasing-out of leaded gasoline was mostly from 

the coal combustion (Mukai et al., 1993, Chen et al., 2005a, Cheng and Hu, 2010). 

Lead isotope determination has also been considered useful for the classification 

of coals of different characteristics and origin because the mode of occurrence of 

Pb (galena, pyrite, chalcopyrite and/or carbonate) may vary from coal to coal.  

1.2.1.3 Mining and smelting 

Mining and smelting operations, especially Pb/Zn mining and smelting are some 

of the primary potential sources of metals and metalloids in the environment (Li, 

2007, Zhang et al., 2012). Lead isotopes have been used to investigate the 

influence of Pb mining and smelters on local soils and other media (Dudka and 

Adriano, 1997, Ettler et al., 2004, Komárek et al., 2007). For example, Rabinowitz 

(2005) used Pb isotope ratios (206/204Pb, 206/207Pb and 206/208Pb) to identify the 

sources of Pb ores in soil profiles close to different historical American lead 

smelters and refineries, despite the complications  of  changing smelter feedstock 

sourced from mines of different geological age.  

1.2.2  Agricultural soils 

In agricultural soils, the accumulation of trace metals from anthropogenic sources 

can result in loss of soil function and their bioavailability to plants poses indirect 

risks to human health through the food chain (Hough et al., 2004). Therefore in 

recent decades, numerous studies have evaluated the content and potential 
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sources of trace metals in agricultural soils (Micó et al., 2006, Wei and Yang, 

2010). 

Atmospheric deposition has been identified as an important source of metals to 

agricultural soils of England and Wales, ranging from 25 to 85% of total inputs 

(Nicholson et al., 2003). Reimann et al. (2012) conducted a study of agricultural 

soils across Europe to see, at a continental scale, the variation in Pb isotopic ratios. 

Large variations in both the concentration of Pb and the range of Pb isotopic ratios 

was shown to be dominated by the underlying geology and influenced by climate.  

Local sources of Pb either anthropogenic or natural mineralization were considered 

to be more of a threat to agricultural soils than diffuse sources of Pb on a 

continental scale. Land use practices, differences in rate of harvesting and the 

ability of plants to intercept aerosol particles were also considered common 

reasons for different levels of contamination observed over small distances (Van 

Oort et al., 2001, Fernandez et al., 2008).  

In agricultural soils, agricultural management practices such as liming, fertilization 

(especially phosphate addition), application of sewage sludge, manure, ploughing 

can also provide additional sources of Pb and are considered important factors 

that strongly influence soil characteristics and metal retention behaviour  

(Andersen et al., 2002, Fernandez et al., 2007). For example, Walraven et al. 

(2013) observed that the higher isotopic composition (206/207Pb, 208/207Pb, 

206/208Pb) of agricultural top soils were close to the Pb isotopic composition of N-P 

fertilizers and animal manure samples. Wong et al. (2002) suggested that 

increased use of agrochemicals over several decades was the major source of 

heavy metal contamination on agricultural soils collected near the Pearl River 

Delta, China.  In the same study it was also reported that anthropogenic Pb was 

relatively stable after deposition in soils because Pb was strongly associated with 
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Fe–Mn oxide and organic/sulphide phases. Isotopic characterization (206/204Pb) of 

sewage sludge in a study by  Hansmann and Köppel (2000) found that the isotopic 

composition of the sludge was intermediate between that of fly-ash and leaded 

gasoline (i.e., 17.74-17.88). Also Pb from road run-off was considered to be a 

significant contributor to sewage sludge.  

1.2.3  Forest soils 

Atmospheric deposition is largely responsible for trace metals contamination in 

rural and remote areas. Forests have been considered as important sinks for trace 

metals because they are efficient at absorbing or scavenging pollutants from the 

atmosphere (Fowler et al., 1989). The potential for large rates of atmospheric 

deposition is mainly provided by the turbulent structure of air above and within 

forest canopies.  

Many studies have been conducted on forest soils with the aim of identifying 

different sources of pollutants, including stationary and diffuse sources, with the 

help of Pb isotopes ratios. Atmospheric Pb deposits mostly accumulate on the 

surface layers of forest soils but due to their high organic matter contents a portion 

of the Pb can be transferred into deeper soil horizons posing a risk to ground 

water, streams and rivers (Wang and Benoit, 1997). Brännvall et al. (2001) in a 

study of boreal forests in Sweden ruled out the possibility that Pb present in the 

humic surface layer (mor) was from the underlying or local soil by studying Pb 

isotope ratios (206/207Pb). The isotope ratio 206/207Pb values in the mor layer were 

all similar (1.152 ± 0.009) and resembled the isotopic composition of atmospheric 

pollution derived Pb. In a study by Yarlagadda et al. (1995) industrial emissions 

and coal combustion were identified as the major sources of additional Pb in mixed 

forest soils of Dinghushan Southern China.  Hernandez et al. (2003) noted that 
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global atmospheric inputs from leaded gasoline were more important than regional 

and local industrial emissions in forests in the north and north-eastern regions of 

France. 

Previous studies have also shown an influence of metallurgical activities on forest 

areas due to smelting  (Rieuwerts et al., 1999). Ettler et al. (2004) investigated 

the Pb isotopic composition of individual horizons in forest and tilled soils, collected 

near a Pb smelter of Pribram, Czech Republic.  Metallurgical processes were shown 

to be the dominant cause of the local Pb pollution in forest topsoils with isotopic 

compositions of 206/Pb207~1.17. Lead in deeper soil samples had isotopic 

compositions closer to those of the bedrock but some downward movement of the 

pollution Pb was also observed. Walraven et al. (2013) also used Pb isotope ratios 

to reveal that the source of Pb contamination in the Southern forest region of the 

Netherlands was from Belgian Zn smelters, located downwind, which processed 

Zn ore from the former Belgian Congo.  

In forest soils, Pb ratios have also been used to calculate the migration velocities 

of Pb into deeper soil horizons (Johnson et al., 2004, Yanai et al., 2004). For 

example, in Europe in soils collected from over 40 forested areas, the transfer rate 

of Pb has been reported to vary between 0.39-0.83 mm/yr (Dörr and Münnich, 

1991). The downward movement of organic material due to the sedimentation of 

soil organic matter and subsequent turnover into CO2 was identified as the 

controlling factor.  Hernandez et al. (2003) in a study of cambic podzols in the 

northern part of France estimated that the anthropogenic Pb contribution was 83, 

30 and 11%, respectively, for surface, intermediate and deep horizons. Similarly 

Hansmann and Köppel (2000) demonstrated penetration of pollutant lead to a 

depth of 20-30 cm in Swiss forest soils.  
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The mechanism of partitioning of anthropogenic and natural Pb have also been 

investigated in Czech forest soils through the measurement of Pb isotopes in 

individual fractions of a sequential extraction procedure (SEP) (Emmanuel and Erel 

(2002). Results indicated that natural Pb was mainly associated with residual and 

oxide fractions whereas anthropogenic Pb was in fractions associated with surface 

bound and organic matter phases. 

1.2.4  Peat deposits 

Peat bogs are commonly used as archives in Paleo environmental studies as they 

preserve atmospheric signals and are typically widespread (5% of land area) as 

compared to other archives such as ice-cores, which are restricted to e.g. polar 

and alpine regions. Lead isotopic studies of cores from ombrotrophic peat bogs 

are considered ideal to reconstruct the historical trends in trace metal deposition 

because they receive pollutants only from wet and dry deposition (Clymo, 1987, 

Shotyk et al., 1996, van Geel et al., 1996, Mauquoy and Barber, 1999, Vile et al., 

1999). Vertical movement of Pb in the bogs is low due to the high organic matter 

content and anoxic conditions of peat, resulting in Pb adsorption and fixation in 

secondary sulphide minerals (Walraven et al., 2013).  

Lead isotopic composition in deep peat profiles is helpful for reconstructing the 

general trend in atmospheric Pb deposition. For example Martínez-Cortizas et al. 

(1997) recorded Pb deposition extending back 4000 years after sampling 

ombrotrophic peat bogs in Spain. Similarly Shotyk et al. (1998), reconstructed Pb 

deposition over the past 12,000 years using peat cores from the Jura Mountains 

in Switzerland. Alfonso et al. (2001) studied cores used from two marshes from 

south-western France to study the regional variation in Pb isotope signals recorded 

from 6000 to 300 years. Reconstruction of Pb deposition over long periods is 
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helpful in determining the isotopic signals of the pre-anthropogenic period and 

peak periods of Pb production such as the Roman and Medieval periods.  

Lead isotopes measured in peat bogs have also been beneficial for comparison of 

chronologies across different sites (Dunlap et al., 1999, Alfonso et al., 2001, 

Kylander et al., 2010). Dunlap et al. (1999) observed a correlation between the 

trend in isotopic composition variations in peats in Southern Norway with 

previously measured chronologies from France, Switzerland, England and 

Greenland that covered different periods of time. They also established that Pb 

emissions between 366 BC and the first half of the 20th century were dominated 

by European Pb ores and from the 1950’s onward by leaded gasoline. Similarly 

Kylander et al. (2010) investigated Pb isotopes in pre-contamination sections of 

peat cores from Europe, North America, South America and Australia and revealed 

that peat archives only record Pb inputs from local (< 10 km) and regional (10-

500 km) sources not continental scale trends. 

Monitoring historical trends in the predominant sources of Pb is a useful indicator 

of the success of environmental policies such as the phasing-out of leaded 

gasoline. Novak et al. (2008) in a study of Pb emissions since the Industrial 

Revolution identified a rapid decrease in the percentage of gasoline derived Pb in 

peats in the British Isles (≤ 55%) and Czech Republic (≤ 63%) after the phasing 

out of leaded gasoline in 1970.  Similarly Cloy et al. (2005) demonstrated the 

change from leaded petrol to non-leaded petrol in recent decade through 

variations in Sb/Pb and 206/207Pb ratios using two cores (dated with 14C and 210Pb) 

collected from Flanders moss ombrotrophic peat bog in Central Scotland. 
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1.3 Environmental forensics 

In forensic studies, the use of isotopic ratios is generally preferred compared to 

elemental ratios because they are more sensitive tracers for characterising 

pollutant sources and the transport of pollutants (Aggarwal et al., 2008). Chow 

and Johnstone (1965) were the first researchers to demonstrate that Pb isotopic 

abundances could be used to identify the origin of Pb sources.  Nowadays, Pb 

isotopes are commonly applied to local and global scale investigations to identify 

sources of Pb pollution (both natural and anthropogenic) and their pathways in a 

wide range of environmental compartments (Rosman et al., 1994). This technique 

helps to quantify Pb dynamics between and within biological and geochemical 

environments and detect temporal changes in the loading of different types of 

pollutant (Weiss et al., 1999, Charalampides and Manoliadis, 2003). Information 

regarding Pb isotope composition is important to trace the sources of pollution as 

the Pb isotope composition is virtually unchanged by physicochemical or biological 

processes (Veysseyre et al., 2001, Ettler et al., 2004).  However, natural and 

anthropogenic Pb sources can be differentiated only if: (i) all possible sources of 

Pb are known and (ii) the isotopic compositions of these sources are well defined 

i.e. there must be a significant difference between the natural background and 

anthropogenic sources (Renberg et al., 2002, Reimann et al., 2008, Walraven et 

al., 2013).  

In addition to Pb isotope measurements investigation of other trace element 

patterns may provide additional information that can assist in identifying sources.  

In particular rare earth elements (REEs) and the platinum group elements (PGEs) 

may be particularly useful. 
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1.4 Rare earth elements (REEs) 

The International Union of Pure and Applied Chemistry (IUPAC) has classified rare 

REEs as a group of 17 elements, with similar physicochemical properties which 

are found together in nature (Hu et al., 2006). Rare earth elements are divided 

into 2 groups: the light rare earth elements (LREEs) and the heavy rare earth 

elements (HREEs). The LREEs (La, Ce, Pr, Nd, Pm, Sm and Eu) are present in 

higher concentrations in the environment than the HREEs (Dy, Er, Gd, Ho, Lu, Sc, 

Tb, Tm, Y, Yb) (Šmuc et al., 2012). In soils, LREEs are mostly associated with 

clayey soils while HREES are associated more with sandy soils (Caspari et al., 

2006). Resistant minerals such as zircon that remain in the coarser fraction of the 

soil typically have a greater HREE contents (Ayres and Harris, 1997).  

The demand for REEs in recent years has increased due to their wider use in 

automobile–catalysts, clean energy technologies, health care, pharmacology and 

modern technology e.g. mobile phones (Hirano and Suzuki, 1996, Zhu et al., 

1996, Ramos et al., 2016).  Various studies have reported increased accumulation 

of REEs in the environment due to anthropogenic activities (Ramos et al., 2016). 

Small quantities of REEs in soil have been reported to have positive effects on the 

growth of plants and animals but can lead to adverse effects if intake is excessive 

or prolonged (Thomas et al., 2014). Increased concentrations of REEs in soils are 

mostly restricted closer to industrial centres, or large cities. One of the major 

factors governing the concentration of REEs is the intensity of agricultural 

activities mostly due to the long term application of fertilizers (Smidt et al., 2011, 

Xie et al., 2014, Ramos et al., 2016).  
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1.5 Platinum group elements (PGEs) 

The PGEs (Pt, Pd, Rh, Ir, Ru and Os), Au and Ag are rare in the Earth’s crust and 

are enriched in very few natural geological rock types or minerals. Peridotite 

(ultramafic lithology) is an example, where the concentration of Pt and Pd are in 

the range 10-20 ppb (Barnes, 2004, Bogdanov et al., 2005). Over time, the 

concentration of PGEs have continuously increased in the environment, in both 

developed and developing countries (Ladonin, 2018). Platinum, Pd and Rh are 

commonly utilized in automobile catalytic converters in order to minimize the toxic 

effects of pollutants such as oxides of carbon (COx) and nitrogen (NOx), and 

unburned hydro-carbons by effectively converting them into less harmful forms: 

CO2, N2 and H2O. However there has been concern that catalytic converters are 

also a source of PGEs to the environment. Worldwide production of PGEs has been 

increasing since 1970 and environmental concentrations of PGEs are expected to 

increase over the next few decades (Whiteley and Murray, 2003, Ek et al., 2004, 

Ravindra et al., 2004, Sen and Peucker-Ehrenbrink, 2012). A number of studies 

have already reported increased concentration of PGEs in different environmental 

media over time, including street dust, urban soils, sewage sludge and incinerator 

ash (Heinrich et al., 1996, Zereini et al., 1997, Morton et al., 2001, Djingova et 

al., 2003, Jackson et al., 2010, Yang and Zhang, 2015). Emission of PGEs into the 

surrounding environment is mainly due to the abrasion of catalytic converters and 

concentrations in road dust and soils have been found to decrease with increasing 

distance from roads (Moldovan et al., 2003). High concentrations of PGEs are of 

serious concern due to possible harmful effects on human populations and 

ecosystems and so rigorous evaluation of PGEs accumulation is required (Ek et 

al., 2004, Zereini and Wiseman, 2015).  
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Analysis of PGEs using ICP-MS is challenging due to interferences that hinder 

accurate measurement of very low concentrations (Bencs et al., 2003). To date 

several techniques have been used for removal of spectral interferences (isobaric 

and polyatomic) in the measurement of PGEs.  These include: mathematical 

correction, high mass resolution or chemical resolution, separation from the 

analysis matrix using cation exchange resins, co-precipitation techniques and the 

use of O2 as a reaction gas in ICP-MS with CRC (collision reaction cell) (Gomez et 

al., 2000, Simpson et al., 2001, Bruzzoniti et al., 2003, Gomez et al., 2003, 

Fritsche and Meisel, 2004, Rodríguez-Castrillón et al., 2009, Spada et al., 2012, 

Zhao et al., 2014). All these approaches are partially effective in removing 

interferences but cannot completely remove them at the very low concentrations 

at which PGEs are present in environmental materials. However, recent 

developments in triple quadrupole ICP-MS (ICP-QQQ) technology utilizing MS/MS 

reaction cell mode are providing a more effective approach in suppressing severe 

interferences.  

1.6 Approaches to source apportionment  

Source apportionment of contaminants is important because it helps in both (i) 

understanding the characteristics of the contaminant and (ii) in evaluating the 

relative contribution of each pollutant source. This information informs e.g. 

preventive measures in order to reduce the adverse effects of anthropogenic 

contaminants (Davis et al., 2001, Howard et al., 2003, Hu and Cheng, 2016). 

Source apportionment is also useful in approaches where controls are based upon 

the potential risk associated with each source (Jiang et al., 2017). 

Qualitative source identification methods such as multivariate statistical analysis 

e.g. principal component analysis (PCA) and cluster analysis (CA), mapping based 



18 
 

upon geographic information systems (GIS) and determination of isotopic 

signatures have been used in many studies to assist with Pb source apportionment 

(Facchinelli et al., 2001, Zhang, 2006, Mijić et al., 2010, Nanos and Martín, 2012, 

Ming-Kai et al., 2013, Huang et al., 2015). There are also some studies that have 

used quantitative source identification methods such as receptors models e.g. 

chemical mass balance, multiple linear regression, PCA related methods and 

positive matrix factorization (PMF) (Bzdusek et al., 2006, Luo et al., 2014, Luo et 

al., 2015, Schaefer and Einax, 2016, Wang et al., 2016). 

1.6.1  Elemental ratios 

Use of elemental ratios is a common and simple approach to identify the origin of 

sources. Bi et al. (2006) used Zn/Cd and Pb/Cd ratios to identify the origin of 

heavy metals from zinc smelting and flu gas dusts in areas impacted by Zn 

smelting. Eckel et al. (2002) used ratios of Sb/Pb, As/Pb and Cd/Pb to investigate 

source of Pb contamination at eight sites in Baltimore and Philadelphia and 

revealed former lead smelting operations as the major source of contamination. 

Similarly Kimbrough and Carder (1999) identified the source of elements in 

contaminated sediments samples (collected downstream from a secondary lead 

smelter) by multi-element analysis, observing that the ratios of Pb, Sb, As and Cd 

in sediments were close to air and soil samples collected from similar sites. 

Prohaska et al. (2005) used a multi-isotope approach (i.e., Pb isotopic ratios 

207/206Pb in combination with 87Sr/86Sr) for identifying variation in anthropogenic 

and natural sources of Pb pollution and their mobility in soil. This approach was 

used with classical pedological Zr/Ti ratio to increase the certainty and to 

overcome the limitation of the individual approaches. 
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1.6.2  Binary models 

In most studies the approach used for distinguishing between separate Pb sources 

is construction of a bivariate plot, also known as a 3-isotope biplot, with a common 

isotope as denominator. In environmental studies, common isotope plots include 

206/207Pb versus 206/208Pb or Pb isotope ratios plotted against Pb concentration (Saal 

et al., 2005). These approaches help in precisely evaluating different Pb sources 

(Monna et al., 2000a, Ettler et al., 2004). The three heavier radiogenic isotopes 

are most commonly used due to their greater, and similar, isotopic abundances 

(Erel et al., 2001). A binary mixing model is the simplest form and works most 

satisfactorily when anthropogenic and natural background sources of Pb have 

distinctly different isotopic signatures (Renberg et al., 2002). Lead isotope bi-plots 

are not suitable where more than two sources need to be identified. However, this 

is not always clear given the similarity of local geogenic sources and the distinct 

characteristics of petrol Pb.  It is reported through statistical analysis that 86% of 

discriminating power for source apportionment lies with 206Pb, 207Pb and 208Pb and 

the relative contribution of Pb from petrol is identifiable solely with 206/207Pb data 

(Komárek et al., 2008).  Furthermore, it is acknowledged that apparent linear 

trends observed in bi-plots can be a consequence of the co-linearity of terrestrial 

Pb and can be explained by the mixing of several Pb sources (Ellam, 2010a). 

Inclusion of 204Pb with other isotopic determinations can help in identifying 

intermediate isotopic composition of pollutants (Sangster et al., 2000, Ellam, 

2010a). In most geological studies very precise data are required for natural 

source apportionment and so 204Pb data are also included in the analysis: 206/204Pb, 

207/204Pb and 208/204Pb (Saal et al., 2005). Recently three end-member mixing 

model (tri-plot) has been used in a few studies to calculate the relative 

contribution of Pb from three sources (Cheng and Hu, 2010, Luo et al., 2015). 
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1.6.3  Soil extractions and measurement of E-values 

Information on only the total elemental content of a soil is not sufficient to provide 

details regarding the toxicity and the potential risks associated with trace element 

contaminants (Nolan et al., 2003). Chemical fractionation of heavy metals in soils 

can provide a more detailed insight into the minerology and chemistry of the soils, 

as well as their potentials to release trace elements under various conditions (Tack 

and Verloo, 1995, Templeton et al., 2000). Trace elements from anthropogenic 

sources typically bind to different soil fractions such as carbonates, oxides (Fe and 

Mn) and organic matter through processes including ion exchange, adsorption, co-

precipitation and complexation that influence their fractionation, mobility and 

bioavailability (Shuman, 1991, Carrillo‐González et al., 2006, Hooda, 2010). Trace 

elements present in the residual phase are mostly within the lattice of primary 

and secondary  soil minerals and are barely subjected to the influence of human 

activities (Gleyzes et al., 2002, Marzouk et al., 2013a, Marzouk et al., 2013b, Mao, 

2014). Thus, chemical fractionation of heavy metals can offer valuable insight into 

their sources, and the relative contribution of natural and anthropogenic sources 

can be evident from evaluating the non-residual fractions as compared to the total 

concentrations (Hu and Cheng, 2016). There are different approaches that have 

been used to provide insight into these processes but the most widely applied 

approaches are sequential extraction procedures (SEPs) and isotopic dilution (ID) 

(please see Chapter 6 for details) (Rauret et al., 1999, Gleyzes et al., 2002, 

Mossop and Davidson, 2003, Gäbler et al., 2007, Favas et al., 2011, Chenery et 

al., 2012, Marzouk et al., 2013a, Marzouk et al., 2013b). Studies have combined 

Pb isotopes measurement with SEPs to provide detail regarding environmental 

impact as using a combination of methods gives more insight into the behaviour 

of Pb in soils (Teutsch et al., 2001, Bacon et al., 2006). The total content of trace 
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elements may be operationally divided into ‘reactive’ and ‘non-reactive’ fractions. 

The reactive fraction is most likely to be responsible for biologically harmful effects 

(Rieuwerts et al., 2006). Sequential extraction procedures are helpful in auditing 

the various chemical fractions of trace metals expected to be present in soil, but 

these methods cannot simply discriminate between ‘reactive’ and ‘non-reactive’ 

forms (Ottosen et al., 2009, Degryse et al., 2011). The inherent limitations of 

SEPs have been considered in many studies; problems include the selectivity of 

the extractants for a given phase and the redistribution of trace elements during 

the extraction procedure (Gleyzes et al., 2002, Degryse et al., 2011). By contrast, 

ID using an enriched stable isotope can be used to determine the isotopically 

exchangeable metal content or ‘E-value’ which represents the ‘labile’ or ‘reactive’ 

pool of metal.  Using an ID technique is therefore preferable for risk assessment 

for planning and developmental purposes (Smolders et al., 1999, Young et al., 

2000a). 

1.7 Measurement of Pb isotopes 

Isotopic ratios of Pb can be measured using thermal ionization mass spectrometry 

(TIMS) or by inductively coupled plasma mass spectrometry (ICP-MS). The ICP-

MS instruments use either quadrupole (ICP-QMS) or magnetic sector fields (MS-

ICP-MS) and can be equipped with single (SC) or multi collectors (MC), array 

detector (AD) or ‘time-of flight’ (TOF) detectors (Barbaste et al., 2002, Komárek 

et al., 2008, Cheng and Hu, 2010). Each of these analytical techniques has its own 

precision, advantages and disadvantages for the measurement of Pb isotopes 

(Table 1.1). 
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Table 1.1: Advantages and disadvantages of different mass spectrometric 

techniques for the determination of Pb isotopes. 

 

Technique 
Precision 
(RSD) 

            Advantages             Disadvantages 

TIMS 0.001-0.01%  Most precise and accurate 
technique for measuring Pb 
isotopes 

 Needs separation of Pb from 
sample matrix 

 Long analysis time 
 Sample introduction and 

handling are not easy processes, 
risk of contamination 

 
ICP-QMS  0.1-0.5%  Relatively inexpensive 

 Commonly used analytical 

technique 
 Simple in terms of sample 

preparation, handling and 
operation 

 Higher tolerance to matrix 
 

 Low precision and accuracy 
 Plasma flicker can sometimes 

limit the measurements 

MC-ICP-

MS 

 <0.05%  Higher sensitivity and less 
noise compared to ICP-QMS 

 Accurate measurement of Pb 
isotopes 

 Requires separation of Pb from 
sample matrix 

 Manual sample introduction 

 Plasma flicker can sometimes 
limit the measurements 

 
 

1.7.1  Principles of ICP-QMS 

Quadrupole ICP-MS instruments comprise a sample introduction system, an argon 

plasma to ionize elements, an interface region where ions are accelerated into a 

quadrupole for mass separation and finally a detector.    

The sample introduction system is the ‘front end’ of the instrument and consists 

of a nebulizer and spray chamber. The nebulizer converts the sample solution into 

an aerosol and the spray chamber acts as a filter which only allows the smallest 

aerosols droplets to pass through into the plasma (Suess and Prather, 1999). The 

plasma is produced as a result of interaction of a radio-frequency field with argon 

gas.  Once in the plasma particles are vaporised, atomised and ionised (Günther 

et al., 1999). 
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A small fraction of the ion cloud produced in the plasma is passed into the interface 

region, located between sample and skimmer cone, by negative pressure. Each 

cone has a small orifice at its apex (Nelms, 2005). A mechanical roughing pump 

is used to decrease the temperature and pressure in the interface region by 

creating a vacuum. Thus the interface region enables the movement of sample 

ions from a region of high temperature and pressure within the plasma to the 

quadrupole mass spectrometer where temperature and pressure are 

comparatively low (Walder and Freedman, 1992).  The largest mass discrimination 

effect in ICP-QMS is produced in the low electrostatic field of the interface region 

due to space charge effects which reduces the total number of ions (Gillson et al., 

1988, Begley and Sharp, 1994). This effect is a result of mutual repulsion of lighter 

positively charged ions when they pass through the skimmer cone; as a result of 

this repulsion, lighter ions are deflected more whereas heavier ions are left in the 

beam (Heumann et al., 1998).  

Ions from the interface region are passed to the mass spectrometer (quadrupole) 

through ion lens optics. The main function of the lenses are to focus the ion beam 

to allow the subsequent passage of the positively charged ions to the quadrupole 

mass spectrometer (Hu et al., 2005).  Before ions reach the quadrupole they can 

pass through a collision reaction cell, an advanced technology which helps in the 

suppression or elimination of polyatomic interferences (McCurdy and Woods, 

2004).  In the collision reaction cell the ion beam, prior to reaching the quadrupole 

mass filter, is passed through a cell pressurized with either an inert collision gas 

(e.g. He) or a reactive gas (e.g. H2, NH3 or O2). Polyatomic interferences are 

reduced by kinetic energy discrimination, a phenomenon where larger polyatomic 

ions undergo more energy dampening collisions than the analyte ions and 

therefore do not pass through the cell. In reactive gas mode ions can interact with 
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a reactive gas to form species with different m/z than that of the analyte ions that 

can then be separated from the analyte within the quadrupole (Koppenaal et al., 

2004, McCurdy and Woods, 2004).  

The quadrupole only allows masses of interest (ions with a specified m/z ratio) to 

reach the detector (Nelms, 2005). It consists of four parallel metal rods in a part 

of the vacuum unit. Radio-frequency (RF) and direct current (DC) applied to these 

rods produces an electrostatic field which helps in separation of the ions on the 

basis of their m/z ratio. At any one time only one particular analyte ion m/z will 

follow a stable spiral transport pattern between the rods that comprise the 

quadrupole.  Lighter and heavier ions will discharge against the quadrupole rods 

and be swept away to the vacuum pump extraction system (Miller and Denton, 

1986, Dawson, 2013). Resolution of the quadrupole can be changed between 

standard and peak compression mode within a single run by changing the RF and 

DC voltage settings (Dawson, 2013). 

In the quadrupole mass filter, efficiency of transmission through the mass 

separator system should be independent of m/z ratio, which otherwise produces 

mass discrimination. However this is often difficult to achieve in quadrupole mass 

filters. Heavier ions take longer to traverse the electrostatic field than lighter ions 

and so are dispersed more and transferred to the detector less efficiently; this 

produces a mass discrimination which is the reverse of the space charge effect 

(Heumann et al., 1998). 

Low resolution quadrupoles can also contribute signal from neighbouring isotopic 

peaks to the measurement of intensity. This can affect the isotope ratio 

measurement producing ‘low abundance sensitivity’. In 11B:10B ratio 

measurements, for example, the normally very high 12C+ peak from carbon 
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containing impurities in the sample or plasma gas contributes to the intensity of 

11B+ (Demuth and Heumann, 1999).  

A discrete dynode detector is used for counting the selected incoming ions from 

the quadrupole. The detector can operate in two ways, known as ‘pulse counting’ 

and ‘analogue’ modes.  In pulse counting mode, secondary electrons are counted 

after they have travelled across all the dynodes. In this mode the detector records 

relatively small count rates (up to 106 counts per seconds, cps).  When count rates 

exceed 106 cps, the detector is unable to measure all incoming ions due to the 

temporary effect of the measurement of the previous ion (dead time) the result 

of which is that the actual counts are not reliably recorded (Encinar et al., 2001). 

Therefore, dead time correction is important if accurate isotope intensities are to 

be measured.  At sufficiently high count rates (cps), the detector switches to an 

analogue mode in which secondary electrons are collected half way down the 

dynode chain and in this mode there is no dead time effect (Nelms et al., 2001).  

During pulse counting, there is inherent uncertainty when the pulses arrive at 

different rates to the detector (Monna et al., 2000b). When the number of counts 

recorded are larger, then there is smaller statistical variation (Heumann et al., 

1998, Vanhaecke et al., 1998). In ICP-MS, counting statistics are therefore based 

on Poissonian statistics in which the variance is approximately equal to the mean 

and so the standard deviation is taken as the square root of the mean (Eq. 1). 

 

          𝑠. 𝑑. (𝑥) =  √ 𝑚𝑒𝑎𝑛 (𝑥)                             Eq. (1) 

                             Where  𝑥 is the number of counts 
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1.7.2   Limitations of ICP-QMS 

There are significant limitations of ICP-QMS.  Noise (i.e. variation in signal) is 

typically created when the sample matrix contains variable concentrations of total 

dissolved solids (TDS) and especially if sample matrices differ from the calibration 

standards (Wu et al., 1996, Murray et al., 2000).  Noise originates in the ion 

source, the interface region, lens voltages, collision/reaction cell, quadrupole mass 

filter and detector.   

Spectroscopic interferences mostly occur due to atomic and molecular ions which 

have similar mass to charge ratios to that of the analyte of interest. They include 

isobaric interference, over-lapping peaks and polyatomic interference. There are 

also problems with nano-particulate species which cause ‘ion bursts’ in the plasma 

however modern electronic processing on ICP instruments is typically sufficiently 

rapid to pick these out from background (Nelms, 2005). 

1.8  Study aims and thesis structure 

The main aim of this work is to undertake a forensic analysis of urban soils 

using Pb isotope analysis in combination with determination of other trace 

element signatures and approaches including sequential extraction and the 

measurement of metal lability.  Specific objectives were to: 

(i) Refine a protocol, using a current generation ICP-QMS instrument to 

maximise the accuracy and precise determination of Pb isotope ratios; 

(ii) Apply the developed methods to a range of soils (i.e., urban soils, sewage 

amended soils and urban allotment soils) in order to enable soil Pb source 

apportionment; 
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(iii) Extend the source apportionment  of Pb (petrol Pb and geogenic Pb) to a 

wider range of elements including REEs and PGEs, in order to identify other 

specific sources of contaminants; 

(iv) Determine the fractionation of trace metals through SEPs and ID methods 

in selected urban allotment soils to investigate the behaviour and sources 

of pollutants.  

The work is divided into several chapters which are summarised below: 

Chapter 2: General materials and methods for the measurement of major and 

trace elements including REE and PGEs are described. Sequential extraction 

procedures and ID approaches are also presented. Preliminary tests conducted to 

optimize range of parameters for measurement of Pb isotopes through ICP-QMS 

using reference materials are also described.           

Chapter 3: In this chapter, a refined instrumental and experimental protocol is 

presented that maximises the accuracy and precision of Pb isotopes ratio 

measurements in urban soil digests using a current-generation ICP-QMS 

instrument. Optimization includes (i) individual dilutions of samples and standards 

to the same Pb concentrations, (ii) dead time correction, (iii) dwell time, (iv) 

testing of the number of scans and (iv) correction of mass bias discrimination 

using sequential application of both internal (203Tl and 205Tl) and external (SRM-

981, NIST) standards. The optimised methodology is further benchmarked against 

MC-ICP-MS measurements on the same sample material. 

Chapter 4: Multi-element concentration and source apportioned Pb (e.g. petrol- 

Pb and non-petrol Pb) are used to identify likely pollutant sources in different sets 

of urban soils from Nottingham, Wolverhampton (UK) and sewage amended soils 

(Pakistan) using multivariate statistical cluster analysis.   



28 
 

Chapter 5:  In this chapter, the range of elements investigated is extended to 

REEs and PGEs to look more closely at potential sources of pollutants in urban 

allotment soils (Nottingham). For REEs, the crust-normalized pattern for both top 

and sub soils are evaluated along with the enrichment factor (EF) to identify 

possible sources. An attempt is made to investigate concentrations of PGEs using 

different cell modes of ICP-QQQ-MS (He gas mode, NH3(on-mass) and NH3(mass-shift) 

gas modes) in order to compare results in terms of interferences removal and 

accuracy.  

Chapter 6: Isotopically exchangeable fractions (E-value) of selected trace 

elements (Ni, Cu, Zn, Cd and Pb) are measured, through ID approach and metal 

fractionation using SEP, on selected urban allotment soils. The correspondence 

between these two methods (ID and SEP) is also investigated. The effect of 

common soil properties and the long-term effect of Pb sources on lability of metals 

are investigated. The relative contributions of different sources of Pb (i.e., petrol-

derived and geogenic) to labile and non-labile pools of soils are evaluated to 

examine the influence of source and contact time on lability. The relative 

contributions of petrol-derived and geogenic Pb in individual fractions of the SEP 

are also calculated to assess the behaviour of petrol Pb in relation to common soil 

properties. 

Chapter 7: The success of using a forensic approach for establishing the source 

of contaminants in soils is reviewed and areas for future work are discussed in this 

chapter.
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2       Chapter 2:  General Materials and methods 

2.1 Overview 

This chapter briefly describes the soils selected for study in this work.  The analysis 

of major and trace elements including the REEs and PGEs is described together 

with the measurement of isotopically exchangeable metals in soils using ID and 

fractionation of soils using a SEP. Preliminary experiments to optimize a range of 

parameters for the measurement of Pb isotopes with ICP-QMS using reference 

materials are also described. A final developed methodology for measurement of 

Pb isotopes with ICP-QMS is discussed separately in Chapter 3. 

2.2 Soil selection 

Three different sets of soils samples; urban, urban allotment and sewage amended 

soils, previously collected for other studies, were selected and investigated as case 

studies for the study of source apportionment of contaminants.  

Urban Soils 

Composite urban surface (0-15cm depth) soil samples (n=50, triplicate) collected 

from 20-25 subsamples (area 20 x 20 m2) from different sites in Wolverhampton 

and Nottingham were used. These soils were previously sampled for a National 

Environmental Research Council (NERC) ‘URGENT’ project ‘Studies into metal 

speciation and bioavailability to assist risk assessment and remediation of 

brownfield sites in urban areas’ by a research consortium from Imperial College, 

London, NERC Isotope Geosciences Laboratory, British Geological Survey and the 

University of Nottingham between 1999 and 2002. These urban soils samples were 

air dried at 30˚C for 3 days and were later sieved to <2mm. The soils were 

selected to cover a range of toxic elements concentrations and past and 

contemporary land uses in terms of industrial activities, brownfield sites, waste 
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disposal areas, gardens and allotments, urban roadsides, recreational sites, rail 

transport sidings, urban nature reserves (Thums et al., 2008, Thornton et al., 

2008).  

Wolverhampton is located to the north east of Birmingham in the west Midlands, 

UK and extends on an area of 70km2. Wolverhampton is covered mostly with 

periglacial deposits that exists as a widespread till sheet with subordinate sands, 

gravels and clays (Kelly et al., 1996). The city of Wolverhampton has a long history 

of industrial activity and has a legacy of mining and metal processing activities 

since the 16th century. Initially these activities were confined to local coal and iron 

stone resources. Iron industry rapidly grew during the mid-18th century and was 

declined in the mid-19th century, with peak production observed during 1850 to 

1860 (Gale, 1966). In the industrial revolution the area was dominated by 

manufacturing companies, mostly associated with manufacturing of steel, metal 

component parts, electroplating, galvanising and the paint and pigment industry 

and dyestuff industries. During the mid-20th century these industrial activities 

declined and modern electronics and component-based industries prevailed which 

play an important role in the local economy (Bridge et al., 1997, Upton, 1998). 

The historical activities of former industries have left legacy of contamination and 

are responsible for elevated trace element concentrations in the area.  

 The city of Nottingham is unitary area in Nottinghamshire, England which is 

located 128 miles north of London. The earliest settlement of Nottingham may go 

back to Roman or even before Roman times. Afterwards it was settled 

continuously through the Viking and Norman periods to become a major trading 

centre during the middle ages. During the middle ages, the major industry was 

woollen manufacture (Bell et al., 2009). The city of Nottingham has a long history 

of industrial activity during the 19th and early 20th centuries including production 
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of textiles, bicycles, pharmaceuticals, telecommunications equipment and 

cigarettes. During the later part of 20th century, there was a gradual shift from old 

heavy industry to light manufacturing and service industries alongside older more 

traditional crafts such as lace-making. The rapid population expansion with poor 

city planning during 19th century resulted in the creation of appalling slums. Also 

coal was mined in the area for hundreds of years and has resulted in soil 

contamination (Charsley et al., 1990, Bell et al., 2009).  

Urban Allotment Soils 

Urban allotment top (~15cm depth, duplicate) and subsoils (~15cm depth in the 

second soil horizon, duplicate) that had been sampled in 2014-2015 and analysed 

for another project were selected (146 individual plots, n=269). Samples were 

from 9 different allotments across Nottingham; Blenheim, Canal, Mapperly, 

Moorfield, Old Park Farm, Sneinton Dale, St Ann’s, Windmill and Woodthorpe.  Of 

these, 5 were directly let and the other 4 sub-let through allotment associations. 

