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ABSTRACT 
 

The Cobalt-Coleman silver (Ag) mining camp has a long history of mining dating back to 1903. Silver 

mineralization is hosted within carbonate veins and occurs in association with Fe-Co-Ni arsenide and 

sulpharsenide mineral species. The complex mineralogy presented challenges to early mineral processing 

methods with varying success of Ag recovery and a significant amount of arsenic (As) in waste material 

which was disposed in the numerous tailings deposits scattered throughout the mining camp, and in many 

instances disposed of uncontained. The oxidation and dissolution of As-bearing mineral phases in these 

tailings and legacy waste sites releases As into the local aquatic environment. Determining the distribution 

of primary and secondary As mineral species in different legacy mine waste materials provides an 

understanding of the stability of As. Few studies have included detailed advanced mineralogical 

characterization of As mineral species from legacy mine waste in the Cobalt area.  

 

As part of this study, a total of 28 samples were collected from tailings, processed material near mill sites 

and soils from the legacy Nipissing and Cart Lake mining sites. The samples were analyzed for bulk 

chemistry to delineate material with strongly elevated As returned from all sample sites. This sampling 

returned highly elevated As with up to 6.01% As from samples near mill sites, 1.71% As from tailings and 

0.10% As from soils. From the samples with elevated As, eight samples representative of the different 

sampling sites and material were selected for detailed mineralogical characterization using scanning 

electron microscopy (SEM) in conjunction with automated mineralogy using mineral liberation analysis 

(MLA). Common primary As-bearing minerals identified include sulpharsenides and arsenides such as 

cobaltite, arsenopyrite, gersdorffite, safflorite and skutterudite; with common secondary As-bearing 

minerals forming post-processing including erythrite-annabergite, Fe-Ca arsenates and Fe-oxides with As. 

This characterization study highlighted the localized variability of mineralogical speciation and variations in 

the abundance of these species from the different sampling sites. The majority of the samples were 

dominated by secondary As minerals forming from the dissolution and oxidation of primary As-bearing 

mineral species and occurring as rims on grain particles, grain cementation and replacement of primary 

minerals. A single sample from fine-grained water saturated tailings is distinctly dominated by primary As-

bearing minerals which highlights the localized redox conditions controlling oxidation. The results of this 

work, as well as previous characterization studies improves the understanding of the mineralogical 
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characteristics and distribution of As-bearing legacy mine waste material with As which is critical to 

understand the stability of As and improve remediation planning and design.  
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1. CHAPTER 1: STUDY INTRODUCTION 

1.1 Introduction 

The Cobalt-Coleman silver (Ag) mining camp has a long mining history which dates back to the discovery 

of outcropping veins hosting Ag mineralization near the current town of Cobalt, Ontario in 1903. The mining 

camp was quickly established with peak production of 31 Moz Ag in 1911 (Petruk et al., 1971). Mining 

activity in Cobalt was continuous into the 1930s, with a second mining boom in the early 1950s with 

intermittent mining up to 1989 with the closure of the last active mines (Anderson, 1993). An estimated 600 

Moz (17 M kg) of Ag, 45 M lbs (20.4 M kg) of cobalt (Co), 16 M lbs (7.3 M kg) of nickel (Ni) and 5 M lbs (2.3 

M kg) of copper (Cu) have been produced in the greater Gowganda-Cobalt silver belt up to 1971 (Petruk 

et al., 1971).  

The mining rush and short time interval between discovery and production from the many small scale mining 

operations throughout the camp has left many residual legacy sites including mill sites, waste rock piles 

and tailings deposits from different periods of mining scattered throughout the camp. The result of the quick 

turnaround from discovery to mining of small scale operations had resulted in the disposal of mining waste 

material near processing mill sites including lakes, drainages and depressions, which in many cases was 

disposed of uncontained. Further complicating the environmental impact associated with the disposal of 

mine waste material is the abundance arsenic (As), which occurs in association with Ag mineralization as 

Ni-Co-Fe-As bearing mineral phases including arsenides, sulpharsenides and arsenates. Arsenic is the 

primary element of environmental concern associated with the legacy mine sites and waste material 

(Dumaresq, 1993; MOE, 2011). The annual As loading in to Lake Timiskaming via the local watershed from 

As sourced from legacy mine waste  has been estimated to be 18,000 kg of As per ear (with a range 

between 9,000 to 28,000 kg of As per year) as reported in 1993 (Dumaresq, 1993). More recently, a 

compilation of historical data from the Water Survey of Canada (WSC) and the Ministry of Environment 

(MOE) has estimated As loading in to Lake Timiskaming from Farr Creek to be 9,700 kg As per year for 

the period of 1976-1996 (Story et al., 2016). 

The potential release of As from legacy mine waste and tailings material is dependent on the stability of the 

As-bearing mineral phases within the near surface environment. A detailed understanding of the As 
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mineralogy provides insight into the stability of As sourced from legacy mining waste material (Walker et 

al., 2009; Jamieson, 2011). 

Previous studies focused on As environmental geochemistry in the Cobalt-Coleman camp have included 

geochemical and mineralogical studies of tailings, stream sediments, wetlands and groundwater 

(Dumaresq, 1993; Kwong et al., 2000; Percival et al., 2004; Beauchemin and Kwong, 2006; Kwong et al., 

2007; Kelly et al., 2007). Of the studies focused on tailings material, mineralogical characterization is limited 

to major rock forming minerals (Dumaresq, 1993), or is focused on material which is dispersed as stream 

sediments (Kwong et al., 2007). Two studies which used mineralogical characterization using scanning 

electron microscopy (SEM) or X-ray diffraction (XRD) were limited to few samples from the Nipissing Low 

Grade tailings (Stoddart, 1996; Percival et al., 2004). More recently, Agnico Eagle Mines Ltd. has completed 

characterization studies of both waste rock and tailings (SRK, 2014a; SRK, 2014b; SRK, 2016). 

Considering the long and evolved history of mining and processing within the camp, the geochemical and 

mineralogical characteristics of the mining waste material varies, requiring extensive sampling to 

adequately characterize mineralogy from the range of mine legacy waste material.  

Using the mineralogical identification technique of scanning electron microscopy (SEM) coupled with 

automated mineralogy using mineral liberation analysis (MLA) provides an advanced method to rapidly 

characterize the major and trace As-bearing mineral species of these legacy mine sites. Detailed 

mineralogical characterization from legacy mine sites in the Cobalt-Coleman camp provides a more robust 

data set to understand the formation and stability of secondary minerals which control As mobility, which is 

ultimately relevant to direct applications in improving remediation strategies and design. 

1.2 Study Area Location 

The study area is located immediately to the south of the town of Cobalt, Ontario (population 1,133) which 

is located on highway 11B, approximately 130 km north of North Bay, Ontario (Fig. 1). The tailings and soil 

sampling completed in this project is focused on the legacy mining sites to the south of the town of Cobalt 

including the Nipissing High Grade tailings, Nipissing Low Grade tailings, the Nipissing High and Low grade 

mills, the Cart Lake tailings and Nipissing Hill (Fig. 2). The study area is located within the Heritage Silver 

Trail, a designated National Historic Site which aims to preserve Cobalt’s mining history (Natural Resources 

Canada and Ontario Geological Survey, 2015).  
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Figure 1: Location of Cobalt 

1.3 Scope and Objectives 

The geographic scope is limited to the legacy Nipissing tailings and mill sites as well as the Cart Lake 

tailings located to the south of the town of Cobalt. The main objectives of this research are: 

a) To geochemically characterize different mine legacy material including tailings, soils from mill sites 

and soils within the study area and to identify materials with elevated As 
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b) To characterize and quantify the dominant arsenic mineral species and distribution of primary and 

secondary As phases from samples with strongly elevated As within tailings, mill sites and soil in 

the study area using SEM in combination with automated mineralogy 

c) Investigate the potential local controls of the dominant As minerals and formation of secondary As 

minerals, and rationalize geochemical and mineralogical variations based on controls such as 

mineral processing history, grain size and surface conditions 

 

Figure 2: Outline of study area and location of sample sites  
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1.4 Background – Geology, Mineralization, Processing History and Previous 

Environmental Studies 

 Geology 

1.4.1.1 Regional Geology and Structure 

The mineralized Ag-Co-Ni veins of the Cobalt-Coleman camp are spatially associated with both mafic sills 

of the Proterozoic Nipissing diabase and with the unconformity between Proterozoic clastic sediments of 

the Huronian supergroup which overlie Archean metavolcanic units (Andrews et al., 1986). The oldest rocks 

within the Cobalt-Coleman camp are steeply dipping intermediate to mafic metavolcanic flows of the 

Archean age Superior province. These volcanics are interbedded with thin horizons of chert, tuff and 

greywacke beds up to 15 m thick which contain sulphide mineralization as pyrite, pyrrhotite, chalcopyrite, 

sphalerite and galena (Jambor, 1971). The metavolcanics of the Superior province are unconformably 

overlain by Huronian-age siliciclastic sedimentary sequences of the Cobalt embayment, a large 60,000 km2 

irregular basin (Potter and Taylor, 2009). Within the Cobalt-Coleman camp, the Cobalt embayment is 

represented by the sedimentary Cobalt group which is further subdivided in to the Gowganda and Lorrain 

Formations (Jambor, 1971). The Gowganda Formation is composed of fine-grained sediments including 

greywacke and argillite of the Firstbrook member, and siliciclastic sediments of predominantly 

conglomerate with lesser argillite, quartzite and arkosic rocks belonging to the Coleman member (Jambor, 

1971). Arkosic sandstone and quartzites of the Lorrain Formation underlie the Gowganda Formation. The 

Archaean and Proterozoic rocks in the Cobalt area were subsequently intruded by the Nipissing diabase, 

a mafic tholeiitic intrusion dated between 2.15 -2.22 Ga (Van Schmus, 1965; Fairbairn et al., 1969; Corfu 

and Andrews, 1986) which is emplaced as an undulating sill like body (Jambor, 1971). The mineralized Ag-

Co-Ni veins in the Cobalt area are coeval and associated with the emplacement of the Nipissing diabase 

(Jambor, 1971; Petruk, 1971b).  

The distribution of the mineralized veins at Cobalt is structurally controlled by localized and regional fault 

systems (Ruzicka and Thorpe, 1996). Three dominant fault systems occur in the Cobalt area at southeast, 

northeast and east-southeast orientations. The southeast structures are characterized by regional faults up 

to 160 km in length (Wilson, 1986) which are interpreted to have formed during regional rifting associated 

with the Timiskaming rift valley system (Lovell and Cain, 1970). The northeast structures occur locally within 
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the Cobalt area as reverse faults. The east-southeast faults also occur locally and are oriented as near 

vertical normal faults which hosts mineralized veins (Wilson, 1986). 

 

Figure 3: Regional geology of the Cobalt-Coleman camp (Modified from Ayers et al., 2006) 
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1.4.1.2 Deposit Classification and Genesis 

The style of mineralization within the Cobalt-Coleman camp is classified as five-element (Ag-Bi-Co-Ni-As) 

vein deposits (Halls and Stumpfl, 1972; Kissin, 1992; Ruzick and Thorpe, 1996) where Ag is typically the 

primary commodity of interest from this ore deposit type. The genesis of the mineralized veins and the role 

of the Nipissing diabase in mineralization are debated. Theories on the origin of the hydrothermal 

mineralizing fluids include metal-rich fluids originating from the crystallization of the Nipissing diabase, fluids 

sourced from the country rocks and convectively recirculated during the cooling of the Nipissing diabase 

and, lastly, hydrothermal fluids sourced from an unidentified source (Andrews et al., 1986). Cross cutting 

Figure 4: Geologic Legend (From Ayers et al., 2006) 
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relationships and U-Pb age dating methods have been used to confirm the temporal relationship between 

the Nipissing diabase and mineralized veins. Andrews et al. (1986) observed mineralized veins cross-

cutting the diabase and have measured U-Pb ages from primary badelleyite in the diabase at 2217.5 +/- 

1.6 Ma and from secondary rutile within the mineralized vein at of 2217 +/- 6 Ma. With this temporal 

relationship, the emplacement of the diabase is likely contributing fluid, heat or both to drive mineralization 

(Marshall and Watkinson, 2000).     

1.4.1.3 Mineralized Vein Distribution  

The Ag-Co-Ni mineralization is hosted within silica-carbonate veins which occur in all local lithologies 

including the Archaean volcanics, Proterozoic sediments and the Nipissing diabase (Petruk, 1971b). The 

distribution of the mineralized veins shows spatial geologic controls occurring within 30-215 m of sills of the 

Nipissing diabase (Knight, 1922; Andrews et al., 1986), and within 30-60 m of the contact of Archean 

metavolcanics which is unconformably overlain by Proterozoic siliciclastic sediments (Knight, 1922). The 

occurrence of the mineralized veins is also structurally controlled occurring within at the intersection of 

structures and within joints and fracture sets associated with faults (Fig. 9) (Ruzicka and Thorpe, 1996), 

which form thin, near vertical discontinuous veins which range in thickness from a few millimetres and up 

to 1.2 m, but are typically 5 cm thick (Petruk, 1971a; Jambor, 1971). The mineralized veins occur in localized 

ore shoots with a typical high grade ore shoot having a length of 60 m and depth of approximately 30 m 

(Jambor, 1971). Mineralized veins are characterized as vertical “ore veins” and “flat veins”, where “flat 

veins” cross-cut ore veins and are typically only weakly mineralized at the intersection of ore veins, whereas 

ore veins are the dominant vein type hosting Ag mineralization (Andrews et al., 1986). The veins pinch and 

swell forming discontinuous bodies which range from a few centimetres to over 1 km in length, and occur 

as single veins or anastomosing vein networks (Petruk, 1971a). 
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Figure 5: The distribution of mineralized veins in the Cobalt area highlighting the structural 

control of vein orientation and distribution (From Ruzicka and Thorpe, 1996) 

 

1.4.1.4 Mineralogy and Alteration 

The primary ore minerals occurring within the mineralized veins include Fe-Co-Ni arsenides and 

sulpharsenides species including safflorite, cobaltite, nickeline, loellingite, rammelsbergite, gersdorffite, 

arsenopyrite and skutterudite as well as sulphides such chalcopyrite and minor pyrite (Petruk, 1971b). A 

complete list of common ore forming minerals is summarized in Table 1. The mineralized veins are zoned 

vertically and classified in to five distinct metallogenic assemblages classified as Ni-As, Ni-Co-As, Co-As, 

Co-Fe-As and Co-As with the highest Ag grades associated with the Ni-Co-As and Co-As assemblages 

(Petruk 1971b). Silver mineralization occurs primarily as native Ag as complex intergrowths and cores within 

arsenide rosettes, veinlets in arsenides and carbonates and in association with sulphides as veinlets and 

envelopes around sulphide grains (Petruk, 1971b). The majority of Ag mineralization is associated with 

arsenide species. Within the cores of the arsenide rosettes, antimonides including allargentum and 

dyscrasite occur in association with native Ag (Petruk 1971b; Petruk 1971c). Silver mineralization is also 



 

10 

 

hosted in other complex Ag bearing sulphide minerals including acanthite, stephanite and pyrargyrite which 

occur in association with native Ag mineralization (Petruk, 1971b). The native Ag in the Cobalt-Coleman 

camp is relatively impure, containing 85-96% Ag, with the dominant impurity being antimony with lesser 

arsenic and mercury (Petruk, 1971b).  

Table 1: Common ore forming minerals (list modified from Dumaresq, 1993 and Petruk, 1971b) 

  Mineral Composition 

Sulpharsenides Cobaltite CoAsS 

  Gersdorffite NiAsS 

  Arsenopyrite FeAsS 

Arsenides Nickeline NiAs 

  Safflorite (Co,Fe,Ni)As2 

  Loellingite FeAs2 

  Rammelsbergite NiAs2 

  Skutterudite (Co,Ni,Fe)As3-x 

  Langisite (Co,Ni)As 

Sulphides Chalcopyrite CuFeS2 

  Galena PbS 

  Sphalerite ZnS 

  Pyrite FeS2 

  Bornite Cu5FeS4 

Stibnides/Sulphstibnides Breithauptite NiSb 

  Ullmanite NiSbS 

  Tetrahedrite (Cu,Fe)12Sb4S13 

Ag mineral phases Native metals Ag, Au, Bi, As 

  Allargentum Ag(1-X)SbX 

  Dyscrasite Ag3Sb 

  Acanthite Ag2S 

  Proustite Ag2AsS3 

  Staphanite Ag5SbS4 

  Pyrargyrite Ag3SbS3 

Arsenates Erythrite Co3(AsO4)2
.8H2O 

 Annabergite Ni3(AsO4)2
.8H2O 

 Scorodite 2Fe(AsO)4
.2H2O 

 

The primary gangue mineralogy is dominated by carbonate minerals including dolomite and carbonate 

which precipitated during a late hydrothermal event associated with later structural dilation (Andrews et al., 

1986). The carbonate alteration overprints early silica alteration associated with an earlier structural dilation 

event which precipitated quartz, chlorite, actinolite and K-feldspar (Andrews et al., 1986; Potter and Taylor, 

2009). The alteration associated with both hydrothermal alteration events is largely constricted to the veins 

with only thin cm scale selvages in the wall rock (Petruk, 1971b; Andrews et al., 1986). The main Ag-Ni-Co 
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mineralizing event is interpreted to occur during the transition from silica to carbonate alteration (Fig. 6) 

(Andrews et al., 1986).  

 

Figure 6: Paragenesis of alteration of vein and ore mineralogy with increasing structural dilation 

(modified from Andrews et al., 1986) 

1.4.1.5 Weathering of Ore Veins and Formation of Secondary Minerals 

The weathering products of outcropping ore veins were reviewed as an analogue to the formation of 

secondary minerals in tailings and in legacy waste sites through oxidation and dissolution of primary ore 

minerals. The secondary minerals formed by the oxidation of mineralized vein material include arsenate 

species such as erythrite, annabergite and scorodite as well as Fe-Mn oxides and hydroxides including 

limonite and hydrous Mn-oxides (Boyle and Dass, 1971). Subcropping mineralized vein material below clay 

rich till cover preserves primary mineralogy, which localized shallow oxidation of a few inches in depth 

(Boyle and Dass, 1971). The dispersion and mobility of metals is dependent on the amount of interaction 

with meteoric waters, the redox and pH conditions as well as the presence of carbonate. In low pH 
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conditions, As, Co and Ni are relatively mobile and are removed by meteoric waters. The presence of 

carbonate within the vein material acts to neutralize acid formed from the disassociation of some sulphide, 

sulpharsenide and arsenide species (Boyle and Dass, 1971). The mobility of Co and Ni are reduced in the 

near neutral pH mine drainage conditions, however As remains mobile as an oxyanion. At near neutral pH 

and oxic conditions, dissolved Co and Ni react with soluble As oxyanion to produce secondary arsenate 

phases including erythrite and annabergite (Boyle and Dass, 1971). However, with prolonged oxidation, 

these arsenate secondary phases are suggested to become unstable and dissolve releasing their 

components in to groundwater. The reaction series from the oxidation of the sulpharsenide cobaltite 

(CoAsS) to form erythrite, suggested by Boyle and Dass (1971) is outlined below (Reaction 1 & 2). The 

oxidation of the sulpharsenide gersdorffite (NiAsS) in the near surface environment is suggested to follow 

a similar reaction series in the formation of annabergite (Reaction 1 & 2) (Boyle and Dass, 1971).  

Reaction 1: 4CoAsS + 13O2 + 6H2O ↔ 4CoSO4 + 4H3AsO4  

Reaction 2:  3CoSO4 + 2H3AsO4 + 8H2O ↔ Co3(AsO4)2.8H2O [erythrite] + 3H2SO4 

 

In Fe rich vein material, the dissociation of pyrite, arsenopyrite (Reaction 3) and Fe-arsenide species 

produces soluble FeSO4, which reacts with arsenic acid produced to form scorodite under low pH conditions 

(Reaction 4). Arsenate mineral phases are relatively unstable under intense weathering, where in the case 

of scorodite, the hydrous Fe-oxide limonite is produced from intense weathering in a higher pH environment 

which further destabilizes scorodite (Reaction 5). Both limonite and hydrous Mn-oxides have a high 

adsorption capacity and will readily adsorb free cations including Co2+ and Ni2+. Limonite and hydrous Mn-

oxide phases will also readily adsorb free arsenate oxyanion (AsO4)3- (Boyle and Dass, 1971). 

