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Abstract 

Resolving the source of environmental contamination is a critical first step in planning 

remediation and intervention strategies to adduce exposure prevention. However, a major 

challenge in established mining and smelting communities is that the sources of 

contamination and related potential health risks are often minimised by polluters and 

government agencies, often using unsupported scientific claims. A significant and long-

standing example of this vexed issue is the protracted dispute over contamination sources and 

causes of childhood blood Pb exposures in Broken Hill (New South Wales), Australia’s 

longest-operating Pb–Ag–Zn mining city.  

In order to unravel the sources, causes and impacts of contemporary Pb contamination in 

Broken Hill, this study applied a multiple lines of evidence approach using a combination of 

geochemical analyses and human health data. The methods applied included analysis of trace 

element concentrations in soil, dust, tailing dumps and weathered ores, their Pb isotopic and 

chemical compositions and the morphological characteristics of individual Pb-rich particles. 

The results demonstrated that Broken Hill contemporary dust Pb deposits were primarily 

sourced from current mining emissions as opposed to naturally weathered or legacy sources 

held in soil and dust around the city. Children living closest to the mining operations were 

found to be at an increased risk of Pb exposure due to higher dust Pb loading (mean 255 

μg/m2/day) and its high bioaccessibility (75% of total Pb). The effects of current mining 

emissions on the contemporary dust Pb loading were quantitatively estimated. The analysis 

showed that a 1% increase in distance away from the current mining operations was 

associated with -0.501% (95% CI: -0.728, -0.275) reduction in dust Pb loading, while a 1% 

increase in production intensity at the mine increased the expected amount of dust Pb 

loading by 1.487% (95% CI: 0.537, 2.437%).  

Consistent with the dust Pb decreasing with distance away from current active mining 

operations, contemporary blood Pb concentrations (2011–2015) also decreased with distance 

(i.e. 1% increase in distance was associated with a 0.173% reduction in blood Pb 

concentration). Soil Pb concentrations, which are a proxy for legacy contamination from 

atmospheric dust depositions across the city also showed a decreasing trend away from the 

mining operations. Consequently, analysis of the long-term relationship between 

environmental Pb and blood Pb (1991–2015) revealed that both soil and dust Pb were 

significantly correlated with blood Pb concentrations, complicating the specific attribution of 

these individual sources to blood Pb exposure. To quantify the relevant sources of Pb, two 
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‘natural experiments’ were examined to separate the specific role of dust and soil Pb on 

children’s blood Pb exposures: (a) the city’s northerly prevailing wind direction; (b) the 2009 

dust storm that blanketed Broken Hill soil with desert borne sands, rich in crustal elements Al, 

Si and Fe. The analyses showed that children living within the prevailing wind direction were 

at the greatest risk of elevated blood Pb compared to those living in a non-prevailing wind 

direction, even after adjusting for effects of residential soil Pb contamination. The role of 

current emissions on driving exposures was further corroborated by the fact that children’s 

blood Pb shifted systematically with mine Pb production volumes irrespective of remedial 

interventions. The second natural experiment, the 2009 dust storm, showed blood Pb 

concentrations still decreased with distance even though soil Pb-distance gradient was 

reduced after the dust storm. Generalised linear regression analysis of contemporary outdoor 

dust Pb deposits and blood Pb concentrations corroborated dust as being a significant driver 

of childhood Pb exposures.  

This thesis research confirms that soil Pb on its own cannot explain blood Pb distributions and 

that dust Pb depositions are a significant factor in driving contemporary exposures. This 

finding provides evidence-based support for the mitigation and remediation approaches that 

are likely to be the most effective in terms of reducing blood Pb exposures in children—these 

being a clear need to control current mining emissions in Broken Hill as has been identified in 

Australia’s other mining and smelting communities of Mount Isa and Port Pirie. The adverse 

consequences of not implementing evidence-based and targeted mitigation and remediation 

strategies on childhood development outcomes were also evaluated in the thesis. Early 

childhood development indices (i.e. developmental vulnerabilities—Australian Early 

Development Census data; school test scores—National Assessment Program Literacy and 

Numeracy) showed that children from the most contaminated areas in Broken Hill had lower 

educational performance and higher developmental vulnerabilities, even when normalised for 

socio-economic status. Similarly, poor scores were identified for Australia’s other Pb 

processing locations of Mount Isa (Queensland) and Port Pire (South Australia), indicating 

the urgent need to implement the highest standards to limit the impact of mining and smelting 

Pb emissions on adjoining communities. Finally, application of a multiple lines of evidence as 

used in this thesis research to establish more precisely the source(s) of exposure in mining and 

smelting communities could be applied to other locations. Such an approach would help to 

address unequivocally extant disputes over the sources, causes and impacts of environmental 

Pb contamination in order to better target remediation and prevention strategies. 
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Chapter 1: Introduction 

1.1  Environmental contamination in Australia 

With the development of the global economy, awareness of environmental contamination and 

human health exposure risk has increased among individuals, non-governmental 

organisations, industry and governments worldwide (Evans and Kantrowitz, 2002; Dunlap 

and Jorgenson, 2012). In recent times, there has been a greater focus on morbidity and 

mortality risks associated with global contamination, particularly in lower to middle-income 

countries (Landrigan et al., 2017). Given Australia’s relatively short post-European history, it 

might be expected that pollution would be less of a concern than in centuries-old European 

cities, as well developing countries with a poor understanding of environmental 

contamination severity (Tiller, 1992). However, the upsurge of worldwide environmental 

contamination since the industrial revolution has resulted in significant pollution in Australia 

(Tiller, 1992) which encompasses a diverse range of pollutants across the continent (Langley, 

2002). There are many examples of how environmental contamination has occurred in 

Australia, including the use of pollutants to control insects and weeds for a wide range of 

domestic, public health and agricultural purposes. Pesticides and herbicides have been used 

widely at levels which exceed the environment’s ability to absorb or recycle these 

contaminants, and have been detected in regions across Australia (e.g. Kookana et al., 1998; 

Kennedy et al., 2012; Weaver et al., 2012; Allinson et al., 2017). Polybrominated diphenyl 

ethers (PBDEs) are an important class of flame retardants that have been used widely in a 

variety of consumer products, resulting in contamination caused by their usage and 

manufacture, as well as the waste disposal of related consumer products containing PBDEs 

(e.g. Toms et al., 2009; Stasinska et al., 2013; McGrath et al., 2016, 2017; English et al., 

2017). In addition, contamination by polycyclic aromatic hydrocarbons (PAHs) has resulted 

from the combustion of organic materials, including the burning of fossil fuels, in Australia 

(e.g. McCready et al., 2000; Nguyen et al., 2014). Polycyclic aromatic hydrocarbons 

contamination is also associated commonly with fuel stations (NSW EPA, 2014), which 

comprise the bulk of notified sites on the NSW Environment Protection Authority’s list of 

contaminated sites. Emerging contaminants, including those listed on the Stockholm 

Convention (Stockholm Convention, 2017), are becoming an increasing area of concern for 

regulators, particularly given that the consequences of exposure are poorly understood, and 

therefore generate significant apprehension amongst impacted communities (ABC News, 

2017). One such group of compounds includes perfluorinated chemicals (organofluorine 

compounds containing only carbon-fluorine bonds). In particular, the compounds 

perfluorooctane sulfonate/perfluorooctanoic acid (PFOS/PFOA), which have been used 
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widely in a number of industrial functions and consumer products, including firefighting 

foams, since the middle of the 20th century (Taylor and Cosenza, 2016), have been shown to 

have grossly contaminated soils and groundwater at and around multiple military bases in 

Australia (Parliament of Australia, 2016; NSW EPA, 2017). 

There are estimated to be as many as 200,000 contaminated sites across Australia due to 

human activity (Langley, 2002), with a current market value of over $3 billion per annum 

(Naidu et al., 2015). While not all contaminated sites present a risk to human health and the 

environment, those that do, such as the perfluorinated chemical contaminated area of 

Williamtown, NSW, can have significant environmental, social and economic impacts 

(Taylor and Cosenza, 2016).  

Environmental contamination typically arises when either the environment is unable to 

absorb, process or recycle “waste” products, or, the waste products themselves are not 

regulated and managed appropriately, resulting in elevated levels of trace elements that pose a 

risk to human health (Dunlap and Jorgenson, 2012).  

Given that economic growth is largely dependent on the extraction and production of minerals 

and metals (International Resource Panel, 2011), proper management of ore production, and 

the manufacturing process of minerals and metals, is of paramount importance in order to 

limit adverse outcomes on people and the environment. Environmental contamination caused 

by mining and smelting activities have been reported widely (e.g. Salomons, 1995; Dudka 

and Adriano, 1997; Csavina et al., 2012; Li et al., 2014). Moreover, mining and smelting 

industries ranked second in the 2016 list of the most polluting industries (Pure Earth and 

Green Cross, 2016). A specific example is the use and re-use of Pb-acid batteries, battery 

production factories and related operations causing the release of Pb compounds into the 

environment in critical quantities (e.g. Chen et al., 2012; Ericson et al. 2016, 2017).  

1.2 Mining in Australia 

Australia is one of the world’s leading nations in terms of mineral resources, with operational 

mines distributed across the country (Supplementary Document S1; Australian Government, 

2017a). The metalliferous mining history of Australia dates back to the 1840s, when lead (Pb) 

and silver (Ag) were discovered in Glen Osmond, South Australia (Drew, 2011). The 

minerals resource industry continues to play an important role in the economy, contributing 

approximately 6.9% to the gross domestic product (AUD$115 billion) in 2015–2016 
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(Australian Government, 2017b) with approximately 60% of mining resources exported 

overseas (Frydenberg, 2015). There are over 1300 mining companies in Australia employing 

around 2% of the total workforce (estimated 220,000 people) (Garnet, 2015).  

1.3  Environmental contamination issues specific to mining and smelting communities in 

Australia 

Mining and smelting operations generate a range of contaminants from multiple sources and 

activities, which impact the environment and pose risks to human health. For example, 

widespread asbestos contamination was found in the blue asbestos mining and milling 

township of Wittenoom, Australia (Reid et al., 2008). Elevated sulfur dioxide and PAHs 

concentrations are also observed in communities with smelting activities, due to the 

combustion of fossil fuels (Taylor et al., 2014a; Harvey et al., 2017). In addition, the 

transportation and storage of mineral resources (e.g. refined and unrefined metal ores and coal) 

have been shown to contaminate nearby townships and areas (e.g. Gulson et al., 2012; 

Kristensen et al., 2015; Taylor, 2015; O’Kane, 2016). Heavy metals and metalloids (hereafter 

referred to as metals) contamination has been widely reported in Australian mining and 

smelting centres and their surrounding environments, including Broken Hill (Gulson et al., 

1994a,b; Taylor et al., 2014b; Yang and Cattle, 2015); Karumba (Gulson et al., 2016); Lake 

Macquarie (Morrison and Gulson, 2007; Harvey et al., 2015; Morrison et al., 2016); 

McArthur River (Munksgaard and Parry, 1998); Mount Isa (Parry, 2000; Taylor et al., 2010); 

Newcastle (Harvey et al., 2017); Port Pirie (Cartwright et al., 1976; Taylor et al., 2013); 

Risdon smelter and Rosebery in Tasmania (Gulson et al., 1996; Priestly, 2009); and 

Wollongong (Young et al., 1992; Martley et al., 2004). 

In order to prevent exposure pathways of heavy metal contamination, resolving contamination 

sources is a critical first step. Multiple studies have examined the source and impact of 

environmental contamination in Australian mining and smelting communities (e.g., Gulson et 

al., 1994b; Mackay et al., 2013; Csavina et al., 2014; Davis et al., 2016), yet ongoing disputes 

remain over contamination sources and subsequent health risks in adjacent communities 

(Taylor and Schniering, 2010; Taylor et al., 2014a; Sullivan, 2014; Spear et al., 2015). For 

instance, in Port Pirie, where the world’s largest Pb smelter was established, the local 

government understood there were legacy issues of contamination at the smelting plant of 

Nyrstar, and had been working with all parties for many years to come to a solution. Even the 

town’s Independent state MP, Geoff Brock announced that Port Pirie was not a contaminated 

town:  
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“I think it is unwarranted, quite frankly,” he said. “We have got that stigma of, I call it a 

polluted city, and we are not a polluted city. It is an inherited issue through the lead smelter 

over many, many years.” (Taylor, 2012).  

At Mount Isa (one Australia’s largest zinc (Zn) and Pb mining operations), Mount Isa Mines 

Ltd faced similar disputes over local environmental contamination issues (Taylor and 

Schniering, 2010). A Pb pathways study report commissioned by Mount Isa Mines Ltd 

(Noller et al., 2017) released in February 2017 stimulated another round of discussion over 

sources of atmospheric particles (Taylor et al., 2017). In addition, smelting emissions from 

the Kalgoorlie Consolidated Gold Mines, in Western Australia, were summarily dismissed 

using the arguments that the arsenic (As) emission breaches did not pose a threat to health 

because the As in the ore was low compared to other ore bodies, and also that the wind 

direction blows emissions away from the city (ABC News, 2003). In other examples overseas, 

the owners of the copper (Cu) and Pb smelter in Tacoma, Washington, USA, have stated that 

their smelter emissions are so dispersed they could not be found in the surrounding 

environment, and therefore would not affect human or environmental health (Sullivan, 2014). 

The dismissal of the importance or the influence of mining, smelting or industrial chemical 

emissions on surrounding communities could be categorised into three groups, which include 

the use of questionable scientific claims and disputing contamination sources (Sullivan and 

Green, 2016; Spear et al., 2015). The typical disputed scientific claims are as follows: 

• Contamination is naturally occurring or from other sources (e.g. legacy emissions,

paints or fossil fuels) rather than mining and smelting activities

• Toxic metal compounds are not bio-accessible

• Emissions from mining and smelting are blown away.

In order to effect proper and targeted clean up, any such claims need to be examined and 

evaluated using evidence-based science to undertake successful remediation programs.  

1.4  Impacts of heavy metal contamination 

Environmental metals such as As, cadmium (Cd) and Pb are neurotoxic, even at low levels of 

exposure (Vahidnia et al., 2007; Bellinger, 2008; Wang and Du, 2013; Mason et al., 2014; 

Tsuji et al., 2015). Childhood exposure pathways to these toxic metals include the ingestion 

and inhalation of water, food, air, soil and dust (Figure 1-1; Tong et al., 2000; Kapaj et al., 

2006; Schoeters et al., 2006; Rodríguez-Barranco et al., 2013). In mining and smelting 
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communities, soil and dust have been shown to be important exposure pathways for 

children’s health, especially for elevated childhood blood Pb cases (Gulson et al., 1994a; 

Mackay et al., 2013; Barbieri et al., 2014; Li et al., 2014). The dose-response relationship 

between environmental Pb (in soil and dust) and blood Pb concentrations has been observed 

widely outside Australia (e.g. Lanphear et al., 1998; Dixon et al., 2009; Mielke et al., 2007; 

Zahran et al., 2011; Bradham et al., 2017; Safruk et al., 2017). In contrast to overseas research 

enquiries, there has been a paucity of research in Australia examining the dose-response 

relationship between environmental Pb and blood Pb, and the available studies have been 

limited by small cohorts (Wilson et al., 1986; Baghurst et al., 1992; Fett et al., 1992; Young et 

al., 1992; Gulson et al., 2006; Boreland et al., 2006; Gulson and Taylor, 2017).  

Figure 1-1. The primary exposure pathways of Pb (and other metals) from the environment to 

the human child receptor (Mackay, 2011). 

The deleterious effects of As, Cd and Pb on children’s neurological systems, behavioural and 

cognitive abilities have been well-documented, especially in terms of the impact of Pb on the 

brain (Calderón et al., 2001; Lanphear et al., 2005; Wright et al., 2006; O’Bryant et al., 2011; 

Ciesielski et al., 2013; Huang et al., 2016). Yet, in Australia, the relevant studies have focused 

largely on a cohort of children in Port Pirie, South Australia (McMichael et al., 1988; 

Baghurst et al., 1992; Tong et al., 1996; Burns et al., 1999; Earl et al., 2016), and were mostly 

completed in the 1990s, with the wider applicability of the findings remaining untested. As 

such, there is a need to improve the extensiveness of Australian research in these areas, and 

further assess the impacts of environmental contamination on children’s health. Specifically, 

an opportunity exists to evaluate the dose-response relationship between soil and dust Pb 



6 

concentrations against blood Pb concentrations at the city scale, and determine the impacts of 

soil and dust contamination on children’s educational and behavioural performance in other 

Australian mining and smelting communities. 

1.5  Introduction to heavy metal contamination issues in Broken Hill 

Broken Hill contains one of the world’s largest Ag (silver)–Pb–Zn deposits and has been 

mined continuously since the discovery of ore in 1883 (Solomon, 1988). In 1893, the first 

blood Pb poisoning cases in Broken Hill were documented by Thompson et al. (1893). In the 

early 1990s, a systematic soil, dust and blood Pb screening program was established to 

monitor children’s blood Pb concentrations (Lyle et al., 2006). From 1991 to present, there 

have been over 25,000 blood samples and 10,000 soil and dust samples tested in Broken Hill, 

making this the largest dataset of this type in Australia. Yet, despite the collection and 

analysis of thousands of environmental and blood Pb samples, these have never been 

examined as a whole. Such a dataset provides the opportunity to estimate the dose-response 

relationship between soil and dust Pb concentrations and blood Pb concentrations at the city 

scale, as well as an investigation of the role of environmental factors (e.g. wind direction and 

speed) and an assessment of the impacts of soil and dust Pb contamination on children’s 

educational and behavioral performance in Broken Hill.  

In Broken Hill up to 28 smelters were operating between 1886 and 1897, yet by 1897 all of 

the smelting operations had moved to Port Pirie (Woodward, 1965; Solomon, 1988). The 

mining and early smelting activities at Broken Hill have left behind a legacy of widespread Pb 

contamination in the adjoining residential community. From 1886 to 1897, it is estimated that 

at least 11,000−18,400 tonnes of lead were emitted by smelting activities (van Alphen, 1991). 

Furthermore, its estimated that over 200 million tonnes of ore have been extracted from 

Broken Hill since mining began (Morland and Webster, 1998; Perilya Limited, 2015), most of 

which occurred before proper environmental controls were implemented from the 1990s 

onwards. The consequences of occupational and community Pb poisoning were reported as 

early as 1893 (Thompson et al., 1893).  

In the early 1990s, the Broken Hill City Council undertook a citywide survey of footpath soil 

contamination (Lyle et al., 2006). The Australian National Environment Protection Measure’s 

guideline for Pb in soil at parks, playgrounds, secondary schools and footpaths (defined as 

Health Investigation Level C) is 600 mg/kg (NEPM, 2013). In the early 1990s survey, 37% of 

samples exceeded the soil Pb guideline of 600 mg/kg at Broken Hill (Supplementary Table 
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S2). This study (Figure 1-2) showed that the area adjacent to the mining operations was the 

most Pb-contaminated area, which is also confirmed by Yang and Cattle’s (2015) study. Yang 

and Cattle (2015) investigated soil Pb bioaccessibility in Broken Hill and found the 

bioaccessibility ranged from 24% to 89% in topsoil, which is consistent with previous 

findings by Gulson et al. (1994b). Moreover, Yang and Cattle (2015) revealed an overall 

decreasing pattern of soil Pb bioaccessibility with increasing distance from the mining 

operations. Kristensen et al. (2015) demonstrated that transport of Pb and Zn ore concentrates 

using uncovered wagons significantly extended the environmental footprint of the local 

mining operations over an area extending hundreds of kilometres along the train lines that 

linked Broken Hill to Port Pirie. In order to reduce the exposure risk of soil contamination in 

Broken Hill, cracker dust, a material made from crushed volcanic rocks with low lead 

concentrations, was intensively applied to cap contaminated soil between 2005 and 2006, and 

proved to be an effective remediation strategy (Yang and Cattle, 2017). Before this, cracker 

dust had been widely used as a backfill material for kerbs and gutters installed since the 1940s 

(Yang and Cattle, 2017). 

Figure 1-2. Soil Pb distribution in Broken Hill from the 1990 citywide survey of footpath soil 

contamination (Data from Supplementary Table S2). 

More recently, a study of Pb in the playgrounds of Broken Hill revealed high levels of dust Pb 

loading, with a mean value of 27,500 μg/m2 recorded close to existing southern mining 

operations (Taylor et al., 2014b). In addition, elevated dust As and Cd concentrations were 
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also observed at the same sites (Taylor et al., 2014b). The dust found on the playground 

equipment had Pb isotopic compositions that indicated their source was indeed the Broken 

Hill ore body (Taylor et al., 2014b). In addition to the two aforementioned dust monitoring 

studies, the two mining companies of Broken Hill are also required to collect dust samples 

around the Line of Lode in accordance to their Environment Protection Licenses (Perilya 

Limited, 2016; CBH Resources Limited, 2016). The results of their recent analyses showed 

that monitored sites close to mining operations had elevated dust Pb loading rates with a mean 

value of 378 μg/m2/day (Dong et al., 2015). Though there are no Australian guidelines for 

dust Pb deposition, the Queensland state government has set a dust Pb guideline of 100 

μg/m2/day as a trigger for environmental monitoring of Mount Isa Mines (Taylor et al., 

2014a). This is the same guideline value as listed in the German TA Luft (TA Luft, 2002), 

which has been used elsewhere as a benchmark value for assessing Pb deposition (Taylor, 

2015). Recently, the benchmark of 100 μg/m2/day was further demonstrated by Gulson and 

Taylor (2017). Moreover, the World Health Organisation indicated that Pb dust deposition 

>250 μg/m2/day leads to increased blood Pb levels (WHO, 2000). This implies that dust Pb

loading rates at sites close to mining operations in Australia exceed all acceptable values 

1.6  Disputes over sources of contamination in Broken Hill 

In the 1990s, a series of studies examining sources and pathways of environmental Pb were 

conducted in Broken Hill (Woodward-Clyde, 1993; Gulson et al., 1994a,b; Boreland et al., 

2002), with the findings having recently been confirmed by additional studies (Kristensen and 

Taylor, 2016; Davis et al., 2016). However, there continues to remain ongoing dispute over 

the primary source of environmental Pb, as discussed in Section 1.3. 

Initially, it was estimated that approximately 40-60 million tonnes of the Broken Hill ore 

body were lost due to weathering and erosion since its formation (~1.7 billion years ago) 

(Plimer, 1984; Gulson et al., 1994b). However, after detailed examination of the ore lenses, 

Webster (2006) re-estimated this loss to be less than 4.7 million tonnes. Additionally, an 

estimated 11,000−18,400 tonnes of Pb were emitted by smelting activities from 1886 to 1897 

(van Alphen, 1991). Consequently, it has been argued that contamination in the region arose 

via the distribution of the naturally eroded ore and legacy emissions from historic smelting 

and mining activities that were distributed over the city area of Broken Hill (Kristensen and 

Taylor 2016). Furthermore, an estimated 240,000 tonnes of Pb was released from leaded 

petrol into the atmosphere during the 70-year period (1932-2002) of leaded petrol 

consumption in Australia (Kristensen, 2015), some of which impacted Broken Hill. 
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Consequently, legacy leaded petrol depositions remain one of main sources of metal 

contamination in Australian urban areas (Kristensen et al., 2017). In Broken Hill, leaded 

petrol was considered to be a significant contributor to environmental Pb in previous studies 

during the era of leaded petrol use (the early 1990s) (Gulson et al., 1994b). Therefore, the 

prevailing perspective at the time was that current mining operations were not a dominant 

source of Pb contamination when compared to other emissions. This view was also reflected 

in a 1993 report to the NSW Environment Protection Authority (EPA): ‘This brief 

comparative review shows that Broken Hill has few similarities with other mining and even 

smelting communities. In fact, it appears closer to urban communities where intensive traffic 

movements and/or paint have been identified as prime sources of lead’ (Woodward-Clyde Pty 

Ltd, 1993, p. 5-3).  

The misconception about the source of Broken Hill environmental Pb exposure was re-

circulated again in 2015 by Dr Rob Stokes, the NSW Minister for Environment (at the time) 

who said: ‘Natural deposition and lead mining have left a legacy of widespread lead 

contamination throughout Broken Hill and this has had a direct impact on the health of 

children in Broken Hill’ (Humphries, 2015).  

In Broken Hill, the NSW Government announced in early 2015 that AUD$13 million was to 

be allocated to ‘rejuvenate the Broken Hill Environment Lead program to address the issue of 

blood lead levels in local children’. Therefore, in order to undertake targeted and effective 

remediation to reduce childhood Pb levels, the precise sources (natural or anthropogenic; 

legacy or contemporary) and mechanisms of Pb contamination need to be resolved, 

unequivocally. However, research addressing this question is relatively scarce. Recently, 

Kristensen and Taylor (2016) applied multiple lines of evidence to assess soil contamination 

sources by evaluating current soil metal concentrations and Pb isotopic compositions, 

geological data, historical environmental assessments and old photographic evidence. The 

results revealed that surface soil contamination is predominantly derived from the ore body 

but that it is not likely to be related to natural weathering processes. However, there is still a 

paucity of research examining sources of contemporary dust Pb and their impact on human 

health. Furthermore, the recent study of dust contamination sources by Davis et al. (2016) is 

mainly based on Broken Hill dust deposits collected in the 1990s. In addition to the lack of 

clarity regarding Pb contamination sources (i.e. legacy depositions, ongoing emissions, paint 

and leaded petrol etc), the complexity of physico-chemical factors influencing Pb exposure 

risks to Broken Hill children remain poorly characterised. Relevant physico-chemical factors 
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influencing Pb uptake include Pb mineralogy, its solubility, the particle size of Pb-rich 

particles, as well as human-factors including personal behaviour and diet (e.g. NTP, 2012; 

NHMRC, 2015). As the Broken Hill Environmental Lead Program (BHELP) moves forward 

with its aim of having all children below the NHMRC upper acceptable blood Pb level of 5 

µg/dL, it may be prudent to distil these additional exposure risk factors to better support 

targeted interventions with appropriate evidence-based data. However, if the program was to 

blanket remove and/or reduce Pb in the ambient environment and within residential homes to 

very low levels, i.e. those that mirror uncontaminated environments, then the exposure risk 

would be mitigated without the need to understand physico-chemical or human-related factors 

and their interplay on blood lead levels.  

1.7  Blood Pb levels in Broken Hill 

Occupational and community Pb poisoning in Broken Hill was first reported as early as 1893 

(Thompson et al., 1893). The first blood Pb survey of school-aged children in Broken Hill 

was conducted in 1982, which found that the all the children had blood Pb concentrations < 

40 ug/dL, the benchmark level of concern in Australia at the time. Nevertheless, in 1991, a 

systematic investigation of childhood blood Pb levels was conducted which found 86% of 

children had blood Pb levels ≥10 µg/dL (the upper acceptable blood Pb value from 1993 to 

2015) (Lyle et al., 2006). In 1994, the NSW state government commenced the remediation of 

homes where children with high blood Pb levels (>15 μg/dL) lived (Lyle et al., 2006). Since 

this remediation, there has been an overall reduction in children’s blood Pb concentrations 

(Figure 1-3, Lesjak and Jones, 2016). However, in recent years the proportion of children 

with a blood Pb level > 10 µg/dL increased from 12.6% (2010) to 24% (2015) and has 

remained at approximately 20-24% after 2012 (Figure 1-3; Lesjak and Jones, 2016). In 2015, 

Australia’s National Health and Medical Research Council (NHMRC) lowered the blood Pb 

intervention concentration to 5 µg/dL, meaning 47% of all children and 79% aboriginal 

children less than 5 years of age had a blood Pb concentration greater than the new 

intervention guideline (Lesjak and Jones, 2016).  
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Figure 1-3. Blood Pb levels of children aged 1-4 years and percentage of children with blood 

Pb levels exceeding 10 µg/dL in Broken Hill, 1991-2015. Grey solid dots: Geometric mean 

blood Pb; Bar chart: percentage of children with blood Pb >10 µg/dL. 

The Pb isotopic compositions of children’s blood indicated that blood Pb cases were due to 

exposure from Broken Hill ores along with other sources, such as Pb-based paint and leaded 

petrol (Gulson et al., 1994b). However, it despite this analysis, it was still unclear if blood Pb 

cases were due to legacy mining and smelting emissions or contemporary mining activities 

through the generation of contaminated dust. Furthermore, while the dose-response 

relationship between environmental Pb and blood Pb has previously been estimated, the study 

only used a small cohort of data (Boreland et al., 2006). Therefore, an opportunity existed to 

evaluate the role of environmental contamination on contemporary childhood blood Pb 

concentrations. To evaluate this, children’s blood Pb levels, as well as environmental soil and 

dust lead data collected at Broken Hill over the last two decades by the local Child & Family 

Health Centre, were analysed.  

1.8  Aims 

This thesis aims to examine environmental data (e.g. soil and dust Pb) and blood Pb from 

Broken Hill, and apply a developed integrated analysis to understand contamination sources 

and the drivers of blood Pb exposure. Furthermore, the data in this thesis enables a more 

detailed assessment of the question/debate over Pb sources. This thesis accessed over 20 years 

of soil and dust Pb data, blood Pb data and production rates of Broken Hill ore to estimate the 

dose-response relationship between mining activities, environmental Pb and blood Pb. The 

details of the dataset used in this research are provided in the following chapters. Section 1.4 
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has shown that previous studies in Australia looking at the deleterious effects of blood Pb and 

environmental Pb on children’s behavioural and cognitive abilities have focused largely on a 

cohort of Port Pirie children. Thus, this thesis presents the first comprehensive examination of 

environmental contamination and its sources, processes and effects on children’s educational 

and behavioural performance in Broken Hill. The outcomes of this thesis provide evidence-

based data to support decision making by the BHELP, which was launched by the NSW 

government in 2015 to address the issue of elevated blood Pb levels in local children.  

The summary aims of this thesis are as to: 

a. assess contemporary soil and dust contamination in Broken Hill

b. identify legacy sources and new emissions using geochemical signatures of atmospheric

dust 

c. quantify the extent and impact of mining-related activities on soil and dust

contamination 

d. determine relationships between environmental Pb and blood Pb and evaluate impacts of

other factors on blood Pb 

e. evaluate the impacts of mining activities on children’s blood Pb

f. evaluate the effects of environmental contamination on children educational performance

and behavioural activities 

g. provide scientific evidence to aid the BHELP to improve and target remediation works

h. recommend possible management interventions based on research outcomes to reduce

the negative impacts of metal contamination. 

In addition, the thesis also examines other sources and locations impacted by 

environmental contamination from industrial activity. These locations include the 

Australian mining and smelting communities of Newcastle, Port Pirie and Mount Isa. The 

relevant outcomes identify the severity of soil/dust contamination in the studied 

communities and provide possible approaches for other mining and smelting communities 

to resolve soil/dust contamination issues. 
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Chapter 2: Study area 

Chapter One introduced environmental contamination issues related to Australian industrial 

activity, with a particular focus on mining and smelting communities and the paucity of 

research examining its activities on Australian childhood health (i.e. children’s blood Pb 

concentrations, educational and behavioural performance). To help address this gap, 

Australia’s longest-operating Pb–Ag–Zn mining city, Broken Hill, was selected as the 

primary study area for this thesis. This chapter introduces the mineral composition of the 

Broken Hill orebody, as well as its mining and smelting history and climate information, 

which likely contributes significantly to contamination of the surrounding landscape by way 

of aeolian transportation and deposition of trace elements, specifically metal(loid)s. The 

approaches to sampling and analysis are summarised in Section 2.2 of this thesis, and are 

provided in detail within Chapters Three, Four, Five and Six. 

2.1 Study area 

Broken Hill is located in far-west NSW, approximately 1100 km from Sydney (NSW), 750 

km from Melbourne (Victoria), and 400 km from Adelaide (South Australia) (Figure 2-1). 

The population of Broken Hill is 18,856 (ABS, 2017), of which approximately 7.5% are 

Aboriginal and Torres Strait Islanders (ABS, 2017). The climate at Broken Hill is 

characterised by hot and windy desert-type weather systems, with a mean annual precipitation 

of 260 mm (Bureau of Metrology, 2016a). The prevailing wind direction in the summer 

months (December to February) is from south to north, with the reverse occurring during the 

winter months (June to August) (Figure 2-2). Overall, the annual prevailing wind direction is 

southerly (Figure 2-2).  

Figure 2-1. Location of Broken Hill and train lines into and out of Broken Hill. The train line 

map is based on Figure 1 of Kristensen et al. (2015).  





Following the completion of the train lines connecting Broken Hill to Port Pirie (Figure 2-1), 

the first transfer of ores for smelting operations occurred in 1889. By 1897 all smelting 

activities had been transferred to Port Pirie (Solomon, 1988; Woodward, 1965). 

Figure 2-4. Smelting activities in Broken Hill from 1886 to 1897 (Blainey, 1968). 

The first ore mined and smelted (from 1886 until 1897) at Broken Hill was a Ag-rich Pb 

carbonate (PbCO3) derived from the oxidised surface of the ore body, which was smelted in 

Broken Hill (Blainey, 1968). As mining went deeper, unweathered sulphide-rich ore minerals 

including galena (PbS) were found (Blainey, 1968). Common minerals found in the ores 

currently being extracted at Broken Hill are shown in Table 2-1.  

Table 2-1. The contemporary common Broken Hill minerals (Morrison, 2008). 

Mineral Chemical Composition 

Galena PbS 

Sphalerite (Zn, Fe)S 

Pyrite FeS2 

Pyrrhotite Fe0 83-1S 

Arsenopyrite FeAsS 

Tetrahedrite (Cu, Fe, Ag, Zn)12Sb4S13 

Chalcopyrite CuFeS2 

Since its discovery, the Broken Hill orebody has produced over 250 million tonnes of high 

grade ore, originally containing 28 Mt Pb, 24 Mt Zn and 1 billion oz Ag, with an estimated 

total revenue of AUD$144 billion (calculated by average price of Zn (US$2150/t), Pb 

(US$2340/t) and Ag (US$38/oz)) (Hamedani et al., 2012). The wealth generated from the 
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Broken Hill orebody stimulated the industrialisation of mining in Australia and the formation 

of two of the world’s largest mining companies: BHP Billiton and Rio Tinto (Blainey, 1968). 

Currently, mining in Broken Hill generates approximately AUD$400 million a year, which 

accounted for almost half of the city’s gross regional product in 2012 (TravelIn, 2015). 

Currently, there are two active mining companies operating in Broken Hill: Perilya Limited 

and CBH Resources Limited (hereafter referred to as CBH) (Figure 2-3). After more than 130 

years of mining, all extractive operations are now carried out underground with the ore 

brought to the surface for processing and concentrating. In addition, the processing and 

concentrating of ores by CBH Resources Limited is conducted under a negative pressure 

environment to reduce dust emissions (Wilson, 2010). The impact of these current operations 

is indicated by estimated emissions published in the National Pollutant Inventory (Dong and 

Taylor, 2017). Emissions to the atmosphere of As, Cd and Pb between 2015 and 2016 from 

Perilya Limited were 925 kg, 250 kg and 28,473 kg respectively, ranking it 18th, 8th and 4th in 

Australian emission levels (Table 2-2). By contrast, CBH estimated it emitted only 95 kg of 

atmospheric Pb during the 2015-2016 period (NPI, 2017c). Previous studies have shown that 

Perilya Limited has been emitting significant amounts of toxic metal(loid)s, particularly Pb, 

into the atmospheric environment from 2002 to the present (Dong and Taylor, 2017). 

Atmospheric Pb emissions from Perilya’s operations during the 2002–2014 period are 

estimated to be in the range of 137 tonnes (Dong and Taylor, 2017). Perilya Limited has listed 

two operations in Broken Hill – its northern and southern operations (Figure 2-3). The 

northern mining operations were closed by previous owner Pasminco Limited in February 

1993. The southern mining operations are currently the only active site, though recently 

Perilya has indicated it intends to reopen its northern mining operations (ABC News, 2016). 

Hence the emissions from the southern mining operations form the focus of the contemporary 

environmental contamination study in Broken Hill.  

Table 2-2. Atmospheric emissions estimates from Perilya (Broken Hill), Nyrstar (Port Pirie) 

and Mount Isa Mines (Mount Isa) (2015-2016) (NPI, 2017a, b and c). National emission 

rankings are shown in brackets (with the first being the highest emitter). 

Location As (kg) Cd (kg) Pb (kg) 

Perilya (Broken Hill) 925 (19th) 250 (7th) 28,473 (3rd) 

Nyrstar (Port Pirie) 1,057 (10th) 1168 (2nd) 46,788 (1st) 

Mount Isa Mines (Mount Isa) 13,314 (1st) 1837 (1st) 17,675 (6th) 
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2.2 Materials and methods 

The aims of this thesis (see Chapter One) can be categorized into two parts: 1) evaluating 

contemporary environmental contamination in Broken Hill and identifying legacy sources and 

new emissions; 2) determining influences of mining activities on children’s health (i.e. blood 

Pb concentrations, educational and behavioural performance). To achieve these aims, multiple 

approaches, materials and methods were used to evaluate the available data and are detailed in 

Chapters Three, Four, Five and Six. In order to provide a summary of the approaches used, 

the relevant information is described briefly below. 

In Chapter Three, twelve months of exterior dust Pb deposition samples (2014–2015) were 

collected from six sampling sites across the residential area of Broken Hill. Remnant gossan 

(weathered Broken Hill ore) and tailing dump samples, as potential sources of dust metal 

contamination, were also collected for analysis. Chapter Three evaluates the contemporary 

dust Pb deposition loading rates, and identifies its sources by examining dust, gossan and 

tailing dump samples for their total and bioaccessible metal concentrations, morphological 

characteristics of Pb particles and Pb isotopic compositions. Data relating to individuals’ 

blood Pb concentrations, as well as Pb concentrations measured in different environmental 

media including soil, indoor petri-dish dust and ceiling dust (hereafter referred as Broken Hill 

dataset) is examined in Chapters Four and Five. The Broken Hill dataset is derived from NSW 

Health’s systematic blood Pb investigation program that commenced in 1991, which contains 

in excess of 24,000 blood Pb data, as well as 10,000 soil and dust Pb data, covering the period 

of 1991 to 2015. Access to the Broken Hill dataset was facilitated by the Broken Hill Child 

and Family Health Centre (NSW Health) and approved by the Human Research Ethics 

Committee of NSW Health and Macquarie University (Project No. LNR/14/GWAHS/112; 

5201500832).  

In Chapter Four, the whole Broken Hill dataset between 1991 and 2015 was analysed to 

evaluate the long-term relationship between a range of environmental Pb sources (i.e. soil, 

indoor petri-dish dust and ceiling dust) and blood Pb concentrations. Covariate relationships 

associated with children’s blood Pb (i.e. age, sex, ethnicity, socio-economic status and age of 

house) are also estimated. Environmental Pb is composed of atmospheric emissions and 

depositions from ongoing mining activities and also from legacy Pb held in soils, which is 

subject to recycling in the environment.   
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Chapter Five identifies and evaluates the impacts of contemporary mining activities on 

children’s blood Pb concentrations and dust Pb loading rates using the linear regression model. 

Therefore, this chapter focuses on the latest available blood Pb data from Broken Hill over a 

five year period (2011–2015) along with dust Pb data from the Broken Hill mining company 

Perilya Limited, which is the highest emitter of Pb in Broken Hill. In order to evaluate the 

impacts of current mining activities accurately, the related parameters influencing childhood 

blood Pb concentrations identified in Chapter Four were also included in the data modelling.  

In Chapter Six, the potential impacts from metal exposure on early childhood developmental 

and educational performance were examined using data obtained from the Australian Early 

Development Census (AEDC) and the National Assessment Program–Literacy and Numeracy 

(NAPLAN). Educational and behavioural measures were assessed against soil and 

indoor/exterior dust metals (including Pb, As, Cd) to ascertain whether any relationships 

existed between the variables. Developmental and educational performance data were 

normalised according to socio-economic status to evaluate the impacts of environmental 

metal (including Pb, As and Cd) contamination. 

The Appendix section of the thesis contains supplementary data sets for the five studies 

included in the main body of the thesis along with another co-authored paper (Paper Six) 

published in Environmental Pollution. This study evaluates the use of in situ portable X-ray 

Fluorescence (pXRF) for the assessment of metal-contaminated sites compared to the more 

traditional approach of ex situ analysis via ICP-MS or an equivalent analytical method (e.g. 

ICP-OES). In addition, the Appendix contains two co-authored online articles published in 

The Conversation, which discuss contemporary contamination and human risks in Broken 

Hill and Mount Isa from lead mining and smelting operations.  
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Chapter 3: Applying geochemical signatures and SEM methods to 

identify contamination sources of mining and smelting 

communities 

Chapter Three presents the following two papers: 

• Paper One: Applying geochemical signatures of atmospheric dust to distinguish current

mine emissions from legacy sources. Dong, C., Taylor, M. P., 2017. Atmospheric

Environment 161, 82-89.

• Paper Two: Geochemical sources, forms and phases of soil contamination in an industrial

city. Harvey, P. J., Rouillon, M., Dong, C., Ettler, V., Handley, H. K., Taylor, M. P.,

Tyson, E., Tennant, P., Telfer, V., Trinh, R., 2017. Science of the Total Environment 584-

585, 505-514.

As discussed in Section 1.4 of Chapter One, while the sources of environmental Pb 

contamination in Broken Hill have been previously examined, the specific source of the 

contamination (natural, legacy and contemporary) and their risk to human health is poorly 

understood. The knowledge gap regarding specific emission sources pertains not only to 

Broken Hill but also involves debate about contamination in several Australian and 

international locations (Taylor et al., 2014; NASEM, 2017; Noller et al., 2017). Polluters and 

government agencies have made several statements in regard to the source of contamination in 

Pb mining and smelting communities, such as: ‘the contamination is naturally occurring’ 

(Humphries, 2015); ‘there are other sources of contamination rather than smelting and mining 

activities’; or that ‘Toxic metal(oid)s compounds are not bioaccessible.’ (Kristensen and 

Taylor, 2016). 

Despite the long history of research at Broken Hill, research examining contemporary dust 

deposits in Broken Hill is more limited (Taylor et al., 2014), which restricts evidence based 

decision–making to assist in targeted remediation and clean up in the city. Paper One of 

Chapter Three examines contemporary dust Pb loading (μg/m2/day), its bioaccessibility and 

potential sources of dust Pb particles using multiple lines of geochemical and SEM evidence. 

The multiple lines of evidence demonstrate that contemporary dust Pb contamination in Broken 

Hill is sourced primarily from current mining activities and not from weathering or legacy 

emissions. 
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Paper Two of Chapter Three investigated soil contamination and its likely sources in the 

industrial city of Newcastle (NSW). This study revealed that soils in household yards and public 

areas presented a significant hazard for exposure not only to Pb but also As and polycyclic 

aromatic hydrocarbons. Collectively, the studies in Chapter Three demonstrate that the methods 

and approaches have potential for their wider application given that similar contamination 

issues are present in many global industrial cities (NASEM, 2017).  
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roduction

minerals industry contributes 8.7% to the Australian gross
tic product, placing the nation as one of world's leading
ce nations (Australian Bureau of Statistics, 2000; Australian
ment, 2015). Despite the benefits of resource extraction

se, its adverse impacts remain a significant ongoing global
n (Thornton,1996; Tong et al., 2000; Ericson et al., 2016; Pure
and Green Cross, 2016). While the consequences of toxic
exposure is well understood (Lanphear, 2015), the sources
nsen and Taylor, 2016) and the subsequent health risks from
ocessing and emissions on adjoining communities tend to be
ized by polluters and government agencies (e.g. Taylor and
ring, 2010; Taylor et al., 2014a, Taylor, 2015; Sullivan and
, 2016). Strategies used to downplay the link between
ination and mineral extraction and processing industries

e using questionable scientific claims and disputing
ination sources (Sullivan, 2014; Spear et al., 2015).
ken Hill, in far west New South Wales (NSW), contains the
s largest silver lead zinc (Ag Pb Zn) mineral deposit
on, 1988). The ore deposit was discovered in 1883 and has
been mined uninterrupted (Kristensen and Taylor, 2016).
ng of ore was conducted from 1886 until 1897 until it was
ted to Port Pirie due to a lack of local fuel sources for smelting
ward, 1965; Solomon, 1988). The ore processing operations
eft behind a legacy of widespread Pb contamination in the
ing residential community, with occupational and commu
poisoning being reported as early as 1893 (Thompson et al.,
Systematic investigation of childhood blood Pb levels

enced in 1991 at which time 86% of children had blood Pb
�10 mg/dL (the upper acceptable blood Pb value until 2015)
t al., 2006).
eries of studies about sources and pathways of environ
l Pb were conducted in the 1990s (e.g. Woodward Clyde Pty
93; Gulson et al., 1994a,b; Boreland et al., 2002). A prevailing
ctive at the time was that current mining operations were
ominant source of contamination compared to other emis
Woodward Clyde Pty Ltd, 1993, p. 5 3). Nevertheless, stable
topic composition analysis indicated childhood blood Pb in
Hill was predominantly derived from the local ore body

n et al., 1994a). Further, hand to mouth activity was subse
y shown to be an important exposure pathway for childhood
xposure (Gulson et al., 1994b, 2004).
994, the NSW State Government undertook the remediation
es of children with high blood Pb levels (>15 mg/dL) (Lyle
2006). Since this time there has been an overall reduction
ldren's blood Pb concentrations (Lesjak and Jones, 2015).
er, in recent years the proportion of childrenwith a blood Pb
10 mg/dL increased from 12.6% (2010) to 21% (2012) and
ed at ~20% after 2012 (Lesjak and Jones, 2015). In 2015,
lia's National Health and Medical Research Council (NHMRC)
d the blood Pb intervention concentration to 5 mg/dL,
ng in ~50% of children under 5 years of age with a blood Pb
tration in excess of this new guideline (Taylor et al., 2014b;
and Jones, 2015).
recent increase in Broken Hill childhood blood Pb levels has
ated further environmental contamination studies (e.g.
et al., 2014c; Yang and Cattle, 2015) and a AUD$13 million
ment from the NSW Government to ‘rejuvenate the Broken
vironment Lead Program to address the issue of blood Pb levels
l children’ (Humphries, 2015). However, targeted remediation
rces is challenging because the primary source of contem
environmental Pb in Broken Hill continues to remain in

e d with arguments ranging from naturally occurring Pb,
contamination or contemporary emissions and depositions.
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du
ample, the misconception that one of the dominant sources
ironmental lead contamination at Broken Hill was ‘natural
tion’ was re circulated again in 2015 by Dr Rob Stokes, NSW
er for Environment (at that time) (Humphries, 2015).
ent assessments of soils and contemporary dusts have
ed two critical facts: (1) surface soil and dust Pb loading are
inantly derived from the ore body and (2) surface soil and

b loading is unlikely to be related to natural weathering and
sal of the lead rich ore from the gossan ore body (Kristensen
ylor, 2016; Taylor et al., 2014c). As noted more than two
s ago by Gulson et al. (1994a,b) dust Pb is the primary
ay for childhood Pb exposures (cf. Lanphear et al., 1996, 2002;
y et al., 2013). Therefore, in order to undertake targeted and
ve remediation to reduce childhood Pb levels, the precise
s and mechanisms of contemporary Pb contamination need
resolved unequivocally. This study investigates sources of
porary dust Pb deposition in Broken Hill using a multiple
f evidence approach: spatial and temporal variations in dust
centrations, its bioaccessibility, Pb isotopic compositions,
e morphology and chemical compositions.

dy area and methods

udy area

ken Hill has a hot, arid climate with a mean annual precip
of 260 mm (Stern et al., 2000; Bureau of Metrology, 2016a).
ling winds are predominantly from the south to north
u of Metrology, 2016b). Currently, two mining companies
e in the city of Broken Hill: CBH Rasp Mine and Perilya
d (Fig. 1). The reported atmospheric Pb emissions for CBH
ine and Perilya Limited in 2014 were 0.09 and 29 tonnes,

tively (NPI, 2015a, b). Atmospheric lead emissions from
's operations during the period 2002e2014 were estimated
137.4 tonnes (Supplementary Table S1). Since 2011, the at
eric Pb emissions from Perilya Limited's operations have
ed ~30 tonnes per year (Supplementary Table S1), ranking it
4th largest emitter of Pb in Australia (NPI, 2015c). Perilya
d has two operations in Broken Hill e its northern and
rn operations (Fig. 1). The southern mining operations
fter referred to as the mining operations) are currently the
ctive site, and emissions from this site form the focus of this
igation.

mple collection

st Pb loading and its sources in the community were
red using six sampling sites distributed across the residential
f Broken Hill (Fig. 1). Dust monitoring sites belonging to the
Hill mining companies are located predominantly on the
leases or close to their operations and do not monitor dust

tion in the residential areas (CBH Resources Limited, 2016;
Limited, 2016). Dust gauge monitoring for this study was

taken in accordance with the relevant Australian standard
ards Australia, 2003). Sampling consisted of placing a
m diameter glass funnel into a 4 L glass bottle ~2 m off the
andmounted on a tripod. Samples were collected from each

oring site every month for a year (Nov 2014 to Nov 2015) and
nalysed for their metal content and Pb isotopic compositions
National Measurement Institute (NMI), North Ryde, Sydney.
es of remnant gossan (the source of the original ore) (n 3)
ollected to assess morphological characteristics and chemi
position of natural, ancient weathered Pb bearing particles.

ition, three samples were collected from a local mine tailings
as previous assessments have claimed tailings dumps were
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Fig. 1. Broken Hill (NSW, Australia) study area and sites for dust gauge, tailings dump and gossan samples.
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Following collection, the sample dust gauge bottles were r
out using 500 ml of Milli Q water on to pre weighed filte
capture particulates for analysis. After drying overnight at 1
followed by reweighing, the dry filters were digested using a
step sequential extraction. Step 1: 20ml of 0.1MHCl for 2 h at
temperature (to test for bioaccessible Pb) (Gulson et al., 19
centrifuged at 4000 rpm for 10 min with the supernatant dec
into a separate centrifuge tube. Bioaccessibility is used as a
ratory proxy for bioavailability, which is determined via the u
laboratory animals. Step 2: The remaining solid residue was fu
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105 �C (NMI, 2014). The supernatant from step 1 and 2 were
lysed for bioaccessible and residual Pb concentrations, respect
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Both methods at NMI are NATA (National Association of Te
Authorities) accredited. Lead isotopic composition data q
from NMI analyses has been established by Kristensen et al. (2

The metal content of five blank filters was determined from
analysis of 500 ml of Milli Q water that had been passed thr
each filter. The five blank filter samples returned <0.03 and
mg/filter for bioaccessible and residual Pb analysis, respect
National Measurement Institute in house reference mat
AGAL 10 (Hawkesbury River Sediment, n 3) and AGAL 12
soil, n 3) were processed with dust gauge samples. Re
standard deviations (RSDs) of AGAL 10 and AGAL 12 were 2.5
2.8% for bioaccessible Pb and 2.0% and 6.7% for residual Pb ana
respectively. Mean recovery rates of AGAL 10 and AGAL 12
102% and 107% for total acid digestible Pb concentrations
1þ step 2). Mean recovery rates for sample matrix spikes wer
and 96% for bioaccessible Pb (step 1) and the residual Pb an
(step 2), respectively.

