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Abstract

 Approximately 20,000 tonnes of arsenic (As)-bearing emissions from roasting 

arsenopyrite ore were aerially released from 1949-1999 at Giant Mine, located outside 

Yellowknife, NT. As part of the process used to free refractory gold (Au) from arsenopyrite 

(FeAsS), roasting created As-bearing roaster off-gases that condensed into As2O3, one of the most 

toxic As compounds to humans. Roaster emissions also contained some As-bearing iron (Fe)-

oxides. Arsenic emission controls were first implemented in 1951, and by the time the emission 

control process was completely refined in 1963, 86% of the total aerial As emissions at Giant had 

been released into the surrounding area. The continued presence of roaster-derived As2O3 in 

surface soils at Giant has been previously documented despite its theoretical instability in 

oxidizing surface environments. Wrye (2008) found As concentrations in roaster-affected soils 

occurring on rock outcrop (covering ~30% of the Giant property) greater than in many other 

surface soils; most outcrop soils were not considered when delineating areas of contaminated 

material for future removal in the Giant Mine Remediation Plan (currently undergoing 

environmental assessment).

 To investigate roaster-derived As persistence, outcrop soils and soil pore waters were 

analyzed. Comparing proportions of As, Sb, and Au concentrations in soil samples and historic 

As2O3-rich dust captured by emission controls show that most of the roaster-derived As in soils at  

Giant was likely deposited before 1964. Thin section examination has shown that while the vast 

majority of discrete As hosts in soils are As2O3, textural relationships and certain secondary As 

hosts in soils indicate that As2O3 is not static in surface soils and could be transforming over time, 

albeit very slowly. Bulk chemical relationships among As, antimony (Sb), and carbon support 

this. Topographic restriction by rock outcrops and dry, cold climate probably play a large role in 

elevated As concentrations and As2O3  persistence in outcrop soils. In light of possible future 

human exposure, As bioaccessibility from three adjacent samples was determined for synthetic 

human gastric (34%) and lung (18%) fluids.   
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Chapter 1:
INTRODUCTION AND BACKGROUND

1.1 Introduction

 The most ubiquitous arsenic (As)-bearing mineral is arsenopyrite (FeAsS), which is common 

to many rocks, including coals and metal ores (Reimann et al., 2009). Quartz-carbonate vein gold 

deposits hosted in greenstone belts, such as the deposit at Giant Mine, NT, often contain 5-10 wt.% 

sulfide minerals, including arsenopyrite. For amphibolite facies rocks like those around Giant Mine, 

arsenopyrite is the main sulfide mineral associated with gold mineralization in and around quartz-

carbonate veins (Dube and Gosselin, 2008). Gold usually occurs as a refractory phase within 

hydrothermally deposited sulfide minerals at Giant Mine, mostly arsenopyrite and sometimes pyrite 

(Canam, 2006).

 Gold is usually extracted from ore using cyanide leaching, but refractory gold deposits 

require an additional processing step to liberate the submicroscopic gold and make it available for 

leaching. At Giant, the ore was roasted, an oxidation process which converts arsenopyrite to porous 

roaster iron (Fe) oxides (ROs), or calcine (Walker et al. 2005, 2011).   A multiple-hearth roaster was 

used to produce roaster calcine at Giant. The two major off gases produced from roasting were As 

vapor and sulfur dioxide (SO2) emissions (SRK 2002a).  The roasting process oxidized As present in 

arsenopyrite from As(-I) to As(III) as shown by Equation 1.1:

2FeAsS + 5O2 = Fe2O3 + As2O3 + SO2        (1.1)

As a result, As precipitated from the vapors as As2O3 (INAC 2007), considered to be both highly 

soluble and one of the most toxic forms of As to humans (Ruby et al. 1999). Originally As vapors 

were allowed to vent freely into the atmosphere, but in 1951 the first of many generations of gas 

capture technology in the form of an Cottrell electrostatic precipitator (ESP) were implemented to 

reduce As emissions by capturing As2O3 in dust form (SRK 2002a). The As-rich dust produced by 
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roasting contained approximately 60% As, 80% of which was As2O3 (SRK 2002d). A smaller amount  

of As in the dust also occurs within ROs, occurring in a mixed As(III) and As(V) oxidation state in 

samples from Giant Mine soils and tailings (Walker et al. 2005, Wrye 2008) .

 Approximately 20,000 tonnes of emissions containing As2O3 dusts and fine RO particles 

were released aerially from the roaster stack during the lifetime of the mine and deposited in the 

surrounding area (Wrye 2008); in addition, As2O3 dusts from the ESP and later the baghouse 

accumulated. After initial disposal of roaster dusts in the north of the property, in 1951 it was decided 

that the best way of storing As2O3 dusts would be in underground storage chambers reliant on 

permafrost to keep As2O3 from dissolving and entering the groundwater (SRK 2002a). After five 

chambers were excavated and filled near the  ESP baghouse by 1962, dust storage switched to mined-

out stopes in permafrost ground. There was increasing concern throughout this process that 

permafrost would recede due to mine workings and that As2O3 chambers could not be kept dry; in the 

late 1970s strong observational evidence indicated that the permafrost had indeed been receding and 

groundwater movement increasing. This was an issue because of the high solubility of As2O3 (SRK 

2002a, INAC 2007).

  Prior to the 1980s, the mine operators attempted to maintain permafrost in As2O3 storage 

chambers by pumping cold air into them. Monitoring involved the visual evidence of ice on the 

walls. However, beginning with the chambers constructed in the 1980s this was discontinued and 

requirements for chambers no longer included the presence of permafrost. The last four chambers 

constructed were partially above the permafrost zone and no ice was observed in them (SRK 2002a). 

 In total, approximately 237,000 tonnes of As2O3-bearing dust were stored underground 

(INAC 2007) in multiple chambers with a total volume of 220,640 m3 (SRK 2005c). Approximately 

2.3 million tonnes of tailings have also been used as backfill underground, half of which consist of 

calcine. There are concerns regarding As2O3 storage, including the immediate stability of stopes used 

to store As2O3, as well as the presence of water in some storage chambers and temperature fluctuation 

from -4˚C to +5˚C. The key issue to be addressed during remediation for the underground As2O3 is 

the potential for planned re-flooding of the mine to induce uncontrolled release of As (INAC 2007). 
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A human health and ecological risk assessment has estimated that without any remediation action, 

flooding the mine could result in As release as high as 16,000 kg/year, well above the proposed target 

of no more than 2,000 kg/year to limit human health and ecological effects (SRK 2002a). 

 In addition to concerns with underground As2O3, final remediation of the site needs to address 

old mine buildings and infrastructure  contaminated sediments in Baker Creek, tailings spills, stored 

tailings, the calcine pond, waste rock (INAC 2007) and an estimated 20,000 tonnes of aerially 

deposited As2O3-bearing roaster emissions (Wrye 2008). Despite the high solubility of As2O3, and 

evidence of its mobility and transformation to other As species in As2O3 contaminated soils (i.e., 

Yang and Donahoe 2007, Qi and Donahoe 2008, Yue and Donahoe 2009), roaster-derived As2O3 has 

recently been documented in Giant Mine soils in concerning amounts, particularly in soils occurring 

on rock outcrops (see section 1.3.2.4). In order to more appropriately remediate roaster-contaminated 

soils at Giant, there needs to be a better understanding of long-term As mobility and stability in 

surface soils (Wrye 2008).

1.2 Background

 1.2.1 Physiographic setting

 Giant Mine is located approximately 5km north of Yellowknife, Northwest Territories (Figure 

1.1). Yellowknife and Giant Mine lie within a zone of discontinuous permafrost. The most prevalent 

sediment present in the Yellowknife area is glacial till, which is generally discontinuous and less than 

2 m thick. Glacial Lake McConnell covered the entire area of the Giant Mine property during the last 

glacial retreat 10,000 years ago. The lake included the basins of Great Slave, Great Bear, and 

Athabaska Lakes, and was  approximately 280 m deep. During the time of Lake McConnell, 

Yellowknife would have been under approximately 80m of water. The glaciolacustrine sediments 

overlying till on much of the Giant Mine property attest to this. Organic deposits often overlie the 

glaciolacustrine sediments of formerly submerged regions in low-lying areas and can be 1m thick. 

Wetlands occur in some low lying areas. The Yellowknife area includes abundant outcrop, up to 75% 

in some areas (Kerr and Wilson, 2000). Approximately 30% of the Giant Mine surface property 

consists of outcrop (Wrye, 2008), much of it denuded from historic SO2 emissions (Bleeker, 2007).  
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Most soil pHs are near-neutral. Vegetation on outcrops consists of  limited vegetation in outcrop 

crevices (~10% of outcrop), scrub forest in areas with more soil, and wetlands in areas with a lack of 

drainage (INAC, 2007). Outcrop vegetation varies with wind direction and distance from the roaster.

 Predominant wind direction in the Yellowknife area is from the east and south, and 

secondarily from the northwest (SENES 2005a). The climate is quite cool and dry, with an average 

annual temperature of -4.5˚C and low precipitation and high evaporation (INAC 2007). Yellowknife 

Bay is part of Great Slave Lake, the fifth-largest lake in Canada in terms of surface area, and the 

deepest. Surface water in Great Slave Lake is covered with ice at least seven months of the year 

(Town of Hay River 2010).

 4

Figure 1.1: Location of Giant Mine, relative to Yellowknife, NT, and Yellowknife Bay, which connects to 
Great Slave Lake. Inset map shows approximate location of Yellowknife within Canada. Created from 
Government of Canada (2009) data, Mapsof.net (2011), and INAC (2007).



  1.2.2 Geologic setting

 Giant Mine lies within the Yellowknife Greenstone Belt, part of the Canadian Shield Slave 

Structural Province. The Yellowknife greenstone belt consists of steeply dipping successions of 

Archaean-age metavolcanic and metasedimentary rocks, dominated by tholeiitic flows and intruded 

by younger granitoids. Several early Proterozoic gabbro and diabase dikes crosscut the area, and 

several fault lines divide the volcanic and granitoid rock units (Kerr and Wilson 2000, Canam 2006, 

Hubbard et al. 2006). 

 The belt trends northwards and is tectonically bound on the west by the Defeat Plutonic Suite 

of the Western Granodiorite/Plutonic Complex, and to the east by the unconformably overlain 

metaturbidite basin of the Duncan Lake Group (Siddorn et al. 2006, Hubbard et al. 2006). It is 

dominated by the northeast-striking, southeast-dipping homocline of the Kam Group (~2.7 Ga mafic 

metavolcanics and intrusives) and Banting Group (~2.66 Ga intermediate volcanics and intrusives), 

both of which are cross-cut with a series of gabbro dykes. The Jackson Lake Formation (~2.6 Ga 

conglomerates and sandstones) is juxtaposed tectonically between them. After the deposition of the 

Duncan Lake Group to the east of the Yellowknife Greenstone belt, two distinct phases of granitic 

intrusions occurred: the Defeat Plutonic Suite (~2.62-2.63 Ga porphyritic biotite-trondhjemite-

granodiorite-granite plutons, caused amphibolite-grade contact metamorphism) to the west of the belt 

and the more minor Prosperous Granite (~2.59 Ga muscovite-biotite granite plutons) mostly 

intruding the Duncan Lake Group to the east. A series of Archaean deformation zones, a major brittle-

ductile shear system of hydrothermally altered and deformed sericite-carbonate +/- chlorite-rich 

rocks, hosts the deposit at Giant Mine (see Figure 1.2). Deformation zones crosscut all units of the 

Yellowknife Greenstone Belt bar the Proterozoic dykes, mainly cross-cutting the Kam Group.  The 

late-stage north-northwest Proterozoic Indin formation diabase dyke swarms crosscut all lithologies 

in the Yellowknife Greenstone Belt as well as all orebodies at Giant Mine (Siddorn et al. 2006, 

Hubbard et al. 2006).

    The Kam Group’s variolitic pillowed and massive flows, dominated by basalts and 

metamorphosed to greenschist facies, occupy the eastern half of the Giant Mine property (Bleeker 
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2007) (see Figure 1.2). The Kam Group consists of (in ascending stratigraphic order): the Chan 

Formation (basaltic flows, dykes, and sills), the Cresantium Formation (dominated by pillow basalts, 

Figure 1.2: Giant Mine geology. Geology data from Helmsteadt and Hounsel (2006), property outline 
INAC (2007).
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flows, and sills with dacitic/rhyodacitic tuffaceous layers), the Townsite Formation (dacitic and 

quartz-feldspar flows crosscut with calcalkaline gabbroic sills and porphyritic intrusions), the 

Yellowknife Bay Formation (pillow basalts and massive flows), and the proposed Kamex Formation 

(sills and tuffs). The deposit at Giant Mine occurs for the most part within the Yellowknife Bay 

Formation (Hubbard et al. 2006). Smaller auriferous shears occur in other formations such as the 

Townsite Formation (Canam 2006).

 The structural province Giant Mine belongs to hosts a number of gold deposits, although 

most are very small, with Giant and Con Mines being the largest (Canam 2006). Giant Mine is the 

biggest gold producer in the whole of the Slave Structural Province, having produced 7 million 

ounces of gold over its lifetime (Bullen and Robb 2006). The gold is hosted by quasi-planar 

alteration-deformation zones linked in a complex system up to 500 m wide. When seen in map view 

(see shear zone in Figure 1.2), the deformation zones trend roughly northeast in a braided pattern, 

while in cross section the deposit has different intersecting zones with various (northwest, southeast, 

vertical) dips and is more complex. The structure of the Giant Mine deposit is the result of four 

superimposed deformational events. The earliest deformation event (D1) is associated with extension 

from the offset of the Kam Group. The second event (D2) is a compressional event associated with 

regional deformation of the Yellowknife Domain, while the third event (D3) represents reactivation 

of the deformation zones as part of the same tectonic regime as D2. The final major deformation 

event (D4) is resultant of Proterozoic faulting. The most significant fault in the Yellowknife area is 

the 250 km-long West Bay Fault (see Figure 1.2), offsetting the Giant and Con Mine deposits 

(Siddorn et al. 2006). 

 Mineralized zones at Giant are bound by the West Bay Fault to the west and south, by the 

Akaitcho Fault on the north, and by the Jackson Lake formation and Banting Group sediments along 

the shore of Yellowknife bay (see Figure 1.2).  They occur as quartz/sulfide bands alternating with 

carbonate-sericite schists (Canam 2006). Minerals in the ore zones include pyrite and arsenopyrite 

(first phase of mineralization); sphalerite, chalcopyrite,  and pyrrhotite (second phase); and lead (Pb) 

and antimony (Sb) sulfides (i.e., stibnite) and sulfosalts (third phase). A typical ore zone contains 
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30-90% quartz and up to 15% sulfides/sulfosalts. Gold is primarily hosted as a refractory phase 

within arsenopyrite, and to a lesser extent within pyrite. This association suggests gold was primarily 

deposited early in mineralization. Some free gold was present but did not make up the bulk of the 

deposit; it occurred either in the absence of sulfides or with Sb and Pb, with Sb and Pb being 

deposited after the free gold. The first phase of mineralization is believed to have taken place before 

deformation, while the third phase possibly occurred after deformation. In general Sb content in ore 

zones increases from south to north and with increasing depth, meaning that as time went on Sb 

content in ore generally increased. There is also a pattern of less refractory gold and more visible free 

gold in the western portion of the property changing to more refractory sections in the eastern section 

of the property (Canam 2006).

 1.2.3 History of mining and processing at Giant

 After initial claim staking in 1935, underground development began in 1945 with the sinking 

of the A-Shaft. Production began in 1948, and ore was originally processed by crushing, grinding, 

and froth floatation, with mercury amalgamation for recovery of limited free gold. The froth 

floatation step was designed to concentrate gold-bearing sulfides for roasting and subsequent cyanide 

leaching, which was the dominant method used to recover gold (INAC 2007).

 When Giant began processing ore, the only efficient oxidation process available was ore 

roasting of floatation-produced sulfide concentrate. From 1949 to 1999 ore was processed by roasting 

a sulfide concentrate produced by flotation and then leaching the calcine with cyanide (Walker et al. 

2005, 2011; Fawcett and Jamieson 2011; INAC 2007). Originally an Allis-Chambers Edwards-type 

roaster, installed in 1949, was used to produce roaster calcine; this also released two major off gases, 

As vapor and sulfur dioxide (SO2) (SRK, 2002a). The roasting temperature was relatively low 

(500ºC) and conducted with “air deficient” conditions typical of the methods used to remove 

arsenopyrite (Walker et al. 2011).  In 1951 a Cottrell  electrostatic precipitator (ESP) was installed to 

capture As2O3 as a dust (SRK 2002a). The Allis-Chambers roaster was difficult to operate; among 

other issues, the exit temperatures were low enough that As2O3 would condense from As gases, 

causing deposits to build up and interfere with calcine cyclone collector and roaster emission stack 
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operations. In 1952 a new two-stage roaster was installed to increase gold recovery efficiency. The 

No. 1 Dorrco eliminated As in the first stage under reducing conditions and then an oxidation stage at  

a higher temperature. Unfortunately the No. 1 Dorrco produced both a greater load of calcine dust in 

the off gas and acid deficient fumes that reduced the charges on particles, causing the ESP, acting as a 

cold unit (i.e., below the temperature at which As2O3 condenses), to decrease in efficiency and release 

more As2O3 to the atmosphere. In 1955 a second ESP was added in front of the cold ESP to try and 

increase efficiency, with limited success. In 1958 a better version of the two-stage roaster, the No. 2 

Dorrco, was installed and gold recovery efficiency increased again. A baghouse was added to handle 

the increased roaster waste brought on by 1000 tons a day greater feed into the roaster. During this 

period of time, experimentation with two different ESPs and the baghouse was conducted to find the 

most efficient means of concentrating As2O3 dust from the calcine, and the most efficient system, 

involving two parallel hot ESPs, decided on in 1963 was in operation until the end of roasting in 

1999 (see Figure 1.3) (processing timeline included in Table 1.2) (SRK 2002a).

  In 1948 tailings disposal began with discharge directly into Back Bay until 1951 when a 

mixture of calcine and flotation tailings were deposited into Bow Lake, which became the North 

Pond (INAC 2007).  After tailings deposition into a number of other small naturally occurring lakes 

on the mine property, tailings dams were engineered and constructed and tailings were contained in 

the current North, Central, South, and Northwest tailings ponds (impoundments) (see Figure 1.4). 

Prior to sedimentation controls, a significant amount of fine tailings, including ESP dust and calcine, 
 9

Figure 1.3: Schematic of roasting process at Giant Mine. Modified from SRK 2002a.



flowed over the ice-covered tailings dams each spring and was deposited at the upstream end of 
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Figure 1.4: Air photo of Giant Mine, showing tailings ponds, historic tailings, townsite location, 
polishing and settling ponds. Air photo, locations, and site outline all from INAC (2007).



Baker Pond, a natural water body located along Baker Creek (Fawcett and Jamieson 2011). From 

1956 to 1978 tailings were also discharged as backfill into the mine workings (SRK 2005d). A 

precipitation circuit was put into place in 1957 and the partial removal of As from tailings effluent 

began. A new treatment circuit was employed beginning in 1967 to precipitate As using lime before 

discharge into an active tailings pond. A newer tailings effluent treatment plan began operation in 

1981 after a collaboration with Environment Canada. It precipitated As with ferric iron, heavy metals 

with lime, and destroyed cyanide with alkaline chlorination. The latter step was replaced with 

hydrogen peroxide oxidation in 1990 (INAC 2007). 

 A purpose-built storage pond for calcine tailings was built between 1950 and 1954 on a 

natural clay deposit near Baker Creek with the intention to reprocess calcine for additional gold. The 

reprocessing was not deemed economically viable and was shut down after 3 months in operation. 

The pond was used for calcine tailings storage until 1971, after which it was covered in a layer of 

composted manure and clay, later augmented with soil removed from one of the surface pits. This 

cover over the calcine tailings measured approximately 9.2m, until 1997 when Royal Oak Mines 

removed a few truckloads of calcine for another attempt at reprocessing (INAC 2004).

 1.2.4 Mine management, ownership, and responsibility for remediation

 The original claims for Giant Mine were staked by Burwash Yellowknife Mines Limited in 

1935. Multiple owners followed. Yellowknife Gold Mines Ltd. acquired the rights to Burwash in 

1937 and incorporated it as a joint subsidiary with Bear Exploration and Radium Ltd. as Giant 

Yellowknife Gold Mines Ltd. Frobisher Exploration Company Ltd., owned by Ventures Ltd., took 

over management and the remaining treasury shares in 1943. They remained as owners until a merge 

with Falconbridge Nickel Mines Ltd. in 1962 (Canam 2006, INAC 2007). 

 In 1986 Pamour Inc. bought Giant Yellowknife Gold Mines. In 1990 Royal Oak Resources 

bought out Pamour; the following year the consolidated company became Royal Oak Mines Inc. In 

1999 the mine went into receivership (Canam 2006). A court-appointed receiver decided to transfer 

property control to the Department of Indian Affairs and Northern Development (DIAND). Miramar 

Giant Mine Ltd., operators of Con Mine, immediately purchased the mine from DIAND under an 
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agreement indemnifying Miramar for existing environmental liabilities at Giant Mine and making 

them liable for maintaining the mine site in environmental compliance. After this the government of 

the Northwest Territories indemnified DIAND for some surface liabilities at Giant. Miramar 

continued to mine ore from Giant at a reduced scale and trucked it to nearby Con Mine for processing 

until 2004. After this DIAND and Public Works and Government Services Canada entered into a 

contract for care and maintenance of the site with Deton ’Cho-Numa joint venture (INAC 2007).

 A Northwest Territories court assigned Miramar Giant Mine Ltd. into bankruptcy, at which 

time Giant Mine became “orphaned and abandoned.” The surface land lease was returned to the 

government of the Northwest Territories since the mine was on Commissioner’s land, and the mineral 

rights were surrendered to DIAND by the bankruptcy trustee. A comprehensive remediation plan has 

been developed by DIAND which, at the time of writing, is undergoing environmental assessment. 

(INAC 2007).

1.3 Arsenic in mine waste and surrounding area

 During most of the years that Giant operated, there was little legislation and relatively few 

emission controls, resulting in a complex legacy of arsenite- and arsenate-bearing solid wastes as well 

as contaminated surface and underground waters (INAC 2007, Walker et al. 2005). See Table 1.1 for 

representative As concentrations in surface and mine water at Giant, and Table 1.2 for representative 

As concentrations in various solid media at Giant. 

 1.3.1 Surface and mine water

 Input of As to surface streams and lakes originates from runoff and freshet that comes into 

contact with mine waste and contaminated soil. Mine water from underground workings is pumped 

to surface tailings impoundments and influences surface water downstream.  Arsenic-bearing 

sediments can act as both sources and sinks for As in overlying water.  There is a marked difference 

in As concentrations upstream of Giant Mine, through the mine site, and downstream of Giant Mine 

(see Table 1.1). The highest concentrations in streams are located in side feeder streams to Baker 

creek to the west, north, and southeast of the roaster stack, in the direction of dominant wind. Historic 

roaster deposition in these areas could thus be providing a source of As to Baker creek through these 
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side stream sediments and soils (SRK 2005b).

 Water in the underground mine workings originates from either relatively clean sources, such 

as direct infiltration from precipitation and streams, or from tailings pond waters. For representative 

As concentrations in mine waters see Table 1.1. Interaction with underground As2O3 storage 

chambers produces a distinct change in the composition of infiltrating water, increasing the total As 

concentration and the As(III). In other areas of the mine, the water is dominated by arsenate. Flow 

discharge from the mine to the northwest tailings pond varies between seasons. In the winter it 

averages 1300 L/min, while during freshet it averages 2600 L/min (SRK 2005a).

Table 1.1: Representative As concentrations in surface and mine waters at Giant Mine

Average 
As 

(mg/L)

Range 
As 

(mg/L)

notes nb

Baker creek
background4 0.012 0.0079 - 0.017 3
upstream of mine4 0.065 0.02 - 0.22 Influenced by historic roasting 7
adjacent to mine4 0.055 0.02 - 0.099 9
Feeder streams W,N,SE of 

roaster4
0.23 0.056 - 1.44 Reflect historic roaster deposition 16

Yellowknife Bay pore waters3 - <0.001 - 0.95 -
Tailings ponds

Northwest tailings pond5,2 11.2 4.4 - 26.8 Most recent tailings deposition. Highest 
sample5 is 13mg/L greater than next highest

8

North tailings pond5 3.69 2.64 - 4.73 2
Settling pond5 0.002 0.001 - 0.003 2

Surface seepsSurface seepsSurface seepsSurface seepsSurface seeps
Southeast of mill4 - 0.65 - 2 Atmospheric As only 3
C-shaft and C-dry area4 - 0.13 - 0.89 Arsenic from oxidation of arsenopyrite 6
Mill area4 - 0.26 - 24.9

0.13 - 1.1 6
Highest As near baghouse 8

Open pits4 - 0.27 - 1.11
0.2 - 4.1 7

As from waste rock 2

Mine waterMine water
Annual average mine waste 

water, short term1 
33 - Includes tailings runoff. Before remediation 12

Projected annual average mine 
waste water, long term1

2.5 - Includes tailings runoff. After remediation 12

Seepage from NW tailings 
pond2

5 - -

Seepage from contact with 
mine walls2

0.4 0.01 - 0.7 In contact with soils, bedrock, and mine walls. 
Above water table.

19

Seepage of tailings backfill2 5.5 0.09 - 20 Above water table 8
Seepage of tailings backfill, 

As2O3 chamber influence2
41.8 41.5 - 42.1 Above water table 2
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Average 
As 

(mg/L)

Range 
As 

(mg/L)

notes nb

Seepage of waste rock 
backfill2

0.94 0.23 - 1.63 Above water table 4

Seepage of As2O3 chambers2 3350 2280 - 4210 Above water table 15
aCCME (2001) drinking water and protection of aquatic life guideline = 0.005mg/L; b“n” indicates number of samples; c“-” indicates 

either that the source omitted the relevant data or that the calculation was unnecessary due to small sample size; 1SENES 2005b; 2SRK 
2005a; 3Andrade et al. 2010; 4SRK 2005b; 5Fawcett et al. 2011; 6Royal Oak 1998 quoted in SRK 2005b; 7Golder 2000 quoted in 
SRK 2005b

aCCME (2001) drinking water and protection of aquatic life guideline = 0.005mg/L; b“n” indicates number of samples; c“-” indicates 
either that the source omitted the relevant data or that the calculation was unnecessary due to small sample size; 1SENES 2005b; 2SRK 
2005a; 3Andrade et al. 2010; 4SRK 2005b; 5Fawcett et al. 2011; 6Royal Oak 1998 quoted in SRK 2005b; 7Golder 2000 quoted in 
SRK 2005b

aCCME (2001) drinking water and protection of aquatic life guideline = 0.005mg/L; b“n” indicates number of samples; c“-” indicates 
either that the source omitted the relevant data or that the calculation was unnecessary due to small sample size; 1SENES 2005b; 2SRK 
2005a; 3Andrade et al. 2010; 4SRK 2005b; 5Fawcett et al. 2011; 6Royal Oak 1998 quoted in SRK 2005b; 7Golder 2000 quoted in 
SRK 2005b

aCCME (2001) drinking water and protection of aquatic life guideline = 0.005mg/L; b“n” indicates number of samples; c“-” indicates 
either that the source omitted the relevant data or that the calculation was unnecessary due to small sample size; 1SENES 2005b; 2SRK 
2005a; 3Andrade et al. 2010; 4SRK 2005b; 5Fawcett et al. 2011; 6Royal Oak 1998 quoted in SRK 2005b; 7Golder 2000 quoted in 
SRK 2005b

aCCME (2001) drinking water and protection of aquatic life guideline = 0.005mg/L; b“n” indicates number of samples; c“-” indicates 
either that the source omitted the relevant data or that the calculation was unnecessary due to small sample size; 1SENES 2005b; 2SRK 
2005a; 3Andrade et al. 2010; 4SRK 2005b; 5Fawcett et al. 2011; 6Royal Oak 1998 quoted in SRK 2005b; 7Golder 2000 quoted in 
SRK 2005b

 1.3.2 As in solid media at Giant Mine

 1.3.2.1 Mine tailings

   Tailings at Giant  mine consist  of a mixture of floatation tailings, calcine, and ESP residue. 

Flotation tailings are made up of residual crushed rock after sulfides were removed for roasting, 

calcine consists of Fe-oxide-rich roaster waste, and ESP residue is rich in As2O3 particles. Tailings 

minerals at Giant  are dominated by quartz, dolomite, chlorite, muscovite, and calcite. Abundant 

carbonate minerals and roaster oxidation of sulfide ensure there is little potential for acid mine 

drainage. Although only a minor component of tailings discharge, calcine provides the highest  As 

loading (Walker et al. 2011). In both calcine and ESP residue As compounds include As(III) and As

(V), while As in floatation tailings is mostly arsenopyrite with some Fe-oxyhydroxide As(V)-bearing 

oxidation rims. Roaster-derived Fe oxides (ROs) in calcine include maghemite and hematite, both 

containing As(III) and As(V) (Walker et al. 2005, 2011). See Table 1.3 for As concentrations in 

tailings.

 1.3.2.2 Roaster Waste (Calcine, ESP Dust, Underground storage, stack emissions)

   Calcine, the oxidized product of roasting flotation tailings, consists mainly of gold-bearing 

ROs (maghemite and hematite) remaining after most S and As has been removed. For calcine 

samples, As(V) and As(III) are the dominant oxidation states, with minor As(-I) (Walker et al. 2005, 

2011; Fawcett and Jamieson 2011).  ROs in calcine have been found to contain <0.5% to 7% As 

(Walker et al. 2005). Most calcine tailings, made up of the ground calcine after cyanide leaching has 

removed most of the Au, were deposited with the flotation tailings, but an estimated volume of 
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34,026 m3 was separated for experimental secondary gold recovery and is now stored in the calcine 

pond in a layer 0.9 m to 3 m thick beneath a soil overburden. The buried calcine is near-neutral in pH 

and contains high concentrations of As, on average 6189 ppm with 1.02 mg/L water soluble As

(INAC 2004).  

   Arsenic-rich ESP dust collected in the roaster baghouse (see Figure 1.3), consisting of 

particulates in roaster discharge gas, was placed underground from 1951-1999 and on average 

contains 60 wt.% As. Of the As, approximately 80% is As2O3 (INAC 2007). The next most prevalent 

As host in ESP dust are Fe arsenates and ROs, similar to ROs found in calcine. In contrast to the 

calcine, due to the preponderance of As2O3 as an As host, As in ESP dust occurs overwhelmingly as 

As(III), with some As(V) and negligible As(-I) (Fawcett and Jamieson 2011). 

   The concentration of As in ESP dust varied with the generation of As gas capturing 

technology in use, as did the Au and Sb content (see Table 1.2). Of studies done on roaster dust 

collected from the ESP, As, Sb, and Au were the three components of the dust that were 

consistently analyzed.  A general but distinct difference in dust composition pre- and post-1964 

has been documented (see Table 1.2). In general, the older dust (pre-1964) had less As and two 

orders of magnitude more Au than the newer (post-1964) dust, due to changes in processing 

efficiency (SRK 2002c). Solubility also differs between old and new dust; older dust solubility is 

approximately 15 g/L at 25˚C, while newer dust measures 8.3 g/L to10.8 g/L As at 25˚C. The 

solubility of the older dust is only slightly less than the solubility of reagent grade As2O3 in the same 

experiment, however, newer dust has a solubility about half that of reagent grade As2O3 (CANMET 

2000 quoted by SRK 2002c). The difference in solubility between reagent grade As2O3 and old and 

new ESP dust is related to the antimony (Sb) that is thought to occur in solid solution with some of 

the As2O3 as (Sb,As)2O3, created in the Giant Mine roaster as a consequence of the chemistry of the 

host minerals being roasted. The more Sb in the As2O3 structure, the less soluble it is (Riveros et al. 

2000). Newer ESP dust contains more Sb in solid solution than older ESP dust as a consequence of 

changes in ore composition over time (SRK 2002c).

   ESP dust is stored in a series of 10 purpose built chambers and 5 mined-out stopes. The 
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storage chambers are located near the central workings of the mine, close to the source of the ESP 

dust, and are mostly between 20 m and 75 m below the surface. They are sealed with concrete 

bulkheads to isolate the dust from other mine workings. Altogether 237,000 dry tonnes of dust are 

stored underground at Giant Mine. The dust was assayed regularly for As and Au content, and over 

time with changes in technology and practice As content increased and Au content decreased in 

newly produced dust (INAC 2007). 

   Stack emissions consisted of SO2 and As-bearing gases, both produced by ore roasting (see 

Equation 1.1) (INAC 2007). Like the ESP dust, the As-gases condensed into As-hosting phases 

consisting mostly of As2O3 in the mineral habit of arsenolite, with some As-bearing ROs in the form 

of maghemite (discussed above in connection to calcine) (Walker et al. 2005). Of the approximately 

20,000 tonnes of emissions released by the roaster stack during its lifetime (Wrye 2008), 

approximately 7,900 tonnes of As were emitted from 1949 to 1952, when the first As gas capturing 

technology was implemented (Walker et al. 2005). 17,900 tonnes, or approximately 85% of total 

emissions, were released by 1958 when the more efficient No. 2 Dorrco roaster was installed. 

Table 1.2: ESP dust composition over time
Year(s) Location As % As (ppm) Au 

(opt)
Au 

(ppm)
Sb 
%

Sb 
(ppm)

% of total 
emissions 
emitted

1949: Roasting begins (Allis-Chambers Edwards type roaster)1949: Roasting begins (Allis-Chambers Edwards type roaster)1949: Roasting begins (Allis-Chambers Edwards type roaster)1949: Roasting begins (Allis-Chambers Edwards type roaster)1949: Roasting begins (Allis-Chambers Edwards type roaster)1949: Roasting begins (Allis-Chambers Edwards type roaster)1949: Roasting begins (Allis-Chambers Edwards type roaster)1949: Roasting begins (Allis-Chambers Edwards type roaster)

1951: Cotrell electrostatic precipitator (ESP) installed to decrease dust emissions1951: Cotrell electrostatic precipitator (ESP) installed to decrease dust emissions1951: Cotrell electrostatic precipitator (ESP) installed to decrease dust emissions1951: Cotrell electrostatic precipitator (ESP) installed to decrease dust emissions1951: Cotrell electrostatic precipitator (ESP) installed to decrease dust emissions1951: Cotrell electrostatic precipitator (ESP) installed to decrease dust emissions1951: Cotrell electrostatic precipitator (ESP) installed to decrease dust emissions1951: Cotrell electrostatic precipitator (ESP) installed to decrease dust emissions 40%

1951-1952 Chamber B230 (average) 43 430000 0.72 24.7 - -

1951-1952 Chamber B230 (bulk) 50.56 505600 0.76 26.1 - -

1952: New two-stage roaster (No. 1 Dorrco) installed to increase gold recovery; dramatically reduces 
ESP efficiency
1952: New two-stage roaster (No. 1 Dorrco) installed to increase gold recovery; dramatically reduces 
ESP efficiency
1952: New two-stage roaster (No. 1 Dorrco) installed to increase gold recovery; dramatically reduces 
ESP efficiency
1952: New two-stage roaster (No. 1 Dorrco) installed to increase gold recovery; dramatically reduces 
ESP efficiency
1952: New two-stage roaster (No. 1 Dorrco) installed to increase gold recovery; dramatically reduces 
ESP efficiency
1952: New two-stage roaster (No. 1 Dorrco) installed to increase gold recovery; dramatically reduces 
ESP efficiency
1952: New two-stage roaster (No. 1 Dorrco) installed to increase gold recovery; dramatically reduces 
ESP efficiency
1952: New two-stage roaster (No. 1 Dorrco) installed to increase gold recovery; dramatically reduces 
ESP efficiency

1955: Second ESP added to increase dust recovery efficiency1955: Second ESP added to increase dust recovery efficiency1955: Second ESP added to increase dust recovery efficiency1955: Second ESP added to increase dust recovery efficiency1955: Second ESP added to increase dust recovery efficiency1955: Second ESP added to increase dust recovery efficiency1955: Second ESP added to increase dust recovery efficiency1955: Second ESP added to increase dust recovery efficiency

1952-1956 Chamber B233 (average) 36.08 360800 1.37 46.98 - -

1952-1956 Chamber B233 (bulk) 47.08 470800 0.88 30.2 - -

1958: More efficient roaster (No. 2 Dorrco) installed, baghouse created to deal with additional output1958: More efficient roaster (No. 2 Dorrco) installed, baghouse created to deal with additional output1958: More efficient roaster (No. 2 Dorrco) installed, baghouse created to deal with additional output1958: More efficient roaster (No. 2 Dorrco) installed, baghouse created to deal with additional output1958: More efficient roaster (No. 2 Dorrco) installed, baghouse created to deal with additional output1958: More efficient roaster (No. 2 Dorrco) installed, baghouse created to deal with additional output1958: More efficient roaster (No. 2 Dorrco) installed, baghouse created to deal with additional output1958: More efficient roaster (No. 2 Dorrco) installed, baghouse created to deal with additional output 85%

1958-1962 Chamber 236 58 580000 5.1 0.3 3000

1963: Most efficient ESP configuration discovered and implemented until 19991963: Most efficient ESP configuration discovered and implemented until 19991963: Most efficient ESP configuration discovered and implemented until 19991963: Most efficient ESP configuration discovered and implemented until 19991963: Most efficient ESP configuration discovered and implemented until 19991963: Most efficient ESP configuration discovered and implemented until 19991963: Most efficient ESP configuration discovered and implemented until 19991963: Most efficient ESP configuration discovered and implemented until 1999

pre 1964 average - 46.42 464200 - 36.693 1.22 12200 86%

post 1964 average - 65.31 653100 - 3.22 1.11 11078

1965-1971 Chamber 212 56.2 562000 - 11 2.13 21300
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Year(s) Location As % As (ppm) Au 
(opt)

Au 
(ppm)

Sb 
%

Sb 
(ppm)

% of total 
emissions 
emitted

April 1997 Baghouse 68.2 682000 - 2.4 1.49 14900
Sept 1997 Baghouse 64.2 642000 - - 1.2 12000

Jan 1998 Baghouse 68.5 685000 - 2.2 0.86 8550

Average 60

Data from SRK 2002c, SRK 2002aData from SRK 2002c, SRK 2002aData from SRK 2002c, SRK 2002aData from SRK 2002c, SRK 2002aData from SRK 2002c, SRK 2002aData from SRK 2002c, SRK 2002aData from SRK 2002c, SRK 2002aData from SRK 2002c, SRK 2002a

 1.3.2.3 Sediments 

   Sediments in Baker Creek, which flows through the property, have been contaminated with 

As from several sources, including intentional and accidental spring decanting of tailings 

impoundments, accidental spills, and aerial emissions (see Figure 1.4). A breakwater constructed 

where Baker Creek reaches Yellowknife Bay has concentrated the sediments in this area, which is 

largely vegetated by cattails and horsetails (Fawcett 2009). Sediment in Yellowknife Bay itself has 

been impacted by mining activities (Mudroch et al. 1989; Andrade et al. 2010). Farther north, historic 

tailings that were deposited in the first two years of mine operation have been largely eroded into 

Yellowknife Bay (Andrade et al. 2010).  

 1.3.2.4. Soil

   Soils both contaminated and uncontaminated by anthropogenic As can contain naturally 

occurring As from the mineral arsenopyrite. Arsenopyrite and/or its weathering products are present 

in elevated concentrations in some soils around Giant Mine because of the naturally high arsenopyrite 

content in some of the bedrock hosting the Giant Mine gold deposit (Kerr 2001). The Government of 

the Northwest Territories (GNWT) guideline for As content in industrial soils of 340ppm is based on 

a background level of As in Yellowknife of 150ppm (Risklogic 2002, GNWT 2003). Kerr (2006) has 

determined regional background levels for the Yellowknife area that are significantly lower than 

150ppm (3-79ppm As depending on underlying bedrock type), but with local samples around Giant 

Mine containing higher values from 320 to 626 ppm As. The worldwide average As content in all 
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soils is 5ppm, and the average for Canada is 6.6ppm (Reimann et al. 2009). The industrial soil 

guideline for all of Canada determined by the Canadian Council for Ministers of the Environment 

(CCME) is 12ppm, based on a background level of 10ppm As (CCME 2007).

