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Abstract

Understanding the solid-phase speciation of arsenic (As) in soils and sediments is important for
determining potential As mobility and bioavailability in the environment. This is especially true
in mine-influenced environments, where arsenic commonly is present at concentrations two and
three orders of magnitude above quality criteria for soils and sediments. Arsenic-bearing
particulates dispersed through hydraulic transport or aerosol emissions can represent a persistent
source of contamination in sediments and soils adjacent to past mining and metallurgical
operations. The stability and mobility of As associated with these phases depends on the
chemical form and oxidation state of the As and the interaction with post-depositional

geochemical conditions.

The Giant mine in Yellowknife, NWT roasted As-bearing gold ore from 1949 to 1999. The
roasting process decomposed As-bearing sulfides (pyrite and arsenopyrite) to produce a calcine
containing fine (generally < 50 pm) As-bearing Fe oxides. Synchrotron As K-edge micro-X-ray
Absorption Near Edge Structure (WXANES) and pXRD were applied as part of a grain-by-grain
mineralogical approach for the direct determination of As host mineralogy and oxidation state of
As in these roaster-derived Fe oxides.  The grain scale approach has resolved potential
ambiguities that would have existed had only bulk XANES and XRD methods been applied.
Using combined optical microscopy, electron microprobe and pXRD, we have determined that
the roaster Fe oxides are nanocrystalline grains of maghemite containing < 0.5 wt.% to 7 wt.%
As. Some of these As-bearing nanocrystalline grains are a mixture of maghemite and hematite.
All roaster Fe oxides including those present in 50-year old tailings contain mixtures of As’ and
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As™. The persistence of As™ in roaster-derived maghemite in shallow subaerial (oxidized)

shoreline tailings for over 50 years suggests that the As is relatively stable under these conditions,
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even though As™ is a reduced form of arsenic, and maghemite is normally considered a

metastable phase.

The mixed oxidation state of As in the roaster-derived wastes appears to be established by
reactions occurring at the time of roasting and this mixed oxidation state persists in the
environment. In unweathered calcines, it can be seen that roaster-derived iron oxide grains with

relic sulfide cores contain the highest As"/As" ratios.

In addition, sulfides deposited in unsaturated conditions (subaerial Yellowknife Bay tailings and
Townsite waste-rock) have weathered, leaving a replacement rim of As-bearing Fe oxyhydroxide
or in the case of arsenopyrite a Ca-Fe arsenate. Sequential selective extraction (SSE) fractions for
Fe oxides and sulfides, in Townsite waste rock samples, were in good qualitative agreement with
petrographic observations of the degree of sulfide weathering in these samples. Samples with
higher percentages of As extracted in the Fe oxide fraction showed typically thicker Fe
oxyhydroxide weathering rims and less sulfide. The reverse was true for samples with greater
amounts of As extracted in the sulfide fraction of the SSE. Arsenic-bearing Fe oxyhydroxide on

pyrrhotite in waste-rock has been determined by pXRD to be finely to nanocrystalline goethite.
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Chapter 1 - Introduction

Metal and metalloid contamination due to mining and metallurgical processing is well
documented in many mining areas (Berube ef al. 1974, Amasa 1975, Hocking et al. 1978,
Ragaini et al. 1977, Mok & Wai 1990, Moore & Luoma 1990, Mitchell & Barr 1995, Henderson
et al. 1998, Reimann et al. 2000). A recent study for the Rio Tinto area of Spain even suggests
that watershed scale contamination from mining may have occurred as much as 4,500 years ago
(Leblanc et al. 2000). Primitive copper smelting of arsenical ores developed as early as the 4™
millenium B.C. (Wertime 1973) and undoubtedly metalworkers of the day were exposed to As
fumes. It has been suggested that the Greek God Hephaestus (Vulcan in Roman Mythology) is
evidence that As poisoning was the first occupational disease recognized by mankind (Azcue &
Nriagu 1994, and Charles 1980 cited in Azcue & Nriagu 1994). Hephaestus was the only
metalworker mentioned by Homer and he was described as being physically imperfect and lame.
The 5300 year old “Man in Ice” discovered in the Alps in the early 1990s had an arsenical-copper
axe in his possession and high As concentrations in his hair (Gossler, et al. 1995). Arsenic
trioxide obtained by smelting copper and iron ores has been used as a medicine and poison since
2000 BC (Frost 1967). All of this is evidence that rather than being wholly a problem of the 19™
and 20™ century, parts of the human population have been living with incidental exposure to As
due to metallurgy from before the Bronze age. However, in the 19" century and especially since
1930 the cumulative global anthropogenic As production and dissipation into the environment has
been enormous (Han et al. 2003) and, as of 2000, has been estimated at 4.53 million tonnes. Han
et al. (2003) estimate that between 1900 and 2000 the potential As inputs to civilization-useable
land surface went from 6.1 to 190 kg As km™. If the values presented by Han et al. withstand
scrutiny this would indicate that the As trioxide stored underground at the Giant mine constitutes

3% of all anthropogenic As ever produced.



1.1 BACKGROUND

Gold mining has been integral with the foundation, growth and prosperity of Yellowknife since
the staking of the claims that would become the Giant mine in July 1935, and the subsequent
staking rush that began in the fall of that year (Moir et al. 2005). The Consolidated Mining and
Smelting Co. began production from the Con mine in 1938 on claims they staked in 1935.
Production at Giant began in 1948 and roasting of the ore concentrate began in January 1949
(Grogan 1953). The Giant mine is located 5 km to the north of Yellowknife and Con mine (which
today includes Rycon and Negus mines) is located on the outskirts of the present day City (Figure
1-1). A summary of former mining and milling operations around Yellowknife is provided in
Table 1-1. There was a three year interruption in mining and milling at Con during WW II, but
otherwise Con and Giant remained in near continuous operation until 2003 and 2004 respectively.
Both mines saw disruptions in the 1990s due to labour strikes including the bitter strike at Giant

in 1992, when nine replacement workers tragically lost their lives.

Milling (and roasting) of ore ceased at Giant in 1999 with the bankruptcy of Royal Oak Mines.
However, an agreement was reached for Miramar Mining to assume production of Giant ore and
processing at the Con Mine mill (2000 to 2004). Indian and Northern Affairs Canada assumed
liability for all existing environmental conditions at the Giant Mine property. The Giant Mine
produced over 7.0 million ounces of gold and the Con mine over 5.8 million ounces. The 66
years of mining activity in Yellowknife have left a legacy of As-related concerns at both mine

sites and surrounding area.
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Arsenic contamination of terrestrial environments, surface water and groundwater poses a risk to
human and ecological health in Canada and around the world. This contamination can result
from both natural and anthropogenic sources, and the mobility of As in the environment is
complex and depends on how (in what form) it occurs (Bhumbla & Keefer 1994) and the
environment in which it is deposited (Inskeep et al. 2002, Smedley & Kinniburgh 2002). Arsenic
may be dissolved in the aqueous phase, weakly or strongly sorbed to a mineral surface, or bound
within a mineral structure (Smith & Huyck 1998). Thus, toxicity to humans and the environment
is determined not by the total As content of a medium, but by the accessibility of biota to that

medium and the specific form of the As present.



Table 1-1 Mining and Milling in Yellowknife
(Lord 1951, Tait 1961, More & Pawson 1978, Egli & MacPhail 1978, Martin 1990, Silke 1999)

. Capacity a Mine
Mill Year (tons/day) Method (Mill Feed) Years
1938 100 1938-1943
1939 175 FM-Cyn Con 1946-2003
Con 1942* 300 H-Rst-FC Rycon 1939-1943
1955** 465 H-Rst-FC 1946-1958
1970 470 FM-Cyn
Vol 1964-1967
Closed 2004 1978 650 FM-Cyn © 6
1992 1200 (S/)\Z':’(')gg\’,‘e Giant 2000-2004
Negus 1939 50-70 FM-Cyn Negus 1939-1944
Closed 1952 1947 170 H-Rst-FC 1945-1952
Giant 1048+ 225 H-Rst-FC N
1)H-Rst-FC lant
1952 850 (g))FS_RSt_FC (includes 1948-1999
Lolor and
Closed 1999t 1958 1000 FS-Rst-FC Supercrest)
1958 1000 FS-Rst-FC

FM-Cyn=Free milling with cyanide extraction. H-Rst-FC=Hearth Roasting of Flotation Concentrate and
cyanide extraction. FS-Rst-FC=Fluosolids Roasting of Flotation Concentrate and cyanide extraction. (1) &
(2) indicate concurrent processing by two methods. All three mills used Hg amalgamation to recover free
gold in the early days of milling. Giant and Con discontinued amalgamation in 1958 and 1968 respectively.

* Roaster operated from April 1o Nov. 1942 mill continued with out roaster until 1943 and then closed
temporarily due to wartime restrictions. Mill including roaster restarted in 1946. Gas treatment by wet
scrubber began in 1949 and roasting was discontinued in 1970.

** Between 1950 and 1970 capacity varied reaching a maximum of 500 tons per day in 1956.

1 Mining and milling began at Giant in May 1948, but roasting did not commence until Jan. 1949. Cold
electrostatic precipitator (ESP) for gas treatment commenced in Oct. 1951 replaced by a more effective hot
ESP and baghouse system in 1958.

1 Mill and Roaster closed in 1999. Giant ‘C’ Shaft complex operated by Miramar Mining from 2000 to 2004
supplying ore to the Con Mill.

Dissolved As in groundwater is a world-wide issue of growing concern (Nordstrom 2002) which
can have a natural or anthropogenic source. Natural As in groundwater has placed an estimated
36 million people at risk in the region of the Bengal Delta (Bangladesh and West Bengal). This
region and others with similar elevated natural As concentrations in groundwater are typified by
low As in sediments, similar to world average concentrations, and an elusive solid phase source

of the As. The conditions responsible for high As concentrations in such aquifers generally



involve geologically young (Quaternary) deposits with strongly reducing or oxidizing high-pH

(>8.5) conditions (Nordstrom 2002, Smediey & Kinniburgh 2002).

In many areas contaminated by As with an anthropogenic origin, the concentrations of solid
phase As are both elevated and exposed in near surface environments (soils and sediments) at
concentrations well above world average concentrations and local back-ground (often in the 1000
ppm to 1 wt% range or more). In these areas the soils and sediments themselves pose a potential

risk to human health and the environment in addition to local groundwater resources if they exist.

In the case of Yellowknife, the As impacts resulting from mining and metallurgical processing of
the arsenopyrite-rich ore have resulted in As concentrations in both soils and sediments that can
be two to three orders of magnitude above soil and sediment quality guidelines. From a human
health stand point, there is little (if any) potable groundwater use in the area of Yellowknife (or
much of the NWT) so health concerns related to As in the region are primarily related to the
inadvertent ingestion of soil. More localized issues of concern may also include ingestion of
locally grown foods (if As were shown to accumulate in edible portions), inhalation of fugitive
dusts and contact with contaminated sediments through recreational activities. In the past both air
quality (due to roaster emissions) and drinking water quality (from surface water sources) were
concerns (CPHA 1977). However, most of these major issues date back to at least the 1970s (or
earlier). The potable water source for the City of Yellowknife has, since 1969, been the
Yellowknife River up flow from the mines. Potable water at the mines is also provided from the
Yellowknife River and has been since the 1970s and any remaining air quality concerns were

largely eliminated with the closure of the Giant Mill and roaster in 1999.



Though the concentrations of As in environmental media are elevated in Yellowknife and other
areas throughout the world, it is often difficult to establish definitive links between the metal and
metalloid contamination and adverse health effects (Thornton 1996). This may be especially true
in isolated and mining communities whose population can be transitory, and occupational
exposures are likely to be important in those employed at the mine. Human health risk
assessments for soil ingestion, including the recent risk assessment for Yellowknife, (Risklogic
2002) probably overestimate risk, since they typically assume As in the solids is 100%

bioavailable, or present in a soluble form which is generally not the case (Valberg ef al. 1997).

Assessing and managing the contamination in mining communities from both a human health and
ecological risk perspective is further complicated by the potential presence of naturally elevated
concentrations in the environment from geological processes. For Yellowknife, this includes the
inferred deposition (and any subsequent reworking) of As-rich glacial debris scoured from the
As-bearing shear zones in the region. While it can be beneficial to understand natural
background concentrations in the environment, from a human health perspective it is ultimately
the form, concentration and resulting bioavailability of the As that matters. It is also important to
realize that natural cycling of As has been interrupted and unbalanced by anthropogenic
influences of mining and ore processing (Mitchell & Barr 1995) and As may be subject to
volatilization, dissolution, adsorption, precipitation, oxidation, reduction and methylation in soils
and sediments. Environmental mobility, availability and bioavailability of As in solids need to
be understood in terms of the form of the As (eg. As oxidation state, mineralogy, grain size,
surface area and morphological properties such as encapsulation or rinding of grains), their
physical location and the geochemical environment in which they exist (Bhumbla and Keefer

1994, Ruby ef al. 1999). The form of the As, the geochemical and biogeochemical conditions,



and reactions occurring on a relevant time scale determine whether it is accessible and

bioavailable, and whether it will become more or less available in the future.

1.2 ARSENIC IN THE ENVIRONMENT

Arsenic abundance among the elements in the earths crust is low and less abundant than many of
the rare earth elements (Nordstrom 2002, Wedepohl 1995). However, it is one of several mobile
or volatile elements that are especially accumulated in the sedimentary cover of the upper crust
(Wedepohl 1995). Arsenic is a metalloid and its chemical behaviour leads to a range of
polyhedral coordination relationships in chemical compounds and minerals (Greenwood &
Earnshaw 1998, Baur & Onishi 1969). It is the main constituent of more than 200 mineral
species of which 60% are arsenates, 20% sulfides and sulfosalts and the remaining 20% include
arsenides, arsenites, oxides, silicates and elemental As (Baur & Onishi 1969). A search by
element (for As) on two web databases (Webmineral 2006, Pierre Perroud 2006) returned over
500 mineral names in each (including many solid solutions). This represents ~12% of all
minerals entered in the Webmineral database at that date. The breakdown by arsenates,

sulfides/sulfosalts etc. was similar to that reported by Baur & Onishi (1969).

Arsenic is released to the atmosphere through natural processes (wind blown mineral dust,
biological processes, and volcanic activity) and anthropogenic inputs, mostly from ore roasting
and smelting operations, and coal combustion (Han ef a/. 2003, Cullen & Reimer 1989). In the
past, arsenical pesticides were significant anthropogenic sources of As in the environment
(NRCC 1978). Arsenical pesticides for agriculture and wood preservation continue to decline in
use with the recent decision to discontinue production of most treated wood products containing
chromated copper arsenate (Health Canada 2003, US EPA 2003). Chromated copper arsenate-

treated wood is still used in some commercial applications.



Understanding As behaviour in the environment is complicated by the fact that it readily changes
chemical form (oxidation state and species) and not all forms of As are toxic. A number of
oxidation states are possible resulting in a range of thermodynamically stable solid and aqueous
phases that vary with pH and Eh. In addition to the generally recognized (formal) oxidation
states of -3, 0, +3, and +5, As also forms covalently bonded solid species with nominal oxidation
states (oxidation numbers) that include -2, -1, and +2. Only the +3 and +5 states are common as
aqueous species although in very reduced systems dissolved arsine and organic arsine gases (As’
") may exist. Arsenic forms largely ionic bonds when coordinated with oxygen and largely

covalent bonds when coordinated with Fe, S, C and itself (Greenwood & Earnshaw 1998).

Thermodynamic data for As has been recently reviewed (Nordstrom & Archer 2003).

The large number of minerals with diversity in form (ionic and covalent bonded solids, and
reduced and oxidized species), the range of dissolved pH and redox sensitive species, sorption of
many dissolved species to a range of solid phases (Fe, Mn and Al oxides, clay minerals, and
organic material) and the presence of gaseous forms all testify to the wide ranging and complex

behaviour of As in the environment.

1.2.1 Aqueous Arsenic Species

Arsenic occurs in the aqueous phase as a variety of inorganic and organic species (Table 1-2).
The most common species in natural waters are inorganic As" (eg. H,AsO,", HAsO,;>) and As™
(H;As05%). Equilibrium thermodynamics predict arsenate as the dominant form in oxidizing
environments. However, arsenite often co-exists in natural waters at concentrations well in
excess of thermodynamic predicted concentrations, suggesting that this redox couple is often not
in equilibrium or that oxidation is kinetically very slow in natural waters (Inskeep et al. 2002).
Similarly, in more reduced environments, arsenate can coexist with arsenite at concentrations

well above those predicted. In natural waters organic As species (Table 1-2) are generally present



in low proportions to the inorganic forms (< 10%) (Le 2002).

It is generally recognized that aqueous species other than arsenite and arsenate are likely present
in some reduced environments, but at present they remain poorly understood (eg. thioarsenites
and arsines, Table 1-2). The volatile methylarsines (eg. trimethylarsine) which are very common
products of microbial activity (Cullen & Reimer 1989) could be important in certain reducing
environments, particularly those low in sulfur (Frankenberger & Arshad 2002). All of the arsines
are volatile, posing unique difficulties for sampling, storage and preservation which makes them
particularly susceptible to loses and transformations prior to and during analysis. The potential
presence of arsenocarbonate and thioarsenite species (Kim et al. 2000, Tossell 2000, Lee &
Nriagu 2003, Table 1-2) is important not only since their presence would increase the number of
dissolved complexes and potential reactions, but because they could lead to misleading results in
some analytical speciation methods. For methods that rely on anion exchange to separate the
uncharged arsenite species from arsenate anions (eg. Le ef al. 2000), additional anionic As
complexes (eg. arsenocarbonates and thiosarsenites) would be retained along with any arsenate
(Ast5) due to their negative charge. This would suggest a larger arsenate presence than really

existed.

1.2.2 Arsenic Mobility and Solid Phases

Arsenic solid phases include a variety of mineral forms (Table 1-3) ranging from the more
oxidized forms (arsenates and arsenites) to more reduced forms including sulfosalts, elemental
As, sulfides and arsenides. Activities of arsenate and arsenite in solution are unlikely to be
controlled by precipitation of arsenate or arsenite salts (Inskeep et al. 2002), rather they are
commonly controlled by sorption reactions. Both arsenate and arsenite have a strong affinity for
Fe (hydro)oxides. Arsenate can also sorb strongly to clay minerals and (hydro)oxides of Mn and

Al. Biologically mediated reduction of arsenate to arsenite and oxidation of arsenite to arsenate is



Table 1-2 - Dissolved Arsenic Complexes

Dissolved Phase Species As Oxidation State
Arsenates H3As0, +5
HzASO4 )
HAsO,*
AsO.*
Arsenites H;As0;5° +3
HzASO3—
HAsO;*
-8 | Thioarsenites AsS(OH), * +3
gn AsS(SH)(OH) ™ *
& AsS(SH),™ *
ASSZ_ f
AsS; %}
Arseno-carbonate complexes As(COs), ** +3
As(CO3)OH,™ **
As(CO3),OH **
AsCO;" **
Arsine H;As -3
Monomethylarsonic acid (MMAA") CH;3;AsO(OH), +5
CH;AsO(OH)O"
Monomethylarsonous acid (MMAA™) CH;As(OH), +3
‘a’ Dimethylarsenic acid (DMAAY) (CH3),AsO(OH) +5
bfﬂ (CH;),As0(0) "
© | Dimethylarsinous acid (DMAA™) (CH,),As(OH) +3
Trimethylarsine oxide (TMAO) (CH;);As0 +5
Trimethylarsine (TMA) (CHs);As +3
Tetramethylarsine ion ? (CH3).As” +5

Bold type - indicates common species in natural waters.
Italics - indicate possible species that remain speculative.

* Tossell 2000. + Wilkin 2001, } Cullen & Reimer 1989 ** Kim et al. 2000.
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well established, as is abiotic oxidation of arsenite to arsenate by Mn oxides (Hering and
Kneebone 2002 and references therein). There also remains some evidence that that precipitation
of hydrous Ca and Mg arsenates may be important solubility controls at neutral to alkaline pH

(Raposo et al. 2004).

Under reducing conditions, arsenite may precipitate as an authigenic sulfide (eg. orpiment or
arsenopyrite phase) although the concentration of dissolved As in such systems may not be
particularly low (Hering & Kneebone 2002). It has recently been shown that under reducing
conditions in the laboratory, As can form an arsenopyrite-like surface precipitate on Fe sulfides

(Bostick & Fendorf 2003).

Arsenic can be released from solids to the aqueous phase by reductive dissolution of As—bearing
Fe (hydro)oxides or, conversely; oxidative dissolution of As-bearing sulfides. In oxic conditions,
sorbed As phases (eg. arsenate and arsenite) can also be destabilized by changing environmental
conditions (eg. pH, ionic strength or concentration of competing anions) (Smedley & Kinniburgh

2005, Smedley & Kinniburgh 2002, Hering & Kneebone 2002).

1.3 THE CON AND GIANT MINES, YELLOWKNIFE

The work in this thesis largely investigated As in soil, tailings and mine waste-rock at the Giant
mine. However, the Giant and Con mine deposits are closely linked geologically so, both are
discussed in a general fashion to provide a holistic picture rather than just a part. In addition, one
objective set early on in this thesis (see objectives below) was to develop a broad understanding
of the influences on As origin and cycling in the Yellowknife area in general since it is
complicated and rarely considered from this view. Therefore information on the Giant and Con

mines in terms of similarities and differences is summarized in the following sections. More
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Table 1-3 - Selected Arsenic Minerals

Group Examples Formula
Arsenates Scorodite FeAsQ,2H,0

Angellelite Fe4(AsO4),0,

Arseniosiderite CazFes(As04);0,.3H,0

Yukonite CasFes(AsQ,4)3(0H),.4H,0
Arsenate/Arsenitet Synadelphite (Mn,Mg,Ca,Pb)g(As"O3)(As' O4)(OH)g-2H,0 (?)
Oxides Arsenolite As,03

Claudetite As,04
Arsenites Schneiderhohnite | Fe'Fe sAs 5013
Sulfosalts Tetrahedrite- (Cu, Fe)12SbySq3)-

Tennantite (Cu,Fe)12As4S13)
Elements Arsenic As

Arsenolamprite As
Sulfides Orpiment As,S;

Realgar AsS

Arsenopyrite FeAsS

Arsenical pyrite FeS, (up to 5 wt.% substitution of As for S)t
Arsenides Loelingite FeAs,

Westerveldite (Fe,Ni,Co)As

* As proposed by Nishikawa et al. (2006).

t The mixed oxidation state phase (not mineral) Fe,(As"(As"O,)s has recently been identified in
As calciner dumps in south west England (van Elteren et al. 2006).

1 National Research Council 1977.

detailed information on Giant ore processing and As-related issues follows this general

discussion.

1.3.1 Geology

The Con and Giant Mine ore-bodies are hosted within a major brittle-ductile shear system that
transects the Kam Group of the Archean Yellowknife Greenstone Belt (Hubbard 2005). The
shear system consists of hydrothermally altered and deformed sericite- or chlorite-rich rocks with
or without apparent schistosity (Siddorn 2005). Mineralization at the Giant and Con mines
occurs as disseminated sulfides (and sometimes sulfosalts) in broad silicified zones or quartz
carbonate veins bounded by sericite or chlorite schist (Boyle 1960, Ellis & Hearn 1990). The
original deposits exploited at the Con and Negus mines were hosted in mineralized sub-parallel
westward dipping shear zones (Con system and Rycon/Negus system) while the Giant shear

system displays complex folded geometries (Siddorn 2005). The Giant and Con Mine deposits
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have been interpreted to be part of a single shear zone system that has since been dismembered by
recent faults. The classic reconstruction of displacement on the main regional fault (West Bay
fault) by Campbell (1947) was instrumental in discovery of the major ore-bearing deeper
Campbell shear at the Con mine. Based on his work, the Giant deposit was believed to be the
faulted extension of the Campbell shear. However, recent work has suggested that the Giant
Deposit may actually be the faulted off-set of the shallower Con Shear (Siddorn et al. 2005) with
the intriguing implication that the Campbell shear at the Giant Mine remains in unexplored

ground.

Though the deposits share much similarity beyond the structural differences, there is also
significant mineralogical inhomogeneity between the Con and Giant deposits and also within
each (Armstrong 1997, Canam 2005, Hubbard 2005, Siddorn 2005). Ore shoots typically contain
less than 10% sulfide content and more often less than 5%, though up to 15% sulfide has been
reported (Coleman 1957). According to Lewis (1985), the principal sulfide and sulfosalt
mineralogy at the Giant Mine includes (in decreasing order of abundance): pyrite, arsenopyrite,
sphalerite, chalcopyrite, sulfosalts (jamesonite, berthierite, bournonite and tetrahedrite),
pyrrhotite, and galena. However, the actual abundance is variable within individual ore shoots
and different regions of the mine (Coleman 1957, Canam 2005 and Hubbard 2005). A study of
flotation concentrate in 1990 (originating from stopes being mined at the time) indicated that
pyrite and arsenopyrite combined account for 95% of the sulfides and that marcasite,
chalcopyrite, sphalerite, acanthite, boulangerite, tetrahedrite, berthierite, gudmundite, stibnite
were present in trace amounts (Chryssoulis 1990). Gold at Giant is often refractory being mostly
incorporated submicroscopically within arsenopyrite making it unavailable to conventional
cyanide extraction (Halverson 1990, Stefanski & Halverson 1992). However, free gold is

sometimes present (Hubbard 2005) and certain regions exploited early in mining contained
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significant free milling ore (Tait 1961). The Sb content within ore zones in the mine is also
heterogeneous, but Canam (2005) notes a generally increasing Sb content from south to north and
shallow to deep in the mine. The Sb content in the tailings may be less heterogeneous than
suggested by ore distribution since Halverson (1990) notes that careful monitoring was done for
Sb. Mixing of high and low grade Sb stopes was conducted to keep grades below 0.75%, since

operation above this level leads to formation of problematic Sb sulfates (Halverson 1990).

While some of the gold at the Con mine is refractory, a significant amount of ore produced at
various times during the life of the Con Mine was free milling (Table 1-1). Pyrite is ubiquitous
within both free-milling and refractory ores at the Con mine, while arsenopyrite is noted as the
dominant sulfide mineral in refractory ore and accessory in free-milling ore (Armstrong 1997).
Pyrite in all ore zones at Con contain As-bearing and As-poor pyrite with As content ranging
from below EPMA detection limits to 5.49 wt.% As and sometimes exhibit zoning within
individual grains. Arsenopyrites at Con, as analyzed by Armstrong (1997), are often As deficient
(typically FeAs(oS;1), although some approach or very slightly exceed the stoichiometric ideal

(FeAsS).

1.3.2 Ore Processing

At the Giant mine, refractory gold ore was roasted at elevated temperature to breakdown
arsenopyrite and release submicroscopic gold. Milling involved crushing, grinding, flotation to
mechanically liberate and concentrate the gold and gold-bearing sulfides. The concentrate was
roasted to decompose the gold-bearing sulfides producing porous Fe oxides amenable to

cyanidation for extraction of the gold (Tait 1961).

Ore processing at the Con Mine was similar to the Giant Mine until approximately 1970 and

included the flotation and roasting of a sulfide concentrate (Table 1-1). By 1970 greater
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quantities of free milling ore were encountered at depth in the mine, the roaster was in a poor
state of repair and the storage capacity of As trioxide in the two concrete lined As storage ponds
had been reached. Thus, the refractory ore milling circuit (flotation and roasting) was shut down
(Martin 1990). Between 1982 and 1989 Con produced and sold approximately 7,000 tons of high
grade As trioxide refined from As trioxide sludge in the storage ponds using a hot water acid
leach vacuum crystallization technique (Martin 1990). In 1993, a flotation and autoclave circuit
was added in parallel to the free milling circuit to again process refractory ore. In addition, the
autoclave operation was designed to process remaining As trioxide sludge and stock-piled calcine

from the pre-1970s roasting operation along with the ore (Geldart ez al. 1992).