Dust gauge samples were diluted to 10 mg/L for Pb iso
composition analysis. Concentration matched NIST SRM 981
ural Pb isotope composition standard) bracketed each samp
correct for mass fractionation. The relative standard dev
(RSD) was 0.8% for 204Pb/206Pb, 0.42% for 207Pb/206Pb and 0.40
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206Pb, respectively. Analytical uncertainty was 0.0005 for
206Pb, 0.004 for 207Pb/206Pb and 0.009 for 208Pb/206Pb.
st particle morphology and chemical composition were
ed using a JEOL JSM 6480 scanning electron microscope
with an EX 94300 SDD energy dispersive X ray analyser
Carbon coating was carried out using a Quorum Q150T
r coater. Three fields were selected randomly to identify dust
ticles at 110 times magnification. Lead minerals were readily
ed as bright particles due to their high atomic number in the
atter electron imaging mode (Harding, 2002). The EDS data
rocessed using the ZAF Method Standardless Quantitative
is (van Borm and Adams, 1991).
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two sites closest to themining operations (D1 and D2, Fig. 2)
e highest dust Pb loading of all monitoring sites with mean
of 255 mg/m2/day and 248 mg/m2/day, respectively (Fig. 2,
mentary Table S2). Site D2, located north of the mining op
s, had higher dust Pb loading in summer (mean 270 mg/m2/
han winter (93 mg/m2/day) (Supplementary Table S2). By
st, site D1, located on the southern side of the mining oper
had higher dust Pb loading in winter (mean 217 mg/m2/day)
ummer (102 mg/m2/day) (Supplementary Table S2). During
er, the dominant wind direction in Broken Hill is northwards,
during winter the dominant wind direction is reversed
u of Metrology, 2016c, d). The other four dust monitoring
ocated to the north of mining operations displayed similar
al Pb dust loading patterns to those recorded at site D2
ementary Table S2). These prevailing wind patterns are re
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nTA Luft (TA Luft, 2002), which has been used elsewhere as a
mark value for assessing Pb deposition (Taylor, 2015).
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tion >250 mg/m2/day will increase blood lead levels (WHO,
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ch acceptable international values (Fig. 2). Dust Pb loading
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Fig. 2).
mean dust Pb bioaccessibility was 68% (range 23e92%)
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As demonstrated by the spatial distribution of total dust Pb,
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operations are at greater risk of Pb exposure. Moreover,
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ta presented here.
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where xs is the percent contribution of ore body Pb in the ana
samples; (206Pb/207Pb)s and (208Pb/207Pb)s are the isotopic co
sitions of Pb in sample; (206Pb/207Pb)o and (208Pb/207Pb)o are t
isotopic compositions of ore body; and (206Pb/207Pb)b
(208Pb/207Pb)b are from Broken Hill background soil (Kristense
Taylor, 2016). Contemporary dust deposits have a Pb iso
composition similar to the composition of the Broken Hill ore
(Fig. 4). Dust samples from the proximal site D1, contain
Broken Hill ore, while distal dust samples (D6) contain a sl
lower proportion (~94%) of Broken Hill ore, suggesting mixing
other sources of Pb. Mixing model analysis also reveals sea
differences in dust Pb isotopic compositions. In spring and sum
dust samples have a greater proportion of Pb derived from B
Hill ore (~97%) than in winter (~94%). The data also correspon
the dominant seasonal winds: southerlies in spring and sum
(i.e. from the direction of the mining operations) and northerl
winter, (towards the mining operations).

3.3. Morphology and geochemical compositions of Pb particles

Dust Pb particle surface morphology and mineral compo
was assessed in dust gauge, gossan and tailings dump sam
Analysis of SEM images and EDS of Pb bearing particles showe
they could be categorised into four groups (Fig. 5):

i) Angular and well crystallized Pb and sulfur (S) bearing
ticles (interpreted as galena (PbS)dthe dominant lead m
being extracted at Broken Hill) have no apparent chemica
physical surface alteration. These particles also contain m
Fe, Mn, K, Mg, Ca, Al, Na, Cu and Zn concentrations.
ii) Subrounded galena (PbS) particles with minor Fe, Mn, K
Ca, Al, Na, Cu, Zn concentrations.
iii) Pb bearing particles with cavities, with minor Fe, P, Cl, C
Na, Cu concentrations and no elemental S detected.
iv) Rounded and sub rounded Pb bearing particles with m
weathering effects and high concentrations of Mn and Fe.

Dust Pb particle deposits are dominated by those from grou
and (ii). Angular and well crystallized galena particles were
commonly observed in dust collected at site D1, which was lo
ed
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re
ed

adjacent to the mining operations. The size of galena particles
site D1 ranges from 20 to 50 mm, while galena particles from
distal sites are finer, at ~5 mm. Lead particles from tailings d
samples were classified as group (iii), while those from the g
exhibited, as expected, extensive weathering and were classifi
group (iv). Particle elemental composition analysis using ED
not detect S in the tailings dump particles. Weathered g
particles were characterized as having relatively abundant F
Mn and lower S compared with contemporary dust par
(Supplementary Table S5).

3.4. Sources of dust Pb particles

A study by Gulson et al. (1994a) found leaded gasoline w
significant contributor to Pb in air in Broken Hill during 1991/
However, the use of Pb additives in automotive gasoline was
hibited in Australia in 2002. Contemporary dust Pb isotopic
positions reveal a clear shift away from leaded gasoline sou
with Pb isotopic compositions now more similar to the Broke
ore body (Fig. 4). Moreover, Kristensen and Taylor (2016) found
other Pb sources including leaded paint and old batteries c
reasonably account for the widespread Pb contamination a
Broken Hill. However, stable Pb isotopic compositions on their
do not demonstrate unequivocally whether contemporary du
depositions are derived from remobilized legacy emissio
whether they are from current emissions, natural sources or
anthropogenic activities. Analysis of Pb particle morphology
bined with chemical composition data can reveal weathering
cesses that can assist with the interpretation of the sources o
(Kristensen et al., 2015; Ettler et al., 2016).

Lead emissions from the former 28 Broken Hill Pb sm
operating between 1886 and 1897 (Woodward, 1965) were s
icant with an estimated emission rate of approximately 110 to
of Pb per week in 1893 (Thompson et al., 1893). By compariso
total atmospheric Pb emissions from mining operations bet
1998 and 2015 were 140 tonnes (NPI, 2015c). Although sm
emissions and depositions have significantly contributed to
ronmental Pb in Broken Hill, it remains unclear what contrib
they have to contemporary dust Pb depositions around the
Characteristic spherical metal(loid) bearing particles are em
from Pb and Zn smelters, steelworks and power stations (Tye
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Fig. 5. Scanning electron micrographs taken using back-scattered electron mode (BSE) of Broken Hill Pb bearing particles. Energy-dispersive X-ray spectroscopy (EDS) results of dust
gauge samples, tailings and gossan samples are also shown. The concentrations of elements are given as relative weight percentage.
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Csavina et al., 2014). Such particles are easily distinguished
geogenic grains due to their characteristic morphology
na et al., 2011, 2014). Spherical Fe oxide particles have been
reported from historical and active smelting communities in

orld (Tye et al., 2006; Csavina et al., 2014; Ettler et al., 2016).
unt Isa, an Australian Pb and othermetalmining and smelting
unity, spherical Fe oxides contain approximately 11% Pb
na et al., 2014). However, no spherical particles were
ed in Broken Hill dust, suggesting that legacy Pb from
ng operations are not contributing to contemporary dust Pb
ures.
er sources of environmental Pb include unconsolidated
deposits, which were subject to redistribution around the
ior tomajor remediation efforts in the 1990s (Supplementary
). Since the 1890s, unweathered sulphide rich Pb and Zn ore
en mined and concentrated in Broken Hill (Blainey, 1968).
rocessing and concentrating using the froth flotation tech
separates the valuable sulphide minerals from gangue
) minerals (Lynch, 1992). As a result, particles sourced from
dumps are likely to lack S compared to Pb and Zn from the
ody, providing an added opportunity for geochemical
ination of contaminant sources.
ples collected from the gossan were rounded/subrounded
igh concentrations of Fe and Mn, suggesting these Pb parti
ave undergone significant long term weathering. Fresh
crystal particles were present in all of the dust gauge sam
nd decreased in particle size with distance from the mining
ions. Given the softness of the mineral galena (Mohs hard
.5), it is anticipated that atmospheric exposure is likely to
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Under these assumptions, cuboid and sub rounded galena

les in contemporary dust particles suggest these depositions
erived from new sources and have experienced limited
ort and weathering. The marked morphological and chemi
ferences in dust gauge (contemporary) samples versus those
ed from gossan/tailing dumps supports the contention that
h dusts are sourced from current mining operations and not
egacy depositions that have been recycled. Galena is a dense
al (7.57 g/cm3) and the atmospheric transport of larger Pb
les is likely to be limited. For example, using the method
d by Hinds (1999), cubic galena particles > 16 mm would
< 1 km when exposed to the city's average wind speed of
/s (9 a.m.) (Bureau of Metrology (2016a)). The diminishing
f galena particles with distance away from the active mining
ions supports the contention that current mining operations
e primary source of contemporary Pb dust depositions.
rmore, the video clip (Video 1) shows the transport of dusts
he lead and zinc ore pile at the head of the Perilya Mine at
n Hill, NSW.
plementary video related to this article can be found at
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dy limitations

e assessment of particles using SEM was a semi quantitative
que. Further analysis of dust depositions using a quantita
EM system would enable quantification of the relative
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portions of different grain morphologies and composi
(Williamson et al., 2013; Morrison et al., 2016). Dust sampling
non directional and additional relevant information coul
complied by adding directional dust deposition sampling. In
tion, the application of Micro Orifice Uniform Deposit Imp
(MOUDI) would allow size partitioning coupled with geoche
and SEM analysis of different aerosol fractions (e.g. Miranda
2002; Csavina et al., 2011, 2014; F�elix et al., 2015).

5. Conclusion

This assessment of contemporary dust deposits reveal
following relevant facts that are likely to be influential in d
mining blood Pb exposures in Broken Hill children:

� Dust Pb bioaccessibility ranges between 23 and 92% w
mean of 68%. This demonstrates the Broken Hill commu
particularly those living close to the mining operations, a
risk of Pb exposure from contemporary dust depositions.

� Lead isotopic composition analysis indicates that contemp
Pb dust is sourced mainly from the Broken Hill ore body. Fo
sources of Pb including leaded gasoline emissions are no lo
significant.

� Dust particle morphology and chemical composition c
sponds to characteristics associated with current physical
ing activities (e.g. crushing, grinding and loading).

The application of multiple lines of geochemical evid
demonstrates that it is possible to establish the relative impor
of contemporary emissions and depositions against legacy sou
While it may seem ‘obvious’ to an outside observer that con
nation in mining towns are derived from the most likely sou
weight of evidence is required to shift the status quo and stim
targeted remediation and abatement. Indeed, the NSW EPA
recently implemented a pollution reduction program for Per
southern mining operations which include reducing waste p
tion sources to soils and waters and developing a waste man
ment plan for the entire mine site (NSW EPA, 2016). Assumin
changes to the mining operations are effective at mar
reducing Pb emissions, this may enable an opportunity for a
ural experiment’ of the subsequent changes in aerosol and du
along with blood Pb outcomes.
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This study examines current soil contamination in an Australian industrial city, Newcastle. Public (roadsi
verges and parks) and private (homes) surface soils (n = 170) contained metal(loid)s elevated above their r
spective Australian Health Investigation Levels (HIL). Lead (Pb), the most common contaminant in the city, e
ceeds the HIL for residential soils (HIL A, 300 mg/kg) in 88% of private soils (median: 1140 mg/kg). In vitro
bio accessibility analysis of selected soils (n = 11) using simulated gastric fluid showed a high affinity for
solubilisation (maximum Pb concentration: 5190 mg/kg, equating to 45% Pb bio accessibility). Highly solub
Pb laden Fe and Mn oxides likely contribute to the bio accessibility of the Pb. Public and private space surfa
soils contain substantially less radiogenic Pb (range: 208Pb/207Pb: 2.345 2.411, 206Pb/207Pb: 1.068 1.312) th
local background soil (208Pb/207Pb: 2.489, 206Pb/207Pb: 1.198), indicating anthropogenic contamination fro
the less radiogenic Broken Hill type Pb ores (208Pb/207Pb: 2.319, 206Pb/207Pb: 1.044). Source apportionme
using Pb isotopic ratio quantification and soil mineralogy indicate the city's historic copper and steel industr
contributed the majority of the soil contaminants through atmospheric deposition and use of slag waste as
material. High temperature silicates and oxides combined with rounded particles in the soil are characteris
of smelter dust emissions. Additionally, a preliminary investigation of polycyclic aromatic hydrocarbons
soils, sometimes associated with ferrous metal smelting, coal processing or burning of fossil fuels, shows th
these too pose a health exposure risk (calculated in comparison to benzo(a)pyrene: n = 12, max: 13.5 mg/k
HIL: 3 mg/kg).

© 2017 Elsevier B.V. All rights reserve
Keywords:
Soil
Metal(loids)
Lead isotopes
Bio-accessibility
Mineralogy of metal-bearing particles
Newcastle
ri

aney).
1. Introduction

Urban environmental contamination is an issue common to indust
al cities throughout the world (Filippelli et al., 2015). Historically, em
ployees would live close to their work, resulting in dense urb
43
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elopment around industrial operations. Due to the proximity of
strial operations to urban environments there is the potential for
erse impacts on human health arising from industrial emissions
vina et al., 2012; Dong et al., 2015; Ettler et al., 2009; Gulson et al.,
4; Gulson et al., 2004; Gulson et al., 2009; Morrison, 2003; Taylor
l., 2010; Taylor et al., 2013; Taylor et al., 2014a; Taylor et al., 2014b).
y 2050, the majority of the global population is expected to transi
from rural to urban metropolitan living, increasing the risk

a
2
t
o
d
t
m
h

Fig. 1. Soil analyte concentrations within Newcastle (Australia) (panel a - iron, b - lead, c -
ciated with contaminated urban lands (United Nations (UN),
5). The resulting environmental contamination burden from indus
cities is demonstrated in Detroit, USA, which has been considered
of themost contaminated cities in theUSA (Lougheed, 2014). Sulfur
ide, heavy metals, hydrocarbons and other organic contaminants
were emitted to the atmosphere during the city's automobile
ufacturing era, accumulated in the urban soil environment and
e been subsequently linked to a range of health impacts including
zinc, d - TEF transformed PAHs). Sites marked SDP- are soil depth profiles.
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Table 1
Summary of the limits of detection, analytical precision, sample homogeneity and recov-
eries for pXRF.

Ti Cr Mn Fe Cu Zn As Cd Pb

pXRF
Limit of detection c 8 9 c 4 5 3 2 3
Analytical precisiona (%) b1 3 b1 b1 2 b1 7 9 2
Analytical precisionb (%) b1 1 b1 b1 1 b1 7 12 b1
Sample homogeneity (%) 2 5 1 b1 2 b1 7 10 1
Mean CRM recovery (%) 101 102 102 100 108 99 106 103 99

a Relative standard deviation of reference material suite.
b Relative standard deviation of soil samples.
c Limits of reporting were not calculated for Ti and Fe as no CRM values between 3 and

10 times the expected manufacturer detection limit were present in the CRM suite.
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chronic respiratory diseases and mental disabilities, particularly
infants and young adults (Canfield et al., 2003; Dong et al., 201
Lougheed, 2014; Taylor et al., 2016). Although Detroit battles legacy e
vironmental contamination issues,modern industrial processes can a
contribute to the environmental contamination burden. More recent
the rapid and spontaneous expansion of China's manufacturing a
industrial economy has resulted in an overlap of land use with urba
residential areas. The emissions generated from industrial process
have been linked to substantial carcinogenic health effects in the c
of Beijing (Chen et al., 2015). In order to address this problem, a bet
understanding of environmental contamination and the impacts
population health in urban industrial environments is required.

This study investigates an Australian industrial city, Newcastle, a
the risk of exposure associated with environmental contaminants
the soils of the city. Newcastle, approximately 200 km north of Sydn
(Fig. 1), was historically a manufacturing based city. However, the c
has recently become a regional population center, with an econom
moving towards services, arts and tourism (Newcastle City Coun
(NCC), 2013, 2015). Large scale industrial operations began in the m
1800's with the Wallaroo Copper Company smelter (1868 to 189
processing annually ~1300 tonnes of low grade Wallaroo Mine (Sou
Australia) copper ore (NCC, 1997; SMH, 1871a; SMH, 1871b; T
Mercury, 1867). During that time, a number of other operations we
also established, including the Waratah Coal Company (SMH, 1871
the English and Australian Copper Company (EACC) smelter in 18
(SM, 1872) and the Sulphide Corporation Pb smelter at nearby Boolar
in 1897 (Dames and Moore, 1994). The port and shipping facilities
Newcastle quickly became strategic industrial infrastructure as Pb s
fide ore was shipped through the Port of Newcastle to Boolar
(NMH, 1902; Quorn Mercury, 1900a). In 1907 the Melbourne a
Great Northern Smelter also joined the Cu smelting operations
Newcastle (MDM, 1907; SCT & WA, 1907). The Broken Hill Proprieta
(BHP) Newcastle Steel Mill and subsidiaries were the industrial foc
of Newcastle from 1915 until their closure in 1999 (Parliame
of New South Wales, 1999). At peak operation, the facilities employ
~12,000 people (BHP Co. LTD, 1949; Parliament of New South Wal
1999). The BHP operation became an industrial giant with the additi
of, and partnership with, two other large scale manufacturers of st
products (BHP Co. LTD, 1949; NS, 1925; Parliament of New Sou
Wales, 1999). Today, coal and freight shipping terminals and
ammonium nitrate facility dominate the industrial activities of the ci

Despite the industrial heritage of Newcastle, there has been no pu
licly accessible wide scale geochemical assessment of soils in the c
area. This study investigates soil metal(loid)s and polycyclic aroma
hydrocarbons (PAHs) to help close this knowledge gap and highlig
potential environmental contamination risks associated with living
an industrial city.

2. Methods

2.1. Soil sampling

2.1.1. Soil metal(loid) concentrations
Newcastle city was divided into five sampling areas (Fig. 1) to refl

the dominant land use types covering open spaces, retail and industr
(Zone 1), residential (Zone 2), rehabilitated industrial land along t
foreshore now used for high density residential (Zone 3), Cent
Business District (CBD) (Zone 4) and low tomedium density resident
(Zone 5). Soils collected in public spaces (n= 103) were sampled fro
roadside verges, parklands and other accessible locations. Soils collect
fromprivate spaces (n=67 from23 homes)were obtained through t
Macquarie University VegeSafe soil metal testing program (Rouillon
al., 2016), where Newcastle community members submitted samp
for analysis. Samples were also received from outside of the specifi
target area butwere included here to provide additional detail to the
vestigation. Public space sampleswere collected at the surface (0 2 cm
in accordance with the standard methods (Taylor et al., 2010).
number of control sites (n = 6) with pits dug to a defined depth
40 cm irrespective of soil horizons were sampled throughout the c
to determine local background soil concentrations.

2.1.2. Slag deposits
A slag waste deposit was identified outcropping on a beach adjace

to a children's playground in Stockton (Fig. 1). Large chunks of a bla
glass like slag and a ferrous slag material were collected using a ro
hammer to separate them from the consolidated mass. This depo
has been documented in the local media as one of many civil wor
sites in the city where BHP derived material was used as stabilizati
fill (NMH, 1948a; NMH, 1948b; NMH, 1949a; NMH, 1949b; NS, 192
NS, 1948).

2.1.3. Soil polycyclic aromatic hydrocarbon concentrations
Coal, ferrous metal smelting and fossil fuels present significa

sources of environmental PAH contamination (Albuquerque et
2016; Odabasi et al., 2010; Yang et al., 2016). To further complime
themetal(loid) analysis, a preliminary investigation of soil PAH conce
trations was conducted. Soil samples for PAH analysis were collect
from 12 locations around the city (Fig. 1d). Soils were collected
clean glass bottles with a Teflon lid and stored at b4 °C until analysis

2.2. Laboratory analysis

2.2.1. Soil metal(loid) concentrations
Soil samples (n=170)were oven dried at 40 °C for 72 h, then siev

to b180 μm. This fraction was selected for analysis because the resear
evidence shows that finer soil fractions are susceptible to re suspensi
and subsequent ingestion or inhalation (Horowitz, 1991; Youn et
2016). Approximately 10 g of the b180 μm sample was packed
35 mm open ended PANalytical XRF cups using 3.6 μm Chempl
Mylar X ray film for analysis. An Olympus Delta Premium XRF Analyz
(pXRF) fitted with a 50 kV, 4 W Ta anode X ray tube and a silicon dr
detector was used for the measurement of Ti, Cr, Mn, Fe, Cu, Zn, As,
and Pb concentrations in surface and subsurface soils. Analysis was co
ducted at Macquarie University. Recommended operational procedur
were followed, including: daily measurements of an energy calibrati
check, measurements of a silicate (SiO2) blank at the beginning a
end of analysis to ensure no instrument contamination had occurre
and measurements of NIST certified reference materials (CRMs) co
ducted every 25 samples to monitor instrument performance (Tab
1). Soil samples and CRMs were placed on the measurement windo
and analyzed using the proprietary soil mode at 60 s per measureme
condition (180 s totalmeasurement). Amatrix matched calibrationw
applied to optimize the pXRF in themeasurement of metal contamin
ed silicate based soils (Rouillon and Taylor, 2016).

Instrument detection limits, analytical precision, sample homogen
ity and recoveries of each element are presented in Table 1. Analyti
precision was determined by the relative standard deviation (RSD)



sam
mo

2.2.

(n=
bio
al.,
wat
Sigm
Inst
tect
con
for
(n =

2.2.

isot
trat
ken
use
tria
refe
Cop
as im
reg
ma
Gal
and
Soil
me
tail
valu
cor
on
(ce
2.37
204P
208P
(Kr

2.2.

soil
b18
tion
(Ett

ray
diff
lan
2th
XRP
cou
201
tern

ine
foll
TES
25
The
par

the

lec
ng
ua

.2.

ro
le
igm
he
ap
nst
on
ce
yr
en
en

able 2
ewcastle city (Australia) soil element concentrations (mg/kg) (pXRF derived) for public
paces in addition to median soil element concentrations for each sampling zone. Com-
lete dataset is presented in Supplementary data 2.

Ti Cr Mn Fea Cu Zn As Cd Pb

Private spaces

n detected 67 67 67 67 67 67 67 11 67
Minimum 2520 54 120 1.31 44 140 8 3 42
25th
percentile

4090 96 600 2.38 130 740 21 4 570

Median 5180 128 790 3.36 180 1190 35 5 1140
75th
percentile

6210 179 1240 4.50 300 2070 63 6 1770

Maximum 12,200 2400 3600 16.0 1040 8570 283 9 1.16a

Mean 5160 190 1020 4.00 252 1690 56 5 1630
NEPM (2013)
HIL-A

No
value

100
(VI)

3000 No
value

7000 8000 100 20 300

n N guideline – b 2 – 0 1 8 0 59
% N guideline – b 4% – 0 2% 12% 0 88%

Public spaces

n detected 103 100 100 103 103 103 103 13 103
Minimum 1670 38 180 1.36 34 96 5 3 14
25th
percentile

3870 76 600 2.43 70 270 12 4 120

Median 4660 92 920 3.00 110 550 22 6 280
75th
percentile

5390 140 1540 4.11 240 1230 44 11 617

Maximum 14,760 710 4490 17.1 1170 1.2a 380 16 4650
Mean 4850 120 1230 3.67 180 1120 37 7 550
NEPM (2013)
HIL-A

No
value

100
(VI)

3000 No
value

7000 8000 100 20 300

n N guideline – b 8 – 0 2 5 0 45
% N guideline – b 8% – 0% 2% 5% 0% 44%

Median per zone (public spaces)

Zone 1
(n = 29)

4650 140 1450 3.99% 170 980 34 6 500

Zone 2
(n = 19)

5130 140 1810 4.34% 330 1860 44 6 900

Zone 3
(n = 10)

4490 85 750 2.75% 100 340 12 bLOD 170

Zone 4
(n = 25)

5120 92 670 2.65% 74 270 15 3 130

Zone 5
(n = 20)

4240 77 730 2.56% 78 410 16 bLOD 230

Cannot be calculated due to the absence of a NEPM (2013) HIL.
a Concertation presented as wt%.
b Indicates that the soil NEPM (2013) HIL is based on element species rather than total
oncentration, this analysis was not conducted in this study and cannot be calculated. LOD
ndicates analytical limit of detection.
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ples (n= 18) analyzed in triplicate (Table 1), while soil (n=7) ho
geneity (RSD) was measured by triplicate preparation and analysis.

2. In vitro Pb bio accessibility
Spatially diverse soil samples with a range of total Pb concentrations
12) were digested using the US EPA (2012)method for in vitro Pb

accessibility on the b180 μm soil fraction (Horowitz, 1991; Youn et
2016). Soil (~1 g) was digested in 100ml 0.4M glycine in de ionized
er adjusted to pH 1.5 using hydrochloric acid (HCl, Reagent Grade,
a Aldrich) and analyzed for total Pb on the National Measurement

itute's (North Ryde, Sydney) Agilent 7900 ICP MS,with a limit of de
ion (LOR) of 0.5 mg/kg. All blanks were b0.5 mg/kg and laboratory
trol spikes were between 90 and 130%. Relative percent difference
replicate analysis (n = 2) was b20%. Sample duplicate analysis
1) had an RSD b 20%.

3. Soil Pb isotopic compositions
To understand potential sources of soil metal contaminants, Pb
opic compositionswere determined for soils with a range of concen
ions and locations, slag samples and reference ore specimens (Bro
Hill and Wallaroo mine galena) (n = 18). Broken Hill galena was
d as an end member due to its prolific use in commercial and indus
l commodities (Gulson et al., 2004). Wallaroo galena was used as a
rence specimen as the copper ore processed at the Wallaroo
per Company smelter was often co associated with galena deposits
purities in the host orebody. Sampleswere extractedusing an aqua

ia (HNO3/HCl) digestion to mobilize the labile Pb bound to the soil
trix (Ayuso et al., 2013; Civitillo et al., 2016; Das et al., 2016;
lego et al., 2016). Following digestion, the samples was centrifuged
the supernatant filtered using a 0.45 μm Minisart syringe filter.
swere analyzed on anAgilent 7900 ICP MS at theNationalMeasure
nt Institute following the method and instrument conditions de
ed previously in Kristensen and Taylor (2016). Measurement
es were collected for 202Hg, 204Pb, 206Pb, 207Pb and 208Pb and then
rected for variation based on blank values and the effect of 202Hg
204Pb. Samples were bracketed during analysis with NIST 981 SRM
rtified values: 206Pb/204Pb: 16.94, 206Pb/207Pb: 1.09, 208Pb/207Pb:
). This method for Pb isotope ratio quantification reports
b/206Pb: 0.0590 ± 0.0005, 207Pb/206Pb: 0.915 ± 0.004 and
b/206Pb: 2.168 ± 0.009 as a maximum uncertainty for NIST 981
istensen et al., 2016).

4. Soil mineralogy
To explore the mineralogy of contaminants in public and private
s (n = 9), heavy mineral separation was conducted on the
0 μmsieved fraction for soils from a range of metal(loid) concentra
s and locations around the city, following established methods
ler et al., 2016).
The phase composition of the samples (n = 9) was assessed by X
powder diffraction analysis (XRPD) using a PANalytical X'Pert Pro
ractometer with an X'Celerator detector (PANalytical, the Nether
ds) (analytical conditions: CuKα radiation at 40 kV and 30 mA,
eta range 2 80°, step 0.02°, counting time 150 s per step). The
D pattern was analyzed using X'Pert HighScore Plus 3.0 software
pled to the Crystallography Open Database (COD) (Gražulis et al.,
2). Relative abundances of phases were estimated from XRPD pat
s using the relative intensity ratio (RIR) method.
Heavy mineral fractions, prepared as polished sections, were exam
d under a Leica DM LP polarizing microscope (Leica, Germany)
owed by an automated scanning electron microscope (TIMA 3LM,
CAN Integrated Mineral Analyzer, Czech Republic) operating at
keV using a ‘dot mapping’ mode method (dot spacing of 2 μm).
integrated images were then used to identify metal(loid) bearing
ticles and their distribution.
Particles, from two representative samples from private land with
highest metal(loid) content, were examined using a scanning

e
i
Q

2

d
p
S
t
r
I
i
a
p
b
b

T
N
s
p

–

c
i

tron microscope (SEM; TESCAN VEGA3 XM, Czech Republic operat
at 20 kV) equipped with an energy dispersion spectrometer (EDS;
ntax 200 X Flash 5010, Bruker, Germany).
5. Soil polycyclic aromatic hydrocarbon concentrations
Approximately 1 g of the b180 μm fraction was mixed with anhy
us sodium sulfate (Na2O4S, Reagent Grade, Sigma Aldrich). The sam
was then extracted in 1:1 dichloromethane (CH2Cl2, Reagent Grade,
a Aldrich) and acetone (C3H6O, Reagent Grade, Sigma Aldrich) and

n concentrated prior to analysis on an Agilent 5975 gas chromatog
hy mass selective detector (GC MSD) at the National Measurement
itute, North Ryde. The instrument was operated in selected
monitoring mode for 15 PAHs (naphthalene, acenaphthylene,
naphthene, fluorene, phenanthrene, anthracene, fluoranthene,
ene, benz(a)anthracene, chrysene, benzo(b)&(k)fluoranthene,
zo(a)pyrene, indeno(1,2,3 cd)pyrene, dibenzo(a,h)anthracene and
zo(g,h,i)perylene). All PAHs have a LOR of 0.5 mg/kg except for
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Table 3
Soil toxicity equivalence factor (TEF) transformed PAH concentrations for Newcastle city (Australia) surface soil samples.

Sample x co-ordinate y co-ordinate TEF PAH 1 TEF PAH 2 TEF PAH 3 TEF PAH 4 TEF PAH 5 TEF PAH 6 TEF PAH 7 ∑ TEF PAH

Zone 5 S1 151.765942 -32.935172 0.08 0.0068 0.14 1.0 0.0061 *** 0.0076 1.2
Zone 5 S4 151.751481 -32.936583 0.35 0.035 0.69 5.2 0.029 0.57 0.034 6.9
Zone 5 S5 151.755347 -32.931136 0.15 0.015 0.31 2.2 0.014 *** 0.016 2.7
Zone 2 S1 151.765858 -32.91974 0.24 0.021 0.45 3.3 0.02 *** 0.024 4.1
Zone 2 S2 151.765405 -32.914048 0.20 0.020 0.42 2.7 0.019 *** 0.022 3.4
Zone 2 S2** 151.765405 -32.914048 0.23 0.022 0.45 3.2 0.020 *** 0.024 3.9
Zone 2 S3 151.764169 -32.909803 0.061 0.006 0.15 0.96 0.0072 *** 0.0089 1.2
Zone 2 S4 151.766314 -32.910977 0.40 0.038 0.73 5.4 0.031 0.70 0.035 7.3
Zone 1 S5 151.746816 -32.900268 0.20 0.020 0.44 2.9 0.020 *** 0.025 3.6
Zone 1 S2 151.750378 -32.914897 0.18 0.020 0.43 2.8 0.018 *** 0.020 3.5
Zone 1 S4 151.752958 -32.910561 0.17 0.018 0.37 2.7 0.016 *** 0.020 3.3
Zone 1 S7 151.734307 -32.891691 0.73 0.075 1.4 9.8 0.061 1.4 0.076 13.5

TEF PAH: 1 - Benz(a)anthracene, 2 – Chrysene, 3 - Benzo(b)&(k)fluoranthene, 4 - Benzo(a)pyrene, 5 - Indeno(1,2,3-cd)pyrene, 6 - Dibenzo(a,h)anthracene, 7 - Benzo(g,h,i)perylene.
All concentrations in mg/kg.
Concentrations in bold exceed the NEPM (2013) HIL for TEF transformed PAH (3 mg/kg).
Cells denoted with *** cannot be calculated as the non-transformed data was bLOR.
Sample marked with ** is a field duplicate.
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benzo(b)&(k)fluoranthene which has an LOR of 1 mg/kg. Laborato
blanks contained bLOR for each analyte and laboratory control spik
were 94 130% for all analytes.

2.3. Data analysis

Inorganic elemental concentrations were benchmarked again
Australian Health Investigation Levels for residential soils (HIL
(NEPM, 2013, Table 2). The NEPM (2013) identifies eight carcin
genic PAHs categories (reported here as seven PAHs categories
benzo(b)&(k)fluoranthene were not separated in the analys
method): benz(a)anthracene, chrysene, benzo(b)&(k)fluoranthen
benzo(a)pyrene, indeno(1,2,3 cd)pyrene, dibenzo(a,h)anthrace
and benzo(g,h,i)perylene). The toxicity of these eight PAHs a
weighted using a toxicity equivalence factor (TEF) relative to t
most toxic PAH benzo(a)pyrene, the HIL for the sum of the
weighted PAHs is 3 mg/kg (Table 3).

3. Results and discussion

3.1. Soil metal(loid) concentrations

Newcastle was divided into five soil sampling zones to characteri
different land uses across the city (Fig. 1). Within these zones, pub
and private space surface soils were analyzed. A summary of surfa
soil metal(loid) concentrations is presented in Fig. 1 and Table 2, wi
the complete data set provided in Supplementary data.

Public space surface soils The greatest concentrations of Fe, Pb a
Zn were detected in the Zone 1 and Zone 2 sampling areas (Fig.
Table 2). Soil Fe concentrationswere N17wt% in soils of the Zone 2 sam
pling area (Fig. 1, Table 2). Soil Pb concentrations were detected a
maximum of 4650 mg/kg (median: 280 mg/kg, n = 103) with t
greatest median Pb concentrations in Zone 2 (median: 900 mg/k
n=19) followed by Zone 1 (median: 500mg/kg, n= 29). Zinc conce
trations were detected at a maximum of 1.2 wt% in Zone 1 (Fig. 1). T
Zone 2 sampling area had the greatest median concentration of soil
(1860mg/kg) (Fig. 1, Table 2). All elements of interest (Table 2), exce
Ti, had the highest median concentration in Zones 1 and 2. Titaniu
(n= 103; median: 4830 mg/kg; max: 14,760 mg/kg) is predominan
a geogenic element and had no clear spatial concentration patter
however, concentration spikes were detected across the city.

Private (residential) space surface soils Surface soil samples collec
ed from private gardens were markedly more contaminated than tho
in public spaces (Table 2). Soil Fe was detected with a maximum
16 wt% in Zone 1 with a median across all sample zones of 3.36 w
(n = 67). Soil Pb was detected up to a maximum concentration
1.16 wt% (Zone 1, Fig. 1) (median: 1140mg/kg, n= 67). Themaximu
Zn concentration detected (8570mg/kg) was in Zone 1 (Fig. 1; Table 2
Private soils contained a median Zn concentration of 1190 mg/kg. Ov
90% of homes exceeded the 300 mg/kg Australian soil Pb HIL A (NEP
2013), with As, Mn and Zn exceeding their respective HIL A values
30%, 9% and 4% of homes (Table 2). Soil samples were not collect
from private spaces in Zone 3 and 4 where high density housing a
ground surface cover limited access to soil.

Soil metal(loid) concentrations from depth profiles in Newcastle a
presented in Fig. 2 and in Supplementary data 1. Subsurface soils co
lected from depth profiles within the urban areas (profiles a d, Fig.
showed that metal(loid) concentrations did not necessarily decrea
with depth (Fig. 2, panels a d). Soil metal(loid) concentrations rema
at ~100 mg/kg for Mn, Pb and Zn at 30 cm in depth profile a, while
other depth profiles (b c, Fig. 2) have concentrations N 100 mg/kg f
all metal(loid)s. Soil depth profile b had Pb concentrations N HIL A
300 mg/kg (NEPM, 2013); until N10 cm depth. Soil depth profile
showed an increase in soil metal(loid) concentration to depth, wi
Mn concentrations (1430 mg/kg) at 30 cm depth double surface valu
(700 mg/kg) (Fig. 2). Soil Pb concentrations in profile 3 also remain
above the HIL A (300 mg/kg; NEPM, 2013) at 30 cm depth. Other me
al(loid)s not presented in Fig. 2, but reported in Supplementary data
show that concentrations also increase with depth (e.g. Fe: 2.29 wt%
surface; 3.79wt% at 30 cmdepth) implying that profile c likely occupi
a brownfield site now repurposed as a parkland. By contrast two add
tional soil depth profiles from remnant bushland (Figs. 1 and 2, e
showed a clear decrease in metal(loid) concentrations with dept
These data are comparable to uncontaminated soil concentrations
depth from similar studies of industrial cities (e.g. Rouillon et al., 201
Mn: ~100 mg/kg; Pb: b5 mg/kg; Zn: ~30 mg/kg). The data show th
surface soil metal(loid)s from Newcastle have been enrich
significantly by anthropogenic sources.
3.2. Potential source(s) of inorganic soil contaminants

It iswell documented that Cu smelterwaste, andmore recently, ste
smelter waste was used prolifically around the Newcastle city area
landfill and stabilization material (NMH, 1948a; NMH, 1948b; NM
1949b; NS, 1926; NMH, 1925; SA, 1951; SMH, 1948; The Australasia
1905; TNC, 1950). Much of this material may have contain
Broken Hill Pb ore due to the movement of this ore through t
Newcastle Ports from BHP to the Sulphide Company smelter (later t
Pasminco Cockle Creek Smelter) at Boolaroo (Petersburg Times, 190
PPR, 1904; Quorn Mercury, 1900). The Sulphide Company al
contributed large volumes of smelter waste for capital works (Guls
et al., 2004; Morrison, 2003; Morrison and Gulson, 2007; Morrison
al., 2016).
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Fig. 2. Soil depth profiles from urban areas (a–d) and remnant bushland (e–f) in
Newcastle city (Australia) displaying Mn, Pb and Zn soil concentrations. Complete data
and site locations are provided in Supplementary data 1.
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This study's bulk mineralogical investigation of soils showed that
temperature silicates (clinopyroxenes, olivines and glass) typically

inating from smelting industry, as well as smelter derived oxides
inels) were present in the majority of the samples (Supplementary
a 4). All the samples contained geogenic/pedogenic heavy minerals
h as zircon, Ti , Fe and Al bearing oxides in addition to traces of
rtz and other geogenic minerals. No metal(loid) bearing phases
e detected by XRPD indicating that contaminants are bound in
e phases in the soil materials (Supplementary data 4).
Fe and Mn oxides were the most common metal bearing phases in
s, with Fe oxides containing high Pb levels (up to 27.3 wt% PbO)
. 3b, c, e, f). The occurrence of smelter derived slag like particles,
siblywindblown from slag dumps (Fig. 3a, c, e, f, i) and rounded par
s characteristic of quenched melt droplets from the smelter emis
s (Fig. 3b) implies they are derived from smelting emissions.
tal bearing droplets in slag particles corresponded to Cu sulfides;
silicates and glass also containing Cu and Zn are characteristic of

smelting waste materials (Ettler et al., 2009; Ettler et al., 2016). By
trast, mine derived sulfides (commonly identified with weathering

a
B
1
s
b
r
i
2
M
T
c
d
c

3

d

s) were relatively rare in the studied soils (Fig. 3d). Lead phosphates
. 3f, h, i), arsenates (Fig. 3f) and sulfates (Fig. 3h) were common.
e of these form solid solutions (mimetite pyromorphite; Fig. 3h)
re associated to similar phases (anglesite barite) (Fig. 3h). Given
t these phases are relatively insoluble, the Pb release from these
pounds in aqueous environments would beminimal. Rare particles
n oxides were also observed (Fig. 3f) withweathering rims enriched
etal(loids) including Pb, Sb and Zn. Interestingly, metals (mainly Pb
Zn) were bound in Fe and Mn oxides formed as weathering

ducts on particles (e.g. Fig. 3b, c), indicating contaminants can be
orbed from surrounding soil during the formation of secondary Fe
oxides.
Lead isotopic compositions were used in this study to delineate po
tial contaminant sources. The Pb isotopic compositions of soils and
rence samples (galena and slag) are presented in Fig. 4 and Supple
ntary data 3. Surface soils from public and private spaces (n = 8)
e similar loosely clustered Pb isotopic compositions (range:
b/207Pb: 2.345 2.411, 206Pb/207Pb: 1.068 1.312). Lead isotopic
positions of soils collected from depth profiles (n = 3) within the
an area (profiles b, c, d; Fig. 1) fall within the range of Pb isotopic
positions of surface soils in public and private spaces (range:
b/207Pb: 2.370 2.406, 206Pb/207Pb: 1.093 1.234). Lead isotopic
positions from soil collected from the depth profile in the remnant
hland (profile e; Fig. 1; n = 1) are more radiogenic and outside of
range of urban surface soils (208Pb/207Pb: 2.489, 206Pb/207Pb:
8) (Fig. 4, Supplementary data 3). Lead isotopic compositions for
two slag samples reveal divergent Pb isotopic compositions. A
k glassy material similar to non ferrous smelter slag as identified
ther studies (Morrison and Gulson, 2007; Piatak et al., 2015) was
radiogenic than surface soils (208Pb/207Pb: 2.319, 206Pb/207Pb:
4) (Fig. 4, Supplementary data 3). A second slag deposit that was
re similar to ferrous smelter slag as identified in other studies
tak et al., 2015) contained more radiogenic Pb than surface and
th profile soils (208Pb/207Pb: 2.543, 206Pb/207Pb: 1.318) (Fig. 4, Sup
entary data 3). The Wallaroo Mine copper ore that was smelted

he site prior to Newcastle BHP was co associated with galena Pb
(208Pb/207Pb: 2.640, 206Pb/207Pb: 1.477), which hasmore radiogenic
isotopic compositions compared to bushland depth profile soil
Pb/207Pb: 2.489, 206Pb/207Pb: 1.198) and slag (Fig. 4, Supplementary
a 3). Consequently, we used Wallaroo galena Pb isotopic composi
s as an end member for source apportionment analysis. Although
Pb bearing Cu ore associated with the Wallaroo Mine was smelted
rge volumes during the early industrial era of Newcastle it appears
ave had little influence on soil Pb isotopic compositions (Fig. 4, Sup
mentary data 3). The other Pb isotopic composition end member
d is the less radiogenic Broken Hill ore (208Pb/207Pb: 2.319,
b/207Pb: 1.044) (Fig. 4, Supplementary data 3).
The Pb isotopic compositions (Fig. 4, Supplementary data 3) showed
nrichment of public and private space soils (Fig. 4) by the distinct
ken Hill Pb isotope signature (208Pb/207Pb: 2.319, 206Pb/207Pb:
4). Enrichment of public and private soils less radiogenic Pb sources
gests an introduction of Broken Hill type ore bearing material (e.g.
k glassy slag waste and fill material) into the Newcastle city envi
ment. Leaded petrol and paint are also potential contributors to Pb
he surface soils of the urban environment (Datko Williams et al.,
4; Kristensen, 2015; Laidlaw et al., 2012; Mielke et al., 1983;
lke and Reagan, 1998; Mitchell et al., 2014; Zahran et al., 2013).
Pb isotopic ratios of the soils derived from ICP MS do not allow dis
ination between these tightly clustered sources (Fig. 4). However,
pite this limitation, the data show clearly that Pb sources match
ely the Broken Hill ore signature in urban soils.

Soil polycyclic aromatic hydrocarbon concentrations

Soil PAH concentrations are presented in Fig. 1 and Supplementary
a 2. Soil samples (n = 12) contained 12 of the 15 target PAH
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Fig. 3. Scanning electron micrographs in back-scattered electrons (BSE) of representative metal(loid)-bearing particles from two samples (PRS3D and PRS4C) from Newcastle city soils
(Australia). Complete data available in Supplementary data 4. a) Smelter slag particle composed of Fe-olivine (fayalite), metal-bearing glass and symplectitic inclusions of chalcocite
and bornite (PRS3D); b) Slag-like particle originating probably from smelter dust emissions composed of magnetite sub-micrometric dendrites and newly-formed Mn- and Mn-Fe
oxides resulting from alteration process in soil (PRS4C); c) Mn oxide particle particularly rich in metals associated with slag particles and magnetite grains (PRS3D); d) Weathered
pyrite grain with Fe-oxide rim (PRS3D); e) Metal-bearing Fe oxide associated with slag and magnetite particles (PRS3D); f) Mimetite-pyromorphite solid solution (ss) associated to
weathered Sn-oxide and Fe-oxides particles, slag and magnetite grains (PRS3D); g) Complex intergrowth of barite and anglesite with organic matter and unidentified silicate material
(PRS3D); h) (hydroxyl)pyromorphite grain associate with unidentified Pb-bearing silicate (probably slag glass) (PRS3D); i) Sponge-like particle composed of hydroxylpyromorphite
and pyromorphite associated to rutile and smelter-derived silicates (slag) (PRS4C). The metal(loid) concentrations obtained by EDS are expressed in wt% of oxides. Abbreviations: Ang
– anglesite (PbSO4), Bn – bornite (Cu5FeS4), Brt – barite (BaSO4), Cc – chalcocite (Cu2S), Fa – fayalite (Fe2SiO4), Gl – glass (slag), (H)Pyr – hydroxypyromorphite (Pb5(PO4)3OH), Mag –
magnetite (Fe3O4), Mim - mimetite (Pb5(AsO4)3Cl), OM – organic matter; Px – pyroxene ((Ca,Fe,Mg)2Si2O6), Py – pyrite (FeS2), Pyr – pyromorphite (Pb5(PO4)3Cl), Qtz – quartz (SiO2),
Sil – unidentified silicate; Rt – rutile (TiO2).

Fig. 4. Lead isotopic compositions of Newcastle city (Australia) soils and slag and galena
from Broken Hill and Wallaroo Mines analyzed in this study. Standard deviation from
repeat analysis (10 analyses) of one sample: 208Pb/207Pb: 0.004, 206Pb/207Pb: 0.004.
Comparison is made to reference Pb isotopic compositions from the nearby Sulphide
Corporation's Boolaroo smelter slag (Gulson et al., 2004), Broken Hill ore galena
(Gulson, 1984), petrol and paint values (Gulson et al., 1982; Laidlaw et al., 2014).
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compounds (Supplementary data 2). The carcinogenic compou
benzo(a)pyrene was detected in all samples with the maximum co
centration in Zone 1 (9.8 mg/kg; Fig. 1). Nine samples exceeded t
Australian HIL A guideline (3 mg/kg) for benzo(a)pyrene T
transformed PAHs (Table 3, Fig. 1, max 13.5 mg/kg). The maximu
TEF transformed PAH concentration (13.5 mg/kg) was detected
Zone 1 sampling area.

3.4. Potential health impacts of soil contamination

Soils in Newcastle are contaminated by a range of metal(loid)s a
PAHs.While there is strong evidence to link the soil metal(loid) conce
trations to the legacy industrial activities of the city, the source of PA
in Newcastle is unclear. Steel manufacturing (Khaparde et al., 201
Song et al., 2015; Yang et al., 2002), coal transport (Huang et al., 201
Wang et al., 2016), and incomplete combustion of motor vehicle em
sions (Jedrychowski et al., 2015; Perer et al., 2006) are known to co
tribute PAHs to the soil environment. Regardless of the source, rece
studies have demonstrated a link between pre natal and early life exp
sure to PAHs (Huang et al., 2013) and a range of cancers (Lemieux et
2015; Mordukhovich et al., 2016; Perer et al., 2006; Zhang et al., 201
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osure to PAHs in the Newcastle soil environment, combined with
metal(loid) contaminants is likely to generate a significant burden
isease.
lood Pb (and other metals) analysis of the Newcastle population
ld be one determinant of exposure to contaminated soils in
castle. Unfortunately, no such data exists. Given the paucity of
d Pb (and other metals) data, surrogate indicators are used here
redict the potential health impacts of Pb contaminated soils in the
. Our in vitro bio accessibility analysis (n = 11) shows that the Pb
d in soils would be subject to absorption following ingestion of
s from the study area (Table 4). This is not surprising given that
Pb bearing Fe and Mn oxides identified in Fig. 3b and c are
wn to be susceptible to dissolution under acidic conditions. More
r, the in vitro bio accessible Pb concentrations indicate a potential
den of disease associated with Newcastle's soil Pb concentrations,
ch could be better quantified with a childhood blood Pb survey in
castle city linked to participant's home soil and dust metal analysis.

Managing environmental contaminants in Newcastle city

ome information is available to landowners about the potential risk
nvironmental contamination in Newcastle, but it is not extensive
it is often site specific. In addition to sites being listed on the NSW
ironment Protection Authority's (NSW EPA) list of notified contam
ed sites (NSW EPA, 2016) some properties in Carrington have a cer
ate issued under section 149 of the Environmental Planning and
ssment Act 1979 (NSW) advising purchasers:

and history information indicates that the subject land may be
ithin an area which was once low lying and may have been filled.
imited investigation indicates that the filling material may contain
allast and industrial slagwhich contains someheavymetals includ
ng lead. The Council does not hold information which allows it to
ay whether or not the subject land contains such filling material
nd purchasers should make their own enquiries in this respect. If
he land does contain such filling material this should be taken into
ccount in the use and the development of the property. Soil sam
ling and remediation may be required for the further development
f the land.
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tro bio-accessible soil Pb concentrations.

mple In-vitro bio-accessible Pb
(mg/kg)

Total Pb
(mg/kg)

%
bio-accessiblea

S10B 5000 7640 65
S7A 732 2830 26
S3D 1670 3420 49
ne 1 S7 1730 1550 112
ne 2 S17 1410 2770 51
S8C 282 1060 27
ne 1 S20 972 2060 47
ne 1 S9 607 4650 13
S4C 5190 11,570 45
ne 2 S4 1350 2550 53

ne 2 S4b 1340 2550 52
ST2586
500 mg/kg)

156 31

K b0.5 -
L-24 (10 ppm) 10 -

2586 is a Pb paint contaminated soil used to assess the extraction efficiency of the in-
bio-accessibility method.
= analysis blank.
24 = 10 ppm 12-element standard reference material used during IPC-MS analysis.
applicable.
alculated from pXRF total.
enotes field duplicate sample.
[Newcastle City Council (NCC) (1997)]

o address the absence of site specific contamination information,
metal screening programs such as VegeSafe (Rouillon et al., 2016)
ld be employed across the city to help inform homeowners of extant
metal(loid) contamination on their property and the potential asso
ed risks. Such information can be used by homeowners to initiate
igation strategies, including: engagement of professional trained
tractors to remediate soils where appropriate; using raised garden
s for food growing; removing and replacing soils in areas regularly
ed by children and pets.

Industry, smelting and development in global urban cities environ
tal implications

his study demonstrates the extensive environmental contamina
legacy that can be created by a long history of manufacturing,

cessing and smelting along with inappropriate waste disposal in
an environments. In 2011, it was estimated that around 30% of
global feedstock for ferrous ore processingwas discarded generating
0 million tons of waste slag (Van Oss, 2011). The waste material
duced from manufacturing industries, typically rich in a range of
ironmental contaminants, is often discarded haphazardly in the
ironment, leading to problematic brownfield sites, requiring costly
ironmental clean up (Gallego et al., 2016).

onclusions

his study details a significant potential health risk associated with
ironmentalmetal(loid) and PAH contamination of soils in the indus
l city of Newcastle, Australia. Surface soils collected from public
dside verges and parks) and private (homes) spaces (n = 170)
w that a range ofmetal(loid)s are present in the soils above their rel
nt Australian Health Investigation Level (HIL) concentrations. Lead
themost common contaminant detected in the city soils with ame
concentration of 1140 mg/kg in private space soils. Deep soil met

oid) concentrations across the city were also elevated indicating
taminationwas laterally and vertically pervasive. In vitro bio acces
ity analysis of Pb in soils (maximum Pb concentration: 5190mg/kg;
Pb bio accessibility) revealed these were readily available to the
ric system. Soil Pb isotopic compositions (range: 208Pb/207Pb:
5 2.411, 206Pb/207Pb: 1.068 1.312) show that the anthropogenic
taminationwas sourced from a low radiogenic source, with a Broken
type Pb orebody (208Pb/207Pb: 2.319, 206Pb/207Pb: 1.044) being the
t likely origin. Examination of soil mineralogy, particularly the
nded quenched droplet particles extracted during heavy mineral
ration (Fig. 3), indicates that Pb and soil metal(loid) contaminants
derived predominantly from smelter emissions and industrial
te slag. An additional burden of contamination in the city soils
es from elevated levels of PAH compounds, typically associated
coal, ferrous metal smelting and fossil fuels, with 75% of samples

= 12) analyzed exceeding the Australian HIL A guideline for
zo(a)pyrene TEF transformed PAHs.
ource assessment of the environmental contamination indicates
historic and legacy Cu and steel smelting industries in the city

e contributed substantially to the contamination of soils. This
y highlights the health risks faced by communities residing in
strial locations and demonstrates the ‘need to know’ so that
viduals can protect themselves from unnecessary and potentially
c exposures.
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Appendix A. Supplementary data

Supplementary data to this article can be found online at http://d
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Chapter 4: Blood Pb and its response to environmental Pb 

Chapter Four presents the following paper: 

• Paper Three: A 25-year record of childhood blood lead exposure and its relationship to

environmental sources. Dong, C., Taylor, M. P.