   Soils at Giant Mine have been contaminated by As from a multitude of sources. Some 

representative As concentrations in different areas of the mine site can be seen in Table 1.3. Soils 

located closer to mining operations can have As contamination resultant of inputs such as waste rock, 

tailings, calcine residue, ESP dust, etc., as well as aerial input from roaster emissions (Golder 2005). 

Soils located farther away from day-to-day mining can be impacted by anthropogenic As from aerial 

roaster emissions. As discussed in section 1.3.2.2, roaster emissions contained As in the form of As-

bearing iron oxides and As2O3. These distinctively identifiable roaster-produced species have been 

found persisting in surface soils, even over 50 years after the beginning of roasting (Walker et al. 

2005, Wrye 2008). This is surprising given that at many other As2O3-contaminated sites As2O3 does 

not persist in the surface environment (i.e., Wrye 2008, Yue and Donahoe 2009, Yang and Donahoe 

2007). As seen in Table 1.3, soils occurring in outcrop depressions that are only impacted by roaster 

As demonstrate much higher As concentrations than similar soils not located on outcrops. This trend, 

noted by Walker (2006) and Wrye (2008), has not been directly addressed in the remediation plan.  

   The age of roaster-derived As in soils at Giant Mine has not yet been determined; knowing 

the age could significantly impact the perceived notion of As persistence at Giant. Additionally, the 

As hosts in roaster-As impacted soils at Giant have not been exhaustively studied at this point; 

studying the As hosts in more detail could shed further light on As persistence at Giant Mine.   

Table 1.3: Representative As concentrations in solid media at Giant Mine
Average 

As 
(ppm)

Median 
As 

(ppm)

Range As 
(ppm) Notes na

TailingsTailingsTailingsTailingsTailingsTailings
South tailings pond9 2384 2440 1760 - 2990 8
Central tailings pond9 2628 2650 1325 - 3850 7

North tailings pond9,13 3110 2945 1500 - 5080 Lowest values are for subaerial 
tailings 16

Northwest tailings pond9,13 2930 3280 338 - 4875
Most recent tailings have 
highest values (4480-4875) 8
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Average 
As 

(ppm)

Median 
As 

(ppm)

Range As 
(ppm) Notes na

Water treatment sludge9 26400 -b 10500 - 42300 2

Underground tailings (1967-1976)10 1495 1270 875 - 3315 11
Underground tailings (1959-1970)10 2918 2890 1190 - 5935 9

Subaerial historic shoreline tailings12,13 1448 1371 810 - 2240
Originally deposited 1949-1951. 
Mace (1998)8 gives 65-1016 
ppm As for entire beach 

4

Submerged historic shoreline tailings12,13 1135 - 1070 - 1200
Originally deposited 1949-1951. 
Mace (1998)8 gives 65-1016 
ppm As for entire beach

2

Roaster wasteRoaster wasteRoaster wasteRoaster wasteRoaster wasteRoaster waste

Calcine3 6189 6175 280 - >10000 two samples >10000ppm As 11

ROs in calcine residue12 2.9% - <0.5% - 7.6% Arsenic hosted within ROs, 
(mostly) maghemite 32

ROs in shoreline tailings12 1.3% - <0.5% - 2.9%

Arsenic hosted within ROs, 
(mostly) maghemite. Produced 
by earlier roasting method than 
ROs in calcine residue tested

15

Average ESP baghouse dust4 60% - - - 

Pre-1964 ESP baghouse dust4 46% 48% 28% - 67% 33

Post-1964 ESP baghouse dust4 65% 68% 41% - 74% 18

SoilscSoilscSoilscSoilscSoilscSoilsc

Mill area1,2 1824 1170 21 - 11800 Near roaster and calcine 
buildings 156

Calcine pond3 324 115 20 - 1350 Overburden and soils below 
calcine layer in calcine pond 9

West of tailings settling pond1 3376 2550 7 - 25500
Experienced tailings spills 
multiple times; 25500 is outlier, 
next highest value is ~10000

38

Historic foreshore tailings area1,2 473 46 7 - 3660 Soil around tailings beach, does 
not include tailings 38

Townsite1,2 1224 322 10 -16600 89

Away from mine activity1,2 299 49 6 - 1850

Samples in areas with no known 
anthropogenic activity or As 
input other than natural sources 
and roaster deposition. Does 
NOT include outcrop soils.

91

Occurring in outcrop depressions, 
away from mine activity2 1407 1250 100 - 3280 8

Entire site1,2 1197 270 6 - 25500 25500 is an outlier, ~10000 is 
next closest measurement 586

SedimentsSedimentsSedimentsSedimentsSedimentsSediments
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Average 
As 

(ppm)

Median 
As 

(ppm)

Range As 
(ppm) Notes na

Upstream of site5 177 - - - 

Creek channel through mine site5 1643 - - - 

Baker Pond6 1161
1736 7 1080 332 - 2000 All values from single core 22

Baker Pond mounded tailings and 
sediments13 2700 - 2520 - 2880 2

Inside breakwater6 249 245 26 - 580 All values from single core 24

Vegetated inside breakwater6,11 1430 1410 33 - 3700
Mixture of core samples, bulk 
samples, and bulk samples of 
sediment effected by plant roots

32

Yellowknife Bay immediately outside 
the breakwater5 1275 - 1110 - 1440 8 2

Yellowknife Bay deep sediments14 - - 25 - 1310
630 - 2800 15

For top 20cm of sediments; 
Murdoch et al. (1989) values 
for “top few cm” ~20 years 
earlier

5 core

a“n” indicates number of samples; b“-” indicates either data omitted by the source, or a calculation made irrelevant 
due to small sample size;  cGNWT (2003) guideline for industrial soil  for Giant Mine is 340ppm As; 1average and 
median calculated from data in Golder 2005, including a compilation of EBA 1994 and 1998, Golder 2001, ESG 
2000, ESG and Queen’s University 2000, ESG 2001, INAC 2004; 2average and median calculated from data in 
Wrye 2008; 3INAC 2004; 4SRK 2002c, compilation of Lakefield 2002, CANMET 2000, Royal Oak Mines 1998, 
Giant Mine Laboratory 1982; 5INAC 2007; 6average and median calculated from Fawcett  2009; 7Mace 1998 
quoted by Golder 2001; 8Golder 2001; 9average and median calculated from Miramar Giant Mine, quoted  by 
Golder 2001; 10SRK 2002b;  11average and median calculated from Stephen 2011; 12Walker 2006; 13Walker et al. 
2011; 14Andrade et al. 2010; 15Murdoch et al. 1989 quoted by Andrade et al. 2010

a“n” indicates number of samples; b“-” indicates either data omitted by the source, or a calculation made irrelevant 
due to small sample size;  cGNWT (2003) guideline for industrial soil  for Giant Mine is 340ppm As; 1average and 
median calculated from data in Golder 2005, including a compilation of EBA 1994 and 1998, Golder 2001, ESG 
2000, ESG and Queen’s University 2000, ESG 2001, INAC 2004; 2average and median calculated from data in 
Wrye 2008; 3INAC 2004; 4SRK 2002c, compilation of Lakefield 2002, CANMET 2000, Royal Oak Mines 1998, 
Giant Mine Laboratory 1982; 5INAC 2007; 6average and median calculated from Fawcett  2009; 7Mace 1998 
quoted by Golder 2001; 8Golder 2001; 9average and median calculated from Miramar Giant Mine, quoted  by 
Golder 2001; 10SRK 2002b;  11average and median calculated from Stephen 2011; 12Walker 2006; 13Walker et al. 
2011; 14Andrade et al. 2010; 15Murdoch et al. 1989 quoted by Andrade et al. 2010

a“n” indicates number of samples; b“-” indicates either data omitted by the source, or a calculation made irrelevant 
due to small sample size;  cGNWT (2003) guideline for industrial soil  for Giant Mine is 340ppm As; 1average and 
median calculated from data in Golder 2005, including a compilation of EBA 1994 and 1998, Golder 2001, ESG 
2000, ESG and Queen’s University 2000, ESG 2001, INAC 2004; 2average and median calculated from data in 
Wrye 2008; 3INAC 2004; 4SRK 2002c, compilation of Lakefield 2002, CANMET 2000, Royal Oak Mines 1998, 
Giant Mine Laboratory 1982; 5INAC 2007; 6average and median calculated from Fawcett  2009; 7Mace 1998 
quoted by Golder 2001; 8Golder 2001; 9average and median calculated from Miramar Giant Mine, quoted  by 
Golder 2001; 10SRK 2002b;  11average and median calculated from Stephen 2011; 12Walker 2006; 13Walker et al. 
2011; 14Andrade et al. 2010; 15Murdoch et al. 1989 quoted by Andrade et al. 2010

a“n” indicates number of samples; b“-” indicates either data omitted by the source, or a calculation made irrelevant 
due to small sample size;  cGNWT (2003) guideline for industrial soil  for Giant Mine is 340ppm As; 1average and 
median calculated from data in Golder 2005, including a compilation of EBA 1994 and 1998, Golder 2001, ESG 
2000, ESG and Queen’s University 2000, ESG 2001, INAC 2004; 2average and median calculated from data in 
Wrye 2008; 3INAC 2004; 4SRK 2002c, compilation of Lakefield 2002, CANMET 2000, Royal Oak Mines 1998, 
Giant Mine Laboratory 1982; 5INAC 2007; 6average and median calculated from Fawcett  2009; 7Mace 1998 
quoted by Golder 2001; 8Golder 2001; 9average and median calculated from Miramar Giant Mine, quoted  by 
Golder 2001; 10SRK 2002b;  11average and median calculated from Stephen 2011; 12Walker 2006; 13Walker et al. 
2011; 14Andrade et al. 2010; 15Murdoch et al. 1989 quoted by Andrade et al. 2010

a“n” indicates number of samples; b“-” indicates either data omitted by the source, or a calculation made irrelevant 
due to small sample size;  cGNWT (2003) guideline for industrial soil  for Giant Mine is 340ppm As; 1average and 
median calculated from data in Golder 2005, including a compilation of EBA 1994 and 1998, Golder 2001, ESG 
2000, ESG and Queen’s University 2000, ESG 2001, INAC 2004; 2average and median calculated from data in 
Wrye 2008; 3INAC 2004; 4SRK 2002c, compilation of Lakefield 2002, CANMET 2000, Royal Oak Mines 1998, 
Giant Mine Laboratory 1982; 5INAC 2007; 6average and median calculated from Fawcett  2009; 7Mace 1998 
quoted by Golder 2001; 8Golder 2001; 9average and median calculated from Miramar Giant Mine, quoted  by 
Golder 2001; 10SRK 2002b;  11average and median calculated from Stephen 2011; 12Walker 2006; 13Walker et al. 
2011; 14Andrade et al. 2010; 15Murdoch et al. 1989 quoted by Andrade et al. 2010

a“n” indicates number of samples; b“-” indicates either data omitted by the source, or a calculation made irrelevant 
due to small sample size;  cGNWT (2003) guideline for industrial soil  for Giant Mine is 340ppm As; 1average and 
median calculated from data in Golder 2005, including a compilation of EBA 1994 and 1998, Golder 2001, ESG 
2000, ESG and Queen’s University 2000, ESG 2001, INAC 2004; 2average and median calculated from data in 
Wrye 2008; 3INAC 2004; 4SRK 2002c, compilation of Lakefield 2002, CANMET 2000, Royal Oak Mines 1998, 
Giant Mine Laboratory 1982; 5INAC 2007; 6average and median calculated from Fawcett  2009; 7Mace 1998 
quoted by Golder 2001; 8Golder 2001; 9average and median calculated from Miramar Giant Mine, quoted  by 
Golder 2001; 10SRK 2002b;  11average and median calculated from Stephen 2011; 12Walker 2006; 13Walker et al. 
2011; 14Andrade et al. 2010; 15Murdoch et al. 1989 quoted by Andrade et al. 2010

1.4 Giant Mine remediation

 At the time of writing, a comprehensive remediation plan is undergoing environmental 

assessment. The most challenging aspect of the site is considered to be the As2O3 stored in 

underground chambers.

 Over 56 different remediation plans for the underground As2O3 at Giant Mine were originally 

considered. Several different alternatives were seriously investigated and vetted by a team of 

independent experts. Multiple options to either leave the As2O3 dust in place underground and 

remove the As2O3 dust to another more secure location, possibly reprocessing it for gold, were 

considered. Through evaluating a combination of short and long-term environmental risk 

assessments, worker health risks, monetary cost analyses, and public discussion, a plan was chosen. 

The As2O3 dust will be left in place, frozen, and monitored for perpetuity (INAC 2007).

  Implementing this frozen block is expected to take 5 to 10 years; in the meantime, unstable 
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bulkheads and crown pillars in danger of short-term failure are being stabilized. The underground 

workings will be flooded to a level below the frozen chambers. Openings of the underground 

workings to the surface will be plugged. Open pits will be backfilled with any available clean backfill 

material and the interaction of contaminated mine water and the surface environment will be 

prevented (INAC 2007).

 Waste rock drainage is expected to remain near-neutral and in compliance with water 

regulations. Most surface waste rock has been used in road construction and these areas, unless 

needed for future access, will be demolished and revegetated. Tailings, settling, and polishing ponds 

will be covered and revegetated to limit public access to tailings and dust, as well as As-rich runoff. 

The water and sludge will be monitored for increased As. The calcine pond will be left as-is, as the 

current soil over the calcine layer has been deemed sufficient to isolate it. The historic foreshore 

tailings will be left alone when submerged, and for beached tailing the current cover in place will be 

extended to try and prevent wave action erosion (INAC 2007). 

   Water treatment will continue to address mine water expressing in open pits, as well as 

tailings runoff and dam seepage. Existing diversions in Baker Creek will either be made permanent or 

re-routed if appropriate. Treated water will no longer be discharged into the creek after construction 

of a new water treatment plant, and a partially breached weir will be removed so the creek can return 

to its natural level. The pond immediately below the mill, which contains contaminated sediments, 

will be cut off from Baker Creek and backfilled. Options for Baker Pond sediments are still being 

investigated and include rerouting channels, removal of sediments, or backfilling to create a wetland 

(INAC 2007).

   All surface material with As concentrations above the industrial land use criteria of 340ppm 

will be either excavated and disposed of or covered with clean fill material. Waste rock will be 

backfilled into the frozen zone of one of the pits. Contaminated soil will be backfilled into the frozen 

zone of one of the pits and in the tailings and sludge ponds. Spilled tailings will be excavated and put 

in one of the existing tailings ponds (INAC 2007).

   All buildings will be demolished. Disposal of all non-hazardous waste (i.e., surface 
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infrastructure) will take place in a former quarry near the northwest tailings pond made into a landfill 

(INAC 2007).

 While the central core of the mine site is meant to be suitable for industrial development post-

remediation, large sections of other areas of the property farther removed from mine working are 

meant to be developed for recreational purposes for the general public. Areas of As contamination in 

soils above GNWT guidelines have been delineated in the remediation plan in order to be removed. 

However, the sampling programs undertaken to delineate these areas did not address all portions of 

the property, but rather focused either on areas of known proximity to contaminants (i.e., near the mill 

site, near the calcine pond) or areas otherwise of interest (i.e., near the townsite and publicly-used 

marina). The work of Wrye (2008) has shown that there are soils affected by roaster-derived As in 

concentrations above 340 ppm that have not been considered in the remediation plan. Furthermore, 

Wrye’s work detailed elevated As concentrations in soils occurring in rock outcrop hollows. The soil 

sampling used in the remediation plan by and large did not address soils occurring on rock outcrop, 

which happens to occupy approximately 30% of the land area of the Giant Mine site (Wrye 2008, 

Golder 2005). In light of the proposed recreational use of these areas, it would be prudent to 

determine the extent to which rock outcrop soils harbor elevated As concentrations. In addition, since 

roaster-derived As largely consists of As2O3, which is both highly toxic to humans and still present in 

soils (Wrye 2008), studying the bioaccessibility of As in these soils would be wise.    

1.5 Research objectives

 The primary research objective of this thesis involves the investigation of soils on the Giant 

Mine site impacted by roaster-only As contamination, with a focus on soils occurring in rock outcrop 

depressions. Goals include:

•  To verify that elevated roaster-derived As concentrations are found in soils located in rock 

outcrop hollows. Wrye (2008) documented elevated As concentrations in this environment, and 

Walker (2006) posited the idea that soils trapped in topographically constrained bowls in 

outcrop could be involved in a “wash down effect” whereby roaster emissions deposited on 
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denuded outcrop surfaces would concentrate in outcrop bowls due to rainfall.

• To attempt to determine possible chemical forces on As mobility and persistence by examining 

the oxidation-reduction conditions, pH, and bulk chemistry relationships among As, Sb, C, and 

other elements in roaster-contaminated soils. 

• To identify As hosts in roaster-contaminated soils. After the results of Wrye (2008) it is 

important to determine if any As hosts in addition to As2O3, ROs, and arsenopyrite are present, 

and to determine if additional As hosts are products of natural sources or roaster As.

• To try to determine a residence time for roaster-derived As in Giant Mine soils. Since the 

roaster operated over a 50 year period, determining if the roaster As present in soils now is old 

or new has important implications for ultimate As persistence and remediation.

•  To examine the gastric and lung bioaccessibility (i.e. the percent of total As that will dissolve 

and be available for absorption by the body after ingestion or inhalation) of As in soils effected 

by roaster As contamination, in light of future plans for recreational site use. 
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Chapter 2:
LITERATURE REVIEW

2.1 Arsenic in the environment

 In nature, As occurs in oxidation states from (+V) (arsenate), (+III) (arsenite), (0) 

(arsenic), (-I) and (-III) (arsine) (Bissen and Frimmel 2003), with As(III) being the most mobile 

and toxic to humans (Drahota et al. 2009).  Organic As compounds can be formed by the 

methylation of inorganic As by bacteria, fungi, and yeasts; organic forms of As are less toxic than 

inorganic As compounds (Bissen and Frimmel 2003, Singh et al. 2007). Arsenic readily bonds to 

a variety of ligands; as a consequence of this it can shift from an electronegative state (i.e., metal 

arsenides) to an electropositive state (i.e., oxo-anions) and most commonly covalently bonds to 

oxygen and sulfur in nature (O’Day 2006). 

 2.1.1 Sources of arsenic

 Many natural processes, including volcanic eruptions and the occurrence of As accessory 

minerals in rocks, create environmental concentrations of As elevated above background levels 

(Bissen and Frimmel 2003). Additionally, anthropogenic As contamination can result from many 

activities, including: pesticide, herbicide, and fungicide use; As substituting for phosphorus (P

(V)) in fertilizers; use as a wood preservative; use in metal treatment and ammunition factories; 

use in the glass and electronics industries; the production of many dyes and colors; use in some 

pharmaceuticals; and from mining, metal smelting and coal burning (Reimann et al. 2009). The 

most common non-food-related direct pathway for As into the human body in contaminated areas 

is through accidental ingestion of contaminated soil (Rodriguez et al. 1999).  
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 2.1.2 Characterization of primary arsenic hosts in roaster-impacted soils

 Over 300 As minerals occur in nature; 10% arsenites, arsenides, native elements and 

metal alloys, 10% oxides, 20% sulfides and sulfosalts, and 60% arsenates (Drahota and Filippi 

2009). The highest concentrations of As minerals occur in mineralized ore zones (Smedley and 

Kinniburgh 2002); in mesothermal gold deposits As is often enriched hundreds to thousands of 

times the average crustal concentration of As of 1.7 mg/kg (Haffert and Craw 2008, Reimann et 

al. 2009).

 The most common As-bearing mineral is the Fe-As sulfide arsenopyrite (FeAsS), which 

is often found as an accessory mineral in a variety of rocks and in many ores and coals (Reimann 

et al. 2009). Arsenopyrite is common in hydrothermal alteration zones, including hydrothermal 

ore deposits (Pokrovski et al. 2002, Reimann et al. 2009). Other simple As sulfides, realgar (AsS) 

and orpiment (As2S3), can also be found and are stable at a wide range of pH in the absence of Fe; 

however, in the presence of Fe arsenopyrite dominates orpiment and realgar except for in very 

acid conditions (See Figure 2.1) (Craw et al. 2003, Pokrovski et al. 2002). The abundant sulfide 

mineral pyrite (FeS2) can also easily have minor As as a component substituting for S; arsenian 

pyrite is often more common in ore zones than arsenopyrite. Pyrite can also form in lower 

temperature, reducing environments (Smedley and Kinniburgh 2002). Locally elevated As 

concentrations in soils due to arsenopyrite-rich bedrock have been documented, including around 

Giant Mine (Kerr 2001).

  Arsenic does not usually substitute structurally as a major component into major rock-

forming minerals (Drahota and Filippi 2009); however, it is often present in varying 

concentrations due to its propensity to substitute for P and S due to its chemical properties. Since 

it has the ability to substitute for S and often occurs in systems containing S, it most often 

substitutes into sulfide minerals. Concentrations of As substituting in a given sulfide grain tend to 

be variable, but can consist of up to 10 wt.% As. Sulfides, including arsenopyrite and pyrite, are 

most stable in reducing conditions. When arsenopyrite and arsenian pyrite are exposed to aerobic 
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conditions at the surface of the earth, such as those in surface soils and waters, they may oxidize 

to Fe oxides and release As and large amounts of SO42- (see Equations 2.3 and 2.4 discussed in 

the next section). Iron oxides can contain large amounts of adsorbed As, up to wt.% values, 

because of this (Smedley and Kinniburgh 2002). Arsenate (AsO42-) can also substitute for SO42- in 

minerals such as jarosite (KFe3(SO4)2(OH)6) (Walker et al. 2005 and references therein). 

 Mining-related ore roasting of arsenopyrite produces As2O3 and As-bearing roaster Fe 

oxides, by Equation 2.1 (above 650˚C) (Haffert and Craw 2008): 

2FeAsS + 5O2 ↔ Fe2O3 + As2O3 + 2SO2        (Equation 2.1)

Roasting is designed to convert arsenopyrite containing refractory gold within its structure to 

porous Fe-oxides, in order to expose refractory gold to traditional cyanide leaching methods of 

recovery (Walker et al. 2005, 2011). Roaster-derived Fe-oxides (ROs) have been documented 

containing up to 7wt% As in nanocrystalline structures composed of composites of different 

minerals, namely maghemite, hematite, and magnetite. They are fundamentally different from 

primary As hosts like arsenopyrite; if they are nanoparticle composites they exhibit modified 

reaction kinetics and phase stabilities in comparison to microscopic and macroscopic forms. Due 

to their genesis during an oxidation process (roasting) they can contain As in mixed (III) and (V) 

states (Walker et al. 2005).  

 As2O3 occurs in two mineral habits, arsenolite and claudetite, which have similar 

thermodynamic stabilities (Nordstrom and Archer 2003). In addition to roaster-impacted soils, 

As2O3 is also found in soil environments through herbicide use (Yue and Donahoe 2009). As2O3 

is also very soluble and under surface conditions would be expected to dissolve; at equilibrium, 

up to 10-16 g/L As can be present in coexisting water (Drahota and Filippi 2009). This high 

solubility suggests As2O3 should not persist in surface soils over the long term; one study (see 

section 2.1.4 for more details) of an area contaminated by herbicide use found no As2O3, but 

rather As sorbed to soil particles and rare grains of phaunouxite (Ca3(AsO4)2 •11H2O) (Yang and 
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Donahoe 2007). Despite high solubility its persistence in the surface environment has been 

documented in several localities (Wrye 2008; Haffert and Craw 2008); As(III) is only 

thermodynamically stable under reducing conditions, so As2O3 should oxidize to the more stable 

As(V) oxidation state when dissolved in surface waters and soils; however, this is not always the 

case and As2O3 has been posited to have slow oxidation kinetics to account for this (Drahota et al. 

2009). Antimony (Sb)-bearing As2O3 ((As,Sb)2O3) demonstrates lower solubility than non-Sb 

As2O3 (Riveros et al. 2000, SRK 2002c). Although As2O3 is usually anthropogenically derived as 

a primary mineral at mine sites from the oxidized product of smelting ore containing As, As2O3 

has also been found as an efflourescent in underground mine workings, and associated with 

scorodite, arsenopyrite, S, and other minor As minerals in anthropogenic tailings piles and mine 

and processing waste (Drahota and Filippi 2009). It has also been found as an oxidation product 

of arsenopyrite, realgar, and native As (Nordstrom and Archer 2003, Drahota and Filippi 2009).

 When primary As minerals are exposed to weathering via surface water, ground water, 

and the atmosphere, alteration reactions can mobilize As and form secondary As minerals and 

adsorbed As phases (Drahota and Filippi 2009). 

 2.1.3 Stability and mobility of arsenic in surface soils and porewaters

 Understanding the weathering-related changes to primary As minerals and creation of 

secondary As phases is important in understanding the long-term behavior and attenuation of As 

in contaminated soils and waters. Both mobility and toxicity of As depend on its speciation 

(Walker et al. 2005).  Like many trace metals As behavior is influenced by solid-solution 

interactions and for most soils and aquifers mineral-As interactions likely overshadow organic 

matter-As interactions (Smedley and Kinniburgh 2002). Mineral precipitation and dissolution, 

adsorption and desorption, and biological transformation can act as mechanisms for As mobility 

between solid and aqueous phases. Mobility (and toxicity) rely on As speciation, which is 

determined by redox potential, pH, and reaction kinetics (Stollenwerk 2003). Arsenic(III) and As

(V) minerals are the most common forms of As found in nature, with As(III) minerals being 
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soluble under neutral, aerobic soil conditions, and As(V) minerals being most stable in aerobic 

conditions (Deschamps et al. 2003). Elemental As and arsine are only found under strongly 

reducing conditions in the absence of Fe (Bissen and Frimmel 2003). 
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Figure 2.1: Eh-pH diagrams for 
As. A: Phase diagram constructed 
of aqueous As Eh-pH stability. 
Data from Nordstrom and Archer 
(2003), environments after Baas-
Becking et al. (1960). B: Phase 
diagram showing some primary As 
hosts, constructed from data from 
Nordstrom and Archer (2002) and 
Pokrovski et al. (2002) for [As]
=10-5 m, [S]=10-4 m, and [Fe]=10-4 
m. C: Phase diagram showing 
scorodite stability for different As 
concentrations; increasing As 
concentrations correlate to a larger 
field of stability for scorodite. 
Taken from Haffert and Craw 
(2008). Goethtite (FeO(OH)) is 
suppressed in favor of ferrihydrite 
(Fe(OH)3). [As]=10-4 m for solid 
lines, SO4 and Fe2+ both = 10-4 m.

A

B
C



 Oxidation-reduction (redox) potential and pH are the two most important factors 

controlling As speciation in natural waters. The most common dissolved arsenite species in 

natural waters is H3AsO3˚, and the dominant arsenate species are H2AsO4- and HAsO42-, 

depending on pH (see Figure 2.1). Aqueous arsenite will oxidize to arsenate under oxidizing 

conditions near pH 6 by Equation 2.2:

H3AsO30(aq) + 1⁄2O2(g) = H2AsO4-(aq) + H+(aq)        Equation 2.2

Further redox and pH controls on As speciation in natural waters can be seen in Figure  2.1. 

 2.1.3.1 Secondary arsenic phases

 When enough As is present, formation of secondary As minerals can occur from 

weathering of primary As minerals (Smedley and Kinniburgh 2002, Drahota et al. 2009). 

Depending on local site chemical makeup and Eh-pH conditions, these hosts vary. A selection of 

possible host minerals relevant to a soil system containing Fe and Ca secondary arsenate 

minerals, as well as Fe and Mn oxyhydroxides produced by weathering, can be seen in Table 2.1 

(Drahota and Filippi 2009). 

 When arsenian pyrite and arsenopyrite are weathered, they release aqueous As(III) and Fe 

(see Equations 2.3 and 2.4). Weathering reactions for these two minerals result in the formation of 

Fe oxyhydroxide phases (see Table 2.1 for mineral formulae); according to Majzlan et al. 

(2003c), the more amorphous Fe hydroxide phases (such as Fe(OH)3(am)) precipitate first, and 

then gradually transform into more crystalline and stable Fe oxides. Fe oxyhydroxides can form 

weathering rims on these sulfides; rims may also contain arsenates and Fe arsenates. Nesbitt and 

Muir (1998) analyzed weathering rims on several pyrite and arsenopyrite samples. The pyrite 

samples were taken from the waste rock dump at Con Mine, outside Yellowknife, NT, where they 

had been exposed to both solute-bearing mine waste waters and the atmosphere for an unknown 

amount of time. The pyrite samples were all covered in secondary mottled coatings and in some 

places had smoother coatings overlying mottled coatings. Some desiccation cracks on the surface 
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containing halite were also present, and gypsum was also found. An unsaturated zone 

arsenopyrite sample from Con Mine exhibited similar coatings to the pyrite samples from the 

same location. Underneath the Con Mine arsenopyrite coating, the surface of the arsenopyrite is 

strongly pitted, indicating surface reactions control arsenopyrite surface reactions. Other 

arsenopyrite samples from non-Yellowknife localities, only exposed to air, while oxidized did not 

display coatings or secondary mineral phases. Secondary coatings on pyrite and arsenopyrite 

grains exposed to mine waters at Con Mine included oxidized As species (As(III) or (V), 

proposed as perhaps scorodite, yukonite, or symplesite; it is unclear if they could be the result of 

adsorption) and two Fe oxyhydroxides, posited to be hematite and goethite. Minor gypsum, 

halite, fluorite and Fe sulfates indicated wetting and drying cycles. Arsenate or arsenite coatings 

on pyrite, as well as the presence of other cations not found in pyrite and arsenopyrite, indicate 

that mineralogy of coatings depends on solute transport in waters interacting with the grains. 

Sulfide mineral oxidation thus can act, for at least a limited time, as an attenuation method for 

removing As from contaminated water. Arsenite and arsenate coatings have also been 

experimentally observed on pyrite and mackawinnite (FeS) by Farquhar et al. (2002). 

 Walker (2006) found As(V)-bearing Fe-oxyhydroxide rims with up to 1wt.% As on 

weathered pyrite in subaerial historic beach tailings and waste rock at Giant Mine. Walker also 

found Fe-oxyhydroxide rims on pyrite, pyrrhotite, and arsenopyrite in crushed rock fill at the 

Giant Mine townsite, with pyrite and pyrrhotite rims containing up to 10wt.% As2O5 and 

arsenopyrite up to 30wt.% As2O5. The As in the pyrite and pyrrhotite rims must be resultant of 

scavenging As from the surrounding environments, given that pyrite contains much less As than 

that in the rims, and pyrrhotite sometimes no As at all. 

4FeAsS(s) + 14O2 + 16H2O ↔ 4H3AsO30(aq) + 4Fe(OH)3(aq) + 4SO42-(aq) 20H+(aq) (Equation 2.3)

2FeS2(s) +7.5O2+7H2O ↔ 2Fe(OH)2(s) + 4SO42-(aq)+8H+(aq)      (Equation 2.4)

 Arsenates are the most thermodynamically stable secondary As phases under aerobic 

conditions and there are many different mineral forms of them (for some examples see Table 2.1) 
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(Drahota and Filippi 2009). Scorodite is one of the most common crystalline Fe arsenates found 

in weathering environments from both natural and anthropogenic sources. Scorodite is often 

found as a secondary mineral at mine sites with high As mine waste, often containing As-bearing 

sulfides, that has been exposed to surface weathering. It is only stable at low pH (Haffert and 

Craw 2008, Drahota and Filippi 2009). Scorodite rinds have been known to encapsulate roaster-

derived As2O3 dissolving and oxidizing in water at a site in New Zealand; as seen in Figure 2.1c, 

for near-neutral pH this process only lasts as long as locally high As activities persist. The locally 

high As activities are created by As2O3 dissolution; once all As2O3 grains are encapsulated As 

activity correspondingly decreases, making scorodite metastable and a scorodite encapsulation a 

questionable method of long-term As attenuation in this situation (Haffert and Craw 2008). 

Similarly, scorodite precipitating from As-sulfide oxidation in gold mine waste in Nova Scotia 

also has not been found to be a stable form of As mitigation; scorodite stability in this case is 
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Table 2.1: selected arsenic hosts As oxidation 
state

Arsenic mineralsArsenic minerals

arsenopyrite (AsFeS) -1

pyrite / arsenian pyrite (FeS2 / Fe(As,S)2) -1

α orpiment (As2S3) +3

α Realgar  (AsS) +2

arsenolite / claudetite (As2O3) +3

Fe arsenates: scorodite (FeAsO4•2H2O), kaňkite Fe3(AsO4)·3.5H2O,  
pharmacosiderite K[Fe4(OH)4(AsO4)3]·6.5H2O, symplesite Fe3(AsO4)2·8H2O, 
AFA/pitticite Fex(AsO4)y(SO4)z·nH2O

+5

Ca-Fe arsenates: yukonite (Ca2Fe3–5(AsO4)3(OH)4–10xH2O where x = 2–11), 
arseniosiderite Ca2Fe3O2(AsO4)3·3H2O

+5

Adsorbed As hosts

Fe oxides/ oxyhydroxides: magnetite (Fe3O4), hematite (a-Fe2O3), maghemite 
(g-Fe2O3), goethite (FeOOH), ferrihydrite (Fe(OH)3)

+3 or +5

Mn oxides/ hydroxides: hausmannite (Mn3O4), pyrochroite (Mn(OH)2), 
manganite (MnOOH), pyrolusite (MnO2), bixbyite (Mn2O3)

+3 or +5

Clay minerals +3 or +5



governed by the level of sulfide consumption, with greater sulfide consumption tied to rising pH 

and increasing scorodite stability (DeSisto et al. 2011). 

 Ca-Fe arsenates are stable at a higher pH than scorodite and other Fe arsenates, and have 

been posited to sometimes be a result of the degradation of these Fe arsenates when the 

environment becomes less acidic because of sulfide removal from the system by weathering 

(Drahota and Filippi 2009), or if carbonate concentration exceeds sulfide concentration (Walker et 

al. 2009). See Table 2.1 for a selection of different As hosts.

 2.1.3.2 Arsenic adsorption

 Adsorption processes are very significant drivers of changing aqueous As concentrations 

(Stollenwerk 2003). Under neutral pH in oxic conditions, As can be effectively attenuated by 

adsorption with Fe, Mn, and Al oxides. Under lower pH and more reducing conditions, stability 

of metal oxides decreases and mobility of As correspondingly increases. Sorption of As decreases 

with the presence of dissolved anions, such as bicarbonate and phosphate, that compete for 

sorption sites (Bauer and Blodau 2006). In more acidic soils, As can also sorb to clay minerals 

and biogenic particles (Sadiq 1997).

 The presence of dissolved organic matter (DOM) can also decrease sorption of As by 

competing with it for sorption sites (Wang and Mulligan 2009). In one study by Bauer and 

Blodau (2006), DOM in a goethite (FeOOH)  suspension with pre-sorbed As caused 

concentrations of As in solution up to 6 times greater than in non-DOM solutions. For natural soil 

samples, As concentrations increased by a factor of 1.5 to 3 due to sorption competition with 

DOM. In another study, Redman et al. (2002) found that natural organic matter reliably displaces 

sorbed arsenate and arsenite from hematite surfaces, with arsenite being the consistently more 

mobile form of As. However, DOM does not have such a strong effect on As sequestered within 

minerals. In addition, DOM contains redox function groups and can cause the oxidation of 

arsenite and reduction of arsenate, which additionally greatly effects mobility (Redman et al. 
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2002, Bauer and Blodau 2006). DOM can also form aqueous complexes with As, especially in 

alkaline pH (Wang and Mulligan 2009), and microbial activity also plays a large role in As 

mobility (Bauer and Blodau 2006). Organisms residing in soil are capable of reducing arsenate 

and arsenite to a variety of forms and volatilizing it, depending on biotic and abiotic soil 

properties (Sadiq 1997).

 In soil environments, the amount of different adsorbing soil compounds present is also 

important in determining mobility and speciation (Bissen and Frimmel 2003). Knowing the 

specific host of adsorbed As is important for long term stability of attenuated As; for example, As 

adsorbed to poorly crystalline Fe oxyhydroxides could be released over time if the oxyhydroxide 

phase changes to a more stable, more crystalline oxide phase with less surface area for sorption, 

or if conditions become reducing and Fe oxyhydroxides are destabilized  (Walker et al. 2005 and 

references therein). Iron hydroxides and any subsequent oxide/oxyhydroxide grains and rims 

produced by Fe sulfide weathering, as seen in Equations 2.3 and 2.4, can provide sinks for As 

through adsorption. For adsorption processes Fe oxides/oxyhydroxides are the dominant sink for 

As (Drahota et al. 2009). 

 In comparing an amorphous Fe oxide, goethite (FeOOH), and magnetite (Fe3O4), Dixit 

and Hering (2003) found similar affinity and sorption densities for As(III) when normalized by 

surface area. Without this normalization, the amorphous phase appears to adsorb a great deal 

more As than the other phases. For As(V), sorption is largely consistent across different Fe 

oxyhydroxides when corrected for surface area, with sorption decreasing linearly with increasing 

pH (see Figure 2.2) (Dixit and Hering 2003).  In a laboratory experiment using two As stock 

solutions (one of As(III), one of As(V)) added to samples of Fe oxyhydroxides goethite and 

lepidocrocite, Farquhar et al. (2002) found no obvious differences between As(V) and As(III) 

uptake by Fe oxyhydroxides at pH 5.5-6.5. Following interaction of aqueous As with Fe 

oxyhydroxide surfaces, no change in sorbed As oxidation state occurred over the course of the 
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experiments. As can also be bound by adsorption to Mn and Al oxyhydroxides, clays, carbonates, 

and sulfides (Drahota et al. 2009, Smedley and Kinniburgh 2002, Lin and Puls 1999).

 Manganese oxides have been used to remove As(III) from drinking water by oxidizing it 

to As(V) and immobilizing it through adsorption (Driehaus et al. 1995). However, under reducing 

conditions, As adsorbed to Mn and Fe minerals would be remobilized with the reduction of Fe

(III) and Mn(III) (Masscheleyn et al. 1991). In solutions with both Mn and Fe present, As(III) and 

As(V) show similar trends in adsorption behavior with changing pH. Both favor adsorption 

preferentially at low pH, with maximum adsorption around pH 3, with less As adsorbing with 

increasing pH (see Figure 2.3). In contrast, systems with only Fe and no Mn present display 

different behavior for As(III) and As(V) adsorption; As(V) adsorbs preferentially at low pH to Fe 

minerals, while As(III) shows a more constant adsorption behavior over a pH range of 5 to 8 (see 

Figure 2.2.). This highlights the role that Mn oxyhydroxides, unlike Fe oxyhydroxides, have in 

driving oxidation of As(III) to As(V) as well and adsorbing As. Manganese minerals, while not 

quite as effective adsorbents as Fe minerals, adsorb both As(III) and As(V) (DesChamps et al. 

2003).

 While arguably not as important an As sink as Fe oxides, clays also adsorb As. A study by 

Lin and Puls (1999) examining three different types of clays (1:1, 2:1, and 2:1:1) found variable 

trends among them. Of the six minerals tested, halloysite (1:1) and chlorite (2:1:1) adsorbed 
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Figure 2.2: As(III) and As(V) adsorption on Fe-(oxyhydr)oxides.  As(V) (open symbols) and As(III) 
(closed symbols) adsorption edges on (a) amorphous Fe oxide and (b) goethite. Circles represent total [As]
=100 µM, squares [As]=50µM. Experimental conditions: 0.01 M NaClO4; 0.03 g/L amorphous Fe oxide or 
0.5 g/L goethite. From Dixit and Hering (2003). 



nearly 100% of As(V) in solution, 25-35 fold more than other clay minerals tested. Chlorite, 

which exhibited the best adsorption of As(V), is also Fe-rich and contains hydroxide layers. All 

the clay minerals tested exhibited less of an affinity for As(III) than for As(V). Exposed hydroxyl 

groups on particle edges has been posited to be tied to As(V) adsorption to clay minerals. Over 

long periods of time (75 days) desorption rates decreased and As(III) oxidized to As(V).