The city of Nottingham has had a large number of growing spaces ever since the 

1980s. It has been reported that among all allotments, St Ann’s (ST) was the 

oldest and largest site that covered 30 hectares area and contained ~550 

individual plots. Whereas Woodthorpe (WT) and Mapperly (MP) were smaller sites, 

each of these sites contained less than 30 plots. Blenheim (BH) was comparatively 

new site which had recently received new topsoil covering. Details about the 

distribution of samples collected from individual plots is given in Table 2.1. Both 

top and subsoils were sampled from plots with Dutch auger using a ‘W’ transect 

approach, with samples collected at each corner in the ‘W’. Replicate samples 

(n=5) collected were aggregated together and stored in labelled polyethylene 

bags. Both top and subsoils were later air dried for 2-3 days and sieved (< 2mm 
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in diameter) to remove large particles. Also a sub sample (~ 15 g) of both top and 

subsoils were ball milled (< 40 µm) using an agate ball mill (Retch: PM 400).  

Table 2.1: Number of soil samples collected from individual plots of urban 

allotments. 

Urban allotments Total no. of plots/ no. 

of plots sampled 

Location 

Old Park Farm(PF) 

St Ann’s (ST) 

Canal (CN) 

Mapperly (MP) 

Moorfields (MR) 

Blenheim (BH) 

Sneinton Dale (SN) 

Woodthorpe (WT) 

Windmill (WM) 

~90/14 

~550/50(38) 

~200/21 

~20/9 

~250/12 

~120/20 

~140/7(5) 

~25/5 

~100/6 

Bilborough 

St Ann’s 

Wollaton 

City centre near forest fields 

Near Jubilee Campus 

Hucknall 

Sneinton 

Sherwood 

Sneinton 

 

Sewage Amended Soils 

Sewage amended soils (0-15 cm depth) previously sampled in a collaboration 

between researchers in Pakistan and the British Geological Survey (United 

Kingdom) for a project evaluating the ‘Health risk assessment of potentially 

harmful elements and dietary minerals from vegetables irrigated with untreated 

wastewater in Pakistan’ were also selected for investigation. More details about 

the sampling strategy is given in Zia et al. (2017). These samples had been 

collected from major cities (Gujranwala, Gujrat, Lahore, and Faisalabad) in upper 

Punjab, Pakistan. All these cities have industrial units that discharge untreated 

effluents into sewage drains. This wastewater is mostly used for irrigation 
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purposes. The soils (n=67) have been utilized in this current study as sewage 

amended soils are considered good representative of pollutants from different 

sources. A further set of sewage soils (n=38) has also been included for 

comparison purpose. These were collected from a sewage processing farm in 

Nottinghamshire, UK which has been in use for more than 100 years.  

2.3 Reagents 

All the chemical reagents utilized in this study were ensured to be of trace analysis 

grade (TAG) or Analar (AR) quality. Ultrapure water (≥ 18.2 MΩ cm-1) was used 

throughout. All glassware was cleaned with phosphate-free biodegradable 

detergent and soaked in 2% HNO3 before rinsing with deionised water prior to the 

start of each experiment. 

2.4 Soil preparation and digestion 

Soil samples were air-dried and sieved to <2mm to remove gravel sized particles 

and large plants roots. A small subsample of the soil was ground in an agate ball 

mill (Model PM400, Retsch GmbH & Co., Germany). Complete digestion of 

triplicate 0.2 g samples was achieved in PFA (Perfluoro Alkoxy) vials in a 48-place 

Teflon-coated graphite block digester (Model A3, Analysco Ltd, Chipping Norton, 

UK) using a mixed acid digestion process (i.e., 2 mL HNO3 (>68%), 1 mL HClO4 

(70%) and 2.5 mL HF (70%)). The digested soil samples were taken up in 2.5 mL 

HNO3 and diluted to 50 mL with ultrapure water in plastic volumetric flasks, then 

transferred to polypropylene tubes for storage. Prior to analysis by ICP-QMS a 

1:10 dilution with ultrapure water was undertaken.  

2.5 Sequential extraction 

A 5 step SEP was carried out on selected number of allotment top soil samples 

(n= 59) according to the modified method of Li and Thornton (2001), developed 
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from an approach used by Tessier et al. (1979). Initially 1.0 g soil samples (<2 

mm) were weighted into 50 mL polypropylene centrifuge tubes, followed by 

extraction steps designated as: Exchangeable (F1), carbonate/specifically 

adsorbed (F2), Fe/Mn oxides, reducible (F3), organic matter/sulphide, oxidizable 

(F4) and residual (F5). The procedure of sequential extraction (SE) is briefly 

described below. 

 In the first extraction step (F1), soils were extracted with 8 mL 0.5 M MgCl2,  

shaking end over end, for 20 min. 

 The residues from F1 were then extracted with 8 mL 1.0 M NaOAc for 5 hr. 

Adjustment of pH (i.e., 5.0) of NaOAc was made with HOAc. 

 Residues from F2 were extracted with 20 mL 0.04 M NH2OH.HCl (diluted 

with 25% HOAc) for 6 hr. 

 Fraction 4 involved extraction with 3 mL 0.02 M HNO3 and 5 mL H2O2 (30%) 

for 2 hr before addition of 3 mL H2O2 (30%) and heating for 3 hr. Prior to 

addition of H2O2, the pH of H2O2 was adjusted to pH 2.0 using HNO3. Finally, 

5 ml 3.2 M NH4OAc (diluted with 20% HNO3) was added and continuously 

agitated for a further 30 min.  

 Residues from F4 were acid digested according to the approach described 

in section 2.4. 

All extractions were performed in duplicate and after each extraction step, the 

mixture was centrifuged at 2000 rpm for 30 min and the supernatant was filtered 

(0.22 µm, Millex® Millipore) into clean universal tubes. Prior to the next extraction 

step, residues were washed twice with ultrapure water and the wash solutions 

discarded after 20 min centrifugation. The recovery of different elements was 

compared to total contents of these elements measured through mixed acid 

digestion method according to Eq. (1).          
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% Recovery =  
 ∑CFi   

Ctotal
× 100   

                                                                             Eq.1  

           Where, CFi = Concentration in each fraction 

            Ctotal = total concentration 

 

Concentrations of multi elements in different fractions (F1-F5) of sequential 

extractions in allotment soils (n= 59) were also determined with ICP-QMS. 

Fraction 1, 2 and 3 were diluted (1:10) with 2%HNO3 whereas, fraction 4 and 5 

were diluted (1:10) with ultrapure water before analysis with ICP-QMS.  

2.6  Major and trace element analysis by ICP-QMS 

All samples were analysed with quadrupole-based ICP-MS system (Model iCAPQ; 

Thermo Scientific, Bremen, Germany) at University of Nottingham equipped with 

CCTED, ‘collision cell mode’ (7% hydrogen in helium) with kinetic energy 

discrimination (KED) to eliminate polyatomic interferences. Samples entered the 

ICP-QMS through an auto-sampler (Cetac ASX-520) via a concentric glass venturi 

nebuliser (Thermo-Fisher Scientific; 1mL min-1) and spray chamber. Internal 

standards were introduced to the sample stream via a separate line including Ge 

(50 µg L-1), Rh (20 µg L-1) and Ir (10 µg L-1) in 2% HNO3.  Two sets of external 

multi-element calibration standards for major elements (0 – 30 mg L-1) and trace 

elements (0 – 100 μg L-1) were prepared from CertiPrep™ multi-element stock 

solutions. Data processing was undertaken using Qtegra software (Thermo Fisher 

Scientific). 
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2.7  Measurement of REEs and PGEs 

A selected number of urban allotment top and sub soils (n=51) were also analysed 

for REEs and PGEs.  

2.7.1  REEs 

Acid digests were diluted (1:10) with 2% HNO3 before analysis. External 

calibration standards of 1, 2, 5, 7 and 10 µg L-1 were prepared from CertiPrep™ 

“multi-element stock solution 3” for REE determination. An internal standard 

solution of 5 µg L-1 was prepared from Rh and Ir in 2% HNO3.  5% HCl was used 

as a wash solution for REE analysis and samples were run in the ‘KED’ mode of 

ICP-QMS to minimize interferences.  

2.7.2  PGEs 

At BGS Keyworth, an Agilent 8900 ICP-QQQ-MS was used for the determination 

of PGEs in allotment soils. This instrument was equipped with a spray chamber 

(short Scott double pass cooled to 2˚C) concentric glass nebuliser (MicroMist 400 

uL/min) and auto-sampler (SP4) in combination with the ISIS2 flow injection 

system (2mL loop). The Agilent 8900 ICP-QQQ-MS is not strictly a “triple quad” 

as it has two quadrupoles as mass filters which are separated by an octopole 

reaction system (ORS) that can be gas filled to act either as a reaction cell or a 

collision cell. It may therefore perhaps be better described as ICP-MS/MS but 

current convention is retained by referring to it as ICP-QQQ-MS. The 

collision/reaction cell consists of the octopole, which is used as an ion guide within 

a gas cell chamber, where Helium (He) gas is used in collision cell mode or reactive 

gases (normally NH3 or H2 or O2) in reaction cell mode. The two quadrupoles may 

be individually controlled to filter either the same mass or two different masses 

such that if NH3 is to be used the target analyte can be determined either on-mass 
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NH3 (on-mass) mode or mass-shift NH3 (mass-shift) mode. The selection of mode depends 

on the relative reactivity of the analyte and interfering ions with the chosen gas. 

The MS/MS mode of ICP-QQQ therefore has the advantage that unwanted reaction 

product ions is avoided resulting in more accurate determination of PGEs 

(Sugiyama and Shikamori, 2015). Bencs et al. (2003) and Barefoot (1998) 

provided details regarding the different types of interferences in the measurement 

of PGEs (Ru, Rh, Pd, Os, Ir, Pt), Au and Ag. These potential interfering species in 

the determination of PGEs are given in Table 2.2.   

          Table 2.2: Potential interfering species in the determination of PGEs 

Isotopes Abundances (%) Potential Interfering species 

103Rh 

105Pd 

106Pd 

108Pd 

191Ir 

193Ir 

194Pt 

195Pt 

196Pt 

198Pt 

197Au 

100 

22.33 

27.33 

26.46 

37.3 

62.7 

32.97 

33.83 

25.24 

7.163 

100 

SrO, RbO, Pb2+, ZnCl, CuAr 

YO, SrOH, ZnCl, CuAr 

Cd, YOH, ZrO, ZnAr 

Cd, ZrO, MoO, ZnAr 

LuO, EuAr 

HfO, EuAr 

HfO, SmAr, GdAr 

HfO, GdAr 

Hg, HfO, GdAr 

Hg, Wo, TaOH, GdAr 

TaO, HfOH, GdAr 

 

For the analysis of PGEs, initially different concentrations of calibration standards 

(i.e., 1, 5, 10, 100ppb of Rh, Ir and 1, 5, 10, 100ppb mixture of Spex Certiprep 

1, 2, 3 and 4) were prepared and run. Whereas indium (In) (10ppb) was used as 

an internal standard and added directly into the 7th port of the ISIS2 flow injection 

valve. Ten different test samples were prepared from single element standards of 

Cu (500ppb), Pb (500ppb), Sr (500ppb), Zn (500 ppb),Ta (100 ppb), Hf (100 

ppb), Zr (100 ppb), W (100 ppb), Y (100ppb) and Mo (100 ppb), (diluted from 
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Romil 1000 or 10000 mgL-1 single element standards) to examine the different 

range of interferences produced by these elements in the measurement of PGEs. 

All these test samples were run using three different modes of ICP-QQQ i.e., He, 

NH3(on-mass) and NH3(mass-shift). For calculation of detection limits (DLs) of PGEs, 13 

blank samples were run and the values were obtained using the 3sd method 

(3sd=3 x standard deviation). The background equivalent concentrations (BECs) 

of the PGEs were also determined by calculating the sensitivity (cps/ug/L) of the 

instrument from the calibration standards and multiplying the raw cps of the 

blanks by this. Before analysis of allotment samples (HF digests) through ICP-

QQQ, each sample was further diluted (1:20) with 1% HNO3 and 0.5% HCl and 

each sample was run as an independent duplicate digestion. 

2.8  Isotopically exchangeable Cu, Ni, Zn, Cd and Pb  

The E-value of  trace metals such as Ni, Cu, Cd, Zn and Pb in selected allotments 

top soils (n=59) were determined using a multi-element ID technique described 

by Marzouk et al. (2013b).  

2.8.1  Stock solutions  

Enriched stable isotopes of 65Cu (IA = 99.0%), 62Ni (IA = 98.2%), 70Zn (IA = 

92.7%), 108Cd (IA = 69.7%) and 204Pb (IA = 98.8%) were purchased from 

ISOFLEX, San Francisco CA, USA as metal foils. Stock solutions were prepared by 

dissolving these metal foils in 2% HNO3.  They were further diluted with ultrapure 

water to obtain solutions with concentrations of 27 mg L-1 (65Cu), 5.5 mg L-1 (62Ni), 

48 mg L-1 (70Zn), 0.25 mg L-1 (108Cd), and 80 mg L-1 (204Pb). Working spike 

solutions were freshly prepared from these stocks by further dilution with 

ultrapure water to minimise pH change of soil suspensions as a consequence of 

spiking.  
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2.8.2  Sample preparation 

Three suspensions of each soil (3.0 g; < 2mm) were pre-equilibrated with 30 mL 

0.01 M Ca(NO3)2 for three days on an end over end shaker. Two suspensions were 

then spiked with 0.4 mL of an enriched stable multi-isotope stock solution and the 

remaining suspension was used as control (unspiked). In order to avoid 

mobilization of non-labile metal in the suspensions, the volume of spike solution 

was keep as small as possible. To calculate the spike concentration soil samples 

were divided into three different groups according to their total metal 

concentrations.  The amount of spike was calculated to increase the total soil metal 

content by approximately 1-5%. After spiking, all suspensions (both spiked and 

unspiked) were equilibrated for a further three days before the supernatant was 

separated by centrifugation (2000 rpm for 20 min) followed by filtration (0.22 µm, 

Millex® Millipore). Finally the supernatant was divided into two portions. One 

portion (8 mL) was acidified with 0.4 mL of 50% HNO3 and a second portion (10 

mL) was purified using resin (section 2.8.3) prior to the analysis of isotopic ratios 

with ICP-QMS. 

2.8.3   Resin purification method 

A ‘resin purification method’ initially described by  Hamon and McLaughlin (2002) 

and Lombi et al. (2003) was used to detect the presence of non-labile metal on 

suspended colloidal particles (SCP). Analytical grade Na Chelex-100 resin (Bio-

Rad laboratories, UK) was converted to a Ca2+ form by equilibrating it with 0.5 M 

Ca(NO3)2 for 2 hr to reduce pH of the Chelex resin. It was then washed twice with 

ultrapure water to remove any remaining Na ions. An aliquot of Ca-Chelex resin 

(c. 0.1 g) was added to the filtered supernatant solutions (both spiked and 

unspiked) and allowed to equilibrate for 2 hr. The resin was rinsed with ultrapure 

water three times to separate colloidal material. Finally metals were eluted from 
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the resin with 3%HNO3 before filtration (0.22 µm) and isotope ratios 

measurement. A comparison was made between E-value calculated from isotope 

ratios measured in filtered samples (Esoln) and samples treated with resin (Eresin). 

2.9 Analysis of Cu, Ni, Zn, Cd and Pb isotopic abundances 

Isotopic abundances of Cu, Ni, Zn, Cd and Pb in isotopic dilution assays were 

determined by ICP-QMS. Supernatant solutions were diluted to avoid the detector 

tripping to analogue mode. Measurements were made in CCT-KED mode to 

prevent interferences from the chlorine dimer (35Cl-35Cl) on 70Zn and other 

polyatomic interferences (Marzouk et al., 2013b). The isotopes 63Cu, 107Ag and 

202Hg were included as ‘settle points’ for the quadrupole immediately before the 

measurement of 64Zn, 108Cd and 204Pb respectively. External mass bias 

discrimination was avoided by analysis of a mixed standard (10 µg L-1 of SRM-

981, NIST for Pb spiked with single calibration standards for Ni, Cu, Cd and Zn) 

after every 12 samples.  

2.10  Lead source apportionment 

A simple binary model proposed by Monna et al. (1997) was used to estimate the 

relative contributions of Pb from different sources; principally petrol-derived 

(Pbpetrol) and geogenic Pb (Pbgeogenic) according to Eq. (2). The Pb isotopic 

signatures (i.e., 206/207Pb and 208/207Pb) of UK leaded petrol, UK Pb ore and UK coal 

were used as reference values (end-members) to calculate the likely sources of 

Pb in the urban soils. The reference values for 206/207Pb and 208/207Pb for UK leaded 

petrol were 1.067 ± 0.007 and 2.340 ± 0.011 respectively (Monna et al., 1997). 

The isotopic signature values of galena from Derbyshire and Leicestershire as 

recorded by Rohl (1996) were used as representative of UK Pb ore (i.e., 206/207Pb 

= 1.182 ± 0.004 and 208/207Pb = 2.458 ± 0.002). For coal Pb the isotopic signature 
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values for England and Wales reported by Farmer et al. (1999) were used (i.e., 

206/207Pb = 1.184 ± 0.006 and 208/207Pb = 2.461 ± 0.012). In this research work 

UK Pb ore and coal Pb values were used as a proxy for Pbgeogenic. 

Pbtotal(petrol) =  
( Pb ) 

 
206
207 ore −  ( Pb )

 
206
207 total

( Pb)
 
206
207 ore− ( Pb )

 
206
207 petrol 

  ×  Pbtotal                   Eq. (2) 

2.11  Preliminary development of a method for accurate 

measurement of Pb isotopes using ICP-QMS 

Alternative approaches for improving Pb isotope ratio measurement by ICP-QMS 

were tested by conducting a series of experiments using certified and in-house 

reference materials. These test experiments are described in Table 2.3. 

Experiments included investigation of detector dead time correction, mass bias 

correction, dwell time optimization and use of peak compressed mode.  

Table 2.3: Different reference materials used as test materials in different 

experiments 

Reference Material Details 

SRM-981, NIST 

Common Pb isotopic standard available from the National Institute of 

Standards and Technology. High purity (99.9+%) Pb metal available as 

an extruded wire. 

Used to establish optimum dwell time, dead-time correction, as an 

‘external’ mass bias correction standard and to test peak compression 

approaches. 

Glendenning 

Made from a single Scottish crystal of galena chosen to be representative 

of a typical UK lead ore.  Used as an in-house standard by BGS since 

2007. Available in two preparations, designated Gd ‘low’ (L) and ‘high’ (H) 

concentrations. Used mainly to test peak compression approaches. 

BCR 2 

Prepared from a US Geological Survey certified reference basalt that has 

been extensively characterised. The powdered standard was dissolved 

using HF/HClO4/HNO3 before being taken up in 5% HNO3/2.5% HCl. 

Available in two formulations, designated ‘55’ and ‘85’ at ‘low’ (55L, 85L) 

and ‘high’ concentration (55H, 85H).  Used mainly to test peak 

compression approaches. 
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2.11.1 Dead time correction 

Initially a detector dead time correction factor (Df) was determined using a 

restricted range of Pb standard solutions (0, 1, 2, 3, 4 and 5 µg L-1) prepared from 

SRM-981, NIST in 2% HNO3 using the 206/208Pb isotopic ratio. The calculated Df, 

where the isotope ratio 206Pb/208Pb was independent of Pb concentration, was 54 

nano seconds (ns) (Figure 2.1). In a second test experiment, values of Df were 

calculated for different Pb isotope ratios (204/208Pb, 206/208Pb and 207/208Pb) using 

the same standard solution concentrations.  However, in this test, the slope of 

isotopic ratio against concentration appeared quite insensitive to Df value and no 

consistency was observed across the range of isotopic ratios tested (Figure 2.2). 

Calculated values of Df for 204/208Pb, 206/208Pb and 207/208Pb were 42.2, 21.3 and 

36.3 ns respectively.  In a final test values of Df were calculated individually across 

a range of Pb isotopic ratios using an expanded SRM-981, NIST concentration 

range (0, 2, 4, 6, 8, 10, 12, 14, 16, 18, 20 and 22 µg L-1), full details are given in 

Chapter 3 (Section 3.3.1).   

 

Figure 2.1: Lead isotopic ratio 206/207Pb versus concentration (µg L-1) of SRM-981, 

NIST; symbols denote duplicate runs. 
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Figure 2.2: Isotopic ratios (a) 204/208Pb, (b) 206/208Pb, (c) 207/208Pb versus Pb 

standards concentration (µg L-1) all at individually optimised values of Df. The 

circle and triangle symbols represent repeat runs of the same samples. 
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2.11.2   Mass bias correction 

The mass bias correction factor (Kf) was investigated using two sets of samples 

each consisting of thirty replicates of SRM-981, NIST (5 µg L-1). The second set of 

samples was spiked with Tl (1 µg L-1) and 203Tl and 205Tl were measured for 

determination of internal mass bias correction. The frequency of correction using 

‘standard’ SRM-981, NIST was varied to examine the nature of the drift in mass 

bias and how frequently it was necessary to measure Kf.  A dilute Tl solution (2 

µg L-1) was also analysed to test for possible 203Tl-H or 204Pb-H hydride generation 

and any evidence of peak overlap between 203Tl, 204Pb and 205Tl.  

For the first set of samples, mass bias correction was calculated using SRM-981, 

NIST at a range of (external) correction intervals (i.e. 2, 3, 4……28). It was 

observed that SRM-981, NIST provided a good Kf for all Pb isotopic ratios (Figure 

2.3). No effect of (external) correction interval was observed.  

Figure 2.3: SRM-981, NIST (external correction) for mass bias correction of all Pb 

isotopic ratios at different intervals. 
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SRM-981, NIST at a range of correction intervals (i.e. 2, 3, 4……28) and compared 

with Tl (designated a ‘zero interval’). External correction (SRM-981, NIST) was 

observed to be best for drift correction up to a sample interval of 13 but was 

significantly worse at longer intervals (Figure 2.4). It was observed that the 

measurements of Pb isotope ratios were closer to accepted values when Tl was 

not measured. This may have been due to greater plasma flicker arising from the 

additional isotope analysis time when Tl was included. 

 

Figure 2.4: SRM-981, NIST spiked with Tl for mass bias correction of all Pb isotopic 

ratios at different intervals. 
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Figure 2.5: Average %RSD for intensities of the four Pb isotopes (204Pb, 206Pb, 

207Pb and 208Pb) as a function of quadrupole dwell time (0 - 50 ms). 

A minimum %RSD for all four isotopes is suggested corresponding with a dwell 

time of approximately 10 ms; the 204Pb intensity values showed the sharpest 

minimum in %RSD. An attempt was made to refine the dwell time by repeating 

the experiment with a more focussed range of dwell times from 5.0 ms to 15.0 

ms (Figure 2.6).  

  

Figure 2.6: Average %RSD of isotopes (204Pb, 206Pb, 207Pb and 208Pb) intensities as 

a function of quadrupole dwell time (5 - 15 ms). 
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The trend observed in %RSD was quite flat across this more restricted range. 

However, in these tests the total acquisition time for each isotope was not constant 

which meant the effect was probably due to counting statistics for shorter dwell 

time rather than instrumental noise.  

2.11.4  Peak Compression 

In preliminary experiments three reference standards; BCR 2, Glendenning and a 

high concentration of  NIST (24 µg L-1), SRM-981 were used with Tl (internal) and 

SRM-981, NIST (external) correction to calculate and implement a peak 

compression factor (Kc) to convert compressed counts into uncompressed counts 

for each Pb isotope. Samples were run bracketed by external SRM-981, NIST 

standards (5 µg L-1). Thallium (2 µg L-1) was used as an internal standard and 

continuously delivered to the nebulizer on a separate line. One hundred sweeps 

with 10 separate runs was set to give 1000 quadrupole visits to each isotope per 

sample at a dwell time of 10 ms. In all samples and standards, the isotopes 208Pb, 

207Pb, 206Pb and 205Tl were determined in both standard and peak compressed 

modes. When a comparison was made for 206Pb counts corrected with Tl and SRM-

981, NIST derived compression factors, smaller RSD values were observed using 

the external conversion with SRM-981, NIST. However, in the case of 207Pb, 

smaller RSD values were observed for internal conversion with Tl. Thallium and 

SRM-981, NIST both produced similar results for conversion of 208Pb count rates 

(Figure 2.7).  
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Figure 2.7: Comparison of SRM-981, NIST (external) compression factors (Kc) for 

converting compressed signals for (a) 206Pb, (b) 207Pb and (c) 208Pb intensities to 

equivalent uncompressed values. 
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Development of an approach for the accurate measurement of Pb isotopes by ICP-

QMS is described in Chapter 3.  

2.12 Quality control 

The quality of analytical procedures were monitored by using procedural blanks in 

each batch of samples to account for background element concentrations. All 

samples analysis was carried out in duplicate and in some cases triplicate. An 

isotopic standard reference material, SRM-981, NIST (Common lead isotope) was 

used to compare the accuracy and for mass bias correction of the Pb isotope ratios 

measured with ICP-QMS instrument in the method development. Other certified 

and in-house laboratory standards (i.e., BCR and Glendenning) were also used to 

monitor accuracy in the preliminary experiments of Pb isotope ratios measurement 

through ICP-QMS.  

In urban allotment soils, three samples of certified reference material (Montana II 

soil: NIST 2711a) were included as quality control for digestion efficiency. The 

mean recovery of elements from the certified reference material was observed in 

the range of 79-106%. In case of urban soils (Nottingham and Wolverhampton) 

and Pakistan sewage amended soils, certified reference material was not included 

during the analysis of multi elements. Also for the individual sequential extraction 

steps, no certified reference materials were available due to inadequate 

agreement on standard method of extraction (Li et al., 1995). 

2.13 Statistical analysis 

Microsoft excel (2013) was used for basic statistical calculations such as mean, 

median, standard deviation and standard error. A range of statistical approaches 

such as analysis of variance (ANOVA), T-test, Pearson correlation and multivariate 

analysis (cluster analysis) were calculated using Minitab version (17.2.1). The 
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default level of confidence was 95% (p<0.05). Minitab was also used to tests 

normality of the raw and transformed data, prior to cluster analysis and the 

statistical tests (ANOVA). In this study, the Box-Cox transformation was used to 

make the data more normal. Pearson correlation was applied to investigate the 

elemental associations in the soils. Similarly cluster analysis (Ward method) was 

carried out to classify different elements into groups on the basis of similar 

geochemical features. In the method development, ANOVA via F-statistic was used 

to benchmark ICP-QMS against MC-ICP-MS for Pb isotope ratios for demonstrating 

‘fitness for purpose’ in environmental source apportionment. Crust-normalized 

REEs patterns were used to evaluate enrichment of REEs relative to upper 

continental crust in topsoils and subsoils. 
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3 Chapter 3: Benchmarking current generation ICP-QMS 

against MC-ICP-MS spectrometry for the determination 

of lead isotope ratios in soils 

Abida Usmana,b, E. Louise Anderb, Elizabeth H. Baileya, Simon Nelmsc, Vanessa Pashleyb, 

Scott D. Younga and Simon R. Cheneryb  

 

Abstract 

The analytical precisions of lead (Pb) isotope measurements obtained from 

quadrupole-based mass spectrometers (ICP-QMS) are considered to be limited by 

a number of factors originating in different components of the instruments. In this 

study, an attempt was made to refine experimental and instrumental protocols to 

maximise accuracy and precision when determining lead isotope ratios in urban 

soil digests (n=11) using current-generation ICP-QMS. Experimental measures 

included individual dilution of all samples and isotopic standards (SRM-981, NIST) 

to a single Pb concentration intended to produce an intensity which was high 

enough to negate blanks and interferences (> 1 x 106 CPS for 208Pb) but low 

enough to fall below the tripping point of the detector. Instrumental protocols 

included pre-measurement of dead time correction, optimisation of dwell time and 

the number of scans employed and correction of mass discrimination by sequential 

application of both internal (203Tl and 205Tl) and external (SRM-981, NIST) 

standards. This optimised methodology was benchmarked against multi-collector 

mass spectrometer (MC-ICP-MS) measurements of Pb isotope ratios using the 

same soil digest solutions but after these had been subjected to Pb separation 

using ion-exchange procedures.  

Keywords:  ICP-QMS, MC-ICP-MS, lead isotopes, soil, parameter optimisation  
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3.1 Introduction 

Lead isotopes can be measured by a range of mass spectrometry techniques. Until 

fairly recently, thermal ionization mass spectrometry (TIMS) was the preferred 

choice for precise (0.001-0.01% RSD) measurement of Pb isotope abundances 

(Weiss et al., 2004, Cheng and Hu, 2010). However, TIMS involves laborious 

sample preparation steps, such as separation of the analyte from the matrix into 

a highly purified form, involving extensive chemical treatment, and stringent 

optimisation of vaporisation and ionisation conditions of samples, with long 

analysis times (~45 minutes). These measurements are not only time consuming 

but also incur cost factors, rendering TIMS  unsuitable when analysing large 

numbers of samples (Thirlwall, 2001, Komárek et al., 2008). Inductively coupled 

plasma mass spectrometers (ICP-MS) are more appropriate for routine use with 

large sample numbers and are operationally simpler than TIMS (Santos et al., 

2007). They are widely used for multi-element and isotopic analysis with a 

precision (<0.05% RSD) comparable to that of TIMS for Pb isotopes. The term 

‘ICP-MS’ covers a range of instruments which differ in their mass filter and 

detector systems.  These include; those that are quadrupole-based (ICP-QMS) or 

high resolution, magnetic sector field-based (HR-ICP-MS) and those which can 

utilize single-collector (SC), multi-collector (MC), array detector (AD) or ‘time-of-

flight’ (TOF) detectors  (Maréchal et al., 1999, Komárek et al., 2008). 

Quadrupole-based mass spectrometers (ICP-QMS) are the most commonly used 

ICP-MS instruments principally because they are relatively inexpensive to produce 

and support, and are fast and simple in terms of sample preparation, handling and 

operation. As a result, the number and availability of ICP-QMS instruments far 

outweigh MC-ICP-MS. However, in isotope studies, specifically when high precision 
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ratio measurements are required, MC-ICP-MS is preferred over ICP-QMS and is 

considered the benchmark for accurate and precise isotope data (Wu et al., 2017).  

This is principally due to simultaneous measurement of all relevant isotopes, which 

effectively cancels out the effects of ‘plasma flicker’, and the flat-topped peaks 

produced in MC-ICP-MS, with their inherent resistance to instrument drift.   This 

is in contrast to sequential measurement of isotopes on leptokurtic peaks in ICP-

QMS (Begley and Sharp, 1997, Quétel et al., 1997, Vanhaecke et al., 1998).  The 

sequential nature of the analysis in any single collector instrument renders the 

technique susceptible to variations in, for example, sample aerosol transport, RF 

fluctuations and perturbations within the plasma itself (plasma flicker).  In 

essence, any signal instability results in non-sample related variation in relative 

isotope abundances from one microsecond to the next.  To achieve the ultimate 

high accuracy and precision that MC-ICP-MS is capable of, does pose some extra 

constraints, these include the need to separate the element of interest not just to 

ensure minimising any spectral interferences but also to minimise mass bias 

effects. However, this is rarely used in ICP-QMS studies as the aims in particularly 

environmental research require the analysis of large numbers of samples, in the 

minimum time. 

The accuracy and precision of isotopic ratios measured through ICP-QMS are 

considered limited by ‘noise’ (variation in signal intensity).  This originates from 

varying conditions throughout the ion pathway, including the ion source (i.e. 

sample introduction system and the plasma itself), the interface region, the 

collision/reaction cell (if used), the quadrupole mass filter and the detector (Begley 

and Sharp, 1994, Quétel et al., 1997). Variation in the efficiency of nebulisation 

and sample transport produces low frequency noise (Carré et al., 1992); as a 

result it is common in MC-ICP-MS studies to use manual sample introduction with 
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naturally aspirating nebulisers. In the ICP ion source, noise is produced due to 

‘plasma flicker’ that is caused by changes in energy transfer from plasma to 

analyte atoms. In addition to mainly random fluctuation caused by these 

instrumental factors, variation in ‘mass bias’ is a major source of systematic error, 

responsible for deviation of measured intensity ratios from true isotopic ratios 

(Appelblad and Baxter, 2000, Santos et al., 2007). The largest mass discrimination 

effect in ICP-MS is observed due to space charge effects (Quétel et al., 1997), 

which occur between the plasma torch and the skimmer cone, and cause 

differential deflection of lighter ions (Gillson et al., 1988, Begley and Sharp, 1994). 

Thus the ratio of heavier to lighter isotopes increases in the ion beam passing 

through the skimmer cone (Heumann et al., 1998); therefore it is common in high 

precision isotope ratio studies to separate the element of interest to minimise 

these effects. Woodhead (2002), used this variability in mass bias with matrix to 

propose an improved Tl bias correction by “calibrating” the small difference in 

mass bias for Tl and Pb.  It also has been reported that mass discrimination 

induced by space charge effects should be minimal in magnetic sector instruments 

due to high accelerating voltages however this is not always the case compared 

to the low extraction voltages, behind the skimmer cone, in a quadrupole 

instrument. Heumann et al. (1998) showed that mass discrimination for bromine 

isotopes was smaller than for a quadrupole but was still significant leading to the 

suggestion that discrimination can occur between the plasma torch and the 

skimmer cone. Random noise originating in the ICP ion source and quadrupole 

mass filter is also responsible for imprecision in measuring isotope ratios because 

of the sequential measurement required in ICP-QMS and, to a lesser extent, single 

collector HR-ICP-MS. 
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In ICP-QMS, a discrete dynode detector is normally used which necessitates a 

compromise between employing large analyte concentrations to improve the 

counting statistics of minor isotopes while working below the point at which the 

detector trips to analogue mode for major isotopes.  This may push the intensities 

of high abundance isotopes into the zone in which the detector dead time 

correction has a significant effect. Therefore, accurate dead time correction is 

necessary for precise measurement of isotopic ratios especially when very 

different isotope abundances are involved (e.g. 208Pb/204Pb) (Heumann et al., 

1998). The age of the detector is also considered an important factor in influencing 

dead time (Begley and Sharp, 1997, Vanhaecke et al., 1998, Nelms et al., 2001).  

Different strategies have been employed for precise determination of Pb isotopes 

using different types of mass spectrometers. To minimise low frequency noise 

sources, Furuta (1991), Begley and Sharp (1994) and Monna et al. (1998) all 

recommended cycling the ICP-QMS as rapidly as possible through the measured 

masses. Quétel et al. (1997) used a factorial design approach to investigate the 

simultaneous effects of different factors (dwell time, number of sweeps/replicates, 

number of replicates/analysis and time factor) on the precise determination of Pb 

isotopes, including 204Pb. To reduce the effects of mass bias in multi-collector, 

quadrupole and other mass spectrometers Ingle et al. (2003) demonstrated mass 

bias correction by modelling the underlying instrument response function in MC-

ICP-MS. Reuer et al. (2003) revealed the importance of both external and internal 

correction for mass bias in MC-ICP-MS to improve measurements of Pb isotopes 

in natural samples, i.e. marine carbonates and sea water. Simultaneous 

assessment of several optimising parameters have also been undertaken in some 

studies. For regular monitoring of dead time and mass discrimination, Appelblad 

and Baxter (2000) presented a linear model for the simultaneous determination 
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of dead time and mass bias correction factor in double focusing sector field mass 

spectrometry (SF-ICP-MS) for regular monitoring of dead time and mass 

discrimination.  This had the advantage of utilizing more time on the isotopes of 

interest. Different methods for calculating accurate detector dead times have also 

been demonstrated to improve the precision of isotopic ratios (Vanhaecke et al., 

1998, Nelms et al., 2001).  

In this study, the ability of a current-generation ICP-QMS instrument to determine 

Pb isotope ratios in urban soil samples was tested through a comparison with MC-

ICP-MS analysis. The primary aim of this study was to refine protocols intended 

to maximise the accuracy and precision of ICP-QMS determination of Pb isotope 

ratios to enable soil Pb source apportionment. The optimised methodology was 

benchmarked against MC-ICP-MS measurements on the same sample material. 

3.2 Experimental 

3.2.1  Preparation of samples 

Composite urban surface (0-15 cm) soil samples (n=11) from a range of sites in 

Wolverhampton and Nottingham were used. These had been sampled previously 

as part of a Natural Environmental Research Council (NERC) project, under the 

URGENT programme, conducted by a research consortium from Imperial College, 

London, NERC Isotope Geosciences Laboratory, British Geological Survey and 

University of Nottingham between 1999 and 2002 (Table 3.1).  
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  Table 3.1      Studied soil samples from Nottingham (Ng) and Wolverhampton (Wv) 

Samples 
Total Pb content 

mg kg-1 
Land use Grid ref 

Ng2 

Ng5 

Ng7 

Ng8 

Ng9 

Ng12 

Wv2 

Wv12 

Wv19 

Wv21 

Wv29 

385 

434 

340 

339 

146 

893 

47.6 

134 

40.6 

27.9 

271 

Churchyard 

Domestic garden 

Grassland (imported) 

Grassland (racecourse) 

Vegetated colliery spoil heap 

Disused factory 

Grassland (Golf course) 

Grassland 

Grassland 

Brownfield 

Deciduous woodland 

455280 338770 

457360 342370 

458500 339110 

459710 339170 

453570 344310 

455760 338550 

388450 300860 

388240 295750 

395150 299140 

393960 299860 

391680 300080 

 

Soil samples were air-dried and sieved to <2 mm and a small subsample of the 

archived soil (c. 2.0 g in triplicate) was ground in an agate ball mill (Model PM400, 

Retch GnbH & Co., Germany). Complete digestion of 0.2 g samples was achieved 

in PFA vials in a 48-place Teflon-coated graphite block digester ( Model A3, 

Analysco Ltd, Chipping Norton, UK) using a mixed acid digestion process i.e., HNO3 

(68%), HClO4 (70%) and HF (70%). The dried digestate was dissolved in 68% 

HNO3 and diluted to 50 mL with Milli-Q water (18.2 MΩ cm). Prior to analysis of 

total Pb concentration by ICP-QMS a further 1:10 dilution with 2% HNO3 was 

undertaken. Internal standards were introduced to the sample stream via a 

separate T-line including Ge (50 µg L-1), Rh (20 µg L-1) and Ir (10 µg L-1) in 2% 

HNO3 and multi-element standards (0, 20, 40, 100 μg L-1) were used to determine 

the Pb concentration (CLMS-2; CertPrep™). Three procedural blanks were also 

included in each digestion batch for quality assurance. All samples were analysed 
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with the ICP-QMS operating in ‘kinetic energy discrimination’ (KED) mode, with 

He as the cell gas, to eliminate polyatomic interferences. 

3.2.1.1 Dilution of samples for Pb isotopes measurement (ICP-QMS) 

The precision of Pb isotope ratio measurements generally improves with  

increasing Pb concentration as counting statistics improve (Furuta, 1991).  

However, at high concentrations the ion counter detector used with the ICP-QMS 

employed in this study trips to an analogue signal, resulting in non-linearity 

caused by measuring isotopes in different detector modes, with added uncertainty 

due to the application of a gain correction between the two detector types (Monna 

et al., 1998). Thus, individually tailored dilutions of each sample digest were 

carried out, with 2% HNO3, using prior knowledge of the total concentrations of 

Pb. The objective was to work with near identical concentrations (~15 µg L-1) of 

all samples and reference materials (SRM-981, NIST Pb wire). This approach had 

the advantages of (i) reducing the effect of any error in the dead time correction 

factor and (ii) ensuring that the intensity of the 204Pb signal was as high as possible 

while keeping the 208Pb signal below the detector trip point (c. 106 cps).   

