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Abstract 

Aquatic ecosystems near Sudbury, Ontario have been heavily 

contaminated by trace elements (TE) released from the mining and 

smelting industries in this area. Bxtensive losses of fish and 

other aquatic organisms have occurred. Although industrial SO, 

emissions have been reduced in recent years, and some biological 

recovery has occurred, the presence of Cu, Ni, and other elements 

i s  still adversely affecting aquatic life in many lakes and 

streams . 

This study perfomed accurate and precise analysis of selected TE 

in fish tissues in lakes of the Sudbury area. The sources of TE and 

bioaccumulation pathways in fish were investigated. 

Three fish species, yellow perch, northern pike, and brown 

bullhead, were collected from three lakes (Ramsey, Bethel, and 

Laurentian) within the Sudbury area. Yellow perch was also 

collected at one remote lake (Geneva), which is located 50 km away 

from the metal smelters. Concentrations of Cu, Se and Hg were 

measured in fish muscle and liver tissues and in lake water and 

sediments from the four study lakes. A total of 122 fish muscle and 

105 fish liver tissues were analyzed for Cu and Se concentrations 

respectively; while 82 fish muscle and 75 fish liver tissues were 

tested for Hg- Bioaccumulation of the three trace elements were 

iii 



assessed and related to various chernical, environmental, and 

biological parameters- 

Tissue concentrations of Cu, Se and Hg in fish showed quite 

different patterns. Cu did not increase in concentration as fish 

size increased. Cu, as an essential element to living organisms 

appeared to be actively regulated rather thanbioaccumulated by the 

fish. Se, on the other hand, tended to increase with f ish size, 

suggesting that it is bioaccurmilated. Se concentrations in fish 

seemed to reflect exposure to lake sediments. Hg showed the highest 

rate of bioaccumulation. Chemical, environmental, and biological 

factors rather than the exposure loadings seemed to regulate the 

bioaccumulation processes for Hg- 

Surprisingly much higher Hg concentrations in fish tissues were 

observed in the remote lake which was subjected to the lowest trace 

element input from the srnelter. Lower pH in this lake could have 

contributed to the high Hg content in fish, however, it appeared 

more likely that competition among TE for fish bioaccumulation may 

affect, i.e. there are less TE inputs in this lake, thus providing 

more possibility for Hg, which is a universal environmental 

pollutant, to be bioaccumulated by fish. Selenium, which is 

suspected to have the adverse effect in regulating bioaccurmilation 

and toxicity of many heavy metals (particularly Hg) might be the 

most probable cause for low Hg content in fish in the remote area 

lakes. A clear inverse relationship between Se and Hg 



concentrations in fish was observed in this study, strongly 

suggesting Se-Hg interactions in bioaccmlation processes. 

This study provided some information on TE pollution problems in 

fish in the heavily contaminated lakes of the Sudbury area, 

indicating that fish in the 4 study lakes have safe levels of Cu,  

Se and Hg for people consumption. The clear inverse relationship 

between Se and Hg in fish strengthens the suggestions of some 

authors of the antagonistic ef fect of Se on Hg bioaccumulation, 

thus making it possible for employing Se as an amelioration reagent 

to control Hg pollution problems. However, mechanisms of Se-Hg 

interaction are far f rom well established, leaving a vast space for 

future studies. 
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1. Objectives of this study 

Mining and smelting of copper-nickel ore around Sudbury, Ontario, 

Canada, began in the 1880's. The Sudbury ore contains high 

concentrations of nickel, copper and iron, as well as commercial 

quantities of gold, silver, cobalt, selenium, tellurium and 

platinum group metals (Gunn, 1996) . 

During the past century of mining and smelting in the Sudbury area, 

more than 100 million tonnes of SO, and tens of thousands of tomes 

of Cu, Ni and Fe have been released into the atmosphere. Sudbury at 

its peak (1960) contributed approximately 4% of the global sulphur 

emissions (Freedman, 1989) . The vast environmental damages 

resulting from the Sudbury S02  missions include approximately 

20,000 ha of nearly completely barren land, approximately 80,000 ha 

of semi-barren area, and an estimated 7,000 acid-damaged lakes 

(GU=, 1996) . Severe contamination of surface soils, water and lake 
sediments by atmospherically deposited metals also occurred at 

sites within approximately 30km from the smelters (Keller et al., 

1992). Extensive aquatic biological damage due to high acidity and 

metal concentrations was obzerved. The most striking example of 

biological damage was the loss of sportfish populations from many 

Sudbury area lakes (Beggs and G u n n ,  1986) . Alrnost al1 of the known 
acidification-related losses of sportfish species in Ontario 

occurred in the Sudbury area (Matuszek et al. , 1992) . However, 



sportfish were not the only organisms affected. Losses of acid or 

metal-sensitive species, leading to reduced commmity richness, 

were observed for organisms at various aquatic trophic levels, 

including zooplankton (MacIsaac et al., 19871, phytoplankton (Yan, 

1979) and benthic invertebrates (Rof f and Kwiatkowski, 1977) . 

In the past 25 years, atmospheric emissions of SO, and metal 

particulates have been reduced by approximately 90% through a 

combination of industrial technological developments and legislated 

controls ( G u n n  et al. , 1995) . Evidence of relatively rapid recovery 
was f ound for benthic f ilamentous algae, phytoplankton, 

zooplankton, mobile species of benthic invertebrates, and some f ish 

populations (Keller et al., 1992) . However, recovery and the 
appropriateness of fish stocking for recreational use in urban 

metal - contaminated lakes are still of common concerns . Many people 

are still wondering if the fish are going to be contarninated with 

metals, making them unfit for consumption. 

Mercury with its high volatility, toxicity, and great potential to 

be bioaccumulated by f ish is of special concern, Elevated levels of 

Hg had been f ound in sorne polluted lakes near Sudbury (Wren and 

Stokes, 1988), however very low levels of Hg were reported in 

tissues of mi& and otter near Sudbury, when compared to other 

locations in Ontario (Wren and Stokes, 1986). Considering the 

acidification and heavy 

this phenornenon appears 

metal contamination in Sudbury area lakes, 

to be quite paradoxical. 



Selenium is an element released in large quantities by the Sudbury 

smelters (Nriagu and Wong, 1983) which may have the ability to 

reduce the Hg bioaccumulation and toxicity in biota in area lakes. 

When introduced into the aquatic ecosystems, Se appears to 

interfere with the bioaccumulation of Hg (Turner and. Swick, 1983). 

Some researchers have therefore proposed using Se as an 

amelioration reagent to reduce the mercury accumulation in f ish. 

Aïthough the mechanism by which amelioration of Hg uptake operates 

has not been clearly established, some successful trials had been 

reported (Rudd et al., 1983). 

Aïthough Sudbury is a heavily contaminated area, very few studies 

of TE in fish tissues have been conducted here to date, and there 

exists some limitations to the existing studies (Wren and Stokes, 

1988; Bowlby et al,, 1988; Bradley, 1977). Bowlby et al., (1988) for 

instance, did study metal accmulation in fish, but did not sample 

urban lakes where trace elements were particularly high. Bradley's 

(1977) M.Sc thesis study did sample fish in urban areas, but 

employed old and hprecise analytical methods. No study has provide 

detailed information on Se/Hg interactions. Therefore the main 

objectives of t h i s  study were: 

(1) to perf orm accurate and precise analysis of Hg, Se and Cu in 

fish from severely contaminated lakes; 

(2) to investigate the sources of trace elements in fish and 



detect any bioacumulation process; 

( 3 )  to examine the interactions of Se/Hg in f i sh .  



Our environment has been threatened by increasing industrialization 

for more than a century. Although more and more efforts have been 

made to minimize the pollution problems, the adverse effects of 

anthropogenic activities are stil l  a serious concern. Trace element 

contamination of aquatic systems has been a well recognized problem 

for decades; furthemore, bioaccumulation of trace element in 

aquatic life, 

because of the 

the potential 

consumption of 

especially in fish, remains of special interest 

direct toxic effects to aquatic animals as well as 

detrimental influence to people's health from 

contaminated fish. 