 Arsenite can also be adsorbed by sulfides in anoxic environments. Bostick and Fendorf 

(2003) found troillite (FeS) and pyrite adsorbed arsenite at their surfaces. As(III) reduction, 

accompanied by oxidation of Fe and S, also occurred at times, forming a precipitate similar to 

FeAsS. Arsenite adsorption was greatest between pH 5 and pH 6.

 2.1.3.2 Effect of reaction kinetics on redox

 As stated at the beginning of this section, As(V) should be much more prevalent than As

(III) in oxic waters and aqueous As(III) should only be dominant under very reducing conditions 

(see Figure 2.1). Kinetics are known to have a significant effect on ratios of As(V) to As(III) in 

natural waters; it is far from unheard of for As(V):As(III) ratios to be lower than expected in 

oxidizing water conditions (Smedley and Kinniburgh 2002). Oxidation of As(III) by dissolved O2 

is known to be an extremely slow process, controlled by surface reaction rates rather than O2 

concentrations. In laboratory studies Eary and Schramke (1990) found oxygenation kinetics of As

(III) to be slowest around pH 5 (quoted by Smedley and Kinniburgh 2002). Column experiments 
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Figure 2.3: Sorption graphs for As
(III) and As(V) in solution sorbing 
to Mn and Fe oxyhydroxides. While 
the trend for As(V) is consistent with 
As(V) in Figure 2.2, the trend for As
(III) with rising pH is not because of 
the role of Mn in oxidizing As(III). 
From DesChamps et al. (2003). 



by Yue and Donahoe (2009) demonstrated the slow reaction kinetics of arsenolite (As2O3) 

dissolution and oxidation to As(V). Micro-organisms in the natural environment have been found 

to control oxidation and reduction of As(III) and As(V), resultant in orders of magnitude 

differences from sterile samples (Smedley and Kinniburgh 2002). Eary and Schramke also 

proposed a half life for As(III) oxidation of 1-3 years; other researchers have found that the half 

life for oxidation of As(III) can decrease to 10-20 minutes in the presence of Mn oxides. 

Influence of Fe oxides on oxygenation kinetics is not as well defined (Smedley and Kinniburgh 

2002).

 2.1.4 Studies on the transformation and persistence of As2O3 in soils

 In soils like those at Giant Mine with As levels elevated well above regional As 

background levels by roaster emissions, As2O3 is the dominant As source (Wrye 2008). Several 

studies of soils contaminated by As2O3 have been undertaken in the past; in the case of many 

soils, As2O3 does not persist for decades at a time. Yang and Donahoe (2007) examined two 

industrial sites contaminated with historic herbicide containing As2O3 in the 1950s and 1960s, and 

found that As2O3 did not persist and was no longer present. Arsenic was instead hosted as a 

sorbed phase on soil particles and amorphous Al and Fe oxyhydroxides. 

 A column study by Yue and Donahoe (2009) to simulate As herbicide contamination at a 

50-year-old site found that while As2O3 (in the form of arsenolite)-dosed soil leachates were 

dominated by As(III) in the early parts of the study, As(III) did not persist past 180 pore volume 

cycles (PV). The stable form of As under column conditions was As(V), but the majority of As 

leached from soils was leached in the earlier portion of the column studies as As(III).  Early 

dominance of As(III) was controlled by kinetic factors effecting As2O3 dissolution rates. While 

fine-grained and micro-angular fractions of As2O3 particles dissolved quickly at the beginning of 

column experiments and were were soon depleted, oxidation rates of As(III) to As(V) remained 

constant throughout. Oxidation rates of As(III) to (V) kept up with the amount of leachate 

produced by simulated rainfall once the more easily dissolved portion of the As2O3 was 
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exhausted. Oxidation of As(III) to As(V) happened both at the As2O3 surface and in waters within 

the column, with oxidation at the As2O3 surface being more important for columns dosed with 

carbonate gravel. Residue of As in columns was determined by geochemical modeling to likely 

be co-precipitated with hematite, kaolinite, and muscovite, however some small amounts of 

residual As2O3 was also found in the original herbicide application layer after a simulated 40 year 

period. This differs from the results of Yang and Donahoe (2007) where herbicide layers have 

been completely removed by natural leaching. Yue and Donahoe (2009) propose that a difference 

in Eh between natural precipitation (581mV) and simulated precipitation (450mV) accounts for 

this.

 When Qi and Donahoe (2008) examined soil historically contaminated with As2O3 

(derived from Cu smelter dust) used as a herbicide in the 1950s in the southern USA, some extant 

particles of As2O3 were found. They were not, however, the dominant As host. Leaching 

experiments indicate that only 20% of As is in the original herbicide form, while 25% is present 

in reversible sorption sites and 55% on irreversible sorption sites. 

 The USEPA (2001) examined residential soils effected by a possible three different 

smelters, two of them historic, and found As2O3 persisting as the dominant As host, with one 

sample (of five) containing approximately 95% of its As as As2O3. 

 At two historic gold mines in New Zealand with site pH from 4.1 to near-neutral and 

year-round wet climates, As processing residues from roasting arsenopyrite ore were originally 

present as arsenolite (As2O3). In areas of high As2O3 concentrations, such as near the roasters, 

high dissolved As concentrations caused scorodite to precipitate around As2O3 grains by enlarging 

the scorodite field of stability (see Figure 2.1c). Once most As2O3 has been encapsulated or 

dissolved, dissolved As concentrations decrease and scorodite stops precipitating and is no longer 

stable. Arsenic dissolution is then governed by scorodite solubility, which is less than that of 

As2O3. However, this means As2O3 attenuation is only temporary. Downstream from the roaster 
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dissolved As concentrations are only controlled by As2O3, since Eh conditions fall below the As

(V) stability region (Haffert and Craw 2008). 

 Ashley and Lottermoser (1999) examined a mine in Australia that produced arsenolite, 

pharmacolite, and krautite as a result of processing arsenopyrite ore in the 1920s and 1930s. A 

contaminated soil area of approximately 60km2 with As content from 20-158ppm received As 

from atmospheric deposition of plant emissions, hydromorphic dispersion of dissolved As, and 

erosion from dumps. Minor scorodite was identified hosting As in more highly contaminated soils 

near the mine. The only arsenolite found was in partially oxidized dump material and crystalline 

masses within the flue.  

 By examining soils in Florida contaminated with As2O3 pesticide in the 1970s with bulk 

XANES, Fitzmaurice et al. (2009) determined that all As still present (up to 280mg/kg) was As

(V). As2O3 was hypothesized to have oxidized in situ and become associated with Al-oxides and 

aluminosilicate minerals.

2.2 Toxicity and bioaccessibility of arsenic

 2.2.1 Toxicity of arsenic

 Arsenic has been used as a poison as well a curative since ancient Greek and Roman 

times (Miller et al. 2002). Exposure to inhaled As was first linked to increased lung cancer in 

miners in 1879, and since then a better understanding of the various toxic effects of As has 

developed (Smith et al. 2002). Long term ingestion or chronic exposure via inhalation or dermal 

contact can result in many medical problems, including a variety of different forms of cancer, 

skin lesions, cardiovascular and lung disease, neurological disorders, diabetes, low birth weights 

and adverse pregnancy outcomes, among other issues (Singh et al. 2007, Hughes et al. 2011). In 

addition to its carcinogeniity, As is genotoxic, since it indirectly induces DNA damage in humans 

by somehow inhibiting DNA repair. There is some debate that this could contribute to the 

transformation of benign tumors into malignant tumors (Basu et al. 2001, Hughes et al. 2011). 
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 While As treatment of various medical problems throughout history often resulted in 

toxic complications (Evens et al. 2004), As has been shown to be medically beneficial to humans 

in cases such as the treatment of certain forms of leukemia and other cancers (Miller et al. 2002, 

Hughes et al 2011). Therapeutic use of As2O3 predates chemotheraphy and radiation treatment of 

leukemias, having been used from the 1700s through the 1900s in many parts of the world (Evens 

et al. 2004); As2O3 and other forms of As are part of traditional medical practice in some areas of 

the world (Kumana et al. 2002, Wang 2001, Shen et al. 1997). Beginning in the 1970s, use of 

As2O3 as a cancer treatment began to be reinvestigated (Wang 2001, Shen et al. 1997). In 1996 

the intravenous application of pure As2O3 solutions began, and they have been documented as 

inducing complete remission in patients with acute promyelocytic leukemia in 85-93% of cases 

(Wang 2001). There is some evidence that in the case of this specific cancer As2O3 as a treatment, 

while inducing some unpleasant side effects in patients, is more effective in inducing remission 

than chemotherapy and radiation treatments (Kumana et al. 2002). However, while current 

intravenous and oral As2O3 treatments for leukemia create less harsh physical side effects than 

ingesting pure As2O3 (Wang 2001, Kumana et al. 2002), there is evidence of a link between acute 

toxicity and carcinogenesis and these As2O3 treatments. In addition to leukemia, organic 

arsenicals were effectively used to treat trypanosomiasis and syphilis in the early 20th centrury 

before the discovery of penicillin (Evens et al. 2004). 

 Geogenic groundwater As contamination  and poisoning has been reported worldwide, 

but Bangladesh and West Bangal are considered by many to be exemplar of some of the most 

severe endemic As exposure. Over 2000 villages in Bangladesh and 2600 in West Bangal  have 

water supplies containing over 50µg/L As, the World Health Organization maximum permissible 

limit for As. Together these areas have a total population of 147.6 million people. Symptoms of 

As toxicity develop over 6 month to 2 years, depending on dosage concentration, frequency, and 

nutrition. Approximately 12% of over 100,000 people examined in one wide-reaching study 

displayed clinical manifestations of As toxicity, or arsenocosis. Arsenocosis for this area of the 
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world is fairly well-documented, with four stages ranging from pre-clinical (elevated levels in the 

body without clinical manifestations), through the development of skin lesions and major 

dermatological features, the development of internal toxicity disorders (i.e., anemia, chronic 

bronchitis), through to gangrene, Bowen’s disease, and various forms of cancer (Rahman et al 

2001). Arsenic occurring in deep anoxic wells is additionally often present as As(III), the most 

toxic form (Basu et al 2001).

 The toxicity of As is tied to many factors, including its mineral form, oxidation state, 

particle size, encapsulation, etc. The human gastrointestinal (GI) tract can absorb close to 100% 

of soluble As (i.e., As present in water), but As in soils will usually be incompletely solubilized 

during GI tract transit due to these factors (Ruby et al. 1996). Furthermore, depending on specific 

soil chemistry and mineralogy of As phases, As bioavailability can vary extensively (Juhasz et al. 

2007b). Therefore, measurements of total As concentrations do not reliably predict the amount of 

As that would be bioavailable to the receptor when ingested or inhaled (Laird et al. 2011). 

 2.2.2 Measuring bioaccessibility and bioavailibility of arsenic

 Bioavailability measures the As actually absorbed by the receptor, while bioaccessibility 

measures the fraction of As that would dissolve in various bodily fluids and thus be available for 

absorption. Since bioavailability measurements require the use of in vivo experimentation, which 

is costly and often impractical, in vitro bioaccessibility studies that measure solubility in 

simulated body fluids were developed (Ruby et al. 1996, Smith et al. 2010). Researchers 

examined different parameters effecting metal release, such as pH, incubation time, liquid:solid 

ratio, and microbial activity. Experimentation with relevant parameters and attempts to validate 

model results with in vivo studies followed, and several different in vitro methods are used for 

estimating As bioaccessibility (Laird et al. 2011). Bioaccessibility testing with different in vitro 

models do not produce identical results, and different models are more appropriate for some 

contaminants than others (UKEA 2007). In vitro bioaccessibility testing is inherently more 

conservative than in vivo measurements (Smith et al. 2010). By using in vitro testing instead of 
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relying on total As concentrations, the amount of uncertainty in site risk assessment can be 

decreased greatly (Juhasz et al. 2007a, Smith et al. 2010).

 2.2.2.1 Gastric bioaccessibility models for arsenic

 There is somewhat of a divide among As in vitro bioaccessibility models, with those 

striving to more accurately recreate the minutiae of the human digestive system (complete with 

microbial communities, bile, etc) on one side, and those advocating a cruder but fast, inexpensive, 

and reasonably accurate approach on the other (see Table 2.2 for a summary of some of the most 

oft-used methods). The physiologically based extraction test (PBET) is a widely used 

bioaccessibility model belonging to the former category (i.e., Ruby et al. 1996, Meunier et al. 

2011b, Bruce et al. 2007, Meunier et al. 2010, Juhasz et al. 2009) that has been found to 

correspond well with As bioavailability for particles sizes <250um (Meunier et al. 2011b). It was 
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Table 2.2: Summary of common gastrointestinal in vitro bioaccessibility tests used for As. Note 
the glycine gastric section of SBRC corresponds to SBET and RBALP. From Ng et al. (2010). 



first created to provide a screening mechanism for site-specific As and Pb contamination where in 

vivo testing is not available or practical (Ruby et al. 1996). It incorporates enzymes, salts, biles, 

and fluctuating pH meant to correspond with different sections of the GI tract (Smith et al. 2010) 

and is meant to mimic the conditions of the GI tract of a 2-3 year old child, the receptor thought 

to be most susceptible to ingestion of contaminated materials. A direct comparison between 

PBET and in vivo animal studies is not possible, since PBET is meant to mimic human conditions 

and does not measure dose-dependent effects such as possible decreased absorption with elevated 

exposure. PBET was also designed to mimic fasting conditions in the GI tract under the 

impression that fasting conditions produced the most soluble As and thus the most conservative 

measurement (Ruby et al. 1996).

 The Simulator of the Human Intestinal Ecosystem (SHIME) model, which has seen 

recent use (Laird et al. 2007, 2009), and the in vitro gastrointestinal model (IVG) are also 

examples of models striving for accurate representation of the human GI tract and used for As 

testing (Basta et al. 2007, Rodriguez et al. 1999). SHIME includes the microbial community of 

the human colon, as well as bile salts, in its many intricacies (Laird et al. 2007). IVG models both 

gastric and intestinal phases during a fasting state with porcine pepsin and bile extracts 

(Rodriguez et al. 1999, Basta et al. 2007).

 Glycine methods like the Relative Bioaccessibility Leaching Procedure (RBALP) and the 

simplified version of PBET (SBET) aim to estimate gastric bioaccessibility in a simple, 

reproducible, and fast manner. They do not aim to mimic the in vivo gastric phase but rather use 

simple acidic glycine solutions that relate mathematically with in vivo studies (Smith et al. 2010, 

Meunier et al. 2011b). RBALP and SBET methods rely only on glycine gastric extractions and do 

not model the intestinal absorption phase included in models like PBET, SHIME, and IVG. 

Rodriguez et al.(1999) and Basta et al. (2007) found the intestinal phase of PBET did not 

significantly improve As bioaccessibility results (Juhasz et al. 2007a), however, not all research 

supports this (i.e., Meunier et al. 2011b). The United States Environmental Protection Agency 
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(USEPA) have endorsed the RBALP glycine method for Pb bioaccessibility but not for As 

(USEPA 2011). Juhasz et al. (2007b) assessed glycine method (SBET) in vitro bioaccessibility 

with bioavailibility studies in swine and found the glycine method accurately predicted the in vivo 

swine trials for a variety of different As-contaiminated media, including material from mine sites. 

In a study by Meunier et al. (2011b) comparing As bioaccessibility between methods with and 

without an intestinal phase on mine waste, the standard glycine method with only gastric 

extraction provided more conservative estimates of As bioaccessibility than a glycine method 

with an additional intestinal component in all but 2 of 81 cases. The reverse was true for the 

PBET method, where the most conservative measurements were produced by the combination of 

gastric and intestinal digestions. This suggests that the lack of an intestinal digestion in the 

glycine method and the inclusion of one in the PBET method is not contradictory, but rather 

appropriate.

 A variety of different in vivo methods are used for predictive correlation with in vitro 

studies. Animals used, as well as measurement method and fasting state, vary. Different types of 

primates are often used as a proxy for humans (i.e., Roberts et al. 2007), as are juvenile swine 

(i.e., Rodriguez et al. 1999). Rabbits have also been used (Ruby et al. 1996), as well as dogs and 

rodents (Juhasz et al. 2007b). Relative bioavailibility assessments among these different animals 

often vary for the same soils. Primates studies are often preferred as human proxies due to their 

closer physiological resemblance, but they are less cost effective than other animal studies. For 

mining-related bioavailability studies juvenile swine are used more often than other animals, 

since they share many physiological characteristics with young children, the group most at risk of 

ingesting contaminated soil (Ruby et al 1996).

 Several in vitro methods for As bioaccessibility have been compared with in vivo data 

and been found to either overpredict (Ruby et al. 1996), accurately predict, or linearly correlate 

with in vivo results (Meunier et al. 2011b). Methods verified this way include the PBET, SBET/

RBALP/glycine, and IVG methods (Meunier et al. 2011b, Juhasz et al. 2007b, Juhasz et al. 2009, 

 43



Basta et al. 2007, Bruce et al. 2007, Ruby et al. 1996, etc). Juhasz et al. (2009) compared four 

different in vitro methods of measuring As bioaccessibility including glycine, PBET, and IVG, in 

12 contaminated soils with in vivo swine assays and found the stomach glycine method produced 

the closest match to in vivo data. The glycine method was the only method of those tested with 

increased bioaccessibility observed by considering only the gastric phase. All methods tested 

correlated with in vivo results with varying degrees of confidence (with Pearson coefficients 

0.729-0.868). Meunier et al. (2011b) tested an extensive suite of bulk tailings and hardpan 

surfaces at historic gold mining sites in Nova Scotia using PBET and RBALP methods. While the 

methods did produce slightly different results, when considering the entire data set the difference 

between methods was not significant, and either one was concluded to be appropriate for 

bioaccessibility testing. 

 Specific parameters such as extraction time, pH, particle size, and liquid to solid ratio 

often differ among bioaccessibility tests and effect results (Smith et al. 2010, Juhasz et al. 2009). 

There is some evidence that the <250µm size fraction purported by the USEPA to be most likely 

to adhere to childrens’ hands is not always appropriate; depending on moisture conditions a much 

smaller (<10µm) or much greater (250-750µm) size fraction would be more realistic (Bright et al. 

2006). While fasting has been assumed to predict the worst-case scenario for As bioaccessibility 

(Ruby et al. 1996), there is some evidence that while this is the case for some elements (i.e., Pb), 

it is not the case for As (Basta et al. 2007, Laird et al. 2007).  The complication of different 

models yielding slightly different results together with a plethora of different validated modeling 

options has made it difficult for regulatory agencies to choose one for As (Meunier et al. 2011b).

 2.2.2.2 Lung bioaccessibility models for arsenic

 The fluids that line the human lung are comprised of a dynamic and complex mixture of 

different materials that maintain a wet surface for gas exchange and lowered surface tension, trap 

and clear foreign particles, and help with gas transport. The aqueous component of this mixture is 

thought to be an electrolyte with similar composition to interstitial fluid with a pH near 7.4. Lung 
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redox conditions are also not readily available, so the effect of possible organic redox couples on 

Eh in equilibrium with Po2 in the aveoli is unknown. Thus for redox sensitive species like As the 

effect of lung fluid is unclear (Plumlee and Ziegler 2007). Arsenic is relatively geochemically 

mobile at near-neutral pH compared to other metals, such as Pb, due to its ability to form 

oxyanions, and thus could potentially be leached by lung fluid (Plumlee et al. 2006, Morman et 

al. 2009). Simulated lung fluids in general have a weaker relationship with reality than simulated 

gastric fluids, and in addition some inhaled material likely ends up in the gastric system anyway 

due to coughing (Plumlee et al. 2006). 

 Most lung bioaccessibility studies do not focus on As, so there is no simulated lung fluid 

bioaccessibility model specific to As. Factors such as solid to liquid ratio, extraction time, pH, 

composition of the solution, and temperature have been acknowledged as important in the 

variation of bioaccessibility results for orally ingested particles. There has been no in vitro  

methodology for lung inhalation taking into account these factors determined and acknowledged 

as the ideal or standard choice for lung bioaccessibility measurements in general (Julien et al. 

2011). In terms of simulated fluid composition, Gamble’s solution is a model of simulated lung 

fluid that is generally acknowledged as approximate but acceptable (Mattson 1994). It mimics 

interstitial fluid within the deep lungs. Other solutions that have been used by various researchers 

to mimic lung fluid include phosphate-buffered  saline, a physiological solution mimicking ionic 

strength of human blood, and artificial lysosomal fluid simulating intercellular conditions in lung 

cells under harsh conditions. Gamble solution has been validated for determining in vitro toxicity 

of radioactive compounds in the lungs, and is identical in major components to real human lung 

fluid. Some studies have used water extraction and sequential extraction (the latter method 

employing acids not found in the lungs). Beyond pH concerns, chemical composition of 

simulated lung fluid and extraction time can have an effect on bioaccessibility; water leaches 

could underestimate bioaccessibility for many metals because of the omission of key compounds 

such as amino acids. Extraction times that do not account for residence times of particles in the 
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lung could underestimate bioaccessibility (Julien et al. 2011). Particulate removal from the 

tracheobronchial pathway takes around 24 hours, while the deepest regions of the lung (alveolar 

phase) can take a week to thousands of days (Lehert quoted by Julien et al. 2011, Wragg and 

Klinck 2007).

 Particle size is an important parameter when considering human exposure to 

contaminated media. While some studies (i.e., Plumlee and Ziegler 2007 Owens Lake) utilize 

particle size fractions up to 50µm for lung bioaccessibility testing, in reality most particles 

>10µm in diameter would be rejected by the lungs, coughed up and swallowed. The 

tracheobronchial fraction consists of particles 3-10µm in diameter, and the alveolar fraction 

<3µm. Particle size of soil particles suspended in the air are usually ≤10µm in diameter (Bright et 

al. 2006), and indoor dust particles are usually <50µm in diameter (Smith et al. 2009).

 2.2.3 Soil properties effecting arsenic bioavailability

 Bioaccessibility of As in soils is chiefly determined by the same factors that effect its 

dissolution properties: mineral or adsorbed form, particle size, morphology, organic and inorganic 

ligand complexes, and soil properties such as pH, soil heterogeneity, and bulk chemistry (Ruby et 

al. 1999). See Figure 2.4 for a detailed schematic of the different factors effecting As 

bioavailability and hence bioaccessibility. For lung bioaccessibility, particle morphology in 

particular plays in important role by determining what the lungs are and are not able to expel via 

coughing (Plumlee et al. 2006). There is evidence that the relative importance of mineralogy on 

gastrointestinal bioaccessibility is greater for materials impacted by mining than for other cases of 

contamination or geogenic As. In some samples of tailings and roaster calcine, total As 

concentrations in soils correspond directly to percent gastric bioaccessible As. This correlation 

does not reliably extend to other As hosting media (Juhasz et al. 2007a). Furthermore, this 

correlation was disproved in a study of mine material by Meunier et al. (2011b) so it does not 

hold true for all mine related material. 
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 While in some tailings samples the smaller size fraction tested have both greater total As 

and greater As gastrointestinal percent bioaccessibility, the effect of particle size fraction on 

bioaccessibility can be compounded depending on the processing history of a given material. In 

some gold mine tailings, smaller size fractions can increase percent bioaccessibility not merely 

due to grain size, but rather the potential tendency for sparingly soluble geogenic As hosts to 

reside in the larger size fraction (Meunier et al. 2011b). In a recent study, Meunier et al. (2011a) 

demonstrated a negative correlation between arsenopyrite presence and gastrointestinal 

bioaccessibility and a positive correlation between As2O3 presence and bioaccessibility for a suite 

of 31 soils from mine sites of a variety of compositions. 

 There is some evidence that samples rich in organic matter (approximately >25%) can 

demonstrate increases in As gastrointestinal bioaccessibility in mine soils over time. Meunier et 

al. (2011a)’s examination of mine soils found that over a test period accelerated to simulate two 
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Figure 2.4: Factors affecting As bioaccessibility. From Ruby et al. 1999.



years, bioaccessibility increased for samples with high organic matter and initial bioaccessibilities 

>30%. Samples with consistent bioaccessibilities over the two year period tended to be low in 

organic matter (<7.5%) and have As occur as arsenopyrite and arsenate.

 2.2.4 Bioaccessibility and bioavailability of arsenic in mining environments

 2.2.4.1 Gastric bioaccessibility and bioavailability

 A summary of bioaccessibility and bioavailability studies on As in mining environments 

can be found in Table 2.3. Bioaccessibility and bioavailibility of As can vary greatly in mining 

environments, depending on the properties of the material being tested (Basta et al. 2007). 

Depending on the study and the properties of individual material, different researchers have 

reached different conclusions about the factors effecting bioaccessibility of As in mining 

environments. For example, Basta et al. (2007) concluded that of phosphate, chloride, carbonate, 

and sulfate, phosphate was the most important factor mobilizing As in soils. Juhasz et al. (2007a) 

found a good correlation between total As and bioaccessible As for several soil samples from a 

historical roasting site and a historical tailings site in Victoria, Australia, as well as several with 

no specific origin beyond the mine site. Non-significant trends were found for Fe content and pH.  

The calcinated material with higher As concentrations also was associated with more amorphous 

and weathered Fe oxides, so the correlation between total As and bioaccessible As might be tied 

to mineralogy in this case. In the case of Meunier et al. (2011b), the correlation between high As 

concentrations and bioaccessibility did not hold; mineralogy was a more important factor. 

 While several studies have been done on mine waste such as tailings, waste rock, and 

soils affected by tailings and waste rock, less work has been done on smelter-produced As2O3 in 

soils. While As2O3 has very high oral bioavailability when used in treatment of APL leukemia 

(91-99%), this is somewhat of a special case because As2O3 used in these cases is usually part of 

a solution meant to optimize its solubility and bioavailability (Kumana et al. 2002). In contrast, 

As2O3 dominated soils produced swine bioavailability results of approximately 42% (See Table 
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2.3) (USEPA 2001). As(III) dosed soils, while producing high (>90%) bioaccessibility in some 

samples, averaged <30% bioaccessibility; however, some variation due to aging to As(V) might 

be behind this. 

Table 2.3: Summary of studies on As bioaccessibility in mine environments.

TABLE 2.3 As 
(ppm) method % 

bioaccessibility source

tailingstailingstailingstailingstailings

historic tailings, As in As mineral (2) 606 - 
1063 SBET* 10% - 18% Juhasz et al. 

2007a

tailings at As mine (22 samples) 31700 PBET 0.6% - 61.1%, 
average 10.39%

Palumbo-
Roe and 
Klinick 2007

historic tailings and hardpan from 
gold mines; As as Fe(+/-Ca) 
arsenates, arsenopyrite. 48.3% 
sample bearing yukonite (25)

1300 - 
2000 glycine* 0.85% - 48.3%

average 13.6%
Meunier et 
al. 2011b

historic tailings and hardpan from 
gold mines; As as Fe(+/-Ca) 
arsenates, arsenopyrite. yukonite 
sample bioaccessibility 21% (22)

1300 - 
31000

PBET (gastric) 1.21% - 25.9%
average 11.1% Meunier et 

al. 2011b

historic tailings and hardpan from 
gold mines; As as Fe(+/-Ca) 
arsenates, arsenopyrite. yukonite 
sample bioaccessibility 21% (22)

1300 - 
31000

PBET (intestinal) 1.84% - 27%
average 11.8%

Meunier et 
al. 2011b

bulk historic gold mine tailings from 
Montague (As mostly Fe arsenate 
hardpan), Goldenville, and Lower 
Seal Harbor (As for latter two 
include Ca-Fe arsenates and Fe 
oxyhydroxides with up to 30 wt.% 
As2O3, minor sulfides usually with 
rims). (3)

~ <100 - 
17500

SHIME (small 
intestine) ~ 3% - 20%

Laird et al. 
2007

bulk historic gold mine tailings from 
Montague (As mostly Fe arsenate 
hardpan), Goldenville, and Lower 
Seal Harbor (As for latter two 
include Ca-Fe arsenates and Fe 
oxyhydroxides with up to 30 wt.% 
As2O3, minor sulfides usually with 
rims). (3)

~ <100 - 
17500

SHIME (sterile 
colon) ~ 4% - 25% Laird et al. 

2007

bulk historic gold mine tailings from 
Montague (As mostly Fe arsenate 
hardpan), Goldenville, and Lower 
Seal Harbor (As for latter two 
include Ca-Fe arsenates and Fe 
oxyhydroxides with up to 30 wt.% 
As2O3, minor sulfides usually with 
rims). (3)

~ <100 - 
17500

SHIME (active 
colon) ~ 8% - 70%

Laird et al. 
2007

soilssoilssoilssoilssoils

two residential soils near historic Cu 
smelter (12-PBET gastric, 8-PBET 
intestinal) 

410 - 
3900

PBET (gastric) 33% - 55% Ruby et al. 
1996two residential soils near historic Cu 

smelter (12-PBET gastric, 8-PBET 
intestinal) 

410 - 
3900

PBET (intestinal) 30% - 50%

Ruby et al. 
1996two residential soils near historic Cu 

smelter (12-PBET gastric, 8-PBET 
intestinal) 

410 - 
3900

Monkey, urine 20% Freeman et 
al. 1995

mine soil at As mine (87 samples) 6900 PBET 0.5% - 42%, 
average 15.8%

Palumbo-
Roe and 
Klinick 2007
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TABLE 2.3 As 
(ppm) method % 

bioaccessibility source

residential soils near Cu-As smelter 
(2)

202 - 
5214 PBET (intestinal) 39% - 66% Carrizales et 

al. 2006

mine soil (5), roaster calcine 
contaminated 

6250 - 
17500

IVG (gastric) 0.45% - 3.69% Basta et al. 
2007

mine soil (5), roaster calcine 
contaminated 

6250 - 
17500 IVG (intestinal) 0.53% - 3.28%

Basta et al. 
2007

mine soil (3), As in Fe oxides and 
coatings

7099 - 
11280 SBET* 24% - 36% Juhasz et al.. 

2007a

soil, alluvium, and floatation waste 
contaminated by As from Sn mining 
with 1% arsenopyrite. As hosted in 
arsenopyrite, some with scorodite or 
As2O3 rinds (3)

1406 - 
20,000

PBET (gastric) 10% - 12.5%
Williams et 
al. 1998

soil, alluvium, and floatation waste 
contaminated by As from Sn mining 
with 1% arsenopyrite. As hosted in 
arsenopyrite, some with scorodite or 
As2O3 rinds (3)

1406 - 
20,000

PBET (intestinal) 16% - 35.6%

Williams et 
al. 1998

soil rich in humic matter from Giant 
Mine, 70% carbon. As is sorbed As
(V) (1)

260 PBET 29% Meunier et 
al. 2011a

Soils containing As(III)Soils containing As(III)Soils containing As(III)Soils containing As(III)Soils containing As(III)

residential soils near 3 smelters, 
bioavailability using five soils in 
young swine over 12 days. Majority 
of As as As2O3, some PbAsO (5)

312 - 
983 Swine (urine)

average 31%,
upper 

confidence limit 
42%

USEPA 
2001

soil rich in humic matter from Giant 
Mine, 34% carbon. As as As(III) and 
As(V) (1)

6400
PBET

65% Meunier et 
al. 2011a

soils (well-characterized) dosed with 
As(III) and aged for 6 mos. Some 
oxidation to As(V) (36)

19 - 96.5 PBET 3.1% - 92.3%
average 27.8%

Yang et al. 
2005

*indicates glycine stomach-only methods*indicates glycine stomach-only methods*indicates glycine stomach-only methods*indicates glycine stomach-only methods*indicates glycine stomach-only methods

 2.2.4.2 Lung bioaccessibility and bioavailability 

 Very few studies on As bioaccessibility in lung fluids have been performed in comparison 

to bioaccessibility in gastric and intestinal fluids. Plumlee and Ziegler (2007) found that 

simulated lung fluid leached As more effectively from the <50µm fraction of Owens dry lake dust 

(containing 10s of ppm As) than simulated gastric fluid. Mullins and Norman (1994) tested 

gastric, intestinal, and lung fluid leaches and determined that As bioaccessibility from windblown 
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mine waste piles near Butte, Montana, were most bioaccessible in the gastric leach (up to 42%) 

(quoted by Corriveau et al. 2011).
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Chapter 3:
FIELD AND ANALYTICAL METHODS

3.1 Field sampling sites

 Selection of sampling locations at Giant Mine began with targeting areas that were most 

likely solely affected by atmospheric roaster stack emissions, and not other mine waste or historic 

gold mining operations. This was to reduce confusion regarding sources of As. The layout of the 

mine property and the extensive records of historical mine waste placement (included in Golder 

2005) were carefully considered to  give wide berth to any disturbed soil horizons and other mine 

waste areas (such as tailings ponds) that could potentially spread wind-blown As to neighboring 

areas. For ease and productivity of analysis, sampling concentrated on areas thought to be 

potentially As-rich relative to other areas; this involved consideration of dominant wind directions 

(primarily from the east and south, also from the northwest (INAC 2007)), distance from the 

roaster, and topography. To reduce redundancy, previously sampled locations were avoided. Other 

than the sampling of Wrye (2008), extensive records of historical soil sampling found in Golder 

(2005) were reviewed. The review of these records also provided insight into areas with known 

high As content. 

 Many soil pocket  locations within outcrops (see Figure 3.1, 3.2) became natural choices 

for fulfilling the above criteria due to their combined traits of relative remoteness from mining 

activity, topographic restriction of runoff, and lack of previous sampling. After reviewing the 

results of Wrye (2008)’s sampling of a handful of outcrop locations, it became clear that outcrop 

soils could potentially be very As rich relative to non-outcrop soils due to topography 

concentrating roaster-derived iron oxides and As2O3 via the wash-down effect. Upon review of 

historical sampling it becomes apparent that outcrop soils have been relatively neglected in 

previous sampling programs; this is especially relevant in case of any future use of the property 

by civilians, since the outcrop areas of the property are very attractive for recreational purposes, 

especially the large outcrops near the lakeshore. Furthermore, outcrop soils are usually not 
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Figure 3.1:Map of summer 2010 sample locations. Modified from INAC 
(2007).



involved in day-to-day mine site activity that could introduce non-roaster emission 

contamination, since they are difficult to access except for on foot. 

 3.1.1 Soil sampling sites 

 As seen in Figure 3.1, the 50 soil sample locations that were finally chosen were an 

attempt to be close enough to the roaster to be rich in As contamination but far enough from mine 

site activity to avoid non-roaster As inputs. Additionally, sites in other areas of the property (such 

as the samples taken in the extreme northern end of the property) were chosen in order to 

determine the level of contamination in those previously unsampled areas. 
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Figure 3.2: Three outcrop sample locations 
with variable geology, soil amount, and 
lichen and vegetation cover (A) small, 
shallow outcrop location (29) 2200m NNE of 
roaster, on mildly metamorphosed 
intermediate to mafic igneous rocks; (B) 
outcrop sample location (33-2) 1000m SE of 
roaster (seen in red circle) on variolitic pillow 
lavas. (C)outcrop sample location (8) NW of 
roaster on pink granodiorite with variable soil 
depths across outcrop depression

A B

C

Roaster



  While general areas to be targeted were decided beforehand, for the sake of practicality 

specific site locations were selected upon arrival at each prospective area. For outcrop samples, 

locations with soil occurring in outcrop depressions without much obvious drainage were 

favored. These outcrop hollows ranged in size quite widely depending on location, but were 

generally similarly shallow, ranging in size from <1 m to ~15 m across and with soil usually less 

than 20 cm deep. Other factors, such as soil type and bedrock geology, were kept in mind while in 

the field to ensure that samples representative of all soil types present were taken, and that 

samples on different host rock types were taken. See Figure 3.2 for examples of soil sampling 

sites chosen.

 3.1.2 Bulk soil bioaccessability sampling sites

  The number of samples that could be analyzed for bioaccessibility was limited. The 

selection of the bulk soil sample locations was left until most all soil and vadose water samples 

had been collected, in order to choose the most ideal site; only three samples were analyzed. To 

optimize the information derived this small number of samples, all three samples were taken from 

one outcrop sample location that was also sampled for vadose zone water, within meters of each 

other. This outcrop location was quite variable and all three samples were of quite different soil 

types and occurred in parts of the outcrop with different topography, drainage, and soil depth (see 

Figure 3.3).

 3.1.3 Soil water sampling sites

 All soil water water sample locations were selected in the same manner as soil sampling 

locations, discussed previously. Most samples occurred in the vadose, or unsaturated, zone. All 

water sampling locations are also soil sampling locations. Equipment costs for soil water 

sampling are much higher relative to those for all other soil sampling undertaken for this project, 

and there was no guarantee of successful sample collection once the equipment was installed. As 

such, only 10 sites of the 50 selected for soil sampling were also chosen for soil water sampling. 

Sites were chosen based on field conditions at specific sites that would make sampling practical 
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given the equipment involved (such as depth and quantity of soil). They were generally at soil 

sampling sites that strongly fit the site selection criteria listed in the previous section, especially 

regarding ideal location relative to non-roaster sources of mining contamination and to the roaster 

itself. Sites thought to have a better chance of being high in As were generally favored but a 

variety of sites were chosen. Additionally, an effort was made to spread the water sampling sites 

somewhat evenly across the area sampled to be more representative of the property as a whole, 

and to include sites with a variety of soil and outcrop rock types.   

3.2 Field methods

 3.2.1 Soil sample collection

 Soil samples were either small grab samples (mostly outcrop samples) or soil cores for 

deeper areas. The majority of soil samples collected were outcrop grab samples. Outcrop soils 
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Figure 3.3: Sample locations at site 8. The three bulk samples taken for bioaccessibility testing are 
marked with blue circles. The yellow circle is the outcrop soil sample location for site 8, and the lysimeter 
at site 8 is labeled. 



were selected from the middle of depressions in outcrops with soil present. Grab samples not on 

outcrops were taken via the same method; there are only three of these, and they were taken as 

grab samples and not soil cores because of restrictions in the field and the fact that they were not 

high priority samples. Soil cores were used for locations either not on outcrop (except for the 

aforementioned three grab samples) or on very deep outcrop soil, in order to preserve soil 

horizons (subsequently subsampled, see section 3.3.1).  

 Outcrop grab samples were collected by hand with a trowel and small- to medium-sized 

plastic zipper-seal freezer bags. By their immature nature outcrop soils tended to be quite 

heterogenous, with soils rich in plant matter and moss, as well as numerous rock fragments of all 

sizes. Given the nature of the soils, including heterogeneity and variation in depth, it was not 

possible to preserve any sense of stratigraphy or soil horizon. Large pieces of organic or rock 

debris were in general removed or avoided, while smaller pieces of debris were impractical to 

remove. The actual section of an outcrop site that was sampled was determined in the field; for 

larger (>2 m) sites samples were generally from near the center of the outcrop hollow, while for 

smaller sites the area with the most soil available was sampled. The degree to which outcrop soil 

samples are representative of an entire outcrop soil location varies significantly. For a few sites, 

the lowest soil horizons were not sampled at all because the bottom of the outcrop bowl was 

never encountered. For sites with larger surface areas outcrop soil samples taken are likely not 

good representations of soil composition for the whole site. Given the type of sampling being 

attempted and the equipment constraints this was unfortunately unavoidable. The trowel was 

cleaned with deionized water and paper towels between samples. See Figure 3.2 for an example 

of an outcrop sample.

 Six soil cores were collected by attaching a drivehead to 1/16” (0.16 cm) walled, 2” (5.1 

cm) diameter, 18” (46 cm) length aluminum tubes with screws and washers.  A sledge hammer 

was then used to drive the tube vertically into the ground. After tube insertion the ground around 

the tube was removed with a shovel and the entire tube was extracted, with care to keep it 
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vertically oriented. Parafilm and duct tape were used to cover the bottom end of the soil core. A 

pipe cutter was then used to remove any excess tubing above the sample and parafilm and duct 

tape were used to secure the top of the core. This procedure is outlined in great detail with 

photographic examples in the M.Sc. thesis of Wrye (2008). Only six cores were taken because it 

became clear once in the field that the focus of sampling would be on the previously relatively 

unsampled and potentially more As-rich outcrop soils.