Draft for submission to Environmental Research

In Chapter Three, the research showed that not only was total dust Pb loading (µg/m2/day) 

elevated in Broken Hill, but that it was also highly bioaccessible (at an average of 68% of 

total dust Pb), especially for the area adjacent to the active mining operations. In addition, 

elevated total Pb and bioaccessibility have also been observed in Broken Hill soil (Yang and 

Cattle, 2015). Research in the 1990s contended that soil and dust Pb ingestion was responsible 

for the elevated blood Pb concentrations in Broken Hill children (Gulson et al., 1994a). 

Furthermore, an analysis of Pb isotopic composition in Broken Hill showed that childhood 

blood Pb was more strongly correlated to dust fall than soil (Gulson et al., 1995). A recent 

study of Broken Hill and the environmental Pb problem asserted that the primary contributor 

to elevated childhood blood Pb could be explained by soil Pb through the Integrated Exposure 

Uptake Biokinetic (IEUBK) model (Yang and Cattle, 2015). However, the Broken Hill 

dataset, including over 24,000 blood Pb tests and 10,000 environmental Pb data covering the 

last 25 years, has yet to be examined in order to investigate a dose response relationship 

between blood Pb and environmental Pb. Thus, this chapter examines children’s blood Pb and 

its response to soil and dust Pb contamination through multivariate regression analysis using 

the Broken Hill dataset. This study differs from the studies conducted in the 1990s (Gulson et 

al., 1994a,b) and that undertaken by Yang and Cattle (2015) in that the sample size is much 

larger, involves actual measures of exposures in children and incorporates a suite of relevant 

covariates, including age, sex, ethnicity, age of house and socio-economic status, that are 

known to influence blood Pb outcomes.  
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Abstract 

Broken Hill, the oldest silver (Ag)–zinc (Zn)–lead (Pb) mining community in Australia, has 

an ongoing and legacy problem of Pb exposure that dates back to as early as 1893. This study 

aims to identify potential pathways of blood Pb (PbB) in Broken Hill with the aim of 

identifying children with high environmental Pb exposure risk for future remediation 

programs. This study examines PbB levels of children <5 years old, along with corresponding 

soil, petri-dish dust and ceiling dust Pb concentrations at homes over 25 year period from 

1991–2015. Regression analysis was used to identify potential factors driving blood Pb 

exposures as well as the relationship between environmental Pb sources and children’s PbB.  

The results show that age, sex, ethnicity, socio-economic status and age of housing were 

statistically significant independent predictors (p<0.01) of PbB. More specifically, Aboriginal 

children (PbB 7.4 μg/dL, 95% CI: 6.7–7.4) in Broken Hill are more vulnerable to 

environmental Pb exposure compared to non-Aboriginal children (PbB 6.2 μg/dL, 95% CI: 

6.2–6.3) for all years during the period of 1991-2015. Children at the age of 24–36 months 

had a higher PbB exposure risk compared with other age groups. Blood Pb concentrations 

increased significantly (p<0.01) with decreased socio-economic status and for children living 

in houses built before 1940 (p<0.01). A 100 mg/kg increase in soil Pb was associated with a 

0.12 μg/dL increase in childhood PbB for the entire Broken Hill area. In addition, PbB 

concentrations increased with greater indoor petri-dish dust Pb loadings (i.e. 0.08 μg/dL per 

100 μg/m2/30 days). Blood Pb was significantly correlated with both soil Pb and indoor petri-

dish dust Pb loadings, confirming that these are the most probable sources of PbB exposure in 

Broken Hill. In terms of moving forward and mitigating harmful early life Pb exposures, the 

data show that children aged 24–36 months, and Aboriginal children should be prioritised for 

practical intervention practices. Such interventions should include household soil remediation, 

dust cleaning using wet mopping and wiping techniques, vacuuming of carpets and 

furnishings and sealing of older homes to minimise dust penetration.  

Keywords 

Blood lead; soil; dust; Aboriginality; age of house; socio-economic status 
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1. Introduction

Anthropogenic lead (Pb) enters the environment through a range of sources such as mining 

and smelting, the use of batteries, pigments and ceramics, combustion of fossil fuels (e.g. 

coal, leaded gasoline), the use of mineral fertilisers, sewage sludge application and the use of 

lead water pipes (Komárek et al., 2008; Pieper et al., 2017). Consequently, the prevalence of 

Pb in residential environments has meant that Pb poisoning has continued to be a common 

public health problem, especially among young children (Needlemen, 2004; Flora et al., 

2012). Young children are more vulnerable to Pb exposure due to their frequent hand-to-

mouth activity, higher absorption rates (when compared to adults) and their developing 

central nervous system (Needleman, 2004). The adverse health impacts of Pb poisoning on 

children are well known and include intellectual impairment (e.g. Lanphear et al., 2005; Jusko 

et al., 2008; Liu et al., 2013; Alvare-Ortega et al., 2017), cognitive deficits as well as 

behavioural functions (e.g. Liu et al., 2014; Skerfving et al., 2015; Choi et al., 2016; Huang et 

al., 2016; Rodrigues et al., 2016) and low birth weight/length (McMichael et al., 1986; Zhu et 

al., 2010; Zhang et al., 2015). Such impacts are still observed at low levels of children blood 

Pb (PbB) concentrations (Bellinger et al., 1992; Schwartz, 1994; Lanphear et al., 2005; Zhu et 

al., 2010; NTP, 2012; Xie et al., 2013; Skerfving et al., 2015; Earl et al., 2016). Hence, in 

order to reduce children’s PbB exposure risk, the association between environmental Pb (e.g. 

water, soil, dust) and PbB has been examined widely outside of Australia (e.g. Lanphear et 

al., 1998; Mielke et al., 2007; Dixon et al., 2009; Levallois et al., 2014; Bello et al., 2016; 

Hanna-Attisha et al., 2016). While these association analyses can identify the main pathways 

of childhood PbB, they can also provide target environmental Pb values to achieve particular 

childhood PbB outcomes. For example, Dixon et al. (2009) suggested that lowering the floor 

dust Pb standard below 40 μg/ft2 (~431 μg/m2) would better protect children from elevated 

PbB. The US Department of Housing and Urban Development recently lowered the 

acceptable clearance Pb dust values following remedial works to 10 μg/ft2 (~110 μg/m2) in 

2017 (US HUD, 2017). With regard to soil Pb, Mielke et al. (2007) found that PbB was likely 

to exceed 5 μg/dL when soil Pb concentrations were greater than 300 mg/kg. In addition to 

the association between environmental Pb and PbB, childhood PbB is also influenced by other 

factors including age, sex, ethnicity, housing condition and socio-economic status (e.g. 

Mielke et al., 1997; Bellinger, 2008; Zahran et al., 2011; White et al., 2016).  

In Australia, there has been relatively limited research examining children’s PbB and its 

response to environmental Pb. The majority of Australian childhood PbB studies mainly focus 

on Port Pirie, a zinc (Zn) and Pb smelting community (e.g. Wilson et al., 1986; McMichael et 

al., 1988; Baghurst et al., 1992; Tong et al., 1996; Burns et al., 1999; Earl et al., 2016), and 
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were largely completed before the year 2000. In other Australian communities, there are 

relatively few studies applying city-wide data to estimate the relationship between 

environmental Pb and PbB (e.g. Willmore et al., 2006). Most Australian studies have used 

small cohorts of participants to estimate the relationship between environmental Pb and PbB 

(e.g. Fett et al., 1992; Young et al., 1992; Boreland et al., 2006; Gulson and Taylor, 2017). 

For example, Boreland et al. (2006) used interior dust Pb from the homes of 74 preschool 

aged children (4–5 years) and their PbB samples to identify a relationship between both sets 

of data. Recently, Gulson and Taylor (2017) applied soil/dust Pb and PbB data (2001–2006) 

from 100 houses and 108 children located in Sydney and estimated the relationship between 

PbB and environmental Pb. The association between PbB and environmental Pb has also been 

examined using Integrated Exposure Uptake Biokinetic (IEUBK) modelling in Australia (e.g. 

Yang and Cattle, 2015; Laidlaw et al., 2017). Hence, an opportunity exists to estimate the 

relationship between environmental Pb and PbB in Australia using a long-term city-wide 

dataset.  

Broken Hill, located in far west New South Wales (NSW), Australia, has the world’s largest 

Ag-Pb-Zn ore deposit (Solomon, 1988). The ore deposit was discovered in 1883 and has since 

been mined uninterrupted (Kristensen and Taylor, 2016). The ore processing operations have 

left a legacy of widespread Pb contamination in the adjoining residential community, with 

occupational and community Pb poisoning being reported as early as 1893 (Thompson et al., 

1893). In 1991, systematic investigation of childhood PbB levels commenced, at which time 

86% of children had PbB levels ≥10 µg/dL (the upper acceptable PbB value from 1993 to 

2015) (Lyle et al., 2006), thereafter childhood PbB in Broken Hill decreased continuously 

from 1991 to 2010. However, the proportion of children with a PbB >10 µg/dL increased 

from 12.6% in 2010 to 21% in 2012 and remained at ~20% after 2012 (Lesjak and Jones, 

2016). The recent increase of PbB concentrations may be due, in part, to a recent increase of 

participation in the annual PbB monitoring programs, resulting in a more accurate assessment 

of exposures in children.  

In order to identify potential sources of PbB, environmental Pb samples, including soil and 

indoor dust, were collected in parallel to an NSW Health PbB investigation program that has 

run from 1991–present. However, up until now, the full dataset comprising the PbB and 

environmental Pb data has yet to be examined in an integrated manner. Therefore, the aim of 

this study is to identify the linkages between environmental sources, pathways, and childhood 

PbB levels. In order to achieve this aim, we first investigate the dose response relationship 
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between PbB and Pb concentrations in soil, petri-dish dust and ceiling dust, respectively. 

Second, we investigate potential impacts of other variables (i.e. age, sex, ethnicity, housing 

condition and socio-economic status) on childhood PbB to identify those children most 

vulnerable to environmental Pb exposure. This study begins to address the paucity of research 

using a large dataset to establish a relationship between environmental Pb and blood Pb in 

Australia. 

2. Data and Methods

2.1 Data 

2.1.1 Blood Pb 

The blood Pb dataset (1991–2015) was obtained from Broken Hill Child & Family Health 

Centre. Data access and its subsequent analysis were subject to ethics approval from NSW 

Health and Macquarie University. From 1991 to 2015, there were 25,385 PbB test results 

recorded for children aged 0-5 years old. However, some of the test results were duplicated in 

the dataset and consequently were removed. The cleaned dataset contains 24,108 PbB test 

records. Before 2008, venous blood sampling was used to test Broken Hill children’s PbB 

concentrations, while after this date the finger-prick (capillary) method was applied (Lesjak 

and Jones, 2016).  

In this study, PbB was analysed as a continuous variable (μg/dL), while associated metadata 

was also analysed comprising information on the residence of each child, date of blood 

sample collection, age, sex (male=1; female=0), and ethnicity (Aboriginal=1; non-

Aboriginal=0).  

2.1.2 Environmental Pb samples 

The available Broken Hill data contains 10,160 residential soil Pb samples collected between 

1994 and 2015, from 1940 Broken Hill properties. Wherever possible, multiple samples were 

collected from different sites around each house from a depth of 0–5 cm (Western NSW 

Public Health, 1994). Indoor house dust was collected in two ways at Broken Hill. Indoor dust 

Pb deposition (μg/m2/30 days) was measured at 106 houses predominantly between 1996 and 

1998, using 85 mm diameter polystyrene petri-dishes using established methods (Gulson et al. 

1995a). Ceiling dust (n=80 houses) collected during 1996–1998 was sieved to <150 μm prior 

to analysis for Pb concentration. The laboratory analysis of petri-dish dust and ceiling dust 

followed the methods used in the studies Boreland et al. (2002) and Gulson et al. (1994a), 

respectively. 



60 

Previous Pb isotopic composition analyses showed that household soil and dust but not water 

were the most significant sources of Pb in blood (Gulson et al., 1994a). Therefore, this study 

focuses on the relationships between Pb in soil and dust childhood PbB outcomes. 

2.1.3 Age of house 

The ages of houses located in Broken Hill were obtained from the New South Wales 

Environment Protection Authority (NSW EPA). In Broken Hill, age of house data were 

recorded as an ordinal number (i.e. pre-1914, 1915-1939, 1940-1970 and post-1970). Rouillon 

et al. (2017) demonstrated that soil Pb concentrations of homes built before 1935 in Sydney, 

Australia, were likely to exceed the Australian residential soil Pb guideline of 300 mg/kg due 

to the accumulation of leaded petrol emissions and the deterioration of Pb-based paints 

(NEPM, 2013). In New Orleans, USA, census tracts with a majority of houses built before 

1940 also had higher PbB levels (Mielke et al., 1997). Furthermore, a national study 

conducted in the United States has shown that there is a greater Pb hazard in houses built 

before the 1940s (68% houses with Pb hazard issues) (Jacobs et al., 2002). To evaluate the 

potential influence of house age on PbB data in this study, the age of Broken Hill houses was 

placed in one of two categories (before 1940=1; post 1940=0). The pre/post-1940 division 

provided best possible statistical signal of Pb-based paint exposure risk in Broken Hill. In 

addition to the increased risk of Pb-based paint in older Broken Hill homes, it is also likely 

older houses have been subject to significant dust loading over time. Their poor structure 

means that they are likely to be affected by dust penetration and the accumulation of Pb from 

atmospheric and soil sources. The age of house information was merged with PbB and 

environmental Pb data according to the address of the house. 

2.1.4 Socio-economic status 

Statistical area data relating socio-economic metrics for Broken Hill was extracted from the 

Australian Bureau of Statistics website. Index of Relative Socio-Economic Advantage and 

Disadvantage (IRSAD) data for 52 ‘Statistical Areas Level 1 (hereafter SA1)’ across Broken 

Hill was used for this assessment. The SA1 level is the most granular unit for the release of 

census data. The IRSAD data ranks areas on a scale from most disadvantaged (low index 

score) to advantaged (high index score) using the variables of income, education, 

employment, occupation, housing and other indicators of relative advantage and disadvantage 

(ABS, 2013). Blood Pb and environmental Pb data in this study were matched to their 

corresponding SA1 areas prior to analysis. 
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2.2 Data analysis 

Statistical analyses were undertaken using Stata 12. Multivariate regression analysis was 

undertaken to evaluate the relationship between children’s age, sex, ethnicity, socio-economic 

status and PbB outcomes.  

The relationship between soil Pb and PbB was estimated in two ways. First, blood and 

environmental Pb data were geocoded and matched to their corresponding SA1 areas by year 

of analysis during the period of 1991-2015. Geometric mean values of soil Pb and PbB from 

the corresponding SA1 areas were used to estimate the association between soil Pb and PbB 

data. Second, multivariate regression analysis including demographic parameters was 

conducted at the house level, i.e. PbB of each house for a particular year was regressed 

against the mean soil Pb of the same house in the same year between 1991 and 2015. 

Regarding the limited petri-dish dust and ceiling dust samples (hereafter referred to as dust) 

collected during the period of 1996 to 1998, the PbB of children in corresponding homes from 

the same period was regressed against the mean dust Pb of the same house. 

3. Results

3.1 Blood Pb 

Table 1 shows that the geometric mean PbB of Aboriginal children (7.4 μg/dL) was higher 

than non-Aboriginal children (6.2 μg/dL) (t-test; p<0.001) for all years, 1991–2015. Children 

<12 months of age had the lowest PbB concentrations (2.7 μg/dL) compared to other age 

groups, with PbB values peaking at 9.7 μg/dL in children aged 24–36 months (Table 1). 

Broken Hill boys under five years of age had higher PbB (6.2 μg/dL) than girls of a similar 

age (5.5 μg/dL) (t-test; p<0.001) (Table 1). Children living in older houses (pre-1940) had 

higher PbB (6.9 μg/dL) when compared to those living in houses built post-1940 (5.8 μg/dL). 
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Table 1. Characteristics of study participants with weighted percentage 1991-2015. 

Variables 
Number of  

observations (%) 

PbB levels (μg/dL) 

GM (95% CI) 

Total 24,076 (100) 6.39 (6.32, 6.47) 

Sex 

Male 12,717 (53) 6.89 (6.77, 6.99) 

Female 11,034 (46) 6.09 (5.99, 6.19) 

Age (months) 

0-12 6561 (27) 2.70 (2.65, 2.75) 

12-24 5216 (22) 8.20 (8.04, 8.37) 

24-36 4502 (19) 9.70 (9.50, 9.91) 

36-48 3939 (16) 9.18 (8.98, 9.39) 

48-60 3858 (16) 8.36 (8.17, 8.55) 

Ethnicity 

Aboriginality 3521 (15) 7.37 (6.69, 7.40) 

  Non-Aboriginality 20,555 (85) 6.24 (6.16, 6.32) 

Age of House 

pre-1940 12,603 (52) 6.94 (6.83, 7.06) 

after 1940 9326 (39) 5.83 (5.73, 5.94) 

Multivariate regression analyses show that PbB in Broken Hill children is significantly 

correlated to demographic parameters, such as age, sex, ethnicity, age of house and socio-

economic status (Table 2). In particular, a non-linear association between child age and PbB 

was found, which is consistent with previous studies (e.g. Baghurst et al., 1992; Willmore et 

al., 2006; Searle et al., 2014). Assessment of blood Pb exposures against socio-economic 

values shows that exposures are inversely related (Table 2).  

Table 2. Multivariate regression analysis of PbB including demographic parameters. 

PbB (μg/dL) Coefficients 

Sex 1.161*** 

(0.0997) 

Aboriginality 1.887*** 

(0.140) 

Age 7.028*** 

(0.117) 

Age2 -1.151***

(0.0246)

SES -0.0156***

(0.000930)

House age 1.206***

(0.103) 

Constant 14.68*** 

(0.860) 

Observations 21,646 

R-squared 0.220 

Note: *** p<0.01. 
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3.2 Soil Pb and PbB 

Figure 1 showed that geometric mean soil Pb associated with the corresponding PbB at the 

SA1 area level in Broken Hill (r=0.22, p<0.01) (Figure 1). An increase in soil Pb 

concentration from 100 to 1000 mg/kg resulted in a 1.9 μg/dL increase in PbB.  

Figure 1. Scatter plot of geometric soil Pb against geometric PbB at the SA1 level for all 

years, 1994–2015 (n=499). The solid line represents the non-linear regression model, with the 

outer dashed lines being the 95% confidence interval boundaries. 

The relationship between soil Pb and PbB at the house level were investigated along with 

relevant demographic factors (age, sex, ethnicity, socio-economic status and age of house) 

(Table 3). Table 3 shows that PbB of Broken Hill is not only significantly correlated with soil 

Pb, but also with other variables such as age, sex, Aboriginality, age of house, and socio-

economic status (Table 3), which makes untangling the actual cause of elevated PbB difficult. 

This model shows that a soil Pb increase of 100 mg/kg is associated with a 0.12 μg/dL 

increase in PbB for the whole Broken Hill area (geometric mean soil Pb for the 6265 

individual household samples was 502 mg/kg). That means 1.1 μg/dL increase in PbB when 

soil Pb concentration increase from 100 to 1000 mg/kg, which is also comparable with the 

increase of 1.9 μg/dL based on the geometric soil Pb and geometric PbB analysis (Figure 1). 

The gradient of soil Pb versus PbB is also consistent with that established in Sydney (0.17 

μg/dL per 100 mg/kg) (Gulson and Taylor, 2017). 
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Table 3. Relationships between PbB and soil Pb including demographic parameters. 

PbB (μg/dL) Coefficients 

Soil Pb (mg/kg) 0.0012*** 

(0.000) 

Sex 0.9788*** 

(0.183) 

Aboriginality 2.0353*** 

(0.302) 

Age 7.7895*** 

(0.218) 

Age2 -1.3188***

(0.045)

SES -0.0164***

(0.002)

House age 0.8825***

(0.196) 

Constant 15.7878*** 

(1.715) 

Observations 6,265 

R-squared 0.246 

Note: *** p<0.01. Sex: male=1; female=0. Aboriginality: Aboriginal=1; non-Aboriginal=0. House age: 

before 1940=1; post 1940=0. Age2: square of child age. SES: Index of Relative Socio-Economic Advantage 

and Disadvantage (IRSAD). 

3.3 Dust Pb and PbB 

Unlike the soil–PbB data for which there were 6265 observations, the relationship between 

the paired dust and PbB dataset is based on a much smaller subset of observations (n=99 and 

n=98, respectively for petri-dish dust and ceiling dust, Table 4).  

Table 4. Characteristics of the paired dust and PbB dataset from 1996-1998. 
Paired  

Petri-dish dust 
Paired ceiling dust 

Variables 
observations 

(%) 

PbB (μg/dL) 

GM (95% CI) 

Number of 

observations 

(%) 

PbB (μg/dL) 

GM (95% CI) 

Total 99 (100) 11.36 (9.92, 12.99) 98 8.32 (7.05, 9.82) 
Sex 

Male 56 (57) 12.66 (10.59, 15.13) 53 (55) 9.94 (8.06, 12.25) 
Female 43 (43) 9.86 (8.03, 12.11) 44 (45)    6.94 (5.36, 8.98) 

Ethnicity 

Aboriginality 13 (13) 15.08 (10.65, 21.37) 6 (6) 19.73 (9.49, 40.98) 

Non-Aboriginality 86 (87) 10.88 (9.40, 12.59) 92 (94) 7.86 (6.66, 9.29) 

Age of House 
pre-1940 59 (66) 10.85 (9.02, 13.07) 58 (39) 8.54 (6.71, 10.86) 

after 1940 31 (34) 12.46 (9.92, 15.63) 37 (61) 7.80 (6.16, 9.87) 

Notes: GM: Geometric mean value of PbB (95% confidence interval). 

Multivariate regression analysis showed that PbB increases with indoor petri-dish dust Pb 

loadings (i.e. 0.08 μg/dL per 100 μg/m2/30 days), while ceiling dust Pb did not correlate with 
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PbB concentrations (Table 5). Gulson and Taylor (2017) recently reported Sydney data that 

showed an increase in petri-dish dust Pb loadings of approximately 100 µg/m2/30 days would 

increase PbB by about 1.5 µg/dL.  

Table 5. Multivariate regression analysis: association between dust Pb (i.e. petri-dish dust and 

ceiling dust) and PbB.  
PbB Petri-dish dust 

(μg/m2/30 days) 

Ceiling dust 

(mg/kg) 

Dust Pb 0.0008** -0.0002

(0.0003) (0.0002)

Sex 2.5686* 2.0257*

(1.2939) (1.1598)

Aboriginality 2.3771 10.3731*** 

(1.9529) (2.3868) 

Age 8.6540*** 7.7885*** 

(1.4143) (1.3823) 

Age2 -1.5460*** -1.4952***

(0.2878) (0.2928)

SES -0.0108 -0.0591***

(0.0138) (0.0177)

House age -1.3457 1.7063

(1.4187) (1.1882)

Constant 12.6240 56.4656***

(12.8537) (16.9415)

Observations 90 93 

R-squared 0.4075 0.5397 

Notes: *** p<0.01, ** p<0.05, * p<0.1. Sex: male=1; female=0. Aboriginality: Aboriginal=1; non-

Aboriginal=0. House age: before 1940=1; post 1940=0. Age2: square of child age. SES: Index of Relative 

Socio-Economic Advantage and Disadvantage (IRSAD).  

4. Discussion

4.1 Age, socio-economic status and race influencing children’s PbB outcomes 

This study reveals that children’s PbB is significantly correlated to a wide variety of 

demographic factors including age, sex, ethnicity, socio-economic status and the age of the 

house where the child lives. Other studies have found similar complexity in attempting to 

unravel the causal factors driving childhood blood lead exposure (e.g. Baghurst et al., 1992; 

Brody et al., 1994; Son et al., 2009; Liu et al., 2012; Jeong et al., 2014; Keller et al., 2017; 

Sadler et al., 2017). Blood Pb concentrations in Broken Hill children peaked at the age of 24–

36 months and slightly decreased after 36 months (Table 1 and Figure 2). The Broken Hill 

findings are consistent with data from Australia’s only other long-term PbB monitoring of 

children in the Pb smelting city of Port Pirie (SA Health, 2017). In Port Pirie, childhood PbB 

increased rapidly up to the age of 24 months and decreased slowly thereafter (Figure 2; 

Baghurst et al., 1992; Searle et al., 2014). In another (former) Australian Pb smelting 

community, North Lake Macquarie, childhood PbB was also significantly higher for children 

aged 12–36 months (ranging 10.0–10.8 μg/dL), when compared to other age groups (Figure 2; 
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Willmore et al., 2006). Additionally, children in Mount Isa, another Australian mining and 

smelting community, also had higher PbB at the age of 12-35 months (Queensland 

Government, 2011). Similar relationships between PbB and child age are also observed 

outside Australia, for example, children’s PbB in Cincinnati and Rochester, USA also peaked 

at 24 months of age and then slowly declined (Hornung et al., 2009). Above all, these results 

indicate that children’s PbB is normally expected to peak at 18 to 24 months of age (Zahran et 

al., 2011), though PbB continues to increase with age beyond 24–36 months for some cases 

(e.g. Rabito, 1998). Higher PbB concentrations in children aged around 24 months is linked to 

a range of developmental factors. As children grow, their motor capacity and interactions with 

their surrounding environment increases (Cohen Hubal et al., 2000; Simon, et al., 2007), 

resulting in more exploratory behaviours, including hand to mouth activity thereby increasing 

their opportunity for self-contamination via ingestion of soil/dust (cf. von Lindern et al., 

2016). As children age from 3 to 4 years and their hand-mouth-activity decreases so does 

exposure via ingestion (von Lindern et al., 2016).  

Figure 2. PbB concentrations by age of children from the Australian lead industry impacted 

communities of Broken Hill, Port Pirie and Lake Macquarie. The PbB data of Port Pirie and 

Lake Macquarie were extracted from Searle et al., (2014) and Willmore et al., (2006), 

respectively. The PbB data from Broken Hill and North Lake Macquarie are the geometric 

mean values of age groups (<1 year, 1–2, 2–3…12–13 year), while the Port Pirie data is 

estimated by age rather than age groups (Searle et al., 2014). 

Multivariate regression analysis indicates that lower socio-economic status is linked to higher 

PbB concentrations in Broken Hill children, which is consistent with a range of other previous 

international studies (e.g. Mahaffey et al., 1982; Malcoe et al., 2002; Morales et al., 2005; 

Hana-Attisha et al., 2016). The influence of socio-economic status on environmental Pb 

exposure is complex and multifactorial (Pelc et al., 2016). In particular, socio-economic status 

influences the familial awareness of environmental health risks, living conditions and 



67 

childhood behaviours (Evans and Kantrowitz, 2002; Pelc et al., 2016), which in turns alters 

the response to known or perceived contamination risks in the home environment (Evans and 

Kantrowitz, 2002). In the case of Broken Hill, a relationship between socio-economic status 

and household exposure risk (i.e. household soil Pb) is evident in the fact that lower socio-

economic status of SA1 areas is associated with higher household soil Pb concentrations 

(Supplementary Figure S1). A similar relationship between socio-economic status and soil Pb 

has been observed elsewhere (Campanella and Mielke, 2008; Aelion et al., 2013).  

Ethnicity is also significantly associated with a clear disparity in children’s PbB 

concentrations. Studies of children from Mount Isa, a Pb mining and smelting city in 

Australia (Queensland Government, 2011) showed that Aboriginal children had a geometric 

mean PbB of 5.4 μg/dL (95% CI: 4.5, 6.5), while non-Aboriginal children had a geometric 

mean PbB of 4.0 μg/dL (95% CI: 3.68, 4.32). Similarly, the 2015 Broken Hill annual PbB 

report (Lesjak and Jones, 2016) showed that the percentage of Aboriginal children exceeding 

the current NHMRC benchmark of 5 µg/dL was 79%, compared to only 35% for non-

Aboriginal children. This discrepancy of higher PbB concentration is a persistent problem, 

with long term data from this study (1991–2015) revealing that Aboriginal children had a 

higher PbB geometric mean of 7.4 μg/dL compared with non-Aboriginal children who had a 

geometric mean of 6.2 μg/dL (Table 1). The mechanisms responsible for this disparity remain 

poorly understood, particularly in Australia, where there has been limited investigation of this 

phenomenon. Outside of Australia, ethnicity has been examined in more detail with respect to 

Pb exposure (e.g. Lanphear et al., 1996; Malcoe et al., 2002; Jones et al., 2009; Ngueta, 2014; 

White et al., 2016). Although subtle biological differences (e.g. DMT 1 and Vitamin D 

receptor Fok1 Polymorphism) have been implicated as possible causal factors for driving 

racial disparities in children’s PbB outcomes (Ngueta, 2014), White et al. (2016) have 

suggested that such disparities exist as a result of varying socio-economic statuses. 

Socioeconomic deprivation is contributing to racial/ethnic disparities in childhood Pb 

poisoning (Krieger et al., 2005). Moody et al. (2016) determined that this PbB disparity 

between children of different race can be negated when the children have similar socio-

economic statuses. Homes of Aboriginal children in Broken Hill were found to have a lower 

socio-economic status compared to non-aboriginal children’s homes (Supplementary Table 

S2; Supplementary Document S3), which may partly explain why Aboriginal children in 

Broken Hill have had persistently higher Pb exposure over the last two decades (Lesjak and 

Jones, 2016).  
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In older homes, Pb-based paint can also be a significant source of PbB exposure (Staes et al., 

1994; Gulson et al., 1995a; Markus and McBratney, 1996; Potula et al., 2001; Laidlaw and 

Taylor et al., 2011; Rouillon et al., 2017). Prior to 1970, Pb-based paint contained up to 50 

wt% Pb and was gradually reduced to <1.0 wt% and <0.1 wt% Pb by 1970 and 1997, 

respectively (Australian Government, 2014). A study of Sydney garden soils by Rouillon et 

al. (2017) found that the majority (85%) of painted houses built pre-1914 had one or more soil 

samples with Pb concentrations in excess of the Australian health investigation level of 300 

mg/kg (NEPM, 2013), while only 43% of painted houses built between 1955‒1975 exceeded 

this benchmark. Similarly, older painted homes in Broken Hill are likely to have elevated soil 

Pb concentrations partly due to paint sources (Gulson et al., 1996). In this study, houses built 

before the 1940s had higher mean soil Pb (884 mg/kg) compared to those houses built after 

the 1940s (475 mg/kg) (Supplementary Table S2). Higher Pb hazard in houses built before the 

1940s is also observed in the United States (68% houses with Pb hazard issues) (Jacobs et al., 

2002). A further complicating factor is that older houses are typically also characterised by a 

lower socio-economic status (Supplementary Table S2).  

4.2 Relationships between environmental Pb and PbB 

The association between PbB and different environmental media including water, soil, indoor 

petri-dish dust, ceiling dust, vacuum dust and surface wipes dust have been well documented 

(e.g. Lanphear et al., 1995, 1998; Hanna-Attisha et al., 2016; Safruk et al., 2017; Gulson and 

Taylor, 2017). Examination of the association between environmental Pb and blood Pb in 

Broken Hill has previously been assessed using Pb isotopic compositions (Gulson et al., 

1995b) and the IEUBK model (Yang and Cattle, 2015). Gulson et al. (1994a) found that Pb 

isotopic compositions of PbB were aligned closely to the composition of soil and dust, while 

Yang and Cattle’s (2015) analysis concluded soil Pb concentrations were a reliable predictor 

of PbB. This study advances previous analyses by assessing two decades of environmental 

data alongside other variables (i.e. age, sex, ethnicity, age of house and socio-economic 

status) to determine the relative contributions of different source(s) and their relationship to 

PbB outcomes.  

The analyses show that soil Pb and childhood PbB at the same residence are associated with a 

0.12 μg/dL increase in PbB per 100 mg/kg increase of soil Pb. The exposure pathway from 

soil in young children is likely to occur via ingestion through touching contaminated soil, and 

then transferring it to the mouth by hand, nail biting, finger sucking, or other hand to mouth 
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activities including the mouthing of contaminated objects and food (California Office of 

Environmental Health Hazard Assessment, 2011; von Lindern et al., 2016).   

Soil Pb has been shown to influence indoor dust Pb concentrations (e.g. Laidlaw et al., 2005; 

Layton and Beamer, 2009; Laidlaw et al., 2014), with it being transported inside homes via 

soil resuspension (Laidlaw et al., 2005, 2014) and via shoes and family pets (Hunt et al., 

2006). In the 1990s, household soil Pb concentrations were correlated strongly with petri-dish 

dust Pb deposition in Broken Hill (Supplementary Figure S4), which is consistent with 

Boreland et al’s (2002) study. This association implies that that Broken Hill soil Pb 

concentrations influence PbB levels by contributing to indoor dust Pb, and not simply as a 

direct result of soil Pb ingestion. 

In line with existing literature, the relationship between soil Pb and Broken Hill PbB shifts 

according to the age of child.  For children aged 12–48 months the increase in PbB is more 

strongly related to soil Pb (0.15–0.16 μg/dL per 100 mg/kg of soil Pb) compared to age 

groups 0–12 months (<0.001 μg/dL per 100 mg/kg of soil Pb) and 48–60 months (0.09 μg/dL 

per 100 mg/kg of soil Pb) (Supplementary Figure S5). The shifting gradients of soil Pb versus 

PbB is consistent with the pattern of PbB exposure risk, i.e. children <12 months are unlikely 

to be able to access directly contaminated soil due to their limited motor capacity, while after 

12 months, children’s motor capacity increases rapidly as does their hand-mouth-activity. As 

children age beyond 3 to 4 years, the extent of soil Pb exposure from hand-mouth-activity 

decreases (von Lindern et al., 2016), as is reflected in the Broken Hill data. 

Indoor dust is also considered to be a primary source of elevated PbB (Dixon et al., 2009), 

through hand to mouth activities and even inhalation (e.g. Lanphear et al., 1998; Roberts et 

al., 2009). Diverse indoor dust samples including those from vacuums, surface wipes, petri-

dishes and ceilings have been used to evaluate indoor dust Pb exposure risks (Lanphear et al., 

1995; Davis and Gulson, 2005; Dixon et al., 2009; Gulson and Taylor, 2017). In this study, 

petri-dish and ceiling dust samples were analysed to determine their potential relationship and 

exposure significance to childhood PbB. The results show that PbB increases with indoor 

petri-dish dust Pb (0.08 μg/dL per 100 μg/m2/30 days) in Broken Hill. Boreland et al. (2006) 

also found that PbB was associated with indoor petri-dish dust Pb concentration (0.37 μg/dL 

per 100 μg/m2/30 days). Compared with other indoor dust samples (e.g. vacuum dust and 

surface wipes dust) petri-dish dust Pb can provide a measure of integrated recent exposure 

over a specific period (30 days in this study) (Gulson and Taylor, 2017). By contrast, the 

results show that ceiling dust is less representative of the current indoor exposure risk 
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compared to petri-dish dust in Broken Hill. This is not surprising given that ceiling dust is not 

directly accessible to children. However, many older homes have cracks and gaps in ceiling 

joins allowing contaminated dust to leak into living spaces adding to the burden of dust Pb 

exposure (Davis and Gulson, 2005). Such conditions are not uncommon in Broken Hill where 

old, poorly renovated homes co-exist with a hot, dry and dusty climate (Supplementary Figure 

S6). Furthermore, the use of ceiling dust as a correlate of recent PbBs is more problematic 

because it is a composite of contamination over an extended, unknown period (Davis and 

Gulson, 2005). By contrast, petri-dish dust Pb represents recently deposited materials and is 

more likely to be related to any associated PbB exposure (Gulson and Taylor, 2017).  

5. Study limitations

Even though PbB outcomes over the last 25 years have shown a decreasing trend (Lesjak and 

Jones, 2016), a significant proportion of the population have continued to present with values 

above the national standard at the time of assessment (Figure 3). Although this study cast light 

on the sources and causes of long-term childhood PbB exposure, it does not necessarily 

reflect the contemporary situation, which is characterised by lower PbB and reduced 

exposures (Figure 3). A limitation of the analyses in this study is that matching environmental 

data (soil Pb, petri-dish dust Pb and ceiling dust Pb) was not collected from all of the homes 

of children tested for their PbB. Further, there markedly fewer houses involved in the 

assessment of residential petri-dish dust Pb (108 houses) and ceiling dust Pb (80 houses) than 

soil Pb data (1940 houses). Although the effect of these sources on PbB were modelled 

individually, a lack of all of these data types (soil Pb, petri-dish Pb and ceiling dust Pb) at 

sufficient homes meant that it was not possible to estimate the relative contribution from these 

sources on the individual PbB outcomes. Furthermore, this study demonstrated that PbB 

concentrations were significantly associated with a range of demographic factors including 

age, sex, ethnicity, age of house and socio-economic status. Unfortunately, data on other 

potentially relevant human-related mechanisms are not available because physiological and 

behavioural parameters such as nutrition, personal hygiene and mouthing behaviours were not 

historically assessed as part of the childhood PbB screening program at Broken Hill. 
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Figure 3. Blood Pb (PbB) concentrations of children aged between 1 and 4 years and 

percentage exceeding the national guideline of PbB at that time over the period 1991-2016. 

The data were extracted from Broken Hill PbB annual reports (Lesjak and Jones, 2015; 

Western NSW Health, 2017). 

6. Lead exposure management

Consistent with previous studies (e.g. Lanphear et al., 1998; Boreland et al., 2002; Mielke et 

al., 2007), this research confirmed that both household soil Pb and indoor dust Pb were 

significant sources of Pb exposure for children in Broken Hill. Further, the association 

between soil Pb (mg/kg) and indoor dust Pb loading (μg/m2/day) in Broken Hill suggests that 

household soil Pb contamination was played an important role in determining household Pb 

exposure in Broken Hill. Therefore, reducing exposure resulted from household soil lead 

contamination includes two aspects: first, capping contaminated soil can be applied to Broken 

Hill community. Previous studies have demonstrated that capping contaminated soil is 

economic and effective to reduce Pb exposure (Mielke et al., 2011; Ericson et al., 2018; Yang 

and Cattle, 2017). Second, to reduce exposure raised from tracked-in contaminated soil, wet 

mopping and HEPA (high efficiency particulate air) vacuuming of carpets would be required. 

This study shows that older Broken Hill houses have elevated Pb exposure, which also may 

be a function of Pb-based paint contamination and the inadequate sealing of ceilings, which 

are prone to accumulated Pb contaminated leaking dust into living spaces. Therefore, 

appropriate renovation and sealing of older homes will help to minimise Pb-based paint 

exposure and dust penetration from internal and external sources. Indeed, a limited number of 

Broken Hill household interventions involving internal cleaning and capping of contaminated 

soil were conducted in in the 1990s (Lyle, 2001; Lyle et al., 2006; Boreland et al., 2009), 

which were effective at reducing the risk at the time (Boreland et al., 2006).  
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In addition to household interventions, a suite of other actions were implemented to help 

reduce Broken Hill Pb exposures. These include: the capping of tailing dumps, which was 

completed by the end of the 1990s (Broken Hill Environmental Lead Program, 2016), capping 

and remediation of some contaminated open space areas, and the use of a low Pb crushed rock 

capping (known locally as ‘cracker dust’) on numerous unmade footpaths across the city in 

2005–2006 (Yang and Cattle, 2017).  

Given that the majority of the environmental data used in this study was collected more than a 

decade ago (dust measures in 1996–1998; 94% of soil Pb data before 2004) it might be 

prudent to establish the sources of Pb driving exposures in the current period. Such 

knowledge would assist the NSW Government’s 2015 AUD$13 million investment to 

“rejuvenate the Broken Hill Environment Lead program to address the issue of blood lead 

levels in local children” (Humphries, 2015). Specifically, such data would assist in 

establishing relevant maximum environmental guideline values to help bring all children’s 

PbB levels below 5 μg/dL (the current guideline of PbB).  

7. Conclusions

This study reveals that a wide range of demographic factors (i.e. age, sex, ethnicity, age of 

house and socio-economic status) appear to be influencing child PbB levels. The data shows 

that Aboriginal children are clearly more vulnerable to Pb exposure, which may be linked, in 

part, to their lower socio-economic status in Broken Hill. To control children’s exposure risk, 

intervention should occur before the period of 12–36 months, since children’s motor capacity 

and hand to mouth interactions with their surrounding environment peaks during this 

timeframe. When taking into account the demographic factors, the regression analysis further 

confirms, not unsurprisingly, that soil Pb and indoor dust Pb both contribute to PbB. Indoor 

dust Pb exposure was better evaluated via petri-dish dust deposition collection compared to 

other indoor dust samples (i.e. ceiling dust). The association between PbB and household soil 

Pb and indoor dust Pb loadings reinforces the proposal that prevention of childhood Pb 

exposure must include soil remediation, dust cleaning and sealing of older homes to minimise 

dust penetration. Regarding atmospheric Pb emissions sourced from current mining activities 

in Broken Hill, further study is needed to determine the relative contribution of current 

mining emissions to contemporary PbB exposure compared to residual soil Pb contamination. 
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Chapter 5: Influences of contemporary mining activities on 

childhood blood Pb and dust Pb deposits in Broken Hill 

Chapter Five presents the following paper: 

• Paper Four: Blood lead effects of child exposure to contemporary emissions in an

Australian mining community. Dong, C., Taylor, M. P., Zahran, S.

Draft for submission to Environmental Health Perspectives

The results from the geochemical and SEM analyses in Chapter Three showed that current 

mining activities in Broken Hill were a significant source of contemporary outdoor dust Pb 

deposition (µg/m2/day) across the city’s urban environment. However, the impact of current 

mining activities on dust Pb deposition was not quantitatively evaluated. Chapter Five 

addresses this knowledge gap via generalised linear regression modelling of contemporary 

(2012–2016) dust Pb deposits along with corresponding Pb ore production from Broken Hill.  

Statistical analyses in Chapter Four revealed that blood Pb was associated with soil Pb and 

indoor dust Pb. However, the soil and indoor dust contamination in Broken Hill is the 

consequence of legacy and ongoing emissions from mining operations. This chapter aims to 

specify the contribution of current emissions to childhood blood Pb in Broken Hill. To 

investigate this, we leveraged information on the direction of prevailing winds in the region. 

After considering of the covariates influencing blood Pb in Broken Hill identified in Chapter 

Four, contemporary blood Pb was found to decrease with distance away from current mining 

operations. In terms of the impact of current emissions, we expect that contemporary 

emissions are acted upon more strongly by prevailing winds the negative effect of distance on 

blood Pb levels should be steeper for downwind versus upward children. Additionally, 

children proximate to the local mining operations residing in the direction of prevailing winds 

ought to have higher blood Pb levels and an increased risk of elevated blood Pb (≥5 μg/dL). 

Furthermore, blood Pb levels ought to correlate with Broken Hill Pb ore production. In 2009 

Broken Hill was visited by a massive dust storm, and for the two years following, the 

observed trend of soil Pb concentrations decreasing with distance appeared to diminish in the 

region. In other words, if legacy exposure is the only source of blood Pb outcomes in the 

Broken Hill region, then the blood Pb-distance gradient should diminish in a similar fashion 

to the soil Pb-distance gradient. The generalised linear regression analysis of the 

contemporary outdoor dust Pb deposits corroborate the mechanism of current emissions as a 

significant source of variation in blood Pb concentrations. The relevant outcomes of this 
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research reveal the importance of controlling ongoing emissions to bring local blood Pb levels 

down. 
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Background: 

The Broken Hill community in New South Wales is home to Australia’s oldest silver–zinc–

lead (Ag–Pb–Zn) mine. As with other mining communities, child exposure to Pb is a serious 

hazard. Among children in Broken Hill under five years of age who were sampled (n=4,852) 

between 2011−2015, 42.6% presented with elevated blood Pb (PbB) (≥5 μg/dL). The precise 

source of Pb exposure for children, such as natural soil enrichment, legacy deposition and 

current mining emissions, is a subject of considerable debate.  

Objective:  

To test whether contemporary mining emissions independently affect child PbB outcomes in 

Broken Hill. 

Methods: 

To quantify the PbB effects of child exposure to current mining emissions, we first analyse: 1) 

child PbB outcomes from 2011‒2015 as a function of residential distance to mining 

operations, leveraging wind direction as an exogenous source of variation in current 

emissions exposure; and 2) child PbB outcomes for a subset of children with measured 

residential soil Pb (PbS) to address confusion regarding legacy exposure risk. Second, to 

corroborate the mechanism of current emissions as a significant source of variation in child 

PbB outcomes, we analyse: 3) aggregate child PbB outcomes as a function of ore production 

at the mine over time; 4) a natural experiment involving the Australian dust storm of 2009, 

testing whether the PbB-distance gradient is affected by the re-distribution of legacy sources 

of Pb exposure (i.e., PbS) caused by the storm; and 5) the effects of distance and ore 

production on dust Pb deposits throughout the city.   

Results: 

Indicative of a current emissions effect, we find that downwind children proximate to the 

mine have substantially higher PbB outcomes than similarly distant upwind children. The 

impact of housing age (indicative of Pb-paint exposure) is negligible among children residing 

in the direction of prevailing winds, as current emissions appear to overwhelm this legacy 

exposure risk. Intuitively, the housing age effect is a more significant determinant of child 

PbB outcomes for upwind children. These relationships hold with the inclusion of PbS in 

statistical models. We find striking correlations between average annual child PbB and Pb ore 

production at the mine. Across subsets of children, PbB levels respond near unit elastically 

with production activities at the mine. Corroborating the current emissions channel, we find 
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that the PbB-distance gradient is statistically undisturbed following the dust storm of 2009. 

Finally, we find that dust Pb depositions across the city increase significantly with proximity 

to and production activities at the mine.   

Conclusions: 

Across an ensemble of tests, we find consistent evidence that child PbB outcomes in Broken 

Hill are significantly impacted by exposure to current mining emissions.  

Keywords 

Blood lead; soil; dust; mining emission; residential distance; housing age 
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1. Introduction

Broken Hill, in far west New South Wales (NSW), Australia, has the world’s largest silver–

lead–zinc (Ag–Pb–Zn) ore deposit (Solomon, 1988). The ore deposit was discovered in 1883 

and has been mined continuously ever since (Kristensen and Taylor, 2016), with more than 

200 million tonnes of ore extracted (Perilya Limited, 2015; Morland and Webster, 1998). 

Smelting of ore was conducted from 1886 to 1897 until operations were relocated to Port 

Pirie due to a lack of local fuel sources for smelting (Woodward, 1965; Solomon, 1988). 

Between 1886 to 1897 an estimated 11,000−18,400 tonnes of Pb was emitted by smelting 

activities (van Alphen, 1991). Contemporary atmospheric Pb emissions in Broken Hill during 

the period 1998−2016 are estimated 167 tonnes (Supplementary Table S1).  

Mining and smelting activities in Broken Hill have left a legacy of widespread Pb 

contamination in the surrounding residential community. A series of studies about sources 

and pathways of environmental Pb and blood lead (PbB) were conducted in the 1990s (e.g., 

Woodward-Clyde Pty Ltd, 1993; Gulson et al., 1994a, b, c; Boreland et al., 2002). However, 

the precise source of exposure—natural enrichment in soils, legacy depositions and/or 

contemporary emissions—and its relationship to elevated PbB remain a subject of much 

debate (Kristensen and Taylor 2016; Dong and Taylor, 2017). Similar disputes about the 

sources of Pb have prevailed in other mining and smelting communities as well, stymying 

effective intervention and remedial actions (Taylor et al. 2010; Taylor, 2012; Mackay et al. 

2013; Spear et al., 2015; Sullivan 2014; Kristensen and Taylor, 2016).  

In Broken Hill, the prevailing argument has been that current mining operations were not the 

dominant source of contamination compared to other sources (Woodward-Clyde Pty Ltd, 

1993). Stable Pb isotopic composition analysis conducted in the early 1990s showed that 

childhood PbB in Broken Hill was predominantly derived from the local ore body, but some 

individuals had a dominant source (up to 50%) of Pb from gasoline or paint at the time 

(Gulson et al., 1994a). Despite the wealth of research examining the Pb problem in Broken 

Hill, there remains a significant knowledge gap regarding whether current mining emissions 

meaningfully affect childhood PbB risk in the city, which could in turn impact the 

effectiveness of the relevant remediation program aiming to reduce Pb exposure in the region. 

Yang and Cattle (2015) reported that Broken Hill total soil Pb (PbS) concentrations, an 

indicator of legacy emissions, and PbS bioaccessibility were elevated and appeared to be 

linked to childhood PbB levels according to Integrated Exposure Uptake Biokinetic (IEUBK) 
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modelling. Moreno et al. (2009) found that particles <10 µm (PM10) collected from the 

surrounding area of Broken Hill were sourced from local desert soils, indicating that soil 

resuspension processes are active and an important component of particulate sources. In 

addition, contemporary atmospheric Pb sources in Broken Hill remain elevated, with Pb-in-air 

levels averaging 244 ng/m3 (range from 26 to 707 ng/m3) between 2012-2016 (Zhou et al., 

2017) and 28,000 kg of mine-related Pb emissions being released in 2015/2016 (NPI, 2017a). 

Finally, dust deposited in and around the urban environment contain elevated levels of a range 

of mine-related contaminants (e.g. Ag, As, Cd, Pb, Zn) (Taylor et al., 2014; Dong et al., 2015; 

Dong and Taylor, 2017). Nevertheless, specifying the relative contributions from multiple 

potential environmental sources (e.g. current emission, legacy contamination) to PbB 

exposure remains a mystery that has stymied targeted clean-up and prevention programs for 

decades (Taylor and Schniering, 2010; Spear et al., 2015).  

This study aims to quantify the independent effects of current mining emissions on childhood 

PbB. Toward this aim, we first investigate the effect of child residential proximity to mining 

operations under prevailing wind conditions. In terms of measuring the impact of current 

emissions, our expectation is that children proximate to the mine residing in the direction of 

prevailing winds ought to have higher PbB levels and an increased risk of elevated PbB (i.e. 

≥5 μg/dL). Second, for a subset of children, we investigate the effect of current emissions on 

child PbB outcomes while controlling for residential PbS concentrations, a well-established 

indicator of legacy emissions. Third, we analyse annual variation in child PbB as a function of 

mining operations in terms of the tonnages of ore produced per annum. Here we test whether 

the child PbB levels behave dose-responsively according to the intensity of mining activities 

over decades. Fourth, exploiting the Australian dust storm of 2009 as a natural experiment for 

the re-distribution of legacy sources of Pb exposure (i.e., PbS), we test whether child PbB-

distance gradient was disturbed by the dust storm. Fifth, we aim to corroborate the role played 

by contemporary emissions as an exposure pathway via analyses of dust Pb (PbD) around the 

city, linking PbD sampling sites proximity and mining production activities to PbD outcomes. 