3.2.1.2 Lead separation method for Pb isotope measurement by MC-

ICP-MS 

Variations in mass bias and small interferences are known to impact on data 

quality in MC-ICP-MS isotope ratio determinations (Yang, 2009). Therefore, prior 

to the measurement of Pb isotopes in soil digests, a preliminary separation of Pb 

was performed using an anion exchange (AG1-X80) column (Strelow, 1967). 

Aliquots, containing an estimated 200 ng of Pb from each digest, were heated 

overnight to dryness in PFA vials on a hotplate. An aliquot of HBr (2 mL) was then 

added to each vial and left overnight again to solubilise the sample. Sample Pb 
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was separated using anion exchange resin columns (2 mL, AG1-X80). The resin 

was pre-cleaned with MQ quality (>18 MΩ) water followed by 6 M HCl and then 

equilibrated by washing the column with 2 mL 1 M HBr. All samples were then 

passed through individual columns adsorbing the sample Pb as PbBr4
2- ions. Major 

cations were then eluted from the columns with further HBr. The sample Pb was 

then eluted using 8 mL of 6 M HCl back into its original vial. Concentrated nitric 

acid (0.2 mL) was added to each vial as an oxidising agent and the contents 

evaporated to dryness on a hotplate, overnight, at 90˚C. Prior to analysis by MC-

ICP-MS each sample was diluted to c.5-10 ng mL-1 and spiked with Tl (c. 5-10  ng 

mL-1) for instrumental mass bias correction with the aim of achieving less than the 

maximum 10V signal on 208Pb and 205Tl.       

3.2.2  Instrumentation and optimisation procedures 

ICP-QMS 

At the University of Nottingham Pb isotope ratios were determined by current 

generation ICP-QMS (Model iCAP Q; Thermo Scientific, Bremen, Germany). All 

samples were analysed with the ICP-QMS operating in ‘kinetic energy 

discrimination’ (KED) mode, with He as the cell gas, to eliminate polyatomic 

interferences. Additionally, in the past it has been suggested that the use of a 

collision gas may “thermalize” the ion beam and improve isotope ratio precision  

(Bandura et al., 2000). Samples were introduced from an autosampler 

incorporating an ASXpress™ rapid uptake module (Cetac ASX-520, Teledyne 

Technologies Inc., Omaha, NE, USA), with a 5 mL sample loop, through a 

perfluoroalkoxy (PFA) Microflow PFA-ST nebuliser (Thermo Fisher Scientific, 

Bremen, Germany). The typical operational parameters selected for measurement 

of Pb isotopic ratios are given in Table 3.2. 
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Table 3.2  Operational parameters selected for measurement of Pb isotopic 

ratios using ICP-QMS   

Detector acquisition 
mode 

Dead time 
Dwell time 

Number of runs 
Number of scans 
Isotopes measured 

Points per peak 
Number of replicates 

Analysis time per 
sample 

Pulse counting mode 

                 36.8 ns 

                 10 ms 

                 10 

               10000 

   202Hg, 204Pb, 206Pb, 207Pb, 208Pb, 203Tl and 205Tl 

                   1 

                   3 

                16 minutes 

 

MC-ICP-MS 

Lead isotope analysis was conducted at the NERC Isotope Geosciences Laboratory 

(BGS, Keyworth, U.K.) using a Nu Instruments, Nu Plasma, MC-ICP-MS (Multi-

Collector Inductively Coupled Plasma Mass Spectrometer).  Prior to analysis, each 

sample was spiked with a Thallium (Tl) solution, to enable correction of instrument 

induced mass bias. Samples were then introduced into the instrument via an ESI 

PFA50 nebuliser attached to a de-solvating unit, (Nu Instruments DSN 100). For 

each sample, five ratios were simultaneously measured (206/204Pb, 207/204Pb, 

208/204Pb, 207/206Pb and 208/206Pb) using the instruments array of Faraday detectors. 

The collector configuration used is illustrated in Table 3.3.  Each individual 

acquisition consisted of 3 blocks of 25 cycles, with a 5-second integration time per 

cycle, following a 60 second de-focused baseline (c. 7 min. per acquisition). 

The precision and accuracy of the method was assessed through repeat analysis 

of a SRM-981, NIST Pb reference solution, (also spiked with Tl). The average 

values obtained for each of the mass bias corrected SRM-981, NIST ratios were 

then compared to the known values for this reference material  (Thirlwall, 2002):  

206/204Pb = 16.9417 ± 29, 207/204Pb = 15.4996 ± 31, 208/204Pb = 36.724 ± 09, 
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207/206Pb = 0.91488 ± 08 and 208/206Pb = 2.1677 ± 24;  Precision = ppm 2sd. All 

sample data were subsequently normalised according to the relative deviation of 

the measured reference values from the true values. The analytical errors for each 

of the sample ratios were propagated relative to the reproducibility of the SRM-

981, NIST to take into account the errors associated with the normalisation 

process.   

Table 3.3  Configuration of the Nu Plasma HR 'Zircon' collector block, used for 

Pb isotope analysis  

High 4 High 3 High 2 High 1 Axial Low 1 Low 2 

208Pb 207Pb 206Pb 205Tl*2 204Pb 

204Hg 

203Tl*2 202Hg*1 

 

*1 Measured to allow for the correction of the isobaric interference of 204Hg on 
204Pb. 

*2 Measured to allow for the correction of instrumental mass bias. 

 

3.3 Procedures for optimising measurement of Pb isotopes 

using ICP-QMS 

3.3.1  Evaluation of detector dead time correction factor 

A dead time correction factor (Df) was determined, according to a method 

described by Nelms et al. (2001), for the isotopic ratios: 204/208Pb, 206/208Pb and 

207/208Pb.  Values of Df were measured from intensity ratios determined across a 

range of Pb standard solutions (i.e. 0, 2, 4, 6, 8....22 µg L-1) prepared from SRM-

981, NIST in 2% HNO3. Data from samples providing higher count rates for 208Pb 
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were used so that the detector was more likely to be close to saturation; we also 

wanted to investigate the validity of measurements up to the point where the 

detector tripped to analogue signals.  

The Df was initially set to zero ns. An isobaric correction factor for 204Hg was 

determined from measurement of the signal at m/z = 202 (202Hg). Intensity values 

(cps) were measured using a quadrupole dwell time of 10 ms with 200 sweeps 

and 20 separate integrations to give 4000 quadrupole visits to each isotope per 

sample and a total signal integration time per isotope of 40 seconds. Initially, a 

blank correction was made to all raw Pb isotope intensities (Isample – Iblank).  Sample 

intensity values were corrected using Eq. 1, following optimisation of the Df value 

(van Heuzen et al., 1989).  

         Icorr  =   
(Isample −  Iblank)

1 − (Isample −  Iblank)Df 10−9 
 … … … … … … … ….  (1) 

 

The value of Df was optimised by determining the slope of individual isotope 

intensity ratios (i.e.204Icorr/208Icorr) against the intensity signal for 208Pb (cps) and 

varying the value of Df until the value of the slope squared (slope2) was minimised. 

This was undertaken using the Microsoft Excel Solver function. The optimised 

values of dead time calculated for Pb isotopic ratios were 37.4, 36.7 and 36.3 ns 

for 204/208Pb, 206/208Pb and 207/208Pb ratios respectively. The values of Df calculated 

did not change systematically with mass difference between the isotopes and they 

were independent of mass and analyte concentration as illustrated in Figure 3.1  

for the isotopic ratio 204/208Pb. An average value of dead time correction was 

calculated (i.e., 36.8 ns) and set within the instrument software. Values of dead 

time were in good agreement with previous studies (Monna et al., 1998, Encinar 
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et al., 2001) and close to the manufacturer’s factory-set value of 40 ns. 

Subsequently, all analytical sessions were preceded by measurement and re-

setting of detector dead-time. 

 

Figure 3.1. Isotopic count ratios (CR) 204/208Pb vs 208Pb intensity measurements 

(cps) at the optimised value of Df. 

3.3.2  Mass bias correction 

Prior to mass bias correction, Pb isotope intensities were corrected for an isobaric 

interference from 204Hg, through measurement of 202Hg, and for operational 

blanks. The resulting data was then corrected for mass bias using both proxy 

internal and external standards.  Thallium (2 µg L-1) was used as an internal 

standard because its isotopic masses (i.e., 203Tl and 205Tl) are sufficiently close to 

those of the Pb isotopes that it can be used as a proxy for continuous monitoring 

of mass discrimination in individual samples (Reuer et al., 2003). Thallium was 

continuously delivered to the nebulizer on a separate line and the bias per unit 

mass (ε) determined from the measured 205Tl/203Tl, when compared to the known, 

‘true’, value for this ratio i.e., 2.3871 (Weiss et al., 2004).  
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Three equations (i.e., linear, power and exponential models; equations 2-4 below) 

are generally used to estimate the mass discrimination correction factor (or ‘K-

factor’) for a pair of Pb isotopes when Tl is used as an internal standard (Taylor et 

al., 1995, Heumann et al., 1998). Most previous studies conducted using MC-ICP-

MS have favoured a power (Eq 3.) or exponential (Eq 4.) equation over a linear 

relation (Eq. 2) on grounds of precision for internal standardisation (Taylor et al., 

1995, Heumann et al., 1998, Weiss et al., 2004). However, a linear model (Eq. 2)  

is more commonly used for mass discrimination correction for quadrupole mass 

analysers as this has been found to be a sufficiently accurate model (Nelms and 

Beauchemin, 2005).  

K = 1 + (𝛥𝑚 𝜀)   ……………………………..  (2) 

K = (1 + 𝜀)𝛥𝑚   ……………………………….. (3) 

 K = exp(𝛥𝑚 𝜀)  ………………………………  (4) 

In equations 2 – 4, Δm is the mass difference between two Pb isotopes; K is the 

K-factor for the ratio of those two isotopes and ε is the bias per unit mass 

determined for the ratio 205Tl/203Tl.  Preliminary data for Pb isotopes were 

processed using the linear (Eq. 2), power (Eq. 3) and exponential (Eq. 4) 

equations to assess the difference in mass bias correction factor, but very similar 

results were observed using the three approaches. Therefore, the most simplistic 

linear correction was used in this study. 

Thallium-corrected data was then further normalised using the SRM-981, NIST Pb 

reference material to allow for any element-specific drift in instrument sensitivity 

during the experiment. The refined K-factor for each sample was calculated using 

interpolated values of the K-factor for SRM-981, NIST samples (15 µg L-1) run 

every 10th sample.  
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3.3.3  Quadrupole dwell time 

Improvement in precision of Pb isotope ratio determinations can be achieved by 

decreasing the quadrupole dwell time in order to reduce low frequency noise in 

the plasma (Begley and Sharp, 1994), but this may result in accurately jumping 

to the mass peak maximum at extremely fast scanning rates (low dwell times) 

(Furuta, 1991). This suggests that there should be an optimum isotope dwell time 

at which counting precision is greatest. The influence of quadrupole dwell time 

was tested using a solution of SRM-981, NIST (5 µg L-1) spiked with Tl (1 µg L-1).  

The test solution was aspirated directly and the precision of Pb isotopic ratio 

measurements (% RSD) determined for a range of dwell times. Ten separate 

integrations were set with the number of sweeps changed inversely to increasing 

isotope dwell time (1-15 ms) to retain a constant overall signal acquisition time. 

Values of %RSD for individual Pb isotopic ratios were plotted against dwell time. 

Figure 3.2 shows that the variation in precision across the range of dwell times 

was neither systematic nor significantly different between dwell times, with the 

single outlier of 204Pb ratios at 9 ms. It was therefore decided to retain a dwell 

time of 10 ms for further studies as suggested in the literature (Almeida and 

Vasconcelos, 2001). 
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Figure 3.2.  Average RSD (%) of Pb isotope ratios against dwell time (ms) whilst 

retaining a constant total acquisition time. 

3.3.4  Optimising the number of scans (quadrupole peak visits)  

To optimise the number of scans (peak visits by the quadrupole), 10 separate runs 

with 1000 scans per run was selected and the number of points per peak was set 

to one (dwell time 10 ms). The total analysis time for each sample (SRM-981, 

NIST) was approximately 16 minutes. To determine the effects of the number of 

scans on Pb isotopic ratios determination, each of the 10 runs of 1000 scans was 

processed (i) separately and (ii) cumulatively i.e. using 1000, 2000 scans etc. A 

comparison of the resulting data is shown in Figure 3.3. The error for different Pb 

isotopic ratios (i.e., 207/206Pb, 208/207Pb and 208/204Pb) was assessed by comparing 

residual standard deviation (RSD) values against the multi-collector data. The data 

processed using individual groups of 1000 scans showed relatively high and 

variable RSD values for all isotopic ratios (grey circles). By contrast, data 

processed in a cumulative way showed better precision and consistency for all 

three isotopic ratios. Precision generally increased with increasing number of scans 

as shown in Figure 3.3 (a, b and c). For the current study we decided to use 
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10,000 scans to try to minimise variation due to counting statistics, although 

Figure 3.3 suggests this could potentially be reduced to 6000 scans to save time 

without significant loss of precision. 
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Figure 3.3.  Values of residual standard deviation, comparing ICP-QMS with MC-

ICP-MS, for Pb isotope ratios (a) 207/206Pb, (b) 208/207Pb, and (c) 208/204Pb against 

the number of quadrupole scans (peak visits).  
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statistics and (iii) the large difference in isotopic abundance results in increased 

vulnerability to errors in dead time correction.  There is also the need for Hg 

correction on 204Pb, which further compromises the measurement uncertainty. 

 

 

 

Figure 3.4.   Correlation of Pb isotope ratios (a) 206/207Pb, (b) 208/207Pb, and (c) 

208/204Pb measured using quadrupole (ICP-QMS) and multi-collector (MC-ICP-MS) 

instruments. 
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With such strong correlations it is instructive to examine the difference between 

the precision of the benchmark MC-ICP-MS and the ICP-QMS data (Figure 3.5 a, 

b and c), assuming that the MC-ICP-MS has no error for the purposes of this 

comparison. There may be two sources of error between the datasets: additive 

i.e. a simple offset value constant for all samples, and multiplicative i.e. a change 

in value proportional to the isotope ratio measured. For 206/207Pb (Figure 3.5 a) 

there was a clear increase in error with increasing isotopic ratio, indicating a 

multiplicative bias between ICP-QMS and MC-ICP-MS. For 208/207Pb and 208/204Pb 

this was not apparent. A regression analysis of ICP-QMS on MC-ICP-MS was made 

and tested for significance of the slope being different to 1 for all ratios shown in 

Table 3.4. All slope values were statistically different from 1 except 208/206Pb; 

however only in the 4th significant figure. To account for the effect of the very 

narrow range of isotope ratio values, an intercept between the ICP-QMS and MC-

ICP-MS data was estimated by correcting the ICP-QMS data for the slope, then 

calculating the difference between the two data sets. The median difference was 

calculated (Table 3.4) to avoid outliers biasing the estimate. In terms of impact, 

the offset for 208/204Pb ratio was the most significant with an absolute value of 

0.02, equivalent to approximately 0.04% of the median 208/204Pb ratio. 

As each original soil sample was digested and analysed separately 3 times there 

was an opportunity to test ‘fitness for purpose’ for the whole method from 

digestion to ICP-QMS and MC-ICP-MS measurement. This was achieved using 

analysis of variance (ANOVA) to separate the total variance of the dataset into the 

analytical variance and the true variance between samples; where the analytical 

variance is a combination of the digestion variance and the measurement 

variance.  
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First, comparing the within sample analytical precision (as measured by RSD %) 

of the ICP-QMS with that of MC-ICP-MS (Table 3.5). If we assume that the MC-

ICP-MS inherently has a better measurement precision but with the within sample 

precision essentially being equal between the techniques, then we must assume 

that the digestion process has limited our analytical precision. For example, for 

207/206Pb values of RSD for ICP-QMS and MC-ICP-MS were 0.09% and 0.07%, 

respectively, which suggests the data were digestion heterogeneity limited.  By 

contrast, for 207/204Pb the greater values for ICP-QMS (0.13%) compared to MC-

ICP-MS (0.02%) suggests that the precision is limited by instrumental factors. 

This is supported by quantifying if within sample variance is different between ICP-

QMS and MC-ICP-MS using the F-statistic. This demonstrated that there was no 

statistical difference between the two instruments for 207/206Pb; but very significant 

differences for 207/204Pb (Table 3.5). This implies that there is no advantage in 

using MC-ICP-MS, and chemical separation of Pb, for determination of 207/206Pb 

ratios but the converse is true for 207/204Pb. 

The ANOVA, via the F-statistic, can be further used to test, for each isotope ratio, 

the power of the analytical technique to discriminate between samples. The 

greater the ratio of the “between samples” variance and the “within sample” 

variance which is the F-statistic, the better the discrimination i.e. when the ratio 

falls below the Fcrit value we have no discrimination. For 207/206Pb, a variance ratio 

of 615 for ICP-QMS implies that we can readily discriminate between samples; for 

207/204Pb with a variance ratio of 6, this was not the case, as this is barely above 

the Fcrit of 2.78. Thus, values of 207/204Pb ratio measured by ICP-QMS (the lowest 

F-value), will have little resolving power between samples and any further 

analytical improvements should focus on determination of this isotopic ratio. By 

comparison, the variance ratios for these isotope ratios by MC-ICP-MS were 1123 
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and 137 respectively, suggesting that MC-ICP-MS can be readily used for all 

isotope ratios to differentiate between samples.  

 

 

 

Figure 3.5.  Difference between the benchmark MC-ICP-MS data and the difference 

between ICP-QMS and MC-ICP-MS (a), (b) and (c).
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Table 3.4  Evaluation of significance of slope (multiplicative) and offset (additive) when regressing the difference between measured ICP-

QMS and MC-ICP-MS  against MC-ICP-MS ratios, showing the significant differences occurring in the offset for 207/204Pb and 208/204Pb ratios.  

      Ratio    Slope 
    95%  
Confidence  

interval 

Median        
Offset 

207/206Pb 0.9992 0.0003 0.00007 
206/207Pb 1.0009 0.0003 -0.0001 
208/206Pb 0.9998 0.0004 0.0001 
208/207Pb 1.0006 0.0002 0.0002 
206/204Pb 1.0019 0.0006 0.0008 
207/204Pb 1.0011 0.0006 0.0045 
208/204Pb 1.0017 0.0007 0.02 

 

Table 3.5 Statistical comparison of within sample measurement precision with between sample precision and evaluation for Pb isotope 

ratios determined both by ICP-QMS and MC-ICP-MS. Note: the greater the F-statistic is over the critical F value, the greater the power of 

the measurement to discriminate true sample variation from analytical “noise”. 

  207/206Pb 208/206Pb 206/204Pb 207/204Pb 208/204Pb 206/207Pb 208/207Pb 

MC-ICP-MS Within sample RSD% 0.07 0.03 0.08 0.02 0.05 0.07 0.03 

MC-ICP-MS Between sample RSD% 2.27 1.21 2.48 0.24 1.28 2.25 1.04 

ICP-QMS Within sample RSD% 0.09 0.08 0.14 0.13 0.16 0.09 0.08 

ICP-QMS Between sample RSD% 2.34 1.28 2.58 0.31 1.32 2.31 1.04 

Fcrit  1-tail 95% 

(10df,10df) = 
2.98 

Within sample F-stat MC -

ICP-MS v ICP-QMS 1.94 6.11 3.35 37.30 10.34 2.00 5.40 

Fcrit  1-tail 95% 
(22df,10df) = 
2.78 

Between v Within 
sample F-stat ICP-QMS 615 237 322 6 67 625 167 

Fcrit  1-tail 95% 
(22df,10df) = 
2.78 

Between v Within sample 
F-stat MC-ICP-MS 1123               1302 1001 137 653 1180 902 
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3.4.2  Comparison of Binary plots      

Binary plots were used to attempt soil Pb source apportionment for the three sets 

of data derived from (i) MC-ICP-MS, (ii) ICP-QMS measured using 10,000 scans, 

and (iii) ICP-QMS using just the first run of 1,000 scans as an example of 

acquisition parameters used previously in the literature (Mao et al., 2014). The 

first comparison was made using a conventional binary plot (208/207Pb vs 206/207Pb) 

as shown in Figure 3.6. The MC-ICP-MS data (dark circles) all fell on a single 

straight trend line, expected from a simple 2 isotopic end-member system. 

Similarly, data analysed by ICP-QMS with 10,000 scans (grey circles) fell very 

close to the multi-collector data. By contrast, data from ICP-QMS using 1000 scans 

(white circles) clearly deviated from the multi-collector data and the single mixing 

line in the binary plot. The standard error at each data point (n=3) was also large 

compared to ICP-QMS data analysed using 10,000 scans where reproducibility was 

very high.  

A further comparison was made using a second binary plot (Figure 3.7) involving 

the 204Pb isotope (208/204Pb versus 206/207Pb) in an attempt to identify the presence 

of further end member sources not revealed by Figure 3.6; as Ellam (2010b)  has 

pointed out plots based only on 206,207,208Pb ratio have a limited ability to 

discriminate more than 2 end-members. Again, all data points determined by MC-

ICP-MS fell on a single straight mixing line, providing no evidence of a ‘third 

source’ of Pb. The data determined by ICP-QMS using 10000 scans (grey circles) 

again fell very close to the multi-collector data. However, a few points visibly 

deviated from the single mixing line and the standard errors were very small, 

suggesting a small systematic deviation. The largest systematic deviations and 

standard errors (n=3) were observed for ICP-QMS data using 1,000 scans (white 
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circles). It is clear that although a straight line through the data would indicate 2 

dominant sources, the substantial scatter around the mixing line could be 

erroneously interpreted as indicating multiple (> 2) sources of Pb in the current 

dataset.  This highlights the necessity for longer total acquisition time than 

previously reported (Mao et al., 2014, Shetaya et al., 2018) and a fuller 

understanding of causes of error in determination of Pb isotope ratios. 

 

 

Figure 3.6.  A binary plot using isotopic ratios 208/207Pb vs 206/207Pb for data derived 

from MC-ICP-MS and ICP-QMS with either 10,000 or 1,000 scans. Note error bars 

for MC-ICP-MS and ICP-QMS (10000 scans) are smaller than symbols for most 

samples. 
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Figure 3.7.  A binary plot using isotopic ratios 208/204Pb vs 206/207Pb for data derived 

from MC-ICP-MS and ICP-QMS with either 10,000 or 1,000 scans. 
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correlation observed for 208/204Pb isotope ratio was also strong but weaker than 

for other ratios (r=0.987). ANOVA was used to test ‘fitness for purpose’ for the 

whole method from digestion of samples to ICP-QMS and MC-ICP-MS 

measurement. No statistical difference was observed for 207/206Pb (ICP-QMS RSD 

0.09%; MC-ICP-MS 0.07%) whereas for determination of the 207/204Pb isotope 

ratio (ICP-QMS 0.13%; MC-ICP-MS 0.02%) ICP-QMS appeared to be limited by 

instrumental factors. Comparison of measurement variance with that of the 

between-sample variance was also undertaken using the F-statistic. It was 

apparent that the 207/206Pb ratio determined through ICP-QMS (V.R. = 615) has 

excellent discriminating power between samples; by contrast utilising the 207/204Pb 

ratio (V.R. = 6) for Pb source apportionment would require further analytical 

improvements, for example a detector with a wider pulse counting dynamic range 

that would allow the accumulation of better counting statistics within a reasonable 

time-frame.  
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4 Chapter 4: Identification of pollutant sources in urban 

soils  

4.1 Introduction 

 

Urbanization results in physical, chemical and biological changes in affected soils 

(Rossiter and Burghardt, 2003, Micó et al., 2006, Puskás et al., 2008, Luo et al., 

2014). In recent decades, anthropogenic inputs of trace elements to urban soils 

has far exceeded contributions from natural sources (Facchinelli et al., 2001). 

Anthropogenic activities with the clearest impacts on the urban environment 

include vehicular emission, industrial activities, combustion of fossil fuel, corrosion 

of old building materials, application of fertilizers, pesticides, manures and 

disposable of municipal waste (Nadal et al., 2004, Wong et al., 2006). Urban areas 

close to current or former industrial areas are commonly contaminated with metals 

that reflect the nature of the industrial raw materials and products being produced 

(Alloway, 2013).  

Wear and tear of automotive parts commonly releases e.g. Pb, Cr and Cu into the 

environment (Blake and Goulding, 2002, Shi et al., 2008, Kadi, 2009). Chromium 

is used in chrome plating of automotive parts, Zn is added to tyres during 

vulcanization (Smolders and Degryse, 2002, Chen et al., 2012),  Cu is used in 

lubricants and Cu alloys in mechanical parts and radiators (Sayed et al., 2003, Lu 

et al., 2010, Yang et al., 2011).  

Urban pollutants are primarily released via atmospheric emission and their 

dispersal in the urban environment is highly dependent upon particle size. Particles 

deposited on soil can be easily re-suspended and re-located by heavy traffic 

movements, wind, rainfall and surface run-off (Callender and Rice, 2000, Meza-
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Figueroa et al., 2007, Przybysz et al., 2014).  Heterogeneity of soil also contributes 

to spatial variations in trace elements concentrations (Luo et al., 2007). 

Apportioning pollutants to natural (parent) materials and anthropogenic activities 

is therefore challenging in the urban environment (Gallego et al., 2002, Chen et 

al., 2008, Chen et al., 2012, Luo et al., 2015). 

4.2 Objectives  

Determination of soil Pb isotopic composition can help to establish pollutant 

sources and combined with in-depth analysis of other trace elements may prove 

to be a more powerful tool for source apportionment.  The objectives of this 

chapter were therefore to determine the concentrations of a wide range of possible 

‘contaminant’ elements for a range of urban soils and to combine this with (i) 

investigation of Pb isotopic composition (206/207Pb and 208/207Pb), (ii) consideration 

of the relationship between total Pb (Pbtotal) and Pb isotopic ratio (206/207Pb), and 

(iii) identification of the proportion of Pbpetrol to Pbtotal, in order to estimate the 

likely origins of key contaminant metal and metalloids in the soils. 

4.3 Material and methods 

4.3.1 Soil sampling 

Urban soils collected from sites in Nottingham (n=20) and Wolverhampton, UK 

(n=30) have been studied along with sewage amended soils (n=67) from four 

districts of Southern Punjab, Pakistan (detail given in chapter 2, section 2.2).  

4.3.2 Sample analysis 

Major and trace elements concentrations were determined by ICP-MS after acid 

digestion (see Chapter 2, Sections 2.4 and 2.5.1). Lead isotopic abundances were 

measured following the methodology described in Chapter 3. The relative 

proportion of Pb from different sources (i.e. Pbpetrol and Pbgeogenic) was calculated 
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according to the model proposed by  Monna et al. (1997)  (Chapter 2, Section 

2.8). 

4.3.3 Statistical analysis for variation of heavy metals 

concentration in Pakistan sewage amended soils  

The variation in heavy metals concentrations between different districts sewage 

amended soils of Pakistan was assessed using ANOVA in in Minitab (Version: 

17.2.1). The normality of data was assessed using the Anderson-Darling method 

(Razali and Wah, 2011) and when necessary data was transformed using the Box-

Cox transformation in order to reduce the skewness of data because too high 

skewness causes result distortions and low level of significance. Tukey analysis 

was used to make comparison between heavy metals concentrations at different 

districts. 

4.3.4 Cluster Analysis (CA) 

Prior to applying CA in data sets, the normality of the data sets (i.e., urban soils 

of Nottingham and Wolverhampton and Pakistan sewage amended soils) were also 

evaluated using the Anderson-Darling method because multivariate analysis also 

require normal distribution of data. The concentrations of elements which were 

not normally distributed were transformed using the Box-Cox transformation. 

Cluster analysis is considered a suitable method to display correlation between 

variables. The similarity axis (Y-axis) represents the degree of association 

between variables, the lower the value on the axis, the more significant the 

association between the variables. In this study the results of CA for different data 

sets are shown as a dendrogram. 

 



81 
 

4.4 Results and discussion 

4.4.1  Nottingham urban soils 

4.4.1.1 Concentrations of major and trace metals in Nottingham soils 

Mean concentrations of major and trace elements are presented in Table A1 (see 

Appendix A). Site locations and descriptions of land use are given in Table 4.1 

(after Mao (2014). Total concentrations of elements including Cu, Zn, Pb, As, Cd, 

Ni and Cr vary considerably between sites (Figure 4.1). Urban soils of Nottingham 

has been impacted most in past by human activities which left a potential legacy 

of contamination in most of the areas therefore, concentrations of elements were 

compared to normal background concentrations (NBCs) for assessment of 

contamination, except for Zn and Cr, for which there are no assessment criteria. 

Normal background concentrations for the contaminated domains are defined as 

the upper 95% confidence limit of the 95th percentile and are used at National to 

regional scales as a guidance as to what are the normal levels (Ander et al., 2013). 

The term background includes both geogenic and anthropogenic diffuse pollution.  

In this study, many sites in urban Nottingham sites had trace element 

concentrations that were mostly at or below NBCs. Four sites exhibited 

concentrations of several metals significantly above NBCs. Disused factory sites 

Ng11 and Ng12 had elevated concentrations of Pb, As, Ni and Zn.  Sewage farm 

soils Ng14 and Ng15 had elevated Cu, Zn, Cd, Cr and Ni reflecting long term 

sludge application (Singh et al., 2004, Jamali et al., 2008).  Arsenic and Ni were 

elevated at site Ng6 which was close to a railway. Railways may have residues of 

scrap metal, oil and debris from rolling stock in the soil (Bacon et al., 1996). The 

railway line in Nottingham was also used for the transportation of coal and the 

trace element concentrations may also reflected coal contamination. A domestic 

garden Ng4 had a high concentration of Pb with some suggestion of elevated Zn.  
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Contamination of urban gardens and allotments with heavy metals has been 

reported previously in the UK (Hursthouse et al., 2004, Nathanail et al., 2004, 

Giusti, 2011) and may arise from factors including application of fertilizers and 

pesticides, burning and burial of metal-containing materials and importation of 

soils (Alloway, 2004).  

 

                 Table 4.1: Description of individual sites in Nottingham soils  

 

Sites Land use Grid ref 

Ng1 

Ng2 

Ng3 

Ng4 

Ng5 

Ng6 

Ng7 

Ng8 

Ng9 

Ng10 

Ng11 

Ng12 

Ng13 

Ng14 

Ng15 

Ng16 

Ng17 

Ng18 

Ng19 

Ng20 

Grassland (football field) 

Churchyard 

School 

Domestic garden 

Domestic garden 

Railway 

Grassland (imported) 

Grassland (racecourse) 

Vegetated colliery spoil heap 

Vegetated colliery spoil heap 

Disused factory 

Disused factory 

Grassland (amenity) 

Sewage Farm 

Sewage Farm 

Brownfield 

Brownfield 

Brownfield 

Brownfield 

Brownfield 

455470 336660 

455280 338770 

453760 341550 

454700 343720 

457360 342370 

458720 339210 

458500 339110 

459710 339170 

453570 344310 

455170 342480 

455770 338590 

455760 338550 

453570 344210 

464120 340530 

464130 340810 

462830 340800 

462770 340730 

462900 340700 

446800 339730 

447040 339240 
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Figure 4.1: Concentration of trace metals (a) Ni, (b) Cr, (c) Cu, (d) Zn, (e) As, 

(f) Cd and (g) Pb in Nottingham urban soils. Vertical bars denote the average 

plus/minus the standard error. The dashed line shows the normal background 

concentration (NBC). 
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4.4.1.2 Cluster analysis  

 

Cluster analysis identified two main groups (Figure 4.2). In the first group one sub 

group suggested that Pbpetrol and Pbgeogenic were closely clustered with Ca, Zn, Sb, 

Ba, Mg, Se, P, Ag, Cd, Cr and Ni reflecting industrial activities, waste disposal and 

vehicular emissions.  A second sub-group contained elements reflecting both 

natural and anthropogenic sources (e.g. Fe, Mn, Cu, As, Mo, Sr). The second main 

cluster contains elements associated with aluminosilicate and clay minerals (K, 

Rb, Cs, Li, Al) suggesting a natural origin. 

         

Figure 4.2: Dendrogram for Nottingham urban soils. 
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Binary plots are shown in Figure 4.3 alongside typical values for UK leaded petrol, 
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et al. (1999) demonstrated that the isotopic ratio for UK coals overlaps with that 

TlH
fT i

A
l

ThLiC
s

RbKTeA
s

SnCuM
oCoSrBeU

M
nFeN

bV
N

aN
i

C
r

CdA
gPSeM

gBaSbZnCa

To
ta

l P
b

G
eo

ge
nic

 P
b

Pe
tr

ol
 P

b

12.38

41.59

70.79

100.00

Variables

S
im

il
a
ri

ty

Nottingham urban soils



85 
 

of UK ore.  All the Pb isotope ratios fall on the mixing line between Pbpetrol and 

Pbgeogenic (UK ore and UK coal).  Soils had 206/207Pb and 208/207 Pb value in the ranges 

1.11-1.18 and 2.39-2.46 respectively. These values are close to reported values 

for London aerosols (Noble et al., 2008) and Nottinghamshire roadside soil 

(Atkinson et al., 2011a) suggesting a mix of Pb from both geogenic and leaded 

petrol sources.  

 

Figure 4.3: Binary plot showing the isotopic ratios 206/207Pb versus 208/207Pb 

for Nottingham urban soils, with median values from UK leaded petrol, 

Southern Pennine Pb ore (Galena) and Nottinghamshire-Yorkshire-

Derbyshire (N-Y-D) coal shown for comparison. 

 

The relationship of 206/207Pb ratio with the Pbtotal contents is shown in Figure 4.4. 

A significant correlation was observed (-0.559, p<0.05) between 206/207Pb and 

Pbtotal. Soils with lower concentrations of Pb have isotopic ratios closer to Pbgeogenic 
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to the Pbpetrol end member. A similar relationship was reported by Shetaya et al. 

(2018) in soils collected from Egypt.  

 

 

Figure 4.4: Relationship of Pbtotal versus isotope ratio 206/207Pb in Nottingham 

urban soils.  

 

Leaded gasoline was a primary source of Pb during the last century, but was 

phased out in most countries by 2000 (Nriagu, 1990, Oudijk, 2010). The Pb 

derived from petrol still remains in soils and has been reported in many different 

studies (Marzouk et al., 2013b, Mao et al., 2014). The contribution of Pbpetrol to 

Pbtotal is shown in Figure 4.5 and ranges from >65% in a domestic garden (Ng5) 

to <5% in a football field (Ng1). Sites previously identified as having significant 

trace element contamination (Ng11, Ng12, Ng14 and Ng15) also have greater 

proportions of Pbpetrol.   
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                      Figure 4.5: Proportion of Pbpetrol in Nottingham urban soils  

4.4.2        Wolverhampton urban soils 

4.4.2.1 Major and trace element concentrations in Wolverhampton 

soils 

Mean concentrations of major and trace elements are presented in Table A1 (see 

Appendix A) and locations of individual sites are given in Table 4.2 (after Mao 

(2014). Trace elements concentrations were compared to NBCs (Figure 4.6). 

Concentrations were greatest on waste ground that had formerly been a landfill 

site (Wv6). In the UK up to 90% of waste from domestic and industrial activities 

has in the past been disposed of to landfill (Bridge et al., 1997). Elevated 

concentrations of Cu, Zn, Pb, Ni, Cd, Cr and As were also observed on parkland 

(Wv3), grassland (Wv7), former industrial sites and old gas works (Wv5), site of 

a former tyre factory (Wv10) and a nature reserve close to a railway (Wv14). 
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             Table 4.2: Location of Wolverhampton soil sampling sites 

Sites Land use Grid ref 

Wv1 

Wv2 

Wv3 

Wv4 

Wv5 

Wv6 

Wv7 

Wv8 

Wv9 

Wv10 

Wv11 

Wv12 

Wv13 

Wv14 

Wv15 

Wv16 

Wv17 

Wv18 

Wv19 

Wv20 

Wv21 

Wv22 

Wv23 

Wv24 

Wv25 

Wv26 

Wv27 

Wv28 

Wv29 

Wv30 

Grassland (Golf course) 

Grassland (Golf course) 

Park 

Grassland (open land) 

Old industrial (gas work) 

Wasteland (old landfill) 

Grassland 

Woodland 

Grassland 

Old industrial (tyre factory) 

Domestic garden 

Grassland 

Park 

Nature reserve (railway) 

Nature reserve (railway) 

Vegetated colliery spoil heap 

Old industrial (disused factory) 

Grassland (not maintained) 

Grassland 

Grassland 

Brownfield 

Brownfield 

Brownfield 

Brownfield 

Grassland (park) 

Grassland 

Brownfield 

Brownfield 

Deciduous woodland 

Grassland (park) 

391030 301170 

388450 300860 

393690 297700 

392180 297280 

393730 296530 

394490 295160 

394960 295960 

397060 296980 

390170 301290 

391330 301090 

390810 296710 

388240 295750 

392760 295760 

392830 299710 

388910 299580 

392380 295460 

391240 297580 

395120 299290 

395150 299140 

396720 301130 

393960 299860 

394390 299860 

395400 299670 

394680 299830 

394210 298970 

394600 298750 

392800 298520 

391700 310630 

391680 300080 

391780 300120 
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Figure 4.6: Concentration of different trace metals (a) Ni (b) Cr, (c) Cu, (d) Zn, (e) 

As, (f) Cd and (g) Pb in soils collected from different sites of Wolverhampton. Vertical 

bars denotes the average plus/minus the standard error and dashed line shows the 

normal background concentration values (NBCs). 
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4.4.2.2 Cluster Analysis  

 

The influence of anthropogenic sources was revealed in the cluster analysis of 

Wolverhampton soils (Figure 4.7). Three sub-groups of elements were observed 

in the first cluster. The first sub-group consisted of Pbpetrol and Pbgeogenic with Sb 

closely grouped with Sn, Be, Co, Se, Mo and Fe.  Elements including As, Cu, Cd, 

Zn, and Cr were closely clustered in a separate sub-group. Together these two 

sub groups contain elements typically arising from anthropogenic activities. The 

third sub-group consisted mainly of group II elements such as Mg, Ca and Sr. The 

second cluster comprises elements including K, Rb, Li, Al, and Cs suggesting 

natural sources such as clay or other aluminosilicate minerals.  

 

    Figure 4.7: Dendrogram of elemental analysis in Wolverhampton urban soils. 
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4.4.2.3 Wolverhampton urban soils: Pb isotopic composition and 

source apportionment 

 

Binary plots for Wolverhampton urban soils are shown in Figure 4.8.  All samples 

sit close to a mixing line between Pbpetrol and Pbgeogenic end members with 206/207Pb 

and 208/207 Pb ratio values in the range between 1.12-1.19 and 2.40-2.47 

respectively. In contrast to the Nottingham urban soils no relationship was 

observed between 206/207Pb and Pbtotal, possibly suggesting a more complex 

mixture of Pb originating from a wide variety of sources (Figure 4.9). 

