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Abstract 

 

 The city of Kalgoorlie in Western Australia has been labeled an “asthma hot spot” 

attributed to mining activity, prompting further investigation into toxic elements (Lee et 

al., 2006). Inhalation of nickel-bearing particles is a particular concern due to the 

presence of a nickel smelter 10km upwind of the city. The toxicological properties of 

nickel are well-documented, thus the primary objective is the characterization of phases 

identified as problematic in the lungs. To determine the smelter’s influence on nickel 

bioaccessibility in the soils throughout the city of Kalgoorlie, surface soil samples were 

taken from areas within the city and compared to soils near the smelter and outside the 

city, distant from the smelter. Soils were sieved to isolate the respirable fraction (<10um) 

potentially associated with lung disease and analyzed using a simulated lung fluid to 

determine the concentration of nickel soluble in the lungs. The soluble nickel represents 

the fraction that may be involved in allergic or asthmatic reactions, while the insoluble 

compounds may be of concern as some are carcinogenic. Further soil characterization 

was done using a six step sequential extraction and mineralogical analysis to identify 

nickel-bearing minerals. The influence of the smelter activity on nickel bioaccessibility in 

the soils within Kalgoorlie is low, but soils near the smelter host significantly higher 

nickel concentrations and higher bioaccessibility. Respiratory nickel bioaccessibility in 

soils ranges from 1 to 3% in and outside the city of Kalgoorlie, while the area 

surrounding the smelter increases to up to 6.8%. In each case, there is a direct correlation 

between bioaccessibility percent and percent nickel bound in the water-soluble and 

exchangeable fractions, but the simulated lung fluid dissolves more nickel in each sample 
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than is present in these two fractions, potentially due to the presence of weak chelating 

agents in the solution. Respiratory bioaccessibility is low in Kalgoorlie soils because 

nickel occurs primarily in sulfides, with minor oxides and silicates, all relatively 

insoluble in lung fluid. However, the high concentrations of these compounds could be of 

concern, as they are potential carcinogens at high concentrations. 
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 CHAPTER 1 - INTRODUCTION AND BACKGROUND 

1.1 INTRODUCTION 

 

The small city of Kalgoorlie in Western Australia is host to various mining 

activities including Australia’s largest open pit gold mine and the Kalgoorlie Nickel 

Smelter. Due to the region’s low precipitation and the extremely fine-grained surface 

soils, concerns have arisen regarding dust control in the city. Kalgoorlie is considered an 

asthma hotspot in the state and records indicate that other respiratory diseases including 

cancer are anomalously high in the city (Lee et al., 2006, HDC, 2004). This has been 

attributed to the intense mining that has been going on in the city for the past 100 years. 

Though the presence of high dust concentrations alone is a concern, the isolation of 

individual toxic phases can provide a greater picture of the toxicity of the particles. The 

soils are enriched in many potentially toxic metals which could be contributing to the 

problem; however one particular element of concern is nickel, a respiratory allergen and 

carcinogen when bound in certain mineralogical phases. Nickel is naturally abundant in 

the soils surrounding Kalgoorlie which are derived from mafic and ultramafic rocks, but 

is also being released due to high mining and mineral processing activity in the region, 

including the presence of the Kalgoorlie Nickel Smelter 10 km south of the city. The 

smelter processes nickel ore from many of Western Australia’s major nickel mines and 

though emissions guidelines are strict, the slag piles and transportation of ore could prove 

to be a major source of nickel contamination in the environment. To determine the source 
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of nickel contamination, city samples must be compared to background soil samples and 

samples representing areas of high smelter influence.  

 

Laboratory tests can be used to estimate the risk associated with the inhalation of 

the city’s soils in terms of nickel concentration and toxicity. When evaluating the risk to 

human health associated with metal in small soil particles or dust, it is important to 

understand both the mineralogy and the bioaccessibility of the minerals present. Previous 

laboratory-based studies have shown a linear relationship between lung cancer 

development in animals and total airborne nickel concentration (Seilkop & Oller, 2003). 

Field tests in occupational environments indicate that certain nickel compounds are more 

toxic than others and the reaction is highly dependant on mineralogy and solubility in 

human lung fluid (Grimsrud et al., 2002). However, it is often difficult to isolate the toxic 

minerals in the laboratory to determine the amount of each nickel-bearing mineral in the 

sample. The toxicological properties of nickel are well-documented (refer to Section 1.3), 

so the primary concern is the isolation of phases identified as problematic for both short-

term allergen-type responses and long-term carcinogen-type responses. Using a series of 

dissolution experiments including a simulated lung fluid and sequential extraction, the 

phases can be separated, and nickel concentration will be measured in each to 

characterize the risk associated with inhalation of these fine particles. 

 

The primary objectives of this study are to measure the respiratory 

bioaccessibility of nickel throughout the city of Kalgoorlie and determine the influence of 

the smelter on respiratory nickel bioaccessibility and mineralogy. Surface soil samples 
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were collected in three locations: in the city, near the smelter and outside the influence of 

both the city and the smelter. The samples were then sieved to isolate the respirable 

fraction, and analyzed using a sequential extraction, simulated lung fluid and 

mineralogical work. 

 1.2 KALGOORLIE 

 

 The city of Kalgoorlie is located in Western Australia, approximately 600 km 

east-northeast of the capital city of Perth. Together with its bordering town Boulder, 

Kalgoorlie has a population of approximately 30,000 people making it the fifth-largest 

urban center in Western Australia and the largest city in the Goldfields of Australia, a 

mining region hosting gold and various other metal deposits. Due to concerns regarding 

high asthma rates in the state of Western Australia, various studies are being conducted in 

the region to determine the association of environmental factors with the risk of 

contracting respiratory diseases including asthma, bronchitis and lung cancer (HDC, 

2004). Figure 1-1 shows the state of Western Australia and the incidences of asthma 

hospitalizations in urban centers compared to the area’s land uses. The study concluded 

that mining cities in the state, specifically Kalgoorlie, are “asthma hot spots”, prompting 

further investigation into individual toxic contaminants (Lee et al., 2006). However, 

asthma is not the only respiratory disease of concern. Citizens of Kalgoorlie have higher 

than the state’s average incidences of bronchitis (Holman et al., 1987). Respiratory 

cancer rates in the region are also statistically higher than the state average (HDC, 2004). 
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Figure 1-1   - Asthma hospitalizations in Western Australia when compared to land 

use (Modified from Lee et al., 2006) 

1.2.1 Kalgoorlie Geology 

 

The Kalgoorlie area hosts over half of the gold occurring in the more than 2000 

gold deposits in the Archaean Yilgarn Block Formation of Western Australia. The 

Yilgarn Craton, shown in Figure 1-2, consists of sediments, mafic and ultramafic 

intrustions, lavas and granites ranging in age from 3600Ma to 2600Ma. The craton covers 

most of Western Australia and hosts a variety of ore deposits including nickel, iron, gold, 

PGE and uranium. 
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Figure 1-2   - The Yilgarn Craton in Western Australia (Modified from Smith, 1977) 

 

The giant goldfield is part of the Norseman-Wiluna belt (Figure 1-3) or the 

Eastern Goldfield Province consisting of primarily metamorphosed ultramafic to mafic 

sills overlain by volcaniclastic metasedimentary and felsic metavolcanic rocks. All rocks 

in the area have been metamorphosed to greenschist facies but retain original textures and 

structures (Phillips et al., 1996).  
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Figure 1-3   - Geology of the Kalgoorlie area showing major bedrock formations 

(Modified from Phillips et al., 1996) 

 

The Kalgoorlie Terrane consists of felsic volcaniclastic sediment overlaying 

mafic lava sequences and intruded by mafic and ultramafic sills. Many of the basic lava 

formations are found near surface in Kambalda, 55 km south of Kalgoorlie, and host 

some of the region’s largest nickel deposits. In Kalgoorlie, the primary sequence near 

surface is the Black Flag sedimentary sequence which consists of metamorphosed black 

shales, greywackes, volcaniclastic sandstones and conglomerates. Underlying the 

sediments is the Paringa Basalt, a high-magnesium basalt characterized by pillows and 
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flow breccias. The basalts and sediments have been intruded by a set of mafic sills 

including the Golden Mile Dolerite, 2-4 km wide, which hosts the majority of 

Kalgoorlie’s gold deposits (Phillips, 1986). Bedrock in Kalgoorlie is typically buried 

under 40-50m overburden, both from weathering of subsurface formations and from 

aeolian processes due to low precipitation and high wind  in the region. The thick regolith 

remains relatively homogeneous in composition throughout the city, however some 

localized ore deposits have been found in the soil (Sergeev & Gray, 2001). 

 

  

 The mineralogy of the regional bedrock is significant when evaluating the regolith 

in Kalgoorlie due to its influence on the mineralogy of the overburden. The Black Flag 

Beds comprise the majority of bedrock underlying Kalgoorlie and surrounding area and 

are considered to be one of the sources of gold in the mineralized dolerite. The unit 

consists primarily of quartz, feldspars and minor carbonates, with elevated PGE and 

precious metal concentrations (Shackleton & Spry, 2003). The underlying basalt is rich in 

magnesium, up to 10 wt% MgO in parts, and increases in base metal content close to the 

contact with the dolerite (Gauthier et al., 2004). The mineralized dolerite fluctuates in 

composition due to varying alteration phases, however it can be separated into three 

primary zones: the chlorite zone, the carbonate zone and the pyrite zone. The chlorite 

zone consists mainly of iron and magnesium-bearing minerals including chlorite, 

actinolite and magnetite. It also hosts minor carbonates and quartz. The carbonate zone is 

dominated by ankerite and includes minor chlorite, siderite, quartz and muscovite. Lastly, 

the pyrite zone hosts muscovite, quartz and sulfide minerals (Phillips & Brown, 1987). 
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1.2.2 Kalgoorlie Soil Morphology 

 

Bedrock in the Kalgoorlie area is overlain by a thick layer of saprolite and soil 

consisting of greater than 40m of transported cover. A typical profile of the regolith 

consists of a thin layer of gravel overlying calcareous clay-rich red soil with ferruginous 

granules to a depth of 1-2m. Carbonate concentrations decrease with depth down to 10-

15m where the soil overlays a sandy to silty clay soil with sandy lenses down to a depth 

of 25-30m. A thin layer of mica-rich clays mark the unconformity between the sandy clay 

soil and the underlying clay-rich saprolite which extends down to bedrock (Lintern, 

2004).   

 

The composition of the underlying bedrock affects the mineralogy of the regolith 

in Kalgoorlie, however the influence of aeolian transport is also quite significant at the 

surface, creating a relatively homogenous fine-grained soil composition in the region 

(Harper & Gilkes, 2004). Typical surface soil minerals consists primarily of kaolinite, 

hematite, goethite, quartz and carbonate minerals, elevating the soil pH above the 9 in 

some areas. Minor minerals include sulfides associated with both nearby gold and nickel 

deposits, other iron and magnesium oxides, magnetite, talc, muscovite and relic olivine. 

In many areas, cementation occurs at surface, consisting of both carbonate minerals and 

aluminosillicates with minor goethite (Anand & Paine, 2002; Lintern, 2001).  

 

The city of Kalgoorlie is surrounded on many sides by playas, or evaporated 

lakes, of various sizes. The mineralogy of these formations differs from that of the 
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surrounding soil and must be considered when evaluating the dust toxicology of the 

region. Though the lake beds usually have a similar mineralogical composition to the 

surrounding soils in the area, evaporation of the briny waters causes the precipitation of 

salt minerals, primarily sodium chloride and gypsum, which often form large crystals at 

surface. The pH of the playa soils differs from the surrounding area as a result, ranging 

from neutral to weakly acidic (Clarke, 1994). 

1.2.3 Kalgoorlie Nickel Smelter 

 

The Kalgoorlie Nickel Smelter, currently owned by BHP Billiton, is located about 

10 km south of the city of Kalgoorlie along the Goldfields Highway 94. The ore 

processed here is shipped from many of the surrounding nickel deposits including 

Kambalda (south of Kalgoorlie), Black Swan and Mt Keith (both north of Kalgoorlie). 

Ore from the region is comprised of massive and disseminated nickel sulfides hosted by 

komatiites or within olivine cumulate bodies (Barnes, 2004). Most the komatiites in the 

region have been metamorphosed to talc plus carbonate with minor quartz, though 

serpentine is present in some locations. Primary ore minerals present are typical of 

komatiite deposit, including pyrrhotite and pentlandite with minor chalcopyrite and pyrite 

(Hill et al., 2004) 

 

Currently, the smelter processes from 100,000 to 110,000 tonnes of granulated 

nickel matte per year, containing approximately 68% nickel, 2-3% copper and 1% cobalt. 

The smelter was completely renovated in 1993, increasing its production capacity from 

540,000 to 750,000 tonnes per year. Modifications include the construction of a 525 
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tonne per day oxygen plant and oxygen enrichment was implemented in the operation of 

the converters (Apelt et al., 1995). The Kalgoorlie Smelter is an Outokumpu Flash 

Smelter, a type of flash smelter originally developed in Finalnd, utilizing a process very 

similar to the INCO flash smelter in Sudbury, Canada. The method combines roasting, 

smelting and partial converting into one process. In flash smelting, sulfide ore containing 

<1% moisture is mixed with pre-heated oxygen-enriched air in the furnace, causing the 

oxidation of iron and sulfur. The resulting heat causes the separation of the nickel-rich 

matte and slag. A converter must then be used to further oxidize the matte, producing 

more iron-oxide slag, however, the Outokumpu process combines the converter with the 

furnace (Tan & Neuschutz, 2001; Apelt et al., 1995). The operating conditions and 

charge composition of the smelter are shown in Appendix 3.

 

The slag produced by the flash smelter in Kalgoorlie is a potential contributing 

source of nickel to the city environment. The primary phase over all operating 

conditions in the smelter is magnesium-rich olivine, which has a higher melting point 

than many of the nickel-bearing compounds under oxidizing conditions. Due to its high 

melting point, magnesium-rich olivine crystals (up to 8% MgO) are found throughout 

the slag particles in a glass matrix. Small sulphide grains, primarily pentlandite and 

heazlewoodite (nickel sulfide), inclusions have been noted and attributed to mechanical 

entrainment from the matte (Segnit, 1976). The final composition of the slag has been 

found to contain from 0.45 – 0.6% nickel, primarily hosted in oxides and sulphides, 

though a small percentage is contained in the olivine crystals. The full chemical 
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composition of the slag and matte can be found in Appendix 3 (Tan & Neuschutz, 

2001). 

 

1.3 NICKEL TOXICOLOGY 

1.3.1 Field Studies 

 

Occupational Nickel Exposure 

 

The first academic paper on the toxic effects of inhaled nickel particles was 

published in 1970, when Doll et al.. conducted a study on refinery workers in New 

South Wales, Australia, reporting that workers in the nickel industry in the early 1940s 

appeared to have higher than normal incidences of nasal and respiratory cancers (Doll 

et al., 1970).  This study was followed by one performed by Pedersen et al. in 1973 in 

Norway, which continues to be sourced at present when assessing occupational nickel 

exposure. The study evaluates the Kristiansand nickel refinery in Norway, where 

between 1953 and 1971, 67 out of the 1,916 men studied contracted some form of 

respiratory cancer, an incidence significantly higher than the city’s average. The 

majority of the cases occurred in men working in the smelting or roasting sections of 

the refinery. The study found that development of lung cancer usually occurs within 15 

years of employment in most cases; however the latency appears to decrease with 

‘cleaner’ methods for reasons unknown at the time. The authors determined that there is 

likely a connection between nickel exposure and respiratory cancers; however no firm 

conclusions were drawn. It is also important to note that the study did not take into 
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account any other occupational and non-occupational health issues, including smoking 

(Pedersen et al., 1973). 

 

A study conducted by Grimsrud et al.. in 2002 set out to assess the correlation 

between the different nickel species and incidences of cancer in the workplace. The 

group evaluated the refinery in Norway (Kristiansand) that Pedersen studied in the 

early 1970s. They evaluated men employed for “a minimum of 12 months between the 

years 1910 and 1994” (Andersen et al., 1996). Grimsrud et al.. tested four types of 

airborne nickel compounds present at the refinery: water-soluble nickel, nickel sulfides, 

metallic nickel and nickel oxides. They began by using personal employee exposure 

measurements at separate stations including the refinery, smelter and mill. Employees 

were also grouped according to smoking habits (never smoked, former smoker, or 

quantity smoked per day), to control this factor.  A statistical analysis was done, 

measuring all former and current employees diagnosed with lung cancer and comparing 

to the levels of different nickel compounds experienced at their work stations 

(Grimsrud et al., 2002). The following graphs demonstrate the results from the study: 
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Figure 1-4   - Odds ratios for respiratory cancers for four forms of nickel 

(Grimsrud et al., 2002) 

 

Shown above (Figure 1-4) are the odds ratios for lung cancer with exposure to 

each type of nickel compound encountered over time. Odds ratios are used in this case 

to compare the odds of the refinery workers of contracting respiratory cancer to the 

odds of the same age group outside the refinery of contracting cancer. An odds ratio of 

1 means that each group is equally as likely to contract respiratory cancer, and odds 

ratios higher than one mean that the refinery workers are more likely to contract cancer. 