2.1 Generd Information on Trace Element 

2.1.1 Concepts 

The term "trace metaln is used to describe a metallic element that 

is present in the environnent in low concentrations when compared 

Co other "ma j orn elements , 

term " trace elpment " (TE) 

considered, e-g., arsenic 

dated term "heavy element 

such as Ca, Mg and Na. The more general 

is used when metalloids are also 

and selenium (Hare, 1992). The somewhat 

refers to the heavier mernbers of the P- 

block elements 

Sb, Bi, Se and 

in the periodic table namely 

Te (Fergusson, 1990) . 
S 

Cd, Hg, In, Te, Pb, As, 



2.1.2 Influence of Trace Elements on Aquatic Life 

Some elements, such as Cu, Fe, Zn, Mn are essential micronutrients 

involved in various biological functions. However, high 

concentrations of these elements in the environment may also 

produce detrimental ef fects (Tessier et al., 1994) . The element 

selenium belongs to such a group which is essential at low level 

but toxic to aquatic lif e at level of only 10 times higher. Most of 

the heavy metals ( e . g . ,  Hg, Cd, Pb) are hightly toxic because of 

their interaction with sulphur containing biochemicals, such as 

enzymes and proteins (Fergusson, 1990) . Mercury, due to its high 
volatility and great potential to be accumulated by fish and pose 

a risk to humans, has been the focus of much concern (Watras and 

Huckabee, 1994). 

2.2 Sources of Trace Elements to Aquatic System 

TE could enter aquatic environment through natural processes or 

anthropogenic activities. Some natural processes include 

atmospheric fallout of windblown silicate dust, volcanic emissions, 

sea spray, combustion and biological emissions , The elements 

entering by run-off come from the weathering of geological 

materials . (Fergusson, 1990) . 



Some of the anthropogenic sources of the heavy elements to the 

hydrosphere are : industrial emissions ; production and use of 

compounds containing heavy elements; burning of fossil fuels; 

leaching of waste dumps; urban run-off; sewage effluent; waste 

dumping and agriculture run-of f (Fergusson, 1990) . Acid deposition 
from the atmosphere can also contribute to the mobilization of 

trace element from terrestrial to the aquatic systems (Tessier et 

al , 1994) . 

Once introduced into aquatic systems, TE can associate with 

dissolved inorganic and organic ligands in solution, or combine 

with particulate matter by adsorption, precipitation, 

coprecipitation, or be taken up by aquatic biota. The fate of the 

introduced TE will therefore depend on many variables (nature and 

concentration of dissolved ligands, nature and concentration of 

solid phases, redox potential, pH, etc. ) . The resulting TE forms 
exhibit dif f erent chemical reactivities towards aquatic organisms . 

2.3 Bioaccumulaton of Trace Elements in Fish 

The term nBioaccmulationll is defined as the uptake of an element 

or chemicals by organisms f rom the surrounding environment (Maier 

et al. , 1988) . Bioaccwnulation may result in a higher concentration 



of the chemical inside the organism than is present in the 

environment. Bioaccumulation canbe accomplished via two processes, 

bioconcentration and biomagnif ication. Bioconcentration in aquatic 

ecosystems, is the result of direct uptake of an element or 

chemical from the water column or associated sediments, this type 

of accumulation can be achieved by diffusion, f acilitated transport 

or active transport processes across epithelial or respiratory 

surfaces. Biomagnification is def ined as the uptake of a substance 

by way of the food chain. According to Hare (1992 ) , biomagnification 

refers to the phenomenon whereby contaminant concentrations 

increase in organisms at successively higher trophic levels along 

a food chain. The inverse of this phenomenon, whereby contaminant 

concentrations decrease at successively higher trophic levels is 

biominification. 

2.3.2 Source and bioavailability 

Aquatic organisrns can obtain TE from many sources, e.g., either 

directly from the water column which they are in contact with 

through gills and by epidermal assimilation, or they could ingest 

the particles which contain the TE. Another important way for fish 

to accumulate TE is through the food chain. 

For aquatic life, water may appear to be the most direct source for 



TE, but metals are normally found at rrtuch higher levels in 

sediments than in water (Dallinger and Kautzky, 1985, Timmermaris et 

al, , 1989) . Some studies demonstrate that the uptake f rom ingestion 
of certain sediment - bound metals may be important compared with the 
uptake from solution (Luoma, 1983). 

In lakes near Sudbury, as elsewhere, total concentrations of 

dissolved trace elernents are usually relatively low in the water 

column because of the e£fective processes transporting incoming TE 

to the lake bottom sediments (Belzile and Morris, 1995) . However 
lake sediments can not be considered as a stable and non-reactive 

milieu. Chemical and biochemical reactions and transformations 

occur in the sediments, making the biogeochemical behaviour of 

deposited TE highly dynamic (Belzile and Morris, 1995). The 

relevant processes include microbially mediated decomposition of 

organic matter, precipitation and dissolution of minerals, sorption 

and desorption of TE on living and non-living particles, and the 

diffusion of dissolved constituents along concentration gradients 

(Fig 2.1). Under special conditions such as reducing environment, 

bioturbation, or low pH conditions, the TE in sedirnents can be 

released into the water column, thus making them available for the 

aquatic life. 



Fig 21 Schematic representation of the processes controlling the 

behaviour of trace elements in sediments (klzile and Morris, 1995) 

Many organisms can interact with contamiaated sediments and 

transfer metals to a higher trophic level. Metals can accumulate in 

the tissues of these predators (Moriarty and Walker, 1987) . Because 
of this food chain effect, dietary metal uptake by fish can be as 

important as waterborne metal accumulation (Dallinger and Kautzky, 

1985) . The aquatic life can bioaccurmilate TE to d i f  ferent levels 

10 



(Van Hattum et al., 1991), depending on feeding benaviour and 

substrate contact. The way fish metabolize TE is also important. 

Due to the dif f erent accumulation / detoxification strategies, prey 

choice maybe an important factor for TE accumulation in predators 

(Langevoord et al., 1995). The uptake of metals from food and 

watersources by aquatic lif e is thought to be additive. For a given 

metal, the proportions taken up from water and food will depend 

both on the bioavailable concentration of the metais associated 

with each source and the mechanism and the rate by which the metal 

enters the animals (Hare, 1992) . The quantities of metals 

accumulated by an individual reflect the net balance between the 

rate of metal influx from both dissolved and particulate sources 

and the rate of metal efflux from the organism. Meta1 

concentrations in animals that take up most of their metal from 

water have the potential to respond rapidly to changes in the 

concentration of bioavailable metal in the environment. On the 

other hand, variations in the concentration of metal taken up from 

food should be less directly related to aqueous metal 

concentrations. In this latter case, feeding habits may have to be 

considered . 

The term nbioavailabilityn refers to the proportion of a 

contaminant present in the environment in a form(s) that can be 

potentially assirnilated by an organism (Hare, 1992). Trace metals 

or trace elements, can be present in the environment in various 

forms, not al1 of them are of the same importance in regulating the 



assimilation and the toxicity for aquatic organisms, A 

considerable number of recent research has focused on the topic of 

chemical speciation in the environment. It is increasingly realized 

that the distribution, mobility and biological availability of 

chemical elements depend not only simply on their total 

concentration, but also on the f orms in which they occur in natural 

systems (Ure and Davidson, 1995). In the water colurnn for instance. 

the free ion would be the most bioavailable form of an element 

(Tessier et al., 1994). However, studies showed that the free ion 

mode1 does not always apply, in some cases, other forms of an 

element could be more bioavailable (Campbell, 1995). For specific 

elements, the presence of coexisting ligands and particulate 

matter, as well as the environmental and biological factors have to 

be considered (Hare, 1992) , 

2.4 General Information on the Three Elements Covered in this Study 

2.4.1 Copper 

2.4.1.1 Chemistry and Toxicity 

Copper, with the atomic number 29 and the atomic mass 63 is the 26' 

most abundant element in the earthfs crust, It is one of the 

several metals that have essential as well as toxic properties 

(Delves and Stoeppler, 1994) . Copper is an essential element for 
human beings. It is an essential part of several enzymes including 



f erroxidase, cytochrome oxidase, superoxide dismutase, and amine 

oxidase. Excess copper ingested by animals is deactivated or 

eliminated by various biochemical mechanisms . Thus under normal 
conditions, no toxic actions occur. However, excess levels of 

copper may lead to acute intoxication or lethality. 