 At three soil sample sites (8, 17, and 31), 30cm long platinum (Pt)-tipped micro-

electrodes borrowed from Dr. Suzanne Beauchemin at CanMet were used to measure soil 

oxidation reduction potential (ORP) in situ. Two of the three sites chosen were also sites where 

vadose zone waters were collected, in order to compare ORP results from Pt electrodes and ORP 

results from coexisting waters. To measure soil ORP at each site, a Pt electrode was inserted 

within a few inches of a reference electrode, and both were attached to a voltometer using 

alligator clips. Voltmeter readings were allowed to stabilize for up to a few minutes until they 

were recorded. These readings were later calibrated to the specific reference electrode used to 

collect the reading. Results with calibrations can be found in Appendix VII.

 All soil samples were frozen at the end of each field day at Taiga Environmental 

Laboratories (Yellowknife, NT) and were shipped frozen to Queen’s at the end of field work in 

order to try to preserve field conditions.

 3.2.2 Bioaccessibility bulk soil sample collection

 Three bulk samples were taken at different areas of site 8 (see Figure 3.3) for 

bioaccessibility testing. The exact locations of the three samples were chosen while in the field. 

The three locations were chosen because they had slightly different soil types and occurred in 

locations with varying soil depths and drainage patterns.  Bulk soil samples were collected with a 

trowel or shovel into large, heavy duty plastic sample bags measuring approximately 30 cm x 45 

cm. The bags were then securely duct taped shut before transport to the laboratory to be frozen. 
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Much of the surface vegetation was removed before sample collection, and just as with other 

outcrop samples the soils tended to be heterogenous.

 3.2.3 Vadose zone water sample collection

 Soil pore water samples were collected via suction lysimeters from nine outcrop locations 

after Rollo and Jamieson (2003) (a tenth location was attempted but proved a failure). Locations 

were determined during the first week of soil sampling. Chosen sites were dispersed as evenly as 

possible over the soil sampling area and generally were in outcrop locations with soil ≥10 cm 

deep and no clear drainage paths. 

 Suction lysimeters consist of a porous ceramic cup attached to a sealed PVC tube with a 

pressure valve and a vacuum valve on top. When the ceramic cup end of the lysimeter is buried in 

soil and with a good seal between the cup and the soil, the air on the interior of the lysimeter 

pumped out through the vacuum valve to create a negative pressure or suction of 60 cb  to 80 cb 

on the inside of the lysimeter. Water flows from high to low pressure. The negative pressure 

inside the lysimeter is greater than the suction forces holding water to soil particles in the vadose 

zone (and much greater than any forces between water in saturated pore spaces in the case of a 

rainfall event), thus creating a hydraulic gradient drawing water slowly through the ceramic cup 

to collect inside the lysimeter (see Figure 3.4A-B).

  Eight 6-inch (15.2 cm) and two 12-inch (30.5 cm) Soilmoisture Equipment Corp. model 

1920F1 suction lysimeters with 2 bar cups were obtained, along with Pressure/Vacuum hand 

pump with gauge model 2006G2 from the same company. At each sample site an augur was used 

to create an appropriately deep hole for lysimeter installation. Installing lysimeters in outcrop 

soils is extremely tricky given the shallow and heterogenous nature of the soils. Ideally after 

creating the hole and inserting the lysimeter with the ceramic cup downwards the hole could be 

backfilled and packed down well with soil from the original hole. However, heterogenous mixes 

of material and small amounts of material to work with do not create good tight seals around the 

ceramic cup. There needs to be a tight seal between the cup and the surrounding soil so that the 
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lysimeter can hold a vacuum and continually draw water into it for up to a week at a time. In 

cases where the original soil creates an ineffectual seal, a slurry was made of silica flour and 

deionized water and packed around the ceramic cup to create an appropriate seal. Since outcrop 

soils tended to be very shallow the lysimeters were sometimes stabilized further with a build-up 

of rocks (see Figure 3.4B for an example of a properly installed lysimeter demonstrating this). 

Using 1/4” (0.64 cm) outside diameter polyethylene tubing attached to the two valves, 
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Figure 3.4: lysimeter installation. (A) diagram of 
lysimeter setup and theory behind water movement 
into lysimeter (modified from SoilMoisture, 2007); 
(B) properly installed 6-inch lysimeter at site 6 with 
pressure/vacuum pump. Rocks were placed around 
the lysimeter to stabilize it in shallow soil; (C)
diagram of theory behind sample collection from 
lysimeter (modified from SoilMoisture, 2007); (D) 
photo of recovered sample and uninstalled lysimeter 
at site 6 after sample collection
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(D): lysimeter and sample recovered at site 6
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(B): lysimeter installed at site 6
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(A): lysimeter installation schematic



3/16” (0.19 cm) inside diameter flexible neoprene tubing, and clamping rings, the lysimeters were 

pumped to an appropriate negative pressure according to manufacturer instructions with the hand 

pump. 

 All lysimeters were installed during the first week of field work as quickly as possible. 

This allowed as much time as possible for the lysimeters to collect water. After leaving the 

lysimeters alone for approximately 5 to 8 days, any water inside the lysimeters was collected 

using the pressure/vacuum pump via the manufacturer instructions (see Figure 3.4C-D). The 

relatively small size of the suction lysimeters used means that at larger, deeper outcrop sites the 

sampled volume of soil water likely does not represent all soil water at that outcrop site. A 

calibrated YSI multimeter probe was then used to collect readings for pH, conductivity, and ORP. 

If there was sufficient water, 50 mL of the sample was placed in a separate bottle and 20% nitric 

acid was added to it with a micropipette at a ratio of 1 mL acid to 60 mL sample. This was to 

prepare the sample for As-Sb metals analysis at Taiga Environmental Laboratories in 

Yellowknife, an analytical laboratory associated with INAC. The remainder was bottled without 

preservation in preparation for ion chromotography analysis for anion concentrations. If there was 

less than 50 mL of sample all of the sample was acidified. All water samples were placed in 

coolers as soon as possible and transported to Taiga at the end of the day to be refrigerated and 

analyzed. 

 If a lysimeter yielded a large amount of sample or if there was not sufficient field time 

remaining in the sampling period, the lysimeter was removed from the soil. In two cases 

lysimeters were reinstalled in the same location; in one case (site 8, see Figure 3.3), the large 

volume of sample from the first lysimeter installation was mistakenly filtered with a 0.45µm 

syringe filter and the entire sample was acidified due to a misunderstanding regarding lab 

instructions.  This also happened at site 6, but the characteristics of site 8 made it seem like the 

best location of the two to reinstall and hopefully obtain more sample in the small amount of time 
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left. The other lysimeter that was reinstalled had had its polyethylene tubing chewed by wild 

animals and thus had lost its ability to hold a vacuum. 

3.3 Analytical methods: soils

 3.3.1 Elemental analysis 

  Frozen core and grab soil samples were freeze-dried in the PEARL laboratory at Queen’s 

University (http://post.queensu.ca/~pearl/). All soil cores were halved longitudinally with a saw 

while still frozen and only one half was dried. For soil cores preserving separate soil horizons, 

halved dried cores were photographed, described, and measured before subsampling each horizon 

(made distinct by features such as color, grain size, sorting, and presence of organic matter).  All 

grab samples were divided while still frozen and in most cases less than half of the sample was 

freeze-dried. Each sample has only had a portion freeze-dried once; thus all analyses performed 

on a given freeze-dried soil were performed using material from the same freeze-dry run.

 For elemental analysis, either 15 g or 0.5 g of sample, along with both 15 g and 0.5 g of a 

standard reference material (SRM 2711, not identified to ACME) were mailed to ACME labs for 

ultratrace aqua regia and ICP-MS analysis (procedures 1F15 and 1F). Samples were not crushed 

or in any way homogenized during any part of this process. While 0.5g  of sample is considered 

sufficient for accuracy by ACME, 15 g was sent if the total sample amount allowed it to attempt 

to compensate for any sample inhomogeneity. Four sample duplicates, STD OREAS45PA and 

STD D7 in addition to SRM 2711, and three blanks were analyzed along with the samples. All 

blanks registered below detection limits. Relative percent difference (RPD) was calculated for the 

all standards and duplicates. In  most cases RPD measurements were <20% (see appendices for 

measurements). The sample duplicate for the 0.5 g samples had RPD values for Au and Sb of 

40% and 26%, respectively. For the standards tested across different sample sizes, the results vary 

between the two standards significantly depending on individual  metal and standard (see 

Appendix II). This may be an indication of the relative inhomogeneity of standards used. The 

sample duplicate RPD for the 0.5 g samples is moderately concerning but not very surprising 
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given the heterogeneity of samples. Only five outcrop samples were tested with 0.5 g of material, 

and seven core samples (indicated in results table in Appendices). RPD values can be found with 

bulk chemistry results in Appendix II with complete QA/QC results.

 3.3.2 Bulk sample sieving and elemental analysis of samples used for bioaccessibility 

testing

 Bulk samples were air-dried under a fume hood in a lab at Queen’s University. Samples 

high in clay content were manually broken apart before sieving with a Retsch Sieve Shaker model 

AS 200 for 15-25 minutes to obtain the <250µm and <20µm size fractions needed for 

bioaccessibility testing in cooperation with the United States Geological Survey (USGS). This 

resulted in six samples being sent to the USGS for testing, two size fractions from each of the 

three bulk samples.

 Elemental analysis was performed by the USGS using the method of Briggs and Meier 

(2002). A multi-acid decomposition (hydrochloric, nitric, perchloric, and hydrofluoric acids) was 

used to digest powdered sample material. Concentrations were then determined using ICP-MS. 

The six samples sent to the USGS were run as part of a larger run of 18 samples total. Five 

standards and three blanks were used with this run. For As, one of the five standards included a 

percent recovery 20% greater than the original value, however, the As in this standard was under 

3 ppm, approximately two orders of magnitude lower than any samples tested. Overall QA/QC 

results did not indicate any major concerns. Complete QA/QC data can be found in  Appendix III.

 3.3.3 Carbon and nitrogen analysis 

 For total carbon analysis (referred to as organic carbon (OC) because no significant 

carbonate minerals are considered to be present in samples) and nitrogen analysis, samples were 

ground to a fine powder using a mortar and pestle. Analyses were run by Linda Cameron in Dr. 

Paul Grogan’s lab at Queen’s university in two runs. Approximately 0.3 g to 1 g of each sample, 

depending on organic content, was analyzed via combustion to form CO2, followed by infrared 

detection of the CO2 in a LECO® CNS-2000 Organic Carbon and Nitrogen analyzer. An organic 
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soil standard, high in carbon and nitrogen, was run after every five samples. A mineral soil 

standard, low in both carbon and nitrogen was run after every ten samples. Blanks were run at the 

beginning and the end of each run. Standards showed good repeatability (relative percent 

difference <4% for carbon, <10% for nitrogen), and blanks no anomalous readings. Complete 

QA/QC results are included in Appendix IV.

 3.3.4 Petrographic thin section preparation and examination 

 Due to time constraints, seven samples were chosen to be made into thin sections before 

bulk chemistry results were available, based on As and Sb concentration results from vadose 

water samples (four thin sections correspond to lysimeter-derived water samples), bedrock 

geology, soil type, topography and location relative to the roaster, and known As levels in nearby 

soil. Two more high As concentration (3000 ppm to 5000 ppm) outcrop samples of differing soil 

composition, location relative to the roaster, and outcrop geology were made into thin sections 

once bulk chemistry results were available, based on the assumption that higher concentrations of 

total would make it easier to identify multiple As-bearing phases. Six thin sections were made to 

correspond with samples tested for bioaccessibility (see Appendix I for list of samples made into 

thin sections). All thin section construction specifications and lifting procedure are after Walker et 

al. (2005). Doubly polished, liftable thin sections 35µm to 50 µm thick were made by Vancouver 

Petrographics. Grain mounts of unsieved soil samples were made with room-temperature set 

epoxy. One end was polished and then  mounted on glass slides with Krazy Glue® for ease of 

removal during the thin section lifting process described in the following paragraph. Samples 

were then thinly sliced and ground down to ~50 µm thickness to try and limit grain loss. No 

additional water or heat beyond that required to grind the thin sections was used. 

 Thin sections were examined optically with both transmitted and reflected light under a 

petrographic microscope. This was to characterize each sample and choose possible As-hosting 

targets for Environmental Scanning Electron Microscope (ESEM) and synchrotron work. Once 

thin sections intended for synchrotron analysis had been examined under the ESEM they were 
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lifted from their glass slides and mounted on Kapton® tape, since the As present in normal glass 

slides can be detected by the synchrotron beam and interferes with sample analysis. Additionally, 

for µXRD analysis the beam must be able to pass directly through the sample. Thin sections were 

soaked in acetone to dissolve the Krazy Glue® holding them on the glass slides. A tight seal over 

the dish containing acetone was imperative in order to reduce or eliminate the occurrence of any 

white residue that can sometimes form on slides if acetone is allowed to evaporate while the thin 

section is soaking.  The thin sections were then carefully mounted on the sticky side of a single 

piece of Kapton® tape placed across a 35 mm cardboard slide holder. 

 3.3.5 Environmental Scanning Electron Microscopy (ESEM) 

 Thin sections were examined under low vacuum with the back-scatter electron (BSE) 

detector on the MLA 650 FEG ESEM at Queen’s University and on a Cambridge S200 with EDS 

system SEM under ESEM mode at the Geological Survey of Canada, Ottawa during a time when 

the Queen’s ESEM was unavailable. Thin sections were not carbon-coated. With the exception of 

sulfide minerals, some ROs, and any other reflective targets, hosts of As (such as As2O3) are 

extremely difficult to find under petrographic microscope alone. In addition to their minute size, 

the majority of samples include large amounts of organic matter than can obscure other phases 

present on the surface of a slide. ESEM analysis is extremely powerful for finding As hosts in 

Giant Mine soil samples; the BSE detector makes As-bearing phases very obvious, since in these 

samples it is usually the element with the highest atomic number present, and the high degrees of 

magnification available make identifying <10 µm diameter As hosts and contextual relationships 

possible. For an example of BSE detected As hosts and their relative visibility in plain light, see 

Figure 3.5. One issue with using the BSE detector alone to find As hosts is that it does not detect 

any As within the epoxy of the slide. Synchrotron µXRF mapping does not have the same issue 

so it is possible, as discussed later in section 3.3.6.1, to find As hosts that the BSE detector did 

not find. 
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 3.3.6 Synchrotron-based methods 

 Beamline X26A at the National Synchrotron Light Source (NSLS), part of Brookhaven 

National Laboratory (BNL) in Upton, NY was used for all synchrotron-based analyses. X26A is a 

hard X-ray microprobe optimized for geochemistry and the environmental sciences among other 

disciplines (Lanzirotti et al. 2010). For all the synchrotron work done for this thesis a focused, 

monochromatic beam with a spot size of 5 µm V x 9 µm H was used. The beam at X26A is 

focused from 400 µm x 400 µm using two 100 mm long dynamically bent silicon mirrors in 

Kirkpatrick-Benz geometry. The beam is monochromatized using two silicon, channel-cut crystal 

monochrometers. Detectors are at a 90˚ angle to the incident beam. Samples were placed in a 

sample holder at a 45˚ angle to the incident beam, meaning that the beam is an ellipse in shape 

when it reaches the sample (Walker et al., 2005). 

 Micro X-ray Radiation Fluorescence (µXRF) mapping, micro X-ray Absorbance Near-

Edge Structure (µXANES), and micro X-ray Diffraction (µXRD) analyses were performed to 

characterize the As hosts in Giant Mine soils. Micro-XRF mapping was used to document 

element concentration correlations of targets, as well as a tool to select targets for µXRD and 
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identifiable As2O3 grains occuring with As-bearing ROs. At right, the same grains seen in plain and 
reflected light with a petrographic microscope



µXANES. µXRD works similarly to conventional powder XRD, but on a micron scale, making it 

possible to identify microcrystalline minerals present in individual <20µm grains. Micro-XANES 

analyses are used to determine the As oxidation state on a micron scale by small energy observing 

shifts along the As Kα absorption edge. It is important to understand the oxidation state of As in 

Giant Mine soils since natural arsenopyrite occurs as As(-I), while anthropogenically derived 

As2O3 and ROs occur as As(III) and As(V). Oxidation state also plays an important role in 

bioaccessibility (see Chapter 2).

 3.3.6.1 µXRF mapping

 Targets selected by the ESEM and traditional microscope were mapped for element 

concentrations before any other synchrotron analysis. This is due to the uncertainty involved in 

finding targets using the optics at the synchrotron alone. Fly-scan µXRF mapping is relatively fast  

and can also be used to analyze a larger area of a thin section for potential new targets. Typical 

fly-scan maps range in size as well as corresponding completion time. Large area maps (i.e., 

approximately 3 mm x 3 mm) with typical dwell times can take multiple hours to complete, if 

step size is small (i.e., 5 µm -10 µm). One 2.5 mm by 3.5 mm map took approximately four hours 

with a small step size. Smaller maps (approximately 30 µm - 50 µm per side), usually of 

individual target grains, can be as quick as 10 to 20 minutes. The time fly-scan maps take up is 

very variable and can easily be adapted based on a variety of factors at the synchrotron (i.e., step 

size, dwell time). It is important to remember that for extremely high concentrations of an 

element, the resultant fly-scan map can display obvious holes for certain elements where the 

detector was over-saturated. This is normal for As when mapping As2O3 grains; only a vague high 

As halo is displayed around these grains in µXRF maps. The actual grain itself is totally bereft of 

any color in a µXRF map. Additionally, µXRF mapping allows relative element concentrations 

across a grain of interest to be visualized (see Figure 3.6).
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 3.3.6.2 Micro-XRD analysis

 Arsenic host mineralogy was identified with the aid of information about microcrystalline 

hosts from 2-dimensional (2-D) µXRD images from a Bruker SMART 1500 CCD area detector 

with 1024 x 1024 pixel resolution. Data was collected for 60s at 17479 eV and wavelength 

0.7039 Å. 2-D images were analyzed in the computer program Fit2D™ (Hammersley 1998), 

which was calibrated using a mixture of two standard reference materials, α-Al2O3 (standard 

reference material 647a) and silver behenate (AgC22H43O2). Smooth Debye-Scherrer rings 
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Figure 3.6: µXRF analyses 
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targets in thin section MBB2b. 
B: µXRF map of the same 
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Plot generated from map data 
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per pixel, demonstrating two 
clear trends (the third high-As 
trend is likely noise from the 
edges of the map). The higher 
Fe:As ratio corresponds to the 
RO; the lower Fe:As ratio 
corresponds to the other 
unknown Fe+As mineral. 

A B

C

Purple: As Kα
Green: Fe Kα



correspond to nanometer sized particles with random orientation, while bright spots and spotty 

rings in 2-D images represent submicron to micron crystallites with insufficiently random 

orientation (thus only producing discrete diffraction patterns instead of smooth rings) (Maneau et 

al. 2002, Walker et al. 2005). 2-D images were integrated into 1-D diffraction pattern images in 

Fit2D (Hammersley et al. 1996). 1-D patterns were analyzed in the peak matching software X-

Pert High Score Plus against the International Center for Data Diffraction (ICDD 2010) reference 

pattern database.

 3.3.6.3 Micro-XANES analysis

 Micro-XANES analyses were performed by scanning across the As Kα absorption edge 

range (11800 eV to 11970 eV). The range was broken into three sections with different 

corresponding step sizes (eV) and dwell times (1s to 4s). Step sizes were 5 eV in the pre-edge 

range, 0.4 eV over the edge, and 2 eV in the post-edge range. Three standards were chosen to 

cover As oxidation states from As(-I) to As(V): arsenopyrite (-I), As2O3 (III), and scorodite (V). 

Pre-prepared standards were made by grinding standard material to a powder, suspending it in 

ethanol, and mixing the suspended fraction with boron nitride. This was then spread thinly on a 

piece of Kapton® tape for analysis at the synchrotron beamline (Walker et al. 2005). The 

scorodite standard was run periodically throughout beamtime after any thin section was analyzed 

with µXANES to keep track of energy shifts over time.

 Micro XANES spectra were analyzed in the program ATHENA™ (Ravel 2008). Standard 

and unknown spectra were normalized and pre-edge and post-edge corrected to remove 

background. After this, unknown absorption edges were determined and any calibrations 

necessitated by changing scorodite drift standards were performed. ATHENA™ also is used for 

linear combination fitting to fit unknown spectra to the three standards used (see Figure 3.7) and 

to assign a percentage value to each As oxidation state present.  

3.4 Analytical methods: bioaccessibility
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 Sieved bulk soil samples from three locations at site 8 (Figure 3.3) were analyzed for 

gastro-intestinal and lung bioaccessibility by the United States Geological Service (USGS) in 

Denver, CO. The <250 µm fraction was analyzed for gastro-intestional bioaccessibility because it 

is thought to be the size fraction most likely to adhere to childrens’ hands and potentially be 

ingested (Van Wijnen et al., 1990). The <20 µm size fraction was analyzed for lung 

bioaccessibility as a proxy for the respirable fraction that can be routinely sieved for. For both 

analyses, a blank and a duplicate were also analyzed and all data was corrected with blank data 

before analysis. Extracted fluids were analyzed for trace elements with ICP-MS (Morman et al. 

2009).

 For gastro-intestional bioaccessibility, a simple simulated gastric fluid was prepared after 

Drexler and Brattin (2007). This fluid is currently the standard gastric fluid used for lead (Pb) 

bioaccessibility approved by the US Environmental Protection Agency. No such approved fluid 
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Figure 3.7: µXANES standard spectra, taken at X26A in April 2011, used to analyze unknown spectra.
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yet exists for As bioaccessibility, but in addition to being fast and inexpensive, the Drexler and 

Brattin fluid has been correlated to a bioavailability study in juvenile pigs (2007). The fluid is 

produced by combining 2 L of 0.4 M glycine solution to 60mL concentrated HCl (12.1 N). This 

solution is brought to a volume of 2 L and warmed in a water bath until it reaches 37˚C. Solution 

pH is adjusted to 1.50+/- 0.05 with addition of HCl. Sample material was placed in a new acid-

washed bottle with a solid to liquid ratio of 1 g in 100 mL solution, and the simulated gastric fluid 

was added. The bottles were then placed in an incubator shaker  (MaxQ) for constant 37˚C 

temperature and agitation. 10 mL of solution was removed and filtered into a new acid-washed 

bottle after one hour with a 0.45 µm nitrocellulose syringe filter. HNO3 was used to stabilize the 

filtered solutions until analysis.

 A simulated lung fluid was adapted from Mattson et al. (1994) and Kanapilly et al. 

(1973). Intermediate solutions are made by dissolving analytical grade chemicals (ammonium 

chloride, sodium dihydrogen, phosphate, sodium citrate, and sulfuric acid) in ultra-pure 18-ohm 

water in a filled 100 mL volumetric flask. Solution volumes were adjusted from Mattson et al. 

(1994) because a batch rather than flow-through design was used. Ammonium chloride solution is 

filtered (0.45 µm) into a dark bottle and set aside until needed. No formaldehyde or methanol 

were used in order to eliminate possible metal contaminants. Salts and solutions are added to a 

1L flask in the order: ammonium chloride solution, sodium chloride, sodium bicarbonate, sodium 

carbonate, sodium dihydrogenphosphate solution, sodium citrate solution, glycine, sulfiric acid 

solution, and calcium chloride solution. Each component must be dissolved before the addition of 

the next. Eighteen-ohm water is poured into the flask until it reaches the 1 L mark, and the fluid is 

then warmed to 37˚C with a preheated water bath. The pH is titrated to 7.4 with HCl. Sieved <20 

µm sample material is placed in new acid washed bottles and lung fluid is added (sample to lung 

fluid ratio is 1:100); the bottles stay in a preheated incubator at 37˚C under constant rotation for 

24 hours. After this time, samples were centrifuged at 2000 rpm for two minutes. The leachate 
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was then filtered (0.45 µm) into a new acid washed bottle and preserved with HNO3 until 

analysis completion.

3.5 Analytical methods: vadose waters

 All vadose water samples were analyzed in Yellowknife at Taiga Environmental 

Laboratories within a week of their collection. All samples, including one duplicate, were 

analyzed for total As and total Sb concentrations using ICP-MS. In two cases (samples 19 and 17) 

sample volume was lower than ideal for these analyses and dilution had to be used in order to test 

them. For samples with high enough volumes to have water left over after As and Sb analysis, 

major cations (Ca, Mg, K, Na) and anions (Cl, SO4, F, NO2, NO3) were analyzed using an ion 

chromotography scan. One duplicate was also run for cation and anion analysis. 
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Chapter 4:
THE CHARACTERIZATION, MOBILITY, AND PERSISTENCE OF 

ROASTER-DERIVED ARSENIC IN SOILS AT GIANT MINE, NT

4.1 Introduction

 4.1.1 Site background

 Altogether, approximately 20,000 tonnes of arsenic (As)-bearing roaster emissions were 

released over the lifetime of roasting (1949-1999) at Giant Mine (calculation by Wrye 2008; data 

from CPHA 1977, EnviroCan 2007, GNWT 1993, INAC 2007, and Tait 1961 quoted by Wrye 

2008). Roasting at Giant, a former gold (Au) mine located outside Yellowknife, NT, was used to 

liberate gold occurring as a refractory phase within As-bearing sulfide minerals (Walker et al. 

2005, 2011), creating As emissions predominately of As2O3 (INAC 2007, SRK 2002c), which is 

both highly soluble and one of the most toxic forms of As to humans (Ruby et al. 1999). Until 

1951 no emission controls were used on roaster emissions; beginning in 1951 the first generation 

of As2O3 capturing technology was put into place in the form of an electrostatic precipitator 

(ESP) (SRK 2002a). Concerns for worker health and the deaths of two native children from 

drinking water from contaminated snow in the 1950s helped spur As emissions control efficiency 

efforts (Hutchinson et al. 1982). Despite subsequent technological advances in dust capturing 

technology and roaster efficiency resulting in the vast majority of emissions being released by 

1958 (approximately 85%), As2O3-rich dusts were still emitted over the area surrounding Giant 

Mine throughout the entire lifetime of roasting until late 1999 (Wrye 2008, Walker et al. 

2005). 

  The refractory gold at Giant is principally hosted within arsenopyrite (AsFeS) and to a 

lesser degree in arsenian pyrite (FeS2) . Roasting of sulfide-rich floatation concentrate at 

approximately 500˚C oxidized arsenopyrite-rich ore to nanocrystalline, porous roaster iron (Fe)-

oxides (ROs), principally in the form of maghemite and hematite. The porosity of these ROs 

exposed refractory Au to subsequent cyanide leaching (Walker et al. 2005, 2011, Fawcett and 
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Jamieson 2011, Wrye 2008, INAC 2007). Roasting of arsenopyrite also produces  SO2 emissions 

and As-rich vapors that precipitate as the aforementioned As2O3-rich dust from the oxidation of 

As(-I) to As(III): 

2FeAsS + 5O2 = Fe2O3 + As2O3 + 2SO2      (Equation 4.1)

 Roaster dust contained approximately 60% As. Of the As, 80% was in the form of As2O3, and the 

next most prevalent host of As in dusts were As-bearing ROs (SRK 2002a). ROs have been 

documented containing up to 7 wt.% As (Walker et al. 2005), and contain As as both As(III) and 

As(V).  

 The Giant Mine Remediation Plan, currently undergoing environmental assessment, 

focuses on the estimated 237,000 tonnes of As2O3 3-rich ESP and baghouse dust collected and 

stored underground since 1952. Captured dusts were stored underground in a series of mined-out 

stopes and purpose-built chambers. Permafrost was meant to immobilize As in the dust and 

prevent highly soluble As2O3 from dissolving and entering uncontaminated water sources, but 

even by the late 1970s there was strong observational evidence that permafrost was receding and 

groundwater flow increasing (SRK 2002a). Numerous other issues are also addressed in the 

remediation plan, among them the disposal of approximately 325,800 m3 (not inclusive of tailings 

in impoundments and local water sources ,or the calcine disposal area) of surface material 

contaminated with As above the local industrial soil guideline of 340 ppm (INAC 2007, Golder 

2005).In determining areas of contaminated surface material, sampling focused mainly on areas 

of the property near known contaminant sources, such as near the mill, tailings ponds, and known 

historic contamination, and on the former residential area of the Giant Mine townsite. Wrye 

(2008) confirmed that roaster-derived As2O3 and ROs are present and persisting in surface soils in 

areas of the property affected by anthropogenic As from roaster emissions alone, with As in 

quantities above 340 ppm, including areas not sampled prior to the drafting of the remediation 

plan (see Golder 2005 and Appendix X), The presence of As2O3 (highly soluble under standard 

state conditions) in soils decades after the majority of As roaster emissions occurred raises 
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important questions as to the true persistence of roaster As and the actual extent of present As 

contamination. The objectives of this research are the investigations of mobility and ultimate 

persistence of roaster-derived As in soils at Giant, by determining what era over the 50 years of 

roasting the dust is persisting from and what additional factors, including As hosts additional to 

As2O3 and ROs, effect As mobility and persistence in surface soils. 

 4.1.2 Known forms of roaster-generated As in soils at Giant

 Roaster-derived As2O3 and ROs have been positively identified in soils at Giant (Wrye 

2008). In addition, As(V) has been identified in a soil with no definitive mineral host and is 

believed to be adsorbed to organic matter (Meunier et al. 2011a). Bedrock near Giant Mine 

contains arsenopyrite, which can produce naturally elevated As concentrations in overlying soils. 

The average As content in soils for all of Canada is 6.6 ppm (Reimann et al. 2009), while As over 

unmineralized portions of the Yellowknife Greenstone Belt ranges up to 30 ppm, with locally 

anomalously high As an order of magnitude greater found in more mineralized areas (Kerr 2006). 

Thus the natural As present in soils before any anthropogenic contamination would include As 

hosted by arsenopyrite, as well as any As-bearing arsenopyrite weathering products (including As 

adsorbed to soil particles). 

 4.1.3 Roaster dust composition

 On average, As-rich dust produced by the roaster contains 60 wt.% As. Of the As, 

approximately 80% is As2O3 (INAC 2007). The next most prevalent As hosts in ESP dust are ROs 

and Fe arsenates (SRK 2002c).  Arsenic in ESP dust occurs overwhelmingly as As(III), with some As

(V) and negligible As(-I) (Fawcett and Jamieson 2011). ESP dust is the closest proxy available for 

estimating the composition of actual roaster emissions that effected Giant Mine soils. 

  Advances in efficiency of ore processing, roasting, As dust emission control, and ore quality 

(SRK 2002a, Canam 2006) resulted in distinctive chemical changes in roaster dust composition 

over time.  Of studies done on roaster dust collected from the ESP, As, Sb, and Au were the three 

components of the dust that were consistently analyzed, possibly due to concerns about 
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controlling As emissions, Au loss, and the effect of rising Sb content on the quality of ore (Canam 

2006). The most notable change in chemistry is seen when comparing average figures for dust 

produced pre- and post-1964, when the last and most efficient ESP configuration was installed  

(see Table 4.1). In general, the older dust (pre-1964) had less As and an order of magnitude more Au 

than the newer (post-1964) dust. Although never more than a minor constituent of ESP dust, the 

amount of Sb occurring as a distinct (As,Sb)2O3 phase as opposed to an impurity in As2O3 

increased over time; the oldest sample analyzed (from 1958-1962) contained only trace amounts, 

if any, (As,Sb)2O3 (SRK 2002c).

Table 4.1: Giant Mine roaster ESP and baghouse dust composition
Year(s) Location As % As (ppm) Au (ppm) Sb % Sb 

(ppm)
% of total emissions 

released to date
1949: Roasting begins (Allis-Chambers Edwards type roaster)1949: Roasting begins (Allis-Chambers Edwards type roaster)1949: Roasting begins (Allis-Chambers Edwards type roaster)1949: Roasting begins (Allis-Chambers Edwards type roaster)1949: Roasting begins (Allis-Chambers Edwards type roaster)1949: Roasting begins (Allis-Chambers Edwards type roaster)1949: Roasting begins (Allis-Chambers Edwards type roaster)

1951: Cotrell electrostatic precipitator (ESP) installed to decrease dust emissions1951: Cotrell electrostatic precipitator (ESP) installed to decrease dust emissions1951: Cotrell electrostatic precipitator (ESP) installed to decrease dust emissions1951: Cotrell electrostatic precipitator (ESP) installed to decrease dust emissions1951: Cotrell electrostatic precipitator (ESP) installed to decrease dust emissions1951: Cotrell electrostatic precipitator (ESP) installed to decrease dust emissions1951: Cotrell electrostatic precipitator (ESP) installed to decrease dust emissions 40%

1951-1952 Chamber B230 (average) 43 430000 24.7 l-1 -

1951-1952 Chamber B230 (bulk) 50.56 505600 26.1 - -

1952: New two-stage roaster (No. 1 Dorrco) installed to increase gold recovery; dramatically 
reduces ESP efficiency
1952: New two-stage roaster (No. 1 Dorrco) installed to increase gold recovery; dramatically 
reduces ESP efficiency
1952: New two-stage roaster (No. 1 Dorrco) installed to increase gold recovery; dramatically 
reduces ESP efficiency
1952: New two-stage roaster (No. 1 Dorrco) installed to increase gold recovery; dramatically 
reduces ESP efficiency
1952: New two-stage roaster (No. 1 Dorrco) installed to increase gold recovery; dramatically 
reduces ESP efficiency
1952: New two-stage roaster (No. 1 Dorrco) installed to increase gold recovery; dramatically 
reduces ESP efficiency
1952: New two-stage roaster (No. 1 Dorrco) installed to increase gold recovery; dramatically 
reduces ESP efficiency

1955: Second ESP added to increase dust recovery efficiency1955: Second ESP added to increase dust recovery efficiency1955: Second ESP added to increase dust recovery efficiency1955: Second ESP added to increase dust recovery efficiency1955: Second ESP added to increase dust recovery efficiency1955: Second ESP added to increase dust recovery efficiency1955: Second ESP added to increase dust recovery efficiency

1952-1956 Chamber B233 (average) 36.08 360800 46.98 - -

1952-1956 Chamber B233 (bulk) 47.08 470800 30.2 - -

1958: More efficient roaster (No. 2 Dorrco) installed, baghouse created to deal with additional 
output
1958: More efficient roaster (No. 2 Dorrco) installed, baghouse created to deal with additional 
output
1958: More efficient roaster (No. 2 Dorrco) installed, baghouse created to deal with additional 
output
1958: More efficient roaster (No. 2 Dorrco) installed, baghouse created to deal with additional 
output
1958: More efficient roaster (No. 2 Dorrco) installed, baghouse created to deal with additional 
output
1958: More efficient roaster (No. 2 Dorrco) installed, baghouse created to deal with additional 
output
1958: More efficient roaster (No. 2 Dorrco) installed, baghouse created to deal with additional 
output

85%

1958-1962 Chamber 236 58 580000 5.1 0.3 3000

1963: Most efficient ESP configuration discovered and implemented until 19991963: Most efficient ESP configuration discovered and implemented until 19991963: Most efficient ESP configuration discovered and implemented until 19991963: Most efficient ESP configuration discovered and implemented until 19991963: Most efficient ESP configuration discovered and implemented until 19991963: Most efficient ESP configuration discovered and implemented until 19991963: Most efficient ESP configuration discovered and implemented until 1999

pre 1964 average - 46.42 464200 36.693 1.22 12200 86%

post 1964 average - 65.31 653100 3.22 1.107
8

11078

1965-1971 Chamber 212 56.2 562000 11 2.13 21300

April 1997 Baghouse 68.2 682000 2.4 1.49 14900

Sept 1997 Baghouse 64.2 642000 - 1.2 12000

Jan 1998 Baghouse 68.5 685000 2.2 0.855 8550

1999: Roasting ceases1999: Roasting ceases1999: Roasting ceases1999: Roasting ceases1999: Roasting ceases1999: Roasting ceases1999: Roasting ceases 100%

Data from SRK 2002 SD5, SRK 2002a. 1Not analyzed.Data from SRK 2002 SD5, SRK 2002a. 1Not analyzed.Data from SRK 2002 SD5, SRK 2002a. 1Not analyzed.Data from SRK 2002 SD5, SRK 2002a. 1Not analyzed.Data from SRK 2002 SD5, SRK 2002a. 1Not analyzed.Data from SRK 2002 SD5, SRK 2002a. 1Not analyzed.Data from SRK 2002 SD5, SRK 2002a. 1Not analyzed.

 4.1.4 Relative mobility and stability of roaster dust components 

 The mobility of roaster As can vary widely depending on mineralogy and chemical 

composition. In oxygenated surface environments, As(III) is not stable and should oxidize to As
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(V). In general, for many near-surface environments, aqueous As(V) is less mobile than As(III) 

(Wilson et al. 2010).  As2O3 has a high solubility of approximately 10 g/L -16 g/L As (Pokrovski 

et al. 1996) and should dissolve under surface conditions. Some runoff from As2O3 rich material 

at mine sites contains up to 30 mg/L As2O3 (Haffert and Craw 2009). However, reaction kinetics 

can hamper As2O3 dissolution (Haffert and Craw 2009, Yue and Donahoe 2009, Haffert and Craw 

2008). In contrast,  non-anthropogenic As in soils presumably comes from arsenopyrite and its 

weathering; arsenopyrite solubility at 25˚C for groundwater is less than 0.00999 g/L (Craw et al. 

2003).

 Roaster-derived As2O3 at Giant has solubilities less than reagent-grade As2O3; at 25˚C it 

ranges from 8.3 g/L to 10.8 g/L, with one outlier of older dust at 15 g/L. The lower solubility of 

Giant Mine As2O3 dust samples is thought to be due to Sb impurities in As2O3, with the effect 

most apparent for Sb between 0% and 0.5%; reagent grade Sb2O3 is much less soluble than As2O3 

(CANMET 2000 quoted by SRK 2002c). Riveros et al. (2000) measured the solubility properties 

of a sample of ESP dust from 1958-1962 and found that the Sb content, an inherent property of 

the As2O3-rich dust at Giant, controls solubility. Extended solubility testing showed only low-Sb 

As2O3 dissolved at temperatures below 100˚C. Residue left behind was enriched in Sb relative to 

the initial composition. In short, Sb within As2O3 can lower As2O3 aqueous solubility by reducing 

the thermodynamic activity of As2O3 (Riveros et al.  2000). The rising proportion of Sb in the ore 

and roaster dust (Canam 2006) and Sb in solid solution with As2O3 over time could explain 

variation in dust sample solubility from different eras (SRK 2002c). A review by Filella et al. 

(2001) found that Sb is often quite non-reactive in soils. Additionally, Wilson et al. (2004) found 

that Sb oxides were less readily mobilized than As in residue at a historic smelter in New 

Zealand.

 Maghemite, the mineral that makes up most ROs, is metastable under surface conditions 

with respect to hematite, but kinetic barriers, grain size, and changes in free energy due to 

chemical composition might all prolong its stability (Majzlan et al. 2003b). However, the 
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maghemite studied by Majzlan et al. (see Majzlan et al. 2003a) was not nanocrystalline like the 

ROs at Giant; nanocrystallinity can effect phase stability and reaction kinetics (Fawcett and 

Jamieson 2011).  There is evidence that ROs produced by the roaster at Giant are stable under 

surface oxidizing conditions. ROs still persist with mixed As(III) and As(V) ratios intact in a 

historic subaerial tailings deposit that has been exposed for over 50 years (Walker et al. 

2005).  

 Gold is found in soils in the Giant Mine area in its elemental state. It is expected that any 

transport or transformation of Au grains since the last glacial retreat has been physical, from 

glacier movement, not chemical (Kerr and Knight 2002). Refractory Au in the Giant Mine ore is 

either associated with coarse- or fine-grained arsenopyrite; for coarse grained arsenopyrite Au is 

either present as inclusions within the arsenopyrite lattice or in fractures around the crystals. Fine-

grained arsenopyrite usually hosts Au within its lattice (Hubbard et al. 2006). The goal of roasting 

is to produce ROs from arsenopyrite hosting refractory gold, exposing Au within the former 

lattice of arsenopyrite to cyanide leaching (Walker et al. 2005, 2011, Fawcett and Jamieson 2011, 

Wrye 2008, INAC 2007). ROs escaping with roaster dust from the stack would not have 

undergone cyanide leaching and are the only known major host of Au in roaster dust. Since ROs 

appear stable in an oxidizing surface environment at Giant, the Au they contain is also likely 

stable. Gold in oxidized areas (i.e., surface soils exposed to the atmosphere) commonly occurs as 

elemental Au and is not easily solubilized in the surface environment (Boyle 1979). Thus any Au 

found in soils would be less mobile than As.

