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Abstract 

 Historical industrial activity at Deloro (1866-1961) included both mineral 

exploration and mineral processing practices which produced over 650,000 m3 of waste 

material ultimately dumped on site. Previous studies on the Moira River system 

including examination of surface waters, sediments, and sediment porewaters identified 

Moira Lake as an affected lacustrine system. The contamination resulted in elevated 

levels of arsenic (As), cobalt (Co), and nickel (Ni) in the lake sediments. This study used 

paleolimnological techniques, including geochemical tools, to evaluate the impact of the 

metal contamination on the lake system. 

The data collected showed increased concentrations of As, Co, and Ni with respective 

concentrations ranging from 50-900mg/kg, 21-1500mg/kg, and 41-1400mg/kg 

coinciding with the years of operation of Deloro determined via 210Pb dating. The bulk of 

the sedimentary As occurred as inorganic As(V) with higher As(III) in the deeper 

sediments and minor occurrences of As(-I) at shallow depths as indicated by XANES. 

The As was determined to be almost exclusively hosted in iron oxides (98-100%) via 

SEM-MLA. Under reducing conditions, As bound to iron-oxides may be released as 

dissolved As via reductive dissolution and diffusion through porewaters. The presence 

of As(-I) is a potential result of secondary re-precipitation of dissolved As.  

Increased chlorophyll-a concentrations and a shift in the cladoceran assemblage from 

one dominated by pelagic Bosminids to one dominated by littoral Chydorids and pelagic 

Daphniids suggested a response to a regional stressor. The primary and secondary 

production suggested that, although changes coincided with the onset Deloro, there was 

another driving factor thought to be nutrient enrichment and/or climate change. 
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CHAPTER I – Introduction 

In the course of human history, industrial activity drove many large-scale 

developments. Ontario is a province that harbors many historically industrial sites 

which shouldered the economic and political development of the province into what it is 

today (Noble 2015). This was exemplified by the foundation of the City of Greater 

Sudbury following the discovery of nickel-copper ores in 1883 (Freedman and 

Hutchinson 1980). In Canada, industrial production makes up over 21% of the Gross 

Domestic Product (GDP) (Government of Canada 2016). But due to association with 

health risks, industrial activity became scrutinized. It was estimated that 21,000 

premature deaths in Canada were associated with air pollution (Brauer et al. 2013). 

However, the pollution associated with industrial activity was not limited to the air, as 

waters and soils were also be polluted (Valipour et al. 2012). 

Deloro is a historically contaminated site north of Belleville. The site was active for over 

100 years and was associated with mining and/or processing of gold, arsenic, silver, 

cobalt, and stellite: the latter was a manufactured metal alloy typically composed of 

cobalt, chromium and tungsten (Golder Associates Ltd 2012). In 1979, the Ontario 

Ministry of Environment (OME) took over the site which had been abandoned by the last 

owners in 1961, to remediate some of the contamination (Noble 2015). My research 

project aimed to characterize the environmental impact of the Deloro activities on a 

downstream system, Moira Lake, by applying paleolimnological approaches on a 

sediment core of that lake. A dated sediment core was used to ‘reconstruct past 

environmental conditions, evaluate histories of climate change, and assess impacts of 

humans’ on Moira Lake (Meyers 2003). 
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The main objectives of my research project were: 

i) To characterize the contamination of the sediment from Moira Lake in terms of 

the total elemental concentrations and their variation with depth; 

ii) To determine, where possible, the solid speciation of the contaminants of interest 

(arsenic, cobalt, and nickel) in the sediments and provide insight into their long-

term stabilities; 

iii) To determine whether there is a correlation between the metal contamination and 

the primary production within the lake; 

iv) To investigate the changes in cladoceran zooplankton species composition in the 

Moira Lake sediment core, as a proxy for changes in secondary production 

 

 

 

 

 

 

 

 

 



 
3 

 

1.1 Deloro: A Brief History (see Appendix A) 

Deloro, located in Hastings County, is an abandoned industrial site that was 

involved in both mining and mineral processing. Industrial activities on the 200-ha 

property began in the early 1800s and lasted until 1961. Contamination of the site with 

a mix of chemical compounds and low level radioactive material earned it the label of 

‘most polluted piece of land in the province’ (Hawthorne 2013; Noble 2015). The mineral 

richness of Hastings County was identified in the 1820s-30s through iron mining. In 

1866, gold was discovered north of Madoc and contributed to the Madoc Gold Rush 

(1866-1868), the first discovery of gold in Ontario. Three dominant properties would be 

discovered prior to 1871 triggering more intensive industrial development: Eldorado, 

Cordova, and Deloro, with the latter being the most promising. The region would become 

known as the Valley of Gold. This age of gold mining and extraction spanned 1866 to 

1902. 

Mineral processing at the Deloro site began in 1907 and lasted until 1961. During that 

time, arsenic, cobalt metal and stellite production became main drivers of the industry. 

Eventually, scarcity of resources coupled with increased competition resulted in the 

closure of operations at Deloro. Over 650,000m3 of mixed waste material were produced 

and ultimately dumped on site, and leakage into the Moira River contaminated the river 

system, including Moira Lake. The remediation and clean-up of the site was taken up 

by the OME in 1979 and is still ongoing at the time of this redaction. The operations 

included the installation of a collection system and treatment plant, and the capping of 

tailings with crushed limestone, geoengineered covers and poplar trees. This was 

reinforced by the installation of an on-site containment cell, excavation of contaminated 
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sediments and soils, and a monitoring program scheduled to spans over the next 500 

years (CHRM Ltd 1988).  

1.2 Moira Lake Background 

1.2.1 Geology of Study Area 
The Moira River system is underlain by Precambrian plutonic, metasedimentary 

and metavolcanic rocks exposed in the northern parts of basin, and covered in the 

southern part by up to 83m of Paleozoic limestone (Mudroch and Capobianco 1980). 

The Paleozoic rocks are of Ordovician age and are divided between: i) the Trenton Group, 

which is made up of fine crystalline limestone and grey shale; ii) the Black River Group, 

which is made up of brown to grey crystalline lithographic limestone and calcarenetic 

limestone; and iii) outcrops from the Shadow Lake formation, which is composed of red 

and green shale, sandstone and arkose (Winder 1955; Libery 1960, 1963; Hewitt 1964, 

1968). The Precambrian bedrock is also overlain by sand and gravel of fluvial and ice-

contact origin, while the Paleozoic limestone is overlain by glacial till, glaciofluvial sand 

and gravel, and lacustrine sand, silt and clay (Sibul et al. 1974). The drainage basin of 

Moira River has an area of 2,750km2 and contains over 70 lakes. The Moira River system 

originates 100km north of the Bay of Quinte and flows through Wolf, Moira and Stoco 

lakes before emptying into eastern Lake Ontario (Mudroch and Capobianco 1980). These 

lakes have a pH close to 8, concentrations of total dissolved solids between 12-200mg/L 

and water composition typical of Ca-HCO3 water systems (Sibul et al. 1974). 

Moira Lake (Fig. 1.1) is the first major enlargement in the river system downstream of 

Deloro (Azcue and Nriagu 1993). It possesses two basins, has a total surface area of 

about 8.3km2, 2.15km2 in the west basin and 6.15km2 in the east basin, a mean depth 

of 5m and a maximum depth of 11m (OME 1972; Sibul et al. 1974; Azcue and Nriagu 

1993). The water residence time is about 0.35 years (Water Survey of Canada 1977) and 
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the sediment deposition rate has been estimated at 1.5-3.2mm/year (Mudroch and 

Capobianco 1980; Cornett et al. 1992). 

 

Figure 1.1. Drainage basin of the Moira River highlighting the adjacent relationship between the 
Deloro site and the Moira River that flows downstream to Belleville and empties in Lake Ontario 

(ESRI 2015).  

1.2.2 Industrial History 

A small town, Madoc, is located nearby to Moira Lake and its inhabitants use the 

freshwater system recreationally for boating and fishing (OME 1972). Mining and 

mineral processing within the Moira Lake drainage basin began in the 1830s (Azcue and 
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Nriagu 1993). Between 1837 and 1910, lead, hematite and magnetite ores were mined 

in the Madoc area. In 1866, gold was discovered near Eldorado and Deloro (Mudroch 

and Capobianco 1980). This area was then labelled ‘The Valley of Gold’ (Azcue and 

Nriagu 1995). It was estimated that 16,104 ounces of gold were produced from 57,279 

tons of ore (CHRM Ltd 1988). Arsenic was a valuable by-product of the gold refining 

processes and was marketed as a pesticide (Azcue and Nriagu 1993). Additionally, silver 

was discovered at Cobalt, Ontario which led to the development of a silver refinery at 

Deloro, where arsenic was also an important by-product. In 1914, commercial 

production of cobalt started at Deloro and continued until 1961 (Bowles 1982).  

Between 1929 and World War II (WWII), silver and cobalt were the main metals refined 

in Deloro, from ores mined in Cobalt, Ontario. At that time, Deloro was the only cobalt 

producing plant in North America. The activities at Deloro continued until 1958 and 

ores containing cobalt (Co), nickel (Ni), gold (Au), and arsenic (As) were treated until 

Deloro finally closed in 1961, following a fall in demand for arsenic and cobalt (Mudroch 

and Capobianco 1980; Azcue and Nriagu 1993). It should be noted that the Deloro site 

was involved in both mining and mineral processing activities. Following the closure, 

waste material was left on site, including large quantities of refining slag, calcium 

arsenate, arsenic trioxide, ferric hydroxide tailings and other waste products. The 

industrial activities at the site ultimately led to the production of 650,000m3 of waste 

material (CH2M HILL 2004). These leached large quantities of arsenic (3.5 tons/year) to 

Moira Lake even after the closure (Azcue and Nriagu 1993). A total of 190kg/yr As was 

estimated to have been deposited in the sediments (Azcue and Nriagu 1995). The OME 

cleanup program targeted the contamination of the Moira River system and aimed to 

control the leaching; groundwater and surface water was collected by a concrete dike 

and pumped to a clay-lined equalization pond where it was treated with ferric chloride 
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and lime before being pumped to holding lagoons as ferric arsenate. This decreased the 

average daily arsenic loadings from an estimated 35kg in 1979-1982 to 6.1kg in 1989 

(OME 1990; Azcue 1992; Golder Associates Ltd 2012).  

1.3 Previous Work 

1.3.1 Water Analysis of Moira River System 
Mudroch and Capobianco (1980) collected water samples in 1979 at multiple 

stations throughout the Moira River system downstream from Deloro. The pH of their 

samples ranged between 8.0-8.3 and they observed no significant trend in trace 

elements except for As and Ni. These were enriched in the Moira River surface water 

downstream from the Deloro site. The signal was attenuated further away from the site 

but there was a noticeable peak in the Ni water concentrations in Moira Lake suggesting 

that the metal was accumulating in that system. The water samples contained as much 

as 250µg/L As suggesting that there was still a significant release of As into the 

watershed. 

Azcue and Nriagu (1995) measured alkalinity (133±18mg/L as CaCO3) and specific 

conductance (286±40µS/cm) within Moira Lake consistent with the high concentrations 

expected in a lake on calcareous bedrock. They also suggested that oxygen levels may 

be depleted in the deeper sections of the basins due to thermal stratification and high 

primary productivity in the summer. They observed seasonal variations in dissolved As: 

47µg/L summer and 22µg/L in winter. Analysis of As concentrations in water taken 

during the winter throughout the Moira River system supported the hypothesis that 

Deloro was a source, given higher concentrations near the site (23.3µg/L) and lower 

concentrations both upstream and downstream from it. In Stoco Lake, 23km 

downstream from Moira Lake, the concentration was diluted down to 3.03µg/L with 

inputs from the Black River and Skootamatta River while the concentrations 200m 



 
8 

 

offshore of Lake Ontario were at 0.42µg/L. This trend, as well as the fact that the output 

from Moira Lake contained 20.4µg/L As, meant that Moira Lake was not the final sink 

for arsenic. Sediments were commonly thought of as natural sinks that accumulate, 

trap and eventually isolate industrial contaminants from the surrounding environment 

(Meyers 2003). However, high As levels in the water exiting Moira Lake suggests that 

the contaminant was not being fully removed from the water into the lake sediments. 

Further analysis of As revealed that 8% of the As in the water column in Moira Lake was 

bound to particles less than 45µm in size. It was also observed that the dominant 

oxidation form of As was affected by its location in the water column, with 60% of the 

As present as As(III) in the hypolimnion, and just 25% closer to the surface. This 

phenomenon was associated to the upward diffusion of the As(III) from the lake 

sediments as well as the incomplete stratification of Moira Lake waters (Azcue and 

Nriagu, 1995). Porewaters were thought to be the distribution pathway for As(III) and 

As(V). There was a strong correlation between dissolved As and dissolved iron (Fe) and 

manganese (Mn) in porewaters and suggested that the mobility of that As was dependent 

on adsorption and desorption onto Fe and Mn oxides. Within the porewaters of the Moira 

Lake sediments, As, Fe, and Mn concentrations started to significantly increase at a 

depth of 30cm from respective values around 10ug/L, 1200ug/L, and 150ug/L and 

peak at about 8cm with respective concentrations of 170ug/L, 3500ug/L, and 360ug/L 

and then dropped significantly towards the surface. Exposure to reducing conditions 

following burial would destabilize the oxides and result in the release of As alongside 

Fe2+ and Mn2+. These ions would then diffuse upwards or downwards depending on the 

concentration gradients. In this case, it was believed that the diffusion was mainly 

upwards, resulting in the sediments producing As rather than sequestering it. The As 



 
9 

 

concentrations in the porewaters have been observed to be 4-6 times higher than in the 

overlying lake waters (Azcue and Nriagu 1995).  

 

1.3.2 Surface Sediment Geochemistry 
Mudroch and Capobianco (1980) showed that Moira Lake was the second 

depositional area downstream from the industrial activities after Bend Bay with a 

general decrease in trace element concentrations in surface sediments further away 

from the inflow but peaks observed in the lakes, supporting metal accumulation in these 

systems. The main mineral components found within the Moira River sediments are 

quartz, chlorite, biotite, K-feldspars, and vermiculite. Calcite was found in Moira Lake 

whereas gypsum was detected in tailing ponds at the Deloro smelting plant, but not in 

the downstream sediments. Sediments from Moira Lake were silty, with high water 

content (up to 98%), up to 45% organic content and up to 23% carbon content (Cornett 

et al. 1989; Azcue and Nriagu 1993). The dry density of the sediments varies between 

2.0-2.4g/cm3 (Azcue and Nriagu 1993). 

1.3.3 Sediment Analysis 
Mudroch and Capobianco (1980) collected sediment cores. A large rise in 

Ambrosia pollen was found in the core at a depth of 30cm which was associated with 

early agricultural development of the Great Lakes following large-scale forest clearance 

in 1850 (McAndrews and Boyko 1972). The Moira Lake sediment core was collected from 

the centre of the lake, in an area of fine silty clay accumulation. The concentrations of 

As, Co, Ni, and copper (Cu) all increased with the opening of Deloro around 1870. There 

was then a sharp decrease in Co and Ni followed by a decrease in Cu in the top 3-4cm 

which corresponded to the closure of Deloro around 1960. There was no significant 

decrease in As observed at the top of the core and water samples suggesting that As was 



 
10 

 

still being released into the system or was yet to be buried. Mudroch and Capobianco 

(1980) hypothesized that the As could originate from leachate from the tailing ponds at 

Deloro or groundwater percolation through As-rich material. Overall, increases in As, 

Co, Ni, and Cu were observed as far as 40-45km downstream from Deloro. The 

background sedimentary concentrations in Moira Lake were 17µg/g As, 13µg/g Co, 32 

µg/g Ni, and 76µg/g Cu and the respective enrichment factors were 57, 98, 79 and 4. 

Typical background arsenic values in unpolluted lakes were estimated at 1-5µg/g 

(Pershagon 1983; Allan and Ball 1990). This suggests natural enrichment from the 

bedrock prior to the contamination. 