There are some reports recording higher concentrations of copper in 

aquatic life in contaminated area (Khan and Weis, 1989; 1993) ; 

however, the earlier study by Bowlby et al., (1985) found similar 

levels of Cu in fish muscle in lakes near the smelters at Sudbury 

as in lakes farther away (Bowlby et al. , 1988) . This may be related 
to the essential biochemical role of this element and the active 

way that it is regulated in the body. 

2.4.2 Selenium 

2.4.2.1 Chemistry, Essentiality and Toxicity 

Seleniwn is a metalloid with the atomic number 34 and a relative 

atomic mass of 78.96, it has properties somewhat similar to those 

of its group 16 neighbours, S, Te and Po. Selenium exists in four 

oxidation States : selenate (seoz-) , selenite (~e0:-) , elernental 



seleniurn(seo) , and Selenide (sez) . A i l  of the four oxidation states 

can be present in aquatic environment. A simplified Eh-pH diagram 

of Se in aquatic system is given in Fig 2 . 2 .  

Fig 2-2 Eh-pH diagrams for selenium in aquatic system (Fergusson, 1990) 
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Selenium is a unique element, since it is a micronutrient for 

animals but toxic to aquatic life at levels sometimes only 10 times 

higher . Furthemore, Se is suspected to have an antagonistic ef f ect 
on heavy metal(particu1ary mercury) toxicity. Many studies have 

shown that Se counteracts the bioaccumulation and toxic effects of 

Hg(in particular), As, Cu, Pb, Cd, and Tl (Nriagu and Wong, 1983). 

According to Magee and James (1992) , selenium, as a component of 

glutathione peroxidase, is known to reduce lipid peroxides. The 

reduced glutathione is regenerated by glutathione reductase and 

nicotinamide adenine dinucleotide phosphate. Se affects al1 

components of tte immune system and is necessary for its optimum 

performance. In general, a Se deficiency appears to result in 

immune suppression. In humans, the link between Se deficiency and 

an endemic cardiomyopathy resulting from the consumption of low Se 

contents had been observed. Se is also thought to be an 

anticarcinogenic element (Magee and James, 1992) . The studies of 
chemical and biochemical relationships between Se and Hg have shown 

that, in addition to both compounds being bioaccurnulated in fish, 

selenium also interacts metabolically with heavy metals, e.g., 

reduces methyl mercury and inorganic rnercury toxicity (Paulsson and 

Lundbergh, 1989). The complex biochemicalmechanism responsible for 

the antagonistic effect of selenium on mercury has not been fully 

established, however, potential explanations include the 

competition for the bonding sites in the body tissue, the reduction 

of methylmercury, and the influence on the methylation of mercury. 



Despite the fact that Se can reduce the toxicity of other elements. 

it may generate toxic effects once present in elevated levels. 

Aithough the biochemistry of Se toxicity is not well characterized, 

we presently understand that there are two general biochemical 

mechanisms (inorganic and organic) responsible for much of Se 

toxicity (Maier et al. , 1988) . Inorganic Se poisoning can occur 
when selenate or selenite ions are absorbed by fish or 

invertebrates. The absorbed Se, upon being unloaded in tissue, 

forms transient selenotrisulfide or selenopersulfide bonds with 

available sulfhydryl groups on aminoacids. These transient bonds 

are thought to alter the three dimensional structure of the 

associated enzymes and, hence, their functional nature. This 

toxicological mechanism resembles that of many heavy metals . The 
process resulting in organic Se toxicity in aquatic systems 

commences when plants, algae or bacteria absorb (bioaccumulate) Se 

and employ it as a sulphur analog in the synthesis of the amino 

acids cystine and methionine, and possibly other organic Se- 

containing compounds. When utilized in the formation of proteins, 

seleno-amino acids can alter the three dimensional structure of 

proteins and affect their function. 

Elevated levels of selenium have resulted in the degradation of 

several ecosystems and have been linked to reproductive impairment 

in important fish and waterfowl populations in several lakes and 

reservoirs (Ogle et al., 1988) . indicating the need for a better 
understanding of the bioaccumulation of selenium by aquatic 



A considerable number of studies have investigated bioconcentration 

of Se in f ish (Ogle et al., 1988) . As might be expected, tissue 
selenium levels ref lect exposure concentration (Adam. 19 76) . Tissue 
Se resulting from bioconcentration varies among different studies, 

but in general, spleen, liver and kidney are sites of highest 

accumulation. Muscle tissue appears to accumulate the least (Adam. 

1976) . While selenium uptake via bioconcentration can be 

significant, additional input from dietary uptake plays an 

important role in bioaccumulation levels, food chah studies showed 

that tissue Se levels are directly related to dietary Se levels 

(Hamilton et al . , 1986) - 

The processes and mechanisms of Se bioaccumulation are complicated 

because of the existing of multi-oxidation States of the element- 

The speciation of Se would result in different bioaccumulation 

pathways and toxicity. Water borne and/or food chain uptake 

experiments suggested that at low waterborne Se levels. 

biomagnification is more important than bioconcentration, but when 

waterborne Se levels increase, bioconcentration becomes important 

as well. (Turner and Swick, 1983). 

According to Ogle et al.. (1988) , analysis of Selenhm uptake 
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mechanisms indicated that selenate is taken up via the sulphate 

membrane carrier and that selenium methionine (Se-met) is taken up 

via the methionine membrane carrier, These are both active uptake 

processes that can be modified by environmental conditions, 

specif ically light , pHI and temperature. Selenite, on the other 

hand, apparently has an independent uptake mechanism that is 

specific for this ion. Table 2.1 shows the key bioaccurmilation 

characteristics for aquatic taxa. Kinetics studies indicate that 

Se-met is accumulated at a greater rate and to a greater extent 

than selenite or selenate. Furthemore, it appears that two 

metabolic pools for selenium exist, an inorganic pool with a short 

half-life and an organically-bound pool with a much longer half- 

life . 



Table 2 1  Selenium bioaccumdation characteristics of aquatic organisms 

Biological Group Bioaccumulation Characteristics 

Bacteria 

Macrophytes 

Common uptake carrier for selenate and 
sulphate(resulting in competitive inhibition) 
Incorporation of selenium into amino acids 
and proteins. 
Decreased ability to biotransform selenate 
relative to selenite. 

Common uptake carrier for selenate and 
sulphate(resu1ting in competitive inhibition) 
Decreased ability to biotransform selenate 
relative to selenite 

Common uptake carrier fo r  selenate and 
sulphate(resu1ting in competitive inhibition) 
Incorporation of selenium into amino acids 
and proteins. 
Selenite accumulation > selenate accumulation 
Selenite accumulation > selenate accumulation 
Incorporation of selenium into amino acids 
and proteins. 
Decreased ability to biotransform selenate 
relative to selenite 

Invertebrates Preferential accumulation of selenoamino 
acids relative to inorganic selenium. 
Foodbome uptake greater than waterborne 
uptake 

Fish Foodborne uptake greater than waterborne 
uptake 
Liver, kidney, and mature ovaries accumulated 
greatest levels of selenium; muscle, the 
lowest . 
Preferential accumulation of selenoamino 
acids relative to inorganic selenium. 
Two metabolic pools of selenium: inorganic 
pool with short half-time, organically-bound 
pool with long half-life. 