The ensemble of analyses performed can inform future policy initiatives, with respect to 

management strategies for mitigating child exposure to current mining emissions, in order to 

improve child welfare in Broken Hill. 
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2. Methods

2.1 Study area 

Broken Hill (Figure 1) is situated approximately 1,100 km west of Sydney in far-west New 

South Wales (NSW). The city experiences a hot and arid climate, with an annual precipitation 

and wind speed (9 am) of 260 mm and 13 km/h, respectively (Bureau of Metrology, 2016a). 

Prevailing winds blow from the south to north across the city (Bureau of Metrology, 2016b). 

Broken Hill has approximately 18,900 residents, of which 7.5% are of Aboriginal identity 

(ABS, 2017). An estimated 218 children are born in Broken Hill every year (ABS, 2017). 

Figure 1. Broken Hill with 52 statistical areas of Level 1 (SA1 areas), mining companies and 

the dust gauge sites around the active southern and central mining operations. The boundaries 

of the statistical areas are from the ABS (2016). 

The Broken Hill orebody, known locally as the “Line of Lode”, was formed about 1.7 billion 

years ago (Page et al., 2005), and has been mined in recent times by two mining companies: 

CBH Rasp Mine and Perilya Limited (Figure 1). Perilya Limited has northern and southern 

mining operations in Broken Hill (hereafter referred to as the northern and southern 

operations), while CBH Rasp Mine mines the central area of the ‘Line of Lode’ (hereafter 

referred to as the central operations). After more than 130 years of mining, all extractive 



91 

operations are now carried out underground with the ore brought to the surface for processing 

and concentrating.  

The reported atmospheric Pb emissions for CBH Rasp Mine and Perilya Limited in 

2015/2016 were 0.095 and 28 tonnes, respectively (NPI, 2017b, c). Since 2011, atmospheric 

Pb emissions have averaged to about 30 tonnes per year, ranking Perilya Limited as the 3rd 

largest emitter of atmospheric Pb in Australia (NPI, 2017a). The uncovered tailings dumps 

associated with the central operations were considered one of the primary sources of dust Pb 

emissions in the early 1990s (Gulson et al., 1994c), with these unconsolidated wastes being 

capped at the end of the 1990s (Broken Hill Environmental Lead Program, 2016). The 

northern operations have been inactive since 1993 (ABC, 2016). Therefore, the active 

southern operations of Perilya Limited form the focus of this investigation.  

2.2 Data sources 

2.2.1 Child Blood lead (PbB) and Soil Pb (PbS) Data 

We obtained PbB and PbS data from the Broken Hill Child & Family Health Centre 

(BHCFHC) for the period 2011–2015. Data use and analysis was subject to ethics approval 

from NSW Health and Macquarie University. Since October 2008, children have had their 

PbB screened using the finger-prick method (Lesjak and Jones, 2016). Before 2008 PbB was 

tested using the venous sample method. Thus, the majority of the PbB data for the period 

2011-2015 was collected via the finger-prick method and analysed using a LeadCare® II 

instrument. The LeadCare® II is used widely for blood Pb screening and has lower and upper 

detections limits of 3.3 µg/dL and 65 µg/dL (Magellan Diagnostics, 2015). The finger-prick 

method is considered comparable to venous PbB sampling (Boreland et al., 2015). Where a 

child’s blood Pb test was >25 µg/dL, a second test was conducted using venous sampling. The 

dataset analysed contains some individual cases where multiple blood Pb tests were taken 

from the same child in a year. Repeat testing was offered to children who initially presented 

with a blood Pb >10 µg/dL. The PbB data analysed for this study was collected by the 

BHCFHC personnel and reported as μg/dL. In addition to PbB information, the BHCFHC 

data contain information on the residence of each child, date of blood sample collection, child 

age (0 to 5 years), sex (male=1; female=0) and Aboriginality identity (Aboriginal=1; non-

Aboriginal=0). For a subset of children (n=317), information was available on the 

concentration of total Pb (mg/kg) in residential soils. In Broken Hill, three to five soil samples 

were collected from the yard surface at a depth of 0–5 cm around a resident’s home. Samples 

were processed by an accredited laboratory using standard acid digestion procedures. While 



the individual sample analysis information is not available, Australian laboratories typically 

process soils using an acid extractable digest (e.g. aqua regia comprising 1:3 nitric 

acid:hydrochloric acid). Current laboratories are also required for NATA (National 

Association of Testing Authorities (NATA), Australia) purposes to run certified reference 

materials or internal laboratory standards, duplicates, replicates, blanks and matrix spikes. 

The current requirements for NATA laboratories are that analytical accuracy must be within 

75-120% of the reference value, and for Pb this is typically better at ±10% of the reference

materials. Moreover, the PbS has been deemed adequate by the BHCFHC for determining Pb 

exposure mitigation advice and intervention procedures at a child’s home. Soil Pb at each 

residence is calculated as the average of the samples taken. The distance from a child’s 

residence to the southern operations is measured in kilometres.1   

2.2.2 Housing Age Data 

With information in hand on the residential location of each child at the time of blood draw in 

the BHCFHC data, we then obtained parcel information from the Broken Hill Environment 

Protection Authority (NSW EPA) to determine the housing age of child residence. Previous 

studies have shown that older houses have elevated environmental Pb exposure and PbB 

concentrations, which is normally caused by the use of lead-based paints (Staes et al., 1994; 

Gulson et al., 1995; Markus and McBratney, 1996; Potula et al., 2001; Jacobs et al., 2002; 

Laidlaw and Taylor et al., 2011; Rouillon et al., 2017). The purpose here is to proxy for 

possible effects of housing age in Broken Hill. In analyses of child PbB that follow, we 

include an indicator variable =1 if the child’s residence was constructed before 1940, and 0 

otherwise. This time division is corroborated in statistical models, showing that children 

residing in homes built before 1940 are at a substantially higher risk of elevated PbB levels 

compared to children residing in homes built after 1940.2  

1 In all analyses that follow, we estimate the direction and distance of each home and dust gauge site to the 
southern mining operations of Perilya Limited. Bearing was used to identify houses under prevailing and non-

prevailing wind directions in combination with wind rose data for Broken Hill during 2011-2015 

(Supplementary Figure S2). The prevailing wind direction is from the SSE to SSW. The other directions are 

defined as being in the non-prevailing wind direction (hereafter referred as downwind). 

2 We considered various operationalisations of Pb-based paint exposure risk, including before and after 1970, 
and an ordinal version used by the municipality of pre-1914, 1915-1939, 1940 to 1970, and ≥1971.  Of all 

operations tested, the pre/post-1940 division provided the best possible statistical signal of Pb-based paint 

exposure risk. All results pertaining to contemporary emissions exposure are robust to all Pb-based paint 

operations.  
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2.2.3 Socio-Economic Index for Areas (SEIFA) 

Socio-economic status is a known predictor of child PbB outcomes (Mahaffey et al., 1982; 

Krieger et al., 2003). In the absence of socioeconomic information specific to each child, we 

match the latitude and longitude coordinates of each home to neighbourhood data (Statistical 

Areas, Level 1) from the Australian Bureau of Statistics on the Index of Relative Socio-

Economic Advantage and Disadvantage (IRSAD). The IRSAD ranks areas on a scale from 

most disadvantaged (low index) to advantaged (high index). The IRSAD composite includes 

variables of income, education, employment, occupation, housing and other indicators of 

relative advantage and disadvantage (ABS, 2013). In Broken Hill, there are 52 SA1 

neighbourhoods (Figure 1).  

2.2.4 Pb Ore Production Data 

We extracted Broken Hill ore production data (measured in tonnages) between 1991–2013 

from Mudd et al. (2017). The data reflects the intensity of mining activities and is organised 

both quarterly and annually. The annual series is used as a predictor of average annual child 

PbB (see Eq. 5), and the quarterly ore production data are used as a predictor of dust Pb (see 

Eq. 7). 

2.2.5 Dust Gauge Data 

Dust Pb deposition monitoring data from Perilya Limited (2012–present) was extracted from 

the company’s environmental reports (Perilya Limited, 2017). Dust sampling and analysis 

were undertaken in accordance with Australian standard methods (Standard Australia, 2003). 

The company’s environmental monitoring data are relatively close to the southern operations, 

as dictated by the terms of its Environment Protection Licence (NSW EPA, 2017). By 

contrast, Dong and Taylor’s (2017) PbD data cover the broader community, with the available 

data covering only one calendar year (Nov 2014 to Nov 2015). Previous studies have shown 

that PbD loadings decreased in distance from mining operations in Broken Hill (Dong and 

Taylor, 2017), as well as in other mining and smelting communities (e.g. Benin et al., 1999; 

Taylor et al., 2010; Soto-Jiménez and Flegal, 2011; Qu et al., 2012).   

To corroborate analyses that indicate contemporary emissions are involved in deleterious 

child PbB outcomes, we analyse PbD loadings at dust gauge sites as a function of both 

distance (in kilometres) to the active southern mine operations and ore production intensity 

(tonnes).    



2.2.6 Meteorological Data 

Given that local weather conditions can influence atmospheric Pb concentrations and the 

transport of contaminant-rich dust, weather variables from 2011–2015 are included as 

controls in PbD loading models. Control variables assessed include wind direction, wind 

speed and rainfall (Bureau of Metrology, 2017).  

2.3 Statistics analysis 

2.3.1 Child Blood Pb on Distance and Wind 

We begin by estimating a generalised linear model of the PbB level of child 𝑖 in 

neighbourhood 𝑗 at time 𝑡:  

ln(𝑃𝑏𝐵𝑖𝑗𝑡) = 𝛽0 + 𝛽1(ln𝐷𝑖𝑡) + 𝛽2ℎ𝑖𝑡 + 𝛽3𝐴𝑖𝑡 + 𝐵4𝐴2𝑖𝑡 + 𝛽4𝑟𝑖𝑡 + 𝛽5𝑠𝑖𝑡 + 𝛽6𝑆𝐸𝑆𝑗𝑡 + 휀𝑖𝑗𝑡
 (1) 

where, 𝐷𝑖𝑡 is the distance (in kilometres) from the child’s home to the centroid of the southern 

operations, ℎ𝑖𝑡 is an indicator variable =1 if the home a child resides in was constructed 

before 1940, 𝐴𝑖𝑡 is the child’s age at the time of survey with a quadratic term to account for 

the known non-linear effect of age on child PbB outcomes (Zahran et al., 2011), 𝑟𝑖𝑡 is = 1 if 

the child is of Aboriginal identity, 𝑠𝑖𝑡 is the child’s sex = 1 if the child is male, 𝑆𝐸𝑆𝑗𝑡 is the 

Index of Relative Socio-Economic Advantage and Disadvantage (IRSAD) in a child’s 

neighbourhood, and 휀𝑖𝑗𝑡 is the disturbance term with standard normal distribution. By taking 

the natural log of both 𝑃𝑏𝐵𝑖𝑗𝑡 and 𝐷𝑖𝑡, the coefficient 𝛽1has the interpretation of elasticity, 

where a one percent change in 𝐷𝑖𝑡 induces a percent change in 𝑃𝑏𝐵𝑖𝑗𝑡. All other coefficients 

have the interpretation of a semi-elasticity, where a unit change in an independent variable 

produces a percent change in the in 𝑃𝑏𝐵𝑖𝑗𝑡.  

While the direction of the estimated parameter 𝛽1 in Eq. (1) is indicative of an emissions 

exposure effect, it imperfectly distinguishes contemporary versus legacy emissions exposure 

due to the fact that both sources of exposure decline with distance from the mine. To 

distinguish current and legacy emissions, we leverage information on the direction of 

prevailing winds in Broken Hill (see Supplementary Figure S2). Given that contemporary 

emissions are more likely to be entrained more strongly by prevailing winds the negative 

effect of distance on child PbB should be steeper for downwind versus upward children. 

Stovern et al.’s (2016) study examining the association between PbD deposition, distance and 

atmospheric transport has shown that PbD loadings decrease more rapidly under the 

prevailing wind direction compared to other wind directions after adjusting for topographic 
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factors. Stated differently, if current emissions matter, then children proximate to the mine 

and in the direction of prevailing winds ought to have higher PbB levels than similarly 

proximate children residing in the non-prevailing wind direction (i.e. all the other directions 

besides the prevailing wind direction; hereafter referred as upwind). If, however, the PbB 

outcomes of mine-proximate upwind versus downwind children are statistically 

indistinguishable, then current emissions are unlikely involved in PbB outcomes. Finally, if 

contemporary emissions matter, we expect that the positive effect of residing in an older 

home should attenuate for children living downwind versus upwind, as contemporary 

emissions overwhelm the effect of Pb-based paint exposure (housing age). In pursuit of these 

hypotheses, we estimate the following regression:  

ln(𝑃𝑏𝐵𝑖𝑗𝑡) = 𝛽0 + 𝛽1(ln𝐷𝑖𝑡) + 𝛽2ℎ𝑖𝑡 + 𝛽3𝑤𝑖𝑡 + 𝛿1(ln𝐷𝑖𝑡 × 𝑤𝑖𝑡) + 𝛿2(ℎ𝑖𝑡 × 𝑤𝑖𝑡) +

𝛽4𝐴𝑖𝑡 + 𝐵5𝐴𝑖𝑡
2 + 𝛽6𝑟𝑖𝑡 + 𝛽7𝑠𝑖𝑡 + 𝛽8𝑆𝐸𝑆𝑗𝑡 + 휀𝑖𝑗𝑡

 (2) 

all terms carry from Eq. (1), with the exception of 𝑤𝑖𝑡 which is = 1 if a child resides in the 

direction of prevailing winds. The estimated coefficients of interest are 𝛿1 and 𝛿2, reflecting 

the effects distance and housing age by whether or not a child is in the direction of prevailing 

winds. Our expectation is that 𝛿1 should be negative, indicating a steeper residential proximity 

effect for downwind versus upwind children, and that 𝛿2  should be negative, indicating 

attenuation of the Pb-based paint exposure effect for children living downwind.   

2.3.2 Elevated Child Blood Pb on Distance and Wind 

The Australian upper maximum guideline for child safety from lead exposure is 5 μg/dL 

(NHMRC, 2015).  Following the same sequence of tests in 2.3.1, we estimate the probability 

of child 𝑖 in neighbourhood 𝑗 at time 𝑡 having an elevated PbB ≥5 (EPbB), with the following 

binary generalised linear model: 

Prob(𝐸𝑃𝑏𝐵𝑖𝑗𝑡 = 1|𝐷𝑖𝑡 , ℎ𝑖𝑡,  𝐴𝑖𝑡 , 𝑟𝑖𝑡, 𝑠𝑖𝑡, 𝑆𝐸𝑆𝑗𝑡) 

= Λ[𝛽0 + 𝛽1𝐷𝑖𝑡 + 𝛽2ℎ𝑖𝑡 + 𝛽3𝐴𝑖𝑡 + 𝐵4𝐴𝑖𝑡
2 + 𝛽4𝑟𝑖𝑡 + 𝛽5𝑠𝑖𝑡 + 𝛽6𝑆𝐸𝑆𝑗𝑡] (3) 

where, Λ[∙] is the CDF of the logistic distribution, with all other terms carrying from Eq. (1). 

In the presentation of logit model results, we exponentiate estimated coefficients to give the 

meaning of an odds ratio. Again, given that 𝛽1 in Eq. (3) is inconclusive with respect to the 

research question of the potential effects of contemporary emissions on the risk of elevated 

child PbB (EPbB), we also estimate the following regression:   



Prob(𝐸𝑃𝑏𝐵𝑖𝑗𝑡 = 1|𝐷𝑖𝑡 , ℎ𝑖𝑡, 𝑤𝑖𝑡, 𝐴𝑖𝑡 , 𝑟𝑖𝑡, 𝑠𝑖𝑡, 𝑆𝐸𝑆𝑗𝑡) 

= Λ[𝛽0 + 𝛽1𝐷𝑖𝑡 + 𝛽2ℎ𝑖𝑡 + 𝛽3𝑤𝑖𝑡 + 𝛿1(𝐷𝑖𝑡 × 𝑤𝑖𝑡) + 𝛿2(ℎ𝑖𝑡 × 𝑤𝑖𝑡) + 𝛽4𝐴𝑖𝑡 + 𝐵5𝐴𝑖𝑡
2 + 𝛽6𝑟𝑖𝑡 +

𝛽7𝑠𝑖𝑡 + 𝛽8𝑆𝐸𝑆𝑗𝑡]              (4) 

all terms carry from Eq. (2) and (3). Again, the coefficients 𝛿1 and 𝛿2 are of main analytic 

interest, reflecting the effects distance and housing age by whether or not a child resides in the 

direction of prevailing winds. Our expectation is that exponentiated coefficients 𝑒𝑥𝑝𝛿1&2 < 1,

indicating a steeper residential proximity effect for downwind versus upwind children, and an 

attenuation of the Pb-based paint exposure risk effect for children living downwind.   

2.3.3 Child Blood on Soil Pb, Distance, and Wind 

For a subset of children (n = 317), we have data on the concentration of Pb in residential soils.  

Soil Pb is a well-known indicator of legacy emissions, and a significant predictor of child PbB 

outcomes (e.g. Mielke and Reagan, 1998; Mielke et al., 2007; Zahran et al., 2011; Laidlaw et 

al., 2016). To address potential PbS confounding of our current emissions exposure tests, we 

recapitulate Eq. (2) & (4) with and without control for PbS. Insofar as current emissions 

matter, our estimated parameter 𝛿1 should be unchanged across models with and without PbS.  

2.3.4 Child Blood Pb and Ore Production in Time 

Next, we estimate the effect of contemporaneous emissions on child PbB by regressing the 

annual average child PbB levels, 
1

𝑁
∑𝑃𝑏𝐵𝑡, in Broken Hill from 1991 to 2013 on average

quarterly ore production in year 𝑡, capturing the intensity of mining activities. Toward this 

end, we execute the following least squares model:   

ln (
1

𝑁
∑𝑃𝑏𝐵𝑡) = 𝛽0 + 𝛽1 ln (

1

𝑁
∑𝑀𝑡) + 휀𝑡 

 (5) 

where, 
1

𝑁
∑𝑀𝑡  is the annual average of quarterly tonnages of Pb extracted from the mine.

Given that this test extends the observation period back in time, it is not, technically, an 

analysis of the effect of current emissions on child PbB outcomes. However, this test has the 

analytic merit of demonstrating the extent to which child PbB outcomes are responsive to the 

intensity of production activities in time. To test the robustness of the production activity as a 

correlate, we render a series of regressions for subgroups of children by housing age and 

Aboriginal identity. Insofar as child PbB is meaningfully impacted by exposure to 
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contemporaneous emissions from the mine, we expect 𝛽1  to be positive and statistically 

significant.  

2.3.5 Child Blood Pb, Distance, and Dust Storm Natural Experiment 

On September 22nd to 24th of 2009, the Australian states of New South Wales and Queensland 

were impacted by a colossal dust storm (Jayaratne et al., 2011). The dust storm originated just 

north of Broken Hill (Jayaratne et al., 2011). The storm appeared to have the effect of 

redistributing surface PbS concentrations throughout the city, decreasing the standard 

deviation in PbS and substantially reducing the PbS-distance gradient. In addition, this dust 

storm brought massive quantities of low metal deposits, dominated by crustal oxides of Al, Si 

and Fe, originating from the adjacent desert area (i.e. Lake Eyre Basin) (Aryal et al., 2012; 

Gunawardena et al., 2013), which likely moderated local residual PbS contamination in 

Broken Hill. In the two years before the event, the elasticity of PbS with respect to distance 

was -0.67 (𝑝 = 0.06), and indistinguishable from zero two years after the dust storm (95% CI 

-1.67, 2.989). If legacy exposure is the only source of child PbB outcomes, then the child

PbB-distance gradient should similarly dissolve in the post-dust storm period. To test this idea, 

and limiting observations to 2 years before and after the dust storm event, we estimate the 

following equation: 

ln(𝑃𝑏𝐵𝑖𝑗𝑡) = 𝛽0 + 𝛽1(ln𝐷𝑖𝑡) + 𝛽2𝑝𝑖𝑡 + 𝛽3ℎ𝑖𝑡 + 𝛿1(ln𝐷𝑖𝑡 × 𝑝𝑡) + 𝛽4𝐴𝑖𝑡 + 𝐵5𝐴𝑖𝑡
2 + 𝛽6𝑟𝑖𝑡 +

𝛽7𝑠𝑖𝑡 + 휀𝑖𝑗𝑡 (6) 

all terms carry from Eq. (3), with the exception of 𝑝𝑡 that assumes a value of 1 if a child was 

sampled 1 to 730 days after the end of the dust storm on September 24th, 2009 and 0 if the 

child was sampled no less than 730 days before the dust storm. Insofar as contemporary 

emissions matter, the estimated parameter 𝛿1 ≅  0, indicates no disturbance to the PbB-

distance gradient following a disturbance to the PbB-distance gradient.    

2.3.6 Dust Pb loading on Distance and Mining Activities 

Finally, to corroborate the mechanism of current emissions as a significant source of variation 

in child PbB outcomes, we estimate the effect of distance and current mining activities on the 

PbD deposits. Adjusting for local weather conditions 𝝌𝑖𝑡, we regress PbD at dust gauge site 𝑖 

in month 𝑡 on monthly mining intensity 𝑀𝑖𝑡 and distance 𝐷𝑖𝑡 of the Pb loading gauge site to 

the southern operations with the following model: 
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ln(𝑃𝑏𝐷𝑖𝑡) = 𝛽0 + 𝛽1(ln𝐷𝑖𝑡) + 𝛽2(ln𝑀𝑖𝑡) + 𝛽3(ln 𝜒𝑖𝑡) + 휀𝑖𝑡

 (7) 

Insofar as current emissions are a significant independent source of child blood outcomes, we 

expect 𝛽1 to be negative (corresponding to distance) and 𝛽2 to be positive (corresponding to 

mining intensity).   

3. Results

Table 1 reports descriptive statistics on child PbB outcomes by variables of interest. The 

geometric mean PbB of sampled children is 4.31 μg/dL, with 42.56% of tested children 

having PbB in excess of 5 μg/dL. With respect to demographic characteristics, the data show 

that males have higher PbB than females (4.41 vs 4.20 μg/dL), that Aboriginal children have 

remarkably higher PbB than non-Aboriginal children (7.03 vs 3.70 μg/dL), that children 

residing in homes built before 1940 have higher PbB than counterparts in homes built after 

1940 (4.61 vs 4.07 μg/dL), and that children residing in neighbourhoods with higher 

socioeconomic status (SES) have lower PbB than children residing in neighbourhoods of 

lower SES (3.94 vs 4.73 μg/dL). The data also show that the geometric mean PbB 

concentrations for all age groups beyond 1 year of age exceed the Australian safety standard 

of 5 μg/dL.   

As expected, child PbB levels decrease with residential distance from the mine. Geometric 

mean PbB levels decrease from 5.25 to 4.49 to 3.89 μg/dL for children residing at <2 km, 2-4 

km, and >4 km from the mine, respectively. The risk of a child exceeding 5 μg/dL decreases 

similarly with residential distance from the mine. The only seemingly counter-intuitive result 

in Table 1 involves the comparison of children by whether or not they reside in the direction 

of prevailing winds. The observed difference in PbB outcomes results from the fact that 

downwind children are disproportionately non-Aboriginal (80.4 vs 19.6%), are more distant 

from the mine (3.9 vs 3.5 km), reside in higher SES neighbourhoods (919.4 vs 876.0), and 

have a higher percentage of children sampled <1 year of age (25.2 vs 23.1%) (Supplementary 

Table S3). As we show later, adjusting for these factors, the prevailing wind effect behaves as 

expected, with children living downwind suffering higher PbB levels. 
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Table 1. Descriptive statistics on child PbB outcomes by variables of interest. 

Variable N (%) 𝑃𝑏𝐵 (μg/dL) 

GM (95% CI) 

𝑃𝑏𝐵 ≥5 μg/dL (%) 

Total 4,852 (100) 4.31 (4.21, 4.41) 42.56 

Male 2,494 (51) 4.41 (4.28, 4.57) 39.95 

Female 2,358 (49) 4.20 (4.07, 4.34) 45.03 

Age (months) 

0-12 1,189 (24) 1.86 (1.79, 1.94) 9.48 

12-24 1,498 (31) 5.39 (5.22, 5.56) 50.07 

24-36 784 (16) 6.06 (5.77, 6.37) 56.67 

36-48 611 (13) 6.04 (5.72, 6.37) 55.81 

48-60 770 (16) 5.53 (5.29, 5.79) 51.95 

Aboriginality 1,158 (24) 7.03 (6.69, 7.40) 70.21 

  Non-Aboriginality 3,694 (76) 3.70 (3.61, 3.79) 33.89 

Low SES 2,389(51) 4.73 (4.57, 4.90) 48.93 

High SES 2,461 (49) 3.94 (3.82, 4.06) 36.33 

Not Prevailing Wind 2,411 (50) 4.92 (4.75, 5.09) 51.10 

Prevailing Wind 2,441 (50) 3.79 (3.68, 3.91) 34.13 

Pre-1940 Housing 2,510 (52) 4.61 (4.46, 4.76) 46.97 

Post-1940 Housing 1,897 (48) 4.07 (3.93, 4.22) 38.80 

Distance < 2 km 782 (16) 5.25 (4.93, 5.59) 53.71 

Distance 2-4 km 1,872 (39) 4.49 (4.31, 4.66) 45.35 

Distance > 4 km 2,198 (45) 3.89 (3.77, 4.01) 36.22 

Table 2 reports results from models Eq. (1) and (2), estimating child PbB effects from 

residential proximity to the southern operations, with and without the prevailing wind 

condition variable.  In Model 1 we find that a 1% increase in residential distance is associated 

with a -0.173% (95% CI: -0.211, -0.135%) reduction in child PbB. Other things held equal, 

we also find that children living in houses constructed before 1940, male children, and 

Aboriginal children have PbB levels that are 7.5% (95% CI: 3.9, 11.2%), 7.2% (95% CI: 3.7, 

10.8%) and 42.7% (95% CI: 38.5, 46.9%) higher than counterparts, respectively. Model 2 

more explicitly captures the effect of current emissions. As expected, we find that the distance 

gradient significantly steepens for children residing in the direction of prevailing winds 

(Distance × Prevailing Wind elasticity = -0.295, 95% CI: -0.386, -0.204). Also consistent 

with a current emissions effect, we find that the effect of a child residing in a home built 

before 1940 attenuates for children residing in the direction of the prevailing winds (Housing 

Age × Prevailing Wind elasticity = -0.097, 95% CI: -0.170, -0.025).   
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Table 2. Coefficients estimating child PbB effects in Broken Hill, 2011-2015. 

Model 1 Model 2 

ln 𝑃𝑏𝐵 (μg/dL) ln 𝑃𝑏𝐵 (μg/dL) 

ln Distance (km) -0.173*** -0.078***

(0.019) (0.024)

Housing Age 0.075*** 0.132***

(0.018) (0.026)

Prevailing Wind 0.254***

(0.061)

Distance × Prevailing Wind  -0.295***

(0.046)

Housing Age × Prevailing Wind -0.097***

(0.037)

Child Age 1.050*** 1.048***

(0.022) (0.022)

Child Age2  -0.181*** -0.181***

(0.005) (0.005)

Aboriginality 0.427*** 0.423***

(0.021) (0.021)

Male 0.072*** 0.072***

(0.018) (0.018)

SES -0.001*** -0.000*

(0.000) (0.000)

Constant 1.784*** 0.818*** 

(0.156) (0.193) 

Log Likelihood -3,955.54 3905.66 

AIC 1.799 1.777 

BIC -35,358.4 -35,368.0

N 4,407 4,407

Figure 2 shows predicted child PbB levels (derived from Table 2, Model 2) as a function of 

distance under combinations of residential housing age and wind direction. Fixing other 

model covariates at their means, Figure 2 shows that the distance gradient is significantly 

steeper for children residing in the direction of prevailing winds, with children at 0.25 km 

from the southern operations having PbB levels approaching double that of upwind children 

at the similar distance. Note also the negligible difference (i.e. overlapping intervals of 

confidence) among downwind children residing in different classes of housing age (before or 

after 1940). This indicates that the effect of exposure to current emissions overwhelms the 

effect of residing in a home with a house age that has higher potential exposure risk from the 

Pb-based paint. Also note the inverse logic in the comparison of predicted child PbB by 

housing age for upwind children. Intuitively, the PbB effect of residing in a home built prior 

to 1940 (as compared to residing in a home built after 1940) amplifies for upwind children. 

That is, in the relative absence of exposure to current emissions, exposure to legacy sources of 

Pb like Pb-based paint become important.   
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Table 3. Odds ratios estimating the risk of child PbB ≥5 μg/dL in Broken Hill, 2011-2015. 

Model 1 Model 2 

 𝐸𝑃𝑏𝐵 (μg/dL ≥5) 𝐸𝑃𝑏𝐵 (μg/dL ≥5) 

Distance (km) 0.865*** 0.928** 

[0.824, 0.908] [0.874, 0.984] 

Housing Age 1.285*** 1.588*** 

[1.114, 1.482] [1.302, 1.937] 

Prevailing Wind 1.621** 

[1.018, 2.583] 

Distance × Prevailing Wind  0.776*** 

[0.690, 0.874] 

Housing Age × Prevailing Wind 0.727** 

[0.542, 0.975] 

Child Age 8.314*** 8.529*** 

[6.769, 10.212] [6.930, 10.496] 

Child Age2  0.697*** 0.694*** 

[0.669, 0.726] [0.665, 0.723] 

Aboriginality 3.898*** 3.911*** 

[3.298, 4.607] [3.302, 4.633] 

Male 1.394*** 1.404*** 

[1.213, 1.602] [1.219, 1.616] 

SES 0.994*** 0.997*** 

[0.992, 0.995] [0.995, 0.999] 

BIC -32,160.07 -32, 213.52

N 4,407 4,407

Note: EIM Standard errors, *** p<0.01, ** p<0.05, * p<0.1, with 95% confidence intervals reported in 

braces. Distance is to the southern mine operation. 

To address confounding from potential child exposure to legacy emissions (i.e. PbS), Figure 3 

displays results from the analysis detailed in Section 2.3.3 pertaining to the inclusion of PbS 

in models Eq. (2) & (4).  For a subset of children (n = 317), we have data on the concentration 

of Pb in residential soils. Insofar as the current emissions effect detailed above is not 

confounded by PbS, predicted child PbB outcomes should behave similarly across models 

with and without PbS. Confirming this expectation, in Figure 3 we find that there is a 

negligible statistical difference for the effect of current emissions on PbB (as indicated by the 

distance effect for downwind children) with and without adjustment for PbS. It should be 

noted that the PbS significantly predicts child PbB outcomes, indicating that legacy sources 

also matter in Broken Hill. Other things held equal, we find that a 1% increase in PbS is 

associated with a 0.130% (95% CI: 0.045, 0.216%) increase in child PbB.  











4. Discussion

In this paper, we sought to quantify the PbB effects of child exposure to contemporary emissions 

in Broken Hill, Australia. To achieve this, we developed a series of statistical tests leveraging 

breathtakingly detailed environmental and PbB data. Utilising wind direction and residential 

distance data to capture the PbB effects of contemporary emissions exposure, we found that 

downwind children proximate to the mine were at greatest risk of elevated PbB. The greater PbB 

exposure risk under the downwind direction of contamination origin is also observed in other 

communities (e.g. Rahbar et al., 2002; Maynard et al., 2003; Caravanos et al., 2006; Garcia-

Vargas et al., 2014; Zhang et al., 2016; Zahran et al., 2017). For example, an aviation gasoline 

study conducted in Michigan showed that child PbB concentrations around airports increased in 

response to the percentage of downwind days from the source (Zahran et al., 2017). In Torreón, 

Mexico, a smelting community, elevated PbB outcomes (range 3.6-14.7 μg/dL) clustered in the 

downwind direction of the world’s fourth largest Pb-Zn metal smelter (Garci-Vargas et al., 2014).   

Furthermore, all other factors held equal, we found that downwind children at ≤0.25 km from the 

mine had estimated PbB levels that were about 75% higher than similarly proximate upwind 

children (Figure 2). Previous studies have shown that age of house, usually used as a proxy of 

Pb-based paint exposure, was one of the potential factors of PbB outcomes (Mielke et al., 1997; 

Jacobs et al., 2002; Etchevers et al., 2014; Raymond et al., 2014; McClure et al., 2016). This 

study also considered potential effects of housing age. The results showed that children at ≤0.25 

km downwind from the mine had statistically indistinguishable high PbB levels whether or not 

they were residing in a home with high Pb-based paint exposure risk (Pre-1940: 10.94 versus 

Post-1940: 10.56 μg/dL) (Figure 2). Estimated PbB differences between down and upwind persist 

until a distance of around 1.5 to 2 km from the mine (Figure 2). Also consistent with a current 

emissions hypothesis, we found an attenuation of the distance effect and an amplification of the 

housing age effect for upwind children. That is, children residing upwind from the mine have 

PbB levels that are less distance-dependent and more legacy exposure-dependent (i.e., housing 

age) than children living downwind of mine (Pre-1940 versus Post-1940; Figure 2). 

The effect of residual soil Pb contamination on PbB concentration was determined via the 

generalised linear modelling with respect to combinations of residential distance and wind 

direction based upon a subsample of children with measured PbS concentration. As shown in 

Figure 3, predicted child PbB outcomes behave similarly across models with and without PbS. In 
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fact, we found statistically negligible differences in the PbB effects of current emissions, as 

indicated by the distance effect for downwind children, with and without adjustment for PbS. 

Consistent with prior research, PbS is also a statistically significant predictor of child PbB in 

Broken Hill, with a 1% increase in PbS associated with a 0.13% increase in child PbB. While 

PbS exposure appears to meaningfully influence PbB levels in children, with respect to the 

analytic aim of our study, controlling statistically for the PbS exposure pathway cannot upend the 

significance of the contemporary emissions exposure effect. 

To examine the contemporary emissions hypothesis, we conducted a series of tests involving 

historical PbB and mining data. In our first test, we showed that as production activities at the 

mine decreased in time, so too did the average PbB of children in Broken Hill. Statistically, the 

relationship was near unit elastic, with a 1% reduction in production associated with a 0.837% 

decrease in average child PbB (95% CI: 0.665, 1.010%) (Table 4). In fact, across all subsets of 

children (regardless of ethnicity or age of housing) PbB levels unmistakably co-vary with 

production activities at the mine, drifting together downward over time (Figure 4).3   

We followed with a second test that uniquely exploited the Australian dust storm of 2009.  This 

colossal storm had the effect of disturbing the observed PbS-distance gradient. That is, before the 

storm, PbS increased measurably in proximity to the mine. After the storm, the spatial 

distribution of PbS at sampled residences in Broken Hill had no statistically discernible pattern 

with respect to distance from mine (95% CI: -1.670, 2.989). The redistribution of surface PbS 

contamination by natural processes is not limited to atmospheric deposition. In New Orleans, 

Louisiana, massive quantities of low metal sediment originating from the coastal environment 

washed into the city when Hurricane Katrina occurred (Mielke et al., 2016). Consequently, after 

Hurricane Katrina, PbS contamination was also reduced in New Orleans, Louisiana (Mielke et al., 

2016). In terms of this study, if exposure to legacy sources of Pb (like PbS) predominately drive 

PbB outcomes in Broken Hill, then the disturbance of the soil-Pb distance gradient should 

similarly disturb the PbB-distance gradient. As shown in Figure 5, we found that the convexity of 

3 The results from this test pose a substantial logical challenge to claims that exposure to legacy sources of Pb drive 
PbB outcomes in Broken Hill. Consider a basic stock versus flow distinction of emissions from the mine. Current 

emissions represent the flow of Pb, with the stock of Pb constituting the accumulation flows over time.  Insofar as 

the flow of Pb exceeds the leakage of Pb from the lived environment (through weathering and/or interventions), then 

the stock of Pb must increase with the flow of Pb over time. The presumed increase in the stock of Pb over time is 

logically incompatible with observed decline in child PbB levels.  
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the estimated PbB-distance gradient for children remained after the storm, supporting the 

supposition that contemporary emissions independently influence child PbB outcomes.  

Lastly, and to corroborate the mechanism of contemporary emissions as a significant independent 

source of variation in child PbB outcomes, we estimated the effects distance and current mining 

activities on PbD deposits at gauges located throughout the city. Importantly adjusting for local 

weather conditions that drive the potential resuspension of contaminated soils, we found the 

quantity of Pb recorded at dust gauges increased significantly with both production activities and 

spatial proximity to the mine. Similar spatial PbD distribution has been observed in other mining 

and smelting communities (Albalak et al., 2003; Telmer et al., 2004; Soto-Jiménez and Flegal, 

2011; Qiu et al., 2016; Stovern et al., 2016). Some of these studies attributed atmospheric 

transport and deposition of contaminants away from the mining and smelting operations to be the 

primary mechanism for their spatial distribution in dust (Soto-Jiménez and Flegal, 2011; Felix et 

al., 2015; Stovern et al., 2016). In Broken Hill, the diminishing size of current PbD particles with 

distance away from the active southern operations supports atmospheric transport of current 

emissions (Dong and Taylor, 2017). Regarding responses of PbB to wind directions and the 2009 

dust storm in Broken Hill, it is evident that the current emissions are influencing PbB outcomes 

in Broken Hill via transport of atmospheric particulates. More broadly, the approaches utilised 

here to distinguish source contribution could be applied to other mining and smelting 

communities to apportion the significance of emissions in the context of widespread residual soil 

contamination. Resolution of this fundamental conundrum is likely to promote more targeted and 

effective remediation programs.  

5. Conclusion

Across our ensemble of statistical tests, we found consistent evidence that contemporary Pb 

emissions from the mine affect child PbB outcomes in Broken Hill. While it is acknowledged that 

other sources of environmental Pb matter given that we found consistent evidence that both Pb-

based paint (as captured through age of housing) and PbS exposure risks correlate with child PbB 

outcomes, the evidence for the significant role of current emissions in PbB concentrations is 

incontrovertible. The data demonstrates that current emissions from the mine are a significant and 

independent source of Pb exposure risk to children in Broken Hill. Moving forward, all 

intervention or remediation efforts to limit child harm from environmental Pb ought to be multi-

pronged, addressing the panoply of pathways that include current emissions.  



With respect to the question of harm, and regardless of the precise source or combination of 

sources involved in the delivery of Pb exposure risk, an exceptionally high fraction of sampled 

children in Broken Hill have PbB levels in exceedance of the Australian upper maximum 

guideline for child safety. In Broken Hill today, 42.56% of sampled children have PbB levels in 

excess of 5 μg/dL.4  Among Aboriginal children, an astonishing 70.21% have PbB levels that 

eclipse the Australian threshold of safety. In fact, by leveraging coefficients reported in Table 2, 

we estimate that downwind children residing less than 2 km from the mine, on average, have PbB 

levels in excess of 5 μg/dL. Our analyses indicate that 2 km from the mine is a minimum buffer 

of safety for the typical child. Given that the consequences of childhood Pb exposure are lasting, 

the Pb exposed children are suffering, probabilistically, “an unfolding series of adverse 

behavioural outcomes” (Reyes, 2015), as well as depressed life chances in terms of expected 

earnings over the career course (Reuben et al., 2017; Zahran et al., 2017).  

4 It should be noted that while 5 μg/dL is guidance threshold, on the basis of substantial epidemiological evidence, 
both the United States Center for Disease Control and Environmental Protection Agency have concluded that there is 

no known safe level of Pb exposure (Zahran et al., 2017).    
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Chapter 6: Influences of environmental contamination on the 
children educational and behavioural performance 

Chapter Five presents the following paper: 

 Paper Five: Environmental contamination in an Australian mining community and

potential influences on early childhood health and behavioural outcomes. Dong, C.,

Taylor, M. P., Kristensen, L. J., Zahran, S., 2015. Environmental Pollution 207, 345-356.

Previous chapters have addressed disputes over the contemporary outdoor dust Pb 

contamination in Broken Hill (Chapter Three) and discussed relationships between mining 

activities, environmental Pb and blood Pb in Broken Hill (Chapter Four and Five). As 

consequences of environmental contamination, the deleterious effects of blood Pb and 

environmental Pb on children behavioural and cognitive abilities have been widely reported 

outside Australia. We first applied the Australian National Assessment Program‒Literacy and 

Numeracy (NAPLAN) and Australian Early Development Census (AEDC) data to 

demonstrate the severity of environmental contamination to children health consequences in 

Broken Hill and another two Australian mining and smelting communities: Mount Isa and 

Port Pirie. Since universal blood Pb screening is not performed in Australia (NHMRC, 2009), 

the approach of this study can be applied to other Australian contaminated sites to estimate 

adverse impacts of environmental Pb contamination on children’s educational and 

behavioural performance.  
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estigation of childhood blood lead levels commenced in 1991,
reafter a general decrease in childhood blood lead levels has
n recorded (Lesjak et al., 2013). However, since 2010 the pro
tion of children over the recently withdrawn national guideline
0 mg/dL increased from 12.6% (2010), 13% (2011) to 21% (2012
2013) (Lesjak et al., 2013; NSW Government, 2014). The recent
s in the percentage of children exceeding 10 mg/dL may be due
art, to greater participation in annual blood lead monitoring
grams following efforts to increase sample size by NSW Health.
recent increase in Broken Hill childhood blood lead levels
ulated further environmental contamination studies and
ntion from the New South Wales (NSW) Government in regard
persistent problem of elevated blood lead in children (Taylor
al., 2014b; Kristensen et al., 2015; Kristensen and Taylor, in
iew; Humphries, 2015).
This research was undertaken in the context of recent rises in
ldhood blood lead levels in Broken Hill and the newly revised
tralian blood lead intervention level of 5 mg/dL (NHMRC, 2015).
study applies an ecological approach to assess the spatial
tionship between the potential risk of harm from environ
ntal neurotoxic metal and metalloid hazards (As, Cd and Pb) and
ldren's behavioural and educational performance.

Materials and data

Sampling and materials

Surface soil samples (0e2 cm) were collected from a total of 57
s across the city covering six primary school catchments (SC)
. 1). School catchments are used to guide parents to which
ary school is appropriate for their home address. However, it is
an absolute guide as a small number of children attend schools
ther catchments. Soil samples collected from school catchments
public spaces, were sieved to<2mmusing stainless steel sieves
ore analysis. From the 57 sites sampled, 34 surface and 29 cor
ponding sub surface soils (>30 cm) were analysed for As, Cd and
using a PerkinElmer Elan DRC II ICP MS at the ChemCentre,
stern Australia (WA) and the National Measurement Institute
I), Sydney. At the remaining 23 sites, sampled surface soils

re analyzed in their bulk form for total Pb concentration using an
mpus Delta Premium 40 kV portable X Ray Fluorescence
RF).
In addition, site specific sampling was undertaken at selected
tions in order to understand in more detail contamination of
ironments accessed directly by children (Fig. 1). This comprised
surface soil samples and 30 dust wipes from a local high school
, Fig. 1, Supplementary Table S1 and S2) and four domestic
idences (Fig. 1). Surface dust wipes were collected and analysed
g established procedures (American Society for Testing and
terials, 2003; Taylor et al., 2014b). Analysis of these site
cific soil and dust wipes samples was conducted at NMI.
Duplicate analysis at the ChemCentre returned averaged relative
dard deviation (RSD) 6% for As, 3% for Cd and 1% for Pb, while
raged RSD returned by NMI was 2% for As and Pb, 3% for Cd.
overy rates at ChemCentre were measured using NRCC refer
e material PACS 2 (marine sediment) with recovery rates for As
%, Cd 114% and Pb 102%. Recovery rates at NMI were measured
g in house reference material AGAL 10 (Hawkesbury River
iment) and sample matrix spiking. Recovery rates for the AGAL
reference material for As, Cd, and Pb were 101%, 101% and 98%,
pectively and 101%,108% and 99%, respectively for matrix spikes.
t wipe blanks returned <0.1 mg/wipe for As and <0.05 mg/wipe
Cd and Pb, all of which were below the laboratory limit of
orting. Recovery rates for pXRF analysis were measured using
standard reference materials NIST 2710a (Montana soil I) and
1a (Montana soil II) with recovery rates of 109% for Pb. Analysis
blank (SiO2) returned <0.5 mg/kg for Pb.

Ambient air quality data

Perilya Limited, a base metals mining and exploration company
racting zinc, lead and silver in Broken Hill, is the current main
rce for As, Cd and Pb emissions in Broken Hill (NPI, 2014a). The
pany has nine dust deposit gauge stations (DDG) associated
h the active Perilya southern operations to measure total dust
and its total Pb content (EPA, 2012). Perilya also has two high
ume air samplers (HVAS) for Total Suspended Particulates (TSP)
total Pb concentration in the TSP fraction, which are located on
around Perilya's southern Broken Hill operations site (EPA,

2). From the available data (Perilya Limited, 2015), three DDG
ions and one HVAS station were selected for this study, namely
nce point (LP)3, LP4, LP6 and LP12, respectively, because they
located close to or immediately adjacent to urban residential
as of Broken Hill (Fig. 1). Ambient air quality data (HVAS data)
ers the period from May 2012 to May 2014, with samples
ected every 6th day (Perilya Limited, 2015). Dust deposition
ples (DDG) are collected over a 30 day period (Standards
tralia, 1998). Perilya's inactive northern operation also has
G and HVAS stations, but these are located on the mining lease
not within the urban environment (Perilya Limited, 2015).

hin the central portion of the ore body in Broken Hill, the cur
t operating mining company, CBH Rasp Mine, also has their own
quality monitoring stations. However, the stations with avail
e data are not located within Broken Hill's urban environment
H Resources Limited, 2012). Hence the data from northern
ration of Perilya and CBH Rasp Mine are not included here
ause they do not characterise exposures specifically in the urban
ironment.

Australia Early Development Census (AEDC) data

The Australia Early Development Census (AEDC) is a nationwide
asure to provide a snapshot of early childhood development in
first year of full time school (normally aged 5e6 years) (AEDC,
3). The developmental areas measured are physical health and
llbeing, social competence, emotional maturity, language and
nitive skills and communication skills and general knowledge
DC, 2013).
The AEDC reports are categorised according to national, state
local government areas, along with more detailed geographic
rmation at the level of AEDC communities within local gov
ment areas (AEDC, 2013). The data and associated maps are
ed upon a child's home address. In the AEDC reports, Broken Hill
divided into three geographic areas: Broken Hill Central
compassing primary school catchments SC5 and SC6), Broken
North (encompassing SC1, SC2 and part of SC3) and Broken Hill
st (encompassing SC4 and part of SC3) (Supplementary Fig. S3).
AEDC results may be influenced by socio economic factors. In
er to make a more accurate evaluation of children's vulnera
ty, the relevant Socio Economic Indexes for Areas (SEIFA) as
eloped by the Australian Bureau of Statistics (ABS) (ABS, 2013)
re used to standardize the AEDC values:

Cstd
AEDClocal

AEDCnational
� SEIFAlocal

SEIFAnational
(1)

ere AEDCstd is the standardized value; AEDClocal is the vulnera
ty of local community; AEDCnational is the vulnerability of na
al community; SEIFAlocal is the SEIFA score of local community
SEIFAnational is the national average score. The SEIFA scores are
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Fig. 1. Locations of surface soil samples collected from the six school catchments in Broken Hill. Dust gauges (LP3, 4 and 6) and a high volume air sampler (HVAS) (LP12) from
Perilya's licence monitoring are also shown. Soil samples HS4, HS5 and Soil_23 are included in school catchment SC5 to evaluate soil Pb concentrations.
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based on the Australian Census 2011 data (Supplementa
Table S4).
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2.4. National Assessment Program e Literacy and Numeracy data

The National Assessment Program e Literacy and Numera
(NAPLAN) is an annual assessment for students in school years 3,
7 and 9, which has been a routine part of the Australian scho
calendar since 2008 (ACARA, 2008). Publicly available NAPLAN da
is accessible at school level (ACARA, 2015). The educational d
mains tested are reading, narrative writing, language conventio
(spelling, grammar and punctuation) and numeracy, with all resu
reported across a scale ranging from 0 to 1000 score points (ACAR
2008).

The NAPLAN data is based upon where a child attends scho
not their place of residence, in contrast to AEDC data. NAPLAN da
is available for ten schools (A1eA10) in Broken Hill, 8 of which a
primary schools (A1eA8; covering school years 3 and 5). The oth
two are high schools (A9, A10; covering school years 7 and
(school list is available in Supplementary Table S5). NAPLAN da
from 2008 to 2013 was analysed for nine of the ten schools. Scho
A8 was excluded from the analysis because it caters f
geographically isolated students (e.g. those residing on remo
sheep or cattle stations) within a radius of approximately 300 k
from Broken Hill. This school's education program is deliver
remotely. The seven primary schools involved in this stu
(A1eA7) cover the six school catchments in Broken Hill (Fig. 1).

In order to account for the potential adverse influence of soci
economic factors on school outcomes, the NAPLAN Index of Com
munity Socio Educational Advantage (ICSEA) was integrated in
the analyses (ACARA, 2013). The ICSEA measure allows for com
parisons to bemade between schools that arematched according
their socio educational advantage (ACARA, 2013). Similar schoo
are defined by matching a school's ICSEA value to a group of up
60 schools containing students from statistically similar bac
grounds (ACARA, 2013). Schools with students who have simil
levels of educational advantage will have similar ICSEA values, ev
though schools in their group may be located in other parts
Australia and may have different facilities and resources (ACAR
2013). This enables a more direct comparison between schools
Broken Hill to schools with students from similar backgroun
across Australia. A ratio is applied here to examine NAPLAN data f
differences between Broken Hill schools and similar schools acro
Australia:
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PLAN ratio
P2013

i 2008 ðNi SiÞ
P2013

i 2008 Si
(2)

ere NAPLAN ratio is the ratio in one domain (e.g. reading), Ni is
NAPLAN data in the same domain (e.g. reading) of one school in
ar. Si is the NAPLAN data in the same domain (e.g. reading) of
ilar schools in i year.

Results and discussion

Contemporary environmental metal exposures

1. Lead in airborne particulates
According to the National Pollutant Inventory (NPI), estimated
ospheric Pb emissions between 2012 and 2013 (26,000 kg)
m Perilya Limited rank it third in Australia and first in NSW (NPI,
4a). FromMay 2012 toMay 2014, lead in air measured as TSP Pb
orded at Licence point 12 (LP12) displayed consistently higher
ues between the months October to January, for both years
pplementary Fig. S6). These months returned a maximum of
07 mg/m3 and an average of 0.487 mg/m3 compared to a
ximum of 0.357 mg/m3 and an average of 0.189 mg/m3 in the
er months (Supplementary Table S7). Seasonality of dust re
pension has been associated with warming and drying in
thern hemisphere summers which can create seasonal shifts in
d exposure in children (Laidlaw et al., 2012, 2005). Broken Hill
a lowannual rainfall (~260mm/yr) and hot dry summerswhere
peratures can reach 46.8 �C (Bureau of Meteorology, 2015). For
only full year of data available, 2013, average TSP Pb was

13 mg/m3, withmaximum 0.707 mg/m3. The Australia national air
lity standard for TSP Pb is set at a maximum value of 0.5 mg/m3

raged over a year. The role of short term spikes is not considered
he standard, but it is worth noting that Streeton's (2000) review
ealth data for the formulation of Australian air quality standards
ommended that: “ambient lead levels should be held in the range
0.3 e 0.5 mg/m3 on a mean moving monthly (or as an annual)
ndard, but not to exceed 0.5 mg/m3 at any time” (Streeton, 2000, p.
.
Compared with the other two Perilya dust gauge sites i.e., LP4
LP6, lead dust loading was elevated at LP3 over the available
parable data period (August 2013 to May 2014)
pplementary Fig. S8). Values ranged from 166 to 597 mg/m2/day
ust Pb, and Pb loading peaked at 597 mg/m2/day in December
3 (Supplementary Table S7). For comparison, the Australian
le 1
, As, Cd concentrations (median values and range) in dust wipes and surface soil for scho
centration values for gardens and accessible soil (home grown produce <10% fruit and ve
ols. Residential C covers public open spaces such as parks, playgrounds, playing fields
sure (NEPM), 2013).