Reaction 3:  2FeAsS (Arsenopyrite) + 13O2 + 6H2O ↔ 4FeSO4 + 4H3AsO4 

Reaction 4: Fe2(SO4)3 + 2H3AsO4 + 4H2O ↔ 2FeAsO4
.2H2O (scorodite) + 3H2SO4 

Reaction 5: 2FeAsO4
.2H2O (scorodite) + xH2O ↔ FeO(OH).H2O (limonite) + H3AsO4 

 Mineral Processing History  

In the milling process, the characteristics of the ore are altered as it undergoes size reduction from crushing 

and grinding, constituents are selectively removed as concentrate, chemical and organic components may 

be added to selectively remove concentrate, and the concentrate may be exposed to high temperatures in 
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furnaces during refining. The result of processing is a waste material which has been significantly physically 

and chemically modified from the ore material entering the mill.  

The complex ore mineralogy of the Cobalt-Coleman camp proved to be a challenge to early mineral 

processing. The mining camp has an extensive and constantly evolving mineral processing history with 

continuous improvements aimed to optimize Ag recovery. The mining and processing history can be divided 

into two distinct eras. The majority of the mining and processing occurred in the first era which began shortly 

after discovery of mineralized veins in 1903 and carried into the 1930s. This era of mineral processing is 

marked by the progression of increasingly sophisticated processing techniques from gravity concentration, 

flotation, cyanidation and finally Hg-amalgamation (Reid et al., 1922). The second era of processing 

occurred between the 1950s and 1980s with the majority of material processed using gravity concentration 

coupled with flotation prior to further refining (Anderson, 1993).  

1.4.2.1 Early Processing History – 1904-1930s 

The early processing history is documented in detail by Reid et al. (1922) with the following summary 

synthesized from this report.  

The first operating mines opened near the town of Cobalt shortly after discovery in 1904 as small scale pick 

mining. In the early years of mining from 1904-1907, high grade ore was hand-picked and shipped to 

refineries and smelters in the United States. However, this method quickly became uneconomical with 

slimmer profit margins with increasingly deeper mines coupled with expensive shipping costs. The first 

advanced processing facility was constructed to process ore from the McKinley-Darragh mine in 1907 with 

several other mills being constructed at this time to process ores from other mines in the area. These early 

processing facilities used gravity concentration of crushed and ground ore on concentrator jigs and tables 

to separate the dense mineral species associated with Ag mineralization including native Ag, arsenides, 

sulpharsenides and sulphides. The concentrate produced from gravity concentration was shipped to 

smelters in the United States for further processing.  

Gravity concentration remained as the dominant processing technique used in the mills up to 1907 when 

flotation techniques were introduced at the Coniagas mill. The mill sites were effectively retrofitted to include 

flotation circuits following first pass gravity concentration.  Early flotation methods used a mixture of 

rudimentary floating reagents available at the time which included a mixture of 15% pine oil, 75% coal tar 
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creosote and 10% coal tar. This early flotation methods first passed the concentrate through rougher cells 

with the subsequent concentrate produced passed through cleaner cells to further increase the concentrate 

grade.  

Cyanidation of concentrate was first introduced to the Cobalt-Coleman camp at the O’Brien mill in 1908, to 

reduce shipping costs of concentrate by producing silver bullion at the mill site. Cyanidation was also 

adopted at the Nipissing Low Grade mill. The cyanidation process at the mill sites was modified with 

improvements in technology and changing ore characteristics as mining progressed. The advent of 

cyanidation processing to the Cobalt-Coleman camp also allowed the re-processing of waste and tailing 

material from previous gravity concentration methods which had appreciable amounts of Ag. 

With the inefficiency in recovering Ag from high grade ores, new facilities including the Buffalo, Nova Scotia 

and Nipissing High Grade mills were constructed which used a combined cyanidation and mercury (Hg)-

amalgamation process to recover Ag from these ores as well as concentrates. The Nipissing High Grade 

mill included further refining steps in reverberatory, retort and blast furnaces which produced Ag bullion on 

site for shipment, and had capacity to recover some by-products including Ni and Co as a base metal 

bullion. 

The scope of this study is in part focused on the legacy Nipissing sites, including the Nipissing Low Grade 

and Nipissing High Grade mills. These mills operated during the first era of mining, processing ore from the 

Nipissing mine workings immediately south of the town of Cobalt. The detailed processing methods and 

history from the Nipissing mill sites is detailed in the following sections.  

1.4.2.2 Processing Methods at the Nipissing Low Grade Mill 

The Nipissing Low Grade mill operated from 1912 to 1932 and was the first mill site within the Cobalt-

Coleman camp to use an all-cyanidation process with a preliminary hand sorting and jigging step (Reid et 

al., 1922). The hand-sorted and jig concentrate was sent to the Nipissing High Grade mill for further 

processing, with the remaining material further treated by cyanidation. The early practice at the mill site 

involved fine grinding of the gravity tailings material to a fine slime with 98% passing a less than 200 mesh 

size. The slime was added to a 0.25 % KCN solution with aluminum ingots added to promote precipitation 

of Ag-complexes which were further refined at the Nipissing High Grade mill. The early practice included a 
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desulphurization step to accommodate complex Ag mineralization hosted in association with antimonide 

and Ag-sulphide species which would otherwise have poor solubility in cyanide (Reid et al., 1922). This 

desulphurization step increased the disassociation of these complex Ag-minerals and produced an Ag 

sponge which is further amenable to treatment by cyanidation (Reid et al., 1922). The desulphurization step 

was carried out either before cyanidation or from the Ag-sulphide precipitate collected from the cyanidation 

tanks. The desulphurization reaction series involved combining aluminum ingots and NaOH with Ag-

sulphides to produce the metallic Ag sponge (Reid et al., 1922).  

Modifications to the process at the Nipissing Low Grade mill were made to improve recovery of Ag, include 

the recovery of Co as a by-product and to accommodate the rising costs of aluminium used in the 

desulphurization and precipitation process. In 1916, flotation was included in the process flowsheet to 

improve the recovery of Ag minerals not dissolving by cyanidation (Reid et al., 1922). The flotation step 

was discontinued soon after as it resulted in excessive Ag loss and required greater amounts of cyanide 

during the cyanidation process (Anderson, 1993). Later, in 1921, gravity concentration was included in the 

process flowsheet prior to the cyanidation step and preliminary hand sorting and jigging was abandoned 

(Reid et al., 1922). The Nipissing Low Grade mill remained in operation until 1932, with the closure resulting 

from depleted resources and a depressed Ag price (Anderson, 1993).  

1.4.2.3 Processing Methods at the Nipissing High Grade Mill and Refinery 

 

The processing methods from the Nipissing High Grade mill are summarized from Reid et al. (1922).  

The Nipissing High Grade mill operated from 1911 to 1918, and was constructed as a facility capable of 

processing high grade ore and concentrate with the added bonus of recovery of Ag bullion on site. The high 

grade material processed included hand-picked high grade run of mine ore material as well as jigged 

concentrate and cyanide Ag-precipitate produced at the Nipissing Low Grade mill. The Nipissing High 

Grade mill used a combined cyanidation and Hg-amalgamation process to produce Ag bullion from these 

high grade ores and concentrates. Following first pass crushing, the ore was added to a tube mill for further 

grinding with Hg added to amalgamate fine grained Ag. A 5% KCN solution was also added to the tube mill, 

with the final ore reduced to a very fine grained pulp with 99% passing 200 mesh. The Hg amalgamation 
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process was successful in recovering 97% of the Ag with a second cyanidation process carried out to further 

increase the recovery of the middling material with recoveries reported to be between 99.5-100% Ag. 

The Hg-Ag amalgam was first treated in a retort furnace to volatilize the Hg, which produced a Ag sponge 

which contained impurities including As, Co and Ni. The sponge was further refined by melting in an oil-

fired reverberatory furnace to separate the impurities as skimmings from the Ag bullion. The skimmings, 

which included Co and Ni oxides among other impurities, were raked off and further treated in a blast 

furnace to form a base bullion which contained the by-product metals. Efforts were made to improve the 

recovery of Hg as volatilized emissions, which included water-sprayed iron pipes to recover dust and fumes, 

and later a bag-house was installed to capture particulates and aerosols. The bag house included multiple 

woollen bags where the emissions from the roaster or furnace was passed through prior to release into the 

atmosphere. The particulates captured included volatilized Hg, flue dust and arsenic trioxide which is 

produced in the roasting stage. The effectiveness in removing aerosols and particulates from the roaster 

emissions is uncertain with only little material captured in comparison to the nature of the material treated. 

The bag-house practise was discontinued after only several months of use. Dumaresq (1993) had sampled 

reddish-brown processed material coated with erythrite and located in a pile near the Nipissing High Grade 

mill which analyzed over 200,000 ppm As with highly elevated Hg. It is uncertain what stage of processing 

this material is from, however due to the highly anomalous Hg and As, the material is possibly 

representative of bag house residue (Dumaresq, 1993). The material sampled by Dumaresq (1993) is no 

longer present at the Nipissing High Grade mill site and has likely been removed during remediation efforts. 

1.4.2.4 2nd Era of Processing History – 1950s-1980s 

A second phase of mining began in the 1950s following new ore discoveries, renewed interest in Co and a 

rising Ag price. The processing techniques in this era were largely similar to those used in the early part of 

the century with gravity and flotation concentration being the most used (Anderson, 1993). Concentrate 

was further refined at smaller smelting and cyanidation mills near the town of Cobalt (Anderson, 1993).  

1.4.2.5 Silver Summit Mill 

Waste material from numerous mill sites was deposited in the Cart Lake tailings between 1910 and 1983, 

with the 200 ton/day Silver Summit Mill operating over the longest period from 1965-1983, and producing 

the greatest amount of tailings deposited in Cart Lake (Anderson, 1993). The Cart Lake tailings were 
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sampled from surface material in the centre of the impoundment as the most likely material to be 

representative tailings material from the second era of mining produced from the Silver Summit mill.  

The processing methods used at the Silver Summit mill are summarized from Anderson (1993).  

At the Silver Summit mill run of mine ore was first reduced to 65% passing 200 mesh size by crushing and 

grinding prior to entering the milling circuit. The mill used a combined gravity concentration and flotation 

approach to form a Ag concentrate. The slurry passed through various jigs and concentration tables prior 

to flotation. The flotation circuit used more sophisticated reagents available in comparison to the first era of 

mining, including Zanthate 76, Aeroflot Frother and soda ash for pH control. Ultimately, the flotation circuit 

produced a 500 oz/t Ag concentrate which was shipped along with the gravity concentrate to the Cobalt 

refinery for further treatment. This concentrate hosted many of the As bearing mineral phases resulting in 

comparatively little As deposited in the tailings relative to the tailings material produced from the early era 

of mining (Anderson, 1993).  

 Tailings Deposits and Mill Sites of the Study Area  

The majority of mining and processing occurred within the early history of the mining camp in a time of lax 

environmental regulations and little understanding of the environmental impact of mine waste. Mining 

waste, including tailings, was disposed within lakes, stream channels and depressions, and in many 

instances uncontained without the use of major geotechnical barriers or covers. The characteristics of the 

tailings material is dependent on the processing methods. The tailings deposits have local variability in the 

characteristics of the material owing to preliminary subdivision into a coarser sand fraction and fine grained 

slime fraction prior to deposition as well as many of the tailings deposits also containing material from a 

variety of mill sites (Anderson, 1993). 

1.4.3.1 Nipissing Hill Tailings 

In previous reports, the Nipissing High Grade tailings and Nipissing Low Grade tailings are collectively 

referred to as the Nipissing Hill tailings (Dumaresq, 1993; Anderson, 1993). Tailings material from the 

Nipissing Low Grade mill are deposited in a 400 m x 150 m depression located immediately north of the 

Nipissing Low Grade mill (Fig. 2), which is locally up to 3.6 m thick (Dumaresq, 1993). Some tailings material 

from the Nipissing High Grade mill are also thought to have been deposited in the Nipissing Low Grade 
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tailings (Anderson, 1993). The tailings depression was constructed with at least three dams to contain the 

material, however these structures have since failed. An estimated 270,000 tonnes of the total 536,000 

tonnes of tailings material has eroded and migrated into the nearby Mill Creek as reported in 1993 

(Dumaresq, 1993).  

The Nipissing High Grade tailings are deposited in a small 100 m x 25 m depression located immediately 

to the north of the Nipissing High Grade mill (Fig. 2). A small concrete dam structure was built to contain 

the tailings material. This dam structure has since been ruptured at its base, with the majority of the tailings 

material washed into nearby Cobalt Lake (Dumaresq, 1993).  

The tailings material from both of the Nipissing High and Low Grade tailings is characteristically very fine 

grained, with lamination and stratification representative of changes in the material deposited and variations 

in processing methods. These tailings deposits are typically light grey to brown and hosts localized iron 

oxide staining within the upper 50 cm of tailings (Dumaresq, 1993). Localized erythrite blooms are also 

observed, most notably within porous horizons at the Nipissing High Grade tailings. In the 1990s, the 

Nipissing Low Grade tailings have been remediated with a thin clay cover and re-vegetated to further 

stabilize the tailings (A. Story, personal communications October 11, 2016).  

1.4.3.2 Cart Lake Tailings 

The majority of the material deposited in the Cart Lake tailings is waste material from the 2nd era of mining 

(Anderson, 1993). An estimated 1.2 Mt of tailings material was deposited in the Cart Lake tailings with an 

average grade of 0.3-0.5 oz/t Ag, 0.02% Co and little Cu and As (Anderson, 1993). The deposited tailings 

material has mostly filled Cart Lake, resulting in the majority of the tailings material exposed subaerially. 

Similarly to the Nipissing tailings deposits, the light brown to grey Cart Lake tailings forms laminations and 

well stratified horizons representative of variations of deposited tailings material. The tailings are also 

characteristically coarser grained relative to the Nipissing tailings deposits (Anderson, 1993) (Table 2). 

Since closure of the mines in the 1980s, the Cart Lake tailings have been lightly revegetated with grasses 

and shrubs. 
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Table 2: Comparison of grain size distribution between Nipissing and Cart Lake tailings 

(Anderson, 1993) 

Meshes Size Nipissing Tailings Cart Lake 

60 2.80 0.42 

80 15.96 10.93 

100 4.09 24.71 

150 9.15 33.87 

200 22.48 16.64 

<200 46.72 13.43 

 

1.4.3.3 Legacy Mill Sites 

The mining camp hosts approximately 60 legacy mill sites with different ore capacity which were in 

operation at various times in the mining history (Anderson, 1993). These mill sites were left in variable 

states of disrepair and in ruins following closures or fires. The scope of this study includes sampling from 

the Nipissing High Grade and Low Grade mill sites. Both of these sites were cleaned up after closure, with 

the Nipissing Low Grade mill burning down in 1934 (Anderson, 1993). Remnants of building foundations, 

waste rock material, slag and processed material are present at both sites. The variety of material scattered 

around the mill ruins sites is likely representative of material from different stages throughout the mineral 

processing history.  

 Previous Environmental Studies 

The first comprehensive study focused on As contamination within the mining camp included extensive 

tailings and groundwater sampling (Dumaresq, 1993). This sampling aimed to determine the As 

concentration of the various sample media in proximity to legacy mine sites and to investigate the risk of 

As exposure to the residents of the town of Cobalt (Dumaresq, 1993). The work by Dumaresq (1993) built 

on a comprehensive review of the inventory of tailings and waste material compiled by Anderson (1993), 

which included estimates of total As in the various waste deposits. Dumaresq (1993) reviewed As 

contamination in both legacy waste sites and groundwater. This study used laboratory experiments to 

estimate the total As release from different material through oxidation and dissolution of secondary minerals 
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and oxidation of primary minerals. Laboratory leaching tests were used to estimate the rate of mobilization 

of at some legacy tailings sites which determined a rate of mobilization of 236 mg As per kg of tailings from 

the Nipissing Low Grade tailings, 507 mg of As per kg of tailings from the Nipissing High Grade tailings and 

15 mg of As per kg of tailings from the Cart Lake tailings, however much of the mobilized As is likely to be 

fixed in secondary phases (Dumaresq, 1993). With consideration of both lab and field testing, Dumaresq 

(1993) estimated that the Cart Lake tailings release 365 kg of As in to Cart Lake each year, and that the 

Nipissing Low Grade tailings release 550 kg of As in to Mill Creek each year. The study by Dumaresq 

(1993) included the first advanced mineralogical characterization of tailings material using XRD. The results 

from XRD did not identify any As species, characterizing only abundant rock forming minerals including 

quartz, albite, calcite, dolomite and chlorite. 

Other studies which included mineralogical characterization were carried out within the mining camp. SEM 

analysis of surface tailings sample from the Nipissing Low Grade tailings identified primary arsenic minerals 

including cobaltite and nickeline had weathered to secondary arsenate phases including erythrite and 

annabergite (Stoddart, 1996).  

Sulphide minerals including chalcopyrite, bornite, galena, sphalerite and pyrite were identified using SEM 

on tailings material (Kwong et al., 2000). Kwong et al. (2000) also observed secondary arsenates including 

erythrite and minor annabergite within unsaturated soils, and scorodite within both saturated and 

unsaturated soils using SEM. This study by Kwong et al. (2000) also sampled pore water from the water 

saturated Nipissing High Grade tailings and the unsaturated Nipissing Low Grade tailings and determined 

As to be highest in pore water from the unsaturated tailings and proposed that if chemical weathering is the 

cause of mobilization of As, the unsaturated tailings have more intensive weathering.  

Percival et al. (2004) followed up Dumaresq’s work with extensive tailings and groundwater sampling, and 

expanded the scope to investigate the mobility and attenuation of As, Ni and Co. Using bulk chemistry, this 

study determined that As correlated with Co and Ni suggesting the main source of As was from Co and Ni 

sulpharsenides, arsenides and arsenates. Limited mineralogical investigations from the Nipissing Low 

Grade tailings were carried out on the clay fraction using XRD as well as a review of polished thin sections 

under SEM and petrographic microscopes. From this study, the Nipissing Low Grade tailings is determined 
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to be predominantly silicates including plagioclase, quartz and K-feldspar, with secondary arsenates 

including erythrite observed in some samples (Percival et al., 2004).  

Beauchemin and Kwong (2006) and Kwong et al. (2007) used advanced mineralogical methods including 

X-ray absorption near edge structure (XANES) analysis and XRD on tailings to investigate the 

transformations and mobilization of As resulting from changes in redox conditions. These studies sampled 

tailings from creek sediments within a wetland hosting migrated tailings material. The study by Kwong et 

al. (2007) determined that in the low Fe and slightly basic pH environment of the Cobalt area, Al-minerals 

act as the main sorbing site for As, with dissolved phosphate in direct competition with As for the sorbing 

sites. The redox stability of As speciation was also investigated using laboratory controlled redox changes 

of the tailings sediments. The XANES analysis of these tailings sediments confirmed changes in As 

speciation follow changes in the prevailing redox conditions, resulting from fluctuations in water saturation 

of the sediment (Kwong et al., 2007).  

High resolution SEM with energy dispersive X-ray (EDX), which is capable of identifying detailed chemical 

assemblages of mineral phases, was carried out on rammelsbergite (NiAs2) grains from the Cobalt-

Coleman camp (Kloprogge et al., 2006). This study identified secondary crystalline arsenolite (As2O3) 

observed on the surface of rammelsbergite along with secondary sphero-cobaltite (CoO3). Anthropogenic 

arsenic trioxide (As2O3) is formed during the processing of the arsenic ore during the roasting stage in 

processing (Reid et al., 1922), however this study is the first to recognize arsenolite forming as a secondary 

weathering product. The presence of arsenolite or arsenic trioxide has environmental implications as it is 

recognized to be the most bioaccessible form of As (Meunier et al., 2010; Plumlee and Morman, 2011).  