The odds ratios have been adjusted for smoking. The most distinct correlation was 

determined to be between high incidences of lung cancer and exposure to water-soluble 
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nickel compounds (primarily nickel sulfate hexahydrate), attributed to its 

bioavailability in the lungs. A correlation is seen for metallic and sulfidic nickel, though 

this was listed as not statistically significant. The authors listed both of these as “likely 

carcinogenic”, though not yet proven through this method. Very little correlation occurs 

between oxidic nickel and lung cancer in this study (Grimsrud et al., 2002). 

 

Non-occupational Nickel Exposure 

 

 Many countries have adopted ambient air quality guidelines for metals 

including nickel based on field and laboratory toxicological data. However, correlating 

an increase in respiratory diseases with individual point sources can be difficult due to 

high variability in individuals’ lifestyles. In many communities’ cases, nickel is not the 

only contaminant of concern due to the presence of other large and small-scale 

industrial practices in the region and isolating one compound or even one industry as 

the point source can prove to be difficult. For example, high incidences of respiratory 

cancer in the nickel-mining community of Nikel, Russia, have been attributed to the 

presence of nickel smelters in the area. However, concentrations of other contaminants 

including SO2, cobalt and chromium are also above guidelines. No direct correlation 

between elevated nickel concentrations and increase in cancer cases in the community 

could be made (Norseth, 1994). 
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1.3.2 Laboratory Studies 

 

Field data linking compounds (such as is the case with nickel) with cancer are 

often criticized due to lack of statistically significant data. For this reason, scientists 

often choose to begin toxicological studies in a controlled environment, such as a 

laboratory. Controlling the conditions removes the environmental factors of a study and 

allows a point source to be identified. Laboratory studies concerning the carcinogenesis 

of nickel compounds are conducted by exposing animals or human cells to high doses 

of nickel and observing the results. The high dose increases the chance of observing 

results and allows conservative estimates for guidelines. The first published 

experimental animal study on airborne nickel contamination was performed in 1943 on 

mice. Campbell found that the incidence of lung tumors in mice increased two-fold 

with chronic exposure to airborne nickel compounds (Campbell, 1943).  

 

Since then, various studies have linked nickel exposure to cancer using human 

cells and animals. Initially, concern was focused on the carcinogenic properties of 

nickel sulfides and oxides. Strong evidence has been found linking nickel sulfides to 

cancer through the injection of nickel compounds in rodents (Kasprzak et al., 2003). 

However, the primary focus when attempting to recreate environments like that at 

Kristiansand in Norway is on the inhalation of nickel compounds. A review of 

laboratory-scale inhalation studies was published in 1997 by Oller et al. Early 

experiments involved the exposure of rats to nickel monoxide vapor, causing 

pulmonary tumors (Oller et al., 1997). Nickel subsulfide became of concern after an 
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experiment in 1955 yielded significant results correlating exposure to the compound 

with tumor incidence. A test group of rats was exposed to 0.15g/m
3
 and 1g/m

3
 airborne 

nickel subsulfide for 5 hours per day, 5 days per week for 6 months. After 6 months, 

one out of 26 rats exposed had developed a tumor, whereas none of the control group 

showed evidence of cancer. The study found minimal evidence of carcinogenesis in 

nickel oxide, and very little evidence for airborne metallic nickel. (Dunnick et al., 

1955). The current guideline for airborne nickel sulfide minerals in the workplace is 

1g/m
3
 for a period of 8 hours (NOHSC, 1995). Exposure to nickel salts was evaluated 

in 2000 by Haber et al. by comparing the effects of water-soluble nickel salts to nickel 

subsulfide in rats. The results indicate that while both cause cancer individually, the 

presence of nickel salts can increase the carcinogenic effects of insoluble nickel 

compounds in the lungs (Haber et al., 2000). 

 

1.4 RESPIRATORY TOXICOLOGY 

 

1.4.1 Respiratory reactions to inhaled particles 

 

To determine the risk associated with inhalation of metal-bearing particles, all 

potential pathways through the lungs must be taken into consideration. A study 

conducted by Lehert in 1993 found that there are three mechanisms affecting solid 

particles inhaled into the lungs. The first is trapping of the particle in the trachea or 

bronchi, where the respiratory system will remove most of the solids using cilia in the 



 17 

mucous lining. This stage is not likely to cause respiratory diseases due to insoluble 

particle accumulation, but has the potential to release a small percentage of the soluble 

component into epithelial cells (Kasprzak, 2003, Oller et al., 1997). If particles manage 

to pass the tracheobronchial system into the alveolar system, the remaining soluble 

compounds will likely dissolve into extracellular fluids, while the insoluble compounds 

will begin to accumulate as particles in the lungs (Oller et al., 1997). At any point in the 

process, lung phagocytes can recognize both the insoluble compounds and the metal 

ions as foreign and will engulf them and attempt to rid them from the lungs with mucus. 

 

Respiratory diseases caused by metal-bearing particles can occur due to various 

processes in the lungs, and these can be divided into short-term allergic reactions, 

reactions within the cell nuclei, and re-precipitation and accumulation of a compound 

causing an eventual hypersensitivity. Allergic reactions are one of the primary causes of 

asthma, and occur when high concentrations of an allergen are inhaled, causing an 

inflammatory reaction within the lungs (Ligeiro de Oliveira et al., 2004). Compounds 

both soluble and insoluble in lung fluids can cause inflammation, however the reaction 

has been observed to be faster for soluble compounds, as they are immediately 

dissociated (Benson et al., 1986). Reactions within epithelial cells are a second cause of 

respiratory diseases, occurring when nickel manages to pass through the cell into the 

nucleus, causing genetic mutations. This is the model proposed for nickel 

carcinogenesis in the respiratory system, and tends to occur primarily with insoluble 

metal compounds including nickel sub-sulfide (a common smelter byproduct) and 

nickel oxide. The insoluble minerals are readily taken up as particles by the epithelial 
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cells via phagocytosis. However, the slightly acidic pH of the cellular fluid causes the 

dissolution of high concentrations of nickel ions, which are eventually transported to 

the nucleus. This is less common with soluble compounds, as the dissolved ions are less 

likely to be taken up by epithelial cells. However, high concentrations of soluble 

compounds around epithelial cells can cause an overload and trigger the same reaction 

(Lehert, 1993, Galle et al., 1992). Though the soluble nickel compounds are relatively 

non-toxic at low concentrations, once dissolved, re-precipitation in the lungs can occur 

causing adverse effects. At high nickel concentrations, alveolar macrophages can 

undergo a particle overload, causing them to precipitate the metal in the lungs and 

eventually lead to a hypersensitivity or allergic reaction. This process is irreversible and 

can permanently diminish lung function (Lehert, 1990). 

 

The model described above has been applied to nickel compound reactivity in 

the lungs and used as a model for predicting the toxicity of various nickel phases. 

Nickel toxicity has been found to be highly dependant on the solubility, in interstitial 

lung fluid, of the compound in which it is bound.  Thus environmental guidelines often 

regulate nickel accordingly in two categories: soluble and insoluble in lung fluids. 

Figure 1-5 demonstrates the pathways taken by the two groups, using nickel oxide and 

subsulfide as examples of common insoluble compounds and nickel sulfate is a 

common soluble compound.  
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“ (1) The insoluble particles enter the cell via phagocytosis; Ni(II) is released from the 

phagocytic vesicles into the cytoplasm and nucleus. (2) Soluble Ni2+ is transported into the cell 

via the Ca2+ channels, the divalent cation transporter system DMT-1 (Nramp 2), and by 

diffusion. (3) The cytoplasmic Ni(II) forms a variety of complexes with different ligands, such 

as amino acids, peptides, proteins, and glutathione, some of which are redox active and catalyze 

ROS production; the major effect is hypoxic stress due to Ni(II) interference with iron transport 

and iron-dependent hydroxylases. (4) The nuclear Ni(II) and Ni(II)-generated ROS interact 

with DNA and histones, causing promutagenic DNA damaga (aggravated through inhibition by 

Ni(II) of DNA repair enzymes), and epigenetic alterations (stemming from Ni(II)-induced DNA 

hypermethylation, histone hypoacetylation and structural damaga, and transcription factors 

activation).” 

Abbreviations: DMT – Dimethyltryptamine, ROS – Reactive oxygen species 
 

Figure 1-5   - Interactions of nickel compounds with epithelial cells (Kasprzak et 

al., 2003, modified from Oller et al. 1997) 
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1.4.2 Particle Size 

 

 The influence of particle size on respiratory toxicity of particles is significant. 

Though particles of all sizes can be inhaled, the body rejects large particles almost 

immediately by coughing. There is also a lower tendency for larger particles to become 

airborne/resuspended due to gravity. A study conducted by Bright et al. in 2006 

determined that particles smaller than 10um are not only more likely to remain airborne 

for longer periods of time than the >10um fraction, but this is also considered the 

tracheobronchial fraction, or the fraction that is most likely to enter the trachea. 

Particles smaller than 3um are considered the alveolar fraction, or the fraction most 

likely to reach the alveoli (Bright et al., 2006). The influence of size is taken into 

consideration by the Occupational Health and Safety Act of Australia (NOHSC,1995), 

and workplace monitoring for metal-bearing particles looks primarily at the <10um (or 

PM10) fraction. Western Australia is presently developing a set of  ambient air quality 

guidelines including metals such as nickel, however the country already has a limit of 

50ug./m
3
 of the less than 10um fraction average of any dusts.  
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1.5 METHODS FOR EVALUATING RESPIRATORY 

BIOACCESSIBILITY 

 1.5.1 Simulated Lung Fluids 

 

Gamble’s Solution is a type of simulated lung fluid, or a solution that mimics 

the surfactant fluids released by Type II alveolar cells. The fluid fills the space between 

alveolar cells and acts to reduce the surface tension of the water in the lungs, 

facilitating gas exchange (Daniels & Orgeig, 2003). The solution was first developed in 

1942 as an in vitro method for determining compound toxicity in the lungs and has 

been validated for radioactive compounds using in vivo tests (Damon et al., 1984). 

Though the use of simulated lung fluids is uncommon, the solution has been used to 

evaluate the bioaccessibility of industrial and artificial compounds including cadmium 

(Koshi, 1979), silica (Scholze & Conradt, 1987) and aerosol inhaler products (Davies & 

Feddah, 2003). Natural soils and dusts have also been evaluated, namely radioactive 

particles (Garger et al., 2003) and a recent publication on lead contamination in soils 

(Wragg & Klinck, 2007). The original Gamble’s Solution was a mixture of water and 

inorganic salts including chlorides, carbonates and phosphates, but most researchers 

modify the solution to include proteins and other organic components, as these are 

present in alveolar fluids. However, addition of proteins can affect results and 

reproducibility due to putrefaction in the lab (Takaya et al., 2006). The mixture utilized 

by Takaya et al. was chosen for this study, as it contains the inorganic compounds from 

the original Gamble’s Solution, combined with some organic acids to mimic the 
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organic compounds present in lung fluids, but no proteins to prevent putrefaction. Lung 

residence times for particles must be taken into account when conducting dissolutions 

with simulated lung fluids. Wragg and Klinck found that tests performed for a 

minimum of 100 hours provide a reasonable and conservative estimate of metal 

bioaccessibility in the lungs (Wragg & Klinck, 2007). 

 

One of the main disadvantages to using the Gamble’s Solution is the lack of 

literature on the subject. The method has yet to be validated for most compounds, 

including nickel. However, the toxicity and reactivity of nickel in the lungs is highly 

dependent on its solubility in lung fluids. The Gamble’s Solution will be able to isolate 

the nickel concentrations that are most likely to cause allergic reactions and 

hypersensitivity in the lungs. It is also a simple method for determining the 

bioaccessibility of natural dusts in the laboratory. 

1.5.2 Alternative Methods for Evaluating Inhaled Nickel Toxicity 

 

In vivo experiments involve exposing living animals such as rats and mice to 

concentrations of airborne nickel compounds above guidelines and evaluating the 

reactions. In vivo data can be used to validate in vitro methods such as cell lines and 

simulated lung fluids, and can also be compared to results from case studies. The main 

advantage of this method is the ability to observe the reactions of living beings with 

complicated body systems exposed to high concentrations of toxic compounds without 

having to expose humans, and being able to extrapolate from those results. However, in 

the case of nickel, some laboratory results have demonstrated significant differences in 
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tolerance between lab animals such as mice and rats, and it is difficult to determine 

more than relative toxicities of compounds in humans (Kasprzak et al., 2003). Previous 

in vivo work includes exposing laboratory animals to individual compounds of concern 

including nickel oxide, nickel sulfate and nickel subsulfide. Results indicate that 

exposure to nickel at high concentrations bound in any form will cause respiratory 

cancer and results are similar to those found by Grimsrud et al. in 2002. For instance, 

Benson et al. found that nickel subsulfide is more toxic than both water-soluble 

compounds and nickel oxides. They also determined that the water-soluble nickel 

compounds were more toxic than most of the insoluble compounds, even though their 

residence time in the lungs is significantly lower (Benson et al., 1996). 

 

The last method for determining the toxicity of nickel compounds in the lab is 

the use of cell lines. Cell lines are cultured human cells which are injected with the 

compounds of concern to determine the percent nickel that remains in the cell, 

potentially causing damage including DNA lesions. The use of cell lines can be 

advantageous as they are the only method that utilizes human tissue when evaluating 

the toxicity of a compound. Cell lines are complicated to work with, as the growing 

conditions (including pH, proximity of cells to one another, temperature) can drastically 

affect the results. Previous work with cell lines  has indicated that the bioaccessibility 

of water-soluble nickel compounds such as nickel chloride is significantly higher than 

that of insoluble compounds such as nickel oxide. However, once in the cell, a higher 

percentage of the nickel oxide reaches the nucleus. (Schwerdtle & Hartwig, 2006). 
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1.5.3 Sequential Extraction 

 

 Sequential extractions are used by many fields in earth sciences to determine the 

partitioning of elements into phases which react differently to varying solvents. The 

extractions can provide information regarding the bioaccessibility, mobilization, 

transport and origin of elements in various mediums including soils (Tessier et al., 

1979). Though a simulated lung fluid will identify the fraction of nickel that causes an 

almost immediate reaction in the lungs, it is important to characterize the nickel 

minerals that have the potential to accumulate in the lungs over time or cause cancer. 

Relatively insoluble compounds such as nickel sub-sulfide have been identified as toxic 

to humans when inhaled, and are actually considered by some to be more toxic than the 

soluble nickel salts in terms of long-term effects (Kasprzak et al., 2003). These 

compounds may not be soluble in the Gamble’s Solution, but should be analyzed to 

further characterize the risk associated with inhalation of fine soil particles. The 

sequential extraction will isolate the water-soluble and insoluble fractions, and results 

can be compared to those obtained using the simulated lung fluid to determine the 

phases that are soluble in the lungs. The stages below list the compounds associated 

with each phase in the selective Tessier extraction and their potential toxicological risk 

to humans (Tessier et al., 1979). 

 

Water-soluble: De-ionized water is used to identify the water-soluble fraction, which 

is expected to include nickel salts, mainly nickel sulfate and nickel chloride. These 

compounds will be dissolved by the Gamble’s Solution since they have been 
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determined to be soluble in the lungs (Kasprzak et al., 2003). Determining the exact 

concentration of nickel bound in this phase is important, as these are the compounds 

known to be associated with occupational asthma and are considered carcinogenic 

(Haber et al., 2000). Water-soluble nickel compounds are regulated individually by the 

Occupational Health and Safety Act of Australia (NOHSC, 1995). 

 

Exchangeable: Using 1M MgCl2 (pH = 7) (Ma & Rao, 1997, Fujikawa et al., 2000) 

This includes nickel bound weakly to clays, oxides and humic acids that are mobilized 

by changes in water content. The exchangeable nickel fraction will likely also be 

dissolved by the Gamble’s Solution, though these compounds are not considered 

‘soluble nickel’ under the Occupational Health and Safety Act (NOHSC, 1995). 

Despite less strict regulations, these can present as much of a danger as the water-

soluble compounds, as they are both likely soluble in the saline lung fluids. 

 

Carbonate-bound: Using 1M NaOAc (pH = 5, adjusted using HOAc) (Ma & Rao, 

1997, Fujikawa et al., 2000). Nickel carbonate is necessary to isolate, as it is a known 

carcinogen and could potentially be found at elevated concentrations in soils with a 

basic pH, including the soils of Kalgoorlie which host high concentrations of carbonate 

minerals (Lintern, 2004). Nickel carbonates can also be relatively unstable in surface 

soils due to leaching from acid rain, causing nickel to mobilize and potentially bind to 

form more bioaccessible compounds (M’Bemba-Meka et al., 2006). 
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Fe-Mn oxide-bound:  Using 0.04M NH2OH.HCl in 25% (v/v) HOAc at 96
o
C (Ma & 

Rao, 1997, Fujikawa et al., 2000). This includes nickel bound to iron and manganese 

oxides. The Fe-Mn oxide-bound fraction is considered environmentally available, and 

can therefore be mobilized under certain conditions including changes in pH and redox 

conditions (Ekosse et al., 2004). Though these compounds are expected to be insoluble 

in the salt solutions, they have the potential to accumulate in the nuclei of the lung cells 

and cause long-term damage (Kasprzak et al., 2003). 