Azcue and Nriagu (1993) observed that As in sediments was present in concentrations 

up to 104 times higher than in the overlying waters, which may indicate sequestration 

but in the case of instability, that gradient could implicate the sediments as a source of 

As to the lake. Sediment cores were obtained from the east basin and the west basin, 

however the date of sampling is unknown. Within the analyzed cores, maximum arsenic 

concentrations of about 1,000µg/g were found at depth of 23-27cm with lower 

concentrations in the upper sections coinciding with the decline in mining activities and 

eventual closure of Deloro in 1961. Arsenic speciation is highly sensitive to redox and 

to pH. Azcue and Nriagu (1993) performed a sequential extraction on the arsenic 

revealing that the arsenic was dominantly hosted by Fe/Mn-oxides (up to 56%) and 

what was identified as residual forms (up to 37%) while organic/sulfide-bound As only 

made up about 3% of the total As. This relative distribution may be reflective of the 

mining impact. It was believed that pre-mining distribution would have favored the 

following order: residual>sulfide>oxide>exchangeable>carbonate. Following 

contamination from Deloro, the As fractional distribution had been altered to the 

following: oxide>residual>sulfide>exchangeable>carbonate. The fact that this post-
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mining distribution was still observed during the study suggested that As cycling in the 

lake was still heavily controlled by the abandoned industrial waste. Once that control 

subsides, the distribution would be expected to return to the order that was favored 

prior to the mining. 

The contamination of the river system resulted in the enrichment of other trace elements 

in the lake sediment. Cornett et al. (1989) considered the nickel enrichment based on 

cores from 1985, one near the middle of the lake labelled A and the second near-shore 

labelled B. Both As and Ni showed enrichment in the core collected by Cornett et al. 

(1979) with the Ni peaks tending to precede the As peaks. In Site A, As and Ni were both 

enriched from background values of about 40ppm to about 140ppm. In Site B, As and 

Ni were respectively enriched from about 100ppm and 50ppm to about 1000ppm and 

250ppm. The As and Ni concentrations displayed similar changes despite their differing 

geochemistry, further supporting the idea that the contamination originated from 

leaching from the tailings or the physical migration of contaminant-bearing particles. 

Sequential extraction also revealed a switch in the relative distribution associated with 

the anthropogenic contamination. The pre-disturbance interval was dominated by 

residual hosts (88%) while the post-disturbance intervals were dominated by 

organic/sulfide (up to 42%), carbonate (up to 38%), oxide (up to 37%). This shows that 

elements other than As were significantly affected by the industrial history of the site. 

The profiles of As and Ni enrichment in the cores collected by Mudroch and Capobianco 

(1980) and Cornett et al. (1989) supported a burial of the contamination peaks by a 

depth of 12cm over the 6 years separating the studies. That is ~10 times the 

sedimentation rate estimated by these studies (2.36mm/year in 1979 and 1.5-

3.2mm/year in 1985). This significant difference in sedimentation rate is unlikely and 
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it is more sensible to interpret this difference in peak location as an indication of 

variance in the location of core collection rather than as an indication of burial. 

1.3.4 Fish Communities 
Azcue and Dixon (1994) analyzed As concentrations in 14 fish species from Moira 

Lake. Arsenic is toxic to humans so knowledge of the concentration of As in foods that 

may be consumed by humans is important. Furthermore, As is also toxic to organisms 

within the waters, the World Health Organization (WHO) has set an aquatic wildlife 

guideline value of 5µg/L (NRC 1999). Moira Lake is characterized by high concentrations 

of arsenic, up to 56µg/L in the surface water, 864µg/g in the suspended particles and 

673µg/g in the sediments. Organisms within the water can remove that As through 

uptake, with accumulation in the liver, intestines, muscle, bones, and scales of fishes. 

However, it is necessary to note that the whole-body concentrations of arsenic within 

the studied species ranged between 0.03-0.34mg/kg with just one exception (creek chub 

= 2.4mg/kg). This supported a previous study by Owen and Galloway (1969) which 

suggested that As accumulation in fish was low. 
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1.4 Summary and Implications 
 Moira Lake was continuously impacted by mining activity for the past 200 years 

and could still be affected through leaching from the tailings at the Deloro site. Lakes 

are sometimes viewed as sinks for contaminants, however due to the geochemistry on 

site, it was suspected that the sediments may not be effectively trapping the 

contaminants. It was expected that the As contamination would be most relevant in this 

study however other elements have also been strongly enriched.  

The past studies of Moira Lake reported that much solid As had been buried and 

chronologic testing revealed a correlation between the concentration of the As and the 

age of the sediment which ultimately showed a decrease in As levels following the closure 

of Deloro. Azcue and Nriagu (1993) estimated that 3.5 tons of As per year were entering 

Moira Lake due to leaching from tailings. The OME began remediation work at the site 

due to the high concerns and have successfully decreased the amount of As inputted in 

Moira Lake but there remains further questions. Water chemistry analyses comparing 

porewaters and surface waters suggested that solid As was being reduced, dissolved, 

and re-introduced to the aquatic environment thus making it more of a concern than 

expected. The trend was thought to be affected by multiple factors, including redox, 

seasonality, and chemistry of other elements, namely (Fe) and (Mn) (Azcue and Nriagu 

1995). The research I undertook sought to characterize the trends in contamination and 

evaluate its environmental repercussion in the lake. This would provide insight into the 

effectiveness of the remediation efforts in the watershed on top of contributing a more 

thorough characterization of the pollution and considering the long-term stability of the 

contaminants of interest. 
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CHAPTER II – Literature Review:  

2.1 Metal Contamination of Lakes 

 The pollution of freshwater ecosystems by metals is widely recognised to pose 

health and environmental safety threats (Järup 2003; Reilly 2008). Multiple lacustrine 

systems have been affected by metal contamination associated with industrial pollution 

(Valipour et al. 2012) such as observed in Sudbury, Ontario (Yan et al. 1996) and around 

Giant Mine, Yellowknife (Jamieson 2014). Contamination can result in the enrichment 

of already present trace metals within the lake system or the introduction of new 

contaminants such as arsenic (As) trioxide in the case of Giant Mine; although arsenic 

likely occurred naturally within the system, the trioxide form is not natural. In this 

project, the trace metal(loid)s As, cobalt (Co), and nickel (Ni) were given special 

consideration due to their relevance to the thesis (see Chapter 3). As reported in past 

studies (see Chapter 1), these elements were all enriched in the sediment of Moira Lake. 

The main element monitored at the site by the Ontario Ministry of the Environment 

(OME) was As but the complex industrial history should be reflected in the 

contamination which is suspected to include waste products from the Co production 

and stellite manufacturing hence the interest for Co. The interest for Ni was fueled by 

its enrichment in the lake sediments reported by both Mudroch and Capobianco (1980) 

and Cornett et al. (1989). While geochemical techniques were used to characterize that 

contamination, the paleolimnological tools were focused on the quantification of the 

ecosystem response to this change. 
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2.1.1 Arsenic 

Arsenic is the twentieth most abundant element in the crust and typically 

common within mineral deposits of economic value such as gold deposits, porphyry 

copper (Cu) deposits, and various sulphide deposits. However, As itself is no longer 

primarily produced for economic reasons (Bissen and Frimmel 2003). It is a metalloid 

which means that it exhibits properties that are intermediate between that of a metal 

and a solid non-metal. Nriagu and Pacyna (1988) estimated that worldwide, as of 1983, 

12-25×106kg/yr As had been emitted to the atmosphere, 12-70×106kg/yr As had been 

released into aquatic ecosystems, and 52-112×106kg/yr As had been released into the 

soils. These were estimated from anthropogenic activities, mainly mining and 

metallurgical processes. The extraction processes of mining can result in the enrichment 

of the As within mine waste and the speciation of that As affects its mobility and toxicity, 

thus directly influencing its environmental impact.  

The complexity of As contamination within aquatic systems is influenced by 

environmental conditions. Arsenic occurs in a range of stable forms along gradients of 

redox and pH which produces variations in toxicity (Brannon and Patrick 1987; Cullen 

and Reimer 1989; Masscheleyn et al. 1991). Aqueous As occurs in four oxidation states 

(-III, 0, +III, and +V), in organic and inorganic forms and most commonly as As(III) and 

As(V) in aquatic systems; these different forms all have different associated toxicities 

and mobilities. It is generally understood that inorganic forms are the most toxic and 

mobile and it has been reported that As(III) can be up to 10 times more toxic and 8 times 

more mobile than As(V) (Wang and Mulligan 2006). The increase in toxicity is linked to 

the fact that As(III) is more easily mobilised under anaerobic or reducing conditions and 
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at pH values under 6 due to preferential sorption of As(V) onto iron (Fe) oxide minerals 

and sequestration via co-precipitation (Dixit and Hering 2003). 

2.1.1.1 Gold Mining Industry 
Across Canada, one of the major anthropogenic sources for As lies within the 

exploitation of As-bearing gold deposits. The history of As production in Canada is 

closely related to its history of gold production with As being a common by-product. 

Multiple peaks in As production coincide with gold rush timelines, the most significant 

of which is a production of 7000tonnes of As in 1940s that coincides with the Third 

Gold Rush. In Nova Scotia, it has been estimated that 1.2 million ounces of gold were 

produced in the 64 mining districts spread across the province between 1861 and 1941 

(Walker et al. 2009). The gold was recovered primarily by mercury amalgamation which 

is also an element of high concern within those areas. Additionally, three million tons 

of tailings containing a total of 20,700kg As are in or near local surface water systems 

in Nova Scotia (Wong et al. 1999). The tailings were significantly enriched in As (10-

310,000mg/kg) from background concentrations (10-500mg/kg) (Wong et al. 1999; 

Parsons et al. 2012). This is also seen in mines in Yellowknife that have high As contents 

within the tailings; as much as 25,000mg/kg in Con Mine, 4,800mg/kg in Giant Mine 

and 12,500mg/kg in Negus (Wang and Mulligan 2006). 

2.1.1.2 Arsenic in Lake Sediments 

 The contamination of multiple aquatic systems from these gold mining activities 

is reflected in their sediments. Lake sediments preserve a record of past disturbances 

due to their high sedimentation rate which removes metals from the water, in 

conjunction with the deposition of organic and inorganic matter. Thus, analysis of 

sediment cores can be used to reconstruct natural as well as anthropogenic changes in 

both local and regional ecosystems (Meyers 2003). It is commonly thought that 



 
20 

 

sediments are natural sinks for industrial contaminants. The release of these 

contaminants into natural streams can impact both the sedimentation and the regional 

environmental geochemistry and that latter is intrinsically related to the form of the 

contaminant and its cycling within the lake sediments (Rubio et al. 2001; Pirrie et al. 

2003). Arsenic is particularly interesting given the degree of enrichment in contaminated 

sediments. Typically, background As concentrations in sediments would vary between 

0.6-50mg/kg with a global average of 3mg/kg (Walters et al. 1974; Pershagen 1983; 

Farmer and Lovell 1986).  However, values between 6-3,500mg/kg were reported in lake 

sediments in Yellowknife and 1,000s-10,000s mg/kg As have been measured at the 

Giant Mine site (Nash 2014). In British Columbia, levels as high as 1,104mg/kg were 

reported and values were close to 1,000mg/kg in Moira Lake, Ontario (Wang and 

Mulligan 2006). In Nova Scotia, streambank sediments from Lower Seal Harbour 

reported As concentrations between 370-6,500mg/kg enriched from a background 

concentration range of 2.5-70mg/kg (Parsons et al. 2012). Within the sediment layers, 

As is predominantly inorganic and tends to occur in different chemical forms, which is 

referred to as speciation. The As then interacts with other elements, primarily metal 

oxides such as iron, aluminium, and manganese (Smedley and Kinniburgh 2002). 

2.1.1.2.1 Arsenic Geochemistry 

The cycling of As within lake sediments is understood to be coupled with that of other 

elements within the same system and it is of particular concern given the potential for 

release of As into the water, potentially exposing the surrounding community (Couture 

et al. 2010). The sedimentary geochemistry of As is closely linked to its mineralogy. 

Arsenic minerals such as arsenides and sulfides are broken down through industrial 

processes and release As(III) and As(V) which proceed to form a variety of compounds 

such as As-sorbed species or As-bearing solids. Many of these forms are complexly 
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associated with their environment and could become unstable over time (Morin and 

Calas 2006). Juillot et al. (1999) studied an old industrial site on limestone in southern 

France once devoted to the production of sulfides and As compounds. The primary As 

minerals were arsenopyrite and pyrite and mineral processing which included roasting, 

produced secondary As-bearing compounds. In contaminated sites, As tends to 

showcase a complex geochemical cycle due to changing conditions. It is often found in 

waste piles associated with Fe-sulfides but following surface runoff, dissolution of the 

contaminants and exposure to different redox conditions (ie. oxygen depletion, low pH) 

destabilizes the compounds. These undergo transformations and form new compounds 

with the available elements. In limestone-rich environments, As can end up bound in 

gypsum or forming Ca/Mn-arsenates. 

X-ray diffraction (XRD) analysis identified 10 As-bearing precipitates but only 4 of them 

were dominant: pharmacolite, weilite, haidingerite, picropharmacolite. It was also 

observed that the main As-bearing minerals differed depending on the location of the 

sample collection. These precipitates contributed to lowering the dissolved As 

concentration. However due to Ca-bearing compounds being highly soluble, it was 

understood that these were not effectively immobilizing the As (Juillot et al. 1999).  

2.1.1.2.2 Arsenic Hydrochemistry 

The main aqueous As species within lake sediment pore waters are usually As(III) and 

As(V) but these are influenced by changes in environmental conditions (acidity and 

redox). In aquatic systems, the speciation of the As is dependent on the redox conditions. 

Eh-pH stability diagrams are often used to showcase the transformation of the arsenic 

given specific conditions. These conditions include temperature, pressure, as well as 

availability of relevant elements such as sulfur. Within a given Eh-pH range, a certain 

form of the As is stable, however if the conditions change significantly, that compound 
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becomes unstable as the As evolves into its more stable form for that Eh-pH range. This 

involves chemical equilibrium. As(III) is dominant under reducing conditions whereas 

As(V) is dominant in well oxygenated waters (Brannon and Patrick 1987).  

The stability of As is complex but knowledge of the various forms is important as this 

determines its mobility and toxicity. Furthermore, As tends to undergo complexation 

with major cations and trace metals in natural waters and thus it is necessary to 

understand the aqueous speciation of As to understand its toxicity and ultimate fate 

(Ahmann et al. 1997; Campbell and Nordstrom 2014). The complexation of As with other 

dissolved species often results in co-precipitation with compounds like Fe-

oxyhydroxides and sequestration through sorption. This has been developed as a means 

of As remediation from groundwater through coating of sand with Fe and manganese 

(Mn) oxides (Juillot et al. 1999; Morin and Calas 2006; Wang and Mulligan 2006). The 

interactions with Fe-oxyhydroxides are thought to be particularly relevant in oxic 

environments where the post-burial reduction of Fe(III) to Fe(II) releases Fe-bound As to 

the interstitial waters which can then diffuse upwards. If the conditions are still oxic, 

the As binds to newly formed Fe-oxyhydroxides and is buried over time. If the conditions 

have become anoxic, the As is released to the hypolimnion (Belzile and Tessier 1990; 

Couture et al 2010). 

2.1.1.3 Freshwater Contamination 

Contamination of surface waters due to anthropogenic activities ranging from 

agricultural practices to industrial development has been an issue for decades, but 

recently As-related problems have raised more concerns. The principal anthropogenic 

sources of As are tailings associated with gold mining operations, wood preservative 

facilities, and As associated with fertilizers and herbicides (Wang and Mulligan 2006; 

Amaral et al. 2013). Elevated As concentrations in water supplies has led to the 
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publication of many papers based on the analysis of As within the environment and as 

a health risk (Bowell et al. 2014). Arsenic is known to be responsible for cases of acute 

and chronic poisoning, toxic to both plants and animals although there is limited 

evidence of bioaccumulation or biomagnification through the food chain (Wagemann et 

al. 1978). The drinking water standard guideline upheld by the World Health 

Organization (WHO) is 10µg/L, however concentrations exceeding 5000µg/L have been 

observed in contaminated waters (NRC 1999; Smedley and Kinniburgh 2002; WHO 

2011).  