 4.1.5 Physiographic setting

 Giant Mine has a cold, dry climate with freezing conditions for much of the year (INAC 

2007). The dominant wind directions are from the northwest and from the east and southeast 

(SENES 2005a). Rock outcrop makes up up to 70% of the surface cover in the Yellowknife area 

(Kerr and Wilson 2001), covers 30% of the Giant Mine site (Wrye 2008), and given total lack of 

SO2 emission controls during roasting is often denuded (see Appendix X) (Bleeker 2007). 
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Outcrop depressions are known constraints on runoff after rainfall and freshet at Giant, trapping 

water and promoting evaporation (Spence and Woo 2002). In the case of soils occurring in 

depressions or bowls in rock outcrops,  significant (up to 3280 ppm) concentrations of As were 

found (non-outcrop soil roaster As concentration maximum of 1850 ppm) (Wrye 2008). These 

areas have not been accounted for in the remediation plan (see Appendix X and Golder 2005).

4.2 Methods

 4.2.1 Field sampling

  Outcrop soils were targeted in field sampling during the summer of 2010, to both make 

finding As hosts easier by targeting high As soils and increase knowledge of relatively unsampled 

areas of the property  Forty outcrop soils were sampled (see Appendix I-II). Nine soil sample 

locations were also sampled for coexisting pore water. Previously unsampled areas (see Appendix 

X) affected by the roaster but also away from other mine site activities, were chosen. Outcrop soil 

areas within the dominant wind direction from the roaster most often best met these criteria 

because they are more physically removed from regular mine activity than low-lying areas, 

inaccessible except by climbing on foot. There was also an effort to balance the numbers of 

sample locations over the area of interest.. See Figure 4.1 for sample locations relative to the 

roaster and local waterways. 

 Specific outcrop soil hollows were chosen based on topography; those favored tended to 

have few or no visible drainage points. Outcrop soil samples were collected by hand with a trowel 

and small- to medium-sized plastic zipper-seal freezer bags. Large pieces of leaf and organic 

debris were removed before collection, but by their immature nature outcrop soils tended to be 

quite heterogenous so smaller bits of debris were impractical to remove. The trowel was cleaned 

with deionized water and paper towels between samples. At the end of each day the soil samples 

were placed in a freezer. 

  Soil pore water samples, often in the vadose (unsaturated) zone, were collected with 

suction lysimeters after Rollo and Jamieson (2003). Six-inch (15 cm) and 12-inch (30.5 cm) 
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Figure 4.1: Giant Mine 
site showing summer 2010 
sampling locations. Air 
photos and property 
outline from INAC (2007).



Soilmoisture Equipment Corp model 1920F1 suction lysimeters, consisting of a PVC tube with 

valves on one end and a porous ceramic cup on the other, were installed according to 

manufacturer instructions. Lysimeters collect sample water by drawing water into the sampler 

through the porous ceramic cup by means of a vacuum, producing a hydraulic gradient. This 

process is not instantaneous and it also greatly aided by rainy weather, so lysimeters were 

installed and left to collect samples from 5 to 7 days. The lysimeter at site 8 was re-installed after 

the first sample was retrieved. Additionally, water at site 6 and the the first install at site 8 were 

mistakenly filtered through 0.45 µm filter paper upon collection. Upon sample collection, a YSI 

multimeter probe calibrated that day was used to collect pH, ORP, conductivity, and temperature 

measurements. Up to 50 mL of water were acidified in preparation for As and Sb metals analysis 

by Taiga Environmental Laboratories at a ratio of 1 mL 20% nitric acid to 60 mL sample. If there 

was more than 50 mL of sample, the excess was bottled but not acidified, in order to be tested for 

cations and anions. As soon as possible, water samples were placed in a cooler and transported to 

Taiga at the end of the day.

 4.2.2 Analytical methods

 4.2.2.1 Bulk chemistry analysis

 Frozen soil samples were divided and freeze dried at the Queen’s University PEARL 

laboratory.  Either 15 g or 0.5 g of sample, along with both 15 g and 0.5 g of a standard reference 

material (SRM 2711) were sent to ACME labs for ultratrace aqua regia and ICP-MS analysis . 

Samples were not crushed or in any way homogenized during any part of this process. While 0.5 

g of sample is considered sufficient for accuracy, 15 g was sent if the total sample amount 

allowed it to attempt to compensate for any sample inhomogeneity. Four sample duplicates, two 

standards in addition to SRM 2711, and three blanks were analyzed along with all samples. 

 For total carbon analysis (referred to as organic carbon  because no significant carbonate 

minerals thought to be present due to the silicate composition of surrounding bedrock) and 
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nitrogen analysis, samples were ground to a fine powder using a mortar and pestle. 

Approximately 0.3 g -1 g of each sample, depending on organic content, was analyzed via 

combustion to form CO2 followed by infrared detection of the CO2 in a LECO® CNS-2000 

Organic Carbon and Nitrogen analyzer. An organic soil standard, high in carbon and nitrogen, 

was run after every five samples. A mineral soil standard, low in both carbon and nitrogen was 

run after every ten samples. Blanks were run at the beginning and the end of each run. 

 All vadose water samples were analyzed in Yellowknife at Taiga Environmental 

Laboratories within a week of their collection. All samples, including one duplicate, were 

analyzed for total As and total Sb concentrations using ICP-MS. For samples with high enough 

volumes to have water left over after As and Sb analysis, major cations (Ca, Mg, K, Na) and 

anions (Cl, SO4, F, NO2, NO3) were analyzed using an ion chromotography scan. One duplicate 

was also run for cation and anion analysis. 

 4.2.2.2 Thin section preparation

 All thin section construction specifications and lifting procedure are after Walker et al. 

(2005). Doubly polished, liftable thin sections 35 µm - 50 µm thick were made by Vancouver 

Petrographics. Grain mounts of unsieved soil samples were made with room-temperature set 

epoxy. One end was polished and then mounted on glass slides with Krazy Glue® for ease of 

removal during the thin section lifting process described in the following paragraph. Samples 

were then thinly sliced and ground to ~50 µm thickness to try and limit grain loss. No additional 

water or heat beyond that required to grind the thin sections was used. 

 Thin sections were examined optically with both transmitted and reflected light under a 

petrographic microscope. This was to characterize each sample and choose possible As-hosting 

targets for Environmental Scanning Electron Microscope (ESEM) and synchrotron work. Once 

thin sections intended for synchrotron analysis had been examined under the ESEM they were 

lifted from their glass slides and mounted on Kapton® tape; for µXRD analysis the beam must be 

able to pass directly through the sample. Thin sections were soaked in acetone to dissolve the 
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Krazy Glue® holding them on the glass slides. A tight seal over the dish containing acetone was 

imperative in order to reduce or eliminate the occurrence of any white residue that can sometimes 

form on slides if acetone is allowed to evaporate while the thin section is soaking.  The thin 

sections were then carefully mounted on the sticky side of a single piece of Kapton® tape placed 

across a 35 mm cardboard slide holder.

 4.2.2.3 Environmental scanning electron microscopy (ESEM)

 Uncoated thin sections were examined under low vacuum with the back-scatter electron 

(BSE) detector on the MLA 650 FEG ESEM at Queen’s University and on a Cambridge S200 

with EDS system SEM under ESEM mode at the Geological Survey of Canada, Ottawa. With the 

exception of sulfide minerals, some ROs, and any other reflective targets, hosts of As (such as 

As2O3) are extremely difficult to find under petrographic microscope alone. In addition to their 

minute grain size, the majority of samples include large amounts of organic matter than can mask 

other phases present on the surface of a slide. ESEM analysis is extremely powerful for finding 

As hosts in Giant Mine soil samples; the BSE detector makes As-bearing phases very obvious, 

since it is usually the element with the highest atomic number present, and the high degrees of 

magnification available make identifying <10 µm diameter As hosts and contextual relationships 

possible. One issue with using the BSE detector alone to find As hosts is that it does not detect 

any As beneath the surface. Synchrotron µXRF mapping does not have the same issue so it is 

possible to find buried As hosts that the BSE detector did not find.

 4.2.2.4 Synchrotron-based methods

 Beamline X26A at the National Synchrotron Light Source (NSLS), part of Brookhaven 

National Laboratory (BNL) in Upton, NY was used for all synchrotron-based analyses. X26A is a 

hard X-ray microprobe optimized for geochemistry and the environmental sciences among other 

disciplines (Lanzirotti et al. 2010). For all the synchrotron work done for this study a focused, 

monochromatic beam with a spot size of 5 µm V x 9 µm H was used. The beam at X26A is 
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focused from 400 µm x 400 µm using two 100 mm long dynamically bent silicon mirrors in 

Kirkpatrick-Benz geometry. The beam is monochromatized using two silicon, channel-cut crystal 

monochrometers. Detectors are at a 90˚ angle to the incident beam. Samples were placed in a 

sample holder at a 45˚ angle to the incident beam, meaning that the beam is an ellipse in shape 

when it reaches the sample (Walker et al. 2005).

 Micro X-ray Radiation Fluorescence (µXRF) mapping, micro X-ray Absorbance Near-

Edge Structure (µXANES), and micro X-ray Diffraction (µXRD) analyses were performed to 

characterize the As hosts in Giant Mine soils. µXRF fly-scan mapping was used to document 

element concentration correlations of targets, as well as a tool to select targets for µXRD and 

µXANES. µXRD works similarly to conventional powder XRD, but on a micron scale, making it 

possible to identify microcrystalline minerals present in individual <20 µm grains. Micro-XANES 

analyses are used to determine the As oxidation state on a micron scale by small energy observing 

shifts along the As Kα absorption edge. It is important to understand the oxidation state of As in 

Giant Mine soils to differentiate natural and anthropogenic sources, since natural arsenopyrite 

occurs as As(-I), while anthropogenically derived As2O3 and ROs occur as As(III) and As(V).

 Targets selected by the ESEM and traditional microscope were mapped for element 

concentrations using µXRF before any other synchrotron analysis. This is due to the uncertainty 

involved in finding targets using the optics at the synchrotron alone. Fly-scan µXRF mapping is 

relatively fast and can also be used to analyze a larger area of a thin section for potential new 

targets. Additionally, µXRF mapping allows relative element concentrations across a grain of 

interest to be visualized (see an example in Figure 4.8). Elements of interest for this study 

included As, Fe, Sb, Ca, and Mn, but with fly-scan mapping data any number of elements can be 

processed at any time post-scan.

 Arsenic host mineralogy was identified with the aid of information about microcrystalline 

hosts from 2-dimensional (2-D) µXRD images from a Bruker SMART 1500 CCD area detector 

with 1024 x 1024 pixel resolution. Data was collected for 60s at 17479 eV and wavelength 
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0.7039 Å. 2-D images were analyzed in the computer program Fit2D™ (Hammersley 1998), 

which was calibrated using a mixture of two standard reference materials, α-Al2O3 (standard 

reference material 647a) and silver behenate (AgC22H43O2). Smooth Debye-Scherrer rings 

correspond to nanometer sized particles with random orientation, while bright spots and spotty 

rings in 2-D images represent submicron to micron crystallites with insufficiently random 

orientation (thus only producing discrete diffraction patterns instead of smooth rings) (Manceau 

et al. 2002, Walker et al. 2005). 2-D images were integrated into 1-D diffraction pattern images in 

Fit2D. 1-D patterns were analyzed in the peak matching software X-Pert High Score Plus against 

the International Center for Data Diffraction (ICDD 2003) reference pattern database.

 Micro-XANES analyses were performed by scanning across the As Kα absorption edge 

range (11800 eV to 11970 eV). The range was broken into three sections with different 

corresponding step sizes (eV) and dwell times (1s - 4s). Step sizes were 5 eV in the pre-edge 

range, 0.4 eV over the edge, and 2 eV in the post-edge range. Three standards were chosen to 

cover As oxidation states from As(-I) to As(V): arsenopyrite (-I), As2O3 (III), and scorodite (V) 

(Figure 4.2). Pre-prepared standards were made by grinding standard material to a powder, 

suspending it in ethanol, and mixing the suspended fraction with boron nitride. This was then 

spread thinly on a piece of Kapton® tape for analysis at the synchrotron beamline (Walker et al. 

2005). The scorodite standard was run periodically throughout beam time after any thin section 

was analyzed with µXANES to keep track of energy shifts over time. 

 Micro-XANES spectra were analyzed in the program ATHENA™ (Ravel 2008). 

Standard and unknown spectra were normalized and pre-edge and post-edge corrected to remove 

background. After this, unknown absorption edges were determined and any calibrations 

necessitated by changing scorodite drift standards were performed. ATHENA™ also is used for 

linear combination fitting to fit unknown spectra to the three standards used (see Figure 4.2) and 

to assign a percentage value to each As oxidation state present.  
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4.3 Results

 4.3.1 Bulk chemistry

 Outcrop soils at Giant tend to be very immature, often rich in regolith and organic matter. 

Organic carbon results support this: carbon content ranged from 3% to 48%, with an average 

23%. Arsenic concentrations in outcrop soils range from 156 ppm to 5760 ppm, with an average 

of 1546 ppm. Only 3 of 40 samples have As concentrations below the GNWT (2003) guideline 

for Giant Mine industrial soils of 340 ppm (see Figure 4.3). For full chemistry results see 

Appendix II. All blanks registered below detection limits. Relative percent difference (RPD) were 

<20% in most cases. The most concerning issue is the sample duplicate for the 0.5 g samples, 

with RPD values for Au and Sb of 40% and 26%, respectively. This is not very surprising given 

the heterogeneity of samples and small sample mass. Only five outcrop samples were tested with 

0.5 g of material; to test their impact on the rest of the data, correlations between As, Au, and Sb 
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Figure 4.2: Micro-XANES standard spectra taken at X26A in April 2011, used to analyze unknown 
spectra.



with and without 0.5 g samples were calculated. No significant difference resulted (see Table 4.6). 

For carbon and nitrogen analyses, standards showed RPD <4% for carbon, <10% for nitrogen, 

and blanks had no anomalous readings. Complete QA/QC results are in Appendices II and IV.

 Arsenic and Sb content in soil pore waters varied widely among the nine sample sites. 

Concentrations for As ranged from 6.5 µg/L to 2085 µg/L (Table 4.2); the Canadian Council of 

Ministers for the Environment (CCME) guideline for As in water for the protection of aquatic life 

is 5 µg/L (CCME 2001). Complete soil water results and QA/QC data are in Appendix VI.

Table 4.2: Soil pore water results for As and Sb, compared to solid concentrations

Site/Sample As(aq)
µg/L

As(s) 
ppm

Sb(aq) 
µg/L

Sb(s) 
ppm

pH ORP
(mV)

volume 
(ml)

Site 6 (0.45um filter) 163 825 80 34 6.785 148.7 56.5
Site 8 (1st lysimeter) (0.45um filter) 1440 1067 45 196 5.65 160 202
Site 8 (2nd lysimeter) 2085 1067 55.5 196 5.25 201.3 228
Site 9 25.1 701 11.1 31 7.26 148.2 58
Site 14 24.6 415 5.8 65 6.09 155.4 349
Site 15 6.5 299 21.9 8 6.41 163.7 112
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Figure 4.3: Bulk chemistry results. As and Sb concentrations in order of increasing carbon content, L-R. 
The dotted horozontal line corresponds to 340ppm, the GNWT (2003) guideline for As in industrial soil at 
Giant Mine.
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Site/Sample As(aq)
µg/L

As(s) 
ppm

Sb(aq) 
µg/L

Sb(s) 
ppm

pH ORP
(mV)

volume 
(ml)

Site 17 9.5 459 12.5 19 6.94 208.6 13
Site 18 51.3 388 23.2 79 6.9 141 219
Site 19 180 808 4 9 7.18 194.9 4
Site 24.5 850 1123 13 148 5.25 206.5 235

 4.3.2 Arsenic hosts

 As2O3 is by far the most abundant As host observed in Giant Mine outcrop soils 

identifiable in thin section, followed by ROs. ESEM analysis was the principle tool used to 

identify As2O3, which occurs as a very distinctive phase under the BSE detector (see Figure 4.4). 

The ESEM beam visibly damaged As2O3 grains in many cases, especially when 30s to 60s spectra 

were collected. As far as Wrye (2008) could determine, while the ESEM beam may cause As2O3 

to melt and recrystallize, it does not change its oxidation state or mineral form. Synchrotron-

based µXRD confirmed that As2O3 is present as arsenolite (rather than the polymorph claudetite) 

in outcrop soils, in agreement with Wrye (2008) and Walker (2006). As2O3 in outcrop soils does 

not micro-diffract well, usually creating irregular spots rather than smooth Debye- Scherrer rings 

in 2D µXRD images (example of smooth rings in Figure 4.5). This indicates that the crystal size 

of As2O3  found in outcrop soils is large relative to the diameter size of the synchrotron beam, 

being micron to sub-micron crystallites. The orientation of crystallites could also not be 

sufficiently random to produce full rings (Manceau et al. 2002, Walker et al  2005). As2O3 in 

outcrop soils often has a mottled or vuggy texture, although some samples are smoother than 

others (see Figure 4.3).   Faint rims were observed in many cases (Figure 4.4b1,b2), as was one 

encapsulated As2O3 grain with possible Fe(+/-As)-oxide associated reaction rim (Figure 4.4b3). 

Clusters of As2O3 grains were found associated with organic matter in some samples containing 

abundant organic matter (Figure 4.4c). Free-floating As2O3 grains with irregular porosity were 

found most often, sometimes in the form of larger, euhedral grains. Euhedral grains are consistent  

with As2O3 in ESP dust in underground chamber B236 (deposited 1958-1962) described by 

Riveros et al. (2000); due to their sublimation directly from the vapor phase, grains stored 
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Figure 4.4. BSE images of As2O3 grains (in white) A: (L-R) smooth to mottled range of textures observed 
in As2O3 grains in BSE photos. B: examples of rims on As2O3 grains. B1 and B2 are free-floating grains with 
smooth-edged rims, possibly from dissolution and/or re-precipitation. B3 appears to be encapsulated in a 
mixture consisting mostly of organic matter. It has a reaction rim including As-bearing Fe-oxides (medium 
grey color), as well as a very typical grain texture for As2O3. C: As2O3 clustered with organic matter, ESEM 
BSE image (top) and plain light image (bottom)
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underground were euhedral, with large, somewhat porous inter-growths of two to three crystals.  

 ROs examined were generally consistent in terms of texture, As oxidation states, and 

mineral form with those described by Walker et al. (2005).  ROs had either spongy or concentric 

textures. Eight ROs were analyzed with µXRD, and in general they consisted of well-diffracting, 

nanocrystalline maghemite, with some hematite (see Figure 4.5). Arsenic in ROs occurs primarily 

as mixed As(III) and As(V), although the proportions vary considerably depending on the target 

(see Table 4.3).  Taken as a whole, there does not appear to be any clear pattern regarding the 
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Figure 4.5: RO synchrotron identification. Clockwise from top left: example of RO concentric texture in 
plain light and ESEM BSE photo, µXANES analysis taken at pink dot, and a clear µXRD maghemite pattern 
also taken at the pink dot.

As(-I) As(III) As(V) mineral

2B-6
core
rim

11%
24%

39%
18%

50%
58%

hematite

21-1
core
rim

10%
6%

64%
72%

26%
21%

maghemite

6-9-1
core
rim

18%
10%

19%
29%

63%
61%

maghemite

2B-8 0% 16% 84% hematite + 
maghemite

6-14 (encapsulated)6-14 (encapsulated)
core
rim

24%
29%

16%
14%

60%
57%

Table 4.3: RO As oxidation state data



variation in the relative concentrations of  As(-I), As(III), and As(V) with sample location. ROs 

and As2O3 are the only two As hosts identified in soils at Giant by Wrye (2008). 

 Several As hosts identified were previously unrecorded in Giant Mine soils. All of these 

grains consisted of As hosted with Fe (oxyhydr)oxides, with As and Fe in varying proportions 

(roughly determined via element counts in µXRF maps). A selection of those analyzed at the 

synchrotron and their µXANES results can be seen in Figure 4.6. The graph of µXANES results 

and photographs of grains makes it clear that unknown As hosts fall into three broad categories. 

The samples in the center of Figure 4.6 all have As(V) dominantly, with As(-I) present in 

quantities greater than As(III).  One grain falling into this broad category, 35_2-6, micro-

diffracted very well, indicating the presence of a mixture of lepidocrocite and goethite (see Figure 

4.7).  In sample 27-10, a brownish irregular conglomeration around a (non-As) hematite grain, a 

spot nearby the µXANES analysis point  microdiffracted very weakly and could be amorphous. 

91

Figure 4.6: Summary of µXANES data for As hosts previously undocumented in Giant Mine soils, 
grouped in three parts. At left, As-bearing Fe-oxyhydroxide rims on pyrite grains contain a majority As(III),  
no As(-I), and some As(V). The ESEM did not detect As in the pyrite grains themselves, only in the rims; the 
center group all contain As(-I) in quantities greater than As(III), although in the case of sample 27-10 the As(-
I) might be essentially negligible and the sample may be entirely As(V). Of the center group only sample 
35_2-6 diffracted; at far right, a single extremely small grain containing As(V) alone. Unlike the center group 
it is not reflective. It does not diffract. It by far has the highest As counts relative to Fe counts in µXRF maps 
(see Figure 4.7) relative to the other grains in this figure. 
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Figure 4.7: 2-D 
µXRD pattern for 
sample 35_2-6, and 
mixture of Fe-
oxyhydroxides 
goethite and 
lepidocrocite.

Figure 4.8: Fe and 
As µXRF data for 
sample B2a-4, 
sample also seen in 
Figure 4.5. Clockwise 
from top left: plain 
light photograph of 
grain; corresponding 
ESEM BSE image of 
grain; µXRF map of 
Fe vs. As of the same 
grain, where Fe is 
green and As is 
purple (overlapping 
to make white); Fe 
and As counts for 
each pixel of the 
µXRF map plotted 
against each other, 
showing a near linear 
relationship reflected 
in the color overlap of 
the µXRF map.



B2b_6-1 did not diffract, but its chemical compositions and µXANES results indicate it could be 

possible for it to be  an amorphous Fe oxyhydroxide. B2b_1-2 could possibly be an Fe-oxide, but 

it is not clear whether or the µXRD pattern collected is actually reflective of this grain alone. The 

sample at the far right of Figure 4.6 consists entirely of As(V), does not microdiffract, but has 

visible crystals, suggesting it may be too coarse to microdiffract. In an Fe-As µXRF map and the 

accompanying correlation plot (Figure 4.8), it appears to have roughly equal amounts of Fe and 

As. This fact, and the presence of As(V), might point to a Fe arsenate of unknown origin. 

 The two samples at the far left of Figure 4.6 show two of three pyrite grains with As-

bearing Fe weathering rims found. The rims appear to be primarily Fe-oxyhydroxides. Micro 

XRF Fe-As mapping (Figure 4.9) shows that the grain rims are enriched in As relative to the 
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Figure 4.9: pyrite with As-bearing Fe-oxyhydroxide weathering rims and Fe-As µXRF maps, Fe is 
green and As is purple. A: ESEM BSE photo of sample 27_7 with corresponding Fe-As µXRF map below; 
B: the same as A, for sample B2b_1-1. The small bright spot included in the pyrite grain is a Sb-Fe-Pb 
sulfide. Both µXRF maps show As-deficient pyrite centers with relatively As-enriched weathering rims. 



pyrite centers; similarly enriched Fe-oxyhydroxide weathering rims on pyrite have been found in 

crushed rock fill near the townsite at Giant and in exposed historic tailings from Giant (Walker 

2006). The As in the Fe-oxyhydroxide rims occurs primarily as As(III), with some As(V) and no 

As(-I). 

4.4 Discussion

 4.4.1 Bulk chemical associations

  Outcrop soil samples with carbon content below ~15% do not correspond to a smaller 

(and lower, below 300 ppm) range of As concentrations, unlike the results of Wrye (2008) (see 

Figure 4.10). This is perhaps because Wrye’s sample set was made up of a majority of soil cores, 

where till usually occurs below surface depths, with a few outcrop samples. It appears as though 

outcrop topography might negate any pattern observed by Wrye; basic wash down and 

accumulation of roaster As in topographic hollows is dependent on physical constriction and  

independent of recipient soil type. There is no clear pattern between As and carbon in outcrop soil 

samples; a possible Sb and carbon correlation is unexplained (see Figure 4.10). 

 Organic carbon content might be the key in investigating possible connections between 

bulk Sb and As concentrations. As shown Figure 4.10, there is no clear relationship between As 
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Figure 4.10: On left, As vs. C% for outcrop soils. On right, Sb vs C% for outcrop soils, showing an 
unexplained possible pattern between carbon content and Sb.



and carbon alone, nor do As and Sb correlate well in Table 4.4 and Figure 4.11a. However, as 

seen in Figure 4.11b, there does appear to be a relationship between As:Sb ratios and carbon 

content in outcrop soils. This trend emerges when samples are sorted based on carbon content. As 

demonstrated in Figure 4.11c and Table 4.4, dividing samples into categories by carbon content 

reveals different linear As-Sb relationships. Increasing percentages of organic carbon correspond 

with steeper slopes and lower As:Sb ratios in Figure 4.11c.

 A possible explanation for this trend lies with the known influence of organic matter on 

As behavior in soils. Arsenic can sorb to organic matter under certain conditions (Sadiq 1997), 

and has been proposed as a viable As host at Giant Mine by Meunier et al. (2011a) and Wrye 

(2008). Dissolved organic matter can mobilize weakly sorbed As and decrease adsorption of 

aqueous As by competing with it for sorption sites (Wang and Mulligan 2009, Bauer and Blodau 

2006, Redman et al. 2002).  According to Wilson et al. (2010), no such competition between Sb 

and organic acids has been found, and comparative studies have found less Sb than As associated 

with organics in soil. Dissolved As and Sb have been documented competing for sorption sites on 

Fe- and Mn-oxides, with As out-competing Sb (Fawcett et al. 2011). However, Fe and Mn 

content in outcrop soils is usually quite low in comparison to carbon (majority of Fe <2%, Mn 

<200 ppm), and due to solubility of Sb in roaster dust it would be unlikely to dissolve compared 

to As in the first place. With low Fe-oxyhydroxide content, organics in soil may govern As 

adsorption (Saada et al. 2003).
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Table 4.4: As-Sb correlations for outcrop samples based on carbon content
C content As Sb 

correlation
# samples

0-10% 0.935721 8
10-15% 0.922429 6
15-25% 0.944677 11
>25% 0.926256 15

25-40% 0.93397 10
>40% 0.977186 5

all 0.475204 40



 Competition between As and dissolved organic matter for sorption sites could be part of 

one explanation for the trend in Figure 4.11c.  Using organic carbon as a proxy for dissolved 

organics,  high organic carbon samples would likely have fewer sorption sites available for As 

due to competition with dissolved organics, resulting in higher dissolved As. Soil water results 

support this, with higher aqueous:solid As ratios corresponding to higher soil carbon content 
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A B

C Figure 4.11: As vs. Sb plots 
for outcrop soils, showing 
the influence of carbon. A: 
the lack of a significant 
pattern between As and Sb. 
B: the pattern between As:Sb 
ratios and carbon content. C: 
corresponds to (A),  but with 
data separated into categories 
based on carbon content and 
fitted with linear regression 
lines. Increasing carbon 
content corresponds with 
increasing slopes of 
regression lines, indicating 
more Sb relative to As.



(Figure 4.12a). More dissolved and less sorbed As due to high carbon content would leave soil 

solids progressively more enriched with Sb relative to As, since it has already been established 

that Sb-deficient As2O3 at Giant Mine dissolves preferentially to higher-Sb As2O3 (Riveros et al. 

2000).  Enrichment of Sb relative to As (i.e. lower As:Sb ratios) for increasing carbon content is 

also 
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Figure 4.12: Coexisting soil pore water relationships. Dark grey circles and light grey circles were 
examined in thin section. Light grey samples had greater solid and aqueous As concentrations than dark 
grey samples. For As hosts in light grey samples,  qualitatively As2O3 >> ROs. For As hosts in dark grey 
samples there were more ROs present relative to As2O3 grains, with As2O3 ≥ROs. The square identifies 
sample 19, an consistent outlier for graphs B-D for unknown reasons. A: The relationship between As:Sb 
ratios in soils and coexisting waters. Generally, higher As:Sb ratios in coexisting water correspond to lower 
As:Sb ratios in soil. B: the relationship between As:Sb ratios in coexisting waters and carbon content in 
soil. Greater soil carbon content corresponds with more dissolved As relative to dissolved Sb. C: The 
relationship between carbon content and the ratio of solid and coexisting dissolved As. Higher soil carbon 
content generally corresponds with higher dissolved:solid As ratios. D: The relationship between As in 
soils and coexisting waters. Light grey circles have exponentially more coexisting dissolved As than dark 
circles. 

A B

C D



supported by soil water results. Higher soil pore water As:Sb ratios usually correspond to lower 

solid As:Sb ratios (Figure 4.12b). The concentration of dissolved As relative to dissolved Sb also 

increases with carbon content (Figure 4.12c). In summary, a possible explanation for trends 

among As, Sb, and carbon could be that dissolved organics in outcrop soils help to solubilize As 

and keep dissolved As concentrations high relative to Sb by competing for sorption sites. 

 4.4.2 Arsenic host mobility

 Textural evidence of the weathering rim in Figure 4.4b3 suggests that some As2O3 

particles have indeed been altered and changed since deposition, albeit not necessarily 

extensively. The mottled texture of As2O3 in Giant Mine soils has previously been attributed by 

Wrye (2008) to dissolution processes. Knowing the solubility of As2O3 at Giant (section 4.1.4), 

this seems likely. Additionally, most As2O3 textures at Giant do not resemble Haffert and Craw’s 

(2008) smooth As2O3 grains encapsulated within scorodite, sheltered from weathering. While 

pore water results fall within the stability field for arsenolite in Figure 4.13, possibly suggesting 

that (absent water) arsenolite might not easily oxidize to As2O5, soil pore waters indicate high 

concentrations of dissolved As coexisting with soils with large quantities of As2O3 observed in 

thin section (Figure 4.12d). ORP and pH results from soil pore waters accompanying As2O3-rich 

samples show that for organic-rich outcrop soils with slightly lower (<6) pH, samples fall very 

close the the dissolved As(III) stability region (Figure 4.13). Accounting for error, it is possible 

some soils could fall within the As(III) stability region.  Given possible As(III) stability and 

mottled textures, the faint rims in Figure 4.4b1 and b2 could be results of local dissolution and 

recrystallization instead of an artifact of original condensation. 

 The previously undocumented As hosts in the center of Figure 4.5 all have As as As(V) 

dominantly, with As(-I) present in quantities greater than As(III). . The presence of As(-I) in 

samples B2b_6-1, B2b_1-2, and 35_2-6  makes As2O3 an unlikely As source. Arsenian sulfides 

and and unroasted sulfide remnants in ROs are the only known sources of As(-I) in Giant Mine 

soils. ROs are thought to be relatively stable in the surface environment (Walker et al 2005), so 
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Figure 4.13: pH-Eh diagram for aqueous As with soil pore waters. Dark grey circles and light grey circles 
were examined in thin section.Top: pH-Eh diagram. For As hosts in light grey samples, qualitatively As2O3 >> 
ROs. Qualitatively for dark grey samples,  As2O3 ≥ROs. Top: Phase diagram for relevant As hosts was constructed 
for standard state conditions with  [As]=10-5, [Fe]=10-4, and [S]=10-4. The concentrations of As and S chosen are 
the average concentrations of As and S in lysimeter soil water results. The value for Fe was chosen  based on solid 
As, Fe, and S concentrations in outcrop soils, and a comparison of Fe, S, and As values used to construct phase 
diagrams in the literature. Dashed lines show aqueous As stability, solid shaded areas are mineral phases. All pore 
water samples plot within the As(V) aqueous stability regions, although some are very close to the As(III) stability 
region, especially if error were to be estimated. All water data points occur within the arsenolite stability field. 
Data for aqueous As, realgar, orpiment, arsenolite, and As2O5 is from Nordstrom and Archer (2003), with 
arsenopyrite data from Perfetti et al. 2008. Light grey samples, compared to dark grey samples, also have 
exponentialy greater dissolved As relative to solid As (Figure 4.12d) Bottom: Higher carbon content and pH 
appear to possibly be linked. There could be a relationship between dissolved As and pH. The light grey samples 
have exponentially higher dissolved As, but this is not necessarily solely due to lower pH, since the light grey 
samples also have more As2O3 observed in thin section than the other samples examined. 

arsenolite

arsenopyrite

orpimentrealgar

As2O5



while exposed, unroasted As(-I) may be available for weathering, any unroasted As(-I) occurring 

on the interior of a RO may be sheltered from weathering. This makes the origins of the grains in 

middle of Figure 4.6 ambiguous; some of these phases could be the result of weathering of 

natural arsenopyrite or As-bearing pyrite, or they could result from exposed, unroasted sulfide in 

ROs. 

 Arsenic-bearing Fe-oxyhydroxide rims on pyrite grains might be resultant of As2O3 

dissolution. The presence of As in weathering rims but not in pyrite cores (see Figure 4.9) 

suggests the source of As in rims is not pyrite. The copious amounts of As2O3 observed in soils, 

together with a complete lack of As(-I) and relative proportions of As(III) in the rims, could be 

evidence of mobilized anthropogenic As2O3 in Giant Mine soils. There is more As(III) in these 

rims relative to As(V); soil pore water samples indicated some low-pH(<6), high carbon outcrop 

soils might not always fall within the As(V) aqueous stability field (Figure 4.13).

  In one study of soil contamination by As2O3 in the 1950s and 1960s in the context of 

pesticide and herbicide use, As2O3 did not persist in the long term, instead oxidizing to As(V) and 

adsorbing to soil particles or Fe and Al-oxyhydroxides (Yang and Donahoe 2007). Column 

studies by Yue and Donahoe (2009) observed As2O3 only persisting in the short term due to 

reaction kinetics slowing its dissolution and eventual oxidation to As(V). A variation of this could 

be happening at Giant, albeit at a slow pace . Selective sequential extraction leaches (SSE) on 

soils contaminated by roaster-derived As by Wrye (2008) suggest that a portion of soil-borne 

As2O3 at Giant dissolves and is scavenged by organic matter, present and weakly-bound possibly 

as a result of adsorption. Meunier et al. (2011a) also observed a soil from Giant containing 70% 

carbon with As, present as arsenate (based on XAS maps), interpreted as an amorphous, weakly 

bound state, hosted by adsorption on copious organic matter. Soils examined in the present study 

are similar to outcrop soils examined by Wrye (2008), and it follows that a portion of As in the 

outcrop soils collected for this study could also be similarly sequestered by adsorption. Possible 

dissolution textures and rims on As2O3 particles support this. Slow reaction kinetics and the 
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continued presence of As2O3 in soils at Giant do not preclude the supposition that some of the 

vast quantity of As2O3 emissions broadcast over the Giant Mine area for 50 years have dissolved 

and become limitedly mobile.

 4.4.3 Age of roaster-derived As

 Since the roaster operated until 1999, it is necessary to determine if the roaster-derived As 

still in soils is a product of more recent emissions only, or if older roaster dust still persists. To 

determine the earliest age of roaster-derived As, the relationships between the proportions of As, 

Au, and Sb  in ESP dust and soil were analyzed; ESP dust is the most reasonable proxy for roaster 

emissions available. While anthropogenic As was identified in thin section, without knowing this 

an anthropogenic component would be likely based on bulk chemistry results. All soil samples in 

this study have As concentrations above the background levels for the Yellowknife region (see 

Table 4.5). Kerr (2006), with soil samples from 1999-2001, and Hutchinson et al. (1982), with 

soil samples from 1972 and 1974, both analyzed depth profiles of As, Sb, Au, and other metals 

from the Giant Mine and Yellowknife area. Both determined an obvious anthropogenic 

component created distinctly elevated As, Sb, and Au in surface and shallow soils.  The only 

instance of elevated metal concentrations beyond background levels attributed to natural sources 

in the extensive Kerr (2006) soil sampling around Yellowknife involved soil directly overlying 

obviously mineralized rocks. No such circumstance was ever observed during the sampling for 

the present study. Given that concentrations above background levels of As, Sb, and Au in soils 

are likely anthropogenic, looking at concentrations of relatively immobile roaster emission 

components could provide evidence of specific anthropogenic source.

  To determine the age of roaster-derived As in soils, correlations in As, Au, and Sb among 

outcrop samples, historic ESP dust samples, and regional background were examined. To 

eliminate uncertainty about roaster-derived vs. other anthropogenic sources of As, Sb, and Au in 

soil samples, four outcrop samples (O-3, O-27, O-28, O-31) were removed from the data set for 
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this analysis. Due to their proximity to other contamination sources (i.e., waste rock, tailings, 

mill) there could be a risk of influence from non-roaster wind-blown material. 

 The Sb-Au correlation in outcrop soils (R=0.872) was relied upon the most for 

determining roaster dust source era (see Table 4.6 for all correlation values). As discussed in 

section 4.1.4, Au is relatively immobile in soils from a dissolution and chemical mobility 

standpoint, and Sb hosted in As2O3 is much less mobile in the surface environment than As 

occurring in As2O3 (Riveros et al 2000). The majority of Sb in ESP dust is hosted within As2O3 as 

an impurity (CANMET quoted by SRK 2002c). Riveros et al. (2000) found a comparative 

enrichment of Sb relative to As in As2O3 dust leach residues from solubility experiments (<100˚C 

over several days) on an ESP dust sample from 1958-1962; this was interpreted to mean only 

low-Sb As2O3 was dissolving, leaving higher-Sb As2O3 as a solid. If the roaster-derived As2O3 in 

Giant Mine soils behaves the same way as that in ESP dust, any dissolving As2O3 in soils would 

be low-Sb. Arsenic and Sb sorbed to ROs in soils might produce a similar effect when desorbing; 

As desorbing from ROs in sediments at Giant is much more mobile than Sb desorbing from ROs, 
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As (ppm) Au (ppb) Sb (ppm)

Yellowknife regional background till (silt and clay fraction)1

over granite 5 - 10 0 - 1 0.1 - 0.2
over volcanics 10 - 30 1 - 10 0.1 - 0.5

Yellowknife regional background humus1

over granite 4 - 8 1 - 2 0.2 - 0.4
over volcanics 16 - 79 4 - 49 4 - 7.7

Yellowknife area rocks with mineralized quartz veins near 
volcanic or sedimentary contacts1

volcanics 8 19 2.1
mineralized granitoidsa 90 20 2

Yellowknife soil background2 150
Pre-1964 roaster dust3 46.4% 36693 12200

Post-1964 roaster dust3 65.3% 3220 11078

*Samples are most likely effected by anthropogenic roaster contamination. aGranitic rocks away from the belt are 
likely to be significantly lower 1Data from Kerr (2006); 2Data from Risklogic (2002) and GNWT (2003). According to 
Kerr (2006), locally high As concentrations in the immediate Yellowknife area, located only 5km from Giant Mine, 
most likely indicate an anthropogenic As input; 3Data from SRK 2002c

*Samples are most likely effected by anthropogenic roaster contamination. aGranitic rocks away from the belt are 
likely to be significantly lower 1Data from Kerr (2006); 2Data from Risklogic (2002) and GNWT (2003). According to 
Kerr (2006), locally high As concentrations in the immediate Yellowknife area, located only 5km from Giant Mine, 
most likely indicate an anthropogenic As input; 3Data from SRK 2002c

*Samples are most likely effected by anthropogenic roaster contamination. aGranitic rocks away from the belt are 
likely to be significantly lower 1Data from Kerr (2006); 2Data from Risklogic (2002) and GNWT (2003). According to 
Kerr (2006), locally high As concentrations in the immediate Yellowknife area, located only 5km from Giant Mine, 
most likely indicate an anthropogenic As input; 3Data from SRK 2002c

*Samples are most likely effected by anthropogenic roaster contamination. aGranitic rocks away from the belt are 
likely to be significantly lower 1Data from Kerr (2006); 2Data from Risklogic (2002) and GNWT (2003). According to 
Kerr (2006), locally high As concentrations in the immediate Yellowknife area, located only 5km from Giant Mine, 
most likely indicate an anthropogenic As input; 3Data from SRK 2002c

Table 4.5: Regional background levels of As, Au, Sb



with Sb being only very locally mobile (Fawcett and Jamieson 2011). As discussed in section 

4.4.1, results of As and Sb in soil and soil water support the idea of solid As concentrations more 

easily dissolving and changing over time relative to Sb. Therefore, Sb and Au concentrations in 

soils impacted by roaster emissions would presumably remain relatively unchanged over long 

periods (~50-60 years) of time relative to As. The changing concentrations of Sb and Au in 

roaster emissions could be used to determine age of roaster-derived contaminants in soils.