 

 

Figure 4.8: Binary plot for Wolverhampton urban soils. Median values of UK 

leaded petrol, Southern Pennine Pb ore (Galena) and Nottinghamshire-

Yorkshire-Derbyshire (N-Y-D) coal shown as end members. 
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Figure 4.9: Relationship of Pbtotal concentration with isotope ratio 206/207Pb in 

Wolverhampton urban soils. 

The proportion of Pbpetrol calculated is similar to that observed in Nottingham with 

most samples in the range 10-55% (Figure 4.10).  Sites where the greatest trace 

element concentrations were observed all have >30% of Pbpetrol. The remaining 

sites all have > 10% of Pbtotal derived from petrol sources with the exception of 

one brownfield site (Wv21).  

 

Figure 4.10: Proportion of Pbpetrol in Wolverhampton urban soils.  
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4.4.3    Pakistan sewage amended soils  

 

Pakistan is a developing country with environmental challenges associated with 

an imbalance between economic and social development in recent decades. 

Emerging industrialization (fossil fuel burning) along with rapid urbanization 

(traffic and municipal waste) are important factors responsible for elevating trace 

element concentrations. Combustion of biomass, diesel oil, coal and furnace oil in 

residential areas are considered to be a severe threat to the urban environment 

(Waheed et al., 2006, Waseem et al., 2014).  

Sewage sludge produced from industrial and municipal wastewater treatment 

consists of a mixture of organic compounds, macronutrients, microorganisms, 

organic micro pollutants, essential and non-essential trace metals (Jamali et al., 

2008). Due to its high organic matter content and substantial N and P 

concentrations, it is considered a cost-effective fertilizer (Logan et al., 1997). 

However long term application can result in environmental and soil health 

problems as the industrial and municipal inputs are a common source of toxic 

elements that are then applied to agricultural land (Baveye et al., 1999, Qadir et 

al., 2000, Singh et al., 2004, Mapanda et al., 2005, Kadir et al., 2008). In most 

of developed countries, there is proper treatment of sewage sludge in order to 

improve its quality prior to its application to land. Like most developing countries, 

in Pakistan no substantive treatment of sludge occurs. Due to a lack of central 

policies and the cost of sewage treatment, untreated sewage and waste water is 

commonly used for irrigation in many urban and sub-urban areas of Pakistan, 

where vegetables and cereal crops are grown (Jamali et al., 2008). In total 

untreated sewage is estimated to be used as a fertilizer for irrigation of around 

32,500 ha of land (Murtaza et al., 2010, Ensink et al., 2004). 
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Leaded gasoline was a major source of Pb in the urban environment of Pakistan 

and was identified as a potential public health problem as long ago as 1988 (Kadir 

et al., 2008). In 1991, the concentration of Pb reported in Pakistani leaded 

gasoline was the highest amongst Asian countries at 1.5–2.0 gL-1 and in the period 

1993-1996 the reported Pb concentration in gasoline was >0.4 gL-1 (Murley, 

1991). In 2001, the Government of Pakistan encouraged all the main refineries 

within the country to phase out Pb from gasoline. This commenced in October, 

2001 and was completed in July, 2002 (Kadir et al., 2008).  

In developing countries few studies have attempted to source apportion 

pollutants, typically the main focus of investigation has been to establish the total 

concentrations of potentially toxic elements (PTEs). No study has previously used 

Pb isotope ratios as tracers of Pb pollutants in Pakistan.  Previous studies on Pb 

have been focused on determination of Pb-exposure using biomarkers such as 

blood, hair and nails (Eqani et al., 2016a). A recent study conducted by Ahmad et 

al. (2018), highlighted high levels of Pb-exposure among automobile technicians 

from selected towns in Khyber Pakhtunkhwa, Pakistan. Mean Pb concentrations 

determined in blood, hair and nails were 65.3 μg dL−1, 23.6 mg kg−1 and 29.7 mg 

kg−1 respectively and overall 52% of the automobile technicians had blood levels 

higher than 50 μg dL−1. In a study by Hozhabri et al. (2004) Pb levels in children’s 

blood in the city of Karachi were above >10 µg dL−1 and were linked to urban 

activities, application of surma (a traditional eye-make-up), parental illiteracy, 

paternal Pb exposure at the workplace and hand-to-mouth activity. Similarly Eqani 

et al. (2016b) identified substantial Pb-exposure from dust in Islamabad and Swat. 

Lead levels from sites in Islamabad were slightly higher than those of Swat and a 

Hazard Index (HI) calculated for different age groups were above unity in 

industrial and urban areas.  
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This study is the first investigation of the isotopic composition of sewage amended 

soils collected from some of the largest cities of Southern Punjab after the phase 

out of leaded gasoline in Pakistan.  

 

4.4.3.1 Concentrations of major and trace elements in sewage 

amended soils from Pakistan 

 

Mean concentrations and ranges of selected elements  are shown in Table A2 (see 

Appendix A) and Figure 4.11 for sewage amended soils from Gujranwala (GW), 

Gujrat (GT), Lahore (LH) and Faisalabad (FB). Concentrations of Cr, Ni, Cu, Cd, 

Zn, Pb and As were not normally distributed and were therefore transformed using 

Box-Cox transformation to reduce the skewness of data. Tukey analysis was used 

to make comparison between heavy metals concentrations at different districts. 
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Figure 4.11: Concentration (mg kg-1) of 

Ni, Cr, Cu, Zn, As, Cd and Pb in sewage 

amended soils. Boxes indicate the 

interquartile ranges of the concentrations. 

Whiskers extend to the highest and lowest 

limits of the data. Outliers are shown as 

asterisks. Mean is shown as a dot (●) and 

the median as a line. 
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The range of concentrations of Ni, Cu, Cr, Zn, As, Cd and Pb in GW and GT districts 

were similar. Nickel, Cr, Cu, Zn, Cd and Pb have similar concentrations in LH and 

FB but were different from those in GW and GT (p=0.000). Arsenic concentrations 

in LH were higher (i.e., 11.5 mg kg-1) and significantly different (p=0.000) from 

the other three districts. Mean Cr, Cu and Zn concentrations exceeded threshold 

values (100, 100 and 200 mg kg-1 respectively) set by the European Commission 

(EC-DG, 2009) in some districts. Further comparison of the concentration ranges 

for the different trace metals (i.e., Ni, Cr, Cu, Zn, As, Cd and Pb) in Pakistan 

sewage amended soils with sewage sludge samples collected from Nottingham 

(e.g. Ng14 and Ng15; section 4.4.1.1) revealed that in the UK sewage samples 

the concentration of trace metals was higher more likely as a result of a longer 

history of industrialization.  

4.4.3.2 Cluster Analysis  

 

Cluster analysis is shown in Figure 4.12. There were two main groups, within group 

I three sub-groups were observed. In sub-group (i) Pbpetrol and Pbgeogenic were 

closely clustered with Sn, Cr, Cu, Zn, Sb, Ni and Mo. The other sub-groups were 

(ii) P, Ag, Se, U and (iii) Mg, Ca, Sr, Ti, Nb, Hf. Most elements in group I appear 

to originate from anthropogenic sources and may be a result of pollutant release 

from industrial sites in GW, GT, LH and FB districts including textile, leather, 

electroplating, steel re-rolling, ceramics, fabrication and consumer industries 

(Rehman et al., 2008). Waste water and effluents are directly disposed to rivers 

and streams or are used in suburban areas for irrigation in order to increase the 

yield of crops (Kunhikrishnan et al., 2012) providing a source of contamination to 

agricultural land (Qadir et al., 2000, Singh et al., 2004, Mapanda et al., 2005). 

Fertilizers and foliar spray are also applied to correct nutrient deficiencies and may 

enhance concentrations of e.g. U, over long timescales (Jones and Jarvis, 1981).  
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Elements clustered in group II are most likely of natural origin and related to clay 

and oxide minerology.  

 

Figure 4.12: Dendrogram of cluster analysis of elements in Pakistan sewage 

amended soils. 

 
 

4.4.3.3 Isotopic characterisation of Pb in Pakistan sewage amended 

soils and source apportionment 

A Pb isotope binary plot is given in Figure 4.13 with upper continental crust and 

Australian ore ‘end-members’. The two major suppliers of alkyl-Pb for the 

production of leaded petrol use Pb ores from either the Broken Hill type deposits 

in Australia or the Mississippi Valley type Pb deposit in USA (Bollhöfer and Rosman, 

2001).  In Pakistan Associated Octel supplied the Pb additive which was used in 

gasoline by most of the refineries until 2001. The ore to make the Pb additive was 

from Australia and therefore, Australian ore is used here as a proxy for Pbpetrol.  

Average upper continental crust isotopic signature (UCC) is used as a proxy for 

geogenic source (Millot et al., 2004). The range of isotopic signature of Pb 
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(206/207Pb) in soils from different districts are shown in Figure 4.14. The Pb isotopic 

signature of most soils falls on, or close to, the mixing line between the end 

members but typically closer to the geogenic end member.  

 

Figure 4.13: Binary plot of isotopic ratios 206/207Pb vs 208/207Pb for sewage amended 

soils. 

 

In Figure 4.13 comparison is also made with sewage amended soils (n=38) 

collected from a sewage processing farm (Nottinghamshire, UK). The sewage 

amended soils from UK were plotted on the same graph with the same members 

because in past UK also imported Australian ore which was mainly used in the 

leaded gasoline (Sugden et al., 1993). The isotopic composition of these soils 

overlaps with the sewage amended soils from Pakistan. In particular a similar 

range of isotopic composition is observed when soils from GW and GT districts are 

compared with the UK soils. The mean proportion of Pbpetrol in the UK soils was 

slightly higher (27%) than the mean for all districts in Pakistan (25%). It has been 

previously reported by Atkinson et al. (2011a), that sewage farm soils have a 

more mixed Pb isotopic signature and are contaminated from Pbpetrol from recent 

inputs including road run-off. 
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Figure 4.14: Lead isotopic ratio 206/207Pb in sewage amended soils of different 

districts of Pakistan. Mean is shown as a (●) and median as a line. Broken lines 

indicate the range of reference sources (Australian ore as a proxy for Pbpetrol and 

UCC for Pbgeogenic). 

 

The relationship of 206/207Pb ratio with Pbtotal for soils collected from the different 

districts is shown in Figure 4.15. A significantly strong correlation of 206/207Pb and 

Pbtotal was observed in all districts; GW (-0.874, p=0.000), GT (-0.782, p<0.05), 

LH (-0.858, p=0.000) and FB (-0.952, p=0.000). Soils with lower concentrations 

of Pb had Pb isotopic ratios closer to the Pbgeogenic whereas soils with higher 

concentrations of Pb were more inclined towards the Australian ore isotopic 

composition. 
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Figure 4.15: Relationship of Pbtotal concentration and isotope ratio 206/207Pb in 

Pakistan sewage amended soils from different districts (a) GW (b) GT (c) LH 

and (d) FB.  Grey and black dashed lines represents the ratios in UCC and 

Australian ore respectively.  

 

Most of the soils were contaminated with Pbpetrol (Figure 4.16). The average 

proportion of Pbpetrol calculated in GW and GT sewage soils was similar at 31%, in 

LH it was 20% and in FB 11%.  This demonstrates that although leaded-gasoline 

is no longer a legacy remains particularly in LH and FB soils.  
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                Figure 4.16: Proportion of Pbpetrol in Sewage amended soils 

 

4.5 Conclusions 
 

In urban soils from Nottingham, Wolverhampton (UK) and sewage amended soils 

(Pakistan) variation in trace element concentrations were mostly attributable to a 

combination of land use, a legacy of historical contamination and recent pollution 

sources. Cluster analysis in combination with source apportionment of Pb into 

petrol and geogenic forms was helpful in revealing a combined influenced of 

multiple anthropogenic sources (e.g. industrial and traffic emissions, waste 

disposal) and a natural background. Determination of isotopic ratios was helpful 

in characterizing Pb isotopic signatures with regards to assumed end-members 

and it confirmed that Pbpetrol and Pbgeogenic were the dominant sources of Pb in these 

soils. Samples with greater concentrations of Pbtotal were also more influenced by 

Pbpetrol.  
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The approaches used in this chapter were to some extent helpful in identifying 

generic sources but they were unable to help in the unique identification of 

individual contaminant sources.  To develop this forensic approach further 

additional information is required.   Considering a greater range of trace element 

signatures e.g. REEs or PGEs might provide information that will assist in 

improving the identification of specific sources.  For example REEs are increasingly 

used in modern technology e.g. in mobile phones (Hurst, 2010) and the REEs 

signature of petrol is known to differ depending upon the source of the crude oil 

from which it originated (Olmez and Gordon, 1985).  Release of PGEs into the 

environment is mainly associated with the use of catalytic convertors in car 

exhaust systems (Moldovan et al., 2002).
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5 Chapter 5: Identification of contaminant sources in 

urban allotment soils 

5.1 Introduction 
 

In gardens and allotments a range of pollutants arise from agronomic 

operations, such as application of pesticides, fungicides, organic and inorganic 

manure, biosolids (sewage sludge) and fertilizers over extended periods of 

time (Lau, 1994, Huang et al., 2006). In urban areas, soils are also affected 

by pollutants from industrial and transport activities depending on their 

location i.e., either in the city centre or in the suburbs. Allotments are 

commonly located near roadsides, railway lines, former or present industrial 

areas etc. (Bell et al., 2016). Key sources include a large range of present and 

past industrial activities, traffic emissions and waste disposal of various kinds. 

Sometimes contributions of trace elements from other sources can also occur 

due to site levelling, leisure activities and run-off water from roads (Alloway, 

2004). Recently the increased demand for PGEs and REEs for a range of 

applications, mainly in catalytic converters, electronic industries and 

agriculture, has also resulted in accumulation of these elements in urban 

environments. These trace elements (including RGEs and REEs) may pose 

risks to humans and to the environment. Contaminants from these soils can 

easily come into contact with humans through direct contact or as a result of 

transfer through the food chain, drinking of contaminated water and re-

suspension (re-deposition) of soil and dust (McLaughlin et al., 2000, Cui et al., 

2005, Zhang et al., 2007). 
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Effective conservation and rehabilitation of soil ecosystems polluted by trace 

elements first requires quantification and characterization.  Part of this process 

is determining the origin of dispersed contaminants - source apportionment. 

Soil characterization helps in providing information regarding trace elements 

speciation and bioavailability whereas source apportionment of pollutants is 

more associated with identifying the source (Kabata-Pendias, 2010). 

Environmental protection legislation often requires data that characterizes the 

chemical properties of pollutants especially those that are present in food 

products (Alexander et al., 2006, Wuana and Okieimen, 2011).  

5.2 Objectives 
 

For source apportionment of pollutants in soil, determination of the spectrum 

of trace elements present is important. In order to get a clearer picture about 

pollutant sources, it may be necessary to investigate more obscure elements, 

such as REEs and PGEs. Both REEs and PGEs have been increasingly used (e.g. 

industrial, transport and fertilizers) for the last few decades and are now 

reported to occur as contaminants in a range of environmental media. 

Therefore, one aim of this chapter was to extend determination of the more 

commonly measured range of elements to include REEs and PGEs in urban 

allotment soils.  Objectives were to (i) determine a wide range of elements, in 

order to estimate the likely potential sources of pollutants by using cluster 

analysis and correlation, (ii) assess the crust-normalized pattern, enrichment 

factors and correlations among REEs to identify possible sources and (iii) 

investigate aspects of the analysis of PGEs using ICP-QQQ-MS techniques (i.e., 

He gas mode, NH3(on-mass) and NH3(mass-shift) gas modes) to optimise interference 

removal and accuracy (iv) characterize the isotopic signature of Pb (206/207 Pb 
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and 208/207Pb) to investigate the relative contribution of  Pbpetrol and Pbgeogenic in 

the urban allotment soils. 

5.3 Materials and methods 
 

5.3.1 Soil sampling 

 

A set of urban allotments topsoil and subsoil samples (n=269) collected from 

9 different allotment sites in Nottingham have been used in this chapter (more 

detail given in Chapter 2, section 2.2). The locations and descriptions of the 

sites are given in Table 5.1. 

Table 5.1: Nottingham allotment sites and their descriptions 

Allotment sites           Description Latitude (N) Longitude (W) 

Old Park Farm 

(PF) 

Railway line, near to 

Wollaton road (A609) 

52˚57’38.24’’  

 

1˚13’18.23’’  

 

 St Ann’s (ST) 

Oldest allotment, closer to 

city centre, near to major 

road (A60) 

  52˚58’9.55’’  

 

   1˚8’7.64’’  

 

Canal (CN) 
Railway line, near to 

Wollaton road (A609) 

52˚57’32.70’’  

 

   1˚12’7.34’’  

 

Mapperly (MP) Closer to city centre 52˚57’59.99’’     1˚8’53.37’’  

Moorfields (MR) 

Railway line, closer to city 

centre and closer to Wollaton 

road (A609) 

  52˚57’28.69’’  

 

   1˚11’20.22’’  

 

Blenheim (BH) Relatively new allotment   53˚0’39.30’’    1˚12’51.87’’ 

Sneinton Dale 

(SN) 

Closer to city centre, near to 

major road (A60) and near 

to the River Trent 

  52˚57’18.20’’  

 

   1˚7’3.65’’  

 

Woodthorpe (WT) Closer to Mansfield road   52˚58’54.27’’    1˚8’21.61’’ 

Windmill (WM) 

Older allotment, closer to 

city centre and also near to 

the River Trent 

  52˚57’7.82’’ 

 

   1˚7’49.01’’ 
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Satellite views (Google Earth) of the nine allotment sites are given below; the 

major potential pollutant sources in close proximity to each allotment site are also 

highlighted. 

a. Old Park Farm (PF) 

 

 

b. St. Ann’s (ST) 
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c. Canal (CN)  

 

 

 

d. Mapperly (MP) 
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e.  Moorfields (MR) 

 

 

 

f. Blenheim (BH) 
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g. Sneinton Dale (SN) 

 

 

 

h. Woodthorpe (WT) 
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i. Windmill (WM) 

 

 

5.3.2  Sample analysis 

 

The total concentrations of major and trace elements including the REEs in 

allotment soils were determined following a mixed acid (HF, HClO4, HNO3) 

digestion method. Soil digests were diluted prior to analysis using ICP-QMS in 

KED mode to remove interferences (details in Chapter 2, Section 2.7.1). 

Platinum group elements were analysed using an Agilent 8900 triple 

quadrupole instrument (ICP-QQQ-MS) at BGS Keyworth, using three different 

modes of operation: i.e., He, NH3(on-mass) and NH3(mass-shift) modes (details given 

in Chapter 2, Section 2.7.2.).  

Isotopic abundances of Pb in Pbtotal were measured according to the 

methodology described in Chapter 3. Also the relative contributions of Pb from 

different sources, particularly Pbpetrol and Pbgeogenic, were calculated according 
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to a simple binary mixture model, proposed by Monna et al. (1997) (Chapter 

2 Section 2.8). 

5.3.3 Statistical analysis for variation of heavy metals 

concentration between allotment sites 

The variation in heavy metal/metalloid concentrations (Cr, Ni, Cu, Zn, As, Cd 

and Pb) among different allotment sites was investigated by analysis of 

variance (ANOVA; Minitab vs.17.2.1). Initially the normality of data was 

assessed using the Anderson-Darling method. Concentrations of Cr, Ni, Zn and 

As were normally distributed whereas concentration of Cu, Cd and Pb were 

positively skewed and were transformed using the Box-Cox transformation in 

order to reduce the skewness of data. In the ANOVA, Tukey analysis was 

carried out to establish the levels of significance of differences between 

different allotment sites. 

5.3.4 Enrichment factors (EFs)  

The EFs were calculated to assess the anthropogenic impact of the studied 

elements including REEs in the topsoil of different allotment. This approach is 

commonly used to estimate the heavy metals enrichment in soils. In this study 

EFs was calculated for all elements by dividing topsoil concentrations by their 

corresponding subsoils concentrations. In general, when an EF values are 

around or less than 1, it indicates depletion whereas EF values greater than 1 

indicates elements enrichment in the soils. In case of REEs, the crust-

normalized REEs patterns were also evaluated to estimate the enrichment of 

REEs relative to upper continental crust in topsoils. 
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5.4 Results and discussion 
 

5.4.1 Major and trace element concentrations in allotment 

soils 

 

The mean concentrations of major and trace elements, standard deviation 

and ranges (min and max) in top soils of different allotment sites are 

presented in Table A3 (see Appendix A). For some of the elements the larger 

standard deviation indicated heterogeneity between soils samples collected 

from the same sampling area. The concentrations of some of the most 

common heavy metals (Cr, Ni, Cu, Zn, As, Cd and Pb) are also shown as 

boxplots in Figure 5.1. The metal concentrations were significantly different 

(p <0.000) between the different allotment sites (Two-way ANOVA).The 

mean concentrations of Cr, Ni and As in soils from different allotment sites 

were lower than the UK soil guideline values, SGVs ( EA, 2009). Although the 

SGVs are now dated and are replaced in 2013 but they still have some validity 

as indicative of potential risks. The concentration of Cr was highest at site SN 

(61.7 mg kg-1) and was lowest at site BH (24.8 mg kg-1). The concentrations 

of Cr in the different allotments sites were in the following decreasing order: 

SN>MP>PF>CN>ST>WT>WM>MR>BH. Similarly the highest concentration 

of Ni was observed at site SN (43.1 mg kg-1) and was lowest at site BH (14.8 

mg kg-1) and it followed the order: SN>MP>WM>PF>ST>MR>CN>WT>BH. 

In the case of As, the concentration was highest at site WM (21.5 mg kg-1) 

and was lowest at site BH (9.7 mg kg-1) and the concentration was in the 

following decreasing order: WM>MP>MR>CN>ST>SN>PF>WT>BH.The 

concentration of Cu and Zn were compared to the sludge (use in Agriculture) 

regulation values (1989) as there is no assessment criteria for Zn and Cu 
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from the EA. Some of the allotment sites were observed to exceed the 

threshold levels i.e 300 mg kg-1 for Zn. The highest concentrations of Cu and 

Zn were observed at sites MR (i.e., 92.3 and 443 mg kg-1 respectively) and 

WM (79.9 and 513.8 mg kg-1 respectively) and the lowest were observed at 

site BH (i.e., 31.4 for Cu and 116.3 mg kg-1 for Zn). The concentrations of Cu 

and Zn in different allotment sites followed the order: MR>SN>MP>WM>ST> 

CN> PF> WT> BH and WM>MR>MP>ST>CN>SN>PF>WT>BH respectively. 

The concentration of Cd was only elevated in approximately 25% of soil 

samples at site CN, whereas for other allotment sites the mean concentration 

of Cd was lower than the UK SGV (i.e., 1.80 mg kg-1) and the mean Cd 

concentration at different allotment sites fell in the following order: 

CN>MR>WM>PF>ST>SN>MP>WT>BH. In the case of Pb, the mean 

concentrations in some of the soil samples from different allotment sites were 

also elevated above the UK SGV (i.e., 450 mg kg-1). The highest mean 

concentration was found at site WM (620.7 mg kg-1) and lowest at site BH 

(51.8 mg kg-1) and concentration at different allotment sites followed the 

order: WM>ST>MR>MP>CN>PF>SN>WT>BH. 
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Figure 5.1: Concentration (mg kg-1) of Cr, Ni, Cu, 
Zn, As, Cd and Pb in topsoils from 9 allotment 
sites are shown as box and whisker plot. Boxes 
indicate the interquartile ranges of the 
concentration of elements, whereas whiskers are 

the lines outside the box and extend to the 
highest and lowest limits of the data. Outliers are 
shown as asterisks. Mean is shown as a symbol 
(●) and median as a line. Dashed lines denote 
SGVs (EA, 2009) in the case of Cr, Ni, As, Cd, Pb 
and for Cu and Zn they indicate the ‘Sludge 
regulation, 1989’ values. 

 

5.4.2 Enrichment factors (EFs) 

 

Enrichment factors can be used as an effective tool to distinguish metals 

originating from anthropogenic and natural sources in soils and to evaluate 

the degree of contamination from anthropogenic sources (Ye et al., 2011). 

Enrichment factors for individual elements were calculated by dividing the 

concentrations of elements in topsoils by their concentrations in the 

corresponding subsoils.  
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The average EFs for major and trace elements at each allotment sites are 

shown in Figure 5.2. It is considered that urban topsoils are usually more 

enriched with trace metals than subsoils due to intense anthropogenic 

activities. However, due to leaching effects and historic industrial or vehicular 

emissions deeper soil layers can also be contaminated with heavy metals (Luo 

et al., 2015). The range of EF values calculated for all sites (except site BH) 

suggested that typical urban elements such as Pb, Cd, Sn, Zn, Cu, Sb, Ag, Ca 

and P were more enriched in topsoils compared to subsoils. The enrichment of 

topsoils suggests that allotment soils had a combined influence from several 

sources such as vehicular and industrial emissions, coal burning and fertilizers 

application. The EF values also showed that Pbpetrol was more enriched in 

topsoils. In most of the allotment sites, the mean EF values calculated for 

Pbpetrol were in the range of 2.5 - 11.4 except at site BH where EF for Pbpetrol 

was 1.12. At different allotments, the variation among EFs for different 

elements may reflect differences in the site history and location. For example, 

BH was a new allotment site and is remote from major pollutant sources. Thus 

the mean EF values for most of the elements were closer to unity indicating 

that both topsoils and subsoils have approximately equal concentrations of 

these elements. By contrast, most of the allotments (PF, ST, CN, MP, MR, SN 

and WM) which were in close proximity to contaminant sources, such as main 

roads, the city centre, a railway line or industrial areas, were more highly 

enriched. Sites ST and WM were the oldest allotments so the enrichment of 

trace metals in these soils also suggested continuous accumulation of 

contaminants over many years (i.e., past historical contamination). Similarly 

the average EF calculated for Pbgeogenic in most of the allotments was in the 

range of 2.0 - 5.6 except at site CN and BH where Pbgeogenic in topsoils was 
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slightly enriched. Allotment site CN was closer to a railway line which would 

have been used for transportation of coal so these soils are likely to have a 

greater influence from Pbgeogenic (mainly coal). It might also be possible that 

cultivation in allotments has reduced differences between topsoil and subsoil.  

The relative contribution of Pbpetrol as compared to Pbcoal in topsoils (i.e., Pbpetrol 

/Pbcoal) was also calculated for all allotment sites. From the ratio values in 

Table 5.2, it could be concluded that in all allotment sites the contribution of 

Pbcoal to the soil Pb burden was greater than that of Pbpetrol. At site BH and CN, 

the ratio was lowest which indicated these allotments had the least influence 

from Pbpetrol. It is also important to mention that it was decided not to subtract 

subsoil values from topsoils to quantify the ‘contaminant load’ in topsoils 

because it was clear that the subsoils were not pristine and were substantially 

contaminated with both Pbpetrol and Pbgeogenic.   
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0

1

2

3

4

5

6

7

8

9

10

P
e
tr

o
l 
P
b

T
o
ta

l 
P
b

C
d

G
e
o
g
e
n
ic

 P
b

Z
n

S
n C
u

S
b C
a P

B
e

A
g

S
e

B
a

M
o N
i

A
s

C
o

S
r T
l

L
i

C
r

N
a V M
n

F
e U

M
g T
i

H
f

C
s

R
b K A
l

A
v
e
ra

g
e
 r

a
ti
o
 o

f 
to

p
s
o
il
:s

u
b
s
o
il
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Figure 5.2: Average concentration ratios topsoil:subsoil (Enrichment 

factor, EF) for different elements in individual allotment sites. Vertical 

error bars denote the standard errors across all samples from individual 

sites. 
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      Table 5.2 Average concentration ratios of Pbpetrol to Pbcoal in topsoils 

    Allotments                     Pbpetrol/Pbcoal 

Old Park farm (PF) 

St Ann’s (ST) 

Canal (CN) 

Mapperly (MP) 

Moorfield (MR) 

Blenheim (BH) 

Sneinton Dale (SN) 

Woodthorpe (WT) 

Windmill (WM) 

0.59 

0.42 

0.28 

0.33 

0.50 

0.26 

0.40 

0.54 

0.36 

 

5.4.3 Cluster Analysis (CA) 

In order to identify different possible sources of contaminants in allotment 

soils Pbpetrol and Pbgeogenic were subject to cluster analysis with other elements 

based on their total concentration. The CA results are shown in Figure 5.3 as 

a dendrogram. From the clustering of different elements in groups it is cleared 

that allotment soils were influenced by both anthropogenic and natural 

sources. The different contaminant sources in allotment soils are discussed 

below. 

Cluster Analysis results 

There is a wide range of possible contaminants sources (both natural and 

anthropogenic) that can influence gardens and allotments which are 

commonly located in urban areas. The most significant sources are fertilizers 

and various agrochemicals, industrial emissions, fossil fuels combustion and 

vehicular exhaust (Alloway, 2004). In allotments application of fertilizers and 

various agrochemicals are a common practice to improve production and 

growth of plants. The different agronomic management practices of urban 
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gardens and allotments also include adding organic compost, manure, 

biosolids, lime and poultry litter. These fertilizers and agrochemicals are 

considered important sources of heavy metals in soils. In the UK inorganic 

fertilizers, especially phosphate, have been an important source of Cd (Järup 

et al., 1998). Also, in the past, fungicides and insecticides were based on 

compounds containing Cu, Zn, Mn and Pb (Wuana and Okieimen, 2011).  For 

example, Cu-based fungicide sprays and Pb arsenate were used to control 

insect pests.  Currently there are several coal power stations in 

Nottinghamshire that are still operational, and, in the past, coal used for 

domestic heating was the dominant source of Pb in the atmosphere. Coal 

burning was particularly important during the period of 1830-1930 when coal 

was the major energy source in the midlands and used for power stations and 

for domestic heating and industrial purposes (Farmer et al., 1999). This heavy 

coal mining and combustion has left a legacy of waste materials including trace 

elements, ash and slag, which has affected large areas (Bridge et al., 1997). 

Trace elements which are commonly found enriched in soils around coal 

burning power plants include Ti, Fe, Co, Cr, Ni, Cu, Zn, Cd and Hg (Bridge et 

al., 1997). The amendment of soil with ash is a common practice which is done 

in order to improve soil texture, adjust soil pH and to increase fertility (e.g. 

K). However, excessive application of ash can result in increased 

concentrations of trace elements (Carlson and Adriano, 1993). Coal ash is 

enriched in elements such as B, Be, V, Ni, Mn, Cu, Zn, Cd, Pb, Mo, As, Se, Sb 

and Te (Bridge et al., 1997, Mandal and Sengupta, 2006). 

The rapid industrialization and urbanization during the 19th century has left a 

legacy of contamination in most urban areas of the UK (Bridge et al., 1997). 

For example in different industrial purposes many metals are used as alloys 
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such as Sn, Sb, Ag, Sr, Ca and Te and these are commonly alloyed with Pb. 

Similarly Zn is extensively used in the manufacturing of rubber, 

pharmaceuticals, textiles, plastics, electrical equipment, paints etc. 

(Kołodziejczak-Radzimska and Jesionowski, 2014). Allotments are also 

expected to be contaminated with traffic related metals (mechanical parts 

abrasion and wear and tear of tires) which are emitted in particulate form or 

dissolved form and are mostly transported to the ambient environment via air 

or road run-off (Bakirdere and Yaman, 2008, Werkenthin et al., 2014). The 

age and intensity of anthropic activity at each site is also considered an 

important factor responsible for increased concentration of contaminants 

over time (Imperato et al., 2003). 

In allotment soils, definitive identification of all pollutant sources is very 

difficult, therefore a general ‘expected’ pattern of clusters arising from 

specified origins was established based on the most significant contaminant 

sources along with the common elements associated with each specific source 

(Table 5.3). Later in each allotment site, the relevant clusters were 

investigated on the basis of their established ‘expected’ pattern in order to 

identify possible contaminant sources.  

Agriculture 

The results of clustering patterns in the dendrograms (Figure 5.3) showed that 

in most of the allotment sites (PF, ST, MP, MR and BH), there was an apparent 

influence from fertilizers which was evidenced from close clustering of P and 

Ca together (Table 5.3). At sites CN and WM, the separate clustering of P and 

Ca also reflects some influence from agricultural activities. Whereas in 

allotment sites such as SN and WT, no obvious ‘agricultural’ cluster was 
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observed. Also in allotment soils, there was no obvious influence due to liming 

agents which suggested lime might not be added very often in allotment soils.  

Urban soils often have quite high pH values due to the presence of cement, 

concrete etc. 

Coal 

Among all the allotment sites, a cluster possibly attributed to coal was 

observed most strongly at sites ST and MR whereas in the other allotments 

there was a close association observed between Pbgeogenic and Pbtotal. The oldest 

allotments, such as ST, reflected a greater influence from past coal 

combustion. Similarly allotment sites such as PF, CN and MR were in close 

proximity to railway lines which used to run alongside a local canal, both in 

the past supplied coal to the locations within and beyond the city. The 

influence of the railway line could be observed most clearly at site MR.  

Vehicular emission 

In most of the allotment sites, there was a noticeable influence from traffic 

emissions, most strongly evidenced from the clustering of source-apportioned 

Pb (i.e., Pbpetrol) along with elements which are commonly emitted due to traffic 

exhaust. Most of the allotments were located close to major or other busy 

roads. Allotments ST, SN and WT lie close to the A60, whereas PF, CN and MR 

allotments are closer to the A609 (Wollaton road). Also the proximity of 

allotments ST and MR to the city centre might be an additional factor when 

considering contamination of these soils. At site BH, the separate clustering of 

Pbpetrol suggested only a minor influence from traffic; this site is comparatively 

new and well away from major roads. By contrast, the close association of 

Pbpetrol and Pbtotal at site WT revealed vehicular emission as the dominant 
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source.  At some of the allotment sites Pbpetrol was clustered with Sb and Ba. 

These elements have been used in more recent automotive technologies and 

have been reported to accumulate in the environment over time (Hjortenkrans 

et al., 2007). In UK, asbestos was banned in 1999 and it was later replaced 

by Sb in brake pads. Recently some studies have also reported Sb, Cu and Cd 

alongside other elements in roadside soils (Hjortenkrans et al., 2006, Apeagyei 

et al., 2011, Carrero et al., 2013). Hjortenkrans et al. (2007) in their study 

based in Stockholm, Sweden, calculated the elemental emissions from brake 

linings and tyres; the amounts of Sb released from brake linings and tire tread 

rubber were reported as 710 and 0.54 kg/year respectively. Similarly Ba, 

mostly as barium sulfate, also has been used by many manufacturers as filler 

material in brake pads (McKenzie et al., 2009). 

   Industrial emissions 

From the clustering pattern of different elements in most of the allotment sites 

(except WT) it can be seen that in allotment soils the distribution of heavy 

metals cannot be attributed solely to vehicular emissions. There was also a 

clear influence of industrial pollutants which was probably mainly due to past 

industrial processes within Nottingham. Furthermore, allotment sites SN and 

WM are quite close to the River Trent so it might be possible that these top 

soils were contaminated with river sediments or dredging operations etc. It 

has been suggested that >90% of heavy metal dispersal, both from point and 

diffuse sources, is via particulate-associated transport, mostly in flooded 

conditions  (Macklin et al., 1997, Carter et al., 2006). 
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Natural sources 

There was a strong geochemical grouping of elements observed in all allotment 

sites which were mostly indicators of clay mineralogy and associated 

exchangeable cations. Similarly Fe oxide minerology was also reflected in most 

of the allotment sites, where different elements such as V, Cr and Ti were 

strongly associated with Fe.  It has already been revealed in the literature that 

the strong association of Fe with Ti, Al and V is an indication of contamination 

from soil dust on crops (Joy et al., 2017). Also clustering of Mn and Co was 

observed only at two allotment sites (CN and MR) which reflects the 

isomorphous substitution of Co into Mn oxides. 
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Table 5.3: Speculative association of elemental clusters with soil and contaminant sources for nine allotment sites 

 

Possible 

source 

Clays & 

Exchangeable 

cations 

Fe 

oxides 

Mn 

oxides 

Lime Agriculture Coal Vehicles Industry 

Sites/n 

Al, K, Mg, Ca, 

Na, Cs, Li, Be, 

Rb 

Fe, V, Ti, 

Cr, Mo 

Mn, Co Ca, Sr, 

U 

P, Ca, Mg, 

K, As, Cu 

Pb(G), As, 

Sb, V, Se, Mo, 

Ni 

Pb(P), 

Cr, Sb, 

Zn, Ba, 

Cu, Cd 

Cu, Zn, Ni, 

Cr, Cd, As, 

Pb 

PF 14 K, Al, Rb Fe, Ti, V, 
Mo 

Mn  P, Ca, As Pb(G), Pb(T) Pb(P), Cr, 
Sb 

Co, Ni, As, 
Cu<> Zn, 
Cd, Ag, Sb, 
Cr 

ST 50 K, Rb, Al, Cs <> 
Li, Be 

Fe, V, Cr   P, Ca, Cd Pb(G), Pb(T), 
Zn, Co, Mo, Se, 
As, Ni 

Pb(P), Zn Ag, Sn, Sb 

CN 21 Na, Al, Rb, Cs, K Ti, V, Cr Mn, Co  P, Cu, Zn <> 

Ca, Mg 

Pb(G), Pb(T), Ni Pb(P), Sb Cu, Zn, Ag 

MP 9 Mg, K, Li, Al, Cs Ti, V, Co, 
Ni <> Cr, 
Fe 

  P, Ca Pb(G), Pb(T) Pb(P), 
Cd<> Zn, 
Sb 

Cu, Ag 

MR 12 Na, Li, Mg, K, Cs, 

Rb, Al 

Ti <> V, 

Cr<> Fe, 
As 

Mn, Co  P, Ca, U Pb(G), Pb(T), 

Mo, Sb <> Se, 
Co 

Pb(P), Zn, 

Cu, Ba 

Ni, Cd, Ag 

BH 20 Na, K, Rb, Cs <> 
Li, Be 

   P, Ca Pb(G), Pb(T) Pb(P) <> 
Cd, Ba, Zn 

Cr, As, Ni, 
Cu, Sb 

SN 7 K, Li, Cs V, Cr, Fe, 
Co, Ni, As 

   Pb(G), Pb(T), Sb Pb(P), Zn, 
Cd 

Zn, Cd, Pb, 
Sb<> Cu 

WT 5 Na, Li <> Mg, K, 
Rb, Cs, Al 

Fe, V     Pb(P), 
Pb(T) 

 

WM 6 Mg, K, Rb, Cs, Al V, Cr   P <> Ca Pb(G), Pb(T), Se Pb(P), Ba Zn, As, Co, 
Ni, Cu, Cd, 
Fe 
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Figure 5.3: Dendrograms of topsoils elemental analysis from seven individual 

allotment sites. 
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5.5 Rare earth elements  
 

5.5.1 Concentration of REEs in allotment soils 
 

The average concentrations of REEs in both topsoils and subsoils followed the 

same order Ce>La>Nd>Y>Sc>Pr>Sm>Gd>Dy>Er>Yb>Eu>Tb>Ho>Tm>Lu. 