School A9 House 1 House 2

ust wipe Pb (mg/m2) 13,837 [n 13]
(3298 86,061)

356 [n 5]
(129 2467)

132 [n 3]
(125 444)

ust wipe As (mg/m2) 130 [n 13]
(41.0 687)

6.3 [n 5]
(2.0 48.7)

4.9 [n 3]
(2.2 7.7)

ust wipe Cd (mg/m2) 46.3 [n 13]
(12.1 404)

1.1 [n 5]
(0.7 8.0)

1.4 [n 3]
(1.1 1.7)

il Pb (mg/kg) 705 [n 22]
(190 2200)

100 [n 3]
(15 280)

420 [n 3]
(250 1130)

il As (mg/kg) 9.4 [n 22]
(3.8 26.0)

3.2 [n 3]
(1.1 3.6)

5.1 [n 3]
(4.5 16.0)

il Cd (mg/kg) 2.85 [n 22]
(0.9 8.2)

0.6 [n 3]
(0.5 0.7)

1.5 [n 3]
(1.2 5.1)

es: NA not available.
ndard AS 4361.2 1998 (Standards Australia, 1998) provides a
ximum outdoor value as a one off measurement for dust Pb in a
e of 8000 mg/m2. The LP3 data indicates adjacent areas would
e approximately 13 days to exceed this standard. There is
rently no licence requirement for maximum dust Pb deposition.
wever, applying the Pb clean up goal of 400 mg/m2 used by WA
alth (WA Government, 2011), this value would be exceeded on a
ly basis between September 2013 and January 2014. Daily
rage dust Pb loading values recorded at LP3 were never below
German TA Luft standard (TA Luft, 2002) for Pb deposition
0 mg/m2/day) (Supplementary Fig. S8).
Surface dust wipe Pb data from school A9 located in central
ken Hill, ranged from 3298 to 86,061 mg/m2 (median 13,837 mg/
) (Table 1). The maximumvalue recorded is more than 215 times
Pb clean up goal of 400 mg/m2 (WA Government, 2011).

hough houses are likely to be cleaned more frequently than
ool surfaces, maximum dust Pb wipe values in the sampled
es distant from Broken Hill Central also exceeded the Pb clean
goal (WA Government, 2011) (Table 1), suggesting that
temporary dust deposition continues to pose a significant po
tial pathway for Pb exposure. Compared with the four proper
, As (maximum 687 mg/m2) and Cd (maximum 404 mg/m2)
ues in school A9 dust wipes were elevated by comparison to the
ly equivalent values provided in the TA Luft (2002) (As e 4 mg/
/day; Cd e 2 mg/m2/day). Dust wipe data is detailed in
plementary Table S9. Recently, Taylor et al. (2014b) showed that
most dust contaminated playgrounds were also located in the
ken Hill central area.
2. Soil concentrations
Surface soil Pb concentrations measured using ICP MS range
m 46 to 8900 mg/kg (Supplementary Table S1), which are
sistent with the portable XRF data that ranges from 45 to
5 mg/kg (Supplementary Table S2). The average surface soil Pb
el of each school catchment reveals that the highest soil Pb is in
ken Hill Central (median Pb 2272 mg/kg) (Table 2), which en
passes school catchments SC5 and SC6 (Fig. 1). School catch

nt SC3 in the west of Broken Hill returned the lowest surface soil
level (median Pb 116 mg/kg). The Australian National Environ
nt Protection Measures guideline for Pb in soil for residential,
schools and primary schools (defined as Health Investigation
el (HIL) A) is 300 mg/kg (NEPM, 2013). For parks, playgrounds,
ondary schools and footpaths (defined as HIL C) the value is
mg/kg (NEPM, 2013). The eight Broken Hill primary schools

eA8) are distributed across the six school catchments,
ol A9 and four properties in Broken Hill. Residential A The recommended soil
getable intake (no poultry), including childcare centres, preschools and primary
(e.g. ovals), secondary schools and footpaths (National Environment Protection

House 3 House 4 Residential
A guideline

Residential
C guideline

822 [n 3]
(600 2551)

279 [n 6]
(52.8 17,889)

NA NA

17.8 [n 3]
(15.0 74.0)

7.0 [n 6]
(0.9 122)

NA NA

4.0 [n 3]
(3.5 11.1)

4.7 [n 6]
(0.8 63.3)

NA NA

140 [n 3]
(14 300)

2160 [n 3]
(360 2260)

300 600

2.7 [n 3]
(1.8 3.0)

11.0 [n 3]
(3.0 15.0)

100 300

0.7 [n 3]
(0.5 0.9)

8.4 [n 3]
(7.2 98.0)

20 90
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Table 2
Lead, As and Cd concentrations in <2 mm particle size fraction of surface soil samples collected from school catchments. Lead concentrations include combined ICP-MS and
portable XRF data (Supplementary Table S1, Supplementary Table S2). Arsenic and cadmium concentrations are calculated only according to ICP-MS data (Supplementary
Table S1). Soil samples HS4, HS5 and Soil_23 (Fig. 1) are included in SC5. Background As and Cd data are from Kristensen and Taylor (in review).

School catchments Pb (mg/kg) As (mg/kg) Cd (mg/kg)

Median (range) Median (range) Median (range)

SC1 787 (45 2890) [n 8] 16.0 (4.4 29.0) [n 3] 12 (1.4 17.0) [n 3]
SC2 157 (50 530) [n 8] 5.0 (2.3 6.1) [n 4] 1.2 (0.9 - 1.9) [n 4]
SC3 116 (46 170) [n 5] 3.6 (2.0 5.0) [n 3] 0.6 (0.6 0.7) [n 3]
SC4 279 (175 1340) [n 5] 8.0 (7.1 8.1) [n 3] 2.0 (1.0 2.0) [n 3]
SC5 2272 (617 8900) [n 25] 37.0 (2.0 150) [n 19] 12.0 (1.8 37.0) [n 19]
SC6 1132 (248 1300) [n 6] 12.0 (9.9 14.0) [n 2] 3.9 (3.9 3.9) [n 2]
Background 97 (12 2410) [n 29] 4.9 (2.2 22.0) [n 29] 0.25 (0.1 7.0) [n 29]

Fig. 2. Australian Early Development Census (AEDC) results across the different geographic areas for Broken Hill standardized according to the Australian Bureau of Statistics SIEFA
(Socio-Economic Indexes for Areas, ABS, 2013) index for Broken Hill.
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indicating that all the primary schools are likely to contain or
least be surrounded by soils in excess of the 300 mg/kg guidelin
Across Broken Hill, surface soil As and Cd returnedmedian values
16 mg/kg and 4.9 mg/kg, respectively. No school catchme
exceeded the HIL A for As (100 mg/kg) or Cd (20 mg/kg) (NEP
2013) (Table 2). Kristensen and Taylor (in review) calculated m
dian Broken Hill soil Pb background based upon samples fro
>30 cm depth at 97 mg/kg. Background soil median As and C
values are 4.9 mg/kg and 0.25 mg/kg, respectively (Table
Supplementary Table S10). Surface soil As, Cd and Pb concentr
tions from school catchments SC1, SC4, SC5 and SC6 all displ
elevated concentrations compared to background values. The tw
school catchments with the lowest soil values (SC2 and SC3) are t
most distant with respect to the mining operations (Fig. 1).

The median value of soil Pb within the grounds of school A9 w
705 mg/kg (Table 1; Supplementary Table S11), exceeding t
Australian HIL C soil Pb guideline of 600 mg/kg for seconda
schools. Soil As and Cd did not exceed the relevant Australi
guidelines. However, comparison of surface soil As, Cd and Pb
background concentrations shows that values at school A9, House
and House 4 were elevated (Table 1; Supplementary Table S11).
3.2. AEDC results

The proportion of children developmentally vulnerable in
five areas measured by the AEDC in Broken Hill is higher than t
national average (Supplementary Table S4). The data shows th
children from Broken Hill Central are 41.4% more likely to
developmentally vulnerable in one of more of the areas tested
the AEDC (Supplementary Table S4).

Standardised AEDC results show that children from Broken H
as a whole are more likely to be vulnerable in two or more are
compared to the Australian level (Fig. 2). Within Broken Hill, t
data show that children from Broken Hill Central are mo
vulnerable in each of the AEDC areas. The proportion of childr
vulnerable on two or more areas in Broken Hill Central is 2.6 tim
as high as the Australian level (Fig. 2; Supplementary Table S12
This area is characterised by the highest soil and dust As, Cd and
levels (Table 2; Supplementary Fig. S6; Taylor et al., 2014b).
contrast, children from Broken Hill North and West catchmen
which have lower soil and dust metal and metalloid values, ha
AEDC scores across the five areas closer to the Australian level.
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Fig. 3. Box-whisker plots comparing the five educational domains measured in Broken Hill school children. Diamond boxes represent the six-year averaged Australian NAPLAN data
for the respective educational domains. NW: narrative writing, G&P: grammar and punctuation.
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NAPLAN results

NAPLAN data (2008e2013) (Supplementary Table S13) for
ken Hill and the six year averaged values for Australia across all
assessed educational domains are shown in Fig. 3.

The results (Fig. 3) show that Broken Hill students across all age
ups assessed perform below the average for Australian schools.
ken Hill students in year 7 and year 9 perform significantly
rse in each of the five domains. The NAPLAN data for years 3 and
e closer to the average value of all Australian schools. Across all
r years (i.e., year 3, year 5, year 7 and year 9) of the NAPLAN
essment program, Broken Hill children's performance in narra
writing is the lowest performing measure of all the five do

ins tested compared to the national average (Fig. 3).
The NAPLAN ratios from the five measured domains across
ken Hill's seven assessed primary schools (A1eA7) are dis
yed in Fig. 4. The two secondary schools (A9 and A10) enrol
dents from across all the primary school catchments (Fig. 1).
ce, we only focus on the primary schools here. School A1
ted in SC5 (the area with the highest soil and dust Pb level)
lay lower NAPLAN scores in all of the educational domains
ept for spelling, even after accounting for the potential influence
ocio economic factors (Fig. 4). Lower NAPLAN scores were also
erved in school A2 located in SC1, which ranks third for soil Pb
dian 787 mg/kg exceeding the HIL C value of 600 mg/kg).
ever, the two schools A3 and A7 from SC6with elevated soil As,

and Pb have higher NAPLAN scores compared to similar schools
pplementary Fig. S14). Interestingly, primary school A7 from
is a religious school that draws its students from across the

ole of Broken Hill, which would have the effect of homogenising
iances across school catchments.
Relationship between environmental contamination exposure
potential risk

Environmental Pb in Broken Hill has previously been shown to
highly bioavailable with soils at 41e84% and household dusts
100% of total lead (Gulson et al., 1994). Given that the adverse
lth effects of Pb exposure are considered to be a universal
blem, this implies Broken Hill children are likely to experience
lligence impairments and decrements. To quantify risks from
contamination identified here, the association between
LAN test scores and soil metal accumulation in school catch
nt areas was examined. To achieve this, we execute a series of
ression models where NAPLAN scores are regressed on soil
tal exposure risk, adjusting for school level socioeconomic
racteristics, student grade and year fixed effects. Given the test
res are clustered at the school level, we estimate the following
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Fig. 4. Ratio of NAPLAN data for years 3 and 5 from Broken Hill schools (A1 A7) compared against NAPLAN data from comparable schools (based upon equivalent ICSEA (Index of
Community Socio-Educational Advantage) values (ACARA, 2013). Positive values indicate where Broken Hill schools perform better in NAPLAN compared to similar schools.
Negative values indicate a lower NAPLAN performance in Broken Hill schools compared with similar schools. NW: narrative writing, G&P: grammar and punctuation.
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random effects generalized least squares model:

Yjt b0 þ b1Mj þ b2Ijt þ G1Gj þ G2Z þ uj þ ejt (

where, Y is the average score across subjects in school j in time t,
is the median metal soil level in school catchment area j, Ijt is t
Index of Community Socio Educational Advantage (ICSEA)
school j in time t, Gj is dummy variable 1 for fifth grade scor
and Z is the year of the test score. The random effects model r
sidual is divided in two parts: 1) a school specific error compone
given by uj; and 2) a test score component, given by ejt. The scho
specific residual uj captures the combined effects of omitted scho
characteristics that may drive test scores. Both residual terms a
assumed to be Gaussian.

Regression results are in Table 3. Reported coefficients captu
the expected change in test scores with unit increases in predicto
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Table 3
Random effects generalized least squares coefficients predicting NAPLAN scores
against soil contamination measures.

(1)
Coefficients

(2)
Coefficients

(3)
Coefficients

(4)
Coefficients

School ICSEA 0.328***
(0.057)

0.308***
(0.0539)

0.265***
(0.060)

0.307***
(0.055)

Soil Pb �0.010**
(0.006)

Soil As �0.896***
(0.283)

Soil Cd �2.364***
(0.751)

Soil metals �3.249***
(1.077)

Constant 93.35*
(54.34)

115.9**
(52.47)

156.2***
(58.74)

105.1**
(51.83)

R2 0.895 0.906 0.904 0.904
r 0.176 0.117 0.154 0.130
Wald c2 661.13 701.41 708.21 695.47
N 84 84 84 84
N School 7 7 7 7

Notes: Standard errors in parentheses, ***p < 0.01, **p < 0.05, *p < 0.1; Models
include fixed effects for grade (with 3rd grade as our reference grade) and year (with
2008 as our reference year).
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il metals). Column 1 shows that a mg/kg increase in school soil
statistically significantly reduces test scores by 0.010 points (95%
0.019, 0.001). To give the soil Pb coefficient greater meaning,

sider a decrease in soil Pb from 2272 to 116 mg/kg reflecting the
erence in soil Pb exposure risk facing children at school A1
sus school A4, respectively. Holding all other factors constant, if
ldren at school A1 were exposed to the lower level of soil Pb
osure risk enjoyed by their counterparts at school A4, their
rage NAPLAN test scores would increase an estimated 20 points
m a predicted 412.3 to 432.9 points). An increase of 20 NAPLAN
nts in moving from themaximum to theminimum in soil Pb risk
quivalent, in effect, to a 60 point increase in school ICSEA score
0.328), which summarizes the socio educational advantage of

chool. A 60 point increase in school ICSEA amounts to a full
mple) standard deviation increase in socio educational
antage.
Columns 2 and 3 report coefficients for soil As and Cd, respec
ly. Other things held constant, we find that a unit increase in As
school catchment area soils decreases average NAPLAN test
res by 0.896 points (95% CI: 1.45, 0.34). Similarly, results in
umn 3 indicate that average NAPLAN test scores decline by an
ected 2.36 points (95% CI: 3.84, 0.89) per mg/kg increase in
l cadmium exposure risk. Following Zahran et al. (2012) Column
eports results where school test scores are regressed on the
ndardized sum of Pb, As, and Cd in school catchment area soils,
usting for school socio economic status, grade and year fixed
cts. The cumulative exposure to As, Cd and Pb per mg/kg unit
rease in the standardized sum of soil metals depresses test
res by 3.25 points (95% CI: 5.36, 1.14).
Fig. 5aec, traces the predicted loss in subject scores at various
els of metal accumulation (Pb, As, Cd) in school catchment area
ls. Predicted scores are derived from 15 repetitions of Equation
involving 3metals (Pb, As, Cd) and 5 subject test scores (reading,
rative writing, spelling, grammar and punctuation, and
eracy). Across panels, predicted NAPLAN test scores are on the

xis, and the level of soil metals in school catchment areas is on
x axis. In each example, five connected lines intersect the space,
ecting the expected test score in each domain, given a level of
l metals. Predicted scores are derived by delta method and by
ng all other model covariates at their sample means.
Across all metals, we find that the relationship between subject
t scores and metals in school catchment soils is downward
ping. Intriguingly, and consistent with Zahran et al. (2012), soil
tals appear to impact numeracy scores more negatively than
guage related skills. In Fig. 5a for example, at 250 mg/kg (e.g.
ivalent to school A6) of Pb in catchment area soils, the predicted
re in numeracy is 427 and 434 in spelling. At 2500 mg/kg (e.g.
ivalent to school A1) of Pb in catchment area soils, the predicted
res in numeracy and spelling decrease to 400 and 419, respec
ly. In both absolute and percentage terms, the expected
rease in numeracy (27 points, 6.4%) is greater than the decrease
pelling (14 points, 3.4%).
The SEIFA standardized AEDC data show that Broken Hill chil
n are more vulnerable and have lower school performance. In
ition, Broken Hill Central, the most contaminated area (soil and
t As, Cd, Pb), has the largest proportion of children develop
ntally vulnerable in all five areas (Fig. 2). In terms of NAPLAN
a, schools A1 and A2, located in the most contaminated school
chments SC5 and SC1 ranking third for soil Pb levels in Broken
l, also display lower values (Fig. 4). These findings are consistent
h the relationship between elevated blood lead and educational
comes established in the literature (Bellinger et al., 1992;
anda et al., 2007; Zahran et al., 2009; Amato et al., 2012;
Laine et al., 2013; Zhang et al., 2013).

. Comparison to other major Australia lead mining and smelting
es

Mount Isa and Port Pirie are Australia's two other major lead
ing and processing communities in Australia. Mount Isa Mines
(MIM) and Nyrstar Port Pirie Pty Ltd (Nyrstar) are ranked as
tralia's leading point sources for atmospheric Pb with
,000 kg and 46,000 kg emitted between 2012 and 2013,
pectively (NPI, 2014b,c). In addition, MIM ranks first for atmo
eric emissions of As and Cd, while Nyrstar ranks 13th for As
issions and 11th for Cd emissions in Australia (NPI, 2014b,c).
lor et al. (2014a) reported 2011 24 h maximum TSP values for
in air and As in air in Mount Isa were significantly elevated at
8 mg/m3 and 2973 ng/m3, respectively. Recent studies have
onstrated elevated surface soil and dust contamination of the
an environment in Mount Isa are linked to mining and smelting
rations (Munksgaard et al., 2010; Taylor et al., 2010; Mackay
al., 2013; Taylor et al., 2014a). At Port Pirie, environmental
issions are equally problematic with 24 h maximum TSP values
Pb in air and As in air at 22.57 mg/m3 (2011) and 250 ng/m3

09) (Taylor et al., 2014a). Elevated Pb in surface dust and soil and
ociated elevated blood lead values in children have been iden
ed previously (South Australia Health, 2013; Simon et al., 2015;
lor et al., 2013, 2015).
The corresponding AEDC results of Mount Isa and Port Pirie are
vided in Supplementary Table S15. Compared with the Austra
standard level (AEDCstd, Equation (1)), children fromMount Isa
Port Pirie are also more vulnerable across most of five areas

pplementary Table S16), which is consistent with delayed neu
sychological development associated with Pb exposures in the
tralian context (McMichael et al., 1988; Baghurst et al., 1992;
g et al., 1996, 1998; Burns et al., 1999; Earl et al., 2015). More
cifically, north Mount Isa, the area immediately adjacent to
ing and smelting operations, AEDC outcomes are notably worse
n other areas of the city (Supplementary Table S16). This is
sistent with elevated soil Pb concentrations and associated
taminant depositions from smelter and mine site emissions
ylor et al., 2010; Mackay et al., 2013; Taylor et al., 2014a). The
portion of children vulnerable in this area of Mount Isa in two or
re of the AEDC areas of early development assessment is 2.5
es the national average. Children from Port Pirie also display
ater vulnerability in the areas of physical health and wellbeing,



Fig. 5. Predicted test scores by subject by soil metal exposure risk. (a) Predicted NAPLAN school scores (adjusted for socio-economic advantage) versus soil Pb. (b) Panel B: predicted
NAPLAN school scores (adjusted for socio-economic advantage) versus soil As. (c) Panel C: predicted NAPLAN school scores (adjusted for socio-economic advantage) versus soil Cd.
Predicted scores are derived by fixing all other covariates at their sample means.
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ial competence, emotional maturity, and language and cognitive
lls compared to national average values.
Australia's National Health and Medical Research Council
MRC) recently lowered the blood Pb intervention value to 5 mg/
(NHMRC, 2015). Implementation of 5 mg/dL for intervention
ans ~50% of children under 5 years of age in themajor Australian
d mining and smelting towns of Broken Hill, Port Pirie and
unt Isa will have a blood Pb in excess of the new reference value
ylor et al., 2014c). The implication is that a large proportion of
se children are likely to be at risk of neuro behavioural damage
sko et al., 2008; Mazumdar et al., 2011; Lucchini et al., 2012; Earl
al., 2015). In light of the reduction in acceptable blood Pb levels
ng with recent research into ongoing exposure risks (Taylor
al., 2014b), the NSW Government announced in early 2015
D$13 million to “rejuvenate the Broken Hill Environment Lead
gram to address the issue of blood lead levels in local children”
mphries, 2015).

Conclusions and study limitations

There are some limitations to the study's research findings in
ition to those associated with ecological research of this na
e. The NAPLAN data is limited to school level. While students
m each school are drawn predominantly from their corre
nding catchments (~95%), there is some variance, which was
t able to be accounted for. In addition, the measures of exposure
m environmental contaminants are not based on individual
osures but are derived from neighbourhood samples. None
less, this sampling approach has been shown previously to a
iable predictor for childhood blood lead measures (Zahran et al.,
13).
Environmental analysis of soil and dust samples in Broken Hill
eal ongoing potential exposures to As, Cd and Pb. Compared
th the Australian national average levels, Broken Hill school
ldren, especially those residing in Broken Hill Central, are clas
ed as being more vulnerable in all of the five AEDC areas tested,
n after adjusting for socio economic measures. Similar out
es are also observed in Australia's other major lead mining and

elting communities (Mount Isa and Port Pirie), which is
sistent with other international studies of childhood exposure
environmental toxicants. The NAPLAN data shows that Broken
l primary school students from areas characterised by highest
l and dust Pb levels perform poorly relative to equivalent
stralian schools. Notwithstanding the aforementioned limita
ns, the combination of the AEDC, NAPLAN and environmental
a imply strongly that metal contamination of the urban envi
ment is a likely contributing factor to blood lead exposures and
sequently, educational outcomes, even after accounting for
ndard social and economic factors. Given that these environ
ntal exposures are a modifiable risk factor, it is not an unrea
able expectation that if these risks are mitigated adequately as
t of a health and welfare strategy, potential outcomes will
prove for the community of Broken Hill.
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Chapter 7: Discussion 

7.1 Summary of thesis 

This thesis primarily investigated environmental Pb contamination in Broken Hill, its potential 

sources and risks with respect to elevated blood Pb, and its potential impacts on children’s 

health (i.e. educational performance and developmental vulnerabilities). Prior to the initiation 

of this thesis (2014), soil Pb contamination and its sources have been examined in recent times 

by Yang and Cattle (2015); Kristensen et al. (2015); Kristensen and Taylor (2016). Yang and 

Cattle (2015) found that mean Pb concentrations of urban soil were ~20 times greater compared 

with corresponding regional values, and Pb bioaccessibility of Broken Hill surface soil ranged 

from 24% to 89%. Kristensen and Taylor (2016) showed that soil Pb contamination was caused 

by mining activities rather than natural processes (e.g. weathering and erosion of the Pb bearing 

gossan). Although soil Pb contamination has been thoroughly investigated over the last two 

decades (e.g. Gulson et al., 1994, 1995), there has been a relative paucity of research examining 

contemporary dust Pb contamination and its sources in Broken Hill, even though childhood 

blood Pb levels in the region have continued to remain elevated (cf. Taylor et al., 2014a). 

Research in the 1990s showed that the Broken Hill Pb ore body was a significant source of the 

Pb in household dust (Gulson et al., 1995) but since this time significant remediation work has 

been completed to reduce emissions from waste deposits and mining areas (Broken Hill 

Environmental Lead Program, 2016). Accordingly, this thesis shifts the focus to investigating 

potential risks associated with dust Pb deposition balanced against those from soil Pb on 

children’s health. The research findings from this study regarding Broken Hill contamination 

and human health exposure are presented in detail in Chapters Three, Four, Five and Six. The 

primary findings are summarised below. 

Chapter Three examined contemporary dust Pb deposits, their bioaccessibility and potential 

sources in Broken Hill. This study revealed that the two dust deposition monitoring sites closest 

to the current mining operations (i.e. southern mining operations of Perilya Limited referred to 

in Papers One and Four) had the highest dust Pb loading (μg/m2/day) of all six sites situated 

across Broken Hill, with mean values of 255 μg/m2/day and 248 μg/m2/day, respectively. These 

deposition rates exceeded the benchmark value of 100 μg/m2/day recently suggested by Gulson 

and Taylor (2017) and Taylor (2015). Moreover, the benchmark value of 100 μg/m2/day is the 

same as that promulgated by the German regulation TA Luft (TA Luft, 2002) and used by the 

Queensland government as a trigger value for Pb dust deposition at Mount Isa (Taylor et al., 

2014b). In addition, dust Pb deposits in Broken Hill possess elevated bioaccessibility with a 

mean of 75% of total Pb. That suggests children living close to the current mining operations 



134 

are facing an elevated dust Pb exposure risk. In terms of the sources of Pb dust in the region, 

analysis of dust Pb isotopic compositions demonstrated it predominantly (94-99%) originated 

from the Broken Hill ore body. The source of the dust Pb, which is likely dominated by Perilya’s 

southern mining operations, was further confirmed by evaluation of its morphological and 

geochemical characteristics. These analyses showed that particles collected from sites close to 

mining operations were associated with the atmospheric Pb emissions of current mining 

operations.  

Chapter Four estimated the relationship between environmental Pb and blood Pb in Broken 

Hill. This study showed that both soil and dust Pb were significantly associated with children’s 

blood Pb over the period of environmental and human health assessment from 1991–2015. In 

addition, demographic parameters (e.g. age, gender, ethnicity, age of house and socio-economic 

status) were significantly associated with childhood blood Pb concentrations in Broken Hill. 

The evidence from the data indicates that children aged between 12-36 months, and in particular 

Aboriginal children, should be prioritised for intervention practices. 

Chapter Five shifts the emphasis from examining long-term drivers of Pb exposure to 

investigating the role of current mining (i.e. 2011–2015) activities on Broken Hill childhood 

blood Pb levels. This study took advantage of two ‘natural experiments’: (a) prevailing wind 

conditions in Broken Hill; (b) a major dust storm that occurred in 2009 (Jayaratne et al., 2011) 

to examine the impact of current mining activities on blood Pb concentrations. This study 

showed that blood Pb concentrations decreased at a greater rate with distance away from current 

mining operations for children living in the prevailing wind direction versus those living in the 

non-prevailing wind direction. Interestingly, the 2009 dust storm redistributed surface soil Pb 

concentrations in Broken Hill reducing the soil Pb-distance gradient but doing so without 

attenuating the blood Pb distance decay curve. The disparity between the decline in childhood 

blood Pb levels versus that seen in soil Pb concentrations at increasing distances away from the 

mine operations raised the possibility that soil Pb was a less important exposure source than 

has previously been suggested (Yang and Cattle 2015). In order to examine the role of current 

emissions in determining child blood Pb outcomes, the effect of distance and current mining 

activities on the dust Pb deposits was modelled. The analysis showed that atmospheric transport 

and deposition of contaminants away from the mining operations is a primary mechanism in 

determining the spatial distribution of childhood blood Pb levels. Consistent with a current 

emissions pathway (as opposed to legacy contaminants held in soil), blood Pb concentrations 

also increased with ore production annually. Therefore, the logical conclusion is that soil Pb on 
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its own cannot explain blood Pb distributions and that dust Pb depositions are a significant 

factor in driving contemporary exposures. 

Chapter Six estimates the potential influences of environmental Pb on children’s educational 

and behavioural performance. This study found that the proportion of children from Broken 

Hill central, the area with highest soil Pb and dust Pb depositions, presented with vulnerabilities 

at 2.6 times that of the national average level in two or more of the developmental domains 

measured as part of the Australian Early Development Census (AEDC), even after adjusting 

for socio-economic status. Children in school years 3 and 5 from the most contaminated school 

catchment (SC5; Supplementary Figure S3 of Appendix I) consistently returned the lowest 

educational scores confirming an association between environmental exposure and lower 

academic attainment, as identified elsewhere (e.g. Liu et al., 2013; McLaine et al., 2013; Evens 

et al., 2015). This study was the first Australian study to apply AEDC data and NAPLAN data 

to estimate potential influences of environmental Pb on children’s educational and behavioural 

performance in Australia. This study further enriches the limited number of other Australian 

studies that have examined the impacts from mining and smelting emissions on educational and 

behavioural outcomes in children (e.g. Baghurst et al., 1992; Earl et al., 2016).  

Although this thesis focused predominantly on Broken Hill, Australia’s two other major lead 

mining and smelting communities of Mount Isa and Port Pirie (Paper Five) along with the 

industrial city of Newcastle (Paper Two), were examined as part of the same PhD research. 

Overall, the research findings demonstrate the following in relation to understanding the role 

of current operations and determining sources of contamination:  

• A range of geochemical and SEM techniques and approaches for identifying sources of

environmental Pb

• Current operations and emissions are intimately related to Pb dust deposition

• Dust Pb depositions are a significant cause of elevated blood Pb

• Pb and other trace metal(loid) depositions are significantly associated with adverse

impacts on children’s health.

7.2 Potential techniques and approaches for identifying the sources of environmental Pb  

In order to prevent contemporary exposure pathways of environmental contamination 

effectively, the identification of major sources of contemporary environmental contamination 

is a critical first step. However, in mining and smelting communities, there is often a long 

history of disputing the major sources of contamination, particularly in communities with a 
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long history of mining, see section 1.3 of Chapter One. This debate arises because there are 

various vested interests (Spear et al. 2015) as well as a range of potential sources of 

contamination in affected communities, including naturally weathered ore debris, legacy 

emissions from historic mining and smelting activities, paint, petrol and other industrial sources 

as well as those from current operations. For example, in Broken Hill, an estimated 4.7 million 

tonnes of the Broken Hill ore body has been removed due to natural weathering and erosion 

since its formation some 1.6 billion years ago (Webster, 2006). These losses can be set against 

the 11,000–18,400 tonnes of Pb emitted by smelting activities from 1886 to 1897 (van Alphen, 

1991).  

Contamination caused by historical mining and smelting activities have been reported globally 

(e.g. Pestana and Formoso, 2003; Jamieson, 2014; Ordóñez et al., 2014; Li et al., 2016; Lillo et 

al., 2015; Stovern et al., 2016), including in some Australian communities, such as Bendigo 

(Martin et al., 2016), Boolaroo (Harvey et al., 2016), Maldon (Abraham et al., 2017), Newcastle 

(Harvey et al., 2017) and North Queensland (Lottermoser, 2002).  

Lead-based paint has been widely considered as another main contributor to childhood blood 

Pb (Lanphear and Roghmann, 1997; Jacobs et al., 2002; Leighton et al., 2003; Mathee et al., 

2007; Levallois et al., 2014). Pb-based paint (1–50 wt% Pb) was used widely on the exterior 

and interior surfaces in Australian houses built before 1970 (NSW EPA, 2016), including those 

in Broken Hill (Gulson et al., 1994; Boreland et al., 2009). Consequently, soils at older painted 

houses are more likely to exceed the 300 mg/kg soil guideline (Rouillon et al., 2017). At Broken 

Hill, older houses built before the 1940s also displayed elevated soil Pb (Paper Four), but it is 

unclear as to the specific cause and source of the elevated levels and whether they are due more 

so to paint or mining emissions and depositions. In other mining and smelting communities 

(e.g. Port Pirie and Mount Isa), Pb-based paint is taken into account when investigating 

potential sources of environmental Pb contamination (SA Health, 2013; Noller et al., 2017). In 

addition, leaded petrol depositions are also a potential contaminant given that this type of petrol 

was used in Australia for 7–decades between 1932 and 2002. During its 70–years of 

consumption, more than 240,000 tonnes of Pb from petrol was emitted to the atmosphere in 

Australia. Consequently, leaded petrol emissions are another potential contributor of Pb 

contamination in Australian mining and smelting communities (e.g. Gulson et al., 1994, 1996, 

1997), requiring its contribution to be assessed. Despite its removal from sale and use in 

automobiles, leaded petrol depositions remain a persistent environmental contaminant (Gulson 

et al., 2004; Kristensen et al., 2014; Wu et al., 2016; Zhou et al. 2017). 
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In order to understand the sources of environmental contamination, this thesis applied a 

‘multiple lines of evidence’ to distinguish different contamination sources in Broken Hill (Paper 

One). This approach included examinations of trace metal concentrations, Pb isotopic 

compositions, chemical compositions and morphological characteristics of Pb-rich dust 

deposition particles. In order to confirm the wider application of this approach, Newcastle 

(Paper Two) was also investigated using a similar approach. In the Broken Hill study (Paper 

One), Pb isotopic composition analysis along with geochemical assessment of different orebody 

sources was used to distinguish naturally weathered ore debris, tailings dumps and atmospheric 

emissions of current mining activities from non-orebody sources (e.g. leaded petrol, Pb-based 

paint). While Pb isotopic composition analysis is an established and effective technique for 

source apportionment (e.g. Gulson et al., 1994, 2004; Soto-Jiménez and Flegal, 2011; Cao et 

al., 2014; Varrica et al., 2018) it cannot demonstrate unequivocally whether environmental Pb 

contamination is derived from weathered ore debris, tailings dumps or atmospheric emissions 

of current mining activities (Paper One).  

As a result of this limitation, source apportionment analyses were supplemented by analysis of 

morphological and chemical characteristics of contaminated particles. Contaminated particles 

from different sources have their own morphological and chemical characteristics (e.g. Wang 

et al., 2013; Zhang et al., 2017). For example, recently mined galena (PbS) from the Broken 

Hill ore body, has good crystallinity and angularity (Kristensen et al., 2015). Recent ore 

particles also lack surface alteration and elements Fe and Mn (Davis et al., 2016). However, Pb 

particles from tailings dumps and weathered ore debris are characterised by significant surface 

alteration, high concentrations of Fe and Mn and a lack of crystallinity and angularity (Paper 

One). In the Broken Hill study (Paper One), the morphological and chemical characteristics of 

dust Pb particles emitted from current mining emissions were established to be markedly 

different from particles sourced from weathered ore debris, tailings dumps and historic smelting 

emissions. Similarly, the same approach applied in the Newcastle study (Paper Two), showed 

that slag particles were distinctly different compared to quenched melt droplets formed during 

smelter emissions. Above all, the application of a multiple lines of evidence approach is a 

necessary and robust way to identify contamination sources given that similar contamination 

issues are present in many global industrial cities (National Academies of Sciences, 

Engineering, and Medicine, 2017). 
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7.3 Current emissions causing elevated airborne Pb 

In some urban areas, resuspension of legacy soil contamination is considered a primary source 

of airborne contaminants (Young et al., 2002; Laidlaw and Filippelli, 2008; Laidlaw et al., 

2012; Zahran et al., 2013). Elevated soil Pb, a consequence of historical mining and smelting 

activities, has been reported in Broken Hill (Gulson et al., 1994; Yang and Cattle, 2015; 

Kristensen and Taylor, 2016). However, according to the 2015–2016 NPI data, Broken Hill 

ranks 2nd (28,000 kg) for point source atmospheric Pb emissions in Australia. The multiple lines 

of geochemical evidence detailed in Chapter Three revealed that contemporary dust Pb deposits 

are mainly sourced from current mining emissions. Consistent with a current emission pathway, 

contemporary dust Pb loading decreased with distance away from the current mining 

operations. In Chapter Five, the effects of current mining emissions on the contemporary dust 

Pb loading were quantitatively estimated. The results showed that a 1% increase in distance 

away from the current mining operations is associated with -0.501% (95% CI: -0.728, -0.275%) 

reduction in dust Pb loading. In addition, a 1% increase in production intensity at the mine 

increases the expected amount of dust Pb loading by 1.487% (95% CI: 0.537, 2.437%). Not 

surprisingly, air Pb levels in Broken Hill are elevated with a mean concentration of 243.86 

ng/m3 during May 2012 to April 2016 compared to those in Sydney that was observed to be 

around 10.43 ng/m3 over the same period (Figure 7-1). As the Broken Hill emissions are 

dispersed across the city, this resulted in a distance-decay contamination pattern away from the 

primary source and orientated according to the prevailing wind direction (Chapter 3). Similar 

spatial distributions of dust and airborne contamination have been observed in other mining and 

smelting communities (Albalak et al., 2003; Telmer et al., 2004; Soto-Jimenez and Flegal, 

2011; Qiu et al., 2016; Stovern et al., 2016).  
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Figure 7-1. Recent monthly average Pb in air Pb concentrations at Sydney (Mascot) and Broken 

Hill (Data for PM2.5 graph provided by Dr Armand J Atanacio, Australian Nuclear Science and 

Technology Organisation—more limited data is available online). From May 2012 to April 

2016, average Pb in air concentrations were 243.86 ng/m3 and 10.43 ng/m3 for Broken Hill and 

Sydney (Mascot), respectively. Figure from Zhou et al. (2017). 

7.4 Current emissions causing elevated blood Pb 

Chapter Four’s data analysis of the full Broken Hill dataset covering the 25-year period from 

1991–2015 showed that soil Pb contamination had contributed to elevated blood Pb levels. This 

finding is a predictable outcome given that international studies have shown that soil Pb 

contamination can be a dominant pathway of childhood blood Pb exposure (e.g. Lanphear et 

al., 1998; Mielke et al., 1998; Carrizales et al., 2006; Zahran et al., 2011; Laidlaw et al., 2017). 

However, in Broken Hill, blood Pb concentrations have declined with annual ore production in 

the last two decades (Figure 7-2) suggesting mining emissions have driven blood Pb 

concentrations in Broken Hill.  



Figure 7-2. Geometric mean blood Pb in all children aged 1-4 years and production of Pb ore, 

1991-2013. Lead ore production data is from the Mudd et al. (2017) study, while blood Pb data 

is from the 2015 Broken Hill annual report (Lesjak and Jones, 2016). 

Consistent with a current emission pathway, blood Pb concentrations in Broken Hill decreased 

with distance away from the current mining operations, which is consistent with the spatial 

distribution of contemporary dust Pb loading in Broken Hill. Similar spatial distributions of 

blood Pb have also been observed in other mining and smelting communities (Landrigan et al., 

1975; Albalak et al., 2003; Soto-Jiménez and Flegal, 2011; Skalny et al., 2016). These studies 

all demonstrated that childhood blood Pb concentrations declined with distance away from 

mining and smelting operations due to a reduction in airborne Pb. In Chapter Five, the analyses 

indicate that 2 km from the mine is a minimum buffer of safety for a child living under the 

prevailing wind direction (i.e. South-southeast to South-southwest) in Broken Hill. Further, 

children located within the prevailing wind direction were at greatest risk of elevated blood Pb 

compared to those living under the non-prevailing wind directions, even after adjusting for the 

effects of soil Pb contamination. This further reinforces the argument that atmospheric transport 

and deposition of contaminants away from the mining operations are the primary mechanism 

determining the spatial distribution of blood Pb. 

7.5 Adverse impacts of environmental Pb exposure on children’s health 

Lead has been recognised as a neurotoxin for a long time, and its adverse impacts on the 

developing brain have been reported (e.g. Lidsky and Schneider, 2003). Moreover, there is no 

safe level of childhood blood Pb concentration (WHO, 2010; CDC, 2012). Intellectual 

impairment has been observed even at low blood Pb levels (Canfield et al., 2003; Lanphear et 

al., 2005; Jusko et al., 2008) with no evidence for a lower threshold of no impact (Budtz-
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Jørgensen et al., 2012; Earl et al. 2016). The pooled analysis of international cohorts conducted 

by Lanphear et al. (2005) demonstrated that the estimated IQ point decrements associated with 

an increase in blood Pb from 2.4 to 10 μg/dL, 10 to 20 μg/dL, and 20 to 30 μg/dL were 3.9 

(95% CI, 2.4–5.3), 1.9 (95% CI, 1.2–2.6), and 1.1 (95% CI, 0.7–1.5), respectively, 

demonstrating that the greatest effects per unit of blood Pb occur at lower exposures. In addition 

to intellectual impairment, attention deficit hyperactivity disorder (ADHD) emerged as another 

adverse impact of Pb exposure by the end of the twentieth century (Lanphear, 2015). A study 

on US children (8–15 years old), Lanphear (2015) showed that the population distribution of 

ADHD symptoms was 5% when blood Pb concentrations were less than 0.7 μg/dL. However, 

ADHD symptoms increased in the population to 13% when blood Pb concentrations exceeded 

1.3 μg/dL. In Australia, studies on the adverse impacts of Pb exposure, including intellectual 

impairment and behavioural problems, have largely focused on the smelting community of Port 

Pirie, South Australia (Wigg et al., 1988; McMichael et al., 1988; Baghurst et al., 1992; Tong 

et al., 1996; Burns et al., 1999). Recently, a small cohort study involving 127 children (7-8 

years old) from Port Pirie (South Australia) and Broken Hill (NSW) inferred that an increase 

in blood Pb concentrations from 1 to 10 μg/dL was associated with a loss of 13.5 full-scale IQ 

points after adjusting for other covariates (Earl et al., 2016). 

Intellectual impairments and behavioural problems caused by environmental Pb exposure are 

subtle and can be difficult to identify in individual children (Lanphear, 2015). However, effects 

of these subtle shifts in intellectual abilities and behaviours are significant at a population level 

(Lanphear, 2015). For example, among children in the US (0–5 years old), the combined total 

number of IQ points lost due to Pb exposure is believed to be in the order of 23 million points 

(Bellinger, 2012). By applying the same strategy regarding the loss of IQ points due to Pb 

exposure based on children in the US (Bellinger, 2012), approximately 2100 IQ points could 

be denuded from the 883 Broken Hill children involved in the 2014 blood Pb screening program 

(Table 7-1).  

Table 7-1. IQ points lost to Pb exposure occur in children who have low-to-moderate exposure 

to Pb in the 2014 Broken Hill cohort. Table adapted from Bellinger (2012). 

Range of the blood Pb distribution (μg/dL) IQ loss No. of Children No. of IQ points lost 

0-1.43 0.37 135 50 

1.43-2.10 0.90 32 29 

2.10-7.50 1.6 521 834 

>7.5 6.10 195 1189 
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Consistent with the estimated loss of IQ points (Table 7-1), the analyses completed in Chapter 

Six showed that the educational performance of Broken Hill children in school years 3 and 5 

from the most contaminated school catchment was 7.5% lower than in schools with similar 

socio-economic status. In addition to cognitive deficits, early childhood developmental 

vulnerabilities, as measured via the AEDC assessments (Australian Government, 2017), were 

also observed in Broken Hill children (Chapter Six). The same approach was applied to the 

mining and smelting communities of Mount Isa and Port Pirie (smelting only) (Paper Five). 

The analyses further demonstrated that children living and attending schools associated with 

higher environmental Pb contamination levels recorded higher developmental vulnerabilities 

after adjusting for their socio-economic status (Paper Five). The approach applied here to assess 

these Pb mining and smelting communities have clear potential to be applied to assess possible 

impacts from Pb (or other toxic metal) exposure in other Australian communities that do not 

have blood Pb screening data. 

7.6 Other trace metal(loid) contaminants and their potential impacts on children’s health 

In addition to elevated Pb found in Broken Hill soils and dusts, elevated levels of As and Cd 

have also been reported (Paper Five). Median values As and Cd in soils were 16 mg/kg and 4.9 

mg/kg, respectively, compared to local background values of 4.9 mg/kg and 0.25 mg/kg (Paper 

Five). Surface dusts returned maximum values of As – 901 μg/m2, Cd – 206 μg/m2 and 

maximum values on hands after 10 minutes of play on the Broken Hill playgrounds closest to 

current mining operations were 628 μg/m2 and 235 μg/m2 for As and Cd, respectively (Taylor 

et al., 2014a). By contrast, in playgrounds distal from mining operations, maximum values for 

As and Cd dust were 7 μg/m2 and 4 μg/m2 (Taylor et al. 2014a). 

Similar to Pb, other environmental metal(loid)s such as As and Cd are neurotoxic (e.g. Vahidnia 

et al., 2007; Wang and Du, 2013). The deleterious effects of As and Cd on children’s 

neurological systems, behavioral and cognitive abilities have been identified even at low levels 

of exposure (Calderón et al., 2001; Wright et al., 2006; O’Bryant et al., 2011; Ciesielski et al., 

2013; Wasserman et al., 2011, 2016). After adjusting for socio-economic status, children’s 

school test scores decreased with increasing soil As and Cd concentrations, with each mg/kg 

increase in soil As and Cd reducing school test scores by 0.896 and 2.346 points, respectively 

(Chapter Six). Further, the cumulative effect of As, Cd and Pb in soil per mg/kg unit increased 

the standardized sum of potential toxic metal exposure and was associated with a 3.25 point 

reduction in NAPLAN test scores (Chapter Six). This finding bolsters previous research 

(Mielke et al., 2005; Zahran et al. 2012; do Nascimento et al., 2015; Sanders et al., 2015; Valeri 
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et al., 2017) indicating that exposure to multiple environmental metal(loid)s causes a 

cumulative impact on children’s cognitive development. Furthermore, the toxic environmental 

metal(loid)s referred to in these previous studies  are not limited to Pb, As and Cd, but include 

other elements such as Mn (Dobson et al., 2004), Zn (Konoha et al., 2006) and Hg (Davidson 

et al., 2004). Further, organic contaminants have also been strongly associated with decreases 

in children’s cognitive and behavioural functioning, such as PBDEs used as flame retardants 

(e.g. Roze et al., 2009; Gascon et al., 2012; Zhang et al., 2017), bisphenol A and phthalates 

used in plastics (e.g. Kim et al., 2009; Cho et al., 2010; Meeker and Ferguson, 2011; Perera et 

al., 2012a; Ejaredar et al., 2015); Chlorpyrifos, a common agricultural pesticide (e.g. Rauh et 

al., 2011). In addition, elevated environmental concentrations of PAHs, which are associated 

with ferrous metal smelting, coal processing or burning of fossil fuels in communities (Paper 

Two) have previously been shown to have an adverse impact on behavioral and cognitive 

abilities (e.g. Edwards et al., 2010; Perera et al., 2012b; Peterson et al., 2015).  

In addition to the presence of elevated neurotoxic pollutants in the Pb smelting communities 

examined in this study, acute, short-term concentrations of sulfur dioxide (SO2) are causative 

factors for increased respiratory illness (Smargiassi et al., 2009). For example, in 2014 there 

were 29 and 68 hourly exceedences of emissions over the National Environment Protection 

Measure (NEPM) guideline level (1-hour standard: 0.2 ppm) at Mount Isa and Port Pirie, 

respectively (Figure 7-3), with a similarly large number of exceedences of the NEPM SO2 

standard over the last decade at Mount Isa and Port Pirie (Figure 7-3). Interestingly, there are 

significant disparities in the prevalence of respiratory illnesses in these two communities when 

compared to other areas (Taylor et al., 2014b). In Mount Isa, hospitalisation rates (n=109) were 

significantly higher (80%) compared to the rest of Queensland, and asthma mortality rates (n=5) 

were similarly higher, being 322% higher than the rest of the Queensland (Taylor et al., 2014b). 

At Port Pirie, the data from 2007/2008 showed that the Port Pirie City district area had hospital 

admissions for respiratory illness at a rate of 3774 per 100,000 people, compared with 2036 per 

100,000 people for the remainder of South Australia (Taylor et al., 2014b). In addition to the 

adverse respiratory outcomes associated with SO2 exposures, arsenic exposure is also 

considered another causative factor for poor lung function and development (Ramsey et al., 

2013). Interestingly, it is worth noting that Aboriginal children in Mount Isa recorded very poor 

lung functions compared to non-Indigenous children in the area (Janu et al., 2014), which is 

consistent with racial disparities in blood Pb (Chapter Four). 
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Figure 7-3. Sulfur dioxide air quality data (ppm) as reported for the National Environment 

Protection (Air Quality) Measures for Mount Isa (Menzies site, 2000–2016) and Port Pirie 

(Oliver Street, 2002–2016) (data updated from Taylor et al., 2014b). In 2013 the exceedences 

for days and hourly events overlap on the graph, i.e. have the same number (43 exceedences). 

Above all, the data implies that cognitive impairments, behavioural problems and health 

outcomes are linked to exposure to multiple neurotoxic contaminants (e.g. Pb, As, Cd, PAHs) 

in mining and smelting communities. With the combination of adverse respiratory contaminants 

(e.g. SO2, As, particulate matter) in mining and smelting towns, it is unsurprising that children 

have poor cognitive development and respiratory health. 

7.7 Potential exposure risk management arising from this research 

In order to better manage health costs (e.g. cognitive impairments, behavioural problems and 

respiratory illness) especially for children raised in contaminated environments, exposure risk 

management is needed. Previous studies have demonstrated that exposure risk management can 

result in significant benefits for the corresponding communities. For example, in Tongliang, 

China, following the closure of a local coal-burning plant, neurocognitive development 

measures in children were improved (Tang et al., 2014). Gould (2009) calculated that for every 

(US) dollar spent on controlling Pb exposure, some $17–221 is returned to society, which 

further supports the use of primary prevention as a key component of an exposure risk 

management strategy. However, instead of controlling emissions at their source, it is 

commonplace in Australian mining and smelting communities to push the burden of prevention 

onto the local community (Sullivan, 2014; Sullivan and Green, 2016; Taylor et al. 2017). The 

advice given to those communities is dominated by educational information and 

recommendations to keep homes clean and free of Pb contaminated dust even though the 

evidence shows that such advice has limited benefit in mitigating exposures (Nussbaumer-Streit 

et al., 2016). 
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7.7.1 Importance of mitigating ongoing emissions 

To reduce environmental exposure risk, application of ‘end-of-pipe’ technologies, 

contamination prevention and cleaner production are required (Gavin, 2000). ‘End-of-pipe’ 

technologies aim to remediate pollution problems after they have occurred, rather than tacking 

them before they develop (Gavin, 2000). Approaches that address contamination prevention 

and cleaner production reduce levels of pollutants in waste streams prior to their release on the 

mining lease or into the ambient environment. Without a proper pollution prevention strategy 

to control off site emissions, the efficacy of ‘end-of-pipe’ technologies is often diminished. For 

example, at Port Pirie, Taylor et al. (2013) found that atmospheric emissions from the smelter 

were related directly to the accumulation of surface dust metal(loid)s. In light of this research, 

the Port Pirie Council and the smelter company, Nyrstar Port Pirie Limited Pty Ltd, agreed to 

a joint program of playground washing (Taylor et al., 2015). While playground washing 

reduced dust metal(loid)s deposits, Taylor et al., (2015) showed that parks needed to be washed 

at least daily to keep dust metal(loid)s deposits under acceptable values due to ongoing 

emissions. However, while washing playgrounds can provide temporary cleaning of surfaces, 

the failure to limit off site emissions means that its value to the wider community is limited to 

those who remain exposed to elevated depositions of toxic dust.    