Due to the larger scale and longer duration of operation of the Giant mine roaster, it is generally
implicated as having a broader impact in the region in terms of aerial extent and magnitude of As
deposition. However, a study in the mid 1970s (Hocking et al. 1978) indicated that the emissions
from Con at that time wére 1/3 that of Giant and not 1/7 as predicted from stack emissions data.
Remobilization of As (presumably due to wind action) from the As storage ponds was implicated
to explain the discrepancy. It should also be noted that the Negus Mine appears to have roasted
ore after 1947, but the scale, timing and the effectiveness of gas treatment (if any) has never been

established (Lord 1951, Martin 1990).

1.3.3 Gold Ore Processing and Environmental Issues: The Giant Mine Case

The milling of As-bearing ores can result in a complex distribution of As adjacent to mines
involving both natural and anthropogenic inputs. Arsenic in metalliferous mining areas has been
studied for some time (eg. Amasa 1975, Bamford 1990, Li & Thornton 1993) and continues to be
the focus of recent, and on-going research (eg. Martin & Pedersen 2002, Savage et al. 2000, and
Williams et al. 1996). Yellowknife, NWT has been the subject of many studies related to As in

the environment and human health, which began as early as 1949 (CPHA 1977) and continue
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today (eg. Koch et al. 2000, Andrade ef al. 2006).

The case of the Giant Mine in Yellowknife, highlights a complex example of the redistribution of
previously isolated natural As (a largely refractory gold ore containing arsenopyrite), into more
available environmental forms and compartments (soils, sediments, tailings and As trioxide dust)
over the span of >50 years. The complexity at Giant originates from the roasting of an
arsenopyrite-bearing, refractory gold ore, which decomposed the sulfide to a porous Fe oxide

residue and produced As trioxide and sulfur dioxide off-gases in the process.

1.3.3.1 Aerial Emissions from Sulfide Roasting at Giant

Roasting at the Giant Mine probably released in excess of 7,000 tonnes of As to the surrounding
environment via stack emissions in the first few years of operation (2.75 years x 7.3 tonnes
As/day, GNWT, 1993. To put this in perspective, at 1990s emission rates (3 t/year, Environment
Canada 2006) it would take 2300 years to release the quantity of As released in the first few years
of operation at the Giant Mine even though the mine was a relatively small operation at the time

(Table 1-1).

Arsenic deposition rates were calculated over a large study area in the Yellowknife region (“many
square miles”) in the 1970s. The average As deposition rate across the study area was determined
to be 10 pounds per square mile per month with up to 3 times these amounts within 0.5 miles of
the Giant Roaster (CPHA 1977). The average deposition rate for total particulate matter was 11
tons per square mile per month. A deposition rate of 106 pounds per square mile per month was
reported for the mid-1950s (deVilliers & Baker referenced in CPHA 1977). Since the “mid-
1950s” post-dates installation of gas treatment systems at Con and Giant, the magnitude of As
emissions to the region before 1951 is likely greater. The CPHA Task Force report (CPHA 1977)

also states that deposition rates inside the Giant mine property measured as high as 564 pounds
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per square mile per month during a Snow survey in 1975. The roaster began operation in January
1949 and roaster gas treatment did not begin until October 1951 (Tait 1961). The study by
Hocking et al. (1978) notes that about 1/3 of the land area in the region is “bare rock”. However,
this apparently has not been factored into the understanding of the fate of As emitted from roaster
stacks in the region. There apparently has been no directed study at determining the fate of the
As released to soils or outcrop surfaces in the region via stack emissions. Lichens on bedrock and
soil as well as soil concentration profiles versus depth (3 horizons) were collected as part of the

Hocking (1978) study.

Without taking into account subsequent redistribution (e.g. solubilization, volatilization, and wind
and groundwater transport processes) the above review means that measuring soil content in the
1970s and today is still most influenced by early As emissions (1949 to 1951 and to a lesser
extent 1951 to 1958). It also implicates other roasting operations without gas treatment as
important to consider even if they were short lived (i.e. Con and Negus). The aerially distributed
As is often considered as agglomerated particles of relatively soluble As trioxide particulate
(probably condensed before leaving the stack) (Hocking et al. 1978). However, given the
quantities of particulate matter collected in the Hot ESP and the baghouse on a tonnage basis after
1958 (Pawson (1973) suggests on average 10.5 tons ESP dust and 25 tons of baghouse dust), it is
likely that aerial dispersed As emitted prior to gas treatment contained a significant quantity of

lower solubility and complex As particulate (akin to that later collected by the Hot ESP).

1.3.3.2 Overview of Giant Mine Tailings

Most of the gold mined at Giant was refractory and hosted in arsenopyrite. The ore was crushed,
subject to froth flotation, and the concentrate roasted at 500°C prior to cyanidation to extract the
gold. During the first 3 years of mine operation (1948 to 1951) tailings were discharged onto the

shores of Yellowknife Bay (Figure 1- 2) without treatment. After 1951 tailings were discharged
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into a lake on the mine site (Bow Lake) and other low-lying areas. Sometime in the 1950s (when
the natural capacity of the basin was exceeded) a series of dams were constructed across low-
lying areas to increase tailings storage capacity (beginning with Dam 1, Figure 1-2). These were
probably unengineered waste-rock structures. Beginning in the 1970s a series of engineered
“clay core” dams were constructed, eventually resulting in the present day, North, Central and
South tailings ponds (Figure 1-2). The Northwest tailings pond was constructed in 1987 to
contain new tailings as well as tailings from the Tailings Retreatment Plant (TRP) that was
operated briefly in 1988 and 1989. The tailings reclamation left the large depression in the south

half of the North Pond adjacent to South Pond (Figure 1-2).

To understand the physical and chemical makeup of tailings at the Giant Mine, it is important to
recognize that the above process has generated essentially three tailings streams that discharged
the bulk of the tailings solids. The streams are flotation tailings, cyanided calcine residue and
Cottrell tailings (cyanided electrostatic precipitator dust). The three streams vary substantially
from each other in total tonnage, As content and mineralogy (Table 1-4). Flotation tailings are
high tonnage, and relatively low in As, which is expected to be present predominantly as
arsenopyrite. The lower tonnage streams (namely calcine residue and Cottrell tailings) carry
higher concentrations of As as roasted products of the sulfide concentrate (eg. Fe oxides). The
apparent variation in As content among the three waste streams over time is interesting and may
be explained by changes in milling process that occurred (eg. improved flotation of arsenopyrite
would decrease As in flotation tailings). It is known that cyanidation of the flotation tailings was

completed between 1955 and 1967 suggesting a different flotation tails character in that time
(Halverson 1984). However, sampling methods may also explain some of the difference, so

caution should be exercised when interpreting observed changes in the As loading over time.
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Table 1-4 — Arsenic contributions from the main solid effluent streams at Giant

Approximate Arsenic Arsenic
Tailings Year Discharge Concentration  Loading
Stream Rate (tpd) (Wt.%) (tpd)
Flotation 1999 1000 0.09 0.9
(70-80% <0.075 mm) 1963 794 0.28 2.0+
Calcine Residue 1999 170 18 34
0,
(90% <0.045mm)  4g63 122 12 15
ESP Residue 1999 9 4.4 04
0,
(90% <0.014mm)  4g65 9 6.2 0.6

tpd = dry tonnes per day. Arsenic loading data from Walker & Jamieson 2002. * Other as yet unidentified As
phases may be present. ** Estimated tota! loading. Tailings were cycloned for mine-backfill from 1957 to
1976 removing approximately 50% of the coarsest material and an unknown proportion of As, leading to an
overall decrease in grain-size and increase in calcine and ESP dust.

Specific modifications and improvements were also made at various times over the life of the
mill. Some of the process changes are likely to have changed the physical and chemical
characteristics of tailings discharged at different times. Variations in ore mineralogy as well as
tailings management practices at the time of discharge may also be important. Several early
publications, namely Grogan (1953), Tait (1961), and Foster (1963), reveal specific mill process
and tailings management information that is helpful in understanding the nature of the early
tailings and the Yellowknife Bay tailings specifically. This information is summarized in

Appendix A.

1.3.3.3 Tailings Impacts on Yellowknife Bay and Sediment Quality

In addition to the Yellowknife Bay tailings, it is evident from a number of sources that fine
grained tailings material (in addition to dissolved arsenic) has been discharged to Back Bay via

Baker Creek. Additional detail on this information is provided in Appendix A.
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Based on a review of all of the data, a brief chronological interpretation of tailings discharge to
Yellowknife Bay can be discerned from the information provided in Appendix A. Beginning
sometime around May 1948, flotation tailings were discharged directly to Yellowknife Bay.
Calcine residue tailings would not have been produced until January 1949 and any discharges of
calcine residue would have occurred after this time. Stockpiling of the calcine residue was
common practice in the early years of operation and likely led to a significant reduction in the
quantity of calcine residue tailings discharged directly into Yellowknife Bay. This is consistent
with Giant staff reporting in 1984 that the flotation portion of early tailings (1948 to 1951) may
be “the beach” at Yellowknife Bay (Halverson 1984). However, the potential exists for
intermittent discharges of calcine residue tailings between 1948 and 1951. These intermittent
discharges are more likely to have occurred in the winter months when difficulties were

encountered in stockpiling (Tait 1961).

Details on the implementation of off-gas treatment at Giant (Foster 1963) suggest that the Hot
Cottrell tailings would not have been routinely discharged with the regular tailings until late 1958
or early 1959 (a possible one time discharge could have occurred in 1955 during testing). Cold
Cottrell units installed in 1951 were operated to collect the dust and also condense the As vapour.
The combined dust and As trioxide was pneumatically pumped to underground storage in vaults.
Therefore Yellowknife Bay tailings are not expected to contain a Cottrell tailings component

since the Yellowknife Bay discharges occurred between 1948 and 1951.

However, fine dispersal of tailings material throughout Yellowknife Bay is possible via the
tailings decant processes described in Appendix A. The high concentrations of As present behind
the breakwater at the mouth of Baker creek confirm this as does the recent work of (Andrade

2006). It is also worth mentioning that the entire character of the mouth to Baker Creek has
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changed since the beginning of mining at Giant. Early air-photographs show open water, while

today it is choked with As- and Sb-bearing sediment and extensive weed growth in the summer.

The calcine residue and Cottrell waste streams may be especially important with respect to As-
bearing fines deposited in Baker Creek and Yellowknife Bay since i) they are on average finer
grained (silt sized and finer) than the flotation tailings, and ii) they contain high concentrations of

As in a form (eg. roaster-derived Fe oxides) that is poorly characterized.

It is also important to note that the character of the calcine residues from hearth roasting produced
before 1958 may be different than the later fluosolids roasted residues. Calcine residue
discharged to Yellowknife Bay between 1948 and 1951 is expected to be wholly generated by

hearth roasting (first fluosolids roasting commenced in 1952).

In summary, the Yellowknife Bay tailings depositional history and the present tailings

distribution are likely to be very complex given the following:

e potential heterogeneous nature of the tailings (intermittent and variable calcine residue
content at time of deposition)

e seasonally varying depositional processes (frozen vs. unfrozen discharge environments at
Yellowknife Bay), and

e subsequent erosional and long-shore drift processes.

In particular, it is also important to realize that fine-grained tailings are also likely dispersed
throughout a large area of Yellowknife Bay (probably concentrated most heavily around the
Baker Creek outlet) due to the historic practice of discharging decanted tailings water through

Baker Creek. A study of contamination of water, sediment and fish in 1992 and 1993 (Jackson et
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al. 1996) indicates As concentrations of 1500 to 2500 ppm in sediment from the Baker Creek
outlet at Back Bay. This and other studies (eg. Mudroch et al. 1984) and information
summarized in Appendix A, formed the framework for the recent work by Andrade (2006) on the

Yellowknife Bay tailings and sediments and continuing work by Fawcett (2005).

In the last years of operation (1994 to 1999) the Giant mine still released in excess of three tonnes
per year of As to the Yellowknife region via stack emissions, and more than 0.5 tonnes per year
in treated tailings decant water to Baker Creek which drains to Yellowknife Bay (Environment
Canada 2002). These emissions compare to a total over the life of the mine of up to 7000 tonnes
of As to the environment via stack emissions prior to 1951 (see above), some 50,000 to 80,000
tonnes of As released with tailings (~16 million tonnes of tailings at approx. 0.3 to 0.5 wt. % As')
and a total of 142,000 tonnes of As (237,000 tonnes As trioxide dust at ~60% As (SRK 2002))
stored in underground stopes and chambers at the mine site between 1951 and 1999. The As
stored underground has been the subject of a public consultation and engineering review managed
by Indian and Northern Affairs Canada since 1999 (SRK 2002). Present plans are to re-establish

permafrost and prevent groundwater flow, by refreezing ground with thermo-siphons.

Of the estimated tonnage of As (50,000 to 80,000 tonnes) in the tailings, an unknown quantity of
As has been redistributed to surrounding sediments by spills and poor tailings decant
management (discharge of excess water from the tailings impounds) especially in early years of
mine operation (Berube ef al. 1974). Back Bay sediments (Figure 1-2) downstream of the Giant

Mine tailings decant into Baker Creek, have been know to contain As concentrations in excess of

! The estimate of arsenic tonnage in the tailings is at best order of magnitude based on very
limited data, but the values are reasonable when compared to an arsenic balance prepared in the early 1960s
(Grainge, 1963), which shows ~4 tonnes per day of arsenic in the tailings stream in comparison to 15
tonnes per day of arsenic in baghouse dust.
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1500 ppm since the 1970s (CPHA 1977). Separation (cycloning) of the coarse tailings fraction
for use as mine backfill between 1957 and 1985 has also reduced the As tonnage in the tailings
ponds by an unknown amount and is a second source of underground As now being considered

along with As trioxide dust (SRK 2002).

1.3.3.4 Tailings Effluent Treatment

Commencing sometime before 1965 (Cross 1987), the high As tailings streams from the calcine
and ESP circuits were limed in an attempt to stabilize the As (Pawson 1973 and Halverson &
Raponi 1987). There is conflicting information on what the form of the precipitate from this
treatment may have been. Pawson (1973) suggests Fe arsenate with lesser calcium arsenates or
possibly Fe orthoarsenites. Halverson & Raponi suggest the product was calcium arsenite 75%
and calcium arsenate 25%. Regardless of the form, this may represent a significant change in the
tailings deposited at that time. The stability of these Ca-As (or Ca-Fe-As) oxides have been
questioned (Halverson & Raponi 1987). In 1981 an effluent treatment plant utilizing alkaline
chlorination went into operation to treat As, cyanide and dissolved metals (copper and zinc). The
treatment plant treated all tailings decant water prior to discharge into Baker Creek and operated
roughly from spring thaw to freeze up (May to October). Modifications to the effluent treatment
plant were made in 1990 converting the use of chlorine as an oxidant to hydrogen peroxide
treatment (Royal Oak Mines 1992). The treatment plant continues to operate even though the

mine is closed in order to treat mine water and surface water runoff (Fawcett et al. 2006).

1.3.3.5 Potential for Sulfide Oxidation (Mine Tailings and Waste Rock).

Acid rock drainage from sulfide-bearing mine tailings and waste rock can result in mobilization
of As along with a range of dissolved metals (eg. Cu, Ni, Pb and Zn) in low pH groundwater.
Neutral drainage systems (those containing excess carbonate) have historically received less

attention due to the generally lower mobility of most metals in neutral pore-waters. However, in
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contrast to the metals, anionic complexes of As can be mobile over a wide range of pH and Eh.
This is especially important when considering As-bearing hydrothermal gold deposits, since they

often contain only a relatively small amount of sulfide and a significant amount of carbonate.

1.4 SCOPE OF RESEARCH

It is clear from much of the work being carried out on As cycling, mobility and bioavailability,
that the limited understanding the solid phases in the environment can be a significant limitation
in many studies. In particular, there is little understanding of the form of As in the calcine and
yet it constitutes a significant portion of the As in the tailings (Table 1-4) and may also be
particularly important as a component of the off-site sediment As load. Therefore, a study of the
form of the As in the calcine and calcine component of the tailings was to be a major focus of this

work.

The application of synchrotron methods and particularly XANES to characterize the oxidation
state of As in solid-phase samples was evaluated as a high priority technique for this study. The
timely addition of pXRD at NSLS beamline X26A, where much of this analytical work was done,
significantly expanded the capabilities of the grain-by-grain analytical approach we were

developing.

1.4.1 Goals and Objectives

The principal goals of this thesis were the following.

¢ Evaluate the suitability and effectiveness of applying rapidly advancing synchrotron-based
micro-analytical techniques such as uXRD and pXANES to complex environmental matrices
including gold mine tailings, gold roaster mill products and mine waste rock from the Giant

mine site.
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o Characterize the principal form(s) of As in the roaster calcine residue and evaluate As
behaviour in the tailings environment over time.
o Characterize the As in waste rock fill material from the Giant mine Townsite with a particular

focus on potential As mobility and bioavailability from a mineralogical perspective.

Specific objectives of the research were:

e investigate specific aspects of past and recent mining, milling and environmental
management practices at Giant and Con mines in order to understand the sources of As
dispersal to the environment at and adjacent to the mine sites (largely described in the
preceding sections of Chapter 1),

e develop a grain scale approach (10 pm scale) for solid-phase As speciation in thin sections
using conventional and synchrotron-based methods,

e identify and characterize the As-bearing solid phases in tailings and mill products from the
Giant mine, and

¢ identify and characterize As-bearing solid phases in Giant mine townsite “soils” especially
the waste rock fill materials used in roads and lake-front fill that contain high As

concentrations (>1000 ppm).

The outcome of this research was expected to provide:

e a detailed understanding of the solid-phase As speciation in As-bearing mine wastes
originating at the Giant mine,

¢ an understanding of the potential effects of weathering and disposal environment on the As-

bearing phases, and
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e animproved understanding of As dispersal to areas adjacent to the Giant and Con mines that
will aid in directing future research into solid-phase As speciation, not only at the mine sites,

but in the surrounding environment (including soils and sediments).

Chapter 2 of this thesis is from a published manuscript (Walker et al. 2005) which describes the
methodology of the grain scale analytical approach and synchrotron techniques applied in the
context of two specific samples from the Giant Mine. Chapter 3 is a manuscript in preparation
for journal submission that presents the overall findings on As speciation in the Giant mine
tailings based on the grain scale analytical work and sequential selective extractions. Chapter 4 is
a manuscript in preparation for journal submission that documents the characterization of
weathered As-bearing sulfides in the Giant Townsite waste-rock fill materials and relates the
mineralogy to sequential selective extraction results. Chapter 5 discusses the experience gained
in applying the synchrotron methods and Chapter 6 provides the overall summary, principal

conclusion and recommendations for further work.
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Chapter 2 - The Speciation Of Arsenic In Iron Oxides In Mine Wastes
From The Giant Gold Mine, N.W.T.: Application Of Synchrotron

Micro-XRD And Micro-XANES At The Grain Scale

2.1 INTRODUCTION

The mobility and toxicity of As depend on its speciation (chemical form and oxidation state). In
the dissolved phase, As is most often present as arsenate (H;AsO4 or HAsO42') or arsenite
(H;As0;"), with arsenate being the more oxidized and thermodynamically stable form at ambient
conditions. However, disequilibrium of As species is well documented (Inskeep et al. 2002,
Smedley & Kinniburgh 2002), and both reduced and oxidized forms commonly occur together.
This fact is important, as arsenite is generally regarded as the more mobile (Masscheleyn et. al.

1991) and more toxic in the environment (Naqvi ef al. 1994, Winship 1984).

The concentrations of specific dissolved species present in pore water and groundwater are a
measure of As mobility. However, the solid components of the sediments, soils and mine-waste
are the ones that provide the geochemical or biogeochemical substrate that controls As
partitioning to the aqueous phase. In addition, mining and metallurgical processing (including
smelting and roasting of ores) produces fine particulate As-bearing solid phases that can be
transported and deposited in the local and regional environment by aerial and hydraulic processes
(Berube et al. 1974, Hocking et al. 1978, Ragaini et al. 1977, Mok & Wai 1990, Moore & Luoma
1990, Henderson et al. 1998, Reimann et al. 2000). It is important to understand the solid-phase
speciation of As in mining and metallurgical products, as it may differ from the background
speciation, or from solid phases produced by post-depositional adsorption or precipitation

reactions. The multiple origins of As-bearing phases in soils and sediments adjacent to mining
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and metallurgical operations suggest that a grain scale micro-analytical approach may be

particularly well suited for determining As speciation in these complex materials.

In the present study, we establish a method to investigate the solid-phase speciation of As in silt-
sized soil, sediment and tailings particles. We have combined powder XRD and bulk XANES
with optical microscopy and grain by grain micro-analysis using EPMA, and synchrotron uXRD
and pXANES. We highlight findings of complex As speciation in roaster-derived Fe oxide
phases from the Giant mine, Yellowknife, Northwest Territories, and show the utility of applying
synchrotron-based micro-analytical techniques at the grain scale (20 to 50 pum). Grain-scale
analyses clarify potential ambiguities that would otherwise exist in these materials based on bulk

analyses and petrography alone.

2.2 BACKGROUND INFORMATION

In studying areas influenced by mining and metallurgical processing, it is important to distinguish
between primary and secondary phases (Jambor 1994, Jambor & Blowes 1998, Manceau et al.
2002). Primary phases are those that originate from the milling process (both unreacted and
reacted minerals and metallurgical products), and secondary minerals are those formed by
reactions following deposition in the environment (e.g., weathering or precipitation).
Metallurgical products are designated as primary anthropogenic phases in order to distinguish
between anthropogenic influences (metallurgical chemical reactions in the mill) and natural
geochemical processes (Manceau et al. 2002). Observing physical or chemical changes to
primary As-bearing phases in the environment may provide evidence of the long-term stability or
behaviour of As in the environment. Secondary As-bearing minerals or As sorbed to other
primary or secondary minerals is direct evidence of the attenuation of As in soils, sediments and
mine waste (i.e., sequestering by solid phase transformation, or removal from the aqueous phase

by sorption or precipitation).
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For a typical gold roasting operation, the primary phases would therefore include ore minerals
(e.g., arsenopyrite and pyrite), and gangue minerals (e.g., quartz, other silicates and carbonates)
and anthropogenic solid reaction products produced during milling (e.g., hematite (a—Fe,0;) and

maghemite (y—Fe,0;) derived from the thermal oxidation of pyrite and arsenopyrite).

2.2.1 Solid-phase speciation of As in geochemical cycling, fate and bioavailability

Bonding in As-bearing minerals is dominantly ionic where coordinated with oxygen and covalent
where coordinated with sulfur, Fe or itself (Greenwood & Earnshaw 1998). Arsenic in both ionic
and covalent solids can exhibit a wide range in oxidation number: +5 for arsenates (e.g.,
scorodite, FeAsO42H,;0) and +3 for arsenites (e.g., arsenolite, As,O; and schneiderhohnite,
Fe"Fem3AsI"5013), +3 for orpiment (As,S;), +2 for realgar (As4S4), 0 for elemental arsenic (As), -
1 for arsenopyrite and -2 for westerveldite (FeAs). Arsenic of different oxidation-states can also
be incorporated in solid solution in mineral phases. For example, As™ substitutes for S in pyrite
(e.g., Simon et al. 1999 and Savage et al. 2000), and AsO, substitutes for SO4 in jarosite
(KFe3(SO4)2(OH)g ) (Dutrizac & Jambor 2000, Savage et al. 2000, Paktunc & Dutrizac 2003,
Savage et al. 2005). Arsenate, and in some cases arsenite, can also sorb strongly onto clay
minerals, and oxyhydroxides of Fe, Al and Mn (Smedley & Kinniburgh 2002, Hering &
Kneebone 2002, and references therein). Bostick & Fendorf (2003) have shown that under
aqueous reducing conditions, arsenite can be reduced to form an arsenopyrite-like surface

precipitate on the surface of Fe sulfides.

Whether sorbed or structurally bound, understanding the kinetics and mechanisms of release of
As in the context of equilibrium relationships involving solids and solutions is necessary to
evaluate short- and long-term mobility and bioavailability (Huang & Fujii 1996, Hering &

Kneebone 2002). For example, high surface-area As-bearing Fe oxyhydroxides, which are
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amorphous or poorly crystalline, may recrystallize to more stable phases and desorb As (Fuller et
al. 1993, Waychunas et al. 1993, Smedley & Kinniburgh 2002, Paktunc et al. 2004). However,
such processes may be slow in nature owing to the presence of strongly surface-sorbed or
coprecipitated ions including arsenate (Cornell & Schwertmann 1996). Also, redox conditions
can profoundly affect partitioning of As between aqueous and solid species (e.g., Hering &
Kneebone 2002, Smedley & Kinniburgh 2002, Cummings et al. 1999, Nickson et al. 2000,
Harvey et al. 2002), an important consideration in natural environments where biogeochemical

conditions are rarely static.

With respect to bio-availability of As that has been orally ingested by humans, it is clear from
existing work that solid phase As is less bioavailable than As in solution (Ruby et al. 1999,
Valberg et al. 1997). However, in the solid state, the amount that is bioavailable depends on a
number of factors, including oxidation state, mineralogy, grain size, surface area and
morphological properties, such as encapsulation or rinding of grains (Ruby et al. 1999, Bhumbla

& Keefer 1994).

2.2.2 Anthropogenic iron-arsenic oxides

Anthropogenic As-bearing Fe oxides have been identified in the environment (soils, sediments,
tailings and house dust) adjacent to sulfide smelting and roasting operations (e.g., Davis et al.
1996, McCreadie et al. 2000). Roasting of pyrite and arsenopyrite produces Fe oxides with
concentric or porous ‘spongy’ texture depending on the pathway (formed by way of a pyrrhotite
intermediate phase or not) and temperature of formation (Carter & Samis 1952, Jorgensen &
Moyle 1981, Arriagada & Osseo-Asare 1984, Robinson 1988, Grimsey & Aylmore 1992, Dunn
et al. 1995). However, there is limited understanding of the solid-phase speciation of As in Fe
oxides derived from roasting. The presence of an unidentified non-sulfide As-bearing phase or

phases has been inferred based on a sizeable excess of As to sulfur in some calcines (e.g.,
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Arriagada & Osseo-Asare 1984). Roaster-derived Fe oxides are an example of primary
anthropogenic As-bearing solids that have a high As content (several weight percent) and have
little analogy to better studied naturally occurring primary minerals such as arsenopyrite and

secondary minerals such as As-bearing Fe oxyhydroxides and As sulfides.

For many low-temperature geochemical systems, formation of Fe oxides and oxyhydroxides as
amorphous or crystalline nanoparticles (i.e. 1 to 100 nm in diameter, Waychunas 2001) is
expected over short to medium time scales (Banfield & Zhang 2001, Waychunas 2001, Hochella
2002). Furthermore, industrial methods of Fe oxide production at elevated temperatures also
produce nanocrystalline Fe oxides (e.g, Morjan et al. 2003, Deb et al. 2001). Recent
experiments, by Eneroth & Koch (2003), determined that thermal oxidation of Fe sulfides (pyrite
and marcasite) can result in small sizes (15 to 60 nm) of the average crystallite sizes in the
resulting Fe oxides. If roaster- or smelter-derived phases (grains) are nanoparticle composites,
they may exhibit modified phase-stability relationships and different reaction kinetics in
comparison to their microscopic and macroscopic counterparts (Banfield & Zhang 2001,

Navrotsky 2001).