Table 21 (Continued) Selenium bioaccumulation characteristics of 

Biological Group Bioaccumulation Characteristics 

Waterf owl Liver, kidney, and eggs accumulated greatest 
levels of selenium; muscle,the lowest. 
~referential accumulation of selenoamino 
acids relative to inorganic selenium. 
Two metabolic pools of selenium: inorganic 
pool with short half - time, organically- bound 
pool with long half-life. 

(Ogle et al., 1988) . 

2.4.3.1 Chemistry and Toxicity 

Mercury is the only metallic element that is liquid at normal 

temperature and pressure. It has three oxidation states: 1) 

elemental or metallic mercury, Hg (O) ; 2 ) monovalent mercury, Hg (1) , 

and 3) divalent mercury, Hg (II) . At room temperature, element 

mercury is a liquid, it has a considerable vapour pressure; 

metallic mercury has rather low solubility in water and lipids. 

Hg (1) salts contain the dimer ion ~g;+, they are not easily soluble 

in water; Hg(I1) ions easily bind to sulfhydryl groups in proteins, 

and some of the Hg(I1) salts are soluble. Hg(I1) may bind 



covalently to carbon in a great number of organo metallic 

compounds, of the types RHg+ and R H ~ R ' ,  where R and R' are the 

organic moieties. Fish rnay contain large amounts of mercury. The 

mercury in fish originates from mercury in lakes, which is 

methylated and accurnilated in the f ish as such. Dif ferent chernical 

f orms of mercury have quite dif f erent metabolism and toxic eff ects . 
The toxicity of Mercury is summarized in Table 2.2. 

Table 2-2 Tomcity of Mercury Species 

Species Toxicity 

Inorganic Hg 

elemental Hg ef fects on central nervous system (change of 
personality and tremor) ; 
ef f ects on kidney ( tubu la r ,  glornerular 
malfunction; 
provoke hypersensitivity with skin 
manifestation 

Organic Hg 

Methylmercury 

others 

effects on kidney 

unstable in biological materials 

in adults; 
central nervous system diseases 
paraesthesia, ataxia, and concentric 
restriction of the visual fields 

in fetus; 
genotoxic in man 
severe central nervous system disturbances 

less toxic than MeHg 

Schutz et al., 1994 



2.4.3.2 Bioaccumulation 

Mercury is a signif icant environmental contaminant that accumulates 

to hazardous levels in fish at many locations worldwide (Walter et 

al., 1996). The top level predators generally contain much higher 

body burdens than organisms at lower trophic levels (Cabana et al., 

1994). Mercury in fish occurs almost entirely as methylmercury in 

muscle tissues where it is associated with protein sulfhydryl 

groups (Driscoll et al. , 1994) . Ingestion of f ish muscle is an 

important exposure pathway of mercury to humans. Although several 

studies revealed that high Hg concentrations in fish had caused 

severe consequences for human beings, the ecosystem cycling of this 

element remains poorly understood and critical gaps remain in Our 

understanding of how and where biota, particularly fish, obtain 

their Hg burden (Parks,  1988). 

The mercury cycle in aquatic ecosystems is complicated because of 

the myriad of species and pathways. Atmospheric deposition of 

mercury to lakes occurs largely as inorganic rnercury, under 

anaerobic environment or within anoxic microzones in aerobic 

environment, Hg (II) can be converted to methylmercury . Since 

mercury enters most aquatic ecosystems as inorganic f orms, there 

has been much interest in the process by which inorganic Hg is 

transformed to MeHg and concentrated in higher trophic levels. 

Mercury speciation 

of this element. 

would indicate the bioavailability and toxici ty 

Inorganic Hg is rnuch less toxic and can be 
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accumulated m c h  less than methyl mercury, theref ore, in studying 

the mercury problems in lakes, more focus should be put on the 

condition of M e H g  formation and the influencing factors. Key 

factors affecting the processes may arise from various sources, 

e . g. , chemical, environmental and biological aspects. Sorne 

information on the physico-chemical factors regulating the rate of 

methylation of inorganic mercury has been provided by Driscoll et 

al.,(i994). It is reported that microbial production of MeHg frorn 

inorganic Hg in the river and lakes is independent of the total 

abundance of inorganic Hg but is strongly dependent on 

environmental conditions that control microbial activity, including 

the factors that influence the abundance of phytoplankton and the 

primary source of the organic nutrient substrate utilized by Hg 

methylating and demethylating microbes (Jackson 1991 ; 1993 ) . The 
most favourable conditions for MeHg production occur in lake basins 

characterized by low Eh and intense heterotrophic microbial 

activity. Seasonal and spatial variations of MeHg levels were also 

observed in several river and lakes systems (Jackson 1986). Besides 

the chemical and environmental factors controlling the MeHg 

formation and bioavailability of this element, the biological 

variables should also be considered. Among these factors, fish 

size, age, growth rate, biomass, diet, habitat preference, 

excretory pathways, and position of the food chain are of most 

importance. 



3. Methodology 

A map of the four study lakes is given in F i g  3.1. General 

information on physical and chemical parameters f o r  t h e  four study 

lakes is given in T a b l e  3.1. The data was provided by the Ontario 

Ministry of Natural Resources (MNR) . 



Table 3-1 Chernical and Physical Parameters for the 4 Study Lakes 

within or outside the Sudbury Area (water sampIes were collected during 

June and Juiy, 1996, and the data 

was provided by Ontario Ministry of Natiiral Resources) 

Ramsey Bethel ~aurentian Geneva 



Table 3-1 (continued) Chernical and Physid Parameters for the 4 Study 

Lakes within or outside the Sudbury Area (water samples were collected 

during June and July, 1996, and the data 

was provided by Ontario MUiistry of Naturd Resources) 

R a m s e y  Bethel Laurent ian Geneva 

Ca (mg/L) 15.30 

Mg (mg/L) 4.56 

K (mg/L) 35 . 60 
cl (mg/L) 1.47 

S04 (mg/L) 60. O 

S i O ,  (mg/L) 21.0 

Colour 0.44 

P (mg/L) 9.2 

PO4 (mg/L) O. 0040 

KJEL (mg/L) 0 -28 

Ammon (mg/L) 0.020 

Nitrate (mg/L) 0.005 

Nitrite (mg/L) 0.003 



It is shown that Lake Ramsey is characterized by the highest Cu 

and Ni concentrations in water, low DOC(disso1ved organic carbon) 

and DIC (dissolved inorganic carbon) , low nutrients (PO:-, NO,') , high 

clarity, low colour, and p H  of 7.7 (neutral) , indicating that Ramsey 

is an oligotrophic lake , heavily contaminated by Cu and Ni f rom the 

Sudbury smelters. 

Lake Bethel had lower Cu and Ni concentrations, but the highest DOC 

and DIC contents, highest concentration of nutrients, lowest 

clarity, high colour, and pH of 7.1 (neutral) . These chernical 
parameters indicated that Bethel is a eutrophic lake. 

Laurentian is a man-made lake. It had relatively high Cu and Ni 

levels, intermediate DOC and DIC contents, high nutrients, low 

clarity, high colour, and pH of 6 -5 (slightly acidic) . It could be 
described as a dystrophie lake. 

Lake Geneva, located 50 km away f rom the Sudbury area, had the 

lowest Cu and Ni concentrations, low DOC and DIC, low nutrients, 

the highest clarity, low colour, and pH of 6.6 (slightly acidicl . 
Ramsey, Bethel and Laurentian lakes were selected because they are 

located within the polluted Sudbury area and are at 3 dif ferent 

trophic levels, while lake Geneva is located outside the Sudbury 

area and was employed as a control lake. 