Percival et al. (1996) reviewed the aqueous As in surface waters in the Cobalt-Coleman camp and 

determined that As is primarily sourced from exposed mine waste material. Aqueous As concentrations 

decreased over time and further from the As sources, especially if the surface waters flowed through a 

wetland suggesting natural attenuation in wetlands (Percival et al., 1996). Kelly et al. (2007) further 

investigated the role of wetlands in the natural attenuation of As. In the alkaline Farr creek drainage system, 

in oxic conditions As will readily adsorb on Fe-Mn oxides and organic material, and will be attenuated as 

sulphide phases through sulphate reducing bacterial reactions in reduced conditions (Kelly et al., 2007). 

This study determined the wetlands are a net sink for many contaminants including As. A recent study by 
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Sprague et al. (2016) used principal component statistical analysis of As concentrations in migrated legacy 

tailings material in the Cobalt area to conclude that the processes involved in the physical migration of 

tailings does not leach or alter the total As concentration of the tailings material.  

Previous studies have also been completed by the Ministry of Environment of Ontario, which collectively 

aim to define and quantify the hazard risk of contaminant exposure to the environment and local residents 

(OWRC, 1967; MOE, 2011). A comprehensive sampling program of soils impacted from legacy mining and 

tailings was completed by the Ministry of Environment to quantify the extent of metal and metalloid 

contamination of different sample media. This study concluded that As was the primary element of concern 

with over 90% of the samples collected returning As over the O.Reg 153/04 soil standard, with some 

samples returning 10,000 times the limit (MOE, 2011).  

Agnico Eagle Mines Ltd., which holds mineral tenures over portions of the Cobalt-Coleman camp, is active 

in studies monitoring surface water and characterization of legacy mine waste material. Agnico Eagle Mines 

Ltd. had contracted Story Environmental Inc. (SEI) of Haileybury, Ontario to undertake surface water 

monitoring in 2013 and 2014 to further understand metal and metalloid loading in to the watershed and the 

loading sources (SEI, 2015). The monitoring work by SEI (2015) identified As and Co as common elements 

exceeding the Provincial Water Quality Objective observed throughout the sampling program, which were 

commonly sampled downstream of known legacy mining and mine waste sites (SEI, 2015).  

Agnico Eagle Mines had also contracted SRK Consulting Inc. (SRK) to complete characterization of solid 

material of both waste rock within the Cobalt-Coleman camp (SRK, 2014a) and tailings (SRK, 2014b; SRK, 

2016). These studies used geochemical characterization including acid-base accounting tests, trace 

element analysis, mineralogical analysis using SEM-QEMSCAN and shake flask extraction tests. These 

studies highlighted waste rock and tailings as possible sources of metal/metalloid loading to surface water 

from the oxidation arsenides, sulpharsenides and sulphides, and dissolution of secondary phases such as 

erythrite in neutral mine-drainage conditions (SRK, 2014a; SRK, 2014b; SRK, 2016).  
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2. CHAPTER 2: LITERATURE REVIEW - ARSENIC IN MINE WASTE  

 Arsenic Associated with Mining Waste 

Arsenic is a common metalloid associated with many types of ore deposits (Table 3) and is an element of 

environmental concern associated with these deposit types. The weathering and mining of these ore 

deposit types increases the exposure of As resulting in surficial oxidation and dissolution which promotes 

its release and mobilization into the near surface environment. Arsenic is rarely recovered as a by-product 

in mining practices and is therefore often discarded as a waste product in tailings (Craw and Bowell, 2014). 

Mining is a significant contributor to global anthropogenic sourced As with an estimated 5 thousand metric 

tons released to soils annually (Nriague and Pacyna, 1988; Majzlan et al., 2014).  

Table 3: Ore deposit type with associated As and characteristics (modified from Craw and Bowell, 

2014 to include five-element (Ag-Bi-Co-Ni-As) vein deposits) 

Deposit Type As Content Typical As Minerals Alteration scale Fe-S mineral Dominant 
other metals 

ARD 
potential 

Orogenic Au High  Arsenopyrite Minor, 0.1-10 m Pyrite Sb Low 

High sulfidation 
epithermal Au 

Moderate Luzonite, enargite, 
realgar, orpiment 

Large halo, 
100's of m 

Jarosite, pyrite Cu, Pb, Zn Moderate 

Low sulfidation 
epithermal Au 

Moderate-low Arsenopyrite Large halo, 
100's of m 

Pyrite 
abundant 

Cu, Pb, Zn, 
Hg 

High 

Carlin Au High  Arsenian pyrite, 
realgar, orpiment, 
native arsenic 

Large to minor, 
100's of m to 
>1km 

Variable pyrite Sb, Hg, Tl Low 

Witwatersrand Low to 
Moderate 

Arsenian pyrite, 
arsenopyrite 

Minor, 0.1-10 m Pyrite U, Ti, S Moderate 

Porphyry Cu Moderate-low Enargite Large halo, 
100's of m 

Pyrite 
abundant 

Cu, Pb, Zn, 
Mo 

High 

Granitoid Sn Moderate-high Arsenopyrite Large halo, 
100's of m 

Pyrite, 
pyrrhotite 

Cu, Pb, Zn, 
W 

Moderate 

Magmatic 
sulfide 

Low-moderate Arsenopyrite Minor Pyrrhotite, 
pyrite 

Cu, Ni High 

Massive sulfide Low 
 

Minor Pyrite, 
pyrrhotite 

Cu, Pb, Zn High 

Five-element      
(Ag-Bi-Ni-Co-As) 
vein 

High  Cobaltite, 
safflorite, 
gersdorffite, 
arsenopyrite, 
nickeline, 
skutterudite 

Minor Arsenopyrite, 
minor pyrite 

Co, Ni, Fe, Bi, 
Sb 

Low 

 

 Arsenic Transformation, Cycling and Mobilization in Mine Waste 

The toxicity, solubility and mobility of As is dependent on its oxidation state. Arsenic occurs over a range of 

oxidation states in the natural environment with As3+ (arsenite – H3AsO3, HAsO3
2-) and As5+ (arsenate – 

H3AsO4, H2AsO4
-, HAsO4

2-, AsO4
3-) being the most the common aqueous species. When in a soluble state 

in oxic conditions, As5+ is the dominant species, where As3+ is common in more reducing conditions (Fig. 
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7). In mine effluent waters, As3+ is the less desirable species being more mobile and toxic in comparison to 

As5+ (Yamauchi and Fowler, 1994; Craw and Bowell, 2014), therefore the oxidation of As3+ to As5+ is 

favourable as it produces a less harmful and more stable species. Arsenic also occurs in anion species 

such as As-1 which is a component in primary arsenide and sulpharsenide mineral species (Drahota and 

Filippi, 2009). The formation of secondary As minerals and adsorption of As on mineral surfaces are limit 

the mobility As in solution mine waste waters.  Arsenic is unusual in that it remains mobile in a range of pH 

and oxic conditions as an oxyanion (Magalhaes, 2002).  

 

The behaviour and release of As from mine waste material is dependent on the As minerals present which 

is a function of the ore deposit type and conditions which promote the formation of secondary As minerals. 

The release of As is also influenced by the presence of acid-generating and acid-buffering minerals; the 

porosity and grain size of the material hosting As mineral species; the amount of exposure of the material 

Figure 7: pe-pH phase diagram of dominant aqueous As species in As-H2O system at 25oC and 

1 atm (from Nordstron and Archer 2003) 
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to the near surface; presence of minerals which attenuate As include Fe-oxides/oxyhydroxides, clays and 

organics; and the physical and chemical conditions of the local environment which influence the rates of 

weathering and oxidation (Craw and Bowell, 2014).  

The pH conditions of pore water within mine waste material in the near surface is related to the balance of 

primary mineral with acid-generating potential and minerals with acid-buffering potential. With an 

abundance of primary As minerals, such as sulphides, sulpharsenides and arsenides, the potential of acid 

generation increases through the oxidation and dissolution of these phases. The production of acid through 

oxidation and dissolution of primary As minerals and lowering of pH creates a positive feedback with further 

disassociation of primary minerals in a lower pH environment. The presence of acid-buffering minerals such 

as carbonates and some silicates buffers the production of acid through neutralization. The oxidation and 

dissolution of primary As minerals, not only generates acid but also releases As in to mine and tailings pore 

waters.  

 Arsenic Transformation and Mobilization Associated with Mineral Processing 

The processing and alterations of ore material influences the behaviour of As within the mine waste product. 

Mine waste can be classified as mining and processing waste, metallurgical waste and mine drainage 

(Majzlan et al., 2014).  

Processing waste products are those that have undergone physical alteration through size reduction and 

physical separation such as gravity separation and flotation. The relationship between size reduction with 

mineral reactivity and tailings porosity is highlighted in the previous section, with typically finer grained 

material with greater surface area being more reactive. Selective removal of ore minerals to form a 

concentrate through physical separation methods such as gravity and flotation separation also alters the 

chemical constituents of waste material sent to the tailings impoundment and is therefore a critical aspect 

influencing the reactivity and potential formation of secondary As minerals.  

Metallurgic waste includes waste products of hydrometallurgy and pyrometallurgy, such as roasting and 

smelting. Cyanidation is a common form of hydrometallurgic processing of precious metal ore. In the 

cyanidation process, mineral phases which are not dissolved or new mineral phases precipitating in solution 

are released as tailings material. The cyanidation process changes the As characteristics by altering the 

oxidation state. Paktunc et al. (2004) used XANES to study the mineralogical and oxidation speciation of 
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ore and tailings material after cyanidation from the Ketza River Au mine sites with high As. This study 

concluded that the cyanidation process produced species with an As5+ oxidation state which is readily 

available for complexation as secondary arsenate minerals (Paktunc et al., 2004). 

Pyrometallurgic treatment of As bearing minerals, through smelting and roasting, volatilizes As and 

produces arsenic-trioxide which is released with flue dust (Majzlan et al., 2014). The smelter or roaster 

stacks can be retrofitted with mechanisms to capture or reduce arsenic-trioxide emissions to the 

atmosphere. Reaction 6 highlights the production of arsenic-trioxide from the roasting of arsenopyrite 

(Majzlan et al., 2014). 

Reaction 6 – 2FeAsS (arsenopyrite) + 5O2 ↔ Fe2O3 (hematite) + As2O3 (arsenic-trioxide) + 2SO2 

The pyrometallurgic treatment of As rich ores also produces solid waste material as slags and mattes with 

elevated As. Typically slag material has few primary As-minerals as sulphides and sulpharsenides. 

Nevertheless it can be enriched in As within secondary phases, with the potential release of As associated 

with weathering of this material which is influenced by the texture and porosity of the slag (Majzlan et al., 

2014).   

 Secondary As Minerals and Stability in Mine Waste  

2.1.4.1 Secondary As Mineral Phase 

The type of secondary As minerals formed in mine waste material is related to the primary phases present, 

the chemical constituents of the pore water and the local environmental conditions. The expected 

secondary As phases forming in mine waste is summarized in Figure 8, which highlights the importance of 

the primary As mineralogy present which is associated with the ore-deposit type, as well as the relative pH 

which is related to the balance between the abundance of acid buffering carbonate minerals and acid 

produced from disassociation of primary phases. Understanding the favourable conditions to form specific 

secondary As minerals is also of upmost importance, as the formation of these As secondary species is a 

significant control on the concentration of As in solution in tailings pore water (Jambor and Durtrizac, 1995; 

Drahota and Filippi, 2009). The accurate and detailed identification of secondary As species improves the 

prediction of the potential release of As from mine waste material with changing environmental conditions.  



 

27 

 

 

Figure 8: A schematic diagram highlighting the approximate relative abundance of primary mineral 

species, with carbonate and pH, which highlights the expected secondary As minerals forming; the 

red outline highlights the classification of the mineralized veins from the Cobalt-Coleman camp 

(Modified from Majzlan et al., 2014). Abbreviations – Py-pyrite, Po-pyrrhotite, Apy-arsenopyrite, Lo-

Loellingite 

 

Secondary As minerals form from the dissolution of primary As species which releases As3+-oxy-anion or 

As5+-oxy-anion. The As oxy-anion species are then available to complex with available cation species to 

form secondary minerals. Bonding of available cation with As5+-oxy-anion to form secondary arsenate 

phases in oxic conditions is common, whereas arsenite species, formed from bonding of cation with As3+-

oxy-anion in weakly reducing conditions, are rare in nature and restricted to hydrothermal alteration systems 

(Drahota and Filippi, 2009). The ability of secondary As phases to stabilize As is dependent on the solubility 

of the secondary minerals which is variable and species dependent (Drahota and Filippi, 2009). The rare 

arsenite phases are more soluble than arsenate minerals (Magalhaes, 2002), where the common arsenate 

phases have a range of stabilities which is dependent on surficial conditions.  

Secondary As phases will preferentially form in porous material with fluctuating wet and dry conditions. The 

larger pore size of this material enables the constant flow of water and air through the sediment. Following 

the evaporation of water, secondary precipitates form and begin filling pore space or form efflorescence 

through upward migration of chemical constituents in solution (Majzlan et al., 2014). If the rate of secondary 

mineral formation is greater than the infiltration rate, secondary phases will grow in to large pore spaces. A 
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hardpan surface or subsurface layer forms in favourable conditions allowing sufficient cementation from the 

precipitation of secondary phases which creates a durable crust. The formation of hardpans can be 

beneficial in reducing the release and mobilization of As by encapsulating the tailings and minimizing 

infiltration of water which reduces the progression of weathering of primary phases and acid generation, 

further sequestering As (Lottermoser, 2003; DeSisto et al., 2011). This sequence of events in the formation 

of secondary As species highlights the influence of amount and regularity of precipitation which is 

associated with the local climatic conditions. 

The behaviour and stability of common secondary arsenate minerals in mine waste including Fe arsenates 

such as scorodite; Fe-Ca minerals such as yukonite and arseniosiderite; and Ca minerals such as 

pharmacolite, are well understood with numerous studies (Krause and Ettel, 1989; Magalhaes, 2002; 

Langmuir et al., 2006; Drahota and Filippi, 2009). Secondary arsenate minerals associated with Zn, Cu, 

Pb, Ni and Co are less common relative to the Fe-Ca system, and subsequently fewer studies of the stability 

of these rare phases exist (Drahota and Filippi, 2009). These uncommon arsenate species associated with 

these transition metals are typically more stable than Fe and Ca arsenate minerals in natural waters 

(Drahota and Filippi, 2009). Five-element (Ag-Bi-Co-Ni-As) vein deposit types, which are the ore deposit 

classification of the Cobalt-Coleman camp, produce secondary As minerals identified in this study including 

erythrite and annabergite. Erythrite in particular, is a secondary arsenate mineral with few studies detailing 

its thermodynamic stability in natural systems. Controlled laboratory test work on synthetic erythrite and 

annabergite concluded that erythrite is weakly soluble, and more stable than annabergite in near neutral 

pH conditions (Fig. 9 and Fig. 10) (Zhu et al., 2013; Wei et al., 2013; Charykova et al., 2013).  
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Figure 9: Calculated stability of Co-As-H2O system at 25oC from controlled dissolution of synthetic 

erythrite (a∑As = 10-3, (a∑Co = 10-3) highlighted the stability conditions of erythrite (outlined in red) 

(Modified from Charykova et al., 2013) 

 

 

Figure 10: Calculated stability of Ni-As-H2O system at 25oC from controlled dissolution of synthetic 

annabergite (a∑As = 10-3, (a∑Ni = 10-2) highlighted the stability conditions of annabergite (outlined in 

red) (Modified from Charykova et al., 2013) 
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2.1.4.2 Arsenic Surface Sorption 

Surface sorption is an important process which controls As mobility. Common components within mine 

waste which have surface sorption capacity include Fe-oxides and oxyhydroxides and clays. The surface 

sorption capacity of As is controlled by pH conditions making these sorbing phases susceptible to release 

of As by desorption following changes in pH (Campbell and Nordstrom, 2014). Sorption is also controlled 

by the oxidation state of available As (Bowell, 1994; Campbell and Nordstrom, 2014). On Fe-oxyhydroxides, 

As3+ has maximum adsorption at near neutral pH of 7 and As5+ has maximum adsorption at a lower pH of 

3 (Campbell and Nordstrom, 2014). In general As5+ has maximum adsorption on clays at low pH, where 

As3+ has a greater capacity of sorption on clays at higher pH (Campbell and Nordstrom, 2014).  However, 

the adsorption affinity of As is greater for oxidized As5+ species which form negatively charged oxy-anions 

as opposed to As3+ species which form neutral charged oxy-anion (Bowell, 1994). 

Other ions with similar elemental characteristics as As compete with As for sorbing sites such as phosphate, 

sulphate and other oxyanion species (Kwong et al., 2007; Campbell and Nordstrom, 2014). An abundance 

of sorbing competitor ions reduces the amount of As sorbing and further increases the release of As through 

desorption.  

The total potential As sorption in mine waste is therefore directly related to the abundance of Fe-

oxides/oxyhydroxides and clays, pH conditions, the oxidation state of As and presence of ions which 

compete with As for sorbing sites.  
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3. CHAPTER 3: METHODOLOGY 

3.1 Field Methods 

 Sampling Design 

Arsenic is found in high concentrations within various mining waste materials associated with legacy mining 

within the Cobalt-Coleman camp. The soil and tailing sampling program was designed to sample 

representative materials from mining legacy waste and soil within the study area for further geochemical 

and mineralogical characterization. The scope of this sampling program was focused on legacy mine waste 

material from the historic Nipissing mining operations, located to the south of the town of Cobalt and within 

the Cobalt Lake drainage. Few tailings samples were also collected from the Cart Lake tailings which is 

representative of the second era of mining. Surface samples were collected from a range of media including 

tailings, soils as well as soils and processed material near mill sites.  

 Sample Locations 

A total of 28 samples were collected over two days from October 12th-13th, 2016. Samples were collected 

from six areas in the study area called the sample sites which include the Nipissing High Grade tailings, 

Nipissing High Grade mill, Nipissing Low Grade tailings, Nipissing Low Grade mill, Nipissing hill and the 

Cart Lake tailings (Fig. 2). At each sample site, sufficient samples were collected of different media and 

sediment characteristics to form a representative sample set of the site. At the tailings sites, test pits were 

hand dug to approximately 40 cm, with samples collected from intervals of stratigraphic variation in colour 

and grain size of the material deposited as tailings (Fig. 11). Samples were also collected at different 

locations within the tailings deposits. In total, 7 samples were collected from the Nipissing High Grade 

tailings, 6 samples were collected from the Nipissing Low Grade tailings and 3 samples from the Cart Lake 

tailings (Fig. 12 & 13). 

Near surface material were also collected surrounding the historic Nipissing High Grade and Nipissing Low 

Grade mill sites. At both sites, there is a range in the colour and grain size of surface material which is 

related to the different stages of mineral processing. Samples were collected of surface material over the 

footprint of the historic mill sites to sample the representative material.  A total of 4 samples were collected 

near the Nipissing High Grade mill and 3 samples from the Nipissing Low Grade mill site (Fig. 12).  



 

32 

 

Soil samples were collected as part of this study to determine the geochemical and mineralogical 

characteristics of surface soil material near the historic mine workings which had not been processed. Soil 

samples were collected from Nipissing hill, a prominent ridge which divides the drainage systems westward 

to Cobalt Lake and eastward to Peterson Lake, and located to the east of the Nipissing mill and tailings 

sites. Nipissing hill hosts numerous small scale mines, workings and excavations and has been extensively 

disturbed with washing and stripping of surface vegetation and soils from early prospecting and mining. 