 

Organic and sulfide-bound: Using HNO3 and H2O2 at 96
o
 (USEPA, 1996). The 

fraction bound in sulfides and organic matter is expected to be insoluble in the 

Gamble’s Solution and behaves in a similar fashion to the residual fraction, acting as a 

carcinogen at high concentrations. Nickel sulfides are generally considered to be more 

toxic than other insoluble compounds due to their potential to oxidize and become 

soluble and their reactivity with the epithelial cell fluid. Nickel sub-sulfide is 

considered one of the most toxic forms of nickel and is included in this fraction, though 

the dissolution will not distinguish it from other nickel sulfides (Oller et al., 1997). 

 

Residual: Using HNO3 and HF at 160
o
C (USEPA, 1996, Ma & Rao, 1997). The 

residual fraction includes nickel bound in oxides and silicates, primarily olivine and 

included in the clay minerals lattice. These minerals are not considered environmentally 

available due to their low solubility and stability at surface. However, they can become 

a concern if nickel concentrations are high, as the nickel can accumulate in the lung cell 

nucleii and eventually lead to respiratory diseases including cancer (Kasprzak et al., 
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2003). Nickel bound in silicate minerals is likely present in both the natural soils and 

the slag particles surrounding the smelter, as they may be present as inclusions in 

olivine and bound inside the glass slag. Nickel oxides are found at high concentrations 

in soils surrounding smelters, as they are one of the primary components in slag. These 

compounds are known carcinogens and can cause long-term respiratory diseases 

(Denkhaus & Salnikow, 2002). 

 

The toxicological properties of nickel compounds are highly dependent on 

mineralogy, and by isolating the individual minerals, the compounds can be sorted in 

terms of reactivity with the lungs and potential effects caused by exposure. The 

presence alone of many compounds including nickel sub-sulfide and nickel sulfate 

could present a concern for the surrounding community, and high concentrations of 

nickel in most of the compounds increases the risk of respiratory diseases caused by the 

inhalation of this dust. Combining the Gamble’s Solution with the selective extraction 

will fully describe where nickel is bound in the dusts and allow for a complete analysis 

of risk associated with its inhalation.  

 

Organization of Thesis 

 

 Chapters 2 and 3 contain two manuscripts based on results obtained in this 

study.  Though there is some overlap in the data contained in each paper, they are 

intended for different audiences and outline different conclusions reached during the 

study. Chapter 2 is intended for an audience in the health sciences and will be 
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submitted to Environmental Health Perspectives for publication. The manuscript is a 

study regarding use of simulated lung fluids for assessing respiratory nickel 

bioaccessibility. The paper includes information on the subject of the behaviour of 

nickel in simulated lung fluid, and the significance of the results obtained using the 

method. There are very few published papers on the use of simulated lung fluid, and 

understanding the behaviour of different elements is critical to the validation of the 

method. Chapter 3 is intended for an audience with a background in mineralogy or soil 

science and will be submitted to Science of the Total Environment. It is a study 

evaluating the reason for changes in respiratory nickel bioaccessibility in Kalgoorlie, 

specifically assessing the influence of the nearby smelter. 
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CHAPTER 2 - EVALUATING THE RESPIRATORY 

BIOACCESSIBILITY OF NICKEL IN SOIL IN THE CITY 

OF KALGOORLIE, WESTERN AUSTRALIA THROUGH 

THE USE OF A SIMULATED LUNG FLUID 

 

2.1 INTRODUCTION 

 

The city of Kalgoorlie is located in Western Australia, approximately 600 km 

east-northeast of the capital city of Perth. Together with its bordering town Boulder, 

Kalgoorlie has a population of approximately 30,000 people making it the fifth-largest 

urban center in Western Australia and the largest city in the Goldfields of Australia, a 

mining region hosting gold and various other metal deposits. The soils in Kalgoorlie are 

extremely fine-grained and easily made airborne due to persistently high winds. Dust 

storms often occur, exposing the 33,000 residents to high concentrations of airborne 

particles, potentially affecting the respiratory health of the community. Due to concerns 

regarding high asthma rates in the state of Western Australia, various studies are being 

conducted in the region to determine the association of environmental factors with the 

risk of contracting respiratory diseases including asthma, bronchitis and lung cancer. 

Mining cities in the state, such as Kalgoorlie, are considered “asthma hot spots”, 

prompting further investigation into individual potentially toxic elements (Lee et al., 

2006). However, asthma is not the only respiratory disease of concern. Citizens of 
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Kalgoorlie have higher than the state’s average incidences of bronchitis (Holman et al., 

1987) and respiratory cancer rates in the region are also statistically higher than the 

state average (HDC, 2004). 

 

 As a result of the presence of mine-grade metallic ore bodies, the surface soils 

in Kalgoorlie have elevated concentrations of various metals which are potentially 

harmful to the lungs. These include iron, uranium and platinum group elements, but, the 

primary of particular concern in the region is nickel, an allergen and carcinogen when 

inhaled. The city itself does not have a major nickel mines, but it is surrounded by 

nickel mining communities in the north, south and west, and the region’s primary 

nickel smelter; the Kalgoorlie Nickel Smelter, is located 10km south of the city center. 

Though smelter emissions are controlled, rail transport of nickel-bearing ore, matte and 

slag presents a major potential source of airborne nickel. 

 

To determine the risk associated with inhalation of nickel-bearing particles, all 

potential pathways through the lungs must be taken into consideration. A study 

conducted by Lehert in 1993 found that there are three mechanisms affecting solid 

particles inhaled into the lungs. The first is trapping of the particle in the trachea or 

bronchi, the second is the reaction of particles in the alveolar system and the third can 

occur at any point in the lungs where phagocytes expel foreign compounds. In the first 

mechanism, the respiratory system will remove most of the solids using cilia in the 

mucous lining. This stage is not likely a cause of respiratory diseases due to insoluble 

particles accumulation, but has the potential to release a small percentage of the soluble 
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component into epithelial cells (Kasprzak, 2003, Oller et al., 1997). If particles manage 

to pass the tracheobronchial system into the alveolar system, the remaining soluble 

compounds will likely dissolve into extracellular fluids, while the insoluble compounds 

will begin to accumulate as particles in the lungs (Oller et al., 1997). At any point in the 

process, lung phagocytes can recognize particles as foreign and will engulf them and 

attempt to rid them from the lungs with mucous. 

 

Whereas Nickel toxicity is highly dependant on the solubility of the Ni 

compound in interstitial lung fluid, environmental guidelines commonly regulate nickel 

according to whether it is soluble or insoluble in water. For instance, the Australian 

Exposure Standards for Atmospheric Contaminants in the Occupational Environment 

lists a maximum time-weighted average over 8 hours of 0.1mg/m
3
 “nickel, soluble 

compounds” for compounds soluble in water and 1mg/m
3
 “nickel metal and nickel 

sulphide roasting”, which are insoluble compounds (NOHSC, 1995). In a 1997 study, 

Oller et al. demonstrated the pathways taken by the two groups, using nickel oxide and 

subsulfide as examples of common insoluble compounds and nickel sulfate as a 

common soluble compound. They determined that the compounds most likely to 

develop tumors in cells are those that are insoluble in the interstitial lung fluid 

(simplified to water in this case) and soluble in the acidic cell fluid. This allows the 

nickel compounds to be taken up by the cells via phagocytosis and released as nickel 

ions once inside the cell, where they can interact with the cell DNA. Soluble 

compounds, on the other hand, are immediately dissociated to nickel ions and cleared 

from the lungs more rapidly. However, high concentrations of soluble compounds 
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around epithelial cells can cause an overload and trigger the same reaction (Lehert, 

1993, Galle et al., 1992). Though the soluble nickel compounds are relatively non-toxic 

at low concentrations, once dissolved, re-precipitation in the lungs can cause adverse 

effects. In this case, alveolar macrophages can undergo a particle overload, causing 

them to precipitate the metal with phosphates in the lungs and eventually lead to a 

hypersensitivity or allergic reaction. This process is irreversible and can permanently 

diminish lung function (Lehert, 1990). Allergic reactions are one of the primary causes 

of asthma, and occur when high concentrations of an allergen are inhaled, causing an 

inflammatory reaction within the lungs (Ligeiro de Oliveira et al., 2004). Compounds 

both soluble and insoluble in lung fluids can cause inflammation, however the reaction 

has been observed to be faster for soluble compounds (Benson et al., 1986).  

 

Simulated Lung Fluids 

 

A simulated lung fluid is a solution that mimics the surfactant fluids released by 

Type II alveolar cells. The fluid fills the space between alveolar cells and acts to reduce 

the surface tension of the water in the lungs, facilitating gas exchange (Daniels & 

Orgeig, 2003). The solution was first developed in 1942 as an in vitro method for 

determining compound toxicity in the lungs and has been validated for radioactive 

compounds using in vivo tests (Damon et al., 1984). The solution composition has been 

compared to the fluid in human lungs and found to be identical in terms of major 

components (Davies & Feddah, 2003). Though the use of simulated lung fluids is 

uncommon, the solution has been used to evaluate the bioaccessibility of industrial and 
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artificial compounds including cadmium (Koshi, 1979), silica (Scholze & Conradt, 

1987) and aerosol inhaler products (Davies & Feddah, 2003). Soils and dusts have also 

been evaluated, namely radioactive uranium particles (Garger et al., 2003), and a recent 

publication involves lead contamination in soils (Wragg & Klinck, 2007). The original 

Gamble’s Solution was a mixture of water and inorganic salts including chlorides, 

carbonates and phosphates, but most researchers modify the solution to include proteins 

and other organic components, as these are present in alveolar fluids. However, 

addition of proteins can affect results and reproducibility due to putrefaction in the lab 

(Takaya et al., 2006). The mixture utilized by Takaya et al. was chosen, as it contains 

the inorganic compounds from the original Gamble’s Solution, combined with some 

organic acids to mimic the organic compounds present in lung fluids, but no proteins to 

prevent putrefaction. Lung residence times for particles must be taken into account 

when conducting dissolutions with simulated lung fluids. Wragg and Klinck found that 

tests performed for a minimum of 100 hours provide a reasonable and conservative 

estimate of metal bioaccessibility in the lungs (Wragg & Klinck, 2007). 

 

2.2 METHODOLOGY 

2.2.1 Sample Locations 

 

 Soil samples were collected from four locations throughout Kalgoorlie to 

compare exposure levels outside the city to sites with urban and industrial influences. 

Three sites outside the city were sampled to estimate a background soil level for nickel. 

Sites around, and primarily downwind (east-northeast) of the smelter (but still outside 
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the city) were sampled in three locations to determine the effect of the smelter on 

surrounding soils. Sites within the city were chosen in four undeveloped land plots near 

residential parks or suburban areas where citizens of Kalgoorlie are exposed to the 

dusts on a regular basis. Samples were also collected from two of the nearby “playas” 

or evaporated lakes to compare the bioaccessibility of the dusts in these deposits with 

that of the soils. All samples were taken from areas accessible to the public and, with 

the exception of the playas, within the same overlying geologic formation.  

 

2.2.2 Sample Collection and Preparation 

 

Soil samples were collected using a plastic trowel to prevent metal 

contamination. Samples consist of 2-3kg of the top 5cm of soil, as this is the portion 

most likely to become airborne. Three samples were collected at each location to 

determine site-scale variability. Soils samples were dried overnight in the laboratory, 

and then sieved using graduated sieves down to 63um to determine soil size 

fractionation. Composites were made for each sample site by mixing equal weights of 

each sub-sample to increase sample size for collection of the respirable fraction. The 

<63um fraction of each composite sample was kneaded through a 10um vinyl mesh 

sieve by hand for 2 to 3 hours until 1g of the respirable fraction of each sample was 

isolated.  
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2.2.3 Sequential Extraction 

 

  Sequential extractions involve the use of various leaches with different 

pHs and compositions to solubilize elements bound within different phases in a 

medium. The method is often used to determine the mobility, origin, bioaccessibility 

and transport of elements and compounds by separating them according to behaviour 

under varying environmental conditions. The first two steps of the Tessier Sequential 

Extraction method was used to isolate the weight percent nickel present in the water-

soluble and exchangeable phases in the soil (Tessier et al., 1979). Each sample was 

weighed to 0.5g in 15mL plastic centrifuge tubes and labeled with the sample number. 

Samples were centrifuged for 20 minutes at 5000rpm to ensure no loss of sample before 

collection of the solution. 

Step 1 – Water-Soluble Fraction: Each sample was mixed with 7.5mL de-ionized 

water and shaken for 2 hours at room temperature. 

Step 2 – Exchangeable Fraction: Samples were mixed with 4mL 1M MgCl2 (pH=7) 

for 1 hour at room temperature. 

 

2.2.4 Simulated Lung Fluid 

 Samples were weighed in plastic centrifuge tubes, with 0.25g of the <10um 

fraction of the composite sample per tube. Each sample was mixed with 10mL of the 

simulated lung fluid (see Table 2-1) and placed in the hot water bath at a temperature of 

37
o
C with occasional agitation. Takaya et al. noted the pH of the solution tends to 
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gradually rise above 7.4 in their experiments; however, no pH buffering was necessary 

in this case as the pH remained stable between 7.1 and 7.4 throughout the experiment. 

After 1 hour in the water bath, samples were centrifuged for 20 minutes at 5000rpm and 

the 10mL of solution was poured into separate centrifuge tubes for analysis. Samples 

were resuspended using 10mL of fresh Gamble’s solution and the process was repeated 

with sampling after one day and then once again with sampling after 7 days. 

 

Table 2-1  - Simulated Lung Fluid Composition 

 

Component Concentration (g/L) 

MgCl2
.
6H20 0.212 

NaCl 6.415 

CaCl2
.
2H2O 0.255 

Na2SO4 0.079 

Na2HPO4 0.148 

NaHCO3 2.703 

Sodium tartrate 0.199 

Trisodium citrate dihydrate 0.180 

Sodium lactate 0.175 

Sodium pyruvate 0.172 

Glycine 0.118 

modified from Takaya et al., 2006 

2.2.5 Quality Control and Assurance 
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 Samples were analyzed using a Perkin Elmer Elan 6000 ICP-MS  for a suite of 

10 elements including nickel. Detection limits for methods were calculated by 

multiplying the standard deviation of the blank results by three in cases where more 

than one blank was used for an extraction method. A blank and one duplicate were 

included for each step in the sequential extraction and one blank was included for every 

10 samples with the simulated lung fluid. Duplicates were made for each sample for the 

simulated lung fluid results, and standard error is less than 15% of the average. In the 

case of the simulated lung fluid, the method detection limit is 0.093 ppm Ni, which is 

well below the lowest values in each extraction. 

 

2.3 RESULTS 

 

Totals for nickel weight percent calculated using the results from the sequential 

extraction indicate that the soils surrounding the smelter contain significantly higher 

nickel concentrations than the other three locations in Kalgoorlie. This is also evident in 

the total nickel dissolved in the simulated lung fluid, where dissolved nickel 

concentrations averaged 10 times higher in smelter samples than those collected at all 

other locations. Figure 2-1 depicts the total nickel dissolved by the simulated lung fluid 

in each location collected at each time interval. There is no discernable association 

between time and total dissolved nickel. Out of the total 24 samples, 14 show a 

decrease in dissolved nickel over time and 10 show an increase, and the variation from 

the mean of the total sample ranges from 4-60%. 
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Figure 2-16  - Total nickel dissolved by the simulated lung fluid over time 

Each bar represents the total nickel dissolved by a fresh batch of simulated lung fluid 

over the period of time listed in the legend. Duplicates are shown for each sample 

number as sample a and b. 

 

Bioaccessibility, for the purpose of this study, is defined as the quantity of 

nickel that dissolves in the simulated lung fluid. The bioaccessibility percent was 

calculated by dividing the quantity that dissolved in the simulated lung fluid by the total 

calculated using the sequential extraction method. The smelter has the highest 

bioaccessibility percent on average, with values up to 6.8% bioaccessible nickel, while 

the city and background results are significantly lower, ranging from 1.4-3% 

bioaccessible nickel in the <10 um fraction. In Figure 2-2, the bioaccessibility 

percentages for each sample are compared to the percent of total nickel that is bound in 

the water-soluble and exchangeable fraction, calculated by dividing the total nickel 
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extracted in the first two Tessier leaches by the total nickel measured using the 

sequential extraction. A correlation is observed between the two, though the values for 

bioaccessibility percent are significantly higher than the percent nickel bound in the 

exchangeable and water soluble phases. 