In order to investigate the bioaccumulation of TE in lakes with 

dif f erent trophic levels, yellow perch (Perca f lavescens) was 

collected and measured for the concentrations of TE in fish muscle 

and liver tissues. To study the bioaccumulation of TE up the 

foodchain, 3 different fish species namely yellow perch (Perca 

f lavescens) , northern pike (Esox lucius) , and brown bullhead 

(Arneiurus nebulosus) were collected and analyzed. Due to the large 

amount of work involved, pike and bullhead were only collected f rom 

Ramsey and Bethe1 lakes, for the rest of the two lakes (Laurentian 

and Geneva) , only perch were sampled for the study) . The f eeding 
habits and habitats for the fish species are summerized in Table 

3.2. Perch is thought to be in a lower position in the foodchain, 

while pike is in the highest position. Bullhead is a sediment 

feeder, it was employed to investigate the possible source of TE 

from the sediment. The sample size for fish species among lakes 

varied from 3-31 individuals. The very small sample size for perch 

liver from Lake Geneva (n=3) was due to the difficulty of catching 

fish in that lake during the sample collection period, although 10 

perch samples were collected, several liver samples had to be mixed 

in order to be detected by our analytical technique. However, 

normally more than 10 f ish were collected per group and analyzed 

later in the lab. The sampling size, mean values and ranges of f ish 

lengths and weights collected and measured in this study are given 

in T a b l e  3.3. 



Table 3.2 Feeding Habits and Habitats of the 3 Fish Species in this Study 

Species Feeding habits Habitat Predator (s 1 

perch immature insects , adaptable pike, walleys 

invertebrates, warm or cooler etc- 

fish, habitats from 

large lakes to 

ponds 

pike zooplankton, clear, w a m ,  - 

immature insects, weedy bays of 

f ish, vertebrates, lakes 

bu1 lhead offal, waste, bottom in pickerel, pike 

molluscs , immature ponds, lakes etc 

insects, leeches, 

crayfish and 

plankton, worms , 

algae, f ish eggs 

and fishes. 



Table 3=3a Fish Sampiing Size and Mean values of Fish Lengths and 

Weights for Cu and Se Analysis (Meanf SD) 

Mean Values of Fish Lengths and Weights for Cu&Se Analysis in Muscle 

Tissues (Mean f SD) 

Lake Species n Length 

( cm) 

Weight 

Rams ey 

Bethel 

Laurent ian 

Geneva 

Ramsey 

Bethel 

Ramsey 

Bethel 

Perch 31 14.9*3.9 

(8.8-25.6) 

Perch 18 16.1*6 . 3 
(7.3-31.2) 

Perch 9 13.813.1 

(9.9-19.4) 

Perch 10 8 -212 -4 

(7.1-11.5) 

Pike 47.8110.8 

(28.7-62.0) 

41.919.1 

(28.5-53.8) 

26.3*5-7 

(16.0-34.5) 

24.7i9.2 

(10-7-38.3) 

Pike 

Bullhead 10 

Bullhead 17 



Mean Values of Fish Lengths and Weights for Cu&% Analysis in Liver 

Tissues (Meanf SD) 

Lake Species n L e n g t h  Weight 

( cm) (g) 

Geneva 

Ramsey 

B e t h e l  

Ramsey 

B e t h e l  

R a m s e y  P e r c h  

B e t h e 1  P e r c h  

Laurentian P e r c h  

P e r c h  

P i k e  

Pike 

Bullhead 

B u l l h e a d  



Table 33b Fish Sampiing Size and Mean Vallues of Fkh Lengths and 

Weights for Hg M y &  

Mean Values of Fish Lengths and Weights for Hg Analysis in Muscle 

Tissues (Meanf SD) 

L a k e  Species n Length 

(cm) 

Weight 

(9) 

B e t h e l  P e r c h  

Laurentian P e r c h  

Geneva P e r c h  

Ramsey Pike 

B e t h e l  Pike 

Ramsey B u l l h e a d  1 0  

Bethel B u l l h e a d  1 0  

R a m s e y  P e r c h  1 2  17.115.5 

( 9 . 2 - 2 5  - 6 )  

17.316.7 

( 8 . 7 - 3 1 . 2 )  

1 4 . 0 * 3 - 2  

( 9 - 9 - 1 9 . 4 )  

8.211.6 

( 7 . 1 - 1 1 . 5 )  

46.5111.7 

( 2 5 . 7 - 6 2 . 0 )  

40 ,218 .1  

( 2 3 . 5 - 5 3 - 8 )  

26 -315 .7  

( 1 6 . 0 - 3 4 . 5 )  

28-416.6  

( 1 8 . 1 - 3 8 . 3 )  



Mean Values of Fish Lengths and Weights for Hg Analysis 

in Liver Tissues (Mean* SD) 

Lake Species n Length Weight 

(cm) (g) 

Perch 10 

Laurent ian Perch 10 

Geneva Perch 3 

Ramsey Pike 10 

Bethel Pike 

Ramsey Bullhead Il 

Bethel Bullhead 10 

Ramsey Perch 10 18.314.6 

(11.8-25.6) 

18 . 916 . 8 
(8 -3-31-7) 

14.213.0 

(9.8-19.4) 

0.111.9 

(7.6-11.5) 

48.417.7 

(35.9-62.0) 

43.2k9.3 

(28.5-61.8) 

25.815.7 

(16-0-34-5) 

28.6k7.5 

(16.2-38.3) 



3.1 Reagents and instruments 

3.1.1 Reagents 

mo3 
HC1 

HP 

H z 0 2  

HBr 

SnCl, 

Ni ( NO3 2 

NaOH 

Cu 

Se 

Hg 

CRM 

(trace rnetal grade, FisherScientific) ; 

(trace metal grade, FisherScientific); 

(trace metal grade, Fisherscientific) ; 

(ACS grade, 

(ACS grade, 

(ACS grade, 

(ACS grade, 

(AAS grade, 

(ACS grade, 

(AAS grade, 

(AAS grade, 

(AAS grade, 

FisherScientif ic) ; 

Aldrich) ; 

Aldrich) ; 

Aldrich) ; 

FisherScientif ic) ; 

FisherScientif ic) ; 

Certified Reference Material(s) of fish samples (DORM-2 

and TORT-2) obtained from NRC (National Research 

Council of Canada) with certified values of Cu, Se and 

Hg concentrations; 

utifoam B (Sigma) ; 

Antifoam 289 (Sigma) ; 

Antif oam 204 (Sigrna) ; 



Perkin-Elmer 5000 Atomic Absorption Spectrometry (-1; 

Perkin-Elmer Zeeman/5000 Graphite Furnace Atomic ~bsorption 

Spectrometry (AAS) ; 

Perkin- Elmer MKS - 10 (~ercury/Hydride System) Cold Vapour Atomic 
Absorption Spectrometry (AAS) ; 

Perkin-Elmer Sciex Elan 5000 Inductively Coupled Plasma Mass 

Spectrometry (ICP-MS) ; 

Merlin PSA Cold Vapour Atomic Fluorescence Spectrometry (CVAFS); 

3.2 Sample Collection 

F i s h  Fish samples were collected from the four study lakes during 

June and July, 1996. Total length and weight were measured in situ. 

The total length of fish were obtained by measuring the distance 

between the most anterior part of the head to the posterior margin 

of the compressed caudal fin (Suns and Hitchin, 1990) . The liver 

and a boneless, skinless fillet of dorsal muscle tissue were 

collected and stored in pre-acid-cleaned plastic bags at -lOO°C in 

freezers. Al1 the tools and equipments employed in this study 

including bags or containers were washed or acid-treated, i.e. 

soaked in 10% HNO, for at least 24 hours, rinsed with double 

demineralized (DD) water, dried in oven at low temperatures (30 - 

40°C) ) , kept in clean environment to rninimize surface contamination. 



Teflon sheets were employed in the processing of fish samples. 