Within groundwater systems, As, both natural and anthropogenic, can be present in 

high concentrations, which is becoming a major concern when these systems are 

exploited to produce drinking water, such as the case in Bangladesh. The contamination 

in Bangladesh’s groundwater is widespread throughout the country. Of an estimated 6-

10 million tubewells, half exceed the WHO (2011) drinking water standard of 10µg/L 

and a quarter exceed Bangladeshi standard of 50µg/L, 9% exceed 200µg/L and 2% 

exceed 500µg/L and those were only discovered in the 1990s, over 20 years after the 

installations of the wells. Out of a sample population of 12,000 men and women, 76% 

were drinking contaminated well water leading to intense skin lesions, increased 

frequency of miscarriages and stillbirths, as well as reduced intellectual function 

(Mitchell 2014).  

2.1.1.4 Arsenic and Human Health 
The major concern for As is its associated risks to the health of humans and 

other organisms if water used for drinking purposes or for agriculture is contaminated 

(Smedley and Kinniburgh 2002; Polizzotto et al 2008). This health risk can be 

investigated through As toxicity testing. The toxicity of an element can be inferred by its 

bioavailability which is dependent on multiple factors including geochemical properties 
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such as mineral phase, matrix association and particle size (Lamie 2012). On one hand, 

there are speculations of As being associated with health benefits, such as in the 

treatment of breast cancer as well as leukemia (Yang et al 2014; Siegel 2015). On the 

other hand, it has carcinogenic effects and As(III) has been recognized to inhibit over 

200 enzymes while As(V) can substitute for phorphorus in bone structure, and arsine 

(gas) is associated with hemolytic anaemia and oliguria renal failure (Duker et al. 2005). 

It is also evident that contaminated material may act as a source of As and disperse it 

throughout the environment in such a way that it would affect plant growth and animals 

as well as humans (Morin and Calas 2006).  

A water-quality guideline value of 10μg/L is used by WHO (2011) while the interim 

sediment-quality guideline value set by the CCME (2014) is at 5.9mg/kg. These values 

are both exceeded several-fold in many natural and most contaminated systems. 

However, the actual toxicity of the As is influenced by its mineralogical associations and 

characteristics as well as exposure (Mitchell 2014). Toxicity tests within a specific 

timespan provide useful data. Such tests can be carried out on benthic organisms 

through exposure to the contaminated surface sediment to observe the survival rate of 

various species. Wong et al. (1999) reported different toxicity responses from different 

species in Gegogan Lake, Nova Scotia. The exposures were non-toxic to Turbifex tubifex, 

slightly toxic to Chironomus riparius, toxic to Hexagenis spp and extremely toxic to 

Hyalella azteca which recorded a survival rate of 0%.  

To quantify the human health risk associated with solid phase materials, it is necessary 

to examine the bioaccessibility of the contaminant which reflects its solubility within 

the gastrointestinal tract. In gold mine tailings in Nova Scotia, it was found that the 

lowest bioaccessibility (<1%) was associated to arsenopyrite and scorodite-rich tailings, 
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intermediate bioaccessibility (1-10%) was associated with amorphous Fe arsenates and 

As-bearing oxyhydroxides and the highest bioaccessibility (49%) was associated with 

calcium-iron arsenates (Walker et al. 2009; Meunier et al. 2010). However, given the 

lack of exposure of lake sediments as it is located at the bottom of the lake, the 

associated toxicity of the As can be inferred through the paleolimnological analysis. This 

is done via an ecological proxy used to infer toxicity to a species of interest that is 

exposed to the contaminated sediments rather than humans. 

2.1.2 Cobalt 

In 1742, Co metal was first isolated by Georg Brandt and in 1780 Torbern 

Bergman identified Co as an element. At the time, it was primarily used as a pigment 

that provide a blue coloration to paints and ceramics (Hamilton 1994; Wang 2006). The 

abundance of Co in crustal material is greatly affected by geography and geology and 

varies between 15-30mg/kg and up to 110mg/kg in ultramafic rocks. Cobalt has two 

main oxidation states, Co(II) and Co(III) and one naturally occurring isotope (59Co). 

Cobalt is not found as a free metal on Earth due to atmospheric conditions but forms 

compounds with Cu and Ni minerals and As (Roberts and Gunn 2014). There are four 

dominant Co ores: sulfide ores, As-free Co-Cu ores, As-sulfide ores, and laterite ores 

(Wang 2006).  

Cobalt is a rare metal that is primarily encountered as a by-product of Cu and Ni mining. 

Most of the Co in the world has been identified to be within the copper belt deposit in 

the Democratic Republic of Congo (DRC), Central African Republic, and Zambia 

(Tsurukawa et al. 2011; Roberts and Gunn 2014). Due to the diagenetic occurrence of 

Co, extraction processes have been adapted for mixed ores. Electrolysis is one of such 

processes and has been shown to result in up to 99.98% purity of Co recovered but the 
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addition of hydrometallurgical techniques significantly improves recovery and limit 

environmental impact such as by the elimination of fire refining (Wang 2006). Cobalt 

was first commercially produced in Canada in 1905 but soon spread to the rest of the 

world with the DRC becoming the world’s largest producer in 1926. The global 

production rose to 36,720 tons in 1980, and then more than doubled to 82,200 tons by 

2011 (Hamilton 1994; CDI 2012). It is estimated that global Co resources that could 

come into production in the future approximate 25 million tons, most of which are in 

laterite deposits, and global reserves already in production are estimated at 7.1 million 

tons, dominated by the DRC (USGS 2016). 

2.1.2.1 Uses of Cobalt 
Although it was originally used as a coloring agent, once Co was successfully 

isolated, it became evident that it had much more valuable properties such as chemical 

and wear resistance, magnetic properties, and high temperature strength (Wang 2006; 

Roberts and Gunn 2014).  

Cobalt is used in batteries: it is an important component of the rechargeable battery 

technologies and is present in lithium-ion batteries, nickel-metal hydrid batteries used 

in hydrid electric vehicles, and nickel-cadmium batteries. Superalloys and magnet 

alloys also use Co; the former is common in jet engines while the latter is used in high-

performance electrical equipment. The use of high-purity Co in jet engines and gas 

turbines triggered a substantial increase in its demand after World War II. Cobalt has 

also been used as a catalyst to increase polymerization and oxidisation rates in the 

plastic resins manufacture. Other uses of Co include gas-liquid technologies to produce 

synthetic diesel fuel, petrochemical industry to remove sulfur from crude oil in refining 

process, and much more (CDI 2012; Roberts and Gunn 2014).  
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2.1.2.2 Cobalt Deposits 
Cobalt is rarely directly mined and, in most cases, is recovered as a by-product 

of Cu and Ni mining. There are three dominant types of cobalt deposits: hydrothermal, 

magmatic sulphides, and laterites. The hydrothermal deposits of Bou Azer (Morocco) are 

the only currently active mines that exploit Co as a primary product. The orebodies at 

the mining site consist of Co, Ni, As, gold, and silver with Ni, As, and gold being major 

by-products (Roberts and Gunn 2014). The largest producing deposits of Co are 

associated with the Central African Copperbelt that spreads over DRC and Zambia and 

produced 70,000 tons of cobalt in 2010 (BGS 2012). These are also hydrothermal in 

nature and the Co ores occur alongside Cu and mainly comprise sulfides such as 

cobaltite, carrollite, cattierite, cobalt pentlandite, siegenite, and pyrite (Annels and 

Simmonds 1984). 

Cobalt is also found in magmatic deposits, typically 0.04-0.08% Co, such as the nickel-

copper-platinum-group element (PGE) deposit in Sudbury Igneous Complex (SIC), 

Ontario. These were discovered in 1883 and by 2002 had produced 9.69 million tons of 

Ni, 9.59 million tons of Cu, and 69,600 tons of Co. Although SIC remains the largest 

producer of Ni worldwide, the Co production has decreased to just 2209 tons in 2011. 

As for laterite deposits, they typically contain 0.025-0.18% Co (Berger et al. 2013). These 

deposits result from the weathering of ultramafic rocks and are influenced by geological 

and hydrological variabilities leading to three main groups: hydrous silicate deposits, 

clay silicate deposits, and oxide deposits (Roberts and Gunn 2014). 

2.1.2.3 Health Concerns 
 Exposure to Co may be natural or related to erosion/volcanic activity/biogenic 

emissions, but often are related to anthropogenic activities such as mining and 

processing of Co-bearing ores, Co-contained fertilizers, and fossil fuels deposition (Smith 
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and Carson 1977). In uncontaminated areas, atmospheric concentrations are <1-

2ng/m3, surface and groundwater concentrations are less than 1-10µg/L, soil 

concentrations are around 8mg/kg (Smith and Carson 1977; Hamilton 1994; Kim et al. 

2006). In contaminated areas, drinking water concentrations as high as 107µg/L have 

been reported and soil Co concentrations can be as high as 6450mg/kg (Frank et al. 

1976; US EPA 2000). Cobalamin, vitamin B12, is synthesized from Co metal. Cobalt is 

required as a minor nutrient by both plants and animals. Deficiency in that vitamin 

leads to health effects including infertility, increased perinatal mortality, anaemia, fatty 

liver, and decreased flight ability while chronic effects include reduced food 

consumption, decreased body weight, blood disorders, debility, and increased disease 

susceptibility (Roberts and Gunn 2014). It is estimated that 99% of Co human exposure 

is through food ingestion with a daily intake of 5-40µg/day which has yet to be 

associated with negative health effects. Inhalation, however, has been associated with 

acute effects such as asthma and pneumonia in humans and animals while chronic 

exposure could cause cardiac effects (US EPA 2000). 

2.1.3 Nickel 

 As far back as 3500 BCE, Ni was used as a natural Ni-iron alloy but it was not 

until 1751 that it was first isolated and identified as an element by Axel Fredrik 

Cronstedt (Bartow 1953; McNeil 1990). The element has seven oxidation states; -2, -1, 

0, +1, +2 (most common), +3, and +4. It also has multiple isotopes (48-78) with Ni-58 

being the most naturally abundant (Greenwood and Earnshaw 1997). Nickel is naturally 

abundant and found in combination with Fe, As, antimony, and sulfur amongst others 

and commercially important ores include garnierite, pyrrhotite and millerite. The 

element is often a direct exploration target and thus industry sources include mining 



 
29 

 

and refining processes, steel production, and coal combustion (NPI 2013). Nickel was 

first produced on a large-scale in Norway in 1848 and following that, deposits were 

discovered and exploited in New Caledonia (US), Sudbury (Canada), Norilsk-Talnakh 

(Russia), and Merensky Reef (South Africa) (McNeil 1990; Mudd 2010). In common with 

Co, Ni production was impacted by the World Wars, from 10 kilotons in 1900 to 20 

kilotons in 1914 to 130.4 kilotons in 1943, and further to 1.6 million tons in 2007 (Mudd 

2010). It is estimated that the global resources consist of at least 130 million tons of Ni 

with 60% in laterites and 40% in sulfides while the global reserves are estimated at 79 

million tons (USGS 2016).  

2.1.3.1 Uses of Nickel 
Nickel has various uses in modern infrastructure and technology including 

stainless steel, alloys, electroplating, and rechargeable batteries (Mudd 2010; USGS 

2016). Other Ni-containing products include coins, jewellery, computer components, 

and stainless steel (NPI 2013). In alloys, Ni is combined with Cu, chromium, aluminium, 

lead, Co, silver, and gold (Davis 2000). 

2.1.3.2 Nickel Deposits 
Economic production of Ni is dominantly associated with sulfide or laterite 

deposits. The sulfide ores, often associated with volcanic or hydrothermal formation, 

tend to also contain metals such as Cu, Co, gold, and platinum (Hoatson et al. 2006). 

Laterites, formed from near-surface weathering of ultramafic rocks, include distinct ore 

bodies; limonite, nontronite, saprolite, garnierite, and serpentine (Elias 2002). The 

potential of the lateritic deposit was better exploited following the surge in Ni demand 

in the 1950s and the production rose to 105-136 kilotons/yr Ni (Mudd 2010). 

In the late 1800s, New Caledonia was the world’s leading nickel producer, with 5-10 

kilotons/yr Ni, before being overtaken by Sudbury. In 1883, the Sudbury sulfide deposit 
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was discovered but limitations in metallurgical methods meant that major innovations 

were required to make the exploitation of that resource economically viable. These 

innovations would make Sudbury into the world’s biggest nickel producer and, by 1905, 

Canada was producing about 9 kilotons/yr Ni. The sulfide-rich deposits from Sudbury 

would however grow to be a problem as soil contamination and acid rain became linked 

to the emission of large quantities of sulfide oxides (SO2), 1.5-2.7 million tons/yr SO2, 

has been attributed to cause heavy weathering, acidification of wetlands, and 

biodiversity declines (Mudd 2010; Marcuson and Diaz 2013). 

2.1.3.3 Environmental Concerns 
The Australian Government (NPI 2013) decreed that a small amount of Ni is 

essential for normal growth and reproduction, however acute and chronic effects are 

observed in aquatic life at high concentrations. There also seems to be a link between 

Ni toxicity and water hardness as higher toxicity is experienced in softer waters. Effects 

of Ni contamination also spread to vegetation as well. Around a Ni smelter in the Niagara 

Peninsula, soils concentrations increased from background levels of 16±16mg/kg to 

600-6455mg/kg. Plants being produced nearby suffered from the contamination, with 

observed effects including stunted roots and tops, chlorosis, necrosis, and discolored 

roots. There was an overall drop in yield associated with the Ni contamination (Frank et 

al. 1982). Another research in Newfoundland and Labrador focused on St. John’s wort 

found that exposure to Ni could change the chemical composition of the plant, hindering 

the medicinal plant’s ability to produce important metabolites that have been associated 

with the treatment of neurological disorders and, potentially, cancer tumors (Murch et 

al. 2003). 

The human health effects of Ni depend on exposure, which may occur through skin 

contact, ingestion, and inhalation. Skin contact effects tend to be less severe, from small 
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allergic reaction to skin rashes. Worksafe Australia defines Ni as hazardous and 

established various guidelines for it including a drinking water guideline value of 

0.02mg/L. Ingestion of contaminated water has been reported to cause stomach aches, 

and blood and kidney disorders. Inhalation has been associated with symptoms such 

as irritation of eyes, nose, and throat as well as more severe effects to the lung such as 

reduced lung function and asthma, chronic bronchitis, lung cancer and nasal effects 

like rhinitis, nasal sinusitis, nasal mucosal injury, and sinus cancer (NPI 2013).  
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2.2 Geochemical Techniques 

2.2.1 Mineral Liberation Analysis 

 The compounds hosting a contaminant play an intrinsic role on its stability. To 

investigate those compounds, “automated” mineralogical techniques such as Mineral 

Liberation Analysis (MLA) or Quantitative Evaluation of Minerals by SCANning electron 

microscopy (QEMSCAN) can be applied. A Scanning Electron Microscope (SEM) 

equipped with Energy Dispersive Spectrometers (EDS) is used with computer software 

to generate automated mineralogical analysis based on identification of, typically, tens 

of thousands of particles in the samples and provides various types of information (e.g. 

modal mineralogy, porosity, grain size and shape, mineral associations) (Sylvester 2007; 

Marion and Sylvester 2010). This technique is effective on small sample sizes but has 

relatively poor sensitivity to the trace metals of individual particles with detection limits 

of about 0.08% (Kuisma-Kursula 2000). Quantitative textural/compositional analysis 

of samples is obtained from backscatter electron (BSE) image analysis and mineral 

grains within the larger particles are differentiated and identified under X-ray spectral 

analysis prior to being classified using a library of reference spectra (Gu 2003; Frandrich 

et al. 2006; Sylvester 2007; Wilton et al. 2007; Septama et al. 2011). The limitations of 

this tool include difficulties in distinguishing minerals of similar composition and 

inability to distinguish polymorphs as well as dependence on the accuracy and precision 

of the mineral library (Sylvester 2007).  