Samples were therefore collected from small depressions with developed soils. Samples were also 

collected from small clearings and outcropping knolls which would be exposed to any aerosol contaminants 

sourced from roasting stacks at the Nipissing mill sites. A total of 5 soil samples were collected from 

Nipissing hill on approximately 100 m spaced centres (Fig. 12).  

 

Figure 11: Test pit from Nipissing High Grade tailings highlighting the distinct sample horizons 
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Figure 12: Sample Locations in the Nipissing Area 
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Figure 13: Sample Locations at the Cart Lake Tailings 
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 Sampling Methods 

At each tailings sample location, a spade shovel was used to dig a small pit to determine variations and 

stratification of tailings horizons. For surface samples, the top layer or the top 5 cm of material from surface 

was collected using a garden trowel and placed in a labelled non-breathable plastic bag. At each of the 

three tailings sample sites, a test pit was dug with samples collected at distinctive intervals representing 

variations in the characteristics of the tailings. The depth profile of the sample intervals were first measured, 

with sample material collected from each distinct horizon. Samples from mill sites were collected from the 

surface to a depth of 5 cm from the selected sample location using a garden trowel. Larger pebbles and 

cobbles were removed by hand prior to bagging the sample. Soil samples were collected by first removing 

larger sticks and sampling from surface to 5 cm depth. Surface vegetation was not removed prior to 

sampling of soils.  

All samples were put in a sealed, non-breathable, labelled plastic sample bag. To reduce the potential of 

further oxidation, the samples were placed in a cooler with ice after the sampling program and transferred 

to a refrigeration room prior to shipping the samples for geochemical analysis. Latex gloves were worn and 

all sampling equipment was cleaned between samples to avoid any cross contamination. At each sample 

location a GPS waypoint was recorded as well as sample and site characteristics including sample colour, 

grain size, relative moisture content, texture, visible mineralogy, local vegetation, sample depth interval and 

soil or media horizon.  
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Figure 14: Typical tailings sample site – from Nipissing Low Grade tailings with town of Cobalt in 

background 

 

 

 

 

Figure 15: Typical mill site soil sample location at the Nipissing High Grade mill 
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3.2 Analytical Methods 

Samples were shipped to Bureau Veritas Laboratory in Vancouver, BC for chemical analysis. The tailings 

and soil samples from mill sites were first pulverized to 80% passing 200 mesh and soil samples were 

prepared by sieving through 80 mesh. A 0.5 g sample split of the fine fraction was first digested using a 

partial aqua regia digestion of equal parts HCl, HNO3 and DI water for 30 minutes. Major and trace elements 

were determined using inductively coupled plasma atomic emission spectroscopy (ICP-AES) and 

inductively coupled plasma mass spectroscopy (ICP-MS). Over limit analysis was carried out on two 

samples which returned above detection limit results for Co. The over limit analysis used an ICP-AES finish 

for all Co which returned above 1% Co from the initial analysis. An analytical package with higher detection 

limits designed for ore grade material was used for the tailings and mill site soil samples, whereas the soil 

samples were analyzed using a package with lower detection limits.  

3.3 Mineral Characterization 

Mineral characterization of the samples was completed using SEM combined with automated mineralogy 

using mineral liberation analysis (MLA). MLA is an automated quantitative mineralogical characterization 

software which enables classification of energy dispersive X-ray spectroscopy (EDS) spectrum collected 

from SEM into a user defined categorized minerals species. 

 SEM-MLA – Theory, Procedure and Applications 

Automated mineralogy uses advanced image analysis technique to discriminate distinct mineral phases 

using back scattered electron (BSE) imagery generated using SEM (Gu, 2003; Fandrich et al., 2007). After 

an individual particle is identified, MLA segments all of the phases, or minerals, within a particle which are 

defined based on homogenous zones of BSE grey value (Gu, 2003; Fandrich et al., 2007).  

MLA uses the SEM to collect a single EDS spectrum from the centre of a phase identified from BSE 

analysis, which is used to classify a mineral species. The EDS spectrum collected by the MLA software 

bins the spectra into mineral species based on a user defined mineral reference library. 

MLA was originally designed for detailed characterization of ore and mill feed with applications in metallurgy 

and mineral processing (Gu, 2003; Fandrich et al., 2007). More recently SEM-MLA, or its sister software 

QEMSCAN, have been used in the field of environmental geochemistry with applications related to 

characterizing mine waste material. SEM-MLA has been used to quantify weathering products, and 
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secondary phases in tailings, as well as to differentiate thinly laminated horizons within tailings material 

(Redwan and Rammlmair, 2011). Sampled sediments from the Fal Creek estuary in Cornwall, UK, which 

is proximal to a historic polymetallic mining district, were analyzed using QEMSCAN which mapped the 

distribution of As, Cu, Sn and Zn by identifying the major mineral suites (Pirrie et al., 2003). Automated 

mineralogy using MLA has also been used to assess bioavailability of Pb and Ni in mine waste from both 

a polymetallic massive-sulphide Pb-Zn deposit and soils near a Ni smelter, by quantifying total Pb and Ni 

in specific mineral phases (Buckwalter-Davis, 2013). More recently, MLA has been used to determine the 

bulk neutralizing potential and acid potential of mining waste material to provide a worst case scenario 

prediction of acid rock drainage from unoxidized polymetallic sulphide tailings (Redwan et al., 2017).  

 Methods 

3.3.2.1 Sample Selection 

A total of 8 samples were selected for mineral characterization using automated mineralogy with SEM-MLA 

(Fig. 16). The focus of the study, which guided the sample selection, is to characterize the dominant As 

mineral species of each sample site, and to rationalize observed mineralogical variations between the 

selected representative samples. The samples selected included a minimum of one sample from each of 

the six sample sites which returned elevated As from the chemical analysis. Two samples (NHGT002 & 

NHGT004) were collected from the test pit at the Nipissing High Grade tailings to investigate the 

mineralogical variations with depth in the tailings deposit of material with strongly elevated As. A single 

sample was selected for automated mineralogy from the highest grade As material from each of the 

Nipissing High Grade and Low grade mill sites (NHGM012, NLGM017) to classify the speciation of 

processed surface material near the mill sites. Two samples from different locations within the Nipissing 

Low Grade tailing were analyzed (NLGT020, NLGT027) to characterize the surface tailings material and 

identify any mineralogical variability. A single sample was selected from the Cart Lake tailings (CLT033) to 

compare the bulk mineralogy from the second era of mining to the tailings samples from the Nipissing sites. 

Lastly, the sample with the highest As from the soil sampling on Nipissing hill (COS042) was selected for 

automated mineralogy analysis to characterize the mineralogy of unprocessed surface material near the 

former mine workings and legacy milling sites.  
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Figure 16: Location of samples for automated SEM based mineralogy 
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3.3.2.2 Sample Preparation 

Prior to running the samples in the SEM, the sediment from the selected sample was mounted in epoxy at 

the Queen’s University prep lab. The sediment material was first air dried overnight and approximately 1 g 

of material was collected from the sample and lightly ground with a mortar and pestle to break down clumps 

which formed during drying. Approximately 0.5 g of powdered graphite was added to the sample to separate 

the grains and to reduce clumping in the epoxy. Graphite is used for this purpose as it is relatively 

undetectable by the BSE imagery when ran in the SEM. The combined sample-graphite mixture was set in 

a mount holder with epoxy and hardener added, and is gently mixed for one minute. The sample within the 

mount was then placed in a vacuum hood to remove air bubbles. After hardening of the epoxy, the mounts 

were polished and carbon coated using a Denton Vacuum: Desk V Sputter Coater at Queen’s University. 

3.3.2.3 SEM Operating Conditions 

The samples were analyzed at Queen’s University under high vacuum using a Quanta 650 ESEM equipped 

with a field emission gun and two high-energy dispersive X-ray spectrometers. The samples were ran under 

similar SEM-MLA operating parameters with a voltage of 25 kV, spot size of 7.7, brightness of 84.2 and 

contrast of 24.2. The MLA runs were completed using extended BSE (XBSE) liberation analysis which 

measures a single EDS spectrum from the centre of a particle identified with BSE and classifies the entire 

particle as having this measured EDS spectrum. XBSE is effective for coarser grained material where BSE 

imagery can define grain boundaries.  

3.3.2.4 Mineral Reference Library 

Building an accurate mineral reference library is an integral part of using and interpreting automated 

mineralogical data using MLA software. The reference library compares a SEM-MLA measured EDS 

spectrum to user defined EDS spectra associated with a known mineral, to categorize a best fit classified 

mineral species. The mineral reference library for this study was built by first running standard collection 

XBSE (XBSE_STD), an extension to XBSE, which classifieds common unknown EDS spectra to be 

classified by the user. Samples NHGT002, NHGM012 and CLT033 were ran with XBSE_STD. Building an 

adequate mineral reference library also is further improved with prior knowledge of the expected mineral 

phases based on the known ore mineralogy (Table 1). A previously created mineral reference library with 

similar Ni-Co arsenides and sulpharsenides was used as reference to compare EDS spectra from the 
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XBSE_STD runs. In some cases, multiple EDS spectra were assigned to a single mineral to encompass 

the subtle chemical variations resulting from solid solution phases, substitution or adsorption.  

Complicating the building of the reference library specific to the Cobalt area is the complex nature of ore 

mineralogy which includes many solid solution phases (eg. safflorite ((Co,Fe,Ni)As2), and minerals with 

metal substitution (eg. high Ni cobaltite). This elemental variability of the mineralogy results in a wide range 

of possible EDS spectra for an individual mineral. Furthermore, some mineral phase have the same 

chemical constituents in different abundances (eg. safflorite (Co,Fe,Ni)As2 vs. skutterudite (Co,Fe,Ni)As3). 

As the SEM-MLA does not have the capacity to distinguish mineral crystallinity, it is difficult to differentiate 

the EDS spectrum of minerals with common chemical constituents (eg. safflorite-skutterudite) or those 

which have solid solution substitution (eg. erythrite-annabergite). Therefore, in the finalized reference library 

used in this study, the mineral phases which could not be confidently differentiated by a unique EDS 

spectrum were grouped together in the same mineral classification with a hyphenated name representing 

both mineral species (eg. erythrite-annabergite).  
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4. CHAPTER 4: RESULTS 

4.1 Tailings and Soil Geochemistry 

To further investigate the mineralogical characterization of tailings and soil material, the analyzed bulk 

chemistry was reviewed to quantify major and trace elements, as well as major and trace element ratios. 

The average geochemical characteristics were compared between the six sites as well as individual sample 

results between samples from the same site. All samples exceed the soil conditions standards of 18 ug/g 

As from Ontario Regulation 153/04, which includes industrial sites. The complete analytical results are 

included in appendix 3 and 4. 

 Geochemical Comparison of Sample Sites 

The mean concentration of selected elements from each sample site were calculated to compare the 

geochemical characteristics of the six sample sites. As this study encompasses only a few samples from 

each sample site, there is insufficient data for robust statistical analysis, however the mean values of key 

elements are presented to highlight the general geochemical variability between the sample sites. The 

geochemical review is focused on elements associated with As including Co, Ni, Fe and S. These elements 

are known occur in association with As as Ni-Co-Fe arsenides, sulpharsenides and arsenates.   

The six sampling sites have distinct bulk chemistry which highlights geochemical variation between different 

sampling media as well as variations in the ore processing methods (Reid et al., 1922; Anderson, 1993), 

or in the case of the soil samples material, have not undergone any processing. Samples collected from 

the Nipissing High Grade and Low Grade tailings and mill sites is representative of the first era of mining. 

The difference between the elevated As and metal values from the Nipissing High Grade sites relative to 

the Nipissing Low Grade sites can be attributed to the differences in the grade of ore processed at these 

sites as well as the differences in the processing methods. The Nipissing High Grade mill processed high 

grade ore material and concentrates which inherently had a greater abundance of As-bearing ore minerals. 

This relationship is reflected in the elevated As in waste material in the Nipissing High Grade tailings relative 

to the Low Grade tailings. The Nipissing High Grade mill is distinctive to other mills as it produced an end 

product of refined Ag bullion using a complex series of processing methods.  The complex processing 

methods were focused on optimizing Ag recovery with reported recovery of 99.5-100%, with by-product 

production of base metals including Co and Ni as an afterthought (Reid et al., 1922). This mill produced no 
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concentrate, with all waste material which was not emitted during roasting or produced as slag discarded 

in the tailings deposits. The Nipissing Low Grade mill, however, produced both a concentrate through hand 

sorting and gravity separation, which was further processed at the High Grade mill, and an Ag-sulphide 

precipitate through cyanidation (Reid et al., 1922). The Nipissing Low Grade mill process had relatively 

poorer recovery ranging between 92-94% Ag (Reid et al., 1922) resulting in higher Ag grades and 

abundance of primary ore minerals in the processed tailings. Relative to the Nipissing High Grade tailings, 

the sampled Nipissing Low Grade tailings are depleted in the common elements associated with Ag 

mineralization, including As. This is a result of the processing practise which produced a concentrate 

following gravity separation which was shipped to the High Grade mill or smelters and refineries elsewhere 

for further processing.  

The Cart Lake tailings, which is representative of processed material from the second era of mining, 

returned the lowest As, Ni, Co, S and Fe values from all of the tailings sites sampled (Fig. 17). These 

geochemical variations at the Cart Lake tailings can be attributed to the improved and efficient mineral 

processing methods of the second era of mining relative to the first era of mining. The improved mineral 

processing methods with better recovery resulted in less As-bearing ore mineral being sent to the tailings 

deposits in comparison to the early era of mineral processing, with the concentrate also sent elsewhere for 

further refining (Anderson, 1993). A comparison of the relative efficiency of recovery from the sampled 

tailings sites is highlighted by the mean average Ag within the sampled tailings (Fig. 18).   
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Figure 17: Mean As, Co, Ni, S results from sample sites 

 

 

Figure 18: Mean Ag from Sample Sites 
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The soil material sampled from Nipissing Hill had the lowest mean results for As and other ore related 

elements. The soil samples are a distinctively different media to the other sample sites, having not 

undergone any mineral processing methods.   

 Nipissing High Grade Mill and Tailings 

The characteristics of the tailings material sampled from the Nipissing High Grade tailings varied between 

sample locations, having distinctive colour and grain size. At the Nipissing High Grade tailings, the 

distinctive tailings horizons were sampled from a shallow test pit. From this test pit, the finest grained 

material from sample NHGT004, which was logged as predominantly clay sized fraction returned the 

highest As relative to the other samples, all of which were logged as mostly silt and sand size material. This 

relationship of finer grained material and higher As grades is also recognized in previous tailings sampling 

studies (Dumaresq, 1993).  

From this test pit, there is an incremental increase of As, Fe and S with depth below the uppermost sample. 

The material sampled at each horizon has distinctive grain size, colour and water saturation. The variation 

in geochemistry with depth observed in the test pit may be simply a function of the geochemical variation 

of the deposited material. However near surface fluctuations in redox conditions have been previously 

observed to influence the bulk geochemistry of tailings material in the Cobalt-Coleman camp with 

remobilization of selected elements resulting from fluctuating redox conditions (Beauchemin and Kwong, 

2006; Kwong et al., 2007).  

The sampled material near the Nipissing High Grade mill, which is representative of ore material from 

different stages of processing, is elevated in the dominant ore related elements including As, Ni, Co, Fe 

and S relative to the tailings material produced. The material sampled near the mill cannot be confidently 

categorized as having undergone specific processing methods that could further link the geochemical 

signature to the stage of processing.  

 Nipissing Low Grade Mill and Tailings 

Similarly to the Nipissing High Grade tailings, the material sampled from the Nipissing Low Grade tailings 

had variable colour, grain size and amount of water saturation. However, the tailings material, which is 

sourced from processed material at the Nipissing Low Grade mill, had significantly higher Ag relative to the 



 

46 

 

Nipissing High Grade tailings which is likely related to the difference in processing methods and poorer 

recovery of Ag (Fig. 18). The processing flowsheet from the Nipissing Low Grade mill had fewer 

modifications through its history relative to the Nipissing High Grade mill resulting in less variability of 

tailings material deposited, however tailings material from the Nipissing High Grade mill had also been 

periodically deposited in Nipissing Low Grade tailings deposits, adding further heterogeneity to this tailings 

material (Anderson, 1993). It is unknown if the samples collected in this study at the Nipissing Low Grade 

tailings are sourced from the Nipissing High Grade mill or Nipissing Low Grade mill.  

 Cart Lake Tailings 

The samples from the Cart Lake tailings returned the lowest As (Fig. 19) and ore related metals (Co, Ni, 

Cu, Fe) of the samples from tailings and processed material. The Cart Lake tailings sampled, which are 

representative of the second era of mining, used improved gravity and flotation methods relative to the first 

era of mining which aimed to recover not only Ag, but also Co and Ni hosted within arsenide and 

sulpharsenide minerals. Furthermore, the mill sites from this era of processing produced a concentrate 

which was shipped elsewhere for further processing. Therefore, the tailings material deposited in Cart Lake 

from the 2nd era of mining had As, as well as ore related metals, removed as concentrate.  

 Nipissing Hill Soils 

The As results from the soil samples collected from Nipissing Hill show linear correlations with many of the 

metals associated with ore mineralogy including Co and Ni (Fig. 20). As the samples were collected near 

historic mine workings the As signature can be inferred to be in part associated with common ore 

mineralogy either as primary Ni-Co arsenides and sulpharsenides or as secondary Co-Ni arsenate phases 

Figure 19: Arsenic results comparison of tailings samples 
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including erythrite and annabergite which have been previously documented to form in the soil profile over 

weathered mineralized veins (Boyle and Dass, 1971).  

Within soils in the Cobalt area, As is expected to adsorb to secondary Fe-oxide and oxyhydroxide species, 

including limonite, hydrous Mn-oxides, clays and organic matter (Boyle and Dass, 1971). The As results 

show a linear relationship with Mn, and scattered relationship with Fe (Fig. 20).  However, due to the limited 

sampling from Nipissing Hill, local considerations such as proximity to historic workings, soil horizon 

sampled and amount of organic matter will result in variability between the presented soil data.  

  

 

4.2 Mineral Characterization 

A focus of this study was to identify and quantify the common As-bearing mineral phases and to highlight 

the major mineralogical variations between sample sites. Automated mineralogy in conjunction with SEM, 

using MLA software, was used to characterize the dominant As-bearing mineral species and to approximate 

the bulk mineralogy from the eight samples analyzed.  
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Due to the complex mineralogy and range of solid solution and substitution of primary and secondary As 

phases, mixed secondary arsenate phases, as well as an inferred wide range of abundance of As 

adsorption or co-precipitation associated with Fe-oxide, the mass abundance of individual As phases could 

not be determined with confidence using only SEM-MLA. Therefore, the total surface area of mineral grains 

is presented in the results section as a proxy for the total and relative abundances of mineral species.  

The SEM-MLA results reported in this section are typically grouped as primary and secondary As phases. 

Specific to As bearing minerals phases, secondary phases include arsenates (erythrite-annabergite, Fe-Ca 

arsenate, mixed Fe-Co-Ni arsenate), arsenic-trioxide/arsenolite and Fe-oxide/oxyhydroxide with adsorbed 

or co-precipitated As. Primary As bearing mineral phases include arsenides (safflorite-skutterudite, 

nickeline-rammelsbergite, loellingite), sulpharsenides (cobaltite, arsenopyrite, gersdorffite) and sulphides 

(As-bearing pyrite, realgar). 

 Bulk Mineralogy 

All samples analyzed are dominated by silicate phases which includes common silicate minerals including 

quartz, feldspars, pyroxenes and phyllosilicates such as chlorite and biotite (Fig. 21). The relative 

abundance of carbonate, sulphide and As-bearing mineral phases vary between samples. Carbonate is 

near absent in samples with few primary As phases and sulphides which includes the analyzed sample 

from the Nipissing High Grade mill (NHGM012), near surface samples from the Nipissing High Grade 

Tailings (NHGT002) and the soil sample from Nipissing Hill (COS042) (Fig. 22).  