This sequence is in accord with the Oddo-Harkins rules i.e., elements with 

even atomic numbers are more abundant than elements with odd atomic 

number (Silva et al., 2016). The total REEs (∑REEs) concentrations in top soils 

ranged from 78–135 mg kg-1 with a mean value of 116 mg kg-1 and the mean 

concentrations of REEs in different allotments were in the following order: 

BH>WT>SN>ST>MR>WM>WM>MP>CN>PF as shown in Figure 5.4(a). In sub 

soils the total ∑REEs concentrations ranged from 74–150 mg kg-1 with mean 

value of 123 mg kg-1 and followed the sequence: 

MR>PF>ST>BH>SN>WM>MP>CN Figure 5.4(b). The total ∑REE 

concentrations in allotment soils were close to the reported values for 

European and Brazilian soils i.e., 125 and 108 mg kg-1 respectively (Sadeghi 

et al., 2013, Silva et al., 2016). The mean concentrations of LREEs (i.e., Ce, 

Eu, La, Nd, Pr and Sm) and HREEs (Dy, Er, Gd, Ho, Lu, Sc, Tb, Tm, Y and Yb) 

were different in topsoils and subsoils at all sites (Figure 5.5). The 

concentrations of LREEs in both topsoils and subsoils were higher than HREEs. 

In topsoils and subsoils, the mean concentrations of LREEs were 87.6 (58-

103) and 84.5 (56-114) mg kg-1 respectively. The ratios of LREEs to HREEs in 

topsoils and subsoils were 3.095 and 2.826 respectively (Table A4 and A5, see 

Appendix A). In topsoils and subsoils, LREEs accounted for 76% and 85% 

respectively of the ∑REEs. In nature LREEs are relatively more abundant than 

HREEs  and are the main cause of rare earth pollution in environment (de Sá 

Paye et al., 2016). 
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Figure 5.4: Concentration (mg kg-1) of total REEs at different allotments sites (a) 

topsoils and (b) subsoils 

 

 

Figure 5.5: Average concentration (mg kg-1) of LREEs and HREEs in topsoils and 

subsoils of allotments. 
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5.5.2 Crust-normalized REEs patterns for allotment soils 

 

The abundance ratios of REEs in allotment topsoils and subsoils compared to 

the mean upper continental crust (UCC) values were calculated and shown in 

Figure 5.6. In this study, the mean values of UCC reported by Taylor and 

McLennan (1995) were used (Table A4 and A5, see Appendix A). The crust-

normalized pattern of REEs is used to evaluate potential enrichment of 

selected REEs in soils. Soils that are not contaminated normally show a 

horizontal normalized pattern of REEs reflecting abundances in the crust 

whereas soils which are enriched in REEs show a different pattern from that 

of the normalized horizontal pattern; enriched elements normally show an 

anomaly (Kawasaki et al., 1998). Among LREEs, the concentrations of La, Pr, 

Nd and Ce in all top and sub soils showed a horizontal pattern and the 

concentration was lower than mean values of UCC. The pattern of Sm and Eu 

for most of the topsoils and subsoils was not flat but rather a positive anomaly 

was observed for these elements. These results are in agreement with findings 

of other studies where a positive Eu anomaly was also reported. For example 

Meryem et al. (2016) and Šmuc et al. (2012) showed a positive Eu anomaly 

in soils from smelting areas and in Kocani paddy soils. In another study 

conducted by de Sá Paye et al. (2016), a positive Eu anomaly was also 

reported in alkaline igneous rocks. Among HREEs, Sc, Y, Tb, Dy, Er, Tm, Yb, 

Lu and Ho showed a flat pattern and their concentrations were lower than UCC 

values whereas, only Gd showed a positive anomaly. In previous studies the 

mean concentration of Gd was also higher in Brazil soils (de Sá Paye et al., 

2016). 
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Figure 5.6: Crust-normalized REEs 

pattern for topsoils and subsoils of 

individual allotments. 
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LREEs) at site ST was closer to unity, whereas HREEs were more enriched in 

subsoils. Topsoils of allotment sites CN, MP and BH were more enriched with 

REEs, the mean EF values for most of the REEs were > 1.0 as shown in Figure 

5.7. Topsoils from sites SN and WM were mostly enriched in HREEs whereas 

most of the LREEs had EF values closer to unity.  
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Figure 5.7: Average concentration ratio topsoil:subsoil (Enrichment factor, EF) 

for REEs in individual allotment sites. The vertical bars denote the average 

standard error. 
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Table 5.4: Correlation coefficients (r-values) between REEs (LREEs and HREEs) in allotment topsoils at p ≤ 0.001. 

   La  Ce  Pr  Nd  Sm  Eu  Gd  Tb Dy Ho  Er Tm  Yb   Lu Sc 

Ce 0.984               
Pr 0.989 0.978              
Nd 0.978 0.961 0.996             
Sm 0.944 0.929 0.976 0.989            
Eu 0.9 0.887 0.942 0.963 0.989           
Gd 0.908 0.894 0.947 0.967 0.993 0.997          
Tb 0.897 0.883 0.938 0.959 0.988 0.996 0.999         
Dy 0.891 0.877 0.931 0.952 0.981 0.991 0.993 0.997        
Ho 0.889 0.874 0.927 0.947 0.974 0.985 0.986 0.993 0.998       
Er 0.901 0.883 0.934 0.951 0.971 0.976 0.978 0.985 0.993 0.997      
Tm 0.917 0.9 0.943 0.955 0.966 0.963 0.967 0.973 0.984 0.99 0.997     
Yb 0.923 0.905 0.944 0.953 0.957 0.95 0.954 0.961 0.973 0.981 0.991 0.998    
Lu 0.935 0.914 0.953 0.96 0.961 0.947 0.954 0.959 0.969 0.976 0.988 0.995 0.998   
Sc 0.916 0.901 0.932 0.934 0.925 0.911 0.911 0.915 0.927 0.935 0.95 0.963 0.968 0.966  
Y 0.906 0.904 0.94 0.954 0.974 0.981 0.983 0.986 0.987 0.986 0.98 0.974 0.964 0.959    0.911 

 

Table 5.5: Correlation coefficients (r-values) between REEs (LREEs and HREEs) in allotment subsoils at p ≤ 0.001. 

  La   Ce   Pr   Nd  Sm Eu Gd Tb  Dy  Ho Er Tm Yb Lu Sc 

Ce 0.975               
Pr 0.987 0.987              
Nd 0.982 0.966 0.992             
Sm 0.942 0.931 0.964 0.984            
Eu 0.814 0.812 0.855 0.893 0.957           
Gd 0.862 0.862 0.899 0.931 0.98 0.994          
Tb 0.813 0.818 0.856 0.892 0.956 0.997 0.995         
Dy 0.792 0.8 0.838 0.874 0.942 0.994 0.988 0.998        
Ho 0.787 0.789 0.833 0.871 0.938 0.991 0.984 0.995 0.998       
Er 0.82 0.827 0.864 0.894 0.951 0.989 0.987 0.993 0.996 0.997      
Tm 0.84 0.849 0.883 0.908 0.956 0.982 0.983 0.986 0.989 0.99 0.998     
Yb 0.873 0.879 0.911 0.932 0.969 0.974 0.982 0.978 0.978 0.979 0.991 0.997    
Lu 0.886 0.888 0.921 0.94 0.971 0.968 0.977 0.971 0.97 0.972 0.985 0.993 0.998   
Sc 0.874 0.861 0.896 0.924 0.955 0.943 0.953 0.938 0.93 0.928 0.936 0.936 0.943 0.944  
Y 0.69 0.705 0.735 0.773 0.862 0.958 0.939 0.965 0.975 0.972 0.966 0.952 0.928 0.917 0.865 
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5.5.5 Sources of REEs in allotment soils 

 

In most of the allotment topsoils and subsoils, the main origin of the REEs was 

the soil parent material because the distribution of REEs in the environment 

under natural conditions is governed by the mineralogical composition of the 

parent material, along with geochemical and biological processes (Zhang et al., 

2001). Weathered soils and rocks are also important sources of REEs in soils 

(Price, 1995). Soils which are developed on sandstones, acid and basic igneous 

rocks are more enriched in REEs as compared to soil which is developed on 

calcareous rocks (Hu et al., 2006, Laveuf and Cornu, 2009, de Sá Paye et al., 

2016). It is considered that alkali feldspar (K-Feldspar) and plagioclase are 

important minerals present in sandstone which contain low abundances of REEs 

but also show a positive Eu-anomaly. This enrichment of Eu results from 

substitution of Eu2+ with Sr2+ due to its larger size as compared to other trivalent 

REEs (Edmunds et al., 1982, Taylor et al., 1985).  Most soil in Nottingham is 

dominated by sandstones so it might be possible that K-Feldspar is a common 

factor explaining the positive anomaly of Eu observed in most of the allotment 

topsoils and subsoils.  

The enrichment of most topsoils compared to subsoils indicated that, beside the 

main influence of parent material on the abundances of REEs, there were also 

other sources of REEs in the allotment soils. For example, application of 

fertilizers can be one of the sources responsible for enrichment of REEs. 

Phosphate fertilizers are known as the main direct source of REEs in agricultural 

soils because P-containing minerals (apatites) have a high affinity for REEs 

(Todorovsky et al., 1997). It has also been reported that the long term 

application of calcium superphosphate leads to increased concentrations of REEs 
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in surface soils (Zhang and YE, 2006). The other possible sources could be waste 

ash which can be applied to cultivated land as liming agent. In a study 

conducted on Japanese agricultural soils by Zhang et al. (2001) it was reported 

that the continuous application of waste ash, such as sewage sludge ashes and 

incinerator bottom ashes, could increase the concentration of Sc, Sm, Gd, Tb 

and Eu in soils. In the current study the positive anomalies of Sm, Eu and Gd in 

the crust-normalized pattern also showed some influence most likely due to 

application of fertilizers.  

Atmospheric deposition is another important pathway for REEs to enter soils. 

Wet atmospheric deposition i.e., rainfall or snow is more significant as compared 

to dry deposition (Zhang et al., 1999). Studies have been conducted to 

distinguish between the different sources of REEs in the atmosphere through 

the use of REEs ratios (such as La/Sm, La/Ce etc.) which are normally used as 

tracers for identification of sources (Wang et al., 2001). Olmez and Gordon 

(1985) in their study reported that ratios of La to other REEs and V could be 

used to differentiate emission of REEs from petroleum-refinery and coal power 

plants. They found that the ratio of La to other REEs and V in coal-burning 

sources and in the crust are very similar. Nottingham is an old city with a history 

of heavy coal burning which must have had some influence on the REE 

composition of the allotment soils. The ratios of La to other REEs and V in 

topsoils and subsoils of individual allotment sites are shown in Table 5.6; it can 

be seen that, although there was variation between the sites, average values 

for La/Sm, La/Ce, La/Yb and La/V were very close to those reported for coal 

power plants by Olmez and Gordon (1985).  
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Table 5.6: Ratio of La to other REEs and V in topsoils and subsoils of individual 

allotment sites 

 

Allotment   

sites 

La/Sm La/Ce La/Nd La/Yb La/Lu La/V 

PF (top) 

ST (top) 

CN (top) 

MP (top) 

MR (top) 

BH (top) 

SN (top) 

WT (top) 

WM (top) 

5.0 

5.1 

4.9 

4.6 

4.8 

5.3 

5.4 

5.4 

5.1 

0.47 

0.48 

0.48 

0.47 

0.48 

0.48 

0.48 

0.49 

0.48 

1.01 

1.04 

1.00 

0.97 

0.99 

1.05 

1.08 

1.08 

1.03 

14 

18 

18 

16 

17 

18 

18 

19 

18 

96 

116 

115 

104 

110 

117 

116 

125 

116 

0.19 

0.38 

0.25 

0.22 

0.37 

0.72 

0.30 

0.43 

0.34 

PF (sub) 

ST (sub) 

CN (sub) 

MP (sub) 

MR (sub) 

BH (sub) 

SN (sub) 

WM (sub) 

5.3 

5.1 

5.6 

5.4 

5.3 

6.0 

6.1 

5.4 

0.48 

0.48 

0.49 

0.48 

0.48 

0.48 

0.48 

0.48 

1.04 

1.03 

1.11 

1.07 

1.05 

1.12 

1.13 

1.06 

17 

17 

17 

17 

19 

19 

21 

18 

113 

109 

110 

114 

122 

125 

134 

117 

0.28 

0.38 

0.18 

0.19 

0.51 

0.54 

0.27 

0.35 

All sites (top soils) 

All sites (sub soils) 

5.1 

5.3 

0.48 

0.47 

1.03 

1.06 

18 

18 

114 

114 

0.35 

0.34 

Coal power plant 5.2 ± 0.5 

 

0.51 ± 0.04 

 

1.6 ± 0.15 

 

18 ± 4 

 

80 ± 17 

 

0.30 ± 0.08 
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5.6 Platinum Group Elements  

 

5.6.1 Investigation of interferences in the determination of 

PGEs by ICP-MS. 

Details regarding the investigation of different interferences that are observed 

in the determination of PGEs in test samples are given in Appendix B. Also the 

results of PGEs determined in allotment soils in different modes have been 

compared.  

5.6.2  Concentration of PGEs in allotment soils 

The concentrations of PGEs measured in selected allotment topsoils and subsoils 

generally fell below the detection limits (DLs) of the ICP-QQQ-MS. This may 

indicate that allotment soils were not substantially influenced by PGEs, in 

contrast to other studies where PGEs have been reported at greater 

concentrations (Whiteley and Murray, 2003, Ladonin, 2018). The procedure 

used for soil digestion (HF, HClO4, HNO3) and the resulting dilutions required 

contributed to the low analytical concentrations of PGEs. 

5.7   Characterisation of Pb isotopic signatures 

Binary plots (206/207Pb versus 208/207Pb) for topsoils and subsoils for individual 

allotment sites are shown in Figure 5.8; major end member values for 

anthropogenic (i.e. leaded petrol) and geogenic sources of Pb such as local 

Pennine ore Pb and UK coal Pb are included. The measured Pb isotopic 

signatures for all topsoils from the allotments fell close to the general mixing 

line formed between Pbpetrol and Pbgeogenic sources which confirmed these two 

end-members as the dominant sources of Pb in soils. The 206/207Pb ratios in 

topsoils across all allotments were in the range of 1.106 - 1.177 (Figure 5.9), 
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with the exception of only one soil sample from site PF-Q233 (ratio = 1.057). 

This range of values is in agreement with the isotopic composition of topsoils 

from rural roadsides and London soils measured by (Mao et al., 2014) i.e., 

206/207Pb in the range of 1.080-1.160. The sample (PF-Q233) with the lowest 

isotopic signature for 206/207Pb (i.e., 1.057) appeared to reflect the isotopic 

signature of Australian (Broken Hill) ore (1.04), also shown in Figure 5.8 (a). A 

similar observation was made by Farmer et al. (2011), where a sample with a 

high concentration of Pb (2160 mg kg-1) from an urban soil in Glasgow, Scotland 

had an isotopic signature close to that of Australian ore. The 206/207Pb ratios in 

subsoils across all allotments also fell close to the general mixing line with 

values in the range 1.133 - 1.185. However, compared to topsoils, subsoils were 

clustered towards the geogenic sources.  

During the 1960s and 1970s, alkyl Pb additives became the most important 

sources of atmospheric Pb pollution throughout the world. However, despite the 

phasing out of leaded gasoline over the last three decades, Pbpetrol is still 

prevalent in soils, originally derived from atmospheric deposition (Cheng and 

Hu, 2010). Therefore, the contribution of Pbpetrol to Pbtotal was also calculated for 

both topsoils and subsoils (excluding sample PF-Q233) (Figure 5.10). A t-test 

pairwise comparison showed that the mean proportion of Pbpetrol in most of the 

topsoils (except site BH) was significantly different from the proportion in 

subsoils (p<0.001). As expected, topsoils showed a greater contribution from 

Pbpetrol than subsoils. In topsoils the contribution of Pbpetrol to Pbtotal was highest 

at sites PF, WT and MR where it was in the range of 30-35%; it was lowest (i.e., 

18%) at the Blenheim (BH) and Canal (CN) sites. In all other allotments the 

contribution of Pbpetrol fell in the range 23-27%. Other studies have also shown 

higher concentrations of Pbpetrol in surface horizons as compared to deeper soils 
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where natural Pb was mostly identified as the major source of Pb (Gulson et al., 

1981). For example Hansmann and Köppel (2000) used Pb isotope ratios 

(206/207Pb, 206/204Pb and 208/204Pb) to identify different sources of anthropogenic 

and natural sources of Pb in urban soils of Switzerland. Anthropogenic sources 

of pollutants were found generally to be less radiogenic than the unpolluted soils 

and Pbpetrol from vehicular exhaust was the least radiogenic in composition 

across all anthropogenic sources.
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Figure 5.8: Binary plots showing the isotopic ratios 206/207Pb vs 

208/207Pb for individual allotment topsoils and subsoils with 

median values from UK leaded petrol, Southern Pennine Pb ore 

(Galena) and N-Y-D coal shown for comparison. 
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a. Topsoils 

 

b. Subsoils 

 

Figure 5.9: Lead isotopic ratio 206/207Pb in (a) topsoils and (b) subsoils of individual 

allotment sites are shown as box and whisker plots. Outliers are shown as 

asterisks. Mean is shown as a symbol (●) and median as a line. The broken lines 

indicates the range of reference sources (UK ore and UK leaded petrol). 
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5.8 The relationship between Pbpetrol and Pbtotal in top and 

subsoils 
 

The relationship between Pbpetrol and Pbtotal in both topsoils and subsoils of 

individual allotment sites was evaluated and is shown in Figure 5.11. A positive 

relationship between %Pbpetrol and Pbtotal would suggests that past vehicular 

exhaust emissions were the main source determining soil Pb concentration at 

the site. Similarly a negative relationship would suggest that the dominant 

influence is from a geogenic source (e.g., coal). A flat trend would mean that 

the relative contribution from Pbpetrol and Pbcoal was constant across all soils 

despite, differences in total contaminant load, and a scattered pattern would 

indicate that there was local variation in relative inputs from the two main 

sources. 

Among all allotments, an overall strong positive trend (r= 0.828 and r = 0.892, 

p ≤ 0.000) was observed at sites PF and MP when both topsoils and subsoils 

were considered together. This showed that in these allotments there was same 

mix of Pbpetrol in both topsoils and subsoils and that the variation in soil Pb 

content was largely determined by Pbpetrol. At site ST and MP, there was also a 

positive trend but it was moderate (r = 0.554 and 0.586, p = 0.000). 

Furthermore, the contamination of subsoils with Pbpetrol indicated migration of 

Pbpetrol from topsoils to subsoils. Other studies have also shown the migration 

of anthropogenic Pb into deeper layers in soils. For example Izquierdo et al. 

(2012) in a study on alluvial soils showed evidence of translocation of Pbpetrol 

from the surface to soils layers of at least 35 cm depth. Similarly in a study 

conducted by Teutsch et al. (2001) they reported the migration of Pbpetrol into 

soil layers below the topsoil i.e., 20-30 cm. The migration velocity of Pbpetrol in 
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Mediterranean soils of Israel was determined as 0.5 cm year-1 by  Erel et al. 

(1997). Another reason for contamination of subsoils with Pbpetrol might be due 

to the cultivation activities in the allotments, such as ploughing and deep 

incorporation of manures etc. which can result in mixing of topsoils with 

subsoils.   In the topsoils from site WT a strong significant (i.e., r = 0.835, p ≤ 

0.05) positive trend was also observed which showed Pbpetrol was the dominant 

contaminant source in these soils. The strong relationship between Pbpetrol and 

Pbtotal and the results of cluster analysis (section 5.4.3) where Pbpetrol was 

clustered separately makes it more evident that the closeness of the Mansfield 

road to this site was the main factor determining Pb contamination of these 

soils. In some of the allotments sites such as CN, SN, BH and WM there was no 

trend in both topsoils and subsoils. The data points were scattered which 

suggested the distribution pattern of different Pb sources (i.e., Pbpetrol and Pbcoal) 

varied locally depending upon the history and site location.  
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Figure 5.11: Relationship between 

%Pbpetrol and Pbtotal in topsoils and 

subsoils of individual allotment sites. 

 

 

 

5.9 Conclusions 
 

Results showed that the topsoils of different allotment sites (except Blenheim; 

BH) were enriched with trace metals, relative to the subsoils, and the variation 

observed in trace metal concentrations among different allotment sites could 

be, in part, associated with allotment location and history. Allotments located 

in close proximity to potential pollutant sources were more highly 

contaminated although quantifying this relationship remains a challenge. A 

cluster analysis of multi elements in combination with source-apportionment 

of Pb from isotopic characteristics was helpful in attempting to understand the 

main anthropogenic sources. In the allotment soils the origin of REEs was 

primarily natural sources. However, a comparison of abundance ratios with 

those of the mean upper continental crust (UCC), and an examination of 

enrichment factors suggested that there was also a small influence from 

anthropogenic inputs, such as fertilizers. In the case of PGEs, the measured 

concentrations were below the DLs. Overall, the determination of REEs and 

PGEs in the allotment soils proved to be of limited value in helping to 

discriminate between specific sources of contamination.   
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The determination of Pb isotopic ratios in allotment topsoils and subsoils was 

most helpful in characterizing Pb sources and it confirmed that Pbpetrol and 

Pbgeogenic were the dominant sources of Pb in these soils. In subsoils the 

presence of Pbpetrol revealed migration of mobile Pbpetrol from topsoils. The 

relationship between Pbpetrol and Pbtotal further helped in identifying allotments 

(i.e., PF, ST, MP, MR and WT) where the main influence was from vehicles. 

Whereas the absence of trend observed at some of the allotments (i.e., CN, 

SN, BH and WM) suggested variation in the inputs of different sources.  

An important finding from the examination of isotopic evidence in topsoils and 

subsoils was the extent to which Pbpetrol had apparently migrated down the soil 

profile into the subsoil.  It is likely that the two main diffuse sources of Pb on 

the sites were coal burning and Pbpetrol, both arriving as aerial deposition 

(although coal ashes may also have been applied directly).  It seems 

reasonable therefore to assume that the distribution of Pb in the soil from the 

two sources would be a function of the timing and magnitude of the inputs but 

also of the lability or solubility of the Pb in the two particulate materials.  

In the following chapter this avenue of research is pursued further by 

determining the composition of soil ‘fractions’ using a SEP to isolate trace 

elements associated with particular soil phases, examine the Pb isotopic 

composition within the fractions and to determine ‘reactivity’ of trace metals 

by ID method.
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6 Chapter 6: Use of common approaches to study 

behaviour and sources of pollutants in allotment soils 

6.1 Introduction 

The potential risk and toxicity of heavy metals in soil is a function of metal lability 

and bioavailability, which is associated with the different fractions of metal and 

the processes i.e., chemical and physical that control transformations between 

fractions (Schröder et al., 2005, Maas et al., 2010, Rodrigues et al., 2010). Total 

content of heavy metals in soil gives information only about possible enrichment 

and does not provide sufficient  information regarding potential risk and toxicity 

of metals to the surrounding environment and human health (Nolan et al., 2003, 

Ure and Davidson, 2008). Heavy metals, after entering the soil system, are 

distributed into various soil constituents through different processes such as 

precipitation of contaminants, ion exchange, adsorption, complexation with 

organic matter. However, changes in environmental conditions can re-mobilise the 

metals to varying degrees (Yuan et al., 2004). The total concentrations of heavy 

elements may also be operationally divided into ‘reactive’ and ‘non-reactive’ 

fractions. The reactive fraction of heavy metals is most likely to be responsible for 

biologically harmful effects (Rieuwerts et al., 2006). In order to evaluate the toxic 

effects or deficiencies of heavy metals in the environment, it is important to 

understand the main processes controlling distribution of metals within the soil 

matrix (Nolan et al., 2003, Degryse et al., 2004, Peijnenburg et al., 2007). The 

major factors responsible for changes in reactivity or lability of trace metals are 

soil physicochemical properties (pH, redox potential, temperature etc.) and the 

nature of soil solid constituents, such as organic matter, clays, Fe/Mn oxides, 

phosphates, sulphides and carbonates (Ledin et al., 1996, Degryse et al., 2009, 
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Ottosen et al., 2009, Rodrigues et al., 2010). For example, the lability of trace 

metals in alkaline soil is generally low in contrast to acidic peat soils where lability 

is generally highest. In alkaline soils, the presence of mineral oxides and 

carbonates are responsible for reducing the reactivity of cationic trace metals by 

adsorption and co-precipitation (Degryse et al., 2004, Buekers et al., 2007). In 

contrast, the lability of Pb is reported to be limited due to the formation of discrete 

Pb-containing minerals such as Pb phosphates (e.g. chloropyromorphite, 

Pb5(PO4)3Cl ), which remains stable under a wide range of conditions (Zhang et 

al., 1997, Ryan et al., 2001, Miretzky and Fernandez-Cirelli, 2008).  

The other major factor determining the lability of trace metals in soil is the source 

of contaminants (Ledin et al., 1996, Mao et al., 2014). Contaminants originating 

from sources, e.g. natural or anthropogenic sources, will have different intrinsic 

metal labilities (Atkinson et al., 2011b). It has been reported that Pb originating 

from petrol or coal combustion is more labile than Pb within primary minerals; 

geogenic Pb is mostly associated with ‘residual’ fractions in soils (Mao et al., 2014, 

Shetaya et al., 2018). Soil and trace metal contact time is also considered as an 

important factor that affects lability as both metal fixation in soil minerals and 

release from contaminant sources into soil can be slow processes (Tye et al., 

2003). For example, the release of Pb from sulphide ore minerals in an aerobic 

topsoil environment occurs via very slow weathering processes, such as oxidation, 

over protracted contact times (Atkinson et al., 2011b).  

Different approaches have been used to provide insight into these processes but 

the most commonly adopted techniques for characterizing the chemical fractions 

and reactivity of trace metals in soils are sequential extraction procedures (SEPs) 

and isotopic dilution (ID) techniques. The most widely applied sequential 

extractions procedures are the well-known Tessier procedure (Tessier et al., 1979) 
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and BCR approaches (Ure et al., 1993); many adaptations of these SEPs have 

been published  (Campanella et al., 1995, Martin et al., 1998, Ariza et al., 2000, 

Smeda and Zyrnicki, 2002). In SEPs, trace elements are allocated to operationally 

defined geochemical fractions such as ‘Exchangeable’, ‘Carbonate-bound’, ‘Oxide-

bound’, ‘Organic matter or sulphide-bound’ and ‘Residual’ (Degryse et al., 2011). 

In an SEP scheme, the order of different  fractions (F) e.g., F1-F5, is essentially a 

sequence of decreasing solubility (Lu et al., 2003).  The extraction steps in SEPs 

may vary from 3 to 7 depending on the aim of the study. Sequential extraction 

procedures can help in identifying the main binding sites of metals and their 

relative binding strength in different fractions of soil. Generally metals in the 

exchangeable and carbonate fractions are held by weak electrostatic forces on 

geocolloids and precipitated with carbonate minerals respectively. Metals in 

exchangeable and carbonate fractions are potentially the most available, 

particularly when environmental conditions in soil change - such as pH. Metals 

associated with oxides (Fe/Mn) and organic matter are considered relatively stable 

under normal conditions and metal ions in the residual phase are the least soluble 

(Wong et al., 2002, Kazi et al., 2005, Bakircioglu et al., 2011). In order to identify 

the different fractions in which metals may be present in soil, a series of 

extractants with increasing extraction strength is used to dissolve target metals 

(Degryse et al., 2011). Several researchers have  highlighted the limitations of 

SEPs such as problems of incomplete dissolution and re-adsorption into different 

phases during extraction (Gleyzes et al., 2002). The problem of sensitivity of these 

procedures to minor changes for example, re-adsorption of metals has been found 

when there is a change in pH from the previous SEP step. This re-adsorption can 

result in ‘carry over’ and overestimation of subsequent metal fractions (Shan and 

Chen, 1993, Gleyzes et al., 2002, Labanowski et al., 2008, Degryse et al., 2011). 
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Also the application of SEPs in risk assessment for planning and developmental 

purposes is largely absent because the overall ‘labile’ fraction does not correspond 

to any single SEP fraction. Therefore, bioavailability of metals to plants is difficult 

to interpret only based on SEP results. The SEP data typically only gives some 

indication about the reactivity of metals because the most readily soluble species 

are generally extracted in the first fraction and most recalcitrant species in the 

later fractions (Harrison et al., 1981, Gibson and Farmer, 1986, Ottosen et al., 

2009). Despite these inherent limitations the literature on SEPs is comparatively 

large compared to other more sophisticated approaches as the latter can be 

expensive and the equipment required may not be readily available (Degryse et 

al., 2011). A great deal of effort has been expended in the modification of SEPs in 

terms of reagent use, shaking time, soil:solution ratio etc. to obtain more discrete 

dissolution of the target fraction. In a few studies, different sources of Pb in 

individual fractions of SEPs have been investigated by measuring Pb isotope ratios. 

This combination of Pb partitioning in different fractions and Pb isotope ratios can 

also clarify the processes controlling behaviour of Pb in soil (Teutsch et al., 2001, 

Emmanuel and Erel, 2002, Bacon et al., 2006). For example,  Emmanuel and Erel 

(2002) measured Pb isotope ratios in individual fractions of Czech forest soils to 

examine the mechanism of natural and anthropogenic Pb partitioning and revealed 

that natural Pb was mainly associated with residual and oxide fractions whereas 

anthropogenic Pb was in fractions associated with surface bound and organic 

matter phases. In a study by Wong et al. (2002), sources of Pb were identified in 

agricultural soils of the Pearl River Delta (South China) through the use of Pb 

isotopes and it was shown that Pb bound to Fe-Mn oxides and organic/sulphide 

fractions was the stable form of anthropogenic Pb after deposition to soil.  



160 
 

Isotopic dilution may be used to measure the reactive or ‘labile’ fraction, which is 

the amount of isotopically exchangeable metal in soil and is traditionally known as 

the E-value (Young et al., 2000b). The E-value may represent the fraction of metal 

that is in a readily available pool for plant uptake and transport (Ahnstrom and 

Parker, 2001). Isotopic dilution method is considered the most appropriate 

method for discriminating labile and non-labile pools of metals in soils and 

therefore could be used in site-specific risk assessments.  However, due to 

operational limitations, this technique has been less preferred than SEPs (Young 

et al., 2005, Degryse et al., 2011). Initially ID was used to measure the availability 

of essential plant nutrients but later the technique was widely applied in studies 

of toxic elements and their reactivity in environment. Both radioactive and stable 

isotopes are used for measuring isotopically exchangeable pools of elements 

(Lopez and Graham, 1972, Echevarria et al., 1998, Smolders et al., 1999, Gäbler 

et al., 1999, Ahnstrom and Parker, 2001, Nolan et al., 2004). Recently use of 

stable isotopes have been preferred over radioactive isotopes because the latter 

are associated with disposal problems, exposure to radiation and also the non-

availability of radioactive isotopes for some elements. With greater availability and 

widespread access to inductively coupled plasma mass spectrometry (ICP-MS) in 

the last two decades, it has been possible to expand the application of isotopic 

dilution techniques to those elements for which radioactive isotopes are not 

available (Montaser, 1998, Young et al., 2007, Huang et al., 2011, Izquierdo et 

al., 2012). Stable isotopes also have the advantage of allowing in-field isotopic 

experiments without environmental or health concerns (Hamon et al., 2008). 

Recently multi-element isotopic dilution approach has been developed and is used 

for simultaneous assessment of reactivity of different trace metals in soil (Marzouk 

et al., 2013b, Nazif et al., 2015, Izquierdo et al., 2017, Shetaya et al., 2018). This 
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simultaneous assessment of different trace metals using stable isotopes is 

considered more accurate and cost effective as compared to single and sequential 

extraction procedures.  

To determine the isotopically exchangeable pool of trace metals, soil samples are 

suspended in dilute electrolyte such as Ca(NO3)2 or CaCl2 for a specific period, 

known as a pre-equilibration time, after which a small amount of an isotope of the 

analyte is added to the suspensions. There are no guidelines available regarding 

the choice and concentration of stable isotopes to be used in ID methods but the 

amount of enriched stable isotope solution (spike) added should be sufficient to 

cause a significant change in the isotopic ratio of the spiked soil in comparison to 

the native/natural isotopic composition of the system. This added enriched stable 

isotope solution should not be large enough to perturb the pre-existing ratio of 

labile: non-labile metal of the soil. After a given reaction time, the extent to which 

this spike isotope has mixed with the indigenous soil metal is determined by 

analysis of isotopic ratios, usually in the soil solution phase. This permits 

quantification of the isotopically exchangeable metal concentration (Gäbler et al., 

1999, Midwood, 2007, Hamon et al., 2008, Degryse et al., 2011). One 

complication to this approach is that the metal in the soil solution phase may not 

all be labile as some may be bound within suspended colloidal particles (SCPs <0.1 

µm) in a non-labile form. The effect of non-labile metals bound within SCPs has 

been shown especially in soils with a large content of humus and carbonates 

(Marzouk et al., 2013a). Similarly, a range of studies has shown that non-labile 

SCP fractions were associated mostly with dissolved organic matter and hydrous 

oxide or carbonate particles (Lombi et al., 2003). Non-labile SCP fractions may 

not be readily available to plants but presumably can enhance the mobility of trace 

metals in soils. Therefore, the standard ID technique has been modified by several 
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researchers using a resin purification step in order to reduce the effect of non-

labile metals in SCP and calculate the true isotopically exchangeable pool of metal 

(Lombi et al., 2003). In the ‘resin purification’ method, an ion-exchange ‘chelex’ 

resin is used and is introduced to separated filtered supernatant solution.  This 

resin is then equilibrated, washed and eluted with acid to determine the true 

isotope ratios for the solution phase (and subsequently the E-value). The chelex 

resin purification method is based on the two assumptions that: i) the resin is not 

strong enough to extract non-labile metals from the SCPs and ii) the resin is 

cleaned of all colloidal particles prior to acid elution and isotope ratio analysis.  

Studies have also been conducted using a combination of techniques in an attempt 

to provide insight into the complex interactions in the soils. This includes 

comparison of (and combination of) different methods such as ID and SEP 

(Atkinson et al., 2011b, Marzouk et al., 2013b, Mao et al., 2014). For example  

Degryse et al. (2011) compared three methods, including isotopic exchange (IE), 

speciation by XAFS spectroscopy and fractionation by sequential extraction for 

characterization of Zn in contaminated soils.  Garforth et al. (2016) applied 

isotopic dilution within an SEP operation to assess the validity of each step of the 

SEP. 

6.1.1  Aim of chapter 

The aim of this chapter was to determine the fractionation of selected trace metals 

(Ni, Cu, Zn, Cd and Pb) in urban allotment soils.  Experimental objectives included 

determination of the isotopically exchangeable fraction (E-value) by multi-element 

ID and fractionation of metals using the modified Tessier SEP. The degree of 

correspondence between these two methods (ID and SEP) was also investigated. 

The presence of non-labile metals associated with suspended colloidal particles 

(SCP) in submicron filtered (<0.22 µm) supernatant solutions was also tested by 
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comparing % E-values measured in filtered solutions (Esoln) and resin-treated 

solutions (Eresin). 

The effect of common soil properties (pH, organic matter, available P and total 

elemental concentrations) and the long-term effect of Pb sources on lability of 

metals were evaluated. The relative contributions of different sources of Pb (i.e., 

Pbpetrol and Pbgeogenic) to labile and non-labile pools of soils was investigated to 

examine the influences of source and contact time on lability. The relative 

contributions of Pbpetrol and Pbgeogenic in individual fractions of the SEP were 

calculated using measured Pb isotopic ratios (206/207Pb and 208/207Pb) compared to 

expected end members (petrol and coal/ore Pb). Finally an attempt was also made 

to assess the behaviour of Pbpetrol with common soil properties in individual SEP 

fractions.  

6.2 Materials and methods 

6.2.1  Soil sampling  

A set of 59 urban allotment top soils (i.e., ~ 15 cm soil depth; duplicates) from a 

total of 269 soil samples were selected in order to provide a range of Pbtotal 

contents. In most of the soils (n=34) the Pb concentrations were > 400 mg kg-1. 

As mentioned earlier in Chapter 2, allotment soils were previously collected (2014-

2015) and analysed for a range of soil properties in another study by another 

researcher therefore the same data for basic soil properties including pH, organic 

matter content (SOM), soil organic carbon (SOC) and available phosphorus (POlsen) 

have also been used in this chapter.  
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6.2.2  Measurement of isotopically exchangeable Pb, Zn, Cd, Cu and 

Ni in soils using an ID technique 

A multi-element isotopic dilution method used to determine the isotopically 

exchangeable pool (E-values) of five target metals is described in detail in Chapter 

2 (Section 2.8). The presence of non-labile metal within SCPs was investigated 

using a ‘Chelex purification method’ described in Chapter 2 (Section 2.8.3). The 

underlying principle is that a cation exchange resin adsorbs only the labile metals 

which are normally present as free ions, soluble metal complexes and 

exchangeable metal ions adsorbed onto the surface of sub-micron colloids.  The 

non-labile metal fractions within SCPs are not adsorbed by the resin and remain 

suspended in the soil solution (Lombi et al., 2003).  

The E-values of Ni, Cu, Cd, Zn and Pb were calculated from the ratio of the main 

spike isotope to one of the non-spiked isotopes (Table 6.1). The E-value (mg kg-

1) was calculated according to Eq. (1)  (Marzouk et al., 2013b). For comparison 

purposes, E-values (ME) are often expressed as a proportion (%ME) of the total 

metal content (Mtotal) in the soil, Eq. (2). 

                     

M𝐸 =  (
 Msoil

W
) (

Cspike  Vspike

 Mspike
)

( Iso1IAspike −  Iso2IAspike Rss)

( Iso2IAsoil Rss −  Iso1IAsoil   
)

 

                                                                            Eq. (1) 

Where Msoil and Mspike are the average atomic masses of metal in soil and spike, W 

is the weight of soil used (kg), Cspike is the gravimetric concentration of the metal 

in spike solution (mg L-1), Vspike is the volume of spike added (L), IAspike and IAsoil 

are the isotopic abundances on a mole basis in the spike and soil solution 

respectively and Rss is the isotopic abundance ratio of the two isotopes (Iso1:Iso2) 
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in the spiked soil solution. Results reported for E-values in this study were 

averages of duplicates with coefficients of variation in the range of 0.06-4.4% for 

Ni, 0.02-19% for Cu, 0.2-11.9% for Zn, 0.12-18.5% for Cd and 0.06-14.6% for 

Pb.         

                   

% M𝐸 =  
ME

Mtotal 
 × 100 

                                                                 Eq. (2) 

Table 6.1: Isotopic ratios (spiked and unspiked) and their natural isotopic ratio 

values 

Enriched stable 

isotope (spike) 

Isotope Ratio used for 

calculation 

Natural isotopic ratio values 

204Pb 

108Cd 

65Cu 

70Zn 

 62Ni 

204Pb:208Pb 

 108Cd:111Cd 

 65Cu:63Cu 

  70Zn:66Zn 

  62Ni:60Ni 

0.0272 

0.0695 

0.4457 

0.0222 

0.1386 

    

6.2.3  Calculation of isotopic abundances (IAs) of non-labile metal 

Prior to calculation of IAs of 206Pb and 207Pb in the non-labile fraction, it was 

important to calculate the IAs of 206Pb and 207Pb in Pbtotal and in PbE by excluding 

the IA of isotope which was added to the samples (i.e., 204Pb) because spiking the 

samples with 204Pb changed the natural background of 204Pb IA. For example, IA 

of 206Pb in labile fraction was calculated according to Eq. (3).  After calculation of 
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IAs of 206Pb and 207Pb in both Pbtotal and PbE, IA in non-labile fraction was calculated 

according to Eq. (4) (Mao et al., 2014). Here an example is given for calculation 

of IA of 206Pb in non-labile pool. From these IAs of 206Pb and 207Pb in non-labile 

pool, isotopic ratio (206/207Pb) was finally calculated. 