The MLA method has been used in Yellowknife to identify the presence of As trioxide 

particles within the sediments of lakes contaminated from the historical roasting 

activities at Giant Mine and to calculate the relative proportions of various As-bearing 

phases in each sample (Nash 2014; Van Den Berghe 2016). 
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2.2.2 X-ray Absorption Near Edge Spectroscopy 

X-ray Absorption spectroscopy (XAS) is capable of providing information about 

the chemical and structural arrangement of a specific element (Ginder-Vogel and Sparks 

2010). There are two dominant branches: X-ray Absorption Near Edge Spectroscopy 

(XANES) and Extended X-ray Absorption Fine Structure (EXAFS) Spectroscopy 

(Matanitobua et al. 2007; Foster and Kim 2014). XANES is a powerful tool that is 

effective at various concentrations (e.g. as low as 6mg/g for As) and can be used to 

uncover the solid-phase form of a trace metal as well as its oxidation state through a 

fitting of linear combination applied to the model spectra near the relevant edge (e.g. K-

edge of 11867.0eV for As) to that of reference spectra (Matanitobua et al. 2007; Wang et 

al. 2013). These reference spectra are reflective of common oxidation states (e.g. 

arsenopyrite and realgar for As(-I), arsenolite and orpiment for As(III), scorodite and 

yukonite for As(V)). The determination of solid-phase oxidation state is an important 

step towards evaluating a contaminant’s bioavailability and environmental fate (e.g. 

speciation, mobility, and solubility) (Wang et al. 2013; Foster and Kim 2014). In parallel, 

EXAFS provides information on the mineralogy and the relative composition of the 

samples with more structural detail given a larger spectral range (i.e 200-35,000 eV) 

(Cutler et al. 2001; Foster and Kim 2014). The limitation of XAS is that it may not be 

sensitive to phases present in low concentrations, and it requires access to a 

synchrotron facility. 

The XANES method was also used in Yellowknife where it revealed the presence the 

As(III) in the lake sediments which was associated with arsenic trioxide (Nash 2014; Van 

Den Berghe 2016). It has also been applied to study the mineralogy of other trace metals 

such as mercury (Skyllberg 2010) and uranium (Kelly 2010). 
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2.3 Paleolimnology and Ecosystem Response 

 A large proportion of Earth’s biodiversity is found in freshwater ecosystems which 

play an active role in global nutrient cycling. Aquatic systems are sensitive to 

environmental changes which are subject to both anthropogenic and climatic stressors. 

These changes can result in biodiversity loss and damage to habitats in addition to the 

pollution of the lake system (Camusso et al. 2001). Paleolimnology is a field that 

investigates changes to the environmental conditions of lacustrine systems in the 

context of human-induced or climate-driven stressors from a multidisciplinary outlook 

(Smol 2008). This is done by studying the archives of the ecosystem’s history that is 

stored within the freshwater deposit, mainly in the sediments (Cohen 2003). 

Sedimentary pigment concentration is a widely-used proxy for lake production and it 

covers all key algal groups. The effect of a disturbance can also be inferred by looking 

at changes in invertebrate communities (e.g. chironomids or cladocerans) (Lotter et al. 

1998; Davidson and Jeppesen 2013; Cumming et al. 2015). 

The steps of paleolimnological research typically involve: (i) identification of a study site 

pertinent to the research question(s); (ii) retrieval of a sediment core of adequate length 

to address the research question(s); (iii) processing of the sediment and collection of 

data via geochemical, biological, and/or physical paleoindicators relevant to the 

research question(s); (iv) analysis and interpretation of the data (Mushet 2016). In cases 

where a significant ecosystem is observed with disturbance, observation of responses to 

improvements and potential recovery is important, if applicable. Community responses 

can be divided into three groups: (i) qualitative evidence for recovery (response to 

disturbance is reversed); (ii) no evidence for recovery (no reversal of ecosystem response); 

(iii) ecological shift (stabilization of new conditions) (modified from Greenaway 2009). 
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2.3.1 Sedimentary records dating, establishing lake history 

Due to the land enclosure of lakes, they tend to be environments of rapid 

sediment accumulation relative to oceans (Cohen 2003). The determination of sediment 

accumulation rates plays an integral part in the determination of sediment 

geochronology. As the sediment accumulates, it tends to entrap information about the 

surrounding environment at the time of accumulation which can be used to establish 

both relative and absolute age profiles. Sedimentary dating through 210Pb profile and 

constant rate of supply (CRS) modeling is a commonly used method which establishes 

relative age profiles and sedimentation rates through measurements of naturally 

occurring radioisotopes (e.g. 226Ra, 214Bi, 210Pb) and uses 137Cs to establish a time marker 

given by a 1962-1963 peak related to fallout from atmospheric testing of atomic weapons 

(Schelske et al. 1994; Liang 1998). Other methods include models such as the constant 

initial concentration (CIC) model or completely different tools such as (radio)-

luminescence (Prescott 1977; Erfurt and Krbetschek 2003; Berger 2006), 230Th dating 

(Frank et al. 1996), spheroidal carbonaceous particle analysis (Rose and Appleby 2005). 

2.3.2 Chlorophyll-a as indicator of production 

Chlorophyll-a is a pigment that is present in all major freshwater photosynthetic 

organisms and is relatively well-preserved, alongside its degradation products, in 

sediments (Brown 1977; Daley 1977). It can be interpreted to infer past primary 

production and trophic status. Visual reflectance spectroscopy is a non-destructive 

method that can be used to infer sedimentary chlorophyll-a concentrations (Wolfe et al. 

2006; Michelutti et al. 2010). That signal was found to persist through diagenetic 

processes and ecological shifts of algal groups (Wolfe et al. 2006). The chlorophyll-a 

trend is often associated with increased nutrient enrichment (Wolfe et al. 2006) even 
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under high As levels as seen in Chen et al. (2015) and Thienpont et al. (2016) suggesting 

that some autotrophs can still thrive under those conditions. However, Carpenter et al. 

(1986) noticed that rapid photodegradation rates meant that if particles remained in the 

epilimnion for longer than 3 days, they were likely to lose detectable pigments before 

sinking into the sediments where they would be preserved.  

2.3.3 Cladocera as paleoindicators of zooplankton ecotoxicology 

 The invertebrate assemblage of a freshwater system plays a crucial role in its 

structure and function and thus changes to that assemblage in response to metal 

contamination destabilises the system (Ketola 2011; Chen et al. 2014). Cladocera 

represent a sensitive order of crustacean zooplankton that react to environmental 

changes such as metal contamination and primary production shifts through shifts in 

their community composition and abundance (Brix et al. 2001; Jeppesen et al. 2001; 

Korhola and Rautio 2001; Brancelj et al. 2009). It is documented that nutrient 

enrichment may increase production of given cladoceras (e.g. Bosmina and Daphnia) 

(Chen et al. 2015) however metal contamination, namely As, has been shown to lead to 

significant decreases in their populations (Chen et al. 2015) and in some cases, the 

complete loss of all Cladocera (Thienpont et al. 2016). Yan et al. (1996), Jeziorski et al. 

(2013) and Labaj et al. (2014) reported a taxa shift highlighted by an increase in 

Chydorus brevilabris and decline in Bosmina spp. coinciding with lake acidification and 

metal contamination. 

2.3.4 Multi-proxy approach 

Lakes affected by metal accumulation as well as acidification have been shown 

to exhibit increasing relative abundances of acid/metal tolerant taxa (Jeziorski et al. 

2013) but due to the complexity of interactions within lakes, identification of the impacts 
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of individual stressors is not clear and often requires the combination of multiple 

paleoindicators to provide better insight (Smol 2010). This would increase the quality of 

the research and solidify the understanding of the interactions within the system. Thus, 

if possible, a multi-proxy approach is not just valuable but preferable if possible. 
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CHAPTER III – Paleolimnological Reconstruction of the 

Long-Term Environmental Impact of the Deloro Industrial 

Site on Moira Lake 

3.1 Abstract 

 The industrial activity that took place at the Deloro Industrial site (Hastings 

County, southern Ontario) between 1867 and 1961 left behind a legacy of contamination 

that affected the Moira River and downstream aquatic systems. In 1979, the Ontario 

Ministry of Environment (OME) took the site under remediation to tackle the issue of 

high arsenic-rich contamination. In 1992, it was estimated that 3.5 tons of arsenic (As) 

were still leaching into the Moira River despite the initial efforts of the OME.  

This study aims to evaluate the contamination and environmental impact history of the 

Deloro Industrial site from sediments in Moira Lake. The sediments were obtained via 

gravity corer and analysed by paleolimnological techniques and geochemical analysis. 

Arsenic, cobalt (Co), and nickel (Ni) had elevated concentrations in the sediment core 

with their respective concentrations ranging from 50-900mg/kg, 21-1500mg/kg, and 

41-1400mg/kg. Synchrotron-based X-ray absorption spectroscopy showed the majority 

(66-92%) of As was in the form of As(V) followed by As(III) (4-34%) and As(-I) (0-9%) while 

MLA results suggested Fe-oxides were the main (up to 98%) hosting phase of the As. 

Primary production was inferred from spectrally-inferred chlorophyll-a in the sediments 

while analysis of the cladoceran assemblage was used to infer secondary production. 

The chlorophyll-a concentrations increased from <0.03mg/g organic to >0.04mg/g 

organic and the cladoceran assemblage shifted from one dominated by pelagic Bosmina 
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spp. to one dominated by littoral Chydorus brevilabris and pelagic Daphnia spp. which 

coincided with development of the Deloro site. However, the trends of the primary and 

secondary production may be related to eutrophication and/or climate change. Nutrient 

enrichment has been shown to increase chlorophyll-a concentrations despite elevated 

metal contamination as less sensitive autotrophs may thrive. Nutrient enrichment and 

climate change can also trigger increased production of Daphnia spp. and have been 

identified as potential drivers of shifts in dominance of Chydorus brevilabris at the 

expense of Bosmina spp.  
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3.2 Introduction and Background  

 Industrial development fuels economic growth which results in large-scale 

exploitation of natural resources. However, there is a cost associated with it which is 

often forgotten and can leave behind a pollution-filled environmental legacy. Lakes are 

valuable ecosystems and play a significant role for wildlife that varies from habitat 

provision to nutrient cycling. Given the importance of such systems, direct 

environmental pollution is cause for concern.  

The legacy from the Deloro site provides an example in which in the pursuit of industrial 

development resulted in the contamination of a lacustrine system, and this chapter will 

highlight the extent of that impact. The history of the Deloro site was a complex one 

spanning close to 100 years from 1866 to 1961. It began with gold mining and 

extraction, and developed into a site that specialized into refining minerals which gold, 

arsenic (As), silver, nickel (Ni), cobalt (Co), and stellite, an alloy that was used, inter alia, 

for munitions during WWI and WWII (Golder Associates Ltd 2012). It was estimated that 

16,104 ounces of gold were produced from 57,279 tons of ore (CHRM Ltd 1988). Arsenic 

was a valuable by-product of the refining processes and was marketed as a pesticide 

(Azcue and Nriagu 1993). As with many historical sites, the absence of environmental 

policies allowed for the site owners to simply discard the waste products in the open 

and once the site was no longer valuable, it was abandoned. The Deloro site is located 

adjacent to the Moira River (Fig. 3.1) into which waste material leached and was 

transported and eventually deposited into downstream areas such as Moira Lake. Azcue 

and Nriagu (1993) estaimated that 650,000m3 of waste was produced, and disposed of, 

on site and released up to 3.5 tons/year of As-rich leachates to the river. 
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Figure 3. 1. Drainage basin of the Moira River in eastern Ontario, which flows into the Bay of 

Quinte (ESRI 2015). 

Following the abandonment of the site, the Ontario Ministry of the Environment (OME) 

took over the site in 1979 and engaged in remediation strategies. These involved, inter 

alia, the implementation of a collection system and containment cell as well as a 
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treatment plant for the contaminated waste and the installation of geo-engineered 

covers on the tailings (CH2M HILL 2004). Groundwater and surface water was collected 

by a concrete dike and pumped to a clay-lined equalization pond where it was treated 

with ferric chloride and lime before being pumped to holding lagoons as ferric arsenate. 

This reduced the average daily As loadings 6-fold from 35kg in 1979-1982 to 6.1kg in 

1989 (OME 1990).  

 The primary objectives of this study are to: (i) characterize the contamination of 

Moira Lake from the sedimentary record in terms of the total elemental concentrations 

and their variation with depth; (ii) determine, where possible, the solid speciation of 

arsenic and other metal(loids) of interest in the sediments and provide insight into their 

long-term stability; (iii) determine whether there is a connection between metal 

contamination and primary production, inferred through chlorophyll-a, within the lake; 

(4) investigate the changes in subfossil cladoceran zooplankton assemblages within the 

lake sediment relative to the industrial contamination. This type of multidisciplinary 

study is not widespread and will highlight the value in cross-disciplinary cooperation as 

it improves both the quantity and quality of data and data interpretation. 
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3.3 Methods 

Given the complexity of contamination to aquatic systems, a combination of 

paleolimnological approaches including isotopic, geochemical techniques, and biotic 

proxies, including spectrally-inferred chlorophyll-a and subfossil remains of Cladocera 

assemblages, were used to help evaluate the impact on the lake system. Multiple proxies 

are commonly used to quantify lake production, which infers ecosystem health, from 

the sediments including sedimentary pigments, organic content and benthic biomass 

(Guilizzoni et al. 1983; Brauer et al. 1999; Clough et al. 2005; Davidson and Jeppesen 

2013; Chen et al. 2015). Changes in the Cladocera assemblage composition and 

abundance have been interpreted to represent an ecological response to the 

contamination. Advanced geochemical techniques were supplemented to provide a 

characterization and mineralogical speciation of the contamination in question with a 

focus on As, Co, and Ni. This was done using X-Ray Absorption Near-Edge Spectroscopy 

(XANES) and Scanning Electron Microscopy-Mineral Liberation Analysis (SEM-MLA). 

3.3.1 Study Area 

The study area, Moira Lake (44.47826°N, 77.45962°W), is in Hastings County, 

southern Ontario. The town of Madoc, located just offshore from the lake, is ~38km 

north of Belleville. The lake is a part of the Moira River system which originates at 

Jordan Lake and empties 98km later in Lake Ontario. The river system is underlain by 

Precambrian plutonic, metasedimentary and metavolcanics rocks and as much as 83m 

of Paleozoic limestone. The drainage basin of Moira River has an area of 2,750km2 and 

contains over 70 lakes (Mudroch and Capobianco 1980). Each of these lakes has a pH 

close to 8, concentrations of total dissolved solids between 12-200mg/kg and water 

composition typical of Ca-HCO3 water systems (Sibul et al. 1974). 
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Moira Lake possesses two basins, has a total surface area of about 8.3km2, 2.15km2 in 

the west basin and 6.15km2 in the east basin, a mean depth of 5m and a maximum 

depth of 11m (OME 1972; Sibul et al. 1974; Azcue and Nriagu 1993). The water within 

the lake had a residence time of approximately 0.35 years (Water Survey of Canada 

1977). Depending on the sampling location, the sediment deposition rate within Moira 

Lake was estimated to be between 2.36mm/year and 1.5-3.2mm/year (Mudroch and 

Capobianco 1980; Cornett et al. 1992). 

3.3.2 Field Sampling  

On August 6th 2015, all field analysis and sample collection completed from the 

same sampling location, 44.28506°N, 77.27182° W (Fig. 3.2). On site, an observation of 

the lake water was done. The water was visibly light green, suggesting the presence of 

green or blue-green algae, at the time of sampling.  



 
54 

 

  

Figure 3. 2. Map of Moira Lake, Ontario (sampling location: 44.28506°N, 77.27182° W) (ESRI 

2015). 

3.3.2.1 Surface water 

On site, the water was analyzed to obtain limnologic data. A YSI 30 multimeter 

was used to measure temperature, conductivity, salinity and specific conductance with 

depth, while a YSI DO model 55 was used to measure temperature, dissolved oxygen 

and percent saturation.  

3.3.2.2 Sediment core 

 Two sediment cores (42.5cm and 50cm) were collected from Moira Lake using a 

Glew gravity corer (Glew 1989) equipped with a 60cm long and 7.6cm diameter Lexan 

tube. The cores were sectioned on the shore at 0.5cm intervals using a Glew vertical 
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extruder (Glew 1988) into whirlpak bags which were refrigerated at 4°C in the cold room 

of the Paleoecological Environmental Assessment and Research Laboratory back at 

Queen’s University. Of the two cores, the longer one was selected for further analysis. 