Globally, the benefit resulting from reduction of ongoing emissions in mining and smelting 

communities has been confirmed in multiple locations. For example, in a mining and smelting 

community located in Fujian province, China, a follow-up study, conducted after the local Pb 

mining and smelting operations closed for one year, showed a significant reduction of 5 μg/dL 

for childhood blood Pb concentrations (Lin et al., 2011). Similarly, at Bunker Hill, USA, mean 

childhood blood Pb concentrations were significantly reduced following the closure of the local 

smelter in 1981 (von Lindern et al., 2003). In northern Sweden, following the closure of Pb 

mine operations, Pb and Zn concentrations in local moss samples, reflecting atmospheric metal 

deposition, decreased by around 35% and 50%, respectively (Berglund et al., 2010). In the 

community of Boolaroo, NSW which was home to the former Pasmico Pb-Zn smelter, 

approximately 30% of children had blood Pb ≥10 μg/dL from 1997 to 2003 before the smelter 

closed in September 2003 (Dalton and Bates, 2005). After closure, the percentage of children 

with a blood Pb ≥10 μg/dL declined markedly to 18% and 9% at 9 months and 22 months post-

closure, respectively (Dalton and Bates, 2005). A recent blood Pb screening program conducted 

in Boolaroo revealed that all the children tested had blood Pb concentrations ≤5 μg/dL (NSW 

Health, 2015). After phasing out leaded petrol, blood Pb in Australian cities declined markedly 

(Figure 7-4; Kristensen et al., 2017), which is consistent with other international studies (e.g. 
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Pirkle et al., 1994; Bono et al., 1995; Wietlisbach et al., 1995; Schuhmacher et al., 1996; Hwang 

et al., 2004; Nichani et al., 2006). Thus, better emission control, closure of operations (e.g. 

mines and smelters) or improvements in fuel quality (e.g. leaded petrol phase out) provide 

strong evidence that controlling contaminant release at its source is a critical prevention strategy 

and the only one likely to yield long term benefits to a community. 

Figure 7-4. Declining blood Pb concentrations in Australian children and Pb emissions 

(sourced from Kristensen et al., 2017).  

The results presented in this thesis have shown that both contemporary dust Pb deposits and 

blood Pb concentrations are driven mainly by current mining emissions in Broken Hill, and that 

these emissions are influencing blood Pb concentrations via the dust Pb deposits in the region. 

This highlights the need to reduce emissions in mining and smelting communities, particularly 

in Broken Hill. 

7.7.2 Potential strategies of mitigating ongoing emissions 

Ongoing emissions from current mining and smelting operations typically comprise 

atmospheric emissions (e.g. particulate matter, CO2, SO2, NOx), sewage water and solid wastes 

(e.g. tailings dumps and slags) (Dudka and Adriano, 1997). However, atmospheric emissions 

are a high-priority issue in the Australian non-ferrous mining and smelting towns of Broken 

Hill, Mount Isa and Port Pirie (NPI, 2017). To control atmospheric emissions from the smelters, 

advanced smelting technology can play an important role in capturing airborne stack-related 

emissions of metal(loid)s, dust, SO2, CO2, NOx and other contaminants more efficiently. In 

addition, general dust control measures are critical to reduce fugitive atmospheric emissions 

from mining operations (Csavina et al., 2012). There are a range of dust control methods 





Figure 7-5. Lead and zinc ore pile at the head of Perilya Limited’s Mine in Broken Hill, NSW, 

Australia.  

The video in Paper One (Chapter Three) showed dust blowing off the Pb and Zn ore pile at 

Perilya’s southern operations. Simple mitigation strategies for these emissions would include 

enclosure of operations or the relocation of crushing facilities out of the Broken Hill city area, 

similar to the strategies undertaken in Mount Isa (Mount Isa Mines, 2017). Previous studies 

have shown that a lack of enforcement of regulations results in further failure to protect 

communities (Taylor et al., 2014b). At Broken Hill is it evident that there is a need to implement 

and actively enforce more stringent emission management strategies, coupled with a lowering 

of environmental contaminant benchmark standards, to reduce exposure risk in the community. 

For example, while there is a Pb in air standard (0.5 µg/m2) there is no upper maximum standard 

set for Pb dust deposition, even though its measurement is a requirement of both CBH and 

Perilya’s licence conditions and it is clearly a dominant source of childhood Pb exposure 

(Chapters Three and Five).  

7.7.3 Mitigating the household soil Pb (residual contamination) exposure  

Even though section 7.5.1 highlighted the critical importance of controlling ongoing emissions, 

it is evident that outdoor soil, as a reservoir of legacy Pb from multiple anthropogenic activities, 

can adversely influence childhood blood Pb concentrations (e.g. von Lindern et al., 2003; 

Zahran et al., 2013; Mielke et al., 2016; Schwarz et al., 2016; Laidlaw et al., 2017). For 

example, in Bunker Hill, USA, although the local smelter closed in 1981, children born since 

the smelter closure still had elevated blood Pb concentrations even in the context of falling 

levels across the community as a whole (von Lindern et al., 2003). In Bunker Hill, it was 

concluded that accidental ingestion of residual contamination in community soils and dusts, via 

ordinary hand-to-mouth behaviour and play activities, was a primary route of exposure (von 
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Lindern et al., 2003, 2016). Similarly, in Detroit, USA, Zahran et al. (2013) demonstrated that 

resuspended legacy soil Pb was driving variations in childhood blood Pb outcomes.  

Although the analysis of Broken Hill data showed that recent (2011–2015) childhood blood Pb 

outcomes were being impacted by exposure to current mining emissions, lead in household 

soils was also found to be contributing to blood Pb (Chapters Four and Five). In the 1990s, the 

indoor dust Pb deposition rate was correlated strongly with household soil Pb concentrations in 

Broken Hill (Chapter Four). Other studies have demonstrated that soil Pb concentrations and 

indoor household dust Pb levels are related (e.g. Lanphear et al., 2003; Gulson et al., 2014; 

Laidlaw et al., 2014). Previous studies have detailed the transport pathway for household soil 

Pb, which can be transported inside homes via shoes and family pets, thereby becoming indoor 

dust deposits (Hunt et al., 2006; Layton and Beamer, 2009). Therefore, the available data from 

Broken Hill indicates that residual household soil Pb contamination also needs to be addressed 

in addition to ongoing emissions to help reduce Pb exposures in Broken Hill.  

The intervention approach of soil Pb normally includes removing and capping the surface 

contaminated soil (e.g. Weitzman et al., 1993; Aschengrau et al., 1997; Lanphear et al., 2003; 

Schoof et al., 2016; Tirima et al., 2016; Ericson et al., 2018). For example, in Midvale, Utah, 

the top 46 cm soil was excavated and disposed (Lanphear et al., 2003) and the effect of soil 

abatement evaluated. Lanphear et al. (2003) stated that:  

“After adjustment for child’s age, mouthing behavior, socio-economic status, and year of study, 

there was an estimated 2.3 μg/dL decline in blood Pb concentration associated with soil 

abatement for children who were 6 to 72 months of age (p=0.14).”  

In Dong Mai, Vietnam, in order to mitigate the risk from residential soil, contaminated yard 

soil was first capped with 5 cm of sand and geotextile, and with further layers of either 20 cm 

of sand, 20 cm of compacted soil, pavers (bricks) or concrete (Ericson, 2014). One year after 

the soil abatement, average blood Pb concentrations decreased by 35% (39 to 25 μg/dL). 

Ericson et al. (2018) suggested that capping contaminated soil (USD$1000 per house) was more 

economic compared with removing it (USD$9475 per house). In terms of the houses from 

Broken Hill included in this thesis research, >1900 of the houses have been subject to 

environmental assessment over the last two decades, of which 67% have soil Pb concentrations 

exceeding the Australian residential Health Investigation level-A guideline of 300 mg/kg 

(NEPM, 2013). The cost for capping contaminated soil in Broken Hill with clean fill to a depth 
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of 10 cm to reduce soil Pb levels below 300 mg/kg is approximately AUD$10,000, which is 

derived from assessments from the Broken Hill Environmental Lead Program. Therefore, 

approximately AUD$12 million is required to remediate contaminated Broken Hill residential 

gardens involved in this research, such that they would have a soil Pb concentration less than 

300 mg/kg.  

Community education to control environmental Pb exposure has been long criticised in the 

scientific community for its lack of efficacy, particularly given that its use is difficult to support 

in the absence of other management and primary prevention measures (e.g. Rosner and 

Markowitz, 2005; Yeoh et al., 2014; Nussbaumer-Streit et al., 2016). However, community 

education programs detailing risks and domestic preventative measures can be used as a 

supplementary intervention approach to keep community exposure as low as possible.  

7.8 Broader contribution of thesis findings 

The NSW Government announced in early 2015 that AUD$13 million was allocated to 

‘rejuvenate the Broken Hill Environment Lead Program to address the issue of blood lead 

levels in local children’ (Humphries, 2015). Towards this aim of lowering blood Pb levels, this 

thesis research has addressed the long-standing dispute over contemporary airborne 

contamination sources in Broken Hill (i.e. contemporary mining emission or resuspended 

legacy pollutants), to help provide direction for the program’s future remediation strategies. 

Previous studies of Broken Hill exposures involved analysis of the relationship between 

environmental Pb (i.e. soil and dust) and blood Pb using the Integrated Exposure Biokinetic 

(IEUBK) model (Yang and Cattle, 2015) and small cohorts of participants (n=74) (Boreland et 

al., 2006). While these studies provided useful insights to the problem, they had data limitations. 

To address this, the research presented herein is the first comprehensive analysis of the long-

term and city-wide human and environmental dataset available from Broken Hill (including 

more than 24,000 blood Pb samples and 10,000 soil Pb samples) to evaluate the dose-response 

relationship between environmental Pb and blood Pb (Chapter Four).  

The data analysis has elucidated the causal factors driving childhood blood Pb exposures 

including a child’s age, gender, ethnicity, socio-economic status, age of house and distance 

away from mining operations (Chapters Four and Five). These outcomes show that children 

aged around 2 years old, especially those of indigenous origin and living within 2 km of mining 

operations are most at risk. After adjusting for other covariates, the recent data (2011–2015) 

shows that contemporary mining emissions are driving contemporary blood Pb concentrations 
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in Broken Hill, with residual household soil Pb making a minor contribution to blood Pb. These 

findings support the future remediation activities of the Broken Hill Environment Lead Program 

by providing evidence-based targets for intervention and maximum outcomes. 

Prior to this research, only one study (i.e. Earl et al., 2016) has used a combination of cognitive 

and covariate data from 49 Broken Hill children to estimate impact of environmental Pb 

exposure on children’s cognitive abilities. The research in this thesis, however, is the first to 

take advantage of national early childhood (AEDC) and school educational assessments 

(NAPLAN) to estimate potential impacts from exposure to contaminants at a community scale. 

The findings show that all Broken Hill children performed worse in cognitive abilities and 

behavioural development compared to national averages after the results were adjusted for 

socioeconomic status. This further highlights the need for exposure risk management. The data 

herein shows that ongoing emission control is a priority when it comes to reducing exposure in 

Broken Hill, coupled with house specific remediation, including the abatement or removal of 

contaminated household soil. Interestingly, the data shows that the home remediation 

conducted between 1994 and 1996 in Broken Hill did not reduce children’s blood Pb 

concentrations (Boreland et al., 2009), which took place in the absence of complete ’ongoing’ 

emission controls at the time. 

Although Broken Hill has been a focus of this research, disputes over contamination sources 

and their potential impacts on children’s health in mining and smelting communities are 

commonplace in Australian and overseas communities, e.g. Port Pirie (Taylor, 2012), Mount 

Isa (Taylor and Schniering, 2010), Kalgoorlie Consolidated Gold Mines (ABC News, 2003) in 

Australia, and Tacoma and Salt Lake Valley in the United States (Sullivan, 2014). The disputes 

arise because there may be various potential sources of contamination in a community, 

including naturally weathered ore debris, emissions from historic/ongoing mining and smelting 

activities and other non-orebody sourced pollutants (e.g. legacy petrol emission and Pb-based 

paints) (Kristensen and Taylor 2016). This research provides a multiple lines of evidence 

approach to better identify potential sources of contemporary contamination and its impacts in 

mining and smelting communities. 

Outside Australia, the association between environmental Pb (including soil, dust and water) 

and blood Pb concentrations at the city scale have been well reported (e.g. Lanphear et al., 1995, 

1998; Hanna-Attisha et al., 2016; Safruk et al., 2017). However, city-wide studies in Australia 

have focused mainly on Port Pirie (SA) and Boolaroo (NSW) (e.g. Wilson et al., 1986; 



152 

McMichael et al., 1988; Baghurst et al., 1992; Tong et al., 1996; Burns et al., 1999; Earl et al., 

2016; Willmore et al., 2016), whereas smaller cohort analyses have been completed in other 

Australian locations, such as Boolaroo (Willmore et al., 2006) and Sydney (Gulson and Taylor, 

2017). As such, this study’s research enriches knowledge of the association between 

environmental Pb and its sources and blood Pb in Australia.  

To reduce exposure in the mining and smelting communities effectively, this research 

demonstrates the need to determine current sources and emission patterns alongside residual 

contamination. The association between residual soil Pb contamination and blood Pb exposure 

has been observed in other mining and smelting communities which were still subject to 

significant ‘ongoing’ emissions at the time: Port Pirie in Australia – McMichael et al. (1985); 

El Paso in United States – Landrigan et al. (1976); Torreón in Mexico – Albalak et al. (2003); 

Soto-Jimenez and Flegal (2011). However, because these studies were completed while there 

were significant ongoing Pb emissions that formed Pb depositions in the adjoining 

communities, it was not possible to separate current dust Pb sources from residual soil Pb 

contamination. Indeed, the study by Yang and Cattle (2015) is a good example of this 

conundrum. Yang and Cattle (2015) found that the spatial distribution of recent blood Pb 

exposures in Broken Hill could be explained by the corresponding soil Pb distribution, 

modelled using the US EPA’s IEUBK model. In this study, the authors used soil Pb 

concentrations to derive a dust Pb value in residential homes. However, the soil in Broken Hill 

has also been contaminated by airborne Pb dispersal and deposition, making the situation more 

complicated (Kristensen and Taylor, 2016). As a result, the spatial distribution of soil Pb values 

is strongly associated with dust Pb deposition values (Chapter 4). This results in a marked 

decline in both soil and dust Pb values with increasing distance from mining operations, making 

it difficult to separate residential contamination (soils) from ongoing emissions. However, the 

process of dust Pb contamination of the environment continues unabated (Dong and Taylor, 

2017). These depositions have been shown (Chapter 5) to be the dominant cause of the blood 

Pb levels recently measured in children (2011–2015). Even when surface soil Pb concentrations 

were ameliorated following the 2009 dust storm, this produced limited influence on the spatial 

distribution of children’s blood Pb exposures (Chapter 5). 

Without specific examination of the possible sources and their apportionment to an individual’s 

exposure, it is likely that mis-directed intervention strategies may be developed (Sullivan and 

Green, 2016) which fail to alleviate the burden on residents. Therefore, as identified in other 

communities subject to ‘ongoing’ emissions (e.g. Boolaroo, Australia (Dalton and Bates, 2005); 
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Bunker Hill, USA (von Lindern et al., 2003); and Sanming, China (Lin et al., 2011)), in the 

absence of emission controls it is unlikely that soil abatement treatments on their own will 

reduce exposure risks to an acceptable level, i.e. where all children’s blood Pb is <5 µg/dL.  

7.9 Future research direction 

This PhD study has demonstrated that current mining emissions remain a significant source of 

children’s blood Pb exposure at Broken Hill. However, it is clear that exposure risks are 

also influenced by the physiochemical properties of contaminated particles, including the 

speciation of metal(loid)s (e.g. Rasmussen et al., 2011; Han et al., 2012; Fujimori et al., 

2018), grain size (e.g. Qiang et al., 2015; Cai et al., 2016), mineral compositions (e.g. 

Rathnayake and Schwab, 2016). Therefore, any future investigation into the role of 

physiochemical properties influencing children’s blood Pb is likely to enhance understanding 

of the effects current mining emissions versus those held in soils as legacy deposits, which 

have been subject to weathering a modification over time. 

Furthermore, as noted in Chapter Four, Aboriginal children have had higher geometric mean 

blood Pb concentrations (Aboriginal: 7.4 μg/dL; non-Aboriginal: 6.2 μg/dL) over the last two 

decades. Interestingly, this disparity has widened recently (2012-2015) (e.g. Aboriginal: 9.3 

μg/dL and non-Aboriginal children: 4.9 μg/dL in 2015), which may in part due to the greater 

participation of all children in blood screening resulting in a more accurate picture of exposures 

across the community (Lesjak and Jones, 2016). However, the precise mechanisms responsible 

for this disparity remain poorly understood, particularly in Australia, where there has been 

limited investigation of this phenomenon. In the USA, it has been established previously from 

several studies blood Pb levels are elevated in the following communities in the following order 

African-American > Hispanic > white (Caucasian) American (Lanphear et al., 2002; Jones et 

al., 2009; White et al., 2016). 

Previous studies conducted outside of Australia demonstrate that racial/ethnic disparities in 

childhood Pb poisoning can be influenced by a range of factors including biological, 

behavioural and socio-economic ones (Lanphear et al., 1996; Malcoe et al., 2002; Krieger et 

al., 2005; Jones et al., 2009; Ngueta, 2014; Moody et al., 2016; White et al., 2016). More 

detailed studies about mechanisms of racial/ethnic disparities in childhood Pb poisoning would 

provide insight as to why Aboriginal children have higher blood Pb exposure risks in Australia, 

which could be used to apply more targeted, effective intervention strategies. Although a range 

of contamination controls have been implemented in Broken Hill since early 1990s (c.f. section 

7.7 of this thesis; Kristensen et al., 2015; Perilya Limited, 2017), there remains a considerable 
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amount of Pb being still emitted into the ambient environment from Broken Hill Pb and Zn 

mining operations resulting in contamination of aerosols and deposited dusts (Chapter Three; 

Figure 7-1). The incomplete control of contamination in Broken Hill highlights a clear need to 

implement and actively enforce more stringent emission management strategies. Any such 

strategies should be coupled to a lowering of environmental contaminant benchmark standards, 

to reduce exposure risk in the community in future. Lower standards might include for example 

dust deposition limits and no spikes of Pb in air. Following the implementation of any new 

contamination controls, a critical step would should include an evaluation of effectiveness on 

both the ambient levels of Pb in the environment and also in children’s blood.  
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Chapter 8: Conclusions 

This thesis employed a multiple lines of evidence approach to identify the sources, causes and 

human health impact of Pb contamination in the city of Broken Hill, NSW. The results of 

laboratory analyses, including metal concentrations, Pb isotopic compositions, chemical 

compositions and morphological characteristics of contaminated particulates, showed that 

contemporary dust Pb deposits were the primary route of exposure. Further, the study data 

clearly supports the contention that contemporary dust contamination in Broken Hill originates 

from current mining activities and not from weathering or legacy sources. Generalised linear 

regression modelling demonstrated that contemporary dust Pb loading (μg/m2/day) increased 

with ore production and decreased with distance away from current active mining operations. 

While this is not unexpected for a Pb mining operation with significant point source emissions 

(estimated at 28,000 kg of Pb in 2015/2016), the results provide clear evidence for intervention 

strategies as part of the NSW Government’s Broken Hill Environmental Lead Program. 

In addition to the effects of ongoing emissions to the environment in Broken Hill, soil Pb 

contamination from historical mining and smelting activities was assessed. The statistical 

analyses based upon the Broken Hill dataset comprising >30,000 blood and environmental Pb 

data covering a 25–year period showed that both soil and dust Pb are contributors to blood Pb 

exposure. However, for the first time, this research was able to differentiate soil and dust as 

separate sources of blood Pb exposure, with the ultimate aim of being able to identify the 

primary targets, using evidence based conclusions, for remediation. In order to differentiate 

these known likely sources of exposure, the thesis applied a novel approach of using two natural 

experiments: (a) prevailing wind direction conditions in Broken Hill; (b) the massive 2009 

desert dust storm that affected Broken Hill and NSW more broadly. The depositions from this 

storm sourced from the adjacent desert area (i.e. Lake Eyre Basin) were dominated by crustal 

elemental oxides of Al, Si and Fe,1 with low level of Pb concentrations2 moderating local 

residual soil Pb contamination in Broken Hill. Analyses of the most recent period (2011–2015) 

of the available dataset showed that contemporary blood Pb outcomes in Broken Hill are 

determined by:  

(a) an individuals’ geographic location with respect to the prevailing wind direction (i.e.

1 Aryal, R., Kandel, D., Acharya, D., Chong, M. N., Beecham, S., 2012. Unusual Sydney dust storm and its 

mineralogical and organic characteristics. Environmental Chemistry 9, 537-546.  

2 Gunawardena, J., Ziyath, A. M., Bostrom, T. E., Bekessy, L. K., Ayoko, G. A., Egodawatta, P., Goonetilleke, 

A., 2013. Characterisation of atmospheric deposited particles during a dust storm in urban areas of Eastern 

Australia. Science of the Total Environment 461-462, 72-80. 
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those with consistently higher blood Pb levels resided downwind of the prevailing 

northerly winds in Broken Hill) 

(b) the volume of current mining emissions and ore production rates

(c) dust Pb depositions with soil Pb providing a small, but clear contribution to

exposures. 

Previous claims that dust Pb contamination and elevated blood Pb are due to natural weathering, 

recycling of legacy Pb in soil or from other contamination sources (e.g. leaded petrol, Pb-based 

paints, legacy emissions) were not supported by the data analysis. The promulgation of these 

as sources of contamination has stymied effective intervention in Broken Hill and has left the 

community ill-informed about the source, cause and risks of Pb exposure associated with living 

in the city. Looking forward, in terms of the future community exposure reduction program in 

Broken Hill, it is clear that the reduction of ongoing emissions is a critical step in limiting 

exposures in the wider population. Moreover, the data shows clearly that interventions should 

be specifically targeted at mitigating exposure in children aged 12–36 months, especially those 

that are of Aboriginal descent. As part of any future mitigation strategy, capping contaminated 

household soil and addressing building condition and infrastructure (e.g. peeling paint in older 

homes, poorly sealed ceilings and windows) would also be critical, particularly in older 

buildings.  

More broadly, this research has demonstrated that the adverse impacts of environmental 

metal(loid)s contamination on children’s health (e.g. cognitive and behavioural development) 

are also observed in the other major Australian mining and smelting communities of Port Pirie 

and Mount Isa.  

This highlights a clear need to identify major contamination sources to direct effective 

community exposure reduction programs. Communities that have been subject to a history of 

ore processing will typically have a range of potential contaminant sources that need to be 

delineated in terms of their risk to human health. The absence of comprehensive information 

about contamination sources and their specific contribution is likely to result in mis-directed or 

ineffective intervention strategies, pushing the burden of responsibility on to residents rather 

than it being addressed at its origin. In this regard, this thesis reinforces the importance of 

primary prevention by controlling emissions at their source to prevent unnecessary exposures 

in communities adjoining mining and smelting operations.  
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Appendix 

The Appendix contains one paper (Paper Six) published in the peer-reviewed journal 

Environmental Pollution and two co-authored online articles relating pollution matters at 

Broken Hill and Mount Isa published in The Conversation (Article One and Article Two). These 

works are included as part of the body of research work completed during the candidature of 

this PhD thesis.  

The Environmental Pollution paper evaluates the in-situ versus ex-situ use of field portable X-

ray Fluorescence (pXRF) for metal-contaminated site assessment. The study also assesses the 

advantages of increased sampling to increase the confidence of decision making for a lower 

cost. It compares the cost of using pXRF against traditional approaches that involve field work 

followed by laboratory processing of samples for trace elements concentrations via ICP-MS. 

This pXRF study provided technical insight into the utility of applying rapid field analytical 

methods as were used for a proportion of the Broken Hill soil samples included the study 

presented in Chapter Six.  

Subsequent to the publication of Paper Five (Environmental contamination in an Australian 

mining community and potential influences on early childhood health and behavioural 

outcomes), Article One was written and published for broader dissemination of our study 

findings about the adverse impacts of environmental Pb contamination on children in Broken 

Hill. Article Two builds on a significant body of work coming out of Professor Mark P. Taylor’s 

research group in relation to the disputes over contamination sources in the mining and smelting 

community of Mount Isa. It was published in response to the release of Glencore’s Mount Isa 

Mines Ltd report on airborne contamination in the city. Its purpose was to highlight company’s 

flawed Pb exposure mitigation advice arising from the report’s findings that contamination was 

coming off the mine lease. This advice amounted to recommending that parents that they should 

keep their homes clean, with insufficient focus on emission control on the sources of Pb coming 

from the mine lease and its operations. The publication of the two online articles increase the 

awareness of the wider community about contamination issues in mining and smelting 

communities and synthesize detailed research to make its findings more accessible. 
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Spectrometry (ICPeMS) (e.g. US EPA, 2002). Soil metal contami
nation is characteristically heterogeneous and may require many
samples to adequately characterise a site. For example, the 95%
upper confidence limit (UCL) used in notification trigger 1, is
influenced strongly by the number of samples taken to calculate the
mean. Calculation of the UCL with fewer samples decreases the
confidence in accurately locating the mean due to an increased
confidence interval (CI) (Boon and Ramsey, 2010). Inversely, an
increased number of samples is likely to increase the confidence in
locating the mean by decreasing the CI. Infield sampling is typically
constrained due to the cost of individual analyses charged by
commercial laboratories (Ramsey and Boon, 2012).

The use of in situ measurement techniques for soil metals, such
as field portable X ray Fluorescence (pXRF), have been increasingly
applied as screening tools for the presence of trace metals due to
their rapid, simple and inexpensive operation (e.g. Argyraki et al.,
1997; Bernick et al., 1995; Boon and Ramsey, 2012; Carr et al.,
2008; Clark et al., 1999; Higueras et al., 2012; Horta et al., 2015;
Kalnicky and Singhvi, 2001; Parsons et al., 2013; Paulette et al.,
2015; Peinado et al., 2010; Radu et al., 2013; Ran et al., 2014;
Taylor et al., 2004, 2005; Vanhoof et al., 2004; Weindorf et al.,
2013). In situ pXRF for assessing contaminated sites has some ad
vantages over ex situ laboratory analyses including the low cost of
ownership and operation and instantaneous on site estimates of
metals (Ramsey and Boon, 2012; Weindorf et al., 2014). The ability
to guide field based decision making, such as identification of
contaminant hot spots and delineation of contaminant zones at low
cost is indispensable for ensuring representative assessments of
metal contaminated sites (Melquiades and Appoloni, 2004).
However, the difficulties of deriving analytical quality control on
field samples, higher pXRF detection limits and limited training of
operators when compared to ex situ laboratory techniques are also
well known (Peinado et al., 2010). The mismatch between field
samples (unprepared, heterogeneous surface soils) and reference
materials (dried, homogenous powders) makes quantification of
analytical bias challenging (Boon and Ramsey, 2012). Moreover, the
widespread screening use of pXRF (e.g. Restriction of Hazardous
Materials, Bosco, 2013) have largely underplayed and

inappropriately informed users in regards to its analytical
capabilities.

Measurement techniques are most effectively employed when
their advantages are fully utilised and the drawbacks are mitigated
where possible. With this in mind, this study evaluates the po
tential integration of in situ pXRF for the assessment of metal
contaminated sites. Hence, the aims of this paper are therefore to:

1. Assess the reliability of in situ pXRF data compared to ex situ
commercial ICPeMS analysis.

2. Determine error contributions from sampling and analysis to
wards measurement uncertainty.

3. Evaluate the advantages of increased sampling using in situ
pXRF and its impact on decision making.

4. Estimate the overall costs involved for in situ and ex situ mea
surement approaches.

5. Demonstrate the advantages of integrating measurement un
certainty into site reporting.

2. Methods

2.1. Site selection and sampling design

Five metal contaminated sites of varying sizes and land uses in
NSW, Australia, were selected for this study (Table 1). Sites 1 and 3
were located near a former zinc/lead (Zn/Pb) smelter, whose sur
rounding suburbs were subject to decades of slag material distri
bution and metal rich atmospheric depositions (Batley, 1992;
Harvey et al., 2016; Morrison and Gulson, 2007). Site 2 was
located at a primary school in inner city Sydney, where seven
decades of leaded petrol emissions, coupled to the use of Pb
based paint since the 19th century have contaminated the sur
rounding environment (Kristensen, 2015; Rouillon et al., 2017).
Sites 4 and 5 were located in a mining city where >100 years of Zn/
Pb mining and early smelting have contaminated city soils with
Zne and Pberich emissions (Dong et al., 2015; Kristensen and
Taylor, 2016).

All five sites were measured systematically in a grid pattern
using the minimum recommended resolution for both the current
regulatory approach of ex situ sampling and ICPeMS analysis (NSW
EPA, 1995) and a proposed in situ pXRF measurement approach
(Table 1). Similar analytical and statistical approaches to metal
contaminated site assessments exist around the world, yet for the
purpose of this comparative study, the current regulatory practice
of sampling and off site laboratorymeasurements, set by the NEPM
(2013) and the NSW EPA (1995), are compared against an in situ
pXRF method. A pilot study was conducted at a small (0.04 ha),
geochemically heterogeneous site and determined 30 samples as a
reliable and robust minimum for estimating a site mean (cf.
Student, 1908) (Supplementary Fig. 1). An increased sampling res
olution was used for in situ pXRF measurements to assess the
benefits of increased sampling at metal contaminated sites. After
the measurement of surface soil contamination using a systematic
assessment approach (pXRF Phase 1), a second phase of measure
ments was undertaken halfway between targets of interest (e.g.
where sample concentration > guideline) and adjacent samples
(pXRF Phase 2). This second phase (judgemental sampling) utilised
the advantages of real time pXRF data which assisted in identifying
hot spots without the need to return to the site.

2.2. In situ pXRF measurement approach

Sites were measured in situ at the minimum resolution speci
fied in Table 1, using an Olympus Delta PremiumXRFAnalyser fitted

Abbreviations

CI Confidence interval
CRM Certified reference material
Ha Hectare
HIL Health investigation level
ICPeMS Inductively Coupled Plasma Mass Spectrometry
Mn Manganese
NSW EPANew South Wales Environmental Protection

Authority
Pb Lead
pXRF Field portable X ray Fluorescence
RANOVA Robust Analysis of Variance
RP Relative proximity
sanal Analytical standard deviation
sgeochem Geochemical standard deviation
smeas Measurement standard deviation
ssamp Sampling standard deviation
Uanal Analytical uncertainty
Umeas Measurement uncertainty
Usamp Sampling uncertainty
UCL Upper confidence limit
Zn Zinc
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with a 50 kV, 4 W Ta anode X ray tube and a silicon drift detector.
Measurement targets were pre determined and marked with flags.
Grasses and debris were removed where necessary to expose the
surface soil layer, which was compacted prior to pXRF analysis. The
pXRF measurement window was cleaned with KimWipes between
samples to mitigate cross contamination. Samples were measured
for 20 s on Beam II (40 kV) using the proprietary soil mode for
manganese (Mn), Zn, and Pb concentrations. Despite being
measured most accurately on Beam III (15 kV), Mn was included in
this assessment to ascertain if elements can bemeasured accurately
on other X ray beams that are not intended for its measurement.
The pXRF was protracted from the operator via an extension pole to
minimise radiation exposure associated with pXRF operation
(Rouillon et al., 2015) and to provide ergonomic in situ
measurements.

Recommended operational procedures were followed (cf.
Rouillon and Taylor, 2016), including daily measurements of an
energy calibration check, measurements of a silicate (SiO2) blank
and National Institute of Standards and Technology certified
reference materials (CRMs: NIST 2709a, 2710a, 2711a) throughout
the measurement process. Instrument detection limits for Mn, Zn
and Pb measurements were 9.1, 5.1 and 3.0 mg/kg respectively,
while themean relative standard deviation for these elements were
0.8, 0.8 and 1.8% (Rouillon and Taylor, 2016). Mean pXRF recoveries
were 102% (Mn), 99% (Zn) and 99% (Pb) for ex situ measurements,
however these are not likely to be representative of in situ mea
surements. Hence, the analytical bias of in situ pXRFmeasurements
were corrected using ICPeMS analysis (Section 2.5).

2.3. ICPeMS analysis

Sites were sampled and measured by ICPeMS at the minimum
resolution specified in Table 1. Surface soils were collected at
0e2 cm depth and analysed for total acid extractable metal con
centrations at the National Measurement Institute at North Ryde,
Australia. Approximately 0.5 g of sample was digested in 3 mL of
10 M HCL and 3 mL of 16 M HNO3, and measured using an Agilent
7900 ICPeMS for Mn, Zn and Pb concentrations (NMI, 2014). Six
procedural blanks returned concentrations <0.5 mg/kg for all ele
ments. Laboratory control spikes were 99%, 105% and 102%, while
matrix control spikes were 93e106%, 97e112% and 83e116% for
Mn, Zn and Pb respectively. Duplicate analyses were 0e39% (Mn),
0.1e27% (Zn) and 0.1e18% (Pb).

2.4. Sampling, analytical and measurement uncertainty

The simplest and most cost efficient method for estimating
sampling and analytical precision, and ultimately measurement
uncertainty is using a balanced duplicate method (Supplementary
Fig. 2) (Ramsey et al., 1992, 2002). Ten to 15% (n � 3) of samples

from each site were randomly selected for duplicate sampling and
analysis for both in situ pXRF and ICPeMS measurement ap
proaches. Duplicate samples (S1, S2) were taken at 10% of the mean
grid spacing distance between targets at 90� orientation from each
other. Duplicate analyses (A1, A2) were conducted for each dupli
cate sample. The variation between sample duplicates demon
strates sampling ambiguity, including small scale heterogeneity of
the sample and precisely locating the sample target. The variation
between analyses of the same sample duplicate provides variation
of the analytical process and technique. To estimate individual
contributions to variance and uncertainty, duplicates data were
analysed using robust analysis of variance (RANOVA). Robust
ANOVA was selected over standard ANOVA to down weigh the
effect of outliers in the frequency distribution, and provide more
reliable estimates of variances (Ramsey and Ellison, 2007). Calcu
lation of measurement uncertainty via RANOVA is further
explained and demonstrated in Boon and Ramsey (2010). Analytical
bias was not included in variance estimates given the disparity
between soil reference materials (dry/small particles) and the field
sample (wet/varying particle size).

2.5. In situ pXRF data correction

To correct for analytical bias and moisture content, parallel
measurements of both in situ pXRF and ICPeMSwere conducted at
the same sample targets (T) used for duplicate analyses at each site.
This form of pXRF data adjustment has previously been applied in
in situ vs. ex situ measurement comparisons (e.g. Ramsey and
Boon, 2012). The sample was first measured by pXRF, then
sampled directly under the measurement window location by
inserting a 35 mm open ended XRF cup 2 cm into the soil. This was
done to ensure the sample measured by in situ pXRF was as close to
the ‘same’ sample measured by ICPeMS as possible. Prior to pXRF
data correction, ICPeMS datawas converted from ‘dryweight’ to ‘as
received’ basis using moisture content (%) estimated by the com
mercial laboratory (Supplementary Table 1). A Deming regression
was used to plot both measurement techniques with pXRF placed
on the xeaxis, and ICPeMS on the yeaxis. Rotational (slope, m) and
translational (intercept, b) bias were corrected for in situ pXRF data
by solving for ‘y’ in ‘y mx þ b’.

3. Results and discussion

3.1. Corrected in situ pXRF data

Calculating in situ pXRF analytical bias using CRMs is not rec
ommended due to the clear disparity between the quality of field
sample (wet, coarse, heterogeneous soil) and CRMs (dry, fine and
homogeneous soil). Hence, 20 s in situ pXRF measurements were
corrected at each site using ICPeMS data, provided the relationship

Table 1
Minimum sampling resolution for the current regulatory approach (NSW EPA, 1995) and proposed in-situ pXRF approach per given site size. *The number of samples taken at
Site 4 was 36 for ICP MS and 46 for pXRF Phase 1.

Site
number

Land use type Size
(ha)

Current minimum samples
(ICP MS)

Proposed minimum samples for in-situ pXRF
(pXRF Phase 1)

Systematic þ judgemental sampling for in-situ pXRF
(pXRF Phase 1 þ 2)

1 Empty house
lot

0.1 6 30 64

2 School
grounds

0.6 15 30 76

3 Recreational
park

1.0 21 30 61

4 Sports field 2.2 *35 *45 83
5 Recreational

park
2.8 40 50 90
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between pXRF and ICPeMS measurements were systematic
(Regression plots are provided in Supplementary Fig. 3). The
moisture content of soil samples were estimated by the commercial
laboratory prior to ICPeMS analysis and are presented alongside
pre and post correction pXRF data in Supplementary Table 1. Sites
2e5 were comprised largely of a single soil matrix, and achieved
strong correlations between the two measurement techniques
(Fig. 1). Due to the presence of multiple matrices at Site 1 (silicate
based soils and glassy black slag particles), in situ pXRF did not
generate a systematic relationship with ICPeMS data, and were not
corrected. The low number of data correction samples at this site
(n 5), combined with the marked smallescale heterogeneity of
each sample are likely contributors to the weak correlation. Despite
efforts of sampling for ICPeMS analysis from directly under the
pXRF measurement window, the issue of mis representation when
comparing measurements from different techniques remained.

Samples sent for ICPeMS analysis were not homogenised in the
field, nor homogenised prior to measurement by the commercial
laboratory to reflect standard commercial practice. Homogenisa
tion of these samples would have likely improved comparisons
between the analytical techniques.

Relative proximity (RP absolute (100e(pXRF value/ICPeMS
value))) is a useful indicator of inaccuracy as it demonstrates the
proportional difference away from the reference value (Rouillon
and Taylor, 2016). After pXRF data correction, the mean RP
improved from 74% to 22% for Mn (Sites 2e4), 36%e15% for Zn and
from 27% to 21% for Pb measurements (Fig. 1). In situ pXRF Mn
measurements were not corrected at Site 5 due to poor, non
systematic correlation with ICPeMS measurements (r2 0.153).
The large improvement in Mn RP at Sites 2e4 is likely due to its
measurement on a non primary X ray beam (40 kV instead of
15 kV). The poor correlation between raw pXRF and ICPeMS for Mn

Fig. 1. Point by point graphs of 20 s in-situ pXRF measurements against ICP MS data at four metal-contaminated at Sites 2 5. Impact of in-situ pXRF data adjustment using ICP MS
data is demonstrated between pre- and post-correction rows. Relative proximity (RP) gives an indication of pXRF inaccuracy when compared to a reference value (ICP MS data) and
is calculated by RP (absolute (100 recovery value).

M. Rouillon et al. / Environmental Pollution 229 (2017) 780 789 783



concentrations suggest in situ pXRF measurement using a primary
X ray beam is required to guide judgemental sampling. Raw pXRF
measurements of Zn and Pb were not markedly different from
ICPeMS values for the majority of samples, justifying their use to
guide judgemental sampling. Using ICPeMS data as reference
values, mean in situ pXRF recoveries were 109% (Mn), 101% (Zn)
and 103% (Pb) across Sites 2e5, validating the use of in situ pXRF
when the data is corrected with laboratory analyses. Moreover, 20 s
in situ pXRF measurements enabled the inclusion of numerous
additional inexpensive on site measurements.

3.2. Sampling and analysis in measurement uncertainty

Contributions towards measurement uncertainty (Umeas) were
estimated using RANOVA analysis (Supplementary Table 2). Vari
ance between field duplicate sets (ssamp) reveal soil heterogeneity
at sample locations, and the contaminant concentration range that
a user may encounter when attempting to locate the sample.
Variance between analytical sets (sanal) reveals the imprecision of
repeat measurements for a specific analytical method. In situ pXRF
duplicate analyses were typically more precise than the ICPeMS
method across the five sites, largely because ICPeMS analytical
duplicates were split prior to sample digestion, rather than at the
end of the sample preparation process. Estimated sampling and
analytical contributions towards site measurement uncertainties
are summarised in Table 2. High sample and site heterogeneity at
Site 1 contributed to large measurement uncertainties for all three
contaminants assessed. Sampling uncertainty contributed more
than 99% of the total measurement uncertainty at Site 1, high
lighting the need for an increased sampling resolution at hetero
geneous sites (Table 2). Theoretically, increasing the sampling
resolution by a factor of n will reduce the sampling uncertainty by
1e(1/√n) (Gy, 1979). However in practice this was not always
achieved, in situ pXRF measurements (n 30) were five times the
sampling resolution of ex situ ICPeMS measurements (n 6) for
Site 1, yet uncertainties still remained high. Probable explanations
include the contaminant distribution was not uniformly hetero
geneous across the site and/or because in situ pXRF duplicate
sampling occurred at more heterogeneous areas.

Sampling (Usamp) was the primary contributor to measurement
uncertainty at the other four sites, regardless of measurement
approach (Table 2). Despite the application of consistent duplicate
sampling approaches, estimatedmeasurement uncertainties varied

considerably between the two techniques (e.g. Umeas for Site 5 Pb:
ICPeMSe31.6%, pXRFe103%). Duplicate sampling was not system
atically distributed across each site, but were selected randomly
prior to visiting each site. Given the heterogeneity of soil contam
ination at the sites, it is possible that this could have skewed un
certainty estimates, particularly where by chance, selected samples
were grouped in an unrepresentative area of the site. Further, the
low number of duplicate samples (10e15%, n � 3) used for esti
mating measurement uncertainty at each site may not have been
sufficient. Boon and Ramsey (2010, 2012) used a minimum of eight
duplicate samples for estimating measurement uncertainty, how
ever such a protocol was difficult to apply when the minimum
regulatory sampling requirement for a 0.1 ha site is only six samples
(NSW EPA, 1995).

3.3. Advantages of increased sampling

Increased site sampling has several benefits including: genera
tion of more representative site data, a better understanding of
contaminant distribution, reducing the probability of missing
contaminant hot spots, increased confidence of site mean report
ing, and a reduction in sampling uncertainty (Gy, 1979) (Fig. 2).
Increased sampling was undertaken using in situ pXRF to assess
these benefits and its impact on site decision making. For example,
soil Pb concentrations at Site 2 are compared using the minimum
sampling resolution specified in Table 1 for both measurement
approaches (i.e. a 0.6 ha areawith 15 samples for ICPeMS as per the
NSW EPA (1995) guideline vs. 30 pXRF samples) (Fig. 3). Both
measurement approaches generated similar soil Pb maps, with
higher soil Pb concentrations found towards the south west (SW)
side of the site (Fig. 3). Increased sampling by in situ pXRF identi
fied the same proportion (20%) of samples over the relevant health
investigation level (HIL) of 300 mg/kg as the ICPeMS approach, but
at twice the resolution, increasing the confidence that this was a
true estimate. Real time pXRF data enabled efficient judgemental
sampling around samples with soil Pb concentrations >300 mg/kg
(Fig. 3). These additional data were critical for revealing the extent
of higher Pb concentrations towards the SW edge of the site. In situ
pXRF has the clear benefits of enabling the investigator to make
informed decisions with respect to the need for additional judge
mental sampling, without the need to return to the site, potentially
saving both time and costs when compared to ex situ sampling
approaches.

Table 2
Summary of sampling, analytical and measurement uncertainties (%) of soil Mn, Zn and Pb concentrations at five metal-contaminated sites. Both ex-situ ICP MS and in-situ
pXRF measurement approaches are presented. Values in bold represent >95% variance contribution towards measurement uncertainties. Values with an asterisk (*) represent
uncorrected in-situ pXRF data.

ICP MS pXRF

Sampling Analysis Measurement Sampling Analysis Measurement

Mn Site 1 221 16.4 222 Site 1 *248 *8.4 *249
Site 2 15.4 11.4 19.2 Site 2 19.3 5.1 20.0
Site 3 6.5 14.1 15.5 Site 3 49.6 16.7 52.3
Site 4 51.4 17.3 54.2 Site 4 63.0 8.9 63.6
Site 5 42.3 13.0 44.3 Site 5 *54.3 *15.9 *56.6

Zn Site 1 221 9.4 221 Site 1 *190 *5.6 *190
Site 2 2.3 8.4 8.7 Site 2 36.1 4.1 36.3
Site 3 15.1 8.4 17.3 Site 3 19.6 6.1 20.5
Site 4 51.4 9.7 52.3 Site 4 53.8 16.8 56.4
Site 5 65.9 11.1 66.8 Site 5 59.0 10.1 59.8

Pb Site 1 178 9.7 179 Site 1 *190 *5.4 *190
Site 2 65.0 13.1 66.3 Site 2 102 2.9 102
Site 3 21.6 14.4 25.9 Site 3 72.1 22.2 75.4
Site 4 66.1 17.1 68.3 Site 4 58.3 5.8 58.6
Site 5 28.4 13.7 31.6 Site 5 102 10.5 103
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Fig. 2. Impact of increased sampling on both the a) 95% confidence interval around a site mean, and b) sampling uncertainty. Assuming site mean and standard deviation remain
constant, an increase in sampling by a factor of 3 (i.e. from 20 to 60 samples) reduces the confidence interval range and sampling uncertainty by 1 (1/√3) 42%. Reduction of
sampling uncertainty from increased sampling was adapted from Gy (1979).

Fig. 3. Systematic spatial distribution of soil lead concentrations at Site 2 for a) ICP MS measurements (n 15) and b) in-situ pXRF Phase 1 measurements (n 30). c) Real time
pXRF data (Phase 1 þ 2) enabled efficient judgemental sampling directly after in-situ pXRF Phase 1. d) Uncertainty (95% CI) on the site mean is compared for ICP MS and in-situ
pXRF Phase 1 measurement approaches.
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In NSW the duty to notify contamination under the Contami
nated Land Management Act 1997 (NSW), is required where the
upper confidence limit (95% CI) of a sitemean is equal to, or exceeds
the relevant HIL for the respective land use (NSW EPA, 2015). The
95% CI of a site mean is calculated using four variables: mean,
student's t statistic, standard deviation and the number of samples:

CI m ± t ðs=√nÞ

where CI confidence interval, m arithmetic mean, t student's t
statistic (level of significance and ne1 degrees of freedom),
s standard deviation and n number of samples. For sites with a
coefficient of variation >1.2, refer to Procedure G of NSW EPA
(1995). Coefficient of variation is the ratio of the standard devia
tion against the mean, and is calculated as CV (s/m) � 100.

Assuming the mean and standard deviation of a site remain
constant, increasing the number of samples by a factor of n should
theoretically reduce the 95% CI range by 1e(1/√n). To demonstrate
this, the minimum sampling resolution for ICPeMS (n 15) and in
situ pXRF (n 30) approaches are compared at Site 2 (Fig. 3).
Sampling was increased by a factor of two, hence the anticipated
decrease in site mean CI range was 1e(1/√2) 29%. The mean CI
range of ICPeMS and in situ pXRF approaches were 124 mg/kg and
77mg/kg Pb, respectively, resulting in a decrease of the site CI range
by 38% (Fig. 3). The two measurement approaches resulted in
similar UCL values of 225 mg/kg (ICPeMS) and 238 mg/kg (pXRF),
both less than the soil Pb HIL guideline of 300 mg/kg. The second
notification trigger (an individual soil sample being equal to or
greater than 250% of the relevant HIL guideline) was also not met,
with maximum Pb concentrations of 472 mg/kg and 493 mg/kg for
ICPeMS and pXRF approaches respectively, meaning that in this
case, neither approach was sufficient to trigger the duty to report.

Calculation of the UCL with low sample numbers expands the
95% confidence interval, and may erroneously extend the UCL
above a HIL guideline. Subsequently, this may lead to a false posi
tive i.e. a decision that the site should undergo further investigation
(NEPM, 2013) and/or remediation. Misclassification of sites is more
likely to occur where site assessments rely on small sample
numbers because they fail to accurately represent the real site
mean. Thus, small sample numbers can result in higher sampling
uncertainty and consequently, a reduced confidence end users may
have in reporting the site mean (Fig. 2). Alternatively, site assess
ments with high sample numbers reduce sample uncertainty and
consequently reduce the likelihood of site misclassification due to
increased confidence in reporting a site mean. For example, a 50%
reduction in sampling uncertainty and site mean confidence range
requires a four fold increase in sampling resolution (Fig. 2). This can
prove costly using the current approach of ex situ sampling and
wet chemistry analyses because a large percentage of costs relates
to laboratory fees. Yet ultimately, improvements to site character
isation do not relate to the selection of analytical technique
(ICPeMS or pXRF), but rather is primarily impacted by the number
of samples collected.

3.4. Cost effectiveness of in situ pXRF site assessments

Increased sampling involves extra costs regardless of the
analytical technique due to field labour and analytical costs. Yet,
unlike wet chemistry analyses, in situ pXRF has practically no
analytical costs in terms of instrument operation or field consum
ables. The primary costs of in situ pXRF relate to field labour and
analysis of a subset of samples by a commercial laboratory using
ICPeMS. The total costs involved for both in situ pXRF and ex situ
sampling and ICPeMS analysis for the minimum sampling (Table 1)

of metal contaminated sites were estimated using assumptions of
individual costs (Fig. 4). Variables include field labour (AU$150/
hour), commercial ICPeMS analysis (AU$22.60/sample), time be
tween samples and for ex situ soil sampling (45 s/sample), time for
in situ pXRF measurements (20 s/sample), time and costs for par
allel sampling for in situ pXRF data correction and ownership of an
environmental pXRF unit (AU$83/site). Field portable XRF owner
ship cost (AU$40,000) was split over the mean lifetime of a pXRF (7
years), under the assumption that it is utilised for a site assessment
twice every working week. Total cost estimations do not include
duplicate sampling and analysis, which would vary based on the
number of duplicates taken.

In situ pXRF assessment of metal contaminated sites were more
cost efficient, even with increased sampling, than the current
approach of ex situ sampling and ICPeMS analysis (Fig. 4). Sam
pling resolution of both systematic and judgemental in situ pXRF
phases were greater than the minimum sampling requirements for
the ICPeMS approach (Table 1), and subsequently generated more
information per site. This explains why in situ pXRF Phase 1
(n 30) and 1 þ 2 (n 64) at the smallest site (Site 1) were more
expensive than the ICPeMS approach (n 6). Both measurement
approaches are compared for soil Zn concentrations and overall
costs at Site 4 (Fig. 4, Supplementary Fig. 4). Real time in situ pXRF
data identified slightly higher metal concentrations at the oval
border, which guided further same day judgemental sampling to
wards street corners. When compared to ex situ sampling and
ICPeMS analysis, in situ pXRF providedmore than twice (2.3 times)
as many site measurements for Site 4 at approximately half the cost
(AU$466 vs. AU$880) (Fig. 4).

It is also possible to utilise the savings accrued using a pXRF for
site assessment costs towards reducing uncertainties. For example,
for the same cost as the ICPeMS approach at Site 4 (AU$880), the
application of in situ pXRF will enable systematic assessment at
>4.5 times the resolution (165 vs. 36 samples), reducing both
sampling and site mean uncertainty by >50% (Fig. 2). This is
important as sampling typically contributes the greatest error to
wards measurement uncertainty (see Section 3.2). Through

Fig. 4. Estimated total costs for the characterisation of metal-contaminated sites at the
minimum sampling resolution for ICP MS and in-situ pXRF. Cost assumptions include:
labour call out rate $150/hour, in-situ pXRF measurement 20 s, pXRF ownership
cost $83/assessment, time between samples 45 s, commercial laboratory eight
element analysis $22.60/sample. The cost of duplicate sampling to establish mea-
surement uncertainty was not included given that this would vary according to the
number of duplicate samples being taken. Circles are estimated costs from the five-
metal contaminated sites in this study, while diamonds are projected costs for sites
larger than 3 ha. The number of samples used to characterise Zn concentrations at Site
4 are shown for a) the ICP MS approach (n 36), b) pXRF Phase 1 (n 46), and c)
pXRF Phase 1 þ 2 (n 83).
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increased sampling achieved by applying a cheaper, but ultimately
equally reliable analytical technique, large measurement un
certainties associated with field heterogeneity can be more
adequately addressed.

