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Abstract 

One of the main risks that exposed and unvegetated tailings pose to the 

environment and human health is airborne dust that may be inhaled or ingested. 

In the case of Pb-bearing dust, both particle size and the identity of the Pb-hosting 

minerals affect the degree of risk. Finer dusts (<5µm diameter) have a higher 

potential of being ingested deeper into the human lung causing possible tissue 

damage and toxic effects. We have collected size-fractionated airborne dust and 

near-surface pH-neutral tailings at New Calumet Mine, Quebec, Canada, a former 

Pb-Zn mine. Bioaccessibility describes how much of a substance can be dissolved 

by body fluids and become available for absorption by the body. The most 

bioaccessible Pb compounds are PbCO3 (cerussite), Pb3(CO3)2(OH)2 

(hydrocerussite) and PbO, followed by PbSO4 (anglesite), PbS (galena) and 

Pb5(PO4)3Cl (pyromorphite). Airborne dust samples were collected on the tailings 

piles using a PIXE Cascade Impactor which separates aerosol fractions onto nine 

impactor stages ranging from 16µm to 0.06µm. These stages were then analyzed 

by PIXE to obtain elemental concentrations. Samples of non-vegetated and 

vegetated near-surface tailings were collected for bioaccessibility tests as well as 

for total metal content, grain size distribution, and Pb speciation using ESEM and 

synchrotron techniques. Both airborne dust and near-surface tailings samples 

underwent synchrotron microanalysis including microXRD for identification of 

microcrystalline compounds and microXRF for element mapping and metal ratio 

evaluation. Despite extensive oxidation of iron sulfide minerals in the near-

surface tailings, galena persists as the most abundant Pb-bearing phase in the pH-

neutral tailings. However, rims of cerussite and hydrocerussite forming alteration 

rims on galena grains have been identified throughout the tailings. In vitro 

bioaccessibility testing of Pb in the tailings resulted in 0-0.05% bioaccessible Pb 

in lung fluid and 23-69% bioaccessible Pb in the gastric fluid.   
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Chapter 1 

Introduction 

1.1 Lead in Mine Waste 

The presence of active and abandoned metal mines throughout the world is a major 

source of metal contamination to surrounding environments. It has been estimated in metal 

mining that less than 1% of processed material is recovered as useful metal (Fields, 2003). The 

waste material that remains after mill processing is usually left on site in large piles as metal-

enriched solids. These waste piles, also referred to as tailings, act as potentially toxic metal 

sources to the surrounding ecosystem and residential areas. The migration of metals offsite is 

primarily through airborne dispersion of fine particles and waterborne transport of dissolved and 

particulate metals (Schaider et al., 2007). Various geochemical characteristics of the tailings, 

specifically solid-phase speciation, particulate size, and metal concentrations, will determine the 

potential for the metals to migrate off-site and expose humans and animals to potentially toxic 

metal concentrations.  

Lead (Pb) is considered a nonessential metal with respect to human health and is toxic 

with excess exposure. Under natural environmental conditions, food, water and air are not a 

source of Pb contamination to humans. However, through the mining and processing of Pb ore, 

mine waste can contain concentrations of Pb in surficial environments with upper limits reaching 

more than 5% by weight (Faure, 1998). These concentrations have the ability to contaminate the 

surrounding ecosystem if dispersed. The weathering effects of surficial Pb-rich tailings can alter 

relatively insoluble Pb-ore, such as galena (PbS), into more readily soluble forms such as 

cerussite (PbCO3). These geochemical transformations into phases of greater lability also alter the 
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potential bioaccessibility of the minerals, or the tendency of Pb minerals to dissolve in bodily 

fluids if ingested or inhaled. It is becoming more recognized that the speciation of a mineral 

controls the biologically available portion, and when the risk to human health associated with a 

mine waste environment needs to be assessed, it is the metal speciation present which plays the 

decisive role.  

1.2 New Calumet Mine 

This research is focused on the mineralogy and bioaccessibility of Pb in tailings from 

New Calumet Mine. Near-surface tailings as well as airborne particulates from the tailings piles 

were sampled at New Calumet Mine.  

1.2.1 Location and Geology 

New Calumet Mine is located on Ile du Grand Calumet, Quebec (Lat. 45.70
o
 Long. -

76.68
o
) approximately 90 km NW of Ottawa on the north side of the Ottawa River. Calumet 

Island is located in the Grenville Province and straddles the boundary between the Bancroft and 

Elzevir terranes (Williams, 1991).  

The New Calumet Pb-Zn-Ag-Au-Cu mine is located in an accreted arc terrane of the 

Grenville Province. The Calumet deposit consists of massive sulfide lenses and disseminated 

sulfides associated with cordierite-anthophyllite-bearing gneisses that are the metamorphosed 

equivalent of hydrothermally altered rocks (Corriveau et al. In Goodfellow, 2007). Peak 

metamorphic conditions of 650-700
o
C and 4-6 kbar (1 kbar = 100 MPa) were attained in 

association with the development of the gneissose fabric (Williams, 1990). The host rocks are 

mostly amphibolites and siliceous pyritic-pyrrhotitic gneisses with a suite of unusual and 

compositionally variable rocks that have undergone extreme deformation (Williams, 1990; 

Williams 1991). The Pb-Zn-Ag mineralization occurs in a complex transition zone between a 
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footwall sequence, in which biotite and sillimanite bearing quartzofeldspathic gneisses 

predominate over amphibolites, and a hanging wall sequence dominated by amphibolites with 

subsidiary gneisses (Williams, 1991). The principal ore minerals are galena, sphalerite, 

tetrahedrite and chalcopyrite. 

1.2.2 Mine History 

Lead (Pb), zinc (Zn), silver (Ag), and gold (Au) mineralization was discovered in 1893, 

which was followed by a small mining operation from 1911-1913 which ended prematurely due 

to a fire destroying the mill in 1913. A drilling program in 1939 initiated the building of a new 

mill followed by substantial mining of the area from 1944 to 1968 with peak operations in the 

early 1950s (MacLatchy, 2009). During this time, New Calumet Mines Ltd. extracted 3.8 million 

tonnes of massive sulfide ore averaging 5.8% Zn, 1.6% Pb, 2.16 oz/tonne Ag, and 0.013 oz/tonne 

Au (Bishop, 1987). The concentrator began operating September 12, 1943 at a rate of 500 tonnes 

per day. By 1949 the tonnage was increased to 800 tonnes per day. The ore went through 

crushing, grinding, and floatation on site with the Pb and Zn concentrates thickened, filtered and 

trucked away for further processing. The filters and thickeners were directed to overflow to the 

waste, and the tailings were pumped to the disposal sites and piled (Ferrigan, 1957).  

The New Calumet Mine property was privately acquired by John McLatchy (Queen’s 

Science ’64, Law ’67) in the late 1970s as a recreational facility. The 270 acres of property 

currently includes the old mining office (converted into Mr. McLatchy’s cottage), large spans of 

forested land, mineralized outcrops, three areas of mine tailings, an abandoned core facility, dirt 

roads, and 4000 feet of river front on the Ottawa River.  
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1.2.3 Tailings 

Throughout the 26 years of mining a total of ~2.5 million tonnes of tailings were 

deposited on site, separated in three locations. These three locations have recently been given the 

names The Beaver Pond, Mount Sinai, and the Gobi Desert. The tailings on site at New Calumet 

Mine are slightly alkaline (pH 7-8.5) due to the presence of large amounts of carbonate-rich 

minerals in the host rock (Sangster, 1967; Praharaj and Fortin, 2008). The presence of carbonate 

minerals within the primary assemblage is geochemically important because these minerals are 

the principal acid neutralizer in the tailings. It can be generalized that AMD (acid mine drainage) 

is produced from the oxidation of pyrite (FeS2) and pyrrhotite (Fe1-xS) (Jambor, 1994). These 

minerals are present in the tailings at New Calumet Mine; however, any AMD generated by their 

oxidation is neutralized by calcite that is found throughout the tailings.  

The three tailings piles at New Calumet Mine differ in size, location, elevation and 

presence of vegetation (Figure 3.1). The Beaver Pond was the first tailings disposal site when the 

mine began operation in 1944 and holds approximately 500,000 tonnes of tailings. It is 

geographically in the southern most location with tailings material extending from the old mill 

site to the Ottawa River following the creek which flows through the property from north-east to 

south-west. The Beaver Pond tailings site occupies a low lying area and receives surface runoff 

from nearby corn fields and is often covered by water and tall grasses in the summer. Sometime 

in the early 1950s, the earth dam which was built to contain The Beaver Pond tailings broke and 

unleashed an unknown amount of tailings directly into the Ottawa River. Even today, at the 

mouth of the creek emptying into the Ottawa River, fine tailings can be seen along the shore. 

Since then, The Beaver Pond earth dam has been rebuilt and is continuously monitored 

(MacLatchy, 2009). 
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Mount Sinai was the second depository of tailings and is located directly behind the old 

mining office and contains one million tonnes of tailings. Mount Sinai has the highest relief of the 

three tailings sites, protruding approximately 30 meters in height at its peak. Due to the high relief 

of the pile, it is affected by windblown dispersion significantly more than the other two locations. 

There is no vegetation along the sides or top of the pile. However, vegetation has caught around 

the bottom perimeter of the pile where natural forest regrowth has occurred. 

The Gobi Desert was the last disposal site used during mining operations and contains 

1,027,000 tonnes of tailings (Donkervoort, 2007; MacLatchy, 2009). Located at the north end of 

the property, the Gobi Desert ranges in elevation from 1-6 meters and covers an area of ~900m
2
. 

The lowest elevation within the pile is located near the center and has naturally re-vegetated itself 

into a marsh-type environment. A significant portion of this tailings site has also been fertilized 

and re-vegetated by the current owner, John MacLatchy. The past five years have seen regrowth 

of poplars, grasses, shrubs, and various herbaceous flowering plants within fertilized areas.  

1.3 Project Description 

The primary purpose of this study is to characterize the geochemistry, Pb species and Pb 

bioaccessibility found within the tailings and airborne particulates at New Calumet Mine. The 

tailings are enriched in a number of other potentially harmful metals such as Zn, Cu, Cd and Ni, 

but Pb was chosen as the primary focus for specific mineralogical characterization. By focusing 

on the Pb based species present in the tailings at New Calumet Mine, it is hoped that the results 

and conclusions from this study will be applicable to the understanding and potential remediation 

of other Pb-bearing mine waste locations around the world.  

Since the tailings at Calumet are not acid-generating, it might be expected that the 

environmental risk associated with this site is low. However, the potential toxicity of metal-
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bearing tailings particles that are ingested or inhaled may be unrelated to their behavior with 

respect to AMD (Jamieson et al. 2011).  

Bioacessibility testing of the tailings material was performed by in vitro methods which 

included simulating lung and gastric fluids. The solubility of the material within the simulated 

fluids complemented the mineralogical speciation work performed on the Pb-bearing minerals 

within the tailings. The rapid and inexpensive in vitro methods used in this study generate reliable 

relative bioaccessibility estimates in the receptors of concern, namely the lung and stomach. By 

coupling in vitro bioaccessibility and speciation research, it is hoped that data gaps may be filled 

to help in the understanding and predicting of bioaccessibility of contaminated mine waste 

(Scheckel et al. 2009).   

Surface tailings samples and airborne particulate samples were collected from the three 

tailings locations on site. The results obtained from this research characterize the amount and type 

of material being airborne and dispersed from the tailings at New Calumet Mine.  
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Chapter 2 

Literature Review 

2.1 Lead in the Environment 

Lead (atomic number 82; relative atomic mass 207.19; density, 11.34g cm-3) is a bluish 

or silvery grey heavy metal. It is soft, malleable, ductile, poorly conducts electricity, has a low 

melting point (327
o
C), and resists corrosion. Because of these properties, lead (Pb) has been used 

in the manufacturing of metal products for thousands of years (Callender, 2007) and is thought to 

be one of the first metals used by man (Hunter, 1978; IARC, 2006).  

Lead has two oxidation states, +2 and +4 found in solid state, however, the tetravalent 

state is not common in the surficial environment (Callender, 2007; Brown and Parks, 2001). The 

divalent state, on the other hand, is the most stable oxidation level. It has 4 naturally occurring 

stable isotopes (208, 206, 207, and 204 in order of abundance) as well as several radioisotopes 

whose longest half-life is 15 Myr (Callender, 2007; Reimann and de Caritat, 1998; IPCS, 1995). 

Lead found in the environment may derive from either natural or anthropogenic sources; however 

anthropogenic releases of Pb are predominant. 

2.1.1 Natural Sources 

There are 64 naturally occurring minerals which contain the metallic chemical element 

Pb, and these include lead sulfide (e.g., PbS (galena)), lead sulfate (e.g., PbSO4 (anglesite)), lead 

phosphate (e.g., Pb5(PO4)3Cl (pyromorphite)), lead oxide (e.g., PbO (massicot)), and lead 

carbonate (e.g., PbCO3 (cerussite)) (Plumlee and Ziegler, 2007). Galena is by far the most 

important source of primary Pb followed closely by anglesite and cerussite (IPCS, 1995). 
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Lead occurs naturally in the earth’s crust at a concentration of approximately 8-20mg/kg 

(Rudnick and Fountain, 1995; Taylor and McLennan, 1995). Concentrations of Pb are found in 

the crust hosted in either SEDEX (sedimentary exhalative), VMS (volcanogenic massive sulfide) 

or MVT (Mississippi valley-type) deposits and to a lesser extent veins and skarns (Lydon, 2007). 

These deposits are the most important resources of Pb globally. SEDEX deposits are the primary 

global producer and average a grade of 3.28 wt.% Pb, but metal grades are highly variable. In 

SEDEX deposits, the bulk of the ore is contained in stratiform sulfide bodies that are commonly 

represented by sheets or tabular lenses of stratiform sulfides up to a few tens of meters in 

thickness and more than a kilometer in length (Large, 1983; Goodfellow and Lydon, 2007). Most 

SEDEX deposits are hosted in basal marine, reduced facies, fine-grained sedimentary rocks 

consisting of mostly carbonaceous chert and shale. Sometimes the fine grained sedimentary rocks 

are interbedded with basin-wide turbidic siltstones, sandstones, and coarse-grained clastic 

sediments uplifted during extensional tectonism (Goodfellow and Lydon, 2007). VMS deposits 

typically occur as lenses of polymetallic massive sulfide that forms at or near the seafloor in 

submarine volcanic environments. They form from metal-rich fluids associated with seafloor 

hydrothermal convection. Their immediate host rocks can be either volcanic or sedimentary 

(Galley et al., 2007). MVT deposits are epigenetic, stratabound, carbonate-hosted bodies mainly 

occurring in dolostone as open-space fillings, collapse breccias, and/or replacement of the 

carbonate host rock (Paradis et al., 2007). MVT deposits are located in carbonate platform 

settings, typically in relatively undeformed orogenic foreland rocks, commonly in foreland thrust 

belts, and rarely in rift zones (Leach and Sangster, 1993).    

The natural presence of Pb in soil, water and air originates from sources such as chemical 

weathering or erosion of the Earth’s surface and volcanic emissions. (Faure, 1998; Nriagu, 1990; 
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IARC, 2006). Lead uptake by plants from soil is usually limited, since most of the Pb found in 

soil binds to soil particles and is not available for uptake (Alloway and Ayres, 1997; Thornton 

and Jones, 1984; Thornton et al. 2001). There is however variation in uptake between plant 

species, including vegetable crops grown for home consumption (Thornton et al. 2001). Plants 

growing in soils with high Pb contents can also be contaminated with soil particles on their leaves 

etc., which can be ingested by animals which eat them (Thornton and Abrahams, 1983; Thornton 

et al. 2001).  

Surface water and groundwater have low Pb concentrations under natural conditions 

because most Pb compounds (e.g., PbS and PbSO4) have low solubility. Concentration of Pb in 

surface water and groundwater throughout the USA typically ranges between 5 to 30 µg/L and 1 

to 100 µg/L respectively (US EPA, 1986) with higher concentrations typically found in urban 

areas as opposed to rural areas (US EPA, 1982). The Canadian drinking water quality guidelines 

for Pb is 0.010 mg/L (or 10 µg/L) which was approved by the Committee on Health and the 

Environment in 1992 (Health Canada, 2010). Surveys in Canada and the USA show that drinking 

water supplies leaving treatment plants contain 2-8 µg/L Pb, with less than 1% of public water 

system in the USA having water entering distribution systems with Pb concentrations above 5 

µg/L (US EPA, 1986; Dabeka et al. 1987; IARC, 2006).  

Under natural conditions, food, water and air are not a source of Pb contamination to 

humans (Faure, 1998).  The amount of natural Pb released into the atmosphere annually is 

approximately 1.86 x 10
10

g, compared to about 44 x 10
10

g measured in 1974/1975 from 

anthropogenic sources. In the 1970s, natural sources of Pb in the atmosphere contributed only 4% 

to the total Pb discharged (Nriagu, 1978).    
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Water with low pH and low concentrations of dissolved salts can leach substantial 

quantities of Pb from pipes, solder and fixtures (ASTDR, 1999; IARC, 2006). Concentrations of 

Pb in seawater are generally low with concentrations averaging 0.0005 µg/L in the pre-industrial 

era and around 0.005 µg/L in the late 1970s (US EPA, 1982; IARC, 2006).  

Lead reaching surface waters is readily bound to suspended solids and sediments (WHO, 

1995; IARC, 2006). Average concentration of Pb in river sediments in the USA has been reported 

to be about 23 mg/kg (Fitchko and Hutchinson, 1975; IARC, 2006; US EPA, 1982).    

2.1.2 Anthropogenic Sources 

2.1.2.1 Non-mining Sources 

Lead derived from natural sources has been overwhelmed by anthropogenic Pb, most of 

which is discharged into the atmosphere and dispersed over the surface of the Earth (Faure, 

1998). Prior to the late 1960s, a major source of Pb to the global atmosphere was through leaded 

gasoline and the burning of Pb-containing coal. With the passing of Clean Air Acts (e.g., U.K in 

1956, U.S in 1963, Canada in 1970 and New Zealand in 1972) and banning the use of leaded 

gasoline, Pb emissions to the environment have decreased drastically. The U.S, for example, 

decreased their emissions from about 200,000t in 1973 to about 500t in 1998 (USEPA, 2000). 

Unfortunately the banning of leaded gasoline has not been adopted in all countries of the world 

with emissions of leaded gasoline still contributing to a significant portion of Pb in the 

atmosphere. The release of Pb to the environment also occurs during the manufacturing of goods, 

the incineration of municipal and medical wastes and Pb-bearing coal (ATSDR, 1999; IARC, 

2006). 

 Studies performed on house dust have concluded the influence of dust in the home as a 

main contributor to environmental exposure to Pb. House dust plays a role as a transport medium, 
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facilitating the transfer of outdoor Pb in airborne particulates, soil and street dust to the indoor 

environment (Paustenbach et al. 1997; Layton and Beamer, 2009; Rasmussen et al. 2011). House 

dust also provides the major pathway of Pb exposure for young children (Ryan et al. 2004; Dixon 

et al. 2009; Roberts et al. 2009; Rasmussen et al. 2011). A study performed by Rasmussen et al 

(2011) collected vacuum samples from 1025 randomly selected urban Canadian homes to 

investigate Pb in settled house dust. Results from this study consist of three distributed 

populations defined as background (mean 58 µg/g), elevated (mean 447µg/g), and anomalous 

(mean 1730 µg/g). Dust concentrations in 10% of homes fall into elevated or anomalous 

populations and are predominantly in older homes located in central core areas of cities 

(Rasmussen et al. 2011). 

  

2.1.2.2 Mining, Smelting and Refining of Lead 

After leaded gasoline, the mining, smelting and refining of Pb is the next highest source 

of Pb emission that can cause contamination of the nearby environment. Concentrations are 

usually highest within 3km of the source, of course dependent upon the level of production, 

effectiveness of emission controls, climate, particle size, topography and other local factors (US 

EPA, 1989; WHO, 1995; IARC, 2006). Mining releases Pb to the fluvial environment as tailings 

and to the atmosphere as Pb-enriched dust. Smelting releases Pb to the atmosphere as a result of 

high-temperature refining processes (Callender, 2007; IARC, 2006). 

Approximately three million tonnes of Pb is mined globally each year with the largest 

mines in Australia, China and the USA accounting for more than 50% of primary production. The 

total Canadian production of Pb up until the end of 2005 was 22.8 million tonnes, originating 

from SEDEX (54%), VMS (32%), MVT (12%) and vein (2%) deposit types (Lydon, 2007). In 
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Canada, 12 out of 35 SEDEX deposits are past producers, of which the Sullivan deposit in British 

Columbia was the largest, producing 149 Mt of 5.64% Pb and 5.33% Zn from 1909 to 2001 

(Goodfellow and Lydon, 2007).   

The most important Pb ore is galena (PbS, lead sulfide) with other important Pb ores 

being anglesite (PbSO4, lead sulfate) and cerussite (PbCO3, lead carbonate). Anglesite and 

cerussite may be regarded as weathered products of galena and are usually found closer to the 

surface of the earth’s crust (IARC, 2006). Lead and Zn ores often occur together and have to be 

separated after extraction. The most common separation technique for Pb is selective froth 

flotation where the ore is first processed to a fine suspension in water by grinding in ball mills 

preferably to a particle size of <0.25mm. Air is then bubbled through this pulp contained in a tank 

and, following the addition of various chemical and agitation, the Pb minerals become attached to 

the air bubbles and are carried to the surface to form a mineral froth which is skimmed off. The 

unwanted or gangue minerals remain in the pulp (Lead Development Association International, 

2003; IARC, 2006).  

For smelting Pb, the traditional method is a two-stage process. The two-stage process 

begins with the continuous roasting (sintering) of the Pb sulfide to remove the sulfur, converting 

to Pb oxide. The second stage involves mixing the Pb oxide with coke and flux, such as 

limestone, which is then fed into a blast furnace where it is smelted. The chemical process that 

takes place in the furnace results in the production of Pb bullion (lead containing only metallic 

impurities) which is transferred to the refining process. This traditional two-stage process 

involves the release of hazardous dusts and fumes which necessitate the use of extensive exhaust 

ventilation and results in large volumes of Pb-laden exhaust gases which are usually cleaned 

before they are discharged into the atmosphere (Lead Development Association International, 
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2003). Due to the extensive environmental problems associated with the traditional two-stage Pb 

smelting process, a considerable amount of research has been aimed at devising processes where 

Pb is converted directly from the sulfide to the metal without producing Pb oxide. A number of 

direct smelting methods now exist, although at varying stages of development. The major 

difficulty in direct smelting processes is in obtaining Pb bullion with acceptably low sulfur 

content as well as resulting slag with sufficiently low Pb content for it to be safely and 

economically discarded (Lead Development Association International, 2003; IARC, 2006). 

Locations in Canada where Pb is currently smelted is Trail, B.C (Teck Ltd.) and Belledune, N.B 

(Xstrata) (Infomine, 2012).         

 Refining of the Pb bullion involves removing the metallic impurities which typically 

include Sb, As, Cu, Sn and Zn. Various techniques are used depending on the scale of production, 

but electrolytic and pyrometallurgical techniques are used to remove the metallic impurities (Lead 

Development Association International, 2003; IARC, 2006).  

2.1.2.3 Uses of Lead 

The unique properties of Pb have resulted in its many different applications over the 

centuries. In 2009 the world production of Pb was 3,860,000 tonnes (USGS, 2010). More than 

half of this production is used for automobiles as car batteries. Other various uses of Pb are in 

pigments (plastics, glass and ceramics), for electrodes in the process of electrolysis, a solder for 

electronics, high voltage power cables, shielding from radiation, vibration absorption, rust-

inhibiting priming paints, cable coverings, ammunition, and also for large stationary batteries 

used as stand-by emergency power in hospitals and other critical facilities. Lead, alloyed with tin, 

is used in making organ pipes and Pb oxide is used in the production of fine ‘crystal glass’ and 

‘flint glass’ with a high index of refraction for achromatic lenses (IPCS, 1995; IARC, 2006; Lead 
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Development Association International, 2003). Former applications of Pb include paints, 

plumbing, leaded fuels, and pesticide (IPCS, 1995). 

 

2.1.3 Lead in Mine Waste 

2.1.3.1 Tailings 

Tailings represent the ground, mill-processed gangue in which the ore minerals occurred, 

and because the recovery of the valuable minerals is never 100%, the tailings always contain 

small amounts of the ore minerals (Jambor, 1994). The tailings and waste from mining and 

mineral processing is quite often channeled directly into streams or deposited into piles 

throughout the mining area. Mine wastes from Pb-rich ore can contain concentrations of Pb in 

surficial environments with upper limits reaching more than 5% by weight, sometimes occurring 

as the primary mineral galena (PbS), but more usually as the weathered products cerussite 

(PbCO3), anglesite (PbSO4), and plumbojarosite (a basic Pb-Fe sulfate) (Wragg and Klinck, 

2007). Another common Pb-bearing phase in mine-waste is pyromorphite (Pb5(PO4)3Cl) which is 

stable under conditions encountered in the surface environment (Cotter-Howells et al. 1994).  

The size of tailings particles can dramatically influence their environmental impact. 

During the froth floatation process, the particle size to which the ore is ground depends on the 

nature of the ore, but is generally limited to 37 - 210µm (65 – 400 mesh) which allows the 

mineral grains to be liberated from the associated rock (CPCC, 2012). It is assumed this desired 

range of particle sizes is what is initially deposited in the tailings piles. Over time these size 

fractions can decrease due to weathering effects into more silt-clay sized fractions.  

Particles in tailings have very high surface areas and abundant broken crystal edges, 

which would be expected to enhance mineral reactivity relative to those of mine rock and waste. 
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Sulfide oxidation, therefore, can increase substantially. In addition, tailings are more likely to be 

distributed by wind and water than their more coarse-grained equivalents in waste-rock piles 

(Plumlee, 1999).  

Tailings are exposed to a variety of weathering environments including changes in 

oxygen, vegetation, and water concentrations. The way in which minerals weather, depends on 

the environment. Buckley and Woods (1984), Eggleston and Hochella (1994) and Jambor (1994) 

studied the oxidation of galena and determined that upon exposure to air, the initial products of 

galena oxidation were Pb hydroxide, oxide, and carbonate.  

 

2.1.3.1.1 Dissolution Processes and pH control 

Mineral dissolution is a process of chemical weathering where a mineral dissolves and 

passes into solution. Different minerals will behave differently under a variety of conditions. The 

dissolution of Pb from the galena surface increases with decreasing pH as well as amount of 

oxygen present in the environment (Fornasiero et al., 1994).   

 In a study by Moles et al (2004), the focus was on the dispersion of cerussite (PbCO3) in 

pH neutral, calcite-rich tailings at a historical Pb mine in Northern Ireland. The near-neutral 

tailings have resulted in the low solubility of secondary, fine-grained cerussite which has 

persisted on site for ~150 years. The low solubility of cerussite in the pH-neutral tailings has 

resulted in the physical dispersion of cerussite from the initial tailings deposition area. The 

decreasing soil pH which occurs at a distance from the carbonate-rich tailings results in the rapid 

dissolution of cerussite into solution. Although the quantity of metals decreased with distance 

from the mine site, the availability of Pb actually increased due to decreasing pH and buffering 
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capacity of the carbonate-poor soils (Moles et al. 2004). This increased availability of Pb resulted 

in an increase in metal uptake in some plants analyzed throughout the study. 

 

2.1.3.2 Atmospheric Emissions 

In 1995, the WHO (World Health Organization) estimated natural sources of atmospheric 

Pb dust emissions to be 19,000 tonnes/year compared to an estimated 126,000 tonnes/year 

emitted from mining, smelting and consumption of Pb (WHO, 1995). Concentrations of Pb in air 

range from 76x10
-6

 µg/m
3
 in remote areas such as Antarctica (Maenhaut et al. 1979 cited in 

IARC, 2006), to 0.2 µg/m
3
 in rural areas in Chile (Frenz et al. 1997 cited in IARC, 2006) and to 

>120 µg/m
3
 near stationary sources such as smelters (Nambi et al. 1997 cited in IARC, 2006).  

Studies performed in Wales have confirmed that dispersal of Pb mineral pollutants from 

mine waste by wind and water erosion is an active phenomenon in the country (Bradley and 

Lewin, 1982; Davies and Roberts, 1978; Fuge et al. 1989; Johnson and Roberts, 1978). 

Windblown mine tailings have been shown to be a significant contributor to soil concentrations of 

Pb, Zn and Cd in the vicinity of abandoned mines in mid-Wales (Merrington and Alloway, 2000; 

Merrington and Alloway, 1994). A study performed by Davies and White (1981) in Wales 

concluded that windblown dispersion of Pb-rich mine waste was accumulating on lettuce crops at 

concentrations five times higher than in fields not affected by the windblown Pb-rich dust. The 

accumulation of Pb on the lettuce crops was presenting a dietary problem in the areas affected 

(Davies and White, 1981).  

Airborne dust containing Pb particles from tailings may represent a significant pathway 

and risk to human health through inhalation by residents and animals living close to tailings piles 

(Wragg and Klinck, 2007). The extent of particle transport away from tailings piles and 
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subsequent exposure is heavily dependent on particle size. Particles smaller than ~30µm can be 

transported hundreds of meters by wind prior to settling, whereas particles <2.5µm can be 

transported regionally (Schaider et al. 2007). It is particles <10µm which are easily inhaled and 

pose potential ecological exposure and risk (Duggan et al. 1985).  

 

2.2 Human Health Risk Associated with Lead 

2.2.1 Toxicology 

Lead has been known for centuries to be a cumulative metabolic poison. It is a great 

concern that continuous exposure to low levels of Pb may result in adverse health effects (Posner 

et al. 1978). Young children are particularly vulnerable. In extreme cases of Pb toxicity, the brain 

swells (encephalopathy) and death can result.  

 An unusual and tragic incidence of fatal Pb poisoning occurred relatively recently in 

Nigeria as a consequence of exposure of community members to Pb-bearing crushed rock 

associated with artisanal gold mining. In the spring of 2010, some villages in northwestern 

Nigeria confirmed Pb poisoning in children and adults. These instances were a result of artisanal 

gold mining of Pb-rich ore liberating Pb to the surrounding environment. An estimated 18,000 

people were affected by the poisoning with at least 400 children reported dead. It was reported 

that the Pb contamination affected surface soils and drinking water reserves with Pb levels nearly 

500 times the acceptable limit in some villages (Plumlee and Morman, 2011; BBC, 2011; UN, 

2011). In late spring 2010, the CDC (Centers for Disease Control) and ATSDR (Agency for 

Toxic Substance and Disease Registry) deployed a rapid response team to help the Nigerian 

Government and NGOs assess the extent of the Pb poisoning, characterize the routes and sources 
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of exposure to Pb and other heavy metals, and recommend measures to mitigate exposures 

(Plumlee et al. 2010). 