 Arsenic Bearing Mineral Phases 

The calculated surface area coupled with the mineral identification from MLA was used to approximate the 

proportion of the major As mineral species in each sample (Fig. 23, 24).  The relative stability of As-bearing 

mineral species were reviewed by first grouping the As phases as secondary and primary minerals phases. 

Few grains of fine arsenolite/arsenic-trioxide were identified in sample from the Nipissing Low Grade area 

(NLGM017 & NLGT027) and Nipissing High Grade sample sites (NHGT004 & NHGM012) which is likely a 

remnant product of ore roasting. The dominant As bearing mineral phases varies between sample sites 

and sample locations. 
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Figure 21: Relative bulk mineralogy by surface area from SEM-MLA 
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Figure 23: Distribution of primary and secondary As phases (by relative surface area) 
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4.2.2.1 Nipissing High Grade Mill and Tailings 

At the Nipissing High Grade tailings two samples were taken from the same test pit, which have distinctive 

mineralogical characteristics. Sample NHGT002, which was collected from tailings material near surface, 

at a depth interval of 5-10 cm, is dominated by secondary As minerals, whereas sample NHGT004, which 

was collected from water saturated material at the base of the test pit between 13-20 cm, is dominated by 

primary As mineral phases.  

The major secondary As-bearing mineral phase identified in NHGT002 from SEM-MLA is erythrite-

annabergite. Erythrite and annabergite occur as a complete solid solution with interchangeable substitution 

of Co and Ni (Jambor and Dutrizac, 1995). The common EDS spectra of the erythrite-annabergite grains 

trends toward the erythrite spectrum with a variable Ni peak suggesting localized and limited Ni substitution. 

In sample NHGT002, erythrite-annabergite occurs as secondary rim growths as euhedral prismatic blades 

on common rock forming minerals including silicates and carbonates (Fig. 25B). Many of these identified 

erythrite-annabergite rims are preserved as casts around sites which has been vacated by a weathered 

mineral grain (Fig. 25A). The rims on vacated sites have inward growing crystals, suggesting these features 

are not a product of plucking from polishing during sample preparation and that these secondary phases 

formed within the tailings. Secondary phases also occur as replacement of primary arsenide, sulpharsenide 

and sulphide phases (Fig. 26A). The dominant As-bearing mineral phases in sample NHGT004, sampled 

only 7 cm below sample NHGT002, are primary minerals including fine grained arsenides and 

sulpharsenides with little secondary alteration (Fig. 26B).  
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Figure 25: Sample NHGT002 A) Erythrite-annabergite (E-A) formed around vacated particle site 

(Void); B) Erythrite-annabergite rim forming on feldspar (Fs) and chlorite (Chl) lithic fragment  

 

 

The sample from the Nipissing High Grade mill (NHGM012) is mineralogically distinct from the tailings 

samples, with the main As-bearing mineral phases being mixed Fe-Co-Ni arsenates or Co-Ni-As arsenates 

mixed with Fe-oxides, forming secondary rims on arsenides and sulpharsenides and as grain cementation 

of both rock and ore forming minerals as aggregates (Fig. 27).  

Figure 26: A) Sample NHGT002 – safflorite-skutterudite (S-S) grain being replaced by Fe-Ca 

arsenate/Fe-oxide; B) Sample NHGT004 - primary and unaltered safflorite-skutterudite grain 
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Figure 27: Sample NHGM012 highlight A) mixed Fe-Co-Ni arsenate lacking distinct crystallinity 

coating cobaltite (Cob) and B) as cementation forming grains aggregates with abundant 

sulpharsenide and arsenide minerals (light grey phases) 

4.2.2.2 Nipissing Low Grade Mill and Tailings 

Secondary arsenate phases are the dominant As bearing minerals from the three samples analyzed from 

Nipissing Low Grade tailings and mill site. All three samples from this site have similar distribution of As 

bearing mineral phases as identified with automated mineralogy (Fig. 24). Secondary arsenate typically 

occurs as mixed amorphous Fe-Co-Ni arsenate cementation of ore and rock forming minerals (Fig. 28A). 

Secondary arsenate and Fe-oxide also occur as secondary rims or replacement of ore forming minerals 

including arsenides and sulpharsenides (Fig. 28 B, C).  

Of interest from these samples is abundant Ag-sulphide, likely acanthite, identified in all three samples. 

Acanthite in the tailings and mill samples occurs as free fine grained particles with minor rims of Fe-oxide 

and possible argentojarosite (Fig. 28D) 



 

54 

 

 

Figure 28: A) Sample NLGM017 – coarse grained arsenide and sulpharsenide (light particles) 

within mixed Fe-Co-Ni arsenate with elevated Ca cement; B) Sample NLGM017 – free safflorite-

skutterudite (S-S) grain with thin erythrite-annabergite rim (E-A) C) Sample NLGM017 – Fe-oxide 

rim (FeOx) replacing arsenopyrite (Aspy); D) Acanthite grain with thin argentojarosite/Fe-oxide rim  

4.2.2.3 Cart Lake Tailings 

Secondary phases including mixed Fe-Co-Ni arsenates, Fe-Ca arsenates and Fe-oxides with As are the 

major As bearing phase with a significant proportion of primary phases predominantly as arsenides with 

lesser sulpharsenides. The primary arsenides, which are predominantly safflorite-skutterudite and 

loellingite, occur as fine grained aggregates with little secondary alteration rinds or dissolution textures (Fig. 

29A). Many residual primary As phases remains locked within lithic fragments owing to the coarser grain 

size of these tailings (Fig. 29B).  
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Figure 29: Sample CLT033; A) Free safflorite (Saff)  grain aggregate with chlorite (Chl); B) Locked 

arsenopyrite (Aspy) within rock fragment with minor dissolution texture 

4.2.2.4 Nipissing Hill Soil 

The dominant As bearing phases identified using automated mineralogy include secondary minerals such 

as Fe-oxide with adsorbed or co-precipitated As, as well as mixed Fe-Co-Ni arsenate and Fe-Ca arsenate. 

The secondary phases occur as grain coatings, rims and cementation, often occurring with common 

banded texture and without distinct crystal habit (Fig. 30). Organics present in the soil sediments are also 

expected to play a role in adsorbing As, however organic material is not identified using automated 

mineralogy.  

 

Figure 30: Sample COS042; A) Grain of secondary Fe-oxide with adsorbed or coprecipitated As; 

B) Secondary Fe-oxide with As rim forming around lithic fragment 
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5. CHAPTER 5: DISCUSSION 

5.1 Controls on the Formation of Secondary As Mineral Phases 

The oxidation and dissolution of primary Co-Ni-Fe-As mineral phases releases As and their associated 

metals in to the near surface environment, where the precipitation of secondary As bearing phases removes 

As and the metal components from solution. Therefore, using the quantified distribution of As solid phase 

determined with automated mineralogy analysis coupled with the sample characteristics and local 

environment from the 8 samples analyzed allows further detailed interpretation of the major controls on the 

formation of secondary As phases and dissolution and oxidation of primary As phases. Understanding the 

As phases present and their favourable conditions to remain as a stable phase is critical to planning 

appropriate remediation strategies.  

 Water Saturation and Redox - Nipissing High Grade Tailings 

Samples NHGT002 and NHGT004, which were collected from the same test pit at the Nipissing High Grade 

tailings, have distinctive geochemical and mineralogical characteristics which highlights the variability of 

tailings material at the Nipissing High Grade tailings. The variations in geochemical and mineralogical 

characteristics between these samples is a function of the characteristics of the ore material processed, 

the processing methods and local conditions which control the formation of secondary minerals. Sample 

NHGT002 was collected from dry tailings material from the near surface composed of fine silt to sand sized 

grains, whereas sample NHGT004 was collected from the base of the test pit from water saturated fine 

grained clay material. The difference of particle size is a product of the amount of size reduction during 

processing. The particle size influences both the reactivity of primary mineral phases as well as the porosity 

of the material. The interpreted controls on the formation of secondary minerals and preservation of primary 

mineral phases is based on the observations from samples NHGT002 and NHGT004, and is specific to the 

site conditions of these samples. 

The presence of the arsenate phase erythrite-annabergite as precipitation rims on silicates and carbonates 

in sample NHGT002 is evidence of dissolution and remobilization of Co, Ni and As. The near absence of 

primary arsenide and sulpharsenide phases in this sample further suggests that the Co, Ni and As is 

sourced from the oxidation and dissolution of primary mineral species in the near surface oxic conditions 
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of this sample horizon. The dissolution of the Co-arsenides safflorite is proposed to follow a two-step 

reaction series (reaction 7 & 8) which forms secondary erythrite (Markl et al., 2014).  

Reaction 7 - CoAs2 (safflorite) + 2H2O + 3O2 ↔ Co2+ + 2H2AsO4
- 

Reaction 8- 3Co2+ + 2H2AsO4
- + 8H2O ↔ Co3(AsO4)3

.8H2O (erythrite) + 4H+ 

In low pH conditions, Co2+ remains mobilized in solution and is removed from the system, however in the 

near neutral pH conditions of the Cobalt area, due to the presence of abundant carbonate, Co2+ reacts with 

free arsenate to form erythrite (Boyle and Dass, 1971).   

Similarly, sulpharsenides undergo similar dissolution in oxic conditions producing arsenate mineral phases 

in a two-step reaction series (eg. Cobaltite dissolution – reaction 1 & 2) (Boyle and Dass, 1971; Dumaresq, 

1993), where other common sulpharsenides in the area including gersdorffite (NiAsS) and arsenopyrite 

(reaction 3 & 4) follow a similar reaction series in the precipitation of secondary arsenate phases (Boyle 

and Dass, 1971).   

The preserved erythrite-annabergite rims forming haloes around vacated grain sites, and continued inward 

crystal growth further indicates the stability of this arsenate phase in the near surface Eh and pH conditions 

from this sample horizon. It is unclear which mineral phase existed within the vacated sites encompassed 

by erythrite-annabergite rims. Minimal carbonate within the sample identified with automated mineralogy, 

suggests that carbonate may have dissolved or been consumed by acid formed from the dissolution of 

primary ore minerals. Primary As-bearing mineral phases or sulphides may have also been present in the 

vacated sites, however no erythrite-annabergite rims are observed on the primary As phases and sulphide 

minerals present in this sample.  

The presence of the rims over vacant particle sites also suggests that there is a prolonged sequence of 

reactions related to the pore water chemistry and atmospheric interaction within this tailings horizon. A 

dissolution and precipitation sequence is proposed which first involves the oxidation and dissolution of 

primary As bearing species, precipitation of arsenate species on particle grains, and subsequent dissolution 

of particles to create vacant sites with erythrite-annabergite rims (Fig. 31). This sequence of dissolution and 

precipitation suggests this horizon is within a zone of fluctuating redox conditions with continued flushing 
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of surface water to continue the sequence of dissolution of primary As phases, remobilization of As and 

precipitation as secondary arsenates.  

Under prolonged oxidation, the arsenate phases erythrite and annabergite are suggested to be unstable 

(Boyle and Dass, 1971), further remobilizing As followed oxidation of these secondary arsenate phases. 

However, the crystallinity of the erythrite-annabergite arsenate identified is largely euhedral with no obvious 

dissolution textures suggesting this phase is stable within the near surface oxidizing conditions of this 

sample horizon at the time of sampling.  

The abundance of primary As mineral species with minimal weathering textures suggests that sample 

NHGT004 is within a stable reduced environment. Furthermore, there is an abundance of carbonate 

minerals in comparison to sample NHGT002, confirming carbonate is more stable in this horizon with less 

being consumed by any acid produced from dissolution of arsenides, sulpharsenides or sulphides. The 

preservation of primary As species is attributed to a maintained low oxygen environment within the water-

saturated tailings sediments. The finer grained clay material from this sample horizon has lower intrinsic 

permeability resulting in a low hydraulic conductivity and in turn higher water retention (Rawls et al., 1982). 

The high water retention of this horizon in the tailings results in a maintained reduced environment.  

The presence of secondary erythrite-annabergite limited to unsaturated tailings has been previously 

observed at the Nipissing Low Grade tailings (Kwong et al., 2000). The study by Kwong et al. (2000) is also 

supported by pore water chemistry from both saturated and unsaturated tailings from the Nipissing area 

which suggests that unsaturated tailings, with higher As, are more prone to As release by fluctuations in 

water saturation and redox conditions.  
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 Arsenic Associated with Fe-oxide/oxyhydroxide – Controls on As Adsorption and Fe-oxide 

Formation 

The presence of Fe-oxides/oxyhydroxides (goethite, limonite, hematite) and Mn-oxides control the mobility 

and transport of As through adsorption and desorption processes, or co-precipitation (Majzlan et al., 2014). 

Arsenic bearing Fe-oxides and oxyhydroxides are present in the soil and tailings material from the Cobalt 

area, identified from automated mineralogy. Fe-oxide with As is characterized within the samples ran with 

SEM-MLA as having a characteristic EDS spectrum of an Fe-oxide with an As peak of variable magnitude 

which is indicative of the amount of As adsorption or co-precipitation (Fig. 32). The adsorption of As on Fe-

Figure 31: Sample NHGT002 highlighting sequence of erythrite-annabergite (E-A) rim formation, 

from early formation on A) grain of chloritized (Chl) titanite (Ti) and B) growth around chlorite 

grains. C) Preserved rim around vacated particle site (void) and D) continued inward arsenate 

crystal growth filling void  
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oxides is dependent on pH conditions, the As redox species as well as the species of Fe-oxide or 

oxyhydroxide. On typical Fe-oxide and oxyhydroxide species including ferrihydrite, goethite and hematite, 

As5+ has decreasing sorption with increasing pH with maximum adsorption around a pH of 3 whereas As3+ 

has maximum adsorption capacity at a pH of 7 with decreasing adsorption at higher and lower pH (Campbell 

and Nordstrom, 2014).  

Automated mineralogy identified Fe-oxide with As in all samples with a significant proportion in the near 

surface soil sample from Nipissing hill and minor abundance in the near surface samples at both Nipissing 

mill sites, the Nipissing Low Grade tailings and the Cart Lake tailings. Typically, the EDS spectrum of Fe-

oxides with As has only a subtle As peak (Fig. 32).  

 

Figure 32: Common EDS spectrum of Fe-oxide with As highlighting weak As peak 

 Controls on the Formation of Mixed Ni-Co-Fe and Fe-Ca Arsenates  

Sample NHGM012 collected from processed material near the Nipissing High Grade mill site returned the 

highest As of 6.01% from all samples. In this sample, secondary As minerals are the dominant As-bearing 

mineral phases. It is unclear at what stage of processing the material sampled represents, however the 

elevated Ag grades suggest it is has not been completely processed. Glass fragments identified in the 

sample suggest the sample is at least partially representative of material which has been processed through 

pyrometallurgy.  Using automated mineralogy a common EDS spectra with a pronounced Fe-Co-Ni-As 

peak is classified as a mixed Fe-Co-Ni arsenate (Fig. 33). This mixed arsenate comprises 19.72% of the 

sample by surface area and occurs as secondary rims on primary arsenides and sulpharsenides, and as 
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grain cementation, forming grain agglomerates (Fig. 27). The mixed Fe-Co-Ni arsenate minerals may 

represent amorphous phases, however the micro-crystallinity or lack of crystallinity cannot be resolved with 

SEM alone requiring advanced analytical methods such as electron microprobe analysis. The mixed Fe-

Co-Ni arsenate may include a variable mixture of arsenate phases including scorodite, erythrite and 

annabergite along with Fe-oxide and oxyhydroxide phases. A mixed arsenate phase which co-precipitated 

with limonite and Mn-oxide wad forming greenish to pinkish colloidal gel-like precipitate has been previously 

recognized precipitating from ground water in the Cobalt area (Boyle and Dass, 1971; Dumaresq, 1993). 

The colloidal reactions in the formation of Co arsenate is presented in reaction 9 and 10, where hydrous 

Co oxide reacts with arsenic acid in a reaction series to ultimately produce erythrite. A similar reaction 

series follows for the formation of colloidal scorodite and annabergite (Boyle and Dass, 1971). Some Co2+ 

in solution form complexes, including Co(OH)2, with only a minor amounts remaining as free Co2+
 (Wei et 

al., 2013) which is a component of this reaction series. Similar complexes are formed from Ni2+ in solution 

(Wei et al., 2013).  

Reaction 9 – Co(OH)2 + xH3AsO4 ↔ Co(OH)2
.
 xAsO4 + xH+ 

Reaction 10 – Co(OH)2
.
 xAsO4 + xH+ + xH2O ↔ Co3(AsO4)2

.8H2O (erythrite) 

However, during prolonged leaching and pH neutral conditions in the presence of water, scorodite is unlikely 

to persist becoming unstable releasing the arsenate component with the remaining Fe forming limonite 

(Reaction 5) (Boyle and Dass, 1971; Dumaresq, 1993), suggesting the Fe peak may rather indicate an Fe-

oxide component. A mixed secondary phase which includes limonite, clay, carbonate, wad with local 

erythrite, annabergite and scorodite is described by Boyle and Dass (1971) as occurring in the wall rock of 

some historic workings. Considering the varying Fe, Co and Ni EDS spectrum peaks from this phase, the 

exact bulk mineralogy cannot be resolved using SEM-MLA alone, requiring techniques with greater 

resolution such as electron microprobe analysis to better characterize the distribution of the mixed arsenate. 

Similar mixed secondary phases with cementing texture are also recognized in the samples from the 

Nipissing Low Grade mill and tailings.  
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Figure 33: Typical EDS spectrum of mixed secondary Fe-Co-Ni arsenate cementation in sample 

NHGM012 

 

This EDS spectrum may also represent amorphous ferric arsenate mineral phases (HFA). HFA are 

considered important As bearing solid phases in contaminated areas, and occur as Fe3+ arsenate phases 

with no set stoichiometry, and can accommodate a variety of chemical constituents forming a gel-like 

precipitate which is stable in low pH environment, similar to scorodite (Drahota and Filippi, 2009). The 

cement textures and varied chemistry from the surficial Nipissing High Grade mill and Nipissing Low Grade 

tailings share the characteristics of HFA described by Drahota and Filippi (2009), lacking any obvious 

crystallinity and occurring as grain cementation with chemical variability suggesting accommodation of 

chemical constituents available in the system.   

A mineral species classified as Fe-Ca arsenate is identified as a significant component by surface area in 

sample NHGM012 and NHGT002 from the Nipissing High Grade samples as well as all three of the 

Nipissing Low Grade samples (NLGM017, NLGT020 and NLGT027) analyzed with SEM-MLA. Fe-Ca 

arsenates are recognized to form in association with the weathering of primary As phases in carbonate rich 

environments and neutral to slightly alkaline pH conditions (Majzlan et al., 2014). Dissolution textures of 

primary sulpharsenides, sulphides and arsenides from these five samples suggest acid is generated which 

will disassociate primary carbonate, releasing Ca2+ making it available for the formation of Fe-Ca arsenate.  
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The mineralogy of the phases classified as Fe-Ca arsenate is uncertain. The Fe-Ca arsenate phase may 

represent a mixture of scorodite with pharmacolite (CaHAsO4
.2H2O), which has been previously identified 

from processed waste material at the Nipissing mill sites (Percival et al., 2004), Ca-rich scorodite, or is 

representative of a Fe-Ca arsenate such as arseniosiderite or yukonite. Ca-rich scorodite has previously 

been identified within tailings material in stream sediments as rims on primary skutterudite as thin rinds 

(Kwong et al., 2007). Surface conditions pH conditions and chemistry are also favourable for the formation 

of Fe-Ca arsenates in the Cobalt are where arseniosiderite forms when scorodite and pharmacolite become 

unstable in higher pH environments (Drahota and Filippi, 2009) and yukonite is suggested to form in near 

neutral pH conditions in Ca-Fe(III)-As(V) systems (Drahota and Filippi, 2009). Typically Fe-Ca arsenates 

occurs in Ca-rich waste material in the absence of SO4
2-, with limited gypsum (Majzlan et al., 2014). The 

automated mineralogical analysis defined little gypsum in the samples, suggesting limited SO4
2-, and 

therefore a favourable environment for the formation of Fe-Ca arsenate. The presence and abundance of 

Fe-Ca arsenate in the Nipissing High Grade and Low samples is of importance due to its relatively high 

bioaccessiblity relative to other arsenate phases (Meunier et al., 2010; Plumlee and Morman, 2011).  