3.5. Shift towards probabilistic classification of sites

The current approach of metal contaminated site characterisa
tion compares soil metal concentrations to the relevant HIL
guidelines (NSW EPA, 2015), under the notion that individual
measurements are correct. Everymeasurement is incorrect to some
extent due to uncertainty contributions from both field sampling
and analysis (Boon and Ramsey, 2010). In cases where field and
analytical duplicates are taken, measurement variation is typically
presented separately from the primary findings in a Quality
Assurance/Quality Control section. Given the typically heteroge
neous nature of metal contaminated sites, this variation should
ideally be presented as a part of the primary findings to reduce the
risk of site misclassification.

Integration of measurement uncertainty into site reporting, also
known as probabilistic classification, was first suggested by Ramsey
and Argyraki (1997). Probabilistic classification includes the esti
mated measurement uncertainty (%) of a site and places it around
each sample concentration, enabling the investigator to report with
95% confidence that a sample falls within a concentration range
(Boon and Ramsey, 2010). This concentration range (C) is then
compared to the relevant guideline (G), and placed in one of four
categories:

� Definitely under guideline e Probability of C > G (<2.5%)
� Possibly over guideline e Probability of C > G (2.5e50%)
� Probably over guideline e Probability of C > G (50e97.5%)
� Definitely over guideline e Probability of C > G (>97.5%)

To illustrate this probabilistic approach, soil Pb concentrations
from Site 4 were plotted in increasing order with and without the

estimated measurement uncertainty of 58.6% (Fig. 5). A determin
istic (non uncertainty) approach identified 72% of samples below
the HIL guideline of 600 mg/kg Pb for public open spaces such as
sporting fields (NEPM, 2013). The application of a probabilistic
approach identifies uncertainties around each measurement and
classifies samples based on the probability they exceed the guide
line value. Only 47% of samples had measurement uncertainty
ranges below the guideline, which signifies to the investigator a
>97.5% probability these samples do not exceed the guideline
(Fig. 5). Comparatively, a larger proportion of samples exceeded the
guideline using the current approach (28%) than a probabilistic
approach (5%), due to the exclusion of field and analytical variation.
Clearly, this might lead to a false positive scenario, i.e. a decision
that determines a site is contaminated to the extent that it warrants
remediation.

Reducing the risk of both site and sample misclassification is
perhaps the most important advantage of a probabilistic approach
(Boon and Ramsey, 2010). Conversely, it also increases the pro
portion of samples that are ‘possibly’ or ‘probably’ over a guideline.
This knowledge gap can be addressed through increased sampling
to reduce the estimated measurement uncertainty of a site, which
would in turn reduce the uncertainty range around each sample.
The confidence level of reporting (i.e. 90, 95 or 99%) and classifi
cation categories (e.g. definitely over guideline) can also be modi
fied for specific data quality objectives. Nevertheless, probabilistic
reporting of metal contaminated sites demonstrates that the
investigator understands the true variation of measurements at a
site, and can tailor their findings accordingly. This enables in
vestigators to make more robust decisions by lowering the risk of
site misclassification.

4. Potential limitations of in-situ pXRF

1) This study evaluated in situ pXRF measurements directly on
wet, unprepared soils. Moisture content can impact the accuracy
of pXRF measurements, particularly on elements with low

Fig. 5. Comparison between the current approach and probabilistic in-situ pXRF approach to metal-contaminated soil classification for Pb concentrations at Site 4. Measurement
uncertainty was estimated to be 58.6% (Table 2), and represents the error bars around each sample. The Australian health investigation level (HIL C) for sports fields is 600 mg/kg
for Pb and is represented by the dotted red line. P Probability of, C concentration of sample, G guideline.
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atomic numbers (Bastos et al., 2012). Estimated moisture con
tent (%) was used from the subset of ICPeMS measurements at
each site to adjust the wet chemistry data to an ‘as received’
basis (Weindorf et al., 2012). This was done to compare and
correct accurately for any analytical bias between the two
measurement techniques, and to represent actual exposures
that could potentially be experienced by an organism (Ramsey
and Boon, 2012).

2) Environmental investigations measure surface and subsurface
soils to ascertain the distribution of contaminants across a site
and down the soil profile. This study did not investigate sub
surface soil metal concentrations, yet measurements of auger
soils could be expedited using similar in situ pXRF protocols.
Although further research is required to ascertain if in situ pXRF
can be applied to subsurface soils, there is no clear technical
barrier for that to not be the case.

3) In situ pXRF data at Site 1 did not correlate strongly with
ICPeMS data due to the presence of multiple matrices in the soil
(silicate based soils and glassy black slag particles). As a result,
these samples were subject to light sample preparation steps,
including drying and gently crushing using a mortar and pestle,
and were re measured by pXRF through a polyethylene bag. As
expected, correlation with ICPeMS data improved significantly
(Supplementary Figures 3 and 5) suggesting some sample
preparation may be required when multiple matrices are pre
sent on site.

4) An important limitation of the application of in situ pXRF is that
it can only be addressing inorganic contamination. By compar
ison, ex situ analysis of soils allows for samples to be split and
subject to a variety of metal and non metal contaminants such
as hydrocarbons, organics and persistent chemicals, which are
also common co contaminants at sites. It is possible that future
developments to pXRF may be capable of non metal contami
nant screening via add on accessories. For example, in situ soil
screening of total petroleum hydrocarbons (CSIRO, 2012) and
asbestos (Thermo Scientific, 2011) exist, however these are
measured using separate analysers.

5. Conclusions and recommendations

In situ pXRF was demonstrated to be a powerful and cost
effective tool for metal contaminated site assessments when
complemented with ICPeMS data. Twenty second in situ pXRF
measurements were corrected using parallel ICPeMS data, allow
ing for accurate, rapid and inexpensive high resolution sampling.
Field and analytical duplicates revealed sampling as the primary
contributor to high measurement uncertainties, regardless of
analytical technique. Increased sampling generated more repre
sentative site data, higher resolution contaminant mapping,
increased confidence in reporting site means and decreased un
certainty related to sampling. Real time pXRF data also has the clear
benefit over ex situ ICPeMS analysis by enabling effective judge
mental sampling for detecting contaminant hot spots. The in situ
pXRF assessmentmethod proposed herewas also usuallymore cost
efficient than the current approach of ex situ sampling and ICPeMS
analysis, despite increased sampling by pXRF. Finally, integrating
measurement uncertainty into site reporting data can lower the
risk of site misclassification.

Every analytical technique have advantages and disadvantages
associated with their application. This study targeted the advan
tages of in situ pXRF, while simultaneously addressing the short
falls of its use. Understanding the analytical capabilities and
limitations of in situ pXRF allowed for effective and reliable
assessment of metal contaminated sites. However, further work is

required to demonstrate if other environmentally significant con
taminants (e.g. nickel, arsenic and mercury) can be assessed using
the methods described in this paper. The proposed in situ pXRF
method is a cost effective alternative to wet chemistry analysis,
capable of lowering misclassification risks and generating higher
confidence in site datawhen compared to the data from the current
regulatory practice in NSW, Australia. Supplementing slower and
more expensive analytical methods (ICPeMS) with a rapid and
cheaper analytical technique (pXRF) should be considered for
metal contaminated site assessments in other regulatory jurisdic
tions in Australia and around the world. This is particularly relevant
where high soil metal heterogeneity requires the use of many
samples for site characterisation.
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Appendix B 

The Conversation 

Australian children exposed to toxic mining metals do worse at school 

Taylor, M. P., Dong, C., Kristensen, L., Zahran, S. 

Children living closest to the mines had the lowest literacy and numeracy scores. Katherine Clark/Flickr, CC BY-

NC-ND 

Children in mining and smelting towns who are exposed high levels of lead, arsenic and 

cadmium are more than twice as likely to have developmental disorders than the national 

average. They also perform lower than neighbouring peers on school tests, our research, 

published today in the journal Environmental Pollution, reveals.  

Children living closest to Broken Hill’s lead and zinc mine who had the highest levels of 

exposure to toxic air, dust and soils consistently had the lowest literacy and numeracy scores in 

years three and five. We found similar results in Australia’s two other major lead mining and 

smelting cities: Mount Isa and Port Pirie.  

Exposure to lead and other toxic metals during early childhood can harm the growing brain. 

Progress is now being made to reduce exposure in the three mining towns. But for children 

already exposed, the damage cannot be reversed.  



Long-known harms 

Broken Hill in western New South Wales, has been home to continuous lead mining since 1884. 

One of the first reports suggesting that ore extraction and processing (including smelting in the 

early days) caused poisoning was published in 1893.  

A systematic, annual program of testing children’s blood lead showed a generally decreasing 

level between 1991 and 2009. However, after 2010 the trend was reversed. By 2014, one in five 

children exceeded the already too-high blood-lead goal of ten micrograms per decilitre (10 

μg/dL). Levels above this value were investigated.  

While some of the apparent rise in children with high blood levels may be due to greater 

participation in NSW Health’s annual monitoring, the result clearly reflects the persistence and 

pervasiveness of the environmental lead exposure problem in the city.  

In May 2015, the National Health and Medical Research Council (NHMRC) lowered the 

childhood blood lead intervention level from ten to five micrograms per decilitre. This reflects 

the global view that there is no minimum safe level of exposure.  

This new guideline means around 50% of children under five years old in Broken Hill have a 

blood lead in excess of the new intervention value. A similar percentage of children in Port 

Pirie and Mount Isa are also affected. These children are at risk of permanent damage to the 

brain. 

Indigenous children typically have higher blood lead exposures than Caucasian children so are 

at greater risk.  

How does lead affect the brain? 

Lead is a neurotoxin, which means that when it is absorbed, inhaled or ingested, it can affect 

the development of the child’s nervous system. 

The effects of lead exposure are greatest in unborn children and those aged under five years. 

This is because their growing nervous and skeletal systems require high levels of calcium to 

develop and function properly. Lead (Pb2+) mimics calcium (Ca2+), so children living in a 

lead-rich environments are at risk of absorbing lead in place of calcium.  

Previous research focused only on lead exposure in Broken Hill, but our recent research 

revealed that other trace metals and metalloids were also abundant in easily accessible dust 
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deposits in children’s playgrounds. Of these, arsenic and cadmium cause similar neurological, 

developmental and other health problems. 

Impact on school performance 

Our latest research examined arsenic, cadmium and lead in aerosols, dusts and surface soils in 

Broken Hill and their impact on children’s behaviour and educational performance.  

We used the publicly available National Assessment Program – Literacy and Numeracy 

(NAPLAN) and Australian Early Development Census (AEDC) data for Broken Hill children. 

NAPLAN evaluates children in years three, five, seven and nine for reading, narrative writing, 

spelling, grammar and punctuation and numeracy. AEDC assesses children in their first year of 

school for their physical health and well-being, social competence, emotional maturity, 

language and cognitive skills, communication skills and general knowledge. 

We focused our analysis on primary school children and assumed they attended the school in 

their catchment. We took into account that the city’s Catholic schools draw children from across 

Broken Hill but excluded children who reside on remote sheep or cattle stations. We also took 

into account differences in socioeconomic status.  

What did we find? 

Blue lines: AEDC local communities; red lines: primary school catchment areas. Dong. C. et al. 2015. 

Environmental Pollution.  

Children from school catchment five (SC5) had the highest levels of contamination and the 

worst NAPLAN and AEDC outcomes. Children in school catchment three (SC3) – which had 

the lowest soil arsenic, cadmium and lead concentrations – performed better (see below).  



189 

Children from Broken Hill central area (encompassing school catchments five and six) – the 

area with the highest environmental contamination – were 2.6 times more likely to have 

vulnerabilities in two or more of the AEDC developmental areas.  

This graph shows the modelled relations between soil lead levels in Broken Hill and NAPLAN 

scores.  

Predicted NAPLAN school scores (adjusted for socioeconomic advantage) versus soil levels. 

The relationship is similar for arsenic and cadmium: NAPLAN scores decrease with increasing 

soil metal values. 

The difference between children attending schools in areas with the maximum soil lead risks 

compared to the lower soil lead risk is a loss of 20 NAPLAN points (or about 5%). After 

adjusting for socioeconomic disadvantage, the difference is around 60 points (or about 14%).  
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We found a similar phenomenon in Australia’s other two main smelting and mining 

communities of Port Pirie and Mount Isa. These impacts are consistent with other similar 

studies in the United States and a recent study of Port Pirie and Broken Hill children. 

Reducing exposure 

Industry and government must ensure blood lead levels are as low as possible and that all 

modifiable toxic exposures are prevented. And they’re making some progress.  

At Broken Hill, the New South Wales Government announced in February funded a five-year 

A$13 million program to address the issue of lead contamination and elevated blood lead levels 

among local children.  

In South Australia, the A$500 million Port Pirie transformation project will see a cleaner 

smelter and remediation of contamination in the city in years to come.  

At Mount Isa, the Glencore owned mining company will have spent more than A$600 million 

on a range of environmental improvements by the end of 2016.  

Hopefully, these investments will result in better outcomes for the next generation of children 

growing up in these toxic metal-rich communities – and we’ll be keeping an eye on the efficacy 

of the programs. 

However, it’s very likely that the current environmental regulatory limits will not be strict 

enough to prevent the significant exposures identified in our study from reoccurring. 



191 

Appendix C 

The Conversation 

Mount Isa contamination ‘within guidelines’ but residents told to clean their homes 

Taylor, M. P., Dong, C., Harvey, P. 

After an 11-year wait, Mount Isa Mines has released the official report into the lead 

contamination that has blighted the city for decades.  

The report, commissioned by the mine’s owner, Glencore, and produced by researchers at the 

University of Queensland, says that household dust contaminated by airborne lead from the 

mining and smelting operations is the dominant source of the city’s exposure.  

In some aspects this marks an important shift in the industry’s acceptance of the problem. Yet 

the report goes on to argue that Mount Isa residents are nevertheless responsible for keeping 

themselves, their houses and their children free from dust, thus putting the onus back on them 

to avoid exposure to the contamination. 

A history of excuses 

This is the latest iteration in the decade-long evolution of Mount Isa Mines’ arguments rebutting 

research that linked the contamination to its mining and smelting operations. 

Back in 2007, when owned by Xstrata, Mount Isa Mines stated that the contamination was 

“naturally occurring”. We have previously termed this the “miner’s myth” – the idea that 

contamination surrounding a mine is a product of natural geology and weathering rather than 

the mining activity itself. 

Before Mount Isa Mines was taken over by Glencore in 2013, the company admitted that Mount 

Isa was affected by “industrial mineralisation” (industry-speak for contamination from 

emissions), but also said that the contamination was partly due to natural sources in the city’s 

soils and rocks. 

We and our colleagues have produced more than 20 studies documenting environmental 

contamination and its management in the Mount Isa region, dating back to 2005 when the 

Leichhardt River, which supplies drinking water to Mount Isa, was found to be contaminated 

with lead and other metals. Since then, we have detailed contamination in local sediments, water 
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and soils, and used isotope fingerprinting to pinpoint the likely source; none of this research 

was mentioned in the new report. 

Despite the welcome admission that the company is indeed contaminating Mount Isa, the report 

caveats this by saying that the risk of direct inhalation of lead emitted into the air is low. It 

states that exposure arises mainly when children are exposed to lead-contaminated surfaces in 

their homes – chiefly carpets. For Mount Isa families, these comments do not fully encapsulate 

the real challenges they face in protecting themselves and their families.  

Passing the buck 

The report offers the following advice to residents attempting to keep their exposure as low as 

possible: 

• keep a “clean home environment”

• consider replacing carpets with timber or other hard floors, and clean them with

phosphate-based agents

• wash childrens’ hands frequently and before meals, and encourage very young children

not to suck non-food items

• wash all homegrown fruit and vegetables, and peel root vegetables, before cooking

and/or eating.

The implied argument is essentially that, despite the contamination, if you do the right thing 

(such as keeping your house clean) there is no problem. 

The obvious rebuttal to this is that if there were no industrial lead in the community, there would 

be no problem at all. The root cause of the issue is not the natural hand-to-mouth behaviours of 

children but the pervasive, persistent and permanent arsenic, cadmium and lead contamination 

that penetrates everything they touch: clothes, toys, food, floors and furnishings. 

The rates of lead dust deposition are such that that people living closest to the smelters would 

have to wash their backyards and indoor surfaces several times a day to keep toxic dust levels 

within acceptable guidelines. Cleaning one’s house more than once a day, especially if working 

or looking after little children, is nearly impossible to maintain even over a few days, never 

mind a lifetime. While the advice to keep houses, hands and surfaces is not unreasonable in 

itself, the evidence suggests that it is little use in preventing lead exposure. 
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How serious is the exposure? 

Mount Isa’s schoolchildren are performing well below the national average, according to 

standardised testing data from the first full year of school. Similar outcomes have been seen in 

Broken Hill, another of Australia’s major lead mining towns. Children in North Mount Isa, the 

area nearest the smelter, did worse than in other areas of the city. 

Educational testing outcomes in children from various areas of Mount Isa, compared with the national average. 

Author provided  

Mount Isa’s children have an average blood lead level of about 35 parts per billion – about three 

times higher than normal. A 2015 study of children from Broken Hill and Port Pirie showed 

that a increase in blood lead from 10 to 100 parts per billion can reduce IQ by 13.5 points. 

Relevantly, low exposures cause proportionally more harm, which is why it is important for 

children to be protected from any lead contamination at all. 

The report is clear that exposure happens as a result of contamination released into the air, 

which later settles as dust: 

The major source of lead exposure is via ingestion in the community and is from air particulates 

(<250µm diameter) that are on the ground from deposition as fallout. 
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However, it goes on to say that the mine cannot be directly faulted for this, because the average 

rate of airborne emissions is within the guidelines outlined in its environmental permit. The 

report suggests that its modelled blood lead values do not match the actual values on children 

because they may be exposing themselves to extra lead by ingesting dirt, or through other 

sources such as lead-based paint, leaded petrol, or lead-acid batteries. 

But this rationale fails to take into account the short-term spikes in emissions, which cause 

depositions that accumulate in soils and dusts, which in turn cause elevated blood lead 

exposures in children. The question could easily be answered by comparing the isotopic 

composition of lead from blood samples with that from the mine’s emissions. Disappointingly, 

the Glencore report did not undertake this critical analytical step to link environmental sources 

to actual exposures in children.  

Another setback 

Authorities have been aware of lead emissions from the Mount Isa smelter since the early 1930s. 

It was always a fanciful notion to suggest that emissions were not finding their way across the 

city and into homes, and that the contamination was somehow natural. 

Intensive air monitoring in the community has continued for at least the past 40 years. Blood 

lead surveys and internal memos, along with environmental assessments from various 

government agencies, have provided significant prior knowledge of the nature, extent and cause 

of the problem. In 2010, Queensland’s chief medical officer Jeanette Young told The Australian 

newspaper:  

I do know the cause; it is emissions being released from the mine. If you think where it is 

coming from, it is coming from emissions from the smelter that are going up in the air and they 

are depositing across the town fairly evenly.  

Thus, in this sense, the latest study merely represents confirmation of what many people already 

knew. 

Yet despite this overdue acknowledgement of the problem, the report implies that Glencore is 

not taking full ownership of the issue. The overriding message to Mount Isa’s residents is that 

it falls to them to keep themselves free from dangerous contamination. 
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In this sense, this is yet another setback in improving the living conditions for the community 

of Mount Isa, particularly young children who are the most vulnerable to the adverse and life-

long effects of lead exposure. 
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Appendix D 

Supplementary Document S1. Operating mines in Australia.
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Supplementary Table S2. Soil Pb concentrations of the citywide footpath in the early 1990s.

Sample  

ID 

Total 

Pb 

60μm 

Pb 

Sample 

ID 

Total 

Pb 

60μm 

Pb 

Sample 

ID 

Total 

Pb 

60μm 

Pb 

1 3900 5400 109 270 555 217 295 760 

2 5160 9400 110 255 570 218 380 890 

3 2140 5400 111 130 315 219 105 335 

4 2490 8200 112 210 570 220 90 200 

5 5580 11600 113 470 810 221 220 470 

6 365 595 114 395 475 222 740 1220 

7 10000 23800 115 375 680 223 100 105 

8 10400 28400 116 640 2150 224 930 1440 

9 5800 20600 117 115 260 225 100 215 

10 3200 16200 118 130 265 226 715 1140 

11 4880 9400 119 130 200 227 620 1180 

12 3270 9400 120 415 680 228 105 550 

13 1350 2500 121 830 1450 229 535 810 

14 2080 4900 122 330 720 230 180 385 

15 2750 6300 123 480 585 231 100 270 

16 2220 5500 124 105 255 232 1255 7300 

17 8720 14200 125 665 2250 234 240 695 

18 10400 23200 126 315 825 235 135 885 

19 111000 31000 127 405 645 236 300 505 

20 3720 10000 128 285 345 237 460 1180 

21 1155 3450 129 1090 1450 238 435 1060 

22 390 725 130 565 1300 239 265 3960 

23 740 1650 131 290 430 240 355 435 

24 1645 3750 132 225 360 241 740 980 

25 820 2400 133 160 390 242 475 775 

26 6020 13200 134 440 910 243 195 880 

27 5850 12600 135 175 345 244 55 100 

28 205 515 136 220 395 245 1150 3120 

29 2950 4800 137 140 235 246 685 1280 

30 1560 7800 138 35 50 247 405 905 

31 1500 3500 139 520 730 248 660 1260 

32 920 2600 140 765 800 249 770 1720 

33 1815 5350 141 810 1650 250 285 510 

34 1760 4150 142 115 180 251 35 55 

35 665 2600 143 410 915 252 620 1600 

36 1230 3000 144 60 80 253 285 410 

37 130 990 145 180 325 254 515 1220 

38 6510 11600 146 150 325 255 455 1360 

39 925 1300 147 115 550 256 320 920 

40 790 1400 148 215 500 257 850 2320 

41 460 410 149 470 760 258 2425 4980 

42 90 485 150 180 485 259 560 1060 

43 535 1850 151 90 160 260 800 2080 

44 135 605 152 635 1150 261 815 1100 
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45 105 220 153 180 485 262 105 

46 1385 4300 154 460 1550 263 200 460 

47 105 510 155 115 245 264 315 495 

48 480 625 156 25 95 265 690 1540 

49 260 460 157 110 240 266 285 890 

50 1425 3600 158 320 630 267 595 340 

51 340 525 159 490 2500 268 800 2240 

52 300 1200 160 490 1200 269 195 740 

53 685 1400 161 225 465 270 8570 8100 

54 745 1400 162 135 300 271 170 650 

55 2095 4000 163 125 290 272 1630 2560 

56 530 1550 164 440 1150 273 340 245 

57 330 855 165 110 220 274 1825 2540 

58 166 80 195 275 35 90 

59 167 40 75 276 1585 2820 

60 855 1700 168 205 620 277 310 805 

61 1275 2150 169 125 300 278 785 2580 

62 840 2000 170 135 250 279 1615 2160 

63 1240 3200 171 210 950 280 1095 915 

64 685 2450 172 345 975 281 125 255 

65 635 1850 173 210 420 282 260 845 

66 1055 1900 174 55 40 283 195 255 

67 125 205 175 555 1250 284 970 2300 

68 460 1350 176 240 415 285 565 1520 

69 1665 2800 177 395 680 286 295 625 

70 1020 1850 178 15 20 287 1790 3280 

71 360 1300 179 175 325 288 1430 2320 

72 360 1300 180 20 35 289 2490 5300 

73 1400 3550 181 85 290 290 4770 7500 

74 1090 2200 182 450 1000 291 2570 3820 

75 1465 2550 183 1170 1600 292 670 1100 

76 95 605 184 55 170 293 1085 1700 

77 405 950 185 505 735 294 10 20 

78 405 955 186 2250 2100 295 575 1140 

79 1055 2450 187 215 1020 296 300 500 

80 280 675 188 385 1035 297 940 2840 

81 470 2050 189 90 125 298 310 1300 

82 550 1550 190 90 135 299 3350 7800 

83 470 1700 191 290 570 300 2085 4740 

84 250 585 192 110 260 301 985 1700 

85 475 2050 193 160 450 302 3920 7500 

86 250 510 194 130 285 303 640 1005 

87 630 1400 195 190 425 304 340 820 

88 420 840 196 440 895 305 25 55 

89 140 280 197 165 355 306 510 555 

90 170 440 198 240 490 307 125 240 

91 485 965 199 185 320 308 20 35 
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Note: Total Pb: the Pb concentrations of fractions <2 mm; 60μm Pb: the Pb concentrations of fractions 

<60μm. 

92 105 80 200 195 385 309 20 40 

93 1130 2300 201 220 675 310 75 145 

94 75 175 202 280 795 311 390 665 

95 815 2300 203 405 505 312 390 765 

96 120 895 204 575 390 313 800 2980 

97 335 760 205 225 785 314 1755 2820 

98 280 625 206 560 1200 315 1555 2180 

99 640 1600 207 105 115 316 590 2680 

100 660 2150 208 400 1300 317 680 600 

101 1240 2800 209 775 1500 318 565 735 

102 150 430 210 885 1520 319 530 2260 

103 320 760 211 2095 3220 320 4195 5440 

104 135 640 212 230 855 321 505 2040 

105 4895 5750 213 160 350 322 1610 2680 

106 1690 4000 214 200 375 323 3160 3700 

107 1010 1900 215 415 755 324 2975 5340 

108 190 530 216 165 380 
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Appendix E 

Supplementary Table S1. Reported estimates of atmospheric Pb emissions of Perilya Broken Hill Limited 

(NPI, 2016). 

Years 
Atmospheric Pb emissions 

(tonnes) 

2002 0.79 

2003 4.3 

2004 4.2 

2005 0.25 

2006 0.51 

2007 0.99 

2008 0.68 

2009 0.69 

2010 11 

2011 28 

2012 26 

2013 31 

2014 29 

Total 137.4 



Supplementary Table S2. Contemporary dust Pb (total) loading values in Broken Hill from November 2014 to November 2015. 

Note: * summer months, ** winter months. Distance − distance of dust gauge site away from southern mining operation. 

NA − no data due to dust gauge fall over or missing funnels.  

D1 (μg/m2/day) 
D2 

(μg/m2/day) 

D3 

(μg/m2/day) 

D4 

(μg/m2/day) 

D5 

(μg/m2/day) 

D6 

(μg/m2/day) 

Nov 2014 372.9 461.2 84.0 65.8 NA NA 

Dec 2014* 141.6 108.5 68.3 16.2 34.4 NA 

Jan 2015* 65.8 341.7 96.7 26.5 30.3 203.2 

Mar 2015* 98.0 359.4 96.3 20.3 38.6 29.9 

Apr 2015 240.0 149.6 108.9 25.5 56.4 27.0 

May 2015 277.6 220.5 31.0 25.8 1.5 NA 

Jun 2015** 145.4 94.3 54.7 16.2 16.8 5.5 

Jul 2015** 316.3 95.7 51.9 9.1 26.3 10.0 

Aug 2015** 190.2 89.2 36.2 4.0 6.3 11.0 

Sep 2015 140.9 321.6 77.3 34.4 40.4 36.9 

Oct 2015 180.3 374.4 94.2 NA 54.0 43.4 

Nov 2015 893.4 361.5 99.9 11.4 40.4 26.0 

Averaged ± SD 255.2 ± 220.3 248.1 ± 135.8 74.9 ± 26.2 23.2 ± 16.7 31.4 ± 17.7 43.7 ± 61.2 

Median 185.3 271.1 80.6 20.3 34.4 27.0 

Distance (km) 0.5 1.5 3.0 3.7 4.3 6.0 



Supplementary Table S3. Bioaccessibility (%) of the contemporary dust Pb in Broken Hill from November 2014 to November 2015. 

Note: NA − no data from this month due to dust gauge fall over or missing funnels. 

D1 (%) D2 (%) D3 (%) D4 (%) D5 (%) D6 (%) 

Nov 2014 92.3 82.6 80.7 74.0 NA NA 

Dec 2014* 80.7 68.3 83.0 74.7 78.4 NA 

Jan 2015* 77.7 82.4 75.9 77.4 80.1 55.7 

Mar 2015* 53.1 83.7 62.0 69.0 69.6 57.1 

Apr 2015 82.0 64.4 78.7 67.8 81.2 51.8 

May 2015 69.0 70.5 63.2 74.4 51.5 NA 

Jun 2015** 87.3 83.7 23.2 76.5 79.1 62.4 

Jul 2015** 41.9 64.1 77.6 53.8 58.9 51.1 

Aug 2015** 84.2 71.2 57.5 47.5 55.9 53.1 

Sep 2015 82.8 79.4 72.7 61.9 65.7 75.3 

Oct 2015 84.7 72.4 62.6 NA 74.8 72.1 

Nov 2015 59.3 63.8 57.6 54.4 62.5 55.0 

Averaged ± SD 74.6 ± 15.5 73.9 ± 8.0 66.2 ± 16.4 66.5 ± 10.5 69.0 ± 10.3 59.2 ± 8.9 

Median 81.3 71.8 68.0 69.0 69.7 55.7 

Distance (km) 0.5 1.5 3.0 3.7 4.3 6.0 
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Supplementary Table S4. Least Significant Difference (LSD) results of the averaged bioaccessibility 

comparison for the sites with difference distance away from the active mining operations. 

Note: * the mean difference is significant at the 0.05 level. 

(I) Sites (J) Sites
Mean Difference 

(I-J) 
Std. Error Sig. 

95% Confidence Interval 

Lower Bound Upper Bound 

LSD D1 D2 0.70833 5.00227 0.888 -9.2943 10.711 

D3 8.35833 5.00227 0.1 -1.6443 18.361 

D4 8.09242 5.1147 0.119 -2.135 18.3199 

D5 5.70152 5.1147 0.269 -4.526 15.929 

D6 15.29444* 5.40307 0.006 4.4903 26.0986 

D2 D1 -0.70833 5.00227 0.888 -10.711 9.2943 

D3 7.65 5.00227 0.131 -2.3527 17.6527 

D4 7.38409 5.1147 0.154 -2.8434 17.6116 

D5 4.99318 5.1147 0.333 -5.2343 15.2206 

D6 14.58611* 5.40307 0.009 3.782 25.3902 

D3 D1 -8.35833 5.00227 0.1 -18.361 1.6443 

D2 -7.65 5.00227 0.131 -17.6527 2.3527 

D4 -0.26591 5.1147 0.959 -10.4934 9.9616 

D5 -2.65682 5.1147 0.605 -12.8843 7.5706 

D6 6.93611 5.40307 0.204 -3.868 17.7402 

D4 D1 -8.09242 5.1147 0.119 -18.3199 2.135 

D2 -7.38409 5.1147 0.154 -17.6116 2.8434 

D3 0.26591 5.1147 0.959 -9.9616 10.4934 

D5 -2.39091 5.2247 0.649 -12.8383 8.0565 

D6 7.20202 5.50732 0.196 -3.8105 18.2146 

D5 D1 -5.70152 5.1147 0.269 -15.929 4.526 

D2 -4.99318 5.1147 0.333 -15.2206 5.2343 

D3 2.65682 5.1147 0.605 -7.5706 12.8843 

D4 2.39091 5.2247 0.649 -8.0565 12.8383 

D6 9.59293 5.50732 0.087 -1.4196 20.6055 

D6 D1 -15.29444* 5.40307 0.006 -26.0986 -4.4903

D2 -14.58611* 5.40307 0.009 -25.3902 -3.782

D3 -6.93611 5.40307 0.204 -17.7402 3.868 

D4 -7.20202 5.50732 0.196 -18.2146 3.8105 

D5 -9.59293 5.50732 0.087 -20.6055 1.4196 
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Supplementary Table S5. Chemical compositions of Pb bearing particles observed in dust gauge, tailings 

and gossan samples. 

Site 
ID of 

particle 

Particle 

size (μm) 

wt % Atom percentage % 

Pb S Fe+Mn Pb S Fe+Mn 

D1 (n=5) 1 27 61.1 8.1 ND 9.8 8.4 ND 

2 43 62.8 8.3 ND 10.4 8.8 ND 

3 25 45.9 6.0 ND 5.2 4.4 ND 

4 20 62.5 8.2 ND 10.2 8.7 ND 

5 25 53.8 7.1 ND 7.3 6.2 ND 

D2 (n=4) 6 3.4 54.4 6.8 ND 7.2 5.8 ND 

7 26 49.2 6.1 ND 6.1 4.8 ND 

8 8.7 44.9 5.6 ND 5.1 4.0 ND 

9 10 25.6 3.8 ND 2.5 2.4 ND 

D3 (n=3) 10 4 49.1 6.3 ND 6.7 5.5 ND 

11 1.6 53.2 ND 1.2 7.8 ND 0.6 

12 9 52.8 6.8 ND 6.8 5.7 ND 

D4 (n=5) 13 5 68.5 8.8 ND 13.5 11.3 ND 

14 3 55.5 7.2 ND 7.5 6.3 ND 

15 3 41.4 5.4 0.3 4.4 3.7 0.1 

16 7 58.7 7.5 ND 8.7 7.2 ND 

17 5 54.7 7.0 ND 7.6 6.3 ND 

D5 (n=4) 18 3 53.9 7.0 ND 7.4 6.3 ND 

19 9 72.1 9 ND 16.0 12.9 ND 

20 10 70.2 8.9 ND 14.6 11.9 ND 

21 5 51.9 6.5 0.7 6.8 5.5 0.4 

D6 (n=3) 22 6 61.3 8.1 0.3 10.0 8.5 0.2 

23 3 59.8 7.8 0.6 9.6 8.1 0.3 

24 27 38.2 4.5 0.3 4.3 3.3 0.1 

Gossan 

(n=3) 
26 15 14.1 1.3 4.0 1.3 0.8 1.4 

27 10 25.4 2.9 15.2 3.1 2.3 6.8 

28 7 20.9 1.5 14.0 2.3 1.1 5.8 

Tailings 

dump 

(n=4) 

29 14 51.3 ND 0.5 6.8 ND 0.3 

30 15 61.7 ND ND 10.4 ND ND 

31 16 69.5 ND ND 23.3 ND ND 

32 14 55.4 ND 0.9 8.2 ND 0.5 

Note: ND – not detected. 



Supplementary Figure S6. Uncovered tailings mound produced from the central Broken Hill mine, known as Mount Hebbard (Blainey, 1968). 

Supplementary References 

NPI, 2016. The National Pollutant Inventory (NPI) data of Perilya Limited, Broken Hill; http://www.npi.gov.au/npidata/action/load/individual-facility-

detail/criteria/state/NSW/year/2015/jurisdiction-facility/125 (accessed 23.07.2016). 

Blainey, G. 1968. The Rise of Broken Hill. Macmillan of Australia: Melbourne. 



Appendix F 

Supplementary Data 1. Soil metal(loid) concentrations (pXRF derived) for public (Zone A SB; A – sampling zone number, B – sample site) and private (PRSXY; X – property 

code, Y – sample number on property) samples. All concentrations mg/kg except where * denotes wt%. 

Sample x co-ordinate y co-ordinate Ti Cr Mn Fe* Zn As Cd  Pb 

Zone 1 S1 151.754117 -32.921500 4,770 130 1,120 3.51 520 41 <LOD 300 

Zone 1 S2 151.757272 -32.917458 10,100 110 1,200 3.88 990 41 <LOD 590 

Zone 1 S3 151.755289 -32.918547 3,750 77 820 2.58 800 18 <LOD 280 

Zone 1 S4 151.752281 -32.918856 1,930 54 560 2.07 600 17 <LOD 250 

Zone 1 S5 151.749133 -32.918808 4,710 120 1,470 3.53 2,010 56 <LOD 1,820 

Zone 1 S6 151.745742 -32.914514 4,650 97 3,190 4.15 2,230 60 <LOD 1,310 

Zone 1 S7 151.743853 -32.912803 5,130 190 2,110 5.97 1,990 69 <LOD 1,550 

Zone 1 S8 151.746250 -32.911394 6,300 190 1,270 5.17 510 37 <LOD 340 

Zone 1 S9 151.750283 -32.914881 4,750 170 2,090 5.30 2,660 180 <LOD 4,650 

Zone 1 S10 151.753450 -32.916361 4,850 170 1,830 4.27 1,410 25 <LOD 500 

Zone 1 S11 151.754900 -32.914300 3,670 59 500 2.20 270 9 <LOD 62 

Zone 1 S12 151.753094 -32.910250 4,650 160 3,880 5.69 1,690 83 3 1,650 

Zone 1 S13 151.759181 -32.909817 3,660 94 720 2.25 520 19 <LOD 160 

Zone 1 S14 151.759392 -32.906031 7,030 260 3,580 10.30 9,470 87 10 1,120 

Zone 1 S15 151.756672 -32.904525 5,480 180 1,450 5.22 2,010 55 6 730 

Zone 1 S16 151.754450 -32.904392 2,800 90 1,600 3.18 630 17 <LOD 230 

Zone 1 S17 151.755342 -32.907642 3,770 57 610 2.51 140 9 <LOD 35 

Zone 1 S18 151.750922 -32.907825 3,940 110 1,120 3.39 2,000 130 <LOD 740 

Zone 1 S19 151.750175 -32.904172 2,700 75 1,670 2.43 470 15 <LOD 150 

Zone 1 S20 151.753067 -32.898278 5,500 210 4,490 14.17 5,090 130 16 2,060 

Zone 1 S21 151.748775 -32.895000 3,810 230 3,410 9.71 1,910 35 4 590 

Zone 1 S22 151.747103 -32.899675 5,160 200 2,450 9.51 1,230 50 <LOD 790 

Zone 1 S23 151.745039 -32.903125 5,640 160 1,200 3.99 400 14 <LOD 240 



Zone 1 S24 151.742175 -32.900814 3,900 140 1,040 3.30 1,070 25 <LOD 450 

Zone 1 S25 151.744000 -32.896467 4,120 100 2,210 4.85 1,470 34 <LOD 640 

Zone 1 S26 151.738069 -32.890289 3,520 92 1,040 3.39 680 12 <LOD 210 

Zone 1 S27 151.734183 -32.891683 4,050 140 500 3.22 340 11 <LOD 110 

Zone 1 S28 151.731650 -32.893592 6,150 220 1,240 4.08 610 23 <LOD 590 

Zone 1 S29 151.727119 -32.889044 4,450 210 1,870 4.27 900 22 <LOD 450 

Zone 2 S1 151.763972 -32.907889 6,290 160 1,810 4.80 690 24 <LOD 290 

Sample x co-ordinate y co-ordinate Ti Cr Mn Fe* Zn As Cd  Pb 

Zone 2 S2 151.765667 -32.908611 4,920 81 1,980 3.94 830 29 <LOD 410 

Zone 2 S3 151.766972 -32.907528 4,950 120 1,760 3.57 1,500 14 <LOD 270 

Zone 2 S4 151.768639 -32.907889 13,700 710 3,630 17.08 12,100 200 7 2,550 

Zone 2 S5 151.762028 -32.910972 5,130 92 546 2.82 140 6 <LOD 33 

Zone 2 S6 151.764389 -32.910306 5,110 140 2,600 4.86 1,870 45 4 1,240 

Zone 2 S7 151.766500 -32.910806 5,660 140 2,580 4.92 1,860 51 <LOD 1,240 

Zone 2 S8 151.768417 -32.909250 5,670 350 3,110 7.18 2,570 61 6 930 

Zone 2 S9 151.769806 -32.910778 6,560 330 2,370 4.15 1,130 23 <LOD 280 

Zone 2 S10 151.762306 -32.912917 4,300 60 650 2.65 200 14 <LOD 57 

Zone 2 S11 151.765167 -32.912889 5,200 130 2,100 4.39 3,050 69 <LOD 1,300 

Zone 2 S12 151.767861 -32.912028 3,670 83 1,500 3.09 790 44 <LOD 400 

Zone 2 S13 151.765417 -32.914111 3,690 110 1,540 3.00 1,010 32 <LOD 500 

Zone 2 S14 151.768333 -32.914083 4,810 180 1,240 5.08 1,950 76 5 930 

Zone 2 S15 151.761278 -32.915472 14,800 690 3,250 7.00 4,690 73 <LOD 900 

Zone 2 S16 151.764556 -32.916500 4,950 120 1,230 3.54 1,040 36 <LOD 630 

Zone 2 S17 151.765389 -32.919556 6,280 190 1,540 4.34 4,260 380 5 2,770 

Zone 2 S18 151.766722 -32.918250 4,990 120 1,850 4.11 2,290 42 11 1,220 

Zone 2 S19 151.766972 -32.917083 6,040 200 1,530 4.48 4,940 96 13 1,970 

Zone 3 S1 151.760889 -32.923492 3,450 59 660 2.21 360 13 <LOD 190 

Zone 3 S2 151.762344 -32.924817 4,310 69 1,260 3.69 640 74 <LOD 370 

Zone 3 S3 151.765656 -32.925775 3,770 120 770 2.71 690 23 <LOD 220 



Zone 3 S4 151.769256 -32.925933 5,110 88 840 3.58 390 44 <LOD 230 

Zone 3 S5 151.771983 -32.926467 4,890 91 541 2.79 320 10 <LOD 230 

Zone 3 S6 151.775775 -32.925344 3,030 38 790 1.70 240 10 <LOD 39 

Zone 3 S7 151.780153 -32.925839 4,500 78 820 2.28 140 6 <LOD 45 

Zone 3 S8 151.785872 -32.925525 4,490 88 300 2.03 96 6 <LOD 22 

Zone 3 S9 151.789786 -32.924081 4,950 81 730 2.90 380 14 <LOD 150 

Zone 3 S10 151.791397 -32.923228 5,740 92 580 2.80 180 9 <LOD 68 

Zone 4 S1 151.787817 -32.926988 5,460 140 660 2.78 170 8 <LOD 27 

Zone 4 S2 151.785853 -32.927366 4,160 72 360 2.22 250 19 <LOD 110 

Zone 4 S3 151.783673 -32.928302 1,750 55 790 1.82 800 21 <LOD 270 

Zone 4 S4 151.779448 -32.929244 4,810 68 370 2.03 290 23 <LOD 560 

Sample x co-ordinate y co-ordinate Ti Cr Mn Fe* Zn As Cd  Pb 

Zone 4 S5 151.782722 -32.932442 5,910 130 680 5.14 220 56 <LOD 50 

Zone 4 S6 151.778754 -32.931607 5,240 87 100 4.09 1,220 63 <LOD 3,450 

Zone 4 S7 151.775584 -32.930542 3,870 94 660 2.50 170 5 <LOD 23 

Zone 4 S8 151.776879 -32.929139 4,280 76 560 2.55 230 6 <LOD 75 

Zone 4 S9 151.773684 -32.928170 4,400 74 430 2.12 280 7 <LOD 120 

Zone 4 S10 151.770599 -32.929525 3,550 71 1,010 2.17 650 39 <LOD 720 

Zone 4 S11 151.770951 -32.932130 8,890 140 280 1.67 98 25 <LOD 41 

Zone 4 S12 151.767797 -32.930565 1,920 41 730 1.36 630 13 <LOD 360 

Zone 4 S13 151.765789 -32.928902 6,590 160 920 3.27 510 13 <LOD 200 

Zone 4 S14 151.766179 -32.927340 4,570 80 950 2.26 230 6 <LOD 150 

Zone 4 S15 151.765789 -32.928902 5,390 100 830 3.29 300 23 <LOD 330 

Zone 4 S16 151.762763 -32.926629 4,470 91 780 3.62 1,880 22 <LOD 620 

Zone 4 S17 151.764658 -32.927587 5,760 110 860 3.58 510 17 <LOD 470 

Zone 4 S18 151.789719 -32.926185 6,470 84 560 2.76 230 14 <LOD 69 

Zone 4 S19 151.789625 -32.927671 5,880 130 540 2.96 130 9 <LOD 20 

Zone 4 S20 151.785676 -32.925958 5,000 98 230 2.45 130 10 <LOD 120 

Zone 4 S21 151.783617 -32.930237 5,970 110 540 2.83 460 21 <LOD 450 



Zone 4 S22 151.777405 -32.930160 3,810 63 550 2.31 220 11 <LOD 83 

Zone 4 S23 151.789632 -32.926502 6,340 93 740 3.41 150 7 <LOD 14 

Zone 4 S24 151.784438 -32.927336 5,270 110 920 3.63 1,370 38 3 1,250 

Zone 4 S25 151.770352 -32.928371 1,670 52 350 1.59 180 11 <LOD 53 

Zone 5 S1 151.755858 -32.926782 3,870 63 780 2.64 420 12 <LOD 210 

Zone 5 S2 151.755046 -32.927209 3,970 78 970 2.56 400 11 <LOD 120 

Zone 5 S3 151.758133 -32.928261 3,500 96 1,100 2.34 540 18 <LOD 410 

Zone 5 S4 151.754604 -32.930872 4,660 77 1,110 2.84 430 17 <LOD 220 

Zone 5 S5 151.750771 -32.930600 2,320 77 580 1.84 280 8 <LOD 120 

Zone 5 S6 151.753740 -32.933156 4,620 73 1,220 2.81 470 14 <LOD 240 

Zone 5 S7 151.750693 -32.934451 4,970 80 700 2.59 280 36 <LOD 220 

Zone 5 S8 151.750418 -32.937009 3,890 77 600 2.83 730 22 <LOD 560 

Zone 5 S9 151.753171 -32.936175 4,590 68 600 2.34 330 83 <LOD 260 

Zone 5 S10 151.755987 -32.938211 3,770 65 870 2.55 240 11 <LOD 180 

Zone 5 S11 151.756269 -32.935044 3,440 74 980 2.07 680 13 <LOD 250 

Sample x co-ordinate y co-ordinate Ti Cr Mn Fe* Zn As Cd  Pb 

Zone 5 S12 151.758250 -32.936281 4,250 86 600 2.53 600 33 <LOD 310 

Zone 5 S13 151.760791 -32.937766 4,240 83 180 2.21 270 18 <LOD 440 

Zone 5 S14 151.763637 -32.938862 4,790 74 750 2.42 550 42 <LOD 460 

Zone 5 S15 151.763484 -32.935614 4,270 79 1,400 3.13 860 34 <LOD 590 

Zone 5 S16 151.767670 -32.934845 4,290 57 320 2.06 190 15 <LOD 150 

Zone 5 S17 151.765772 -32.934974 2,550 55 540 1.96 230 10 <LOD 140 

Zone 5 S18 151.763240 -32.933954 5,360 88 590 2.85 190 10 <LOD 46 

Zone 5 S19 151.762349 -32.931880 5,110 75 560 2.58 130 14 <LOD 71 

Zone 5 S20 151.758135 -32.932137 3,610 83 1,480 3.08 780 47 <LOD 400 

PRS1A 151.755494 -32.931677 2,900 85 760 1.97 640 33 <LOD 780 

PRS1B 151.755494 -32.931677 3,940 83 670 2.07 530 39 <LOD 1,460 

PRS1C 151.755494 -32.931677 2,520 80 700 2.10 500 25 <LOD 330 

PRS2A 151.765575 -32.935832 5,440 73 330 2.09 610 39 <LOD 900 



PRS2B 151.765575 -32.935832 5,230 89 460 2.28 400 21 <LOD 510 

PRS2C 151.765575 -32.935832 4,140 100 490 2.33 2,090 85 <LOD 2,210 

PRS3A 151.753439 -32.910121 4,470 97 790 2.99 880 25 <LOD 840 

PRS3B 151.753439 -32.910121 5,670 120 790 3.61 1,030 48 <LOD 1,550 

PRS3C 151.753439 -32.910121 5,460 120 1,850 4.32 1,130 63 <LOD 1,740 

PRS3D 151.753439 -32.910121 6,790 220 2,220 5.61 6,240 85 3 3,420 

PRS4A 151.750841 -32.914811 5,510 110 1,710 4.17 1,630 55 <LOD 1,730 

PRS4B 151.750841 -32.914811 6,260 180 1,540 5.56 3,190 280 6 8,280 

PRS4C 151.750841 -32.914811 6,610 390 1,650 6.48 8,570 280 5 11,600 

PRS5A 151.765773 -32.935121 6,440 96 760 3.02 780 32 <LOD 960 

PRS5B 151.765773 -32.935121 5,850 130 790 2.99 1,010 40 <LOD 1,690 

PRS5C 151.765773 -32.935121 6,250 140 960 3.64 4,040 56 <LOD 2,090 

PRS6A 151.765488 -32.935929 5,920 84 460 2.36 1,030 55 <LOD 1,190 

PRS6B 151.765488 -32.935929 4,670 69 400 2.13 550 40 <LOD 740 

PRS7A 151.753251 -32.911086 6,330 96 1,350 3.36 1,200 85 <LOD 2,830 

PRS7B 151.753251 -32.911086 6,710 200 1,790 5.41 3,210 240 6 5,450 

PRS8A 151.735041 -32.891055 4,690 140 650 3.90 1,880 24 <LOD 1,440 

PRS8B 151.735041 -32.891055 3,690 110 590 3.47 710 19 <LOD 430 

PRS8C 151.735041 -32.891055 4,340 130 600 2.89 660 32 <LOD 1,060 

Sample x co-ordinate y co-ordinate Ti Cr Mn Fe* Zn As Cd  Pb 

PRS9A 151.733763 -32.891786 3,520 96 340 2.53 560 10 <LOD 110 

PRS9B 151.733763 -32.891786 6,210 120 790 3.38 220 10 <LOD 42 

PRS9C 151.733763 -32.891786 5,550 110 940 4.26 720 25 <LOD 180 

PRS10A 151.747068 -32.899573 5,090 170 1,870 5.86 1,190 46 <LOD 1,170 

PRS10B 151.747068 -32.899573 6,040 520 3,360 16.01 5,500 240 <LOD 7,640 

PRS10C 151.747068 -32.899573 4,400 120 730 4.69 700 34 <LOD 530 

PRS10D 151.747068 -32.899573 5,180 110 617 2.15 830 14 <LOD 510 

PRS11A 151.747014 -32.899688 5,180 180 2,070 6.30 2,500 79 <LOD 2,340 

PRS11B 151.747014 -32.899688 6,790 310 3,600 10.01 1,720 95 <LOD 2,520 



PRS12A 151.765242 -32.917256 12,200 210 960 5.14 1,560 110 <LOD 1,370 

PRS12B 151.765242 -32.917256 6,930 180 1,140 3.90 3,560 74 6 1,840 

PRS13A 151.764114 -32.917046 2,920 140 740 2.35 1,380 34 <LOD 780 

PRS13B 151.764114 -32.917046 4,260 170 970 3.56 3,210 62 9 1,240 

PRS13C 151.764114 -32.917046 2,870 190 770 2.28 1,200 35 <LOD 610 

PRS13D 151.764114 -32.917046 4,940 140 1,410 4.19 1,360 18 <LOD 400 

PRS14A 151.764141 -32.917121 5,550 270 1,280 3.75 2,290 50 5 2,120 

PRS14B 151.764141 -32.917121 5,720 180 1,200 3.05 1,420 35 <LOD 1,590 

PRS14C 151.764141 -32.917121 5,690 300 960 3.14 2,060 64 <LOD 1,420 

PRS14D 151.764141 -32.917121 6,360 410 1,790 5.96 2,800 150 <LOD 4,570 

PRS15A 151.756360 -32.931232 4,040 87 700 2.34 1,160 20 <LOD 920 

PRS15B 151.756360 -32.931232 2,720 98 910 1.94 793 16 <LOD 360 

PRS15C 151.756360 -32.931232 4,690 81 670 2.69 1,320 22 <LOD 1,110 

PRS16A 151.754543 -32.930401 4,950 2,400 480 5.59 140 18 <LOD 120 

PRS16B 151.754543 -32.930401 3,190 580 500 2.62 420 16 <LOD 210 

PRS16C 151.754543 -32.930401 2,880 65 590 2.09 200 21 <LOD 190 

PRS17A 151.735603 -32.913977 4,810 98 660 2.66 1,230 42 <LOD 880 

PRS17B 151.735603 -32.913977 5,170 160 930 3.98 3,850 160 4 1,450 

PRS18A 151.737504 -32.891153 3,190 76 560 2.95 880 12 <LOD 430 

PRS18B 151.737504 -32.891153 3,940 100 470 3.30 2,930 12 <LOD 1,230 

PRS19A 151.758141 -32.911858 5,740 460 1,840 4.95 3,700 80 4 2,350 

PRS19B 151.758141 -32.911858 6,200 160 910 3.22 1,970 30 <LOD 1,810 

PRS20A 151.725239 -32.897365 6,350 170 1,100 4.24 2,600 28 <LOD 1,930 

Sample x co-ordinate y co-ordinate Ti Cr Mn Fe* Zn As Cd  Pb 

PRS20B 151.725239 -32.897365 5,230 160 580 3.40 1,880 24 <LOD 1,020 

PRS20C 151.725239 -32.897365 5,310 130 580 3.30 1,320 14 <LOD 830 

PRS21A 151.747123 -32.940503 4,740 75 1,000 2.47 1,290 15 <LOD 980 

PRS21B 151.747123 -32.940503 3,450 72 920 2.39 970 17 <LOD 1,180 

PRS22A 151.711666 -32.926700 3,500 74 410 1.75 1,070 17 <LOD 1,360 



PRS22B 151.711666 -32.926700 2,910 54 120 1.31 380 8 <LOD 150 

PRS22C 151.711666 -32.926700 3,970 68 480 2.13 380 15 <LOD 170 

PRS23A 151.784001 -32.903409 7,080 180 740 5.60 770 47 <LOD 790 

PRS23B 151.784001 -32.903409 9,120 210 1,390 8.05 1,090 55 4 1,140 

PRS23C 151.784001 -32.903409 6,650 170 1,130 5.23 830 38 <LOD 610 

PRS23D 151.784001 -32.903409 5,060 110 990 3.73 820 24 <LOD 450 

PRS23E 151.784001 -32.903409 7,320 330 2,130 14.78 3,840 130 4 3,420 

Soil Depth Profile a (0 - 2 cm) 151.780194 -32.933708 6170 67 360 2.27 330 20 <LOD 160 

Soil Depth Profile a (2 - 10 cm) 151.780194 -32.933708 6370 63 320 2.39 260 28 <LOD 150 

Soil Depth Profile a (10 - 20 cm) 151.780194 -32.933708 6400 77 270 2.36 220 30 <LOD 150 

Soil Depth Profile a (20 - 30 cm) 151.780194 -32.933708 8400 71 200 2.21 170 21 <LOD 150 

Soil Depth Profile a (30 - 40 cm) 151.780194 -32.933708 1.18* 98 99 1.54 110 30 <LOD 88 

Soil Depth Profile b (0 - 2 cm) 151.760230 -32.908183 6730 140 1400 4.69 1350 67 <LOD 600 

Soil Depth Profile b (2 - 10 cm) 151.760230 -32.908183 6650 170 1500 5.01 1380 62 <LOD 640 

Soil Depth Profile b (10 - 20 cm) 151.760230 -32.908183 7280 160 1100 4.62 1330 69 <LOD 390 

Soil Depth Profile b (20 - 30 cm) 151.760230 -32.908183 8590 89 670 3.81 410 40 <LOD 150 

Soil Depth Profile b (30 - 40 cm) 151.760230 -32.908183 9400 83 280 3.55 150 31 <LOD 66 

Soil Depth Profile c (0 - 2 cm) 151.746483 -32.911400 3270 87 700 2.29 330 33 <LOD 250 

Soil Depth Profile c (2 - 10 cm) 151.746483 -32.911400 2370 78 470 1.97 210 26 <LOD 110 

Soil Depth Profile c (10 - 20 cm) 151.746483 -32.911400 3320 82 600 2.29 340 23 <LOD 210 

Soil Depth Profile c (20 - 30 cm) 151.746483 -32.911400 8020 160 810 3.46 320 30 <LOD 200 

Soil Depth Profile c (30 - 40 cm) 151.746483 -32.911400 6470 98 1400 3.79 470 32 <LOD 400 

Soil Depth Profile d (0 - 2 cm) 151.758508 -32.932803 2640 67 790 1.96 270 29 <LOD 120 

Soil Depth Profile d (2 - 10 cm) 151.758508 -32.932803 4270 89 750 2.59 370 36 <LOD 150 

Soil Depth Profile d (10 - 20 cm) 151.758508 -32.932803 5460 78 450 2.94 240 85 <LOD 100 

Soil Depth Profile d (20 - 30 cm) 151.758508 -32.932803 5860 77 270 2.47 150 44 <LOD 91 

Soil Depth Profile d (30 - 40 cm) 151.758508 -32.932803 6450 56 210 1.9 110 32 <LOD 59 

Sample x co-ordinate y co-ordinate Ti Cr Mn Fe* Zn As Cd  Pb 

Soil Depth Profile e (0 - 2 cm) 151.695386 -32.909801 3270 59 150 1.48 96 3 <LOD 41 



Soil Depth Profile e (2 - 10 cm) 151.695386 -32.909801 3570 58 140 1.51 94 6 <LOD 39 

Soil Depth Profile e (10 - 20 cm) 151.695386 -32.909801 3510 46 37 1.35 40 4 <LOD 17 

Soil Depth Profile e (20 - 30 cm) 151.695386 -32.909801 4130 61 16 1.9 31 6 <LOD 14 

Soil Depth Profile e (30 - 40 cm) 151.695386 -32.909801 5240 67 36 3.51 38 13 <LOD 15 

Soil Depth Profile f (0 - 2 cm) 151.621760 -32.902235 2830 77 140 1.65 230 14 <LOD 150 

Soil Depth Profile f (2 - 10 cm) 151.621760 -32.902235 3040 96 54 1.58 110 13 <LOD 88 

Soil Depth Profile f (10 - 20 cm) 151.621760 -32.902235 3010 58 31 1.82 60 12 <LOD 35 

Soil Depth Profile f (20 - 30 cm) 151.621760 -32.902235 3260 79 30 1.91 58 9 <LOD 29 

Soil Depth Profile f (30 - 40 cm) 151.621760 -32.902235 3260 79 30 1.91 58 9 <LOD 29 



Supplementary Data 2. Soil PAH concentrations (mg/kg) for the Newcastle city. 