 Cases of death from Pb poisoning are very rare, but Pb exposure to young children can 

result in learning impairments and low cognitive responses. Surveys of children residing in inner 

cities have shown that relatively low intelligence quotients (IQ) correlate with high body burdens 

of Pb (Fuge, 2005). Measuring concentrations of Pb in the environment is only one aspect of 

studying Pb exposure and toxicity. A variety of biological and geochemical influences determines 

how much Pb ultimately reaches the blood and becomes available to exert toxic effects (Fleming, 

1998).  

2.2.1.1 Exposure Pathways 

Humans are exposed to hazardous pollutants in the environment – in the air, water, soil, 

rocks, diet or workplace. The contributions of sources and routes of Pb exposure to total Pb intake 

vary from country to country and over time (e.g., abolition of leaded gasoline in certain 

countries). In 1990, the estimated daily intake of Pb from consumption of food, water and 

beverages in the USA ranged from 2 to 9µg/day for various age groups and was approximately 

4µg/day in children 2 years of age and younger (ATSDR, 1999; IARC, 2006). An example of 

how Pb can be directly ingested into the diet is by eating game and waterfowl that contain Pb 

ammunition fragments. For young children, some of the more prevalent sources of Pb exposure is 

from ingestion of paint chips and leaded dusts released from ageing painted surfaces, paint 

removal during renovation, effectiveness of cleaning, and frequency of cleaning (CDC, 1997; 

Lanphear et al. 1998 cited in IARC, 2006; Ryan et al. 2004; Rasmussen et al. 2011; Walker et al. 

2011). Canadian Council of Ministers of the Environment (CCME) guidelines for Pb in soil are 

70ppm for agriculture, 140ppm for residential and 600 for industrial soils (CCME, 2007). 
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Active and abandoned mine sites are a major source of metal contamination to their 

surrounding environments. Metal-rich tailings act as persistent toxic metal sources to surrounding 

ecosystems and residential areas through wind-borne transport of fine particles and waterborne 

transport of dissolved and particulate material. Airborne Pb from tailings can be deposited on soil 

and water, reaching humans through the food chain and in drinking water (IPCS, 1995). 

From the point at which particles are ingested, inhaled or taken in by the skin, they are 

being processed through the body by which numerous factors are aiding in their breakdown, 

absorption and/or excretion from the body. Absorption of Pb from the respiratory and/or 

gastrointestinal tract is influenced by particle size and particle solubility (Spear et al. 1998). 

 

2.2.1.1.1 Respiratory Tract 

The risk from airborne particulates is highly dependent on their size fraction, as the 

smaller the size the greater the percentage of particles that are deposited within the lungs 

(Beeston et al. 2010; Plumlee and Ziegler, 2007; Newman, 2001; McClellan, 2000). The largest 

inhaled particles, 5-7µm up to 10’s of µm in size, are deposited in the mucous linings of the 

nasopharyngeal tract. Progressively smaller particles are deposited in deeper, tracheobronchial 

portions of the respiratory tract, and only particles of <3µm in diameter can reach and react in the 

alveolar surfaces of the respiratory tract (Bright et al. 2006) where the most active exchange of 

oxygen and carbon dioxide occurs (Plumlee and Ziegler, 2007; Plumlee et al. 2006; McClellan, 

2000; IARC, 2006). If the inhaled particulates are of appropriate size to penetrate the alveoli, they 

encounter warm, moist, nutrient-rich conditions that can promote absorption into the blood stream 

(Plumlee and Ziegler, 2007). 
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2.2.1.1.2 Gastrointestinal Tract 

Most earth materials are ingested inadvertently, such as particles cleared from the 

respiratory tract, particles ingested through hand-to-mouth contact, or particles ingested on food 

such as improperly cleaned vegetables (Plumlee and Ziegler, 2007). Once particles are in the 

stomach, they are mixed with digestive fluids. It is here that the survival of ingested particles 

depends on their ability to survive in the chemical conditions of gastrointestinal tract, particularly 

the acidic conditions in the stomach. The fate of these particles is dependent upon their size, 

chemical composition, solubility in the digestive fluids, as well as the presence of other 

material/food in the stomach (Plumlee and Ziegler, 2007). Research evaluating the effect of food 

in the stomach concluded soluble Pb is absorbed at 50-80% on fasting. When Pb is ingested with 

food within one hour before a meal or up to four hours after a meal, absorption of Pb falls to the 

range of 2-5% of dose (Heard and Chamberlain, 1982; Heard et al. 1983; James et al. 1985).     

Most dissolution of ingested substances occurs in the stomach, and most absorption 

occurs in the intestinal tract (Sipes and Badger, 2001). However, all material dissolved in the 

stomach does not necessarily become absorbed through the intestinal tract lining into the 

bloodstream. This depends in large part on the composition of the toxicant (Rozman and Klaasen, 

2001).  

2.2.1.2 Health Responses 

Health science studies have demonstrated that mining or smelting of Pb-bearing ores is 

linked to elevated blood Pb levels and resulting health effects on exposed populations of workers, 

their families, and others living near mining sources, smelting sources, or ore transportation 

routes. The toxic effects of Pb are well known and are particularly suffered by children (Plumlee 

and Morman, 2011). Health effects associated with excess exposure to Pb range from renal failure 
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to impaired neurological behaviour functions to kidney disease and even anemia (Plumlee and 

Ziegler, 2007). The immaturity of the digestive tracts of infants and young children promotes 

higher absorption of Pb into their systems compared with older children or adults. The immature 

kidney also excretes these elements less readily thus a greater proportion of the administered dose 

is liable to accumulate in the body of young children. Another essential organ which lacks the 

capacity to restrict the accumulation of metals in young children is the brain. A major concern 

with accumulation of Pb in the brain is that it may disturb the maturation of tissues such as the 

central nervous system (WHO, 1986 in WHO, 1996). Retention of Pb in the brain of children has 

been found to be upwards of ten times greater than in adults (Kostial, 1983). In children, high 

doses of Pb can result in acute Pb encephalopathy, a life threatening condition (Centeno, 2005). 

This condition is simply described as being a swelling of the brain which can lead to herniation. 

Chronic exposure to Pb leads to central nervous system disorders, impaired neurobehavioral 

function, and diminished fine and gross motor development in children (Plumlee and Ziegler, 

2007). 

Inhaled particles can produce a variety of injuries and diseases in the lung. Inhalation of 

mixed dusts containing silicates can produce interstitial fibrosis which is a disease that affects the 

tissue and space around the air sacs of the lungs. These diseases occur when scar tissue forms in 

the interstitium, the space between the alveoli in the lungs. This process begins when the tissue of 

the lungs is damaged and the walls of the alveoli become inflamed. When this inflammation 

doesn’t heal properly, it can lead to scarring (fibrosis) in the space between the alveoli (Centeno 

et al. 2005). 
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2.2.2 Lead Bioaccessibility 

The terms ‘bioaccessibility’ and ‘bioavailability’ are terms commonly used in the field of 

medical geology. The ‘bioaccessibility’ of a substance is the fraction that can be dissolved by 

body fluids, and is available for absorption (Ruby et al. 1999; Hamel, 1998; Plumlee and Ziegler, 

2007). The ‘bioavailability’ is defined as the fraction of a substance that is absorbed via an 

exposure route, reaches the bloodstream, and is transported in the body to a site of toxicological 

action (Ruby et al. 1999; Lioy, 1990; Hamel, 1998; Plumlee and Ziegler, 2007).  

 Issues surrounding the bioaccessibility and bioavailability of contaminated substances 

have been an area of intense research (Scheckel et al. 2009). The way in which bioaccessibility 

and bioavailability are measured is by means of in vivo or in vitro methods. The term in vivo 

describes using a human or animal surrogate for experimental purposes to examine the dose-

response of a substance. Of course the in vivo method has many drawbacks, of which ethical 

reasons, sensitivity of children to contaminated substances, and high costs are only a few. 

Alternatively, the in vitro method simulates a human digestive or pulmonary system by means of 

a chemical surrogate (Scheckel et al. 2009). The extraction fluids obtained from the in vitro 

methods attempt to mimic the human or animal responses to substance uptake. Of course there 

are numerous ethical and cost advantages to performing in vitro extraction tests, but unfortunately 

there has yet to be a single in vitro method that can account for more than a few elements for a 

specific exposure pathway (Scheckel et al. 2009). For in vitro extraction tests simulating gastric 

and lung fluids, the chemistry of the fluids attempt to match the fluids involved in the digestion 

processes. Progress has been made in developing soil Pb bioaccessibility testing in conjunction 

with bioaccessibility methods (Drexler and Brattin, 2007; Ruby et al. 1993, 1996).     
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 A comprehensive paper by Ng et al (2010) outlines a significant number of Pb 

bioavailability and bioaccessibility results obtained by in vitro methods published since 1993. 

The primary finding in this review paper is the lack of consistent approaches to correlate in vivo 

and in vitro data in contaminated soils (Ng et al. 2010). There is a range of in vitro 

bioaccessibility methods used which unfortunately leads to poor relationships across similar 

research fields.  

2.2.2.1 Mineralogy and Bioaccessibility 

It is well established that the bioaccessibility of Pb (and other metals) in soils and tailings 

is dependent on their speciation and the solubility of the specific mineral species present 

(Scheckel et al. 2009; Moles et al. 2004; Kambata-Pendias and Pendias, 1984). It has been shown 

that the bioaccessibility of metals is inversely related to the strength of the mineral-particulate 

binding in sediments (Jenne and Luoma, 1977; Spear et al. 1998). Other studies have 

demonstrated that compounds that are readily dissolved in weak acid are highly bioaccessible 

(Barltrop and Meek, 1975 and 1979). Sulfide minerals are all significantly more bioaccessible 

under oxidizing conditions than reducing conditions and carbonates are much more bioaccessible 

under acidic than alkaline conditions (Ruby et al. 1999; Plumlee, 1999; Nordstrom and Alpers, 

1999). The most bioaccessible Pb compounds are lead carbonates (ex: PbCO3 – cerrusite) and 

lead oxides (ex: PbO), followed by lead sulphates (ex: PbSO4 – anglesite) and lead sulfides (ex: 

PbS – galena) (Plumlee and Ziegler, 2007).  

Parent minerals, such as galena (PbS), may have limited bioaccessibility but over time 

these primary minerals in mine wastes can undergo geochemical transformations that convert 

metals from relatively refractory phases into phases with greater lability and bioaccessibility. 
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Exposure to oxygen and moisture promotes oxidation of sulfide minerals, such as galena, and can 

lead to mineral dissolution and metal mobilization (Schaider et al. 2007). 

 The issue of Pb species control on bioaccessibility has been researched by Palumbo and 

Klinck (2002) and Ruby et al (1993) who show an increasing trend in bioaccessibility of cerussite 

> Pb-jarosite > anglesite. In the study by Palumbo and Klinck (2002), a physiologically based 

extraction test using Pb-rich mine waste resulted in cerrusite comprising 48% of the total Pb 

bioaccessible species and anglesite only comprising 5% (Wragg and Klinck, 2007). These results 

are almost identical to a study by Woelfel and Carlson (1914) where the solubility of Pb ore dust 

was tested using human gastric juices obtained from a living donor. They found galena (PbS) 

dissolution ranged from about 1.4 to 4.7%, about 6% for anglesite and 46% for cerussite (Woelfel 

and Carlson, 1914).    

 Figure 2.1 is a graph by Casteel et al (2006) outlining the Pb relative bioaccessibilities of 

various Pb-bearing minerals based on in vivo testing on juvenile swine. The quantitative results 

from the study show lead sulfides and lead sulfates on the lower end of relative bioaccessibility 

and lead carbonates being on the highest end of relative bioaccessibility.  
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Figure 2.1. Figure by Casteel et al. (2006) outlining the Pb relative bioaccessibility results from 
in vivo testing on juvenile swine. 

Wragg and Klinck (2007) used a synthetic lung fluid to extract Pb from the <10µm 

fraction of tailings from a Welsh mine site. They determined the bioacessibility of Pb decreases 

over time due to the development of a Pb phosphate coating.  A very comprehensive study 

linking Pb speciation to human bioavailability was performed by Ryan et al (2004) using 

synchrotron microanalysis (XAFS and XRF mapping) and in vitro and in vivo extraction 

methods. They examined Pb contaminated soil treated with phosphate amendments to potentially 

reduce the Pb bioaccessibility. The objective of the study was to convert the Pb found in the soil 

to pyromorphite, which is very insoluble and presumed non-bioaccessible. What they found was 

an inverse correlation in the amount of pyromorphite present in the sample (XAFS) to the amount 

of bioaccessibile Pb measured by the in vitro extraction method (Ryan et al. 2004; Scheckel et al. 

2009).  
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 A recent study performed by Beeston et al (2010) used nanoparticles (<3um) of galena 

(PbS) in an in vitro bioaccessibility test representing the respiratory tract. They discovered 

nanoparticles of PbS display a significant level of bioaccessibility within human lungs that 

suggest they represent a high risk to human health through the inhalation pathway as a result of 

phagocytosis. Phagocytosis is a protective mechanism of the lung tissue where it engulfs foreign 

material dissolving the particles, resulting in transport from the cells of the lung into the 

bloodstream (Beeston et al. 2010). Although it has been determined that galena represents the 

lowest relative bioaccessibility of Pb minerals tested, when particles small enough become 

transported into the deepest reaches of the lung, they have the capacity to reach the bloodstream 

and cause toxic effects.  
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Chapter 3 

Sampling and Analytical Methods 

3.1 Field Methods 

3.1.1 Sampling Strategy 

The goal of sampling at New Calumet Mine was to collect material from tailings and 

windblown dust originating from waste piles for geochemical, mineralogical and bioaccessibility 

analysis. The strategy for sampling was to obtain representative samples from each of the three 

tailings locations (Mount Sinai, Gobi Desert and the Beaver Pond) on site, including non-

vegetated and re-vegetated areas, as well as collecting airborne dust originating from the waste 

piles. The focus was to obtain surficial tailings which represent material that is easily 

redistributed by wind and other erosional processes as well as being consistently exposed to 

oxidation and environmental changes.    

The primarily interest is to identify all Pb-based minerals throughout the tailings and 

airborne dust since Pb was a primary metal extracted during mining and remains in elevated 

concentrations in the tailings. Identifying the present form of Pb within the tailings, including any 

secondary alterations that have occurred since initial deposition, is a main focus of the study. 

Other elements in the tailings, such as Zn, Cu and Ag, are in elevated concentrations as well; 

however, Pb was chosen as a focus in this study since it is an element of great interest in 

bioaccessibility studies and is toxic at low concentrations. 

All three tailings piles were sampled at New Calumet Mine. The focus was not on 

characterizing the spatial differences between the three tailings piles but rather gathering 

information from all locations in hopes of identifying the range of concentrations and possible 
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differences in mineralogy present throughout site. The differences in present environment (e.g. 

vegetation, elevation) as well as differences in exposure to oxidation may be affecting the 

mineralogy of the tailings. By sampling all three tailings locations we hope to identify all the Pb 

phases found throughout the property and link the mineralogy to the results obtained with the 

bioaccessibility results.  

3.1.2 Sampling Locations 

Field work was conducted from June 17 to June 22, 2010. New Calumet Mine is located 

on Ile du Grand Calumet, Quebec (see location map Figure 3.1). Sampling locations were chosen 

based on observations made in the field regarding tailings morphology, sedimentary structures, 

vegetation, wind direction and accessibility. The sampling locations chosen at New Calumet 

Mine are shown in Figure 3.1 below and are all located within the property. Table 3.1 lists the 

UTM locations and types of samples collected at each site.   

At each of the three tailings sites, airborne dust and non-vegetated, near-surface tailings 

samples were collected. Airborne dust was collected on the tailings to be able to characterize the 

geochemical signature and concentrations of metals within the dust being affected by airborne 

distribution. The particles were separated by grain size during collection which helps to 

characterize the sediment size distribution of the airborne particles and provides an opportunity to 

sample the respirable fraction. Tailings samples were also collected of vegetated, near-surface 

material at the Beaver Pond and Gobi Desert for geochemical analysis, mineralogical 

classification by ESEM and synchrotron techniques, as well as for sediment size classification. 

Vegetated tailings were sampled to see if any mineralogical differences were apparent by the 

introduction of organics and phosphate. 
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Figure 3.1. Location map of New Calumet Mine with tailings piles and sample sites. The ‘n.veg’ 

tailings indicate non-vegetated sample sites, ‘veg’ indicates vegetated sample sites, and ‘AP’ 
indicates airborne particulate sample sites.   

 

Airborne dust sample locations were chosen at each site based on a variety of factors, 

most importantly being a location deemed ‘dusty’ from material being windblown from the pile. 

Other important factors included wind direction, presence of windblown sedimentary structures, 

proximity to man-made structures and/or wind blocking structures, distance from potential fire 

hazards (from heat of generator), and accessibility from roads.  

Non-vegetated tailings were typically sampled within a range of 5-8m from the airborne 

dust sample sites. At the Beaver Pond and the Gobi Desert, vegetated tailings were sampled 

where growth has occurred as a result of fertilization and re-planting. See Figure 3.1 for all 
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sample locations. Specific details of sample descriptions, site locations, weather conditions during 

sampling, and other sampling details are given in Appendix A.  

 

Table 3.1. Sampling UTM locations and sample types collected in June 2010. 

SITE 

NAME 

SAMPLE 

PREFIX 

            UTM LOCATIONS 

 

EAST         NORTH     +/- (m) 

SAMPLES 

COLLECTED 

 

Tailings             Dust 

MOUNT 

SINAI 

MS-AP* 0369634     5062109            3                               X 

MS-NonVEG** 0369632     5062107            3      X 

BEAVER 

POND 

BV-AP 0368994     5061987            3                               X 

BV-NonVEG 0368982     5061984            3      X 

BV-VEG1
Ϯ
 0368827     5061986            3      X 

 

GOBI 

DESERT 

GD-AP 0368896     5062359            3                               X 

GD-NonVEG (5-7m from C.I. site)      X 

GD-VEG1 0368735     5062572            3      X 

GD-VEG2 0368836     5062543            3      X 

*AP = airborne particulate sampling, **NonVEG = non-vegetated tailings samples collected of 

the top 5cm of surface material, VEG
Ϯ
 = re-vegetated tailings samples collected of the top 20cm 

of surficial material.  

 

3.1.3 Sample Collection 

Figure 3.2 below shows the types of samples taken during field work including sampling 

of non-vegetated and re-vegetated tailings as well as airborne particulate sampling. Non-

vegetated samples were taken of the top 5cm of material and vegetated samples were taken down 

to approximately 20cm to obtain root material including a variety of (immature) soil horizons.  
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Figure 3.2. Types of sampling conducted during field work at New Calumet Mine. A shows 

the non-vegetated tailings collection of the top 5cm of material, B shows the vegetated tailings 
collection of the top 20cm of material, and C shows airborne dust collection by cascade impactor. 

 

3.1.3.1 Tailings 

3.1.3.1.1 Non-Vegetated Tailings Collection 

The sample collection of non-vegetated tailings was of surface material (to a depth of 

5cm) since the uppermost layer provides the atmospheric environment where minerals have the 

potential to alter to a variety of species, as well as being the portion most likely to become 

airborne. Sites were chosen in relative accordance with the sites chosen for airborne dust 

A B 

C 
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sampling by cascade impactor. Most sample sites were chosen upwind or adjacent to the cascade 

impactor sample sites. Two sample bags (approx 5-8kg each) of tailings material was taken with a 

cleaned plastic trowel (Figure 3.3A). Since the tailings obtained were exposed to surficial 

oxidation under atmospheric temperatures, there was no concern regarding further oxidation or 

alteration of mineralogy once the samples were bagged and thus the samples were not 

refrigerated. 

3.1.3.1.2 Vegetated Tailings Collection 

Sample collection of the vegetated tailings material was similar to the non-vegetated 

except the top 20cm of material was collected instead of the top 5cm. Vegetated samples were 

collected at the Gobi Desert and the Beaver Pond but not at Mount Sinai. The sample sites chosen 

for collection were thought to represent the type of vegetation typical of the area within the 

tailings pile. Figure 3.3B is of one of the vegetated tailings sample sites at the Gobi Desert. The 

tape measure is indicating 20cm depth to which the tailings were sampled to.   

 

Figure 3.3. A is a representative image of the non-vegetated tailings sampled on site of the top 
5cm of material. Two sample bags were filled with material using a cleaned plastic trowel. B is 

an image of the vegetated tailings material collected of the top 20cm of material.  

 

 

A B 
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3.1.3.2 Airborne Particulates 

Collection of windblown dust was performed at each of the three tailings sites by means 

of a Proton Induced X-ray Emission Spectroscopy (PIXE) cascade impactor sampler (PIXE 

International Corporation, model I-1L cascade impactor), which collects aerodynamically 

fractionated particulate samples in ten diameter ranges (>16 to <0.06µm) (Table 3.2).  

Each of the three tailings sites were sampled for approximately 10 hours using a ~1.25L/min flow 

rate and a vacuum of 648mm of mercury (Corriveau et al. 2011; PIXE, 2011). To operate the 

vacuum, a portable generator was used as the power source during the ~10 hours of sampling at 

each location. This constant flow of air through the sampler is simulating air breathed in by a 

human and was monitored by the use of a flowmeter. A weather cover tube was put over the 

cascade impactor during sampling to protect it from the elements as well as act as another mode 

of stability throughout sampling.    

Table 3.2. PIXE cascade impactor stage size ranges. 

Stage # Cut-off diameter (µm) 

7 >16 

6 16-8 

5 8-4 

4 4-2 

3 2-1 

2 1-0.5 

1 0.5-0.25 

L2 0.25-0.12 

L1 0.12-0.06 

AF <0.06 

 

There are ten stages in total throughout the column and each stage consists of a plastic 

ring with a polycarbonate impaction surface. Figure 3.4A, B and C show the prepared cascade 

impactor, a cross section of the cascade impactor showing all stage mounts throughout the 

column, and the sample rings which were inserted onto each stage. To eliminate the possibility of 
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particle bounce off the impaction surface, we dabbed a 4% Vaseline® solution mixed with 

cyclohexane on the sample rings which has been successfully used in previous studies on airborne 

particulate collection (Lawson, 1980). Once each sample ring and holder was stacked, Parafilm® 

was wrapped around each stage holder (Figure 3.4A) to decrease vacuum pressure loss 

throughout the column during sample collection. All accessory material required for sampling, 

including the prepared rings, were ordered through PIXE International Corporation 

(www.pixeintl.com).  

 

Figure 3.4. A shows the cascade impactor used to sample airborne material. Each stage holder is 

wrapped individually with Parafilm®. B is a cross section view of the cascade impactor. C shows 

the prepared sample rings which are inserted onto each of the ten stages throughout the column. 

The diameter of the sample rings are approximately 4cm.  

 

During sample collection in the field, the cascade impactor was mounted on a stand to 

elevate it approximately 5ft from the ground. Figure 3.5 shows the set-up of the cascade impactor 

A B 

C 
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sampler, vacuum pump, and generator during collection of airborne material. A blank sample ring 

was run for each sample site which was prepared with the same Vaseline®-cyclohexane solution 

during preparation of all the rings inside the McLatchy cabin.     

 

Figure 3.5. Collection of airborne material from each tailings site was done by use of the cascade 
impactor and vacuum pump which was powered by a portable generator. 

 

3.2 Analytical Methods 

Immediately following field work, vegetated and non-vegetated tailings samples were air 

dried in the laboratory at Queen’s University. Samples were laid out on clean, plastic sheets in a 

fume hood with circulating air for approximately two days. The vegetated samples took the full 

two days to dry due to the presence of damp, organic material. Non-vegetated tailings samples 

were relatively dry with some dampness and took only a half day to dry. Because these samples 

were collected in an open air environment, there was no concern regarding changes in mineralogy 

during drying.   

Cascade Impactor with 

weather cover  

Vacuum pump 

inside ‘bird house’ 

Portable generator 

 

Hose connecting 

vacuum pump to C.I.  
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3.2.1 Tailings 

3.2.1.1 Sediment Size Characterization 

The vegetated and non-vegetated tailings samples were sieved using a Retsch sieve 

shaker separating them into nine size ranges: >2000µm, 1000-2000µm, 500-1000µm, 250-

500µm, 125-250µm, 63-125µm, 45-63µm, 20-45µm, and <20µm. All samples were sieved for 20 

minutes at an amplitude (intensity of vibration) of 1.00mm/g.  

As well as sieving for sediment size classification, specific size fractions were sieved, 

collected and sent to the USGS (United States Geological Survey) for bioaccessibility leach 

testing and geochemical testing by ICP-MS. Each bulk sample collected (vegetated and non-

vegetated) was sieved to <250µm and <20µm since these fractions are deemed most likely to be 

ingested and inhaled.  

3.2.1.2 Thin Section Preparation and Petrography 

A total of 18 thin sections were made at Vancouver Petrographics from the tailings 

sampled at New Calumet Mine for the purpose of petrographic classifications, ESEM and 

synchrotron microanalytical work. The thin sections were made into doubly-polished ‘liftable’ 

thin sections as described in Walker et al. 2005. The thin sections were made to be liftable for 

synchrotron-based analysis which requires the removal of the glass slide prior to analysis. The 

epoxy coated sample was mounted onto a glass slide using Krazy Glue®. The samples were cut 

at an approximate thickness of 35-50µm and no water or heat was used during preparation of the 

thin sections. Kerosene was instructed to be used instead of water since water has the potential to 

alter the chemistry of the samples (Walker et al. 2005).     

Table 3.3 is a list of the samples made into thin sections. The 12 thin sections made of the 

sieved material were splits of the material used for the bioaccessibility leach testing. The 
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highlighted ‘X’s in Table 3.3 indicate which samples were run for bioaccessibility testing, 

synchrotron analysis, or both.  

Table 3.3. A total of 18 thin sections were made from samples taken at New Calumet Mine. 

SITE NAME 

 

SAMPLE 

PREFIX 

MATERIAL MADE INTO THIN SECTIONS  

  Non-sieved        <250µm fraction      <20µm fraction       

MOUNT SINAI MS-NonVEG         X                         X                               X 

       

BEAVER DAM BV-NonVEG         X                         X                               X 

BV-VEG1         X                         X                               X 

       

GOBI DESERT GD-NonVEG         X                         X                               X 

GD-VEG1         X                         X                               X 

GD-VEG2         X                         X                               X 

  

X = synchrotron analysis, X = bioaccessibility testing, X = both synchrotron analysis and 

bioaccessibility testing.  
 

Prior to ESEM or synchrotron analysis, petrography was performed to identify and target 

potential Pb-bearing minerals and possible Pb-sorbing minerals (e.g. Fe-oxides). Thin sections 

were analyzed in plane-polarized light (PPL), and reflected light (RL) to better understand the 

composition of the tailings and identify any possible Pb-rich target for further analysis.  

 

3.2.1.3 ESEM 

The ESEM (environmental scanning electron microscope) differs from a SEM (scanning 

electron microscope) in that it allows collection of electron micrographs of samples that are 

uncoated or wet. Since we preferred the samples collected from Calumet Mine to remain 

uncoated for synchrotron microanalysis, the environmental-mode was used. This method is able 

to determine the identity, morphology, and chemical composition of solid phases down to less 
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than 1µm in size based on a combination of imaging and semi-quantitative energy dispersive x-

ray analysis.     

The ESEM at both Queen’s University and the GSC (Geological Survey of Canada) in 

Ottawa were used during this study. In both cases, images of the samples were produced and 

grains detected using the ‘backscatter detector’ and ‘EDS’ (Energy Dispersive Spectrum). 

Unfortunately the EDS cannot decipher whether energy is being measured from the Kα, Lα, or 

Mα orbits, which was an issue regarding Pb and S overlap.  

Thin sections were examined under low vacuum with the back scatter electron detector 

on a Cambridge S200 with EDS system under ESEM mode at the GSC in Ottawa and with a 

MLA 650 FEG ESEM at Queen’s University. The software used to run the analysis at Queen’s 

was the Bruker Esprit, version 1.9.1.2421, 2010. More specific settings used in low-vac during 

analysis at Queen’s are shown in Table 3.4. 

Table 3.4. Specific settings used under low-vac using the Queen's University FEI Wuanta MLA 

650 FEG model. 

Chamber Pressure 7.5e
-1

 Torr 

Gun Pressure 2.91e
-9

 Torr 

Emission Current 190 µA 

Detectors BSED 

Contrast ~40 

Brightness ~91 

Voltage 20kV 

Spot Size 5 

Dwell Time 3µs 

Frame Time 2.9 sec 

 

Under the backscatter detector, galena and other Pb-bearing minerals stand out 

significantly from surrounding minerals due to the high atomic number of Pb.  

During use of the ESEM, it was important to be aware of the limitations of the analysis 

since the volume of material influenced by the beam is somewhat larger than the beam size itself. 
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In turn, unusual compositions may result from the analysis of fine grained precipitates and/or 

alteration rims on sulfides. These results should not be taken at face value and calculated as 

mineral formulas as the anomalous results usually signify the presence of mixtures (Jambor, 

1994).    

The ESEM was a very powerful tool in locating and identifying Pb-based targets, Fe-

oxide targets, and a variety of intriguing minerals to further analyze. The targets selected on the 

ESEM were carefully mapped using ‘montages’ and a variety of photos at varying scale. 

Montages are useful to ‘stitch’ together numerous images creating a large overall picture of the 

slide making targets easily identifiable. Targets were catalogued and then further analyzed using 

synchrotron microanalysis at NSLS.  

Appendix B records select images and spectra taken during ESEM analysis. Appendix B-

2 on the attached CD records all the images collected on the ESEM. 

3.2.1.4 Synchrotron Microanalysis 

Prior to synchrotron analysis, the thin sections were lifted from the glass slide. To lift the 

sample from the glass slide, it was immersed in acetone in a petri dish until the sample was 

completely detached from the slide. The time it took for the sample to lift off the glass slide 

ranged from 0.5 – 3hrs depending on the thickness of sample and amount of Krazy Glue® used. 

Prior to lifting the slide, it was imperative to know the exact orientation of the thin section so the 

pre-selected targets were not lost. Once the sample was lifted off the slide and dried, it was 

oriented correctly and carefully pressed onto Kapton® tape in a 35mm cardboard slide holder.    