2.2.3 Roasting of gold ore at the Giant mine

Mineralization at the Giant mine, Yellowknife, Northwest Territories, occurs within shear zones
as disseminated sulfides in broad silicified zones or quartz carbonate veins bounded by muscovite
or chlorite schist (Boyle 1960, Ellis & Hearn 1990). The gold at the Giant mine is refractory,
being mostly incorporated submicroscopically within arsenopyrite, making it unavailable to
conventional cyanide extraction. To access this “invisible” gold, ore milling at Giant mine
included grinding, flotation, roasting of the flotation concentrate followed by cyanidation (More
& Pawson 1978). The roasting of gold ore is a thermal oxidation process that decomposes sulfide

minerals such as pyrite and arsenopyrite into porous Fe oxides including hematite, maghemite or
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magnetite, to make the ore amenable to cyanidation (Gossman 1987, McCreadie et al. 2000).
Roasting at the Giant mine commenced in January 1949 (Grogan 1953) and continued until the

mill closed in late 1999.

Roasting at the Giant mine has produced a number of As-bearing wastes including As trioxide
baghouse dust, electrostatic precipitator dust, and calcine residue tailings (cyanidized roasted
sulfide concentrate). Baghouse dust has been stored in underground stopes and chambers since
1952 and is the subject of critical evaluation for remediation at the present time (SRK 2002). It
has been estimated that some 7900 tonnes of As were released to the environment by stack
emissions between 1949 and 1952, since roaster off-gases were not treated at that time
(unpublished Environment Canada report referenced to by Hocking et al. 1978). With the
exception of the As trioxide dust, roaster-derived wastes have generally been discharged with
flotation tailings along with mine and mill water. On a dry tonnage basis, the calcine residue
tailings constitute only some 10% of the total tailings discharged, but approximately 70% of the

total As by weight (Walker & Jamieson 2002).

2.2.4 Analytical Approach

X-ray absorption spectroscopy (XAS) is effective at determining both oxidation state by X-ray
absorption near edge structure (XANES), and coordination state by extended X-ray absorption
fine structure (EXAFS). The XANES approach is capable of determining oxidation states of As
by resolving small shifts in the energy position of the As K absorption edge (Fendorf & Sparks
1996). The ability to detect As" bearing phases may be particularly important since they are

generally linked to lower stability and higher toxicity.

Methods for characterization of solids routinely combine grain scale analyses such as optical

microscopy, scanning electron microscopy (SEM) and electron-probe microanalysis (EPMA)
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with results of bulk analyses such as X-ray diffraction (XRD). Bulk XAS methods have also
been successfully applied for the characterization of As-bearing phases in soils (e.g., Morin et al.
2002) and mine waste materials (e.g., Paktunc et al. 2003, Morin et al. 2003, Savage et al. 2000,
Foster et al. 1998). Comparatively fewer authors (e.g., Strawn et al. 2002, Paktunc et al. 2004)
have utilized pXAS methods in As focused studies. A comprehensive discussion of methods of
solid-phase speciation for metals and metalloids, including application of synchrotron uXAS

methods can be found in Manceau et al. (2002).

2.3 EXPERIMENTAL

2.3.1 Samples

Materials selected for this study include: cyanidized roaster calcine residue (hereafter referred to
as calcine), and a calcine-rich horizon from tailings deposited on the shore of Great Slave Lake
about 1950 (hereafter shoreline tailings). The selected tailings-hosted horizon is a subsample of a
core collected as part of a larger suite of mine-tailings samples obtained at the site in July 1999.
Coring was accomplished by hand driving aluminium tubes (wall thickness 1.6mm) with a drop
hammer assembly. The tubes were extracted, immediately cut at the top and bottom to remove
any open air space, sealed and placed in coolers with ice packs. Staff at the Giant mine provided
mill samples as slurries in one-litre sealed containers. All samples were frozen shortly after
collection (to preserve solid phases from further reaction) and shipped in coolers to laboratory

facilities, where they were kept frozen until preparation for analysis.

In order to prepare thin sections, samples were thawed and air-dried at room temperature.
Polished thin sections were prepared as intact specimens (plugs extracted from tailings core to
preserve stratigraphic relationships) and grain mounts (mill products) using As-free silica glass

slides and room temperature set epoxy (Sealtronic 21AC-7V by Industrial Formulators), and

34



without the use of added heat or water. Oil was used for all grinding and polishing. Sections
were polished to a final thickness of approximately 30 to 40 pm. The final thickness of sections
was determined by measuring edges of polished sections with a micrometer. The slightly thicker
sections (standard sections are usually 20 to 30 um) were necessary to minimize stripping of the
fine-grained sections from the slide during final grinding. For some samples, a second
“detachable” thin section was made from the same off-cut to facilitate transmission mode uXRD
which requires removal of the glass slide substrate from beneath the thin section. The preparation
of these thin sections was the same as the other sections, except for the following modifications.
Each section was polished and fixed to a prefrosted glass slide using Krazy® glue instead of
epoxy. Grinding and polishing were completed in the same manner as the regular sections except
that the final polished thickness was up to 50 pm. This thickness ensured a robust specimen
when the glass slide was removed. Following petrographic examination and target location (see
below), the thin section was immersed in an acetone bath (ACS grade) until complete separation
of the sample from the slide. Detachment time seems to depend on sample grain size and ranges
from 20 minutes for coarser-grained sections to several hours for finer-grained sections. The
detached sample was allowed to dry, oriented and carefully pressed on Kapton® tape and placed
into a 35-mm cardboard slide holder for analysis. Kapton® mounted sections were later fixed

back onto glass slides using double-sided tape for characterization by EPMA.

Thin sections were inspected and photographed under transmitted and reflected light to identify
potential As-bearing phases and to map out targets for microbeam analysis. Target locations
were catalogued using coordinates from a scanned image of the thin section and microscope
photographs at multiple scales (Figure 2-1) to ensure that the small grains (generally < 50 um
diameter) could be relocated for subsequent analyses on several different micro-beam

instruments.
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Figure2-1.  Thin section scan showing calcine layer in shoreline tailings. High
resolution thin section scan of 50-year-old stratified shoreline tailings subsampled from
core taken adjacent to Yellowknife Bay. Insets 1 and 2 are plane-polarized reflected light
photomicrographs that provide progressive magnification of one of the darker silty layers.
Darker layers are calcine-rich and contain As-bearing roaster Fe oxides (R-ox, Inset 2).
Two grains of weathered pyrite (Py) with As-bearing Fe oxyhydroxide rims (Feoxy) are
identified for comparison. Targets and reference points are recorded as coordinates in
mm from scans of the thin sections. Maintaining a consistent orientation allows target
spots to be readily located on any micro-beam instrument with an X,Y coordinate stage.
Photos at multiple scales provide backup for relocating grains.
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2.3.2 Analysis using pXANES and pXRD

Synchrotron analysis was conducted with the hard X-ray microprobe, X26A, at the National
Synchrotron Light Source (NSLS), Brookhaven National Laboratory. A 350-um collimated
monochromatic beam is focused to approximately 10 um in diameter using a system of Rh-coated
Kirkpatrick-Baez mirrors (Eng et al. 1995). A monochromatic beam is achieved using a Si(111)
channel-cut monochromator. Instrumental resolution is approximately 3.5 eV with
reproducibility of the edge position at better than 1 eV. All the uXANES experiments were made
by scanning through the As K edge (11,867 eV) in fluorescence mode with a Si(Li) detector.
MicroXRD experiments are imaged in 2D, in transmission mode using a Bruker SMART 1500

CCD diffractometer with a fiber optic taper, in high-resolution mode at 1024x1024 pixels.

Thin sections and standards are placed in cardboard slide holders and fixed by thumb-screws into
the vertical plastic sample holder oriented at 45° to the beam in the horizontal plane. This
geometry results in an elliptical surface footprint of the beam on the sample (10 pm in the vertical
X 15 pm in the horizontal). Beam penetration through the sample is approximately cylindrical.
The small grains being analysed in these materials (<50 um) can result in spatial inhomogeneity
under the beam especially since grain depth in the sections can be less than the full thickness of
the section (30 to 50 pm). This potential inhomogeneity is handled by observing the sections in
transmitted as well as reflected light and by comparing pX-ray fluorescence maps (Fe and As) to
scaled photos of thin sections. Two or three analyses can then be conducted through the core and

rim of grains or in regions selected to either investigate or avoid unidentified material buried in

the section.
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XANES analysis was conducted by scanning across the absorption edge region (11,830 to 11,970
eV) in three segments with a 2- to 4-second dwell time by increment. The step increment was 5
eV in the pre- edge region (11,830 to 11,850 eV), 0.4 ¢V across the edge (11,850 to 11,890 eV)
and 2 eV in the post-edge region (11,890 to 11,970 ¢V). Primary standards were routinely run, to
correct for any shifts in edge position that might occur over time (total range less than 1.5 eV).
Each spectrum was normalized to an incident beam flux measured by an upstream ion chamber,
pre-edge background corrected at 11,840 eV, and then normalized to the edge-step (intensity at
11,960 eV). Normalization was done at approximately 100 eV above absorption edge owing to
the significant post-edge oscillations that vary significantly among the various As standards.
Standard materials (Table 2-1, Figure 2-2) were selected to cover a wide range of oxidation
states. To manage self-absorption effects, only the suspended (finest) fraction was retained and
mixed with boron nitride (99.9% < 1 um) to obtain a total As concentration of approximately 4%
(w/w). Since arsenic trioxide is slightly soluble in ethanol, an additional dry ground standard of
this material was prepared, but there was little difference in the resulting XANES scans. Realgar
is known to undergo light-induced transformations to a number of other As;S; polymorphs
(Bonazzi, et al. 1996). To minimize the potential for such reactions, the realgar was stored in the
dark immediately following preparation and until analysis. However, no attempt was made to
track possible transformations. Each mixed standard and boron nitride was dispersed as a thin

layer onto Kapton tape for analysis.

For uXRD, the incident x-ray beam was tuned to 11,950 eV (1.0375 A). The distance between
the camera and the thin section was fixed at approximately 17 cm, which yielded a calibrated
range of d-values between 2 and approximately 10 A. Detector calibration was made using SRM
674a diffraction standard «-Al,O5. Calibrations and corrections for detector distortions (camera-

sample distance, the camera tilt and rotation, and the beam center on the camera plane) were done
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Figure 2-2.  Micro-XANES spectra of standards. a) Primary standards. Vertical
dashed lines indicate edge position at first derivative maximum for arsenopyrite (left),
arsenolite (middle), and scorodite (right). b) Secondary standards. All spectra are
spread vertically for purposes of presentation only.
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using Fit2D™ software (Hammersley 1998). The two dimensional patterns were manually
inspected to identify the types of reflections present (rings or points). The d-values of unknowns
were determined by integration of the two-dimensional pattern to produce a simulated powder-
diffraction pattern. Resolution is about 0.2° 20, as measured by integrated peak widths (FWHM)
for the a-Al,O; standard. Unknown phases were identified by comparison with reference

powder-diffraction patterns (ICDD 2003).

The experimental conditions in this case utilize monochromatic X-rays without randomization of
grain orientation under the beam. Under these conditions, well-defined Debye-Scherrer rings are
only obtained where the average size of mineral crystallites is small relative to the diameter of the
incident beam and where their orientation is sufficiently random (He 2003 & Manceau 2002).
Where this is not the case, crystals at diffracting conditions show portions of reciprocal lattice

nets i.e., individual spots, arcs or spotty rings representing discrete diffracted beams.

2.3.3 Bulk X-Ray diffraction and bulk XANES

Duplicate samples of the mill calcine (subsample of cone-and-quarter split of M2M) and
shoreline tailings (representative sample taken perpendicular to bedding in same interval as
CB1bS3) were submitted for bulk X-ray diffraction analysis. Analysis utilized a Philips X'Pert
MPD fitted with a Co tube operated at 45 KV and 40 mA, with 0.2 rad soller slits, a 20-mm
sample mask, 1/2° divergence slit, Ky filter and X'Pert detector. Samples were mounted dry on
glass discs rotated at 1/2 revolution per second with a scan rate of 20 seconds per step, from 5° to
90° 20. The material of stratified shoreline tailings was sampled and analyzed in two parts. The
first represented the upper, more calcine-rich portion, and the second the less stratified, lower

calcine content portion (Figure 2-1).

Bulk XANES analysis was completed with the mill calcine mounted as a thin powder on Kapton
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tape using similar analytical conditions as those for pXANES described above, but using an

unfocussed beam approximately 0.12 mm” (0.35 mm x 0.35 mm). Three random locations were

analyzed (single scan each) and averaged after confirming similar spectral shapes for each

domain.

2.3.4 Linear-combination fitting of XANES data and PCA analysis

The shape of both bulk and pXANES spectra suggested the presence of multiple oxidation states

within the target roaster Fe oxide grains (Figure 2-3). We found, however, that linear combination

fits with certain standards of different oxidation states (model compounds) gave reasonable fits

for the unknown spectra. Linear combination fitting was made using WinXAS™ v.2.3, and

Norm. Absorption [a.u.]

4.0

N
1=
T

M2M Bulk (482.137,.138 and .139) -

s

M2M CA1 (628.084)

M2M CA AX1 (628.096)

M2M CA3 (628.068)

0.0

11.85 11.90 11.95

Photon Energy [keV]

Figure 2-3: Selected XANES spectra from calcine sample (M2M). The XANES
spectrum of the bulk sample suggests the presence of As in more than one oxidation
state. Analysis of individual grains of Fe-oxide also show the presence of more than
one oxidation state, with different spectral shapes indicating a variation in oxidation
state proportions from one grain to another (see Table 2-4).
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procedures modified from those described in Ressler et al. (2000). Fits may not yield quantitative
concentrations since the actual As species have yet to be determined. However, the proportions
calculated on the basis of a consistent set of standards are useful to highlight variability both
within and between grains, and between samples. Reported percentages of each model
compound in fits are absorption-corrected amounts (normalized to 100%), as calculated by
WinXAS. Totals before correction were in the range of 95% to 105%, and generally greater than
98% and lower than 102%. Fitted model spectra at 5% or less gave little noticeable
improvements to fits. Analysis of control mixtures of model compounds in macroscopic XAS
studies have shown the precision of similar fit procedures to be approximately 10 % (e.g., Foster
et al. 1998).To increase objectivity in the linear-combination procedure of fitting, a principal
component analysis (PCA) was conducted using routines in the WinXAS™ software in a manner
similar to that described in Ressler ef al. (2000). A total of 14 spectra from M2M were selected
for PCA analysis to cover the range of spectral shapes encountered (Figure 2-3). All spectra were
normalized, calibrated and sectioned to include only the immediate-edge region (11,850 to 11,900
eV). Results of the PCA analysis indicate that at least three components are necessary to fit the
data. The first two components accounted for 82 % of the fit, and three components accounted
for 85 %. Transform fits were then applied to the standard spectra (Ressler et al. 2000), and a
quality of fit determined by visual inspection and the residual values calculated by the

WinXAS™ software (Table 2-2).

Transform fits for the arsenite and arsenate model compounds gave generally good fits over the
edge (white line peak), buf diverged in the region above the edge (Table 2-2). The model
compounds (primary and secondary standards) thus may not be specifically present in the
unknown spectra, but that the strength and position of the white line for a given oxidation state

111

(especially As™ and As") are characteristic within the unknown spectra. Transformed spectra for
lower oxidation state standards and orpiment were noisier than for the arsenate and arsenite
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transforms. This may be due to the lower abundance (or absence of) low oxidation state species

in the unknown spectra.

Table 2-2 - Selection of Model Compounds for Linear Combination Fit
XANES Analysis

f Quality of transform

Formal As Residual o Selected for linear

Standard oxidation  transform fit™ combination fit
state fitin PCA* Atthe Abovethe XANES analysis
edge edge
Scorodite +5 3.2 1 2 Yes
Na arsenate +5 8.0 1 3 No
Arsenolite +3 5.7 1 2 Yes
Schneiderhohnite +3 3.9 1 2 Yes
Na arsenite +3 5.1 2 2 No
Orpiment +3 9.7 3 2 No
Realgar +2 4.6 2 2 Yes
Elemental As 0 6.1 2 3 No
Arsenopyrite -1 5.4 2 2 Yes

* Residual as % under PCA target transformation routine in WinXAS™,
** Visual assessment of transform fit. 1=little to no deviation, 2=deviation, 3=poor fit.
Standards in bold are model compounds used in linear combination fit results presented in this paper.

On the basis of the PCA (Table 2-2), model compounds were selected for linear combination
XANES analysis of unknown spectra. We selected scorodite to represent As’ species, arsenolite
and schneiderhohnite representing As"™ species, and arsenopyrite and realgar representing lower
oxidation state compounds. The selected model spectra were initially applied in iterative trials,
using different combinations of the above model spectra. All spectra were constrained to £0.4 eV
energy shifts during the fits. Schneiderhohnite and arsenolite gave slightly different but

reasonable fits as As™

models. Where a lower oxidation-state compound was required to
improve the fit, both realgar (edge at 11,868 eV) and arsenopyrite (edge at 11,867 eV) gave

reasonable results. These trials indicated that there was no overall improvement in the fits where
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schneiderhohnite and realgar were used instead of arsenolite and arsenopyrite, even though the
former compounds exhibited lower residuals in the PCA transform fits (Table 2-2). For
consistency, arsenopyrite (As') was chosen as the low oxidation state model compound in
subsequent analyses, on the basis of the presence of relic arsenopyrite and As-rich pyrite in the

1

tailings. Similarly, arsenolite was chosen as the As® model compound in preference to

schneiderhohnite, since it is a major by-product of the roasting process.

2.3.5 Electron-probe micro-analysis (EPMA)

Electron probe micro-analysis was used to quantify total As content in individual grains of roaster
Fe oxide. Analytical conditions for EPMA comprise an accelerating voltage of 15 kV, a take-off
angle of 52.5°, an emission current of 100 mA, a beam current of ca. 40 nA, and analysis using
energy-dispersive mode. Primary analytical standards for EPMA included scorodite from
Laurium, Greece, for As, alunite from Marysville, Utah (Stoffregen & Alpers 1987) for S,
kaersutitic amphibole for Na (Smithsonian USNM 143965) and a synthetic glass for Fe, Al, Mg,
Ca, and Si (US National Bureau Standards 470). Synthetic magnetite and arsenolite were used as

secondary standards to ensure accurate determination of Fe and As.

2.4 RESULTS

2.4.1 Petrography

The roaster calcine (M2M) contains predominantly silt-sized porous textured Fe oxides
(maghemite and hematite) among fine sand and silt gangue (quartz, carbonates and silicates).
The bulk texture of the calcine is grain supported, but poorly sorted with a fine opaque matrix that
probably comprises mostly submicrometric roaster Fe oxides. The shoreline tailings sample
(CB1bS3) is stratified fine sand comprising mostly quartz, carbonates and silicate gangue, with

red-brown silt interbeds that contain numerous silt-sized roaster Fe oxide grains.
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Both the mill calcine and the shoreline tailings contain roaster-derived Fe oxides with concentric
and spongy textures (Figure 2-4). Some concentric textured Fe oxides rim pyrite in both the mill
calcine and the shoreline tailings. Similar rims surrounding relic arsenopyrite are rarely observed
in the mill calcine. A pyrrhotite-like phase is also present at low abundance in the mill calcine as
free grains, rims on pyrite and porous cores surrounded by concentric Fe oxide. Pyrrhotite is an
uncommon component in ore from the Giant mine, but is an expected intermediate product in the

roasting of both pyrite and arsenopyrite (Arriagada & Osseo-Asare 1984, Dunn et al. 1995).

Iron oxides in the mill calcine are also fragmented in some éases. This may be due to subsequent
regrinding prior to cyanidation or explosive fracturing during roasting (Dunn ef al. 1995). Some
pyrite in the shoreline tailings also exhibits weathering as Fe oxyhydroxide rims in both calcine-
rich and calcine-poor zones. Under optical microscope, very few roaster Fe oxide grains exhibit
bright red internal reflections characteristic of hematite and even fewer exhibit a brownish hue

more characteristic of magnetite.

2.4.2 Bulk XRD patterns

XRD patterns for the mill calcine (M2M) and the shoreline tailings (CB1bS3, calcine-rich and
calcine-poor zones) are shown in Figure 2-5. Bulk XRD results have confirmed the presence of
quartz, muscovite, chlorite and dolomite as the dominant crystalline phases in both the mill
calcine and shoreline tailings, consistent with gangue mineralogy of the Giant ore and
petrographic observations. Minor phases including calcite, plagioclase and rutile have been
identified by the presence of one or two major peaks. Maghemite (or magnetite) and pyrite are
additional major components in the XRD pattern for the mill calcine (Figure 2-5). Identification
of maghemite instead of magnetite is based primarily on petrographic observations (see
Discussion below). The broad peaks exhibited by maghemite are indicative of poor

crystallinity. Hematite is not observed in the XRD trace of the mill calcine. However, the two
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Figure 2-4. Reflected-light photomicrograph of calcine residue (roasted sulfide
concentrate) from the Giant mine. Grey grains are As-bearing roaster Fe-oxides that
exhibit spongy and concentric textures. Roaster Fe-oxides are mostly maghemite
(Mgh) with some hematite (Hem) that exhibits red internal reflections. Bright grains are
relic sulfides including yellowish white pyrite (Py) and brownish white pyrrhotite (Po).
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strongest reflections for hematite (d-values for 104 at 2.70 A and 110 at 2.52 A) may be obscured
by the 200 peak of pyrite at 2.71 A and the 311 peak of maghemite at 2.52 A. Maghemite is also

clearly identified in the calcine-rich portion of the shoreline tailings (Figure 2-5).

M2M mill calcine

CB1bS3 calcine rich

Mgh

Counts
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CB1bS3 calcine poor
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Figure 2-5.  Bulk X-ray diffraction results highlighting the key interval for
maghemite reflections (32° to 75° 20). Selected peaks for major phases (gangue) in
this interval are labeled in the calcine-poor shoreline tailings (bottom, CB1bS3
calcine-poor). Pyrite and maghemite peaks are labeled in the mill calcine scan (top,
M2M mill calcine). Maghemite is only weakly detected in the calcine-rich shoreline
tailings (middle, CB1bS3 calcine-rich) and not detected in the calcine-poor sample as
expected. Scans are displaced vertically for purposes of presentation. The major
peaks for quartz, chlorite and muscovite all occur at lower 26 angles than the interval
shown.
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2.4.3 Bulk XANES of mill calcine

The XANES spectrum for the bulk sample of mill calcine is shown in Figure 2-3. Mixed As
oxidation states including As?, As™ and AsY are identified with contents of 9, 32 and 59%,
respectively, by linear-combination fits of the reference spectra. The As” detected by XANES
can be attributed to relic As-rich pyrite and arsenopyrite in the calcine, on the basis of their

m

identification by petrography and bulk XRD. However, As" and As" cannot be attributed to a

specific phase or phases.

2.4.4 EPMA data

No evidence of a distinct As-rich phase was found in high-resolution back-scattered electron
images of either spongy or concentric-textured Fe oxides. Targets for point analyses were chosen
to include both thick, concentric layers and “webs” within spongy grains. The As content of the
roaster Fe oxide grains established by EPMA ranges from <0.5 to 7.6 wt. % As (Table 2-3), with

the highest As concentrations in the recent mill calcine. Grain-specific analytical results are

presented in conjunction with uXANES and uXRD results, which follow.

Table 2-3 - Electron Probe (EPMA) Results

Calcine Residue (M2M) Shoreline Tailings (CB1bS3)

# grains analysed 27 15

# analyses * 63 32
wt. % As wt. % As

Mean 29 1.3

Standard Deviation 1.7 0.6

Maximum 7.6 29

Minimum <0.5 <0.5

* Between 1 and 4 analyses per grain depending on size.
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2.4.5 pXANES and pXRD of roaster iron oxide grains

As in the case of bulk XANES, As in mixed oxidation states is also detected within individual
grain analyses of roaster Fe oxides (Figure 2-3). Linear-combination best-fit XANES results for
the spectra in Figure 2-3 (Table 2-4) generally show little As™ (<15%), and a greater amount of
As™ and As". Pentavalent As is usually the dominant oxidation state observed for most grains,
but As™ constituted up to 52% of individual samples. Analysis of three opaque areas in the
matrix of the mill calcine (e.g., Figure 2-3, Table 2-4) confirms the same mixed oxidation-state
(As™ and As") relationship, with typical concentrations of 40% As™ and 60% As" and less than
5% As’. As previously noted, fitted model spectra at 5% or less gave little noticeable

improvements to fits; values are included for consistency, however.

A further confirmation of the predominance of maghemite relative to magnetite is found in some
uXRD maghemite patterns, which include a faint reflection (Debye-Scherrer ring) at 5.9 to 6.0 A.
Reference patterns of maghemite include a weak peak at approximately 5.9 A, which is not

present in magnetite.

A number of analytical results for discrete grains combining uXANES and pXRD are shown in
Figures 2-6, 2-7 and 2-8. Maghemite is, by far, the most common phase identified by pXRD of
roaster Fe oxide grains (e.g., Figure 2-6) in both the calcine residue and shoreline tailings. Well-
defined Debye-Scherrer powder patterns are observed for all pXRD images of roaster Fe oxides
(e.g., Figures 2-6b,c), indicating that the average size of mineral crystallites is small relative to
the diameter of the incident beam. As previously stated, individual crystallites at the beam scale
under monochromatic X-rays would show up as discrete points or spotty rings, not the smooth
rings observed for these grains. Roaster Fe oxide grains are therefore interpreted to be

polycrystalline nanoparticle composite grains. This is also consistent with the broad peaks
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Figure 2-6: Micro-XRD results of a hematite-rich grain exhibiting red internal
reflections.  a) Photomicrograph of target grain with total As by EPMA indicated in
white. Red ellipses indicate inferred footprint of the beam on sample for uXRD
analysis. Micro-XRD patterns for two analysed spots are shown below (b and c).
Both XRD patterns show the presence of maghemite and hematite. More hematite
occurs in the region exhibiting red internal reflections (c). The hematite rings in (c)
are uneven in intensity, which suggests the presence of coarser hematite crystallites.
The spotty ring in (b) is probably due to reflections from fine gangue minerals,
including chlorite, muscovite and quartz.
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Figure 2-7.  Comparison of micro-XANES and micro-XRD for mixed hematite and
maghemite grain in Figure 2-6. a) XANES results. Solid line is experimental data
and dashed line is linear combination best fit. Only minor differences are evident in
XANES results for maghemite-rich area (a, top) and hematite rich area (a, bottom).
Integrations of the micro-XRD patterns (Figure 2-6b,c) clearly show the bright edge is
maghemite-rich (b, top) and the area with red internal reflections is mostly hematite
(b, bottom). It should be noted that more maghemite is present in the analysis of the
reddish area than would appear from the integrated pattern (b, bottom) owing to the
overlap of the second strongest peak of hematite and the strongest peak of
maghemite 2.52 A.
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Figure 2-8. Selected analyses of two grains of roaster Fe-oxides. a) Reflected- light

photomicrograph of square concentric roaster Fe-oxide from calcine sample (M2M). Total
As by EPMA (designated in white). b) Transmitted- and reflected-light photomicrograph of
target grain from shoreline tailings sample (CB1bS3). Total As by EPMA as indicated. c)
micro-XRD image of target in a) (red ellipse). Pattern is maghemite. Three arcs in lower-
right hand corner are chlorite reflections. d) Micro-XRD image of target in b) (red ellipse).
Pattern is a mixture of maghemite and hematite. e) Micro-XANES analysis of target in a)
(red ellipse). Sample spectrum is inred, dashed line is best-fit inear combination for result
shown. ) Micro-XANES analysis oftarget in b) (red ellipse).
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observed by bulk XRD for maghemite in the mill calcine (Figure 2-5).