Note: PAH: 1 – Naphthalene, 2 – Acenaphthylene, 3 – Acenaphthene, 4 – Fluorene, 5- Phenanthrene, 6 – Anthracene, 7 – Fluoranthene, 8 – Pyrene, 9 - Benz(a)anthracene, 10 – 

Chrysene, 11 - Benzo(b)&(k)fluoranthene, 12 - Benzo(a)pyrene, 13 - Indeno(1,2,3-cd)pyrene, 14 - Dibenzo(a,h)anthracene, 15 - Benzo(g,h,i)perylene. Soil samples: public (Zone A 

SB; A – sampling zone number, B – sample site). 

Sample marked with ** is a field duplicate. 

Sample 
x co-ordinate y co-ordinate 

PAH 

1 

PAH 

2 

PAH 

3 

PAH 

4 

PAH 

5 

PAH 

6 

PAH 

7 

PAH 

8 

PAH 

9 

PAH 

10 

PAH 

11 

PAH 

12 

PAH 

13 

PAH 

14 

PAH 

15 

∑ 

PAH 

Zone 5 

S1 

151.765942 -32.935172 <0.5 <0.5 <0.5 <0.5 0.8 <0.5 2.2 2.1 0.8 0.7 1.4 1.0 0.6 <0.5 0.8 10 

Zone 5 

S4 

151.751481 -32.936583 <0.5 <0.5 <0.5 <0.5 4.4 1.5 10 9.6 3.5 3.5 6.9 5.2 2.9 0.6 3.4 52 

Zone 5 

S5 

151.755347 -32.931136 <0.5 <0.5 <0.5 <0.5 1.7 0.6 4.6 4.5 1.5 1.5 3.1 2.2 1.4 <0.5 1.6 23 

Zone 2 

S1 

151.765858 -32.91974 <0.5 <0.5 <0.5 <0.5 2.4 0.7 6.9 6.4 2.4 2.1 4.5 3.3 2.0 <0.5 2.4 33 

Zone 2 

S2 

151.765405 -32.914048 <0.5 <0.5 <0.5 <0.5 1.5 <0.5 5.7 5.4 2.0 2.0 4.2 2.7 1.9 <0.5 2.2 28 

Zone 2 

S2** 

151.765405 -32.914048 <0.5 <0.5 <0.5 <0.5 2.1 0.7 6.3 6.0 2.3 2.2 4.5 3.2 2.0 <0.5 2.4 32 

Zone 2 

S3 

151.764169 -32.909803 <0.5 <0.5 <0.5 <0.5 <0.5 <0.5 1.7 1.6 0.6 0.6 1.5 1.0 0.7 <0.5 0.9 8.6 

Zone 2 

S4 

151.766314 -32.910977 <0.5 0.9 <0.5 <0.5 3.8 1.4 10 10 4.0 3.8 7.3 5.4 3.1 0.7 3.5 54 

Zone 1 

S5 

151.746816 -32.900268 <0.5 <0.5 <0.5 <0.5 1.5 <0.5 5.4 5.3 2.0 2.0 4.4 2.9 2.0 <0.5 2.5 28 

Zone 1 

S2 

151.750378 -32.914897 <0.5 <0.5 <0.5 <0.5 1.6 0.7 5.7 5.6 1.8 2.0 4.3 2.8 1.8 <0.5 2.0 28 

Zone 1 

S4 

151.752958 -32.910561 <0.5 <0.5 <0.5 <0.5 1.9 0.6 5.5 5.3 1.7 1.8 3.7 2.7 1.6 <0.5 2.0 27 

Zone 1 

S7 

151.734307 -32.891691 <0.5 0.8 <0.5 <0.5 8.2 2.4 20 18 7.3 7.5 14 9.8 6.1 1.4 7.6 103 
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Supplementary Data 3. Lead isotope compositions for soils, slag and galena. Standard deviations 

determined from repeat analysis (10 analyses) of one sample. Soil samples: public (Zone A SB; A – sampling 

zone number, B – sample site), private (PRSXY; X – property code, Y – sample number on property) and 

depth (SDPX X-Y cm; where X is the depth profile number and X-Y is the depth). 

Note: *field duplicate; **laboratory duplicate; ***GPS co-ordinates not applicable. 

Sample x co-ordinate y co-ordinate 208Pb/207Pb 206Pb/207Pb 206Pb/204Pb 

+/- 0.004 +/- 0.004 +/- 0.091 

PRS4C 151.747014 -32.899688 2.400 1.114 17.483 

PRS11A 151.747014 -32.899688 2.365 1.092 16.863 

PRS8C 151.735041 -32.891055 2.402 1.126 17.483 

PRS20C 151.725239 -32.897365 2.352 1.079 16.474 

Zone 1 S20 151.753067 -32.898278 2.411 1.131 17.483 

Zone 1 S9 151.750283 -32.914881 2.374 1.091 16.892 

Zone 2 S17 151.755342 -32.907642 2.345 1.068 16.584 

Zone 2 S4 151.768639 -32.907889 2.361 1.085 16.807 

Zone 2 S4* 151.768639 -32.907889 2.365 1.117 17.513 

Zone 2 S17** 151.755342 -32.907642 2.355 1.071 16.474 

Slag 1 *** *** 2.319 1.044 16.077 

Slag 2 *** *** 2.543 1.318 21.097 

SDP b 30-40 cm 151.759338 -32.906211 2.384 1.099 16.949 

SDP c 30-40 cm 151.747180 -32.911957 2.370 1.093 16.835 

SDP d 30-40 cm 151.758508 -32.932803 2.406 1.124 17.544 

SDP e 20-30 cm 151.695323 -32.910189 2.489 1.198 18.727 

Wallaroo Galena *** *** 2.640 1.477 24.727 

Broken Hill Galena *** *** 2.319 1.044 16.155 



Supplementary Data 4. Relative abundances of phases were estimated from XRD patterns using the relative intensity ratio (RIR) method. 

Group Phase Chemical composition P
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Silicates Clinopyroxene (Ca,Mg,Fe,Al)2Si2O6 * *** *** ** * 

Olivine (Ca,Fe,Mg)2SiO4 * * * *** 

Zircon ZrSiO4 * tr * * * * * * 

Vesuvianite Ca10(Mg,Fe)2Al4(SiO4)5(Si2O7)2(OH,F ** 

Melilite Ca2(Mg,Fe,Zn)Si2O7 * tr * 

Amorphous glass Si-Ca-Fe *** *** *** ** *** *** * 

Quartz SiO2 tr * * 

Oxides Hematite Fe2O3 * *** ** *** ** ** * ** tr 

Spinel series (Fe,Zn,Mg)(Fe,Al,Cr)2O4 * * * * tr * * ** * 

Goethite FeOOH tr tr

Wuestite FeO tr

Rutile TiO2 ** tr tr * tr * tr * 

Ilmenite FeTiO3 tr *** tr 

Corundum Al2O3 * 

Note: *** abundant, ** common, * minor, tr trace 

PRS3B – x co-ordinate: 151.754543; y co-ordinate: -32.930401 

PRS3D – x co-ordinate: 151.747068; y co-ordinate: -32.899573 

PRS4C – x co-ordinate: 151.750841; y co-ordinate: -32.914811 

PRS7A – x co-ordinate: 151.753439; y co-ordinate: -32.910121 

Zone 1 S7 – x co-ordinate: 151.743853; y co-ordinate: -32.912803 

Zone 1 S9 – x co-ordinate: 151.750283; y co-ordinate: -32.914881 

Zone 2 S1 – x co-ordinate: 151.761278; y co-ordinate: -32.915472 



Zone 2 S4 – x co-ordinate: 151.768639; y co-ordinate: -32.907889 

Zone 2 S15 – x co-ordinate: 151.761278; y co-ordinate: -32.915472 
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Appendix G 

Supplementary Figure S1. Relationship between mean soil Pb of SA1 areas and socio-economic status 

(R2=0.14, n=52, p<0.05). 
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Supplementary Table S2. Summary of mean soil Pb and socio-economic status by Aboriginality and age 

of house.  

Mean soil Pb (mg/kg) SES 

Aboriginal 765 (95% CI: 714, 816) 880 (95% CI: 877, 883)

non-Aboriginal 728 (95% CI: 708, 749) 892 (95% CI: 891, 894)

House built before 1940 884 (95% CI: 855, 913) 883 (95% CI: 882, 885)

House built after 1940 475 (95% CI: 456, 494) 905 (95% CI: 902, 907)
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Supplementary Document S3. Comparison of socio-economic status between Aboriginal and non-

indigenous homes (sourcing from NSW Government, 2017). 
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Supplementary Figure S4. Relationship between mean soil Pb and petri-dish dust Pb flux (μg/m2/30 days) 

(R2=0.11, n=94, p<0.05). 
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Supplementary Figure S5. Predicted PbB based on soil Pb (mg/kg) by age groups. Gradients of soil Pb 

versus PbB showing that that children aged 12-48 months are the most vulnerable to exposure, which is likely 

a function of their mobility and the increased hand to mouth activity at this age.  
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Supplementary Figure S6. Contaminated ceiling dust leaking into living spaces in older Broken Hill 

homes. 

Supplementary References 

New South Wales (NSW) Government, 2017. Community Portrait Broken Hill LGA-A portrait of the 

Aboriginal community of Broken Hill, compared with NSW, from the 2011 and earlier Censuses. 

http://www.aboriginalaffairs.nsw.gov.au/pdfs/profiles/local-government-areas/Broken-Hill.pdf (accessed 

11.07.17). 
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Appendix H 

Supplementary Table S1. Reported estimates of atmospheric Pb emissions of Perilya Broken Hill Limited 

(NPI, 2017). 

Years Atmospheric Pb emissions (tonnes) 

1999 0.07 

2000 0.65 

2001 0.79 

2002 0.72 

2003 0.79 

2004 4.3 

2005 4.2 

2006 0.25 

2007 0.51 

2008 0.99 

2009 0.68 

2010 0.69 

2011 11 

2012 28 

2013 27 

2014 31 

2015 29 

2016 29 

Total 169.64 
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Supplementary Figure S2. Rose of Broken Hill wind direction vs. wind speed in km/h (9 am, 01 Jun 2012 

to 30 Jun 2016). The range of prevailing wind direction is from SSE to SSW. 
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Supplementary Table S3. Characteristics of variables of interest by wind directions. 

Notes: The SES data can not represent the real socio-economic status of Aboriginal homes but that of the 

corresponding census tract where Aboriginal children live. 

Supplementary References 

National Pollutant Inventory (NPI), 2017. Search by form. 

http://www.npi.gov.au/npidata/action/load/advance-search (accessed 08.08.17). 

In prevailing direction In non-prevailing direction 

Aboriginal (observations & %) 479 (19.6%) 679 (28.2%) 

non-Aboriginal (observations & %) 1962 (80.4%) 1732 (71.8%) 

Distance (mean value) 3.87 km 3.46 km 

SES (mean value) 919.38 875.98 

<1 year of age (observations & %) 615 (25.2%) 556 (23.1%) 

≥1 year of age (observations & %) 1826 (74.8%) 1855 (76.9%) 
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Appendix I 

Supplementary Table S1. Arsenic, Cd and Pb concentration of 34 surface soils analyzed by ICP-MS across 

Broken Hill. 

School 

catchment 
Sample name As (mg/kg) Cd (mg/kg) Pb (mg/kg) 

SC1 

NBH1_0-2 29 17 2890 

NBH5_0-2 16 12 1060 

NBH4_0-2 4.4 1.4 150 

SC2 

NBH3_0-2 6.1 1.9 530 

LOLE5_0-2 6 1.4 300 

LOLE6_0-2 4 1.03 395 

HS6_0-2 2.3 0.94 170 

SC3 

NBH2_0-2 3.8 0.61 140 

BHW3_0-2 5 0.74 170 

LOLW4_0-2 2 0.27 46 

SC4 

WBH1_0-2 7.1 2 330 

WBH2_0-2 100 9.2 1340 

LOLW3_0-2 8 1 200 

SC5 

HS1_0-2 24 4.4 2850 

HS2_0-2 12 2.1 1060 

HS3_0-2 28 3.5 1320 

HS4_0-2 59 12 2900 

HS5_0-2 18 7.3 2080 

CC1_0-2 12 4.4 660 

CC2_0-2 16 5.3 1220 

CC3_0-2 26 6.9 1320 

CC4_0-2 37 23 3490 

CC5_0-2 150 37 3420 

CC6_0-2 150 27 3540 

CC7_0-2 150 17 2750 

LOLE1_0-2 6 1.8 700 

LOLE2_0-2 49 20 8900 

LOLE3_0-2 52 13 8400 

LOLE4_0-2 47 34 6300 

LOLW1_0-2 9.5 6.5 815 

LOLW2_0-2 46 13 2400 

NBH7_0-2 47 19 3620 

SC6 
NBH6_0-2 9.9 3.9 1300 

NBH8_0-2 14 3.9 1170 
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Supplementary Table S2. Lead concentration of 23 surface soils analyzed by portable XRF across Broken 

Hill. 

School catchment Sample name Pb (mg/kg) 

SC1 

Soil_11 102 

Soil_12 45 

Soil_13 1017 

Soil_16 1243 

Soil_17 557 

SC2 

Soil_3 61 

Soil_4 77 

Soil_14 50 

Soil_15 143 

SC3 
Soil_9 116 

Soil_10 58 

SC4 
Soil_7 175 

Soil_8 279 

SC5 

Soil_18 6925 

Soil_19 1691 

Soil_20 617 

Soil_21 680 

Soil_22 1692 

Soil_23 2272 

SC6 

Soil_1 1093 

Soil_2 248 

Soil_5 1248 

Soil_6 429 
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Supplementary Figure S3. Australian Early Development Census (AEDC) local communities (blue lines) 

in Broken Hill. Overlain on the AEDC map coverage are the primary school catchment areas (red lines) for 

comparative purposes. 



Supplementary Table S4. Summary of children developmentally vulnerable in different areas based on national and Broken Hill local community levels. 

Note: the Australian Early Development Census (AEDC) data and Broken Hill local community SEIFA data are from Australian Early Development Census (AEDC), 2014a. 

The Australian national SEIFA average is from Australian Bureau of Statistics (ABS), 2013. AEDC results are typically reported as proportions of children who are regarded as 

‘on track’, ‘developmentally at risk’, and ‘developmentally vulnerable’. Children who score above the 25th percentile (in the top 75 per cent) of the AEDC population are 

classified as ‘on track’. Children who score between the 10th and 25th percentile of the AEDC population are classified as ‘developmentally at risk’. Children who score below 

the 10th percentile (in the lowest 10 per cent) of the national AEDC population are classified as 'developmentally vulnerable' (Australian Early Development Census (AEDC), 

2013). 

Proportion of children developmentally vulnerable (%) 

Community 

Number of 

children 

surveyed 

Physical 

health and 

wellbeing 

Social 

competence 

Emotional 

maturity 

Language and 

cognitive skills 

(school-based) 

Communication 

skills and 

general 

knowledge 

Vulnerable 

on one or 

more areas 

of the 

AEDC 

Vulnerable 

on two or 

more areas 

of the 

AEDC 

SEIFA (The 

index of 

Relative Socio-

economic 

Disadvantage) 

Australia 289,973 9.3 9.3 7.6 6.8 9.0 22.0 10.8 960.0 

Broken Hill 

Central 
82 24.3 24.3 20.0 12.9 28.6 41.4 31.4 868.4 

Broken Hill 

North 
115 17.4 11.0 4.7 10.1 16.5 29.9 16.5 922.0 

Broken Hill 

West 
50 15.2 8.7 8.7 10.9 13.0 28.3 17.4 898.4 
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Supplementary Table S5. Summary of Broken Hill schools. 

School codes Primary school Secondary school 

A1 ✔ 

A2 ✔ 

A3 ✔ 
A4 ✔ 

A5 ✔ 

A6 ✔ 
A7 ✔ 

A8 ✔ 
A9 ✔ 

A10 ✔ 
Note: The names of schools are replaced by codes to assist in their de-identification. School information is 

extracted from Australian Curriculum, Assessment and Reporting Authority (ACARA), 2015. 



Supplementary Figure S6. Monthly 24-h average of lead-in-air concentration based on TSP (µg/m3) recorded at LP12 station between May 2012 and May 2014. Measurement of 

TSP and Pb in TSP is undertaken every 6th day for 24-h. 



Supplementary Table S7. Monthly 24-h average lead-in-air concentration based on TSP (µg/m3) and dust gauge deposited Pb (g/m2/month) recorded between May 2012 and May 

2014 (Perilya Limited, 2015). ND: no data. 

Date 

Monthly 

Average lead-in-

air 

Concentration 

(μg/m3) 

Total deposited Pb (g/m2/month) 
Total deposited Pb (μg/m2/day) (original data 

calculated over 30 days) 

Licence point 

LP 12 

Licence point 

LP 3 

Licence point 

LP 4 

Licence point 

LP 6 

Licence point 

LP 3 

Licence point 

LP 4 

Licence point 

LP 6 

May 2012 0.267 ND 0.015 0.007 ND 485 237 

June 2012 0.122 ND 0.032 0.089 ND 1051 2950 

July 2012 0.102 ND <0.001 0.002 ND ND 53 

August 2012 0.357 ND 0.002 0.010 ND 81 343 

September 2012 0.284 ND 0.002 0.003 ND 80 113 

October 2012 0.556 ND 0.003 0.007 ND 92 223 

November 2012 0.353 ND 0.005 0.006 ND 178 188 

December 2012 0.316 ND 0.004 0.008 ND 117 253 

January 2013 0.606 ND 0.005 0.003 ND 157 106 

February 2013 0.351 ND 0.013 0.006 ND 433 200 

March 2013 0.311 ND 0.005 0.004 ND 175 117 

April 2013 0.160 ND 0.009 0.001 ND 309 50 

May 2013 0.145 ND 0.003 0.002 ND 96 55 

June 2013 0.120 ND 0.003 0.003 ND 86 112 

July 2013 0.090 ND 0.003 0.009 ND 91 315 

August 2013 0.177 0.005 0.002 0.010 166 72 336 

September 2013 0.254 0.012 0.003 0.007 402 91 241 

October 2013 0.595 0.016 0.004 0.007 530 127 223 

November 2013 0.236 0.014 0.007 0.004 460 223 124 

December 2013 0.707 0.018 0.002 0.003 597 81 108 

January 2014 0.526 0.016 0.005 0.002 548 175 62 

February 2014 0.172 0.010 0.006 0.004 323 211 121 

March 2014 0.169 0.011 0.007 0.008 358 233 279 

April 2014 0.056 0.004 0.006 0.003 145 204 113 

May 2014 0.084 0.008 0.006 0.005 252 185 159 



Supplementary Figure S8. Monthly average lead dust loading (µg/m2/day) recorded at dust gauge stations (i.e., LP3, LP4 and LP6) between May 2012 and May 2014. 



Supplementary Table S9. Arsenic, Cd and Pb concentrations in dust wipes for school A9 and four properties in Broken Hill. 

Property Location As (µg/m2) Cd (µg/m2) Pb (µg/m2) 

School A9 

(2012 samples) 

BH_DW1_1907 (PE STOREROOM) 510.9 211.7 52919.7 

BH_DW2_1907 (WINDOWSILL) 83.8 46.3 6283.5 

BH_DW3_W_SILL 475.7 62.7 23495.7 

BH_DW4_W_SILL 410.8 57.7 20612.8 

BH DW5 W SILL 552.6 71.3 27775.8 

School A9 

(2013 samples) 

PE_STOREROOM WALL 86.96 30.43 10434.78 

PE_STOREROOM AIR VENT 161.33 74.76 21248.97 

PE_STOREROOM SHELF 686.87 404.04 86060.61 

WINDOW SILL 1 FAR (NR PE STORE) 52.29 16.09 13837.49 

WINDOW SILL 2-4TH (NR PE STORE) 41.03 12.07 3298.47 

WINDOW SILL 3-F BLOCK 58.20 20.95 7216.18 

WINDOW SILL 4-MASTER'S HOUSE 90.28 19.44 4791.67 

WINDOW SILL 5-MASTER'S HOUSE 130.37 29.33 7691.91 

House 1 

SURFACE 1- ELECTRICAL BOX 48.67 8.00 2466.67 

SURFACE 2- PLAY EQUIPMENT 6.11 1.11 355.56 

SURFACE 3- WATER HEATER 7.02 0.71 515.56 

SURFACE 4-FRIDGE 6.25 1.49 208.33 

SURFACE 5-BATHROOM 1.98 0.69 129.31 

House 2 

WATER TANK 7.67 1.67 444.44 

KITCHEN_SILL BDL BDL 125.32 

PIANO 2.22 1.07 131.63 

House 3 

SURFACE 1_GLASS TABLE 17.78 4.00 822.22 

SURFACE 2_KITCHEN SILL 15.00 3.50 600.00 

SURFACE 3_WINDOW SILL_SOUTH SIDE 73.98 11.05 2551.02 

House 4 

SURFACE 1 WATER TANK 122.22 63.33 17888.89 

SURFACE 2 LOUNGE DOOR 12.29 7.84 2268.43 

SURFACE 3 WINDOW SILL LOUNGE 1.65 1.50 278.97 

SURFACE 4 TOP OF KITCHEN CUPBOARD 0.91 0.84 160.06 



Note: BDL – below detection limit. 

SURFACE 5 WALL ABOVE COT BDL BDL 52.83 
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Supplementary Table S10. Arsenic, Cd and Pb concentrations of 29 sub-surface soil samples from depths 

> 30 cm used to calculate background metal and metalloid values in Broken Hill. The Pb data is from

Kristensen and Taylor (in review). The As and Cd data also comes from that study but was not reported

there.

Note: Where reported values were less than the limit of reporting i.e. Cd 0.5 mg/kg, a nominal value at 

50 % of this (i.e. 0.25 mg/kg) was used for statistical purposes.  

Sample name 
Soil depth 

(cm) 
As (mg/kg) Cd (mg/kg) Pb (mg/kg) 

NBH1 40-50 9.7 1.9 420 

NBH5 40-50 30 3.7 2410 

NBH4 40-50 3.2 <0.5 18 

LOLE5 40-50 4 0.75 170 

HS6 40-50 2.2 0.95 280 

NBH2 40-50 4 <0.5 12 

BHW3 30-35 4.4 <0.5 30 

LOLW4 40-50 4 0.08 15 

WBH1 40-50 2.8 0.62 310 

WBH2 40-50 4.9 <0.5 18 

LOLW3 30-40 3 0.07 13 

HS1 40-50 19 <0.5 700 

HS2 40-50 3.9 0.67 48 

HS3 40-50 7.5 <0.5 240 

HS4 40-50 7.9 0.95 190 

HS5 40-50 5.8 <0.5 100 

CC2 40-50 8.3 <0.5 97 

CC3 40-50 7.9 <0.5 53 

CC4 40-50 5.6 <0.5 21 

CC5 40-50 4.4 <0.5 24 

CC7 40-50 9.8 1.6 190 

LOLE1 40-50 3 0.39 97 

LOLE2 40-50 4 0.42 160 

LOLE3 40-50 3 0.6 200 

LOLE4 40-50 22 7 2000 

LOLW1 40-50 3 0.25 44 

LOLW2 40-50 6 0.37 77 

NBH7 40-50 11 0.69 190 

NBH8 40-50 13 <0.5 61 
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Supplementary Table S11. Arsenic, Cd and Pb concentrations in soil for the school A9 and four domestic 

residences in Broken Hill. 

Note: BDL – below detection limit. 

Property Sample name As (mg/kg) Cd (mg/kg) Pb (mg/kg) 

School A9 

BH1_0-2 cm 11.0 5.9 750 

BH2_0-2 cm 7.1 2.3 440 

BH3_0-2 cm 6.1 3.2 650 

BH4_0-2 cm 17.0 6.6 1510 

BH5_0-2 cm 17.0 8.2 2200 

BH6_0-2 cm 12.0 4.6 1040 

BH7_0-2 cm 6.1 1.9 390 

BH8_0-2 cm 9.2 4.7 1390 

BH9_0-2 cm 6.9 1.8 580 

BH10_0-2 cm 7.0 3.8 740 

BH11_0-2 cm 6.8 1.3 360 

BH12_0-2 cm 9.8 4.6 1140 

BH13_0-2 cm 5.2 1.6 380 

BH14_0-2 cm 3.8 0.9 190 

BH15_0-2 cm 15.0 2.9 710 

BH16_0-2 cm 16.0 0.9 470 

BH17_0-2 cm 9.6 2.6 600 

BH19_0-2 cm 10.0 2.8 700 

BH20_0-2 cm 26.0 3.0 1510 

BH21_0-2 cm 11.0 2.9 840 

BH22_0-2 cm 5.1 1.0 280 

BH23_0-2 cm 6.8 2.3 860 

House 1 

SOIL_1 BACK GARDEN 3.2 0.5 100 

SOIL_2 VEGGIE PATCH 1.1 BDL 15 

SOIL_3 FRONT GARDEN 3.6 0.71 280 

House 2 

SOIL_1 FRONT 5.1 1.5 420 

SOIL_2 SIDE 16 5.1 1130 

SOIL 3 BACK 4.5 1.2 250 

House 3 

SOIL_1 VEGGE PATCH 1.8 BDL 14 

SOIL_2 FRONT 2.7 0.5 140 

SOIL 3 BACK 3 0.94 300 

House 4 

SOIL_1 VEGGIE PATCH 11 7.2 2260 

SOIL_2 BACK YARD 3 98 360 

SOIL_3 FRONT YARD 15 8.4 2160 



Supplementary Table S12. Australian Early Development Census (AEDC) results standardized by socio-economic index of the Broken Hill central children vulnerability. 

Community 
Physical health 

and wellbeing 

Social 

competence 

Emotional 

maturity 

Language and 

cognitive skills 

(school-based) 

Communication 

skills and 

general 

knowledge 

Vulnerable on 

one or more 

areas of the 

AEDC 

Vulnerable on 

two or more 

areas of the 

AEDC 

Broken Hill 

Central 
2.4 2.4 2.4 1.7 2.9 1.7 2.6 

Broken Hill 

North 
1.8 1.1 0.6 1.4 1.8 1.3 1.5 

Broken Hill West 1.5 0.9 1.1 1.5 1.4 1.2 1.5 

Broken Hill 

average 
1.9 1.5 1.4 1.5 2.0 1.4 1.9 



Supplementary Table S13. Summary of the National Assessment Program – Literacy and Numeracy (NAPLAN) data from Broken Hill schools. 

Year 3 

A1 D1 
AUS 

average 

Similar 

average 
D2 

AUS 

average 

Similar 

average 
D3 

AUS 

average 

Similar 

average 
D4 

AUS 

average 

Similar 

average 
D5 

AUS 

average 

Similar 

average 

2008 326 400 363 346 414 384 345 400 367 332 403 361 333 397 365 

2009 350 411 372 372 414 383 372 405 373 346 420 373 319 394 361 

2010 335 414 353 344 419 366 362 399 347 319 417 347 306 395 346 

2011 377 416 360 353 416 370 390 406 358 366 421 360 352 398 358 

2012 318 420 366 350 416 373 348 414 366 334 424 364 333 396 352 

2013 360 419 361 323 416 356 337 411 352 342 428 363 331 397 348 

A2 D1 
AUS 

average 

Similar 

average 
D2 

AUS 

average 

Similar 

average 
D3 

AUS 

average 

Similar 

average 
D4 

AUS 

average 

Similar 

average 
D5 

AUS 

average 

Similar 

average 

2008 360 400 366 383 414 387 372 400 370 372 403 365 368 397 368 

2009 378 411 376 385 414 386 379 405 375 389 420 377 361 394 363 

2010 374 414 351 376 419 363 372 399 346 359 417 344 392 395 344 

2011 326 416 354 336 416 364 336 406 353 328 421 353 344 398 353 

2012 350 420 358 363 416 366 345 414 360 348 424 355 337 396 345 

2013 342 419 356 369 416 351 337 411 347 355 428 358 352 397 344 

A3 D1 
AUS 

average 

Similar 

average 
D2 

AUS 

average 

Similar 

average 
D3 

AUS 

average 

Similar 

average 
D4 

AUS 

average 

Similar 

average 
D5 

AUS 

average 

Similar 

average 

2008 425 400 377 439 414 396 420 400 379 432 403 377 403 397 377 

2009 377 411 387 402 414 395 383 405 384 372 420 389 371 394 373 

2010 400 414 381 408 419 393 384 399 371 394 417 380 371 395 368 

2011 388 416 382 378 416 388 389 406 377 389 421 384 363 398 374 

2012 413 420 388 428 416 390 421 414 384 437 424 388 422 396 369 

2013 395 419 388 410 416 386 400 411 379 382 428 395 371 397 371 

A4 D1 
AUS 

average 

Similar 

average 
D2 

AUS 

average 

Similar 

average 
D3 

AUS 

average 

Similar 

average 
D4 

AUS 

average 

Similar 

average 
D5 

AUS 

average 

Similar 

average 

2008 372 400 373 395 414 393 380 400 376 376 403 373 362 397 374 

2009 382 411 383 386 414 392 398 405 381 390 420 385 372 394 370 



2010 390 414 373 403 419 385 392 399 365 400 417 370 361 395 362 

2011 360 416 375 359 416 383 369 406 371 369 421 376 351 398 368 

2012 397 420 380 403 416 384 387 414 378 387 424 380 376 396 363 

2013 391 419 383 375 416 380 393 411 374 393 428 389 361 397 366 

A5 D1 
AUS 

average 

Similar 

average 
D2 

AUS 

average 

Similar 

average 
D3 

AUS 

average 

Similar 

average 
D4 

AUS 

average 

Similar 

average 
D5 

AUS 

average 

Similar 

average 

2008 416 400 393 418 414 409 409 400 392 407 403 395 397 397 391 

2009 408 411 403 409 414 408 412 405 398 425 420 406 395 394 387 

2010 410 414 392 421 419 402 405 399 380 417 417 391 382 395 377 

2011 383 416 393 387 416 397 388 406 386 386 421 396 390 398 382 

2012 456 420 399 428 416 399 448 414 393 442 424 400 419 396 378 

2013 423 419 403 388 416 401 400 411 394 415 428 411 407 397 384 

A6 D1 
AUS 

average 

Similar 

average 
D2 

AUS 

average 

Similar 

average 
D3 

AUS 

average 

Similar 

average 
D4 

AUS 

average 

Similar 

average 
D5 

AUS 

average 

Similar 

average 

2008 387 400 362 398 414 384 399 400 366 398 403 360 393 397 365 

2009 356 411 372 418 414 382 404 405 372 371 420 373 370 394 360 

2010 380 414 376 385 419 388 361 399 367 383 417 373 372 395 364 

2011 330 416 362 361 416 371 359 406 360 342 421 362 350 398 359 

2012 360 420 362 381 416 369 374 414 363 392 424 359 364 396 348 

2013 400 419 378 385 416 375 414 411 369 407 428 383 361 397 362 

A7 D1 
AUS 

average 

Similar 

average 
D2 

AUS 

average 

Similar 

average 
D3 

AUS 

average 

Similar 

average 
D4 

AUS 

average 

Similar 

average 
D5 

AUS 

average 

Similar 

average 

2008 432 400 385 455 414 403 445 400 386 450 403 386 465 397 384 

2009 423 411 395 385 414 402 379 405 391 415 420 397 391 394 380 

2010 410 414 417 416 419 421 358 399 400 404 417 418 369 395 397 

2011 401 416 416 422 416 414 374 406 405 413 421 421 389 398 400 

2012 445 420 419 426 416 413 424 414 410 443 424 422 416 396 395 

2013 424 419 420 451 416 416 413 411 409 452 428 429 404 397 398 

A8 D1 
AUS 

average 

Similar 

average 
D2 

AUS 

average 

Similar 

average 
D3 

AUS 

average 

Similar 

average 
D4 

AUS 

average 

Similar 

average 
D5 

AUS 

average 

Similar 

average 

2008 345 400 406 373 414 419 340 400 403 368 403 409 389 397 402 



2009 436 411 416 440 414 418 422 405 408 455 420 420 426 394 398 

2010 393 414 433 406 419 433 377 399 413 433 417 435 388 395 411 

2011 369 416 434 388 416 426 349 406 419 374 421 438 382 398 413 

2012 422 420 436 410 416 425 395 414 424 399 424 440 406 396 409 

2013 399 419 409 374 416 407 354 411 399 395 428 418 382 397 389 

Year 5 

A1 D1 
AUS 

average 

Similar 

average 
D2 

AUS 

average 

Similar 

average 
D3 

AUS 

average 

Similar 

average 
D4 

AUS 

average 

Similar 

average 
D5 

AUS 

average 

Similar 

average 

2008 432 484 450 424 486 455 446 484 456 429 496 456 409 476 443 

2009 433 494 458 423 485 452 443 487 458 425 500 458 427 487 454 

2010 425 487 430 432 485 430 440 487 442 405 500 433 441 489 437 

2011 440 488 441 436 483 434 461 484 441 446 499 444 436 488 448 

2012 438 494 444 409 477 432 479 495 450 434 491 436 447 489 444 

2013 447 502 452 406 478 417 441 494 439 442 501 438 430 486 433 

A2 D1 
AUS 

average 

Similar 

average 
D2 

AUS 

average 

Similar 

average 
D3 

AUS 

average 

Similar 

average 
D4 

AUS 

average 

Similar 

average 
D5 

AUS 

average 

Similar 

average 

2008 447 484 453 444 486 458 440 484 458 461 496 460 423 476 445 

2009 419 494 461 409 485 455 454 487 461 430 500 462 428 487 457 

2010 443 487 428 434 485 428 448 487 440 464 500 431 439 489 435 

2011 461 488 435 426 483 428 459 484 436 447 499 437 433 488 444 

2012 420 494 436 414 477 425 451 495 445 433 491 428 430 489 438 

2013 439 502 448 411 478 411 416 494 435 439 501 433 453 486 429 

A3 D1 
AUS 

average 

Similar 

average 
D2 

AUS 

average 

Similar 

average 
D3 

AUS 

average 

Similar 

average 
D4 

AUS 

average 

Similar 

average 
D5 

AUS 

average 

Similar 

average 

2008 500 484 463 485 486 467 482 484 466 491 496 472 505 476 455 

2009 444 494 472 453 485 465 463 487 469 452 500 474 486 487 466 

2010 486 487 458 465 485 459 537 487 464 480 500 467 487 489 461 

2011 447 488 459 480 483 453 487 484 457 473 499 466 485 488 462 

2012 524 494 464 504 477 449 530 495 466 487 491 457 503 489 461 

2013 477 502 476 454 478 448 476 494 465 485 501 468 464 486 457 



A4 D1 
AUS 

average 

Similar 

average 
D2 

AUS 

average 

Similar 

average 
D3 

AUS 

average 

Similar 

average 
D4 

AUS 

average 

Similar 

average 
D5 

AUS 

average 

Similar 

average 

2008 462 484 460 477 486 464 471 484 463 473 496 467 472 476 451 

2009 498 494 468 447 485 462 478 487 466 470 500 469 474 487 463 

2010 445 487 450 468 485 451 474 487 458 467 500 457 456 489 454 

2011 473 488 453 433 483 447 466 484 452 465 499 459 444 488 458 

2012 477 494 457 457 477 443 492 495 461 481 491 450 457 489 455 

2013 474 502 471 442 478 442 452 494 460 462 501 462 431 486 452 

A5 D1 
AUS 

average 

Similar 

average 
D2 

AUS 

average 

Similar 

average 
D3 

AUS 

average 

Similar 

average 
D4 

AUS 

average 

Similar 

average 
D5 

AUS 

average 

Similar 

average 

2008 505 484 478 509 486 480 494 484 477 521 496 488 505 476 468 

2009 488 494 486 486 485 479 503 487 480 519 500 490 490 487 479 

2010 502 487 468 498 485 469 499 487 471 518 500 478 492 489 470 

2011 505 488 469 487 483 462 486 484 465 510 499 477 497 488 470 

2012 495 494 474 462 477 458 493 495 474 487 491 468 483 489 470 

2013 492 502 489 441 478 463 469 494 478 457 501 484 469 486 470 

A6 D1 
AUS 

average 

Similar 

average 
D2 

AUS 

average 

Similar 

average 
D3 

AUS 

average 

Similar 

average 
D4 

AUS 

average 

Similar 

average 
D5 

AUS 

average 

Similar 

average 

2008 474 484 449 474 486 455 509 484 455 495 496 456 488 476 442 

2009 439 494 457 424 485 452 458 487 458 435 500 458 465 487 454 

2010 497 487 452 481 485 454 495 487 459 487 500 460 504 489 456 

2011 458 488 442 443 483 436 480 484 442 467 499 445 483 488 449 

2012 434 494 440 415 477 428 428 495 447 416 491 431 449 489 441 

2013 487 502 467 474 478 436 471 494 455 466 501 457 464 486 447 

A7 D1 
AUS 

average 

Similar 

average 
D2 

AUS 

average 

Similar 

average 
D3 

AUS 

average 

Similar 

average 
D4 

AUS 

average 

Similar 

average 
D5 

AUS 

average 

Similar 

average 

2008 510 484 470 500 486 474 498 484 472 529 496 480 478 476 461 

2009 479 494 479 485 485 472 479 487 474 503 500 482 490 487 472 

2010 485 487 491 526 485 489 520 487 488 504 500 504 514 489 491 

2011 490 488 488 466 483 480 481 484 481 513 499 499 488 488 487 

2012 518 494 492 479 477 473 501 495 489 536 491 489 492 489 486 



2013 505 502 503 483 478 478 509 494 492 510 501 501 493 486 485 

A8 D1 
AUS 

average 

Similar 

average 
D2 

AUS 

average 

Similar 

average 
D3 

AUS 

average 

Similar 

average 
D4 

AUS 

average 

Similar 

average 
D5 

AUS 

average 

Similar 

average 

2008 484 484 489 522 486 491 452 484 486 522 496 500 471 476 479 

2009 473 494 498 463 485 489 455 487 489 475 500 503 463 487 490 

2010 395 487 507 413 485 501 436 487 499 386 500 519 442 489 505 

2011 514 488 504 494 483 492 490 484 493 496 499 515 494 488 501 

2012 530 494 508 467 477 485 454 495 501 499 491 506 496 489 500 

2013 538 502 494 485 478 469 460 494 484 513 501 490 504 486 476 

Year 7 

A9 D1 
AUS 

average 

Similar 

average 
D2 

AUS 

average 

Similar 

average 
D3 

AUS 

average 

Similar 

average 
D4 

AUS 

average 

Similar 

average 
D5 

AUS 

average 

Similar 

average 

2008 512 536 514 520 534 511 525 539 518 509 529 504 514 545 520 

2009 530 541 518 512 532 511 530 540 520 527 539 514 525 544 519 

2010 528 546 514 503 533 503 539 545 516 521 535 501 527 548 516 

2011 518 540 510 483 529 497 528 538 510 509 532 499 523 545 512 

2012 514 542 510 495 518 488 532 543 513 517 546 515 509 538 505 

2013 526 541 508 493 517 481 537 549 516 513 535 497 512 542 508 

A10 D1 
AUS 

average 

Similar 

average 
D2 

AUS 

average 

Similar 

average 
D3 

AUS 

average 

Similar 

average 
D4 

AUS 

average 

Similar 

average 
D5 

AUS 

average 

Similar 

average 

2008 516 536 519 475 534 515 512 539 521 499 529 509 513 545 524 

2009 520 541 522 505 532 515 516 540 523 519 539 519 514 544 524 

2010 513 546 518 492 533 507 529 545 519 507 535 505 509 548 519 

2011 507 540 513 483 529 501 508 538 512 492 532 503 503 545 516 

2012 514 542 512 452 518 490 522 543 515 512 546 517 509 538 507 

2013 502 541 504 464 517 476 518 549 512 482 535 492 521 542 505 

Year 9 

A9 D1 
AUS 

average 

Similar 

average 
D2 

AUS 

average 

Similar 

average 
D3 

AUS 

average 

Similar 

average 
D4 

AUS 

average 

Similar 

average 
D5 

AUS 

average 

Similar 

average 

2008 559 578 555 539 569 540 549 577 554 546 569 542 558 582 555 

2009 554 580 557 534 569 537 575 576 552 554 574 548 561 589 562 



2010 541 574 543 533 568 527 560 579 549 544 579 542 549 585 550 

2011 550 580 549 519 566 517 555 581 549 543 572 534 551 583 548 

2012 553 575 541 515 554 510 552 577 545 542 573 538 555 584 549 

2013 561 580 551 497 554 507 565 583 552 542 573 531 555 584 544 

A10 D1 
AUS 

average 

Similar 

average 
D2 

AUS 

average 

Similar 

average 
D3 

AUS 

average 

Similar 

average 
D4 

AUS 

average 

Similar 

average 
D5 

AUS 

average 

Similar 

average 

2008 557 578 559 512 569 545 559 577 558 546 569 548 550 582 559 

2009 550 580 561 513 569 543 554 576 556 545 574 553 552 589 567 

2010 549 574 546 464 568 532 544 579 552 534 579 547 544 585 553 

2011 551 580 553 514 566 523 560 581 553 549 572 539 556 583 552 

2012 541 575 543 487 554 513 546 577 547 540 573 541 547 584 551 

2013 547 580 547 476 554 501 556 583 548 528 573 525 541 584 539 

Note: D1-Reading, D2-Narrative writing, D3-Spelling, D4-Grammer and Punctuation, D5-Numceracy. AUS average - Australian average value, Similar average - the average value 

of schools with similar ICSEA value. The data is available from Australian Curriculum, Assessment and Reporting Authority (ACARA), 2015. 
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Supplementary Figure S14. Soil As, Cd and Pb concentrations across Broken Hill six school catchments. 



Supplementary Table S15. Summary of children developmentally vulnerable in different areas based on national, Mount Isa and Port Pirie local communities levels. 

Note: the Australian Early Development Census (AEDC) data and the local community SEIFA data of Mount Isa and Port Pirie are from Australian Early Development Census 

(AEDC), 2014b and Australian Early Development Census (AEDC), 2014c, respectively. Australian national SEIFA average is from Australian Bureau of Statistics (ABS), 2013. 

Proportion of children developmentally vulnerable (%) 

Community 

Number of 

children 

surveyed 

Physical 

health and 

wellbeing 

Social 

competence 

Emotional 

maturity 

Language and 

cognitive skills 

(school-based) 

Communication 

skills and 

general 

knowledge 

Vulnerable 

on one or 

more areas 

of the 

AEDC 

Vulnerable 

on two or 

more areas 

of the 

AEDC 

SEIFA (The 

index of 

Relative Socio-

economic 

Disadvantage) 

Australia 289,973 9.3 9.3 7.6 6.8 9.0 22.0 10.8 960.0 

Happy 

Valley/Parkside 
50 4.1 8.2 6.1 8.2 0.0 12.2 8.2 1034.5 

Healy 34 2.9 11.8 11.8 5.9 2.9 14.7 11.8 1077.5 

North Mount 

Isa 
121 16.9 19.5 16.9 14.4 19.5 36.4 25.4 1026.2 

Townview and 

Surrounds 
134 13.2 10.1 3.1 17.8 15.5 31.0 14.0 940.4 

Port Pirie and 

surrounds 
165 16.9 16.9 14.9 10.8 6.8 32.4 16.2 875.0 



Supplementary Table S16. Australian Early Development Census (AEDC) results standardised by socio-economic index based on the Mount Isa and Port Pirie local communities 

levels. 

Note: Happy Valley/Parkside, Healy, North Mount Isa and Townview and surrounds are the communities of Mount Isa. The Broken Hill average: The mean values of the 

vulnerable proportions of Broken Hill central, North and West. 

Proportion of children developmentally vulnerable (%) 

Physical 

health and 

wellbeing 

Social 

competence 

Emotional 

maturity 

Language and 

cognitive skills 

(school-based) 

Communication 

skills and general 

knowledge 

Vulnerable on 

one or more 

areas of the 

AEDC 

Vulnerable on 

two or more 

areas of the 

AEDC 

Happy 

Valley/Parkside 
0.5 0.9 0.9 1.3 0.0 0.6 0.8 

Healy 0.3 1.4 1.7 1.0 0.4 0.7 1.2 

North Mount Isa 1.9 2.2 2.4 2.3 2.3 1.8 2.5 

Townview and 

Surrounds 
1.4 1.1 0.4 2.6 1.7 1.4 1.3 

Mount Isa average 1.0 1.4 1.4 1.8 1.1 1.2 1.5 

Port Pirie and 

surrounds 
1.7 1.7 1.8 1.4 0.7 1.3 1.4 

Broken Hill average 1.9 1.5 1.4 1.5 2.0 1.4 1.9 
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Appendix J 

Supplementary Document S1. Ethics approval letter from the Greater Western Human Research Ethics 

Committee. 
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Supplementary Document S2. Ethics approval from Macquarie University Human Research Ethics 

Committee. 