Synchrotron microanalysis was conducted with a hard X-ray microprobe at beamline 

X26a at the National Synchrotron Light Source (NSLS), Brookhaven National Laboratory, 

Upton, NY. A 350µm collimated monochromatic beam was focused to approximately 5x9µm 
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diameter using a system of Rh-coated Kirkpatrick-Baez mirrors. A monochromatic beam was 

adjusted using a Si(111) channel-cut monochromator (Walker et al. 2005). The Si(111) 

monochromater with a 9-element solid-state HPGe-detector and two Si-drift detectors was used to 

collect data. The sample mounted on the 35mm cardboard slide holder was held in a vertical 

plastic holder oriented 45
o
 to the incident beam. An optical microscope was arranged 

perpendicular to the sample to allow the user to view the sample during analysis (Sealey, 2011).  

A total of six thin sections (Table 3.3) with approximately 35 grain targets were analyzed 

at NSLS throughout this project. The thin sections chosen for microanalysis were based on 

number and quality of Pb-rich targets as well as bioaccessibility significance.  

3.2.1.4.1 µXRF and Flyscan Mapping 

Numerous elements were analyzed and mapped simultaneously using the synchrotron 

µX-ray fluorescence (µXRF) detectors and Fly Scan mapping technique. Petrographically 

preselected targets were supplemented with additional targets from the µXRF maps produced 

based on element associations. To create a µXRF map, a grain or area is specified and map size, 

pixel size, step size and monochromator energy are selected. To acquire information on Pb, the 

monochromator energy was set to 13,500eV. When the Fly Scan mapping begins, the XRF 

detectors and linear stage run continuously and record full XRF spectra for each pixel size. This 

information creates element maps which locate trace metals within the heterogenous matrix and 

correlate trace and major elements. These µXRF maps are grey-scale showing high 

concentrations as dark areas. Once a number of elements are observed to be present, the next step 

is the RGB tricolour map. In this method, an image is made where the R (red), G (green) and B 

(blue) values of each pixel are proportional to the amounts of three elements selected. The 

resulting image is at once informative with the overall brightness of a region relating to the sum 
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of the concentrations and the hue related to the difference (Manceau et al. 2002). Figure 3.6 

below is a µXRF map of a grain with Pb, Fe and Ca chosen as the three colours. The colour 

palate to the right of the map shows the co-existing elements throughout the grain based on colour 

association.  

Specific coordinates within targeted grains are documented from the µXRF maps which 

provide exact micron sized targets for further µXRD analysis (Walker et al. 2009).  

 

 

Figure 3.6. A tricolor µXRF map and associated colour palate showing the distribution of Pb, Fe, 
and Ca concentrations within a targeted grain. The µXRF map was produced by Flyscan mapping 

which obtains elemental information from every pixel across the mapped area.   

 

3.2.1.4.2  µXRD 

Microfocused X-ray diffraction (µXRD) was another synchrotron technique used which 

was able to identify mineral phases in individual grains as small as 7-10µm (Walker et al. 2009). 

MicroXRD produces Debye-Scherrer rings (powder diffraction) in grains that are polycrystalline 

at the beam scale, with rings or ‘spots’ produced from macrocrystalline grains. The experiments 

are imaged in 2D in transmission mode using a Bruker SMART 1500 CCD diffractometer with a 

Fe 

Ca 

Pb 
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fiber optic taper (Walker et al. 2005). The incident X-ray beam was tuned to 17,479eV. 

Calibrations and corrections for detector distortions were done using the Fit2D™ software. 

Integration of the 2D pattern into the search-match program, Highscore™, allowed for 

identification of mineral phases.     

The reason why standard X-ray diffraction was not emphasized on these samples is 

because we are most interested in identifying the secondary minerals present in these samples. 

Standard diffractometry is most useful in identifying primary minerals and less useful for 

identifying secondary minerals, which may form only a minute percentage of the sample mass 

(Jambor, 1994).  

By conducting these experiments using synchrotron microanalysis we were able to obtain 

information on elemental correlations, mineral speciation, mineral associations and contaminant 

distribution. This information is critical in elucidating the relationship between metal speciation 

and bioaccessibility (Meunier et al. 2010). 

 

3.2.1.5 Total Element Chemistry 

Total element geochemistry on the tailings samples was performed at the USGS 

laboratory in Denver, CO in collaboration with Suzette Morman and Geoff Plumlee. A total of 12 

samples were analyzed by ICP-MS (Inductively Coupled Plasma Mass Spectrometry) which 

included the <250µm and <20µm fractions sieved from six tailings samples (vegetated and non-

vegetated). The six samples were taken from the three tailings locations (Figure 3.1); Beaver 

Pond (two sample sites), Gobi Desert (three sample sites) and Mount Sinai (one sample site). 

Analysis by ICP-MS for major, minor and trace elements is useful for the present investigation of 
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tailings sediment samples. The apparatus used at the USGS is the ICP-MS, Perkin Elmer Elan 

6000. The reagents used throughout the multi-acid digestion include: 

 Deionized (DI) water 

 Hydrochloric acid (HCL), conc. reagent grade (37%) 

 Nitric acid (HNO3), conc. reagent grade (70%) 

 Perchloric acid (HClO4), conc. reagent grade (70%) 

 Hydrofluoric acid (HF), conc. reagent grade (48%) 

 1% HNO3: dilute 10 mL conc. HNO3 to 1000 mL with DI water 

 Hydrogen peroxide (H2O2), solution (30%) 

3.2.1.6 Bioaccessibility Leaches 

In vitro bioaccessibility tests (IVBA) are physiologically-based extraction tests designed 

to estimate the bioaccessibility of elements along ingestion exposure pathways (Morman et al. 

2009). Simulated lung and gastric fluids were exposed to tailings samples sieved to <20µm and 

<250µm respectively. For the gastro-intestinal extractions, samples are typically sieved to 

<250µm since this is the fraction most likely to adhere to the hands of children and be ingested. 

For the lung extractions, samples used are sieved to <20µm fractions since this is approximately 

the size deemed to be respirable. This method of experimentation was conducted in collaboration 

with Suzette Morman and Geoff Plumlee of the United States Geological Survey (USGS) at the 

Denver laboratory.   

3.2.1.6.1 Gastric Leach – Ingestion Pathway 

The gastric fluid used during this study is based on a method by Drexler and Brattin 

(2007) and is approved by the US Environmental Protection Agency (USEPA, 2008) to measure 
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bioaccessibility and estimate relative bioavailability of Pb. The gastric fluid is produced by 

adding approximately 60 mL concentrated (12.1N) HCl to 2 L of 0.4M glycine solution (60.06 g 

of glycine is added to 1.9 L of ASTM Type II deionized water). This solution is then brought to a 

volume of 2L. The solution is warmed in a water bath until it reaches 37C. The pH of the 

solution is adjusted to a value of 1.50 ± 0.05 by the drop-wise addition of concentrated HCl.  

After placing the sample material (solid-to liquid ratio of 1:100 – 1 g in 100 mL of solution) into 

a new acid-washed bottle, the simulated gastric fluid was added and the bottles were placed in a 

MaxQ incubator shaker unit to provide a constant temperature of 37

C and constant agitation.  

After one hour, 10 mL of solution was removed and filtered into a new acid-washed bottle using a 

0.45-µm nitrocellulose syringe filter.  The filtered solutions were stabilized with HNO3 until 

analysis could be completed (Drexler and Brattin, 2007; Morman, personal communication, 

2011).  

3.2.1.6.2 Lung Leach – Inhalation Pathway 

The lung fluid used during this study is a method adapted from Mattson et al. (1994) and 

Kanapilly et al. (1973). The fluid is made by dissolving analytical grade chemicals in ultrapure 

18-ohm water. Intermediate solutions are made for ammonium chloride, sodium dihydrogen 

phosphate, sodium citrate, and sulfuric acid by adding each chemical to a 100 mL flask and filling 

to the mark with 18-ohm water. The ammonium chloride solution was filtered (0.45 µm 

nitrocellulose filter) into a dark bottle until needed.  Formaldehyde and methanol was not used in 

this method due to concerns that these chemicals could introduce excessive metal contaminants.  

After making the intermediate solutions, the salts and solutions were added to a one liter flask in 

the following order to ensure that solids are dissolved before adding the next ingredient by the 

addition of 18-ohm water as needed; ammonium chloride solution, sodium chloride, sodium 
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bicarbonate, sodium carbonate, sodium dihydrogenphosphate solution, sodium citrate solution, 

glycine, sulfuric acid solution and calcium chloride solution.  The flask was then filled with 18-

ohm water to the 1-L mark.  The simulated lung fluid was warmed to 37 using a preheated water 

bath.  Finally, the pH of the solution was titrated to 7.4 by the drop-wise addition of HCl.  A solid 

to liquid ratio of 1:100 was selected based on previous studies.  The solid material, previously 

sieved to <20 micrometers, was placed in new acid washed bottles to which the simulated lung 

fluid was added.  The bottles were placed in a preheated (37 C) incubator to provide both 

constant rotation and temperature for 24 hours.  When removed, the samples were centrifuged at 

2000 rpm for two minutes and the leachate was filtered into a new acid-washed bottle using a 

0.45µm nitrocellulose syringe filter.  The solutions are preserved with concentrated HNO3 until 

analyses could be completed (Morman, personal communication, 2011). 

Both gastric and lung extracted solutions were analyzed by inductively coupled plasma-

mass spectrometry (ICP-MS) for trace elements (Lamothe et al. 2002). The ICP-MS system was 

calibrated with multi-element standard solutions prepared from commercially-available stock 

solutions.  A procedural blank and duplicate sample was added to each sample batch for quality 

control purposes. All results were blank corrected prior to plotting (Morman, personal 

communication, 2011).  

 

3.2.2 Airborne Particles 

3.2.2.1 Synchrotron Microanalysis 

Of the three tailings sites which were sampled for airborne particulates (a total of 33 

sample filters) only four sample slides had enough material deposited on them to be Flyscan 

mapped for element associations. Stages 4-7 (size fractions >2µm) were the four stages to be run 
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using Flyscan and mapped by µXRF. The µXRD method was performed on some Pb-rich targets 

but no conclusive diffraction patterns were produced.  

3.2.2.2 PIXE 

PIXE analysis was done in collaboration with Silvia Nava at the University of Florence, 

Italy. Unfortunately there was not enough material collected from the Gobi Desert and Beaver 

Dam to run PIXE analysis. This was determined at NSLS when sample slides from each of these 

locations were put under the microscope with no observable grains to scan or identify on the 

slides. There was, however, enough airborne material collected at Mount Sinai to run the analysis. 

Each of the ten sample stages collected at Mount Sinai were analyzed using the PIXE method. 

This method identifies the elements present in the sample as well as determines their mass 

concentrations (Dias da Cunha and Barros Leite, 2001). 

The X-ray beam used in the PIXE method is de-focused and collimated to obtain a 

homogenous spot on the target of 2mm
2
. A suitable scanning mode is then set up in order to 

analyze the whole aerosol deposit. The X-rays are collected by two detectors, a silicon drift 

detector for light elements (Na-Ca), and a Si(Li) optimized for the detection of X-rays in the 

range of 4-30keV (Ti-Pb). The PIXE spectra obtained was analyzed using the GUPIX software. 

Quantitative analysis was done by comparison with thin homogenous MICROMATTER 

standards. The results obtained are the average concentration of each element over the scanned 

area for each stage in ng/sample. This unit can easily be converted to ng/m
3
 in air by relating it to 

the collected volume (by means of a measured vacuum) during sampling. The conversion from 

ng/sample to ng/m
3
 can be found in Appendix C.   



 

 

 

47 

Chapter 4  

                       Results  

The results discussed in this chapter are from samples obtained from Calumet Mine from 

June 17 – June 22, 2010. The two main types of samples obtained include tailings samples 

(vegetated and non-vegetated tailings) of surficial material and airborne particulate samples from 

each of the three tailings locations on site. Table 4.1 below outlines the thin sections made for 

each tailings sample site as well as the types of analysis done on each thin section including 

elemental analysis, synchrotron, ESEM, and bioaccessibility tests. Thin section prefix names  

 

Table 4.1. Thin sections made for each tailings sample site including the types of analysis done. 

Site Name Thin Section 

Prefix 

Bulk 

Chem. 

Bioaccessibility 
Pulmonary      Gastric 

Synchrotron ESEM 

Mount  Sinai MS-Non-VEG    X X 

 MS-20  X X    

 MS-250 X  X  X 

Beaver Pond BV-Non-VEG    X X 

 BV-20 X X  X X 

 BV-250 X  X X X 

 BV-VEG1      

 BV-VEG1-20 X X    

 BV-VEG1-250 X  X  X 

Gobi Desert GD-Non-VEG    X X 

 GD-20 X X    

 GD-250 X  X  X 

 GD-VEG1      

 GD-VEG1-20 X X    

 GD-VEG1-250 X  X X X 

 GD-VEG2      

 GD-VEG2-20 X X    

 GD-VEG2-250 X  X   
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ending in ‘-20’ or ‘-250’ refer to the <20µm and <250µm fraction the samples were sieved to 

using a Retsch sieve shaker, and then mounted on thin sections. The <250µm fraction includes all 

material finer than 250µm including material <20µm in size. 

4.1 Grain size and Geochemical Results 

Grain size distribution of each tailing sample collected is displayed in Figures 4.1 and 4.2 

below. Figure 4.1 is the grain size distribution of the non-vegetated tailings samples collected 

from Mount Sinai, Beaver Pond and Gobi Desert. Figure 4.2 is the grain size distribution for the 

vegetated samples collected at the Beaver Pond and Gobi Desert tailings sites. There were no 

vegetated tailings sampled from Mount Sinai and two vegetated tailings sites were sampled at the 

Gobi Desert. All numerical data for grain size characterization is found in Appendix D. 

 

Figure 4.1. Grain size distribution for the three non-vegetated tailings samples based on weight 

%. 
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Figure 4.2. Grain size distribution for the three vegetated tailings sampled from Gobi Desert and 

the Beaver Pond based on weight %.  

 

It should be noted the >500µm fraction in the Gobi Desert VEG1 sample was composed 

primarily of cemented and clumped vegetated material. The percentage of material sieved below 

250µm and <20µm was calculated and is found in Table 4.2. Mount Sinai has the most amount of 

material below 250µm compared with the other five tailings samples collected. However, the 

vegetated tailings collected from the Gobi Desert (VEG2) and Beaver Pond (VEG1) have 90%+ 

material <250µm. The Beaver Pond (VEG1) tailings sample has the highest percentage of 

sediment <20µm with 2.9% of the total weight measured.  

  Table 4.3 below is a report from D. Ferrigan, Mill Superintendent, written in 1955 

outlining the sediment fractions measured after crushing in the ball mill. The largest fraction 

measured in 1955, by wt. %, is 8 mesh or 2380µm. The smallest fractions, less than and equal to 

74µm, was equal to 18.4 wt.% of the material. Fractions less than 225µm in size allocated ~25 

wt.%. These size distribution measured in 1955 are very different from the fractions measured 
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from surficial material at the tailings locations in 2010. Changing in sediment size over time by 

means of distribution of fine sediments in surficial material is likely the reasons why these 

fractions are so drastically different between measurements in 1955 and 2010.  

 

Table 4.2. The weight % of tailings material sieved <250µm and <20µm from the 6 tailings 

samples collected at New Calumet Mine.   

Tailings Sample Percentage <250µm Percentage <20µm 

Mount Sinai bulk 94.1 0.1 

Beaver Pond bulk 66.1 1.0 

Gobi Desert bulk 54.3 0.5 

Gobi Desert VEG1 52.5 0.8 

Gobi Desert VEG2 91.1 1.7 

Beaver Pond VEG1 90.0 2.9 

 

Table 4.3. Distribution of sediment out of the ball mill in wt.% as described in 1955 by D. 
Ferrigan (Mill Superintendent). 

Mesh microns Wt. % 

8 2380 50.4 

20 841 15 

28 625 3.5 

35 500 3.3 

48 375 2.9 

65 225 2.7 

100 150 3.9 

200 74 6.4 

<200 <74 12 

 
(Total) 100.1 

 

Total element geochemistry on the tailings samples was performed at the USGS 

laboratory in Denver, CO in collaboration with Suzette Morman and Geoff Plumlee. A total of 12 

samples were analyzed by ICP-MS including the <250µm and <20µm fractions sieved from six 

vegetated and non-vegetated tailings samples (Table 4.1). The six samples were taken from the 



 

 

 

51 

three tailings locations; Beaver Pond (2 sample sites), Gobi Desert (3 sample sites) and Mount 

Sinai (1 sample site). The vegetated tailings were samples taken from areas within the Beaver 

Pond and Gobi Desert where various types of vegetation has grown and flourished. Figure 4.3 

shows the Beaver Pond_VEG1 sample site as an example of a vegetated tailings sample site and 

materials collected.  

  

Figure 4.3. BV-VEG1 sample site. A is an image taken at the Beaver Pond_VEG1 sample site 

showing the amount of grasses, ferns and weeds which are flourishing on the site. B is the top 

20cm of grass, roots and tailings material sampled from BV_VEG1. 

 

The results of total element chemistry by ICP-MS are given in Table 4.4 and Table 4.5 

with only selected elements shown. The full suite of elemental analysis can be found in Appendix 

E. Tables 4.4 and 4.5 also include the CCME (Canadian Council of Ministers of the 

Environment) soil quality guidelines for the protection of environmental and human health. The 

CCME guidelines are the Canadian Environmental Quality Guidelines for elements in residential 

and industrial soils. There are no guidelines set out by the CCME for element concentration in 

tailings which is why the soil guidelines were used instead.  

The CCME has, however, published a guidance manual for developing site-specific soil 

quality remediation objectives for contaminated sites in Canada. Some of the objectives outlined 

A B
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in the manual include realistic close-out criteria based on the protection of human health (based 

on bioaccessibility testing) and the environment, appropriate land use at the site and developing 

site specific background levels (CCME, 1996).  

In Tables 4.4 and 4.5, element concentrations which exceed residential guidelines are 

underlined and element concentrations which exceed both residential and industrial guidelines 

have their values in bold.    

 

Table 4.4. Selected elements and their concentrations in ppm at each sample site for samples 

sieved to <20µm. CCME guidelines are given for soils found on residential and industrial sites, 

with underlined values indicating higher than residential guidelines and bold values indicating 

higher than both residential and industrial guidelines. *n/l indicates no CCME guideline values 
are given for the element in soils. 

<20µm CCME 

residential 

CCME 

industrial 

GD-

VEG1 

GD-

VEG2 

GD-

BULK 

BV-

VEG1 

BV-

BULK 

MS-

BULK 

  ppm ppm ppm ppm ppm ppm ppm ppm 

Ag 20 40 39.7 61.7 123 109 158 96.8 

As 12 12 24.8 163 113 99.6 46.2 111 

Cr 64 87 166 170 171 226 188 52.6 

Cu 63 91 830 744 1800 1470 2510 1050 

Fe n/l n/l 80000 138000 198000 220000 287000 165000 

Mo 10 40 12 5.8 7.3 14 14.4 9.3 

Ni 50 50 81.6 189 241 361 520 120 

P n/l n/l 859 986 711 538 283 354 

Pb 140 600 5280 5440 13300 9860 16000 7450 

Sb 20 40 84.2 119 202 160 294 83.4 

Zn 200 360 4010 3520 6770 10700 8130 7610 
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Table 4.5. Selected elements and their concentrations in ppm at each sample site for samples 

sieved to <250µm. CCME guidelines are given for soils found on residential and industrial sites, 

with underlined values indicating higher than residential guidelines and bold values indicating 
higher than both residential and industrial guidelines. *n/l indicates no CCME guideline values 

are given for the element in soils. 

<250µm CCME 

residential 

CCME 

industrial 

GD-

VEG1 

GD-

VEG2 

GD-

BULK 

BV-

VEG1 

BV-

BULK 

MS-

BULK 

  ppm ppm ppm ppm ppm ppm ppm ppm 

Ag 20 40 19.1 35.3 46.4 43.6 47.1 35.9 

As 12 12 8.7 74.5 35.6 30.2 15.8 67.1 

Cr 64 87 135 154 161 209 261 51.5 

Cu 63 91 537 449 815 677 651 635 

Fe n/l n/l 45200 89400 117000 118000 96700 80400 

Mo 10 40 5.7 6.6 4.3 7.8 7.2 10.3 

Ni 50 50 46.6 91.6 105 151 129 41.2 

P n/l n/l 505 823 537 797 737 665 

Pb 140 600 2190 2390 4730 2930 2540 1740 

Sb 20 40 36.3 58.7 61.1 49.7 59.7 34.9 

Zn 200 360 2850 2220 2860 5460 3130 4700 

 

The elevated concentrations of metals and non-metals (As) underlined and highlighted in bold in 

Tables 4.4 and 4.5 may contribute to the potential risk associated with the Calumet tailings. Other 

potentially hazardous metals which are above CCME guidelines and are not listed in the above 

tables are Cd, Co and V. All of these elements, in high enough concentration, have the potential 

to affect human health (Ruby et al. 1999; Sparks, 2005; Plumlee et al. 2006; Plumlee and Ziegler, 

2007).    

The element of most interest for the study is Pb which shows values exceeding guidelines 

in all 12 samples analyzed (Tables 4.4 and 4.5). The CCME residential guideline for Pb is 

140ppm and the industrial guideline is 600ppm. In the <20µm size fraction, the highest 

concentration of Pb is 16,000ppm which is approximately 114 times higher than the CCME 

residential guideline and 27 times higher than the CCME industrial guideline for Pb in soil. 

Elements listed in Tables 4.4 and 4.5 which have at least one value exceeding residential and 
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industrial guidelines include Ag, As, Cr, Cu, Ni, Pb, Sb and Zn. Elements in Tables 4.4 and 4.5 

which do not have soil guidelines with the CCME include Fe and P. The only element which does 

not exceed industrial guidelines in any of the 12 samples analyzed is Mo, but it does, however, 

exceed residential guidelines in four samples analyzed.  

 

4.1.1  Total Element Chemistry QAQC 

The full suite of total element chemistry is given in Appendix E which includes the 

blanks and standards analyzed throughout the batch. The duplicate sample planned for analysis 

(GD-VEG1, <250µm) unfortunately did not have a sufficient amount of sample for analysis. 

Details regarding the multi-acid digestion and methods are given in Chapter 3 section 3.2.1.5. The 

standards run throughout the analysis of the 12 samples include: NIST 8704, NIST 2709, MAG-

1, SCO-1 and GSD-8. Briefly, the % recovery for Pb determined from the NIST (National 

Institute of Standards and Technology) standards is as follows: 107.3% for NIST 8704 Buffalo 

River Sediment (161ppm Pb found, 150ppm Pb true) and 94.2% for NIST 2709 San Joaquin Soil 

(17.8ppm Pb found, 18.9ppm Pb true). Further information regarding MAG-1, SCO-1, GSD-8 

and blanks samples is given in Appendix E.   

 

4.1.2 Trends in Geochemical Data 

The <20µm fraction shows higher concentrations of Pb in every tailings sample from 

Calumet Mine compared with the <250µm fraction (Figure 4.4). This follows the concept that 

concentrations of trace elements such a As and Pb often increase with decreasing particle size 

(Roussel et al. 2000; Chunguo and Zihui, 1988). In soils, the effect of weathering forms clays 
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which have high surface area and can effectively adsorb metals. The same is true in tailings, as 

we see in these results, suggesting the same weathering and pedogenic processes occur resulting 

in higher metal content in smaller particle size.  

 

Figure 4.4. A comparison of the concentrations of Pb measured in the <20µm and <250µm 

fractions. 

 
Figures 4.5 and 4.6 compare selected element concentrations in the <20µm and <250µm 

fraction of non-vegetated tailings sampled from each site. The Pb concentrations in the non-

vegetated fraction vary depending on site and size fraction. In the <20µm fraction, the highest Pb 

counts are found in the Beaver Pond followed by the Gobi Desert and Mount Sinai. Compared 

with the <250µm fraction, the highest measurements were found in the Gobi Desert followed by 

the Beaver Pond and Mount Sinai. Mount Sinai shows the lowest concentrations of Pb in both 

size fractions with the Beaver Pond and Gobi Desert alternating in highest Pb counts between size 

fractions. Perhaps a reason why the Beaver Pond and Gobi Desert show higher Pb concentrations 

than Mount Sinai is due to the spigotting method used during initial deposition. Sediments 

sampled at the Beaver Pond and Gobi Desert were sampled closer to the initial ‘outlet’ of the 
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spigot compared to the samples taken at Mount Sinai which were farther from the depositing 

spigot. If the high specific gravity of Pb kept galena closer to the outlet of the spigot for the past 

~60 years, it would be a reason why the concentrations are higher in these locations.    

 

 

Figure 4.5. Various element concentrations in the <20µm fraction from the non-vegetated tailings 

measured at each tailings site. 
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Figure 4.6. Various element concentrations in the <250µm fraction from the non-vegetated 

tailings measured at each tailings site. 

 

The difference in metal concentrations throughout the three tailings sites is unrelated to 

ore processing throughout the duration of mine life since the feed to the mill was blended from 

various locations in the mine (McLatchy, 2011).  

Further calculations which can be done on geochemical results are related to ecological 

risk. This is done by calculating the Hazard Quotient (HQ), which is the ratio of the concentration 

of an element in a sample (S) to an environmental criterion (C). The HQ ratio can be used to 

estimate if risk or harmful effects are likely due to the contaminant in question (USEPA, 2008). 

The environmental criterion (C) used are the guidelines given by the CCME (Tables 4.4 and 4.5).   

              Equation 4-1 

If HQ > 1.0, harmful effects are likely due to the contaminant in question. 

If HQ = 1.0, the contaminant alone is not likely to cause ecological risk 

If HQ < 1.0, harmful effects are not likely  
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Figure 4.7 is a graphical representation of the HQ calculated for the elements Ag, As, Cr, 

Cu, Mo, Ni, Pb, Sb and Zn in the <20µm and <250µm fractions. The average concentration of 

each element (S) found throughout the six sites (vegetated and non-vegetated) was divided by the 

CCME industrial guideline of a specific element (Tables 4.4, 4.5). Mo (both size fractions) and 

Ag (only the <250µm fraction) were the only two elements calculated with a HQ value < 1.0. All 

other elements were calculated as above the HQ throughout the sample sites (from the averaged 

concentrations). A clear trend in Figure 4.7 is the effect grain size has on the HQ. Every element 

plotted in Figure 4.7 has a higher HQ in the <20µm fraction. The gap in HQ between the two 

grain sizes is most apparent in As, Cu, Pb and Zn.  

 

 

Figure 4.7. The HQ calculated from the average concentration of each element found in the 6 

sample sites (vegetated and non-vegetated) divided by the industrial guidelines given in Table 4.3 

and Table 4.4.   
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tailings. In terms of spatial differences between the two tailings areas, the Beaver Pond has higher 

concentrations of Ag, Cr, Cu, Fe, Mo, Ni, Pb and Zn in the <20µm and <250µm fractions 

compared to the samples analyzed from the Gobi Desert. Possible factors affecting the chemical 

variations in the vegetated tailings between the Beaver Pond and Gobi Desert include: nugget 

effect of the samples collected; differences in natural attenuation activities; and differences in 

organic C between the two sites resulting in changes in the activity of SO4 and Fe reducers 

(Praharaj and Fortin, 2008).   

Figures 4.8(A-B) shows graphical comparisons between the Gobi Desert and Beaver 

Pond vegetated tailings results against the non-vegetated tailings obtained from each respective 

site. These graphs were plotted to see elemental differences between the vegetated and non-

vegetated tailings at each site. Figures 4.8A and A1 are geochemical results of selected elements 

from the Gobi Desert tailings with A showing concentrations in the <20µm fraction and A1 

showing concentrations in the <250µm fraction. In comparison with both size fractions, the 

<20µm fractions shows elevated concentrations in all elements plotted compared to the coarser 

<250µm fraction in the Gobi Desert tailings. A major difference is between the vegetated and 

non-vegetated tailings sampled, with Pb, Zn and Cu concentrations being highest in the non-

vegetated tailings in the Gobi Desert. Figures 4.8 B and B1 are geochemical results from the 

Beaver Pond with B showing concentrations in the <20µm fraction and in B1, the <250µm 

fraction. The <20µm fraction has non-vegetated tailings concentrations higher in Pb and Cu but 

not in Zn. The <250µm fraction of the Beaver Pond tailings shows the first occurrence where the 

vegetated tailings have a higher concentration in all elements including Pb, Zn, Cu, P, Sb and Mo.  

 The differences in element concentrations between the vegetated and non-vegetated 

samples collected at the Gobi Desert and Beaver Pond could possibly be attributed to the 



 

 

 

60 

presence of vegetation, increases in organic C and/or differences in sampling depths. In samples 

with lower element concentrations in the vegetated tailings, perhaps the vegetation is effectively 

sequestering metals. In Figure 4.8B1 where the vegetated tailings have higher concentrations than 

the non-vegetated tailings, this could be due to an anomalous sample or poor sequestration of 

metals through the vegetation. The depth of sampling differs between the vegetated and non-

vegetated tailings which could be effecting the metal concentrations measured. Perhaps metals 

are being sequestered in the surficial material (~5cm depth) and when samples are taken of the 

top 20cm of vegetated material, the metal concentrations are being diluted. These conclusions 

regarding vegetated vs. non-vegetated tailings are highly speculative since the focus on the 

project was not on the differences between these types of tailings. These conclusions lead to a 

recommendation for future work regarding the effects of vegetation on mineralogy. 

It should be mentioned how difficult it is to draw conclusions about a site based on so 

few samples. If future studies at Calumet Mine focus on the differences in vegetated and non-

vegetated tailings, it is recommended that more samples be taken. However, the focus of this 

research was not on the geochemical differences between the vegetated and non-vegetated 

tailings, which is why only a few samples were initially taken.   
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4.1.2.1 Changes in Element Concentration over Time 

 Table 4.6 shows selected element concentrations measured from the tailings in 1955, 

2001 and 2011. These complete historical assay results are given in Appendix F. The accuracy 

and consistency of the 1955 assay results are unknown. In the 1955 report written by the mill 

superintendent, D. Ferrigan, he states the metal concentrations under a heading simply named 

‘Assays’. The report lists the assays for heads, Pb conc., Zn conc., and tailings. We do not know 

where the tailings were sampled or if they were sieved prior to analysis. The type of assay 

performed was likely a ‘fire assay’, but these details were not reported. The only elements 

analyzed in the 1955 report are Pb, Zn, Au and Ag.   