3.3.3 Laboratory Analyses 

3.3.3.1 Bulk Chemistry 

For the bulk chemistry analysis, the sediments were freeze-dried in a Virtis® 

freeze dryer at the Paleoecological Environmental Assessment and Research Laboratory 

(PEARL) and digested in aqua regia at 90°C at the Analytical Services Unit (ASU) at 

Queen’s University where concentrations were measured by inductively coupled 

plasma-optical emission spectroscopy (ICP-OES) for the following elements; Ag, Al, As, 

B, Ba, Be, Ca, Cd, Co, Cr, Cu, Fe, K, Mg, Mn, Mo, Na, Ni, P, Pb, S, Sb, Se, Sn, Sr, Ti, Tl, 

U, V, Zn. 

3.3.3.2 Radiometric Dating 

For the radiometric dating, the samples were freeze-dried and placed in plastic 

tubes designed for 210Pb gamma dating via AG&G Ortec gamma detector (Putnam 

Technology, Inc). The sediment height, mass and the water proportion were recorded for 

each sample. Each sample was counted for a total of 80,000 seconds and activities for 

210Pb, 214Pb, 214Bi, 137Cs were extracted based on the counts of these isotopes given 

activities of known International Atomic Energy Agency (IAEA) standards (Appleby and 

Oldfield 1978, 2001; Schelske et al. 1994). The core chronology was derived from these 

data using the constant rate of supply (CRS) model via the program ScienTissiMe 

(M.Scheer, unpublished program). 
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3.3.3.3 Chlorophyll-a Analysis 

Following the radiometric dating which is a non-destructive analytical method, 

chlorophyll-a was analyzed on the freeze-dried samples. A FossNIRSystems Inc. Model 

6500 Rapid-Content Analyzer was used to measure spectral reflectance of selected 

samples in comparison with a black reference vial. The area under reflectance peak 

range of 650-700nm was calculated and used to infer chlorophyll-a concentration (Chl-

a) using the following calibration curve;  

Chl-a + derivatives = 0.0919 x peak area650-700nm + 0.0011 (Michelutti et al. 2010). 

3.3.3.4 Loss on Ignition 

 Using the same samples previously used for the non-destructive radiometric 

dating and chlorophyll-a analyses, the percent organic matter of the sediment samples 

was estimated using loss on ignition following the method by Heiri et al. (2001). Known 

amounts of samples were put into pre-weighted crucibles, prior to combustion in a 

model type muffle furnace (NEY 2-1350 Series II). Three temperatures were used: 105°C, 

550°C, and 950°C. The weights before and after were recorded and the differences in 

weight between 105°C and 550°C was used to infer the amount of organic mass lost 

while the weight difference between 550°C, and 950°C was used to estimate the amount 

of carbonate. The equations (Heiri et al. 2001) are as follows: 

(1) LOI550 = ((DW105 – DW550)/(DW105) * 100 → organic mass 

(2) LOI950 = (((DW550 – DW950)/(DW105) * 100) * 1.36 → carbonate mass 

(LOI = Loss-On-Ignition; DW = Dry Weight) 

3.3.3.5 Cladoceran Assemblage 

Changes in subfossil cladoceran assemblage was investigated to assess 

community change over time. Cladocerans can be valuable ecotoxicological indicators 
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given the sensitivities of many species to heavy metal contamination and the fact that 

they are well preserved in lake sediments (Smol 2008; Chen et al. 2015). Wet sediment 

samples were analyzed every 2cm throughout the core using standard methods (Deasley 

et al. 2012). Briefly, 1g of wet sediment was processed for each interval in a 10% KOH 

solution on a hotplate set at approximately 70°C for 30mins. The solution was then 

rinsed through a 38µm sieve to collect the residue which was then transferred to a vial 

with deionized water. Ethanol and glycerin safranin were added to the mixture which 

was well shaken before being left to settle for 24hours. A 250µL subsample of this 

mixture were then pipetted onto slides and mounted using glycerin jelly and briefly 

warmed to 70°C to facilitate an even distribution. The slides were then left to cool down 

and harden for 24hours. Using a Leica MDR HC light microscope under 40X 

magnification, the slides were analyzed to enumerate headshields, carapaces, 

postabdomens, postabdominal claws, and ephippia of subfossil remains that were 

identified to species level when possible (Deasley et al. 2012; Korosi and Smol 2012a, 

2012b). The cladoceran remains were counted individually and the most abundant 

remain for each species or species assemblage was used to represent the whole 

individual (Frey 1960). The relative abundances and concentrations were then 

extrapolated from that data. 

3.3.3.6 Advanced Geochemical Analysis 

Geochemical analytical tools are employed to characterize the host phases of the 

contaminants of interest (As, Co, Ni) and determine their solid-phase speciation in 

industrial waste as well as sediments (Nash et al. 2014). The benefits of X-ray Absorption 

Spectroscopy are highlighted by Foster and Kim (2014). It is a synchrotron-based 

analysis that is minimally-destructive and element-specific which is used to identify 

chemical forms of a specific element in solid and aqueous phases. Amongst other things, 
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this analysis can be used to identify elemental oxidation states, quantify the relative 

abundance of species within the sample, and identify their molecular scale.  

A limited number of samples were selected based on the As trends from bulk chemistry; 

five samples from depths 5-5.5cm, 9-9.5cm, 19-19.5cm, 31-31.5cm, and 43-43.5cm 

were analyzed via Scanning Electron Microscope Mineral Liberation Analysis (SEM-

MLA); five samples from depths 11-11.5cm, 17-17.5cm, 21-21.5cm, 25-25.5cm, and 29-

29.5cm were analyzed via X-ray Absorption Near Edge Structure (XANES). These 

included samples around the peaks of As concentration as well as during the troughs 

that followed. The samples were dried under nitrogen to prevent oxidation, then 

homogenized by grounding to a powder using a pestle and mortar. SEM-MLA uses 

energy dispersive spectrometry (EDS) and an extensive mineral library to identify solid 

phases hosting elements of interest.  

Ground samples were mounted and polished using carbon-coated epoxy mounts that 

were submitted to scanning electron microscopy (SEM) analysis. The samples were then 

submitted to mineral liberation analysis (MLA) to investigate and quantify the relative 

the hosting phases of the As, Co, and Ni. XANES uses synchrotron-generated X-ray 

absorption to provide the oxidation states of the elements of interest. The prepared 

samples were then analyzed at Sector 20-BM of the Advanced Photo Source (APS) of the 

Argonne National Laboratory (Lemont, IL) via X-ray Absorption Near-Edge Structure 

(XANES). Standards were analyzed in order to cover a wide range of As oxidation states 

while considering variations due to As-association with different minerals. XANES 

spectra were analyzed in the software ATHENA (Demeter 0.9.24) which was used to 

produce linear combination fitting (LCF) references from the standards. These LCFs 

were used to analyze the sample spectra. 
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3.4 Results 

3.4.1 Field Surface Water Parameters 

At the time of sampling (August 6th, 2015) profiles of salinity and specific 

conductance were stable throughout the water column of Moira Lake. The oxygen level 

drops from ~7mg/L at the surface to hypoxic (<3mg/L) at depth <7m [Appendix B]. 

3.4.2 Radiometric Dating 

Total 210Pb showed a significant exponential decay with depth (Fig. 3.3) and 

allowed the development of an age-depth model that shows elevated sediment 

accumulation since 1960 [Appendix C]. Overall, the CRS model suggest an average 

accumulation rate of approximately 0.019±0.006g of dry sediment per cm2/yr: ~ 0.015g 

of dry sediment per cm2/yr before 1960 and ~ 0.021g of dry sediment per cm2/yr after 

1960 (Appleby and Oldfield 1978; Schelske et al. 1994). The peak in Cs137 activity occurs 

at a depth of ~22cm (Fig 3.3a) which represents a CRS date of approximately 1956. 
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Figure 3. 3. (a) Total 210Pb (red circles), 214Pb (black circles), and 137Cs (black squares) activities 
profiles plotted against depth; the 1963 reference line is plotted to show correlation with the 137Cs 
peak. (b) Total 210Pb activity (dashed line) and CRS-estimated dates (filled circles) and error 
represented, an age-depth model in samples from the Moira Lake sediment core; r2 is for CRS-
estimated depth-time profile fit to a second order exponential decay curve with the equation:                                                                
f(x) = (-0.11)x2 + (-0.15)x + 2012.61 

3.4.3 Sediment Chemistry 

Concentrations of As, Co, and Ni in the sediment core respectively ranged 

between 50-900mg/kg, 21-1500mg/kg, and 41-1400mg/kg. There was an increase in 

their respective elemental concentrations following the discovery of mineral richness in 

Hastings County in the 1820s which started multiple small-scale mining activities. The 

concentrations continued to rise and peak during the operation years of Deloro, which 

formed as an agglomeration of many of the small-scale mines, before decreasing after 

Deloro closed and reached a seemingly stable rate of decrease around the start of the 

OME remediation efforts in 1979. There was a secondary short-lived peak in the 

elemental concentrations of As, Co, and Ni after the OME remediation took place (Fig. 

3.4) [Appendix D].  
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Figure 3. 4. Concentrations of arsenic (As), cobalt (Co), and nickel (Ni) in Moira Lake sediment core 

collected on August 6th, 2015. 

3.4.4 XANES and SEM-MLA Results 

 The extensive analysis of the As contamination produced the following results. 

The XANES data showed the distribution of the As oxidation states to be as follows: 66-

92% As(V), 4-34% As(III), and 0-9% As(-I) (Fig. 3.5). It also appeared that As(-I) was only 

found in the relatively shallower samples while the deeper samples had no As(-I) and 

had a higher proportion of As(III). The SEM-MLA data showed that approximately 98% 

of the As was in Fe-oxides while only up to 2% was associated with As-bearing pyrite 

(Fig. 3.6).  
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Figure 3. 5. Relative distribution of As oxidation states (As(-I), As(III), and As(V)) inferred via 
XANES analysis of samples of the Moira Lake sediment core obtained on August 6th, 2015 (Note: * 

- represents a duplicate) 

 

 

Figure 3. 6.  As-hosted Fe-oxides (A) and framboidal pyrite (B) as observed under backscatter 
electron imaging during SEM-MLA analysis of samples of the Moira Lake sediment core obtained 

on August 6th, 2015 

3.4.5 Primary Production 

The chlorophyll-a profile (Fig. 3.7a) shows a slow and consistent decrease 

following the discovery of mineral richness (50cm) to well within the operation years of 

Relative Distribution (% As)

0 20 40 60 80 100

D
e
p
th

 (
c
m

)
11.25

11.25*

17.25

21.25

25.25

29.25

As (-1)

As (+3)

As (+5)
~480mg/kg

~480mg/kg

~410mg/kg

~720mg/kg

~900mg/kg

~540mg/kg

(a)

Relative Distribution (% As)

0 20 40 60 80 100

D
e
p
th

 (
c
m

)

5.25

9.25

19.25

31.25

43.25

Fe-oxides

Al-Mn-Fe-oxides

Fe-Ca/Mn-oxides

Pyrite

~220mg/kg

~330mg/kg

~440mg/kg

~340mg/kg

~93mg/kg

(b)



 
63 

 

Deloro. From that point on, it increases steadily all the way to the top of the sediment 

core with seemingly no direct relationship to the trends in As, Co, or Ni (Fig. 3.4).  

 

Figure 3. 7. Chlorophyll-a concentrations (a) and Loss on Ignition data showing the changes in 
organic and carbonate composition (b) throughout the Moira Lake sediment core obtained on August 
6th, 2015. 

The LOI data (Fig. 3.7b) shows overall opposing trends between the organic and 

carbonate composition of the sediments. The organic content is shown to decrease with 

the inception of industry to a low-point that coincides with the closure of Deloro before 

gradually rising back up. Carbonate content increases with the development of Deloro 

and has a minor peak when Deloro closes and its major peak coincides with the 

inception of the OME remediation before decreasing.  

3.4.6 Secondary Production 

 The cladoceran data (Fig. 3.8) highlighted changes in the assemblage that 

coincide with the Deloro years. Through constrained cluster analysis, two major zones 

of distinct assemblage were observed. Zone 1 (~1789-1922) represented an assemblage 

dominated by Bosminids. Zone 2 (~1922-2015) had an assemblage that had shifted to 

one dominated by Chydorids and Daphniids. That shift correlates with the changes in 
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chlorophyll-a concentrations but direct correlation with the trends of As, Co, or Ni could 

not be established (Fig. 3.4). 

 

Figure 3. 8. Relative percent abundance of the dominant cladoceran species observed within the 

Moira Lake sediment core obtained on August 6th, 2015. 
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3.5 Discussion 

Over ~150 years, Moira Lake was impacted by industrial activity and that is still 

ongoing with the leaching from the waste at the Deloro site. Lakes tend to be viewed as 

contaminant sinks as the contamination would be trapped in the sediment which is 

then buried and isolated from the environment; however due to the geochemistry at 

play, it was unclear whether the contaminants were being effectively trapped in the lake 

system. Furthermore, evidence of the actual impact of the contamination on the lake 

ecosystem was lacking (Mudroch and Capobiano 1980; Cornett et al. 1989, 1992; Azcue 

and Nriagu 1993, 1994, 1995). This research sought to connect the geochemistry and 

ecosystem response, two aspects that tend to be considered independently of one 

another rather than within the same scope. This study also used more novel analytical 

tools which added to the quality of the analysis as well as the interpretation. The use of 

tools such as SEM-MLA and XANES was unprecedented in Moira Lake and so was the 

extent of the ecological analysis. 

Walker et al. (2009) used similar techniques to characterize the mineralogy of As-rich 

tailings in Nova Scotia and they found that the dominant As-bearing phases were 

scorodite, amorphous hydrous ferric arsenate, amorphous hydrous ferric 

oxyhydroxides, kankite, pharmacosiderite, yukonite, amorphous Ca-Fe arsenates, and 

arsenopyrite. The use of these tools in that study allowed them to demonstrate the 

variability of As mineralogy in weathered tailings. By combining both XANES and MLA, 

Van Den Berghe (2016) identified authigenic pyrite as a significant As(-I) host and was 

able to quantify relative mineral abundances. Mineral form, grain size, and texture are 

important factors when considering health risk and that is why the use of advanced 

mineralogical tools is valuable. 
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Sedimentary Contamination of Moira Lake 

 In the 1820s, mineral deposits were discovered in Hastings County. This led to 

small-scale developments of the mineral resources which culminated in the opening of 

the Deloro site in 1867. The Deloro site originally focused on the production of gold from 

refractory ores that were associated with As. Experimental technologies were developed 

to improve on the recovery of the gold as well as to maximize on the by-products, namely 

As which found a market in pesticides. Eventually, the site was closed given both the 

flooding of the shafts as well as the low gold recovery but it was re-opened as a mineral 

processing site and developed for markets of Co and stellite, an alloy of Co, tungsten, 

and chromium that was used for munitions during WWI, WWII, the Korean War. This 

led to the release of many elements that contaminated Moira Lake. 

The focus of this study is on As, Co, and Ni. The profiles of these elements provided a 

fitting reconstruction of the contamination originating from the Deloro site. After the 

discovery of mineral richness in the 1820s, the concentrations of these elements 

increase and continue to do so at a higher rate following the opening of Deloro in 1867 

likely due to increased industrial activity. These elements peak around 1942 which 

coincides with WWII, a point at which Deloro was thriving, before plummeting down 

with the closure of Deloro in 1961. A secondary peak occurs after the OME remediation 

begins, this is possibly associated with remediation work on the site which could have 

temporarily remobilized waste material. A previous study by Mudroch and Capobianco 

(1980) found that As, Co, and Ni had respective pre-mining values of 17mg/kg, 

13mg/kg, and 32mg/kg and were enriched by respective factors of 57, 98, and 79. This 

study found respective pre-mining values for As, Co, and Ni of 50mg/kg, 29kg/kg, and 

59kg/kg and respective enrichment factors of 18, 71, and 34. The concentrations of As 
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(50-900mg/kg) was well above the CCME freshwater sediment guidelines of 5.9mg/kg. 