Pb206  (IA) =  
Pb206

 Sum ( Pb206 + Pb207 + Pb )208  

                                                          Eq. (3) 

 

206IANL =  
206IAtotal  −  ( 206IAL × PL  )

(1 −  PL )
 

                                                              Eq. (4) 

Where 206IANL, 206IAtotal, 206IAL are the isotopic abundances in non-labile, labile and 

total soil Pb respectively.PL is the proportion of labile Pb calculated from %PbE. 

6.2.4  Proportion of PbPetrol and Pbgeogenic in labile and non-labile 

pools  

The proportion (%) of Pbpetrol and Pbgeogenic in individual fractions of the SEP 

(exchangeable; F1, carbonate; F2, reducible; F3, oxidizable; F4 and residual; F5) 

were calculated using a simple binary mixing model (Chapter 2, Eq. 2). The 

relative contributions of Pbpetrol and Pbgeogenic in the labile and non-labile pools were 

calculated according to Eq. (5) which is an extension of a binary mixture model.  

%Pb(labile petrol) =  
IRore −  IRL

 IRore −  IRpetrol 
  ×  

PbE

 Pbtotal  
 × 100 

                                                                  Eq. (5) 
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Where IRore, IRpetrol and IRL are values of isotopic ratios (206/207Pb or 208/207Pb) in UK 

Pb ore, UK petrol and isotopically exchangeable Pb (labile pool) respectively; PbE 

and Pbtotal are isotopically exchangeable Pb and total soil Pb. 

6.2.5  Sequential extraction procedure 

Fractionation of elements in a selected number of allotment topsoils (n=59; in 

duplicate) were carried out according to the SEP described in Chapter 2 (section 

2.6). The recovery rates calculated for selected elements, measured against HF-

HClO4-HNO3 digest assays, were as follows: Pb (128%), Cd (107%), Ba (119%), 

Tl (101%), U (110%), Mn (89.6%), Ca (110%), Mo (87.9%), Sr (83.5%), Zn 

(60%), Cu (65.4%), P (62.4%), V (56%), As (56.7%), Cr (50%), Co (54.2%), Fe 

(43.2%) and Ni (48.3%). 

6.2.6  Analytical procedures for measurement of isotopic 

abundances in soils through ICP-QMS 

Lead isotopic abundances in the individual fractions of SEP and Pbtotal (HF-HClO4-

HNO3) were measured following the methodology given in Chapter 3. Detail 

regarding determination of isotopic abundances of Ni, Cu, Zn, Cd and Pb in isotopic 

dilution assays of selected urban allotment soils (n=59) is given in Chapter 2, 

section 2.9.  

6.3 Results and discussion 

6.3.1  Lability (E-value) of trace elements (Ni, Cu, Zn, Cd and Pb) in 

soils  

E-values (mg kg-1) for allotment soil samples (n=59) ranged from 0.443 – 6.10 

for Ni, 6.99 – 29.2 for Cu, 26.1 – 246 for Zn, 0.121- 0.541 for Cd and 11.0 – 223 

for Pb. Mean and (Median) values (mg kg-1) for Ni, Cu, Zn, Cd and Pb were 1.31 

(1.13), 14.5 (13.8), 93.2 (87.9), 0.260 (0.239) and 106 (99.3) respectively. 
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Labilities of Ni, Cu, Zn, Cd and Pb expressed as a proportion (% E-value) of the 

total metal content are shown in Figure 6.1. The average labilities of all studied 

metals were below 50%. In theory E-values of different elements in soil should 

contribute to the evaluation of risk which could otherwise be overestimated if only 

total concentration of elements in soil are considered. A restricted range of metal 

lability in urban soils has also been reported in previous studies (Mao et al., 2014, 

Shetaya et al., 2018).  The relative labilities of the five elements followed the 

order Cd> Pb ≥ Zn> Cu>Ni; a frequency distribution of % E-value of Ni, Cu, Zn, 

Cd and Pb is shown in Figure 6.2. The lability of Cd was generally higher than that 

of the other elements whereas lability of Ni was lowest; this is generally consistent 

with previous studies (Harrison et al., 1981, Gäbler et al., 2007, Marzouk et al., 

2013a, Mao et al., 2017). Differences in lability of elements may arise due to 

differences in (i) original contaminant source characteristics and (ii) time-

dependent mechanisms of interaction with soil constituents.  The latter may 

include gradual stabilization of precipitates, slow adsorption on oxides/hydroxides 

(Fe and Mn) and clay, formation of increasingly stable complexes with organic 

matter, adsorption and co-precipitation on carbonates and in silicate lattices and 

diffusion of surface species into mineral micropores (Hamon and McLaughlin, 

2002, Bradl, 2004, Ma et al., 2006a, Buekers et al., 2007). Heavy metals in soils 

have different affinities for adsorption to soil geocolloids. For example, Pb in soil 

is  more strongly adsorbed to Fe-oxides compared to other heavy metals (Covelo 

et al., 2007). Similarly soils with CaCO3 will retain more metals as carbonate 

precipitates than acidic soils (Garcia‐Delgado et al., 1996, Zhang et al., 1998). 

Soil properties such as pH and total metal concentration influence the fixation rate 

of an element (Marzouk et al., 2013a). Buekers et al. (2007) in his study revealed 

that most of the variation in fixation rates of Cd, Zn and Ni was due to the effect 
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of pH and the presence or absence of carbonates. In another study  Ma and Uren 

(1998) observed greater fixation of Zn in bentonites at large concentrations. There 

is also an association between fixation reaction and ionic radius of an element i.e., 

element with large ionic radius will have slower fixation reaction and vice versa 

(Trivedi and Axe, 2001, Degryse et al., 2007, Degryse et al., 2009). For example, 

the fixation rates for Ni and Zn are higher comparative to larger ions such as Pb 

and Cd (Xu et al., 2006, Buekers et al., 2008, Degryse et al., 2009). Besides the 

effects of fixation processes and soil properties, labilities of heavy metals in 

allotment soils might likely be influenced from different sources of pollutants. It 

has been shown that lability of metals varies between sources. For example, 

lability of metal will be lower in soil if the origin of metal is in less soluble form 

whereas lability of metal will be relatively higher if origin of metal is in more soluble 

form (Degryse et al., 2004). 

 

Figure 6.1: Box and whisker plot showing lability (% E-value) of Ni, Cu, Zn, Cd 

and Pb in allotment soils (n=59); the mean value (●) is also shown and outliers 

are marked as an asterix. 
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Figure 6.2: Frequency distributions of % E–

value for (a) Ni, (b) Cu, (c) Zn, (d) Cd and (e) 

Pb in allotment soils. 
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6.3.2  Comparison of isotopically exchangeable (E-values) pool of 

different trace metals measured in filtered solutions (Esoln) and 

resin – treated solutions (Eresin)  

The presence of non-labile metals in suspended colloidal particles (SCP) in 

submicron filtered (<0.22 µm) supernatant solutions was tested by comparing 

%E-values measured in Esoln and Eresin. Results showed a good correlation between 

%Esoln and %Eresin for Ni, Cu and Zn with r values of 0.970, 0.908 and 0.980, 

respectively. These results were in agreement with findings of Mao et al. (2017) 

and Marzouk et al. (2013a) where, in most soils, non-labile metals associated with 

SCP were a minor constituent (average difference <2%) on E-values.  However, 

in the case of Cd and Pb the resin-treated solutions appeared to greatly 

overestimate the E-value (Figure 6.3); this is the opposite of the expected trend 

in the presence of non-labile SCP metal. The mean %E-values, average standard 

deviation and average difference for Ni, Cu, Zn, Cd and Pb are also shown in Table 

6.2. In the literature, the possible reasons suggested for overestimation of Eresin 

values include (i) experimental error arising from adsorption of colloids by the 

resin and their subsequent transfer to eluent due to inappropriate washing or (ii) 

the resin causing dissolution of non-labile metal associated with the SCP (Lombi 

et al., 2003). The overestimation of Eresin as compared to Esoln has also been 

previously reported. For example, Izquierdo et al. (2017) found higher 

concentration of Pb and Fe in resin-treated unamended soils; it was suggested 

that this was due to the sorption of non-exchangeable colloids i.e., DOC or Fe 

colloids by the resin. In this study, the reason for over-estimation of Eresin was 

probably contamination of the chelex-resin used with Pb and Cd (with normal 

isotopic abundances) which would then dilute the spike isotopes (204Pb and 108Cd) 

and thus inflate the apparent E-values. If there had simply been adsorption of SCP 
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by the resin, then the isotopic signature of both metals (Pb and Cd) in resin-

treated and filtered solutions might be expected to be the same and so the 

resulting E-values would be similar. Thus the explanation of Izquierdo et al (2017) 

would not seem reasonable in this case. In order to investigate the contribution of 

chelex-resin to the background metal concentrations, a comparison of the most 

affected non-spiked isotopes (i.e. 111Cd and 208Pb, cps) analysed using both resin-

treated and filtered soil solutions were made. A good correlation was found for 

both Cd and Pb measured by both resin-treated and filtered solutions with r values 

of 0.962 and 0.820 respectively. However, the intercept of a regression line for 

both Pb and Cd deviated from zero; in the case of Pb the intercept was at 45108 

cps whereas for Cd, the intercept was at 232 cps (Figure 6.4). This indicates 

evidence of a constant level of contamination from chelex-resin with ‘native’ Pb 

and Cd (normal isotopic signature).  Therefore, in further discussion in this 

chapter, only the non-chelex treated data is used.  
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Figure 6.3: Comparison of %Esoln and %Eresin for 

(a) Ni, (b) Cu, (c) Zn, (d) Cd and (e) Pb in soils. 

The solid line is 1:1 line. 
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Table 6.2: Comparison of apparent labilities (%E-values), average standard deviations 

and average differences for Ni, Cu, Zn, Cd and Pb between resin-treated (Eresin) and 

filtered solutions (Esoln). 

  Ni Cu Zn Cd Pb 

  %Esoln %Eresin %Esoln %Eresin %Esoln %Eresin %Esoln %Eresin %Esoln %Eresin 

% lability (mean) 3.43 3.92 19.0 19.2 21.9 22.8 27.7 43.2 23.1 316 

Average standard 
deviation 0.02 0.05 1.06 1.13 2.91 4.96 0.02 0.04 4.37 123 

Average difference  -0.50 -0.17 -0.96 -15.5 -367 
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Figure 6.4 Comparison of non-spiked isotopes (a) 111Cd and (b) 208Pb; ICPMS 

intensities (cps) in resin-treated (Eresin) and filtered equilibrated soil solutions 

(Esoln). 
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6.3.3  Fractionations of multi-elements in allotment soils using a 

sequential extraction procedure (SEP) 

The fractionation of trace and major elements in allotments soils (n=59) are 

discussed below and shown in Figure 6.12. These values are average percentage 

(%) distributions in each fraction (Table 6.3).  

6.3.3.1 Copper 

Copper was mainly in the F4 fraction (64%), followed by F5 and F3, which 

accounted for 23% and 10% respectively. A very small proportion of Cu was also 

held with F2 and F1 i.e., 2.5%.The strong association of Cu with the soil organic 

fraction is well established and has also been reported in other studies (Harrison 

et al., 1981, Gibson and Farmer, 1986, Li et al., 2001, Yin et al., 2002, Imperato 

et al., 2003, Lu et al., 2003). As compared to other elements, Cu has the highest 

affinity for soil organic matter and sulphide and forms highly stable organo-Cu 

complexes in humus. A significant correlation between Cu in F4 and soil organic 

matter content was also observed with r = 0.658 at p ≤ 0.000 for a power 

relationship (Figure 6.5).   

 

Figure 6.5: Correlation between concentrations of Cu associated with SEP fraction 

F4 (CuF4) and total organic matter content.          
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6.3.3.2 Zinc 

The majority of Zn was found associated with F3 i.e., 53.5%, followed by F5 which 

accounted for 19.4%. This is in agreement with results reported by Li and 

Thornton (2001). A study conducted by  Weng et al. (2001) and Buekers et al. 

(2008) showed that in acidic condition, the main sorbent for Zn is organic matter 

whereas in alkaline soils, Fe oxides (hydroxides) are considered as the main 

absorbent for Zn. Therefore, the highest proportion of Zn in allotment soils, which 

are mostly alkaline in nature (average pH = 6.99) was also found within Fe/Mn 

oxides. Zinc in F5 (19.4%) suggested its presence in primary minerals. The 

amount of Zn sorbed on F2 was 15.7%, while in F4 it was only 10.5% reflecting 

the relatively weak bond between Zn ions and humus. The least amount of Zn was 

found in F1 i.e., <1%.  

6.3.3.3 Cadmium  

The largest fraction of Cd was F3, i.e., average 42.7%, which suggests strong 

adsorption by Fe-Mn oxides. The first two fractions (F1 and F2) were also 

important for Cd; the combined proportion (%) of Cd held within the first two 

fractions (CdF1+F2) was 36.9%. The least amount of Cd was found associated with 

F4 i.e., 9.6%, whereas in F5, it was 10.7%. These findings are in good agreement 

with other investigations (Gibson and Farmer, 1986, Wilcke et al., 1999, Li and 

Thornton, 2001, Li et al., 2001). For example, Li and Thornton (2001) found the 

greatest proportion of Cd to be in first three fractions of soils close to Zn smelting 

sites i.e., 70% of total Cd. In this study, on average, 79.6% Cd was also associated 

with the first three fraction. Cadmium has some similarities with Ca, where a small 

proportion was found in F4 and F5 and most Ca was in the initial phases (F1-F3) 

of the SEP. The association of Cd with the more soluble phases also suggested the 
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greatest contribution was from anthropogenic sources rather than primary 

minerals. 

6.3.3.4 Lead 

Lead in soil is normally found to have very low mobility and mostly exists in 

unreactive forms albeit with the potential to become more mobile in acidic 

conditions (Alloway and Ayres, 1997, Miretzky and Fernandez-Cirelli, 2008). 

However, in the allotment soils, the predominant fraction of Pb was associated 

with non-residual fractions i.e., F4 (49.1%) and F3 (36.3%). There have been 

some studies in which Pb was also found to be associated mainly with oxides and 

the organic fraction (Emmanuel and Erel, 2002, Burt et al., 2003, Wilson et al., 

2006). However, Pb in soils is often thought to be associated with phosphate; in 

F4 a significant correlation was found between PF4 and PbF4 (r= 0.761 at p ≤ 0.000; 

Figure 6.6). An association between PF4 and PbF4 could be due to two possibilities. 

First, the correlation could be due to dissolution of pyromorphite, releasing both 

Pb and P (Pb5(PO4)3Cl). Alternatively it might simply indicate the release of 

organically bound P and organically bound Pb. In order to investigate the source 

of PF4, the ratio of C:P was calculated from measurement of soil organic carbon 

(SOC) and PF4 (Figure 6.7). The calculated slope value was 0.0074 which is 

reasonably close to a literature value of 0.016 (Tipping et al., 2016) for organic 

matter in fertile soils. Therefore, it seems likely that a large proportion of PF4 

originated from the destruction of organic matter (humus) in F4. Fraction F5 

accounted for only 9.6% of Pb which suggests a minor presence in primary mineral 

form; the least amount of Pb was in F1 and F2 i.e., 5.1%. This distribution patterns 

of Pb in allotment soils were in agreement with results previously reported by 

Bielicka-Giełdoń et al. (2013) for allotment soils. 
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    Figure 6.6: Correlation between Pb and P associated with F4 of the SEP  

 

 

              Figure 6.7: Correlation between SOC and concentration of P in F4 (PF4)  
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6.3.3.5 Nickel 

The highest concentration of Ni was in F5, which accounted for 62% of total Ni on 

average. It was also found associated with F3 and F4, about 21% and 15% 

respectively. A very small amount of this metal was determined in F2 and F1 i.e., 

~ 3%. These values of Ni except Ni associated with organic matter, were in general 

agreement with those reported by Bielicka-Giełdoń et al. (2013) for allotment soils 

in Koszalin, Poland. In other studies on urban soils, residual Ni was also found as 

the predominant fraction (Davidson et al., 1998, Wilcke et al., 1998, Davidson et 

al., 2006, Lu et al., 2007). This residual Ni is mostly lithogenic in nature and is 

held in silicates.  

6.3.3.6 Manganese 

As expected, manganese was found mostly associated with F3 which accounted 

for about 69.2%, whereas the least amount was present in F4 and F1 where it 

was < 5% in both cases. Other studies of urban soils also reported F4 as the most 

important fraction for Mn and suggested that this fraction is lithogenic in nature 

(Davidson et al., 2006, Bielicka-Giełdoń et al., 2013, Sagagi and Imam, 2017). In 

F2 and F5, the amount of Mn present was 13% and 11.4% respectively. 

Manganese oxides have an essential role in binding trace elements in soils, 

especially at low pH because of their low point of zero charge (pzc) (Bundt et al., 

1997, Wilcke et al., 1998).  

6.3.3.7 Iron 

The largest proportion of Fe was found concentrated in F5 i.e., 69.3%. As for Mn, 

this was expected as Fe is present as a range of amorphous and crystalline FeIII 

hydrous oxides. Iron was also held in F3 and F4 i.e., 18.8% and 11.9% 

respectively. In F1, no Fe was detectable whereas in F2 very small amounts were 

present i.e., 0.04%. These results corresponded very well with other studies (Li 
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and Thornton, 2001, Lu et al., 2007, Bielicka-Giełdoń et al., 2013, Sagagi and 

Imam, 2017).  

6.3.3.8 Phosphorus 

The highest percentage of P was associated with F4 where it accounted for about 

55.9% probably due to the oxidation of humus; F3 and F2 contained 19.6% and 

14.4% respectively. The association of P with F2 suggests it was released from Ca 

phosphates. A small amount of P was also found in F5, up to 8.1%. Whereas the 

smallest percentage of P was found in F1 i.e., 2%. 

6.3.3.9 Calcium 

The dominant fraction for Ca was F1 i.e., 37.5% followed by F3 and F2 i.e., 27.7% 

and 26.3% respectively. This is consistent with Ca2+ being the dominant 

exchangeable cation in cultivated soils subject to Ca inputs, such as lime and Ca 

phosphate. Calcium is not held by oxides but it presence in F3 showed possibly 

further dissolution of calcium carbonate (CaCO3) or perhaps calcium phosphates. 

A small proportion of Ca was also present in F4 up to 6.3%, while F5 was least 

important with only 2.2% of Ca. 

6.3.3.10 Strontium 

The most important fraction observed for Sr was F5 where it was found to be 

about 39.6%. The other important fractions were the first two fractions, where 

the sum of Sr (SrF1+F2) held was 35.3%. In F3, the percentage of Sr was 17.1% 

whereas the least important fraction was F4 with only 8% of Sr. A further 

comparison of Sr and Ca in different fractions was also made as Ca is 

isomorphically substituted with Sr (Figure 6.8). Strontium and Ca in the first four 

fractions (F1-F4) followed the same trend which suggested these elements 

belonged to a common pool of reactive Sr and Ca in the soil.  The Ca and Sr may 

have originated from several sources (eg. liming materials, Ca-phosphate, coal 
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ash, organic manure etc) but they appear to have fully mixed to have a common 

ratio of Ca:Sr in F1 – F4. By contrast, the trend observed in F5 was different, 

presumably representing the (much greater) Sr:Ca ratio in resistant primary 

minerals which had clearly not mixed with the cations in the other four fractions. 

 

Figure 6.8: Comparison of Sr and Ca (mg kg-1) in different fractions 

(F1-F5) of SEP. 

6.3.3.11 Arsenic 

The highest proportion of As was found in F5 and F4 which accounted for 41% and 

32.4% respectively. In F3 it was present at an average proportion of 19.8% 

whereas both F1 and F2 contained < 1% of the soil As. A comparison of 

concentration of As and P in F3 (AsF3 and PF3) was made because arsenate and 

phosphate are similar in their geochemical behaviour – both are strongly adsorbed 

on Fe oxides (Jackson and Miller, 2000, Violante and Pigna, 2002). A significant 

correlation of AsF3 and PF3 (i.e., r = 0.525, p=0.000) was observed which 

suggested their adsorption on Fe-oxides (Figure 6.9).  
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         Figure 6.9: Correlation between concentration of As and P associated with 

F3 of the SEP. 

6.3.3.12 Cobalt 

The highest proportion of Co was found associated with F5 i.e., 49% and was 

followed by F3 which accounted for about 38.2%. In a study by McLaren et al. 

(1986), the largest proportion of Co was reported to be with Mn oxides in a study 

of Scottish soils due to  the  isomorphous substitution of Co for Mn in MnO2. In the 

allotment soils there was also a significant moderate (r= 0.452, p = 0.000) 

association between Co and Mn in F3 (Figure 6.10). Some content of Co was also 

found in F4 i.e., 9.8%. Cobalt in F2 and F1 together accounted for <5%. 

 

                    Figure 6.10: Correlation between concentration of Co and Mn held in F3. 
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6.3.3.13 Chromium 

On average, Cr was predominantly in F5 (68.4%) followed by F4 (22.5%). These 

results are consistent with the findings of Köleli (2004) and  Ottosen et al. (2009), 

where most Cr was also present in F4 and F5. Some Cr was also found associated 

with F3 i.e., 8.1%. Fraction 1 and F2 were the least important fractions for Cr i.e., 

<1%. 

6.3.3.14 Barium 

The highest proportion of Ba was present in the residual fraction, F5 (67.4%). This 

was followed by F3 and F4 which accounted for 14.7% and 10.28% respectively. 

The combined concentrations of Ba in the first two fractions (BaF1+F2) was 7.6%. 

6.3.3.15 Uranium 

The highest average proportion of U was associated with F5 i.e., 69.2%, followed 

by F4 and F3 which accounted for 16.1% and 10.10% respectively. Fractions F1 

and F2 were lowest with U <5%. 

6.3.3.16 Molybdenum 

The highest concentration was found in F5 (51.8%), followed by F4 (35.3%). 

Molybdenum held in F3 was 9.4%. In F1, a small amount of Mo was also present 

i.e., 3.2%, whereas the least important fraction was F2 with Mo < 1%. 

6.3.3.17 Vanadium 

In the case of V, the highest proportion was associated with F5 (65.7%), this was 

followed by F4 and F3 which accounted for 18.2% and 15.5% respectively. A small 

amount of V was found in F2 i.e., 6.2% whereas in F1 < 1% was present. In soils 

V is reported to bind predominantly with Fe oxides due to isomorphous substitution 

of V3+ for Fe3+ and strong adsorption of vanadate (VO4
3-) on Fe oxides 

(Schwertmann and Pfab, 1996). Therefore a comparison of V with Fe in the SEP 
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fractions (F1-F5) was also made (Figure 6.11). In the first two fractions, no 

significant correlation was observed between V and Fe whereas in the last three 

fractions moderate to strongly significant correlations were observed i.e., F3 

(r=0.408, p=0.001), F4 (r=0.572, p=0.000) and F5 (r=0.827, p=0.000). Fraction 

F5 in particular suggests isomorphous substitution in primary mineral Fe oxides. 

 

  

  

 

 

Figure 6.11: Correlations between 

concentrations of V and Fe in different 

fractions (F1-F5) of SEP. 
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6.3.3.18 Thallium 

The highest concentration of Tl was found in F5 (82.2%), followed by F3 and F4 

which accounted for about 10% and 6.2% respectively. In F1 and F2, Tl was less 

than <1% of the total soil Tl content. 

Fractionation using the SEP revealed that only in the case of Cd, Sr and Ca were 

the highly available fractions F1 and F2 greatest indicating a potentially high 

bioavailability and solubility in the allotment soils. This suggests a strong 

association between Cd and Ca pools in the soils. Also a significant correlation of 

Cd and Ca in F1 and F2 i.e., r=0.460 and r=0.471 respectively at p<0.001 was 

observed. The proportions of other elements in the first two fractions were 

relatively low but in F3, the proportions of Pb, Zn, Cd, and Co were > 35% 

suggesting that these elements exist in association with Fe and Mn oxides.  Thus, 

a change in environmental conditions, such as prolonged reducing conditions or 

soil acidification, could result in solubilisation of these trace metals. The high 

proportion of Pb, Cu, P, Mo, As (>30%) in F4 suggests a strong affinity with 

organic matter (and/or sulphide) and so availability to allotment plants may 

depend to some extent on management of soil humus levels by allotment holders. 

The SEP distribution patterns of Tl, Fe, V, Cr, Ni, Mo, Ba and U were similar with 

the dominant fraction (i.e., > 50%) present in F5.  This indicates that the largest 

proportion of these metals are in the crystalline structure of primary minerals or 

other resistant components of the soil matrix and were in non-labile forms. In 

resisting solubilisation by acidification, oxidation and reduction, it is reasonable to 

say that this residual pool would not be available for plant uptake or transport. 

Trace elements in this phase may only become available to soil chemical and 

biological processes through the very slow processes associated with weathering.  
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Table 6.3: Average percentage (%) distribution of multi-elements in different fractions of sequential extraction procedure (SEP) 

 

 

 

 

 

  SEP 

  Multi-elements 

          Fraction 1         Fraction 2        Fraction 3        Fraction 4        Fraction 5 

     Exchangeable (%)      Carbonates (%)      Reducible (%)     Oxidizable (%)       Residual (%) 

Lead 0.02 5.09 36.4 48.9 9.57 

Cadmium 16.9 19.1 42.8 9.77 11.3 

Copper 0.73 1.77 9.60 62.6 25.4 

Zinc 0.95 15.7 53.5 10.5 19.4 

Nickel 0.56 2.01 21.1 15.3 61.1 

Manganese 1.92 13.0 69.2 4.53 11.4 

Phosphorus 2.01 14.4 19.6 55.9 8.08 

Calcium 37.5 26.3 27.1 6.31 2.18 

Iron 0.00 0.04 18.8 11.8 69.3 

Strontium 22 13.3 17.1 8.03 39.6 

Chromium 0.08 0.88 8.14 22.5 68.4 

Cobolt 0.17 2.89 38.2 9.77 49.0 

Molybdenum 3.23 0.32 9.38 35.3 51.8 

Arsenic 0.67 6.19 19.8 32.4 41.0 

Vanadium 0.26 0.35 15.5 18.2 65.7 

Thalium 

Barium 

Uranium 

               0.77 

3.03 

0.06 

0.85 

4.6 
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Figure 6.12: Fractionation (%) of elements in urban allotment topsoils determined by a sequential extraction 

               procedures (SEP). 
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6.3.4 Labile and non-labile pools of Pb, Zn, Cd, Ni, and Cu: 

comparison of data from an isotopic dilution and SEP. 

 

A comparison of SEP data with E-values for Ni, Cu, Zn, Cd and Pb (without resin 

cleaning) was made. No correspondence was observed between E-value and any 

single fraction of SEP which was in agreement with the results of  Marzouk et al. 

(2013b) and Mao et al. (2014). However, a reasonable correspondence was found 

between metals extracted in combined fractions of SEP with E-values.  

In the case of Pb, no consistent agreement was found between PbE and any 

individual fraction or combined fractions of SEP. Lead extracted in F1 and 

combined fractions (PbF1-F2) of the SEP were lower than PbE. However the combined 

amount of Pb extracted in the first three fractions (PbF1-F3) of the SEP was higher 

than PbE (Figure 6.13a). The difference found between combined SEP fractions 

(PbF1-F3) and PbE was 18.3%. This value might correspond to the amount of non-

labile Pb in the first three fractions (PbF1-F3). A similar finding was also reported by 

Huang et al. (2011) where PbE was lower than PbF1-F3 of the BCR SEP. Good 

agreement was seen in the case of Zn, where %ZnE was correlated with ZnF1-F2 

i.e., r = 0.558 at p ≤ 0.000 (Figure 6.13b). By contrast, non-labile Zn (78.5%) 

corresponded with the last three fractions i.e., ZnF3-F5 (Figure 6.14). This showed 

most non-labile Zn was retained within oxides or hydroxides, organic matter and 

mineral phases. These results agreed very well with previous studies (Young et 

al., 2005, Degryse et al., 2011). For Cd, no significant correspondence was 

observed between individual SEP fractions and %E-values (Figure 6.13c). 

Whereas, in a comparison of CdF1-F2 with %CdE, the former was higher; the 

difference %CdF1-F2-%CdE was 9%. This difference might be due to non-labile Cd 

which is held in carbonate matrices. In the case of Ni, a significant correlation was 
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observed between SEP (NiF1-F2) and %NiE i.e., r = 0.709 at p ≤ 0.000 (Figure 

6.13d). This was in agreement with the findings of Mao et al. (2017), where a 

clear distinction between labile and non-labile Ni and the association of non-labile 

Ni with the residual phase in urban soils has also been made. For Cu, no 

correspondence between individual and combined SEP (CuF1-F3) was observed. 

Copper E-value was slightly higher than combined SEP (CuF1-F3) with a difference 

of 7.9% (Figure 6.13e). This might be some isotopically exchangeable Cu in the 

F4. However, most of the non-labile Cu (80.1%) agreed well with SEP combined 

fractions i.e., CuF4+5 = 87.9% (Figure 6.14). 
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  Figure 6.13: Comparison of individual and 

combined fractions of SEP (F1, F1-F2, F1-F3) 

with %E-value of (a) Pb, (b) Zn, (c) Cd, (d) Ni 

and (e) Cu in urban allotment top soils. The 

dashed line is 1:1 line.  
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Figure 6.14: Average fractionation of labile and non-labile pools (% of total 

soil metal content) by isotopic dilution (ID) (n = 52 allotment soils). 

6.3.5  Effects of soil properties on E-value of Ni, Cu, Zn, Cd and Pb 

The effect of soil properties such as pH, organic matter and total metal content 

have been shown to explain some of the variation in %E-value (Ahnstrom and 

Parker, 2001, Ottosen et al., 2009, Marzouk et al., 2013a). The correlations 

between % E-value and (i) total metal content i.e., Ni, Cu, Zn, Cd and Pb, ii. pH, 

(iii) organic matter and (iv) available P are  shown in Table 6.4. A weak negative 

correlation of %E-value with total metal content of Cu, Cd and Pb was found 

(Figure 6.15). For Ni, the relationship was negative but it was not significant. This 

might be due to few samples which showed opposite trend i.e., %E-value 

increased with increased in total Ni content. In the case of Zn a flat trend was 

observed. This negative relationship of total content of metals with % E-value 

indicated the larger proportion of native metals which were present in a non-

reactive form. In a previous study Marzouk et al. (2013a), also observed a 

negative relationship between % E-value and total content of Zn, Cd and Pb in 

calcareous minespoil soils and was explained by a higher proportion of unreactive 

metals. Similarly a flat or slightly negative trend was also observed between pH 
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and % E-values for Ni, Cu, Zn and Pb but not for Cd, where pH was significantly 

negatively correlated with % E-value (Figure 6.16). Soil pH was observed to have 

a minor influence on % E-value and this might be due to the limited range of pH 

of soils found in urban soils generally and possibly allotment soils in particular 

which are managed to optimise vegetable growth (average pH = 6.99 ; standard 

deviation = 0.359).  Organic matter content and available P were positively 

correlated with % E-value of Ni and Zn whereas for Cu, Cd and Pb a flat trend was 

observed (Figure 6.17 and 6.18). This positive correlation of organic matter with 

%E-value supports the hypothesis that labile Ni and Zn are held on humus. 

Overall, the soil properties appeared to have only a very weak relationship with 

lability of Ni, Cu, Zn, Cd and Pb. It has also been reported by Marzouk et al. 

(2013a) that in highly alkaline soils the presence of a larger proportion of non-

reactive metals in the primary minespoil minerals decreases the potential of soil 

properties (except total content) to influence metal lability. This weak relationship 

of soil properties with lability of Ni, Cu, Zn, Cd and Pb also suggested a greater 

influence from original contaminant sources, originating either from parent 

materials or different anthropogenic sources. These results were in agreement 

with findings of Mao et al. (2014) and Marzouk et al. (2013b). 

Table 6.4: Pearson correlation coefficients (r values) between %E-values of Ni, 

Cu, Zn, Cd and Pb with soil properties. Bold Figures represent significant r values 

at p values ≤ 0.05 

Soil properties 

 

Correlation coefficients values (r) of %E-values against 

soil properties 

      NiE             CuE             ZnE           CdE             PbE 

Total metal content       -0.228        -0.498           0.026        -0.321         -0.396 

pH                             -0.016         -0.014          -0.054        -0.318         -0.138 
Organic matter            0.323          0.009           0.527        -0.067         -0.205 

Available P                            0.325          0.230           0.585        -0.019         -0.101 
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Figure 6.15: Relationships between %E-

values (% of total metal content) and 

total soil metal concentration (mg kg-1) 

for (a) Cu, (b) Cd, (c) Pb, (d) Ni and (e) 

Zn. 
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Figure 6.16: Relationships between %E-values 

(% of total metal content) and pH of (a) Cd, (b) 

Ni, (c) Pb, (d) Cu and (e) Zn. 
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Figure 6.17: Relationships between %E-values 

(% of total metal content) and organic matter 

(%) for (a) Ni, (b) Zn, (c) Cu, (d) Cd and (e) Pb. 
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Figure 6.18: Relationships between %E-values 

(% of total metal content) and available P (mg 

kg-1) for (a) Ni, (b) Zn, (c) Pb, (d) Cu and (e) 

Cd. 
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6.3.6  Source apportionment of labile/non-labile pools of lead 

urban allotment top soils 

Lability of Pb has been observed to vary between pollutant sources (Mao et al., 

2014, Shetaya et al., 2018). For example, Atkinson et al. (2011b) investigated 

the isotopic composition of labile and non-labile fractions of Pb in soils 

contaminated from a range of sources.  Despite prolonged contact of the trace 

metals with the soil, they showed differences in the reactivity of Pb from the 

contaminant and native sources. In order to investigate the difference between 

isotopic signatures of labile and non-labile pools of Pb, the ratio of the isotopic 

ratios (IR) 206/207Pb in non-labile (NL) and labile (L) pools (IRNL/IRL) was examined 

as a function of 206/207Pb in Pbtotal. The expectation might be that across the range 

of IR (206/207Pb) values there may be a difference in the lability of Pb originating 

from petrol or from geological sources; that would produce a value of IRNL/IRL 

which differed from 1.0. A value of IRNL/IRL greater than 1 would suggest that Pb 

from geological sources was less labile than Pb originating from petrol.  However, 

in the allotment soils, there was no evidence of source-dependent differences in 

lability and there appeared to be an equal distribution of Pbpetrol and Pbgeogenic in 

both labile and non-labile phases (Figure 6.19). This suggests that Pb originating 

from different sources must have mixed together into a common pool due to 

prolonged contact with soils. A few scattered samples observed below the 

horizontal line in Figure 6.19 with Pbtotal IR values ≤ 1.14 (X-axis) indicate samples 

where Pbpetrol was less labile than Pbgeogenic. Similarly, a few samples which were 

scattered more above the horizontal line, with Pbtotal IR values ≥ 1.14 (X-axis), 

represent soils where Pbgeogenic was less labile than PbPetrol.    
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Figure 6.19: The ratio of non-labile to labile 206/207Pb ratios (IRNL/IRL) as a function 

of 206/207Pb of Pbtotal in topsoils. The dashed horizontal line represents an IRNL/IRL 

ratio of 1. 

The relative contributions of Pbpetrol and Pbgeogenic to the labile and non-labile 

fractions of Pbtotal were calculated (Figure 6.20) in order to investigate whether 

there was any evidence of source-dependent lability. The average proportion of 

the labile Pb pool derived from petrol was 23% whereas the average proportion 

of the non-labile Pb pool derived from petrol was 36%. This suggests that Pbpetrol 

is over-represented in the non-labile pool which is in contrast to a few other 

studies. For example, Mao et al. (2014) and Shetaya et al. (2018) reported slightly 

greater lability of Pbpetrol than Pbgeogenic in topsoils which were collected from 

locations close to roads and industrial areas. The proportions (%) of petrol and 

geogenic Pb in labile and non-labile pools were also calculated (Figure 6.21); there 

were clear differences in lability of Pb from both sources confirming an apparently 

lower lability for petrol-derived Pb. The lower lability of Pbpetrol is surprising 

because it has probably been incorporated into the soil more recently and so has 

had less contact time with the allotment soils. Furthermore, it probably arrived at 
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the soil surface as sub-micron sized PbO particles which would be relatively soluble 

in soils (Olson and Skogerboe, 1975, Harrison, 2012). By contrast, the geogenic 

Pb would include coal ash and a wide range of industrial sources such as metal 

artefacts and paint which might be expected to retain an intrinsically less labile 

characteristic. The intrinsically greater lability of Pbgeogenic was therefore an 

unexpected finding. Possible explanations might include (i) the arrival of Pbgeogenic 

as fine aerial particles from centuries of domestic and industrial (power) coal 

burning and (ii) some of the apparently Pbpetrol actually originating from industrial 

products manufactured from imported Pb.  It should also be acknowledged that 

the difference in lability between the two sources is quite small and the prevailing 

picture is one of almost complete mixing of all sources within the labile and non-

labile pools of the soil Pb. 

 

Figure 6.20: Proportion (%) of Pbpetrol and Pbgeogenic in labile and non-labile pools 

in soils. 

 

0

10

20

30

40

50

60

70

80

90

Pbpetrol Pbgeogenic

P
e
rc

e
n
ta

g
e
 (

%
)

Labile

non-Labile



200 
 

 

Figure 6.21: Intrinsic average percentage (%) of Pbpetrol and Pbgeogenic in labile and 

non-labile pools of allotment topsoils. 
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The proportion (%) of Pbgeogenic to Pbpetrol in individual fraction was lowest (2.04%) 

in F1 showing the presence of more Pbpetrol (33%) as compared to other SEP 

fractions. As expected, the highest (3.09%) ratio of Pbgeogenic to Pbpetrol was found 

in F5 (Figure 6.23).  However, the presence of any Pbpetrol in F5 is revealing of soil 

processes that have transformed Pb that was possibly originally soluble into a 

highly resistant form. In a previous study conducted by Teutsch et al. (2001), 

Pbpetrol was also shown to be associated more with the labile phases of soil whereas 

natural Pb was found in the stable minerals in soils.  An attempt was also made 

to assess the behaviour of Pbpetrol with most common soil properties such as: pH, 

Pbtotal content, organic matter and available P. Therefore, ratio of Pbpetrol in each 

fraction to Pbpetrol in fraction 5 (eg. ratio of % Pbpetrol (F1)/% Pbpetrol (F5)) was 

plotted against different soil properties. No relationship was seen in the 

distribution of Pbpetrol (%) across the SEP fractions as a function of pH. Again this 

may have been due to the very restricted pH range of the soil samples (pH=5.98-

7.88; average = 6.99; standard deviation = 0.36), (Figure 6.24). The most 

significant relationship of the ratio of Pbpetrol (F1/F5) across the SEP fractions was 

with the organic matter content. A smaller ratio (F1/F5) for Pbpetrol was observed 

with increase in organic matter content (Figure 6.25). The same trend was also 

apparent in other fractions suggesting that soil humus (or organic matter addition 

to the soil) promotes the transfer of initially labile Pbpetrol into the residual phase. 