W a t e r  Three surface samples of water from each lake at different 

sites were collected in high density polypropylene containers 

during the period of fish collection. Within 6 hours, samples were 

filtered through 0.22 p pore size membrane filter, and acidified 

with ultrapure nitric acid to pH 1.5-2.0 immediately after the 

filtration. Al1 samples were kept at 4 ' ~  before analysis. 

Sedimeat Three samples of each Lake of the f irst 2-3 cm surface 

sediment from the four lakes were collected, homogenized and were 

kept in pre-acid-cleaned high density polypropylene containers. The 

transport tirne was kept within 6 hours to reduce microbial activity 

(Allen, 1989) , and al1 sediment samples were stored below -lOO°C in 

the freezer before analysis. 

F i s h  Muscle and liver samples were freeze-dried to minimize the 

loss of volatile elements. After drying, the fish samples were 

homogenized in 

powders, then 

containers. Aï1 

analysis . 

pre- cleaned mortars , grounded into very fine 

transe erred into pre- cleaned brown plastic 

were kept in the freezer before subsequent 



Fish tissues were digested using a microwave oven. For analysis of 

Cu and Se, a precisely weighted 0.1 g of dry grounded fish sample 

was digested in a pre-cleaned and well-sealed Teflon container (30 

mL) with 2 .On& of concentrated nitric acid. After a cool digest 

over night, the sample was microwaved once at low power for 1 min, 

and six times at high power for 30 seconds. Ice-baths were employed 

to cool the containers between each digestion interval. The sample 

was allowed to cool at room temperature, the solution was 

transferred into a 25-00 mt volumetric flask, and brought to mark 

by adding double demineralized(DI)) water. 

For the determination of mercury, 2.0mL of nitric acid and 2 .O& of 

hydrochloric acid were added to the Teflon containers, and the same 

procedure was followed. 

Water Simples For analysis of Cu in water samples, the 

preacidif ied water sample f iltrate was introduced into the graphite 

furnace directly. No analysis of Hg in water was attempted because 

of its very low concentrations. For the analysis of Selenium, a 

100.0 mL preacidified water sample filtrate was acidified with 3.0 

mL of concentrated nitric acid and 5.0 mL 50 ,  was added. The 

mixture was heated at 95'~ for 1 hour. When cooled, it was 

transferred to a 50.00 mL volumetric flask, and brought to mark 

with DD water, 



W a t e r  Content A precisely weighed amount of well homogenized wet 

sediments was placed in an air-circulation oven and was dried at 

105'~ for about 6 hours until a constant weight was obtained. After 

cooling in a desiccator, the weight of dry sediment was measured 

and water content was calculated by the dif ference before and after 

drying . 

T o t a i  ûrganic C a r b o n  (TOC) TOC in sediments was measured by 

burning a precisely weighed dry sediment in a muffle furnace at 

4 5 0 ' ~  for 4h. The sample was transferred to a desiccator, when 

cooled to room temperature, the sample was weighed. TOC was 

calculated by the difference of weights of the sediment sample 

before and after the burning. 

Digestion For analysis of the 3 metallic elements in sediments, 

a microwave digestion system was employed (Fig 3.2) . A 120mL Tef lon 
vessel equipped with a saf ety pressure- relief disk to prevent over - 

pressurization was used as the digestion container. A portion of 

wet sediment equivalent to 1.0g dry sediment was precisely weighed 

into the Teflon digestion vessel; a mixture of concentrated acid 

HNO, (8.0mL) + HCl(2.0mL) +HF (1. OmL) was added into each vessel (Elwaer 

and Belzile, 1995) . The relief valves were placed or. the top of PFA 
vessels and the caps were screwed 

subsequently fastened tightly using the 

d o m  f inger - t ight and 

capping tools. The sealed 



vessels were then positioned i n  the microwave oven. One vessel 

containing the same amount of the acid mixture w a s  used as the 

pressure monitor, the pressure sensor liner was mounted through the 

transfer port of the vessel. The vessels were rapidly heated a t  

high power unt i l  the interna1 pressure reached 65 psi. This 

pressure should be maintained for  20 minutes. When done, the 

vesse l s  were cooled in an ice bath, the caps were removed and the 

vessels were allowed t o  stand for several minutes to  release the 

exceas gas. The digested contents w e r e  filtered through a 0 . 2 2 ~ ~  

ce l lu lose  nitrate filter paper and the filtrate was then 

transferred to a 50.00 mL volumetric flask, and diluted t o  the mark 

with DD water. 

Fig 3-2 Microwave Digestion System 
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3.4 Description of Anaiytical Procedures 

3.4.1 Copper Analysis by GFAAS 

Copper in lake water, sediments and fish tissues was determined by 

a Perkin- Elmer Zeeman/5000 systern, the instrumental parameters for 

Cu determination are given in Table 3.4 and Table 3.5. 

Table 3 4  Iustrumental Parameters of Cu for 
Zeeman/5ûûû AAS 

Light Source Current Signal 
(Ma) 

HCL Peak Height 
Absorbency 

Table 3-5 Zeenian/5000 HGA Parameters for Cu 

Sample Aliquot (PL) 
Dry Temp (degree C) 
Ramp Time (s) 
Hold T h e  (s) 
Int . Flow (mL/min) 
Ashing Temp (degree 
Ramp Time ( s )  
Hold Time (s) 
Int - Flow (m~/min) 
Atomizing Temp (degree 
Ramp Time (s) 
Hold Time (s) 
Int . Flow &/min) 



A 10-20pL sample solution was injected into the graphite tube with 

AS-40 autosampler. The results for the analyte were calculated by 

the standard calibration cuzve method. A 5-50 ppb(pg/L) standard 

calibration curve w a s  prepared daily by several steps of dilution 

f rom a 1000 ppm stock solution using 8% (v/v) ultrapure nitric acid. 

For comparison. the method of standard addition was also employed. 

several certified reference materials of fish samples were tested 

as well. Results will be given in chapter 4 .  

The same technique as for Cu analysis was also used for selenium. 

The instrumental parameters for Se determination by GFAAS are shown 

in Table 3.6 and Table 3 -7. However, a volume of lOOOppm nickel 

nitrate equal to the sample volume was employed as the matrix 

modifier. The purpose of N i  addition is to stabilize the selenide 

by forming N i S e  until it is atomized. The digested sample 

solutions (20 - 3OpL) were injected. A series of standard solutions 

were measured, the standard calibration curve ranged from 5 to 50 

ppb (pg/L) 



Table 3-6 Instrumental Parameters of Se for 
ZeemaIl/5000 AAS 

- -  - 

Wavelength Slit Light Source Power Signal 
8 (m) ( nm) (Watts) 

0.7 EDL 6 P e a k  H e i g h t  
Absorbency 

Table 3-7 Zeenisn/5000 HGA Parameters for Se 

Sample Aliquot (PL) 
Dry Temp (degree C) 
Ramp T h e  ( s )  
Hold Time (s) 
Int . Flow (mL/min) 
Ashing Temp (degree C) 
Ramp Time (s) 
Hold Time (9 )  
1 nt. Flow (mL/min) 
Atomizing Temp (degree C) 
Ramp T h e  (s) 
Hold Time ( s )  
Int . Flow (mL/min) 

3.4.3 Mercury by ICP-MS (Perkin-Elmer SCIEX ELAN 5000) 

The digested solutions were employed directly to the ICP-PIS 

instrument for analysis. The instrumental operation conditions are 

given in Table 3.8. 