 There is additional evidence other than the results discussed in section 4.4.1 for roaster-

derived As and Sb in soils indeed behave in the manner described by Riveros et al. (2000) and by 

Fawcett and Jamieson (2011) for desorption from sediment-hosted ROs. This behavior, mainly 

increased mobility of As relative to Sb, would progressively change the As:Sb ratio in soils in 

favor of Sb in soils contaminated by roaster airfall. Hutchinson et al. (1979) observed a very good 

As-Sb correlation in 27 early-1970s era soils from around Yellowknife and Giant Mine of 0.949; 

our 2010 As-Sb soil correlations at Giant are significantly lower at 0.424. The difference in  our 

and Hutchinson et al.‘s As-Sb correlations for samples with over a 35 year difference in surface 

exposure might be evidence for the preferential dissolution and mobility, however slight, of non-

Sb As2O3 during rainfall or snowmelt events. Any significant correlation once present between 

As-Sb or As-Au could become less significant over time if the As concentration in soils changed 
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correlation 
(R value)

correlation without 
0.5g samples1

As-Sb (1972 and 1974)2 0.949 From Hutchinson et al 1982

As-Sb    0.424 0.465 line of best fit R2=0.389

As-Au     0.497 0.518 line of best fit R2=0.383

Sb-Au     0.872 0.871 line of best fit R2=0.827

Sb-Au + post-1964 dust               0.999 “old” dust addition increases significance

Sb-Au + pre-1964 dust 0.784 “new” dust addition decreases significance

1“correlation with 0.5g samples” show the results of removal of the five outcrop samples that underwent bulk 
analysis with only 0.5g of sample (the remaining samples had 15g analyzed). This is to address QA/QC issues 
raised in the results section, and to show that removing the samples does not overly effect  correlation results; 
2soil samples from Giant Mine and surrounding Yellowknife area

1“correlation with 0.5g samples” show the results of removal of the five outcrop samples that underwent bulk 
analysis with only 0.5g of sample (the remaining samples had 15g analyzed). This is to address QA/QC issues 
raised in the results section, and to show that removing the samples does not overly effect  correlation results; 
2soil samples from Giant Mine and surrounding Yellowknife area

1“correlation with 0.5g samples” show the results of removal of the five outcrop samples that underwent bulk 
analysis with only 0.5g of sample (the remaining samples had 15g analyzed). This is to address QA/QC issues 
raised in the results section, and to show that removing the samples does not overly effect  correlation results; 
2soil samples from Giant Mine and surrounding Yellowknife area

1“correlation with 0.5g samples” show the results of removal of the five outcrop samples that underwent bulk 
analysis with only 0.5g of sample (the remaining samples had 15g analyzed). This is to address QA/QC issues 
raised in the results section, and to show that removing the samples does not overly effect  correlation results; 
2soil samples from Giant Mine and surrounding Yellowknife area

Table 4.6: Correlations between outcrop soil samples from 2010 for As, Au, Sb. 



more relative to Sb or Au. The similarly less significant correlation for  2010 samples for As-Au 

(R=0.497) and the much better Sb-Au correlation of 0.872 (see Table 4.6) bear this out.  The 

correlation trend can be seen in Figure 4.14, where the pattern created by soil data points for As v. 

Sb (line of best fit R2=0.389) and As v. Au (line of best fit R2=0.393) is noticeably less linear than 

the pattern created by data for Sb v. Au (line of best fit R2=0.827).  

 If roaster-derived Sb and Au have been relatively immobile in soils since their deposition, 

it follows that there should be a trend in the proportion of Sb relative to Au in soils reflecting the 

mixture of roaster emissions with natural background levels. This can be observed in Figure 4.14, 

and also agrees with Kerr’s (2006) supposition that soil samples from Giant are likely influenced 
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Figure 4.14: As, Sb, and Au plots with background 
soil compositions from Kerr (2006), outcrop soil 
data, and pre- and post-1964 ESP dust 
compositions. Data lines of best fit for outcrop soil 
samples R2 values are included. Both As v. Sb and As 
v. Au plots show poorer correlation among outcrop 
soil samples in comparison to the Sb v. Au plot, as 
evidenced by lower R2 values and more blob-like 
than linear data grouping. Outcrop soils in the As v. 
Sb plot does not clearly indicate either pre- or 
post-1964 ESP composition. The outcrop soil data 
blob in the As v. Au plot could possibly be interpreted 
to show a trend between mixing background soil 
composition and re-1964 ESP dust. The Sb v. Au plot 
shows the most convincing trend of outcrop soil 
indicating a predominately pre-1964 component for 
ESP dust composition. t=till, h=humus, l=leaf litter, 
v=over volcanics, g=over granitoids



by roaster-derived As. In ESP dust Au concentrations in particular varied so much with roaster 

and ESP efficiency that the clear difference (Table 4.1, 4.5) between pre- and post-1964 average 

ESP Au and Sb dust compositions, coupled with the trend between Au and Sb in outcrop soils, 

clearly indicate a roaster dust source from before 1964 (see Figure 4.14). Even though the 

correlation of As and Au is much more poor than Sb and Au, As and Au in outcrop soils also 

seems to indicate pre-1964 emissions (ESP dust compositions for As and Sb plot too closely 

together for differentiation). Since the largest proportion of roaster emissions was released prior 

to 1964 (~86%), this seems logical. In addition, adding values for the older ESP dust to 

correlation of Sb-Au for outcrop soils only improves correlation, while adding values for newer 

ESP dust makes the existing Sb-Au outcrop soil correlation become less significant (see Table 

4.6). 

 In ESP dust, the As:Sb ratio for pre-1964 dust is approximately 40:1 (see Table 4.1 for As 

and Sb values). Outcrop soil As:Sb ratios shown in Figure 4.11b range from approximately 3:1 to 

87:1 with an average of 23:1. With a pre-1964 ESP source, having As:Sb ratios in outcrop soils 

both below and above 40:1 most likely reflects the mobility of As in soils, not the mobility of Sb. 

It would be expected to find variable As:Sb ratios in soils with preferentially mobile As, since at 

some locations As could be leaving (by dissolving and moving during storm events, etc) and at 

some locations As could be concentrated by runoff with high dissolved As being trapped and 

evaporating. Similarly, water in outcrop hollows would probably promote migration of As within 

the different stratigraphic levels of outcrop soils, especially with fluctuating water levels from 

rainfall and evaporation. This means that even for perfectly constrained outcrop soils with As 

almost never leaving the outcrop hollow, As would likely still migrate within the soil, while Sb 

would not display the same behavior. Average As:Sb ratios in outcrop soils below 40:1 are thus 

not surprising, since many outcrop soil samples preferentially include the most shallow soils 

(presumably exposed to the most roaster emissions). Since water from rainfall and freshet would 
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presumably concentrate in deeper soils due to gravity, As migration from surface soils relative to 

Sb would be expected. 

4.5 Conclusions

 Taking into account all evidence discussed in the previous sections, it seems likely that 

the bulk of roaster-derived As still observed in Giant Mine outcrop soils was deposited over 45 

years ago. The overprint of pre-1964 ESP dust composition in soils is evidence of this. While it is 

tempting to conclude that persistent As2O3 equates directly to unchanging As2O3, textural 

evidence at the grain scale indicates that As2O3 could possibly be changing, very slowly, over 

time. This evidence includes dissolution textures, reaction and possible weathering rims, and non-

As(-I) As-bearing Fe weathering rims on pyrite grains. Reaction kinetics are a known limiting 

factor in As2O3 dissolution and weathering (i.e., Yue and Donahoe 2009, Yang et al. 2005), a dry 

and cold climate would limit As2O3 dissolution and weathering even more, and As2O3 at Giant 

Mine is known to be much less soluble than pure As2O3 documented elsewhere because of the Sb 

content (Riveros et al. 2000). That said, as of this writing it has been over 60 years since the 

initial advent of roasting at Giant Mine, and it appears as though this time period may have 

allowed for some limited mobility of roaster-derived As; elevated dissolved As in soil pore waters 

also supports this. From a bulk chemistry point of view it is suggestive that As and Sb are more 

highly correlated in soil samples from the 1970s than in soils from 2010. The additional 

improvement in 2010 soil As-Sb correlations made possible by separating samples by carbon 

content underscores the idea that something about the anthropogenic As in these soils has 

changed over time. In addition to grain scale evidence for possible dissolution and reaction 

textures on As2O3, SSE results from Wrye (2008) suggest a portion of As in Giant soils is now 

sorbed to organic matter. Arsenic(III) bearing rims on pyrite could be evidence of its dissolution 

and  migration. However, any grain scale evidence for dissolution textures or weathering rims (on 

As2O3 or otherwise) pales in comparison to the sheer number of robust As2O3 grains observed in 

thin section from 2010 soil samples. The knowledge of the approximate age of roaster-derived As 
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in Giant Mine soils, its continued presence as toxic As2O3, and information about the high As 

concentrations in outcrop hollows not considered in the remediation plan are very important in 

understanding the future at Giant.
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Chapter 5:

GASTRIC AND LUNG BIOACCESSIBILITY OF ARSENIC IN SOIL 
CONTAMINATED BY ROASTER EMISSIONS AT GIANT MINE, NT

5.1 Introduction

 Roasting operations to free refractory gold within arsenian sulfides at Giant Mine, NT 

released approximately 20,000 tonnes of  arsenic (As)-rich aerial emissions from 1949 through 

1999. Refractory gold at Giant Mine occurs primarily within the crystal structure of arsenopyrite 

(FeAsS) (Canam 2006). Roasting arsenopyrite transforms and oxidizes it into nanocrystalline, 

porous roaster iron (Fe)- oxides (ROs); the increased porosity enables gold extraction via  

conventional cyanide leaching. Arsenopyrite roasting also produces SO2 emissions and 

effectively drives off the As within the arsenopyrite structure as an As-rich vapor that condenses 

to As2O3 by the following reaction:

2FeAsS + 5O2 = Fe2O3 + As2O3 + 2SO2      (Equation 5.1)

 Roasting oxidizes the As in arsenopyrite from As(-I) to As(III) in As2O3 (Walker et al. 2005, 

Fawcett and Jamieson 2011, INAC 2007, Wrye 2008), one of the most toxic forms of As to 

humans (Ruby et al. 1999). The majority of As released by roasting was hosted in As2O3, 

although some As-bearing ROs were also broadcast from the roaster. Initially there were no 

emission controls on the As2O3-SO2 off gases released by the roaster to the atmosphere and 

thence condensed and deposited in the surrounding region, until the first As controls were 

implemented in 1951 in the form of an electrostatic precipitator (ESP) (SRK 2002a). Over the 

next decade the As emission controls were tweaked and refined; of the estimated 20,000 

cumulative tonnes of As2O3-rich emissions over the lifetime of roasting at Giant, 85% were 

released by 1958 (Wrye 2008). SO2 emissions were never regulated, resulting in denudation of 
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much of the rock outcrop at Giant in the dominant wind directions from the roaster (Bleeker 

2007).

 Roasting has been responsible for much of the complex As legacy of contamination at 

Giant Mine. In addition to As-rich processing wastes, approximately 237,000 tonnes of As2O3-

rich dust were collected from roaster off-gases in the ESP and stored underground (SRK 2002a). 

The questionable long-term stability of As2O3 dusts in storage (considering its relative toxicity, 

high solubility, and access to local water systems) is the main issue being addressed by the Giant 

Mine Remediation Plan, currently under environmental assessment. While plans have been made 

to remediate contaminated surface material at Giant (INAC 2007), including soils with As 

concentrations above the local guideline for industrial soils of 340 ppm (GNWT 2003), selection 

of areas for surface material cleanup did not consider soils effected by roaster emissions 

deposited on rock outcrop (which covers ~30% of the Giant Mine surface (Wrye 2008)) (Golder 

2005). Soils occurring in depressions on rock outcrop at Giant have been documented as 

containing roaster-derived As (including significant extant As2O3) concentrations well above 340 

ppm (see Chapter 4, Wrye 2008). Additionally, questions about the health risk for those 

interacting with the material during remediation have not been directly addressed, and the mine 

site itself is located only ~5km north of Yellowknife, NT and is crossed  by a major local highway 

(see Figure 5.1). Two children died in the 1950s from drinking melted snow affected by Giant 

Mine roaster emissions (Hutchinson et al. 1982). Inhalation of As particles by miners in Saxony 

was first linked to cancer in 1879, and gastrointestinal ingestion of As2O3 has been a known 

vehicle for lethal poisoning since ancient Greek and Roman times (Miller et al. 2002, Smith et al. 

2002). Long term exposure (via inhalation or dermal contact) or ingestion of As can lead to a host 

of medical problems, including many forms of cancer, skin lesions, lung and cardiovascular 

disease, diabetes, neurological disorders, and low birth weights (e.g. Hughes et al. 2011, Duker et 

al. 2005, Rahman et al. 2001, Miller et al. 2002,  Singh et al 2007).
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Figure 5.1: Site location. Upper: 
drawing of map view of outcrop 
soil sample site with sample 
locations for bioaccessibility testing 
(1-3), as well as an additional 
sample taken as part of a larger 
study on outcrop soils at Giant (See 
Chapter 4). Solid black lines denote 
approximate outline of soil in 
outcrop hollow; dotted lines denote 
approximate location watershed 
divides, usually outcrop ridges; 
black arrows show general water 
flow directions on outcrop; shading 
represents general relative soil 
depth, with darker grey 
representing relatively deeper soil. 
Lower: satellite photo showing 
roaster location relative to sample, 
with inset showing Giant Mine 
location relative to Yellowkniwfe 
(data from INAC 2007, 
Government of Canada 2009) 
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  Unlike dissolved As, total As concentrations in soil is not indicative of the actual amount 

of As liable to dissolve and be available to the body for absorption into the bloodstream. The 

portion of total As that would dissolve and be available for absorption into the body is termed the 

bioaccessible fraction. The portion of total As that would actually be absorbed by the body is the 

bioavailable fraction (Ruby et al. 1999). Bioaccessibility is generally determined using in vitro 

testing with simulated body fluids, while bioavailability is generally measured during in vivo  

animal dosing studies (Plumlee and Ziegler 2007). Total concentration of an element of concern is 

usually greater than the bioaccessible fraction, which in turn is usually greater than the 

bioavailable fraction, making bioaccessibility estimates conservative relative to bioavailability 

estimates (but ultimately more realistic for human health concerns than total concentration) 

(Plumlee et al. 2006). The amount of bioaccessible As derived from a given sample depends on 

many factors, including mineralogy, grain size, solubility, and individual grain properties like 

rinding or encapsulation (Ruby et al. 1996, 1999). Thus, just knowing the presence and 

concentrations of solid As in soils at Giant does not give enough information to understand the 

relative risk direct ingestion and inhalation of soil-borne As poses to human health. Exposure to 

As in soil pore water is addressed in Chapter 4. 

 There is some evidence that As2O3 at Giant Mine is not as mobile as might be expected. 

In addition to its long-term persistence in surface soils (see Chapter 4), studies of As2O3 in ESP 

dust (assumed to be an appropriate analogue to the composition of the As2O3 in roaster emissions) 

have shown it to have solubility properties different from pure reagent-grade As2O3. Specifically, 

antimony (Sb) content in ore minerals resulted in Sb being incorporated into the As2O3 structure 

during the roasting process as an impurity or less frequently as a solid solution (As,Sb)2O3 phase. 

The small amounts of Sb (~0.5%) in As2O3 effectively lowers the solubility of Giant Mine As2O3 

below that expected for pure As2O3 (Riveros et al. 2000). In addition, while it is a major part of 

the As story at Giant Mine, not all As in roaster-impacted soils at Giant Mine is As2O3 (Wrye 

2008, Chapter 4 of this thesis). In order to interpret bioaccessibility results properly, it is 
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important to study the properties of As in soils at Giant Mine as well as investigate As 

bioaccessibility. 

5.2 Methods

 A soil and coexisting pore water sampling program was undertaken in the summer of 

2010 targeted at soils affected only by roaster contamination, specifically those occurring in 

outcrop hollows within the dominant wind direction (NW-SE, SENES 2005a) from the roaster. 

Outcrop soils, usually found in topographically constrained bowl-like hollows, were favoured 

because of their proven elevated concentrations of As in comparison to other soils impacted by 

roaster emissions (Wrye 2008), perhaps due to wash down of As deposited on SO2-denuded 

outcrop surfaces (Wrye 2008, Walker 2006). Nine of the forty soil sample locations were also 

sampled for coexisting pore water, to better understand As dissolution and mobility. Water 

sampling methods and analytical results are discussed in Chapter 4 and can be found in full in 

Appendix VI. 

 As part of the property-wide soil sampling program (discussed in more detail in Chapter 

4), three soil samples were collected from different areas of one outcrop soil hollow northwest of 

the roaster (site 8; see Figure 5.1) and were tested in collaboration with the United States 

Geological Survey (USGS) for As bioaccessibility in simulated gastric and lung fluids. The 

location chosen for the three bioaccessibility samples was selected based on high As soil pore 

water results (1440 µg/L - 2085 µg/L As, see Chapter 4) obtained from suction lysimeter 

sampling during the first of three weeks of sampling (see Figure 5.2 for pore water sampling 

location relative to bioaccessibility samples). The bioaccessibility samples came form three 

distinctly different sections of one soil-filled outcrop hollow (see Figure 5.1). Sample locations 

were chosen to include different soil types, depths, and drainage levels. Sample B-1 was located 

near the pore water sample site mentioned earlier, with spongy moss cover and wet, dark soil. 

Sample B-2 soil was from a significantly more shallow part of the outcrop depression, with no 

clear drainage exit routes present (bar flooding), thinner moss cover, and rich, dark, moist soil. 
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Sample B-3 was from the deeper area of the outcrop depression, near a more obvious drainage 

point, with moss cover over a very wet, clay-rich, dark and slimy-textured soil (see Figure 5.2). 

All three bioaccessibility samples had silt- to clay-size soil grains. B-3 appeared to have the 

highest clay content of the three samples (see Appendix VIII for complete soil descriptions)

 Bulk soil samples for bioaccessibility were collected with a metal shovel, cleaned 

between samples with de-ionized water and paper towels, and placed in heavy duty plastic sample 

bags measuring approximately 30 cm x 45 cm. Sample bags were tightly sealed with duct tape 

and frozen for transport to Queen’s University for processing. Bulk samples were air-dried under 

a fume hood in a lab at Queen’s University. Samples high in clay content were manually broken 

apart before sieving with a Retsch Sieve Shaker model AS 200 for 15-25 minutes to obtain the 
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B-1

B-2

B-3

Figure 5.2: Photograph of bioaccessibility sample sites. Bioaccessibility samples are in blue circles and 
the outcrop soil sample taken as part of the wider sampling program is in yellow. The soil pore water 
sampler can be seen installed to the right of bioaccessibility sample B-1. Note the lack of abundant plant 
life and outcrop denudation resultant of historic roaster SO2 emissions.



<250 µm and <20 µm size fractions needed for gastric and lung bioaccessibility testing in 

cooperation with the USGS. Six samples were sent to the USGS for testing, two size fractions 

from each of the three bulk samples (see Appendix I for a list of samples and analyses performed 

on them).

 5.2.1 Elemental analysis and thin section construction

 Elemental analysis was performed by the USGS using the method of Briggs and Meier 

(2002). A multi-acid decomposition (hydrochloric, nitric, perchloric, and hydrofluoric acids) was 

used to digest powdered sample material. Concentrations were then determined using ICP-MS. 

The six samples sent to the USGS were run as part of a larger run; five standards and three blanks 

were also ran. For As, one of the five standards included a percent recovery 20% greater than the 

original value, however, the As in this standard was under 3 ppm, approximately two orders of 

magnitude lower than any samples tested. Overall QA/QC results did not indicate any major 

concerns. Complete QA/QC data can be found in  Appendix III.

 Two additional unsieved samples from the same outcrop location as the sieved 

bioaccessibility samples were analyzed for total metal concentration. One of these is outcrop 

sample 8 (OS 8), part of the wider summer 2010 outcrop soil sampling, and the other is the bulk, 

unsieved sample collected for bioaccessibility sample B-1.  The methods for this ICP-MS 

analysis by ACME Laboratories can be found in Chapter 4, results are in Appendix II.

 For total carbon analysis (referred to as organic carbon (OC) because no significant 

carbonate minerals are considered to be present in samples) and nitrogen analysis, samples were 

ground to a fine powder using a mortar and pestle. Analyses were run in the Biology Department 

at Queen’s University in two runs. Approximately 0.3 g -1 g of each sample, depending on 

organic content, was analyzed via combustion to form CO2, followed by infrared detection of the 

CO2 in a LECO® CNS-2000 Organic Carbon and Nitrogen analyzer. An organic soil standard, 

high in carbon and nitrogen, was run after every five samples. A mineral soil standard, low in 

both carbon and nitrogen was run after every ten samples. Blanks were run at the beginning and 
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the end of each run. Standards showed good repeatability, and blanks no anomalous readings 

(Appendix IV).

 Petrographic thin sections were made for all six samples sent to the USGS. All thin 

section construction specifications and lifting procedure are after Walker et al. (2005). Doubly 

polished, liftable thin sections 35µm - 50µm thick were made by Vancouver Petrographics. Grain 

mounts of unsieved soil samples were made with room-temperature set epoxy. One end was 

polished and then mounted on glass slides with Krazy Glue® for ease of removal during the thin 

section lifting process described in the following paragraph. Samples were then thinly sliced and 

ground down to ~50 µm thickness to try and limit grain loss. No additional water or heat beyond 

that required to grind the thin sections was used. 

 Thin sections were examined optically with both transmitted and reflected light under a 

petrographic microscope. This was to characterize each sample and choose possible As-hosting 

targets for Environmental Scanning Electron Microscope (ESEM) and synchrotron work. Once 

thin sections intended for synchrotron analysis had been examined under the ESEM they were 

lifted from their glass slides and mounted on Kapton® tape, since for µXRD analysis the beam 

must be able to pass directly through the sample. Thin sections were soaked in acetone to dissolve 

the Krazy Glue® holding them on the glass slides. A tight seal over the dish containing acetone 

was imperative in order to reduce or eliminate the occurrence of any white residue that can 

sometimes form on slides if acetone is allowed to evaporate while the thin section is soaking.  

The thin sections were then carefully mounted on the sticky side of a single piece of Kapton® 

tape placed across a 35 mm cardboard slide holder.

 5.2.2 Environmental scanning electron microscopy and synchrotron methods

 Thin sections were examined under low vacuum with the back-scatter electron (BSE) 

detector on the MLA 650 FEG ESEM at Queen’s University and on a Cambridge S200 with EDS 

system SEM under ESEM mode at the Geological Survey of Canada, Ottawa during a time when 

the Queen’s ESEM was unavailable. Thin sections were not carbon-coated. With the exception of 
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sulfide minerals, some ROs, and any other reflective targets, hosts of As (such as As2O3) are 

extremely difficult to find under petrographic microscope alone. In addition to their minute size, 

the majority of samples include large amounts of organic matter than can mask other phases 

present on the surface of a slide. ESEM analysis is extremely powerful for finding As hosts in 

Giant Mine soil samples; the BSE detector makes As-bearing phases very obvious, since it is 

usually the element with the highest atomic number present, and the high degrees of 

magnification available make identifying <10 µm diameter As hosts and contextual relationships 

possible.

 Beamline X26A at the National Synchrotron Light Source (NSLS), part of Brookhaven 

National Laboratory (BNL) in Upton, NY was used for all synchrotron-based analyses. X26A is a 

hard X-ray microprobe optimized for geochemistry and the environmental sciences among other 

disciplines (Lanzirotti et al. 2010). For all the synchrotron work done for this thesis a focused, 

monochromatic beam with a spot size of 5 µm V x 9 µm H was used. The beam at X26A is 

focused from 400 µm x 400 µm using two 100 mm long dynamically bent silicon mirrors in 

Kirkpatrick- Baez geometry. The beam is monochromatized using two silicon, channel-cut crystal 

monochrometers. Detectors are at a 90˚ angle to the incident beam. Samples were placed in a 

sample holder at a 45˚ angle to the incident beam, meaning that the beam is an ellipse in shape 

when it reaches the sample (Walker et al., 2005). 

 Micro X-ray Radiation Fluorescence (µXRF) mapping, micro X-ray Absorbance Near-

Edge Structure (µXANES), and micro X-ray Diffraction (µXRD) analyses were performed to 

characterize the As hosts in Giant Mine soils. µXRF mapping was used to document element 

correlations of targets, as well as a tool to select targets for µXRD and µXANES. µXRD works 

similarly to conventional powder XRD, but on a micron scale, making it possible to identify 

microcrystalline minerals present in individual <20 µm grains. Micro-XANES analyses are used 

to determine the As oxidation state on a micron scale by observing small energy shifts of the As 

Kα absorption edge. It is important to understand the oxidation state of As in Giant Mine soils 
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since it helps to identify As-hosting phases. Oxidation state also plays an important role in 

toxicity (see Chapter 2).

  5.2.2.1 Micro-XRF mapping

 Targets selected by using results from the ESEM and petrographic microscope were 

mapped for element concentrations before any other synchrotron analysis. This is due to the 

uncertainty involved in finding targets using the optics at the synchrotron alone. Fly-scan µXRF 

mapping is relatively fast and can also be used to analyze a larger area of a thin section for 

potential new targets. Additionally, µXRF mapping allows relative element concentrations in a 

grain of interest to be visualized.

 5.2.2.2 Micro-XRD analysis

 Arsenic host mineralogy was identified with the aid of information about microcrystalline 

hosts from 2-dimensional (2-D) µXRD images using a Bruker SMART 1500 CCD area detector 

with 1024 x1024 pixel resolution. Data was collected for 60s at 17479 eV and wavelength 0.7039 

Å. 2-D images were analyzed with the computer program Fit2D™ (Hammersley 1998), which 

was calibrated using a mixture of two standard reference materials, α-Al2O3 (standard reference 

material 647a)and silver behenate (AgC22H43O2). Smooth Debye-Scherrer rings correspond to 

nanometer sized particles with random orientation, while bright spots and spotty rings in 2-D 

images represent submicron to micron crystallites with insufficiently random orientation (thus 

only producing discrete diffraction patterns instead of smooth rings) (Maneau et al. 2002, Walker 

et al. 2005). 2-D images were integrated into 1-D diffraction pattern images in Fit2D 

(Hammersley et al. 1996). 1-D patterns were analyzed in the peak matching software X-Pert High 

Score Plus against the International Center for Data Diffraction (ICDD 2003) reference pattern 

database.
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 5.2.2.3 Micro-XANES analysis

 Micro-XANES analyses were performed by scanning across the As Kα absorption edge 

range (11800 to 11970 eV). The range was broken into three sections with different 

corresponding step sizes (eV) and dwell times (1s - 4s). Step sizes were 5 eV in the pre-edge 

range, 0.4 eV over the edge, and 2 eV in the post-edge range. Three standards were chosen to 

cover As oxidation states from As(-I) to As(V): arsenopyrite (-I), As2O3 (III), and scorodite (V). 

Pre-prepared standards were made by grinding standard material to a powder, suspending it in 

ethanol, and mixing the suspended fraction with boron nitride. This was then spread thinly on a 

piece of Kapton® tape for analysis at the synchrotron beamline (Walker et al. 2005). The 

scorodite standard was run periodically throughout beamtime after any thin section was analyzed 

with µXANES to keep track of energy shifts over time.

  Micro-XANES spectra were analyzed in the program ATHENA™ (Ravel 2008). 

Standards and unknown spectra were normalized and pre-edge and post-edge areas corrected to 

remove background. After this, unknown absorption edges were determined and any calibrations 

necessitated by changing scorodite drift standards were performed. ATHENA™ also is used for 

linear combination fitting to fit unknown spectra to the three standards used (see Figure 3.7) and 

to assign a percentage value to each As oxidation state present.

 5.2.3 Gastric and lung bioaccessibility testing

 Sieved bulk soil samples were analyzed for gastro-intestinal and lung bioaccessibility by 

the USGS in Denver, CO, USA. The <250 µm fraction was analyzed for gastro-intestional 

bioaccessibility because it is thought to be the size fraction most likely to adhere to childrens’ 

hands and  be ingested (Van Winjen et al. 1990). The <20 µm size fraction, a proxy for the 

respirable fraction, was analyzed for lung bioaccessibility. For both gastric and lung 

bioaccessibility analysis, a blank and a duplicate were also analyzed and all data was corrected 

with blank data before analysis. Extracted fluids were analyzed for trace elements with ICP-MS 

(Morman et al. 2009).
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 For gastro-intestional bioaccessibility, a simple simulated gastric fluid was prepared after 

Drexler and Brattin (2007). This fluid is currently the standard gastric fluid used for lead (Pb) 

bioaccessibility approved by the US Environmental Protection Agency. No such approved fluid 

yet exists for As bioaccessibility, but in addition to being fast and inexpensive, the Drexler and 

Brattin fluid has been correlated to a bioavailability study in juvenile pigs (2007). The fluid is 

produced by combining 2 L of 0.4 M glycine solution to 60 mL concentrated HCl (12.1 N). This 

solution is brought to a volume of 2 L and warmed in a water bath until it reaches 37˚C. Solution 

pH is adjusted to 1.50+/- 0.05 with addition of HCl. Sample material was placed in a new acid-

washed bottle with a solid to liquid ratio of 1 g in 100 mL solution, and the simulated gastric fluid 

was added. The bottles were then placed in an incubator shaker  (MaxQ) for constant 37˚C 

temperature and agitation. 10 mL of solution was removed and filtered into a new acid-washed 

bottle after one hour with a 0.45 µm nitrocellulose syringe filter. HNO3 was used to stabilize the 

filtered solutions until analysis.

 A simulated lung fluid was adapted from Mattson et al. (1994) and Kanapilly et al. 

(1973). Intermediate solutions are made by dissolving analytical grade chemicals (ammonium 

chloride, sodium dihydrogen, phosphate, sodium citrate, and sulfuric acid) in ultra-pure 18-ohm 

water in a filled 100 mL volumetric flask. Solution volumes were adjusted from Mattson et al. 

(1994) because a batch rather than flow-through design was used. Ammonium chloride solution is 

filtered (0.45 µm) into a dark bottle and set aside until needed. No formaldehyde or methanol 

were used in order to eliminate possible metal contaminants. Salts and solutions are added to a 

1L flask in the order: ammonium chloride solution, sodium chloride, sodium bicarbonate, sodium 

carbonate, sodium dihydrogenphosphate solution, sodium citrate solution, glycine, sulfiric acid 

solution, and calcium chloride solution. Each component must be dissolved before the addition of 

the next. Eighteen-ohm water is poured into the flask until it reaches the 1 L mark, and the fluid is 

then warmed to 37˚C with a preheated water bath. The pH is titrated to 7.4 with HCl. Sieved <20 

µm sample material is placed in new acid washed bottles and lung fluid is added (sample to lung 
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fluid ratio is 1:100); the bottles stay in a preheated incubator at 37˚C under constant rotation for 

24 hours. After this time, samples were centrifuged at 2000 rpm for two minutes. The leachate 

was then filtered (0.45 µm) into a new acid washed bottle and preserved with HNO3 until analysis 

completion.

5.3 Results

 5.3.1 Arsenic hosts and bulk chemistry

 Based on the microanalysis described above, the dominant As host at this outcrop soil site 

was determined to be As2O3 in the form of arsenolite. Thin sections for bioaccessibility sites as 

well as the other outcrop soil sample taken at this location for the study addressed in Chapter 4 

(OS 8), clearly indicate this. As2O3 was found in all of the thin sections that were examined under 

ESEM. The only sample site that contained any other discrete As hosts was site B-2, also the 

sample site with the highest concentrations of As at this locality.

 The As2O3 found in samples tested for bioaccessibility appears texturally consistent with 

the As2O3 documented by Wrye (2008) and the As2O3 discussed in Chapter 4. The majority of 

grain surfaces appear pitted and mottled, a possible dissolution effect. For the most part the As2O3 

textures do not resemble the smoother grains documented by Haffert and Craw (2008), which are 

encapsulated and insulated from weathering by scorodite. One grain was found with a reaction 

rim and surrounding As-bearing Fe oxides (see Figure 5.3a). Grains in the <20 µm fraction 

invariably appear isolated in thin section, while the <250 µm fraction can have both isolated  and 

aggregate grains associated with organic matter (Figure 5.3b). A few large (>20 µm), lone As2O3 

grains were found in the <250 µm fraction with somewhat euhedral shapes (Figure 5.3c), possibly 

like those described by Riveros et al. (2000) in historic ESP dust stored underground at Giant. 

Riveros et al. hypothesized the euhedral shape resulted from direct vapor to solid sublimation of 

As2O3 from roaster gases.

 ROs were only found in the high-As sample, sample B-2 (both size fractions) and  

resemble those described by Walker et al. (2005) for the most part. Micro-diffraction patterns 
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indicate that they are probably maghemite, but some of the patterns are difficult to distinguish 

from magnetite. Most ROs measured approximately 10 µm in diameter and displayed either 

concentric or spongy textures. The only free floating ROs in thin section were found in the <20 

µm fraction of sample B-2, while the <250 µm fraction of sample B-2 only had a host of very 

small (<10 µm) ROs clumped with organic matter. ROs contained mixed As(-I), (III), and (V), as 

documented by Walker et al. (2005) and Wrye (2008).

 For a more detailed discussion of previously undocumented As hosts found in outcrop 

soils, including sample B-2, at Giant Mine, see Chapter 4. Four As hosts first documented in 

 121

Figure 5.3: As2O3 found in <250µm fraction of bioaccessibility sample B-2. A: As2O3 grain with 
reaction rim in BSE and transmitted light photograph. The As2O3 is in white, medium grey particles are As-
bearing Fe-oxides, and darker material are organics and silicates. B: As2O3  grains and other silicates 
clumped with organic matter. Note many of the smaller grains are <10µm. C: large, euhedral As2O3 grain 
occurring with organic matter and some bits of clay minerals. 



Chapter 4 were found in thin sections for sample 2. Among the four As hosts, two As-bearing Fe-

O species appeared reddish in transmitted light and, while containing As in (-I), (III), and (V) 

forms, contained more As (-I) than As(III). Since both ROs and arsenopyrite are potential sources 

of As(-I) in soils it is unclear whether these newly documented As hosts are weathering products 

of anthropogenic or natural As. No clear micro-diffraction patterns were obtained. One grain of 

pyrite with a Fe-oxyhydroxide mixed As(III) and As(V) rim was found in the <20 µm fraction of 

 122

 B Sb concentration between size fractionsAs concentration between size fractions C % between size fractions
<250µm
<20µm

<250µm
<20µm

<250µm
<20µm

B-1" B-2" B-3 B-1" B-2" B-3 B-1" B-2" B-3

<250µm: 4760ppm
As2O3,ROs, unknown 
As(V)-Fe species
<20µm: 5850ppm
As2O3, ROs, sulfide 
Fe-oxyhydroxide rims, 
non-RO Fe oxides

Total As concentration, As hosts IDʼd in thin section
<250µm: 238ppm
As2O3
<20µm: 270ppm
As2O3Bulk: 344ppm

<250µm: 483ppm
<20µm: 611ppm

Bulk: 1067ppm
As2O3

N
 A 

Figure 5.4: Results in relation to outcrop topography and size fraction. A: As concentration and its 
relationship with relative soil depth and positioning, as well as As hosts observed in thin section. B: As, Sb, 
and C concentration differences between size fractions. Sb decreases in the smaller size fraction while As 
increases. There is no trend across all three samples for C.



sample, and one <10 µm grain of an unknown As(V)-Fe mineral was found in the <250 µm 

fraction. In the overall scheme of bioaccessibility testing of the outcrop soils at Giant Mine, these 

four non-As2O3 As hosts are not likely influential, due to their extreme scarcity. 

 Total As concentrations across <250 µm and <20 µm size fractions varied among the 

three bioaccessibility sample sites, however, two trends are clear (see Figure 5.4). Firstly, for all 

three bioaccessibility sample sites, the smaller size fraction contained greater concentrations of 

As than the larger. Secondly, the relative As concentrations compared among the three sites 

appear to vary somewhat based on topography and soil depth: the deeper soil sites contain 

relatively less As, and the more topographically constrained (in terms of drainage) site B-2 

contains over an order of magnitude greater As than B-1 and B-3, with the site closest to the main 

drainage point (B-1) demonstrating the lowest As concentrations. Bulk chemistry results and 

relative soil depths and positioning between OS 8 and the unsieved bulk fraction of sample B-1 

also follow this trend. Antimony displays a trend opposite As for the <250 µm and <20 µm 

fractions for all three bioaccessibility sample sites, with the <250 µm fraction containing more Sb 

than the <20 µm fraction for each of the three bioaccessibility sample sites.

 All organic carbon (OC) contents were relatively high, in the range of 20% to 43%. The 

only significant difference in OC between size fractions was for sample B-2, with 20% carbon in 

the <20 µm fraction and 30% carbon in the <250 µm fraction (see Figure 5.4b).

 5.3.2 Arsenic bioaccessibility results

 Bioaccessibility results for simulated gastric and lung fluids can be found in Figure 5.5 

and Table 5.1. Bioaccessibility is determined by calculating the percent of total solid As leached 

by synthetic gastric and lung fluids. While there is a dramatic difference in total As concentration 

among samples, there is no such trend for percent bioaccessibility among samples (Figure 5.5). 

While all gastric percent bioaccessibility results are similar, and all lung percent bioaccessibility 

results are similar, there is a wide range of total As concentrations across all samples. Thus, the 

actual amounts of As leached by gastric and lung fluids varies significantly  (Table 5.1).
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Figure 5.5: Bioaccessibility results compared to total As concentration for outcrop soil samples in 
simulated gastric and lung fluids for the <250µm and <20µm soil fractions, respectively. A duplicate 
bioaccessibility leach was run for sample 3 and is included here. B-3* is a duplicate bioaccessibility leach 
sample of B-3.



Table 5.1: Results for leached, total, and percent bioaccessible As for simulated gastric and lung 
fluids

Gastric fluid 
(<250µm fraction)

Gastric fluid 
(<250µm fraction)

Gastric fluid 
(<250µm fraction)

Lung fluid 
(<20µm fraction)

Lung fluid 
(<20µm fraction)

Lung fluid 
(<20µm fraction)

leached As, 
mg/kg

total As, 
mg/kg

% 
bioaccessibility

leached As, 
mg/kg

total As, 
mg/kg

% 
bioaccessibility

B-1 160 483 33 113 611 18

B-2 1370 4760 29 1180 5850 20

B-3 89.5 238 38 43 270 16

B-3 duplicate 101 238 42 42 270 15

5.4 Discussion and conclusions

 The main As host identified in outcrop soils tested for bioaccessibility is As2O3. 

Examining the mineralogy and textures of As hosts suggests that As2O3 might be subject to 

transformation in soils. The reaction rim found on an As2O3 grain (Figure 5.3a), possible 

dissolution texture on As2O3 grains, and possible As2O3-derived As(III) and As(V) weathering rim 

on a pyrite grain support this. The non-As2O3 and RO As hosts identified in thin section are likely 

to have little influence on the bioaccessibility, however, dissolution of As2O3 could lead to a 

portion of As being attenuated by adsorption to soil constituents (i.e., Yang and Donahoe 2007). 