 The tailings samples collected in 2001 were taken from the Beaver Pond and sieved to 

<74µm fraction (MacLatchy, 2006). The results from 2001 (Table 4.6) include the average of the 

two Beaver Pond tailings samples analyzed by ICP-AES (inductively coupled plasma - atomic 

emission spectroscopy) for percent to ppm range of concentrations, and ICP-MS at the ng/g 

levels. The samples were digested using hydrochloric, nitric, hydrofluoric and perchloric acids by 

CanMET labs. There were numerous certified reference materials used as controls during analysis 

and results obtained agree well with the certified values for all elements (MacLatchy, 2006).   

The 2011 concentrations entered into Table 4.6 are from the Beaver Pond non-vegetated 

sample sieved to <250µm. The size fraction differences between 2001 and 2011 are likely adding 

to the differences in metal concentrations. The results collected in 2011 show higher 

concentrations in all metals listed compared to the 2001 and 1955 results.  
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Table 4.6. Changes in selected elements over time in tailings sampled at New Calumet Mine. 

  

1955   

 

2001 

(<74µm) 

 

2011 

(<250µm) 

Pb (ppm) 1200 1883 2540 

Zn (ppm) 2300 2303 3130 

Au (ppm) 0.188   

Ag (ppm) 24.7 28 47.1 

Cu (ppm)  406 651 

Fe (ppm)  73017 96700 

Ni (ppm)  73 129 

  

There are no definite reasons why there is a significant increase in concentration of 

metals over the course of ~56 years (or even the shorter ~10 year span). Some probable reasons 

include: inconsistent sample locations; nugget effect; silicate dispersion leaving higher 

concentrations of metals in surficial material; and improvement of assay techniques over time. 

However, the most likely reason is that Pb, Zn, Ag, Cu, Ni concentrations vary significantly from 

site to site. The term nugget effect is used in this context as an anomalously high assay result 

which may not adequately represent the composition of the bulk material due to non-uniform 

distribution of metals or ‘nuggets’ of higher grade material sampled.      

 

4.2  Bioaccessibility Testing 

 In vitro bioaccessibility tests (IVBA) were performed at the USGS (United States 

Geological Survey) Denver laboratory in collaboration with Suzette Morman and Geoff Plumlee. 

Simulated lung fluid was exposed to tailings samples sieved to <20µm and gastric fluids were 
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exposed to tailings sieved to <250µm. For the gastro-intestinal extractions, samples are typically 

sieved to <250µm since this is the fraction most likely to adhere to the hands of children and be 

ingested. For the lung extractions, samples used are sieved to <20µm fractions since this is 

approximately the size deemed to be respirable (Plumlee et al., 2006).   

Tables 4.7 and 4.8 are bioacessibility results from selected elements in the <20µm and 

<250µm fraction in the 6 tailings samples obtained from New Calumet Mine. In Tables 4.7 and 

4.8, each of the six tailings samples has the total elemental analysis (ppm) and percent 

bioaccessibility (% B) listed for each element. Elements which have an asterisk (*) indicate 

concentrations below detection. Accuracy and precision of data was tested by use of standards 

and duplicates throughout analysis. The list of standards used is provided in Appendix H along 

with bioaccessibility results. Further discussion on accuracy and precision of analysis is given in 

section 4.2.1.    

To obtain the % bioaccessibility (Equation 4.2), first the average of the blank per element 

(if it’s greater than the RL) is subtracted by the amount of material leached in µg/L then divided 

by 10 to obtain mg leached/kg solid. The mg leached per kg solid is then divided by the total 

concentration (in ppm) and multiplied by 100 to obtain the percent bioaccessibility.  

          

        

                          
                               Equation 4-2                                                  

Appendix G and H lists the in vitro leach and percent bioaccessibility results.   
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Table 4.7. Bioaccessibility results for selected elements in the <20µm fraction which were 

measured using simulated lung fluid. Each of the six tailings sample sites show the total 
chemistry in ppm as well at the total % bioaccessibility (% B). Elements which have ‘*’ means 

the concentration was below detection and was not able to be calculated. 

<20µm 

GD-VEG1 

 

GD-VEG2 

 

GD-NonVEG 

 

BV-VEG1 

 

BV-NonVEG 

 

MS-NonVEG 

 

  ppm % B ppm % B ppm % B ppm % B ppm % B ppm % B 

Ag 39.7 * 61.7 * 123 * 109 * 158 * 96.8 * 

As 24.8 * 163 3 113 1 99.6 2 46.2 * 111 1 

Cd 18.2 2.00 11.1 1 16.5 2 46.6 1 45.5 0 23.9 2 

Cr 166 * 170 * 171 * 226 * 188 * 52.6 * 

Cu 830 9 744 11 1800 10 1470 12 2510 13 1050 5 

Fe 80000 <0.06 138000 <0.04 198000 0 220000 0 287000 0 165000 <0.03 

Mn 3660 0.1 3790 0.08 4290 0.09 3510 0.12 2810 0.07 2380 0.54 

Ni 81.6 1.3 189 1.1 241 1.3 361 0.8 520 0.9 120 * 

Pb 5280 0.05 5440 0.02 13300 0.01 9860 0.01 16000 0 7450 0.01 

U 9.41 4 11.3 3 11.3 5 13.1 4 11.1 4 9.77 2 

Zn 4010 0.4 3520 0.2 6770 0.9 10700 0.6 8130 0.2 7610 0.1 

 

Table 4.8. Bioaccessibility results for selected elements in the <250µm fraction which were 

measured using simulated gastric fluid. Each of the six tailings sample sites show the total 

chemistry in ppm as well at the total % bioaccessibility (% B). Elements which have ‘*’ means 

the concentration was below detection and was not able to be calculated. 

<250µm 

GD-VEG1 

 

GD-VEG2 

 

GD-NonVEG 

 

BV-VEG1 

 

BV-NonVEG 

 

MS-NonVEG 

 

  ppm % B ppm % B ppm % B ppm % B ppm % B ppm % B 

Ag 19.1 48 35.3 25 46.4 17 43.6 21 47.1 12 35.9 12 

As 8.7 * 74.5 2 35.6 * 30.2 * 15.8 * 67.1 * 

Cd 8.1 78 5.4 51 7.9 37 18.6 55 9.7 32 13.1 13 

Cr 135 8 154 6 161 6 209 5 261 3 51.5 17.4 

Cu 537 74 449 24 815 18 677 23 651 17 635 5 

Fe 45200  8 89400 3 117000 2 118000 2 96700 2 80400 1 

Mn 2320 37 3530 18 3980 17 3530 18 3750 12 3960 2 

Ni 46.6 29 91.6 11 105 6 151 9 129 8 41.2 5 

Pb 2190 69 2390 46 4730 38 2930 42 2540 36 1740 23 

U 3.11 19 7.86 7 7.21 5 4.75 13 3.82 6 3.88 5 

Zn 2850 79 2220 34 2860 28 5460 45 3130 25 4700 8 
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4.2.1 Bioaccessibility QAQC 

To assess the precision of the bioaccessibility data, duplicate samples were analyzed 

throughout the lung and gastric leaches. The batch run for bioaccessibility included two 

duplicates from the Calumet Mine tailings (BV-VEG1 <20µm and GDVEG1 <250µm) and 

another two samples run from another sample set from Queen’s University (that of Mackenzie 

Bromstad, consisting of As-contaminated Giant Mine soil samples (MB-3B <20µm and MB-3A 

<250µm)). The acceptable level of reproducibility (RPD) in duplicate samples is usually 

considered less than 20%. The Giant Mine duplicate soil samples ran well below the 20% RPD in 

all elements with an RPD of 7.5% and 5.8% Pb in MB-3B <20µm and MB-3A <250µm 

respectively. Conversely, both Calumet Mine duplicates ran higher than the acceptable level of 

20% RPD in numerous elements, which are outlined in Appendix G. The elements which ran 

higher than 20% RPD in the duplicate BV-VEG1 (<20µm) lung leach include As, Ba, Ca, Cd, 

Co, Cu, Li, Mg, Mn, Pb, Ti, U and Zn, ranging from 20.99-132.2% and averaging 54.8% in 

values exceeding 20% RPD. In the duplicate GD-VEG1 (<250µm) gastric leach sample, 33 out of 

38 elements analyzed ran higher than 20% RPD, ranging from 23.08-119.19% and averaging 

50.67% in the values exceeding 20% RPD.  Possibilities why the duplicate reproducibility had 

such high errors throughout the Calumet Mine tailings include: a nugget effect within the 

duplicates measured; errors in laboratory handling; and changes in the ICP-MS and its run 

conditions throughout the batch. Considering the small amount of material used for the lung and 

gastric leaches (0.2g and 1.0g respectively), the possibility of a nugget effect is a major 

consideration for the errors seen in the Calumet Mine duplicate samples.      
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Besides the duplicates, blanks and standards were run throughout the leaching analysis. 

Details regarding the leaching methods are given in Chapter 3 section 3.2.1.7. Standards run 

throughout the leaching analysis include NIST 2710 and NIST 2711.  The true leach values of the 

standards were not provided from the USGS labs as the results are obtained for lab purposes only 

and have not been run enough times to be significant (Morman, 2011). However, the standard and 

blank values are given in Appendix G.   

The poor recovery in the duplicate samples from Calumet Mine is a concern for the 

precision of data. However, the bioaccessibility leach tests done by the USGS typically includes 

only one sample duplicate for such a small batch, whereas duplicates from Calumet Mine and 

Giant Mine were run in the leach test. It has been advised by the laboratory analyst that the 

duplicate results from Giant Mine be viewed as the more accurate results to use (RPD was <20%) 

since the high RPD from Calumet Mine was likely sample related due to a nugget effect or 

laboratory error and should be rerun in the future (Morman, 2011).   

 

4.2.2 Bioaccessibility Results 

The New Calumet Mine samples sieved to <20µm were simulated with lung fluid 

because this size represents the fraction deemed respirable (Plumlee and Ziegler, 2007; Plumlee 

et al. 2006; McClellan, 2000). The lung leach solution used in this analysis is adapted from 

Mattson et al. (1994) and Kanapilly et al. (1973). The complete lung leach method is given in 

Chapter 3. Bioaccessible Pb % in the <20µm fraction of tailings samples from New Calumet 

Mine ranges from 0 to 0.05% Pb (Figure 4.9A). The lowest % bioaccessible Pb found in the 

<20µm fraction is from the Beaver Pond (BV-nonVEG) with 0.00% Pb. BV-nonVEG is also the 

sample with the highest Pb concentration with 16,000ppm  Pb. Conversely, the sample with the 
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highest % bioaccessible Pb is from the Gobi Desert (GD-VEG1) with 0.05% Pb and has the 

lowest Pb concentration measured at 5280ppm Pb (Figure 4.9A). These results suggest an inverse 

relationship between total element concentration and % bioaccessibility. The bioaccessibility 

results obtained for the <20µm fraction are in such low concentrations (<0.05%) with so few 

samples (n=6), it is difficult to say if this trend would persist with a larger number of samples. 

Another observation made in regards to the <20µm fraction pertains to the vegetated vs. non-

vegetated tailings. The average % bioaccessible Pb in the vegetated tailings (GD-VEG1, GD-

VEG2 and BV-VEG1) is 0.027%. In the non-vegetated tailings (GD-nonVEG, BV-nonVEG and 

MS-nonVEG), the average % bioaccessible Pb is 0.007% which is almost four times lower than 

the vegetated tailings. This observation is critical when thinking about the possibility of 

vegetation affecting the chemistry and bioaccessibility of Pb throughout the site.  

The New Calumet Mine samples sieved to <250µm were simulated with gastric 

(stomach) fluid because this size fraction represents the largest particles that can adhere to the 

hands of toddlers or young children (Plumlee et al. 2006). The gastric leach is comprised of HCL, 

glycine solution and deionized water and maintained at a pH of 1.5. The complete gastric leach 

method is given in Chapter 3. Bioaccessible Pb concentrations in the <250µm fraction of tailings 

sampled from Calumet Mine range from 23 to 69% Pb (Figure 4.9B). The lowest % bioaccessible 

Pb found in the <250µm fraction is from Mount Sinai (MS-nonVEG) with 23% Pb. MS-nonVEG 

is also the sample with the lowest Pb concentration with 1740ppm Pb. The sample with the 

highest % bioaccessible Pb is from the Gobi Desert (GD-VEG1) at 69% Pb, with a concentration 

measured at 2190ppm Pb. The Gobi Desert (VEG1) sample has the highest bioaccessible % Pb in 

both <20µm and <250µm fractions in comparison with the other samples (Figure 4.9B). 

Comparing the vegetated vs. non-vegetated tailings samples in the <250µm fraction, the average 
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% bioaccessible Pb in the vegetated tailings (GD-VEG1, GD-VEG2 and BV-VEG1) is 52%. In 

the non-vegetated tailings (GD-nonVEG, BV-nonVEG and MS-nonVEG), the average 

bioaccessible Pb is 32%. These conclusions are opposite to what would be the likely results of 

‘phytoremediation’, or remediation by introduction of plant material.  

However, possible reasons as to why the bioaccessibility results are higher in the 

vegetated tailings could simply be from higher concentrations of bioaccessible Pb-bearing 

minerals. A higher concentration of cerussite or massicot (high bioaccessibility) in the vegetated 

tailings as opposed to galena or anglesite (lower bioaccessibility) would result in the 

bioaccessibility trends seen in the <250µm fraction.  
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Figure 4.9. (A,B)  Results from in vitro bioaccessibility testing plotted with total Pb concentrations found within the sample. A shows 

results from simulated lung fluid with the <20µm obtained from the 6 tailings samples labeled in the x-axis. The total Pb ppm in each sample is 

plotted as the blue bar graph with Pb % bioaccessibility plotted as the black squares with associated numeric values in Pb % bioaccessibility. B 

shows results from simulated gastric fluid with the <250µm fraction obtained from the 6 tailings samples indicated in the x-axis. The total Pb ppm 

in each sample is plotted as the red bar graph and Pb % bioaccessibility of the <250µm fraction is plotted and labeled as the black squares.   
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 The trends observed in the <20µm and <250µm fraction do not follow correlations based 

on concentration in ppm and total % bioaccessibility. In this case, the total bioaccessibility is 

likely due to changes in Pb mineralogy.  

 It is well established that the bioaccessibility of Pb (and other heavy metals) in tailings 

and soils is strongly dependent on mineral speciation and the respective solubility of the specific 

mineral species present (Moles et al. 2004; Kambata-Pendias and Pendias, 1984). It is much more 

realistic to compare the absolute bioaccessible fraction of an element to the environmental 

guidelines as opposed to the total element concentration used as the comparison.  

In the lung fluid, the average Pb bioaccessibility found (in vegetated and non-vegetated 

tailings) is 0.017% of 9555ppm (average of the six samples) equaling 1.6 ppm total absolute 

bioaccessible Pb. Considering that the Ontario standards and guidelines for air quality is in µg/m
3
, 

it is not directly comparable to the results we obtained from the bioaccessibility testing. However, 

the portion of Pb material in the fine fraction which is capable of dissolving and causing human 

health risks is significantly less than the total Pb measured in the tailings.  

In the gastric fluid, the average Pb bioaccessibility found (in vegetated and non-vegetated 

tailings) is 42.3% of 2753 ppm (average of the six samples) equaling 1164.5 ppm total absolute 

bioaccessible Pb. The CCME guidelines for Pb in residential and industrial soils are 140 ppm and 

600 ppm respectively. The average absolute bioaccessible Pb found in the <250µm fraction 

exceeds the Canadian guidelines for Pb in soils.    

 Another very important factor to consider when studying the bioaccessibility of Pb 

minerals, is their relative abundance within a sample. Since the bioaccessibility of galena and 

cerussite differ greatly, being able to quantify the relative amount of each mineral within a 

measured concentration would allow for a more concise evaluation on the bioaccessibility of the 
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material. For example, Table 4.9 shows seven different scenarios where galena and cerussite 

differ in percentages within a sample measuring 2000 ppm Pb, assuming galena and cerussite are 

the only two Pb-bearing minerals present. The Pb relative bioaccessibility used is from Casteel et 

al (2006) and follows galena measuring 5% and cerussite measuring 98% relative bioaccessibility 

in gastric fluids. The changes in absolute bioaccessibility seen in cerussite are more drastic than 

the changes seen in galena, as shown in Table 4.9. These values imply the importance of knowing 

the relative amounts of Pb species, or any species, within a sample of interest.  

Table 4.9. Calculations of absolute bioaccessibility based on varying percentages of galena and 

cerussite based on values from Casteel et al (2006).  

Scenario:   Galena Cerussite Total bioaccessible Pb 

1 percentage: 90% 10%   

  ppm: 1800 ppm 200 ppm   

  absolute bioaccess. amount: 90 ppm 196 ppm 286 

2 percentage: 80% 20%   

  ppm: 1600 400   

  absolute bioaccess. amount: 80 392 472 

3 percentage: 70% 30%   

  ppm: 1400 600   

  absolute bioaccess. amount: 70 ppm 588 ppm 658 

4 percentage: 50% 50%   

  ppm: 1000 ppm 1000 ppm   

  absolute bioaccess. amount: 50 ppm 980 ppm 1030 

5 percentage: 30% 70%   

  ppm: 600 1400   

  absolute bioaccess. amount: 30 ppm 1372 ppm 1402 

6 percentage: 20% 80%   

  ppm: 400 1600   

  absolute bioaccess. amount: 20 1568 1588 

7 percentage: 10% 90%   

  ppm: 200 ppm 1800 ppm   

  absolute bioaccess. amount: 10 ppm 1764 ppm  1774 
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 To calculate the percent of cerussite in the samples from New Calumet Mine, the values 

of total bioaccessible Pb and percent cerussite from Casteel et al (2006) were used and plotted in 

Figure 4.10. Two main assumptions were used during plotting of the Casteel and Calumet Mine 

data. The first assumption is that the Casteel data is correct and applicable to the samples 

obtained from Calumet Mine, and secondly that the only Pb in the Calumet Mine samples is in 

galena and cerussite. To obtain the values of percent cerussite in the Calumet Mine samples, the 

first calculation is to find the total bioaccessible Pb. This is found by multiplying the total Pb 

(ppm) by percent bioaccessible Pb measured in each sample. The total bioaccessible Pb is listed 

in Table 4.10. The equation of the line in Figure 4.10 is then used to calculate the percent 

cerussite in the Calumet Mine samples by using the total bioaccessible Pb as the ‘y’ value in the 

equation. The resulting percentages of cerussite are listed in Table 4.10 as well as plotted in 

Figure 4.10. Cerussite is found to range from 16.13 to 91.2% in the six tailings samples with an 

average of 56.92%.  

Table 4.10. Values for total bioaccessible Pb and percent cerussite calculated from referencing 

values obtained by Casteel et al (2006). The values of Pb ppm and % bioaccessible Pb were 

obtained through analysis at the USGS.  

 Sample 

<250um Pb ppm 

% bioaccess. 

Pb 

Total 

bioaccessible Pb % cerussite 

GD-VEG1 2190 69 1511 75.9 

GD-VEG2 2390 46 1099.4 53.7 

GD-nonVEG 4730 38 1797 91.2 

BV-VEG 2930 42 1231 60.8 

BV-nonVEG 2540 36 914 43.76 

MS-nonVEG 1740 23 400 16.13 
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Figure 4.10. Percent cerussite vs. total bioaccessible Pb plotted for Casteel et al (2006) and 

Calumet results.   

 

4.3 Tailings Mineralogy and Pb-hosting Minerals  

A main focus of this study was to identify the mineralogy of the tailings, including all the 

Pb-bearing phases, as well as to identify the mineralogy of the material being windblown from 

the tailings at New Calumet Mine. The chemical form, or speciation, of metals governs their fate, 

toxicity, mobility, and bioavailability in tailings as well as in contaminated soils and water 

(Scheckel et al., 2009). Identifying the speciation of Pb found throughout the Calumet Mine 

tailings will better our understanding of how Pb minerals weather and alter over time in exposed 

mine waste.     

Thin sections were made of all the samples analyzed for bioaccessibility. Selected thin 

sections were analyzed at Beamline x26a at the NSLS (National Synchrotron Light Source), 

Brookhaven National Labs, Upton, NY. Table 4.1 outlines the thin sections analyzed at NSLS 

including the thin sections chosen from the bioaccessibility samples to be analyzed, which 

include: GD-VEG1-250, BV-20 and BV-250. GD-VEG1-250 was chosen because the total Pb% 
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bioaccessibility in this sample was found to be the highest out of all samples at 69%. BV-20 and 

BV-250 were also chosen based on bioaccessibility results since BV-20 has 0.00% bioaccessibile 

Pb whereas BV-250 has 36% bioaccessible Pb. These thin sections were chosen in hopes of 

observing changes in mineralogy which would possibly be affecting the changes seen in the 

bioaccessibility results.    

Lead-bearing minerals identified include galena (PbS), cerussite (PbCO3) and 

hydrocerussite (Pb3(CO3)2(OH)2) with minor occurrences of anglesite (PbSO4), massicot (PbO) 

and goethite (HFeO2) in the surficial tailings material. The mineralogy of the tailings, besides the 

Pb-bearing minerals, confirmed in this study is listed in Table 4.11 based on abundance. The 

minerals in Table 4.11 were identified using the ESEM at the GSC and Queen’s University as 

well as µXRD at NSLS. Appendix K lists all the minerals identified in the tailings along with 

their formulae.  

 

Table 4.11. A general distribution of minerals within the tailings based on major, moderate or 

minor abundance. 

Major abundance Moderate abundance Minor abundance 

quartz, calcite, biotite, amphiboles 
(actinolite and horneblende), pyroxene 

(augite), orthoclase, plagioclase 

(anorthite and albite)  

pyrite, pyrrhotite, 
goethite  

Galena, cerussite, 
hydrocerussite, anglesite, 

massicot, sphalerite, 

tetrahedrite, titanite, spinel, 

staurolite, chalcopyrite 

 

4.3.1 Galena 

Galena was found in samples from all tailings locations. It was easy to identify on the 

ESEM due to its high atomic number and resulting brightness compared to other minerals in the 

tailings. Figure 4.11 shows a variety of galena occurrences imaged using the BSED (back scatter 

electron detector) found at all three tailings locations (Beaver Pond (BV), Gobi Desert (GD) and 
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Mount Sinai (MS)). These samples are from the non-vegetated tailings collected at each site. 

Figure 4.11 (A-H) shows examples of galena hosted in amphibole, staurolite, biotite, calcite, 

pyrite, augite, quartz, orthoclase, albite, tetrahedrite and goethite. The galena occurrences found 

throughout the samples range from single grains within a host (ex. Figure 4.11A,E), disseminated 

throughout a host mineral (ex. 4.11B), or massive throughout a host grain (ex. 4.11C). The 

images of galena in Figure 4.11 do not typically show much alteration, as the galena grains are 

found encased within a host grain not allowing much alteration to occur. There are no major 

differences in galena mineralogy throughout the three tailings locations. Considering the Gobi 

Desert (in the <250µm) has the highest concentration of Pb compared with the Beaver Pond and 

Mount Sinai, there are no major observable changes in galena or Pb-bearing mineral occurrences 

in thin section.   

The galena grains which are encased in a host mineral are likely going to have a lower 

bioavailability than the galena grains which are on the edges of host grains (Ruby et al. 1999).  
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Figure 4.11. (A-H) Hosts of galena found throughout the Beaver Pond, Gobi Desert and 

Mount Sinai thin sections. A is galena hosted in amphibole (Am) and staurolite (St), B is galena 

hosted in biotite (Bt), C is galena disseminated within calcite (Cal), D is galena hosted in pyrite 

(Py), E is a single galena grain hosted in augite (Aug), F is galena hosted within orthoclase (Or), 
augite (Aug) and quartz (Qtz), G is galena disseminated within albite (Ab) and tetrahedrite (Thd), 

and H is a single galena grain hosted in goethite (Gt).    

 

Synchrotron µXRD and µXRF was performed on a number of galena grains identified 

from the ESEM. The identification of galena by µXRD was surprising considering coarsely 

crystalline minerals are typically non-identifiable by this method. If the average size of the 

mineral crystallites is large relative to the diameter of the synchrotron beam, smooth diffraction 

rings are typically not produced (Manceau 2002; Walker et al. 2005). Figure 4.12 is a diffraction 

pattern from a galena grain (BV-nonVEG map 4, target 3) which shows large spots on the 
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diffraction rings which interferes with identification by Highscore and ICDD methods. However, 

in Fit2D, coarsely crystalline ‘spots’ and other such bright spots can be ‘masked’ by means of 

reducing their brightness resulting in proper mineral identification in Highscore. The bright spots 

were masked in Figure 4.12 but were not completely removed since too much masking can affect 

identification in Highscore. A masking ‘compromise’ must be reached when performing a mask 

on coarsely crystalline spots within the diffraction pattern to maintain all valid Debye-Scherrer 

rings.     

  
 

Figure 4.12. Target BV_map4, a Pb-rich grain, was identified using the ESEM and further 
analyzed and identified using synchrotron methods. A is the BSED image of the Pb-rich grain, 

B is a µXRF image of the Pb-rich grain and surrounding grains with an associated colour palatte 
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showing Ca, Fe and Pb as the three colours used, C is the synchrotron µXRD image of the Pb-

rich target. The masked bright spots in the image are due to the material being coarsely 

crystalline, and D is the resulting graph produced in Highscore with galena matching the 
diffraction pattern.  

 

A summary of synchrotron results including all µXRD and µXRF files and resulting 

Fit2D and Highscore images can be found in Appendix B and B-2. 

 

4.3.2 Cerussite and Hydrocerussite 

Further investigation of galena grains on the ESEM resulted in the observation of 

alteration rims and dissolution textures surrounding a number of galena grains. Typically, the 

altered rims were more prevalent if the galena grain was on the edge of a host grain and less 

altered (or not altered at all) if found within a host grain. Using more advanced techniques such as 

µXRD, identification of these rims confirmed the presence of cerussite with lesser occurrences of 

hydrocerussite. Figure 4.13 shows a number of galena targets with alteration rims and dissolution 

textures found in thin sections from the Beaver Pond (BV), Gobi Desert (GD) and Mount Sinai 

(MS) with the red arrows pointing to the galena with the altered rim in each image. These 

samples are from the non-vegetated tailings collected at each site. The changes in colour seen on 

the edges of the galena grains are due to changes in mineral composition and atomic number. 

Figure 4.13 shows galena and cerussite rims occurring in association with anorthite, amphibole, 

calcite, quartz, biotite, spinel, pyrrhotite, goethite and tetrahedrite. All images in Figure 4.13 were 

taken using a BSED (back scatter electron detector).     
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Figure 4.13. (A-I) are galena targets which all have alteration rims or dissolution textures 

associated with its occurrence. A is a galena target with an alteration rim hosted within anorthite 

(An) and amphibole (Am), B is a an altered galena occurrence hosted within a calcite (Cal) and 

quartz (Qtz) grain, C is galena hosted in biotite (Bt), D is showing galena with a dissolution 
texture hosted within biotite (Bt) and spinel (Spl), E is a galena grain showing dissolution 

textures on the edge of a pyrrhotite (Po) and goethite (Gt) grain, F shows galena grains hosted 

within pyrrhotite (Po) and tetrahedrite (Thd), G is a galena grain with no host showing dissolution 
textures around the entire grain, H is an altered galena grain on the edge of a biotite (Bt) and 

quartz (Qtz) grain, and I are galena grains attached to goethite fragments adjacent to an anorthite 

(An) grain.      

 

A summary of synchrotron results including all µXRD and µXRF files and resulting 

Fit2D and Highscore images can be found in Appendix B and B-2. 

Figure 4.14 below shows the sequence of methods used to identify the altered rims on 

galena grains. The target in Figure 4.14 is from thin section BV-nonVEG (NSLS map 2, target 3) 
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and includes (A) the BSE (back scatter electron) image, (B) the µXRF image with associated 

color palatte, (C) the µXRD image collected at NSLS, and (D) the Highscore match for cerussite. 

The diffraction pattern in 4.14C shows spotty, but distinct, Debye-Scherrer rings with no major 

spots which needed to be masked. This diffraction pattern was converted into a two-dimensional 

pattern which was then manually inspected to identify that types of rings present using Highscore. 

The reference powder-diffraction patterns catalogued in ICDD identified cerussite as an excellent 

match.     

 

 

Figure 4.14. The rim on a galena grain was targetted from thin section BV-BULK (NSLS 

map 2, target 6), A the BSE (back scatter electron) image, B the µXRF image with associated 

color palatte, C the µXRD image collected at NSLS, and D the Highscore match for cerussite. 
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Hydrocerussite was also identified in numerous rims, but not as prevalent as cerussite. Figure 

4.15 below shows the sequence of methods used to identify hydrocerussite adjacent to a 

tetrahedrite grain. The target chosen in Figure 4.15 is from thin secion BV-250 (NSLS map 2, 

target 5) and includes (A) the BSE (back scatter electron) image, (B) the µXRF image with 

associated color palatte, (C) the µXRD image collected at NSLS, and (D) the Highscore match 

for hydrocerussite. The diffraction pattern in 4.15C shows some spotty, but distinct, Debye-

Scherrer rings with one spot which required masking in Fit2D. The peak around ~23
o
2 Theta in 

Figure 4.14D is an abnormal bright spot which is not on a distinct Debye-Sherrer ring.      
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Figure 4.15. The centre of the Pb-rich grain was targetted from thin section BV-250 (NSLS 

map 2, target 5), A the BSE (back scatter electron) image, B the µXRF image with associated 

color palatte, C the µXRD image collected at NSLS, and D the Highscore match for 

hydrocerussite. 

 

4.3.3 Goethite 

Goethite is the most common Fe oxide in soils and metal ores (Singh and Gilkes, 1992). 

The extraction of metal ores typically causes multi-element contamination of the environment. 

The co-precipitation of metals with Fe could lead to the simultaneous substitution of various 

metals into the goethite structure under natural conditions. Natural goethite is usually associated 

with a number of metals (Singh and Gilkes, 1992; Manceau et al. 2000).  
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Goethite was initially identified using the ESEM at the GSC in Ottawa and further work 

was performed using synchrotron microanalysis at NSLS and microprobe analysis at Queen’s 

University. Figure 4.16 below is a BSED image and corresponding spectrum of an altered 

goethite grain with a sliver of unaltered pyrrhotite (FeS) preserved. Table 4.10 shows the 

differences in element wt.% comparing the altered and unaltered Fe-sulfide grain. The unaltered 

pyrrhotite material contains more S and slightly more Fe compared to the O-rich, S-depleted 

altered areas of the grain. Figure 4.16B is the corresponding spectrum comparing the altered and 

unaltered areas of the grain. The red spectrum is of the goethite showing depleted counts in S and 

increased counts of O, whereas the green spectrum is of the unaltered pyrrhotite material showing 

higher counts in S and Fe. 