Table 3-8 Operation Conditions for ICP-MS 

ICP System 

Plasma gas flow rate 

Auxiliary gas flow rate 

Nebulizer gas flow rate 

R. F . Power 

Mass Spectrometer 

Sample Cone O r i f i c e  

Skimmer Cone O r i f i c e  

Mass Spectrum 



4. Method Validation 

In this chapter, several analytical techniques employed in this 

study are discussed. Cornparisons are made among these analytical 

instruments. The validation of the techniques are shown as follow: 

4.1 Method Validation for GFAAS 

Aïthough used as a routine analytical procedure, the method of 

standard calibration curve is a major potential source of 

systematic error (Braithwaite, 1994) . To minimize the matrix 

ef f ect , method of standard addition (MSA) is sometirnes employed. MSA 

shows bettes calibration effect than conventional standard 

calibration curve method, however, it is too time consuming and 

errors can also occur. In this study, standard calibration curve 

method was employed rather than the method of standard addition. 

However, comparison was made between the two. The results of 

comparison between the two calibration methods are shown in Table 

4.1. The samples determined from the two methods turned out to be 

very close to each other, therefore only standard calibration curve 

method was used when analyzing fish samples. 

To test the accuracy of the analytical technique, certified 

reference materials DORM-2 and TORT-2 were employed. The results 

obtained by GFAAS are presented in Table 4 . 2 .  For both CRMs, the 
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results obtained are very close to the certified values. The 

relative standard deviations for replicates of the two CRMs are 

less than 6%. 

Table 4-1 Cornparison of the Method of Standard Calibration C m e  and 

Standard Addition by GFAAS 

Element Cu 

Standard Curve (pg/L) 6-82 13-33 10.00 
Standard Addition (pg/L) 7.38 13 . 33 9 -55 
Mean Value of the Two (pg/L) 7.10 13.33 9.78 
RD (relative deviation) ( % )  3 -90 0.00 2.20 

Element Se 

Standard Curve (pg/L 1 32.00 34-00 13.91 
Standard Addition (pg/L) 29.30 34.00 14.76 
M e a n  Value of the Two (&L) 30 65 34.00 14.34 
RD (relative deviation) ( % )  4 -40 0.00 2-90 



Table 4-2 Results of CRM for Cu and Se by GFAAS 

Element 

CRM 
Certified Value (pg/g) 
Value Obtained (pg /g )  
N u m b e r  of Replicates 
Recovery ( % )  
RD (relative deviation) 

Element 

CRM 
Certified Value ( p g / g )  
Value Obtained ( p g / g )  
Number of Replicates 
Recovery (%)  
RD (relative deviation) 

DORM- 2 
2.34kO. 1 6  
2.22 
4 
95 

( W  2.2 

TORT - 2 
106110 
103 
7 
97 
4.7 

DORM- 2 TORT - 2 
1.4010.09 5.6310.67 
1 . 3 7  5.66 
6 13 
98 101 

( % )  4.4 5.9 

4.2 Method Validation of Selenium by HGAAS 

Hydride generation has shown great progress and a vast amount of 

papers including several reviews were published since its 

appearance (Qiu, 1995). The application of HGAAS on elemental 

analysis, especially the determination of environmentally 

meaningful elements e. g . , Se & Hg has been extensively reported 

(Rayman et al., 1996; Davidowski, 1994; Brown et al., 1995). 

HGAAS was employed in this study at the analytical method 

development stage. The instruments used is shown in Fig 4.1 



Fig 4-1 Hydride Generation System 

Before being analyzed by the hydride generation, selenium should be 

converted into Se(1V). The digested solutions were transferred to 

a 25.00 mL volumetric flask, filled with 4. OM HC1 to the mark, then 

transferred to a 50mt reflex flask, and heated at 70-80'~ for 15 

minutes. The reflux flask was comected to a condenser cooled by 

tap water to Nnimize the loss of volatile Se species during the 



heating process. Some authors recommended HBr as the reducing 

reagent in order to minimize the potential interf erence of chlorine 

generated by 4 M HC1 reduction (D8Ulivo, 1989; DIUlivo et al., 

1993). Hydrobromic acid was also found to be more efficient than 

HC1 in removing the interference due to nitric acid, therefore, HBr 

was tested in this study during the method development stage. 

According to Df Ulivo (1989) , a 1.0-1.8M HBr solution at 70'~ would 

provide a satisfactory recovery for selenim. In this study, the 

sample was subjected to 1.2M HBr reduction 70-80'~ for 15 minutes. 

For the analysis, 40mL of 4.OM hydrochloric acid and 1.0-2.0mL of 

the sample solution were added to a stripper (Fig 4.1). 1.OmL of 

~%(w/v) sodium borohydride was added drop by drop using a syringe 

over a period of 2 minutes. After 6 minutes, the liquid nitrogen 

trap was removed and the hydrogen selenide inside the tube would be 

evaporated immediately and flowed into the detection system with 

helium. The &Se peak was then detected and measured by AAS. 

To make a comparison, a Perkin-Elmer MHS-10 system was also 

employed to do selenium analysis at the method development stage. 

Detailed analytical procedure for MHS-10 can be found in Perkin- 

Elmer operation manual for the instrument. Results of CRM by HC1 

and HBr reduction for HGAAS and MHS-10 are given in Table 4.3 and 

Table 4 . 4  respectively. Al1 the results obtained for CRM values are 

acceptable since they led to good recoveries and small RSD values. 



However, these two methods were not selected for sample analysis, 

since GFAAS which was chosen as the final analytical technique in 

this study is simpler and faster. 

Table 4-3 Results of CRM for Se by HCI and HBr Reduction by HGAAS 

Reductant 

CRM 
Certified Value (pg/g) 
Value Obtained (pg/g) 
Number of Replicates 
Recovery (%)  
RSD ( % )  

Reductant 

CRM 
Certif ied Value ( p g / g )  
Value Obtained ( p g / g )  
Number of Replicates 
Recovery ( % )  
RSD ( % )  

DORM- 2 
l.401O.09 
1.38 
5 
99 
3.4 

DORM- 2 
l.401O.09 
1.39 
4 
99 
4.8 

TORT - 2 
5.6310.67 
5 -25 
5 
93 
3.6 

1.2M HBr 

TORT - 2 
5.6310.67 
5.31 
4 
94 
3.0 



Table 4-4 R d t s  of CRM for Se by HCI and HBr reduction by MHS-10 

Reduc tant 

CRM 
Certified Value (pg/g) 
Value Obtained ( p g / g )  
Number of Replicates 
Recovery ( % )  
RSD ( % )  

Reduc tant 

CRM 
Certif ied Value (pg/g) 
Value Obtained (pg/g) 
Number of ~eplicates 
Recovery ( % )  
RSD (%)  

DORM- 2 
l.4010 .O9 
1.31 
4 
94 
3.1 

DORM- 2 
l.4OiO .O9 
1.32 
4 
94 
3 - 2  

TORT - 2 
5 6310 - 67 
5.51 
6 
98 
6.7 

TORT - 2 
5.6310.67 
5-51 
4 
98 
8.8 

4.3 A d y t i c d  Aspects on Mercury 

There are several analytical methods described in the literature 

for the determination of Hg at low levels in environmental samples. 

These methods are based upon a wide range of analytical 

techniques such as neutron activation analysis, ICP-MS, 

Eiectrothermal AAS, CnrAAS, and cVAFS. CVAAS is the most widely used 

rnethod because of its sensitivity, the absence of spectral 

in te r f  erence and the relatively low operational costs (Chan and 

Sadana, 1993 ) . The analytical method involved in this study include 
MHS-10(cVAAS), ICP-MS and CVAFS. 



4.3.1 Digestion of Fish Tissues 

The pretreatment step requires that al1 forms of mercury in fish be 

converted into Hg(I1) and in soluble fonns. At the begiming of the 

experiment, only nitric acid was employed for the dissolution of 

mercury compounds, very low recovery of mercury was obtained due to 

the incomplete digestion and oxidation. Since organomercuric 

compounds were found to be completely degraded by W irradiation 

(Chou and Naleway, 1984), this procedure was tested in the present 

study. However no significant difference was observed, In order to 

improve the digestion efficiency, the mixed acids of HNO, and HC1 

was tested in digestion, satisfactory results were obtained. 