Wrye (2008) and Meunier et al (2011a) both proposed that a portion of the As in Giant Mine soils 

was hosted as an adsorbed species on organic matter and/or Fe-oxides (including As(V)). In 

addition, Wrye (2008) performed bulk XANES analyses on three outcrop soil samples from Giant  

Mine that showed a large variation in As(III) content, from 13% to 55%, indicating the presence 

of As other than As2O3. Bulk XANES on the organic horizon of Wrye’s soil cores (2 to 5 cm 

below the surface) yielded As(III) contents up to 80%. Since toxicity and to an extent mineralogy 

is linked to oxidation state (Ruby et al. 1999), bulk XANES analysis would be beneficial in the 

future for interpretation. Arsenic that has migrated from As2O3 and is now adsorbed on Fe-

oxyhydroxides and organic matter may be less mobile than As in As2O3 (i.e., Meunier et al. 
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2011a). Additionally, As2O3 containing Sb from Giant ESP dust is less soluble than reagent-grade 

As2O3 (SRK 2002c); Sb content lowering solubility could not only be a factor in persistence of 

As2O3 in general at Giant but in decreasing bioaccessibility. The observed difference in Sb 

concentration between soil size fractions, with less Sb in the <20 µm fraction than the <250 µm, 

could indicate that the <250 µm fraction contains more Sb-bearing As2O3 than the <20 µm. 

 Smaller particle size fractions do not necessarily contain to more, less, or similar amounts 

of a contaminant than larger ones (Bright et al. 2006). However, two clear trends between As and 

Sb and size fractions were observed in bioaccessibility samples. The observed trends of higher 

concentrations of As and lower concentrations of Sb in the smaller soil size fractions relative to 

the larger fraction could relate to particle size of As hosts and clumping of As2O3 particles with 

organic matter. Most Sb in roaster ESP dust at Giant is hosted within As2O3 (SRK 2002c, Riveros 

et al. 2000). It could be possible that part of the trend of increased As but decreased Sb in the <20 

µm fraction is due to a lower proportion of As2O3 relative to other As hosts, since while smaller 

As2O3 particles are abundant in the <20 µm size fraction, larger As2O3 particles and As2O3 in 

clumping with organic matter would not make it to the smaller size fraction. More lone ROs and 

other small sulfide particles were observed in the smaller size fraction for sample B-2 relative to 

the larger size fraction. There is not enough information to be able to understand if Sb content has 

any influence on the preponderance of As2O3 particles in clumps with organic matter. However, 

Sb content in As2O3 in ESP dust has a known solubility reduction effect (Riveros et al. 2000). If 

this decrease in solubility with increasing Sb content at all affects weathering, Sb-enriched As2O3 

might be less likely to weather and break into smaller particles more likely to make it to the <20 

µm fraction, leaving more Sb in the <250 µm fraction relative to the <20 µm. 

 The specific sample location appears to be very important in determining the absolute As 

concentration obtained for outcrop soils. Sample B-2 has dramatically more restricted topography 

and shallower soil, and much higher As concentrations than the other samples in deeper soils with 

better drainage. This could be evidence of the “wash down” effect discussed in Walker (2006) and 
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Wrye (2008) and is evidence that topography must be considered when dealing with 

contaminated surface material at Giant Mine.

 The lack of a dramatic difference in bioaccessibility results for both gastric and lung 

fluids among all three samples and the very different total As concentrations involved make it 

unlikely that As percent bioaccessibility at this site corresponds with total As concentration (see 

Figure 5.5). These trends could be evidence of the very relative homogeneity in As host 

properties across this outcrop hollow, even with topography creating heterogenous concentration 

levels of As.

 Meunier et al. (2011a) performed PBET gastrointestinal bioaccessibility studies on a 

selection of material from mine sites, including two soils from Giant Mine. One sample, with 

70% organic matter and 260 ppm As (dominantly As(V)), yielded comparable results to the 

outcrop soil samples in this study, with 29% bioaccessibility. The other sample tested by Meunier 

et al. contained As(III) and As(V), 6700 ppm As, 34% organic matter, and yielded bioaccessibility 

of 65%. These latter results are considerably higher than results from any samples from this study. 

The source of As contamination in these samples is unknown, so they may not be a good 

comparison for soils effected only by roaster emissions. It would perhaps be prudent to perform 

bioaccessibility tests on additional well-characterized samples from Giant Mine to understand this 

wide range of bioaccessibility. The USEPA (2001) conducted 12-day swine bioavailability tests 

on residential soils from Colorado affected by three different smelters, with the majority of As 

occurring as As2O3 (~300 ppm - 960 ppm As), determined via XRD. Their results, with an 

average of 31% bioavailable As with an upper confidence limit of 42%, seem more comparable to 

those being investigated in the present study. Bioavailability studies should in theory be more 

conservative than bioaccessibility studies (Plumlee et al. 2006), and the USEPA results do not 

seem  much higher than our bioaccessibility studies. However, close comparisons between sites 

that differ in so many details are likely of limited utility. Yang et al. (2005) also tested gastric 

bioaccessibility for As2O3- dosed soil standards containing As(III) and As(V) mixtures; their 
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resulting range of bioaccessibility from 3% to 92% is perhaps a good indication that the presence 

of As(III) (or As2O3) alone is not enough to  predict bioaccessibility. However, their average 

values of 27% seem somewhat more comparable to our results.

 The lung bioaccessibility determined for outcrop soils at Giant Mine, while lower than 

gastric results, still contain 15% - 20% bioaccessible As, which is not necessarily surprising. 

Lung fluid is near-neutral in pH (unlike gastric fluid), however As should still be able to be 

somewhat mobile at these pH, in comparison to a metal like Pb (Plumlee and Ziegler 2007). 

Studies on Owens dry lake dust, containing 10s of ppm As, found As bioaccessibility in lung fluid 

leaches to be greater than As in gastric leaches. This is significant since the As in gastric leaches 

at Owens were over 60-70% bioaccessible (Plumlee et al. 2006). This was explained by the 

propensity of As to form oxyanions in solution (Plumlee and Ziegler 2007). Mullins and Norman 

(1994, quoted by Corriveau et al. 2011) investigated As bioaccessibility from mine waste 

windblown dust near Butte, Montana, and found a trend opposite that of Plumlee et al. (2006); 

the gastric fluid produced greater percent bioaccessibilitity (with values up to 42%) than either 

lung or intestinal fluids. It is important to remember that lung fluid leach tests have weaker links 

to reality than many gastric leach tests (Julien et al. 2011), and that many particles that are 

initially inhaled can end up being coughed up and ultimately ingested, thereby effecting gastric 

bioaccessibility (Plumlee et al. 2006).

 Guidelines for metal concentrations in soils and other media are often made under the 

assumption that 100% of a given substance is bioavailable (Plumlee et al. 2006). In terms of 

environmental regulations, even with bioaccessibilities less than 100%, concentrations of As in 

outcrop soils are high enough in some locations for them to still be worrisome and exceed the 

site-specific industrial soil guideline at Giant of 340 ppm (GNWT 2003). For sample B-2 both 

gastric and lung fluids leached well more than 340 ppm As, at 1370 ppm and 1180 ppm 

respectively (see Table 5.1). In the context of other outcrop soil samples at Giant Mine, sample 

B-2’s total As levels are not extremely anomalous; 19 of 40 outcrop soils sampled in the summer 
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of 2010 had bulk As levels above 1000 ppm. Given that sample B-2’s high As values are for 

sieved size fractions, and that As is hosts in the three Giant soils in this study are in general more 

abundant in finer size fractions due to their size, sample B-2 As levels seem roughly comparable 

with many others found at Giant (see Chapter 4 for more information, also Appendix II). 

 Bioaccessibility results determined in this study are not meant to be absolute guidelines. 

There is some evidence that the <250 µm size fraction that is becoming commonly used for 

gastric bioaccessibility might not always be totally appropriate. The size fraction of particles that 

would cling to the hands of a small child actually vary quite a bit with moisture content. For very 

dry soils particles <60 µm would be most likely to adhere to hands, while with rising moisture 

content (10% - 20%) more mid-range particles would preferentially adhere (135 µm - 250 µm). 

Additionally, moisture content effects the absolute amount of soil particles that adhere to skin 

(Bright et al 2006). All of the bioaccessibility samples collected at Giant were moist at collection, 

with samples B-1 and B-3 being completely wet, so the <250 µm gastric fraction may not be 

totally inappropriate. For lung bioaccessibility, since particles >10 µm are likely to be coughed up 

and swallowed the <20 µm size fraction might be overly protective since it would include As2O3 

particles that would not stay in the lungs (based on the size of As2O3 particles observed in these 

soils). However, since lung bioaccessibility already somewhat removed from reality, using an 

overly protective size fraction might not be a large problem. 

 If the guideline of 340 ppm As is meant to equate with 340 ppm bioaccessible As, based 

on the results reported in this chapter for gastric fluid, the <250 µm size fraction of a given soil 

sample would need an As concentration of at least 810 ppm-1170 ppm to produce 340 ppm 

bioaccessible As. Similarly, for lung fluid, As concentrations in the <20 µm size fraction would 

need to be at least 1700 ppm to 2270 ppm to exceed 340 ppm bioaccessible As. Given the known 

concentrations of As present in bulk (unsieved) outcrop soils at Giant, it is likely that a large 

number of samples with unsieved As concentrations over 340 ppm would still be over 340 ppm if 

bioaccessibility were accounted for, especially for gastric leaches. Twenty-four of 40 outcrop 
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samples discussed in Chapter 4 have unsieved As concentrations greater than 810 ppm. With 

sieving, the number of samples with As concentrations elevated above 810 ppm is likely much 

greater.  However, some samples that have elevated total unsieved As concentrations over 340 

ppm likely would not have over 340 ppm bioaccessible As. Bioaccessibility studies of a limited 

number of samples at Giant Mine have helped to fill a gap in knowledge about the properties of 

As-contaminated soils. Given the range of As contamination sources present (i.e., tailings, waste 

rock, ESP dust) at Giant Mine and the increased knowledge of elevated As concentrations in 

outcrop soils (Chapter 4), there are many paths future bioaccessibility testing could pursue.
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Chapter 6:
CONCLUSIONS AND FUTURE WORK

6.1 Conclusions

 Several conclusions can be drawn from this study. Most of the roaster-derived As hosts 

found in outcrop soils at Giant Mine are As2O3, as reported by Wrye (2008). ROs were also found 

in significant quantity, although dramatically less so than As2O3. Several As hosts that had not 

been previously  described in Giant Mine soils were found in outcrop soils. Some of these newly 

found As hosts could possibly be resultant of As2O3 mobility; in particular, As(III) and As(V)-

bearing Fe-oxyhydroxide rims on pyrite grains could be resultant of As2O3 dissolution and 

migration. 

 A combination of different types of evidence suggest that, while there is clear evidence of 

its persistence in soils, As2O3 has somewhat changed. Textural evidence from As2O3 grains such 

as mottled dissolution textures, possible weathering rims, and an As-Fe reaction rim support this. 

While As2O3 at Giant is less soluble than pure As2O3 due to trace Sb content (SRK 2002c), pore 

waters contain significant dissolved As (up to ~2000 µg/L) that could be indicative of As leached 

from solid material during rainfall or freshet. It is possible that for some soils, a combination of 

somewhat reducing conditions and slow reaction kinetics could make it possible for As2O3 to re-

precipitate upon evaporation of rainfall. Comparing correlations between As and Sb in bulk soils 

from samples in 2010 and samples in the 1970s from Giant and the Yellowknife area shows a 

possible change in overall As content of soils relative to Sb content over a long time period. 

Correlation between carbon content and Sb:As ratio might be explained by a trend of low-Sb 

As2O3 preferentially dissolving before high-Sb A As2O3 in the same manner as ESP dust (Riveros 

et al. 2000), and sorption site competition with dissolved organic matter resulting in higher 

dissolved As, lower adsorbed As, and samples more enriched in Sb relative to As in the solid 

fraction over long time periods. The As-bearing Fe-oxyhydroxide rims found on pyrite grains in 

As2O3-rich soils could be evidence of the mobility of dissolved As2O3 . The other As-bearing Fe-
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(oxyhydr)oxides documented in outcrop soils could potentially be resultant of either natural 

arsenopyrite or anthropogenic As weathering. Additionally, SSE results of Wrye (2008) suggest a 

portion of As in soils is sorbed to metal oxides and/or organic matter, and bulk XANES results 

suggest only 28% to 45% of As in soil samples was As2O3 relative to other As hosts. 

 Topography and climate likely plays a crucial role in concentrating As in soils located in 

outcrop depressions. Denuded outcrop probably makes concentration by rainfall wash down of 

roaster-derived As deposited on outcrop surfaces simpler. Even in water-logged soils where As2O3 

dissolution could possibly occur despite slow reaction kinetics, if topography prevents aqueous 

As escape and oxidation is slow or non-existent, As2O3  could be re-precipitating or As could be 

adsorbing to soil constituents, maintaining the elevated As concentrations in outcrop soils (up to 

>5700 ppm). The dry climate at Giant could also contribute to in situ partial dissolution and 

possible re-precipitation of As2O3 (proposed by Haffert and Craw 2008). In addition to dryness 

and the large role played by restrictive topography, temperatures below 0˚C for the majority of 

the year (INAC 2007) likely play an important role in reducing mobility of As. The high 

concentrations of As documented in outcrop soils make them a significant though by no means 

insurmountable issue for remediation of contaminated surface material at Giant Mine.

 Examining soil concentrations of As, Sb and Au and correlating them with ESP dust 

compositions indicates that most roaster emissions impacting Giant soils probably originated 

pre-1964. Knowledge of the long time period involved in As2O3 residence also lends credence to 

the idea that despite slow reaction kinetics, low rainfall, and freezing temperatures,  some 

alteration of As2O3 has occurred. The relatively poor As correlations relative to the less mobile Sb 

and Au (see Chapter 4) also supports the notion that As2O3 (as the dominant As host) has to some 

extent changed over time, albeit slowly relative to other studies on As2O3 persistence in soils (i.e., 

Yang and Donahoe 2007, Qi and Donahoe 2008, Yue and Donahoe 2009, Fitzmaurice et al. 2009, 

Ashley and Lottermoser 1999). No quantitative estimate of the ultimate persistence of As2O3 in 

soils has been made, but information about its mobility, aside from topographic constraints, 
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indicates that it might not persist indefinitely. However, topographic constraints and the dry and 

cold climate at Giant Mine likely mean As2O3  will probably not naturally attenuate in the very 

near future.

 Finally, bioaccessibility results indicate that for one outcrop location, the percent 

bioaccessible As for both lung (average 18%) and gastric (average 34%) fluids is well less than 

100%. Additionally, bioaccessibility results for lung and gastric fluids among all three samples 

tested do not appear to vary with total As concentration differences; As concentration differences 

are probably a result of topography. While percent bioaccessibility results are relatively similar 

regardless of sample, differences in total As mean that some samples pose significantly more risk 

in terms of bioaccessibility. For instance, even though sample B-2 is only 29% bioaccessible in 

synthetic gastric fluid, its high total solid As concentration (4760 ppm) means that a large amount 

of As (1370 ppm) is bioaccessible, in comparison to samples with much lower total solid As 

concentrations and similar percent bioaccessibilities.  

6.2: Future work

 The following recommendations for future work are based on the results of this thesis, to 

further explore the persistence, mobility, and bioaccessibility of roaster-derived As at Giant Mine.

• Make more thin sections of high roaster-As outcrop soils and further investigate roaster-

derived As host identities and textural relationships. Determine with less uncertainty the 

breadth and identity of As hosts, and the roaster-derived or natural nature of them. Working 

with outcrop soil samples for this thesis has highlighted the extreme utility of examining 

As-rich soils to determine As hosts.

•  Bulk XANES measurements of a variety of outcrop soils of different chemical makeup and 

maturity should be performed to better understand the bulk makeup of As in soils. 

Sequential extractions would also be illuminating. At this time there is no way to 

quantitatively estimate different proportions of soil-borne As hosts for samples used in the 
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present study. Additionally, the latter two measurements would make these samples more 

comparable to those of Wrye (2008).

• Quantitatively evaluate the relative proportions of different As hosts in thin section. With 

the sheer amounts of As2O3 involved in many thin sections, estimating relative proportions 

of As hosts beyond the most basic level is rife with uncertainty.

• The bulk chemistry results of the <250 µm and <20 µm size fraction bioaccessibility 

samples raise some interesting questions about the difference in proportions of As hosts 

between size fractions. Examination of different size fractions of high roaster-As soil 

samples and quantitatively determine both hosts present and the difference between size 

fractions. 

• Continue bioaccessibility studies on Giant Mine soil to better understand the possible 

ramifications of As hosts in the soils for human health. The three samples assessed do not 

in any way represent the actual breadth of roaster As-rich outcrop soil variety in terms of 

topography, bulk chemistry, carbon content, As relative enrichment, host rock, and soil 

type. There is also some debate about the most appropriate size fraction for bioaccessibility 

testing, specifically whether <250 µm is too large to be realistic for gastric ingestion 

(Bright et al. 2006); since there is evidence that As concentrations are greater in smaller 

size fractions for outcrop soils, a smaller, more protective size fraction could be tested for 

bioaccessibility.  It would be prudent, in assessing risk of outcrop soils at Giant to human 

health, to examine soils with different properties to determine if percent bioaccessibility 

varies significantly over the course of the property. In addition it would be useful to 

examine soils with both a wider breadth of and more extreme proportions of different As 

hosts.
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APPENDIX I:
 Sample analysis and GPS coordinate list

The following tables list the different analyses performed on each sample, as well as GPS 
coordinates for locations of all samples.
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Soil 
Sample 
Name

Depth 
(core 
only)
cm

Thin 
section

ICP-MS 
ACME 
labs

15g

ICP-MS 
ACME 
labs

0.5g

ICP-MS 
USGS

Carbon/
Nitrogen

Gastric 
Bioaccessibility

Lung 
Bioaccessibility

Pt 
electrodes

Lysimet
er

O=outcrop
C=core
B=bulk, 
G=grab

O=outcrop
C=core
B=bulk, 
G=grab

O-1-1 X X

O-1-2 X X

O-2 X

O-3 X X

O-5 X X

O-6 X X X X

O-6.5-1 X X

O-6.5-2 X X

O-7 X X

O-8 X X X X X

B-8-1 X

B-8-1A 
(<250um) X X X X

B-8-2A 
(<250um) X X X X

B-8-3A 
(<250um) X X X X

B-8-3A 
duplicate X

B-8-1B 
(<20um) X X X X

B-8-2B 
(<20um) X X X X

B-8-3B 
(<20um) X X X X

B-8-3B 
duplicate X

O-8.5 X X

O-9 X X

C-9-1 0 - 4.1 X X X

C-9-2 4.1 - 18 X X

C-9-3 18 - 34 X X

O-10 X X

O-11 X X

O-12 X X

G-12.5 X X

O-13 X X

O-13.5A X X

O-13.5B X X

O-14 X X X

G-14-1 X X

G-14-2 (B) X X

O-15 X X X

O-16 X X

O-17 X X X X

153



Soil 
Sample 
Name

Depth 
(core 
only)
cm

Thin 
section

ICP-MS 
ACME 
labs

15g

ICP-MS 
ACME 
labs

0.5g

ICP-MS 
USGS

Carbon/
Nitrogen

Gastric 
Bioaccessibility

Lung 
Bioaccessibility

Pt 
electrodes

Lysimet
er

C-17-1 0 - 6.7 X X

C-17-2 6.7 - 
24.7 X X

O-18 X X X

O-19 X X X X

O-20A X X

O-20B X X

O-21 X X X

O-22 X X

C-23-1 0 - 5.5 X X

C-23-2 5.5 - 11 X X

C-23-3 11 - 15.5 X X

C-23-4 15.5 - 
20.5 X X

O-24 X X

O-24.5 X X X X

C-25-1 0 - 6 X X

C-25-2 6 - 15.2 X X

C-26-1 0 - 18 X X

C-26-2 18 - 37 X X

O-27 X X X

O-28 X X

O-29 X X

C-30-1 0 - 6.8 X X X

C-30-2 6.8 - 
20.8 X X

O-31 X X X

O-32-1 X X

O-32-2 X X

O-33-1 X X

O-33-2 X X

O-35-1 X X X

O-35-2 X X X

O-35-3 X X
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Sample 
location

Pore water 
sample name

As+Sb Cation
+Anion suite

Corresponding 
thin section

pH,ORP,T,conductivity

6 6 X X X

8 8 X X X

8 88 X X X X

9 9 X X X

14 14 X X X

15 15 X X X

17 17 X X

18 18 X X X

19 19 X X X

24.5 24.5 X X X X



Site 
name

EastingX
(WGS84)

NorthingY
(WGS84)

Latitude Longitude

1-1 326336.31 6932762.17 62°29'06.6" 114°22'13.6"

102 326302.37 6932853.79  62°29'09.5" 114°22'16.3"

2 326205.75 6933447.87  62°29'28.5" 114°22'25.2"

3 326831.82 6933849.21  62°29'42.5" 114°21'43.0"

5 326381.12 6934663.21  62°30'08.0" 114°22'17.4"

6 326443.48 6934787.06  62°30'12.1" 114°22'13.5"

6.5-1 326428.73 6934998.65  62°30'18.9" 114°22'15.3"

6.5-2 326415.53 6934965.19  62°30'17.8" 114°22'16.1"

7 326434.71 6935113.07  62°30'22.6" 114°22'15.3"

8 326449.12 6935223.92  62°30'26.2" 114°22'14.7"

8.5 326338.59 6935248.22  62°30'26.8" 114°22'22.5"

9 (W) 326151.36 6935558.78  62°30'36.5" 114°22'36.7"

9 (O) 326155.46 6935555.44  62°30'36.4" 114°22'36.4"

9 (C) 326139.3 6935574.93  62°30'37.0" 114°22'37.6"

10 326219.85 6935279.32  62°30'27.6" 114°22'30.9"

11 326186.24 6935321.36  62°30'28.9" 114°22'33.4"

12 326341.63 6935579.85  62°30'37.5" 114°22'23.5"

12.5 326338.18 6935815.63  62°30'45.1" 114°22'24.6"

13 326464.45 6935489.73  62°30'34.8" 114°22'14.6"

13.5A 326443.7 6935394.73  62°30'31.7" 114°22'15.7"

13.5B 326450.03 6935350.98  62°30'30.3" 114°22'15.1"

14 326629.41 6935849.96  62°30'46.7" 114°22'04.4"

14 
(G)

326583.98 6935802.78  62°30'45.1" 114°22'07.4"

15 326453.93 6935809.58  62°30'45.1" 114°22'16.5"

15 326468.87 6935821.18  62°30'45.5" 114°22'15.5"

16 326658.18 6936235.94  62°30'59.2" 114°22'03.8"

17 
(O)

327169.8 6938329.7  62°32'07.6" 114°21'35.7"

17 
(C)

326658.18 6936235.94  62°30'59.2" 114°22'03.8"

17 
(W)

326629.41 6935849.96  62°30'46.7" 114°22'04.4"

18 327070.29 6933610.47  62°29'35.2" 114°21'25.5"

19 327132.96 6933464.59  62°29'30.6" 114°21'20.6"

20A 327194.59 6933492.41  62°29'31.6" 114°21'16.4"

20B 327224.82 6933493.96  62°29'31.7" 114°21'14.3"

21 327180.65 6933775.26  62°29'40.7" 114°21'18.4"

22 327326.96 6933804.82  62°29'41.9" 114°21'08.3"

23 327297.59 6933762.93  62°29'40.5" 114°21'10.2"

24 327423.88 6933737.84  62°29'39.9" 114°21'01.3"

24.5 327370.15 6933697.22  62°29'38.5" 114°21'04.9"

25 327256.99 6933644.18  62°29'36.6" 114°21'12.6"

26 327198.34 6933591.42  62°29'34.8" 114°21'16.5"

27 327194.16 6934090.72  62°29'50.9" 114°21'18.6"

28 327407.79 6934836.04  62°30'15.3" 114°21'06.4"

29 327942.44 6936662.08  62°31'15.1" 114°20'35.7"

30 326344.64 6935061.97  62°30'20.8" 114°22'21.4"

Site 
name

EastingX
(WGS84)

NorthingY
(WGS84)

Latitude Longitude

31 327659.86 6934140.97  62°29'53.3" 114°20'46.3"

32-1 327404.76 6934197.62  62°29'54.7" 114°21'04.3"

32-2 327439.2 6934226.86  62°29'55.7" 114°21'02.0"

33-1 327461.26 6933794.72  62°29'41.8" 114°20'58.9"

33-2 327483.95 6933762.62  62°29'40.8" 114°20'57.2"

35-1 326405.44 6934854.12  62°30'14.2" 114°22'16.4"

35-2 326421.95 6934868.77  62°30'14.7" 114°22'15.3"

35-3 326431.82 6934865.24  62°30'14.6" 114°22'14.6"
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APPENDIX II: 
Bulk chemistry results, ACME Laboratories

The following table contains ACME Laboratories bulk chemistry aqua regia ICP-MS results for 
freeze-dried, un-sifted soil samples. Selected elements only; full suite analyzed can be found in 
Appendix II on accompanying DVD. QA/QC results for the selected elements are included as 
well, and in full format on DVD.
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sam
ple 

size

Mo 
ppm

Cu 
ppm

Pb 
ppm

Zn 
ppm

Ag 
ppb

Ni 
ppm

Co 
ppm

Mn 
ppm

Fe 
%

As 
ppm

U 
ppm

Au 
ppb

Sb 
ppm

Ca 
%

P 
%

Al
%

S
%

MDLMDL 0.01 0.01 0.01 0.1 2 0.1 0.1 1 0.01 0.1 0.1 0.2 0.02 0.01 0 0.01 0.02

O-1-1 15g 0.85 93.2 13.8 124 377 30.2 17.4 536 4.31 645 1.5 14.1 16.3 0.20 0.16 2.53 0.05

O-1-2 15g 0.72 212 29.5 15.1 397 61.3 11.1 141 1.59 418 8.9 35.1 22.1 0.82 0.2 2.78 0.31

O-3 15g 0.50 34.3 39.3 115 303 54.7 25.0 897 3.94 1610 0.5 427 53.5 0.54 0.04 2.65 0.05

O-5 15g 15.6 123 229 86.9 954 8.8 2.9 38 0.74 1635 27.5 1138 262 0.26 0.08 0.64 0.13

O-5 
dup

15g 14.7 125 222 84.3 967 8.3 3.0 37 0.73 1608 27.5 1141 251 0.24 0.08 0.65 0.12

O-6 15g 0.56 181 80.3 259 638 89.0 31.5 1457 4.75 825 1.1 79.2 33.6 0.78 0.12 3.13 0.07

O-6.5-
1

15g 0.75 154 77.5 200 816 15.8 4.7 377 0.85 972 334 147 60.6 0.77 0.22 2.22 0.27

O-6.5-
2

0.5g 0.90 149 169 197 931 14.0 10.8 528 0.86 975 157 567 114 1.09 0.19 1.78 0.49

O-7 15g 1.15 20.3 43.3 36.0 552 6.7 1.8 21 0.48 954 17.5 399 143 0.10 0.21 1.32 0.23

O-8 0.5g 0.78 12 24.8 23.7 287 6.1 1.8 19 0.75 1067 9.6 176 196 0.11 0.13 0.97 0.15

B-8-1 15g 0.68 20.1 19.3 7.1 183 5.8 0.8 7 0.80 344 74.9 27.8 21.4 0.05 0.18 1.52 0.18

O-8.5 15g 0.49 15.9 29.9 16.1 320 5.5 1.5 18 0.45 522 10.4 202 119 0.05 0.18 0.89 0.16

O-9 15g 0.76 24.5 29.9 28.3 477 17.8 2.4 26 0.56 363 82.5 142 121 0.12 0.28 1.19 0.23

C-9-1 0.5g 1.90 41.4 14.9 46.3 257 18.6 5.0 143 0.95 701 11.4 210 31.2 1.61 0.08 0.87 0.45

C-9-2 15g 0.26 20.1 4.40 25.1 35 18.7 6.0 120 1.28 29.7 3.8 7.1 0.26 0.21 0.05 0.94 <0.02

C-9-2 
dup

15g 0.34 21.1 4.76 27.4 36 18.8 6.2 119 1.30 29.8 3.9 7.0 0.27 0.20 0.05 0.99 <0.02

C-9-3 15g 0.42 12.5 3.46 18.2 24 13.7 6.4 189 0.95 10.9 1.6 2.1 0.09 0.16 0.04 0.60 <0.02

O-10 15g 0.57 46.9 33.8 82.1 550 15.5 2.3 36 0.83 1631 33.3 204 103 0.04 0.33 2.67 0.15

O-11 15g 1.26 120 59.9 137 531 25.9 17.7 205 4.30 2527 23.2 227 45.2 0.12 0.39 5.64 0.10

O-12 15g 0.35 58.3 22.6 24.8 252 8.7 1.5 23 0.69 603 15.0 11.0 11.1 0.06 0.14 1.95 0.05

G-12.5 15g 2.72 41.3 13.1 60.9 220 37.9 23.7 912 2.88 282 89.1 37.2 6.72 1.35 0.07 2.70 0.13

O-13 15g 0.93 37.6 90.5 83.6 1204 16.9 4.0 75 0.97 1579 20.1 691 139 0.26 0.3 1.38 0.25

O-13.5
A

15g 0.35 33.6 17.9 25.1 181 6.2 0.9 21 0.45 730 42.1 51.3 33.8 0.06 0.32 2.05 0.11

O-13.5
B

0.5g 1.73 27.7 93.4 39.1 1181 12.6 3.4 33 1.08 1981 18.4 786 352 0.06 0.19 1.21 0.17

O-14 15g 0.51 93.7 26 56.1 509 26.3 7.2 103 0.94 415 1.6 268 65.5 0.52 0.34 1.94 0.43

G-14-1 15g 1.00 22.9 7.85 35.1 36 24.3 8.8 257 2.04 93.3 4.6 12.6 3.38 0.60 0.04 1.66 0.05

G-14-2 
(B)

15g 1.22 22.7 9.15 36.9 20 25.6 9.7 252 2.38 49.8 3.2 6.7 1.36 0.38 0.03 1.96 0.02

O-15 15g 0.31 35.1 7.33 23.4 325 24.9 9.5 46 0.61 299 5.3 49.0 7.84 0.09 0.13 1.32 0.21

O-16 15g 0.73 197 90.2 295 802 107 36.7 1599 5.30 918 1.2 62.4 33.7 0.89 0.13 3.30 0.09

O-17 15g 0.57 208 19.4 128 400 56.2 33.6 2081 2.72 459 2.6 69.7 19.4 0.70 0.1 2.54 0.09

C-17-1 15g 0.30 5.38 5.02 16.8 28 7.5 3.5 58 0.90 46.5 0.5 25.6 5.62 0.08 0.01 0.54 <0.02

C-17-2 15g 0.35 10.8 4.13 14.9 5 15.5 6.1 75 1.16 22.7 0.8 5.1 0.39 0.06 0.02 0.81 <0.02

O-18 15g 0.66 359 41.6 114 651 40.8 12.3 196 1.68 388 13.4 607 79.4 3.42 0.2 1.23 0.55

O-19 15g 0.45 28.9 11.7 101 38 36.6 24.2 866 3.69 808 0.7 15.9 9.28 0.28 0.03 2.64 <0.02

O-20B 15g 0.53 60.6 50.8 157 702 35.1 18.6 1215 2.53 1114 3.8 515 57.5 1.54 0.11 2.03 0.10

O-20A 15g 0.36 104 13.8 159 265 50.6 23.1 493 4.79 411 1.7 31.8 9.13 0.23 0.19 3.61 0.06

O-21 15g 0.50 117 60.7 105 812 20.7 9.3 221 2.38 3580 2.5 756 145 0.19 0.2 2.80 0.08

O-22 15g 0.65 201 34 323 600 72.8 53.5 >100
00

7.45 3078 1.2 280 75.8 0.44 0.1 4.10 0.05

C-23-1 0.5g 4.41 37.8 41.4 136 459 14.6 12.4 3587 0.50 485 0.7 355 303 2.71 0.07 0.45 0.21

C-23-2 0.5g 0.60 27.2 5.64 27.2 102 15.6 7.9 257 1.35 319 2.3 7.6 18.8 3.41 0.07 1.01 0.16

C-23-3 15g 0.51 29.9 11 57.9 77 30.8 13.9 438 2.90 324 3.3 3.9 1.90 1.25 0.07 2.41 0.04
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sam
ple 

size

Mo 
ppm

Cu 
ppm

Pb 
ppm

Zn 
ppm

Ag 
ppb

Ni 
ppm

Co 
ppm

Mn 
ppm

Fe 
%

As 
ppm

U 
ppm

Au 
ppb

Sb 
ppm

Ca 
%

P 
%

Al
%

S
%

C-23-3 
dup

15g 0.46 27.9 10.3 54.8 71 29.0 12.9 409 2.74 320 3.1 4.1 1.91 1.21 0.06 2.27 0.04

C-23-4 15g 0.47 29.5 11 56.4 75 29.3 13.3 419 2.75 144 3.2 8.6 2.73 1.19 0.06 2.24 0.04

O-24 15g 0.60 70.3 18.9 44.0 353 24.1 8.2 52 0.56 479 0.3 202 71.3 0.53 0.27 0.65 0.37

O-24.5 0.5g 0.40 17.5 39.7 36.9 553 5.3 1.9 81 0.27 1123 0.3 600 148 0.49 0.05 0.11 0.13

O-24.5 
dup

0.5g 0.41 14.6 32.9 39.1 431 4.8 1.7 83 0.24 928 0.2 400 114 0.53 0.05 0.11 0.13

C-25-1 0.5g 0.48 48.1 87.4 123 751 28.1 19.4 2120 1.73 7678 0.8 761 195 0.62 0.07 1.11 0.10

C-25-2 15g 0.25 19 6.00 36.2 21 24.5 9.6 229 2.34 323 0.9 3.1 5.45 0.19 0.03 1.78 <0.02

C-26-1 0.5g 1.00 29.6 4.79 8.1 124 7.7 2.4 467 0.12 76.7 7.3 22.6 47.2 5.51 0.07 0.27 0.19

C-26-2 15g 0.22 24.7 7.22 49.4 52 31.4 12.7 406 2.57 30.7 1.4 2.9 0.40 0.55 0.06 1.87 <0.02

O-27 15g 1.37 143 101 578 1086 58.6 43.0 5012 5.49 5086 0.4 1485 237 1.01 0.09 2.48 0.09

O-28 15g 0.66 105 117 215 959 65.0 37.8 1250 4.95 3159 0.5 852 152 1.88 0.08 1.98 0.26

O-29 15g 0.95 142 21.2 264 353 57.8 42.2 2810 4.12 156 1.6 8.4 5.28 0.37 0.1 2.80 0.08

C-30-1 0.5g 1.06 9.55 3.92 19.0 84 3.7 1.9 39 0.24 92.8 5.4 19.7 28.8 1.17 0.07 0.31 0.26

C-30-2 0.5g 0.72 7.35 1.02 1.8 35 1.9 1.2 2 0.17 24.4 3.4 2.2 0.57 1.15 0.03 0.19 0.16

O-31 15g 0.69 39.7 63.1 121 636 38.7 20.0 416 3.60 2475 0.3 706 146 0.40 0.05 1.64 0.08

O-32-1 15g 0.77 107 93.1 86.7 918 47.6 21.5 322 3.51 5760 2.7 745 161 0.27 0.07 2.29 0.05

O-32-2 15g 0.57 164 47.2 267 759 54.6 25.5 408 5.66 5005 2.4 403 98.3 0.18 0.39 3.93 0.08

O-33-1 15g 0.33 187 20.7 71.0 609 51.5 13.6 193 2.89 2199 2.7 89.3 48.1 0.23 0.23 3.41 0.12

O-33-2 15g 0.59 172 160 453 745 75.4 36.8 1942 4.11 2829 0.8 309 102 0.33 0.18 2.56 0.05

O-35-1 15g 0.47 4.03 11.9 27.7 115 4.6 1.9 66 0.62 330 0.5 105 28.6 0.02 0.01 0.39 <0.02

O-35-2 0.5g 4.39 41.3 95.2 184 1475 14.4 3.9 164 0.98 3150 3.7 1920 419 1.98 0.11 0.46 0.48

O-35-3 0.5g 1.39 27.2 31.1 42.9 414 8.3 4.9 54 0.53 787 1.0 259 110 0.39 0.02 0.38 0.09

QA/QC:QA/QC:QA/QC:QA/QC:QA/QC:QA/QC:QA/QC:QA/QC:QA/QC:QA/QC:QA/QC:QA/QC:QA/QC:QA/QC:QA/QC:QA/QC:QA/QC:QA/QC:QA/QC:

blind duplicate across size fractionsblind duplicate across size fractionsblind duplicate across size fractionsblind duplicate across size fractionsblind duplicate across size fractionsblind duplicate across size fractionsblind duplicate across size fractionsblind duplicate across size fractionsblind duplicate across size fractionsblind duplicate across size fractionsblind duplicate across size fractionsblind duplicate across size fractionsblind duplicate across size fractionsblind duplicate across size fractionsblind duplicate across size fractionsblind duplicate across size fractionsblind duplicate across size fractionsblind duplicate across size fractionsblind duplicate across size fractions

SRM 
2711 
0.5g

0.5g 1.06 107 1071 290 4090 15.1 8.0 461 2.05 80.2 1.1 16.2 6.57 1.86 0.06 1.58 0.03

SRM 
2711 
15g

15g 1.18 110 1087 300 4233 16.3 8.2 481 2.08 91.3 1.1 29.3 12.6 1.94 0.07 1.65 0.03

SRM 2711 
RPD
SRM 2711 
RPD

-10.7 -2.92 -1.46 -3.60 -3.44 -7.64 -2.47 -4.25 -1.45 -12.9 0.00 -57.6 -62.7 -4.21 -12.9 -4.33 0.00

std duplicate 15gstd duplicate 15gstd duplicate 15gstd duplicate 15gstd duplicate 15gstd duplicate 15gstd duplicate 15gstd duplicate 15gstd duplicate 15gstd duplicate 15gstd duplicate 15gstd duplicate 15gstd duplicate 15gstd duplicate 15gstd duplicate 15gstd duplicate 15gstd duplicate 15gstd duplicate 15gstd duplicate 15g

STD 
DS7

15g 21 113 70.5 383 976 55.6 9.6 629 2.40 48.7 5.0 85.9 5.62 1.01 0.08 1.10 0.19

STD 
DS7

15g 21.1 117 72 399 999 57.8 9.6 610 2.36 51.8 5.2 75.6 6.07 0.97 0.08 1.00 0.20

RPD -0.43 -3.93 -2.15 -4.27 -2.33 -3.88 0.00 3.07 1.68 -6.17 -3.92 12.8 -7.70 4.04 -3.92 9.52 -5.13

std duplicate across size fractions (nugget effect in standards)std duplicate across size fractions (nugget effect in standards)std duplicate across size fractions (nugget effect in standards)std duplicate across size fractions (nugget effect in standards)std duplicate across size fractions (nugget effect in standards)std duplicate across size fractions (nugget effect in standards)std duplicate across size fractions (nugget effect in standards)std duplicate across size fractions (nugget effect in standards)std duplicate across size fractions (nugget effect in standards)std duplicate across size fractions (nugget effect in standards)std duplicate across size fractions (nugget effect in standards)std duplicate across size fractions (nugget effect in standards)std duplicate across size fractions (nugget effect in standards)std duplicate across size fractions (nugget effect in standards)std duplicate across size fractions (nugget effect in standards)std duplicate across size fractions (nugget effect in standards)std duplicate across size fractions (nugget effect in standards)std duplicate across size fractions (nugget effect in standards)std duplicate across size fractions (nugget effect in standards)

STD 
DS7

15g 21 113 70.5 383 976 55.6 9.6 629 2.40 48.7 5.0 85.9 5.62 1.01 0.08 1.10 0.19

STD 
DS7

0.5g 20.9 104 67.1 363 900 53.5 8.9 563 2.17 42.4 4.7 68.3 4.12 0.91 0.06 0.96 0.19

RPD 0.53 8.34 4.90 5.31 8.10 3.85 7.57 11.1 10.1 13.8 6.19 22.8 30.8 10.4 19 13.6 0.00

Standard 0.5gStandard 0.5gStandard 0.5gStandard 0.5gStandard 0.5gStandard 0.5gStandard 0.5gStandard 0.5gStandard 0.5gStandard 0.5gStandard 0.5gStandard 0.5gStandard 0.5gStandard 0.5gStandard 0.5gStandard 0.5gStandard 0.5gStandard 0.5gStandard 0.5g
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sam
ple 

size

Mo 
ppm

Cu 
ppm

Pb 
ppm

Zn 
ppm

Ag 
ppb

Ni 
ppm

Co 
ppm

Mn 
ppm

Fe 
%

As 
ppm

U 
ppm

Au 
ppb

Sb 
ppm

Ca 
%

P 
%

Al
%

S
%

STD 
OREA
S45PA

0.5g 0.91 577 17.8 109 279 293 107 1076 15.4 15.5 1.1 45.2 0.14 0.22 0.03 3.58 <0.02

Blank BLK <0.01 <0.01 <0.01 <0.1 <2 <0.1 <0.1 <1 <0.01 <0.1 <0.1 <0.2 <0.02 <0.01 <0.00
1

<0.01 <0.02

Blank BLK <0.01 <0.01 <0.01 <0.1 <2 <0.1 <0.1 <1 <0.01 <0.1 <0.1 <0.2 <0.02 <0.01 <0.00
1

<0.01 <0.02

Blank BLK <0.01 <0.01 <0.01 <0.1 <2 <0.1 <0.1 <1 <0.01 <0.1 <0.1 <0.2 <0.02 <0.01 <0.00
1

<0.01 <0.02

O-5 15g 15.6 123 229 86.9 954 8.8 2.9 38 0.74 1635 27.5 1138 262 0.26 0.08 0.64 0.13

O-5 
dup

REP 14.7 125 222 84.3 967 8.3 3.0 37 0.73 1608 27.5 1141 251 0.24 0.08 0.65 0.12

O-5 
RPD

RP
D

5.99 -1.96 3.12 3.04 -1.35 5.85 -3.39 2.67 1.36 1.67 0.00 -0.25 4.61 8.00 3.64 -1.55 8.00

C-9-2 15g 0.26 20.1 4.40 25.1 35 18.7 6.0 120 1.28 29.7 3.8 7.1 0.26 0.21 0.05 0.94 <0.02

C-9-2 
dup

15g 0.34 21.1 4.76 27.4 36 18.8 6.2 119 1.30 29.8 3.9 7.0 0.27 0.20 0.05 0.99 <0.02

RPD RP
D

-26.7 -4.71 -7.86 -8.76 -2.82 -0.53 -3.28 0.84 -1.55 -0.34 -2.60 1.42 -3.77 4.88 -1.98 -5.18 #VAL
UE!