Analyses confirm that for M2M (calcine), only grains exhibiting a spongy texture and red internal
reflections contain hematite. The low modal abundance of these particles in the thin sections has
limited the number of analyses of hematite grains to two. The analyses indicate that these
grainsare a mixture of maghemite and hematite, not just hematite (Figures 2-6 and 2-7b). No
discrete As-bearing phases were identified by pXRD of roaster Fe oxide grains, even for grains
with As content in excess of 5% (w/w) (Figure 2-8a,c). A maghemite grain mixed with hematite
has also been observed in a grain in the shoreline tailings without obvious spongy texture or red

internal reflections (Figure 2-8b,d).

A close inspection of individual Debye-Scherrer rings for hematite (Figures 2-6¢, 2-8d) reveals
that they vary in intensity, in contrast to the rings for maghemite (Figures 2-6b and 2-8c), which
seem smoother. This is qualitative evidence of coarser crystallites of hematite than crystallites of

maghemite, even when both minerals are present together within the same grain.

A mixture of As™ and As’ is consistently evident in maghemite grains with concentric and
spongy textures, for both high and low As content, with or without the presence of hematite, and
for fresh calcine and 50-year-old subaerial (oxic) shoreline tailings. In the shoreline tailings, this
mixed oxidation state relationship contrasts distinctly with As associated with Fe oxyhydroxides
in the same thin section and even within grains located within 30 pum of each other (Figure 2-9).
The As-bearing Fe oxyhydroxide weathering-induced rims on pyrite show only As" with very
little (if any) As™. The As™ associated with Fe oxyhydroxide grain in Figure 2-9 varies with the
position of the beam on the grain (data not shown) and is consistent with As™ associated with the

pyrite core. Three XANES analyses for this grain yielded similar results to those in Figure 2-9
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Figure2-9.  Comparison of As oxidation state in shoreline tailings grains of various
origins. a) Reflected-light photomicrograph of roaster Fe-oxide (left) and weathered pyrite
with Fe oxyhydroxide rim (right). Target locations of XANES analyses are red ellipses and
EPMA analyses are indicated in white. b) Transmitted- and reflected-light
photomicrograph of same area as in a) showing sizeable portion of the Fe-oxyhydroxide
grain is buried in the section. c¢) Micro-XANES analysis of the roaster Fe oxide. Dashed
line is linear-combination best fit for results shown. Solid red line is XANES scan. d)
Micro-XANES analysis of the Fe oxyhydroxide rim. Of particular note in this case is that

little or no As" is detected in the Fe oxyhydroxide, in contrast to the roaster Fe oxide.
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(As™ from 13% to 24%), whereas in one scan, the As™ determined amounts to 39%. For this latter

m

sample, attempts to fit As" yielded negative concentrations, which is strong evidence that there is

1

no As " in the Fe oxyhydroxide rim of this grain.

2.5 DISCUSSION

2.5.1 Roaster iron oxides

As already discussed, roaster-derived Fe oxides may consist of magnetite, maghemite or
hematite. Magnetite and maghemite can be difficult to distinguish on the basis of XRD alone.
Magnetite can be readily distinguished petrographically from hematite and maghemite on the
basis of colour in reflected light (brown-grey versus blue grey). The distinction between
maghemite and magnetite in this study is based on petrographic observation rather than XRD

alone.

The presence of maghemite in the roaster tailings from the Giant mine is not unexpected,
considering roasting was completed at 500 °C in two stages, firstly at a low partial pressure of O,
and secondly at a high partial pressure of O, (More & Pawson 1978). The maghemite is probably
formed by oxidation of a finely divided magnetite precursor (Cornell & Schwertmann 1996).
Once formed, the maghemite is expected to transform to hematite between 370 °C and 600 °C,
depending on its origin and foreign ion content (Cornell & Schwertmann 1996, and references
therein). We are not aware of specific studies on the thermal stability of As-bearing maghemite;
however, isomorphous substitution of Al for Fe in maghemite (Wolska 1990) is known to
increase its stability. The ionic radius of As™ is between that of Fe" and Al structurally
incorporated As may thus be possible and could increase the thermal stability of the maghemite.

Further discussion concerning the speciation of As in the roaster Fe oxides is described below.
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The low content of hematite in the Giant calcine is somewhat unexpected, since the second stage
of roasting occurred with excess O, and roughly half of the sulfur as sulfide would have
remained after the first stage of roasting (Jha & Kramer 1984). In the work by Eneroth et al.
(2003), significant quantities of nanocrystalline maghemite were formed during the thermal

oxidation of pyrite at 500 °C.

2.5.2 The speciation of arsenic in roaster iron oxides from Giant mine

Although nanocrystalline maghemite and hematite are clearly identified as hosts for the As in the
roaster Fe oxides, there are a number of possible relationships between the As and the Fe oxides.
Arsenic may be structurally incorporated into maghemite or hematite, surface sorbed to high
surface area maghemite or hematite, or present as finely dispersed crystalline or amorphous As-

1

bearing phase(s). The presence of both As"™ and As' adds another level of complexity to this

relationship.

Only maghemite has been detected by uXRD in grains that have relatively high As content (e.g.,
5.6 wt.%, Figure 2-8a,c), although up to 1.5 wt.% As has been detected in a grain containing both
hematite and maghemite (Figure 2-8b,d). The As in these nanoparticle composite grains thus is
not present as a separate crystalline phase or phases. However, the dual oxidation state observed
by uXANES opens the possibility of finely dispersed nanocrystalline phase(s) at lower
abundance than suggested by the total As measured by EPMA. For example, if we assume that all
of the As in Figure 2-8a (5.6 wt.%) is present as two nanocrystalline phases intergrown with
maghemite, say scorodite (Fe arsenate) and schneiderhohnite (Fe arsenite), the calculated modal
amounts would be 17% and 4 %, respectively. In such a case, we would expect detection of
scorodite, but not necessarily schneiderhohnite. Therefore, the possibility of separate finely

dispersed nanocrystalline phase(s) cannot be completely eliminated. Crystalline Fe arsenates
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seem unlikely, considering the above calculation. Soluble phases such as the As,O; polymorphs
arsenolite and claudetite are also unlikely, as they would be expected to dissolve in the calcine

regrind and wash circuit or cyanide leach circuit (More & Pawson 1978, Tait 1961).

Arsenate, a tetrahedral group, is not expected to enter the structure of hematite. (McCreadie ef al.
1998). The greater flexibility of the defect spinel structure makes some arsenate solid-solution in
maghemite a possibility, but this has not been tested, and the high charge (5+) would need to be
balanced. The similarity in ionic radius of As™ to Fe'" and AI™ does suggest the potential for
isomorphous substitution of arsenite in both hematite and maghemite. However, As" in arsenite
minerals (e.g., arsenolite, claudetite and schneiderhohnite) exhibits trigonal pyramidal
coordination with oxygen, whereas Fe is in octahedral coordination in hematite, and octahedral or
tetrahedral coordination in maghemite. Sites suitable for As" coordination may exist in the

1

maghemite structure at defect sites where an Fe™ atom is missing as well as two or three of the

coordinating oxygen atoms. The closest-packed nature of the oxygens of the spinel structure

presents an opportunity for trigonal pyramidal coordination of As™ in such a defect.

It is possible that all of the As™ and As" associated with these grains is strongly surface-sorbed as
inner-sphere complexes, with the high concentrations of As being further evidence of the
nanocrystalline nature (high surface area) of these grains. However, considering that these phases
were formed at elevated temperature (approximately 500 °C) in the presence of an As-rich
vapour, a structural association within the defect maghemite framework as well as a separate
nanoscale X-ray amorphous phase (e.g., Fe arsenate) or nanocrystalline phase (e.g., Fe arsenite)
cannot be completely ruled out. The speciation of the lower oxidation state As (edge <11,868

eV) in the roaster Fe oxides remains undetermined.
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Investigating these roaster Fe oxides in the context of their likely nanoparticle nature is critical.
In fact, recent synchrotron-excited photoelectron spectroscopy (SXPS) work by Schaufuss et al.
(2000) on the oxidation of arsenopyrite at room temperature shows some striking similarities to
our results, namely the presence of mixed oxidation-states at the surface of oxidizing
arsenopyrite. At Giant mine, the oxidation would have proceeded much more rapidly at elevated
temperatures, and we observe the presence of weight percent concentrations of mixed oxidation-
states of As on Fe oxides derived not only from arsenopyrite, but also pyrite which has
concentrations below one weight percent. However, the inferred high specific surface-area and
nanoparticle nature of these grains suggest that a comparison with the SXPS results is

appropriate. This would not be the case if the roaster Fe oxides had a macroscopic texture.

The total As contents in Fe oxides in the shoreline tailings are, on average, lower than those in the

mill calcine (Table 2-3). Similarly, the lowest As™

contents (in the order of only 10%) are also
observed in the shoreline tailings (e.g., Figure 2-9). The roasting method differed at the time the
shoreline tailings were deposited (Tait 1961), and it is not possible to determine whether the

m

lower total As and lower As ' contents in the shoreline tailings are related to aging, leaching,

processes of secondary mineralization, or the different conditions of roasting.

2.6 CONCLUSIONS

2.6.1 Arsenic speciation in roaster iron oxides

Roaster-derived Fe oxides from the Giant mine contain up to 7 wt. % As. The As in these grains
is present in mixed oxidation-states, mostly as As" and As’. The As concentrations and ratio of
As™ to As” seem to vary with mineral association and age of tailings, but additional work is
necessary to better elucidate these relationships. The persistence of maghemite and As™ in 50-

year old subaerial tailings suggests that these As-bearing anthropogenic Fe oxides are stable
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during prolonged exposure in an oxic environment.

Maghemite is metastable with respect to hematite. However, as pointed out by Majzlan et al.
(2003), the small difference in free energies between these phases can be altered by small changes
in chemical composition (e.g., Al substitution or, perhaps in this case, As), or physical properties
such as grain size. Altematively, kinetic barriers may inhibit crystal growth or transformations.
The presence of either structural or surface-sorbed As is likely to increase resistance to such
transformations (Cornell & Schwertmann 1996).  The significant amount of As™ remaining in
the shoreline tailings roaster-Fe oxides after 50 years of exposure contrasts with the As”

association (i.e., lack of As™

) observed for weathering rims of iron-oxyhydroxide on pyrite in the
same material. The mixed oxidation-state of As and the nanocrystalline nature of these Fe oxides
may have important implications when it comes to bio-availability and long-term stability,
particularly under reducing conditions. Indirect evidence has been provided that other As-bearing

roaster-derived Fe oxides are subject to microbially mediated reductive dissolution at the base of

a tailings impoundment in Northern Ontario (Stichbury et al. 2000).

2.6.2 Coincident pXRD and pXANES

Monochromatic uXRD using a two-dimensional CCD detector can be a powerful tool that
quickly confirms in a qualitative manner the scale of crystallites within complex particles under
the synchrotron beam. Specifically, i) amorphous phases or individual crystals at the beam scale
result in no reflections (except in the unique case of a single crystal oriented such that it satisfies
the Bragg condition), ii) fine crystallites at the micron scale result in spots, spotty rings and arcs,
and iii) nanocrystalline phases result in well-defined smooth rings. In this study, the broad peaks
for maghemite in the bulk XRD pattern of the calcine suggest the existence of nanocrystalline

maghemite. However, more dilute materials such as bulk tailings, sediments and soils will rarely

61



contain sufficient phases of interest to assess the degree of crystallinity using bulk XRD. More
importantly, uXRD is capable of confirming the presence of low abundance crystalline phases
(e.g., hematite in this study) and the spatial relationship of multiple phases (e.g., hematite and

maghemite) that could not be determined by bulk XRD methods.

If linked with results from other synchrotron techniques such as pXRF and pXANES, the
coincident collection of information on chemical composition, mineralogy and oxidation state at a

1 and As states have

10-pm spatial resolution can be very powerful. In this case, the mixed As
been shown to be present for concentric and spongy maghemite, with or without the presence of
hematite and for a range of As content (<0.5 to 7 wt. % As). However, it is also apparent that for
arsenic, low oxidation state species in low abundance relative to As™ and As’ are difficult to
resolve, despite the difference in oxidation states. This is because the shift in edge position
measured for a number of possible inorganic As-S compounds and elemental As by XANES is

small (<2 eV), and they are at sufficiently low modal abundance that they are unlikely to be

detected by uXRD.

The non-destructive nature of synchrotron radiation allows for subsequent analysis of the same
targets by other microbeam techniques (such as EPMA in this case) or repeat analyses on the
same grains at a later time. For As and other redox-sensitive species, the ability to rapidly
measure mineralogy by XRD (minutes) and oxidation state by XANES (tens of minutes) provides
a means to measure or monitor alteration of sensitive phases due to micro-beam influences
(synchrotron or other techniques). As pointed out by Manceau et al. (2002), care must be
exercised in preparing thin sections in order to eliminate or minimize the possibility of influences
by the techniques of preparation on the speciation of solid phases. In this study, the results of

bulk XANES analysis for calcine material confirm that the mixed oxidation-state of As observed
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in individual grains is not a result of thin section preparation. In addition, such concerns are not
limited to thin section preparation alone, but extend to all aspects of handling and techniques of
preservation of solid samples. We believe that bulk and micro-analytical approaches similar to
those described in this paper can be applied not only to solid speciation and characterization of

solids, but also to further the understanding of potential effects of sample handling on solid-phase

speciation.
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Chapter 3 — Arsenic oxidation state heterogeneity and correlations with

mineralogy in mine waste solids from Yellowknife

3.1 INTRODUCTION

Anthropogenic inputs of As to the environment are sizeable in comparison to natural inputs.
Major sources of anthropogenic As in the environment are mining and smelting activities, and
coal combustion (Han et a/l. 2003). In the past (especially between the late 1800s and mid-1900s)
As pesticides saw widespread application on agricultural land (Bhumbla & Keefer 1994) and in
the latter part of the 20" century chromated copper arsenate (CCA) wood preservatives were
widely used.. A manufacturer-initiated voluntary phase out of CCAs for noncommercial uses
implemented in the United States and Canada in 2003 may signal a trend to eventual replacement
of CCA which is still the largest secondary use of As in the United States (Brooks 2005).
However, raw material for secondary arsenic products (such as pesticides) has largely come as a
byproduct of smelting activities. Thus continued reductions in secondary arsenic products will
probably lead to increases in stockpiled As waste products. In addition, past industrial activities
have already left widely dispersed As contamination in many areas (eg. Amasa 1975, Hocking et
al. 1978, Ragaini et al. 1977, Mok & Wai 1990, Moore & Luoma 1990, Mitchell & Barr 1995,
Henderson et al. 1998, Reimann et al. 2000). Arsenic may be transported as a gas in reduced
form (AsH; and organic derivatives), but more often it is transported in dissolved form or in

suspended particulates (in both air and water).

Pyrometallurgical processing of As-bearing ores has been conducted for centuries, sometimes for

the purposes of extracting the As (Camm er al. 2003), but more often as a by-product of
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production of other metals especially gold and copper (Gossman 1987, Vian et al. 1963). Arsenic
volatility leads to partitioning of As from solid phases (eg. As-bearing pyrite (FeS;) or
arsenopyrite (FeAsS)) to gases at elevated temperatures during processing (primarily As,, As;Ss,
As,S; or As;Og depending on the reacting atmosphere) (Chakraborti & Lynch 1983). Present
practices require appropriate management and treatment to minimize release of As to the
atmosphere, however in the past treatment technologies were less effective. Prior to the 1950s in
many cases there was little to no treatment of volatilized As. Arsenic also remains to a variable
extent in other mill wastes and products as dissolved As and solid phases that can include both
unreacted sulfides, products of sulfide combustion and waste treatment residues. This means that
pyrometallugical processing of As-bearing ores can result in a complex range of solid As-bearing
phases with a range of solubilities and oxidation states distributed among different waste streams.
This results in the potential release and transport of multiple As species in all environmental
compartments (air, soil, surface water, groundwater and sediment) and often mixing of different
waste stream components at the point of deposition. Understanding the fate of As in the
environment therefore requires as much an understanding of the changing anthropogenic
processing and waste treatment processes employed at a site over time as the transport
mechanisms, and hydrogeochemical and biogeochemical processes that are active at the point of

deposition.

Since at least the 1930s (Norwood 1939), metallurgists have sought to characterize the reactions
and processes involved in the thermal decomposition of As-bearing sulfide ores for the purposes
of making refractory gold amenable to cyanidation. Beginning in the 1980s (eg. Charkraborti &
Lynch 1983) and continuing to the present day (Nakazawa et al. 2003b), research has also been
directed at the mechanisms behind the retention of As in the roaster-calcine feeds to copper

smelters. Arsenic poses additional metallurgical and environmental problems during the higher
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temperature copper smelting process so it is generally removed in a pretreatment step such as
roasting. The combined research efforts toward improving refractory gold extraction and
identifying the mechanisms of As retention in the calcine have established the principal reactions
and processes involved in the roasting decomposition of As-bearing pyrite and arsenopyrite ores.
However, the mechanisms that retain As in the calcine are complicated and still poorly
understood. This is due to the many solid and gas species involved, multiplicity of reactions that
vary with temperature and roasting atmosphere, and the dynamic (non-equilibrium) nature of
roasting environment (Chakraborti & Lynch 1985, Nakazawa et al. 1999a, Nakazawa et al.
1999b). Other than carefully controlled laboratory studies to confirm the gas solid reactions
occurring during roasting (eg. Chakraborti & Lynch 1983), there are few environmentally-
focused studies that have actually identified the As species remaining in roaster-calcines. The
study by van Elteren et al. 2006 on calciner wastes from the 1800s is a notable exception.
Metallurgical laboratory studies have directly identified or predicted the formation of relatively
few retained As solid species (Fe,As, FeAs, FeAs,, FeAsO4 and As,Os) for which there has been
available thermodynamic data (Vian et al. 1963, Chakraborti & Lynch 1983). Some have
acknowledged this limitation (Chakraborti & Lynch 1985) but to our knowledge there has been
very little direct metallographic or petrographic study of As speciation in the calcines beyond
confirmation of weight percent concentrations of As in roaster derived Fe oxides. When specific
As phases are identified, they tend to occur at extremes in roasting conditions (eg. FeAs in
Chakraborti & Lynch 1983). However, most (if not all) roaster-calcines retain As, typically at
concentrations ranging from 0.1 to >2% As (1,000 to 20,000 mg/kg) (Vian et al. 1963, Lindkvist
& Holmstrom 1983, Jha & Kramer 1884). As with all heterogeneous solid mixtures including
soils, sediments and tailings these concentrations can be distributed in the form of relatively few
high As content particles (eg. arsenopyrite), more numerous moderate concentration particles or a

mixture of both. It appears that identifying the species of As in roaster calcines has been
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hampered by the fact that other than relic arsenopyrite, the As bearing-phase or phases in these
materials are finely dispersed within or surface-bound to complex nanocrystalline Fe oxides
(Walker er al. 2005). This leads to a situation of a high abundance, but moderate to low
concentration As phase or phases that are difficult to characterize, and explains why conventional
petrographic approaches (eg. Grimsey & Aylmore 1992) have not been successful at identifying

the solid As species retained in the calcine Fe oxides.

The objective of this study is to further the understanding of As speciation in the complex iron-
oxides formed by roasting of mixed arsenopyrite anci pyrite concentrates. Our previous work
(Walker et al. 2005) has shown these Fe oxides to be micro-porous nanocrystalline composite
grains of maghemite (y-Fe,0s) and sometimes hematite (a-Fe,03) with As contents of <0.5 to 7%
As (w/w). The As in these nanocrystalline composite phases were miztures of As™ and As” in
ratios that varied from grain to grain. This study specifically investigates the variation in As
content and oxidation state with Fe oxide morphology (related to roasting conditions), mineralogy
(maghemite and hematite), exposure in the environment (0 to 50 years) and type of tailings

depositional environment (subaerial and subaqueous).

3.2 SYNOPSIS OF GOLD ORE ROASTING AND THE SAMPLES STUDIED

Roasting of arsenical sulfide ores as already indicated has been implemented at numerous
locations as a pretreatment for two common purposes: i) improve the cyanide extraction of
refractory gold, and ii) remove As from copper ores prior to smelting. Traditionally rabbled
hearth roasters (often referred to as the Edwards roaster) were employed in the roasting of
refractory gold concentrates (Gossman 1987). In contrast, multi-hearth roasters were originally
used in the pretreatment of copper ores (Lindkvist & Holmstrom 1983). Fluosolids roasting has
been the preferred roasting technology for both gold and copper ore pretreatments since the

1950s. Fluosolids roasting is characterized by more even temperature and atmosphere control
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than hearth roasting due to the fluidized bed of reacting calcine with variable retention times in
the reactor (smaller particles generally have shorter retention times, however short circuiting can

occur).

Details on the roasting operation at Giant from 1948 to 1999 have already been summarized
(Chapters 1 & 2, Walker et al. 2005) and are not repeated here, except to highlight similarities
and differences between Giant and the broader application of roasting arsenical ores. The main
roasting operation at the Giant mine was two stage fluosolids roasting, where the first stage was
conducted with an “air deficiency” that favored As removal, and the second stage was conducted
with an excess of air (Tait 1961). This two-stage process is typical of roasting operations
involving arsenopyrite. The terms “air deficiency” and “reducing” roasts are commonly used in
the literature to describe the first stage roast, however in most operations (including Giant) the
roasting is conducted in a self-sustaining (autogenous) manner with sufficient oxygen to maintain
the reaction. Thus, the first stage roast is still largely oxidative driven by the exothermic reaction
of sulfides. The temperature of roasting at Giant was tightly controlled with both the first and
second stages kept at 500 °C with the use of spray water in the reactor vessels. This relatively
low temperature of roasting at Giant is common for refractory arsenical gold ores although the
second stage of roasting is often conducted at higher temperatures at other operations (typically

600 to 700 °C, Jha & Kramer 1984).

3.3 SAMPLES AND METHODS

Solid-phase samples for this study include Giant mine mill products (flotation tailings, cyanided
fluosolids roaster calcine and ESP dust) and tailings cores of various depositional ages that were
sampled in 1999 at the Giant Mine, Yellowknife, Northwest Territories. Sample locations are
provided in Appendix B. The earliest tailings sampled include calcine from an original Edwards

hearth roaster that operated at the site in the first decade of mining at the site (1949 to 1958). A
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sample of stockpiled roasted ore from the nearby Con Mine in Yellowknife is also included as an
example of cyanided (Edwards type) hearth roaster calcine from another old roasting operation.
A detailed description of the samples is included in Table 3-1 and field sampling methods are

described by Walker et al. (2005) (Chapter 2).

The set of samples were submitted for sequential selective extraction (SSE) using the method
developed by the Geological Survey of Canada (Hall er al. 1996a,b,c). SSE methods are
operationally defined wet chemical extraction methods that attempt to measure elemental
relationships to specific solid component types within the soil (or in this case tailings). The
operationally defined fractions deemed most appropriate for this study included
adsorbed/exchangeable, carbonate, amorphous Fe oxides, crystalline Fe oxides, sulfides and
residual. Samples for more detailed micro-analytical work were selected on the basis of these

results in conjunction with sample type (mill product, tailings), age, and depositional history.

The micro-analytical grain-scale approach and methods are largely based on those described in
our previous work (Walker et al. 2005, Chapter 2). We have employed this approach to the
generally silt sized and finer arsenic-bearing solids in the tailings and mill product samples. The
work is guided by petrographic characterization of potential As-bearing phases using optical
microscopy in transmitted and reflected light. This grain selection and targeting process was
followed by synchrotron microanalysis as NSLS, Beamline X26A. Potential uXANES and
uXRD targets were selected on the basis of i) observed mineralogical relationships to the roaster

derived iron oxide phases (eg. Aspy-Fe oxide, Py-Fe oxide, Po-Fe oxide, Fe oxide without
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sulfide) and ii) grain morphology and reflectivity (microporous reflective, microporous with
lower reflectivity, microporous with red internal reflections, concentric). Within each texture
type there is a wide range of variation. Microporous grains may have coarse porosity, fine
porosity or an almost massive appearance. Concentric grains may have thick layers or very thin
layers with thick outer layers being quite common and attributed by others as representing
relatively rapid initial oxidation followed by slower oxidation of the inner regions by restriction
of gas migration through this outer rim or fractures within it (Arriagada & Osseo-Asare 1984).
There are also some that are clearly compound grains and a few that seem to have a blocky (or
reticular) appearance that is difficult to categorize as either microporous or concentric, but is
probably a variation of the former. Given the wide range of textures, textural combinations and
mineralogical associations observed, analysis of every variety was not conducted, but rather
targets were selected on the basis of representation of the most common textures and specific
mineral associations. Grain size was also a consideration since fine grains are difficult to analyse

in isolation from other surrounding grains and matrix especially in calcine rich samples.

The synchrotron analysis was completed in essentially two rounds of work. The first was
completed prior to installation of pXRD at the beamline so this data set contains only pXANES
results on silica glass (As-free silica glass thin sections). The second round involved preparation
of a selection of replicate thin sections (from the same off-cuts as the previous samples) using a
removable thin section technique (Walker et al. 2005) that allows mounting of the thin sections
on Kapton tape for transmission mode pXRD and coincident pXANES. XANES scans were
collected according to methods described in Walker et al.(2005) using either a single element
Si(Li) detector or multi element Ge detector (MED). Mixed oxidation state spectra were
m

subjected to the linear combination fit routine of WinXAS™ to determine the proportions of As

and As' (Walker ef al. 2005, Chapter 2). A single set of standard analyses collected on the 9
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™ and scorodite (As")) was

element MED (including arsenopyrite (As”), schneiderhohnite (As
used for all fits. A set of standard spectra (same standards as MED) collected on the Si(Li)
detector gave comparable fit results. The arsenopyrite standard was included in all fits to remove
any component of background As in pyrite or arsenopyrite. Pyrite and arsenopyrite are not
volumetrically homogenous within the beam intersected analytical volume, therefore inclusion of
the arsenopyrite in all fits is meant to correct for this effect and improve the fit of As™ and As”

Mor As”. As discussed in our previous

rather than quantify any relationship between As™, and As
paper (Walker et al. 2005) there is a possibility that reduced As phases other than As in pyrite or
arsenopyrite may exist at low concentrations in some grains. If other reduced As phases are
present their concentrations were low enough to escape detection in the linear combination fit
routine. It is possible the improvement in fits observed in some cases with incorporation of a
small component of As" could be related to such compounds instead of arsenopyrite, but the
method is not capable of distinguishing between these lower oxidation state phases (Walker et al.

2005). Where negative concentrations were determined for As” during fits, zero concentration of

this component was assumed.