Table 4.12. Differences in element wt.% in an unaltered and altered area of a FeS grain. 

Element  Unaltered FeS 

(wt.%) 

Altered FeS 

(wt.%) 

Fe  39.88 35.08 

O 9.69 31.43 

C 27.47 26.47 

S 19.29 0.43 

N 2.28 2.8 

Si 0.95 2.33 

Ca 0.32 1.24 

Al 0.13 0.22 

Total (wt.%) 100.01 100.00 
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Figure 4.16. A is a BSE (back scatter electron) image of a pyrrhotite grain altered to goethite, and 

B is the resulting spectrum comparing the differences in chemical composition between both the 

unaltered and altered location on the target. 

 

Further analysis of the goethite grains focused on the potential for them to act as sinks for 

metals subjected to dissolution. Hayes et al. (2009) studied Pb and Zn contamination in surficial 

arid mine tailings from the Arizona Klondyke State Superfund Site. They discovered the 

secondary Fe sulfates and oxyhydroxides in the tailings were shown to be high affinity sinks for 

toxic metals. The formation of these secondary Fe minerals appeared to be an excellent 

sequestration mechanism for Pb
2+

 ions released during primary sulfide dissolution (Hayes et al. 

2009).  
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Using synchrotron microanalytical techniques, it is possible to use µXRF data and create 

scatterplots to graphically see if Pb is correlated with Fe in goethite. This technique graphs the 

results obtained from each pixel collected during the µXRF scan. A scatterplot graphs the counts 

of two elements against one another in an XY graph (Manceau et al. 2002), with each point 

representing the relative amount of each element within a single pixel. If the two elements 

chosen, for example Pb and Fe, are present within every pixel plotted but in somewhat varying 

percentages, there will be a broad correlation line plotted on the scatterplot. If there is a grain that 

contains Pb but not Fe, the scatterplot cloud will trend along the Pb-axis representing a more Pb-

dominant species within the grain.  

Figure 4.17 shows three different examples of element maps that include goethite and the 

corresponding Fe-Pb correlation plots. Figure 4.17A includes distinct galena grains (BV-map3) 

hosted within an amphibole with the corresponding scatterplot showing a phase with coexisting 

Pb-Fe is present, possibly goethite. Figure 4.76B is an example of a goethite grain (GD-map2) 

hosting a galena-cerussite grain on its outer edge. The corresponding Pb-Fe scatterplot shows a 

strong correlation by visual inspection of a linear trend between Pb and Fe suggesting a 

coexisting phase between Pb and Fe. The apparent upper limit of the Fe counts is likely due to 

detector saturation (Bromstad, 2011). Finally, Figure 4.17C is a goethite target with no Pb-rich 

grain identifiable by visual inspecting in the µXRF map. The scatterplot associated with Figure 

4.17C exhibits a linear correlation between the two elements suggesting there is Pb within the 

goethite structure, even though the Pb counts are low ranging from 0-900 within the scatterplot 

‘cloud’. The termination of Fe counts is a result of detector saturation whereas the upper limit of 

the Pb counts probably represents the maximum amount of Pb associated with the goethite.       
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Figure 4.17. (A-C) is three different examples of goethite and Pb-bearing minerals 

occurring in the same µXRF maps along with their corresponding XY scatterplot graphs. A 

is an example of distinct galena grains (BV-map3) hosted within an amphibole and the 

corresponding scatterplot shows a distinct relation of Pb and Fe suggesting a coexisting Pb-Fe 

phase, B is an example of a goethite grain (GD-map2) hosting a galena-cerussite grain on its 
outer edge. The corresponding Pb-Fe scatterplot shows a strong correlation by visual inspection 

of a linear trend between Pb and Fe suggesting a coexisting phase between Pb and Fe, and C is a 

goethite target with no Pb-rich grain identifiable by visual inspecting in the µXRF map, but the 

scatterplot does graph a linear correlation between the two elements suggesting there is Pb within 
the goethite structure.    
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It was during µXRF analysis at the synchrotron when observations were made regarding 

correlations of Fe with Pb as well as other elements. With the low detection limits of the 

synchrotron, even very minimal metal counts were able to show up on maps allowing us to 

correlate the presence of metals and other elements within goethite grains. To follow up work at 

NSLS, an elemental scan of a goethite grain was performed using the microprobe at Queen’s 

University to confirm various element concentrations within a selected grain. The results obtained 

are shown in Figure 4.18 with the corresponding highest and average elemental counts listed in 

Table 4.10. The 7 elements analyzed include Al, Si, C, Pb, S, Fe and O with BEI (backscatter 

electron image) and SEI (secondary electron image) images included in Figure 4.18. The center 

of the goethite grain shows relatively unaltered pyrrhotite (FeS) with the highest concentrations 

of Fe and S compared to the surrounding altered goethite material. The center of the pyrrhotite 

grain shows no counts of Al, Si, C and O which is represented by the black shading. Surrounding 

the pyrrhotite grain is altered goethite which shows higher counts of various elements such as Al, 

Si, Pb and O and these counts vary throughout the grain represented by a variance in colour 

intensity. The image of C (carbon) is showing the highest counts coming from the carbon-rich 

kapton material surrounding the grain. There are some minimal C counts throughout the goethite 

structure with the lowest/no carbon counts in the unaltered pyrrhotite grain in the centre.  

The incorporation of metals into the structure of goethite has been documented by many 

researchers. Kaur et al (2009) focused on the incorporation of Cr, Zn, Cd, and Pb into the goethite 

crystal structure, Cornell (1991) observed the preferential order of Ni, Co, and Mn on goethite, 

Alvarez et al (2007) observed the dominance of Mn over Al in simultaneous incorporations of the 

two ions in the goethite structure, and Manceau et al (2000) studied the incorporation of Cr, Ni, 

Cu and Zn into the goethite structure.   
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Table 4.13. The highest and average counts obtained from an elemental scan using a microprobe. 

Element Highest count Average count 

Al 700 111 

Si 1098 65 

C 994 468 

Pb 75 9 

S 1273 152 

Fe 634 136 

O 780 174 
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Figure 4.18. Multi-element scan of a goethite (altered pyrrhotite) grain. Element counts show 
varying concentrations of Al, Si, C, Pb, S, Fe and O throughout the grain with Pb concentrations 

peaking at 75 counts within more heavily altered areas of the goethite grain.   
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4.3.4 Other Pb-bearing Minerals 

Anglesite and massicot are two other Pb-bearing minerals found in the tailings but were 

not as commonly found as galena, cerussite or hydrocerussite. Figures 4.18 A and B are the 

µXRD and Highscore diffraction pattern match of anglesite and Figures 4.18C and D are the 

µXRD and Highscore diffraction pattern match for cerussite with massicot. These are the only 

occurrences found of anglesite and massicot. The anglesite grain was found in thin section 

BVbulk(<20µm) on a grain no larger than 6µm in width. The presence of anglesite is somewhat 

of a surprise considering it is relatively stable under acidic pH conditions, but as pH increases, the 

dissolution of Pb-sulfates (anglesite) is favoured (Roussel et al. 2000; Romero et al. 2007). It is 

interesting to see that one of the only diffraction patterns successfully identified in the fine 

(<20µm) fraction is of anglesite – a mineral stable under acidic pH conditions.  
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Figure 4.19. A is the µXRD image of an anglesite grain, and B is the resulting Highscore file 

which matched the diffraction pattern to peak pattern characterized by anglesite. C is the µXRD 

image of a grain identified as cerussite with massicot. D is the Highscore diffraction pattern 

matching cerussie and massicot with the diffraction peak pattern obtained from the µXRD 

analysis.   

 

 Another Pb-bearing mineral which was anticipated to be present was pyromorphite 

(Pb5(PO4)3Cl). Pyromorphite is stable under surface conditions and is expected to form in soils 

from the oxidative weathering of Pb compounds such as galena (Cotter-Howells et al. 1994; 

Nriagu, 1974, 1984). Pyromorphite is also poorly absorbed by humans due to its low 
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bioaccessibility, compared with other readily absorbed minerals  such as cerussite (PbCO3) 

(Scheckel et al. 2009). Since samples were taken from areas refertilized and revegetated in the 

Beaver Pond and Gobi Desert tailings piles, it was thought that pyromorphite would be present in 

the mineralogy. The one vegetated sample analyzed at NSLS was GD-VEG1(<250µm) which 

resulted in only 2 identifiable diffraction patterns, both of which are goethite in composition. 

However unsuccessful µXRD was, µXRF and resulting correlation plots showed interesting 

correlations between Pb and Cl. Figure 4.20 shows the µXRF map and corresponding correlation 

scatterplot of Pb vs. Cl in GD-VEG1(<250µm). This correlation of Cl and Pb is very interesting 

considering we did not obtain any conclusive µXRD diffraction patterns suggesting pyromorhite 

in the sample.     

 

Figure 4.20. (A,B) are results obtained from a Pb-rich target in the vegetated sample GD-

VEG1(<250µm). A is a µXRF map produced from a Pb-rich target with the tricolours chosen as 

Cl, Fe and Pb. There is an overlap of the Cl and Pb which is apparent in the µXRF map with the 

overlapping of colours. B is a correlation scatterplot produced from the µXRF map in A. Cl and 

Pb are showing a significant correlation in B suggesting the presence of a mineral with both Cl 

and Pb in the chemical signature.   

  

Follow-up analysis was performed on the microprobe at Queen’s University to test 

whether Cl is present in the Gobi Desert vegetated sample or whether the correlation of Cl and Pb 
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seen in the scatterplot is actually just an overlap in wavelength. There were two Pb-rich grains 

scanned on the microprobe with counts obtained from 145 L(mm) to 155 L(mm) with a Pb 

Mγ(gamma) peak at 149.65 L(mm) and Pb M3-N4 peak at 150.88 L(mm). If Cl were present in 

either samples, the Cl Ka peak would be at 151.4 L(mm).  By visual inspection on the detailed 

graphs, Cl is not present because there would be an overlap in the peak with increased counts at 

Pb M3-N4 peak at 150.88 L(mm). The lack of increased counts concludes the absence of Cl 

associated with the grains scanned.  

These results do not suggest the complete absence of pyromorphite in the tailings, but 

only in the Pb-rich grains scanned.  Complete microprobe results including figures of grains and 

graphical scans is given in Appendix I.   

   

4.4 PIXE Results 

 Airborne dust was collected from each of the three tailings locations using a cascade 

impactor. The nine stacked stages within the cascade impactor separate material aerodynamically 

during collection. Of the three tailings locations sampled for airborne dust, Mount Sinai was the 

only location which produced enough dust to be captured in the cascade impactor. The amount of 

material collected at the Beaver Pond and Gobi Desert was insufficient for processing. However, 

the days spent sampling the Beaver Pond and Gobi Desert were not significantly windy, perhaps 

resulting in the absence of airborne material collected on the cascade impactor filters.  

 Table 4.14 gives selected element concentrations measured from the PIXE filters in 

ng/sample from the Mount Sinai tailings site. The element concentrations in ng/sample are used 

since the entire aerosol deposit is processed during PIXE analysis. The beam is set up during 

analysis to scan the entire sampled area, approximately 8x8mm
2
. To be able to compare these 
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results with the Ontario guideline for particles in the air, ng/sample is converted to µg/m
3
. This 

conversion is outlined in Appendix C and requires the flow rate of the vacuum used during 

sampling which was 1.25L/min. The Ontario Regulation 419 Standards for Pb (and Pb 

compounds) in air is 1.5 µg/m
3 
for 0.5-hour exposure time and no more than 0.5 µg/m

3 
in 24-hour 

exposure time.  

 The total Pb collected on all Mount Sinai filters in ten hours of sampling is 0.289 µg/m
3
 

(216.75ng/sample) and accounts for 0.99% of the total element concentrations on all ten filters. 

The value of 0.289 µg/m
3
 represents the average concentration of Pb in airborne particles 

measured over a ten hour time period. Since the Ontario standards are given in either 0.5 or 24 

hour intervals, it is not scientifically sound to simply multiply our total concentration by 2.4 to 

obtain a potential 24-hour exposure. This calculation does not take into consideration the 

presence of high short-lasting distributions of Pb which likely make up the total concentration 

measured. Having said that, if we were to assume the total concentration of Pb collected in ten 

hours was in fact collected in only 0.5 hours or collected over a 24-hour span, the concentration 

would not be in exceedance of the Ontario guidelines. The possibility of obtaining a value in 

exceedance of the 24-hour guideline of 0.5µg/m
3 
is possible; however, it was not measured in this 

study.        

 No element concentrations were measured from the Mount Sinai filters that exceeded the 

Ontario guideline for particles in air (OME, 2008). The complete results from PIXE data are 

given in Appendix J along with the uncertainties and minimum detection limit for each element 

measured.  
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Table 4.14. Element concentrations in ng/sample from airborne dust collected at Mount Sinai. 

Filter 

size 

(um) 

Al As Cl Cr Cu Fe Mg Mn Ni Pb Si S Zn 

>16 152.9   26.5 2.8 7.6 1602.4 97.2 35.8 1.7 80.3 1238.3 337.2 73.7 

8-16 176.2 2.5 182.4 4.0 8.1 1098.1 123.6 16.0 1.3 49.7 1410.8 455.9 54.8 

4-8 109.3   21.5 3.4 4.5 577.9 81.2 9.1 0.9 28.2 1018.4 262.8 32.9 

2-4 138.7  25.8 4.7 8.3 882.5 98.7 12.7 2.1 33.3 1347.6 248.5 57.2 

1-2 86.6  23.4 1.4 3.7 403.9 80.1 5.8 0.9 17.3 1009.1 138.6 27.7 

0.5-1 59.8   27.7 1.9 1.7 180.1 34.2 2.1 1.2 8.0 661.9 117.9 15.8 

0.25-

0.5 

20.1   25.3  0.8 19.2    1.5   1097.3 124.4 39.9 

0.12-

0.25 

   24.8  0.5 8.2    0.7   575.8 98.0 22.8 

0.06-

0.12 

  16.1 1.5 0.5 6.5    2.0   842.1 63.1 5.0 

<0.06  2.0 10.6 1.4 0.5 9.6    0.9   764.1 84.9 4.8 

 

 The concentration and distribution of Pb measured on the Mount Sinai filers is shown in 

Figure 4.21A. The largest concentration of airborne Pb was collected on the >16µm size filter 

with 0.107µg/m
3
, and the lowest concentration of (measureable) airborne Pb was collected on the 

0.5-1.0µm size filter with 0.011 µg/m
3
. Filters <0.5µm did not obtain any measurable 

concentrations of Pb. Figure 4.21B shows the distribution of all elements collected on the ten 

Mount Sinai filters represented by percent concentration. The elements with the highest 

concentrations measured are Si, Fe, S, Ca, and Al. These five elements make up 87.8% of the 

total particles sampled at Mount Sinai. These mineralogical results are consistent with the 

mineralogy dominated by silicates and Fe sulfides.       
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Figure 4.21. A is the graphical representation of Pb concentrations measured from Mount Sinai 

tailings airborne dust. The sample collection time was approximately 10 hours and material was 

collected on six out of ten filters ranging in particle size from >16µm to 0.5µm. B total element 

distribution in percent from all ten slides (>16µm to 0.5µm) collected at Mount Sinai.  

 
 

 As discussed earlier, the largest inhaled particles, 5-7µm up to 10’s of µm in size, are 

deposited in the mucous linings of the nasopharyngeal tract, whereas particles of <3µm in 

diameter can reach and react in the alveolar surfaces of the respiratory tract (Bright et al. 2006) 

where the most active exchange of oxygen and carbon dioxide occurs (Plumlee and Ziegler, 

2007; Plumlee et al. 2006; McClellan, 2000; IARC, 2006). Although the measurements of Pb by 

PIXE do not (apparently) exceed the Ontario guidelines for Pb in the atmosphere, it is important 

to observe that Pb is still a component of the airborne particles being windblown from the tailings 

at Mount Sinai. Continuous exposure to minor amounts of Pb in the atmosphere could still be 

potentially harmful to lung tissue. Particles <3µm in diameter can reach and react in the alveolar 
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surfaces, and particles as small as 0.5µm were measured using the PIXE cascade impactor during 

this study.  

 Synchrotron work was performed on the Mount Sinai cascade impactor filters to see if 

any grains were identifiable. Out of ten filters, only the four filters with the largest particles had 

enough material captured on them to perform µXRF analysis. The filters chosen to analyze at 

NSLS include: stage 6 (8-16µm filter), stage 5 (4-8µm filter), stage 4 (2-4µm filter), and stage 3 

(1-2µm).  

Synchrotron work on the cascade impactor filters resulted in the observation of Pb-bearing 

minerals within the fine grained dust collected on the filters. The use of µXRF (Figure 4.22) was 

a powerful tool in mapping the relative distribution of Pb-bearing minerals throughout the 

cascade impactor filters. Figures 4.22A and B are µXRF images mapping an area from the Mount 

Sinai cascade impactor filter, sized 8-16µm. The scatterplots in A1 and B1 show no likely 

correlation between the Fe and Pb from within each respective µXRF map.  
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Figure 4.22. A is a µXRF image from the Mount Sinai cascade impactor filter sized 8-16µm. A1 

is the associated element scatterplot graphing Pb and Fe element correlations. B is a more detailed 

µXRF image of the area indicated in A showing the targeted Pb-bearing grain to be 

approximately 2x5µm in size. B1 is the associated element scatterplot graphing Pb and Fe 

element correlations.       

  

Unfortunately, µXRD techniques did not conclude any definitive mineralogical species 

identification in any of the filters. A reason for this could be attributed to the fine particle 

fractions and the relative beam width (~5µm). An example is shown in Figure 4.22B where the 

Pb-rich grain is approximately 2 x 5µm in size. Although µXRD was performed on this grain in 

hopes of identifying the Pb species present, the results were inconclusive.  

Although our results from the cascade impactor slides did not conclude definitive Pb-species 

present, it is still determined that when particles small enough become transported into the 
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deepest reaches of the lung, they have the capacity to reach the bloodstream and cause toxic 

effects.  
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Chapter 5 

Conclusions and Future Work 

5.1  Summary and Conclusions 

Tailings material at the New Calumet Mine property is elevated in Pb and other metals 

such as Ag, Cd, Co, Cr, Cu, Na, Ni, Sb, V and Zn as well as As, the only elevated non-metal. All 

of these metals and non-metals exceed the CCME (Canadian Council for Ministers of the 

Environment) guideline for elements in residential and industrial soils. Numerous elements 

exceed the HQ (Hazard Quotient) which is a ratio of concentration to relevant guideline that is 

used to estimate risk or harmful effects from the contaminant in question (USEPA, 2008). Lead 

exceeds the HQ by 16 times in the <20µm fraction and ~4.5 times in the <250 µm fraction which 

were both values calculated from the average concentration found in the six sample sites. These 

HQ values suggest that consistent exposure to the concentration of Pb measured in the tailings 

could cause potentially harmful effects to human health.  

Geochemical differences in the tailings were observed between the two size fractions, 

between the vegetated and non-vegetated material, and in concentrations measured over time. 

Geochemical differences between the two size fractions were observed with the finer <20µm 

fraction showing higher concentrations in Pb as well as in Ag, As, Cu, Fe, Ni, Sb and Zn 

compared with the coarser <250µm fraction. This follows the observation that concentration of 

trace elements often increases with decreasing particle size (Roussel et al. 2000; Chunguo and 

Zihui, 1988). Concentrations of elements also differed between the vegetated and non-vegetated 

samples collected at the Beaver Pond and Gobi Desert. These differences could possibly be 

attributed to the increases in organic carbon, effective sequestration of metals in the vegetated 
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material or perhaps due to the differences in sampling depth. These conclusions regarding trends 

and differences observed in the samples collected are highly speculative and more research is 

required to define and interpret these differences in element concentrations. Lastly, changes in 

element concentrations were observed over time with the lowest values measured in 1955 

followed by 2001 and the highest measured in 2011. The most likely conclusion why this is seen 

over time is the inconsistency of metal concentrations from site to site.  

Mineralogical analysis by ESEM and synchrotron microanalysis identified the form of Pb 

in the tailings to be primarily galena with altered rims of cerussite and lesser hydrocerussite on 

some galena grains. The altered rims were typically found on the edge of exposed galena grains 

and not on those galena grains embedded within other minerals. It is concluded that the rims have 

formed on the galena grains since the tailings were initially deposited during mine operations 

spanning from 1944 to 1968. The neutrality of the tailings has provided an environment where the 

cerussite and hydrocerussite has been able to form and persist. Other forms of Pb encountered in 

the tailings include anglesite and massicot and trace amounts of Pb found in altered goethite 

grains. The occurrence of anglesite in the fine (<20µm) fraction suggests the presence of an acidic 

environment, perhaps only on a very small scale. The pH of the tailings are near neutral, but with 

the identification of anglesite, a mineral stable under acidic conditions, suggests the formation of 

site specific environments capable of forming anglesite throughout the tailings. Acidic conditions 

are formed on a local scale during the breakdown of pyrrhotite which would be capable of aiding 

in the formation of anglesite.  

Bioaccessibility testing was performed on the <20µm fraction and <250µm fraction of 

samples in lung and gastric fluids, respectively. Bioaccessibile Pb % in the <20µm fraction of 

tailings range from 0 to 0.05% Pb and in the <250µm fraction range from 23 to 69% Pb. Results 
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of the finer fraction simulated in the lung fluid suggest an inverse relationship between total Pb 

concentration and bioaccessibility as well as showing higher concentrations of bioaccessibile Pb 

in vegetated tailings. The values of bioaccessibile Pb measured in these tests are very low and 

trends should be interpreted with caution. When comparing the gastric bioacessibility results in 

the <250µm fraction of non-vegetated vs. vegetated tailings, the non-vegetated tailings have an 

average bioaccessibility of 32% whereas the vegetated tailings have an average bioaccessibility of 

52%. Possible reasons as to why the bioaccessibility results are higher in the vegetated tailings 

could be from differences in mineralogy with the vegetated tailings having higher concentrations 

of bioaccessible Pb-bearing minerals, such as cerussite and hydrocerussite.  

It is clear in the bioaccessibility results that fluid composition, pH in particular, is much 

more important than particle size. It was initially thought the finer fraction in the lung would be 

more soluble due to its grain size and higher Pb concentration, but that is not what was found in 

this study. If the Pb mineralogy was exactly the same in both size fractions, the solubility and 

bioaccessibility of Pb-bearing minerals (specifically cerussite and hydrocerussite) would be 

significantly higher in the gastric, acidic solution.  

The bioaccessibility results in both the lung and gastric fluids do not correlate well with 

the total Pb measured in the samples, suggesting that mineralogy is a controlling factor rather 

than total Pb concentration. These results reinforce the importance of mineralogy and speciation 

in bioaccessibility studies and understanding the relative solubilities of minerals found throughout 

contaminated sites. The two dominant minerals found in the tailings at New Calumet Mine, 

galena and cerussite, have very different bioaccessibilities. Lead that is hosted in cerussite is 

highly bioaccessible, whereas Pb in galena is the least bioaccessible (Plumlee et al. 2006; 
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Plumlee and Morman, 2011). These facts suggest that the tailings samples analyzed with high % 

bioaccessible Pb had more cerussite than galena in the samples chosen for analysis.  

For this study, the relative amount of each Pb-bearing mineral within the samples were 

not calculated, however, the calculations show in Table 4.9 (pg. 73) indicate the importance of 

knowing the relative percentages of each species within a sample of interest. For example, a 

sample with 2000ppm Pb (containing only galena and cerussite) can have a wide range of 

absolute bioaccessible Pb if changes in galena and cerussite are implemented. When galena and 

cerussite are measured at 30% and 70% respectively, the absolute bioaccessible amounts of each 

mineral are 70ppm galena and 588ppm cerussite. If, however, the percentages were reversed and 

galena was 30% and cerussite 70% of the total Pb concentration, calculations show galena as 

30ppm and cerussite as 1372ppm absolute bioaccessible Pb. Cerussite shows a much more drastic 

and sensitive response to total bioaccessibility compared with galena due to its high relative 

bioaccessibility in gastric fluids.    

 Using observations from the bioaccessibility results, Pb bearing minerals present in the 

tailings may not be soluble in neutral drainage water, but we know that some Pb-bearing minerals 

(likely cerussite and hydrocerussite) are soluble in gastric, acidic solutions. If there is exposure to 

humans through ingestion of neutral waters contaminated with the Pb-bearing minerals from this 

site, there is the possibility of risk by means of solubility of Pb in gastric fluids.  

A more effective way of evaluating health risk is by using the absolute bioaccessible 

fraction of an element against environmental and health guidelines. In the case of the Calumet 

tailings, the absolute Pb bioaccessibility fractions were less than the total Pb concentration. The 

fine fraction (<20µm) simulated in the lung fluid had an absolute bioaccessible amount of 1.6 

ppm compared to the average 9555 ppm measured of the total Pb concentration. The coarser 
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fraction (<250µm) had an absolute bioaccessible amount of 1164.5 ppm compared to the average 

2753 ppm. The fine fraction is non-comparable to Ontario guidelines since the guidelines are in 

volume of material over time, but the coarse fraction is still exceeding the Canadian guidelines 

for Pb in residential and industrial soils.  

The total bioaccessible Pb in the Calumet Mine samples range from 400 – 1797ppm, with 

values of cerussite ranging from 16 – 91.2%. The CCME guideline for Pb in soils is 600ppm total 

Pb (CCME, 2007), but if the CCME guidelines recognized measurements of total bioaccessible 

Pb instead of total Pb, parts of Calumet Mine would, in fact, not be above Canadian guidelines. In 

terms of risk assessments for metal-rich abandoned sites like Calumet, there is valuable, 

economic merit in performing bioaccessibility studies on metals of concern. The risk of a site and 

requirements for clean-up can be reduced if the CCME guidelines took into account the total 

bioaccessible fractions instead of total concentration. 

The amount of airborne material measured at each of the tailings locations at New 

Calumet Mine was very minimal. The material analyzed by PIXE analysis was found to contain 

element concentrations well below the Ontario guidelines for particles in the air. There were Pb 

bearing particles on the filters but it was not possible to identify any Pb-bearing minerals by 

synchrotron analysis. However, mineralogical results from the near-surface tailings identify 

galena and cerussite as the dominant Pb-bearing minerals, suggesting that these Pb-rich minerals 

would likely be the minerals contained in the airborne material dispersed from the tailings. There 

was little to no airborne dust collected at the Beaver Pond and Gobi Desert where ample 

vegetation has flourished. This suggests that re-vegetation is an effective way to decrease the 

amount of windblown material from a site as well as stimulate ecosystem renewal to the area.   
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The samples and results obtained from this study suggest the effects of airborne dust in 

the vicinity of New Calumet Mine are minimal for residents within the area. However, in order to 

evaluate the risk of the site in a more thorough manner, more samples need to be taken over 

numerous days and in a variety of weather conditions. Evidence of erosional features seen on 

Mount Sinai concludes the tailings material have eroded and dispersed over the course of the last 

~50 years into the surrounding environment.  

Sulfide minerals are all significantly more bioaccessible under oxidizing conditions than 

reducing conditions and carbonates are much more bioaccessible under acidic than alkaline 

conditions (Ruby et al. 1999; Plumlee, 1999; Nordstrom and Alpers, 1999). The most 

bioaccessible Pb compounds are lead carbonates (ex: PbCO3 – cerrusite) and lead oxides (ex: 

PbO), followed by lead sulfates (ex: PbSO4 – anglesite) and lead sulfides (ex: PbS – galena) 

(Plumlee and Ziegler, 2007). In terms of remediation techniques, if oxidizing conditions can be 

removed by the covering of tailings by a dry cover, the bioaccessibility of galena (Pb sulfide) 

would be reduced. Also, the reduction in oxidation would likely not produce the amount of 

cerussite presently found in the tailings after ~60 years of weathering. Maintaining the near-

neutral pH of the tailings would ensure that if cerussite was naturally forming under a dry cover, 

the mineral would be much less bioaccessibile than if it were in an acidic environment.  

Combining the ESEM and synchrotron based micro analysis results in a powerful method 

for identifying the mineral form and speciation of Pb in tailings material. These techniques 

allowed for the identification of cerussite and hydrocerussite rims on galena grains which was 

unidentifiable using petrographic analysis.  

Currently, New Calumet Mine is privately owned with limited access to the Gobi Desert 

and Beaver Pond. However, the tailings found at Mount Sinai are accessible by road and have 
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been previously used as road building material on Calumet Island. Since Mount Sinai is the tallest 

of the tailings piles, it is also subject to wind effects. If remediation of these piles does not occur, 

the natural distribution of tailings will continue to provide Pb-bearing minerals to the 

environment within Calumet Mine and surrounding properties.       

The results obtained from this study demonstrate the importance of critically assessing 

the speciation of metals and their direct impact on bioaccessibility studies at abandoned mine-

waste locations. Having site-specific risk assessment and remediation objectives for abandoned 

mine sites would be valuable for contaminated sites in Canada and throughout the world. 

Realistic close-out criteria formulated from research on speciation and bioaccessibility testing of 

a site is useful in helping to delineate the potential harm of the site as well as reducing the 

potential concern and cost of remediation.    

 

5.2 Future Work 

The following are recommendations for future work, based on the results obtained in this study.  

 Automated mineralogy of the tailings by means of MLA would be a very useful tool in 

identifying the relative abundances of each Pb-bearing mineral. These abundances would 

greatly enhance our understanding of the bioaccessibility of the material and minerals 

present in the New Calumet Mine tailings.   

 More sampling and analysis of the vegetated vs. non-vegetated tailings material is highly 

encouraged at the Beaver Pond and Gobi Desert to observe if the vegetation in the 

tailings is, in fact, sequestering metals. Also, mineralogical focus on the vegetated 

tailings is encouraged to see if pyromorphite is forming in the soils of oxidative 

weathering of galena.  
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 Sampling vegetation and agricultural crops throughout the immediate and distant areas 

would help in defining whether the Pb within the tailings is affecting the Pb 

concentrations found throughout the area. This type of sampling would also help in 

characterizing the potential windblown extent of the tailings.   

 Further evaluation on the cerussite and hydrocerussite alteration rims is needed to further 

understand the growth, persistence and dissolution of the minerals in their present 

environment. 

 Focus on determining mineralogical differences between the <250µm and <20µm 

fraction is encouraged. The chemistry results from these size fractions vary in Pb 

concentration and it would be interesting to see if changes in Pb hosts can be observed.  