C-23-3 15g 0.51 29.9 11 57.9 77 30.8 13.9 438 2.90 324 3.3 3.9 1.90 1.25 0.07 2.41 0.04

C-23-3 
dup

15g 0.46 27.9 10.3 54.8 71 29.0 12.9 409 2.74 320 3.1 4.1 1.91 1.21 0.06 2.27 0.04

C-23-3 
RPD

RP
D

10.3 6.92 6.59 5.50 8.11 6.02 7.46 6.85 5.67 1.30 6.25 -5.00 -0.52 3.25 6.35 5.98 0.00

O-24.5 0.5g 0.40 17.5 39.7 36.9 553 5.3 1.9 81 0.27 1123 0.3 600 148 0.49 0.05 0.11 0.13

O-24.5 
dup

0.5g 0.41 14.6 32.9 39.1 431 4.8 1.7 83 0.24 928 0.2 400 114 0.53 0.05 0.11 0.13

O-24.5 
RPD

RP
D

-2.47 18.2 18.6 -5.79 24.8 9.90 11.11 -2.44 11.8 19 40 40 26.2 -7.84 0.00 0.00 0.00

RPD = relative percent differenceRPD = relative percent differenceRPD = relative percent differenceRPD = relative percent differenceRPD = relative percent differenceRPD = relative percent differenceRPD = relative percent differenceRPD = relative percent differenceRPD = relative percent differenceRPD = relative percent differenceRPD = relative percent differenceRPD = relative percent differenceRPD = relative percent differenceRPD = relative percent differenceRPD = relative percent differenceRPD = relative percent differenceRPD = relative percent differenceRPD = relative percent differenceRPD = relative percent difference
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APPENDIX III:
Bulk chemistry results, USGS

Bulk chemistry results performed by the United States Geological Survey (USGS) on <250 µm 
and <20 µm sifted size fractions of air-dried bulk soil samples taken for bioaccessibility testing

Select elements only. For full suite of elements analyzed, see Appendix III on the attached DVD.
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Al 
PPM

P 
PPM

Ca 
PPM

Mn 
PPM

Fe 
PPM

Co 
PPM

Ni 
PPM

Cu 
PPM

Zn 
PPM

As 
PPM

Mo 
PPM

Ag 
PPM

Cd 
PPM

Sb 
PPM

Pb 
PPM

U 
PPM

report limit 50 5 100 0.7 50 0.03 0.3 2 3 1 0.05 0.01 0.007 0.04 0.4 0

MB-1A <250 22000 2090 1790 29.8 9300 1.5 7.6 22.5 17.8 483 1.2 0.12 0.38 64.1 27 63

MB-2A <250 44000 7940 2270 73.1 15200 5.1 22.3 40.2 75.3 4760 1.4 1.56 1 412 83.6 80

MB-3A <250 36100 3750 1060 20.3 12900 1.3 10.4 32.9 14.8 238 1.2 0.1 0.5 11.8 26.6 128

MB-1B <20 30500 2210 3080 75.1 12000 1.7 13.4 49.9 95.4 611 1.6 0.69 0.71 22.6 105 96

MB-2B <20 48200 8380 2620 81.9 14600 3.9 22.6 42.8 81.1 5850 1.5 0.71 1.2 197 63.1 101

MB-3B <20 45600 4500 1370 28.1 16800 1.7 14.9 46.7 19.4 270 1.6 0.14 0.67 8 34.3 167

QA/QC:QA/QC:QA/QC:QA/QC:QA/QC:QA/QC:QA/QC:QA/QC:QA/QC:QA/QC:QA/QC:QA/QC:QA/QC:QA/QC:QA/QC:QA/QC:QA/QC:

Sediments   Al 
PPM

   P 
PPM

  Ca 
PPM

  Mn 
PPM

  Fe 
PPM

  Co 
PPM

  Ni 
PPM

  Cu 
PPM

  Zn 
PPM

  As 
PPM

  Mo 
PPM

  Ag 
PPM

  Cd 
PPM

  Sb 
PPM

  Pb 
PPM

   U 
PPM

MAG-1 found 86900 734 10900 812 51000 24.6 56.6 33.4 145 10.2 1.3 < 
0.01

0.21 1.1 28.2 2.8

MAG-1 true 
(Potts)

86660 711 9790 760 47600 20.4 53.0 30.0 130 9.2 1.60 0.08 0.20 0.96 24.0 2.7

% Recovery 100.3% 103.2% 111.3% 106.8%107.1%120.6%106.8%111.3%111.5%110.9% 81.3% 104% 114.6%117.5%103.7%

NIST 8704 found 53000 888 27500 580 40100 14.3 45.9 95.8 396 17.3 4.1 0.24 3.1 2.8 161 2.8

NIST 8704 true 61000 26410 544 39700 13.6 42.9 408 (17) 2.94 3.07 150 3.1

% Recovery 86.9% 104.1%106.6%101.0%105.1%107.0% 97.1% 105.4% 91.2% 107.3%91.3%

SCO-1 found 67600 857 19800 415 37400 12.4 29.4 32.1 110 13.2 1.2 < 
0.01

0.15 2.5 30.6 2.9

SCO-1 true 
(Potts)

72370 899 18700 410 35900 10.5 27.0 28.7 103 12.4 1.37 0.13 0.14 2.50 31.0 3

% Recovery 93.4% 95.3% 105.9%101.2%104.2%118.1%108.9%111.8%106.8%106.5% 87.6% 107.1% 100.0%98.7% 97.3%

NIST 2709 found 71800 628 19900 561 35200 14.1 89.7 37.5 110 18.6 2.2 0.28 0.37 7.5 17.8 2.8

NIST2709 true 75000 620 18900 538 35000 13.4 88.0 34.6 106 17.7 2 0.38 7.90 18.9 3

% Recovery 95.7% 101.3% 105.3%104.3%100.6%105.2%101.9%108.4%103.8%105.1% 110.0% 97.4% 94.9% 94.2% 94.0%

GSD-8 found 40100 132 1650 353 15900 3.6 1.9 6 47.9 2.9 0.55 < 
0.01

0.05 <0.04 22.1 3.2

GSD-8 true 
(Potts)

40800 130 1790 310 15380 3.6 2.7 4.1 43.0 2.4 0.54 .062? 0.08 0.24 21.0 3

% Recovery 98.3% 101.5% 92.2% 113.9%103.4%100.0%70.4% 146.3%111.4%120.8% 101.9% 61.7% 105.2%107.7%

2% HNO3 < 50 < 5 < 100 < 0.7 < 50 < 
0.03

0.4 < 2 < 3 < 1 < 
0.05

0.47 < 
0.007

0.2 < 0.4 < 
0.02

Wash < 50 < 5 < 100 < 0.7 < 50 < 
0.03

< 0.3 < 2 < 3 < 1 < 
0.05

< 
0.01

< 
0.007

< 
0.04

< 0.4 < 
0.02

Digestion Blank < 50 30.3 < 100 < 0.7 < 50 < 
0.03

< 0.3 < 2 < 3 < 1 < 
0.05

< 
0.01

< 
0.007

0.07 < 0.4 < 
0.02

Digestion Blank < 50 6.7 < 100 < 0.7 < 50 < 
0.03

< 0.3 < 2 < 3 < 1 < 
0.05

< 
0.01

< 
0.007

< 
0.04

< 0.4 < 
0.02

Digestion Blank < 50 8.1 < 100 < 0.7 < 50 < 
0.03

0.3 < 2 < 3 < 1 < 
0.05

< 
0.01

< 
0.007

< 
0.04

< 0.4 < 
0.02
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APPENDIX IV:
Carbon and nitrogen results

Carbon and nitrogen analysis results for soil samples, performed by the lab of Dr. Paul Grogan at 
Queen’s University
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Sample name  Carbon (%) Nitrogen (%)

OrgSoilStd 44.08 1.71

minsoilstd 1.722 0.1464

BLANK     0.00597 -0.01142

O-1-1 10.55 0.8771

O-1-2 27.76 2.088

O-2 5.731 0.2995

O-3 6.65 0.306

O-5 25.36 1.369

OrgSoilStd 43.89 1.67

O-6 18.16 1.228

O-6.5-1 16.35 1.602

O-6.5-2 30.84 2.111

O-7 42.81 2.52

O-8 48.17 1.772

OrgSoilStd 43.94 1.703

minsoilstd 1.75 0.1466

B-8-1-250 42.92 1.608

B-8-1-20 39.42 1.364

B-8-2 250 30.06 2.406

B-8-2 20 20.22 1.975

B-8-3 250 42.34 1.704

OrgSoilStd 43.92 1.707

B-8-3 20 42.87 1.649

O-8.5 37.63 1.987

O-9 36.19 2.227

C-9-1 28.24 1.754

C-9-2 0.3854 0.01192

OrgSoilStd 43.82 1.694

minsoilstd 1.762 0.1468

C-9-3 0.1832 0.0018

O-10 19.89 1.593

O-11 8.373 0.3839

O-12 6.422 0.4595

O-12.5 19.5 0.8935

OrgSoilStd 43.85 1.703

O-13 38.79 2.804

O-13.5A 23.91 1.402

O-13.5B 43.43 2.172

O-14 32.47 2.978

G-14-1 4.594 0.234

OrgSoilStd 43.87 1.726

minsoilstd 1.704 0.1477

BLANK     0.01293 -0.03899

OrgSoilStd 42.5 1.576

minsoilstd 1.643 0.1422

BLANK     -0.00677 -0.00219

G-14-2 2.71 0.1229

Sample name  Carbon (%) Nitrogen (%)

O-15 12.91 1.08

O-16 17.55 1.196

O-17 19.75 1.063

C-17-1 3.831 0.1445

OrgSoilStd 42.75 1.572

C-17-2 0.7501 0.01934

O-18 36.78 2.54

O-19 4.799 0.2079

O-20A 8.145 0.7038

O-20B 22.22 1.139

OrgSoilStd 42.64 1.564

minsoilstd 1.647 0.1443

O-21 14.87 0.8763

O-22 9.608 0.5996

C-23-1 42.15 1.703

C-23-2 21.9 0.8376

C-23-3 4.268 0.1912

OrgSoilStd 42.65 1.558

C-23-4 5.581 0.2412

O-24 46.07 3.17

O-24.5 45.37 1.749

C-25-1 25.22 1.464

C-25-2 1.502 0.06552

OrgSoilStd 42.73 1.559

minsoilstd 1.637 0.1467

C-26-1 43.85 1.51

C-26-2 1.876 0.08465

O-27 21.64 0.9282

O-28 12.12 0.8563

O-29 16.51 1.35

OrgSoilStd 42.8 1.575

C-30-1 48.36 2.106

C-30-2 49.43 1.322

O-31 16.79 0.9464

O-32-1 13.87 0.8195

O-32-2 8.096 0.7643

OrgSoilStd 42.8 1.59

minsoilstd 1.658 0.1489

O-33-1 15.93 1.745

O-33-2 12.38 0.8608

O-35-1 3.033 0.1351

O-35-2 35.92 2.351

O-35-3 32.07 1.21

OrgSoilStd 42.74 1.611

BLANK     -0.00677 -0.01102

OrgSoilStd 42.77 1.607

minsoilstd 1.644 0.1491
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Sample name  Carbon (%) Nitrogen (%)

BLANK     -0.01366 -0.00758
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APPENDIX V:
Gastric and lung in vitro leach and percent bioaccessibility results

The following tables contain gastric and lung in vitro bioaccessibility leach and % 
bioaccessibility results, performed by the USGS, for a selected number of elements. Refer to 
Appendix V on the attached DVD for the complete set of results for all elements.
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Field No. Ag/P 
ug/L

Al/P 
ug/L

As/P 
ug/L

As mg 
leache
d/kg 
solid

Cd/P 
ug/L

Co/
P 

ug/L

Cr/P 
ug/L

Cu/P 
ug/L

Fe/P 
ug/L

Mn/
P ug/

L

Mo/
P ug/

L

Ni/P 
ug/L

P/P 
ug/L

Pb/P 
ug/L

Sb/P 
ug/L

Se/
P 

ug/L

SO4/
P 

ug/L

U/P 
ug/L

Zn/P 
ug/L

Simulated lung fluid leach:Simulated lung fluid leach:Simulated lung fluid leach:Simulated lung fluid leach:Simulated lung fluid leach:Simulated lung fluid leach:Simulated lung fluid leach:Simulated lung fluid leach:Simulated lung fluid leach:Simulated lung fluid leach:Simulated lung fluid leach:Simulated lung fluid leach:Simulated lung fluid leach:Simulated lung fluid leach:Simulated lung fluid leach:Simulated lung fluid leach:Simulated lung fluid leach:Simulated lung fluid leach:Simulated lung fluid leach:Simulated lung fluid leach:

MB-1B 
<20

<10 4310 1130 113.00 <0.2 0.4 <10 16 6340 5.90 < 20 <4 8.00 3.9 14.7 91 74 101 <30

MB-2B 
<20

<10 2800 11800 1180.00 <0.2 0.4 <10 7.60 2030 <2 < 20 <4 9.60 1.6 117 84 74 81 <30

MB-3B 
<20

<10 4180 429 42.90 <0.2 0.3 <10 8.60 5420 <2 < 20 <4 4.90 0.8 <3 94 72 94 <30

dupMB-3B 
<20

<10 4180 415 41.50 <0.2 0.3 <10 9.20 5240 <2 < 20 <4 4.60 0.8 <3 80 68 93 <30

SRM 2710 <10 697 543 54.30 26.5 2.6 <10 nr 580 3330 < 20 5.80 35.8 118 <3 101 84 88 1370

SRM 2711 <10 50.2 244 24.40 21.7 1.3 <10 231 <500 128 < 20 4.90 39.6 77 11.3 101 71 < 1 <30

Blank 1 <10 <20 <10 <0.2 <0.2 <10 <5 <500 <2 < 20 <4 51.1 0.8 <3 97 93 < 1 <30

Blank 2 <10 <20 <10 <0.2 <0.2 <10 <5 <500 <2 < 20 <4 44.3 <0.5 <3 94 78 < 1 <30

47.7 0.8 96 86

MB-3B 
<20

<10 4180 429 <0.2 0.3 <10 8.60 5420 <2 < 20 <4 4.90 0.8 <3 94 72 94 <30

dupMB-3B 
<20

<10 4180 415 <0.2 0.3 <10 9.20 5240 <2 < 20 <4 4.60 0.8 <3 80 68 93 <30

RPD % 0.00 3.32 9.2 -6.7 3.38 6.32 7.5 16 5.7 0.5

Simulated gastric fluid leach:Simulated gastric fluid leach:Simulated gastric fluid leach:Simulated gastric fluid leach:Simulated gastric fluid leach:Simulated gastric fluid leach:Simulated gastric fluid leach:Simulated gastric fluid leach:Simulated gastric fluid leach:Simulated gastric fluid leach:Simulated gastric fluid leach:Simulated gastric fluid leach:Simulated gastric fluid leach:Simulated gastric fluid leach:Simulated gastric fluid leach:Simulated gastric fluid leach:Simulated gastric fluid leach:Simulated gastric fluid leach:Simulated gastric fluid leach:Simulated gastric fluid leach:

Ag/P 
ug/L

Al/P 
ug/L

As/P 
ug/L

As mg 
leache
d/kg 
solid

Cd/P 
ug/L

Co/
P 

ug/L

Cr/P 
ug/L

Cu/P 
ug/L

Fe/P 
ug/L

Mn/
P ug/

L

Mo/
P ug/

L

Ni/P 
ug/L

P/P 
ug/L

Pb/P 
ug/L

Sb/P 
ug/L

Se/
P 

ug/L

SO4/
P 

ug/L

U/P 
ug/L

Zn/P 
ug/L

MB-1A <10 nr 1600 160 2.7 5.5 98 16.3 12500 51.3 < 20 24.2 2.7 131 17.7 235 20 65 83.3

MB-2A <10 nr 13700 1370 4.1 3.7 103 13.2 7550 36.9 < 20 32.2 12.5 252 112 227 < 20 39 82.4

MB-3A <10 nr 895 89.5 3.3 3.9 101 14.2 14200 12.5 < 20 26.3 5.8 101 <3 247 26 100 34.4

dupMB-3a <10 nr 1010 101 3.3 4.1 101 13.6 15700 13.2 < 20 28 6.7 107 <3 238 28 104 49.5

SRM2711 21 nr 489 392 32 99 456 8360 3550 < 20 27.8 4.4 109007.6 249 < 20 1.5 1040

Blank 1 <10 <20 <10 <0.2 <0.2 98 <5 <500 <2 < 20 <4 0.1 <0.5 <3 219 22 < 1 30.6

Blank 2 <10 <20 <10 <0.2 <0.2 96 <5 <500 <2 < 20 <4 0.1 3.9 <3 237 < 20 < 1 <30

97 0.1 3.9 228 22 30.6

MB-3A <10 nr 895 3.3 3.9 101 14.2 14200 12.5 < 20 26.3 5.8 101 <3 247 26 100 34.4

dupMB-3a <10 nr 1010 3.3 4.1 101 13.6 15700 13.2 < 20 28 6.7 107 <3 238 28 104 49.5

RPD % -12 0 -5 0 4.32 -10 -5.4 -6.3 -14 -5.8 3.7 -7 -4.2 -36

Simulated Lung fluid select bioaccessibility resultsSimulated Lung fluid select bioaccessibility resultsSimulated Lung fluid select bioaccessibility resultsSimulated Lung fluid select bioaccessibility resultsSimulated Lung fluid select bioaccessibility resultsSimulated Lung fluid select bioaccessibility resultsSimulated Lung fluid select bioaccessibility resultsSimulated Lung fluid select bioaccessibility resultsSimulated Lung fluid select bioaccessibility resultsSimulated Lung fluid select bioaccessibility resultsSimulated Lung fluid select bioaccessibility resultsSimulated Lung fluid select bioaccessibility resultsSimulated Lung fluid select bioaccessibility results

Field 
No.

As                
mg 

leached
/    kg 
solid

As ppm As                  
% 

Bioacce
ss.

Cu                
mg 

leached
/    kg 
solid

Cu ppm Cu% 
Bioacce

ss.

Pb                
mg 

leached
/    kg 
solid

Pb ppm Pb                  
% 

Bioacce
ss.

Sb mg 
leached

/kg 
solid

Sb ppm Sb % 
bioacce
ssibility

MB-1B 
<20

113 611 18 1.60 49.9 3 0.39 105.00 0.4 1.47 22.6 6.50443

MB-2B 
<20

1180 5850 20 0.76 42.8 2 0.16 63.10 0.2 11.70 197 5.93909
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MB-3B 
<20

43 270 16 0.86 46.7 2 0.08 34.30 0.2 - 8 -

dupMB-
3B <20

42 270 15 0.92 46.7 2 0.08 34.30 0.2 - 8 -

Simulated gastric fluid percent bioaccessabilitySimulated gastric fluid percent bioaccessabilitySimulated gastric fluid percent bioaccessabilitySimulated gastric fluid percent bioaccessabilitySimulated gastric fluid percent bioaccessabilitySimulated gastric fluid percent bioaccessabilitySimulated gastric fluid percent bioaccessabilitySimulated gastric fluid percent bioaccessabilitySimulated gastric fluid percent bioaccessabilitySimulated gastric fluid percent bioaccessabilitySimulated gastric fluid percent bioaccessabilitySimulated gastric fluid percent bioaccessabilitySimulated gastric fluid percent bioaccessabilitySimulated gastric fluid percent bioaccessabilitySimulated gastric fluid percent bioaccessabilitySimulated gastric fluid percent bioaccessabilitySimulated gastric fluid percent bioaccessabilitySimulated gastric fluid percent bioaccessabilitySimulated gastric fluid percent bioaccessability

Field 
No.

As                
mg 
leach
ed/   
kg 
solid

As 
ppm

As                    
% 
Bioa
cces
s.

Cd                
mg 
leach
ed/kg 
solid

Cd 
ppm

Cd                   
% 
Bioa
cces
s.

Cu                
mg 
leach
ed/
kg 
solid

Cu 
ppm

Cu                   
% 
Bioa
cces
s.

Ni                  
mg 
leach
ed/ 
kg 
solid

Ni 
pp
m

Ni                     
% 
Bioa
cces
s.

Pb                
mg 
leach
ed/
kg 
solid

Pb 
ppm

Pb                     
% 
Bioa
cces
s.

Sb mg 
leache
d/kg 
solid

Sb 
ppm

Sb % 
bioacce
ssiility

MB-1
A

160 483 33.13 0.27 0.4 71.1 1.63 23 7.24 2.42 8 31.84 12.7 27 47.08 1.77 64 2.76131

MB-2
A

1370 4760 28.78 0.41 1 41 1.32 40 3.28 3.22 22 14.44 24.8 84 29.68 11.2 412 2.718447

MB-3
A

89.5 238 37.61 0.33 0.5 66 1.42 33 4.32 2.63 10 25.29 9.711 27 36.51 - 12 -

dupM
B-3a

101 238 42.44 0.33 0.5 66 1.36 33 4.13 2.8 10 26.92 10.3 27 38.76 - 12 -
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APPENDIX VI:
Soil pore water results

Soil pore water results from lysimeter sampling. All metals, cations, and anions were analyzed by 
Taiga Environmental Laboratories in Yellowknife, NT; other properties were measured in the 
field upon sample collection.
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Site/Sample Sb 
(aq)

As 
(aq)

Ca 
(aq)

SO4
(aq)

Cl Fl Mg Nitrat
e as 
N

Nitrit
e as 
N

K Na pH ORP T con
d

total 
recovere
d(mL)

µg/L µg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L mg/L ml

MDL 0.1 0.2 2.2 4 2.5 0.3 0.7 0.9 0.4 1.7 2.9

GM-MB-6 (0.45um 
filter)

80 163

Site 6 80 163 6.79 148.7 32 150 56.5

GM-MB-8A 45 1440  

Site 8 (1st lysimeter) 
(0.45um filter)

45 1440 5.65 160 24 50 202

GM-MB-88-A 54.6 2060 50

GM-MB-88-B 56.4 2110 50

GM-MB-88-C 2.2 4 2.5 0.3 0.7 0.09 0.04 1.7 2.9 50

Site 8 (2nd lysimeter) 55.5 2085 2.2 4 2.5 0.3 0.7 0.09 0.04 1.7 2.9 5.25 201.3 20 40 228

GM-MB-9-A 11.1 25.1 50

GM-MB-9-B 13 33 2.2 0.5 8.1 0.16 0.04 5.3 13.5 8

Site 9 11.1 25.1 13 33 2.2 0.5 8.1 0.16 0.04 5.3 13.5 7.26 148.2 22 200 58

GM-MB-14A 5.8 24.6 40

GM-MB-14B 6 16 1.4 0.1 1.7 0.1 0.04 1.4 3.3 300

Site 14 5.8 24.6 6 16 1.4 0.1 1.7 0.1 0.04 1.4 3.3 6.09 155.4 23 70 349

GM-MB-15A 21.9 6.5 50

GM-MB-15B 12 24 1.6 0.1 3.5 8.59 0.06 3.6 8.9 62

Site 15 21.9 6.5 12 24 1.6 0.1 3.5 8.59 0.06 3.6 8.9 6.41 163.7 25 170 112

GM-MB-17 12.5 9.5 13

Site 17 12.5 9.5 6.94 208.6 25 160 13

GM-MB-18A 23.2 51.3 50

GM-MB-18B 26 11 5.5 0.3 2.6 0.41 0.05 2.2 6.9 68

GM-MB-18-C 26 11 5.7 0.2 2.7 0.47 0.05 2.2 6.9 68

Site 18 23.2 51.3 26 11 5.6 0.25 2.65 0.44 0.05 2.2 6.9 6.9 141 19 185 219

GM-MB-19 4 180 4

Site 19 4 180 7.18 194.9 22 410
??

4

GM-MB-24.5-A 13 850 50

GM-MB-24.5-C 6.2 6 1.5 0.2 2.1 0.1 0.04 2.1 2.7 50

Site 24.5 13 850 6.2 6 1.5 0.2 2.1 0.1 0.04 2.1 2.7 5.25 206.5 16 60 235

QA/QC: RPD 3.24 2.398 -0.4 0 -3.6 40 -3.8 -13.64 0 0 0
*Site 6 and Site 8 (1st lysimeter) were both accidentally filtered with 0.45um filters after sample collection and before analysis. *Site 6 and Site 8 (1st lysimeter) were both accidentally filtered with 0.45um filters after sample collection and before analysis. *Site 6 and Site 8 (1st lysimeter) were both accidentally filtered with 0.45um filters after sample collection and before analysis. *Site 6 and Site 8 (1st lysimeter) were both accidentally filtered with 0.45um filters after sample collection and before analysis. *Site 6 and Site 8 (1st lysimeter) were both accidentally filtered with 0.45um filters after sample collection and before analysis. *Site 6 and Site 8 (1st lysimeter) were both accidentally filtered with 0.45um filters after sample collection and before analysis. *Site 6 and Site 8 (1st lysimeter) were both accidentally filtered with 0.45um filters after sample collection and before analysis. *Site 6 and Site 8 (1st lysimeter) were both accidentally filtered with 0.45um filters after sample collection and before analysis. *Site 6 and Site 8 (1st lysimeter) were both accidentally filtered with 0.45um filters after sample collection and before analysis. *Site 6 and Site 8 (1st lysimeter) were both accidentally filtered with 0.45um filters after sample collection and before analysis. *Site 6 and Site 8 (1st lysimeter) were both accidentally filtered with 0.45um filters after sample collection and before analysis. *Site 6 and Site 8 (1st lysimeter) were both accidentally filtered with 0.45um filters after sample collection and before analysis. *Site 6 and Site 8 (1st lysimeter) were both accidentally filtered with 0.45um filters after sample collection and before analysis. *Site 6 and Site 8 (1st lysimeter) were both accidentally filtered with 0.45um filters after sample collection and before analysis. *Site 6 and Site 8 (1st lysimeter) were both accidentally filtered with 0.45um filters after sample collection and before analysis. *Site 6 and Site 8 (1st lysimeter) were both accidentally filtered with 0.45um filters after sample collection and before analysis. *Site 6 and Site 8 (1st lysimeter) were both accidentally filtered with 0.45um filters after sample collection and before analysis. 

*QA/QC: As and Sb duplicate is samples 88-A and 88-B, cation/anion duplicate are samples 18-B and 18-C. Taiga sent no additional QA/
QC data. 
*QA/QC: As and Sb duplicate is samples 88-A and 88-B, cation/anion duplicate are samples 18-B and 18-C. Taiga sent no additional QA/
QC data. 
*QA/QC: As and Sb duplicate is samples 88-A and 88-B, cation/anion duplicate are samples 18-B and 18-C. Taiga sent no additional QA/
QC data. 
*QA/QC: As and Sb duplicate is samples 88-A and 88-B, cation/anion duplicate are samples 18-B and 18-C. Taiga sent no additional QA/
QC data. 
*QA/QC: As and Sb duplicate is samples 88-A and 88-B, cation/anion duplicate are samples 18-B and 18-C. Taiga sent no additional QA/
QC data. 
*QA/QC: As and Sb duplicate is samples 88-A and 88-B, cation/anion duplicate are samples 18-B and 18-C. Taiga sent no additional QA/
QC data. 
*QA/QC: As and Sb duplicate is samples 88-A and 88-B, cation/anion duplicate are samples 18-B and 18-C. Taiga sent no additional QA/
QC data. 
*QA/QC: As and Sb duplicate is samples 88-A and 88-B, cation/anion duplicate are samples 18-B and 18-C. Taiga sent no additional QA/
QC data. 
*QA/QC: As and Sb duplicate is samples 88-A and 88-B, cation/anion duplicate are samples 18-B and 18-C. Taiga sent no additional QA/
QC data. 
*QA/QC: As and Sb duplicate is samples 88-A and 88-B, cation/anion duplicate are samples 18-B and 18-C. Taiga sent no additional QA/
QC data. 
*QA/QC: As and Sb duplicate is samples 88-A and 88-B, cation/anion duplicate are samples 18-B and 18-C. Taiga sent no additional QA/
QC data. 
*QA/QC: As and Sb duplicate is samples 88-A and 88-B, cation/anion duplicate are samples 18-B and 18-C. Taiga sent no additional QA/
QC data. 
*QA/QC: As and Sb duplicate is samples 88-A and 88-B, cation/anion duplicate are samples 18-B and 18-C. Taiga sent no additional QA/
QC data. 
*QA/QC: As and Sb duplicate is samples 88-A and 88-B, cation/anion duplicate are samples 18-B and 18-C. Taiga sent no additional QA/
QC data. 
*QA/QC: As and Sb duplicate is samples 88-A and 88-B, cation/anion duplicate are samples 18-B and 18-C. Taiga sent no additional QA/
QC data. 
*QA/QC: As and Sb duplicate is samples 88-A and 88-B, cation/anion duplicate are samples 18-B and 18-C. Taiga sent no additional QA/
QC data. 
*QA/QC: As and Sb duplicate is samples 88-A and 88-B, cation/anion duplicate are samples 18-B and 18-C. Taiga sent no additional QA/
QC data. 

*Metals, cation, and anion analysis by Taiga Environmental Laboratories.*Metals, cation, and anion analysis by Taiga Environmental Laboratories.*Metals, cation, and anion analysis by Taiga Environmental Laboratories.*Metals, cation, and anion analysis by Taiga Environmental Laboratories.*Metals, cation, and anion analysis by Taiga Environmental Laboratories.*Metals, cation, and anion analysis by Taiga Environmental Laboratories.*Metals, cation, and anion analysis by Taiga Environmental Laboratories.*Metals, cation, and anion analysis by Taiga Environmental Laboratories.*Metals, cation, and anion analysis by Taiga Environmental Laboratories.*Metals, cation, and anion analysis by Taiga Environmental Laboratories.*Metals, cation, and anion analysis by Taiga Environmental Laboratories.*Metals, cation, and anion analysis by Taiga Environmental Laboratories.*Metals, cation, and anion analysis by Taiga Environmental Laboratories.*Metals, cation, and anion analysis by Taiga Environmental Laboratories.*Metals, cation, and anion analysis by Taiga Environmental Laboratories.*Metals, cation, and anion analysis by Taiga Environmental Laboratories.*Metals, cation, and anion analysis by Taiga Environmental Laboratories.

*The second lysimeter installed at site 8 was labeled "88" in all notes and analyses*The second lysimeter installed at site 8 was labeled "88" in all notes and analyses*The second lysimeter installed at site 8 was labeled "88" in all notes and analyses*The second lysimeter installed at site 8 was labeled "88" in all notes and analyses*The second lysimeter installed at site 8 was labeled "88" in all notes and analyses*The second lysimeter installed at site 8 was labeled "88" in all notes and analyses*The second lysimeter installed at site 8 was labeled "88" in all notes and analyses*The second lysimeter installed at site 8 was labeled "88" in all notes and analyses*The second lysimeter installed at site 8 was labeled "88" in all notes and analyses*The second lysimeter installed at site 8 was labeled "88" in all notes and analyses*The second lysimeter installed at site 8 was labeled "88" in all notes and analyses*The second lysimeter installed at site 8 was labeled "88" in all notes and analyses*The second lysimeter installed at site 8 was labeled "88" in all notes and analyses*The second lysimeter installed at site 8 was labeled "88" in all notes and analyses*The second lysimeter installed at site 8 was labeled "88" in all notes and analyses*The second lysimeter installed at site 8 was labeled "88" in all notes and analyses*The second lysimeter installed at site 8 was labeled "88" in all notes and analyses

*Limited volume of samples 19 and 17 meant a dilution method and calculation had to be done by Taiga. This might have effected data 
quality.
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quality.
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APPENDIX VII:
Platinum electrode ORP results

The following table contains raw and corrected ORP results measured with platinum electrodes 
for four soil samples. The calibration of electrode standards, as well as the correction factor 
determination, are included in Appendix VII of the attached DVD. 
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Pt electrodesPt electrodesPt electrodesPt electrodes

Site 17 measurements:Site 17 measurements:Site 17 measurements:Site 17 measurements:

Reference Electrode Pt electrode Reading 
(uncorrected)

Reading (corrected), mV

*B II 2mV 197.17

*A II if *A--> 190.87

Site 8 measurements (by lysimeter):Site 8 measurements (by lysimeter):Site 8 measurements (by lysimeter):Site 8 measurements (by lysimeter):

Reference Electrode Pt electrode Reading 
(uncorrected)

Reading (corrected), mV

*B II 6mV 201.61

*B III 4mV 199.39

Site 8 measurements (by B-8-3):Site 8 measurements (by B-8-3):Site 8 measurements (by B-8-3):Site 8 measurements (by B-8-3):

Reference Electrode Pt electrode Reading 
(uncorrected)

Reading (corrected), mV

*B II 4mV 199.39

*B III 3mV 198.28

Site 31 measurements:Site 31 measurements:Site 31 measurements:Site 31 measurements:

Reference Electrode Pt electrode Reading 
(uncorrected)

Reading (corrected), mV

*A II 30mV 220.27

*A III 31mV 219.96

1 III 212-224 mV and 
rising

428.94 <- probably hit rock 
w/ Pt end

Corrected readings were calculated using calibration values for reference and Pt electrodes, 
given theoretical values of 268mV at pH 4 and 92mV at pH 7
Corrected readings were calculated using calibration values for reference and Pt electrodes, 
given theoretical values of 268mV at pH 4 and 92mV at pH 7
Corrected readings were calculated using calibration values for reference and Pt electrodes, 
given theoretical values of 268mV at pH 4 and 92mV at pH 7
Corrected readings were calculated using calibration values for reference and Pt electrodes, 
given theoretical values of 268mV at pH 4 and 92mV at pH 7

172



APPENDIX VIII:
Sample site photographs and soil sample descriptions

The following page contains examples of sample site photographs. For full suite of photographs 
of sites and samples, and soil sample descriptions (following the method of the North American 
Soil Geochemical Landscape Project), including field descriptions, see Appendix VI on the 
attached DVD.
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Some sample locations from the area NW of the roaster:
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Site 6.5-1 outcrop sample

Site 35-2 and 35-3 outcrop sample

6” lysimeter
1440µg/L As (1st install), 
2085µg/L As (2nd install)

Site 8 lysimeter installation

soil sample
(972 ppm As)

35-2 soil sample
(3150 ppm As)

35-3 soil sample
(787 ppm As)

N

N

N

roaster

roaster

Site 9 core sample retrieval

core tube

drive head
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Site 6 lysimeter installation

6” lysimeter
163µg/L As soil sample 

location
(824ppm As)

N
Site 6 lysimeter recovery field testing



Some samples from the area SE of the roaster:
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Site 24 outcrop sample N

Yellowknife Bay

historic beach 
tailings

Site 24.5 outcrop sample and lysimeter location

N

1123 ppm As
850 µg/L As

Site 32-1 outcrop sample

soil sample
(5760 ppm As)

N

roaster

Site 27 outcrop sample

5083 ppm As

roaster

N



APPENDIX IX:
Petrographic, ESEM, and synchrotron target identification

The following pages contain examples of petrography, ESEM, and synchrotron methods for target  
identification. The rest of the target identifications are included in Appendix VIII on the attached 
DVD, as are additional photographs and raw data. 

In addition to raw synchrotron data and specific target identifications, the DVD also includes a 
spreadsheet recording d-spacings for µXRD peaks and matched phases. A document including 
µXANES fit results and statistics is also included. A selection of separate image files of 1-D and 
2-D µXRD patterns, µXANES fits, and some µXRF maps that were generated are also included. 
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Site 21, target 10a, arsenolite. Arsenolite grain in plain light, BSE image, µXRF map, and spotty 
2-D µXRD diffraction pattern with integrated peaks and arsenolite fit. Note that As (red) in the 
µXRF map is only present as a halo around the arsenolite grain; the actual grain itself over-
saturated the detector.
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Site 6, target 9, maghemite (RO). ESEM and microscope photo showing distinctive concentric 
texture of RO. Grain is buried in slide. Micro-XRF map (As-Fe-Mn) and accompanying plot of 
As vs. Fe counts per pixel. Fe counts oversaturate the detector, as seen in the As vs. Fe count plot 
at the point when Fe counts jump to -30,000. 
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Site 6, target 9 cont. Both µXRD and µXANES were taken at the point indicated by the circle on 
the ESEM image.
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APPENDIX X:
Giant Mine property maps with arsenic concentrations

The following pages contain a selection of maps of the Giant Mine property, including As 
concentrations by sample location, and Golder (2005) and Wrye (2008) sample locations those 
performed in 2010 for this thesis.  
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Satellite photo showing 
sample locations and As 
content for Golder (2005) 
sample compilation and all 
Bromstad 2010 soil 
samples (including soil 
cores) relative to the 
GNWT (2003) guideline 
for industrial soils at Giant 
Mine, 340ppm. The surface 
material cleanup guidelines 
in the Giant Mine 
Remediation Plan are based 
on the Golder (2005) 
samples. The summer 2010 
sampling program was 
primarily designed to 
address outcrop soils, 
which are not included in 
the Golder (2005) sample 
locations.
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Satellite photo showing 
sample locations and As 
content for Golder (2005) 
sample compilation, Wrye 
(2008), and all Bromstad 
2010 soil samples 
(including soil cores) 
relative to the GNWT 
(2003) guideline for 
industrial soils at Giant 
Mine, 340ppm. The surface 
material cleanup guidelines 
in the Giant Mine 
Remediation Plan are based 
on the Golder (2005) 
samples. The summer 2010 
sampling program was 
primarily designed to 
address outcrop soils, 
which are addressed by 
Wrye (2008) in a few 
locations, but are not 
included in the Golder 
(2005) sample locations. 
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Outcrop soil samples from 
summer 2010 plotted by 
As content. All As greater 
than 340ppm is above the 
GNWT (2003) industrial 
soil guideline for Giant 
Mine. 
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