EPMA was conducted on selected thin sections that contained abundant roaster Fe oxides in the
coarse silt size range. Analytical conditions were the same as those described in Walker et al.
2005 with the exception that an additional secondary standard (schneiderhohnite) was used to
check accuracy of results. The EPMA work was used to quantify the As content in grains
previously analysed by pnXRD and pXANES. Additional grains were analysed on a random basis
generally from within the same field of view as the principal target grains. The objective of this

was to increase the number of EPMA analyses.
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The main As-bearing mineral in the ore is arsenopyrite, which is sub-equal in abundance with
pyrite (Coleman 1957, Boyle 1960). Analysis of pyrite has been reported to contain up to 5.49
wt.% As in a deposit wide study at the nearby Con Mine of similar origin (Armstrong 1997).
Analysis of over 99 pyrite grains in a previous study at the Giant mine by Chryssoulis (1990)
identified a maximum of 3 wt.% and an average of 0.68 wt.% As. Twenty percent of the grains
contained more than 1 wt.% and only two were below the detection limit of 0.01 wt%. Some As
may also be associated with sulfosalts and especially as solid solution with Sb in tetrahedrite that
has been identified in generally low abundance (Coleman 1957, Boyle 1960, Chryssoulis 1990,
Armstrong 1997). For this study, qualitative analysis of fine sulfide grains was sometimes
conducted to verify petrographic characterization as arsenopyrite or pyrite, particularly in fine
relic grains. Semiquantitative analysis of pyrite was conducted in some instances to verify low or

undetectable As,

A complete list of thin sections prepared and types of analyses completed is tabulated in

Appendix C.

Pore water chemistry from sampled tailings was determined where sufficient water could be
collected. Water samples were obtained by core squeezing or suction lysimeter methods
comparable to those described by Rollo (2003). Arsenic was determined by hydride generation
atomic absorption spectroscopy (AAS). Analytical results and methods are provided in Appendix

D.
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3.4 RESULTS AND DISCUSSION

3.4.1 Characteristics of Mill Products and Giant Mine Tailings:

Bulk X-ray diffraction of the tailings samples is consistent with the ore host (chlorite-carbonate-
sericite schist, Boyle 1960) and confirms the presence of quartz, dolomite, chlorite, muscovite
and calcite in all samples including the calcine rich samples (M2M, CM1a AND CB1b S3). In
some cases only a few major peaks of muscovite and calcite are observed suggesting a lower
relative abundance in some samples. Arsenic-bearing phases including pyrite and roaster-derived
maghemite are detected in only the calcine samples (M2M and CM1a) reflecting their low overall
abundance in the other tailings. Arsenopyrite is not detected by conventional XRD in any
samples, in fact the only As mineral detected by XRD is arsenolite in the ESP dust and possibly
CMla. The arsenolite in CM1a (if present) may be derived from weathering and reprecipitation
in the stock-pile, but is more likely cross contamination from surface storage ponds of As trioxide
sludge during 30+ years of storage. All subsequent micro-analysis of CM1a for this study was

directed specifically at roaster-derived As-bearing Fe oxides.

3.4.1.1 Petrographic Analysis of As-bearing Phases

Petrographic characterization of the flotation tailings (M1M) in thin section confirmed the
presence of pyrite and arsenopyrite as generally small (< 10 pm dia.) euhedral to subhedral grains
typically enclosed or partly enclosed within silicate grains. Some free grains at a similarly fine
scale were also noted along with a few larger pyrite grains up to 50 pm in diameter. These grains
are essentially unaltered with no evidence of oxidation confirming the flotation process has little

if any oxidative effect on the sulfides.
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The main As-bearing tailings component at Giant is the calcine residue (M2M). It reportedly
only constitutes about 10% of the tailings discharged by tonnage, but contains up to 80% of the
As discharged to the tailings (Table 1-4, Fawcett et al. 2006). The main As-bearing phases
identified in the Giant calcine residue sample (M2M) are nanocrystalline grains of maghemite
containing <0.5 to 7 % As (w/w) as a mixture of As"™ and As' (Walker et al. 2005). The
maghemite exhibits either concentric textures (lower temperature direct oxidation of sulfide to Fe
oxide) or spongy texture grains (via a pyrrhotite intermediate formed at higher temperatures)
(Walker et al. 2005, Chapter 2 and references therein). Some pyrite and very small amounts of
arsenopyrite are present usually as unroasted relic cores within concentric grains, but occasionally
as free grains and near pristine inclusions within silicates. Free grains in some cases may be
partly reacted cores that were liberated during regrinding in preparation for cyanidation.
Pyrrhotite intermediate particles are inferred to form under conditions where evolving SO,
protects the sulfide surface from complete oxidation to magnetite or maghemite. However these
are rarely preserved in the final calcine, probably because they are completely oxidized to Fe
oxide by the end of the second stage roast. Their characteristic spongy texture is preserved in the
resulting Fe oxide. Mineral associations observed in very low abundance are: spongy hematite-
maghemite mixtures, spongy pyrrhotite enclosed by thin maghemite rims, coarsely porous
pyrrhotite as discrete grains or rimming pyrite, more massive pyrrhotite relics within finely
porous maghemite, and roaster Fe oxides within silicates. The latter indicates that silicate
inclusion does not always protect pyrite and arsenopyrite from reaction in the roaster. One lower
reflectivity spongy and rounded grain was also observed ir‘1 sample M2M. The Con mine calcine
(CM1a) is similar to Giant calcine except it contains much less concentric textured maghemite
and a greater amount of spongy maghemite. Spongy hematite-maghemite mixtures (optically
identified by bright red internal reflections) are also more abundant than in the Giant calcine.

Petrographic interpretation of the ESP dust is limited by its fine grain size (fine silt and clay). It
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contains a few coarse silt sized irregularly shaped brownish opaque oxide grains as well as fine
maghemite grains similar to those observed in calcine. A single square unreacted pyrite grain
was also observed. The ESP dust is matrix supported with coarse silt sized grains of silicates,
carbonates and the opaque phases described above comprising at most a few percent in the thin

section.

Tailings samples are interpreted to be mixtures of flotation tailings and calcine residue tailings in
varying proportions, plus fine grained opaque material that may be either the finest size
fractionated calcine or ESP dust. There is good qualitative correlation between elevated As
content (>1500 ppm) and visual evidence of roaster-derived wastes (Table 3-1) including
macroscopic (distinctive reddish-brown, dark brown and dark grey-brown colours) and
microscopic (presence of roaster Fe oxides or fine brown semi-opaque matrix material). There is
no evidence of sulfide mineral oxidation (Fe oxyhydroxide rims) due to weathering in samples
from the tailings impounds (North Pond, North-West Pond) which is consistent with previous
reports (Jambor 2000). Due to their fine grain-size, and on-going discharge of mine tailings and
mine water, these tailings have probably remained largely saturated. Also, drilling and sampling
by the mine in the mid-1980s (Halverson 1984) indicated that some older tailings layers at depth
remained frozen (which is not unexpected given the cold climate and presence of discontinuous
permafrost in the region). However, the shoreline tailings which were mounded above lake level
for over 50 years do show Fe oxyhydroxide rims on sulfides characteristic of weathering (Chapter
2, Walker et al. 2005). EPMA analysis of several of these rims has confirmed them to be As-
bearing at concentrations up 1 wt. %. The source of As in these rims may be due to weathering
and remobilization of As within vadose zone (unsaturated) tailings. However significant
atmospheric deposition of As and acidity has occurred in the area around the mine site due to

operation of the roaster. Atmospheric deposition of As was very high in the first few years of
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operation (1948 to 1951) since there was no gas treatment at the time (Hocking et al. 1978). Gas
treatment for As vapour gradually decreased As emissions, but they probably remained
significant until implementation of the ESP (operating at elevated temperature) and bag house in
1958 (Tait 1961). Therefore it is possible that some of the As in the Fe oxyhydroxides and
(perhaps even the roaster Fe oxides if sorption sites were available) is from infiltration of As

dissolved from the aerial dispersed source.

Sulfur dioxide emissions from the roaster have varied and overall increased over time in keeping
with the level of production at the mine. Therefore, the weathering of the sulfides may have been
promoted by local acid-deposition from roaster-stack sulfur dioxide emissions. It is likely that
such acidity would be readily neutralized during transport through the carbonate-rich vadose zone
of the tailings. However, a change in pore water chemistry (eg. increased Ca>* and SO,*) might
be expected. The magnitude of such effects and importance on the weathering reactions (if any)
is unknown. However, since the sulfur dioxide and As emissions ceased with the closure of the

Giant Mill in 1999, minor changes in pore water chemistry could be occurring.

3.4.1.2 Characterization by Sequential Selective Extractions

Sequential selective extractions for the samples indicate variable proportions of As associated
with the six operationally defined leaches (Figure 3-1a). The flotation tailings (M1M) have the
lowest total As concentration (930 ppm) with more than 95% associated with the sulfide (aqua
regia) and total digestion (hot tri-acid) extractions. This is consistent with petrographic
observations presented above. Mill processing (flotation) removed much of the sulfide (thus the
low As content) and remaining As-bearing sulfides showed no evidence of oxidation. Almost
40% of the As was returned in the total digestion suggesting almost half of the arsenopyrite and

arsenical pyrite were included within silicates. The sulfide content of M1M was sufficiently low
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(<1%) that it is difficult to estimate modal amounts, but they were commonly observed included

in silicates.

The As content is much higher in the calcine and ESP dust (roasted ore mill products M2M and
M4M) and greater proportions of the As are associated with the less aggressive leaches especially
the Fe oxide extractable fractions. The ESP dust contains more than 4 weight % As with only
20% of this in the combined sulfide and total digestion fractions, 55% in the combined Fe oxide
extractable fractions and 25% in the combined exchangeable and carbonate fractions. The
significant concentration of As in the exchangeable and carbonate extractions of the ESP dust
(which amounts to almost 1% (w/w)) is probably due to the dissolution of arsenolite that was
detected by XRD. The calcine contains approximately 2.5 weight % As with 70% in the
combined sulfide and total digestion fractions, 24% in the combined Fe oxide fractions, and 6%
in the combined exchangeable and carbonate fractions. The tailings samples contain substantially
less As ranging from 4500 ppm at CNW1a-S2 to 1200 ppm at CB1b-S4 which reflects the
dilution of the high As waste streams (calcine and ESP dust) in flotation tailings at time of
deposition. The distribution of the As within the sequential extraction fractions varies for the
samples with CN2b-S2 appearing similar in proportions to the ESP dust and CB1b-S4 and CB1b-
S3 appearing similar in proportions to the calcine. CN4b-S3 has greater Fe oxide extractable

fractions than the two CB1b samples, but less than CN2b-S2.

Sulfur behavior within the sequential extractions is less variable and indicates primarily an
association with the sulfide fraction for most samples (Figure 3-1b), although almost 50% of the
sulfur in M4M (the cyanided ESP dust) is associated with other extractions including 36% in the
exchangeable fraction. In addition to M4M, a significant amount of soluble sulfur (probably

sulfate) is observed for samples CNW1a-S2, CN2b-S2 and CN4b-S3. The other samples
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(flotation tailings, calcine and the two CB1b samples) contain almost 100% sulfide associated
sulfur. It is notable that the samples with the least As in the sulfide and total digestion fractions
(M4M, CN2b-S2 and CN4b-S3) also contain the most sulfur in the exchangeable fraction. The
two north-pond tailings samples contain laminae of fine-grained opaque material (fine silt and

clay) which could be derived from distal preferential settling of ESP dust tailings.

The strong As association with Fe (arsenopyrite, arsenical pyrite, As-bearing Fe oxyhydroxides
and As-bearing roaster-derived Fe oxides) would suggest that the Fe sequential extraction results
could be key in determining solid-phase As speciation in these complex materials. In fact all
samples do show a significant distribution of Fe among four of the six operationally defined
fractions (amorphous Fe-Mn oxides, crystalline Fe oxides, sulfides and total digestion, Figure 3-
lc). However, in addition to the aforementioned minor Fe phases, Fe is a major constituent
within the bulk mineralogy of all of the samples (Fe rich dolomite and iron-bearing
phyllosilicates, e.g. chlorite). Close inspection of the data has confirmed that the Fe
concentrations in specific fractions show little relationship to the As-bearing Fe phases and
instead respond largely to Fe in the As-free dolomite (Fe oxide extractions) and phyllosilicates
(sulfide extraction). The refractory character of the Fe dolomite to the carbonate extraction and
dissolution in the amorphous and crystalline Fe oxide fractions is confirmed by the presence of
significant calcium (Figure 3-1d) and Mg (Appendix E) in the Fe oxide extractable fractions.
This has also been confirmed by laboratory analysis of dolomite and ankerite (Fe dolomite) under
the same sequential extraction procedure (Hall, unpublished data). Most of the calcium elutes in
the amorphous Fe oxide fraction while the Fe elutes to an equal or greater extent in the crystalline
Fe oxide fraction (Figure 3-1c,d). This may be due to the presence of crystalline Fe oxides,
however some of this may also be due to incongruent dissolution of the Fe dolomite. The link

between Fe originating from phyllosilicates in the sulfide fraction instead of sulfides is confirmed

80



by similar magnitude molar quantities of Mg, and Al (Appendix E). In addition, the Fe in the
sulfide fraction exceeds stoichiometrically available sulfur by 10 to 100 times. The two samples
with the highest Fe content (M2M and M4M) also warrant additional discussion. While major
element concentrations (Mg and Al) in the sulfide extraction suggest similar phyllosilicate
content in the ESP dust as other tailings and depleted phyllosilicate content in the calcine (by
about 1/3), the Fe content for both samples is up to an order of magnitude higher than the other
tailings. This suggests either the presence of an Fe phase resistant to the crystalline Fe oxide
leach or inhibited (incomplete) dissolution of the Fe oxides in these leaches due to the high
leachate Fe concentration (3 to 4 % w/w). The reported crystalline Fe oxide-associated As
fraction in these two samples (M2M and M4M, Figure 3-1a) may also be underestimated, unless
As dissociation is predominantly occurring through desorption rather than complete dissolution.
The relatively small amount of As in the sulfide and residual fractions for M4M suggests any

underestimation for this sample is small.

Other fine tailings located at the north end of Baker Pond (HC1b-S1&S2) show a similar SSE
. pattern for As as the cyanided ESP Dust (M4M) and fine laminae in the North Pond (CN2b-S2)
(Figure 3-2). These tailings are very fine-grained and generally massive (unstratified), but
otherwise similar in appearance to material within individual thin fine grained laminae of the
North Pond. The tailings exist as a mound within the north-east corner of Baker Pond. The lack
of coarse silt and sand, suggests these tailings are fines deposited down flow of the tailings
containment system. Their mounded form may indicate thét they were redeposited from their
original location perhaps in preparation for open pit mining at B3 Pit (located between the

polishing pond and Ingraham Trail).
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Figure 3-2. Comparison of SSE results of ESP dust and fine tailings at the edge

of Baker Pond. M3M is uncyanided ESP dust and M4M is cyanided (carbon in

pulp) ESP dust. CHC1b samples are from cores taken in apparent tailings at

the north-east limit of Baker Pond. This area is downflow of the former tailings

decant and more recent water treatment systems.
It is clear from the above results that the As associations within the mill products and tailings are
complicated. It appears that the sequential extraction procedure is reasonably effective at
determining the quantity of sulfide bound As (with the possible exception of the very high As and
Fe content calcine). The aqua-regia extraction is interpreted to represent the extraction of sulfide
associated As from liberated and partly liberated pyrite and arsenopyrite grains as well as some
sulfides occluded within phyllosilicates. The residual fraction is expected to represent remaining
sulfides occluded within phyllosilicates and those wholly occluded within other silicates (mostly

quartz). The presence of mixed As oxidation states (As™ and As') and an incomplete

understanding of the As mineral association in all but the flotation tailings sample precludes
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meaningful interpretation of the less aggressive leaches. As" and As' may behave differently
under the differing conditions of the SSE steps. For some of the tailings samples (CB1b S3 and
CB1b S4) there is the additional complication that they contain mixtures of roaster derived Fe
oxides (maghemite and mixed maghemite-hematite grains) as well has Fe oxyhydroxide
weathering rims all of which contain significant As. Understanding the potential mobility and
bioavailability of As in these materials as well as sediments and possibly soils that could contain
roaster-derived wastes depends on an understanding of the form of As and binding mechanisms in
the roaster Fe oxides. A micro-analytical approach that combines coincident synchrotron uXRD
and uXANES, previously described (Walker et al. 2005), has been widely applied to a range of
As and mineral associations in the mill products and recent tailings. This data combined with
existing metallurgical and mineralogical studies in the literature allows us to propose a
mechanism for the incorporation of the As in the Fe oxides. This data is also used to aid in

interpreting the form of As in older tailings samples from the Giant mine.

3.4.2 Microanalytical Characterization of Roaster-derived Source Materials:
A wide range of roaster-derived Fe oxide morphologies and mineral associations were targeted
for analysis in both the Giant calcine (M2M), Con Calcine (CM1a) and recent tailings CNW1aS2

in an attempt to understand the mechanisms that lead to the incorporation of As into the Fe

oxides.

Incompletely reacted grains that contained relic or intermediate sulfides (arsenopyrite, pyrite and

pyrrhotite) were felt to be particularly important for this purpose even though they tend to

represent phases that are otherwise in low abundance.
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A large concentric textured grain with relic pyrite (Figure 3-3) was subjected to a range of
characterization techniques (EPMA, X-ray mapping, pXANES, pXRD, and uXRF mapping). At
greater than 150 um in diameter this grain is somewhat atypical since roaster Fe oxides are
generally less than 50 pm in diameter due to a post-roasting wash and regrind. However, we
expect the roaster-derived features of this grain are applicable to smaller grains or grain
fragments. X-ray mapping of this grain (Figures 3-3b,c,d,e) confirms the strong association of As
with the Fe oxide rim. A characteristic of this grain is the presence of a calcium rich rim
surrounding the entire grain (Figure 3-3¢). This rim is unlikely to be related to roasting, and may
be due to post-roast liming for cyanide treatment. The As content of the Fe oxide rim on this
grain ranges from 2.4-3.6% As with the higher concentrations on the inner-most rim in contact
with the pyrite with trace As (<0.5%). This represents at least a seven fold increase in As
concentration from the pyrite to the Fe oxide rim which cannot be accounted for simply by the
reduction in molecular volume from pyrite to maghemite (~31%). We infer that the source of the
As is largely from the vapor in the roaster and not the pyrite. This fits with the observation by
Vian et al. 1963) that production of Fe oxides must be carefully avoided during roasting in order
to prevent retention of As in the calcines. Synchrotron pXRF mapping of this grain (Figure 3-3f)
is consistent with that of the EPMA showing the Fe-rich rim and faint calcium outer rim. The
most As-rich spots (purple) in Figure 3-3f, correspond to small arsenopyrite grains either
observed in thin section photos or inferred as buried grains. Arsenic response within the Fe oxide
rim is too low to be clearly seen in this false colour image (Figure 3-3f). The different apparent
dimensions of the grain in Figure 3-3f and Figures 3-3a,e are a result of the beamline
configuration (sample is at 45° to the beam in the horizontal plane), coarser resolution, and

greater penetrating power of the X-ray beam (depth averaged response).
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Figure 3-3. Large concentric roaster Fe oxide grain. a) Reflected light photo. Note
bright thick outer rim and fine inner concentric layers. There is also a barely visible low
reflectivity rim outside of the outer most Fe oxide rim. b) through e) X-ray maps of grain in
a). There is clear differentiation of the low reflectivity outer Ca rim, the As-bearing Fe oxide
and the pyrite core. f) False colour uXRF map of grain. Red is Fe, blue is As and green is
Ca. The effect of depth averaged response, grain orientation (45° to the beam) and lower
resolution is evident when compared to the X-ray maps. Numbered ellipses are locations
of uXRD and pXANES. Spots 10 through 14 are XANES only, obtained prior to lifting
section with acetone. Scale is X-Y stage coordinates.
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Spot uXANES analyses for this grain (Figure 3-3f, Figure 3-4) show a wide range in the ratio of
As"™As". Interpretation of the variation is clearer when combined with coincident pXRD (Figure
3-3f, Table 3-2). The Fe oxide rimming the pyrite in this grain is maghemite (primitive cubic
form) and this is the dominant uXRD pattern in all spots analyzed. Monohydrocalcite is also
frequently observed as spotty rings with the best pattern observed at location 46 (Figure 3-5).
Arsenic appears to be associated with the calcium rim, predominantly as arsenate. X-ray
mapping (Figures 3-3c,e) indicates the width of the As band around the pyrite core coincides
generally with the calcium limit and not that of iron. However, it is noted that the As response is

relatively weak and the outer most limit rather diffuse. Micro-XANES analyses of spots that
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Figure 3-4.  uXANES spectra of traverse across left hand side of grain in Figure
3-3. The compound spectra (mixed As" and As") show a shift from As’ dominated
to Asill dominated toward the sulfide core. At the sulfide core (701-49) the spectra
is dominated by the arsenical pyrite (As™).
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Figure 3-5. uXRD pattern for location 46 in Figure 3-3f. Smooth rings are
maghemite (Mgh) including several weaker rings characteristic of the primitive cubic
form and spotty rings are monohydrocalcite (MhCal).
show the greatest evidence of mhCal in coincident pXRD patterns show the lowest ratio of
As™/As" in the range of 0.5 to 0.8. Conversely those that show little evidence of mhCal have
As"/As" ratios in the 1.5 to 1.9 range. The low As"/As" ratio may also be related in whole or
in part to the bright outer Fe oxide rim since it seems to be spatially related to the mhCal and
contains less As than the interior rims. We interpret the scatter within the data to the beam to

ain orientation (45° to the grain boundaries inferred to be approximately vertical into the
gr PP y

section) and potential heterogeneity at depth within the section.

88



Another important group of partially-reacted grains in the Giant calcine is that containing relic
pyrrhotite. Reaction of pyrite and arsenopyrite occurs via a pyrrhotite intermediate at more
elevated temperatures than the concentric form or other conditions (eg. SO, enriched atmosphere)
that may inhibit direct reaction of pyrite to Fe oxide (Grimsey & Aylmore 1990, Jha & Kramer
1984, Swash & Ellis 1986, Grimsey & Aylmore 1992, Dunn et al. 1995). Such conditions favor
the partial removal of sulfur from pyrite and preferential removal of As from arsenopyrite (and
presumably arsenical pyrite). Two small grains containing relic pyrrhotite and exhibiting different
textural morphologies in the calcine residue sample (M2M) were specifically targeted for analysis
(Figure 3-6a,b) with two spot analyses completed on each. The As™/As" ratios for the grain in
Figure 3-6a were 2.8 and 2.0 for the center and rim respectively. The As"/As" ratios for the
grain in Figure 3-6b were 1.8 and 0.98 for the relic sulfide portion and low reflectivity Fe oxide
target respectively. Both grains show a predominant smooth ring maghemite pattern with spotty
rings of pyrrhotite. The pXRD pattern for the microporous pyrrhotite (Figure 3-6¢) is distinctive
as nebulous spots and patchy arcs in contrast to the smooth rings of maghemite and fine spotty
rings of pyrite. The nebulous nature of spots for pyrrhotite may indicate a mixture of hexagonal
and monoclinic varieties, the presence of crystallite strain or both. The presence of relic pyrite in
the pXRD pattern for the grain (which is not evident by reflected light microscopy) suggests the
grain represents the rapid decrepitation of pyrite to pyrrhotite at the micron scale following a brief
direct reaction of pyrite to nanocrystalline maghemite recorded by the thin outer rim. We

interpret the presence of dominantly As™

in the core as the initial stages of oxidation of the
pyrrhotite and incorporation of the As under elevated partial pressure of SO, (partial pressure of
0, kept low due to reacting pyrrhotite). The lower As"/As" ratio toward the outer rim may
indicate either a previously established lower As"/As" ratio in the outer rim (during direct

oxidation of pyrite to magnetite/maghemite) or As oxidation state equilibration with higher partial

pressure of O, at the outside of the grain. It is difficult to discern the primitive cubic maghemite
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Figure 3-6.  pXRD of Roaster-derived Pyrrhotite. a) Reflected light photo of
microporous Po grain with outer rim of Mgh. b) Reflected light photo of finely
microporous Mgh and relic Po. Less reflective microporous Fe oxide in upper
left of this photo. ¢) pXRD image of microporous Po grain on left (target was
centre of grain). Diffraction includes smooth rings for Mgh, nebulous spots
and arcs for Po and fine spots for pyrite.
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peaks in either of these patterns suggesting either magnetite (or very finely divided maghemite) is
the Fe oxide formed (Cornell & Schwertmann 2003, Haneda & Morrish 1977). Both
maghemite/magnetite XRD patterns are weak, but it is interesting that the weaker of the two
patterns (rim) shows slight evidence of two of the primitive cubic peaks (5.95A and 3.73A), while
the pattern from the core shows no evidence. Optically the outer rim appears to be maghemite.
Another important observation is the coexistence of pyrite, pyrrhotite and magnetite/maghemite.
It has been suggested (e.g. Grimsey & Aylmore 1992, and Dunn ef al. 1995) that the oxidation of
pyrrhotite will not commence until pyrite is exhausted. This data suggests this need not be the
case. It may be that the shrinking core of pyrite gets so small that it does not generate sufficient
SO, to prevent oxidation of the pyrrhotite to Fe oxide. A change in local gas atmosphere around
the particle could also play a role. The XRD pattern for both targets in Figure 3-6b contain the

primitive cubic lines for maghemite.

Table 3-3 lists observed mineralogy (confirmed by pnXRD), pXANES and EPMA results for a
range of roaster-derived grains from recent calcine (M2M, NW1aS2), old Edwards roaster calcine
from Con Mill stockpile (CM1a) and analysis of cyanided ESP dust (M4M). Though the grains
take many forms, in the absence of sulfide, ratios of As"™/As" are typically less than 1.4. A
number of grains analysed by EPMA suggest lower concentrations of As on particle surfaces
(outer layers) than interior regions.

Three analyses of fine grained matrix of ESP dust indicates this material is dominated by As™
(Table 3-3). Bulk XRD has identified the probable presence of arsenolite in this material.

M in these

However, we have yet to confirm that arsenolite this is responsible for the elevated As
samples. Similarly high As"™/As" ratios have been reported for some thin laminae in North Pond

tailings (Fawcett ef al. 2006). The ESP dust constitutes only a small volume fraction of the As
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tailings discharged (Table 1-4), but its high As content, and fine grain-size are expected to

increase its importance with increasing distance from the discharge point.

3.4.3 Arsenic incorporation in roaster iron oxides

In addition to the nanocrystalline nature of the roaster Fe oxides, there are a number of other
factors that may be important in the incorporation or binding of As to these phases during
roasting. The effect of roasting gold ores in the presence of water vapour has seldom been
considered with the work of Grimsey & Aylmore (1990) being a notable exception. Their work
indicates that water vapor primarily acts as a diluent in roasting and has little effect apparent
effect on mineralogy. However, they consider only magnetite and hematite in their discussions
and therefore the potential importance of maghemite and the stabilizing effect water may have in
this type of environment has not been considered (Cornell & Schwertmann 2003 and especially
data of Stanjek & Sabil in preceding reference). Of potentially more importance is the possible
effect roasting in steam may have on the speciation of As vapour that we are proposing is
interacting with the Fe oxide reaction products. Pokrovski et al. 2002 indicates As(OH); is the
dominant form of As in vapour under hydrothermal conditions (instead of the generall'y assumed
As406) at atmospheric pressure and above 200 °C. H,0 gas may be a significant portion of gas
phase in many roasters (including Giant) since the feed enters as a shurry and significant water is

added to control roasting temperature (Halverson 1990),

Based on our preceding findings and discussion, we hypothesize that the As as either As(OH); or
As;Og is carried along with oxygen to contact the newly formed or reacting Fe oxide surface
where it chemisorbs probably in a manner similar to low temperature aqueous sorption processes
(bidentate inner sphere complex) although As,Og would have to dissociate in order to accomplish
this. If the surface coverage of As reached sufficient site density the possibility of forming

nanoclusters or fine crystallites of Fe arsenates or Fe arsenites also arises. An alternative could
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be the incorporation of As™ as trigonal bridging complexes at defect sites in maghemite (Peterson
2005). Binding of As in such a manner (if it occurred) could account for the resistance of As™ to

oxidation in the oxic subaerial tailings environment.