 

 

Figure 2-27  - Nickel bioaccessibility percentage compared to the percent nickel 

bound in the water-soluble and exchangeable fractions for each location 

 

Many studies have used both water and salt solutions to represent interstitial 

lung fluid, including most of the studies involving respiratory nickel toxicology (Oller 

et al., 1997). The first two leaches of the sequential extraction include both a water and 

salt solution step. Results for the simulated lung fluid at 1 hour and 1 week are plotted 

with results from the first two leaches at a total of 3 hours in Figure 2-3. In each case, 

the simulated lung fluid dissolves more nickel after one hour than the weakest leaches 

dissolve after 3 hours. 
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Figure 2-38  - Comparison of simulated lung fluid leach to the two weakest 

leaches in the sequential extraction 

 

2.4 DISCUSSION 

 

 The reactivity of nickel compounds in simulated lung fluid differs from that of 

many of the other compounds which have been studied in lung fluids. In a similar 

study performed using lead in mine tailings, the dissolution of lead in simulated lung 

fluid peaked after less than 100 hours for each sample (Wragg & Klinck, 2007). This 

is not the case for nickel, where nickel continued to dissolve after one week of 

sampling. The decrease in dissolved lead was attributed to the formation of insoluble 

lead phosphates due to the presence of sodium phosphate in the simulated lung fluid 
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(Wragg & Klinck, 2007). The precipitation of phosphates has been found to decrease 

the solubility of other compounds including uranium and aluminum. However, in a 

study investigating the stabilization of contaminated sediments with hydroxyapatite, 

the degree to which nickel reacts with phosphates has been observed to be slower 

than with aluminum, uranium and lead (Seaman et al., 2001), potentially allowing 

more nickel to dissolve over time.  

 

 Comparing the simulated lung fluid to the two weakest leaches in the Tessier 

extraction is an important step when evaluating the respiratory bioaccessibility of an 

element. Current occupational regulations for nickel compound exposure in the 

workplace have set limits for water-soluble nickel compounds (NOHSC, 1995), but 

not included many of the other compounds that are soluble in lung fluids and will 

react the same way once dissolved into nickel ions in the lungs. Various toxicological 

studies, including many of the laboratory tests for nickel toxicology (Oller et al., 

1997), have attempted to simulate interstitial lung fluids using only water or a salt 

solution containing no amino acids, but as is evidenced in Figure 2, the addition of 

amino acids to the solution increases the solubility of nickel compounds in this study 

even during a shorter leaching period. By omitting amino acids in a simulated lung 

fluid, bioaccessibility results could potentially be underestimates of true respiratory 

bioaccessibility. Amino acids are a vital component in lung fluid, and the compounds 

added to the modified Gamble’s solution are present at the same concentration in 

human lungs (Davies & Feddah, 2003). These organic compounds play a major role 

in the dissolution of nickel compounds by acting as weak chelating agents, dissolving 
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otherwise insoluble compounds by incorporating them into the amino acid structure. 

The reaction has been noted in previous studies, primarily looking into nickel 

chelation by citrate compounds, where nickel is readily incorporated into the citrate 

structure (Baker et al., 1983). However, pyruvate and lactate are also weak chelating 

agents and could be dissolving water-insoluble nickel compounds (Bernaudat & 

Bulow, 2005; Leussing, 1964). 

 

  Though the sequential extraction does not provide a representative value for 

percent nickel bioaccessibility in lung fluid, it is a useful tool when compared to the 

simulated lung fluid analysis. The method provides a value for total water-soluble 

nickel compounds, which are currently regulated for the workplace under the 

Australian National Exposure Standards for Atmospheric Contaminants in the 

Occupational Environment (NOHSC, 1995). 

 

 The accuracy of results of the simulated lung fluid analysis is difficult to 

determine due to the lack of a validated method. The concentration of nickel 

dissolved in the solution is extremely low, with many values near 1 ug Ni per liter of 

solution, which is only three times the average nickel measured in the blanks. With 

values so close to method detection limits, accuracy is low. However, standard error 

results for duplicates of less than 15% of the mean indicate the method is precise, and 

comparison between samples can be useful when evaluating the sources of 

contaminants causing variations in respiratory bioaccessibility. 
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2.5 CONCLUSION 

 

 Simulated lung fluids are a useful tool for characterizing the toxicology of 

nickel in airborne and soil particles. Current guidelines regulate nickel compounds in 

terms of solubility in water, as these particles will dissociate in the lungs, though this 

may be underestimating the bioaccessible percentage of nickel in a sample. Simulated 

lung fluids provide a more representative model of the actual lung composition and 

can dissolve more of the compounds that are bound in the water-soluble and 

exchangeable fraction of a sample. However, a validated method must be established 

to act as a standard to compare sites and perform risk assessments. 
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CHAPTER 3 - THE INFLUENCE OF SMELTER 

ACTIVITY ON NON-OCCUPATIONAL RESPIRATORY 

EXPOSURE TO NICKEL COMPOUNDS IN SOILS IN 

KALGOORLIE, WESTERN AUSTRALIA 

 

3.1 INTRODUCTION 

 

The city of Kalgoorlie in Western Australia is host to various mining activities 

including Australia’s largest open pit gold mine and the Kalgoorlie Nickel Smelter. 

Due to the region’s low precipitation and the extremely fine-grained surface soils, 

concerns have arisen regarding dust control in the city. Kalgoorlie is considered an 

asthma hotspot in the state of Western Australia and records indicate that other 

respiratory diseases including cancer are anomalously high in the city (HDC, 2004). 

This has been attributed to the intense mining that has been going on in the city for 

the past 100 years (Lee et al., 2006). The soils are enriched in many potentially toxic 

metals which could be contributing to the problem; however one particular element of 

concern is nickel, a respiratory allergen and carcinogen when bound in certain 

mineralogical phases. Nickel is naturally abundant in the soils surrounding Kalgoorlie 

which are derived from mafic and ultramafic rocks, but is also being released due to 

high mining and mineral processing activity in the region, including the presence of 

the Kalgoorlie Nickel Smelter, located 10 km south and upwind of the city (Figure 2).  
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The ore processed at the smelter is shipped from many of the surrounding 

nickel deposits including Kambalda (south of Kalgoorlie), Black Swan and Mt Keith 

(both north of Kalgoorlie). Emissions from the stack are monitored and regulated by 

the Australian government (DoE, 1999), however the storage and transportation of 

slag, matte and ore are a potential source of nickel contamination in the environment. 

The slag has been found to contain from 0.45 – 0.6% nickel, primarily contained in 

oxides and sulphides, though a small amount occurs in the olivine crystals (Tan & 

Neuschutz, 2001). Small sulphide grains, primarily pentlandite and heazlewoodite 

(Ni3S2), inclusions have been noted and attributed to mechanical entrainment from the 

matte (Segnit, 1976). 

 

Bedrock in the Kalgoorlie area is overlain by a thick layer of saprolite and soil 

consisting of greater than 40m of transported cover. The composition of the 

underlying bedrock affects the mineralogy of the regolith in Kalgoorlie, however the 

influence of aeolian transport is also quite significant at the surface, creating a 

relatively homogenous fine-grained soil composition in the region (Harper & Gilkes, 

2004). Typical surface soil minerals consist primarily of quartz, kaolinite, hematite, 

goethite and carbonate minerals, elevating the soil pH above the 9 in some areas. 

Minor minerals include sulfides associated with both nearby gold and nickel deposits, 

other iron and magnesium oxides, magnetite, talc, muscovite and silicates. In many 

areas, cementation occurs at surface, consisting of both carbonate minerals and 

aluminosillicates with minor goethite (Anand & Paine, 2002; Lintern, 2001). The city 
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of Kalgoorlie is surrounded on many sides by playas, or evaporated lakes, of various 

sizes. Though the lake beds usually have a similar mineralogical composition to the 

surrounding soils in the area, evaporation of the briny waters causes the precipitation 

of water-soluble minerals such as halite (Clarke, 1994).  

 

Laboratory tests can be used to characterize the risk associated with the 

inhalation of soils in terms of nickel concentration and toxicity. Previous laboratory 

and field-based studies have shown a linear relationship between contraction of 

respiratory diseases and total airborne nickel concentration (Seilkop & Oller, 2003). 

However, certain nickel compounds have been identified as more toxic than others, 

and the reaction is highly dependant on mineralogy (Grimsrud et al., 2002). 

Respiratory diseases caused by metal-bearing particles can occur due to various 

processes in the lungs, and these can be divided into short-term allergic reactions, 

reactions within the lung cell nuclei, and re-precipitation and accumulation of a 

compound causing an eventual hypersensitivity. Allergic reactions are one of the 

primary causes of asthma, and occur when high concentrations of an allergen are 

inhaled, causing an inflammatory reaction within the lungs (Ligeiro de Oliveira et al., 

2004). Compounds both soluble and insoluble in lung fluids can cause inflammation, 

however the reaction has been observed to be faster and require lower concentrations 

of nickel for compounds that are soluble in interstitial lung fluids, as they are 

immediately dissociated in the lungs (Benson et al., 1986). Reactions within epithelial 

cells are a second cause of respiratory diseases, occurring when nickel manages to 

pass through the cell into the nucleus, causing genetic mutations. This is the model 
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proposed for nickel carcinogenesis in the respiratory system, and tends to occur 

primarily with insoluble metal compounds including nickel sub-sulfide (a common 

smelter byproduct) and nickel oxide. The insoluble minerals are readily taken up as 

particles by the epithelial cells via phagocytosis. However, the slightly acidic pH of 

the cellular fluid causes dissolution of many of the compounds, which are eventually 

transported to the nucleus. This is less common with soluble compounds, as the 

dissolved ions are less likely to be taken up by epithelial cells (Oller et al., 1997). Due 

to the difference in reactivity, Australian occupational health and safety guidelines 

regulate airborne nickel compound levels accordingly in two categories: soluble and 

insoluble in water (NOHSC, 1995).  

 

 The influence of particle size on respiratory toxicity of particles is significant. 

Though particles of all sizes can be inhaled, the body rejects large particles almost 

immediately by coughing. There is also a lower tendency for larger particles to 

become airborne/resuspended due to gravity. A study conducted by Bright et al. in 

2006 determined that particles smaller than 10um are not only more likely to remain 

airborne for longer periods of time than the >10um fraction, but this is also 

considered the tracheobronchial fraction, or the fraction that is most likely to enter the 

trachea. Particles smaller than 3um are considered the alveolar fraction, or the 

fraction most likely to reach the alveoli (Bright et al., 2006). The influence of size is 

taken into consideration by the Occupational Health and Safety Act of Australia, and 

workplace monitoring for metal-bearing particles looks primarily at the <10um (or 

PM10) fraction (NOHSC,1995). 
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3.2 METHODOLOGY 

3.2.1 Sample Collection and Preparation 

 

 In order to determine the effects of the smelter on the city of 

Kalgoorlie, three general sample locations were chosen: the smelter, the city and 

geogenic. However, additional samples were taken at two playas (evaporated lakes).  

All sample sites were chosen based on the following criteria: 

- Natural soils (no fill, undisturbed, undeveloped) 

- Overlying same geologic formation, except in the case of playas 

- At least 20m from road in the case of non-city soils 

- Accessibility to public 

 

Sites around, and primarily downwind (east-northeast) of the smelter but 

outside the city were sampled to determine the direct effect of the smelter on 

surrounding soils (Figure 3-1). Sites in the city were chosen from undeveloped parks 

near residential parks or suburban areas where citizens of Kalgoorlie are exposed to 

the dusts on a regular basis and smelter influence is unknown. Background samples 

were taken up to 10km west of the city of Kalgoorlie because this is upwind of the 

smelter and also considered to be outside the influence of the city of Kalgoorlie. 

Samples were also collected from two of the nearby “playas” or evaporated lakes to 

compare the bioaccessibility of the dusts in these deposits with that of the soils. 

Sample locations are shown over a satellite photo of Kalgoorlie in Figure 3-1. 
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Figure 3-19  - Sample location map in Kalgoorlie, Western Australia 

 

Samples were collected from the top 5cm of soil, as this is the portion likely to 

become airborne or have come from an airborne source. Plastic trowels (to prevent 

metal contamination) were used to collect large soil samples (2-3kg). Bulk soil pH 

was measured in the lab for each sample by stirring 20g of soil in 100mL de-ionized 

water until a stable pH was reached. Soils were sieved to determine size fractionation 

percents through a set of graduated sieves. To isolate the respirable fraction (less than 

10um), soils were sieved through 10um vinyl mesh in a plastic sieve shaker. Sieving 

was done by kneading 200g of the <63um fraction of each sample for 2 to 3 hours to 

obtain 1g of sample for analysis.  
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3.2.2 Sequential Extraction 

  The Tessier Sequential Extraction method was used to isolate the 

weight percent nickel present in various phases in the soil (Tessier et al., 1979). The 

less than 10um fraction of each sample was weighed to 0.5g in 15mL plastic 

centrifuge tubes and labeled with the sample number. Samples were centrifuged for 

20 minutes at 5000rpm to ensure no loss of sample before collection of the solution. 

Step 1 – Water-Soluble Fraction: Each sample was mixed with 7.5mL de-ionized 

water and shaken for 2 hours at room temperature. 

Step 2 – Exchangeable Fraction: Samples were mixed with 4mL 1M MgCl2 (pH=7) 

for 1 hour at room temperature. 

Step 3 – Carbonate-bound: A solution containing 1M NaOAc was brought to a pH 

of 5 with HOAc. Samples were shaken for 5 hours at room temperature with 4mL of 

the acid solution.  

Step 4 – Reducible Fraction: A 0.04M NH2OH
.
HCl in 25%HOAc solution was 

prepared and 10mL of the solution was added to the samples. Samples were set in a 

water bath at 96
o
 with occasional agitation for 6 hours. 

Step 5 – Oxidizable Fraction: The step follows EPA Standard 3050b for Acid 

Digestion of Sediments, Sludges and Soils. Samples were refluxed in concentrated 

HNO3 for 2 hours, after which H2O2 was added and the solution was brought to 

50mL. 

Step 6 – Residual Fraction: Samples were dissolved in a heated mixture of HF and 

HClO4.  The samples were taken to near dryness and then redissolved in 5% HCl and 

made up to 20 ml in a volumetric flask. 
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3.2.3 Simulated Lung Fluid 

  

Each 0.25g sample was mixed with 10mL of the simulated lung fluid (see 

Table 3-1) in a plastic centrifuge tube and placed in the hot water bath at a 

temperature of 37
o
C. No pH buffering was necessary in this case as the pH remained 

stable between 7.1 and 7.4 throughout the experiment. At each sampling time interval 

(1 hour, 1 day, 1 week) samples were centrifuged for 20 minutes at 5000rpm and the 

10mL of solution was collected for analysis. Fresh simulated lung fluid is added to 

the sample after each collection interval. 

 

Table 3-12 - Simulated Lung Fluid Composition 

 

Component Concentration (g/L) 

MgCl2
.
6H20 0.212 

NaCl 6.415 

CaCl2
.
2H2O 0.255 

Na2SO4 0.079 

Na2HPO4 0.148 

NaHCO3 2.703 

Sodium tartrate 0.199 

Trisodium citrate dihydrate 0.180 

Sodium lactate 0.175 

Sodium pyruvate 0.172 

Glycine 0.118 

modified from Takaya et al., 2006 
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3.2.4 Mineralogy 

 

Bulk soil mineralogy was described using both microscopy and powder x-ray 

diffraction techniques. Powder x-ray diffraction was done on the <63 um fraction of 

soil. Thin sections of samples were analyzed using an ARL-SEMQ Electron 

Microprobe to obtain electron backscatter images and trace element analyses on 

individual grains. 

 

3.2.5 Quality Control and Assurance 

 

 Samples were analyzed for nickel weight percent using a Perkin Elmer Elan 

6000 ICP-MS in the Department of Soil Science at the University of Western 

Australia. One blank was included with each step of the sequential extraction and 

with each 10 samples of the simulated lung fluid analyzed to determine standard 

error. Method detection limits were calculated for the simulated lung fluid by 

multiplying the standard deviation of the blanks by three. The method detection limit 

in this case is 0.093 ppm nickel, well below the lowest value extracted. Duplicates 

were made for each sample analyzed using the simulated lung fluid, and standard 

error is less than 15% of the average. 
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3.3 RESULTS 

 

The bulk soil mineralogy is similar at all sites sampled, consisting primarily of 

quartz with minor carbonates, magnetite, goethite and clays. Soil is red due to the 

coating of quartz grains with rims of clays and iron oxides. Small slag particles are 

evident at all sites, but are more common at sites surrounding the smelter. The slag 

particles in the fine particles resemble those in hand sample; they are primarily 

spherical, homogeneous and opaque in thin section, consisting of glass and oxides. 

The bulk soil pH was measured in water, and ranged from 8 – 9.65, with no 

correlation to nickel concentration or site location. 

 

Total nickel concentrations measured at each site are shown in Figure 3-2. 

Totals include the first 5 steps of the sequential extraction, including the step leaching 

the oxidizable fraction, but not the final residual step. Australia’s soil quality 

guidelines measure total nickel using EPA Standard Method 3050b, the same leach as 

the oxidizable step in the Tessier extraction. The guideline for health-based 

investigation of soil for nickel is 600ppm in soil, and most of the samples are well 

below this value (NEPC, 1999). However, half of the smelter samples contained over 

600ppm nickel, which is above guidelines. City and background samples both host 

between 50 and 200ppm nickel in soil. 
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Figure 3-210  - Total nickel present at each site location 

Totals include results from sequential extraction up to and including oxidizable 

fraction, but not final residual step. 