Using automated mineralogy, there is uncertainty as to what the exact mineralogy of both of the mixed Fe-

Co-Ni and Fe-Ca arsenate phases and as such are given general assemblages as mineral names in the 

mineral reference library. It is however clear that, although the proportion or secondary to primary As 

minerals are similar, the dominant secondary phases of mixed arsenates from sample NHGM012 is 

distinctive from the near surface tailings samples hosting crystalline erythrite-annabergite phases from the 

Nipissing High Grade tailings (NHGT002).   

 Processing Methods – A comparison of the Tailings from the 1st and 2nd Eras of Mining 

During the milling and processing of ore from both eras of mining, As is enriched in tailings material and 

made more available for oxidation and dissolution reactions. Processing history is a key factor to consider 

to understand the stability of As in mine waste. As discussed in sections 4.1.1-4.1.5, variations in the 

chemical and mineralogical constituents of tailings is a function of the extent and type of processing and 

commodities targeted. The amount of particle size reduction during processing is another critical factor 

which influences the exposure of primary As phases to oxidation and dissolution reactions, which further 

promotes the mobilization of As, and controls the porosity of the tailings material which affects the amount 
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of water-tailings interaction. A comparison of the Cart Lake tailings from the 2nd era of processing and the 

Nipissing tailings from the early era of processing highlights the variations in bulk chemistry and 

mineralogical characteristics which can be in part attributed to differences in processing methods.  

The sample from the Cart Lake tailings is composed of near equal portions of primary and secondary As 

phases by surface area. Improved flotation methods with more efficient recovery used in the 2nd era of 

mining allowed for less size reduction. The coarser grain size lead to the encapsulation of a portion of the 

primary arsenide and sulpharsenide grains which are locked within coarse fragments which partly shield 

these grains from oxidation and dissolution reactions which would otherwise form secondary As minerals 

(Fig. 29B). The samples from the tailings from the Nipissing sites are distinct from sample from the the Cart 

Lake tailing having undergone fine grinding and therefore having a greater surface area allowing greater 

oxidation of primary phases and formation of secondary As phases. 

5.2 Pitfalls of Automated Mineralogy at the Study Area 

SEM in conjunction with automated mineralogy using MLA software is a powerful tool allowing rapid 

categorization of an immense number of particles within a sample. To maximize the validity of the dataset, 

care is required when building the reference library to recognize any potential improperly categorized 

mineral phases, as well, the limitations of MLA must be recognized.  

The Cobalt-Coleman mining camp hosts many complex solid-solution phases (eg. erythrite-annabergite 

series) and minerals with solid substitution which return a wide array of EDS spectra by mineral species 

depending on the ratios of substituted constituents. Mixed spectra is problematic in distinguishing between 

end members in solid solution phases, and in distinguishing the dominant mineral when there is substitution. 

As such, the reference library used was modified to group indistinguishable mineral phases as a single 

mineral classification (eg. safflorite-skutterudite). The ore mineralogy also included mono-arsenide, bi-

arsenide and tri-arsenide mineral phases which had similar EDS spectrum peaks. These arsenide peaks 

could not be distinguished with sufficient confidence using MLA, due in part to solid solution substitution, 

and were grouped together in the reference library (eg. nickeline (NiAs) and rammelsbergite (NiAs2)). 

Secondary phases also produced mixed EDS as discussed in section 5.1.2 and 5.1.3. The EDS spectrum 

with strong As peaks and variable Fe-Co-Ni peaks were defined as Fe-Co-Ni arsenates in the reference 
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library, however under the redox and pH conditions of the near surface environment, it is possible that the 

EDS spectrum is that of mixed arsenate phases which also includes mixed Fe-oxides.   

Arsenic is recognized to adsorb on organic material within the Cobalt area (Dumaresq, 1993: Kelly et al., 

2007). The parameters used with the SEM, and reference library created in MLA does not recognize organic 

material. Adsorption of As on organic material is likely a significant factor controlling the mobility of As within 

the soil and organic rich material. The total As distribution, as calculated with MLA, does not incorporate 

As adsorption on organic material, therefore the results of As distribution from the organic rich soil 

(COS042) is likely not entirely representative. Organic matter may also be present and be playing a role in 

As adsorption in the near surface tailings and mill site samples which are lightly vegetated.  

Due to the chemical variability of As-bearing phases owing to solid-solution and site substitution, As 

deportment is a challenge to categorize from the analyzed samples from the Cobalt area using SEM-MLA. 

The chemical variability does not limit the effectiveness of using SEM-MLA in classifying abundances of 

mineral phases, however it must be recognized and managed to build a robust and accurate reference 

library and data set.  
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6. CHAPTER 6: CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions from this Study 

The legacy mining waste sites from the Cobalt-Coleman mining camp are a known source of As 

contamination to the local environment (Dumaresq, 1993; Percival et al., 2004; Beauchemin and Kwong, 

2006; Kwong et al., 2007). This study aims to further investigate the distribution of As in solid phases at 

legacy mining sites to the south of the town of Cobalt including tailings and mill sites in the Nipissing legacy 

sites, Cart Lake tailings as well as soils from the nearby Nipissing hill. Highly elevated As material was 

identified from the six sampling sites and the mineralogical characteristics were classified and quantified at 

each sample site using automated mineralogy with SEM-MLA. The results from the mineral characterization 

analysis are reviewed to infer the controls and relative stability of the identified As phases.  

The geochemical characteristics of the sample sites are a function of the type and grade of ore material 

processed as well as the processing methods used and their efficiency in recovery. This sampling identified 

elevated As above Ontario Regulation 153/04 for soils which includes industrial sites, at all sample sites 

and highlights the tailings and mill site samples from the Nipissing sites as having highly elevated As up to 

6.01%. Many of the highest As samples from each sample site were selected for mineral characterization 

analysis.  

In this study, the focus of the mineral characterization was to identify and quantify the distribution of primary 

and secondary As mineral phases.  

The main findings from this study are as follows;  

A)  This study highlighted not only the variation of As bearing mineral phases between the sample sites, 

but also the localized variability of mineralogy from different sampled material within sampling sites. 

B)  Localized mineralogical variation with depth in the Nipissing High Grade tailings is pronounced and is 

a function of depth and grain size which controls water retention and in turn redox conditions. 

Sample NHGT004 which is collected from fine grained water saturated tailings is dominated by primary As 

phases whereas the overlying near surface sample of silty to sandy tailings from NHGT002 is dominated 

by secondary erythrite-annabergite. The erythrite-annabergite phases form as crystalline precipitates 

rimming silicates, carbonates and sites vacated by weather particles suggesting this arsenate phase is 
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stable in this near surface condition and is likely controlling As mobility within tailings pore-water through 

precipitation.   

C)  Mixed Fe-Co-Ni and Fe-Ca arsenates are a major secondary As mineral phases in the Nipissing High 

Grade mill and Nipissing Low Grade mill and tailings which form as inter-grain cementation and replacement 

of primary As minerals. The secondary cementation texture suggests in situ remobilization of As and 

precipitation of secondary arsenates within the tailings or legacy mill waste material. The exact distribution 

of mineralogy of the mixed arsenate phase cannot be resolved using SEM-MLA alone. 

D) Processing methods plays a significant role in the physical and chemical characteristics of the legacy 

waste material. The exposure of primary As phases to oxidation and interaction with surface water is a 

direct function of the amount of size reduction. The extent of processing towards an end product and 

commodities targeted also controls the constituents deposited as tailings. The comparison of the Cart Lake 

tailings from the 2nd era of mining with the Nipissing legacy samples from the early era of mining highlights 

these processing controls.  

The geochemical and mineral characterization from this study highlights the Nipissing tailings and mil sites 

as posing a concern for As release due to their abundance of As and complex mineral distribution, hosting 

both secondary and primary As phases. The samples from this study suggest the Cart Lake tailings host 

few As phases and are more stable hosting abundant primary phases locked with coarser grains, however 

the surficial footprint of the Cart Lake tailings is significantly larger relative to the Nipissing sites, and 

therefore remains a site of concern for As release and loading to the watershed. Understanding the detailed 

mineralogy of waste material and distribution of primary and secondary As phases from the legacy mill and 

tailings sites has direct applications to improving remediation planning and design.  

6.2 Future Recommendations 

 Follow-up Sampling 

The limited sampling which analyzed using SEM-MLA highlighted the localized variability of mineralogical 

characteristics which is related to variations in the sample depth and redox conditions, grain size and 

processing history. Further detailed sampling will build on the initial interpretations on the controls and 

distribution of primary and secondary As phases in legacy mine waste material which will further constrain 

modelling of the release of As in to the receiving environment. Continued sampling may also be guided to 
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determine mineralogical variation associated with fluctuations in redox conditions in the near surface 

associated seasonal changes in weather and storm events, and to detail the mineralogical variation with 

depth and across the redox transition zone. 

6.2.1.1 Using SEM-MLA to Constrain Redox Stability of Primary As Phases with Depth 

Two samples from the test pit in the Nipissing High Grade tailings (NHGT002 and NHGT004) highlighted 

the variation in primary and secondary phases with depth related to the amount of water saturation of the 

tailings horizon. The water saturated material from sample NHGT004 maintained primary As phases in 

reduced conditions with little formation of secondary phases, whereas the near surface and dry sample 

NHGT002 is dominated by secondary phases. Material with the transitional zone between saturated and 

unsaturated presents the greatest concern for As release. Therefore, mineralogical analysis of tailings 

horizons at the Cart Lake and Nipissing Low Grade tailings will further constrain the depth and thickness of 

the transitional horizon which will improve detailed modelling of the potential As release from legacy tailings 

and mine waste material.  

 Electron Microprobe Analysis (EMPA) 

SEM in conjunction with automated mineralogy provided a robust mineralogical data set of different material 

from various legacy sites, however it was limited in differentiating minerals in the Cobalt area with extensive 

solid substitution and mixed secondary phases. Advanced analysis using EMPA will allow investigation with 

better resolution of the mineralogy of these phases. Specifically, EMPA can be applied to the surface 

samples from the Nipissing High Grade tailings with cementation as mixed Fe-Co-Ni arsenate, to better 

define the specific arsenate phase distribution of this mixed mineral assemblage.  

EMPA will also allow improved categorization and distribution of common solid solution species and 

common minerals phases with substitution including erythrite-annabergite, safflorite-skutterudite and 

nickeline-rammelsbergite. An improved understanding of the distribution of the specific mineralogy has 

direct implications to model the release of As based on mineral stability as well as to determine the species 

dependent bioaccessibility of As.  
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APPENDIX 1: Sample descriptions of analyzed samples 

 

Tailings and mill site soil sample descriptions 

 

Sample ID NAD83 
Zone17N 
Easting 

NAD83 
Zone17N 
Northing 

Media Sample 
Interval (cm) 

Grain Size Sample Notes 

NHGT001 599297 5249411 Tailings 0-5 Clay, very 
fine 

Sample from surface of light grey tailings horizon of test pit includes 1 cm of organics.  

NHGT002 599297 5249411 Tailings 5-10 Silty to 
sandy 

Sample from test pit. Silty to sandy dark grey-brown material with visible erythrite. 

NHGT003 599297 5249411 Tailings 10-13 Silty to clay Sample from test pit. Similar to top horizon in test pit. Moderate pink erythrite blooms.  

NHGT004 599297 5249411 Tailings 13-20 Clay, very 
fine 

Sample from test pit. Blue grey very clay rich tailings.  Water saturated.  

NHGT005 599301 5249400 Tailings 0-5 Silty to 
sandy 

Dark grey brown silty to sandy with moderate erythrite and small lenses of light grey clay.  

NHGT006 599302 5249384 Tailings 0-5 Silty to 
sandy 

Dark grey brown silty to sandy with moderate erythrite in bands. Taken beside mossy 
depression/creek channel.  

NHGT007 599284 5249443 Tailings 0-5 Clay, very 
fine 

Light-grey clay rich tailings. Likely transported material during heavy rains.  

NHGM011 599425 5249378 Soil near 
mill 

0-5 Silty to 
sandy 

Thin 0.25 cm cap of light grey green silty sand overlying orange brown silty sand.  

NHGM012 599416 5249325 Soil near 
mill 

0-5 Silty to 
sandy 

Sample of dark brown processed material near furnace foundation. Pink layers of erythrite 
coatings.   

NHGM013 599414 5249341 Soil near 
mill 

0-5 Silty to 
sandy 

Processed material. Silty sandy pile between old foundation of furnace. Moderate fine grained 
erythrite.  

NHGM014 599395 5249331 Soil near 
mill 

0-5 Sandy to 
silty 

Sandy grey-brown material in drainage down slope from mill site. 

NLGM016 599555 5249514 Soil near 
mill 

0-5 Silty to 
sandy 

Grey-brown processed material near mill. 

NLGM017 599595 5249582 Soil near 
mill 

0-5 Silty Grey to light green material in dry drainage channel 20 my downslope from mill.  

NLGM019 599673 5249547 Soil near 
mill 

0-5 Clay-silty Sample of light grey-green processed material from circular silo feature within mill.  

NLGT020 599711 5249629 Tailings 0-5 Silty-clay Sample of light grey tailings on margins of tailings impoundmentedge. 

NLGT022 599644 5249649 Tailings 1-4 Silty-sandy Light brown silty sandy tailings horizon with minor organics. Sample in test pit. 

NLGT023 599644 5249649 Tailings 4-10 Silt-clay Light grey to grey blue typical silt clay tailings. Sample in test pit. 

NLGT025 599726 5249852 Tailings 1-4 silty Tailings material of light brown silty cap with minor organics.  

NLGT026 599726 5249852 Tailings 4-10 Clay, very 
fine 

Light grey clay rich tailings. Typical material from Nipissing Low Grade tailings.  

NLGT027 599678 5249720 Tailings 0-5 Silt-clay Light grey-blue tailings. Sample from 10 x 20 m area of exposed tailings.  

CLT033 599217 5247966 Tailings 0-3 Silty to 
sandy 

Sample from test pit. Light grey, silty to sandy dessicated crust with thin vegetation  

CLT034 599217 5247966 Tailings 3-30 Sandy to 
silty 

 Sample from test pit. Grey brown sandy material.  

CLT035 599217 5247966 Tailings 30-40 Silty to 
sandy 

Sample from test pit. Finer grained silty material relative to overlying layer.  
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Soil sample descriptions 

 

Sample ID NAD83 
Zone17N 
Easting 

NAD83 
Zone17N 
Northing 

Sample 
Interval 

(cm) 

Sample Notes 

COS042 599675 5249436 0-5 Thin 1 cm organic over 2 to 3 cm Ah which overlies grey to brown sandy to pebbley 
B horizon. Proximal to old workings in mixed spruce and hardwood forest 

COS044 599788 5249582 0-5 Sample from bedrock knoll with small shrubs. Thin patchy soil developed in 
depression. Thin organics (0.5 cm) overlying brown sandy B horizon.  

COS046 599762 5249698 0-5 Sample from bedrock knoll with thin and patchy soil development. Sample from 
small depression. Thin organics over brown pebble to sandy b horizon. Thin 
vegetation of young pine and spruce. 

COS047 599876 5249792 0-5 Sample from bedrock knoll. Thin Moss and organic cover (1 cm) over sandy red 
brown B horizon soil.  Very open with small shrubs and spruce.  

COS050 599964 5249686 0-5 Sample from small bedrock knoll with patchy and thin soil. Thin 1 cm organics over 
grey brown sandy B horizon soil. 
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APPENDIX 2: Descriptions of samples collected but not analyzed 
 

Tailings and Mill site samples 
 
 
 

Sample ID NAD83 Zone 
17N Easting 

NAD83 Zone 
17N Northing 

Media Sample 
Interval 

(cm) 

Grain Size Sample Notes 

CLT028 599268 5248147  Tailings 0-5 Silty-sandy 1 to 2 cm of organics overlying grey-brown horizon 
saturated with water. Sampled from area with this 
vegetation near Lake.   

CLT029 599268 5248147  Tailings 5-15 Silty-sandy Same as CLT028 with no organics. 5 to 15 cm. From same 
test pit. 

CLT030 599268 5248147  Tailings 15-20 Silty-sandy Light brown clay rich tailings horizon, 5 cm thick. Water 
saturated.  

CLT031 599268 5248147  Tailings 20-25 Clay Fine grained grey-blue clay tailings material. 3 to 5 cm thick. 
Water saturated.  

CLT032 599268 5248147  Tailings 25-35 Silty-sandy Same as sample CLT029. Grey-brown silty-sandy horizon, 
water saturated.  

NHGM010 599441 5249349  Processed 
Material 
Near Mill 

0-5 Silty to 
pebbly 

Dark brown to grey. Likely old waste rock pile.  No 
vegetation. Mostly fragments of fresh volcanic with minor 
mineralized component. Footprint of 20 x 40 m. Beside mill 
building.   

NHGT008 599284 5249453  Tailings 0-5 Silty-sandy Sample on edge of active stream channel draining from 
Nipissing High Grade tailings. Dark grey sediment. 

NLGT021 599644 5249649  Tailings 0-1 Clay Sample from top of test pit 2. 0 to 1 cm thick crust of clay 
rich material. Clay cap? In area with little vegetation.  

NLGT024 599726 5249852  Tailings 0-1 Clay Sample of top 1 cm of dessicated clay rich crust from area 
with no vegetation. 1 cm thick crust.  
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Soil Samples 
 

Sample ID NAD83 
Zone 17N 

Easting 

NAD83 Zone 
17N 

Northing 

Sample 
Interval 

Sample Notes 

COS036 599513 5249231 0-5 cm Soil sample from top of bedrock knoll near historic workings.  Patchy and thin soil 
cover likely disturbed. Sample from 3 locations over 10 m. Thin pine needle cover 
with 0.5 cm Ah followed by grey brown sandy pebbly B horizon.  

COS037 599552 5249152 0-5 cm Sample from small bedrock knoll with patchy soil development. Likely disturbed. No 
immediate workings nearby. Sample from 3 location within 5 cm. Thin pine needle 
cover 0.5 cm Ah,  grey brown sandy pebble B horizon.   

COS038 599430 5249165 0-5 cm Sample from bedrock knoll with patchy soil development. Sample from 3 locations 
within 5 m. 1 cm organic litter over 1 cm Ah. Variably light brown to grey-brown 
sandy pebble B horizon.  Sample within 30 m of old workings.   

COS039 599682 5249240 0-5 cm Sample from top of outcrop knoll. Near small workings. Patchy soil sampled from 3 
locations within 15 m. 0.5 cm organic over 1 to 2 cm Ah. Brown sandy B horizon.  

COS040 599560 5249356 0-5 cm Sample on small outcrop knoll near road and old workings. Sample in small 
depression with thin soil. Thin organic layer over 1 cm Ah and brown sandy B 
horizon. Near Nipissing Low Grade mill.  

COS041 599709 5249298 0-5 cm Sample from side of bedrock knoll with patchy soil development. Thin organic layer 
over 2 cm of Ah and brown sandy B horizon. Sample from 3 locations within 1 m.   

COS043 599730 5249490 0-5 cm Sample from bedrock knoll near old working. Patchy thin soil development. Sample 
from small depression from 2 locations within 1 m. Thin organics over 1 to 2 cm of 
Ah and brown sandy B horizon. 

COS045 599899 5249591 0-5 cm Sample on bedrock knoll in small depression. Thin moss and organics over brown 
sandy B horizon.  Within 20 m of waste rock pile.  

COS048 599904 5249860 0-5 cm Sample on flank of bedrock knoll with patchy and thin soil development. Open 
forest with thin vegetation. Thin needle and moss layer over brown sandy to pebble 
B horizon. 