Another important observation that has been made is that the presence of hematite usually
coincides with lower As content. We have previously reported a characteristic spo@ texture on
Debye-Scherrer rings from hematite (Chapter 2, Walker et al. 2005). A coarsening in grain-size
(and corresponding decrease in As) upon transformation of maghemite to hematite is one
explanation for the observed decrease in As content in hematite-rich grains. This spotty nature of

the hematite pXRD pattern can also be observed in a pseudo-3D plot (Figure 3-7) where the

NSE.S628_ta.nm NSIS828 R3001

¥ I

20 micro

20 microns

Figure 3-7.  MicroXRD as qualitative evidence of increasing crystallite size
upon transformation to hematite. The uXRD patterns for two grains are shown as
a 3-D surface to highlight the saw-tooth nature of the Hem rings (right) in contrast
to the smoother appearing Mgh rings on the left.
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hematite exhibits a “saw-tooth” pattern in comparison to the smoother pattern for a typical

maghemite grain.

3.4.4 Roaster Fe oxides in tailings at the Giant Mine

The roaster Fe oxides have been dispersed into the surrounding environment and some exposed to
the atmosphere for as long as 58 years. Roaster Fe oxides generally appear similar in the tailings
to those observed in the Mill products and recent tailings. Micro-XRD and pXANES also give
similar results although the subaerial shoreline tailings at Yellowknife Bay seem to have less

arsenic and lower As"/As" ratios (Walker ez al. 2005, Table 3-4).

Even though As™ is considered mobile and should be readily oxidized to As' in the oxic
environments investigated in this study, it none the less persists in association with the roaster-
derived maghemite. A possible exception is the subaerial shoreline tailings which exhibit lower
As content in roaster Fe oxides as well as the lowest As"/As" ratios observed. The presence of
weathering sulfides confirms exposure to more oxidizing environments, There is also the
possibility that acid deposition from SO, emissions for over 50 years has led to preferential

leaching of As and especially of As™

which is less strongly bound at lower pH (Pierce & Moore
1982). However, the water chemistry will be significantly buffered by carbonates and indeed the
measured pH in the subaerial tailings in 1999 was neutral as were all other measured tailings pore
waters (Appendix D). The limited number of analyses from this material and the unique roasting
conditions at the time for which we have no “source” material to analyze make this a subject
requiring further investigation. We attempted to analyze the Con Mine calcine for this purpose
and this did confirm the more frequent presence of hematite in the hearth roaster calcine from

Con which supports the greater apparent hematite component (and more red character) observed

in the Giant Yellowknife Bay calcine. The Con calcine (CM1a) roaster Fe oxides also exhibited
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m

the characteristic mixed As™ — As" oxidation state. However, the possible presence of arsenolite

in this material may have a direct or indirect effect on the As"/As" ratios.

The application of grain-scale analysis using synchrotron uXRD and uXANES with mill products
and tailings from the Giant mine, has led to a hypothesis that explains how As may be bound
within the nanocrystalline composite roaster-derived Fe oxide grains. The processing of ore at
Giant imprints the roaster derived phases with unique characteristics that have persisted in the

subaerial environment for 20 to 50 years,
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Chapter 4 — Characterization of Arsenic in Solid Phase Samples

Collected on the Giant Mine Townsite, Yellowknife, NWT

4.1 INTRODUCTION

In the summer of 2000, the City of Yellowknife planned to build a new boat launch at the former
Giant Mine Townsite. This raised concern that As contamination encountered during
construction and future use of the launch could potentially affect human health or the
environment. The City of Yellowknife excavated two test pits approximately one meter deep in
the vicinity of the proposed dock. Soil results indicated As present at concentrations between 754
and 9580 ppm. These values significantly exceed the generic CCME guideline of 12 ppm and

they also exceed the risk-based value (160 ppm) determined for Yellowknife (RiskLogic 2002).

Under the direction of INAC, the Environmental Sciences Group (ESG) at Royal Military
College (RMC) sampled and analyzed 23 soils (Figure 4-1) at 16 locations across the Townsite
(18 samples) and Great Slave Cruising Club (5 samples) in September 2000 (ESG 2000). Dr.
Heather Jamieson’s Research Group and ESG (at the direction of INAC) then conducted a joint
study aimed at better understanding the mineral form of As in the Townsite soil samples (ESG &
Queen’s 2001). The joint ESG-Queen’s work has since been supplemented by additional
characterization work on the original ESG samples as part of this thesis, generally applying the

methods developed and described in Chapter 2.

4.1.1 Background

The Giant Mine Townsite was built on the shore of Back Bay (around the mouth of Baker Creek)
in the 1950’s, although it probably arose from earlier exploration and construction camps. The

Townsite provided accommodations for miners and their families as well as service and support
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Figure 4-1

The Giant Mine
and Townsite ca.
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for the mine. The site is accessed from the Ingraham Trail. The property north of Baker Creek
mouth seems to have seen mostly residential use from the earliest days of mining. The area to the
west and south seems to have been mixed usage to service and support the mine (Pitcher 1953,
Figure 4-1). Roadways are often (if not exclusively) constructed of crushed waste rock fill
(hereafter referred to as crushed rock road-fill). It appears the breakwater and portions of the
waterfront have been filled with similar crushed rock fill material (hereafter referred to as crushed
rock lake-fill) including the area of the new boat launch. This area was constructed originally as

a docking facility (Figure 4-1).

At the time of sampling by ESG in September 2000, there were 22 wooden residences on the
northern portion of the Townsite property along with a playground built on sand (Figure 4-2). The
Great Slave Cruising Club (Cruising Club) presently occupies the southern portion of the site and
the NWT Mining Heritage Society (museum site) occupies the western portion of the site
(Figures 4-1 and 4-2). To avoid confusion in this text, Townsite Subdivision will refer to the
existing (largely unoccupied) residential area to the north of Baker Creek mouth. Cruising Club

and museum site will refer to the areas to the south and west of Baker Creek mouth respectively.

4.1.2 Arsenic Sources

The fact that there are elevated concentrations of As in soils at the site is not surprising given its
close proximity and relationship to historic mining activities. Gold has been mined and milled at
the Giant mine site since 1948. Since gold in the Yellowknife area is intimately associated with
As in the form of the mineral arsenopyrite (FeAsS), it can be expected that surficial soils in the
area of the mine (and the entire Yellowknife area) may contain naturally elevated concentrations
of As. In addition, activities at the mine over the past 50 years have resulted in the release of As

to the surrounding environment (anthropogenic inputs). Regardless of the source, it is the form of
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the As and its physical and chemical associations in the environment that determines mobility and

bioavailability (Bhumbla & Keefer 1994),

It can be inferred that historical mining and milling activities at Giant may have introduced As to

the site in the following ways:

e Localized disposal, construction and lake-filling utilizing arsenopyrite-bearing waste rock
(crushed rock fill) generated from mine workings,

e Site-wide aerially dispersed fallout from nearby (~1.5 km) roaster stack emissions (GNWT
1993, CPHA 1977), particularly in the first 10 years of roasting, and

e Shoreline deposition of fine-grained sediment carried from the Giant mine tailings discharge

areas to the Townsite via Baker Creek with greatest impacts probably in the mid to late 1950s

and 1960s (Andrade 2006).

The principal objective of the current work was to study the form of the As in the high As content
crushed rock fill materials. However, it is important to consider the potential overprinting or
mixing of As phases that may have occurred from other sources. The most important site wide
factor is likely to be the aerially dispersed As from the roaster although the magnitude of this
influence has not been quantified. A related aspect of the roaster emissions is the acid deposition
that would have resulted from roaster SO, emissions. In addition, a limited review of early air-
photos suggests that there was localized filling along the lakeshore including the eastern limit of
the Cruising Club, the Breakwater and the region around the new boat launch. In places this
crushed rock fill may be mixed with this sediment. The degree of impact to sediment quality at a
given time and the time of placement of the fill would determine how important any mixing may

be with respect to solid phase As.
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The oldest crushed rock fill materials in the area probably originated following the sinking of A
shaft in the fall of 1945 (Pitcher 1953). This establishes an upper limit of 61 years of exposure of

the crushed rock fill in the environment.

4.2 PREVIOUS WORK

4.2.1 ESG Soil Sampling and Analysis (2000)

ESG collected 25% soil samples (including 2 field duplicates) which were analyzed for As and a
suite of additional selected inorganic elements (Sb, Fe, Au, K, Na, Zn, Mn, Cu and Ni). Samples
included a range of soil types that were generally separated into one of two categories (crushed
rock fill, or other surficial materials comprising soil, clay and granular fill). The highest
concentrations of As were associated with crushed rock fill samples, which had an average As
concentration of 11744519 ppm (range 471 to 1850 ppm). The average concentration of the other
soil samples (including the two playground sand samples at 132 and 145 ppm As) was 87+95
ppm (range 19 to 366 ppm). The highest concentration (for this soil type) of 366 ppm was
reported for a sample (29057) obtained from a rock crevice near one of the residences. The
second highest concentration of As (222 ppm) for the non-crushed rock fill samples was reported
for sample 29055. This sample was from a buried former topsoil horizon beneath sand fill that

contained only 45 ppm As (Appendix B in ESG 2000).

4.2.2 Joint ESG-Queen’s Characterization Work (2001)

It was concluded that knowledge of the total concentration of As from this area was not sufficient
to determine the potential risk posed to ecological and human health by this material. Therefore,

additional work was undertaken (ESG & Queen’s 2001) to more completely characterize 17 of

% This work by ESG sometimes refers to only 24 samples. This discrepancy appears to be for sample 29023
(playground sand) which appears on maps provided in reports, but is not included in data Tables.
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the 25 ESG soil samples (15 samples plus 2 duplicates). The scope of this work and

responsibilities were:

o Compare the total As concentrations in different grain size fractions of soil samples (ESG);

e Compare analytical methods used to determine total As (ESG);

e Characterize, through sequential selective extractions (SSE), the phases to which As in the 15
selected soil samples (plus the two duplicates) is bound (Queen’s / ESG);

e Detail initial findings of mineralogical work performed (optical microscopy, qualitative
EPMA, and preliminary nXANES analyses on a subset of 4 samples) and relate this to the
corresponding SSE results (Queen’s); and

e Conduct gastric fluid extractions on all 15 soil samples (plus 2 duplicates) to attempt to

elucidate the potential bioavailability of this material (ESG).

This joint work by ESG and Queen’s culminated in a report of findings (ESG & Queen’s 2001).

4.3 ADDITIONAL STUDIES (2002 TO PRESENT)

Time constraints for the preceding work only allowed for presentation of initial mineralogical
results. Therefore, additional studies to more completely characterize the As-bearing Fe
oxyhydroxide weathering products were completed as part of this thesis. This work was
conducted on samples 29053, 29057, 29064, 29066 and 29072 using the methods detailed in

Chapter 2 and included:

e Additional optical microscopy;
e Quantitative EPMA analysis of Fe oxyhydroxide weathering rims on sulfides;
e Additional uXANES analysis of selected targets on polished thin sections; and

¢ Combined uXANES and uXRD of selected targets on sample 29072.
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Work on samples 29057 and 29064 was limited to optical microscopy only. As a point of
clarification, sample 29064 was to be included (along with 29072) in the analysis by combined
pXANES and uXRD. However, sieving of additional sample was required in preparation for this
work, since the previous material from the SSE analysis had been completely used in subsequent
ESG work. The material for the sieving came from small subsamples (~2 mL) retained at
Queen’s as a visual record of the samples. This material was not obtained to be a careful split of
the original and apparently the sample for 29064 was not representative, since the resulting thin-
section for 29064 (29064r) contained significantly fewer weathered sulfide targets than the
original section. Since the new section for 29072 (29072r) did appear generally representative of

the original section, 29072 is the only Townsite sample analyzed using combined pXANES and

uXRD.

4.4 WORK WITHIN THE SCOPE OF THIS THESIS

This Chapter documents results of SSE and bulk XRD of the 15 soil samples (ESG & Queen’s
2001), and final results of optical microscopy, EPMA, puXANES and puXRD conducted
selectively on 3 of the samples (two crushed rock fill samples and one playground sand sample).
The other representative sample types (fills and organic soils) are not represented in the detailed
mineralogical work due to their low As content. Polished thin-section 29064 and polished section
29057 were inspected and photographed under petrographic microscope, but not subjected to any

further analysis at this time.
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4.5 SAMPLING AND ANALYSIS

4.5.1 Summary of ESG Field Sampling and Sample Handling

The fieldwork was carried out in September 2000 as part of a study being conducted by ESG in
the Yellowknife area at that time. Samples were obtained using individual disposable plastic
scoops and stored in a Whirl Pak™ bag. Each sample was given a number, which was the only
identifier provided when submitted for analysis. Soil samples to be analyzed for inorganic
elements were kept at a temperature of less than 0 °C, prior to and during shipping. Sampling
locations and descriptions were recorded in field notebooks and/or on field maps, and a
photographic record was made of each general area that was sampled. Sampling locations for this

study were not surveyed but all locations are considered to be approximate within a few meters.

Each sample was clearly labeled and stored below 0 °C in a secure area before and after analysis.
Neutron activation analysis (NAA) was used to determine total As concentration in the soil
samples (including the <80 sieve size fraction), while inductively coupled plasma-mass
spectrometry (ICP-MS) was used for measuring As concentrations in extracts of sequential
selective extractions. Brief summaries of the methods carried out are detailed in the following
sections. Detailed methods of the work completed by ESG are provided elsewhere (ESG &

Queen’s 2001).

4.5.2 Sample Selection and Preparation

A representative sub-set of samples (17 in total) of the original 25 soil samples (ESG 2000) were
selected for the more detailed As characterization work. In order to facilitate the sequential
selective extraction (SSE), mineralogical and gastric fluid work, and to increase homogeneity, the

soil samples were air dried and sieved to <80 mesh (<0.18 mm).
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The samples selected for mineralogical analysis were:

29053 Grey, crushed rock fill (surface material, roadside in Townsite Subdivision).

29057 Brown organic rich soil veneer from rock crevice with > 700 ppm As in the sieved fraction
(elevated rock outcrop adjacent to House 211, Townsite Subdivision).

29064 Grey, crushed rock fill (subsurface material, possible lakefill at proposed boat launch area,
Townsite Subdivision).

29066 Brown playground sand (Townsite Subdivision).

29072 Grey, crushed rock fill (surface material, parking lot near Ingraham Trail, presently

Museum site.

The samples for mineralogical characterization were selected on the following basis.
1. Inspection of sequential extraction results for different characteristics.

2. Location, type and depth of sample.

Each of the samples also exhibits a distinctive pattern in the SSE As distribution (see Section
4.5.2). Sample selection was limited to inorganic fill materials with the exception of organic-rich

so0il 29057, which contained >700 ppm As in the sieved fraction.

4.5.3 Sequential Selective Extraction

Samples were submitted to ALS Chemex (Chemex) for sequential selective extraction using the
methods as detailed by Hall et al (1996a,b,c). The <80 mesh sieved samples (<0.18 mum) were
subjected to increasingly strong chemical extractions to aid in identifying how As is bound in the
soil matrix. The decanted supernatant was analyzed at each stage for a standard analytical suite
of parameters. The list of parameters varied somewhat depending on the specific analytical

method employed for each extraction step, and whether reagents added precluded analysis of
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certain elements (e.g. Na). The full set of SSE analytical data for the crushed rock fill samples as

well as the rock-crevice sample (29057) are included in Appendix F.

4.5.4 Mineralogical Methods

A combination of analytical techniques was employed to identify As-bearing phases in the
prepared (i.e. sieved) samples. Mineralogical methods carried out include the following and
generally follow the methods previously described (Chapter 2), except as indicated.

e Powder X-ray diffraction of each sample to identify the major mineral phases present.

Optical microscopy of four polished thin sections (samples 29053, 29064, 29066 and 29072)

and one polished section (sample 29057).

e Electron micro-probe analysis (EPMA) of target grains in three of the four thin sections
(29053, 29066 and 29072).

e Synchrotron pXANES analysis of selected targets on thin sections 29053, 29066 and 29072.

e Synchrotron pXANES and pXRD on selected targets on thin section 29072r (acetone slide

removal technique).

Bulk XRD work utilized a powder diffractometer with a Philips PW1011 generator, with Cu Ka
radiation (40Kv and 20 mA) with Ni filter and a thallium activated sodium iodide crystal detector
with pulse height discrimination. Scans were run from 3 to 60 degrees 26 with an edge filter in

place to reduce background scatter at low angles.
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4.6 RESULTS

4.6.1 Supporting findings by ESG

An average increase of 100+67% in total As concentration was seen in the <80 mesh (<0.18mm)
soil fraction, over that of the unsieved portion (ESG 2000). This observation of increased As in
the fine fraction of an environmental sample is consistent with findings of others (McBride 1994;
Ruby et al. 1999). Total As concentrations in both fractions are shown in Figure 4-2. No
apparent difference was found when the total As concentration (determined by NAA in the <80
mesh fraction) was compared to the total concentration determined in sum of the sequential
selective extractions. In fact, the average percent difference was 8+5%, well within expected

analytical error (ESG & Queen’s 2001).

4.6.2 Sequential Selective Extraction (SSE)

Seventeen soil samples were subjected to the SSE analysis (Hall et a/ 1996a,b,c). The
operationally-defined SSE can be viewed as an initial step in identifying the way in which the As

is distributed in solid samples.

The following grouping of extractions provides an overall perspective on potential As availability

based on the aggressiveness and type of extractions.

e Group 1 (Sum of Steps 1, 2 and 3) - Potentially environmentally available at ambient
conditions: adsorbed/exchangeable, carbonates, organics. Step 3 was only completed for the
organic-rich samples.

e  Group 2 (Sum of Steps 4 & 5) - Potentially environmentally available under specific Eh-pH
condition: amorphous Fe oxyhydroxides and crystalline Fe oxide.

o Group 3 (Sum of Steps 6 & 7) - Not environmentally available under most immediate
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conditions: sulfides and residual.

Figure 4-3 compares the concentration of As extracted in each phase of the SSE analysis with the
total concentration of As extracted for each sample. The concentrations determined for each
extraction step have also been tabulated (Table 4-1). The majority of the As from the crushed
rock fill as well as the playground sand and sample 29062 (light brown poorly sorted granular
fill) is observed in the sulfide fraction (Step 6), suggesting that the As is predominately in its
unweathered (sulfide) form. Samples 29064 and 29065 (crushed rock lake-fill) and 29057 (rock
crevice sample) are exceptions where the majority of the As is found in the Fe oxide fractions
(Group 2). These fractions (Group 2) are the second most prevalent in which the As is found in
the rest of the samples. The only sample with the majority of As reporting to the most available
fractions (Group 1) is the organic rich sample 29059/60 that was also the sample with the lowest

total As content at 48 ppm.

The organic-rich samples with low As content (< 75 ppm) are the only samples that contain a
significant percentage (51%, 31% and 20% for 29059, 29068 and 29075 respectively) of the As
in the more environmentally available fraction (Group 1). However, the playground sand sample
(29066) does contain 17% of the As in this more available fraction. The elevated total As content
of this sample (287 ppm) and the fact that it is from a playground makes this an important
observation. For this sample, the As concentration reported for the more available fraction
(Group 1) is 48 ppm with more than half (25 ppm) in the weakly bound (adsorbed/exchangeable)

fraction.
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Other potentially significant observations when considering As concentration (instead of the
proportion representation within each sample) include up to 52 ppm and 238 ppm As in the
Adsorbed/Exchangeable fraction (Step 1) and carbonate fraction (Step 2) respectively for the

crushed rock fill materials.

Overall, the low As content samples have a high percentage of As in potentially environmentally
available extractions (Group 1), while the crushed rock fill materials have a high percentage of As
in the potentially less available extractions (Group 3). Several samples including 29057 (rock
crevice sample) and 29064 (crushed rock lake-fill) have the highest percentage in the Fe oxide
fraction (Group 2). However, the As content of the crushed rock fill samples in the weakest
extractions (Group 1) are generally more than an order of magnitude greater than the
corresponding extractions for the low As content samples. This feature is further highlighted by
the fact that the As content of the crushed rock fill samples in the carbonate extraction (61 to 238
ppm) alone is often greater than the total As of low As content samples (48 to 82 ppm). This is
important since the carbonate extraction is essentially a weak acid extraction suggesting this As is
readily available. Significant concentrations of As are present in the Fe oxide fractions of the
crushed rock fill samples (range of 124 to 1500 ppm for the amorphous Fe oxide fraction (Step 4)
and 41 to 476 ppm for the crystalline Fe oxide fraction (Step 5)). The typical total Fe oxide

extractable fraction (Group 2) is in the order of 500 ppm.

4.6.3 Powder X-ray Diffraction (XRD) Analyses

Results of the XRD analyses have identified the major mineral phases present in the crushed rock
fill samples consistent with known mineralogy of local geological units. As expected, the minor
mineral phases responsible for the elevated As in the samples were not detected by XRD. The
major mineral components include quartz, chlorite, and muscovite. Calcite is also identified in all

crushed rock fill samples although it appears as weaker and fewer peaks, suggesting lower
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relative abundance in samples 29065 and 29071. Plagioclase is also always present, but can be
either an abundant or apparently minor phase. Quartz and lesser amounts of plagioclase dominate
the sample of playground sand.  The organic soils exhibit similar apparent mineralogy
characterized by the presence of quartz, chlorite, muscovite and plagioclase. However, the
patterns are considerably weaker and exhibit lower peak heights in contrast to the crushed rock
fill materials which originated from the nearby mine. Some or all of these materials may have
been imported or influenced by imported material. Therefore, there may be some ambiguity in

identification of phases just above background.

4.6.4 Petrography

Petrographic work concentrated on mineral identification of minor and trace phases that may

contain As (As-bearing sulfides and their weathering products).

Assessment and discussion of the mineral phases of interest is made in the context of primary and
secondary minerals (Jambor 1994). Primary minerals are those found in the host material (in this
case presumably waste rock mined and crushed from past mine workings). Secondary minerals

are those that have formed since placement of the fill material.

As expected, the playground sand exhibits a narrow grain size range dominated by sand-sized
particles, while the crushed rock fill materials show a broad grain size variation which is
predominantly silt-sized with some sand and trace clay. It is likely that the playground sand is

imported sand mixed over the years with crushed rock fill from adjacent areas.

4.6.4.1 Arsenic-bearing Primary Phases

Microscopic identification methods confirmed the following As-bearing or potentially As-bearing

primary phases in all sections examined.
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e arsenopyrite (FeAsS)

o pyrite (FeS,)

By far the greatest quantity of primary As on a single grain basis will be contained in arsenopyrite
(46% w/w). However, some of the primary As may have been present in pyrite with a lower
concentration per grain, but with greater volumetric representation in the fill material. Some of
the pyrite at Giant is arsenical (up to a few percent As) (Armstrong 1997, Chryssoulis 1990).
However, on the basis of mineralogical reports of arsenopyrite at sub-equal quantities to pyrite in
the ore (Coleman 1957, Boyle 1960) and frequent observations of arsenopyrite in thin sections in
this study, it should be expected that arsenopyrite is the main source of As in the crushed rock fill.
Other potential primary As sources include solid solution in tetrahedrite-tennantite (Cu,
Fe)12SbyS13)-(Cu,Fe)2As,S43)) and Pb-Sb sulfosalts. These relatively rare minerals are present in
the ore, but may have much less significance in mine waste-rock (the crushed rock fill) which is
usually derived from more barren “non-ore” sources. However, one large Sb-Pb sulfosalt was
identified in thin-section 29053. Antimony and Pb concentrations will be an indicator of the
magnitude of their potential presence. The total Sb concentration reported in the crushed rock fills
(sum of SSE, Appendix F) range from 30 ppm (29071) to 130 ppm (29063). It should be noted
that Sb and Pb may also be present as stibnite (Sb,S;) and galena (PbS). In addition to their
potential association with As, both Pb and Sb are elements of environmental concern in their own

right.

In addition to the As-bearing sulfides (arsenopyrite and pyrite), pyrrhotite (Fe,..S, x<0.2) was
frequently observed in all sections examined (polished section of the organic-rich 29057 being an
exception). Pyrrhotite is not common in the ore or mine tailings; however it is present in many of

the rock units adjacent to the ore zone (Boyle 1979). While pyrrhotite is unlikely to contain As
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itself, oxidation products of the pyrrhotite could be important in scavenging dissolved As from

pore-water as identified in tailings at the Delnite Mine in Ontario (Alpers et al. 1994).

4.6.4.2 Weathering Products of Sulfide Minerals

The primary sulfide minerals are present as both free grains (apparent diameter in section
typically between 10 and 100 um) and as fine (usually <10 um diameter) grains or grain
assemblages included within larger silicate grains (Figure 4-4). The free grains are often present
as a sulfide core with an oxidized reaction rim, while those included within silicates appear
pristine (unweathered) presumably due to their effective isolation from pore fluids. No sulfides
were specifically identified as being included within carbonates although this association seems
probable as well. Free pyrite and arsenopyrite grains with oxidized reaction rims are the
dominant form observed in all thin sections. The reaction (or replacement) rims are evidence of

weathering in situ.

In some cases, the arsenopyrite and pyrite appear as free unrimmed grains (Figure 4-4). This
suggests that weathering in the crushed rock fill has been slower to initiate in some sulfides or
that there has been a graduated physical release of free sulfides in the material over time. It may
be that fresh material has been periodically added for regrading, or that fresh sulfides are
periodically liberated from larger lithic fragments over time (freeze-thaw or mechanical

breakdown by grading equipment and vehicular traffic).

Like pyrite and arsenopyrite, pyrrhotite exhibits weathering characteristics. In contrast to the
rimmed appearance of the weathered pyrite and arsenopyrite, pyrrhotite commonly exhibits a
characteristic banded weathering texture (Figure 4-4 and 4-5) (Jamieson et al. 1995, Alpers et al.
1994). Unique weathering characteristics are also observed in a few pyrite and arsenopyrite

grains where weathered rims cut through grains along fractures.
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Figure 4-4 Sulfides in Crushed Rock Fill and Playground Sand at Townsite.

Reflected light photos of typical views of thin sections at low magnification (large
images on the right). Selected sulfides (Aspy, Py and Po) are identified and some
areas expanded at higher magnification to show detail. EPMA results are indicated for
an Fe oxide weathering rim on Aspy in playground sand.
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Weaker Weathering (Sample 29053) Stronger Weathering (Sample 29072)

053 AX 1 Po 072 AX 5 11% As,0O,
3.1% CaO

0.3% P,O,

Pyrrhotite (Fe,. S)

053 AX 1 Py3

Pyrite (FeS,)

053 AX 5 AsPy2 072 AX 8
20% As,O, AsPy?2

o 4.0% CaO 26% As,0.

7.6% P,0, 6.4% CaO
0% P,0O,
AsPy1
20% As,O,
6.6% CaO
0.1% P,0O,

Arsenopyrite (FeAsS)

Figure 4-5  Variation in the Degree of Sulfide Weathering.