 

Mineralogical analyses using the electron microprobe identified various 

nickel-bearing phases including nickel bound to iron oxides and silicate minerals. 

Samples taken from near the smelter contain spherical iron-silicate glass grains 

(Figure 3-3), which have been associated with the slag in previous studies (Segnit, 

1976), though these are not evident in samples from the city or background. The 

spheres also host minor aluminum, calcium and nickel. The primary nickel phase at 

all locations is in sulfides, consisting of both nickel sulfides and iron-nickel sulfides 

easily distinguished using electron backscatter imaging by their high average weight 

percent. Figure 3-4 depicts an iron-nickel sulfide from sample 5 at the smelter that is 

within the respirable fraction of the soil. 
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Figure 3-311 - Backscatter image of iron silicate sphere 

 

Figure 3-412 – Backscatter image of a nickel-iron sulfide (center of field) above 

an iron-bearing clay rim around silicate 

 

 Results from the sequential extraction are plotted in Figure 3-5, with percent 

of total nickel dissolved by each leach plotted for each sample. Over 60% of the 

nickel in each sample is bound in the oxidizable fraction which is likely primarily 
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sulfides, consistent with mineralogical observations. There is little variation in the 

total percent nickel bound in the residual fraction, including some of the nickel in the 

slag, nickel bound in clays and nickel hosted by olivine. The ratios of nickel bound in 

each phase remains similar for all sites, however the area surrounding the smelter 

hosts a higher percentage of its nickel in the reducible phases, likely bound in iron 

oxides. 

 

 

Figure 3-513 - Sequential extraction results for each sample shown as percent of 

total nickel fraction bound in each phase  

The fraction of water-soluble and exchangeable nickel is less than 1.5% in all 

cases, and not visible in the chart. The percent bioaccessibility for each sample, or the 

percentage of the total nickel that dissolves in simulated lung fluid, is shown in Figure 
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3-6. The bioaccessibility of nickel in each soil sample ranges from 1-6.8%, with most 

samples ranging from 1-3% bioaccessible nickel. Nickel in the samples collected from 

around the smelter is significantly more bioaccessible than nickel bound in the city, 

background and playa samples. The highest smelter sample (sample 5) is from directly 

next to the railroad where slag, ore and matte are transported to and from the smelter. In 

Figure 3-7, the bioaccessibility percentages for each sample are compared to the 

percent of total nickel that is bound in the water-soluble and exchangeable fraction, 

calculated by dividing the total nickel extracted in the first two Tessier leaches by the 

total nickel measured using the sequential extraction. A correlation is observed between 

the two, though the values for bioaccessibility percent are significantly higher than the 

percent nickel bound in the exchangeable and water soluble phases. 

 

 

Figure 3-614 - Nickel bioaccessibility percentages for each sample 
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Calculated by dividing the amount of nickel dissolved in the simulated lung fluid by the 

total nickel calculated in the sequential extraction including the residual step. 

 

 

Figure 3-715 - Nickel bioaccessibility percentage compared to the percent nickel 

bound in the water-soluble and exchangeable fractions for each location 

3.4 DISCUSSION 

 

 The difference between the smelter site and the city and background samples is 

evident in the soil mineralogy. Though bulk mineralogy appears similar between all 

samples using powder x-ray diffraction, electron microprobe analysis has aided in the 

identification of small concentrations of minerals associated with smelter activity. Iron 

silicate spheres occur only in sample 5, nearest to the smelter. In a 1979 study, Segnit 

observed these spheres in the Kalgoorlie Nickel Smelter slag and identified iron and 

silica as the primary components in the slag released, comprising more than 75% of its 

total composition. The remaining composition of the spheres, comprised of calcium, 



 72 

magnesium and nickel, coincides with the slag composition observed by Tan & 

Neuschutz in 2001. The lack of microscopic-scale slag grains in the city suggests that 

aeolian processes may not be contaminating the city of Kalgoorlie with the metal-rich 

smelter byproducts. 

 

Nickel mineralogy observed in the electron microprobe does not vary 

significantly between the smelter and the city, however, the total concentration of 

nickel is significantly higher at the smelter. The soil surrounding the smelter hosts 

nickel concentrations above 600ppm, guideline levels for Western Australia, while the 

city soils remains consistent with the background at lower than 200ppm. No roaster 

oxides were observed in any of the samples, however significantly higher 

concentrations of nickel sulfides occur near the smelter. The lack of roaster oxides 

suggests that emissions from the smelter are less likely the source of nickel 

contamination in the environment. However, contamination could be occurring due to 

the transportation of slag, matte and ore around the smelter. The presence of slag 

minerals outside of the smelter’s slag piles indicates that aeolian processes are 

transporting nickel around the smelter site, however it appears to be restricted to 

outside the city of Kalgoorlie. 

 

The variation in bioaccessibility percent between the sites appears to be directly 

correlated to the percent nickel bound in the water-soluble and exchangeable fractions 

of the soil. Though the smelter samples host a higher percentage of nickel in these 

phases, the portion remains below 1.6% total nickel (62ppm) and no nickel-bearing 
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minerals in this fraction were observed during the mineralogical analysis. However, 

water-soluble nickel minerals, namely nickel sulfate, are a byproduct of ore crushing, 

grinding and smelting, and have been found to comprise approximately 11% of 

airborne nickel released during these three activities (Grimsrud et al., 2002). The 

presence of a higher proportion of nickel present in the soluble fraction coincides with 

previous work investigating the environmental effects of nickel ore processing and 

smelting, however the effects are only evident in samples taken from the site of the 

smelter. 

 

3.5 CONCLUSION 

 

The influence of the smelter on respiratory nickel bioaccessibility and 

mineralogy in the city of Kalgoorlie is minimal. The soil surrounding the smelter not 

only hosts more nickel, but the nickel is also significantly more bioaccessible in the 

lung. Though smelting and the transportation of smelter byproducts have the potential 

to release bioaccessible nickel compounds, the effect appears to be restricted to within 

at most 8 km of the smelter. 
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CHAPTER 4 - CONCLUSIONS AND FUTURE WORK 

 

 The Kalgoorlie nickel smelter does affect the nickel mineralogy and 

bioaccessibility of the soils surrounding it. Evidence of slag particles and elevated 

nickel concentrations occur within 2 km the smelter (Figure 3-1), but outside of the slag 

storage areas, potentially due to aeolian processes distributing the fine particles near 

slag piles. Respiratory nickel bioaccessibility is also significantly higher in samples 

collected from the smelter site, likely due to the release of water-soluble nickel 

minerals from smelting and ore processing activities, raising the percent nickel bound 

in the water-soluble and exchangeable fractions of the soils. However, the nickel 

contamination occurring near the smelter property does not appear to extend into the 

city of Kalgoorlie. The city soils host a lower percentage of bioaccessible nickel, and a 

lower total nickel percentage in the soil when compared to samples collected near the 

smelter. The soils in the city of Kalgoorlie also remain well within Australian soil 

clean-up guidelines for total nickel content. 

 

 Variation in bioaccessibility percentage throughout sites is directly correlated to 

the proportion of nickel bound in the water-soluble and exchangeable fraction in the 

soil. However, the simulated lung fluid dissolves significantly more nickel than is 

present in these two fractions. The weak chelating agents present in the simulated lung 

fluid, including citrate and pyruvate, have the capacity to dissolve otherwise insoluble 

nickel compounds (Baker et al., 1983). These compounds occur naturally in human 

lungs (Davies & Feddah, 2003), though most toxicological studies for nickel do not 
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take this into account. Current occupational health regulations in Australia divide nickel 

compounds in water-soluble and insoluble compounds; however the simulated lung 

fluid analysis demonstrates that some of the insoluble compounds behave the same as 

the water-soluble fraction. Simulated lung fluids are an effective technique for 

evaluating nickel bioaccessibility, though a method has not yet been validated for 

industrial and governmental use. 

 

Due to the lack of studies employing the use of a simulated lung fluid analysis, 

much further work could be done to work towards validating a technique for the use of 

the method with nickel. To determine the effect of longer periods of retention time for 

nickel in the lungs, the method could be evaluated over a period of weeks or months 

until a discernable change in nickel dissolved is noted. This experiment will determine 

the capabilities of the weak chelating agents after the most soluble compounds have 

been dissolved. Further work could be done evaluating individual laboratory-grade 

nickel compounds using the simulated lung fluid to determine which compounds are 

coming out of solution other than the water-soluble and exchangeable fractions. The 

same could be determined by drying the residual soil after the use of the simulated lung 

fluid and analyzing the remaining minerals. Previous work has been done evaluating 

the precipitates created on minerals using a simulated lung fluid (Wragg and Klinck, 

2007), but no work has been done using nickel. 

 

The data from a simulated lung fluid analysis could be validated by comparing 

it directly to work done using laboratory toxicological experiments such as cell lines. 
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By determining the total nickel that is accessible in the cell, or fluid extracted from real 

lungs, a simulated lung fluid can be improved to represent realistic human lungs and 

how they react with individual contaminants. 

 

To use the simulated lung fluid and sequential extraction techniques, airborne 

sampling could not be done due to the small sample sizes collected. However, by 

knowing the toxicological properties of  nickel compounds, a study could be completed 

on airborne particles throughout the city of Kalgoorlie using a cascade impactor to 

separate particle size fractions. This would provide an accurate representation of the 

fraction that the citizens of Kalgoorlie are exposed to. The same could be done on the 

playas surrounding the city. Though the respiratory bioaccessibility of nickel is low in 

the playas, dust is a major issue. The playas are used as recreational areas for biking 

and ATV use, potentially causing high concentrations of soil particles to become 

airborne. 

 

Results from elements other than nickel in both the simulated lung fluid and 

sequential extraction could vary from nickel. By performing the same study on all 

potentially toxic elements in the area, the risk associated with inhalation of the fine 

particles in Kalgoorlie soils can be further characterized. 
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 Appendix 1 – Sampling and Sample Preparation 

 
Sampling Procedure 

 

In order to determine the effects of the smelter on the city of Kalgoorlie, three general sample 

locations were chosen: the smelter, the city and geogenic. However, additional samples were taken at two 

playas (evaporated lakes). Sample locations and brief site descriptions are shown in Table 1. 

 

All sample sites were chosen based on the following criteria: 

- Natural soils (no fill, undisturbed, undeveloped) 

- Overlying same geologic formation, except in the case of playas 

- At least 20m from road in the case of non-city soils 

- Accessible to the public 

 

 

 Soil samples were collected from the top 5cm of soil at each location, as this is the portion likely 

to become airborne or have come from an airborne source. Plastic trowels (to prevent metal 

contamination) were used to collect large soil samples (2-3kg). Samples were taken from 3 sub-sites at 

most of the 13 sample sites to control for small-scale variability in soil nickel content and mineralogy. 

Soils were already dry and did not require drying or freezing after sampling. Figure 1 below depicts 

sampling method. 

 

 
Figure 1 – At left: Collecting the top 5cm of soil using a plastic trowel.  

At right: Sample bag next to collection site. 
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Sample Locations 

 

Table 1 – Sample Locations and Site Descriptions 

# Name Easting Northing Location Description 

1 Playa 1 381973 6442014 
Evaporite playa along highway, north of 

Norseman. 

2a Smelter East 356357 6583783 

2b Smelter East 356374 6583776 

2c Smelter East 356368 6583805 

1.4km east of smelter along smelter road, 

relatively undisturbed terrain. 

3a Smelter/Slag 356307 6583991 

3b Smelter/Slag 356315 6583979 

3c Smelter/Slag 356317 6583991 

East of smelter next to fence around slag 

piles. Collected due to presence of small 

metallic particles at surface, potentially slag. 

4 Playa 2 pit 352067 6585482 
Old pit off side-road used for dirt biking. 

NW of smelter. 

5a Railway 354583 6584226 

5b Railway 354586 6584223 

5c Railway 354588 6584218 

Taken from side-road along railway north of 

the smelter. 

6a School 354158 6595873 

6b School 354113 6595917 

6c School 354133 6595892 

Small natural park next to primary school on 

Lionel Street 

7a Kalgoorlie West 352251 6598139 

7b Kalgoorlie West 352245 6598126 

7c Kalgoorlie West 352230 6598150 

Small undeveloped area next to large filled 

park in residential community. 

8a Superpit 355683 6593586 

8b Superpit 355686 6593593 

8c Superpit 355699 6593580 

Small undeveloped patch of land in a small 

park next to the railroad tracks. Directly off 

main street in downtown Boulder. 

9 Playa 2 359501 6582148 Evaporite playa southeast of the smelter. 

10a South Kalgoorlie 352248 6595152 

10b South Kalgoorlie 352253 6595161 

10c South Kalgoorlie 352241 6595178 

Large undeveloped field attached to new 

residential neighbourhood. 

11a Geogenic 1 347571 6591405 

11b Geogenic 1 347557 6591382 

11c Geogenic 1 347573 6591368 

12a Geogenic 2 343507 6587993 

12b Geogenic 2 343520 6587994 

12c Geogenic 2 343506 6587969 

13a Geogenic 3 349346 6593222 

13b Geogenic 3 349331 6593243 

13c Geogenic 3 349360 6593254 

All undeveloped land along highway west of 

Kalgoorlie. 

 

Smelter: 

 
 Sites around, and primarily downwind (east-northeast) of the smelter but outside the city were 

sampled to determine the effect of the smelter on surrounding soils without urban influences 

(development, human traffic, etc). Sampling was difficult due to accessibility, but five locations were 
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found: two to the east-northeast (2, 3), one to the southeast (9) , one to the north (5) and one to the 

northwest (4). See Figures 2 and 3 for sample locations and photos. 

 

 
Figure 2 – Smelter Sample Locations 

 

 
Figure 3 – At left – Sample site 3 near slag piles with small metallic pebbles at surface of soil. At 

right – Smelter from sample site 5 

City: 

 
 Sites in the city were chosen from undeveloped parks near residential parks or suburban areas 

where dusts are likely to affect people living nearby. These are the dusts that the citizens of Kalgoorlie 

are exposed to on a regular basis. Most city parks were filled to grow grass, but some undeveloped areas 

were found adjacent to a primary school (6), a small park next to the railway (8), a new suburb (10), and 

a residential park (9). The sites were chosen in the center, southern, eastern and western sections of 

Kalgoorlie (see Figure 4 for photos and 7 for map). 
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Figure 4 – At left – Sample site next to primary school at location 6 

At right – New suburbs next to undeveloped parkland at location 10 

 

Background: 

 
 Samples representing background levels were taken to the west of the city of Kalgoorlie because 

this is upwind of the smelter and also outside the urban influence. These samples represent a background 

level for soils not influenced by the smelter and not disturbed by development. Three sample locations 

were found along the highway (>50m off the road) outside the city at approx. 1km intervals. See Figure 5 

for background sample locations and Figure 6 for photos. 

 

 
Figure 5 – City and Background Sample Locations 
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Figure 6 – At left – Cracked dry soil from sample site 11 

At right – Car visible on road from sample site 11 

 

Playas: 

 
 The area surrounding Kalgoorlie has many “playas” or evaporated lakes which have left un-

vegetated evaporate deposits. Samples were taken from two of these playas; one just north of Norseman 

and one to the southeast of the smelter to compare the bioaccessibility of the dusts in these deposits with 

that of the soils (colluvium gravel, sand and silt). The presence of salts in soil can increase the water-

soluble mineral content and potentially increase the soil bioaccessibility. Playa 2 is downwind of the 

smelter and can be compared to Playa 1, which will likely be less affected by the smelter emissions due 

to its distance. See Figures 7 and 8 below for the locations and photograph of the playas. 

  
Figure 7 – All Sample Locations 
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Figure 8 – Playas 1 (at left) and 2 

 

Soil Storage 

 
Soils were stored in sealed Seismic Supply Kaltex Zip Lock bags at room temperature in the 

basement of the Environmental Inorganic Geochemistry Group (EIGG) Laboratory at Curtin for the 

duration of the lab work. 

 

Sieving and Composites 

 
 To characterize the size fractionation of the soils collecting, each sample was sieved using a set 

of stacked stainless steel sieves on a mechanical sieve shaker in the EIGG soil laboratory. Samples were 

weighed, then split into three parts (the sieves were too small to hold an entire sample), one was removed 

for total analysis (approximately 100g from each sample), while the remaining two large parts were kept 

for sieving. The remaining two parts were sieved separately for 15 minutes on the sieve shaker. Each size 

fraction was then collected and weighed. Sieves were cleaned using compressed air and cloth to remove 

dust. 

 

Composites were created for each sample site in compliance with the Australian EPA Guideline 

for composite sampling (USEPA, 2005). Composites were created using both the <63um fraction (for 

further sieving) and using the remainder of the <2mm fraction kept aside for analysis to conduct another 

total analysis on the composite. 

 

 Sieving to <10um was done using vinyl 10um mesh in a plastic sieve. The <63um fraction of 

the composite soils was pushed through the sieve by hand (wearing latex gloves) and collected once the 

required weight (1g for each sample) was isolated. The mesh was not re-used, as soil had accumulated in 

the pores and could not be removed with compressed air.  