The CCME (2014) has no freshwater sediment guidelines for Co and Ni but their 

concentrations (respectively 21-1500mg/kg and 41-1400mg/kg) exceeded their 

respective soil quality guidelines for the protection of environmental and human health 

range between 40-300mg/kg and 45-89mg/kg. The increase in As, Co, and Ni 

concentrations was found to correlate with the operations at Deloro with a peak in Co 

and Ni occurring just before 1960 which corresponds to what this study has found.  

The contamination from the Deloro site was also reflected in the loss on ignition data 

which reported a simultaneous decrease in organic content and increase in carbonate 

content of the sediments during the Deloro years of operation. This trend may reflect 

the nature of the waste material that was contaminating Moira Lake. Most of it was 

inorganic thus explaining the relative decrease in organic content. Furthermore, calcium 

and arsenic carbonates made up a large quantity of the waste thus accounting for the 

increase in relative carbonate content in the sediments during the years preceding 

remediation (Azcue and Nriagu 1993). Cornett et al. (1992) found that 30-45% of the 

sediments of Moira Lake was organic. The present study found organic content ranging 

from 38-68%. The apparent increase in the organic content could be due to variation in 

the sampling location. The decrease in the carbonate content seen at the surface of the 

core suggests that the limestone cover implemented by the OME on the Deloro waste 

material is stable and that there is no downstream movement of limestone particles from 

the cover. 

The mineralogy of the sediments provides further evidence that there was an influx of 

oxides. The bulk of the As-minerals (98%) were Fe-oxides (Fig. 3.6). This was also 

observed by Azcue and Nriagu (1993) as oxides went from the third most dominant As 
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host pre-mining to hosting 56% of the As after disturbance overtaking residual As and 

sulfide-bound As as the most dominant hosting phase. Cornett et al. (1989) observed a 

similar trend with Ni. The oxide hosts increased in abundance from 2 to 37% while the 

dominant residual hosting phase plummeted from hosting 88% of the Ni to just 3%. 

Both Cornett et al. (1989) and Azcue and Nriagu (1993) used sequential extraction 

techniques to quantify the solid speciation of the As. That method has however been 

criticised for reasons such as a “lack of selectivity of reagents” (Gleyzes et al. 2002). It 

was found that these extractions may be incomplete and could lead to incorrect 

evaluation of metal fractionation. With the residual phase, being the final extraction, it 

bears the highest risk of inaccuracy. The MLA technique tends to capture all As-bearing 

phases present and as such it would appear that there was no phase insoluble enough 

to behave as a residual phase as identified via sequential extraction. 

Stability of the Arsenic Contamination 

Throughout the various studies of Moira Lake, it is apparent that the highest As 

concentrations are located deeper in the sediment in the more recently collected cores 

and, simultaneously, the value of that highest concentration decreases; ~3-4cm with 

~1500mg/kg As (Mudroch and Capobianco 1980), ~15cm with ~170mg/kg As in the 

core from the middle of the lake and ~6cm with ~1000mg/kg As from the nearshore core 

(Cornett et al. 1989), ~25cm with ~1050mg/kg As (Azcue and Nriagu 1993), and ~25cm 

with ~970mg/kg As (this study). The Mudroch and Capobianco (1980) study, which is 

the oldest, showed something that differs from what this study found. Their study 

identified an As profile with no clear peak but an apparent plateau. This overall trend 

suggests a burial of the contamination but it could be attributable to difference in 

sampling location rather than burial or the effect of post-depositional changes over time. 
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Remobilization of the As and diffusion upward can result in the As binding onto new 

mineral phases and accumulating at a different depth than that at which it was 

historically associated. And there is also the possibility of that difference being the result 

of lateral variation in the lake sediments rather than either just burial or post-

depositional changes. However, the timing of the As peak in the core from this study is 

consistent with the historical development of the Deloro site suggesting that the trend 

observed is indeed reflective of the industrial activity at Deloro. 

Vertical profiles of oxygen concentrations in the water column revealed hypoxic 

conditions at depths below 6-m in August, a stressor in the benthic environment within 

Moira Lake. Oxygen depletion in the deep basin is consistent with findings from Azcue 

and Nriagu (1994) which associated the hypoxic conditions with the formation of 

inorganic As(III). Water chemistry analyses comparing porewaters and surface waters 

suggested that solid arsenic is undergoing reductive dissolution and being re-introduced 

to the aquatic environment. The trend appears to be redox dependent and is also 

affected by seasonality as well as the chemistry of other elements, namely iron and 

manganese (Azcue and Nriagu 1994). The XANES data seems to support this as the 

relative distribution of As(III) increases with depth. This may suggest that the oxygen 

depletion seen in the overlying water is also a factor in the sediments and that could be 

at the heart of the potential post-depositional changes to As.  

From the location of the peaks in the sediment core, it would appear that the 

contamination is, at least partially, buried. However, the As concentration at the top of 

the core is still three-times higher than the pre-mining value. At peak levels in the core, 

the arsenic was 18-times greater than pre-mining. Furthermore, the XANES data 

suggests that the bulk (66-92%) of As is in the form of As(V) which is relatively more 
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stable and less toxic form of As. However, given the hypoxic conditions at depth, there 

is a possibility of reduction of As(V) to As(III) which is more toxic and mobile. The 

dominance of Fe-oxides as the host phase as shown by the MLA results, means that 

reductive dissolution of this phase may result in a release of As to porewaters in deeper 

sediments. 

Environmental Impact Inferred from Chlorophyll-a and Cladocerans 

Due to changes in the lake conditions from the industrialization of Deloro, it was 

expected that the ecosystem may respond through a decrease in primary and secondary 

production. The decrease in chlorophyll-a, up until 1888, coincides with the discovery 

of mineral deposits. Around 1920, the primary production starts increasing again which 

may be attributed increased runoff of nutrients from surrounding watershed and/or 

changes in climate. Vast regions of the watershed to the north and west of Moira Lake 

is occupied by the town of Madoc or cropland (Fig. 3.1). Had the region reverted to 

second growth forest, then such an increase in chlorophyll-a could be observed but that 

is not the case. The available data is insufficient to conclude on the trend in the 

chlorophyll-a.   

While primary production was inferred through Chlorophyll-a, cladocerans were 

selected as an indicator of changes in secondary production. Distinct changes in the 

invertebrate community can be observed before and after the discharge of mine 

contaminants. Chen et al. (2015) observed that increases in Daphniids and Bosminids 

were associated with increasing nutrient enrichment in Yangzong Lake. However, 

following increase in arsenic levels, the Daphniid and Bosminid populations dropped 

sharply from respective accumulation rates of 294 and 2,013 individuals/cm2/yr in 

2000 to 3.1 and 70.1 individuals/cm2/yr in 2013 (Chen et al. 2015). 
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In Moira Lake, the cladoceran density decreased slightly throughout the Deloro years 

and seemed to recover post 1979. The cladoceran data show two zones of statistical 

difference. Zone 1, which includes the discovery of mineral richness and start of 

activities at Deloro, is dominated by pelagic Bosminid population. Zone 2 on the other 

hand, which includes the later part of the Deloro years up to the date of the study, is 

dominated by littoral Chydorids as well as pelagic Daphniids. The zonal interface occurs 

around 1920 and could be related to the start of Deloro Smelting and Refining Company 

in 1916 which resulted in the processing of Co and stellite, or to the establishment of 

the Deloro Chemical Company in 1922 which was involved with pesticide production. 

Cladocerans have been noted to exhibit different sensitivities to As contamination 

(Sakamoto et al. 2005; He et al. 2009; Rahman et al. 2014; Sales et al. 2016). Passino 

and Novak (1984) found that Bosmina longirostis was more sensitive than Daphnia pulex 

with relative 48-h EC50 of 0.85±0.12mg As/L and 49.6±9.0mg As/L. However, these 

values are much higher than the highest As concentrations (250µg/L) ever reported in 

the Moira River system (Mudroch and Capobianco 1980) and even lower since the onset 

of remediation efforts (10-70 µg/L) (Golder Associates 2012). 

The change in cladoceran assemblage is more closely related to changes in primary 

production than it is to the direct contamination of the lake. The increase in chlorophyll-

a parallels the increase in Chydorids which suggests a more extensive littoral zone; this 

could be related to eutrophication and/or changes in the nutrient loading from the 

watershed. Furthermore, the increase in Daphnia spp. also coincides with the constant 

increase in chlorophyll-a and suggests that increases in planktonic taxa, including 

Daphnids, are consistent with indirect changes associated with climate change, 

including a longer ice-free period and increased algal production (Jeziorski et al. 2013). 

The taxa shift, in the present study, to an increase in Chydorus brevilabris and decline 
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in Bosmina spp. has been associated with lake acidification and metal contamination 

(Yan et al. 1996; Jeziorski et al. 2013; Labaj et al. 2014) but given the calcerous bedrock, 

it is unlikely that acidification is a factor and so metal contamination may in fact be 

affecting the cladoceran assemblage. 

Thienpont et al. (2015) found similar strong correlations between cladocerans and 

inferred primary production and suggested that changes in species assemblages were 

related to habitat and food availability. However, changes in cladoceran assemblages 

can be complex and related to a range of factors including changes in lake-water calcium 

concentrations, climate change, lake acidification, decreases in production, changes in 

fish assemblages, and introduction of exotic species (Desellas et al. 2011). Such changes 

are especially difficult to interpret in lakes that are impacted by multiple stressors such 

as Moira Lake. 

Conclusions 

 This study shows that, following the opening Deloro, the sediments of Moira Lake 

became enriched in As, Co, and Ni as a direct consequence of the industrial activity on 

site. The As geochemistry was characterized by a hosting phase composed mostly of Fe-

oxides and a dominance of As(V) throughout the core. The enrichment of As(III) deeper 

in the core along with the low oxygen conditions suggests that As(V) is undergoing 

reduction at depth. In addition, the As-hosting Fe-oxides may undergo reductive 

dissolution at depth. Arsenic is expected to diffuse upwards where it may re-precipitate 

as arsenian pyrite. The presence of As(-I) at the shallow end and that of As-hosting pyrite 

supports this theory. No geogenic As-hosting phases were observed under SEM but 

these are suspected to be found deeper in the sediments. 
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While the sediments of Moira Lake were clearly impacted by Deloro, the production 

(primary and secondary) appears to be, at least partially, influenced by other factors. 

Initial decreases in chlorophyll-a seems to be responding to metal contamination but it 

recovers and then increases in contrast to decreases in metal contamination. It has 

previously been reported that sedimentary chlorophyll-a trends may be unaffected by 

metal contamination and respond to nutrient enrichment instead (Wolfe et al. 2006; 

Chen et al. 2015; Thienpont et al. 2016). Nutrient enrichment may also explain the 

ecological shift in the Cladocera amongst with other factors that may be indirectly or 

directly related to climate. 
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CHAPTER IV – General Conclusions and Future Work 

4.1 Conclusions 

 Moira Lake is impacted by the industrial activity at the Deloro site. The site 

opened as a mine site in 1867 that focused on the exploitation of gold, but converted to 

a mineral processing site in 1907 which was much more diverse in terms of activity and 

waste production as it was involved with arsenic, cobalt, and stellite production. This 

history left over 650,000m3 of mixed waste material. In 1979, the OME took it upon 

themselves to clean up the site from which arsenic was leaching into the Moira River. 



 
79 

 

Past studies of sediments throughout the Moira River have concluded that most of the 

solid As had been buried over time since the closure of Deloro. However, leaching from 

tailings on the sites continues to contaminate Moira Lake, and Azcue and Nriagu (1993) 

estimated that 3.5 tons of As reached Moira Lake annually. Water chemistry analyses 

comparing porewaters and surface waters suggested that solid As is being reduced and 

dissolved and re-introduced to the aquatic environment thus making it more of a 

concern than first thought. This research project aimed at characterizing the 

contamination that affected Moira Lake and establishing whether there was an impact 

on the primary and secondary production. 

4.1.1 Do contaminant trends correspond to Deloro activity? 

The contamination consists of elevated As, Co, and Ni as well as other trace 

metals. The As concentrations range from 50-900mg/kg which exceeds the CCME 

guidelines for both interim sediment quality for the protection of aquatic life (5.9mg/kg) 

and probable effects level (17mg/kg). The Co and Ni concentration respective ranges 21-

1500mg/kg and 41-1400mg/kg both exceed their respective soil quality guidelines for 

the protection of environmental and human health ranges 40-300mg/kg and 45-

89mg/kg (CCME 2014). There is a clear increase in the concentrations of the As, Co, 

and Ni in the sediment core following the start of industrial activities with the initial 

discovery of mineral richness in the 1820s and further so with the opening of Deloro in 

1867. The concentrations of those elements then decreased after the closure of Deloro 

in 1961.  

4.1.2 Is arsenic stable in the sediments? 

The XANES analysis revealed that 66-92% of the As occurred as As(V) which is a 

relatively more stable form of inorganic As. Furthermore, the MLA data showed that 
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most of that As (up to 98%) is sorbed to Fe-oxides. Given the reducing conditions 

maintained by the low oxygen levels as shown from the limnological data, two things 

may happen: firstly, the sorbed As(V) may reduce to As(III) which is less efficiently sorbed 

as it is an uncharged anionic species, and secondly, the Fe-oxides may undergo 

reductive dissolution and release the sorbed As. This would however be a dissolved 

phase and was not recorded in the sediments. Furthermore, there is a higher proportion 

of As(III) measured at depth which supports the concept of reduction happening under 

low oxygen conditions. Thus, the actual stability of the arsenic contamination remains 

unclear. 

4.1.3 Did Deloro affect primary and secondary production? 

Changes in primary and secondary production coincided with the industrial 

activity at Deloro. Following the discovery of mineral richness, the chlorophyll-a 

concentrations dropped from >0.04mg/kg to <0.03mg/kg while the cladoceran 

assemblage shifted from one dominated by pelagic Bosminids to one dominated by 

littoral Chydorids and pelagic Daphniids. Around 1920, the chlorophyll-a 

concentrations started rising again and continued to do so until the top of the sediments 

reaching >0.08mg/kg which was double the background value. This suggested that, 

although the initial changes may have been attributed to the Deloro site, production 

may be affected by another driver perhaps eutrophication/nutrient enrichment 

associated with watershed development or climate change. The cladoceran trend was 

more closely linked to the chlorophyll-a trend than it was to the trends of As, Co, or Ni 

and thus the connection may be indirect. It is however possible that the change in trend 

around 1920 was in fact related to the opening of the Deloro Chemical Company in 1922 

which represented the development of arsenic as a pesticide.  
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4.2 Future Work (Recommendations) 

Despite the many advantages of this study and its multiple qualities, there 

remains ways to further improve it. A more holistic study of the whole Moira River 

system would provide valuable information as to the metal contamination not only over 

time as studied through the sediment layers but also over space. The study of a lake 

upstream from the mining activity would make for a useful control site. Furthermore, 

as highlighted by the likes of Mudroch and Capobianco (1980), Cornett et al. (1989, 

1992), Azcue and Nriagu (1995), and Wang and Mulligan (2006), amongst others, the 
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complexity of metal contamination cannot be fully studied without extensive water 

analysis which would include both surface water and porewater. 

Thus, the recommendations for future work are as follows: 

 Acquisition of a control site and replicate the analyses applied to the 

contaminated site on the control site. This will provide a buffer for climate 

change, eutrophication and watershed development so the control site will need 

to be one that has been similarly affected by these three factors with the only 

major difference being the influence from the Deloro site. 

 Usage of a multi-proxy biological analysis to better understand the influences 

from both mining and eutrophication of the lake. This can be done by using 

pigments analysis or organisms such as diatoms which would provide insight in 

the influence of nutrients on the ecosystems. Using chironomids would also 

provide a better understanding of the impact on benthic organisms. 

 Completion of a river system analysis that would allow for observation of the 

influence of mining throughout the river system with an upstream-to-

downstream approach. This would allow for a comparison of trends and 

observation of whether the conclusions alluding to contamination burial and 

speciation are consistent not only over time (given through the sediment core) 

but also over distance. This would provide a valuable 3D observation of the 

trends. 

 Analysis of the tailings and natural geology of the Deloro site and compare that 

with the sediments. This would provide insight into potential post-depositional 

changes. 
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 Collection of a longer sediment core to enable for more adequate analysis of the 

background conditions within the lake. 