Reflected light photos of oxidized rims (grey) replacing sulfides (white). The rim
thickness is a measure of the degree of weathering (oxidation). Photos on the left
represent typical rims observed in sample TS29053 and those on the right typical of
TS29072. Examples of each of the principal sulfides is represented for each section
with Po at the top, Py in the middle and Aspy at the bottom. There is a range of apparent
oxidation within each sample ranging from unrimmed grains to more deeply oxidized
ones and Po always exhibits the greatest evidence of oxidation. EPMA data for As, Ca
and P is shown where available. Note brownish internal reflections in rim on pyrite
(middle left hand photo, TS29053 AX1 Py3) and arsenopyrite (lower right hand photo,
29072 Ax8 AsPy1). All photos are the same scale.
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In general, pyrite is the most abundant weathered sulfide, followed by arsenopyrite and then
pyrrhotite. In total, sulfides make up only a small fraction of each thin section (1 to 3 % for the
crushed rock fill, and much less for the playground sand and rock crevice sample). In a given
thin section pyrrhotite is always the most weathered sulfide with pyrite and arsenopyrite showing
little difference in the degree of weathering. This is consistent with relative sulfide reactivities

observed by others (Jambor 1994; Jamieson et al. 1995).

4.6.4.3 Detailed Description of Thin Sections

As noted above, the overall sulfide content is low in all thin sections (<3%), however when
compared to each other, 29053 appears to contain greater sulfide abundance than 29064 and
29072 (Figure 4-4). Sections 29057 and 29066 contain much lower sulfide content. The
apparent degree of weathering (based on observed rim thickness) is noticeably less in sample
29053 (Figure 4-5). The other two samples of crushed rock fill (29064 at the proposed boat
launch area and 29072 from parking lot at the Cruising Club) show more extensive weathering.
The rock-crevice sample (29057) and playground sand (29066) also shows significant weathering
of sulfides though the sulfides are in low abundance and in the case of 29057 generally < 40 pm

in diameter.

In short, the overall sulfide content by visual estimation qualitatively correlates to relative As
content in the SSE sulfide fraction for As-rich samples 29053, 29064 and 29072. When the
degree of oxidation is considered, SSE results (i.e. total As content, sulfide fraction (Step 6) and
Fe oxide fractions (Group 2)) can be visually reconciled to observations of the principal As-
bearing phases (Fe oxyhydroxides and sulfides) observed in these sections (Figure 4-3, 4-4 and 4-

5).
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Another characteristic difference between the less weathered sample (29053) and more weathered
samples (29064 and 29072) is the presence of more fine (1 to 10 um diameter) Fe
oxide/oxyhydroxide grains in the latter. Based on optical observation and EPMA analysis
(Section 4.5.5 below) these small oxide grains appear to be fine weathered sulfides similar to the
rims of the larger oxidized sulfide grains. If they contain similar As concentrations to other Fe
oxide weathering product and they are present in sufficient abundance these will add to the As

extracted in the Fe oxide fraction (Step 4 and possibly Step 5).

Inspection of a polished section of the organic-rich rock crevice sample (29057) revealed small
weathered sulfide grains, unweathered sulfides and a few small grains resembling fine roaster Fe
oxides (Figure 4-6). Cellular structured reflective coatings may point to the presence of
precipitates on organic material, but it is not known if these are As-bearing. Other As-bearing

phases may exist but were not observed due to the fine grain size and dark, obscuring organic

Figure 4-6.  Possible Roaster Fe Oxide From Rock Crevice Sample (TS29057)
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component. The observation of possible roaster Fe oxides is intriguing and suggests the potential

presence of a relatively recalcitrant As phase in some soils proximal to the Giant roaster.

4.6.5 EPMA Results

EPMA of targeted Fe oxyhydroxides within the three selected thin sections (29053, 29066 and
29072) has confirmed As concentrations from trace to almost 30 % As;Os (w/w). The highest As

concentrations (20.1 to 29.3 % As,Os) are found in rims adjacent to arsenopyrite (Table 4-2).

Arsenic concentrations in oxidized rims of pyrite and pyrrhotite are lower and range from <0.5 to
10.9% As;Os). Considering that pyrite contains much less As than the surrounding Fe
oxyhydroxide rims and pyrrhotite may contain no As at all, the Fe oxyhydroxides must be

scavenging As from the surrounding environment as previously reported by Alpers et al. (1994).

Due to the apparent layered and radial nature of the weathering rims on pyrite and arsenopyrite,
profiling of the As concentration across several of the rims in section 29066 was attempted.
Totals decrease near grain edges, which may indicate a partly heterogeneous analytical volume
and lower quality results. However, while both Fe and As decrease toward the edge on the As-
rich oxyhydroxide rim on arsenopyrite (29066 AXS5, Table 4-2), similar decreases in Fe and totals
for two rims on pyrite are accompanied by doubling of the As concentrations (29066 AX1 and
29066 AX3, Table 4-2). This suggests that not only is the source of As external to the pyrite and
pyrrhotite grains, but that there is a concentration gradient within the layered oxyhydroxide rims
on pyrite. The source of the As in these rims is presently unknown since aerially dispersed As
inputs over time have not been reconciled with the age of weathered sulfides in the playground
sand, and with the timing and loading of As derived from weathering within the crushed rock fill

itself. Regardless of the reason for increased As on outer rims, its presence has implications from
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a bioavailability perspective, since it places higher As concentrations at the most accessible
portion of the grains. The concentrations are still likely to be lower than those observed on
weathered arsenopyrite grains. Similar processes may be at work within the pyrrhotite grains,

however a comparable profiling has not been attempted for them.

In addition to As, a number of other elements have been detected in these oxidized rims. Calcium
and Si are detected in all rims analysed at several wt. %, while S and Al are detected in most
analyses at variable, but generally low concentrations (< 1 wt.%). Fe oxyhydroxides on
pyrrhotite are the exception for S where concentrations of 3.5 to 10.3 % SO; (w/w) have been
determined. Some of the pyrrhotite grains show fine relic pyrrhotite disseminated through the
oxidized rim so it is possible that the elevated S is a result of very fine remmant sulfide not
discerned in the backscatter electron image at the time of analysis. The relatively consistent totals
with other iron-oxyhydroxide analyses however, suggest this may indicate significant sulfate in
the oxyhydroxide weathering products of pyrrhotite unique to weathered pyrrhotite. Phosphorus
is present at low to undetected concentrations in analyses from 29066 and 29072, but at much
higher concentrations (up to 7.9 % w/w P,0s) in sample 29053. The source of P at 29053 is not

known at this time, but further discussion and potential implications of P are provided below.

Probing of two small (10 pm diameter or so) Fe oxyhydroxide grains has confirmed similar
chemical makeup to the larger oxyhydroxide rims on the sulfide grains. Of the two analyses, one
had an elevated As concentration (5.3 % As,Os), while the second had less As (0.9 % As,0s).

The two analyses of these small grains most resemble analyses of Fe oxyhydroxide rims on

pyrite.
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A single Pb-Sb (minor Fe) mineral was also identified and confirmed by qualitative EPMA. The
mineral shows a weathering rim similar to sulfides and like pyrrhotite incorporates As in the rim
(Figure 4-7a,b). However, this weathering rim contains Pb, S, Sb, As¥ (Figure 4-7b,c) and Fe

presumably in an oxidized form.

4.6.6 uXANES and yXRD

Micro-XANES was successful at confirming the presence of only As’ on several pyrite and
pyrrhotite weathering rims (eg. Figure 4-8a,b). Rims on arsenopyrite were not thick enough to
avoid self-absorption and overlap with the As™ peak. Micro-XRD was successful at determining
the presence of goethite as the Fe oxyhydroxide weathering product on pyrrhotite (Figure 4-8c).
Attempts at identification of weathering rims on pyrite and arsenopyrite by pXRD were

unsuccessful. Clay peaks interfered in all attempts.

4.7 DISCUSSION

4.7.1 Arsenic and chemistry of sulfide weathering

Arsenic may have been coprecipitated with Fe(Ill) oxyhydroxides in the final stage of sulfide
oxidation (As content derived from localized As concentrations at time of Fe oxyhydroxide
formation) or it may be adsorbed from solution at a later time. It is likely that both mechanisms
play a role in the Giant crushed rock fill. It has been shown in numerous studies that the
coordination with Fe is primarily as a tightly bound bidentate binuclear inner sphere complex
regardless of whether it is coprecipitated or adsorbed (Waychunas et al. 1993, Paktunc et al.
2004). However, some monodentate coordination may be favoured at higher surface coverage.
The arsenopyrite appears to be the As source for the weathering rims on those grains. Even
though weathering of the arsenopyrite occurs via the same basic oxidation mechanism as the

other sulfides, As availability is much greater for reaction with the freshly-forming oxide rim
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Figure4-7  Weathered Pb-Sb mineral.

Photographs of Pb-Sb mineral and other sulfides in crushed rock fill (TS29053). a)
reflected light photo showing bright grey Pb-Sb sulfosalt with low reflectivity
weathering rim. Rim appears to be As-bearing, but sulfosalt is not. Numbered
points are locations of qualitative EPMA. Pb, Sb, S and minor Fe were identified at
spot254. Pb, Sb, S, As and Fe were identified at spots 255 and 256. b) Transmitted
and reflected light photo of the same region as a). Numbered spots are locations of
pXANES analyses. c) uXANES of spot 507_15 in b). As edge position matches
As’. Linear combination fits with standard spectra show no improvement by
including reduced species (As" and As™).
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Figure 4-8 pXANES and pXRD of Fe oxyhydroxide on pyrrhotite in crushed rock fill.

a) Photograph of weathered pyrrhotite grain from crushed rock fill TS29072r. XANES
spectrum of grain in a) showing no evidence of reduced As, only AsV. This is consistent
with As adsorbed or coprecipitated with iron oxyhydroxide weathering product and
confirms that there is no As associated with the pyrrhotite as expected. ¢) XRD pattern of
grainin a) showing weak diffraction pattern of goethite (Gt) and lepidocrocite (Lep). Values
indicated are d-spacings in angstroms. The very weak Gt ring at 2.58 A is observed
in the original data, but is too weak to be viewed in the Figure. Gt is very fine to nano-
crystalline, while lepidocrocite shows preferred orientation and may be coarser crystallites.
Given the preferred orientation and limited number of peaks definitive identification of Lep
is not possible. The relatively bright point reflections at approximately 3.3 A may be
discrete Lep crystallites or more likely small quartz or muscovite crystallites.
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leading to coprecipitation and fairly low Fe/As molar ratios (2 to 3). The rims on pyrite and

pyrrhotite have Fe/As molar ratios >9.

Thus, on the Fe,O; vs. As,Os plot (Figure 4-9), Fe oxyhydroxides and the Ca-As rich Fe-rims

from the Giant townsite samples plot in two distinct regions. Those associated with pyrite and

pyrrhotite plot below the Fe/As molar ratio of 9. Those associated with arsenopyrite plot midway

between Fe/As molar ratios of 4 and 1.5. The analyses seem to follow a trend from goethite and

ferrihydrite toward the Fe and Fe-Ca arsenates. This is consistent with data of Paktunc ef al.

2004 and Corriveau (2006) that show a similar trend.

60

50 4

40 4

1 cabalzarite
sewardite 15 CaFe2(As04)2(H20,0H)2

CaFe2(As04)2(H20,0H)2

kolfanite
Ca2Fe302(As04)3 - 2H20

arseniosiderite
Ca2Fe3({As04)302.3H20

g
] L
8 30 4 g /
b5 yukonite a 4
< Q. Ca2Fe3(As04)3(OH)4.4H206 ‘ n - T
] 5
20 - ™
ferrihydrite 9 -
10 goethite
. AA A
0 : * a? A‘ A‘ A
0 10 20 30 40 50 60 70 80 90
Fe203 wt%
[lrim on arsencpyrite Arim on pyrite ®rim on pyrrhotite A small iron oxyhydroxide grains [
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Fe/As ratios. (After Paktunc et al. 2004)
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On the CaO vs. Fe,O; plot (Figure 4-10), the analyses again are distributed in two distinct
regions. Oxidized rims on arsenopyrite are once again distinct (based on the high As,Os) from
those of pyrite and pyrrhotite. The Fe-Ca rims on arsenopyrite would appear to be trending
toward yukonite or perhaps an iron-rich end member of a rare mineral, cabalzarite. It should be
noted that there is no trend toward cabalzarite in the preceding plot of Fe,O; vs. As,O5 (Figure 4-
9). The trend toward yukonite is similar to that of Corriveau (2006). However, the data of

Paktunc (2004) suggests a trend toward the more Ca, Fe and As rich arseniosiderite.

For the high Fe/As phases (pyrite and pyrrhotite associated) this data appears similar to Corriveau
(2006), but different from Paktunc (2004). All Ca/As molar ratios are above (.67 whereas in

Paktunc’s case they were all approaching but not exceeding 0.67. This could suggest greater

p L J— v —
3 sewardite
/ CaFe2(As04)2(H20,0H)2 \

» s 0] \Y
arseniosiderite / Ca-Fe 1
Ca2Fe3({As04)302.3H20 1

/

20

arsenates -

-
[4,]

Ca0 wit%

-
[=]

/

kolfanite
Ca2Fe3+302(As04)3 - 2H20

A n n / cabalzarite
£ S L CaFe2({As04)2(H20,0H)2
y yukonite
eg. CazFe3(AsO4)3(OH)4.4H206
0 . ; ; ‘ .
0 10 20 30 40 50 60

As205 wit%

rl“r{m on arsenopyrite Arim on pyrite #rim on pyrrhotite A small iron oxyhydroxide grains [

Figure 4-10  Plot of CaO vs. As,Os for EPMA data. Diagonal lines are molar Ca/As
ratios. (After Paktunc et al. 2004)
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sorption or precipitation of Ca in our system, (Kasama & Murakami 2001). It might be expected
that the Giant Townsite crushed rock fill and the Nova Scotia tailings studied by Corriveau
(2006) would show more similarity than the Ketza River site of Paktunc (2004) which is an
orebody that has weathered in-situ. However, site specific conditions are probably unique at all

three sites.

According to Krause & Ettel (1989), Ca-Fe arsenates and Fe arsenate precipitates with Fe/As
molar ratios less than 4 are more soluble than their higher Fe-As molar ratio counterparts. This
would suggest that the Ca-As rich rims on arsenopyrite are less stable than the Fe oxyhydroxides
that have Fe/As molar ratios greater than 9. However, the significant amount of calcium in the Fe

oxyhydroxides may or may not be a factor in the stability of As in these phases.

4.7.2 Mineralogical Interpretation of Sequential Selective Extraction Results

The results discussed above show the presence of three distinct As-bearing phases that are readily
interpreted in the context of the SSE results. The three phases are: 1) oxidized sulfides, 2) free

grains of arsenopyrite and pyrite and 3) silicate-locked arsenopyrite and pyrite.

We expect the oxidized sulfides are intimately associated with the As liberated by the two Fe
oxide extraction procedures (amorphous and crystalline). However, the significance of the
amorphous vs. crystalline fractions remains poorly understood in the context of the mineral form
of the two or more Fe oxide replacement phases present. We expect that the free grains of pyrite

and arsenopyrite are interpreted to be directly associated with the sulfide extraction procedure.

The best evidence to confirm the effectiveness of the SSE for the selectivity of As in the Fe oxide
and sulfide extractions is observed in the specific weathering characteristics of two of the thin

sections scrutinized closely, namely 29053 and 29064. Sample 29053, which exhibits the least
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amount of weathering observed petrographically (proportion of sulfide to Fe oxyhydroxide is
greatest), also has very little Fe oxide bound As and mostly sulfide bound As in the SSE results
(7% in oxides vs. 87% in sulfides). In contrast, sample 29064, which contains visual evidence of
more extensive weathering (increased ratio of Fe oxyhydroxide(s) to sulfides), has a much greater
proportion of Fe oxide bound As than sulfide bound As in the SSE results (60% in oxides vs.

30% in sulfides).

In the case of the silicate-locked arsenopyrite and pyrite phases, only some, if any, of the As
would be available to the aqua-regia (sulfide) extraction procedure. This suggests that the
remainder of the sulfide As would show up in the tri-acid leach when the silicates are actually
broken down. Therefore, the As concentration in the tri-acid leach should give some indication
of the amount of sulfide-bound As unavailable to weathering due to the presence of resistant
silicates. Since there is a possibility of As loss due to volatilization in the tri-acid leach these
concentrations should be interpreted as minimums. However, we note that the total As
concentrations as determined by NAA agree very well with the SSE totals suggesting little loss in

the tri-acid leach (see Section 4.6.1).

The reason for the variation in the extent of weathering may be a physical one where the ages of
the materials have varied. Regrading would add fresh material in some areas, but not others.
Alternatively, the reason could be chemical where moisture contents in certain areas are more

favourable for weathering than in other dryer or very wet regions.
One potentially important aspect of the mineralogy and SSE data that has yet to be adequately
explained is the source of exchangeable and carbonate-extractable As. Even though the sum of

these two extractable amounts constitute only a small percentage of the total As extracted
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(maximum of 290 ppm out of 3280 ppm for sample 29064), these fractions are potentially the
most important from an environmental impact and human health point of view. It is possible that
these fractions are related to small quantities of an as yet unidentified soluble phase or phases
containing As. Alternatively, these fractions may be related to weak sorption processes, which

may or may not involve the complex Fe oxyhydroxides and Ca-Fe arsenate-like phases.

4.7.2.1 Phosphorus relationship to Fe oxyhydroxides based on the SSE analyses

Phosphorus has been identified at elevated concentrations in all Fe oxyhydroxide weathering rims
for sample 29053. The SSE data (Appendix F) was evaluated to determine how wide-spread P
may be and what relationship(s) may exist with the Fe oxyhydroxide weathering rims. Only
sample 29053 contains detectable phosphorus (40 ppm) in the exchangeable fraction (Step 1) of
the SSE (Table 4-3). The other eight samples of crushed rock fill report < Sppm. Only samples
29053 and 29071 contain P in the carbonate extraction (Step 2) at elevated concentrations (180
and 195 ppm respectively compared to 50 ppm or less for the remaining samples). Both of these
samples contain total P at over twice the concentration of the other crushed rock fill samples.
This may suggest that sample 29053 and possibly 29071 are unique with respect to phosphorus
for the larger set of samples analyzed by SSE. However, inspection of the P/As ratios in the SSE

analyses for the Fe oxide extractable fractions shows a similar, but more systematic pattern.

Sample 29053 contains the highest P/As at 3.9 and 2.4 in the amorphous Fe and crystalline Fe
extractions (Steps 4 & 5) respectively (Table 4-3). The next highest P/As ratios are observed for
29058 (2.5 and 1.5 for Steps 4 & 5 respectively), 29056 (1.8 and 1.4 respectively) and 29071 (1.2
and 0.6 respectively). All of these samples are from shallow roadway fill material in the
Townsite and they all show the same trend with greater P/As in the amorphous Fe oxide fraction

than the crystalline Fe oxide fraction. This suggests a unique association of P with the Fe
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oxyhydroxides in shallow crushed rock fill in the roadways. The P/As ratios for the only two
samples of crushed rock fill from the Great Slave Cruising Club are comparable to the lowest
observed for the Townsite roadway in the amorphous Fe oxide fraction (P/As = 1). However, the
ratio in crystalline Fe oxide fractions is the same as the amorphous fraction (P/As =1) rather than
being lower as observed in the Townsite roadway fills. The P/As ratios for the three lake-fill
samples (29063, 29064 and 29065) is much lower at < 0.4 in both the amorphous and crystalline
Fe oxide fractions. This is largely due to the greater As content in these fractions for these
samples, but they also tend to contain relatively low P compared to the roadway fill materials. A
representative number of grains have not been analysed by EPMA to properly compare P/As

ratios observed at the grain scale with the operationally defined leaches.

The presence and behavior of P in the sample suite seems to show predictability even based on
the relatively small sample suite. The source of the P and the reason for the apparent relationship
to the Fe oxyhydroxides is not understood at this time. However, the presence of P has other
potentially important implications with respect to As mobility since phosphate may compete with

arsenate for sorption sites.

4.8 CONCLUSIONS

The following are the principal conclusions of the Townsite investigations. Conclusions are
provided first for the effectiveness of key methods employed in this study and second for

interpretations of the stability, mobility and potential bioavailability of As at the Townsite.
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4.8.1 Effectiveness of Methods

e The SSE method appears to be quite selective for As and responds predictably to the As-
bearing weathered sulfides present in the samples. However, the presence of dolomite and
possibly Fe-dolomite produces interference with key major elements of interest (especially

Ca and Fe) in the Fe oxide fractions.

Understanding of the behavior of the Ca associated with the As-bearing Fe oxyhydroxides in
the SSE is prevented by the dolomite interference in the Fe oxide extractions. Similarly, the
unambiguous interpretation of the As response in association with Ca and Fe in the
adsorbed/exchangeable and carbonate fractions (Steps 1 & 2) is hindered by the multiplicity
of phases and reactions (e.g. cation exchange with clay minerals in Step 1 and dissolution of
carbonates in Step 2). In this latter case, the SSE is doing what it is designed to do and the

limitation is due to the low abundance, but complex phases of interest in our samples.

¢ Micro-XRD was applied with mixed success for these samples. The results obtained for the
weathered pyrrhotite shows the effectiveness of the technique and its ability to resolve
diffraction from weakly diffracting samples. Results for pyrite and arsenopyrite rims suggest
improvements in sample preparation may be required to minimize coagulation of clay
minerals around grains during thin section preparation. Careful target selection where the
phase of interest can be maximized with the analytical volume (i.e. selection of rims greater
than 20 um in diameter or so (which are not always present in these sample) may also be a
requirement. Synchrotron pXRD shows great promise with its small spot size and ability to

combine uXRF and pXANES results.
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4.8.2 Arsenic Availability at the Townsite

Arsenic is present at elevated concentrations (1000s of ppm) in the crushed rock fill. The
largest source of As in the fills appears to be arsenopyrite which is a minor mineral
component. The concentrations of As increase significantly in the sieved (< 180 pum)

fractions.

Weathering has replaced sulfide with As-bearing Fe oxyhydroxide forming rims (on pyrite
and arsenopyrite) and layers (within pyrrhotite) on these grains. The As content is greatest on
arsenopyrite grains (up to 28% As,0s), but high concentrations are also reported on grains
formed from non-As-bearing sulfides (up to 11% As,Os on pyrrhotite). There is also some

evidence that the As content increases in the outer-most layers of weathering rims on pyrite.

Observation of sulfide weathering is consistent with sulfide oxidation in a neutral pH,
oxygenated environment. In such environments the oxidation is often assumed to be abiotic,
but microbially mediated processes may also exist. In these conditions, moisture content of
the soil is important in determining reactions rates with most rapid oxidation occurring at
intermediate saturations. The process is essentially oxygen-limited in the presence of
significant soil moisture, leading to decreased reaction rates under saturated conditions. At

very low water contents the process is water limited and reactions are slowed.

The unsaturated conditions, the resulting wetting and drying, and annual freeze-up of the
material may also be important in the aging and speciation of the As associated with the Fe
oxyhydroxides since drying (and freezing) will lead to increased ionic strength in the soil

pore water. This needs further consideration and investigation.
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The weathering arsenopyrite and historic deposition of soluble As from roaster emissions
leads to two inferred sources of arsenic in crushed rock fill pore waters. Therefore the

interaction of arsenic with actively weathering sulfides is complex.

The goethite detected on weathered pyrrhotite is finely crystalline with a high surface area

given the weak Debye-Scherrer rings from the monochromatic synchrotron XRD source.

The As in the Fe oxides is probably tightly bound as inner-sphere complexes (a common
form of arsenate binding in Fe oxides). However, the presence of associated calcium may
suggest the presence of more soluble Ca-Fe arsenate like coordination (especially in the rims

on arsenopyrite).

The identification of a possible roaster Fe oxide in the rock crevice sample is important since
it may prove to be confirmation of an As source significantly different than the more soluble

As trioxide that is known to have been dispersed in the region by operation of the roaster.
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Chapter 5 — Discussion

This chapter brings together the overall study findings, summarizing some broad views and
important observations regarding As in the Yellowknife environment, discussing the application
of combined synchrotron pXANES and pXRD in the study of solid-phase As speciation, and
exploring common links between the tailings and soil/crushed rock fill studies (Chapters 2, 3 and

4).

5.1 ARSENIC SOURCES AND BEHAVIOUR IN THE YELLOWKNIFE ENVIRONMENT

5.1.1 Arsenic management at the Giant and Con mines

Both the Giant and Con mines are presently involved in extensive programs working toward
closure and reclamation for alternative uses. Based on the knowledge gained on comparing and
contrasting the Giant and Con operations as part of the background to this work, it is clear that
both operations have some similarities, but also distinct differences in terms of the way As was
handled and deposited in the environment. Both mines probably have roaster-derived (oxidized)
As emplaced in potentially reducing environments at the base of their tailings ponds, the
implication being that reductive dissolution of the Fe oxides may release As whose down-flow
mobility will be determined by the site-specific hydrogeological and hydrogeochemical
conditions. Both mines also have arsenopyrite present in oxidizing environments that, given the
right conditions, will weather with the potential to release a portion of the As to groundwater,
There is a challenge at both sites then to manage the co-disposal of wastes where neither can be

placed in an ideal disposal environment. Both mines also implemented effluent water treatment
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systems later on in mine life, requiring the management of As-bearing ferric oxyhydroxide
sludge. Prior to implementing effluent treatment, excess tailings water carried soluble and fine
particulate As to down flow regions (Baker Creek to Back Bay at Giant and Meg, Keg, Peg Lake
and Yellowknife Bay as well as Kam Lake at Con).  Both sites also have large quantities of
surface soils containing elevated As concentrations that will require disposal, or risk-

characterization and management.

The preceding issues provide the basis for much similarity. In contrast, when it comes to the As
trioxide produced at both mines the resulting fate of the As is completely different. The
operations at Giant ﬁave essentially resulted in the containment of a large portion of the of As in
relatively soluble form underground, that has proved problematic to manage. At Con, more of the
As may be in the original arsenopyrite form due to the greater quantity of free-milling ore which
still contains some arsenopyrite. Con was also able to ship a significant portion of the As trioxide
off-site in the 1980s through their refining operation. However, the need to treat the remaining
As trioxide in the storage ponds toward the end of mining has placed a large portion of the As in
processed form (autoclave tailings from processing As trioxide sludge with ore and stockpiled
calcine) in near surface tailings storage. The complex mineralogy of these solids, their unique
character and the conditions in which they have been deposited will determine the stability of this
material and the associated future management costs. Arsenic-bearing autoclave processed
wastes are relatively common; however, those that included reaction of a supplemental Fe source
(in the form of the roaster calcine) and As trioxide are rare and their long-term stability is

unknown.

5.1.2 Arsenic in Yellowknife soils

After more than 60 years since the initial studies of the influence of As in the environment around

Yellowknife, there remains only a limited understanding of the distribution and fate of As as it
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relates to natural background processes (glacial scouring of the mineralized shear-zones) and the
overprinting, and cycling of anthropogenic As especially as it relates to soils. The recent research
completed by Andrade (2006) and continuing with the work of Fawcett et al. (2006) directed
toward Sb, indicate that progress has been made in understanding the anthropogenic influences of
As and Sb in the sediments downstream of the Giant mine. However, the source (anthropogenic
or natural), distribution and form of As in soils remains poorly understood. In this context, the
soils referred to are not derived from mine waste rock or tailings, but are influenced only by
atmospheric deposition of As, naturally occurring As or both. These materials were not the
principal focus of this thesis, but some potentially significant observations have been made in this

work that may aid in future investigations of aerially influenced soil materials in the region.