References: 

 
USEPA. 1995. Composite soil sampling in site contamination assessment and management. March 1995.  

http://www.epa.sa.gov.au/pdfs/guide_composite.pdf
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Appendix 2 – Sample Digestions 
 

Total Analysis 

 

 Bulk soil analysis follows EPA Standard 3050b for Acid Digestion of Sediments, 

Sludges and Soils, one of the current methods used for determination of compliance with 

environmental soil guidelines in Australia (NEPC, 1999). Soil was sieved to <2mm using a USS #10 

sieve and 1g of dry sieved soil from each sub-sampling site was placed into Erlenmeyer Flasks. 

Samples were mixed with 10mL concentrated HNO3, heated to 96o and left to reflux for 10 minutes 

and then cooled, after which another 5mL of acid was added. The procedure was repeated until no 

more brown fumes were observed (requiring approximately 20mL HNO3 per sample). Each sample 

was then left to evaporate to 5mL, after which 1mL aliquots of H2O2 were added until effervescence 

was minimal (5mL per sample). Samples were then brought to 100mL using de-ionized water. Samples 

were then centrifuged at 5000rpm for 15 minutes and left to sit overnight, after which 10-15mL was 

taken from each and placed in 15mL plastic centrifuge tubes to be sent away for analysis. 

 All 33 samples were analyzed for total nickel content <2mm (USEPA, 1996). Composite 

samples <2mm were analyzed using the same method to determine site variability. For each 10 

samples analyzed, one blank and one duplicate was included in the batch. 

 

Soil pH Measurement 

 
 The pH of all 33 samples was measured according to the NEPC Guidelines Section 8. The soil 

to water ratio standard is 1:5, with 20g of soil and 100mL of 16 ohm distilled water (NEPC, 1999). In 

this case, the magnetic stir bar did not function due to the very high magnetite content in the soil, so an 

electric stir bar was used.  

 

Sequential Extraction 

 
 The Tessier Sequential Extraction method was used for the <10um fraction of each composite 

sample. Each sample was weighed to 0.5g in 15mL plastic centrifuge tubes and labeled with the 

sample number. A blank was run through the entire procedure using no soil sample. 

Step 1: Each sample was mixed with 7.5mL de-ionized water and shaken for 2 hours at room 

temperature. Samples were then centrifuged at 5000rpm for 20 minutes and the solution was poured 

off into a separate centrifuge tube. A small portion of the solution remained in the pores (0.5mL), so 

the step was repeated with an additional 7mL de-ionized water, which was then added to the solution 

being sent for analysis. 

Step 2: A salt solution was prepared by mixing 20.3g MgCl2
.
H2O with 100mL de-ionized water. Each 

wet sample was mixed with 4mL of the salt solution and shaken for 1 hour, after which the samples 

were centrifuged and collected (as with Step 1) and the process was repeated with an additional 4mL 

de-ionized water to wash. 

Step 3: A solution containing 8.203g NaOAc in 100mL water was brought to a pH of 5 using 1mL 

concentrated HOAc. Samples were shaken for 5 hours at room temperature with 4mL of the acid 

solution. Mixtures were then centrifuged (as with Step 1) and solution was collected. The samples were 

then washed with an additional 4mL de-ionized water and the process was repeated. 

Step 4: A 0.04M NH2OH
.
HCl in 25%HOAc solution was prepared by dissolving 0.6949g NH2OH

.
HCl 

in 250mL 25% (v/v) HOAc. Samples were mixed with 10mL of the solution and set in water bath at 

96
o
 with occasional agitation for 6 hours. Samples were then centrifuged (as with Step 1) and extracted 

for analysis. 
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Step 5: Samples were transferred to Erlenmeyer flasks using 5mL de-ionized water to resuspend the 

soil. The extraction method is the same as the total analysis for the <2mm fraction, but with all 

volumes halved. 

Step 6: Step 6 was conducted by Dr. Ron Watkins at the EIGG laboratory in Perth, WA. Samples were 

dissolved in a heated mixture of HF and HCLO4.  The samples were taken to near dryness and then 

redissolved in 5% HCl and made up to 20 ml in a volumetric flask. 

 

(Tessier, 1979) 

Simulated Lung Fluid 

 
The simulated lung fluid developed by Takaya et al has the following composition (shown in Table 2): 

Table 2 - Modified Gamble's Solution 

Component Concentration (g/L) 

MgCl2
.
6H20 0.212 

NaCl 6.415 

CaCl2
.
2H2O 0.255 

Na2SO4 0.079 

Na2HPO4 0.148 

NaHCO3 2.703 

Sodium hydrogen tartrate dihydrate 0.18 

Sodium dihydrogen citrate dihydrate 0.153 

Sodium lactate 0.175 

Sodium pyruvate 0.172 

Glycine 0.118 

From Takaya et al, 2006 

 

 Sodium hydrogen tartrate dehydrate, sodium dihydrogen citrate dihydrate and Na2HPO4 were 

unavailable, so the following substitutions were made: sodium hydrogen tartrate dihydrate was 

substituted with sodium tartrate, and sodium dihydrogen citrate was substituted with trisodium citrate 

dihydrate. Using the molecular weights of the new compounds, the number of grams per liter was 

calculated using the same number of moles as the original compounds.With the substitutions, the 

modified Gamble’s solution has the following composition (shown in Table 3) 

 

Table 3 - Modified Gamble's Solution with substitutions 

Component Concentration (g/L) 

MgCl2
.
6H20 0.212 

NaCl 6.415 

CaCl2
.
2H2O 0.255 

Na2SO4 0.079 

Na2HPO4 0.148 

NaHCO3 2.703 

Sodium tartrate 0.199 

Trisodium citrate dihydrate 0.180 

Sodium lactate 0.175 

Sodium pyruvate 0.172 

Glycine 0.118 

  

 The ingredients in the Gamble’s solution were weighed in a volumetric flask which was then 

brought to 100mL using de-ionized water and shaken. Samples were weighed in plastic centrifuge 

tubes, with 0.25g of the <10um fraction of the composite sample per tube. Each sample was mixed 
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with 10mL of the Gamble’s solution and placed in the hot water bath at a temperature of 37
o
C with 

occasional agitation. Takaya et al noted the pH of the solution tends to creep up above 7.4 and they 

maintained a pH ranging from 7.1-7.4 using acetic acid. However, no pH buffering was necessary in 

this case as the pH remained stable throughout the experiment. After 1 hour in the water bath, samples 

were centrifuged for 20 minutes at 5000rpm and the 10mL of solution was poured into separate 

centrifuge tubes for analysis. Samples were resuspended using 10mL of fresh Gamble’s solution and 

the process was repeated with sampling after one day and then once again with sampling after 7 days. 

All samples sent for analysis were brought to 5% HNO3 to prevent precipitation. 

 

References: 

 
NEPC (National Environment Protection Council) 1999. ‘Schedule B (1) – Guideline on the 

Investigation Levels for Soil and Groundwater. Assessment of Site Contamination. 

 

Takaya, M., Shinohara, Y., Serita, F., Ono-Ogasawara, M., Otaki, N., Toya, T., Takata, A., Yoshida, 

K., Kohyama, N. 2006. ‘Dissolution of functional materials and rare earth oxides into pseudo alveolar 

fluid’. Industrial Health. 44:639-644 

 

Tessier, A., Campbell, P.G.C., Bisson, M. 1979. ‘Sequential extraction procedure for the speciation of 

particulate trace metals’. Analytical Chemistry. 51(7):844-851 

 

USEPA. 1996. ‘Method 3050b – Acid Digestion of Sediments, Sludges and Soils’ 

http://www.epa.gov/epaoswer/hazwaste/test/pdfs/3050b.pdf 

 

USEPA. 1996. ‘Method 3052 – Microwave assisted acid digestion of siliceous and organically based 

matrices’ 
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Appendix 3 – Kalgoorlie Nickel Smelter Operations 
 

Charge Composition 

 
Element Weight % 

Ni 9.68 

Cu 0.65 

Co 0.29 

Fe 33.09 

S 22.88 

SiO2 19.53 

MgO 3.64 

CaO 0.73 

Al2O3 2.7 

 

Smelter Operating Conditions 

 
Charges (kg/h) 76242 

Temperature (K) 1654 

O2-enriched air (Nm3/h) 75484 

O2 in air (%) 23.80 

Oxygen efficiency (%) 99.40 

Heavy oil (kg/h) 1900 

 

Matte and Slag Composition 

 

 
Mass 
(kg/h) Ni Cu Co Fe S Fe3O4 SiO2 MgO CaO 

Matte 18,440 45.39 3.34 0.76 22.68 25.05 - 0.97 0.4 0.56 

Slag 49,480 0.45 0.08 0.14 44.73 0.7 - 30.43 5.38 1.17 

 

Tan, P., Neuschutz, D. 2001. A thermodynamic model of nickel smelting and direct 

high-grade nickel matte smelting processes: Part 1. Model development and 

validation. Metallurgical and Materials Transactions B. 32B: 341-351 
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Appendix 4 – Sample Size Fractionation and pH 
 

Weighed Sieved Samples (g) 

 

Total 
Sample 
Collected 

Removed 
for 
Analysis 

Sample 
Sieved >1mm >500um >250um >125um >63um <63um 

2 3029.9 113.5 2916.4 90.4 309.8 1193.6 912.1 298.7 106.0 

3 2994.5 126.7 2867.8 349.3 133.9 514.6 1162.4 440.5 259.7 

4 1432.4 46.7 1385.7 52.7 280.1 497.5 405.1 95.2 52.1 

5 3064.0 135.9 2928.1 62.8 520.5 1029.4 770.2 331.5 195.0 

6 2414.8 96.7 2318.1 286.5 271.5 623.0 730.9 242.1 146.7 

7 2768.5 107.9 2660.6 231.1 229.0 768.9 827.0 358.3 213.9 

8 2961.7 104.5 2857.3 134.5 318.0 947.1 1107.0 218.7 124.0 

9 1385.6 80.2 1305.4 136.7 337.6 402.1 279.5 85.3 54.3 

10 2506.3 65.4 2440.9 105.4 247.8 817.2 712.0 310.1 240.3 

11 2683.0 88.2 2594.8 187.0 278.3 737.2 830.3 335.7 218.9 

12 2894.3 136.3 2758.0 30.8 73.8 918.3 1024.7 436.4 249.1 

13 3048.0 128.2 2919.8 44.4 401.4 982.3 876.9 360.3 231.6 

 

 
Percent Weights 
(%)       

 >1mm >500um >250um >125um >63um <63um Total Lost 

2 3.1 10.6 40.9 31.3 10.2 3.6 99.8 0.2 

3 12.2 4.7 17.9 40.5 15.4 9.1 99.7 0.3 

4 3.8 20.2 35.9 29.2 6.9 3.8 99.8 0.2 

5 2.1 17.8 35.2 26.3 11.3 6.7 99.4 0.6 

6 12.4 11.7 26.9 31.5 10.4 6.3 99.2 0.8 

7 8.7 8.6 28.9 31.1 13.5 8.0 98.8 1.2 

8 4.7 11.1 33.1 38.7 7.7 4.3 99.7 0.3 

9 10.5 25.9 30.8 21.4 6.5 4.2 99.2 0.8 

10 4.3 10.2 33.5 29.2 12.7 9.8 99.7 0.3 

11 7.2 10.7 28.4 32.0 12.9 8.4 99.7 0.3 
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Appendix 5 – Sample pH 
 

 
Location pH 

2a 9.02 

2b 8.97 

2c 8.02 

3a 9.15 

3b 8.83 

3c 9.16 

4 9.63 

5a 8.34 

5c 8.97 

5b 8.2 

5c 8.97 

6a 9.02 

6b 8.79 

6c 9.12 

7a 9.3 

7b 8.95 

7c 9.05 

7c 9.05 

8a 9.35 

8b 9.33 

8c 9.45 

9 8.6 

10a 9.4 

10b 9.26 

10c 9.44 

11b 8.9 

10b 9.26 

11b 8.9 

11c 8.67 

12a 8.1 

12b 7.99 

12c 8.12 

13a 8.96 

13b 8.56 

13a 8.96 

13c 8.85 
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Appendix 6 – Electron Microprobe Results 
 

Iron Oxides 

 
Backscatter electron image of iron oxide grain (bright in center) hosting minor nickel 

Most of the surrounding grains are quartz with clay rims. 

 

Electron Microprobe results of iron oxide in smelter sample 

 
Electron Microprobe results from iron oxide in city sample 
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Iron-nickel sulfides in smelter samples 
 

 
Backscatter electron image of iron-nickel sulfide (grain 2) and silicate with clay rim 

(grain 3) in smelter sample 5. 

 

Electron microprobe results from iron-nickel sulfide in smelter sample (grain 2) 

 
Electron microprobe results from clay rim (grain 3) 
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Electron microprobe results from middle of grain 3 

 
 

Nickel sulfide grain in smelter sample 

 

 
Backscatter image of circular nickel sulfide grain in smelter sample 

 

Electron microprobe results from nickel sulfide in smelter sample 
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Iron and titanium-bearing mineral occurring in both city and smelter samples 
 

 
Backscatter image of two iron-titanium minerals in the smelter sample 

 

Electron microprobe results from iron-titanium grain 

 
 

Electron Microprobe results from rim of iron-titanium grain consisting of clay 

minerals 
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Iron-nickel sulfide in city sample 
 

 
Backscatter electron image of iron-nickel sulfide occurring in city sample 

 

Electron microprobe results from iron-nickel sulfide in city sample 

 
Iron silicate mineral in smelter sample 
 

 
Backscatter image of iron silicate mineral associated with slag in smelter sample 
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Electron microprobe results from iron silicate mineral in smelter sample 

 

 
 

 
Backscatter electron image of iron-aluminum silicate (bright, stringy mineral) 

surrounding broken calcite grain 

 

Electron Microprobe results from broken calcite grain in city sample 
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Electron microprobe results from iron-aluminum silicate cementation in calcite grain 

 
Iron-aluminum silicates in city and smelter samples 
 

 
Backscatter image of iron-aluminum silicate grain in city sample 

 

Electron microprobe results from iron-aluminum silicate in city sample 
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Electron microprobe results from iron-aluminum silicate at smelter 

 
Silicate hosting iron sulfide in smelter sample 
 

 
Backscatter image of silicate (potentially slag) hosting iron sulfide grain in smelter 

sample 

 

Electron microprobe results from sulfide inclusion 
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Powder X-ray Diffraction Patterns 
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Appendix 8 – Sample Digestion Results from ICP-MS 
 

 
    Al Mn Fe Ni Cu Zn As Cd Pb U 

    ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

Sample # Site Lab 
Sample # 

Description           

1 2a 2a Total analysis using nitric 
and H2O2 on <2mm fraction 20148.36 474.99 53174.57 85.82 28.66 37.03 4.17 0.09 6.89 0.46 

2 2b 2b Total analysis using nitric 
and H2O2 on <2mm fraction 21610.70 616.22 58395.03 178.67 29.68 43.61 4.44 0.20 6.98 0.41 

3 2c 2c Total analysis using nitric 
and H2O2 on <2mm fraction 17340.38 454.62 59926.17 322.27 35.30 40.57 7.30 0.23 8.13 0.33 

4 3a 3a Total analysis using nitric 
and H2O2 on <2mm fraction 24120.13 292.03 85389.67 387.26 43.49 35.53 10.59 0.35 13.59 0.49 

5 3b 3b Total analysis using nitric 
and H2O2 on <2mm fraction 28244.90 338.89 101127.43 636.93 62.19 42.80 13.21 0.61 16.77 0.58 

6 3c 3c Total analysis using nitric 
and H2O2 on <2mm fraction 28090.04 382.58 128088.32 598.68 60.26 39.53 12.36 0.46 16.52 0.71 

7 4 4 Total analysis using nitric 
and H2O2 on <2mm fraction 31457.92 281.61 38102.51 109.29 42.97 23.51 9.00 0.09 5.85 2.61 

8 5a 5a Total analysis using nitric 
and H2O2 on <2mm fraction 17516.32 240.18 67575.67 1295.19 102.50 39.65 17.65 1.19 18.90 0.51 

9 BL BL1 Total analysis using nitric 
and H2O2 on <2mm fraction 132.62 1.78 475.47 9.09 1.62 0.84 0.18 0.01 0.18 0.00 

10 5c 5c(d) Total analysis using nitric 
and H2O2 on <2mm fraction 18561.82 254.39 48043.99 668.26 60.31 34.25 10.82 0.53 12.12 0.43 

11 5b 5b Total analysis using nitric 
and H2O2 on <2mm fraction 19606.32 306.26 59445.01 285.58 36.79 31.48 8.53 0.33 13.00 0.40 

12 5c 5c(d) Total analysis using nitric 
and H2O2 on <2mm fraction 23241.18 318.04 59685.83 821.51 73.63 43.07 13.34 0.66 14.71 0.51 

13 6a 6a Total analysis using nitric 
and H2O2 on <2mm fraction 31513.88 545.66 96354.47 97.93 44.52 61.61 14.55 0.13 22.88 0.75 