A role for soil humus in promoting Pb fixation has not been suggested previously, 

most studies suggest that fixation is more common in alkaline soils and soils with 

higher concentration of Fe oxides (hydroxides) (Ma et al., 2006b, Degryse et al., 

2009). A trend was also observed between the ratio of Pbpetrol (F1/F5, F2/F5, F3/F5 

and F4/F5) with Pbtotal and available P concentration (Figures 6.26 and 6.27).  

Thus, transformation of Pbpetrol to F5 increased with the concentration of Pbtotal and 
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available P. This again provides some circumstantial evidence that, with time, 

Pbpetrol can be transferred into residual forms through fixation processes such as 

precipitation of Pb in carbonates, pyromorphites or occlusion in other minerals. 

Another possibility might be the presence of resistant anthropogenic artefacts of 

(non-petrol) Pb such as paint flakes or particles of metallic Pb from wire, solders, 

pottery glazes, glass etc. that do not have the isotopic signature of ‘geogenic Pb’.  

A study conducted by Mao et al. (2014), highlighted a soil sample collected during 

a survey of London which was highly contaminated from a 19th century ‘white lead’ 

works, using Pb imported from Australia or Canadia.  The resulting soil Pb had an 

isotopic signature close to that of Pbpetrol. In the past, the UK has imported Pb from 

overseas for industrial use with isotopic signatures similar to that of UK Pbpetrol 

(Monna et al., 1997). In the Nottingham allotment soils this might contribute to 

the apparent presence of Pbpetrol in the F5 of the SEP.  
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Figure 6.22: Binary plots showing the isotopic 

ratios 206/207Pb vs 208/207Pb for allotment top soils 

with median values from UK leaded petrol and 

Southern Pennine Pb ore (Galena) shown for 

comparison. 
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Table 6.5: Proportions (%) of Pbpetrol and Pbgeogenic in individual fractions of SEP 

 

  SEP           Pbpetrol (%)           Pbgeogenic (%) 

 Fraction 1 

Fraction 2 

Fraction 3 

Fraction 4 

Fraction 5 

32.94 

32.07 

30.59 

30.99 

24.47 

67.06 

67.93 

69.41 

69.01 

75.53 

 

 

 

Figure 6.23: Proportion (%) of Pbgeogenic to Pbpetrol in individual fractions of SEP 
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Figure 6.24: Effect of pH on Pbpetrol on (a) F1/F5, (b) F2/F5, (c) F3/F5 

and (d) F4/F5. 
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Figure 6.25: Effect of organic matter (mg kg-1) on Pbpetrol on (a) F1/F5, (b) F2/F5, 

(c) F3/F5 and (d) F4/F5. 
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Figure 6.26: Effect of Pbtotal content (mg kg-1) on Pbpetrol on (a) F1/F5, (b) F2/F5, 

(c) F3/F5 and (d) F4/F5. 
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Figure 6.27: Effect of available P (mg kg-1) on Pbpetrol on (a) F1/F5, (b) F2/F5, (c) 

F3/F5 and (d) F4/F5. 
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6.4 Conclusions 

The results of multi-element isotopic dilution methods revealed that the average 

labilities of trace metals such as Ni, Cu, Zn, Cd and Pb were < 50%, where the 

highest lability was observed for Cd and lowest was for Ni. A comparison of E-

values of trace metals (i.e., Ni, Cu and Zn) in Esoln and Eresin showed very little 

evidence of non-labile metals associated with suspended colloidal particles. 

Whereas, in the case of Pb and Cd, the overestimation of PbE and CdE in the resin 

treated solution indicated a constant level of contamination was from chelex-resin 

with ‘native’ Pb and Cd. There was only a weak relationship between soil properties 

and E-values for Ni, Cu, Zn, Cd and Pb in the allotment soils which might suggest 

a residual influence from the original contaminant source.  Analysis of the sources 

of labile and non-labile Pb pools showed a greater contribution from Pbgeogenic 

(possibly coal) to both labile and non-labile pools but, surprisingly, Pb from petrol 

had a lower intrinsic lability than Pb originating from geogenic sources.  

Fractionation of different elements using a SEP was helpful in revealing that only 

Cd, Sr and Ca were highly bioavailable as these were found more enriched in 

fractions F1 and F2. Most trace metals were mainly associated with F3 and F4. In 

F3, the high fraction of the trace metals suggested mineral oxides were important 

adsorption phases for these metals while the presence of trace metals in F4 

indicated their strong affinity with organic matter. The distribution pattern of 

elements such as Tl, Fe, V, Cr, Ni, Mo, Ba and U were similar with the greatest 

proportion associated with primary minerals (F5). A further comparison of SEP 

with E-values of Ni, Cu, Zn, Cd and Pb showed no consistent correspondence with 

any single fraction, however a reasonable correspondence was observed between 

trace metals extracted in combined fractions (F1+F2) with E-values for Zn and Ni. 
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In the case of Cu, the non-isotopically exchangeable fraction corresponded well 

with the combined last two fractions (CuF4+F5) of the SEP.  

The isotopic characterization of Pb isotopes in the individual fractions of SEP was 

helpful in revealing that the relative contribution of Pbgeogenic in all fractions was 

greater than Pbpetrol. The distribution of Pbpetrol across the SEP fractions showed the 

presence of Pbpetrol in F5; the proportion in F5 increased with the concentration of 

organic matter, Pbtotal and available phosphorus. The presence of Pbpetrol in the 

most resistant fraction (F5) was surprising.  This may indicate that, with time, the 

original soluble Pbpetrol has been transformed into a highly resistant form through 

reaction with soil constituents (e.g. precipitation as pyromorphites or occlusion 

within mineral phases). Alternatively this might indicate the presence of resistant 

anthropogenic artefacts of Pb with an isotopic signature similar to that of UK 

Pbpetrol. This would also be consistent with the finding that the isotopic 

exchangeability of ‘petrol-Pb’ was slightly less than that of geogenic Pb. 
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7   Chapter 7:   General conclusions and future work 

 

7.1 Overview 

In the current study a forensic analysis of urban soils was undertaken by 

applying a “toolbox” of methods to identify different contaminant sources. A 

key part of the developmental work in the project was to refine a protocol, 

using the current generation ICP-QMS instrument, in order to maximise the 

accuracy and precise determination of Pb isotope ratios (chapter 3). The 

developed methodology was applied to a range of urban soils to enable soil Pb 

source apportionment and was further extended to utilize a full range of multi-

elements (including REEs and PGEs) as an aid to investigate the other key 

potential sources of pollutant (Chapters 4 & 5). In order to provide more 

insight, the isotopically exchangeable fraction (E-value) by multi-element 

isotopic dilution (ID) and fractionation of metals by sequential extraction 

procedure (SEP) were determined to study the behaviour and sources of 

pollutants in selected allotment soils. The degree of correspondence between 

these two methods (ID and SEP) was also investigated (Chapter 6). 

7.2   Main Findings 

For several reasons, quadrupole-based mass spectrometers (ICP-QMS) are 

inferior to other mass spectrometers for measurement of Pb isotope ratios. In 

the current project, a refined protocol was developed for accurate and precise 

measurement of Pb isotope ratios in urban soils using a current-generation 

ICP-QMS. This was achieved by optimising several operating parameters 

including individual dilution of soil samples to the same Pb concentration, 
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identical to that of an external isotope standard (SRM-981, NIST), 

determination and setting of the dead time correction factor, optimisation of 

quadrupole dwell time and number of scans per sample using both internal 

(Tl) and external (SRM-981, NIST) standards for mass bias correction. The 

developed methodology benchmarked very well against MC-ICP-MS 

measurements on the same sample material. Average values and standard 

deviations of the Pb isotope ratios 207/206Pb and 208/206Pb in SRM-981 (NIST) 

were 0.91778 ± 0.00052 and 2.18142 ± 0.001757 respectively for the final 

developed protocol compared to the certified values of 0.91464 ± 0.00033 

and 2.1681 ± 0.0008. In an analytical run where soil samples were analysed 

continually for five days, with SRM-981 standard repeats after every ten 

samples, the average standard deviations for Pb isotope ratios were 207/206Pb 

= 0.91712 ± 0.00093 and 208/206Pb = 2.17984 ± 0.00210 following in-sample 

Tl correction for mass bias. By contrast, the precision of Pb ratios involving 

the minor isotope (204Pb) was not much improved even though interferences 

from 204Hg were apparently negligible. This protocol for Pb isotopes ratio 

measurements can be particularly helpful in environmental applications that 

require analysis of large numbers of samples, in the minimum time utilizing 

simple sample preparation and operational techniques as compared to the 

relatively expensive (and for some, inaccessible) multi-collector mass 

spectrometers (MC-ICP-MS). This work can bring better source apportionment 

of Pb (at a time when there is renewed concern about Pb in cities) within the 

reach of laboratories with ICP-QMS because there are so very few labs with 

MC-ICP-MS and this is important as more labs are buying ICP-QMS as their 

analytical workhorses. Application of this protocol is limited in those cases 
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where very high precision is required, such as archaeological studies, or where 

the least abundant isotope (204Pb) must also be included in the analysis. 

The determination of Pb isotopic ratios in different sets of soils (urban soil, 

allotment soils and sewage amended soils) was very helpful in identifying the 

dominant sources of Pb (i.e., Pbpetrol and Pbgeogenic) and their relative 

contributions. The examination of isotopic ratios in both topsoils and subsoils 

of allotments was useful in revealing the apparent migration of Pbpetrol down 

the soil profile into the subsoil. Furthermore, the relationship of Pbpetrol with 

Pbtotal helped in identifying allotments (i.e., PF, ST, MP, MR and WT) where the 

main influence was from vehicles or coal burning. Also the absence of trends 

at some allotment sites (i.e., CN, SN, BH and WM) was apparently due to 

variation in the inputs of different sources.  

The measurement of Pb isotopes in individual fractions of the SEP was a useful 

approach in providing more detail regarding the estimation of dominant Pb 

sources (i.e., Pbpetrol and Pbgeogenic) associated with different phases. The 

relative contribution of Pbgeogenic in all individual fractions appeared higher 

(>67%) than Pbpetrol. Whereas the greatest proportion (33%) of Pbpetrol was 

found associated with the most labile phase (F1). Lead isotopes in individual 

fractions of SEPs proved helpful in assessing the behaviour of Pbpetrol across 

the SEP fractions where it revealed the presence of Pbpetrol (24%) in the most 

resistant fraction (F5), which was surprising. The proportion of Pbpetrol in F5 

was observed to be greatest in soils with greater concentration of organic 

matter, available P and Pbtotal. This may reflect that with time, the original 

labile Pbpetrol has been transformed into a highly resistant form through 

reaction with soil constituents (e.g. precipitation as pyromorphites or occlusion 

in other minerals) or, alternatively it might be due to an artefact of resistant 
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anthropogenic (non-petrol) Pb with isotopic signatures similar to typical UK 

Pbpetrol.  

The reactivities (E-values) calculated for trace metals such as Ni, Cu, Zn, Cd 

and Pb in allotment soils measured through multi-element isotopic dilution 

method were below 50% and the relative labilities of these elements followed 

the sequence Cd> Pb ≥ Zn> Cu>Ni. The overall weak relationship of common 

soil properties with E-values of different trace metals revealed a greater 

influence from contaminant sources. A further de-coupling of labile and non-

labile fractions showed greater contribution of Pbgeogenic (coal Pb) in both labile 

and non-labile fractions and surprisingly the intrinsic lability of Pbpetrol was 

observed to be lower. The greater lability of Pbgeogenic was unexpected and a 

key finding which demonstrated coal Pb that entered into the allotment soils 

as aerial particulates were relatively in more reactive form compared to other 

sources such as coal ash. 

 
The comparison of %E-values measured in Esoln and Eresin were very similar for 

Ni, Cu and Zn whereas in the case of Pb and Cd, there was an overestimation 

of Eresin because of systematic contamination from chelex-resin with ‘native’ 

Pb and Cd. It has been already reported that segregation of the true isotopic 

abundance from the labile pool using chelating resin may increase 

experimental error both as a result of resin contamination and because the 

metal concentration extracted by resin may be too small to be reliably 

measured. Therefore, when determining E-values for trace metals in soils the 

resin treated step may not be necessary. 

A comparison of E-values for Ni, Cu, Zn, Cd and Pb with SEP data showed no 

correspondence with any single fraction whereas a reasonable correspondence 
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was observed between metals extracted in combined fractions – e.g. (F1+F1) 

with E-values for Zn and Ni. In the case of Cu, the non-isotopically 

exchangeable fraction correlated with the sum of the most resistant two 

fractions (F4+F5) of the SEP. Furthermore the comparison of Pb and Cd 

extracted in the combined fractions (F1+F2+F3) with E-values illustrated that 

SEP approach overestimated the lability of these metals most likely due to the 

mobilization of non-labile metals bound within the mineral oxides and 

carbonate matrices.  

Approaches such as EFs and cluster analysis (dendrograms) in combination 

with source-apportionment of Pb (Pbpetrol and Pbgeogenic) were to some extent 

helpful in attempting to understand the major contaminant sources. As 

compared to urban soils (Nottingham and Wolverhampton), allotments with 

similar soil type, soil chemistry and closer sampling proximity, the cluster 

analysis approach identified more anthropogenic sources such as fertilizers, 

vehicles, coal and industrial. The attempt to extend the range of trace 

elements to other signatures (REEs and PGEs) in the allotment soils proved to 

be of limited value in providing additional information regarding the 

identification of specific sources of contaminants. In the allotment soils, PGEs 

were observed below DL which revealed two things: i) allotment soils might 

not be substantially contaminated by PGEs or ii) the procedure used for soil 

digestion were not optimised to generate measurable concentrations of PGEs. 

Comparison of REE abundance ratios with those of the mean upper continental 

crust (UCC), and an examination of EFs revealed only a small influence from 

anthropogenic inputs, such as fertilizers.  
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7.3 Future work 

The main findings presented in this work suggest further investigation in the 

following areas: 

 In the current study the existing attempt to define 3 or more sources of 

Pb through Pb isotopes was limited due to the lack of identification of 

reliable end members mainly due to regional factors. For example in the 

UK, the isotopic composition of a third end-member such as ‘industrial’ 

Pb is difficult to precisely define because it is likely that imported Pb 

with a range of isotopic signatures will have contributed to a wide range 

in Pb isotope compositions. Therefore in order to improve determination 

of Pb one possible future direction is to develop models that use the 

dataset itself to ‘define’ a range of end members in terms of their Pb 

isotopic abundances. 

 The results of Pb isotopic characterization in individual fractions of the 

SEP revealed the presence of Pbpetrol in F5. The findings of this work 

suggested different soil processes would have transformed originally 

soluble Pb into a highly resistant form or possibly it might be resistant 

particles of industrial Pb with a similar isotopic signature to that of UK 

Pbpetrol that was not extracted in the first four fractions (F1-F4).  Here 

there is a need of more insight to identify the possible nature of F5 

particles through other techniques such as XAFS and SEM following 

isolation.  

 The demand for REEs and PGEs in recent years has been increased 

mostly in industrial, commercial and residential appliances. As a result 

these elements are expected to increase in the environment over the 

next few decades. High concentrations of PGEs and REEs in the 
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environment are considered of serious concern due to possible adverse 

effects on human health and ecosystems but so far very little research 

has been undertaken on these elements. Therefore more information 

on sources and proper evaluation of REEs and PGEs is needed which 

could be forensically useful in future. Future investigation is also needed 

regarding the speciation characteristics of REEs in agricultural soils in 

order to assess possible adverse effects on soil fertility. Also there is a 

need to determine PGEs in soils by improved analytical techniques such 

as digestion of soils by aqua regia followed by matrix-separation and 

pre-concentration steps prior the analysis with ICP-QQQ. 

 Future investigation is needed to keep pace with new inputs (pollutants) 

in terms of their composition and isotopic or elemental ratios. Therefore 

the possible use of MC-ICP-MS is necessary to examine the differences 

in isotopic signatures.  
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9 APPENDICIES 

9.1 Appendix A   Descriptive statistics 

Table A1: Descriptive statistics for major and minor element concentrations in urban soils 

(Nottingham and Wolverhampton). All values are given in mg kg-1. 

Metal(loid)/ 

Urban soils 

                          Nottingham (Ng) Wolverhampton (Wv) 
*NBCs 

n 20 30 

Sodium (Na) 

Mean 

SD 

Min. 

Max. 

1984 
946 
732 

4431 

1975 
751 
526 

4029 

 

Magnesium (Mg)  

Mean 
SD 

Min. 

Max. 

4978 
2823 
2287 

14616 

3858 
1662 
1284 
7413 

 

Potassium (K)  

Mean 

SD 

Min. 
Max. 

12046 
3741 
4720 

19630 

12797 
2877 
5745 

19755 

 

Calcium (Ca)  

Mean 

SD 

Min. 

Max. 

12037 
11013 
2798 

46281 

9600 
10958 

970 
50683 

 

Aluminium (Al)  

Mean 

SD 

Min. 

Max. 

31260 
9047 

16462 
48552 

32088 
11838 
14580 
58602 

 

Manganese (Mn)  

Mean 

SD 

Min. 

Max. 

749 
365 
287 

1551 

606 
556 
115 

3012 

 

Iron (Fe) 

Mean 

SD 

Min. 

Max. 

31171 
11577 
16806 
56760 

24824 
10730 
7930 

59249 

 

Phosphorus (P)  

Mean 

SD 

Min. 

Max. 

1882 
2743 
233 

11661 

1230 
1648 
399 

9572 

 

Lithium (Li)  

Mean 

SD 

Min. 

Max. 

42.8 
16.7 
24.0 
79.1 

51.1 
23.6 
23.1 
124 

 

Beryllium (Be)  

Mean 

SD 

Min. 

Max. 

3.96 
3.91 
1.45 
15.4 

2.36 
1.05 

0.832 
4.76 

 

Lead (Pb) 

Mean 
SD 

Min. 

Max. 

353 
301 
18.1 
1108 

204 
187 
27.9 
841 

820 

Cadmium (Cd) 

Mean 

SD 
Min. 

Max. 

4.77 
10.9 

0.127 
46.9 

2.03 
3.82 

0.227 
21.4 

2.1 

Zinc (Zn) 

Mean 

SD 

Min. 

Max. 

529 
490 
35.9 
1860 

470 
622.4 
66.2 
3431 

 

Copper (Cu) 

Mean 

SD 

Min. 

Max. 

230 
379 
23.6 
1507 

177 
333 
15.3 
1879 

190 

Nickel (Ni)  

Mean 

SD 

Min. 

Max. 

82.2 
99.5 
17.4 
394 

45.9 
40.4 
12.5 
241 

40 
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Cobalt (Co)  

Mean 

SD 

Min. 

Max. 

19.3 
21.2 
5.55 
88.3 

14.6 
7.08 
4.43 
30.3 

 

Chromium (Cr)  

Mean 

SD 

Min. 

Max. 

186 
397 
26.4 
1661 

66.4 
75.1 
22.9 
450 

 

Vanadium (V)  

Mean 

SD 

Min. 

Max. 

67.2 
25.5 
34.8 
116 

78.5 
36.2 
30.3 
168 

 

Arsenic (As)  

Mean 

SD 

Min. 

Max. 

20.9 
11.1 
6.86 
50.5 

18.1 
14.3 
8.53 
88.1 

32 

Molybdenum (Mo)  

Mean 

SD 
Min. 

Max. 

6.44 
10.5 
1.38 
39.1 

3.07 
1.54 
1.25 
6.65 

 

Antimony (Sb)  

Mean 

SD 

Min. 

Max. 

14.0 
19.0 
1.58 
76.1 

5.76 
4.83 
1.11 
19.0 

 

Tin (Sn)  

Mean 

SD 

Min. 

Max. 

41.1 
57.2 
2.11 
186 

33.8 
51.5 
4.04 
240 

 

Barium (Ba)  

Mean 

SD 

Min. 

Max. 

801 
348 
381 

1452 

475 
176 
246 

1049 

 

Hafnium (Hf) 

Mean 

SD 

Min. 

Max. 

2.78 
2.76 
1.36 
14.2 

1.89 
0.764 
0.169 
3.79 

 

Selenium (Se) 

Mean 

SD 

Min. 

Max. 

1.36 
0.614 
0.512 
3.02 

1.21 
0.649 
0.481 
3.15 

 

Rubidium (Rb) 

Mean 

SD 
Min. 

Max. 

54.5 
16.6 
26.0 
80.1 

58.7 
14.7 
24.8 
98.9 

 

Silver (Ag) 

Mean 

SD 

Min. 
Max. 

1.98 
4.61 

0.097 
18.3 

0.483 
0.965 
0.121 
5.494 

 

Titanium (Ti) 

Mean 

SD 

Min. 

Max. 

2380 
859 

1389 
4118 

2778 
1305 
1171 
5617 

 

Cesium (Cs) 

Mean 

SD 

Min. 

Max. 

3.22 
1.43 
1.59 
6.93 

3.53 
1.32 
1.35 
7.20 

 

Strontium (Sr)  

Mean 

SD 

Min. 

Max. 

107 
72.4 
58.9 
301 

105 
72.7 
42.4 
343 

 

Thallium (Tl)  

Mean 

SD 

Min. 

Max. 

0.569 
0.147 
0.372 
0.986 

0.576 
0.310 
0.362 
2.058 

 

Uranium (U)  

Mean 

SD 
Min. 

Max. 

2.35 
0.913 
1.29 
4.07 

1.71 
0.569 
0.893 
2.82 

 

          *Normal background concentration values (NBCs), Ander et al. (2013) 
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Table A2: Descriptive statistics for major and minor element concentrations in 

sewage amended soils (Pakistan). All values are given in mg kg-1. 

Metal(loid)/ 

Sewage 

amended soils 

Gujranwala 

(GW) 

Gujrat 

(GT) 

Lahore 

(LH) 

Faisalabad 

(FB) EC-DG,2009 

n 31 9 15 12 

Sodium (Na) 

Mean 

SD 

Min. 
Max. 

8715 
542 

7439 
9609 

8579 
670 

7414 
9770 

7685 
1176 
6208 

10101 

9151 
1036 
7400 

10940 

 

Magnesium 

(Mg)  

Mean 

SD 

Min. 

Max. 

7944 
1745 
5245 

12856 

7378 
1645 
5148 

10110 

8274 
1227 
6161 

10489 

9193 
1063 
7834 

11815 

 

Potassium (K)  

Mean 

SD 

Min. 

Max. 

16917 
1087 

14913 
20009 

16250 
809 

14999 
17783 

16830 
1894 

13079 
19807 

16484 
845 

15685 
18578 

 

Calcium (Ca)  

Mean 

SD 

Min. 

Max. 

14003 
5285 
7117 

26853 

12363 
5031 
6705 

20895 

11060 
3016 
7741 

16246 

18678 
6894 
9127 

32959 

 

Aluminium 

(Al)  

Mean 

SD 

Min. 

Max. 

52792 
3777 

46667 
61572 

50267 
2822 

47160 
54847 

52862 
5504 

42277 
61125 

51442 
2891 

48504 
57718 

 

Manganese 

(Mn)  

Mean 
SD 

Min. 

Max. 

528 
65 

403 
768 

496 
57 

445 
613 

542 
118 
378 
798 

503 
60 

375 
593 

 

Iron (Fe) 

Mean 

SD 

Min. 
Max. 

25179 
3059 

20258 
31543 

23933 
2753 

20392 
27156 

27277 
3956 

21467 
34361 

25839 
2604 

22892 
30152 

 

Phosphorus 

(P)  

Mean 

SD 

Min. 

Max. 

946 
274 
579 

1608 

1012 
433 
645 

2108 

723 
278 
445 

1236 

943 
272 
659 

1452 

 

Lithium (Li)  

Mean 
SD 

Min. 

Max. 

27.0 
3.64 
21.0 
35.1 

25.1 
3.34 
21.6 
30.3 

29.2 
3.67 
22.6 
36.3 

27.3 
2.56 
24.2 
31.1 

 

Beryllium (Be)  

Mean 

SD 

Min. 
Max. 

1.92 
0.100 
1.69 
2.17 

1.85 
0.082 
1.78 
2.02 

1.86 
0.219 
1.47 
2.26 

1.88 
0.157 
1.70 
2.22 

 

Lead (Pb) 

Mean 

SD 

Min. 

Max. 

62.5 
37.5 
21.2 
149 

62.7 
44.4 
24.6 
175 

29.8 
11.4 
18.7 
52.3 

24.6 
5.6 

17.6 
34.0 

100a 

Cadmium 
(Cd) 

Mean 

SD 

Min. 

Max. 

0.404 
0.323 
0.100 
1.60 

0.321 
0.185 
0.175 
0.776 

0.594 
1.551 
0.121 
6.20 

0.156 
0.032 
0.114 
0.223 

 

Zinc (Zn) 

Mean 

SD 

Min. 

Max. 

195 
113 
58 

431 

237 
189 
60 

702 

81 
24.9 
43 

129 

82 
29.6 
51 

142 

200a 

Copper (Cu) 

Mean 

SD 

Min. 

Max. 

103 
78 

23.0 
302 

140 
141 
20.5 
494 

26.8 
10.5 
12.1 
45 

22.4 
7.72 
13.7 
41 

100a 

Nickel (Ni)  

Mean 
SD 

Min. 

Max. 

60 
34.8 
25.3 
193 

59 
28.5 
23.2 
127 

28.5 
5.5 

21.1 
40 

28.5 
5.5 

19.6 
40 

 

Cobalt (Co)  

Mean 

SD 

Min. 
Max. 

8.29 
1.68 
5.94 
12.7 

7.72 
1.41 
5.93 
9.48 

9.07 
1.25 
7.22 
11.1 

8.47 
1.17 
7.31 
10.6 

 

Chromium 

(Cr)  

Mean 

SD 

103 
46 

121 
78 

57 
10.8 

53.6 
9.17 100a 
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Min. 

Max. 

50 
215 

46 
319 

41 
77 

43 
75 

Vanadium (V)  

Mean 

SD 

Min. 

Max. 

58.7 
8.24 
46.7 
77.2 

54.7 
6.71 
47.6 
64.6 

65.5 
8.75 
52.1 
79.8 

62.0 
7.81 
53.6 
77.8 

 

Arsenic (As)  

Mean 

SD 

Min. 

Max. 

7.94 
1.33 
5.98 
11.3 

7.67 
1.10 
6.09 
10.1 

11.5 
2.42 
7.86 
16.0 

8.51 
1.35 
7.03 
11.3 

 

Molybdenum 

(Mo)  

Mean 
SD 

Min. 

Max. 

1.71 
0.74 
0.63 
3.63 

1.59 
0.916 
0.625 
3.59 

0.906 
0.502 
0.191 
1.69 

0.770 
0.428 
0.331 
1.91 

 

Antimony 

(Sb)  

Mean 

SD 

Min. 
Max. 

1.58 
0.92 
0.59 
5.33 

1.60 
0.85 
0.58 
3.56 

1.04 
0.54 
0.43 
2.72 

0.867 
0.226 
0.585 
1.33 

 

Tin (Sn)  

Mean 

SD 

Min. 

Max. 

8.51 
3.70 
3.49 
15.1 

9.48 
6.34 
3.71 
25.4 

4.78 
1.03 
3.19 
6.76 

5.69 
2.18 
3.97 
10.3 

 

Barium (Ba)  

Mean 

SD 

Min. 

Max. 

468 
40.8 
402 
541 

457 
44.2 
408 
523 

493 
64.6 
395 
593 

442 
41.2 
406 
536 

 

Hafnium (Hf) 

Mean 

SD 

Min. 

Max. 

0.098 
0.069 
0.002 
0.228 

0.090 
0.057 
0.008 
0.133 

0.059 
0.025 
0.030 
0.081 

0.096 
0.080 
0.010 
0.232 

 

Selenium (Se) 

Mean 

SD 

Min. 

Max. 

0.514 
0.050 
0.415 
0.637 

0.506 
0.092 
0.376 
0.714 

0.499 
0.038 
0.445 
0.571 

0.574 
0.080 
0.437 
0.713 

 

Rubidium (Rb) 

Mean 
SD 

Min. 

Max. 

107 
9.04 
92.0 
130 

101 
6.53 
90.8 
110 

111 
14.0 
85.4 
134 

106 
6.79 
99.2 
121 

 

Silver (Ag) 

Mean 

SD 

Min. 
Max. 

0.357 
0.224 
0.085 
0.936 

0.354 
0.317 
0.125 
1.16 

0.180 
0.173 
0.045 
0.611 

0.312 
0.277 
0.062 
0.919 

 

Titanium (Ti) 

Mean 

SD 

Min. 

Max. 

3108 
276 

2656 
3693 

2968 
241 

2695 
3487 

3057 
168 

2833 
3442 

3287 
172 

3011 
3601 

 

Cesium (Cs) 

Mean 

SD 

Min. 

Max. 

6.28 
0.93 
4.92 
8.57 

5.87 
0.86 
4.84 
7.12 

7.39 
1.22 
5.24 
9.83 

6.99 
0.74 
6.23 
8.30 

 

Strontium 

(Sr)  

Mean 

SD 

Min. 

Max. 

120 
28.8 
91 

235 

114 
24.7 
92 

164 

89 
20.7 
65 

136 

147 
31.4 
97 

196 

 

Thallium (Tl)  

Mean 

SD 

Min. 

Max. 

0.489 
0.042 
0.423 
0.607 

0.464 
0.036 
0.420 
0.514 

0.528 
0.068 
0.411 
0.648 

0.502 
0.034 
0.461 
0.57 

 

Uranium (U)  

Mean 
SD 

Min. 

Max. 

1.92 
0.43 
1.45 
3.06 

1.93 
0.60 
1.21 
3.35 

1.61 
0.34 
1.20 
2.26 

2.11 
0.34 
1.47 
2.66 

 

           aEuropian Commission (EC-DG, 2009) 
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Table A3: Descriptive statistics for major and minor element concentrations in urban 

allotment topsoils in different allotment sites. All values are given in mg kg-1. 

Metal(loid)/ 

allotment 

sites 

topsoils 

              PF ST CN MP MR BH SN WT WM 

SGV 
Sludge 

regulations 
n 14 50 21 9 12 20 7 5 6 

Sodium (Na) 

Mean 

SD 

Min. 

Max. 

1503.8 
106.8 
911.9 

2353.2 

1148.3 
110.1 
712.7 

1972.2 

2324.3 
143.1 

1195.9 
3076.1 

1006.8 
40.4 

879.4 
1123.3 

1776.7 
131.6 

1328.6 
2151.7 

952.8 
63.0 

585.4 
1300.8 

940.7 
80.6 

604.7 
1281.4 

1148.3 
41.3 

954.7 
1504.8 

1167.0 
211.8 
798.3 

1691.2 

 

 

Magnesium 

(Mg)  

Mean 

SD 

Min. 

Max. 

2623.2 
133.8 

1485.7 
3954.8 

4806.3 
306.0 

2401.3 
10164.7 

4729.7 
178.7 

2329.2 
7191.1 

9443.8 
368.2 

7005.8 
11611.9 

2733.9 
98.8 

1986.0 
3691.2 

5323.1 
143.8 

1473.6 
12589.7 

17709.4 
801.6 

8427.9 
30522.8 

4942.0 
101.4 

4626.7 
5362.2 

4657.1 
131.5 

3390.6 
6437.4 

 

 

Potassium 

(K)  

Mean 
SD 

Min. 

Max. 

9641.2 
652.4 

5050.8 
14769.1 

18421.2 
876.1 

9878.4 
26550.3 

12973.4 
336.5 

9739.6 
15120.9 

26633.4 
366.7 

23614.5 
28412.6 

10079.2 
429.5 

8241.6 
12750.2 

7744.4 
187.7 

6958.8 
8949.4 

24936.8 
285.4 

22693.2 
26225.4 

1607.2 
112.5 

1294.8 
2149.4 

18558.3 
521.8 

14378.1 
23234.6 

 

 

Calcium (Ca)  

Mean 

SD 

Min. 
Max. 

6212.9 
527.3 

3997.6 
10387.1 

8759.4 
567.7 

2402.3 
21587.7 

12180.5 
663.4 

6152.9 
17899.6 

6875.6 
215.6 

5568.9 
7901.3 

11493.5 
416.6 

8739.9 
16131.6 

11191.9 
311.0 

2448.7 
25830.0 

16360.3 
509.5 

7917.0 
31548.1 

5754.2 
153.8 

3805.8 
8874.5 

7430.6 
259.7 

5515.5 
8902.2 

 

 

Aluminium 

(Al)  

Mean 

SD 

Min. 

Max. 

24259.5 
1504.3 
8429.8 

53485.3 

28832.6 
2042.3 
7192.6 

56472.0 

40203.6 
1772.2 

28073.4 
45493.3 

53272.8 
954.4 

47406.2 
60216.7 

34481.9 
1262.1 

27078.2 
49101.0 

21401.4 
481.9 

17498.5 
25637.2 

49860.5 
1098.8 

36869.2 
57603.3 

38429.9 
2347.1 

34809.0 
45946.6 

40372.9 
2737.4 

31890.0 
47976.3 

 

 

Manganese 

(Mn)  

Mean 

SD 

Min. 

Max. 

493.9 
34.4 

306.2 
797.8 

610.5 
35.1 

290.8 
1173.1 

632.6 
33.5 

475.4 
938.8 

532.7 
11.8 

495.0 
592.0 

689.8 
25.8 

575.7 
875.4 

704.9 
20.2 

309.1 
1234.9 

705.0 
6.5 

542.5 
864.5 

530.2 
15.0 

423.6 
623.7 

558.4 
15.6 

500.9 
651.2 

 

 

Iron (Fe) 

Mean 

SD 

Min. 

Max. 

30874.0 
1347.9 

17191.8 
44701.7 

27312.7 
2053.3 

14938.5 
43793.8 

30910.6 
1127.1 

25062.4 
36797.0 

35088.0 
520.4 

31454.7 
40504.1 

34941.2 
2012.5 

27339.6 
43294.0 

19490.3 
1159.8 

14993.3 
24627.3 

33759.0 
450.9 

28889.4 
39671.7 

25078.9 
781.9 

22305.2 
29036.4 

32853.4 
1414.5 

26787.9 
41140.7 

  

Phosphorus 

(P)  

Mean 

SD 

Min. 

Max. 

1444.7 
102.1 
737.7 

2723.9 

1650.0 
114.0 
634.9 

3194.7 

1714.9 
87.8 

884.7 
2741.4 

2015.4 
76.5 

1604.1 
2336.5 

2558.4 
127.3 

1419.3 
3805.5 

1272.3 
66.9 

757.1 
2739.7 

1532.0 
77.3 

1036.5 
1998.7 

1607.2 
112.5 

1294.8 
2149.4 

2358.9 
57.7 

1599.9 
2913.6 

 

 

Lithium (Li)  

Mean 

SD 

Min. 

Max. 

50.1 
2.6 

23.4 
82.0 

56.4 
13.1 
28.4 

466.5 

53.2 
1.6 

30.0 
69.0 

93.9 
1.1 

79.9 
101.4 

34.7 
0.8 

28.6 
41.3 

29.4 
0.6 

18.0 
36.1 

78.5 
2.5 

53.4 
112.7 

43.2 
0.5 

41.4 
46.9 

49.5 
1.6 

35.4 
72.6 

 

 

Beryllium 

(Be)  

Mean 

SD 

Min. 

Max. 

3.268 
0.186 
1.693 
5.417 

3.942 
1.043 
1.711 

33.933 

2.258 
0.072 
1.624 
2.990 

4.013 
0.098 
3.370 
4.753 

4.045 
0.250 
3.208 
4.854 

1.106 
0.046 
0.674 
1.621 

3.751 
0.078 
2.758 
4.955 

2.454 
0.020 
2.111 
2.672 

4.114 
0.144 
3.282 
5.267 

 

 

Lead (Pb) 

Mean 

SD 

Min. 

Max. 

176 
60 

77.8 
1108 

457.5 
63.9 

140.6 
1062.1 

186.6 
8.2 

122.3 
270.2 

230.8 
4.4 

197.9 
259.5 

406.7 
26.4 

208.5 
931.7 

51.8 
2.7 

27.1 
138.2 

175.3 
23.1 
92.9 

272.6 

110.4 
3.2 

88.5 
142.5 

620.7 
164.2 
293.3 

1148.3 

450a 

 

Cadmium 

(Cd) 

Mean 
SD 

Min. 

Max. 

0.812 
0.105 
0.444 
1.523 

0.770 
0.060 
0.317 
0.042 

1.582 
0.045 
0.635 
2.349 

0.652 
0.020 
0.576 
0.780 

1.374 
0.046 
0.725 
4.365 

0.383 
0.024 
0.206 
0.964 

0.693 
0.033 
0.470 
0.969 

0.437 
0.010 
0.388 
0.528 

1.033 
0.068 
0.780 
1.408 

1.80a 

 

Zinc (Zn) 

Mean 

SD 

Min. 
Max. 

268.6 
22.8 

189.5 
409.8 

366.6 
20.3 

150.6 
690.8 

316.8 
7.4 

226.1 
509.4 

368.2 
6.6 

334.7 
428.8 

443.0 
10.3 

244.1 
800.4 

116.3 
4.5 

63.3 
231.9 

313.8 
15.6 

256.9 
394.7 

220.8 
5.9 

191.4 
277.6 

513.8 
18.0 

356.6 
757.1 

 300b 

Copper (Cu) 

Mean 

SD 

Min. 

Max. 

48.8 
3.2 

33.5 
69.3 

78.7 
17.2 
35.8 

545.7 

56.4 
1.8 

35.4 
83.5 

81.4 
1.2 

63.7 
96.0 

92.3 
10.8 
50.2 

186.3 

31.4 
1.3 

16.3 
50.9 

84.7 
1.0 

36.3 
262.3 

39.5 
0.7 

30.8 
45.5 

79.9 
4.4 

58.9 
100.9 

 135b 

Nickel (Ni)  

Mean 

SD 

Min. 

Max. 

37.6 
3.2 

22.4 
68.0 

36.9 
4.2 

19.6 
83.1 

34.3 
2.6 

21.0 
55.6 

41.5 
1.2 

36.6 
48.2 

35.0 
2.1 

27.7 
54.6 

14.8 
1.3 
8.4 

20.0 

43.1 
2.0 

36.2 
55.6 

25.7 
1.7 

20.7 
29.3 

39.8 
2.6 

30.9 
49.5 

250a 

 

Cobalt (Co)  

Mean 

SD 

Min. 

Max. 