 It is encouraged that future bioaccessibility testing analyze both size fractions within the 

lung and gastric fluids as opposed to only analyzing the fine fraction in the lung and 

coarse fraction in the gastric fluid. I would also recommend future analysis run another 

batch of samples on the <20µm fraction in the lung bioaccessibility testing to see if the 

results agree with the inverse relationship of the total Pb concentration (in ppm) seen in 

the results obtained in this study.  

 A suggestion I would highly recommend for future ESEM and synchrotron work would 

be to select targets throughout the thin section and not just at the edges. Unfortunately, I 

had numerous targets on the very edge of thin sections which were lost during lifting of 

the sample off the glass slide for synchrotron analysis.  

 Run 24-hour sampling periods on site with the cascade impactor to be able to sample to 

Ontario air quality guidelines.  
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 If possible, use chlorine-free epoxy on thin sections during preparation. The chlorine in 

the epoxy makes it difficult to see whether there is actually a correlation between Pb and 

Cl in Pb-rich grains during microprobe analysis.  
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Appendix A 

Sampling Details 

 

The three tailings locations on site are called the Gobi Desert, Beaver Pond and Mount 

Sinai. Tailings samples of surficial material as well as airborne particulates were sampled from 

each of the three tailings piles. Figure 1 is a map of the Calumet Mine property with sample sites 

indicated for referencing.    

 
Figure 1. A map of the Calumet Mine property with the three tailings piles indicated as vegetated 

or non-vegetated. The 6 tailings sample sites are indicated with a red circle and the airborne 
particulate sample sites are indicated with a pink circle.  
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Mount Sinai Tailings Pile 

Date:  June 18, 2010 

Weather:  sunny with few clouds, strong breeze, temperature ~22
o
C 

Location:  0369634    5062109    +/- 3m                    

Elevation:  154m 

      

Description of tailings site:  

Mount Sinai is approximately 90ft high at its peak with the flanks of the pile ranging 

from very steep to moderate in slope. There are areas on top of the pile as well as on some steep 

flanks where hardpan layers have formed. The very base of Mount Sinai has been overgrown with 

low lying grasses and forest (mostly birches and poplar) occupying 3 sides of the pile. There is a 

road on the N side of the pile (Figure 1) separating Calumet from the adjacent property. There is a 

residence approximately 100m north from the base of Mount Sinai. Some of the tailings from 

Mount Sinai have been used as road building material on some of the country roads in the area. 

The north side of Mount Sinai, closest to the road, has been excavated for material (Figure 2).  

 
Figure 2. The north side of Mount Sinai, closet to the road, where material has been extracted for 

road building on the island.  
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Description of sample locations:  

Sampling of the tailings at Mount Sinai occurred on the north east side of the pile (Figure 

1). Due to the preferred NE wind direction in the area as well as the geographic location and 

height of the pile, this area of the tailings has more windblown dispersion than any other location 

on the pile. Due to this, we sampled this area for airborne dust as well as surface tailings samples 

of the top 5cm of tailings material. Spigotting was used during deposition of this pile.   

 

Airborne Particulate Sampling (Figure 3A): 

The NE corner of Mount Sinai was sampled for airborne particulates (Figure 1). This 

location was chosen to set up the cascade impactor due to exposure to wind. It felt as though the 

wind was being tunneled around the NE corner of the tailings pile where the cascade impactor 

was set up. No vegetation is present around the immediate sample area, however ~50m 

downslope there is growth of poplar and birch around the bottom of the pile. The duration of 

sampling was approximately 10 hours.   

 

Tailings Sample (non-vegetated) (Figure 3B): 

Approximately 4m upwind/adjacent from the cascade impactor site is where the non-vegetated 

tailings sample was collected. The area is very windblown and the hole dug for sampling filled in 

very rapidly during collection. Very nice laminations were observed in the cross section of 

tailings. The tailings collected were fine to very fine sand sized material. Two bags of samples 

were taken (approximately 5kg each). Material was collected of the top 5cm of surficial material.  
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Figure 3. Mount Sinai sample sites. A. Cascade impactor location on the NE side of Mount Sinai, 

B. bulk tailings sample site.   

 

 

The Beaver Pond Tailings Pile  

Date: June 20, 2010 

Weather: sun and clouds, temperature ~20
o
C, constant breeze with occasional gusts of wind 

Location:  0368994   5061987   +/- 3m 

Elevation: 134m 

 

Description of tailings site:  

The Beaver Pond tailings pile is a very interesting location as there are a variety of 

environments encountered throughout the waste pile. The Beaver Pond tailings pile is spread out 

in a low lying area which is seasonally flooded. A creek flows through the tailings pile which 

includes surface runoff from nearby corn fields. At the western extent of the tailings pile is a road 

(Figure 1) which is also the ‘earth dam’ built in the 1950s. The creek flows through the earth dam 

via a concrete/metal culvert and drops ~30ft on the western side of the dam. There was a 

structural failure in the earth dam in the 1960s and recently the current owner, John MacLatchy, 

A B 
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has built an overflow spillway for the creek so excess spring erosion would not cause a structural 

failure to occur again. This spillway was recently built to the south of the tailings pile, wrapping 

around and down the slope to the west eventually connecting with the creek at the bottom of the 

hill. Over the course of the last ~20 years, the Beaver Pond tailings site has been re-vegetated 

with grasses, weeds and ferns. This re-vegetated area is indicated in Figure 1. Spigotting was used 

during deposition of this pile.   

 

Description of sample locations:  

 

Airborne Dust Sampling (Figure 4A):  

The cascade impactor was set up in the NE area of the tailings pile where wind erosion and 

dispersion of tailings sediment was evident by the presence of sand dunes. There was a strong 

breeze throughout the 10 hours of sampling. Very little vegetation occupies this area.    

 

Tailings Sample, non-vegetated (Figure 4B): 

The non-vegetated tailings sample was collected approximately 3 m upwind (west) of the cascade 

impactor sample site. There was little to no vegetation in the area with only minor weeds growing 

within the vicinity of sampling. Material was collected of the top 5cm of material.    

 

Tailings Sample, vegetated (Figure 4C): 

The vegetated tailings sample was collected in the re-vegetated area of the Beaver Pond where 

ferns, grasses and weeds have overgrown. Root material and immature soil horizons were evident 

throughout the profile. Material was collected of the top 20cm of material including root material.  
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Figure 4. Beaver Pond sample sites. A is the cascade impactor sampling site with the image 
facing west towards the vegetated tailings area. B is the bulk/non-vegetated tailings sample site, 

and C is the vegetated section of the Beaver Pond with grasses and weeds flourishing, which is 

where the vegetated tailings sample was taken of the top 20cm of material.  
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The Gobi Desert Tailings Pile 

Date: June 21, 2010 

Weather: sunny, cloudless sky, breezy, wind from W-NW, temperature ~25
o
C 

Location:  0368896   5062357   +/- 3m 

Elevation: 146m 

 

Description of tailings site:  

The Gobi Desert is the largest tailings pile ranging from ~1m in height near the center of 

the pile to ~5m meters in height near the outskirts of the pile. Near the center of the pile is the 

lowest lying area which has naturally generated a swamp-like environment. Adjacent to the 

swamp and covering almost one-third of the Gobi Desert is re-vegetated tailings areas. A few 

years ago the current owner spread shredded hay on 3 acres of the tailings which formed a mat. 

The following year he brought in local compost and fauna began taking very well to the new soil 

mat. The use of fertilizer and hay has been excellent in stimulating regrowth of grasses, ferns, 

shrubs, weeds and flowers (Figure 5D). Spigotting was used during deposition of the Gobi 

Desert.  

 

Description of sample locations:  

 

Airborne Dust Sampling (Figure 5A):  

The cascade impactor was set up in an area in the SE corner of Gobi Desert which was clearly the 

most affected by windblown dispersion on the pile. The presence of erosional structures, sand 

dunes and wind ripples were a good indication of windblown dispersion at this location.   
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Tailings Sample, non-vegetated (Figure 5B): 

The non-vegetated tailings sample was collected approximately 4 meters upwind from the 

cascade impactor site. There was little to no vegetation in the area with only minor weeds 

growing within the vicinity of sampling. Material was collected of the top 5cm of material.    

 

Tailings Sample (vegetated site 1) (Figure 5C): 

The vegetated tailings sample (1) was collected in the re-vegetated area (Figure 1) where ferns, 

grasses and weeds have overgrown.Soil composition was a mixture of tailings and soil and was 

clay rich. The top ~4cm of material collected was organics. Tailings were collected of the top 

20cm of material including root material.  

 

Tailings Sample (vegetated site 2) (Figure 5D): 

The vegetated tailings sample (2) was collected in the re-vegetated area. The tailings were 

collected down to 20cm which included some grassy roots which penetrated to a depth of ~15cm. 

Grain size of the material was silty. The surface was covered in a hay and compost mat.  
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Figure 5. Sample sites on the Gobi Desert Tailings pile. A is the location set up for airborne 
particulate sampling with the cascade impactor on the SE side of the pile. B is the location 

sampled for non-vegetated tailings. C is the location where vegetated tailings sample 1 was 

collected. D is the location where vegetated tailings sample 2 was collected.  
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Appendix B 

Petrographic, ESEM, and synchrotron target identification 

 

The following pages contain examples of petrography, ESEM, and synchrotron methods for 

target identification. The rest of the targets identified are included in Appendix B-2 on the 

attached DVD, as are additional photographs and raw data.  

 

In addition to raw synchrotron data and specific target identification, the DVD also includes a 

spreadsheet recording all data and notes collected on the ESEM and synchrotron. A selection of 

µXRD patterns and some µXRF maps that were generated are also included.  

 

Examples given in the following pages include: 

1. Beaver Pond, map 1b (target 4) – cerussite 

2. Beaver Pond, map 4 (target 3) – galena 

3. Mount Sinai, map 6 (target 4) – goethite 

4. Beaver Pond, map 2 (target 5) – hydrocerussite 

5. Beaver Pond, map 1 (target 2) – anglesite 

6. Beaver Pond, map 1b (target 3) – cerussite and massicot 
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Beaver Pond map 1a, target 4: cerussite. Cerussite was identified on the edge of the bright 

galena grain outlined in the red box in the BSE image, petrographic image, and in the µXRF map. 

The spotty 2-D µXRD diffraction pattern was positively matched in Highscore as cerussite.  
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Beaver Pond map4, target 3: galena. Galena was identified as a single grain outlined in the red 

box in the BSE image, petrographic image, and in the µXRF map. The spotty 2-D µXRD 

diffraction pattern was positively matched in Highscore as galena.  
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Mount Sinai, map 6, target 4: goethite. Goethite was identified as the altered Fe-oxide grain 

shown below. The BSE and µXRF images show a red box where the µXRD diffraction pattern 

was collected. The very nice 2-D diffraction produced was confirmed in Highscore as goethite. 

The µXRF Ca-Fe-Pb map shows a Pb-high just below the red box. This Pb high was identified as 

galena on the ESEM.   
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Beaver Pond map2, target 5: hydrocerussite. Hydrocerussite was identified in the centre of the 

red box in the BSE image and in the uXRF map. The spotty rings in the 2-D µXRD diffraction 

pattern were positively matched in Highscore as hydrocerussite.   
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Beaver Pond map1, target 2: anglesite. Anglesite was identified in the centre of the red box in 

the BSE image and in the uXRF map. The spotty rings in the 2-D µXRD diffraction pattern were 

positively matched in Highscore as hydrocerussite.   
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Beaver Pond map1b, target 3: cerussite and massicot. Cerussite with massicot was identified 

on the lower boundary of the Pb-rich grain as seen in the BSE and in the uXRF map. The spotty 

rings in the 2-D µXRD diffraction pattern were positively matched in Highscore as cerussite with 

massicot.   
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Appendix C 

Conversion from ng/sample to ng/m
3
 

 

Flow rate of vacuum: 1.25L/min     

sample collected for 10 hours 

  And 1000L = 1 m
3
 

Conversions: 10hrs = 600min x 1.25L/min = 750L = ¾m
3
 

  1µg = 1000ng 

Equation to convert:  
  

      
 

 

    
 

 

    
  

  

  
   for 10 hours of sample collection 

  

Sample conversion: The total amount of Pb collected in the C.I. filters amounts to 

216.75ng/sample. Convert 216.75ng/sample to µg/m
3
: 

  
        

      
  

 

    
  

 

    
      

  

  
 for 10 hours of sample collection  

 

Ontario Standards for air quality and pollution state: 

 0.5 hour exposure standard for Pb is: 1.5 ug/m
3
 

24-hour exposure standard for Pb is: 0.5 ug/m
3
 

 30 day+ exposure standard for Pb is: 0.2 ug/m
3
  

 0.5 hour URT (upper risk threshold) for Pb is: 6 ug/m
3
 

 24-hour URT (upper risk threshold) for Pb is: 2 ug/m
3
 

 

Since the Ontario standards are given in either 0.5 or 24 hour intervals, it is not 

scientifically sound to simply multiply our total concentration by 2.4 to obtain a potential 24-hour 

exposure. This calculation does not take into consideration the presence of high short-lasting 

distributions of Pb which likely make up the total concentration measured. Having said that, if we 

were to assume the total concentration of Pb collected in ten hours was in fact collected in only 

0.5 hours or collected over a 24-hour span, the concentration would not be in exceedance of the 

Ontario guidelines. The possibility of obtaining a value in exceedance of the 24-hour guideline of 

0.5µg/m
3 
is possible; however, it was not measured in this study.  
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Appendix D 

Grain Size Characterization 

 

A Retsch Sieve Shaker was used during grain size analysis, Model AS-200. Stainless steel sieves 

only.  

 

Details regarding sieving: 

- Amplitude used: 1.00mm/”g” – 1.5mm/”g” 

- Interval shaking was set up for samples with high clay content to help separate clumps 

(starting and stopping helping in separating the clay clumps) 

- Approximately 15-25 minute shake on each sample 

- Size fractions separated: 2mm, 1mm, 500um, 250um, 125um, 63um, 45um, 20um 

 

Mount Sinai -
nonVEG 

   Particle Size 
(um) 

weight 
(g) % of total Comments: 

>2000 0.15 0.0% 
 1000-2000 0.83 0.0% 
 500-1000 3.91 0.1% 
 250-500 161.17 5.8% Percentage  <250um: 

125-250 2131.5 76.3% 94.1% 

63-125 451.72 16.2% 
 45-63 26.7 1.0% 
 20-45 13.63 0.5% 
 <20 3.44 0.1% 
 

 
2793.05 100.0% 
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Beaver Pond -
nonVEG 

   Particle Size 
(um) 

weight 
(g) % of total Comments 

>2000 0.73 0.0% 
 1000-2000 0.35 0.0% 
 500-1000 27.21 1.8% 
 250-500 484.2 32.0% Percentage  <250um: 

125-250 627.4 41.5% 66.099% 

63-125 243.86 16.1% 
 45-63 54.1 3.6% 
 20-45 59.3 3.9% 
 <20 14.58 1.0% 
 

 
1511.73 100.0% 

  

Gobi Desert -
nonVEG 

   Particle Size 
(um) 

weight 
(g) % of total Comments 

>2000 0.15 0.0% 
 1000-2000 1.93 0.1% 
 500-1000 65.57 5.0% 
 250-500 532.4 40.6% Percentage  <250um: 

125-250 465.51 35.5% 54.3% 

63-125 157.22 12.0% 
 45-63 30.08 2.3% 
 20-45 51.84 4.0% 
 <20 7.07 0.5% 
 

 
1311.77 100.0% 

  

Gobi Desert -
VEG1 

   Particle Size 
(um) 

weight 
(g) % of total Comments 

>2000 78.02 11.7% clay clumps 

1000-2000 113.82 17.0% fertilizer pellets? 

500-1000 72.45 10.9% fertilizer pellets? 

250-500 52.91 7.9% Percentage  <250um: 

125-250 52.73 7.9% 52.5% 
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63-125 103.76 15.5% 
 45-63 80.68 12.1% 
 20-45 108.19 16.2% 
 <20 5.02 0.8% 
 

 
667.58 100.0% 

  

Gobi Desert -
VEG2 

   Particle Size 
(um) 

weight 
(g) % of total Comments 

>2000 10.78 1.1% 
 1000-2000 13.63 1.4% 
 500-1000 13.52 1.4% 
 250-500 48.77 5.0% Percentage  <250um: 

125-250 210.61 21.6% 91.1% 

63-125 382.91 39.3% 
 45-63 125.22 12.8% 
 20-45 152.87 15.7% 
 <20 16.86 1.7% 
 

 
975.17 100.0% 

  

Beaver Pond -
VEG1 

   Particle Size 
(um) 

weight 
(g) % of total Comments 

>2000 2.52 0.3% 
 1000-2000 1.98 0.2% 
 500-1000 7.48 0.8% 
 250-500 77.53 8.6% Percentage  <250um: 

125-250 332.16 37.0% 90.0% 

63-125 298.95 33.3% 
 45-63 61.16 6.8% 
 20-45 91.07 10.1% 
 <20 25.91 2.9% 
 

 
898.76 100.0% 

  



 

 

 

144 

Appendix E 

Bulk Chemistry Results and QA/AC, USGS 

 

Bulk chemistry results performed by the United States Geological Survey (USGS) on <250µm 

and <20µm size fractions of air-dried bulk tailings samples taken for bioaccessibility testing.  

 

QA/QC tables added after bulk chemistry results.  
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Sample Size Fraction Ag Al As Ba Be Bi Ca Cd Ce Co Cr Cs Cu Fe Ga K La Li Mg Mn Mo Na Nb

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

Gobi Desert VEG1 <250µm 19.1 56600 8.7 257 0.77 801 77000 8.1 41.9 15 135 1.9 537 45200 16.2 19000 19.7 15.9 42700 2320 5.7 8690 3.1

Gobi Desert VEG2 <250µm 35.3 62700 74.5 304 0.94 885 98800 5.4 53.8 28.8 154 1.8 449 89400 18.8 20900 24 21.1 61000 3530 6.6 8290 3.4

Gobi Desert nonVEG <250µm 46.4 64800 35.6 391 0.92 1740 106000 7.9 44 27.6 161 1.5 815 117000 20.4 23700 19.9 19.1 46400 3980 4.3 10600 3.1

Beaver Pond VEG1 <250µm 43.6 64200 30.2 372 0.96 1090 96500 18.6 54.4 40 209 1.8 677 118000 18.8 23100 25.5 17.3 49200 3530 7.8 8370 4.4

Beaver Pond nonVEG <250µm 47.1 67100 15.8 376 0.97 929 97400 9.7 49.1 40.1 261 1.4 651 96700 20.6 20800 22.4 19.3 46600 3750 7.2 9550 4

Mount Sinai nonVEG <250µm 35.9 48900 67.1 240 0.94 640 71400 13.1 45.8 36 51.5 1.1 635 80400 15.2 16800 21.1 10 60400 3960 10.3 5470 3.5

Gobi Desert VEG1 <20µm 39.7 64200 24.8 298 1.1 1950 130000 18.2 110 29 166 1.5 830 80000 20.4 16700 54.9 17.4 48800 3660 12 10900 3.8

Gobi Desert VEG2 <20µm 61.7 46300 163 222 0.83 1990 112000 11.1 104 42 170 1 744 138000 15.8 11200 49.2 18.2 46900 3790 5.8 6330 2.5

Gobi Desert BULK <20µm 123 41700 113 354 0.86 4790 94700 16.5 112 64.3 171 1.1 1800 198000 17 13500 51.9 15.2 33100 4290 7.3 6620 2.7

Beaver Pond VEG1 <20µm 109 32500 99.6 288 0.81 3620 89700 46.6 84.3 68.9 226 1.2 1470 220000 13.6 9900 41 10.4 29000 3510 14 4150 2.8

Beaver Pond BULK <20µm 158 18900 46.2 216 0.6 5870 28500 45.5 79.1 86.8 188 1 2510 287000 9.6 6270 39.1 7.8 12700 2810 14.4 2450 1.6

Mount Sinai BULK <20µm 96.8 15600 111 120 0.42 2710 125000 23.9 81.7 35.9 52.6 0.6 1050 165000 7.6 5190 39.3 3 14700 2380 9.3 1220 1.3

CCME guidelines for: residential: 20 n/l * 12 500 4 n/l n/l 10 n/l 50 64 n/l 63 n/l n/l n/l n/l n/l n/l n/l 10 5 n/l

industrial: 40 n/l 12 2000 8 22 300 87 91 40 12

*n/l = not listed in CCME guidelines

element concentration in bold indicates value exceeds CCME residential or industrial (or both) guidelines 

Sample Size Fraction Ni P Pb Rb Sb Sc Sr Th Ti Tl U V Y Zn

ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm

Gobi Desert VEG1 <250µm 46.6 505 2190 52.3 36.3 21.8 170 4.25 2260 8.27 3.11 186 17.3 2850

Gobi Desert VEG2 <250µm 91.6 823 2390 57.5 58.7 24.8 231 4.97 2500 13.1 7.86 193 21.9 2220

Gobi Desert nonVEG <250µm 105 537 4730 57.3 61.1 24.8 227 4.58 2350 11.9 7.21 174 19.7 2860

Beaver Pond VEG1 <250µm 151 797 2930 61.2 49.7 25.6 248 5.55 2820 11.2 4.75 212 22.7 5460

Beaver Pond nonVEG <250µm 129 737 2540 51.8 59.7 31.5 243 5.55 2870 8.41 3.82 233 24 3130

Mount Sinai nonVEG <250µm 41.2 665 1740 45.2 34.9 18.1 126 4.57 2080 9.21 3.88 133 22.3 4700

Gobi Desert VEG1 <20µm 81.6 859 5280 43.4 84.2 27.4 274 13 2240 6.86 9.41 190 35.4 4010

Gobi Desert VEG2 <20µm 189 986 5440 29.5 119 20.5 229 12 1590 6.9 11.3 129 30.9 3520

Gobi Desert BULK <20µm 241 711 13300 34 202 19.6 201 11.7 1530 8.15 11.3 123 34.3 6770

Beaver Pond VEG1 <20µm 361 538 9860 32 160 15.7 222 9.88 1400 8.17 13.1 110 29.1 10700

Beaver Pond BULK <20µm 520 283 16000 22.7 294 10.9 101 8.8 912 7.58 11.1 73 25.5 8130

Mount Sinai BULK <20µm 120 354 7450 18.1 83.4 6.7 156 10.1 657 4.41 9.77 43 17.9 7610

CCME guidelines for: residential: 50 n/l 140 n/l 20 n/l n/l n/l n/l 1 23 130 n/l 200

industrial: 50 600 40 1 300 130 360

*n/l = not listed in CCME guidelines

element concentration in bold indicates value exceeds CCME residential or industrial (or both) guidelines 
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Lab No Li PPM Be PPM Na PPM Mg PPM Al PPM P PPM K PPM Ca PPM Sc PPM Ti PPM

report limit 0.3 0.03 25 6 50 5 15 100 0.04 40

2% HNO3 < 0.3 < 0.03 < 25 < 6 < 50 < 5 < 15 < 100 0.05 < 40

Wash < 0.3 < 0.03 < 25 < 6 < 50 < 5 < 15 < 100 < 0.04 < 40

Digestion Blank < 0.3 < 0.03 118 < 6 < 50 30.3 < 15 < 100 < 0.04 < 40

Digestion Blank < 0.3 < 0.03 < 25 < 6 < 50 6.7 < 15 < 100 < 0.04 < 40

Digestion Blank < 0.3 < 0.03 < 25 < 6 < 50 8.1 < 15 < 100 < 0.04 < 40

Standard-2 19.9 20.8 319 322 518 34 319 324 21 55.1

2709 50.6 2.7 11300 14200 71800 628 20100 19900 12.9 2970

MAG-1 78.9 2.8 29800 17900 86900 734 31600 10900 19.6 3550

8704 41.5 1.6 4990 9980 53000 888 19500 27500 12 2080

SCo-1 42.1 1.6 6250 14500 67600 857 23300 19800 12.9 2970

GSD-8 11.1 1.6 3100 1300 40100 132 24900 1650 5.4 2850

2% HNO3 0.8 < 0.03 < 25 < 6 < 50 5.4 < 15 < 100 < 0.04 < 40

Standard-2 21.8 21.6 328 338 550 38.6 335 332 20.6 56.1

2709 54.7 3.3 11700 14700 73800 617 19700 18300 11.2 2810

MAG-1 75.6 3.1 28500 17000 82800 682 28800 9060 15.8 2930

IoV-0.1to20 < 0.3 55.1 48.9 49.1 52 62.5 54.2 < 100 0.1 47.7

8704 47.3 1.9 5810 11700 61400 958 19500 24400 10.7 1950

SCo-1 49.2 2 7120 16700 77300 926 23000 17600 11.5 2700

GSD-8 14.9 2.2 3480 1430 44700 148 24300 1440 4.6 2640

2% HNO3 0.6 < 0.03 < 25 < 6 < 50 < 5 < 15 < 100 < 0.04 < 40

Standard-2 21.3 21.3 303 309 524 37 327 334 19.8 55.3

2709 55.1 3.1 11300 14200 72800 602 19500 18700 10.9 2700

MAG-1 80.7 3 29200 17500 85900 701 29900 9820 16.2 3000

IoV-0.1to20 0.8 55 47.4 46.6 < 50 54.6 45.6 < 100 < 0.04 45.1

8704 46 1.9 5170 10400 55200 894 19200 25900 10.6 1890

SCo-1 46.1 1.7 6300 14700 68300 829 21900 17700 10.8 2680

IoV-0.1to20 < 0.3 53.1 44.7 45.1 51 47.7 47.5 < 100 < 0.04 45.4

Wash < 0.3 < 0.03 < 25 < 6 < 50 < 5 < 15 < 100 < 0.04 < 40

2% HNO3 0.6 < 0.03 < 25 < 6 < 50 < 5 < 15 < 100 < 0.04 < 40

Wash 0.6 < 0.03 < 25 < 6 < 50 < 5 < 15 < 100 < 0.04 < 40

2709 53.6 3.2 11300 14300 72600 602 19300 18600 10.7 2640

MAG-1 79.5 3 29200 17400 84400 694 29400 9500 15.6 2860

IoV-0.1to-20 0.8 55.7 50.6 49 54.4 54.6 43.7 < 100 < 0.04 44.9

Wash 0.5 < 0.03 < 25 < 6 < 50 6 < 15 < 100 < 0.04 < 40

IoV-0.1to-20 0.4 52.8 45.3 45.5 < 50 57.1 39.1 < 100 < 0.04 44.2

IoV-0.1to-20 < 0.3 51.2 43.7 44.1 < 50 60.5 42.6 < 100 < 0.04 47.9

IoV-0.1to-20 < 0.3 51.6 43.4 44.1 < 50 55.7 42.1 < 100 < 0.04 47.3

2% HNO3 0.9 < 0.03 < 25 < 6 < 50 5 < 15 < 100 < 0.04 < 40

8704 44.5 1.8 5600 11300 59600 941 19400 25200 10.4 1840

SCo-1 45.4 1.7 6760 15700 73300 875 22300 18000 11 2570

Wash 1.3 < 0.03 < 25 < 6 < 50 9.7 < 15 < 100 < 0.04 < 40

Wash 3.7 < 0.03 < 25 < 6 < 50 34.9 17.1 < 100 < 0.04 < 40

IoV-0.1to-20 1.1 < 0.03 < 25 < 6 < 50 102 < 15 < 100 < 0.04 < 40

Wash 3.1 < 0.03 < 25 < 6 < 50 25.9 < 15 < 100 < 0.04 < 40

Wash 2.4 < 0.03 < 25 < 6 < 50 13.2 < 15 < 100 < 0.04 < 40
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Lab No V PPM Cr PPM Mn PPM Fe PPM Co PPM Ni PPM Cu PPM Zn PPM Ga PPM As PPM

report limit 0.1 0.5 0.7 50 0.03 0.3 2 3 0.01 1

2% HNO3 < 0.15 0.77 < 0.7 < 50 < 0.03 0.4 < 2 < 3 < 0.015 < 1

Wash < 0.15 < 0.5 < 0.7 < 50 < 0.03 < 0.3 < 2 < 3 < 0.015 < 1

Digestion Blank < 0.15 0.6 < 0.7 < 50 < 0.03 < 0.3 < 2 < 3 < 0.015 < 1

Digestion Blank < 0.15 0.66 < 0.7 < 50 < 0.03 < 0.3 < 2 < 3 < 0.015 < 1

Digestion Blank < 0.15 0.73 < 0.7 < 50 < 0.03 0.3 < 2 < 3 < 0.015 < 1

Standard-2 21 21.7 68.8 322 21.2 21.6 21.4 21 21.1 20.6

2709 122 117 561 35200 14.1 89.7 37.5 110 17.6 18.6

MAG-1 162 111 812 51000 24.6 56.6 33.4 145 25.9 10.2

8704 100 122 580 40100 14.3 45.9 95.8 396 16.2 17.3

SCo-1 150 74.7 415 37400 12.4 29.4 32.1 110 18.9 13.2

GSD-8 25.6 6.1 353 15900 3.6 1.9 6 47.9 11.5 2.9

2% HNO3 < 0.15 < 0.5 < 0.7 < 50 < 0.03 < 0.3 < 2 < 3 < 0.015 < 1

Standard-2 20.3 20.7 68.7 318 20.7 20.6 20.9 20.3 20.5 20

2709 110 106 543 33500 13 82.1 35.4 104 16.9 17.2

MAG-1 134 91.8 713 44700 20.6 46.9 29.2 127 22 8.8

IoV-0.1to20 51.2 50.5 48.5 66 51.7 51 51.8 50.6 50.6 48.4

8704 90.2 111 555 38000 13.2 42.5 90.8 379 15.6 16.2

SCo-1 136 67.8 402 36000 11.6 27.3 31.7 108 18.1 12.2

GSD-8 22.6 5.4 342 15100 3.3 1.7 5.9 47.5 10.9 2.5

2% HNO3 < 0.15 < 0.5 < 0.7 < 50 < 0.03 < 0.3 < 2 < 3 < 0.015 < 1

Standard-2 19.7 20 67.4 306 20.3 20.4 20.6 20.3 20.9 19.9

2709 108 105 545 33700 12.8 81.4 35.5 105 17.3 17.4

MAG-1 136 95.1 757 47300 21.5 49.6 29.9 135 24.4 9.3

IoV-0.1to20 47 47.2 46.4 < 50 49.3 48.6 49.7 49.2 49.7 47.6

8704 89.5 111 571 38900 13.3 42.7 90.9 384 16.1 16.6

SCo-1 128 64.2 392 34800 11 26.2 29.9 104 18 12

IoV-0.1to20 47 47.4 46.2 < 50 49.2 48.4 49.7 48.7 49.9 47.7

Wash < 0.15 < 0.5 < 0.7 < 50 < 0.03 < 0.3 < 2 < 3 < 0.015 < 1

2% HNO3 < 0.15 < 0.5 < 0.7 < 50 < 0.03 < 0.3 < 2 < 3 < 0.015 < 1

Wash < 0.15 < 0.5 < 0.7 < 50 < 0.03 < 0.3 < 2 < 3 < 0.015 < 1

2709 108 103 536 34000 12.8 81.6 34.8 104 16.7 17.5

MAG-1 135 93.3 738 46700 21.2 48.7 29.5 133 23.2 8.9

IoV-0.1to-20 48.8 48.8 46.2 51 50.7 49.2 50.7 51.3 51.1 49.4

Wash < 0.15 < 0.5 < 0.7 < 50 < 0.03 < 0.3 < 2 < 3 < 0.015 < 1

IoV-0.1to-20 47.9 48.4 45.8 < 50 49.2 49.1 49.9 50.3 50 48.6

IoV-0.1to-20 50.4 50.5 47.6 51 51.9 51.4 51.4 51.5 51.9 50.3

IoV-0.1to-20 50.3 50.3 47.6 < 50 51.5 51.1 51.6 51.3 51.7 50

2% HNO3 < 0.15 < 0.5 < 0.7 < 50 < 0.03 < 0.3 < 2 < 3 < 0.015 < 1

8704 86.6 108 563 38500 12.8 41.1 88.9 379 15.6 16.1

SCo-1 128 64.4 397 35700 11 26.3 30 106 17.8 12.1

Wash < 0.15 < 0.5 < 0.7 < 50 < 0.03 < 0.3 < 2 < 3 < 0.015 < 1

Wash < 0.15 < 0.5 < 0.7 < 50 < 0.03 0.6 < 2 < 3 < 0.015 1

IoV-0.1to-20 < 0.15 < 0.5 < 0.7 < 50 < 0.03 < 0.3 < 2 < 3 < 0.015 1.1

Wash < 0.15 < 0.5 < 0.7 < 50 < 0.03 < 0.3 < 2 < 3 < 0.015 < 1

Wash < 0.15 < 0.5 < 0.7 < 50 < 0.03 < 0.3 < 2 < 3 < 0.015 < 1



 