14 6b 6b Total analysis using nitric 
and H2O2 on <2mm fraction OVERRANGE 159.10 132323.25 113.33 56.32 33.88 16.04 0.05 8.75 6.44 
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   Al Mn Fe Ni Cu Zn As Cd Pb U 

    ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

Sample # Loca
tion 

Lab 
Sample # 

Description           

15 6c 6c Total analysis using nitric 
and H2O2 on <2mm fraction 28024.08 587.16 128008.28 91.79 39.39 79.94 22.16 0.15 44.45 0.71 

16 7a 7a Total analysis using nitric 
and H2O2 on <2mm fraction 28049.69 431.30 95506.80 109.34 47.74 72.21 11.33 0.16 24.45 0.39 

17 7b 7b Total analysis using nitric 
and H2O2 on <2mm fraction 23451.49 438.82 101841.39 106.93 49.12 77.16 12.56 0.15 23.92 0.43 

18 7c 7c Total analysis using nitric 
and H2O2 on <2mm fraction 28760.91 430.89 74096.09 108.83 52.48 71.97 11.18 0.14 18.40 0.39 

19 BL BL2 Total analysis using nitric 
and H2O2 on <2mm fraction 157.80 2.29 387.39 0.90 1.57 0.85 0.10 0.01 0.38 0.00 

20 7c 7c(d) Total analysis using nitric 
and H2O2 on <2mm fraction 24210.26 443.88 99489.94 158.56 51.48 74.43 12.65 0.19 22.53 0.43 

21 8a 8a Total analysis using nitric 
and H2O2 on <2mm fraction 23414.20 207.15 43034.33 57.24 22.69 58.11 12.74 0.09 22.16 0.51 

22 8b 8b Total analysis using nitric 
and H2O2 on <2mm fraction 15485.57 190.87 54194.97 55.73 20.36 42.70 19.76 0.08 15.72 0.40 

23 8c 8c Total analysis using nitric 
and H2O2 on <2mm fraction 17847.27 541.82 79149.28 84.44 36.63 93.40 25.72 0.14 40.71 0.45 

24 9 9 Total analysis using nitric 
and H2O2 on <2mm fraction OVERRANGE 425.14 106655.58 135.19 39.99 46.57 17.43 0.04 11.32 1.28 

25 10a 10a Total analysis using nitric 
and H2O2 on <2mm fraction 24017.20 329.14 39590.32 75.68 29.82 45.73 11.02 0.09 12.74 1.13 

26 10b 10b Total analysis using nitric 
and H2O2 on <2mm fraction 15737.79 339.83 42008.11 71.08 22.87 57.01 10.23 0.10 16.93 0.44 

27 10c 10c Total analysis using nitric 
and H2O2 on <2mm fraction 22343.63 410.51 45588.42 81.83 29.41 53.54 12.87 0.11 15.63 0.47 

28 11a 11a Total analysis using nitric 
and H2O2 on <2mm fraction NS NS NS NS NS NS NS NS NS NS 

29 11b 11b Total analysis using nitric 
and H2O2 on <2mm fraction 23228.07 440.62 41593.62 59.36 23.79 38.00 6.18 0.11 11.99 0.58 

30 10b 10b(d) Total analysis using nitric 
and H2O2 on <2mm fraction 17743.09 349.23 46285.63 207.65 32.95 62.17 10.81 0.21 16.21 0.42 
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   Al Mn Fe Ni Cu Zn As Cd Pb U 

    ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

Sample # Loca
tion 

Lab 
Sample # 

Description           

31 BL BL3 Total analysis using nitric 
and H2O2 on <2mm fraction 105.23 2.00 269.66 1.42 1.97 2.75 0.12 0.08 1.44 0.00 

32 11b 11b(??) Total analysis using nitric 
and H2O2 on <2mm fraction 17944.41 330.68 36359.97 53.10 17.75 37.98 6.15 0.07 9.36 0.28 

33 11c 11c Total analysis using nitric 
and H2O2 on <2mm fraction 19974.04 331.13 37125.75 62.38 18.87 43.97 10.07 0.10 10.63 0.29 

34 12a 12a Total analysis using nitric 
and H2O2 on <2mm fraction 18761.67 304.39 44711.86 54.33 26.69 39.35 3.78 0.07 9.70 0.27 

35 12b 12b Total analysis using nitric 
and H2O2 on <2mm fraction 20955.30 427.65 40096.40 53.07 27.22 38.43 4.10 0.06 10.90 0.49 

36 12c 12c Total analysis using nitric 
and H2O2 on <2mm fraction 12774.96 254.42 30427.01 38.70 19.15 24.21 3.04 0.06 7.48 0.30 

37 13a 13a Total analysis using nitric 
and H2O2 on <2mm fraction 23373.25 247.42 40382.84 109.18 25.18 51.28 9.79 0.10 12.39 0.61 

38 13b 13b Total analysis using nitric 
and H2O2 on <2mm fraction 21089.62 327.80 41665.62 77.30 23.95 57.92 9.98 0.11 16.34 0.34 

39 13d 13a(d) Total analysis using nitric 
and H2O2 on <2mm fraction 23432.90 247.86 39262.95 100.63 24.41 49.18 9.70 0.11 11.90 0.58 

40 13c 13c Total analysis using nitric 
and H2O2 on <2mm fraction 24962.60 361.51 40980.72 75.36 26.77 47.20 6.61 0.07 10.76 0.32 

41 1 1 Total analysis using nitric 
and H2O2 on <2mm fraction OVERRANGE 532.21 29837.19 104.41 41.49 35.02 4.90 0.05 6.17 0.64 

42 BL BL4 Total analysis using nitric 
and H2O2 on <2mm fraction 206.36 3.31 193.81 0.81 1.12 5.46 0.04 0.01 0.27 0.00 

43 2 1.2 sequential - DI water 
extraction 5.49 0.48 5.27 0.26 0.20 0.05 0.05 0.00 0.01 0.01 

44 3 1.3 sequential - DI water 
extraction 9.36 0.24 5.94 0.25 0.18 0.20 0.09 0.00 0.01 0.01 

45 4 1.4 sequential - DI water 
extraction 55.69 0.52 33.72 0.19 0.13 0.05 0.04 0.00 0.01 0.02 

46 5 1.5 sequential - DI water 
extraction 11.65 0.27 7.79 0.53 0.24 0.22 0.09 0.00 0.01 0.01 
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   Al Mn Fe Ni Cu Zn As Cd Pb U 

    ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

Sample # Loca
tion 

Lab 
Sample # 

Description           

47 6 1.6 sequential - DI water 
extraction 15.02 0.55 7.74 0.09 0.21 0.03 0.16 0.00 0.02 0.01 

48 7 1.7 sequential - DI water 
extraction 10.13 0.34 5.78 0.13 0.28 0.05 0.06 0.00 0.01 0.00 

49 8 1.8 sequential - DI water 
extraction 9.81 0.39 6.42 0.12 0.23 0.16 0.11 0.00 0.04 0.01 

50 BL 1.BL sequential - DI water 
extraction 0.71 0.04 0.89 0.03 0.12 0.05 0.00 0.00 0.00 0.00 

51 9 1.9 sequential - DI water 
extraction 27.20 0.48 27.49 0.18 0.16 0.15 0.00 0.00 0.01 0.00 

52 10 1.10. sequential - DI water 
extraction 17.47 0.49 8.89 0.21 0.28 0.51 0.20 0.00 0.03 0.01 

53 11 1.11 sequential - DI water 
extraction 20.04 0.82 11.73 0.10 0.18 0.06 0.09 0.00 0.02 0.01 

54 12 1.12 sequential - DI water 
extraction 4.23 0.43 3.29 0.04 0.11 -0.04 0.00 0.00 0.00 0.00 

55 13 1.13 sequential - DI water 
extraction 6.08 0.21 4.08 0.06 0.12 -0.03 0.08 0.00 0.00 0.00 

56 2 2.2 sequential - MgCl extraction 
of composites 7.83 20.88 -13.31 4.99 0.31 0.65 0.07 0.13 0.04 0.04 

57 3 2.3 sequential - MgCl extraction 
of composites 18.55 8.65 36.92 3.30 0.39 0.91 0.08 0.12 0.02 0.01 

58 4 2.4 sequential - MgCl extraction 
of composites 4.35 0.94 5.43 0.41 0.12 1.87 0.04 0.01 0.01 0.14 

59 5 2.5 sequential - MgCl extraction 
of composites 13.52 11.93 42.32 12.93 0.62 0.63 0.07 0.45 0.02 0.02 

60 6 2.6 sequential - MgCl extraction 
of composites 11.27 29.36 36.83 0.69 0.56 1.44 0.04 0.03 0.06 0.03 

61 7 2.7 sequential - MgCl extraction 
of composites 28.32 13.05 49.06 0.68 0.80 1.40 -0.07 0.02 0.03 0.01 

62 8 2.8 sequential - MgCl extraction 
of composites 8.89 26.83 25.22 0.94 0.47 0.99 0.24 0.05 0.04 0.03 
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   Al Mn Fe Ni Cu Zn As Cd Pb U 

    ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

Sample # Loca
tion 

Lab 
Sample # 

Description           

63 BL 2.BL sequential - MgCl extraction 
of composites 1.76 0.09 19.97 0.10 0.44 0.45 0.04 0.00 0.01 0.00 

64 9 2.9 sequential - MgCl extraction 
of composites 3.62 2.74 48.09 0.43 0.16 0.33 0.04 0.02 0.01 0.03 

65 10 2.10. sequential - MgCl extraction 
of composites 15.35 26.34 58.09 0.64 0.75 1.22 0.18 0.05 0.02 0.02 

66 11 2.11 sequential - MgCl extraction 
of composites 19.10 12.41 72.94 0.93 0.29 0.51 0.05 0.04 0.02 0.03 

67 12 2.12 sequential - MgCl extraction 
of composites 3.86 13.40 116.93 0.52 0.19 0.65 0.21 0.04 0.01 0.00 

68 13 2.13 sequential - MgCl extraction 
of composites 12.13 7.08 79.60 0.83 0.30 1.02 0.23 0.05 0.02 0.02 

69 2 2aG1 Gamble's after 1h 55.17 14.55 53.04 9.93 4.46 0.65 0.20 0.02 0.03 0.02 

70 3 3aG1 Gamble's after 1h 35.65 2.03 41.79 5.54 3.61 0.39 0.41 0.01 0.02 0.01 

71 4 4aG1 Gamble's after 1h 110.95 1.42 86.28 0.88 1.06 0.21 0.23 0.00 0.02 0.02 

72 5 5aG1 Gamble's after 1h 50.69 2.45 50.41 19.71 8.57 0.51 0.58 0.04 0.02 0.01 

73 6 6aG1 Gamble's after 1h 18.84 3.48 32.00 0.76 1.44 0.31 0.43 0.00 0.00 0.01 

74 7 7aG1 Gamble's after 1h 23.52 3.43 39.10 1.18 1.93 0.37 0.37 0.00 0.01 0.00 

75 8 8aG1 Gamble's after 1h 20.25 2.88 34.86 1.30 2.70 1.13 0.58 0.00 0.03 0.01 

76 9 9aG1 Gamble's after 1h 177.08 2.82 143.41 1.72 1.86 0.62 0.35 0.00 0.04 0.01 

77 10 10aG1 Gamble's after 1h 28.39 2.87 37.77 0.85 0.88 0.38 0.55 0.00 0.01 0.01 

78 11 11aG1 Gamble's after 1h 52.52 6.17 53.34 1.21 1.06 0.55 0.30 0.01 0.02 0.01 

79 12 12aG1 Gamble's after 1h 94.82 12.29 97.55 1.04 1.08 0.67 0.21 0.01 0.05 0.03 

80 13 13aG1 Gamble's after 1h 38.28 3.79 45.11 1.22 1.65 0.52 0.48 0.00 0.01 0.01 

81 BL BLaG1 Gamble's after 1h 1.61 0.11 21.98 0.28 0.48 0.82 0.08 0.00 0.03 0.00 

82 2 2bG1 Gamble's after 1h 55.93 15.09 52.21 10.35 4.39 0.49 0.21 0.01 0.01 0.01 

83 3 3bG1 Gamble's after 1h 37.70 2.05 40.56 5.65 3.86 0.72 0.46 0.01 0.02 0.00 

84 4 4bG1 Gamble's after 1h 87.48 1.68 82.02 1.16 1.53 0.39 0.22 0.00 0.03 0.03 

85 5 5bG1 Gamble's after 1h 54.70 3.12 63.34 27.30 13.30 1.49 0.72 0.08 0.06 0.02 



 117 

 
 

   Al Mn Fe Ni Cu Zn As Cd Pb U 

    ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

Sample # Loca
tion 

Lab 
Sample # 

Description           

86 6 6bG1 Gamble's after 1h 21.76 3.88 39.51 0.93 1.48 0.54 0.79 0.00 0.03 0.01 

87 7 7bG1 Gamble's after 1h 25.91 3.91 44.47 1.52 2.04 0.59 0.72 0.00 0.03 0.00 

88 8 8bG1 Gamble's after 1h 20.97 3.01 36.35 1.41 2.70 0.43 0.65 0.01 0.01 0.01 

89 9 9bG1 Gamble's after 1h 197.84 2.53 148.50 1.39 1.83 0.48 0.37 0.00 0.04 0.01 

90 10 10bG1 Gamble's after 1h 30.32 3.89 40.48 1.16 1.06 2.32 0.62 0.01 0.03 0.01 

91 11 11bG1 Gamble's after 1h 72.58 7.01 62.26 1.52 1.29 0.92 0.41 0.02 0.03 0.02 

92 12 12bG1 Gamble's after 1h 63.32 10.93 69.55 0.94 0.90 0.75 0.12 0.01 0.03 0.03 

93 13 13bG1 Gamble's after 1h 40.39 3.74 46.74 1.19 1.87 1.14 0.43 0.00 0.03 0.01 

94 BL BLbG1 Gamble's after 1h 1.49 0.08 19.52 0.28 0.46 0.52 0.05 0.00 0.02 0.00 

95 2 3.2 sequential - NaOAc 
extraction of composites 18.71 697.09 70.20 41.36 1.65 3.04 0.06 0.12 0.20 0.09 

96 3 3.3 sequential - NaOAc 
extraction of composites 22.67 149.78 178.81 19.46 0.94 1.40 0.13 0.12 0.08 0.05 

97 4 3.4 sequential - NaOAc 
extraction of composites 13.09 26.57 203.25 3.11 0.28 1.61 0.06 0.03 0.03 0.48 

98 5 3.5 sequential - NaOAc 
extraction of composites 37.81 166.33 178.23 82.77 4.24 2.30 0.18 0.47 0.30 0.11 

99 6 3.6 sequential - NaOAc 
extraction of composites 16.52 235.51 163.39 3.97 0.68 2.65 0.20 0.04 0.43 0.16 

100 7 3.7 sequential - NaOAc 
extraction of composites 25.01 215.33 173.29 2.72 0.91 2.17 0.19 0.05 0.23 0.03 

101 8 3.8 sequential - NaOAc 
extraction of composites 13.17 196.81 189.25 4.47 1.08 4.37 0.27 0.09 1.43 0.16 

102 9 3.9 sequential - NaOAc 
extraction of composites 23.35 116.08 50.41 3.01 0.49 0.74 0.03 0.02 0.11 0.22 

103 10 3.10. sequential - NaOAc 
extraction of composites 34.04 194.06 179.27 1.91 0.44 2.16 0.26 0.05 0.26 0.12 

104 11 3.11 sequential - NaOAc 
extraction of composites 27.91 496.91 50.98 4.43 0.61 2.55 0.10 0.04 0.45 0.13 

105 12 3.12 sequential - NaOAc 
extraction of composites 29.53 413.23 42.81 2.68 1.04 2.44 0.03 0.03 0.49 0.19 
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106 13 3.13 sequential - NaOAc 
extraction of composites 34.94 338.89 130.38 7.36 0.76 3.42 0.14 0.06 0.38 0.15 

107 BL 3.BL sequential - NaOAc 
extraction of composites 0.74 2.30 6.37 0.19 0.69 0.57 0.01 0.00 0.02 0.00 

108 2 2aG2 Gamble's after 24 hr 41.70 20.40 40.05 8.26 2.15 0.73 0.37 0.01 0.03 0.02 

109 3 3aG2 Gamble's after 24 hr 35.05 4.88 32.19 5.29 2.05 0.83 0.66 0.01 0.01 0.01 

110 4 4aG2 Gamble's after 24 hr 56.04 0.97 42.28 1.06 0.84 1.05 0.66 0.00 0.00 0.04 

111 5 5aG2 Gamble's after 24 hr 45.29 6.92 43.14 25.32 7.72 1.08 1.53 0.04 0.03 0.02 

112 6 6aG2 Gamble's after 24 hr 28.72 18.09 32.63 1.13 1.12 0.50 1.21 0.00 0.01 0.02 

113 7 7aG2 Gamble's after 24 hr 32.21 12.62 36.04 1.10 1.26 0.68 0.53 0.00 0.02 0.01 

114 8 8aG2 Gamble's after 24 hr 15.05 19.48 71.26 1.92 1.95 0.54 1.07 0.01 0.06 0.06 