 Identification of the mineral phases and hosts for Co and Ni using XANES and 

MLA to further understand their relevance to the contamination of Moira Lake. 
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Appendices 

Appendix A: Timeline (from CHMR 1998) 
1820   Iron discovered in Hastings County 
1866   Madoc gold rush begins 

1867-68  Mining begins at Deloro 
1873 Aggregation of claims around Deloro into the Gatling Gold and Silver Mining Company and 

new mill built 

1873-78  General economic depression 
1878-85  National Policy introduced with incentives for industrial smelting and processing 

1880   Canada Consolidated Gold Mining Company acquires Deloro property 
1882   Arsenic Works and mill erected on the banks of the Moira River and toursite developed 
1883   Central Ontario Railway opened from Trenton to Marmora 

1885-96  World-wide economic depression 
1892   Hastings Mining and Reduction Company briefly operates Deloro 

1896 Canadian Goldfields Ltd. acquires site and builds plant at Marmora Station which burns 
soon thereafter 

1898 Successful research and development of white arsenic production and creation of new mill, 

cyanide plant, laboratory and power house near Red Shaft 
1899 Atlas Arsenic Mine begins development of the Five Acre Site north of the main Deloro 

development, only lasts 4-5 years 

1902   Mines flooded 
1903   Discovered of silver in Cobalt, Ontario 

1905   Development begins at O’Brien Mine in Cobalt 
1906 MJ O’Brien hires former Canadian Goldfields mine engineer Kirkegaard and Queen’s 

University metallurgist Kirkpatrick to create a process to reduce the Cobalt ores to silver, 

cobalt, and arsenic 
1907   MJ O’Brien forms the Deloro Reduction and Mining Company and a new plant is begun 
1909 Oxides building and new arsenic plant erected at Deloro while townsite received further 

development as a company town. Trent River hydroelectric connection made to Deloro plant 
1912 Queen’s University metallurgist HT Kalmus developed process to create Cobalt metals at the 

Deloro lab through government funding. 
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Collaboration with American researcher and developer, Elwood Haynes, resulted in the 
development of a cutting metal combining cobalt, chromium, and tungsten called stellite for 

which Deloro plant was given the Canadian patent and rights to markets in parts of Europe, 
in return for Cobalt supply to the US 

1913   A spur line from Marmora Station on the Central Ontario Railway is run into the Deloro plant 
1914-18  WWI causes boost of stellite production 
1916   Dominion Charter granted to renamed Deloro Smelting and Refining Company 

1917   New metals building erected 
1918-19 Old Canadian Goldfields mill complex and some workers housing destroyed by fires. The 

latter are rebuilt. 

1920 Deloro Chemical Company established and a chemical building erected where insecticides 
are produced 

1925   Competitive sources of cobalt developed in the Belgian Congo 
1929   Many silver-cobalt mines closed down in Cobalt 
1929-38  The Great Depression 

1932   Ore being received from Eldorado Nuclear of Port Hope 
1934 New refining and smelting operations in Belgium, owned by Katanga, producing cobalt metals 

from the Belgian Congo and Rhokana in Rhodesia 
1937   Deloro established new stellite plant in Birmingham, England 
1939-45  WWII and critical demand for stellite from Deloro plant for defense production 

1939   Last O’Brien silver-cobalt mine closed at GowGanda 
   German invasion of Belgium redirects African ores to Deloro for processing 
1940   New research and development laboratory erected, followed by a chemical laboratory 

Early 1950s  Ore being imported from Morocco 
1951 Major re-development of site including new primary treatment centre, chemicals section, and 

machine tool and precision castings plant while many earlier building were destroyed 
1955   Stellite and precision casting sections moved to Belleville 
1958   Processing of cobalt ceases at Deloro 

Late 1950s Market for arsenic trioxides decimated by organic pesticides and large piles of arsenic 
stockpiled on site 

1961 Deloro plant is closed and property of Deloro smelting and Refining Company transferred to 

Deloro Stellite of Belleville. Many buildings standing previous to 1940 now destroyed. 
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1960s-80s Efforts made to stabilize pollution going into Moira River from severely contaminated Deloro 
site 

1970 British Oxygen purchased Deloro Stellite but Deloro plant transferred to Erickson 
Construction, a subsidiary of MJ O’Brien Ltd. 

1979   Ontario Ministry of the Environment assumes operation of the treatment facility 
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Appendix B: Water Limnology 
Analysis on site on August 6th, 2015. A) Surface water data obtained from the YSI 30 multiprobe system; B) Surface water data 
obtained from the YSI dO model 55 multiprobe system, calibrated at 500ft. 

A) YSI 30 

Depth (m) Temperature (°C) Salinity (ppt) Salinity (mg/L) Conductivity (µS) Specific Conductance (µS/cm) at 25°C 

0 23.7 0.1 100 286.4 293.8 

1 23.6 0.1 100 286.3 294 

2 23.5 0.1 100 285.8 294 

3 23.3 0.1 100 284.9 294.9 

4 23.2 0.1 100 284.8 295 

5 23.2 0.1 100 284.7 295 

6 23.1 0.1 100 284.5 295.1 

7 22.8 0.1 100 284.4 296.9 

8 21.9 0.1 100 282.6 300.4 

9 20.4 0.2 200 330.7 363 

      

B) YSI dO model 55 

Depth (m) Temperature (°C) dO (mg/L) Saturation (%) 

0 23.7 7.1 84 

1 23.7 7.15 84.6 

2 23.6 7.05 83.3 

3 23.4 6.64 77.8 

4 23.2 6.5 76 

5 23.2 6.35 75 

6 23.1 6.44 75 

7 22.8 2.65 29 

8 22 0.2 2.3 

9 21.2 0.12 1.3 
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Appendix C: Radiometric Dating 
Radiometric 210Pb activity data of the sediment core from Moira Lake. The unsupported and supported activities of 210Pb are shown 

alongside with the data associated with ages derived from the Constant Rate of Supply (CRS). 

Midpoint 
Depth 

Cumul. 
Dry 

Mass 

Unsupp. 
Activity 

Error 
(Activity) 

Supp. 
Activity 

Error 
(Supp. 
Act.) 

Binford 
Rule 

Inventory Error 
(Inventory) 

Age 
(CRS) 

Year 
(CRS) 

Error 
(CRS) 

[cm] [g/cm2] [Bq/kg] [Bq/kg] [Bq/kg] [Bq/kg] [Bq/kg] [Bq/m2] [Bq/m2] [y] [y] [y] 

0 0 1690.9281 139.5885 
  

1551.3396 11548.0768 426.5626 0 2015.59 0.4004 

0.25 0.0034 1690.9281 139.5885 41.4477 15.7862 1551.3396 11489.8608 426.5161 0.1623 2015.43 0.4009 

2.25 0.0473 1586.2708 105.9576 28.9164 8.8194 1480.3132 10771.0989 421.1692 2.2367 2013.36 0.4504 

4.25 0.118 1633.4402 112.4581 11.3995 9.7683 1520.9821 9632.9029 405.6185 5.8232 2009.77 0.5877 

6.25 0.2007 1476.5836 108.211 19.6321 11.0239 1368.3726 8346.7958 386.2751 10.4252 2005.17 0.7637 

8.25 0.294 1402.5868 97.2222 25.6037 8.8816 1305.3647 7004.5079 364.1569 16.0554 1999.54 0.9866 

10.25 0.379 1147.2421 97.7022 23.991 12.3213 1049.5399 5920.2225 347.9094 21.4562 1994.14 1.2154 

12.25 0.4552 970.3672 88.5254 25.0777 12.0648 881.8418 5113.7748 337.3693 26.1587 1989.44 1.4424 

14.25 0.543 626.144 75.5051 24.7867 11.6363 550.6388 4412.9178 328.546 30.8922 1984.7 1.7073 

16.25 0.6521 492.2941 63.3478 32.1917 10.1797 428.9464 3802.622 318.9806 35.6721 1979.92 2.0112 

18.25 0.7759 355.9396 59.2175 20.657 9.9905 296.722 3277.4806 308.9022 40.4446 1975.15 2.3512 

20.25 0.901 258.5264 41.2439 23.7526 6.8308 217.2825 2893.2674 303.7238 44.4487 1971.15 2.6902 

22.25 1.1101 323.2699 71.5804 11.6695 12.4115 251.6895 2285.0121 260.0149 52.0279 1963.57 3.1042 

24.25 1.3492 265.1505 37.5264 20.5105 5.9963 227.6242 1581.3852 239.9642 63.8477 1951.75 4.337 

26.25 1.5731 178.6375 48.1157 24.5496 8.5978 130.5218 1084.6439 212.5956 75.9559 1939.64 5.8089 

28.25 1.7919 232.98 39.169 22.6965 6.5932 193.811 634.3642 191.2588 93.1808 1922.41 9.2201 

30.25 2.0257 71.1732 31.6867 19.748 5.8351 39.4865 278.8066 175.9427 119.5811 1896.01 19.8094 

32.25 2.2539 0 35.8097 33.3425 7.0694 -35.8097 197.5962 155.8131 130.6374 1884.96 24.9169 

36.25 2.6129 43.4186 29.9556 30.1303 5.7119 13.463 119.6475 112.2051 146.7477 1868.85 29.8282 

40.25 2.997 18.8915 29.1872 15.8054 5.6589 -10.2957 
     

44.25 3.3739 0 38.202 16.8592 7.5824 -38.202 
     

48.25 3.7729 0 34.1239 23.9775 6.7978 -34.1239 
     



 
90 

 

Appendix D: Sediment Chemistry 
Bulk elemental composition from the Moira Lake sediment core collected on August 6th, 2015 and analyzed through Inductively Coupled 
Plasma-Optical Emission Spectroscopy (ICP-OES) following aqua regia digestion at Queen’s Analytical Services Unit (ASU). Interim 
Sediment Quality Guideline (ISQG) and Probable Effects Level (PEL) data were obtained from CCME (2014). Abbreviations: Ag=silver; 
Al=aluminum; As=arsenic; B=boron; Ba=barium; Be=beryllium; Ca=calcium; Cd=cadmium; Co=cobalt; Cr=chromium; Cu=copper; Fe=iron; 
K=potassium; Mg=magnesium; Mn=manganese; Mo=molybdenum; Na=sodium; Ni=nickel; P=phosphorus; Pb=lead; S=sulfur; 

Sb=antimony; Se=selenium; Sn=tin; Sr=strontium; Ti=titanium; Tl=thallium; U=uranium; V=vanadium; Zn=zinc. 

Midpoint Date Ag Al As B Ba Be Ca  Cd Co Cr 

[cm] [yr] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] 

Detection Limits 2.0 50.0 1.0 20.0 5.0 4.0 100.0 1.0 5.0 20.0 

Control Limits  ±8400 ±3  ±84  ±2100  ±2.1 ±11.7 

 
           

1.75 2013.9 3.7 6500 170 20 160 0.38 14000 1.1 320 16 

3.75 2010.7 4.4 8200 200 26 190 0.46 15000 1.3 360 20 

5.75 2006.3 4.8 8300 220 24 180 0.47 14000 1.4 380 20 

7.75 2000.9 4.7 8400 270 24 180 0.47 14000 1.4 400 20 

9.75 1995.5 4.6 8300 330 25 170 0.47 17000 1.4 450 20 

11.75 1990.6 5.8 10000 480 31 210 0.55 21000 1.8 640 23 

13.75 1985.9 3.8 6400 330 20 140 0.35 16000 1.2 430 15 

15.75 1981.1 5.1 5900 370 16 140 0.32 16000 1.3 460 14 

17.75 1976.3 5.4 5900 410 15 130 0.32 13000 1.2 490 14 

19.75 1972.2 6.1 5900 440 13 130 0.33 16000 1.2 510 14 

21.75 1965.5 10 10000 720 24 200 0.55 26000 1.9 880 24 

23.75 1954.7 10 11000 780 21 220 0.65 19000 2.0 1100 29 

25.75 1942.7 20 16000 900 30 260 0.83 19000 2.4 1500 34 

27.75 1926.7 13 11000 640 20 220 0.63 16000 1.7 1200 26 

29.75 1902.6 24 16000 540 27 260 0.79 16000 2.1 1200 31 

31.75 1887.7 16 13000 340 21 280 0.67 16000 1.4 660 27 

33.75 1878.9 9.9 16000 420 28 280 0.79 17000 1.7 620 30 

35.75 1870.9 2.6 11000 230 18 230 0.56 14000 1.0 260 22 

37.75 1862.9 2.6 13000 270 23 250 0.72 19000 1.5 230 27 

39.75 1854.9 1.3 9200 190 18 210 0.53 15000 1.0 130 21 

41.75 1846.9 0.88 10000 180 20 180 0.58 16000 1.2 71 22 

43.75 1838.9 <0.25 6600 93 13 150 0.40 11000 0.70 34 16 

45.75 1830.9 0.37 11000 100 22 190 0.64 17000 1.2 30 24 

47.75 1822.9 <0.25 9200 58 16 190 0.57 15000 1.0 21 21 

49.75 1772.9 0.34 14000 50 24 220 0.77 18000 1.6 29 28 

 
           

ISQG 
   

5.9 
    

0.6 
 

37.3 

PEL 
   

17 
    

3.5 
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Midpoint Date Cu Fe K  Mg Mn Mo Na Ni P Pb 

[cm] [yr] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] 

Detection Limits 5.0 50.0 20.0 20.0 1.0 2.0 75.0 5.0 20.0 10.0 

Control Limits ±5 ±6200 ±2580 ±1900 ±50  ±2000 ±6.1 ±211 ±4.1 

 
           

1.75 2013.9 71 21000 1300 4000 510 1.3 250 160 980 45 

3.75 2010.7 86 22000 1600 4800 470 1.7 300 180 1000 54 

5.75 2006.3 93 22000 1600 4900 440 1.6 250 200 1000 59 

7.75 2000.9 92 23000 1600 4700 390 1.9 240 210 960 60 

9.75 1995.5 98 24000 1600 4900 350 2.8 250 260 900 63 

11.75 1990.6 120 31000 1900 5900 400 3.9 290 380 1000 94 

13.75 1985.9 82 21000 1200 3800 250 2.4 200 250 650 69 

15.75 1981.1 80 21000 1100 3400 230 2.1 170 270 560 71 

17.75 1976.3 78 21000 1100 3300 220 2 160 300 510 68 

19.75 1972.2 79 21000 1100 3300 220 1.8 150 330 510 64 

21.75 1965.5 140 30000 1900 5500 350 2.4 230 560 820 97 

23.75 1954.7 160 30000 1900 5900 430 1.7 230 770 820 100 

25.75 1942.7 200 36000 2900 7500 540 2.3 270 1400 1100 92 

27.75 1926.7 150 27000 2000 5600 420 1.1 220 1200 780 76 

29.75 1902.6 150 32000 2700 6900 530 1.7 240 1400 1100 65 

31.75 1887.7 120 24000 2000 5800 440 0.91 230 1000 910 46 

33.75 1878.9 100 28000 2700 6700 490 2 220 1200 1200 39 

35.75 1870.9 63 20000 1600 4700 340 1.0 180 490 810 23 

37.75 1862.9 68 27000 2100 6000 470 2.2 210 470 1200 20 

39.75 1854.9 54 19000 1200 4200 340 0.96 170 260 820 13 

41.75 1846.9 50 24000 1600 4900 410 1.9 190 160 1000 10 

43.75 1838.9 33 16000 930 3100 280 0.56 140 64 620 6.0 

45.75 1830.9 49 25000 1800 5200 390 1.5 180 59 1100 8.8 

47.75 1822.9 46 22000 1300 4300 350 0.60 180 41 880 7.9 

49.75 1772.9 59 28000 2000 5900 430 1.2 190 59 1300 9.6 

 
           

ISQG 
 

35.7 
        

35 

PEL 
 

197 
        

91.3 
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Midpoint Date S  Sb Se Sn Sr Ti Tl U V Zn 

[cm] [yr] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] [mg/kg] 

Detection Limits 200.0 1.0 10.0 20.0 5.0 10.0 1.0 10.0 10.0 15.0 

Control Limits ±300    ±12.8    ±28.4 ±21 

 
           