COS049 599974 5249763 0-5 cm Sample on flank of bedrock knoll with patchy and thin soil. Open with thin 
vegetation. Sample under spruce tree. Thin needle and moss layer over brown 
sandy to pebble B horizon. 

COS051 600038 5249602 0-5 cm Sample from bedrock knoll/clearing. Thin moss/organic 0.5 cm thick over 0.5 cm Ah 
over sandy to pebbly brown B horizon. Sample from small depression.  

COS052 599094 5248763 0-5 cm Sample from rocky knoll near small cliff. Moderately covered by trees with some 
shrubs. 0.5 cm thick organic layer over brown sandy B horizon.  

COS053 599135 5248857 0-5 cm Sample on bedrock knoll with thin soil development. Sample under mature spruce. 
1 cm organic over 3 cm Ah over light brown sandy B horizon. Near old workings. 
Moderate tree coverage.  

COS054 599190 5248920 0-5 cm Sample from open bedrock knoll with direct line of sight to Nipissing high grade 
mill. Sparse tree cover. Thin 1 cm organic and moss over grey pebbly to sandy B 
horizon. 

COS055 599134 5248946 0-5 cm Sample from large open bedrock knoll. Near old working. Likely has been washed. 
Patchy soil developed near trees and in cracks. 1 cm organics over grey pebbly 
sandy B horizon. Within line of sight of Nipissing High Grade mill. 
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APPENDIX 3: Complete Tailings, Mill Site Samples and QA/QC Analytical Assay Results 

 

 
 

Mo 
ppm 

Cu 
ppm 

Pb 
ppm 

Zn 
ppm 

Ag ppm Ni 
ppm 

Co ppm Mn 
ppm 

Fe % As 
ppm 

U 
ppm 

Th 
ppm 

Sr 
ppm 

Cd 
ppm 

Sb 
ppm 

Bi 
ppm 

V 
ppm 

Ca 
% 

P % 

NHGT001 23.4 529 69.9 252 12.8 2786.5 6769.6 705 7.06 13282 2.3 4.4 7 <0.5 94.4 116.2 159 0.45 0.073 
NHGT002 44.9 242.5 50.4 236 9.6 2541.8 6242.6 617 6.34 10723 2.5 4.8 <5 <0.5 66.9 86.4 130 0.39 0.059 
NHGT003 72.6 303.4 78.9 287 14.1 3368.6 8124.6 653 7.25 15185 2.9 5.3 <5 <0.5 113.4 132.7 147 0.48 0.074 
NHGT004 288.7 293.6 90.6 339 18.8 2842.8 6062.1 720 7.66 17132 2.6 5.5 8 0.7 151 122.2 150 1.14 0.075 
NHGT005 56.8 814.9 39.4 219 9.9 2693.8 6424.3 620 6.7 12667 1.7 3.7 5 <0.5 91.3 100.3 139 0.35 0.075 
NHGT006 15.9 1557.6 119.7 302 34 1608.9 3506.4 826 6.3 7871 1.1 1.7 16 0.7 73.3 89.7 180 1.28 0.051 
NHGT007 4.7 2190.1 88.4 246 16.7 861.6 4433.1 2200 9.16 11507 1.1 1 22 <0.5 89.5 132.9 290 3.47 0.07 
NHGM011 19.3 38.6 233.4 50 >1000.0 345.4 565.7 45 14.47 1509 <0.5 <0.5 40 <0.5 670.1 46.2 69 0.7 0.016 
NHGM012 225.2 7753.3 1387.7 1477 346.2 7529.7 >10000.0 665 7.03 60746 2 3.1 21 4.2 1064.6 570.5 106 0.58 0.057 
NHGM013 39.5 1322.1 393.9 327 125.8 2710.1 6003.6 621 5.89 15400 2.1 4.3 16 0.8 168.5 116.9 128 0.87 0.068 
NHGM014 101.5 3041.5 644.3 1778 442 9865.9 >10000.0 736 6.41 52757 1.7 2.3 32 1.9 550 521.9 109 1.16 0.049 
NLGM016 2.3 555.9 418.5 405 214.9 983.5 986.5 712 5.21 3262 1.7 4.5 14 1 754 60.9 112 1.71 0.058 
NLGM017 5.6 1656.7 885.1 1209 860 1394.3 1639.7 790 5.54 7560 1.5 3.2 17 4.3 590 163 128 2.07 0.065 
NLGM019 1.8 979.8 360.3 520 638.5 1284.8 1082.3 800 5.3 3969 1.1 2.3 13 1.3 242.5 61.5 128 1.95 0.053 
NLGT020 0.9 551.8 232.4 224 169.8 1082.9 1383.2 687 4.58 5077 1.8 3.5 18 0.5 134.3 44.7 107 1.92 0.051 
NLGT022 0.5 103.6 34.9 119 11 173.3 193.5 834 4.36 756 0.8 11.5 46 <0.5 77.4 3.6 79 0.95 0.05 
NLGT023 1 411 149 216 100.7 549.5 758.6 783 5.03 3240 1.6 3.4 17 <0.5 148.4 34.2 125 2.03 0.052 
NLGT025 1.1 57 33 103 5.6 128.8 99.5 822 4.26 982 1 9.7 51 <0.5 162.9 3.2 78 1.01 0.049 
NLGT026 1.3 300 290.8 200 84.9 825.9 967.4 859 5.63 2889 1.3 2.9 18 0.6 156.6 43.4 148 2.14 0.055 
NLGT027 2.4 457.6 260.7 234 101.1 652.3 862 784 5.01 4152 1.5 3.8 19 0.6 224.5 42.9 124 2.09 0.054 
CLT033 0.7 94.6 306.9 403 27.1 123.8 296.1 704 4.54 1042 0.7 2.8 8 1.1 11.6 5.7 125 0.98 0.048 
CLT034 0.8 82 262.4 279 21.8 104.5 227.8 662 4.32 888 0.8 2.9 9 0.7 8.7 4.5 119 1.22 0.038 
CLT035 <0.5 54.8 165.8 136 15.3 95.4 249.7 624 4.12 889 0.9 3 11 <0.5 8.8 3.9 108 1.39 0.044 
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La 

ppm 
Cr 

ppm 
Mg 
% 

Ba 
ppm 

Ti % Al % Na 
% 

K % W 
ppm 

Hg 
ppm 

Sc 
ppm 

Tl 
ppm 

S % Ga 
ppm 

Se 
ppm 

Co % 
(overgrade 

analysis) 

NHGT001 10.4 163.9 4.32 16 0.11 4.46 0.02 0.04 <0.5 8.42 16.3 <0.5 <0.05 18 <2 N.A. 
NHGT002 8.6 146 3.99 8 0.09 4 0.04 0.02 <0.5 5.16 13.3 <0.5 <0.05 16 <2 N.A. 
NHGT003 10.9 168.6 4.6 8 0.098 4.62 0.04 0.02 <0.5 12.52 16.4 <0.5 0.08 21 <2 N.A. 
NHGT004 11.8 172.8 4.93 13 0.098 4.91 0.03 0.04 <0.5 16.5 16.4 <0.5 0.35 21 <2 N.A. 
NHGT005 8.3 212.3 4.58 11 0.085 4.45 0.02 0.04 <0.5 3.5 16 <0.5 0.05 18 <2 N.A. 
NHGT006 6.7 154.6 3.43 9 0.13 3.46 0.03 0.05 <0.5 2.94 18.5 <0.5 0.14 14 <2 N.A. 
NHGT007 8.7 122.1 4.11 11 0.267 4.51 0.03 0.05 <0.5 2.57 29.9 <0.5 0.2 18 <2 N.A. 
NHGM011 1.3 6.2 0.14 67 0.218 0.29 0.19 0.2 <0.5 340.42 3.8 <0.5 7.77 <5 8 N.A. 
NHGM012 10.6 144.2 2.41 34 0.057 2.89 0.05 0.06 <0.5 74.37 11.9 <0.5 0.58 12 <2 1.549 
NHGM013 11.5 147.5 3.2 7 0.071 3.28 0.05 0.02 <0.5 5.75 15.2 <0.5 0.19 14 <2 N.A. 
NHGM014 8.9 107.8 2.6 101 0.06 2.74 0.05 <0.01 0.7 398.47 11.8 <0.5 0.32 11 5 1.685 
NLGM016 11.6 130.3 2.28 18 0.103 2.54 0.06 0.05 <0.5 19.97 12.7 <0.5 0.09 13 <2 N.A. 
NLGM017 11.4 125.4 2.67 14 0.096 2.7 0.04 0.03 <0.5 123.13 14.9 <0.5 0.19 12 <2 N.A. 
NLGM019 10.6 117.1 2.55 11 0.138 2.65 0.06 0.03 <0.5 23.78 14.6 <0.5 0.15 12 <2 N.A. 
NLGT020 9.5 103.2 2.19 6 0.08 2.38 0.09 0.03 <0.5 26.75 13.1 <0.5 0.1 11 <2 N.A. 
NLGT022 36.7 118.9 1.56 183 0.218 3.7 0.12 0.47 <0.5 1.47 10.9 <0.5 <0.05 12 <2 N.A. 
NLGT023 11 105.2 2.38 8 0.122 2.73 0.1 0.04 <0.5 22.85 14.8 <0.5 0.07 12 <2 N.A. 
NLGT025 29.5 128.1 1.62 172 0.22 3.55 0.12 0.47 <0.5 1.91 10.8 <0.5 <0.05 12 <2 N.A. 
NLGT026 11.4 165.5 2.84 18 0.145 3.06 0.1 0.09 <0.5 28.81 17.6 <0.5 0.06 13 <2 N.A. 
NLGT027 11 107.9 2.42 15 0.106 2.74 0.1 0.04 <0.5 19.16 15.8 <0.5 0.1 12 <2 N.A. 
CLT033 6.9 128.6 2.06 12 0.155 2.22 0.07 0.06 <0.5 0.53 13.8 <0.5 <0.05 11 <2 N.A. 
CLT034 6.6 125 2.01 10 0.142 2.14 0.07 0.06 <0.5 0.77 13.4 <0.5 <0.05 10 <2 N.A. 
CLT035 6.2 127.5 2.03 8 0.103 2.11 0.08 0.06 <0.5 0.46 14.3 <0.5 <0.05 11 <2 N.A. 
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QA/QC Results 

 
MO 
PPM 

CU 
PPM 

PB 
PPM 

ZN 
PPM 

AG 
PPM 

NI 
PPM 

CO PPM MN 
PPM 

FE % AS 
PPM 

U 
PPM 

TH 
PPM 

SR 
PPM 

CD 
PPM 

SB 
PPM 

BI 
PPM 

V 
PPM 

CA % P % LA 
PPM 

CR 
PPM 

MG 
% 

PULP DUPLICATES 
                      

NHGM012 225.2 7753 1388 1477 346.2 7530 >10000.0 665 7.03 60746 2 3.1 21 4.2 1065 570.5 106 0.58 0.057 10.6 144.2 2.41 

NHGM012 230.6 7831 1389 1478 348.5 7625 >10000.0 688 7.04 61409 2 3 21 4.4 1059 623.3 106 0.59 0.063 10.4 138.2 2.43 

REFERENCE 
MATERIALS 

                      

STD GBM398-4-
AR 

885.4 3883 11560 5316 48.6 4096 1952.8 5160 3.96 14 0.6 0.9 14 8.3 6.8 11.7 18 0.33 0.023 2.3 1885 0.13 

STD OREAS927-
AR 

1 10571 207.7 724 3.8 27.2 31.2 948 7.9 23 1.6 11.7 12 0.9 1.6 56.6 32 0.27 0.05 23.4 36 1.88 

STD GC-7 
                      

STD OREAS133B 
                      

BLK <0.5 <0.5 <0.5 <5 <0.5 <0.5 0.6 <5 <0.01 <5 <0.5 <0.5 <5 <0.5 <0.5 <0.5 <10 <0.01 <0.001 <0.5 <0.5 <0.01 

BLK 
                      

PREP WASH 
                      

ROCK-VAN 0.9 4.1 1.8 37 <0.5 0.6 3.5 538 1.85 <5 <0.5 2.1 19 <0.5 <0.5 <0.5 23 0.65 0.039 6.6 2.3 0.45 

ROCK-VAN 0.8 10.5 2.3 36 <0.5 0.7 3.4 593 1.95 <5 <0.5 2.2 20 <0.5 <0.5 <0.5 24 0.72 0.046 6.5 1.9 0.49 



 

82 

 

 

QA/QC results (continued) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Ba 
ppm 

Ti % Al % Na % K % W 
ppm 

Hg 
ppm 

Sc 
ppm 

Tl 
ppm 

S % Ga 
ppm 

Se 
ppm 

Co % 
(overgrade 

analysis) 

Pulp Duplicates 
             

NHGM012 34 0.057 2.89 0.05 0.06 <0.5 74.37 11.9 <0.5 0.58 12 <2 1.549 

NHGM012 39 0.062 2.91 0.05 0.06 <0.5 73.32 12.5 <0.5 0.58 12 <2 
 

Reference 
Materials 

             

STD GBM398-4-AR 18 0.111 0.48 0.26 0.1 3.3 2.95 1.9 <0.5 0.9 <5 3 
 

STD OREAS927-AR 43 0.097 3.2 <0.01 0.25 4.5 0.09 4.8 <0.5 1.68 9 14 
 

STD GC-7 
            

<0.001 

STD OREAS133B 
            

0.002 

BLK <5 <0.001 <0.01 <0.01 <0.01 <0.5 0.09 <0.5 <0.5 <0.05 <5 <2 
 

BLK 
            

0.001 

Prep Wash 
             

ROCK-VAN 68 0.105 0.89 0.12 0.1 <0.5 <0.05 3.6 <0.5 <0.05 <5 <2 N.A. 

ROCK-VAN 62 0.105 0.93 0.12 0.11 <0.5 <0.05 3.8 <0.5 0.06 <5 <2 N.A. 
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APPENDIX 4: Soil Sample and QA/QC Analytical Assay Results 

 

 
 

Mo 
ppm 

Cu 
ppm 

Pb 
ppm 

Zn 
ppm 

Ag 
ppm 

Ni 
ppm 

Co 
ppm 

Mn 
ppm 

Fe % As 
ppm 

Au 
ppb 

Th 
ppm 

Sr 
ppm 

Cd 
ppm 

Sb 
ppm 

Bi 
ppm 

V 
ppm 

Ca % P % 

COS042 0.9 99.9 136.1 258 52.7 305.7 288.8 1009 1.83 1019.8 12.2 0.9 12 1.1 29.6 19.3 31 0.33 0.052 

COS044 0.6 67.2 50.5 52 18.6 169.1 171.6 379 2.03 579.7 2.8 2.4 9 0.3 14.2 8.9 35 0.35 0.025 

COS046 0.8 45.5 38.9 36 9.1 63.6 38.3 164 2.32 531.7 5 2.6 7 0.1 12.6 4.6 39 0.08 0.027 

COS047 1.2 26.9 32.1 31 6.4 30.2 17.2 151 2.37 446.9 3.4 1.3 5 0.2 9.9 3.6 54 0.06 0.043 

COS050 1.5 99.8 147.8 72 36.1 159.1 126.7 327 2.67 771.8 9.6 1.8 7 0.4 13.8 21.8 71 0.12 0.041 

 
 

La 
ppm 

Cr 
ppm 

Mg % Ba 
ppm 

Ti % B 
ppm 

Al % Na % K % W 
ppm 

Hg 
ppm 

Sc 
ppm 

Tl 
ppm 

S % Ga 
ppm 

Se 
ppm 

Te 
ppm 

COS042 9 38 0.34 89 0.031 <20 0.97 0.003 0.08 0.2 7.45 2.1 0.1 <0.05 4 0.8 <0.2 

COS044 12 46 0.48 44 0.047 <20 1.3 0.003 0.04 <0.1 2.31 2.8 <0.1 <0.05 4 <0.5 <0.2 

COS046 8 52 0.41 25 0.051 <20 1.69 0.003 0.04 0.1 1.16 2.6 <0.1 <0.05 5 <0.5 <0.2 

COS047 8 40 0.22 23 0.04 <20 1.19 0.002 0.03 <0.1 0.97 2 0.1 <0.05 8 <0.5 <0.2 

COS050 10 48 0.58 25 0.063 <20 1.33 0.003 0.06 0.3 5.15 4.7 0.2 <0.05 7 0.7 <0.2 
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QA/QC Results 
 

Mo 
ppm 

Cu 
ppm 

Pb 
ppm 

Zn 
ppm 

Ag 
ppm 

Ni 
ppm 

Co 
ppm 

Mn 
ppm 

Fe % As 
ppm 

Au 
ppb 

Th 
ppm 

Sr 
ppm 

Cd 
ppm 

Sb 
ppm 

Bi 
ppm 

V 
ppm 

Ca % P % 

Pulp Duplicates 
COS044 Soil 0.6 67.2 50.5 52 18.6 169.1 171.6 379 2.03 579.7 2.8 2.4 9 0.3 14.2 8.9 35 0.35 0.025 

COS044 REP 0.7 74.3 53.4 57 20.2 175.4 185.7 395 2.15 629.5 4.3 2.7 9 0.4 15.2 9.2 38 0.36 0.027 

Reference Materials 
 

STD DS10 STD 14.7 162.7 159.8 357 1.8 71 11.9 868 2.69 42.3 120.8 7.5 70 2.6 9.3 12.2 44 1.06 0.075 

STD 
OREAS45EA 

STD 1.5 691.9 14.4 31 0.2 354 50.3 396 22.71 10.3 55.8 10.6 4 <0.1 0.3 0.2 243 0.03 0.028 

BLK BLK <0.1 <0.1 <0.1 <1 <0.1 <0.1 <0.1 <1 <0.01 <0.5 <0.5 <0.1 <1 <0.1 <0.1 <0.1 <2 <0.01 <0.001 

 

 
 

La 
ppm 

Cr 
ppm 

Mg % Ba 
ppm 

Ti % B 
ppm 

Al % Na % K % W 
ppm 

Hg 
ppm 

Sc 
ppm 

Tl 
ppm 

S % Ga 
ppm 

Se 
ppm 

Te 
ppm 

Pulp Duplicates 
 

COS044 Soil 12 46 0.48 44 0.047 <20 1.3 0.003 0.04 <0.1 2.31 2.8 <0.1 <0.05 4 <0.5 <0.2 

COS044 REP 12 51 0.52 45 0.049 <20 1.35 0.004 0.04 0.1 2.46 3.1 <0.1 <0.05 4 <0.5 <0.2 

Reference Materials 
 

STD DS10 STD 17 53 0.76 422 0.08 <20 0.99 0.056 0.33 3.2 0.31 2.7 5.4 0.29 4 1.3 4.8 

STD 
OREAS45EA 

STD 7 811 0.09 142 0.097 <20 3 0.016 0.05 <0.1 0.01 76.4 <0.1 <0.05 12 0.7 <0.2 

BLK BLK <1 <1 <0.01 <1 <0.001 <20 <0.01 <0.001 <0.01 <0.1 <0.01 <0.1 <0.1 <0.05 <1 <0.5 <0.2 
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APPENDIX 5: Summarized results from SEM-MLA mineral classification 

SAMPLE CLT033 

Mineral Number of Particles Total Surface Area (μm) Surface Area (%) 