 

 

148 

 

 

Lab No Se PPM Rb PPM Sr PPM Y PPM Nb PPM Mo PPM Ag PPM Cd PPM Sb PPM Cs PPM

report limit 1 0.01 0.8 0.05 0.1 0.05 0.01 0.007 0.04 0.003

2% HNO3 1 < 0.014 < 0.8 < 0.05 < 0.1 < 0.05 0.47 < 0.007 0.2 0.004

Wash < 1 < 0.014 < 0.8 < 0.05 < 0.1 < 0.05 < 0.01 < 0.007 < 0.04 < 0.003

Digestion Blank < 1 < 0.014 < 0.8 < 0.05 1.4 < 0.05 < 0.01 < 0.007 0.07 0.004

Digestion Blank < 1 < 0.014 < 0.8 < 0.05 0.44 < 0.05 < 0.01 < 0.007 < 0.04 0.003

Digestion Blank < 1 < 0.014 < 0.8 < 0.05 0.25 < 0.05 < 0.01 < 0.007 < 0.04 0.004

Standard-2 21.9 20.2 20.6 20.2 11 10.1 10.1 20.2 7.8 20.2

2709 4.2 98.6 244 15.8 8.8 2.2 0.279 0.37 7.5 5.7

MAG-1 4 161 157 23.1 14 1.3 < 0.01 0.21 1.1 9.4

8704 2.6 106 139 20.3 7 4.1 0.242 3.1 2.8 5.9

SCo-1 3.4 120 186 18.7 11 1.2 < 0.01 0.15 2.5 8.4

GSD-8 2.2 137 52.5 13.8 37 0.55 < 0.01 0.05 < 0.04 3.5

2% HNO3 2.1 < 0.014 < 0.8 < 0.05 0.1 < 0.05 0.024 < 0.007 0.32 0.003

Standard-2 21.3 19.9 19.6 19.7 11 9.8 9.95 19.7 8.7 21

2709 2.7 92.9 232 14.5 8.7 2.1 0.252 0.35 7.4 5.8

MAG-1 3.9 143 133 18 12 1 < 0.01 0.18 1.3 9.1

IoV-0.1to20 50.2 49.6 48.8 < 0.05 52 50.2 51.9 49.5 54.1 53

8704 2.2 99.3 130 18.9 7.2 4.1 0.282 3 3.1 6.3

SCo-1 2.7 115 183 18.1 11 1.2 0.022 0.16 2.7 8.9

GSD-8 1.6 132 50.5 12.7 36 0.58 < 0.01 0.05 0.26 3.8

2% HNO3 < 1 < 0.014 < 0.8 < 0.05 0.1 < 0.05 0.054 < 0.007 0.34 < 0.003

Standard-2 19.8 20.6 20.4 20 10 9.8 10.6 19.8 8.5 20.4

2709 1.7 95.2 239 14.5 8.8 2.1 0.42 0.36 7.5 5.8

MAG-1 3 153 146 20.1 13 1.1 0.077 0.2 1.3 9.6

IoV-0.1to20 48.1 49.8 48.2 < 0.05 50 48.6 53.1 49.2 53.2 50.9

8704 1.5 105 136 19.7 6.9 4.1 0.367 3.1 3.1 6.2

SCo-1 1.2 114 184 17.6 10 1.2 0.129 0.16 2.8 8.7

IoV-0.1to20 47.9 49.6 48.6 < 0.05 51 49.1 53 49.1 53.8 51.4

Wash < 1 < 0.014 < 0.8 < 0.05 < 0.1 < 0.05 < 0.01 < 0.007 < 0.04 < 0.003

2% HNO3 < 1 < 0.014 < 0.8 < 0.05 0.1 < 0.05 0.026 < 0.007 0.33 0.003

Wash < 1 < 0.014 < 0.8 < 0.05 < 0.1 < 0.05 < 0.01 < 0.007 0.2 < 0.003

2709 1.5 94.4 242 15 8.8 2 0.332 0.36 6.8 5.8

MAG-1 2.6 155 144 19.8 13 1.1 0.09 0.2 1.2 9.7

IoV-0.1to-20 51.1 51.1 49.7 < 0.05 52 50 54.9 50.5 55 54.3

Wash < 1 < 0.014 < 0.8 < 0.05 0.21 0.1 0.093 < 0.007 0.05 0.02

IoV-0.1to-20 50.9 50.5 50 < 0.05 52 49.5 54.4 50 55.2 52.5

IoV-0.1to-20 52.7 53 51.8 < 0.05 54 51.1 55.8 51.2 56.2 52.5

IoV-0.1to-20 53.5 52.5 50.7 < 0.05 54 51 55.8 51.1 55.9 52.3

2% HNO3 < 1 < 0.014 < 0.8 < 0.05 < 0.1 < 0.05 < 0.01 < 0.007 0.27 < 0.003

8704 1.7 100 129 18.9 6.8 3.8 0.255 3 3.3 6.1

SCo-1 2.5 115 184 17.2 10 1.1 0.078 0.15 2.8 8.5

Wash < 1 0.01 < 0.8 < 0.05 < 0.1 < 0.05 < 0.01 < 0.007 < 0.04 < 0.003

Wash 1.7 < 0.014 < 0.8 < 0.05 < 0.1 0.38 < 0.01 < 0.007 1.3 < 0.003

IoV-0.1to-20 < 1 < 0.014 < 0.8 < 0.05 < 0.1 < 0.05 < 0.01 < 0.007 < 0.04 < 0.003

Wash 1.1 < 0.014 < 0.8 < 0.05 < 0.1 < 0.05 < 0.01 < 0.007 0.29 < 0.003

Wash < 1 < 0.014 < 0.8 < 0.05 < 0.1 < 0.05 < 0.01 < 0.007 < 0.04 < 0.003
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Lab No Ba PPM La PPM Ce PPM Pr PPM Nd PPM Sm PPM Eu PPM Gd PPM Tb PPM Dy PPM

report limit 0.25 0.05 0.1 0.05 0.15 0.02 0.005 0.02 0.005 0.04

2% HNO3 < 0.25 < 0.05 < 0.1 < 0.05 < 0.15 < 0.02 < 0.005 < 0.02 < 0.005 < 0.04

Wash < 0.25 < 0.05 < 0.1 < 0.05 < 0.15 < 0.02 < 0.005 < 0.02 < 0.005 < 0.04

Digestion Blank < 0.25 < 0.05 < 0.1 < 0.05 < 0.15 < 0.02 < 0.005 < 0.02 < 0.005 < 0.04

Digestion Blank < 0.25 < 0.05 < 0.1 < 0.05 < 0.15 < 0.02 < 0.005 < 0.02 < 0.005 < 0.04

Digestion Blank < 0.25 < 0.05 < 0.1 < 0.05 < 0.15 < 0.02 < 0.005 < 0.02 < 0.005 < 0.04

Standard-2 19.9 21.1 20.9 21.2 20.4 19.9 20 20.1 20.2 20.4

2709 952 22.3 43.9 5.2 19.2 3.7 1 0.47 3.3 2.6

MAG-1 520 43.3 88.8 10.5 38.5 7.3 1.6 0.86 6 4.2

8704 412 28.1 58.5 7.2 28.5 5.6 1.3 0.71 4.7 3.8

SCo-1 593 29.5 56.4 7.1 26.6 5 1.2 0.6 4.3 3.2

GSD-8 458 27.2 55 6 20.1 3.7 0.56 0.46 2.9 2.5

2% HNO3 < 0.25 < 0.05 < 0.1 < 0.05 < 0.15 < 0.02 < 0.005 < 0.02 < 0.005 < 0.04

Standard-2 20.7 20.3 20.3 20.3 20.2 20.7 20.6 20.5 20.5 20

2709 972 21.9 43.4 5.1 19.5 3.6 1.1 0.5 3.2 2.6

MAG-1 494 37.6 76.3 9.4 33.9 6.6 1.4 0.78 5.3 3.9

IoV-0.1to20 51.5 51.4 51.4 51.9 50.8 50.6 52 0.11 51.4 50.7

8704 437 27.2 57.4 6.9 27.7 5.6 1.3 0.7 4.9 3.6

SCo-1 642 29.6 57.6 7.2 26.9 5.3 1.3 0.64 4.5 3.4

GSD-8 497 26.6 53 5.6 19.7 3.5 0.58 0.48 2.9 2.5

2% HNO3 < 0.25 < 0.05 < 0.1 < 0.05 < 0.15 < 0.02 < 0.005 < 0.02 < 0.005 < 0.04

Standard-2 20.5 19.8 20.2 20.1 20.7 20 19.9 19.8 19.3 19.5

2709 987 21.8 43.6 5.1 19.5 3.6 1.1 0.49 3.1 2.5

MAG-1 533 39.7 80 9.8 36.5 6.9 1.4 0.83 5.7 4.1

IoV-0.1to20 51.7 50 49.7 50.5 50.1 49.9 50.2 0.11 49.4 48.8

8704 437 26.9 57.3 7.3 28.1 5.6 1.3 0.72 4.8 3.6

SCo-1 618 28.2 56.8 6.8 25.9 5 1.2 0.61 4 3

IoV-0.1to20 51.3 52.5 51.9 51.6 51.4 51.1 51.5 0.12 49.1 49.7

Wash < 0.25 < 0.05 < 0.1 < 0.05 < 0.15 < 0.02 < 0.005 < 0.02 < 0.005 < 0.04

2% HNO3 < 0.25 < 0.05 < 0.1 < 0.05 < 0.15 < 0.02 < 0.005 < 0.02 < 0.005 < 0.04

Wash < 0.25 < 0.05 < 0.1 < 0.05 < 0.15 < 0.02 < 0.005 < 0.02 < 0.005 < 0.04

2709 977 21.4 43.6 5.1 18.7 3.7 1.1 0.47 3.2 2.6

MAG-1 527 40.4 82.9 10 37.9 7.1 1.6 0.85 5.5 4

IoV-0.1to-20 53.6 52.2 52.4 52.4 51.4 50.2 51.9 0.12 51.2 50.4

Wash < 0.25 < 0.05 < 0.1 < 0.05 < 0.15 < 0.02 < 0.005 < 0.02 < 0.005 < 0.04

IoV-0.1to-20 52.7 51.5 52 51.7 52.5 50.8 52.3 0.12 50.5 50.6

IoV-0.1to-20 52.4 52.1 52.3 52.9 52.4 51.2 52.4 0.12 50.9 50.5

IoV-0.1to-20 52.6 53 53.7 54.5 53.5 52.2 53.2 0.12 51.9 51.9

2% HNO3 < 0.25 < 0.05 < 0.1 < 0.05 < 0.15 < 0.02 < 0.005 < 0.02 < 0.005 < 0.04

8704 429 26 54.9 6.6 26.6 5.4 1.2 0.69 4.8 3.6

SCo-1 617 27.7 53.5 6.3 25.7 4.8 1.1 0.59 4 3

Wash < 0.25 < 0.05 < 0.1 < 0.05 < 0.15 < 0.02 < 0.005 < 0.02 < 0.005 < 0.04

Wash < 0.25 < 0.05 < 0.1 < 0.05 < 0.15 < 0.02 < 0.005 < 0.02 < 0.005 < 0.04

IoV-0.1to-20 < 0.25 < 0.05 < 0.1 < 0.05 < 0.15 < 0.02 < 0.005 < 0.02 < 0.005 < 0.04

Wash < 0.25 < 0.05 < 0.1 < 0.05 < 0.15 < 0.02 < 0.005 < 0.02 < 0.005 < 0.04

Wash < 0.25 < 0.05 < 0.1 < 0.05 < 0.15 < 0.02 < 0.005 < 0.02 < 0.005 < 0.04
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Lab No Ho PPM Er PPM Tm PPM Yb PPM Ta PPM Tl PPM Pb PPM Bi PPM Th PPM U PPM

report limit 0.01 0.05 0.006 0.006 0.01 0.08 0.4 0.06 0.1 0.02

2% HNO3 < 0.015 < 0.05 < 0.006 < 0.006 0.03 < 0.08 < 0.4 < 0.06 < 0.1 < 0.02

Wash < 0.015 < 0.05 < 0.006 < 0.006 0.02 < 0.08 < 0.4 < 0.06 < 0.1 < 0.02

Digestion Blank < 0.015 < 0.05 < 0.006 < 0.006 0.2 < 0.08 < 0.4 0.07 < 0.1 < 0.02

Digestion Blank < 0.015 < 0.05 < 0.006 < 0.006 0.1 < 0.08 < 0.4 < 0.06 < 0.1 < 0.02

Digestion Blank < 0.015 < 0.05 < 0.006 < 0.006 0.1 < 0.08 < 0.4 < 0.06 < 0.1 < 0.02

Standard-2 20.6 19.7 20.4 19.9 10.5 20.7 21.2 21 20.3 20.9

2709 0.52 1.5 0.22 1.4 1.1 0.76 17.8 6.84 10.6 2.82

MAG-1 0.84 2.4 0.29 2.1 1.8 0.79 28.2 10.5 12.5 2.8

8704 0.72 2.2 0.31 2.5 0.65 1.18 161 60.9 8.6 2.82

SCo-1 0.61 1.9 0.26 1.8 0.83 0.69 30.6 11.8 9.39 2.92

GSD-8 0.49 1.5 0.22 1.5 3.7 0.74 22.1 8.16 13.8 3.23

2% HNO3 < 0.015 < 0.05 < 0.006 < 0.006 0.04 < 0.08 < 0.4 < 0.06 < 0.1 < 0.02

Standard-2 20.4 20.1 20.5 19.9 10.8 19.8 19.9 20.6 19.3 19.4

2709 0.53 1.5 0.2 1.4 1.2 0.68 17.1 6.78 10.2 2.72

MAG-1 0.72 2.1 0.26 1.9 1.5 0.66 23.8 9.31 10.5 2.37

IoV-0.1to20 51.2 50.6 50.5 50.8 54.2 51.5 50.1 19.2 48.9 50.5

8704 0.7 2.2 0.29 2.2 1.6 1.16 149 58.8 8.26 2.57

SCo-1 0.63 2 0.25 1.9 1.1 0.67 30.1 12 9.39 2.77

GSD-8 0.48 1.5 0.21 1.5 3.8 0.68 20.5 7.88 12.8 2.88

2% HNO3 < 0.015 < 0.05 < 0.006 < 0.006 0.03 < 0.08 < 0.4 < 0.06 < 0.1 < 0.02

Standard-2 19.8 19.6 20.2 20.2 11.2 20 20 20.3 18.5 19

2709 0.5 1.6 0.21 1.5 1.2 0.77 17.5 6.85 10.3 2.72

MAG-1 0.73 2.2 0.29 2.2 1.7 0.78 25.9 9.91 11.5 2.56

IoV-0.1to20 49.6 49 49.4 51 57.3 50.2 49.5 18.6 47 49.5

8704 0.68 2.2 0.29 2.3 0.74 1.04 155 59.4 8.15 2.62

SCo-1 0.58 2 0.24 1.9 0.93 0.67 29.9 11.6 8.72 2.69

IoV-0.1to20 51 50 51.9 52.5 57.9 51.2 51 19.3 48.4 50.8

Wash < 0.015 < 0.05 < 0.006 < 0.006 < 0.015 < 0.08 < 0.4 < 0.06 < 0.1 < 0.02

2% HNO3 < 0.015 < 0.05 < 0.006 < 0.006 0.02 < 0.08 < 0.4 < 0.06 < 0.1 < 0.02

Wash < 0.015 < 0.05 < 0.006 < 0.006 0.02 < 0.08 < 0.4 < 0.06 < 0.1 < 0.02

2709 0.52 1.5 0.21 1.5 1.1 0.63 17.1 6.68 10.3 2.77

MAG-1 0.77 2.4 0.28 2.1 1.7 0.75 25.8 10.1 11.5 2.6

IoV-0.1to-20 51.5 51.1 51.7 51.2 59.6 51.5 50.8 19 49.1 50.9

Wash < 0.015 < 0.05 < 0.006 < 0.006 0.1 0.17 < 0.4 < 0.06 0.12 < 0.02

IoV-0.1to-20 52 51.4 51.6 51.3 60.2 51.9 51 19.2 48.9 51.8

IoV-0.1to-20 51.7 50.5 51.5 52.4 60 52.5 50.9 19.7 50.6 53.6

IoV-0.1to-20 53.5 51.9 51.9 51.8 61.3 53.7 53.3 20.1 52 54.9

2% HNO3 < 0.015 < 0.05 < 0.006 < 0.006 < 0.015 < 0.08 < 0.4 < 0.06 < 0.1 < 0.02

8704 0.65 2.1 0.28 2.1 1.6 0.92 146 56.2 7.93 2.49

SCo-1 0.56 1.8 0.23 1.7 1.2 0.54 28.8 11 8.49 2.61

Wash < 0.015 < 0.05 < 0.006 < 0.006 < 0.015 < 0.08 < 0.4 < 0.06 < 0.1 < 0.02

Wash < 0.015 < 0.05 < 0.006 < 0.006 < 0.015 < 0.08 < 0.4 < 0.06 < 0.1 < 0.02

IoV-0.1to-20 < 0.015 < 0.05 < 0.006 < 0.006 < 0.015 < 0.08 < 0.4 < 0.06 < 0.1 < 0.02

Wash < 0.015 < 0.05 < 0.006 < 0.006 < 0.015 < 0.08 < 0.4 < 0.06 < 0.1 < 0.02

Wash < 0.015 < 0.05 < 0.006 < 0.006 < 0.015 < 0.08 < 0.4 < 0.06 < 0.1 < 0.02
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Appendix F 

Historical Assays (1955 and 2001) 

 

 

Metallurgy, 1955   By D. Ferrigan, Mill 

Supt.    

  
Assays 

 
  

  Pb% Zn% Au oz/ton 
Ag 

oz/ton 

Heads 1.54 5.37 0.026 3.71 

Pb. Conc. 54.04 6.68 0.735 103.23 

Zn conc. 0.26 51.66 0.018 3.3 

Tailings 0.12 0.23 0.006 0.79 

  

   

  

  
 

Distribution %   

  Pb Zn Au Ag 

Heads 100 100 100 100 

Pb. Conc. 91.6 3.3 74.1 72.8 

Zn conc. 1.6 92.9 6.6 8.6 

Tailings 6.8 3.8 19.3 18.6 

 

NRCan Analysis of Ore and Tailings from New Calumet Mine, 2001 

Element 
Ore 

(av.ppm) 

Tailings 

(av.ppm) 

Percent 

Change 
Exceedance of CCME guidelines? 

Ag 395 28 -93 yes (not indus.) 

Al 54500 58050 7.5 N/A 

As 39 15 -61.5 no 

C 12225 9200 -24.7 N/A 

Ca 29775 61250 51.4 N/A 

Cd 200 6 -97 no 

Co 12 19 36.8 N/A 

Cu 1778 391 -78 yes  

Fe 64767 75433 -14.1 N/A 

Hg 11.49 0.8 -93 no 

K 25900 19425 -25 N/A 
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Mg 22700 39050 41.9 N/A 

Mn 1290 2078 37.9 N/A 

Na 4620 8053 42.6 N/A 

Ni 50 78 35.9 yes  

P 575 532 -7.5 N/A 

Pb 42525 1965 -95.4 yes  

S 77375 23050 -70.2 yes  

Si 199850 229925 13.1 N/A 

Th 7 3 -57.1 N/A 

Ti 1373 1878 26.9 N/A 

U 13 4 -69.2 no 

Zn 75225 2145 -97.1 yes  
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Appendix G 

Lung and Gastric in vitro leach results, USGS 

 

 

 

The following tables contain lung (<20um) and gastric (<250um) in vitro bioaccessibility leach 

results, performed by the USGS. The full suite of results is shown in the following tables.  
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ICP-MS LEACH 

Ag/P Al/P As/P Ba/P Be/P Bi/P Ca/P Cd/P Ce/P Co/P

ug/L ug/L ug/L ug/L ug/L ug/L mg/L ug/L ug/L ug/L

Simulated lung fluid leach: 

GD Veg1<20 <10 268 <10 12.8 <0.5 < 2 14.6 3.2 < 0.1 0.56

GD Veg2<20 <10 224 41.1 4.6 <0.5 < 2 14.6 0.63 < 0.1 0.41

GD nonVEG<20 <10 154 15.3 5 <0.5 < 2 13 3 < 0.1 0.75

BV Veg1<20 <10 163 16.2 3.8 <0.5 < 2 13.4 3.1 < 0.1 0.69

BV nonVEG<20 <10 99.5 <10 12.3 <0.5 < 2 16.5 0.81 < 0.1 0.79

MS nonVEG<20 <10 53.3 11.4 <2 <0.5 < 2 935 4.6 < 0.1 <0.2

QA/QC:

Blank 1 <10 <20 <10 2.9 <0.5 < 2 9.7 <0.2 < 0.1 <0.2

Blank 2 <10 <20 <10 2.6 <0.5 < 2 8.9 <0.2 < 0.1 <0.2

SRM 2710 <10 697 543 13.2 <0.5 < 2 19.4 26.5 1.4 2.6

SRM 2711 <10 50.2 244 160 <0.5 < 2 33.1 21.7 0.15 1.3

BV Veg1<20 <10 163 16.2 3.8 <0.5 < 2 13.4 3.1 < 0.1 0.69

BV Veg1<20 <10 142 20 6.6 <0.5 < 2 24.4 0.96 < 0.1 0.43

RPD % 13.77 -20.99 -53.85 -58.20 105.42 46.43

Simulated gastric fluid leach:

Ag/P Al/P As/P Ba/P Be/P Bi/P Ca/P Cd/P Ce/P Co/P

ug/L ug/L ug/L ug/L ug/L ug/L mg/L ug/L ug/L ug/L

GD Veg1<250 92.5 nr <10 115 <0.5 4.32 419 62.8 59.8 46.3

GD Veg2<250 87 4510 12.3 81 <0.5 < 2 330 27.7 39.9 20.5

GD nonVEG<250 79.4 1960 <10 81.4 <0.5 < 2 323 29.1 35.2 11.3

BV Veg 1<250 91.4 4110 <10 123 <0.5 < 2 269 103 37.5 23.4

BV nonVEG<250 56 1680 <10 61.2 <0.5 < 2 175 31.3 18.7 20.8

MS nonVEG <250 41.3 2320 <10 14.9 <0.5 < 2 61.4 16.6 12.6 6.2

QA/QC:

Blank 1 <10 <20 <10 <2 <0.5 < 2 <2 <0.2 < 0.1 <0.2

Blank 2 <10 <20 <10 2 <0.5 < 2 <2 <0.2 < 0.1 <0.2

SRM 2710 144 10700 2510 1180 4.1 63.6 26.3 168 158 20.4

SRM2711 21 nr 489 1370 3.1 5.94 210 392 171 32.2

GD Veg1<250 92.5 nr <10 115 <0.5 4.32 419 62.8 59.8 46.3

GD Veg1<250 79.2 3960 <10 77 <0.5 < 2 311 25.4 37.9 19.5

RPD % 15.49214 39.58333 29.58904 84.80726 44.83112 81.45897
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ICP-MS LEACH 

Cr/P Cs/P Cu/P Dy/P Er/P Eu/P Fe/P Ga/P Gd/P Ho/P

ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L

Simulated lung fluid leach: 

GD Veg1<20 <10 < 0.2 757 < 0.05 < 0.05 < 0.05 <500 < 0.5 < 0.05 < 0.05

GD Veg2<20 <10 0.32 789 < 0.05 < 0.05 < 0.05 <500 < 0.5 < 0.05 < 0.05

GD nonVEG<20 <10 0.47 1750 < 0.05 < 0.05 < 0.05 <500 < 0.5 < 0.05 < 0.05

BV Veg1<20 <10 0.39 1710 < 0.05 < 0.05 < 0.05 <500 < 0.5 < 0.05 < 0.05

BV nonVEG<20 <10 < 0.2 3200 < 0.05 < 0.05 < 0.05 <500 < 0.5 < 0.05 < 0.05

MS nonVEG<20 <10 < 0.2 497 < 0.05 < 0.05 < 0.05 <500 < 0.5 < 0.05 < 0.05

QA/QC:

Blank 1 <10 < 0.2 <5 < 0.05 < 0.05 < 0.05 <500 < 0.5 0.14 < 0.05

Blank 2 <10 < 0.2 <5 < 0.05 < 0.05 < 0.05 <500 < 0.5 0.19 < 0.05

SRM 2710 <10 89.1 nr 0.23 0.22 < 0.05 580 0.84 0.25 0.066

SRM 2711 <10 0.83 231 < 0.05 < 0.05 < 0.05 <500 0.52 < 0.05 < 0.05

BV Veg1<20 <10 0.39 1710 < 0.05 < 0.05 < 0.05 <500 < 0.5 < 0.05 < 0.05

BV Veg1<20 <10 0.36 2350 < 0.05 < 0.05 < 0.05 <500 < 0.5 < 0.05 < 0.05

RPD % 8.00 -31.53

Simulated gastric fluid leach:

Cr/P Cs/P Cu/P Dy/P Er/P Eu/P Fe/P Ga/P Gd/P Ho/P

ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L

GD Veg1<250 105 0.65 3950 5.4 3.5 1.6 34500 3.2 6.2 1.2

GD Veg2<250 99.1 0.41 1060 3.7 2.6 1.2 23900 1.5 4.4 0.77

GD nonVEG<250 94.9 0.28 1490 2.7 2.1 0.97 27400 1.2 3.5 0.66

BV Veg 1<250 96.6 0.38 1590 3.1 2.2 1.2 27500 1.6 3.7 0.73

BV nonVEG<250 90.6 < 0.2 1090 2.2 1.5 0.7 15600 0.83 2.5 0.42

MS nonVEG <250 89.7 < 0.2 334 1.3 0.64 0.44 5580 0.57 1.7 0.23

QA/QC:

Blank 1 98 < 0.2 <5 < 0.05 < 0.05 < 0.05 <500 < 0.5 < 0.05 < 0.05

Blank 2 96.1 < 0.2 <5 < 0.05 < 0.05 < 0.05 <500 < 0.5 < 0.05 < 0.05

SRM 2710 92.7 106 21500 11.7 7.4 3.3 27700 11.9 13.6 2.5

SRM2711 99.2 0.67 456 15.9 8.7 3.2 8360 3.4 18.2 3.1

GD Veg1<250 105 0.65 3950 5.4 3.5 1.6 34500 3.2 6.2 1.2

GD Veg1<250 93.4 0.33 1000 3.4 2.3 1.2 21300 1.4 4.3 0.81

RPD % 11.69355 65.30612 119.1919 45.45455 41.37931 28.57143 47.31183 78.26087 36.19048 38.80597
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ICP-MS LEACH 

K/P La/P Li/P Mg/P Mn/P Mo/P Na/P Nb/P Nd/P Ni/P

mg/L ug/L ug/L mg/L ug/L ug/L mg/L ug/L ug/L ug/L

Simulated lung fluid leach: 

GD Veg1<20 1.3 < 0.1 < 1 0.34 35.4 < 20 nr < 2 < 0.1 10.3

GD Veg2<20 1.3 < 0.1 < 1 0.29 30 < 20 nr < 2 < 0.1 20.3

GD nonVEG<20 0.86 < 0.1 < 1 0.2 40.3 < 20 nr 2.4 < 0.1 30.2

BV Veg1<20 0.86 < 0.1 1.4 0.19 43 < 20 nr < 2 < 0.1 29.1

BV nonVEG<20 0.81 < 0.1 2.6 0.21 20.1 < 20 nr < 2 < 0.1 45.5

MS nonVEG<20 1.5 < 0.1 < 1 1.1 128 < 20 nr < 2 < 0.1 <4

QA/QC:

Blank 1 0.53 < 0.1 < 1 <0.1 <2 < 20 nr < 2 < 0.1 <4

Blank 2 0.47 < 0.1 < 1 <0.1 <2 < 20 nr < 2 < 0.1 <4

SRM 2710 10.8 0.7 6.5 2.2 3330 < 20 nr < 2 0.94 5.8

SRM 2711 8 < 0.1 < 1 3.4 128 < 20 nr < 2 < 0.1 4.9

BV Veg1<20 0.86 < 0.1 1.4 0.19 43 < 20 nr < 2 < 0.1 29.1

BV Veg1<20 0.88 < 0.1 2.5 0.15 30.3 < 20 nr < 2 < 0.1 25.1

RPD % -2.30 -56.41 23.53 34.65 14.76

Simulated gastric fluid leach:

K/P La/P Li/P Mg/P Mn/P Mo/P Na/P Nb/P Nd/P Ni/P

mg/L ug/L ug/L mg/L ug/L ug/L mg/L ug/L ug/L ug/L

GD Veg1<250 1.9 29.3 < 1 9.5 8510 < 20 0.49 < 2 30.6 136

GD Veg2<250 1.1 21.3 < 1 6.4 6520 < 20 0.33 < 2 22.4 99.3

GD nonVEG<250 0.5 19.3 < 1 4.6 6630 < 20 0.2 < 2 20.1 68

BV Veg 1<250 0.55 20.1 < 1 5.1 6470 < 20 0.19 < 2 19.9 143

BV nonVEG<250 0.36 10.9 < 1 2.1 4490 < 20 0.2 < 2 11.3 104

MS nonVEG <250 0.39 6.4 < 1 2.1 944 < 20 0.19 < 2 7 21.8

QA/QC:

Blank 1 <0.3 < 0.1 1 <0.1 <2 < 20 1.6 < 2 < 0.1 <4

Blank 2 <0.3 < 0.1 < 1 <0.1 <2 < 20 0.22 < 2 < 0.1 <4

SRM 2710 11.8 82.5 < 1 3.4 nr < 20 3 < 2 68.6 17.1

SRM2711 11.3 84.9 < 1 14.5 3550 < 20 1.1 < 2 85.4 27.8

GD Veg1<250 1.9 29.3 < 1 9.5 8510 < 20 0.49 < 2 30.6 136

GD Veg1<250 0.76 20.2 < 1 5.9 6250 < 20 0.24 < 2 20.1 95.1

RPD % 85.71429 36.76768 46.75325 30.62331 68.49315 41.42012 35.39593
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ICP-MS LEACH 

P/P Pb/P Pr/P Rb/P Sb/P Sc/P Se/P SiO2/P Sm/P SO4/P

mg/L ug/L ug/L ug/L ug/L ug/L ug/L mg/L ug/L mg/L

Simulated lung fluid leach: 

GD Veg1<20 37.4 25.2 < 0.1 2.6 <3 < 6 93.7 5.2 < 0.1 75

GD Veg2<20 33.8 9.51 < 0.1 3.2 <3 < 6 103 5.6 < 0.1 76

GD nonVEG<20 28 12.1 < 0.1 2.6 <3 < 6 85.2 6.6 < 0.1 82

BV Veg1<20 28.8 12.1 < 0.1 2.5 <3 < 6 85.8 6.4 < 0.1 82

BV nonVEG<20 17.5 4.58 < 0.1 1.7 19.4 < 6 94.8 9.3 < 0.1 100

MS nonVEG<20 10 4.72 < 0.1 2.5 <3 < 6 92.8 12 < 0.1 2300

QA/QC:

Blank 1 51.1 0.79 < 0.1 0.13 <3 < 6 97.2 3.5 < 0.1 93

Blank 2 44.3 <0.5 < 0.1 0.12 <3 < 6 94.3 2.1 < 0.1 78

SRM 2710 35.8 118 0.2 51.5 <3 < 6 101 12 0.15 84

SRM 2711 39.6 77.4 < 0.1 16.2 11.3 < 6 101 14 < 0.1 71

BV Veg1<20 28.8 12.1 < 0.1 2.5 <3 < 6 85.8 6.4 < 0.1 82

BV Veg1<20 27.2 23.4 < 0.1 2.6 11 < 6 92.4 6.6 < 0.1 110

RPD % 5.71 -63.66 -3.92 -7.41 -3.08 -29.17

Simulated gastric fluid leach:

P/P Pb/P Pr/P Rb/P Sb/P Sc/P Se/P SiO2/P Sm/P SO4/P

mg/L ug/L ug/L ug/L ug/L ug/L ug/L mg/L ug/L mg/L

GD Veg1<250 1.4 15200 7.1 7 58 < 6 254 43 6 23

GD Veg2<250 0.7 11000 5.3 4.4 <3 < 6 216 32 4.6 27

GD nonVEG<250 0.3 17900 4.7 2.3 <3 < 6 219 28 3.6 63

BV Veg 1<250 0.5 12400 4.8 2.8 6.6 < 6 197 32 3.6 29

BV nonVEG<250 0.4 9120 2.7 1.7 <3 < 6 198 26 2.6 < 20

MS nonVEG <250 0.9 4050 1.7 1.9 <3 < 6 211 25 1.6 87

QA/QC:

Blank 1 0.1 <0.5 < 0.1 < 0.1 <3 < 6 219 22 < 0.1 22

Blank 2 0.1 3.89 < 0.1 < 0.1 <3 < 6 237 20 < 0.1 < 20

SRM 2710 3.1 47200 18.2 57 14.7 < 6 187 30 13.4 33

SRM2711 4.4 10900 21.4 18.2 7.6 < 6 249 36 17.3 < 20

GD Veg1<250 1.4 15200 7.1 7 58 < 6 254 43 6 23

GD Veg1<250 0.7 10100 5 4 <3 < 6 223 30 4.5 29

RPD % 66.66667 40.31621 34.71074 54.54545 12.9979 35.61644 28.57143 -23.0769
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ICP-MS LEACH 

Sr/P Ta/P Tb/P Th/P Ti/P Tl/P Tm/P U/P V/P W/P

ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L

Simulated lung fluid leach: 

GD Veg1<20 19.2 < 0.2 < 0.05 < 2 6.5 <1 < 0.05 3.42 <5 < 5

GD Veg2<20 18.8 < 0.2 < 0.05 < 2 6.3 <1 < 0.05 3.79 <5 < 5

GD nonVEG<20 17.6 < 0.2 < 0.05 < 2 6.1 <1 < 0.05 5.3 <5 < 5

BV Veg1<20 17.4 < 0.2 < 0.05 < 2 5.6 <1 < 0.05 5.08 <5 < 5

BV nonVEG<20 21 < 0.2 < 0.05 < 2 6.7 <1 < 0.05 3.99 <5 < 5

MS nonVEG<20 575 < 0.2 < 0.05 < 2 41 <1 < 0.05 1.92 <5 < 5

QA/QC:

Blank 1 8.5 < 0.2 < 0.05 < 2 7.5 <1 < 0.05 < 1 <5 < 5

Blank 2 8.4 < 0.2 < 0.05 < 2 7.1 <1 < 0.05 < 1 <5 < 5

SRM 2710 148 < 0.2 < 0.05 < 2 10.9 <1 < 0.05 88.1 7.3 25

SRM 2711 86.6 < 0.2 < 0.05 < 2 7.6 <1 < 0.05 < 1 12.4 < 5

BV Veg1<20 17.4 < 0.2 < 0.05 < 2 5.6 <1 < 0.05 5.08 <5 < 5

BV Veg1<20 18.8 < 0.2 < 0.05 < 2 7.1 <1 < 0.05 1.98 <5 < 5

RPD % -7.73 -23.62 87.82

Simulated gastric fluid leach:

Sr/P Ta/P Tb/P Th/P Ti/P Tl/P Tm/P U/P V/P W/P

ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L

GD Veg1<250 341 < 0.2 0.88 < 2 70.4 <1 0.52 5.78 32 < 5

GD Veg2<250 311 < 0.2 0.59 < 2 37.1 <1 0.37 5.71 24.5 < 5

GD nonVEG<250 297 < 0.2 0.53 < 2 30.5 <1 0.32 3.36 24.7 < 5

BV Veg 1<250 274 < 0.2 0.51 < 2 39 <1 0.3 6.24 21 < 5

BV nonVEG<250 192 < 0.2 0.34 < 2 34.5 <1 0.22 2.35 21.2 < 5

MS nonVEG <250 42.3 < 0.2 0.25 < 2 31.9 <1 0.074 1.88 22 < 5

QA/QC:

Blank 1 < 5 < 0.2 < 0.05 < 2 18.2 <1 < 0.05 < 1 24.7 < 5

Blank 2 < 5 < 0.2 < 0.05 < 2 17.5 <1 < 0.05 < 1 22.3 < 5

SRM 2710 405 < 0.2 2.2 < 2 85.8 <1 1 106 78.9 18

SRM2711 291 < 0.2 2.7 < 2 40.6 <1 1.1 1.51 58.2 < 5

GD Veg1<250 341 < 0.2 0.88 < 2 70.4 <1 0.52 5.78 32 < 5

GD Veg1<250 301 < 0.2 0.57 < 2 38.1 <1 0.37 5.17 21.4 < 5

RPD % 12.46106 42.75862 59.53917 33.70787 11.14155 39.70037
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ICP-MS LEACH 

Y/P Yb/P Zn/P

ug/L ug/L ug/L

Simulated lung fluid leach: 

GD Veg1<20 < 0.1 < 0.1 152

GD Veg2<20 < 0.1 < 0.1 75.2

GD nonVEG<20 < 0.1 < 0.1 623

BV Veg1<20 < 0.1 < 0.1 637

BV nonVEG<20 < 0.1 < 0.1 131

MS nonVEG<20 < 0.1 < 0.1 66.3

QA/QC:

Blank 1 < 0.1 0.16 <30

Blank 2 < 0.1 0.19 <30

SRM 2710 2 0.23 1370

SRM 2711 0.11 < 0.1 <30

BV Veg1<20 < 0.1 < 0.1 637

BV Veg1<20 < 0.1 < 0.1 130

RPD % 132.20

Simulated gastric fluid leach:

Y/P Yb/P Zn/P

ug/L ug/L ug/L

GD Veg1<250 30.5 3.6 22500

GD Veg2<250 20.7 2.7 7640

GD nonVEG<250 18.1 2.3 8110

BV Veg 1<250 19 2.4 24500

BV nonVEG<250 12.4 1.5 7870

MS nonVEG <250 5.9 0.58 3820

QA/QC:

Blank 1 < 0.1 < 0.1 30.6

Blank 2 < 0.1 < 0.1 <30

SRM 2710 58 6.4 20000

SRM2711 71.9 6.4 1040

GD Veg1<250 30.5 3.6 22500

GD Veg1<250 19.3 2.4 7170

RPD % 44.97992 40 103.3367
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Appendix H 

Lung and Gastric in vitro percent bioaccessibility results, USGS 

 

 

The following tables contain gastric and lung in vitro % bioaccessibility results, performed by the 

USGS.  
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Simulated lung fluid percent bioaccessibility: 

Sample: As/P

As                        

mg 

leached/          

kg solid As ppm

As                       

% 

Bioaccess Cd/P

Cd                        

mg 

leached/          

kg solid Cd ppm

Cd                       

% 

Bioaccess Cu/P

GD Veg1<20 <10 <RL 24.8 * 3.20 0.32 18.2 2 757

GD Veg2<20 41.10 4.11 163 3 0.63 0.06 11.1 1 789

GD nonVEG<20 15.30 1.53 113 1 3.00 0.30 16.5 2 1750

BV Veg1<20 16.20 1.62 99.6 2 3.10 0.31 46.6 1 1710

BV nonVEG<20 <10 <RL 46.2 * 0.81 0.08 45.5 0 3200

MS nonVEG<20 11.40 1.14 111 1 4.60 0.46 23.9 2 497

Simulated gastric fluid percent bioaccessibility: 

Sample: As/P

As                   

mg 

leached/       

kg solid    As ppm

As % 

Bioaccess Cd/P

Cd                   

mg 

leached/       

kg solid    Cd ppm

Cd % 

Bioaccess Cu/P

GD Veg1<250 <10 <RL 8.7 * 62.8 6.28 8.1 78 3950

GD Veg2<250 12.3 1.23 74.5 2 27.7 2.77 5.4 51 1060

GD nonVEG<250 <10 <RL 35.6 * 29.1 2.91 7.9 37 1490

BV Veg 1<250 <10 <RL 30.2 * 103 10.3 18.6 55 1590

BV nonVEG<250 <10 <RL 15.8 * 31.3 3.13 9.7 32 1090

MS nonVEG<250 <10 <RL 67.1 * 16.6 1.66 13.1 13 334
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Simulated lung fluid percent bioaccessibility: 

Sample:

Cu                        

mg 

leached/          

kg solid Cu ppm

Cu                       

% 

Bioaccess Mn/P

Mn                        

mg 

leached/          

kg solid Mn ppm

Mn                       

% 

Bioaccess Ni/P

Ni                        

mg 

leached/          

kg solid

GD Veg1<20 75.70 830 9 35.40 3.54 3660 0.10 10.30 1.03

GD Veg2<20 78.90 744 11 30.00 3.00 3790 0.08 20.30 2.03

GD nonVEG<20 175.00 1800 10 40.30 4.03 4290 0.09 30.20 3.02

BV Veg1<20 171.00 1470 12 43.00 4.30 3510 0.12 29.10 2.91

BV nonVEG<20 320.00 2510 13 20.10 2.01 2810 0.07 45.50 4.55

MS nonVEG<20 49.70 1050 5 128.00 12.80 2380 0.54 <4 #VALUE!

Simulated gastric fluid percent bioaccessibility: 

Sample:

Cu                   

mg 

leached/       

kg solid    Cu ppm

Cu % 

Bioaccess Mn/P

Mn                   

mg 

leached/       

kg solid    Mn ppm

Mn % 

Bioaccess Ni/P

Ni                    

mg 

leached/       

kg solid    

GD Veg1<250 395 537 74 8510 851 2320 37 136 13.6

GD Veg2<250 106 449 24 6520 652 3530 18 99.3 9.93

GD nonVEG<250 149 815 18 6630 663 3980 17 68 6.8

BV Veg 1<250 159 677 23 6470 647 3530 18 143 14.3

BV nonVEG<250 109 651 17 4490 449 3750 12 104 10.4

MS nonVEG<250 33.4 635 5 944 94.4 3960 2 21.8 2.18
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Simulated lung fluid percent bioaccessibility: 

Sample: Ni ppm

Ni                       

% 

Bioaccess Pb/P

Pb                        

mg 

leached/          

kg solid Pb ppm

Pb                       

% 

Bioaccess U/P

U                        

mg 

leached/          

kg solid U ppm

GD Veg1<20 81.6 1.3 25.20 2.44 5280 0.05 3.42 0.34 9.41

GD Veg2<20 189 1.1 9.51 0.87 5440 0.02 3.79 0.38 11.3

GD nonVEG<20 241 1.3 12.10 1.13 13300 0.01 5.30 0.53 11.3

BV Veg1<20 361 0.8 12.10 1.13 9860 0.01 5.08 0.51 13.1

BV nonVEG<20 520 0.9 4.58 0.38 16000 0.00 3.99 0.40 11.1

MS nonVEG<20 120 #VALUE! 4.72 0.39 7450 0.01 1.92 0.19 9.77

Simulated gastric fluid percent bioaccessibility: 

Sample: Ni ppm

Ni % 

Bioaccess Pb/P

Pb                    

mg 

leached/       

kg solid    Pb ppm

Pb % 

Bioaccess U/P

U                     

mg 

leached/       

kg solid    U ppm

GD Veg1<250 46.6 29 15200 1520 2190 69 5.78 0.578 3.11

GD Veg2<250 91.6 11 11000 1100 2390 46 5.71 0.571 7.86

GD nonVEG<250 105 6 17900 1790 4730 38 3.36 0.336 7.21

BV Veg 1<250 151 9 12400 1240 2930 42 6.24 0.624 4.75

BV nonVEG<250 129 8 9120 912 2540 36 2.35 0.235 3.82

MS nonVEG<250 41.2 5 4050 405 1740 23 1.88 0.188 3.88
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Simulated lung fluid percent bioaccessibility: 

Sample:

U                       

% 

Bioaccess Zn/P

Zn                        

mg 

leached/          

kg solid Zn ppm

Zn                       

% 

Bioaccess

GD Veg1<20 4 152.00 15.20 4010 0.4

GD Veg2<20 3 75.20 7.52 3520 0.2

GD nonVEG<20 5 623.00 62.30 6770 0.9

BV Veg1<20 4 637.00 63.70 10700 0.6

BV nonVEG<20 4 131.00 13.10 8130 0.2

MS nonVEG<20 2 66.30 6.63 7610 0.1

Simulated gastric fluid percent bioaccessibility: 

Sample:

U % 

Bioaccess Zn/P

Zn                     

mg 

leached/       

kg solid    Zn ppm

Zn % 

Bioaccess

GD Veg1<250 19 22500 2247 2850 79

GD Veg2<250 7 7640 761 2220 34

GD nonVEG<250 5 8110 808 2860 28

BV Veg 1<250 13 24500 2447 5460 45

BV nonVEG<250 6 7870 784 3130 25

MS nonVEG<250 5 3820 379 4700 8
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Appendix I 

Microprobe Results 

 

The following microprobe analytical results were obtained from the Queen’s University 

microprobe on September 26, 2011 under the direction of Brian Joy.    
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Queen’s Microprobe: September 26, 2011 

 

Purpose: 

The purpose of using the microprobe was to check the Pb and Cl concentrations within the 

sample and see if they are indeed overlapping in wavelength or whether there is actually Cl 

associated with the Pb-rich grains.  

 

Galena scan #1: target chosen from thin section MS-nonVEG-250. The reason behind choosing 

this thin section was because the ‘original nonVEG’ thin sections are all on kapton tape and glass-

mounted thin sections needed to be carbon coated.  

This Pb-rich grain was chosen for a specific elemental scan to try and determine the presence of 

Cl and P. Previous work done on various Pb-rich grains show Cl and Pb correlate very strongly.     

 

Image 1. Altered galena grain with the red circle indicating where analysis was taken. The 

brighter area of the Pb-rich grain is primarily galena (PbS) with the duller area (in which the red 

circle indicates) being the more intriguing material we decided to analyze. This part of the Pb-rich 

grain is what we think might be hosting other Pb-bearing minerals such as pyromorphite, 

Pb5(PO4)3Cl (which we have yet to find, but this last and final analysis is all we have left to try).  

The graphs below are showing the analysis obtained from the scans in Image 1. Graph 1 show 

counts obtained from 62 L(mm) to 72 L(mm) with a Pb M4-N3 peak at 69.3 L(mm). If P were 

present in this sample location, the P Ka peak would be shown at 67.11 L(mm). Since there is no 
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peak visible at this location (indicated by the blue arrow), we can deduce that there is no P in this 

sample location.  

 

Graph 1. Counts obtained from 62 L(mm) to 72 L(mm) with a Pb M4-N3 peak at 69.3 L(mm). If 

P were present in this sample location, the P Ka peak would be at 67.11 L(mm) as indicated by 

the blue arrow.  
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Graph 2. Counts obtained from 145 L(mm) to 155 L(mm) with a Pb Mγ(gamma) peak at 149.65 

L(mm) and Pb M3-N4 peak at 150.88 L(mm). If Cl were present in this sample location, the Cl Ka 

peak would be at 151.4 L(mm) as indicated by the blue arrow. By visual inspection the Cl is not 

present because there would be an overlap in the peak and it would not be overlayed by the Pb 

peak. (fairly intense beam current= 100nA, not too strong as to damage the thin section however) 
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Galena scan #2: target chosen from thin section BV-VEG1-250. This thin section was chosen 

because I wanted to scan a Pb-rich target from a ‘vegetated’ thin section to see if pyromorphite, 

Pb5(PO4)3Cl, was preferentially forming.  

Both images below are the same target with a variance in brightness and contrast. Image 2A has a 

higher brightness enhancing the high atomic number of the Pb-bearing minerals.  

 
Images 2A and 2B are of the same Pb-rich grain, with the red circle in 2A indicating where 

analysis was taken. As is the same case as ‘Galena Scan #1’, the brighter area of the Pb-rich grain 

is primarily galena (PbS) with the duller area (in which the red circle indicates) being the more 
intriguing material we decided to analyze. This part of the Pb-rich grain is what we think might 

be hosting other Pb-bearing minerals such as pyromorphite, Pb5(PO4)3Cl (which we have yet to 

find, but this last and final analysis is all we have left to try). 
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Graph 3. Counts obtained from 62 L(mm) to 72 L(mm) with a Pb M4-N3 peak at 69.3 L(mm). If 

P were present in this sample location, the P Ka peak would be at 67.11 L(mm) as indicated by 

the blue arrow.  
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Graph 4. Counts obtained from 145 L(mm) to 155 L(mm) with a Pb Mγ(gamma) peak at 149.65 

L(mm) and Pb M3-N4 peak at 150.88 L(mm). If Cl were present in this sample location, the Cl Ka 

peak would be at 151.4 L(mm) as indicated by the blue arrow.  
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Appendix J 

PIXE Results, University of Florence, Italy 

 

The following tables contain PIXE results, performed by Silvia Nava at the University of 

Florence, Italy. The full suite of results are shown below.  
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Concentrations (ng/sample)

sample Filter size (um) Al As Br Ca

MS-001 (blank)  0.65 13.37

MS-002 >16 152.89   481.32

MS-003 8-16 176.19 2.50 563.51

MS-004 4-8 109.27  0.59 290.42

MS-005 2-4 138.76 1.45 253.23

MS-006 1-2 86.55 0.61 92.82

MS-007 0.5-1 59.75  0.87 49.96

MS-008 0.25-0.5 20.08  1.14 19.88

MS-009 0.12-0.25  1.03 13.33

MS-010 0.06-0.12 0.76 16.11

MS-011 <0.06 1.96 0.89 17.71

TOTAL CONCENTRATION: 743.49 4.46 7.34 1798.30

Uncertanties (ng/sample)

sample Filter size (um) errAl errAs errBr errCa

MS-001 (blank) 0.14 2.85

MS-002 >16 24.86 40.19

MS-003 8-16 26.80 1.43 46.66

MS-004 4-8 18.57 0.21 24.34

MS-005 2-4 22.02 0.69 22.44

MS-006 1-2 15.20 0.18 9.31

MS-007 0.5-1 12.73 0.19 6.31

MS-008 0.25-0.5 10.21 0.23 4.47

MS-009 0.12-0.25 0.19 3.32

MS-010 0.06-0.12 0.17 3.61

MS-011 <0.06 0.66 0.18 3.43

Minimum detection limit (ng/sample)

sample Filter size (um) mdlAl mdlAs mdlBr mdlCa

MS-001 (blank) 12.32 0.19 0.16 4.21

MS-002 >16 19.77 2.33 0.58 6.71

MS-003 8-16 19.49 1.70 0.55 7.57

MS-004 4-8 16.22 0.98 0.37 5.54

MS-005 2-4 18.10 1.69 0.85 6.44

MS-006 1-2 14.78 0.69 0.28 5.20

MS-007 0.5-1 15.22 0.47 0.26 5.52

MS-008 0.25-0.5 18.70 0.25 0.26 6.46

MS-009 0.12-0.25 14.96 0.21 0.19 5.11

MS-010 0.06-0.12 15.44 0.21 0.20 5.27

MS-011 <0.06 13.89 0.18 0.24 4.59
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Concentrations (ng/sample)

sample Cl Cr Cu Fe K Mg Mn

MS-001 30.58 0.49 5.01  

MS-002 26.51 2.77 7.62 1602.42 103.37 97.16 35.81

MS-003 182.39 3.99 8.09 1098.13 218.08 123.61 16.04

MS-004 21.52 3.36 4.54 577.87 60.01 81.23 9.08

MS-005 25.84 4.67 8.33 882.46 74.81 98.72 12.72

MS-006 23.43 1.35 3.67 403.93 52.19 80.06 5.78

MS-007 27.68 1.90 1.69 180.13 27.06 34.15 2.12

MS-008 25.28 0.75 19.21 29.01  

MS-009 24.76 0.51 8.24 23.11  

MS-010 16.07 1.53 0.46 6.54  

MS-011 10.57 1.43 0.47 9.57 11.85  

384.06 21.01 36.14 4788.51 599.50 514.94 81.55

Uncertanties (ng/sample)

sample errCl errCr errCu errFe errK errMg errMn

MS-001 5.87 0.13 0.56

MS-002 7.37 1.51 0.81 129.64 12.67 36.05 3.34

MS-003 23.73 1.77 0.84 79.50 20.67 41.40 1.77

MS-004 5.86 1.45 0.50 47.67 8.09 29.91 1.10

MS-005 6.80 2.55 2.08 181.08 9.71 34.93 3.61

MS-006 5.69 0.98 0.41 29.41 7.15 28.40 0.79

MS-007 6.44 1.10 0.26 14.63 6.24 19.74 0.51

MS-008 6.82 0.20 1.70 6.37

MS-009 6.04 0.15 0.81 5.62

MS-010 5.02 1.00 0.15 0.74

MS-011 4.06 0.96 0.14 0.98 3.80

Minimum detection limit (ng/sample)

sample mdlCl mdlCr mdlCu mdlFe mdlK mdlMg mdlMn

MS-001 5.76 0.86 0.20 0.38 5.97 23.76 0.57

MS-002 9.74 1.58 0.39 0.77 10.07 37.87 1.22

MS-003 9.28 1.61 0.37 0.77 8.80 37.07 1.21

MS-004 7.65 1.21 0.29 0.56 7.60 31.03 0.88

MS-005 8.61 2.98 0.70 1.28 8.59 34.40 2.08

MS-006 6.90 1.07 0.25 0.48 6.84 28.16 0.76

MS-007 7.64 1.08 0.26 0.48 8.25 29.61 0.75

MS-008 8.78 1.25 0.31 0.56 8.68 35.90 0.84

MS-009 7.21 0.98 0.23 0.43 7.53 29.11 0.65

MS-010 7.17 1.04 0.25 0.46 7.09 29.66 0.69

MS-011 6.30 0.97 0.23 0.44 6.03 26.77 0.66
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Concentrations (ng/sample)

sample Na Ni P Pb S Se

MS-001 0.54  46.28  

MS-002 1.74 80.26 337.17  

MS-003 339.00 1.33 49.67 455.88  

MS-004 0.91 28.17 262.78  

MS-005 63.00 2.13 33.31 248.49  

MS-006 0.89 17.32 138.63  

MS-007 1.25 8.03 117.92  

MS-008 1.54  124.44  

MS-009 0.71  98.05  

MS-010 2.05  63.05  

MS-011 0.92  84.88  

402.00 13.46 0.00 216.75 1931.29 0.00

Uncertanties (ng/sample)

sample errNa errNi errP errPb errS errSe

MS-001 0.13 7.57

MS-002 0.33 8.73 40.16

MS-003 120.10 0.30 6.21 52.70

MS-004 0.21 3.66 30.98

MS-005 61.18 0.78 10.39 30.22

MS-006 0.19 2.54 17.68

MS-007 0.22 1.73 16.05

MS-008 0.26 17.37

MS-009 0.16 14.11

MS-010 0.28 10.00

MS-011 0.18 11.87

Minimum detection limit (ng/sample)

sample mdlNa mdlNi mdlP mdlPb mdlS mdlSe

MS-001 42.32 0.21 6.53 0.40 5.92 0.17

MS-002 67.06 0.40 10.95 1.04 10.01 0.53

MS-003 67.77 0.42 10.77 1.75 9.85 0.48

MS-004 56.06 0.30 8.75 0.59 7.95 0.30

MS-005 61.62 0.73 9.74 2.37 8.92 0.69

MS-006 50.88 0.26 7.89 0.65 7.12 0.26

MS-007 51.55 0.26 8.33 0.62 7.72 0.23

MS-008 64.03 0.30 10.04 0.65 9.13 0.25

MS-009 51.21 0.24 8.05 0.45 7.32 0.19

MS-010 53.13 0.24 8.19 0.62 7.32 0.20

MS-011 48.21 0.24 7.29 0.92 6.52 0.20
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Concentrations (ng/sample)

sample Si Sr Ti V Zn

MS-001 1104.48 0.51   3.33

MS-002 1238.33 2.86 14.07 3.16 73.68

MS-003 1410.83 2.14 19.74  54.78

MS-004 1018.38 1.15 4.17  32.95

MS-005 1347.65 3.09   57.17

MS-006 1009.12 0.76 5.12  27.70

MS-007 661.90 0.93 5.05  15.77

MS-008 1097.27    39.92

MS-009 575.77 0.56   22.78

MS-010 842.12 0.52  3.88 4.99

MS-011 764.10 0.63   4.82

9965.47 12.63 48.15 7.04 334.56

Uncertanties (ng/sample)

sample errSi errSr errTi errV errZn

MS-001 118.07 0.25 0.34

MS-002 135.72 0.97 2.85 1.37 6.08

MS-003 154.06 0.79 3.35 4.30

MS-004 108.56 0.48 1.71 2.79

MS-005 147.03 1.25 12.13

MS-006 106.97 0.36 1.64 2.17

MS-007 75.79 0.40 1.68 1.36

MS-008 117.63 3.10

MS-009 69.50 0.30 1.80

MS-010 90.70 0.29 1.06 0.53

MS-011 81.83 0.31 0.49

Minimum detection limit (ng/sample)

sample mdlSi mdlSr mdlTi mdlV mdlZn

MS-001 7.71 0.40 1.98 1.36 0.18

MS-002 12.69 0.32 3.57 2.47 0.23

MS-003 12.41 0.57 3.67 2.61 0.16

MS-004 10.26 0.48 2.75 1.89 0.23

MS-005 11.52 1.38 6.87 4.64 0.53

MS-006 9.30 0.43 2.46 1.71 0.20

MS-007 9.81 0.46 2.52 1.76 0.23

MS-008 11.76 0.51 2.92 2.03 0.18

MS-009 9.44 0.43 2.29 1.57 0.19

MS-010 9.67 0.34 2.38 1.63 0.20

MS-011 8.60 0.42 2.25 1.56 0.20
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Appendix K 

Minerals identified in Calumet Mine tailings including formulae 

 

Pb-bearing minerals:  

Galena:  PbS 

Cerussite:  PbCO3 

Hydrocerussite:  Pb3(CO3)2(OH)2 

Anglesite:  PbSO4 

Massicot:  PbO  

Goethite:  HFeO2 

 

Other metal-bearing and gangue minerals: 

Sphalerite:  ZnS 

Pyrite:  FeS2 

Pyrrhotite:  FeS 

Tetrahedrite:  Cu3SbS3 

Titanite:  CaTiSiO5 

Quartz:  SiO2 

Calcite:  CaCO3 

Biotite:  K(Mg,Fe)3(Al,Fe)Si3O10(F,OH)2 

Chalcopyrite:  CuFeS2 

Amphiboles:  actinolite:  Ca2(Mg,Fe)5Si8O22(OH)2  and hornblende:  

Ca2(Mg,Fe,Al)5(Al,Si)8O22(OH)2 

Spinel:  MgAl2O4 

Staurolite:  Fe,Mg,Zn)2Al9Si4O22(OH)2 

Augite:  Ca,Na(Mg,Fe,Al)(Al,Si)2O6  

Orthoclase:  KAlSi3O8 

Plagioclase: anorthite:  CaAlSi3O8  and albite:  NaAlSi3O8 

 