The following observations concern As in the Yellowknife area soils. These views are based on
the background information reviewed in Chapter 1 and the studies completed as part of this

thesis.

e It appears that the main aerially dispersed As source in the region was emplaced over a
relatively short time span (Con 8 months in 1942 and then 1946 to 1949, possibly Negus

between 1947 and 1952 but little is known, and Giant 1949 to 1958 and most before 1951).

o The large expanses of exposed bedrock in the region (estimated to be 1/3 of the area by
Hocking et al. 1978) may lead to a concentration of aerial dispersed As in soils down-slope
from these outcrops. Runoff of precipitation probably carried much of the aerial As fall-out

to adjacent low lying regions in dissolved or particulate form.
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The As deposition monitoring and snow surveys of the 1970s clearly indicate continuing
input of As to the environment at that time (from the Giant roaster), but they only give a

partial idea of the magnitude of the residual As inputs from two decades carlier.

Giant is the largest overall source of As deposition. The inputs pre- and post 1951 may be
different in extent due to construction of the larger roaster stack and the implementation of

partially effective gas treatment system in 1951.

Before 1951 at Giant the dust may also have been different in form with a significant portion
of emitted particulate similar to the Hot ESP dust phase collected after 1958 (sample M3M in
this study). The Hearth roaster of the day (1948 to 1951) may not have generated as much
dust as the later fluosolids roasters, and roasting probably extended to higher temperatures
than later roasters. Therefore, the character of the dust could be subtly different than the ESP

dust produced at Giant some 50 years later (M3M).

The importance of this observation is that there may exist a complex As source (host) in the
environment that is very different than the soluble As trioxide particulate that is known to
have been dispersed into the surrounding area. Some fine particles present in the rock crevice
sample from the Giant mine Townsite studied here, may be derived from the roaster and may

represent such an As host.

The early inputs by Con and Negus (if any) would probably have been similar to the early
Giant inputs, but the quantity of refractory ores treated and resulting As emissions appears to

have been smaller.
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e Most of the soil sampling conducted in the Yellowknife area to date has been criteria focused,
meaning that the analytical results were compared to some specified value (eg. CCME
guideline, an estimate of background concentration or a human health risk derived criteria).
Even the SSE and GFE approaches employed in this and related studies are essentially the
same although they strive to assess the environmentally most important fraction of the As
present. What is systematically lacking (for a complex system such as Yellowknife that has
multiple solid-phase sources and routes of entry) is the development of working models of

the behaviour and fate of anthropogenic and natural As in undisturbed soil strata.

¢ The concentration of As at 700 ppm and the 50% bioavailability as determined by a simulated
GFE method (Reimer et al. 2003) for the sieved rock-crevice sample highlights the

importance of reconsidering As in Yellowknife soils from the above perspective.

It is the view of the author that form of the As, where it resides in the environment and its
eventual fate under prevailing or changing geochemical or biogeochemical conditions is
fundamental to understanding the human health and ecological risk from As exposure. Continued
studies on determining bioavailability from the various routes of exposure are beneficial, but
these and more ecologically focused studies would benefit from a better understanding of the soil

As cycle in the Yellowknife region as it relates to the natural and anthropogenic As sources.

5.2 THE GRAIN SCALE ANALYTICAL APPROACH WITH £ XANES AND uXRD

A combination of optical microscopy, EPMA and synchrotron pXANES and uXRD has been
applied to polished petrographic thin sections. The the form of As and mineral associations at the

grain scale (silt sizes) have been elucidated using both powders and intact specimens mounted in

€pOXYy.
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5.2.1 Thin Section Preparation - Intact and Powder Mount Thin Sections

Intact specimens offer some distinct advantages for analysis if small quantities of secondary
minerals are expected or if analysis of discrete strata is useful. Analysis of fine matrix, fragile
grain coatings or pore-fillings may be just as useful as discrete grain analyses. Essentially the
intact preparation minimizes dispersal of fine material or fragile phases through the section (see
also Section 5.2.2) and keeps discrete strata together. Intact sections offer the potential to analyse
size fractionated or mineral concentrated strata without external sample manipulation. Intact
sections also allow the mounting and polishing of the sections in preferred orientations which can
be used to advantage with pXRD. Intact thin sections will also preserve the spatial chemical
distribution within the section which can be recorded by the pXRF mapping capability of hard X-

ray synchrotron microprobes.

Powder material mounts will often be the preferred or necessary preparation technique.
Examples of secondary sample preparation that may dictate this type of sample preparation
include: sieving to specific grain-size fractions, analysis of homogenized split samples for

comparison with other analytical techniques and analysis of magnetic separate fractions.

5.2.2 uXANES and puXRD

The pXANES and pXRD work in this thesis has been completed concurrently with continual
improvements at NSLS Beamline X26A. It is not useful to list all of specific improvements, but
in brief, XANES energy stability and spectral quality was improved significantly allowing for
less frequent standard analyses (more target grain analyses) and quieter spectra at the same data
collection rates. Overall, a significant improvement in productivity was observed. However, the

single greatest advancement for this project was the implementation of transmission mode pXRD
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with the CCD detector. Rapid collection of X-ray diffraction patterns (minutes) on <10 um spot
sizes is a powerful tool. Due to the speed of data collection, there is a strong link between
petrographic characterization and pXRD. Many potential targets can be analyzed based on prior
optical microscopy allowing a more selective approach for the more time intensive analyses

UXANES, pEXAFS and pXRF.

For finely crystalline to nanocrystalline materials, the use of the monochromatic X-ray beam is
ideal since it immediately provides qualitative data on the scale of crystallites under the beam and
relegates diffraction from macroscopic crystals (usually gangue minerals of lesser interest in our
case) to individual points or none at all. However, in cases where no diffraction is observed, only
petrographic evidence is available to resolve the ambiguity between amorphous material and

macro-crystalline phases not meeting the Bragg condition for diffraction.

The pXRD technique as applied here is extremely well suited to the strongly diffracting roaster
Fe oxides. Work with the generally larger weathered sulfide grains from the crushed rock fill
from the Giant mine Townsite was more problematic. Good diffraction patterns were obtained
for goethite on a few well-weathered pyrrhotite grains, but the diffraction was much weaker than
that of the maghemite and hematite from the roaster. This weaker diffraction and the frequent
presence of clay mineral reflections often led to poor results. This was especially true for
weathered arsenopyrite and pyrite grains where it seems a combination of factors led to
inconclusive results for all attempts. It appears that the relatively thin rims and beam orientation
to the grains was limiting in being able to get sufficient weathered material under the beam and
ensure a good chance of diffraction. The ubiquitous presence of clay mineral reflections and, in
some cases, petrographic observation of fine clay matrix around the boundaries of the target

pyrite and arsenopyrite grains seems to suggest that clay mineral interferences may originate
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during thin section preparation. It seems probable that during mixing of the sample with the
epoxy there is a tendency for fine clay particles to end up fixed to the surfaces of other grains
(either from general contact in the dry state, interaction during sieving or by agglomeration
during mixing in the epoxy). If this is true then intact thin sections would not be as likely to show
this effect. However, many samples will not be amenable to intact thin section preparation

(Section 5.2.1).

Arsenic oxidation state is heterogeneous in both the crushed rock fill and tailings being present as
As” and As" in the former and As™, As™ and As” in the latter. For tailings containing roaster Fe
oxides the bulk results would have been ambiguous and may have erroneously been interpreted as
two separate hosts for As™ and As' In the case of the crushed rock fill a combination of
petrography and bulk XANES would probably have been sufficient to arrive at the same
conclusion about the presence or absence of As™. Of course bulk XANES doesn’t offer the
option of pXRD and the potential sensitivity for detection of other oxidation states is much
improved for uXANES over bulk XANES which will respond to the most concentrated form(s)
of As. In fact, bulk XANES may often complement micro-methods, since it can quantify or
semiquantify the relative amounts of multiple oxidation states. Beamlines operating at
macroscopic spot sizes are best suited for this type of analysis. Unfortunately, this means
analysis at multiple beamlines and XANES of this sort may not be viewed as the best use of
beamtime. A compromise is to broaden the micro-beam, but this is not ideal. Critical time is lost
in changeover and there is probably a practical limitation on the spot area that can readily be
achieved (say 400um x 400um for X26A). In most cases at this scale averaging multiple analyses

may still be required to ensure representative results.
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5.3 SOLID-PHASE ARSENIC SPECIATION IN GIANT MILL PRODUCTS, TAILINGS AND

WASTE ROCK

The grain scale analysis of solid-phase As in the mill products, tailings and mine waste rock
conducted as part of this thesis are a start in developing a comprehensive understanding of the
complex distribution and behaviour of As in the environment. In this thesis, it has been shown
that sulfide weathering through oxidation is occurring in unsaturated tailings and waste rock in
carbonate-rich environments. Two fundamental results of this work are the identification of As-
bearing roaster derived Fe oxides that need additional study to determine their limits of As
stability in anoxic environments and the observation of sulfide weathering in unsaturated
materials (both tailings and waste rock). The sulfide weathering products have been particularly
elusive in characterization attempts by uXRD. In some cases these phases may be amorphous,
however, the rimming nature of the phases and their fine grain size often leads to significant

interference from surrounding fine grained material (clay minerals).

The South pond and deeper portions of the North-west pond tailings were not accessible for
sampling as part of this project. However, both represent unique regions within the Giant tailings
impounds. The South pond, due to its age, will contain little if any backfill separated tailings.
This means it will contain a greater proportion of flotation tailings probably characterized with a
lower As content, but greater permeability due to the larger sand component. The deeper portions
of the Northwest pond will contain layers of reprocessed tailings from the North pond. The
layering is expected since the reprocessing plant did not operate during the winter months. If the
reprocessed tailings included organic material from the base of North pond then geochemistry of

these layers may be significantly different and more reducing than the rest of the tailings.
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Chapter 6 — Summary and Conclusions

The principal conclusions of this thesis and recommendations for further work are provided

below.

6.1 SOLID PHASE ARSENIC AND MINE WASTE

The Giant Mine case highlights the importance of understanding ore processing history and
products when studying solid-phase speciation for the purpose of risk assessment and
remediation.

Examination of mill products proved critical for this study in order to (1) recognize the
difference between the products of processing and the products of weathering and (2)
understand that a volumetrically small component of discharged waste (ESP dust) is a

significant source of available As.

6.2 SOLID PHASE ARSENIC IN THE YELLOWKNIFE ENVIRONMENT

A complex mix of As sources are responsible for elevated As in soils in the Yellowknife area.
The sources have included (1) aerially dispersed As as soluble As trioxide particulate and a
complex lower solubility particulate component probably similar to the ESP dust, and (2)
weathered arsenopyrite and arsenical pyrite (and lesser As-bearing sulfosalts) derived by
glacial scouring of As enriched bedrock including mineralized shear zones in the region.
Windblown tailings and waste-rock used for fill and road construction are additional
localized As sources.

Down stream sediments at both mines have probably been impacted with both dissolved As
and fine-grained particulate (silt and clay). The specifics of the milling process at each mine

may be important in determining the nature of the particulate As. In the case of Giant fine
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grained calcine and ESP dust residue may be a particularly important component of As

bearing fines.

6.3 THE GRAIN SCALE ANALYTICAL APPROACH APPLYING 4XANES AND £XRD

e Micro-XRD combined with multi-element pXRF and pXANES/EXAFS is a powerful and |
flexible analytical tool especially for redox sensitive elements. For As, combining bulk
methods such as XANES/XRD/total element analysis with pXANES, pXRF, pXRD, SEM,
EPMA and other micro-analytical tools provides detailed solid-phase speciation of complex
soils and sediments.

e Specifically, uXRD can aid in targeting for uXANES (and potentially quantitative uXRF as
that technique matures) by identifying target spots on the basis of XRD patterns.

o Intact thin sections provide superior information because spatial mineral relationships are
preserved and fine matrix material in thin strata can be analysed.

o Synchrotron-based monochromatic pXRD operated in transmission mode (as at NSLS X26A)
in conjunction with prior petrographic characterization allows for rapid identification
(minutes per spot) of finely crystalline minerals. It also provides qualitative information on
crystallite size,

o Interference from clay minerals in pXRD is a common complicating factor arising from
heterogeneity at depth within the thin section. This complication increases with decreasing
target grain-size (or rim thickness) and appears to be more of a problem with powder

mounted specimens than intact specimens.

6.4 SOLID PHASE ARSENIC SPECIATION AT THE GIANT MINE

e Ore processing at the Giant mine has produced multiple As-bearing hosts within the solid

tailings produced. The arsenopyrite largely coming from flotation tailings and calcine residue
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tailings will be unstable under oxidizing and especially unsaturated conditions. The mixed
oxidation state As in roaster-derived Fe oxides will be unstable under reducing conditions.
Therefore, ideal long-term storage conditions for both of these As hosts cannot be achieved,
rather a strategy to maintain sub-oxic conditions would seem to be most appropriate.
As-bearing roaster-derived Fe oxides are expected to comprise the largest portion of the As
mass within the tailings. The roaster Fe oxide As hosts are nanocrystalline composite grains
of maghemite and sometimes hematite.

Roaster-derived hematite generally contains less As than roaster-derived maghemite. This
may be due to increasing crystallite size (less surface area) or a greater affinity of As for
maghemite.

The mixed oxidation state of As in the roaster-derived wastes appears to be established by
reactions occurring at the time of roasting and this mixed oxidation state persists in the
environment. In unweathered calcines, it can be seen that roaster-derived Fe oxide grains
with relic sulfide cores contain the highest As"/As" ratios.

The ESP dust constitutes a relatively small portion of the Giant tailings, but may be the
largest source of more soluble As solid phases. It is often present as thin laminae in tailings
due to differential settling, intermittent discharges or both. The ESP dust may represent a
source of more soluble As phases in the tailings than its otherwise small amount (1 % of total
tailings) suggests.

Sulfides deposited in unsaturated conditions (subaerial Yellowknife Bay tailings and
Townsite waste-rock) have weathered leaving a replacement rim of As-bearing Fe
oxyhydroxide or in the case of arsenopyrite a Ca-Fe arsenate and Fe oxyhydroxide
coprecipitate.  Arsenic-bearing Fe oxyhydroxide on pyrrhotite in waste-rock has been

determined by pXRD to be finely to nanocrystalline goethite.
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6.5 RECOMMENDATIONS FOR FURTHER WORK

The outcome of this research has also identified a number of key areas where additional work is

recommended to further the understanding of As-speciation and behaviour in the environment.

e Magnetic separation of selected tailings samples is recommended to increase the number of
particles available for analysis in weathered tailings. Through analysis of these magnetic

I content Fe ox-sulfide

separates attempt to establish the effect of weathering on the high As
grains in impounds, subaerial and subaqueous tailings. Consider quantitative micro-probe
analysis of a large number of roaster Fe oxide grains from subaerial, reworked subaqueous
and distal subaqueous tailings to determine whether the As content is more elevated or
depleted in any of the environments. Bulk XANES analysis can also be conducted on these
samples to see if there is a systematic shift in the ratio of As™ to As’ in response to
deposition in the different geochemical environments.

e Carry out uEXAFS on concentric and micro-porous roaster-derived maghemite, with and
without the presence of hematite, and with low and high As content in an attempt to elucidate

the local structure of As™

and As" in these complex materials.

¢ Conduct followup pore-water sampling and geochemical modeling of subaerial tailings at
Yellowknife Bay to compare with the sampling conducted in 1999 prior to closure of the
Giant roaster.

o Conduct pPEXAFS on Townsite Fe oxyhydroxides and Ca-Fe arsenate coprecipitates to test
similarities and differences to the work of Paktunc et al. (2004).

o Evaluate the feasibility of conducting pore water sampling and geochemical modeling of the

weathering waste-rock fill at the Giant mine townsite to provide additional data on the

mobility of As and the stability of the solid As-bearing phases present.
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Combined hydrogeological and hydrogeochemical investigation of targeted regions within
the tailings impounds are recommended to provide data on concentrations of dissolved As in
the tailings impounds. This is‘ particularly important for the base of impounds in contact with
buried lake sediment and peaty organic materials. These regions may represent a significant
source of dissolved As due to potential destabilization of As-bearing roaster Fe oxides and to
a lesser extent the large pulse of As released by stack emissions in the first decade of milling
at Giant,

Conduct a targeted soil sampling program with the aim of identifying the fate, form and
importance of aerially dispersed As in local undisturbed soils.

Carry out a similar process focused evaluation and sampling program at the Con mine to aid
in understanding the long-term stability of As in tailings at that site and contrast this with

Giant.
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Appendix A — Yellowknife Bay Tailings
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Direct Tailings Discharge to Yellowknife Bay

Mining and milling operations commenced at the Giant mine in May 1948. At that time mill
tailings were directed to a small inlet on Yellowknife Bay (Figure 1-2). A 1950 aerial photograph
(A12855-284) obtained from the National Airphoto Library (NAPL) seems to shows active
development of a “tailings beach” at this inlet. A high suspended sediment load is apparent in the
photo extending some 1.5 km to the north west along the Yellowknife Bay shoreline. Eddy
currents containing sediment (i.e. tailings) can also be observed rotating eastward and southward
out into Yellowknife Bay. Sometime around 1951 (EBA, 2001), tailings discharge was directed
to a low lying region occupied by a small lake (Bow Lake) some 800 m to the north. A 1964
aerial photograph shows a drier looking tailings beach at the Yellowknife Bay inlet with an
erosional scarp now formed along the new shoreline. Suspended sediment is again observed in
Yellowknife Bay adjacent to the tailings beach extending northward some 400m where it seems
to end fairly abruptly at an eddy current. Later air photos show the continued erosion of the bank
at the former tailings beach area. Any variation in erosion over time probably correlates to

fluctuating lake levels.

In the mid to late 1980s Giant Yellowknife mines undertook a tailings retreatment program (TRP)
to reclaim gold from historic tailings. A number of initiatives to characterize historic tailings
were undertaken at that time. Although very little of this information apparently survived, a few
reports and memos have surfaced that are pertinent to the historic tailings at the site. A memo
(Halverson, 1984) documenting results of a tailings drilling program summarizes historic
tonnages of tailings produced at Giant in each fiscal year up to that time. The memo indicates
that the flotation portion of the tailings produced between 1948 and 1951 (ie. to the end of fiscal

year 1950) are probably the Yellowknife Bay tailings. The tailings tonnages reported in this
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memo for the fiscal years 1948 to 1950 are presented and highlighted in Table A-1. All tonnages

are assumed to be dry short tons.

An additional internal Giant Yellowknife Mines memo (Bartlett, 1989) identifies 235,000 tons as
the “very approximate tonnage” available at Yellowknife Bay for the TRP (presumably referring
to the Yellowknife Bay tailings). This number may be based on availability for hydraulic mining

as opposed to actual quantities discharged.

Table A-1 - Recorded Tonnages of Early Mine Tailings Produced at Giant Mine

Estimated Tonnaget to Tailings (Goodfellow, 1987)
Year Flotation Tailings Calcine Residuet Tons to Tailings
1948/49 77,115 4,224 81,339
1949/50 114,185 11,146 125,331
1950/51 134,155 13,246 147,401
Total 1948 to 1951 325,455 28,626 354,071

1 All tonnages assumed to be dry short tons.

T Similar tabulation from 1984 (Halverson, 1984) indicates “beach on Y.K.Bay” may be floatation portion of
tailings up to 1950/51.

* Memo notes that calcine residue was used to fill “B shatft. (Pit)” for the years 52/53 through 54/55).

Though not considered in detail here, the fact that tailings were presumably disposed of in both
summer and winter environments may have lead to different dispersal characteristics depending
on whether the tailings froze during deposition or not. In addition, on-going erosion of the
tailings beach material has likely led to the mixing of tailings materials from different original
depositional environments (eg. weathered sulfides from the beach tailings areas could be
redeposited with submerged anoxic tailings containing unweathered sulfides). This is further
complicated by the fact that relatively large volumes of tailings were emplaced in a relatively

short period of time. This may have resulted in the base of the submerged tailings containing
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relatively undisturbed deposits that were protected from erosional activity by their own bulk or by

other later deposits.

The following is a summary of information extracted from Grogan (1953), Tait (1961), and

Foster (1963) that highlight the potential influences on tailings character of early tailings at the

mine with a specific emphasis on the Tailings deposited at Yellowknife Bay.

Ore mined until 1958 contained significant free milling gold that may suggest a different ore
character at that time compared to recent ore,

milling and stockpiling of the flotation concentrate commenced in May 1948,

roasting of flotation concentrate began in January 1949 and utilized an Edwards (hearth type)
roaster which was supplemented in mid-1952 (and later completely replaced) by two stage
fluosolids roasting,

tonnages processed were gradually increased from 225 tons per day in 1948 to 425 tons per
day by 1950 and 700 tons per day by 1952,

indirect references suggest stockpiling of calcine residue was routinely carried out but may
have been limited to the summer months only,

primary grinding was fine, resulting in flotation tailings 70 to 80 % finer than 200 mesh
(<0.075 mm),

calcine was reground before cyanidation resulting in material >90% finer than 325 mesh (<
0.045 mm),

until October 1951 there was no dust collection or off-gas treatment,

after October 1951, dust and gas was collected by a cold Cottrell (electrostatic precipitator

operating at ambient temperature) and pneumatically disposed of to underground vaults (thus
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no Cottrell dust would have been discharged to the tailings ponds until hot Cottrell
electrostatic precipitation was on-line),

e hot Cottrell trials began in 1955, but were not successfully operated until late 1958 or 1959
(routine discharge of Cottrell dust with the tailings did not start until late 1958 and then
continued until closure of the mine in 1999),

e cyclone separation of the coarse (sand) fraction of the calcine residue and flotation tailings
for use as mine backfill began in 1957 (decrease in tailings discharge tonnage by about 45%
and resulting in discharge of finer tailings “slimes” with much of the sand removed.

(Halverson & Raponi 1987)

Potential Distribution and Reworking of Tailings Fines in Yellowknife Bay

In addition to direct tailings discharge to Yellowknife Bay between 1948 and 1951, tailings
decant water was discharged further to the south in Yellowknife Bay (ie. Back Bay via. Baker
Creek) beginning sometime in the 1950s. The exact date would have been when the natural
containment capacity of the Bow Lake basin was exceeded. Historically, tailings decant (and
subsequently treated water) has been directed eastward from the Bow Lake tailings management
area into Baker Creek which flows generally southward and enters Back Bay some 1.5 km south
west of the Yellowknife Bay tailings beach. It is also important to note that tailings decant water
was redirected for a short period of time (mid-1960s) to the north east of North Pond, entering
Yellowknife Bay just below the Yellowknife River (approximately 2.2 km north of the
Yellowknife Bay tailings beach) (Grainge, 1963 and Giant Yellowknife Mines, 1981). Therefore,
for many years prior to 1981 and (especially before 1970), tailings decant water is likely to have
carried fine suspended tailings to Back Bay via the routes described above. Pulses of heavier
loads (eg. during spring runoff and other upset conditions such as spills) are also likely to have

occurred.
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The tailings decant process has the potential to mobilize fine tailings as suspended sediment into
the receiving waters. This was apparently a problem in early years of mine operations (Berube et
al., 1974) and attempts were made to address this by dam building to provide additional
sedimentation time and to maximize tailings storage capacity for the winter months (Berube et al.
1974). From an early date, the original tailings containment area was partitioned into a series of
settling basins (approximately present day North Pond and the area of the Settling and Polishing

Ponds) (Figure 1-2) to maximize settling time for the fine tailings materials.

The tailings decant practice has continued throughout the life of the mine, although over the years
additional effluent treatment methods were gradually put in place to reduce As discharge to Back
Bay. The measures ranged from i) early on (date unknown at present) gravity settling as
described above, ii) from before 1965 to 1981 liming of high As tailings streams (eg. calcine
residue and Cottrell tailings) before discharge to the tailings impoundment (Cross 1987, Berube et
al. 1974), and iii) in 1981 commissioning of a tailings pond effluent treatment system (Halverson
and Raponi, 1987). The mill is now shut down, however, effluent treatment presently continues
in order to treat excess water in the tailings impounds due to continuing mine sewage discharge,

mine dewatering and surface runoff.

The amount and grain size of fine tailings dispersed from tailings decant operations to Back Bay
in this manner would depend on the operational characteristics of the decanting process at a given
time and downstream flow patterns in the discharge route. It is expected such tailings would be
fine (e.g. silt) and tend to disperse throughout the Yellowknife Bay area. Therefore in the vicinity
of the Yellowknife Bay tailings overprinting and mixing of these fine tailings (if present) is

volumetrically expected to be very small relative to the direct discharge material.
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Also, while the Cottrell tailings (cyanided electrostatic precipitator dust) is not a component of
the original Yellowknife Bay tailings, after 1958 it was collected as part of the off-gas treatment
and discharged with the main tailings stream. This material is very fine grained (fine silt, >90%
less than 14 um according to Foster, 1963) and probably constituted only 1% w/w or so of the
total tailings stream (up to 2% during operation of the sand plant which redirected almost half of
the other tailings streams to mine backfill). However, of the three main solids discharge streams
(Cottrell tailings, calcine residue and flotation tailings) the Cottrell tailings carried the highest
concentrations of total As (Table 1-4) resulting in significant potential As loadings from the
relatively small volumes discharged. The fine grained nature of this material and similarity to

fine calcine may make it difficult to identify conclusively in historic tailings deposits.

If tailings water decant methods led to dispersal of fine grained material to Yellowknife Bay, this
fine material would tend to be concentrated around the exit from Baker Creek into Back Bay and
to a lesser extent near the Narrows at the north end of Yellowknife Bay. Depending on prevailing
currents in Back Bay and Yellowknife Bay, some of this material could also have been deposited
in the vicinity of the direct discharged Yellowknife Bay tailings. The 1964 airphoto (NAPL
A18310-29) shows an apparent sediment plume extending from the Baker Creek outlet north-

eastward almost as far as the Yellowknife Bay tailings.

181



Appendix B — Tailings Sample Locations
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Figure B-1.  Sample locations. Upper left image is Giant mine site. The other three
airphoto images are magnified areas showing sample sites.
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Appendix C — List of Thin Sections and Analyses
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Table C-1 Thin Section List with Type of Analysis
Section ID' Tg‘i’eZXRD Analyses®
M1M(si) X X Petr., EPMA, xXANES
= M2M(r) X | X | Petr., EPMA(q), uXANES, pXRD
= M4M X Petr., EPMA, uXANES
CM1a X Petr., uYXANES
CNW1a S2 X | X | Petr., EPMA(q), pXANES, pXRD
CN2b S1 X
o) CN2b S2 X
£ CN2b S3 X | Petr, uXANES, uXRD
Al CN4b S1b X Petr, uXANES
CN4b S2 X Petr., uUXANES
CHC1b S1(si) | X | X Petr., WXANES
CB1bS3(r) X | X | Petr.,, EPMA, uXANES
CB1bS4 X Petr., uXANES
= P1Stn1 X Petr., uXANES
° P2Stn1 X Petr.
= P3Stn1 X Petr.
E P4Stn1 X Petr.
2 P5Stn2 X Petr.
L P6Stn2 X Petr.
P7Stn5(r) X | X [ Petr., uXANES, uXRD
P8Stn5(r) X | X | Petr., uXANES, uXRD
29053 X Petr. EPMA(q), pXANES
oy 29057 " Petr.
8 S 29064(r)t X| X | Petr
© 5 29066 X Petr., EPMA(q), tXANES
29072(n)t X | X | Petr., EPMA(q), nXANES,
' Identifying name of thin section. “si” — denotes silica glass “r’ denotes removable
section for uXRD.
2 Std.=standard glass thin section, Si=silica glass (As-free), XRD=removable thin section
for uXRD.

% Petr. — petrography, EPMA(q) — quantitative, all other EMPA is qualitative.

* Polished section — organic rich — polished thin-section not possible for this material.

1 Note: Two removable sections made from a single off-cut (“b” designates second or “bottom”
section).
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