Albite 38781 34607397.08 38.02% 

Chlorite 24168223 26387149.73 28.99% 

Quartz 14359 11006888.3 12.09% 

Hornblende/Augite 18276 5888679 6.47% 

Muscovite 13194 3290383.23 3.62% 

Calcite 2004 3031412.03 3.33% 

Orthoclase 2378 1520398.08 1.67% 

Titanite 5206 1511334.95 1.66% 

Biotite 6921 844342.79 0.93% 

Plagioclase 700 808099 0.89% 

Low_Counts 5047 639036.32 0.70% 

Apatite 1064 305330.61 0.34% 

Unknown 5361 300375.97 0.33% 

Rutile 1448 185589.44 0.20% 

Ankerite 115 107117.65 0.12% 

Epidote 636 75894.02 0.08% 

Ilmenite 497 73209.25 0.08% 

Dolomite 160 70791.98 0.08% 

Fe Oxides with As 1523 60496.2 0.07% 

Safflorite-Skutterudite 119 56896.49 0.06% 

Zircon 294 37751.57 0.04% 

Fe Oxides without As 250 37295.2 0.04% 

Chalcopyrite 249 33871.28 0.04% 

Fe-Ca Arsenate 329 21885.37 0.02% 

Pyrrhotite 334 17602.19 0.02% 

Galena 94 10404.97 0.01% 

Carbon 177 10173.5 0.01% 

Cobaltite 37 7268.19 0.01% 

Loellingite 33 54003.37 0.06% 

Mixed Fe Co Ni Arsenate 127 4148.88 0.00% 

Arsenopyrite 83 3088.74 0.00% 

Mn-Oxide 13 2987.2 0.00% 

Pyrite 46 2392.16 0.00% 

Chromite 6 2106.1 0.00% 

No_Xray 649 979.36 0.00% 

Acanthite 8 452.01 0.00% 

Gersdorffite 7 275.14 0.00% 

Pentlandite 13 247.84 0.00% 

As-bearing pyrite 5 188.88 0.00% 

Sphalerite 3 173.6 0.00% 

Molybdenite 2 161.59 0.00% 

Tetrahedrite 9 84.07 0.00% 

Gypsum 6 78.61 0.00% 

Monazite 7 70.97 0.00% 

Dyscrasite 2 33.85 0.00% 

Native Silver 2 33.85 0.00% 

Aluminum-Oxide 1 28.39 0.00% 

Cuprite 2 26.2 0.00% 

Rutile with low As 2 8.73 0.00% 

 



 

86 

 

SAMPLE COS042 

Mineral Number of 
Particles 

Total Surface Area 
(μm) 

Surface Area 
(%) 

Hornblende/Augite 9219 2669589.99 16.83% 

Albite 8560 2360857.29 14.88% 

Orthoclase 8444 2094672.5 13.21% 

Quartz 8608 1868051.68 11.78% 

Chlorite 4696 1508193.81 9.51% 

Muscovite 8928 1238221.52 7.81% 

Epidote 3110 997839.51 6.29% 

Low_Counts 3148 802431.41 5.06% 

Biotite 6313 755812.14 4.77% 

Fe Oxides without As 1214 623523.86 3.93% 

Plagioclase 1883 325405.76 2.05% 

Titanite 861 152131.96 0.96% 

Unknown 1444 133559.15 0.84% 

Ilmenite 401 107432.09 0.68% 

Mn-Oxide 102 51530.24 0.32% 

Rutile 521 44351.58 0.28% 

Fe Oxides with As 134 24862.74 0.16% 

Apatite 90 22795.94 0.14% 

Enstatite 58 21008.64 0.13% 

Mixed Fe Co Ni 
Arsenate 

93 16221.05 0.10% 

Carbon 154 12883.38 0.08% 

Fe-Ca Arsenate 51 10052.31 0.06% 

Zircon 178 9439.8 0.06% 

Safflorite-
Skutterudite 

23 2251.32 0.01% 

Calcite 24 1768.74 0.01% 

Pyrite 5 1468.49 0.01% 

No_Xray 705 1193.35 0.01% 

Dolomite 6 875.63 0.01% 

Chromite 5 867.99 0.01% 

Monazite 13 579.75 0.00% 

Chalcopyrite 7 342.83 0.00% 

Pyrrhotite 8 228.19 0.00% 

Ankerite 1 126.65 0.00% 

Gypsum 4 91.71 0.00% 

Sphalerite 2 76.43 0.00% 

Cuprite 5 62.23 0.00% 

Acanthite 1 20.74 0.00% 

Erythrite-Annabergite 1 4.37 0.00% 
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SAMPLE NHGM012 

Mineral Number of 
Particles 

Total Surface Area 
(μm) 

Surface Area 
(%) 

Chlorite 32249 19064207.86 22.54% 

Albite 24326 17274280.77 20.42% 

Mixed Fe Co Ni 
Arsenate 

24826 16679316.52 19.72% 

Low_Counts 24795 6069657.72 7.17% 

Hornblende/Augite 16467 5470864.49 6.47% 

Biotite 16479 4728334.24 5.59% 

Quartz 8804 4215656.56 4.98% 

Muscovite 13591 3748697.41 4.43% 

Fe-Ca Arsenate 3621 1139814.34 1.35% 

Fe Oxides without As 286 870765.72 1.03% 

Chalcopyrite 2734 869276.49 1.03% 

Fe Oxides with As 4945 862790.04 1.02% 

Titanite 4384 714779.67 0.84% 

Orthoclase 1359 652825.9 0.77% 

Unknown 4622 569630.94 0.67% 

Erythrite-Annabergite 737 329699.85 0.39% 

Arsenopyrite 291 217487.81 0.26% 

Tetrahedrite 1160 165972.85 0.20% 

Apatite 1585 164150.62 0.19% 

Carbon 2217 147156.57 0.17% 

Plagioclase 285 88905.14 0.11% 

Rutile 903 80230.69 0.09% 

Safflorite-Skutterudite 276 71479.82 0.08% 

Epidote 127 69464.34 0.08% 

Enstatite 518 57738.28 0.07% 

Pyrite 340 56861.56 0.07% 

Cobaltite 321 56662.85 0.07% 

As-Bearing Pyrite 585 34937.98 0.04% 

Sphalerite 212 20474.75 0.02% 

Acanthite 236 16965.66 0.02% 

Rutile with low As 274 16480.9 0.02% 

Loellingite 171 8885.16 0.01% 

Zircon 167 7379.56 0.01% 

Ilmenite 56 7318.41 0.01% 

Gersdorffite 103 6638.22 0.01% 

Galena 98 6638.22 0.01% 

Gypsum 137 6192.76 0.01% 

Pyrrhotite 92 5942.73 0.01% 

Molybdenite 84 5403.38 0.01% 

Nickeline-
Rammelsbergite 

8 4227.5 0.00% 

Realgar 61 3180.45 0.00% 

No_Xray 1613 2369.23 0.00% 

Aluminum-Oxide 4 1434.64 0.00% 

Calcite 15 979.36 0.00% 

Monazite 12 842.88 0.00% 

Chromite 4 746.8 0.00% 

Pentlandite 17 649.63 0.00% 

Ankerite 3 252.21 0.00% 

Stibnite 5 229.29 0.00% 

Arsenolite 6 177.97 0.00% 

Dolomite 2 233.65 0.00% 

Cuprite 2 54.59 0.00% 

Cu Sulphide 3 17.47 0.00% 
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Sample NHGT002 

Mineral Number of 
Particles 

Total Surface Area 
(μm) 

Surface Area 
(%) 

Chlorite 55893 45417870.63 53.91% 

Albite 46862 23417658.71 27.80% 

Hornblende/Augite 15993 3697085.29 4.39% 

Muscovite 16158 3478517.68 4.13% 

Titanite 5387 1951562.18 2.32% 

Erythrite-Annabergite 13659 1731130.85 2.05% 

Quartz 4603 1657372.41 1.97% 

Low_Counts 8091 627672.75 0.75% 

Mixed Fe Co Ni 
Arsenate 

11357 376882.5 0.45% 

Apatite 2685 326420.05 0.39% 

Biotite 5117 312983.12 0.37% 

Orthoclase 884 294119.89 0.35% 

Unknown 5252 243912.93 0.29% 

Rutile 1549 173934.35 0.21% 

Fe-Ca Arsenate 1224 161476.77 0.19% 

Plagioclase 344 94738.69 0.11% 

Epidote 130 71079.16 0.08% 

Fe Oxides with As 188 41037.93 0.05% 

Carbon 1325 39845.67 0.05% 

Chalcopyrite 122 23725.07 0.03% 

Dolomite 126 22746.81 0.03% 

Zircon 275 22257.67 0.03% 

Safflorite-Skutterudite 87 15320.3 0.02% 

Cobaltite 139 7893.8 0.01% 

Enstatite 31 7045.46 0.01% 

Pyrite 62 5264.72 0.01% 

Ilmenite 15 4473.15 0.01% 

As-bearing Pyrite 45 4176.18 0.00% 

Arsenopyrite 24 3136.78 0.00% 

Calcite 12 1782.93 0.00% 

Gersdorffite 12 1428.09 0.00% 

Nickeline-
Rammelsbergite 

36 1059.06 0.00% 

Ankerite 9 1039.4 0.00% 

No_Xray 489 776.28 0.00% 

Gypsum 8 734.79 0.00% 

Monazite 18 640.89 0.00% 

Pyrrhotite 11 615.78 0.00% 

Galena 2 415.98 0.00% 

Tetrahedrite 25 367.94 0.00% 

Mn-Oxide 3 366.85 0.00% 

Rutile with low As 18 352.66 0.00% 

Molybdenite 2 138.66 0.00% 

Cu sulphide 2 114.64 0.00% 

Loellingite 1 33.85 0.00% 

Acanthite 1 18.56 0.00% 

Sphalerite 1 12.01 0.00% 

Pentlandite 1 9.83 0.00% 

Aluminum-Oxide 1 8.73 0.00% 

Realgar 2 8.73 0.00% 
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Sample NHGT004 

Mineral Number of 
Particles 

Total Surface 
Area (μm) 

Surface Area (%) 

Chlorite 26152 4657479.47 37.44% 

Albite 12893 2869400.27 23.07% 

Hornblende/Augite 9087 1336984.62 10.75% 

Low_counts 5952 1100855.22 8.85% 

Muscovite 6449 891529.8 7.17% 

Quartz 1898 334027.79 2.69% 

Calcite 2374 333526.65 2.68% 

Titanite 2997 173422.29 1.39% 

Cobaltite 4320 129224.65 1.04% 

Biotite 2230 119733.54 0.96% 

Safflorite-Skutterudite 2754 101616.01 0.82% 

Unknown 3258 95834.87 0.77% 

Orthoclase 397 51234.36 0.41% 

Apatite 1208 50596.74 0.41% 

Mixed Fe Co Ni Arsenate 1499 37116.14 0.30% 

Dolomite 182 19477.92 0.16% 

Epidote 238 17559.61 0.14% 

Rutile 403 16781.15 0.13% 

Carbon 600 15502.63 0.12% 

Plagioclase 186 13020.95 0.10% 

Gersdorffite 339 12659.56 0.10% 

Pyrite 219 11406.16 0.09% 

Fe-Ca Arsenate 231 7645.96 0.06% 

Chalcopyrite 206 6758.31 0.05% 

Erythrite-Annabergite 128 5848.84 0.05% 

Zircon 74 4035.34 0.03% 

Fe Oxides with As 61 3993.85 0.03% 

Nickeline-Rammelsbergite 93 3388.98 0.03% 

Fe Oxides without As 71 2922.78 0.02% 

Gypsum 16 2790.67 0.02% 

Tetrahedrite 148 2777.57 0.02% 

No Xray 1144 1922.68 0.02% 

Ankerite 26 1333.1 0.01% 

Arsenolite 167 1116.92 0.01% 

Realgar 42 1063.42 0.01% 

Arsenopyrite 42 908.39 0.01% 

Sphalerite 29 807.94 0.01% 

Enstatite 3 745.71 0.01% 

Monazite 11 544.81 0.00% 

Molybdenite 23 459.65 0.00% 

Galena 30 406.15 0.00% 

Ilmenite 11 336.28 0.00% 

Pyrrhotite 19 313.35 0.00% 

Chromite 1 254.39 0.00% 

Loellingite 4 160.5 0.00% 

Aluminum-Oxide 2 140.84 0.00% 

Acanthite 4 76.43 0.00% 

Cu sulphide 3 55.68 0.00% 

As-bearing Pyrite 2 20.74 0.00% 

Rutile with low As 2 19.65 0.00% 
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Sample NLGM017 

Mineral Number of 
Particles 

Total Surface Area 
(μm) 

Surface Area 
(%) 

Albite 48370 13710694.57 25.44% 

Chlorite 76129 13394716.61 24.85% 

Hornblende/Augite 41647 6738580.2 12.50% 

Quartz 22628 5162852.38 9.58% 

Low_Counts 28760 3637034.55 6.75% 

Muscovite 21265 2790760.35 5.18% 

Calcite 15462 2494272.32 4.63% 

Biotite 11652 831750.92 1.54% 

Orthoclase 4339 744506.43 1.38% 

Fe Oxides without As 265 614452 1.14% 

Titanite 9913 538348.35 1.00% 

Erythrite-Annabergite 943 444928.57 0.83% 

Unknown 8592 381299.97 0.71% 

Mixed Fe Co Ni Arsenate 4594 371350.29 0.69% 

Dolomite 1843 352277.43 0.65% 

Plagioclase 1446 194889.49 0.36% 

Apatite 3470 188998.07 0.35% 

Epidote 2079 151964.91 0.28% 

Rutile 2565 151348.04 0.28% 

Fe-Ca Arsenate 976 134870.41 0.25% 

Carbon 4675 133769.87 0.25% 

Chalcopyrite 873 131664.85 0.24% 

Safflorite-Skutterudite 1427 105522.51 0.20% 

Ankerite 562 77102.65 0.14% 

Arsenopyrite 660 67950 0.13% 

Pyrite 606 65774.01 0.12% 

Fe Oxides with As 417 55540.46 0.10% 

Acanthite 307 48600.91 0.09% 

Cobaltite 534 41304.33 0.08% 

Gypsum 467 17781.25 0.03% 

Enstatite 105 16368.44 0.03% 

Tetrahedrite 282 15117.23 0.03% 

Ilmenite 300 13850.72 0.03% 

Pyrrhotite 144 13537.37 0.03% 

Zircon 290 12744.72 0.02% 

Gersdorffite 126 7780.25 0.01% 

As-Bearing Pyrite 53 7264.92 0.01% 

Mn-Oxide 15 6939.56 0.01% 

No_Xray 3193 5326.95 0.01% 

Loellingite 124 4955.73 0.01% 

Galena 30 3630.27 0.01% 

Sphalerite 38 3449.03 0.01% 

Nickeline-Rammelsbergite 26 1740.5 0.00% 

Rutile with low As 24 1116.92 0.00% 

Pentlandite 13 874.54 0.00% 

Monazite 28 628.88 0.00% 

Chromite 3 608.14 0.00% 

Realgar 16 264.22 0.00% 

Arsenolite 12 152.85 0.00% 

Dyscrasite 3 113.55 0.00% 

Stibnite 3 61.14 0.00% 

Aluminum-Oxide 2 34.94 0.00% 
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Sample NLGT020 

Mineral Number of 
Particles 

Total Surface Area 
(μm) 

Surface Area 
(%) 

Albite 68528 19120638.15 33.27% 

Chlorite 71553 15252491.07 26.54% 

Quartz 23819 5522925.35 9.61% 

Hornblende/Augite 38241 4586921.69 7.98% 

Calcite 14207 3285103.23 5.72% 

Muscovite 22628 2821795.1 4.91% 

Low_Counts 20239 2258850.41 3.93% 

Biotite 9611 739041.91 1.29% 

Orthoclase 3185 661721.99 1.15% 

Titanite 7711 601560.98 1.05% 

Unknown 6372 366631.48 0.64% 

Dolomite 1286 267948.07 0.47% 

Rutile 2755 210147.56 0.37% 

Mixed Fe Co Ni Arsenate 3435 206631.92 0.36% 

Apatite 2437 186110.23 0.32% 

Erythrite-Annabergite 1772 184205.02 0.32% 

Plagioclase 1253 177677.078 0.31% 

Fe-Ca Arsenate 1029 158663.17 0.28% 

Epidote 1800 129770.56 0.23% 

Ankerite 544 112691.35 0.20% 

Chalcopyrite 696 94083.6 0.16% 

Safflorite-Skutterudite 901 89519.83 0.16% 

Fe oxide with As 995 89326.58 0.16% 

Fe Oxide without As 273 69264.54 0.12% 

Carbon 1315 64478.03 0.11% 

Arsenopyrite 529 59980.86 0.10% 

Pyrite 358 44162.69 0.08% 

Cobaltite 363 31764.08 0.06% 

Zircon 341 20536.98 0.04% 

Pyrrhotite 146 7820.65 0.01% 

Ilmenite 168 7011.62 0.01% 

Loellingite 83 5235.24 0.01% 

Gersdorffite 82 4956.83 0.01% 

Mn-Oxide 7 4468.79 0.01% 

As-Bearing Pyrite 23 4330.13 0.01% 

Tetrahedrite 162 4275.53 0.01% 

Enstatite 55 3872.66 0.01% 

No_Xray 1662 2821.24 0.00% 

Acanthite 18 2682.58 0.00% 

Gypsum 48 2266.6 0.00% 

Aluminum-Oxide 8 1845.16 0.00% 

Monazite 19 581.94 0.00% 

Rutile with low As 10 427.99 0.00% 

Galena 9 427.99 0.00% 

Stibnite 7 366.85 0.00% 

Sphalerite 4 287.15 0.00% 

Chromite 2 269.68 0.00% 

Pentlandite 5 227.1 0.00% 

Nickeline-Rammelsbergite 2 169.23 0.00% 

Realgar 11 58.96 0.00% 

Dyscrasite 3 18.56 0.00% 

Molybdenite 2 13.1 0.00% 
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Sample NLGT027 

Mineral Number of 
Particles 

Total Surface 
Area (μm) 

Surface Area 
(%) 

Chlorite 64108 12015398.08 30.31% 

Albite 53114 11620386.05 29.31% 

Hornblende/Augite 38094 2972666.01 7.50% 

Quartz 20666 3266427.79 8.24% 

Calcite 14871 2594026.79 6.54% 

Muscovite 22293 1843349.44 4.65% 

Low_Counts 16858 1804566.1 4.55% 

Orthoclase 4165 583697.84 1.47% 

Biotite 8283 579167.92 1.46% 

Titanite 9016 550207.61 1.39% 

Unknown 5641 249817.45 0.63% 

Apatite 2416 169919.75 0.43% 

Epidote 2756 167524.32 0.42% 

Erythrite-Annabergite 1033 160221.19 0.40% 

Rutile 2222 152431.11 0.38% 

Dolomite 1229 150322.82 0.38% 

Mixed Fe Co Ni Arsenate 2295 134577.81 0.34% 

Plagioclase 1840 118832.79 0.30% 

Fe-Ca Arsenate 790 78556.95 0.20% 

Chalcopyrite 780 76988.01 0.19% 

Arsenopyrite 655 67944.54 0.17% 

Safflorite-Skutterudite 820 57189.1 0.14% 

Ankerite 325 48498.28 0.12% 

Pyrite 338 36254.7 0.09% 

Carbon 965 34872.47 0.09% 

Fe Oxides with As 385 29179.76 0.07% 

Cobaltite 375 18383.93 0.05% 

Pyrrhotite 177 9448.54 0.02% 

Zircon 271 8354.54 0.02% 

Fe Oxides without As 122 7766.06 0.02% 

Enstatite 57 5591.17 0.01% 

Ilmenite 125 4536.48 0.01% 

As-bearing Pyrite 37 3542.93 0.01% 

Tetrahedrite 198 3325.66 0.01% 

Loellingite 96 3272.16 0.01% 

Gersdorffite 65 3058.16 0.01% 

No_Xray 1751 2924.96 0.01% 

Chromite 4 2377.97 0.01% 

Gypsum 40 1674.84 0.00% 

Acanthite 10 1310.17 0.00% 

Galena 10 1265.41 0.00% 

Mn-Oxide 5 671.46 0.00% 

Monazite 18 272.95 0.00% 

Arsenolite 15 159.4 0.00% 

Realgar 16 136.48 0.00% 

Nickeline-Rammelsbergite 2 115.73 0.00% 

Rutile with low As 4 107 0.00% 

Pentlandite 5 63.33 0.00% 

Dyscrasite 2 45.86 0.00% 

Cuprite 1 39.3 0.00% 

Sphalerite 2 12.01 0.00% 

 