13.4 
0.7 
6.9 

21.8 

12.9 
0.8 
7.3 

20.7 

11.6 
0.3 
8.6 

14.1 

14.4 
0.3 

12.9 
17.1 

12.0 
0.7 
9.4 

14.2 

6.2 
0.2 
3.7 
9.7 

14.7 
0.2 

13.3 
18.4 

9.7 
0.2 
7.9 

11.8 

14.0 
0.4 

11.0 
16.3 

 

 

Chromium 

(Cr)  

Mean 

SD 

Min. 

Max. 

55.9 
5.5 

41.4 
73.2 

47.3 
3.3 

26.3 
97.4 

52.4 
1.7 

32.7 
68.2 

59.5 
1.0 

55.1 
67.1 

41.2 
1.4 

34.5 
52.0 

24.8 
1.3 

17.3 
37.3 

61.7 
1.4 

53.3 
70.0 

47.8 
0.9 

40.2 
63.7 

45.4 
1.9 

39.2 
58.0 

130a 
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Vanadium 
(V)  

Mean 

SD 

Min. 

Max. 

67.7 
3.4 

35.9 
98.8 

53.3 
2.5 

31.9 
86.0 

62.2 
1.4 

41.8 
80.3 

73.7 
1.2 

66.4 
85.1 

52.6 
1.9 

45.9 
58.7 

31.6 
1.2 

22.0 
39.6 

71.1 
0.8 

62.4 
79.6 

51.6 
0.8 

48.3 
57.0 

55.4 
1.8 

45.7 
65.6 

 

 

Arsenic (As)  

Mean 

SD 

Min. 

Max. 

15.6 
0.8 

11.2 
20.7 

16.4 
1.0 
8.4 

25.5 

16.8 
0.4 

12.5 
23.1 

19.3 
0.5 

17.6 
21.8 

18.4 
1.1 

13.6 
22.3 

9.7 
0.3 
6.4 

13.7 

15.9 
0.3 

13.1 
18.9 

12.4 
0.4 

10.4 
13.3 

21.5 
0.8 

16.4 
28.4 

43a 

 

Molybdenum 

(Mo)  

Mean 

SD 

Min. 

Max. 

2.214 
0.196 
0.434 
4.063 

1.503 
0.192 
0.434 
2.924 

1.662 
0.062 
1.076 
2.387 

1.902 
0.049 
1.674 
2.138 

2.082 
0.103 
1.833 
2.454 

1.419 
0.084 
0.820 
2.499 

1.458 
0.118 
0.958 
1.825 

1.224 
0.035 
1.017 
1.429 

2.231 
0.103 
1.568 
3.805 

 

 

Antimony 

(Sb)  

Mean 

SD 

Min. 

Max. 

3.154 
0.264 
2.012 
4.769 

5.224 
0.453 
1.668 

17.580 

3.072 
0.248 
1.144 
6.006 

4.252 
0.139 
3.571 
5.388 

4.817 
0.452 
2.875 
6.498 

1.475 
0.098 
0.709 
2.924 

3.520 
0.269 
2.071 
5.955 

2.909 
0.294 
1.693 
3.784 

6.172 
1.293 
3.896 
8.742 

 

 

Tin (Sn)  

Mean 

SD 
Min. 

Max. 

6.910 
3.069 
2.696 

21.858 

13.609 
3.510 
5.512 

118.359 

10.606 
6.929 
3.051 

61.520 

13.372 
2.358 
8.764 

18.938 

17.218 
3.507 
5.978 

81.995 

2.388 
0.263 
1.038 
3.928 

14.700 
9.312 
7.213 

50.966 

8.434 
2.804 
3.537 

12.161 

17.931 
3.672 
7.275 

32.732 

 

 

Barium (Ba)  

Mean 

SD 

Min. 

Max. 

402.3 
24.1 

320.3 
497.4 

534.9 
29.3 

282.2 
998.5 

650.1 
30.3 

483.1 
813.8 

488.2 
11.8 

459.7 
515.3 

712.8 
30.4 

484.4 
1255.8 

245.9 
16.4 

199.8 
461.5 

455.2 
9.7 

406.9 
534.9 

450.4 
3.6 

406.3 
480.5 

573.9 
15.6 

495.9 
639.8 

 

 

Hafnium (Hf) 

Mean 

SD 

Min. 

Max. 

1.910 
0.105 
1.188 
2.696 

2.117 
0.106 
1.247 
3.014 

2.365 
0.084 
1.715 
2.840 

3.079 
0.073 
2.931 
3.311 

1.737 
0.057 
1.386 
2.230 

1.474 
0.070 
1.125 
1.706 

2.776 
0.078 
2.378 
3.249 

2.722 
0.187 
2.320 
2.939 

2.117 
0.077 
1.703 
2.624 

 

 

Selenium 

(Se) 

Mean 

SD 

Min. 

Max. 

1.22 
0.08 
0.80 
1.73 

1.13 
0.06 
0.61 
1.69 

1.24 
0.04 
0.95 
1.61 

1.64 
0.03 
1.44 
1.84 

1.45 
0.05 
1.21 
1.81 

0.70 
0.03 
0.42 
1.02 

1.06 
0.02 
0.57 
1.48 

0.87 
0.02 
0.79 
0.99 

1.39 
0.04 
1.03 
1.73 

120a 

 

Rubidium 

(Rb) 

Mean 

SD 

Min. 

Max. 

52.4 
3.4 

26.1 
75.1 

60.6 
3.2 

33.6 
85.1 

61.9 
2.5 

42.1 
71.2 

84.2 
2.0 

76.7 
94.9 

51.9 
1.2 

43.3 
65.8 

40.1 
1.0 

31.6 
44.7 

82.2 
4.3 

72.2 
96.0 

81.0 
1.9 

77.1 
93.7 

65.7 
2.2 

51.0 
79.1 

 

 

Silver (Ag) 

Mean 

SD 

Min. 

Max. 

0.34 
0.04 
0.18 
0.72 

0.35 
0.02 
0.20 
0.91 

0.28 
0.02 
0.20 
0.46 

0.36 
0.01 
0.30 
0.44 

0.40 
0.01 
0.28 
0.68 

0.15 
0.01 
0.11 
0.26 

0.28 
0.01 
0.26 
0.32 

0.24 
0.01 
0.22 
0.25 

0.46 
0.01 
0.31 
0.73 

 

 

Titanium (Ti) 

Mean 

SD 
Min. 

Max. 

731.8 
59.1 

459.4 
1128.3 

638.5 
43.1 

380.9 
1260.3 

776.6 
57.2 

491.6 
1029.2 

887.8 
34.9 

778.4 
1078.5 

614.8 
41.8 

485.6 
755.8 

370.2 
18.1 

302.9 
463.6 

953.3 
77.3 

684.7 
1240.3 

761.6 
19.5 

671.2 
814.8 

695.0 
16.2 

536.0 
956.6 

 

 

Cesium (Cs) 

Mean 

SD 

Min. 
Max. 

3.01 
0.21 
1.47 
4.50 

3.59 
0.20 
2.09 
6.02 

3.30 
0.16 
2.04 
4.01 

6.00 
0.12 
5.16 
6.87 

18.37 
1.06 

13.60 
22.34 

1.64 
0.05 
1.25 
1.87 

6.30 
0.22 
5.30 
7.65 

4.29 
0.08 
3.94 
5.20 

3.68 
0.12 
2.39 
5.02 

 

 

Strontium 

(Sr)  

Mean 

SD 

Min. 

Max. 

85.2 
4.8 

52.7 
122.5 

62.9 
3.8 

31.2 
101.0 

78.2 
2.6 

66.0 
100.7 

57.2 
1.1 

53.4 
62.4 

98.8 
4.1 

79.4 
122.0 

45.5 
2.3 

35.2 
58.2 

62.6 
1.2 

50.5 
76.9 

54.0 
1.1 

50.5 
62.2 

73.4 
2.7 

64.7 
92.5 

 

 

Thallium (Tl)  

Mean 

SD 

Min. 

Max. 

0.469 
0.031 
0.289 
0.647 

0.500 
0.022 
0.329 
0.666 

0.485 
0.013 
0.399 
0.534 

0.694 
0.008 
0.657 
0.757 

0.457 
0.010 
0.378 
0.541 

0.294 
0.007 
0.223 
0.334 

0.551 
0.016 
0.472 
0.608 

0.473 
0.021 
0.449 
0.545 

0.566 
0.018 
0.515 
0.623 

 

 

Uranium (U)  

Mean 

SD 

Min. 

Max. 

1.619 
0.086 
0.882 
2.476 

1.581 
0.081 
0.823 
2.310 

1.682 
0.046 
1.316 
2.012 

2.129 
0.030 
2.011 
2.317 

1.686 
0.047 
1.468 
1.965 

1.052 
0.043 
0.854 
1.200 

1.776 
0.026 
1.567 
2.094 

1.828 
0.017 
1.731 
2.046 

1.900 
0.069 
1.706 
2.201 

 

 

aSoil guideline values (SGVs, Environmental agency, 2009) 
bThe Sludge (Use in Agriculture) Regulations (1989)  
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Table A4: Descriptive statistics for rare earth elements (REEs) concentrations in different 
urban allotment topsoils. All values are given in mg kg-1. 

REEs 

allotment sites 

topsoils 

              PF ST CN MP MR BH SN WT WM All 

sites 
aUCC 

n 4 26 5 3 5 4 3 4 5 

La 

Mean 

SD 

Min. 

Max. 

12.63 
0.62 

11.42 
13.62 

20.09 
1.16 
9.95 

25.86 

15.60 
1.50 

11.25 
21.07 

16.23 
0.08 

14.53 
17.94 

19.57 
1.44 

17.18 
22.29 

22.82 
0.89 

19.99 
24.23 

21.21 
1.39 

20.55 
22.38 

22.00 
0.15 

19.54 
23.91 

18.87 
0.72 

16.66 
20.06 

19.23 
1.01 
9.95 

25.86 

30 

Ce 

Mean 

SD 

Min. 

Max. 

26.77 
1.25 

24.27 
28.40 

42.29 
2.60 

21.04 
55.02 

32.78 
3.71 

23.66 
43.93 

34.45 
1.63 

31.12 
37.83 

40.76 
3.39 

36.18 
45.99 

47.86 
1.69 

41.92 
50.75 

44.63 
3.04 

43.26 
47.05 

44.92 
0.48 

38.53 
47.68 

39.67 
1.72 

35.42 
41.95 

40.36 
2.36 

21.04 
55.02 

64 

Pr 

Mean 

SD 

Min. 

Max. 

3.24 
0.15 
2.92 
3.45 

5.03 
0.27 
2.48 
6.61 

4.01 
0.30 
2.81 
5.29 

4.24 
0.04 
3.82 
4.60 

5.05 
0.17 
4.62 
5.72 

5.69 
0.20 
4.97 
6.05 

5.20 
0.36 
4.98 
5.48 

5.35 
0.06 
4.60 
5.68 

4.76 
0.20 
4.32 
5.08 

4.84 
0.22 
2.48 
6.61 

7.1 

Nd 

Mean 

SD 

Min. 

Max. 

12.49 
0.59 

11.22 
13.51 

19.38 
0.96 
9.52 

25.91 

15.57 
1.12 

10.77 
20.60 

16.71 
0.15 

14.94 
17.96 

19.79 
0.33 

17.91 
22.29 

21.68 
0.68 

18.99 
23.03 

19.71 
1.34 

18.69 
20.79 

20.44 
0.28 

17.69 
21.60 

18.31 
0.76 

16.80 
19.60 

18.64 
0.79 
9.52 

25.91 

26 

Sm 

Mean 
SD 

Min. 

Max. 

2.54 
0.09 
2.27 
2.85 

3.94 
0.20 
1.90 
5.50 

3.20 
0.23 
2.18 
4.26 

3.53 
0.02 
3.14 
3.73 

4.09 
0.03 
3.53 
4.57 

4.27 
0.10 
3.74 
4.52 

3.91 
0.25 
3.69 
4.11 

4.06 
0.08 
3.62 
4.24 

3.69 
0.15 
3.44 
4.01 

3.78 
0.15 
1.90 
5.50 

4.5 

Eu 

Mean 

SD 
Min. 

Max. 

0.55 
0.02 
0.48 
0.64 

0.84 
0.04 
0.40 
1.21 

0.69 
0.03 
0.45 
0.91 

0.77 
0.01 
0.69 
0.82 

0.89 
0.01 
0.76 
0.99 

0.86 
0.01 
0.77 
0.93 

0.81 
0.05 
0.76 
0.85 

0.84 
0.02 
0.78 
0.87 

0.78 
0.03 
0.70 
0.85 

0.80 
0.03 
0.40 
1.21 

0.88 

Sc 

Mean 

SD 

Min. 

Max. 

5.16 
0.29 
3.75 
6.63 

7.94 
0.42 
2.54 

11.28 

5.89 
0.21 
2.59 
7.81 

6.66 
0.19 
6.05 
7.17 

7.77 
0.22 
6.75 
8.99 

9.01 
0.11 
7.78 
9.62 

8.12 
0.29 
7.92 
8.39 

7.95 
0.13 
7.34 
8.29 

6.87 
0.19 
6.11 
7.66 

7.49 
0.30 
2.54 

11.28 

16 

Y 

Mean 

SD 

Min. 

Max. 

8.31 
0.18 
6.93 
9.97 

12.24 
0.70 
5.48 

17.93 

9.29 
0.46 
5.88 

13.39 

10.86 
0.21 
9.51 

11.78 

12.89 
0.74 

10.88 
14.63 

12.71 
0.32 

10.95 
14.06 

12.21 
0.97 

11.59 
12.80 

12.17 
0.14 

10.59 
13.07 

11.23 
0.29 

10.12 
12.46 

11.65 
0.54 
5.48 

17.93 

24 

Gd 

Mean 

SD 
Min. 

Max. 

2.24 
0.06 
1.93 
2.62 

3.45 
0.17 
1.62 
4.94 

2.83 
0.19 
1.85 
3.81 

3.17 
0.05 
2.80 
3.37 

3.61 
0.06 
3.04 
4.03 

3.62 
0.08 
3.18 
3.87 

3.37 
0.24 
3.15 
3.53 

3.45 
0.05 
3.12 
3.64 

3.21 
0.10 
2.92 
3.52 

3.30 
0.13 
1.62 
4.94 

3.8 

Tb 

Mean 

SD 

Min. 

Max. 

0.31 
0.01 
0.27 
0.38 

0.47 
0.02 
0.22 
0.68 

0.38 
0.02 
0.24 
0.52 

0.43 
0.01 
0.38 
0.46 

0.49 
0.01 
0.41 
0.55 

0.49 
0.01 
0.43 
0.52 

0.46 
0.03 
0.43 
0.48 

0.46 
0.00 
0.42 
0.49 

0.43 
0.01 
0.39 
0.48 

0.45 
0.02 
0.22 
0.68 

0.64 

Dy 

Mean 

SD 

Min. 

Max. 

1.72 
0.03 
1.45 
2.08 

2.44 
0.12 
1.10 
3.52 

1.98 
0.12 
1.24 
2.69 

2.26 
0.04 
2.02 
2.42 

2.55 
0.04 
2.12 
2.85 

2.54 
0.05 
2.22 
2.77 

2.41 
0.16 
2.29 
2.51 

2.40 
0.02 
2.22 
2.50 

2.27 
0.05 
2.02 
2.50 

2.34 
0.09 
1.10 
3.52 

3.5 

Ho 

Mean 

SD 

Min. 

Max. 

0.33 
0.01 
0.28 
0.40 

0.45 
0.02 
0.20 
0.66 

0.37 
0.03 
0.23 
0.50 

0.42 
0.01 
0.38 
0.45 

0.47 
0.01 
0.40 
0.53 

0.48 
0.01 
0.41 
0.52 

0.45 
0.03 
0.43 
0.48 

0.45 
0.00 
0.42 
0.46 

0.42 
0.01 
0.37 
0.46 

0.44 
0.02 
0.20 
0.66 

0.8 

Er 

Mean 

SD 

Min. 

Max. 

0.95 
0.02 
0.80 
1.14 

1.27 
0.06 
0.57 
1.80 

1.01 
0.06 
0.64 
1.37 

1.17 
0.03 
1.06 
1.26 

1.32 
0.02 
1.11 
1.48 

1.36 
0.03 
1.18 
1.48 

1.28 
0.09 
1.22 
1.35 

1.26 
0.02 
1.19 
1.30 

1.17 
0.02 
1.05 
1.29 

1.22 
0.04 
0.57 
1.80 

2.3 

Tm 

Mean 

SD 

Min. 

Max. 

0.13 
0.00 
0.11 
0.16 

0.18 
0.01 
0.08 
0.24 

0.14 
0.01 
0.09 
0.19 

0.16 
0.00 
0.15 
0.17 

0.18 
0.00 
0.15 
0.20 

0.19 
0.00 
0.17 
0.21 

0.18 
0.01 
0.18 
0.19 

0.18 
0.00 
0.16 
0.18 

0.16 
0.00 
0.15 
0.18 

0.17 
0.01 
0.08 
0.24 

0.33 

Yb 

Mean 

SD 
Min. 

Max. 

0.87 
0.01 
0.75 
1.02 

1.14 
0.05 
0.52 
1.57 

0.89 
0.05 
0.57 
1.19 

1.02 
0.02 
0.94 
1.09 

1.16 
0.02 
1.00 
1.31 

1.25 
0.03 
1.07 
1.36 

1.18 
0.08 
1.14 
1.25 

1.14 
0.02 
1.07 
1.19 

1.06 
0.02 
0.97 
1.14 

1.10 
0.04 
0.52 
1.57 

2.2 

Lu 

Mean 

SD 

Min. 
Max. 

0.13 
0.00 
0.11 
0.15 

0.17 
0.01 
0.08 
0.24 

0.14 
0.01 
0.09 
0.18 

0.16 
0.00 
0.14 
0.17 

0.18 
0.00 
0.15 
0.20 

0.20 
0.00 
0.17 
0.21 

0.18 
0.01 
0.18 
0.19 

0.18 
0.00 
0.17 
0.18 

0.16 
0.00 
0.15 
0.18 

0.17 
0.01 
0.08 
0.24 

0.32 

 LREEs 
 HREEs 
∑REEs 
LREEs/HEEs 

87.651 
28.321 

115.972 
3.095 

         

 

aTaylor and McLennan (1995) 
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Table A5: Descriptive statistics for rare earth elements (REEs) concentrations in different 
urban allotment subsoils. All values are given in mg kg-1. 

REEs 

allotment sites 

subsoils 

              PF ST CN MP MR BH SN WM All 

sites 
aUCC 

n 4 26 5 3 5 4 3 5 

La 

Mean 

SD 

Min. 

Max. 

22.81 
1.86 

22.26 
23.75 

21.74 
0.68 

13.68 
28.39 

12.64 
1.20 

10.87 
14.58 

16.33 
0.72 

14.33 
19.96 

25.36 
1.20 

24.24 
26.06 

20.56 
1.26 

19.18 
23.33 

21.00 
0.19 

20.73 
21.27 

19.09 
0.52 

18.36 
20.22 

20.58 
0.89 

10.87 
28.39 

30 

Ce 

Mean 

SD 

Min. 

Max. 

52.29 
4.10 

46.59 
56.75 

45.72 
1.39 

28.68 
62.58 

26.01 
2.39 

22.44 
30.18 

33.78 
1.44 

29.58 
41.15 

52.42 
2.07 

49.97 
53.83 

42.85 
2.80 

40.29 
48.93 

43.44 
0.54 

42.89 
44.00 

39.64 
1.12 

38.38 
41.64 

43.34 
1.82 

22.44 
62.58 

64 

Pr 

Mean 

SD 

Min. 

Max. 

6.06 
0.49 
5.53 
6.38 

5.47 
0.15 
3.45 
7.17 

3.03 
0.22 
2.60 
3.53 

4.00 
0.19 
3.47 
4.94 

6.33 
0.28 
5.99 
6.56 

4.95 
0.32 
4.67 
5.74 

5.04 
0.09 
4.93 
5.14 

4.73 
0.14 
4.65 
4.89 

5.14 
0.21 
2.60 
7.17 

7.1 

Nd 

Mean 

SD 

Min. 

Max. 

22.04 
1.85 

21.01 
22.87 

21.02 
0.52 

13.27 
27.44 

11.34 
0.78 
9.73 

13.28 

15.21 
0.64 

13.19 
18.87 

24.10 
1.04 

22.78 
25.01 

18.32 
1.13 

17.14 
21.52 

18.64 
0.30 

18.16 
19.12 

17.94 
0.56 

17.31 
18.21 

19.50 
0.75 
9.73 

27.44 

26 

Sm 

Mean 
SD 

Min. 

Max. 

4.33 
0.33 
4.10 
4.46 

4.28 
0.10 
2.73 
5.46 

2.25 
0.14 
1.91 
2.68 

3.02 
0.15 
2.61 
3.72 

4.76 
0.19 
4.50 
4.94 

3.43 
0.23 
3.13 
4.15 

3.45 
0.09 
3.35 
3.56 

3.54 
0.10 
3.32 
3.74 

3.88 
0.15 
1.91 
5.46 

4.5 

Eu 

Mean 

SD 
Min. 

Max. 

0.88 
0.06 
0.82 
0.90 

0.92 
0.02 
0.61 
1.10 

0.48 
0.02 
0.42 
0.56 

0.64 
0.02 
0.57 
0.78 

0.95 
0.03 
0.88 
1.02 

0.65 
0.03 
0.58 
0.80 

0.64 
0.02 
0.63 
0.65 

0.73 
0.01 
0.64 
0.83 

0.81 
0.02 
0.42 
1.10 

0.88 

Sc 

Mean 

SD 

Min. 

Max. 

8.21 
0.63 
7.39 
8.56 

8.73 
0.19 
5.67 

11.16 

4.10 
0.24 
3.57 
4.82 

5.29 
0.28 
4.37 
6.84 

10.26 
0.29 
8.59 

12.36 

7.17 
0.16 
6.88 
7.83 

6.34 
0.21 
6.07 
6.60 

6.96 
0.16 
6.18 
8.05 

7.79 
0.24 
3.57 

12.36 

16 

Y 

Mean 

SD 

Min. 

Max. 

13.49 
0.55 

12.28 
13.91 

14.24 
0.31 
9.59 

15.75 

8.30 
0.30 
6.62 

10.06 

10.55 
0.33 
9.62 

12.05 

14.14 
0.44 

12.75 
15.40 

9.80 
0.43 
8.78 

11.87 

9.09 
0.19 
9.06 
9.11 

10.73 
0.23 
9.09 

12.42 

12.48 
0.34 
6.62 

15.75 

24 

Gd 

Mean 

SD 
Min. 

Max. 

3.73 
0.23 
3.52 
3.84 

3.78 
0.09 
2.47 
4.65 

2.00 
0.11 
1.65 
2.41 

2.70 
0.10 
2.38 
3.26 

4.04 
0.15 
3.79 
4.26 

2.79 
0.17 
2.49 
3.43 

2.72 
0.07 
2.64 
2.79 

3.04 
0.08 
2.73 
3.38 

3.37 
0.11 
1.65 
4.65 

3.8 

Tb 

Mean 

SD 

Min. 

Max. 

0.51 
0.03 
0.47 
0.52 

0.52 
0.01 
0.34 
0.62 

0.28 
0.01 
0.23 
0.33 

0.37 
0.01 
0.33 
0.44 

0.54 
0.02 
0.51 
0.57 

0.37 
0.02 
0.33 
0.46 

0.35 
0.01 
0.34 
0.36 

0.41 
0.01 
0.36 
0.46 

0.46 
0.01 
0.23 
0.62 

0.64 

Dy 

Mean 

SD 

Min. 

Max. 

2.69 
0.11 
2.47 
2.80 

2.75 
0.06 
1.84 
3.19 

1.50 
0.06 
1.23 
1.82 

1.96 
0.06 
1.75 
2.31 

2.83 
0.10 
2.61 
3.03 

1.98 
0.09 
1.73 
2.40 

1.85 
0.05 
1.81 
1.89 

2.14 
0.04 
1.88 
2.42 

2.43 
0.07 
1.23 
3.19 

3.5 

Ho 

Mean 

SD 

Min. 

Max. 

0.50 
0.02 
0.46 
0.52 

0.51 
0.01 
0.35 
0.59 

0.29 
0.01 
0.23 
0.35 

0.37 
0.01 
0.33 
0.44 

0.53 
0.02 
0.48 
0.57 

0.38 
0.01 
0.33 
0.45 

0.35 
0.01 
0.34 
0.35 

0.40 
0.01 
0.35 
0.45 

0.45 
0.01 
0.23 
0.59 

0.8 

Er 

Mean 

SD 

Min. 

Max. 

1.43 
0.06 
1.29 
1.49 

1.45 
0.03 
0.98 
1.67 

0.82 
0.03 
0.65 
0.99 

1.05 
0.04 
0.93 
1.23 

1.49 
0.05 
1.37 
1.59 

1.10 
0.04 
0.99 
1.30 

1.03 
0.03 
1.02 
1.04 

1.14 
0.03 
1.02 
1.27 

1.29 
0.03 
0.65 
1.67 

2.3 

Tm 

Mean 

SD 

Min. 

Max. 

0.20 
0.01 
0.18 
0.21 

0.20 
0.00 
0.14 
0.23 

0.11 
0.00 
0.09 
0.14 

0.14 
0.01 
0.13 
0.17 

0.21 
0.01 
0.19 
0.22 

0.16 
0.01 
0.14 
0.19 

0.15 
0.00 
0.15 
0.15 

0.16 
0.00 
0.15 
0.17 

0.18 
0.00 
0.09 
0.23 

0.33 

Yb 

Mean 

SD 
Min. 

Max. 

1.31 
0.06 
1.18 
1.36 

1.30 
0.03 
0.89 
1.52 

0.75 
0.03 
0.61 
0.88 

0.94 
0.03 
0.82 
1.12 

1.35 
0.05 
1.25 
1.43 

1.06 
0.04 
0.97 
1.23 

0.99 
0.02 
0.99 
0.99 

1.05 
0.02 
0.98 
1.11 

1.17 
0.03 
0.61 
1.52 

2.2 

Lu 

Mean 

SD 

Min. 
Max. 

0.20 
0.01 
0.18 
0.21 

0.20 
0.00 
0.14 
0.23 

0.11 
0.00 
0.09 
0.13 

0.14 
0.01 
0.13 
0.17 

0.21 
0.01 
0.19 
0.22 

0.16 
0.01 
0.15 
0.19 

0.16 
0.00 
0.16 
0.16 

0.16 
0.00 
0.15 
0.17 

0.18 
0.01 
0.09 
0.23 

0.32 

LREEs 
HREEs 
∑REEs 
LREEs/HEEs 

84.509 
29.904 

123.073 
2.826 

       
 

 

 

aTaylor and McLennan (1995) 
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9.2 Appendix B Investigation of interferences in the 

determination of PGEs by ICP-MS 

B.1 Rhodium (Rh) 

The calculated detection of limits (DLs), sensitivity (cps/ppb), background 

equivalent concentrations (BECs) and precision (%RSD) for different isotopes 

of Rh measured in three different modes (He, NH3(on-mass), NH3(mass-shift)) of ICP-

QQQ-MS are summarized in Table B.1, to investigate the efficiency of different 

cell gas modes in the elimination of spectral interferences. In the case of 103Rh 

in He mode, the measured concentration in test samples was influenced more 

due to interference from Pb i.e. the signal was greater than the quantification 

limit QL, where QL is 10sd variation of the blanks. When a proportion of the 

Pb in the ICP forms Pb2+, the doubly charged 206Pb interferes with 103Rh. The 

concentration of 103Rh measured in test samples with NH3(on-mass) (103→103) 

and NH3(mass-shift) (103→171) modes were possibly interfered with by Sr  i.e. a 

signal less than the QL but greater than the DL (3sd variation of the blanks), 

as some of the Sr in the ICP forms oxides (87Sr16O+) that further interferes 

with 103Rh. But in terms of precision (%RSD), it was observed equal in He and 

NH3(on-mass) (i.e., 2% RSD), whereas in the case of NH3(mass-shift) the precision 

was high (9% RSD). Among sensitivities calculated for the three different 

modes, it was found to be highest in NH3(on-mass) mode and was followed by He 

and NH3(mass-shift) modes. Therefore, NH3(on-mass) mode was considered preferable 

to the other modes of operation for the determination of 103Rh due to higher 

sensitivity, better precision and likely reduced interference. 

In Figure B.1, a comparison of 103Rh measured in allotment soils in He and 

NH3(on-mass) modes are shown. It was observed that the concentration of 103Rh 
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in most of the allotment samples measured in He-mode were above the DL 

(0.001 ppb) but this was due to overestimation of 103Rh caused by interference 

by Pb2+. In contrast the concentrations of 103Rh (ppb) measured in NH3(on-mass) 

mode, were below the DL (0.0009 ppb). 

Table B.1: Summary of 103Rh results measured using different modes of ICP-

QQQ 

Transition 

Gas mode 
        103  Rh 

[ He ] 
103 -> 103  Rh 
       [ NH3 ] 

  103 -> 171 Rh 
          [ NH3 ] 

DL (ppb) 

DL (cps) 

Sensitivity(cps/ppb) 

BEC (ppt) 

Accuracy 

Precision 

Interference 

0.0010 

27 

87112 

0.5 

-2 

2 

Pb2+ 

0.0009 

57 

145930 

0.6 

-3 

2 

Sr? 

0.0012 

10 

40 

287 

-12 

9 

Sr? 

 

 

Figure B.1: Comparison of 103Rh measured in allotment soils in He and NH3(on-

mass) mode 
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B.2  Palladium (Pd) 

Determination of 105Pd was carried out in He and NH3(on-mass) (105→105) modes 

(Table B.2). In He mode, interferences were not completely eliminated in the 

determination of 105Pd. The concentration of 105Pd in test samples were seen 

to be affected by Cu and Sr (i.e., > DL), also interference was caused by Y 

i.e., > QL. Yttrium (Y) and Sr form oxides and hydro-oxides (YO+ and SrOH+) 

whereas Cu forms an argide (CuAr+) which are responsible for interferences. 

In NH3(on-mass) (105→105) mode, the interferences observed were only due to 

Cu and Sr (i.e., > DL).  But in both modes, NH3(on-mass) was comparatively 

better due to greater removal of spectral interferences; also the sensitivity 

was higher and precision (% RSD) was low in NH3(on-mass) mode. 

Measurement of 108Pd was carried out in three modes i.e., He, NH3(on-mass) 

(108→108) and NH3(mass-shift) (108→159). Concentration of 108Pd measured in 

test samples in both He and NH3(mass-shift) modes were affected by Cu, W and 

Zr  (i.e., > DL) due to the formation of an oxide  and argide i.e., ZrO+ and 

CuAr+. Whereas NH3(on-mass) mode was better in terms of sufficient elimination 

of  many interferences, except by Cu (>DL). Also the sensitivity was highest 

in NH3(on-mass) mode and precision (%RSD) was lowest i.e., 1% RSD. Therefore, 

it was a preferred mode for determination of 108Pd. 

In Figures B.2 and B.3, measurement of 108Pd in allotment soils in He mode 

was compared with both NH3(on-mass) (108→108) and NH3(mass-shift) (108→159) 

modes. It was observed that concentration of 108Pd in a few samples measured 

in He-mode were above the DL (0.009 ppb) which was due to the influence of 

spectral interferences. Whereas concentration of all samples measured in 

NH3(on-mass) mode were observed below the DL (0.03 ppb). In a comparison of 

He and NH3(mass-shift) modes,  the concentration of 108Pd in all samples, (except 
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one sample) in NH3(mass-shift) mode were observed to be below the DL (0.03 

ppb).  

Table B.2: Summary of Pd isotopes (105Pd and 108Pd) results measured using 
different modes of ICP-QQQ 

Transition 

Gas mode 

    105  Pd 
       [He] 

    108  Pd 
        [He] 

105->105  Pd 
     [NH3] 

108 -> 108 Pd 
     [ NH3 ] 

108-> 159 Pd 
         [ NH3 ] 

DL (ppb) 

DL (cps) 

Sensitivity(cps/ppb) 

BEC (ppt) 

Accuracy 

Precision 

Interference 

     0.009 

 169 

    20839 

  3 

 -1 

  2 

Y,Cu?, Zr? 

   0.009 

     235 

   27846 

3 

     -1 

2 

   Cu?, Zr? 

    0.03 

     910 

42098 

 7 

-2 

 1 

Cu?, Sr? 

0.03 

     1120 

    54892 

  8 

 -4 

  1 

Cu? 

0.03 

  71 

3552 

   6 

 -16 

   9 

    Cu?, Zr? 

 

 

Figure B.2: Comparison of 108Pd measured in allotment soils in He and NH3(on-

mass) mode 
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Figure B.3: Comparison of 108Pd measured in allotment soils in He and NH3(mass-

shift) mode 
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interfering species were also investigated. The interference-removal capability 

of both He and NH3(on-mass) modes was not effective and most severe 

interferences were observed due to Hf and W (i.e., > QL). Usually Hf and W 

form HfO+ and WO+ that further interfere with 193Ir. In contrast NH3(mass-shift) 

mode was better in the removal of most of the interferences except for 

interference caused by Hf but again the sensitivity was comparatively very 

low. 

In Figure B.4, a comparison is shown between He and NH3(on-mass) modes used 

to measure 191Ir in allotment soils. In He mode only five samples were 

observed above the DL (0.003 ppb) and in NH3(on-mass) mode, only two samples 

were above the DL (0.005 ppb). Also comparison of 193Ir measured in 

allotment soils in both He and NH3(mass-shift) modes is shown in Figure B.5. In 

He mode only five samples were above the DL (0.003 ppb) and in NH3(mass-shift) 

mode, concentration of 193Ir in all samples were below the DL (0.01 ppb).  

Table B.3: Summary of Ir isotopes (191Ir and 193Ir) results measured using 

different modes of ICP-QQQ 

Transition 

Gas mode 

      191  Ir 

[He] 

  191 -> 191  Ir 

        [NH3] 

191 -> 206  Ir 

      [NH3] 

        193 Ir 

      [He] 

193 -> 193 Ir 

     [NH3] 

193 -> 208 Ir 

     [NH3] 

DL (ppb) 

DL (cps) 

Sensitivity(cps/ppb) 

BEC (ppt) 

Accuracy 

Precision 

Interference 

0.003 

140 

66837 

0.9 

-4 

3 

Cu? 

 0.005 

 7 

1987 

 4 

       -1 

 1 

Cu?, Sr?, 

W? 

      0.02 

3 

     204 

      13 

      -1 

       3 

 

      0.003 

       218 

     114191 

  1 

       -4 

  3 

 Hf 

    0.005 

      12 

    3522 

2 

      -1 

 1 

       Hf 

     0.01 

3 

      338 

13 

-2 

 2 

Hf? 
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Figure B.4: Comparison of 191Ir measured in allotment soils in He and NH3(on-

mass) mode 

 

Figure B.5: Comparison of 193Ir measured in allotment soils in He and NH3(mass-

shift) mode 
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B.4  Platinum (Pt) 

Determination of the isotopes 194Pt, 195Pt and 198Pt measured in test samples 

in He mode were more affected by interferences, mostly from Hf, W, Zr and 

Ta with signals > QL due to oxides and hydro-oxides formed by these elements 

(Table B.4). The isotope 195Pt was also measured in NH3(on-mass) (195→195) and 

NH3(mass-shift) (195→229) modes and interference by Hf and W with > QL was 

seen. The isotope 198Pt was also determined in both these modes. In NH3(on-

mass) mode, the common interference was due to W (>QL) and Ta (>DL). In 

contrast NH3(mass-shift) mode was more effective in eliminating interferences. In 

terms of sensitivity NH3(mass-shift) modes were better but lower than the 

sensitivity provided in NH3(on-mass) mode; nevertheless, NH3(mass-shift) mode was 

preferred for the analysis of 198Pt in the allotment soils. A comparison between 

He and NH3(mass-shift) modes used in the measurement of Pt in allotment soils is 

shown in Figure B.6. In He mode, concentrations of 195Pt in most of the 

allotment samples were above the DL (0.0003 ppb) due to the interferences 

which resulted in overestimation of 195Pt concentration whereas in NH3(mass-shift) 

mode, only one sample was above the DL (0.0007 ppb). 

Table B.4: Summary of Pt isotopes (195Pt and 198Pt) results measured using 

different modes of ICP-QQQ 

       Transition 

       Gas mode 
      195 Pt 

 [ He ] 

195 -> 195  Pt 
[ NH3 ] 

195 -> 229  Pt 
     [ NH3 ] 

198-> 198 Pt 
   [ NH3 ] 

198 -> 232 Pt 
     [ NH3 ] 

DL (ppb) 

DL (cps) 

Sensitivity(cps/ppb) 

BEC (ppt) 

Accuracy 

Precision 

Interference 

0.0003 

    10 

44569 

0.09 

   -2 

    3 

  Hf, Ta, W,  

Zr? 

0.0002 

     4 

21705 

   0.2 

    -7 

     1 

Hf,W? 

0.0005 

     5 

13026 

   0.2 

   -5 

    3 

Hf, W 

     0.0008 

 3 

    4757 
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 1 

     W, Ta? 
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Figure B.6: Comparison of 195Pt measured in allotment soils in He and NH3(mass-

shift) mode 

 

     B.5  Gold (Au) 

The 197Au isotope was analysed in test samples using He, NH3(on-mass) 

(197→197) and NH3(mass-shift) (197→231) modes (Table B.5). Among these 

modes, He was not effective in removal of interferences which were mainly 

due to Cu, Hf, Ta, W (>QL) and Pb (>DL). The other two modes were more 

effective in the removal of most of the interferences except the interference 

caused by Cu (>QL). Interference by Cu on Au seems unlikely chance in all 3 

acquisition modes; it may be that the Cu is a contaminant in the Au solution. 

Gold is often a bi-product of some Cu mining activities. Both NH3(on-mass) and 

NH3(mass-shift) were preferred for measurement of 197Au. Also, a comparison of 

197Au analysed in He and NH3(on-mass) (197→197) modes in allotment soils are 

shown in Figure B.7. There were eleven samples observed which were above 
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the DL (0.004 ppb) when measured in He mode whereas, only four samples 

were above the DL (0.006 ppb) when measured in NH3(on-mass) mode. 

Table B.5: Summary of 197Au results measured using different modes of ICP-
QQQ 

Transition 

Gas mode 
197  Au 
  [ He ] 

197 -> 197  Au 
[ NH3 ] 

197->231  Au 
[ NH3 ] 

DL (ppb) 

DL (cps) 

Sensitivity(cps/ppb) 

BEC (ppt) 

Accuracy 

Precision 

Interference 

0.004 

   57 

78318 

  0.7 

 -10 

   5 

Cu, Hf, Pb?, 

Ta 

 0.006 

   269 

44335 

     2 

  -18 

     4 

 Cu, Pb?, Sr?,    

Ta? 

0.006 

  215 

39313 

     2 

   -26 

     9 

Cu, Pb? 

 

 

Figure B.7: Comparison of 197Au measured in allotment soils in He and NH3(on-

mass) mode. 

 

A few samples had Au concentrations above the detection limit even in the 
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the 5 ppb QC solution. This strongly suggests that the Au had not been 

properly washed out of the system at the 0.005 ppb (µg L-1) concentration 

level. It was therefore concluded that all the samples were probably below the 

detection threshold. 
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