1.75 2013.9 9500 3.6 <1.0 <2.0 73 260 <1.0 <2.5 19 140 

3.75 2010.7 10000 4.8 1.1 2.4 84 340 <1.0 <2.5 24 160 

5.75 2006.3 10000 3.8 2 2.5 79 320 <1.0 <2.5 23 160 

7.75 2000.9 11000 5.1 1.9 2.4 78 340 <1.0 <2.5 25 160 

9.75 1995.5 16000 6.1 1.9 2.5 90 330 <1.0 <2.5 27 160 

11.75 1990.6 23000 8 1.3 3.4 110 380 <1.0 <2.5 33 200 

13.75 1985.9 17000 5.4 <1.0 2.3 78 270 <1.0 <2.5 21 130 

15.75 1981.1 16000 4.9 <1.0 2.2 75 240 <1.0 <2.5 18 140 

17.75 1976.3 16000 4.2 <1.0 2.3 69 230 <1.0 <2.5 18 140 

19.75 1972.2 15000 3.7 <1.0 2.3 75 220 <1.0 <2.5 17 140 

21.75 1965.5 20000 5.6 1.1 3.6 120 400 1.2 <2.5 28 230 

23.75 1954.7 19000 <10 <10 2.4 120 280 <1.0 <2.5 30 240 

25.75 1942.7 21000 6.5 2 4.8 120 560 1.9 <2.5 39 300 

27.75 1926.7 15000 <10 <10 2.2 100 280 <1.0 <2.5 29 230 

29.75 1902.6 14000 8.2 2.7 3.6 110 570 1.3 <2.5 38 240 

31.75 1887.7 9300 <10 <10 <2.0 120 280 <1.0 <2.5 32 190 

33.75 1878.9 10000 7.7 2.4 <2.0 110 510 <1.0 <2.5 39 200 

35.75 1870.9 7500 <10 <10 <2.0 99 220 <1.0 <2.5 28 130 

37.75 1862.9 12000 6.5 1.2 <2.0 120 360 <1.0 <2.5 35 190 

39.75 1854.9 7100 <10 <10 <2.0 110 200 <1.0 <2.5 24 130 

41.75 1846.9 9900 3.8 1 <2.0 100 320 <1.0 <2.5 27 150 

43.75 1838.9 6700 <10 <10 <2.0 79 130 <1.0 <2.5 18 100 

45.75 1830.9 11000 3.2 2 <2.0 100 350 <1.0 <2.5 31 150 

47.75 1822.9 10000 <10 <10 <2.0 100 180 <1.0 <2.5 26 140 

49.75 1772.9 10000 2 2.3 <2.0 110 390 <1.0 <2.5 35 190 

 
           

ISQG 
          

123 

PEL 
          

315 
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Appendix E: Chlorophyll-a Spectrophotometry 
Chlorophyll-a data derived from the Moira Lake sediment core. The analysis was done following the Michelutti et al. (2010) model which 
applies a calibration curve to the area under the reflectance peak between 650-700nm obtained via Near-Infrared Reflectance 

Spectrophotometry (NIRS). 

Midpoint Date (CRS) area under 
curve 

area under 
line 

peak area Chl-a organic mass Chl-a 
(organic) 

[cm] [yr] 
   

[mg/g  

dry wt.] 

[g] [mg/g  

org mass]         
0.25 2013.9 27.09 26.22 0.87 0.08 48.41 0.04 

2.25 2010.7 28.78 27.95 0.84 0.08 49.88 0.04 

4.25 2006.3 28.91 28.13 0.78 0.07 49.63 0.04 

6.25 2000.9 29.34 28.56 0.77 0.07 48.28 0.03 

8.25 1995.5 26.61 25.86 0.75 0.07 47.95 0.03 

10.25 1990.6 25.77 25.01 0.76 0.07 45.53 0.03 

12.25 1985.9 26.11 25.31 0.80 0.07 44.77 0.03 

14.25 1981.1 25.88 25.09 0.79 0.07 41.45 0.03 

16.25 1976.3 24.73 24.05 0.69 0.06 40.45 0.03 

18.25 1972.2 24.66 23.98 0.67 0.06 39.74 0.03 

20.25 1965.5 23.59 22.97 0.63 0.06 39.75 0.02 

22.25 1954.7 24.05 23.43 0.62 0.06 38.75 0.02 

24.25 1942.7 26.11 25.61 0.50 0.05 41.74 0.02 

26.25 1926.7 28.66 28.22 0.44 0.04 43.71 0.02 

28.25 1902.6 30.04 29.65 0.40 0.04 44.00 0.02 

30.25 1887.7 33.85 33.56 0.29 0.03 46.35 0.01 

32.25 1878.9 33.00 32.70 0.30 0.03 48.63 0.01 

34.25 1870.9 35.58 35.26 0.32 0.03 51.25 0.02 

36.25 1862.9 32.59 32.23 0.37 0.03 51.06 0.02 

38.25 1854.9 36.39 36.01 0.37 0.04 56.31 0.02 

40.25 1846.9 33.75 33.37 0.38 0.04 56.85 0.02 

42.25 1838.9 37.25 36.82 0.44 0.04 59.17 0.02 

44.25 1830.9 34.24 33.83 0.41 0.04 56.73 0.02 

46.25 1822.9 37.77 37.31 0.46 0.04 67.77 0.03 

48.25 1772.9 33.82 33.40 0.43 0.04 57.14 0.02 
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Appendix F: Loss-On-Ignition 
Loss-on-Ignition (LOI) data derived from the Moira Lake sediment core using the Heiri et al. (2001) method. 

Midpoint Date (CRS) 
Sample 

Weight 
DW105 DW550 DW950 LOI550 LOI950 

LOI950 

*1.36 

[cm] [yr] [g] [g] [g] [g] [g] [g] [g]          
0.25 2013.9 0.2097 0.2097 0.1946 0.1004 0.092 48.407 4.31655 

2.25 2010.7 0.4046 0.4046 0.3903 0.1956 0.1807 49.8847 3.817576 

4.25 2006.3 0.3492 0.3492 0.3371 0.1698 0.1564 49.62919 3.975082 

6.25 2000.9 0.3001 0.3001 0.2881 0.149 0.1365 48.28185 4.338771 

8.25 1995.5 0.3869 0.3869 0.3756 0.1955 0.1832 47.94995 3.27476 

10.25 1990.6 0.2367 0.2367 0.2258 0.123 0.111 45.52702 5.314438 

12.25 1985.9 0.2549 0.2549 0.2446 0.1351 0.1218 44.76697 5.437449 

14.25 1981.1 0.268 0.268 0.2579 0.151 0.1365 41.45017 5.622334 

16.25 1976.3 0.3192 0.3192 0.3093 0.1842 0.1659 40.44617 5.916586 

18.25 1972.2 0.311 0.311 0.3012 0.1815 0.1639 39.74104 5.843293 

20.25 1965.5 0.5134 0.5134 0.5039 0.3036 0.2812 39.74995 4.445326 

22.25 1954.7 0.2596 0.2596 0.2506 0.1535 0.1405 38.74701 5.18755 

24.25 1942.7 0.6054 0.6054 0.5972 0.3479 0.3203 41.74481 4.621567 

26.25 1926.7 0.4135 0.4135 0.4059 0.2285 0.2084 43.70535 4.951959 

28.25 1902.6 0.5336 0.5336 0.5268 0.295 0.2708 44.00152 4.593774 

30.25 1887.7 0.509 0.509 0.5027 0.2697 0.2492 46.34971 4.077979 

32.25 1878.9 0.5296 0.5296 0.5235 0.2689 0.253 48.63419 3.037249 

34.25 1870.9 0.6098 0.6098 0.6037 0.2943 0.2752 51.25062 3.163823 

36.25 1862.9 0.7001 0.7001 0.6941 0.3397 0.3162 51.05893 3.385679 

38.25 1854.9 0.5203 0.5203 0.5143 0.2247 0.2078 56.30955 3.28602 

40.25 1846.9 0.5859 0.5859 0.5799 0.2502 0.2326 56.85463 3.035006 

42.25 1838.9 0.5455 0.5455 0.5401 0.2205 0.2055 59.17423 2.777263 

44.25 1830.9 0.4451 0.4451 0.4407 0.1907 0.1757 56.72793 3.403676 

46.25 1822.9 0.7521 0.7521 0.7478 0.241 0.2243 67.77213 2.233217 

48.25 1772.9 0.5464 0.5464 0.5427 0.2326 0.2145 57.14022 3.335176 
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Appendix G: Cladoceran Analysis 
Analysis of the cladocerans in the Moira Lake sediment obtained using a method modified from Deasley et al. (2012) and using the 
provided identifying guides (Korosi and Smol 2012a, 2012b). This includes total counts, relative abundances and derived concentrations. 

Midpoint Date 

(CRS) 

Bosmina 

sp. 

Daphnia 

longsispina 

Daphnia 

pulex 

Alona 

spp. 

Alonella 

spp. 

Chydorus 

brevilaris 

Others Total 

[cm] [yr] TOTAL COUNT 

1.25 2014.4 2 15 6 4 2 48 0.5 77.5 

3.25 2011.6 7.5 11 3.5 3 0 44.5 3 72.5 

5.25 2007.5 7.5 11.5 9.5 7 0 72 2 109.5 

7.25 2002.4 13 19.5 11 3 0 107.5 7.5 161.5 

9.25 1996.8 11 19 11.5 8 0 105.5 4 159 

11.25 1991.8 9.5 13.5 8 4 0 75 2.5 112.5 

13.25 1987.1 7.5 15.5 9 2 0 119.5 5 158.5 

15.25 1982.3 7 15 16.5 6 1 89.5 8 143 

17.25 1977.5 5.5 12.5 9.5 2 0 46 3 78.5 

19.25 1973.2 14 18 9.5 6 0 55 3 105.5 

21.25 1967.4 12.5 20 10 3 0 45 6.5 97 

23.25 1957.7 11.5 34.5 15 1 2 47 6 117 

25.25 1945.7 22.5 19.5 10 9 0 27 1 89 

27.25 1931.0 18 13.5 7.5 3 0 26 4 72 

29.25 1909.2 19.5 3 3 1.5 1 21.5 1 50.5 

31.25 1890.5 31.5 3 3 1 0 25.5 2 66 

33.25 1880.9 44 0 3 2 0 25 0 74 

35.25 1872.9 58.5 0 3 8 0 16.5 1 87 

37.25 1864.9 90 0 9.5 9 0 14.5 2 125 

39.25 1856.9 115 0 11 9 1 16.5 3 155.5 

41.25 1848.9 113.5 0 14.5 5 0 9 1.5 143.5 

43.25 1840.9 95.5 0 4 3 1 14 2 119.5 

45.25 1832.9 90 0 4.5 9 0 12 8.5 124 

47.25 1824.9 98 0 6 14 1 12.5 2.5 134 

49.25 1788.9 111 0 1.5 8 0 7 5.5 133 
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Midpoint Date (CRS) Bosmina 

sp. 

Daphnia 

longsispina 

Daphnia 

pulex 

Alona spp. Alonella 

spp. 

Chydorus 

brevilaris 

Others 

[cm] [yr] RELATIVE ABUNDANCE 

1.25 2014.4 2.58 19.35 7.74 5.16 2.58 61.94 0.65 

3.25 2011.6 10.34 15.17 4.83 4.14 0.00 61.38 4.14 

5.25 2007.5 6.85 10.50 8.68 6.39 0.00 65.75 1.83 

7.25 2002.4 8.05 12.07 6.81 1.86 0.00 66.56 4.64 

9.25 1996.8 6.92 11.95 7.23 5.03 0.00 66.35 2.52 

11.25 1991.8 8.44 12.00 7.11 3.56 0.00 66.67 2.22 

13.25 1987.1 4.73 9.78 5.68 1.26 0.00 75.39 3.15 

15.25 1982.3 4.90 10.49 11.54 4.20 0.70 62.59 5.59 

17.25 1977.5 7.01 15.92 12.10 2.55 0.00 58.60 3.82 

19.25 1973.2 13.27 17.06 9.00 5.69 0.00 52.13 2.84 

21.25 1967.4 12.89 20.62 10.31 3.09 0.00 46.39 6.70 

23.25 1957.7 9.83 29.49 12.82 0.85 1.71 40.17 5.13 

25.25 1945.7 25.28 21.91 11.24 10.11 0.00 30.34 1.12 

27.25 1931.0 25.00 18.75 10.42 4.17 0.00 36.11 5.56 

29.25 1909.2 38.61 5.94 5.94 2.97 1.98 42.57 1.98 

31.25 1890.5 47.73 4.55 4.55 1.52 0.00 38.64 3.03 

33.25 1880.9 59.46 0.00 4.05 2.70 0.00 33.78 0.00 

35.25 1872.9 67.24 0.00 3.45 9.20 0.00 18.97 1.15 

37.25 1864.9 72.00 0.00 7.60 7.20 0.00 11.60 1.60 

39.25 1856.9 73.95 0.00 7.07 5.79 0.64 10.61 1.93 

41.25 1848.9 79.09 0.00 10.10 3.48 0.00 6.27 1.05 

43.25 1840.9 79.92 0.00 3.35 2.51 0.84 11.72 1.67 

45.25 1832.9 72.58 0.00 3.63 7.26 0.00 9.68 6.85 

47.25 1824.9 2.58 19.35 7.74 5.16 2.58 61.94 0.65 

49.25 1788.9 10.34 15.17 4.83 4.14 0.00 61.38 4.14 
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Midpoint Date (CRS) Bosmina 

sp. 

Daphnia 

longsispina 

Daphnia 

pulex 

Alona spp. Alonella 

spp. 

Chydorus 

brevilaris 

Others 

[cm] [yr] CONCENTRATION (g/dry wt.) 

1.25 2014.4 2383.42 17875.68 7150.27 4766.85 2383.42 57202.19 595.86 

3.25 2011.6 6156.87 9030.07 2873.20 2462.75 0.00 36530.75 2462.75 

5.25 2007.5 5536.27 8488.95 7012.61 5167.19 0.00 53148.19 1476.34 

7.25 2002.4 9184.81 13777.22 7771.77 2119.57 0.00 75951.35 5298.93 

9.25 1996.8 8552.83 14773.07 8941.60 6220.24 0.00 82029.43 3110.12 

11.25 1991.8 7291.28 10361.29 6140.02 3070.01 0.00 57562.70 1918.76 

13.25 1987.1 4575.82 9456.69 5490.98 1220.22 0.00 72908.02 3050.54 

15.25 1982.3 3972.48 8512.45 9363.69 3404.98 567.50 50790.95 4539.97 

17.25 1977.5 2842.44 6460.10 4909.68 1033.62 0.00 23773.17 1550.42 

19.25 1973.2 7147.53 9189.68 4850.11 3063.23 0.00 28079.58 1531.61 

21.25 1967.4 6444.01 10310.42 5155.21 1546.56 0.00 23198.45 3350.89 

23.25 1957.7 5015.63 15046.89 6542.12 436.14 872.28 20498.65 2616.85 

25.25 1945.7 10884.57 9433.29 4837.59 4353.83 0.00 13061.48 483.76 

27.25 1931.0 6779.16 5084.37 2824.65 1129.86 0.00 9792.12 1506.48 

29.25 1909.2 8041.69 1237.18 1237.18 618.59 412.39 8866.48 412.39 

31.25 1890.5 12333.71 1174.64 1174.64 391.55 0.00 9984.43 783.09 

33.25 1880.9 22077.67 0.00 1505.30 1003.53 0.00 12544.13 0.00 

35.25 1872.9 21555.79 0.00 1105.42 2947.80 0.00 6079.84 368.47 

37.25 1864.9 39842.34 0.00 4205.58 3984.23 0.00 6419.04 885.39 

39.25 1856.9 44388.78 0.00 4245.88 3473.90 385.99 6368.82 1157.97 

41.25 1848.9 58359.27 0.00 7455.59 2570.89 0.00 4627.61 771.27 

43.25 1840.9 33101.50 0.00 1386.45 1039.84 346.61 4852.58 693.23 

45.25 1832.9 45795.53 0.00 2289.78 4579.55 0.00 6106.07 4325.13 

47.25 1824.9 2383.42 17875.68 7150.27 4766.85 2383.42 57202.19 595.86 

49.25 1788.9 6156.87 9030.07 2873.20 2462.75 0.00 36530.75 2462.75 

 