115 9 9aG2 Gamble's after 24 hr 35.50 2.12 34.85 0.80 0.92 0.37 0.59 0.00 0.03 0.02 

116 10 10aG2 Gamble's after 24 hr NS NS NS NS NS NS NS NS NS NS 

117 11 11aG2 Gamble's after 24 hr 36.97 16.73 32.22 1.17 0.78 0.47 0.54 0.01 0.03 0.03 

118 12 12aG2 Gamble's after 24 hr 55.44 22.56 35.52 0.86 0.75 0.40 0.26 0.02 0.01 0.06 

119 13 13aG2 Gamble’s after 24 hr 52.21 10.81 34.89 1.53 1.15 0.63 0.86 0.01 0.04 0.02 

120 BL BLaG2 Gamble’s after 24 hr 2.32 0.11 24.88 0.37 0.66 1.28 0.06 0.01 0.02 0.00 

121 2 2bG2 Gamble’s after 24 hr 43.52 21.49 41.14 8.53 1.92 0.63 0.40 0.01 0.00 0.01 

122 3 3bG2 Gamble’s after 24 hr 44.08 5.58 39.61 8.76 3.48 3.89 0.68 0.02 0.08 0.01 

123 4 4bG2 Gamble’s after 24 hr 50.66 0.94 39.89 1.02 0.80 0.20 0.59 0.00 0.00 0.04 

124 5 5bG2 Gamble’s after 24 hr 43.34 6.73 40.72 24.50 7.32 0.49 1.48 0.04 0.01 0.01 

125 6 6bG2 Gamble’s after 24 hr 27.53 17.83 32.48 1.14 1.03 0.45 1.10 0.00 0.00 0.02 

126 7 7bG2 Gamble’s after 24 hr 29.72 11.64 31.10 1.03 0.96 0.86 0.52 0.01 0.04 0.01 

127 8 8bG2 Gamble’s after 24 hr 13.03 21.05 90.30 2.98 2.28 2.75 1.17 0.01 0.10 0.08 

128 9 9bG2 Gamble’s after 24 hr 41.11 2.03 35.78 0.68 0.65 0.22 0.51 0.00 0.02 0.02 

129 10 10bG2 Gamble’s after 24 hr 36.95 24.05 30.16 0.65 0.48 0.27 0.97 0.00 0.02 0.01 

130 11 11bG2 Gamble’s after 24 hr 33.20 15.96 27.94 0.92 0.53 0.25 0.59 0.01 0.01 0.02 
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131 12 12bG2 Gamble’s after 24 hr 48.07 21.23 27.74 0.71 0.54 0.23 0.21 0.01 0.03 0.05 

132 13 13bG2 Gamble’s after 24 hr 51.46 10.08 30.68 1.28 0.87 0.57 0.89 0.01 0.07 0.02 

133 BL BLbG2 Gamble’s after 24 hr 1.84 0.13 21.84 0.30 0.46 0.67 0.03 0.00 0.02 0.00 

134 2 4.2 sequential – NH2OH.HCl 
extraction of composites 832.56 293.64 2949.97 127.55 9.76 13.87 0.09 0.15 2.17 0.13 

\135 3 4.3 sequential - NH2OH.HCl 
extraction of composites 1127.57 253.12 2595.93 379.89 12.09 15.43 0.25 0.29 3.86 0.12 

136 4 4.4 sequential - NH2OH.HCl 
extraction of composites 613.19 178.57 882.18 39.85 4.91 4.33 0.24 0.05 2.08 0.82 

137 5 4.5 sequential - NH2OH.HCl 
extraction of composites 1013.02 246.07 4266.68 949.38 21.13 20.25 0.58 0.80 7.40 0.14 

138 6 4.6 sequential - NH2OH.HCl 
extraction of composites 642.21 245.44 1411.97 28.19 3.41 33.46 0.28 0.07 11.25 0.30 

139 7 4.7 sequential - NH2OH.HCl 
extraction of composites 614.84 215.12 1153.30 22.76 5.58 21.47 0.20 0.06 7.38 0.11 

140 8 4.8 sequential - NH2OH.HCl 
extraction of composites 556.56 433.07 4150.67 69.10 10.89 105.52 1.01 0.16 44.13 0.30 

141 9 4.9 sequential - NH2OH.HCl 
extraction of composites 947.16 191.59 2417.64 31.65 8.02 10.50 0.07 0.02 1.32 0.40 

142 10 4.10. sequential - NH2OH.HCl 
extraction of composites 872.44 318.07 1132.34 22.98 1.97 27.75 0.38 0.08 7.34 0.23 

143 11 4.11 sequential - NH2OH.HCl 
extraction of composites 1194.34 225.78 3096.79 20.68 3.93 14.42 0.16 0.04 3.74 0.17 

144 12 4.12 sequential - NH2OH.HCl 
extraction of composites 942.79 159.32 2910.74 10.44 4.65 8.52 0.04 0.03 2.87 0.19 

145 13 4.13 sequential - NH2OH.HCl 
extraction of composites 1116.32 195.92 3193.93 48.03 8.74 26.55 0.21 0.07 6.46 0.24 

146 BL 4.BL sequential - NH2OH.HCl 
extraction of composites 7.42 1.10 19.03 0.38 3.73 1.66 0.02 0.00 0.20 0.00 

147 2 2aG3 Gamble's after 1 week 40.28 240.56 63.56 5.28 0.77 0.52 0.45 0.03 0.03 0.03 

148 3 3aG3 Gamble's after 1 week 19.38 64.98 59.70 5.18 0.34 0.46 0.90 0.01 0.08 0.01 
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149 4 4aG3 Gamble's after 1 week 12.24 18.50 29.40 1.08 0.09 0.23 0.72 0.00 0.00 0.07 

150 5 5aG3 Gamble's after 1 week 21.00 74.91 44.55 12.48 1.93 0.33 1.98 0.07 0.02 0.02 

151 6 6aG3 Gamble's after 1 week 13.88 100.29 67.73 1.08 0.38 0.40 1.32 0.00 0.05 0.03 

152 7 7aG3 Gamble's after 1 week 18.43 76.98 66.05 1.23 0.34 0.69 0.81 0.00 0.04 0.00 

153 8 8aG3 Gamble's after 1 week 13.67 97.73 204.89 0.88 0.14 0.35 2.12 0.00 0.13 0.00 

154 9 9aG3 Gamble's after 1 week 12.55 28.86 36.40 0.66 0.15 0.10 0.76 0.00 0.03 0.04 

155 10 10aG3 Gamble's after 1 week 22.46 92.26 84.14 1.02 0.16 0.37 1.47 0.00 0.06 0.01 

156 11 11aG3 Gamble's after 1 week 18.64 180.67 70.95 1.36 0.24 1.22 1.52 0.00 0.06 0.02 

157 12 12aG3 Gamble's after 1 week 19.19 201.25 92.77 0.88 0.38 0.67 0.66 0.01 0.04 0.01 

158 13 13aG3 Gamble's after 1 week 17.14 107.98 36.93 1.47 0.26 0.35 0.93 0.00 0.03 0.03 

159 BL BLaG3 Gamble's after 1 week 1.15 0.23 20.32 0.30 0.43 0.30 0.07 0.00 0.01 0.00 

160 2 2bG3 Gamble's after 1 week 24.29 240.72 54.69 5.40 0.56 0.38 0.40 0.01 0.06 0.01 

161 3 3bG3 Gamble's after 1 week 19.51 65.13 49.28 5.52 0.34 0.32 0.96 0.01 0.05 0.01 

162 4 4bG3 Gamble's after 1 week 14.21 21.30 29.76 1.20 0.11 0.15 0.76 0.00 0.00 0.08 

163 5 5bG3 Gamble's after 1 week 17.99 77.52 42.37 12.45 1.83 0.23 2.16 0.07 0.02 0.02 

164 6 6bG3 Gamble's after 1 week 17.81 96.96 66.24 1.06 0.36 0.31 1.36 0.00 0.07 0.03 

165 7 7bG3 Gamble's after 1 week 22.27 83.13 79.75 1.36 0.35 0.54 0.85 0.00 0.05 0.00 

166 8 8bG3 Gamble's after 1 week 12.35 93.64 199.52 0.84 0.15 0.25 1.97 0.00 0.13 0.00 

167 9 9bG3 Gamble's after 1 week 19.57 32.06 45.89 0.75 0.17 0.15 0.70 0.00 0.03 0.04 

168 10 10bG3 Gamble's after 1 week 19.99 86.43 77.68 0.86 0.14 0.36 1.44 0.00 0.04 0.01 

169 11 11bG3 Gamble's after 1 week 13.28 168.69 72.17 1.25 2.25 1.48 1.39 0.00 0.42 0.01 

170 12 12bG3 Gamble's after 1 week 22.36 201.62 93.88 0.93 0.34 0.46 0.58 0.01 0.03 0.01 

171 13 13bG3 Gamble's after 1 week 16.09 110.90 40.28 1.55 0.80 0.69 1.00 0.01 0.20 0.03 

172 BL BLbG3 Gamble's after 1 week 1.77 0.23 23.72 0.30 0.49 1.01 0.08 0.00 0.02 0.00 

173 2 5.2 sequential - HNO3 and 
H2O2 extraction of 

composites OVERRANGE 272.49 65869.28 396.51 68.42 71.23 8.95 0.15 9.31 0.36 
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174 3 5.3 sequential - HNO3 and 
H2O2 extraction of 

composites OVERRANGE 220.06 62438.13 986.04 113.41 65.30 17.29 0.44 12.58 0.34 

175 4 5.4 sequential - HNO3 and 
H2O2 extraction of 

composites 36133.35 132.22 42248.36 135.93 51.86 30.73 10.15 0.11 6.11 0.88 

176 5 5.5 sequential - HNO3 and 
H2O2 extraction of 

composites OVERRANGE 242.54 64795.06 2556.27 267.98 77.71 35.47 0.92 20.74 0.39 

177 6 5.6 sequential - HNO3 and 
H2O2 extraction of 

composites OVERRANGE 227.54 67680.17 151.61 72.11 92.84 23.26 0.10 22.83 0.45 

178 7 5.7 sequential - HNO3 and 
H2O2 extraction of 

composites OVERRANGE 191.27 53533.70 130.79 69.38 95.96 12.56 0.09 17.63 0.29 

179 8 5.8 sequential - HNO3 and 
H2O2 extraction of 

composites OVERRANGE 245.63 74413.61 232.87 85.33 129.35 41.51 0.28 39.66 0.40 

180 9 5.9 sequential - HNO3 and 
H2O2 extraction of 

composites OVERRANGE 221.75 69473.06 164.16 49.38 59.66 15.12 0.08 9.99 0.43 

181 10 5.10. sequential - HNO3 and 
H2O2 extraction of 

composites OVERRANGE 229.16 53447.74 128.85 58.78 91.04 21.43 0.06 17.11 0.48 

182 11 5.11 sequential - HNO3 and 
H2O2 extraction of 

composites OVERRANGE 221.33 55345.63 115.57 44.39 87.06 13.15 0.13 17.53 0.44 

183 12 5.12 sequential - HNO3 and 
H2O2 extraction of 

composites OVERRANGE 158.45 51822.66 88.90 47.39 64.22 5.92 0.07 13.43 0.45 

184 13 5.13 sequential - HNO3 and 
H2O2 extraction of 

composites OVERRANGE 201.40 55324.11 168.11 53.13 91.25 18.73 0.11 18.26 0.44 
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185 BL 5.BL sequential - HNO3 and 
H2O2 extraction of 

composites 431.61 1.75 376.63 1.60 1.86 4.58 0.12 0.03 0.81 0.00 

186 2 2 <2mm Total analysis using nitric 
and H2O2 on <2mm fraction 

of the composites 36371.18 1191.49 118946.68 381.98 68.11 95.86 10.42 0.35 13.58 0.59 

187 3 3 <2mm Total analysis using nitric 
and H2O2 on <2mm fraction 

of the composites 40778.11 696.88 229642.32 996.98 105.94 80.76 23.07 0.93 30.28 1.09 

188 4 4 <2mm Total analysis using nitric 
and H2O2 on <2mm fraction 

of the composites 57392.53 593.77 82140.71 225.79 88.02 51.55 19.53 0.25 12.22 5.51 

189 5 5 <2mm Total analysis using nitric 
and H2O2 on <2mm fraction 

of the composites 35678.38 635.89 116839.81 903.48 93.43 64.31 18.77 0.82 25.61 0.81 

190 6 6 <2mm Total analysis using nitric 
and H2O2 on <2mm fraction 

of the composites 52470.93 1172.33 226020.21 161.79 79.97 137.93 37.93 0.23 52.16 2.55 

191 7 7 <2mm Total analysis using nitric 
and H2O2 on <2mm fraction 

of the composites 46434.74 997.85 206630.14 205.25 98.15 174.54 23.11 0.26 42.38 0.77 

192 8 8 <2mm Total analysis using nitric 
and H2O2 on <2mm fraction 

of the composites 36095.96 948.12 147144.43 151.76 65.88 159.55 41.63 0.23 64.71 0.84 

193 9 9 <2mm Total analysis using nitric 
and H2O2 on <2mm fraction 

of the composites 
OVER 

RANGE 953.49 297306.54 287.29 83.85 105.21 49.65 0.10 25.72 2.69 

194 10 10 <2mm Total analysis using nitric 
and H2O2 on <2mm fraction 

of the composites 53720.21 725.42 90352.68 160.59 58.62 120.32 24.62 0.19 28.65 1.26 

195 11 11 <2mm Total analysis using nitric 
and H2O2 on <2mm fraction 

of the composites 42825.29 763.22 89163.68 129.09 42.00 96.76 19.81 0.16 22.79 0.77 
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196 12 12 <2mm Total analysis using nitric 
and H2O2 on <2mm fraction 

of the composites 43236.47 758.68 79601.60 105.63 51.44 75.14 7.98 0.12 19.51 0.84 

197 13 13 <2mm Total analysis using nitric 
and H2O2 on <2mm fraction 

of the composites 35350.88 557.32 81668.64 176.69 48.38 95.52 18.37 0.18 24.20 0.92 

198 BL BL <2mm Total analysis using nitric 
and H2O2 on <2mm fraction 

of the composites 294.37 4.54 607.56 2.87 4.66 5.05 0.12 0.03 1.64 0.00 

199 10 10dup 
<2mm 

Total analysis using nitric 
and H2O2 on <2mm fraction 

of the composites 53212.16 739.57 112193.89 168.59 63.94 162.01 25.17 0.20 31.28 1.40 

200 8 8dup 
<2mm 

Total analysis using nitric 
and H2O2 on <2mm fraction 

of the composites 29394.40 914.47 145651.22 153.88 69.37 166.37 44.89 0.23 70.05 0.89 

M1 BL BLANK sequential analysis with HF 
and HClO4 and HCl 11.54 0.31 13.37 0.77 4.59 14.40 0.07 0.02 0.39 0.02 

M2 2 6.2 sequential analysis with HF 
and HClO4 and HCl OVERRANGE 104.93 6216.66 92.06 20.24 20.44 2.59 0.10 3.10 0.57 

M3 3 6.3 sequential analysis with HF 
and HClO4 and HCl OVERRANGE 134.46 7691.67 265.35 23.51 21.23 4.73 0.28 4.78 0.72 

M4 4 6.4 sequential analysis with HF 
and HClO4 and HCl OVERRANGE 86.05 7743.49 29.99 12.47 13.81 2.24 0.03 2.06 0.36 

M5 5 6.5 sequential analysis with HF 
and HClO4 and HCl OVERRANGE 143.74 12477.17 812.26 47.35 30.91 6.08 0.95 7.98 0.74 

M6 6 6.6 sequential analysis with HF 
and HClO4 and HCl OVERRANGE 66.80 4804.26 27.96 13.05 16.41 4.33 0.03 2.89 0.56 

M7 7 6.7 sequential analysis with HF 
and HClO4 and HCl OVERRANGE 67.60 4253.04 17.27 10.50 11.95 2.85 0.01 2.75 0.52 

M8 8 6.8 sequential analysis with HF 
and HClO4 and HCl OVERRANGE 88.77 6779.86 48.95 14.19 15.11 5.39 0.05 3.56 0.63 

M9 9 6.9 sequential analysis with HF 
and HClO4 and HCl OVERRANGE 33.23 5422.72 49.90 12.23 11.94 3.46 0.02 2.30 0.46 
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M10 10 6.10. sequential analysis with HF 
and HClO4 and HCl OVERRANGE 63.61 4504.95 16.68 10.46 14.90 3.43 0.02 3.21 0.60 

M11 11 6.11 sequential analysis with HF 
and HClO4 and HCl OVERRANGE 89.12 6742.41 25.33 15.74 20.29 3.72 0.02 4.88 0.97 

M12 12 6.12 sequential analysis with HF 
and HClO4 and HCl OVERRANGE 107.67 5732.03 21.12 20.18 26.96 2.12 0.03 4.12 1.11 

M13 13 6.13 sequential analysis with HF 
and HClO4 and HCl OVERRANGE 85.87 7444.27 39.30 15.65 20.64 4.62 0.02 5.14 0.84 

 

 