Hydrogen peroxide was reported to be very powerful in decomposing 

organo-mercury in biological samples (Szakacs et al. , 1980) , it was 

also tested in this study. Table 4.5 provides the cornparison of 

digestion efficiency by HNO,, H20,, and HC1 and/or their mixtures. 

The best combination was found to be a mixture of 2 -0mL of both HC1 

and HNû3, 

4.3.2 Microwave Time and Power 

Tirne and power for microwave digestion are crucial for sample 

preparation. If too much time and too high power were applied, it 

would be time consuming and the element might be l o s t .  It is also 

important to ensure the cornplete digestion of the sample. The 



selection of time and power was tested, and the results are given 

in Table  4 . 6 .  The selected combination includes 1 min at low power, 

and 30 sec times 6 at high power. 

Table 4-5 Cornparison of Acid System in Microwave Digestion for Hg 

Analysis in Fish Tissues 

Acid (s) for Digestion Values Obtained Recovery ( % )  

( P S / S )  

(n=3 ) 

* Optimized Combination of acids: 2mL HNO, + 2mL HCl 

CRM @ORM-2) was employed with certified Hg value of 4.64f O . U ( p g / g )  



Table 4-6 Cornparison of Time and Power of Microwave Digestion for H g  

by MHS-10 

Power Time Recovery Power T h e  Recove ry 

b = 3 )  ( 8 )  (n=3) ( % )  

l m i n  

3 0 R x 2  

3OWx2 

l m i n  

30 "x2 

O 

L lmin 

M O 

H 3 0 n x 4  

lmin 

3O1lx1O 

O 

* Optimized Combination 



4.3.3 The Results of Mercury in CRM by -10 

To test the accuracy of the digestion procedure, the CRM were 

analyzed, the results were given in Table 4 -7. Very good recoveries 

and small RSD were obtained for WAAS by MHS-IO. However, this 

technique was not selected because the sensitivity is not high 

enough to detect the very low Hg concentration in f i s h  samples. 

Table 4-7 CRM for Hg by MHS-10 

Certified Material DORM- 2 TORT - 2 

Certif ied Value ( p g / g )  4.64 * 0.26 0.27 * 0.06 
Value Obtained (pg/g) 4.62 0.24 

Number of Replicates (n) 24 13 

Recovery ( % )  99.6 88.9 

RSD ( % )  3 . 4  5 . 6  

4.3.4 ICP-MS determination for Mercury 

ICP-MS is an analytical technique to detemine elements using Mass 

Spectrometry of ions generated by an inductively coupled plasma. 

According to Brown et a1.(1995), ICP-MS is now a well established 

technique widely used in environmental and biological materials 

analysis. It has many unique properties which make it the most 



powerful technique in elemental analysis ever known, these 

properties include : high sensit ivity ; broad linear dynamic range of 

at least 6 orders of magnitude; excellent precision (O . 1-1 . 0%) ; 
ease and speed; especially the alti-element determination ability 

and high sample throughput (20-50 samples per minute). Therefore, 

ICP-MS was selected as the analytical technique in this study. 

4.3.4.1 Method Validation for Hg by ICP-MS 

Matrix effect could cause severe interference problems in ICP-MS 

determination. The conventional standard calibration solution was 

not applicable in this study, since the matrix of the standard 

solution was far from that of our fish samples. Therefore, a CRM 

(DORM-2) was employed as a relative standard. To test the accuracy 

of ICP-MS determination, two sets of spiked standard solution w e r e  

made by spiking a series of certain amount of Hg standard into the 

CRM samples and they w e r e  subjected to exactly the same 

pretreatment and determination procedures as with fish samples. In 

addition, three sets of spiked Hg standard solution into digestion 

blanks were determined; several CRM were determined as unknowns and 

the results were compared with the certified value. The results for 

spiked Hg standard are given in Fig 4.2 to Fig 4.6, and CRM results 

analyzed by ICP-MS for mercury are given in Table 4 . 8 .  Excellent 

recoveries and good regression r and slopes were obtained for al1 

cases. The slopes among groups matched well, indicating that 

reliable results were obtained. 

55 



Table 4-û CRM for Hg by ICP-RIS 

Certified Material D O M -  2 TORT - 2 

Certif ied Value ( p g / g )  4.64 î 0.26 0.27 I 0.06 

Value Obtained ( p g / g )  4.41 0.26 

Number of Replicates (n) 6 7 

Recovery ( % )  95 96 

RSD ( % )  6 . 9 9.7 

4.3.4.2 Cornparison of Mercury r e d t s  between ICP-MS and CVAFS 

Because CVAFS is a relatively well developed analytical technique 

for Hg determination, the cornparison of mercury detemination of 

ICP-MS and CVAFS was made to test the reliability of the ICP-MS 

technique employed in this study, results are given in Table 4.9. 

5 CRM and 6 f ish samples were measured. Slightly but systematically 

higher results were obtained in CrVAFS. Considering the very low 

levels of Hg present, the various pretreatment steps involved, and 

the important dilution requested for CVAFS, results are very 

acceptable. 



Table 4-9 Cornparison of Hg by CVAFS and ICP-MS 

ICP-MS (&LI C-wwS (pg/L) 

9.04 12.90 

1.17 1.35 

0.59 O. 78 

0 . 97 1.12 

0.32 O. 39 

1.76 1.90 

1.19 1.85 

0. 35 0.46 

0.64 0.80 

4.73 5.75 

4.4 Accuracy and Precision of Analytical Results for Fish Samples 

To test the precision, duplicate or triplicate samples were 

included during f ish sample analysis processes for al1 of the three 

elements involved in the study. And to test the accuracy, CRM were 

analyzed periodically to monitor the analyticai processes. The 

results of precision obtained for the fish sample analysis are 

given in Table 4.10. 



Table 4-10 Mean RSD (Sb) for Fish Sample Analysis for the 3 Elements 

mscle Liver Total 

C u  

n 

Mean RSD ( % 

Range RSD ( %  ) 

Se 

n 

Mean RSD ( % ) 

R a n g e  RSD ( % 1 

Hg 

n 

Mean RSD ( %)  

Range RSD (% ) 



F i g  4 - 2  Spiked Standard Curve into TORT-2 for Hg by ICP-MS 
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Fig 4-3 Spiked Standard C m e  into DORM-2 for Hg by ICP-MS 

6 0  



Fig 4-4 Spiked Standard Curve into Digested Blanks for Hg by ICP-MS 



Fig 4-5 Spiked Standard C m e  into Digested Blanks for Hg by ICP-MS 



Fig 4 4  Spiked Standard Curve into Digested Blanks for Hg by ICP-MS 



5. Results and Discussion 

5.1 Cu, Se and H g  in Lake Water and Sediments 

Concentrations of copper in lake water varied from 1.66 pg/L in 

Lake Geneva to the maximum value of 13.74 pg/L in Lake Ramsey (Fig 

5.1) . The levels of Cu in sediments were mch higher but showed the 

same pattern as that of lake water (Fig 5.2). Ramsey lake had a 

concentration of 670.34 pg/g (based on dry weight of sediment) 

which was almost 20 tirnes as much as that of Bethel (44-67 p g / g )  

and Laurentian (3 5.89pg/g) lakes . Lake Geneva, as expected, had the 
lowest level of copper in sediments, with a concentration of only 

8-58 pdg. 

The concentrations of Se and Hg in lake water were below the 

detection limits (2.5pg/L and 0.25pg/L) of my analytical 

techniques, therefore only Se and Hg in sediments were measured. 

The concentrations of Se and Hg in lake sediments are shown in Fig 

5.3 and Fig 5.4, 

For selenium, the pattern in sediments is similar to that of 

copper, and the levels were in the following order: Ramsey(RA) > 

Laurentian (LU) > Bethel (BE) > Geneva (GE) . Sedimentary selenium in 
Ramsey lake (1.290pg/g) was 5 -10 times higher than in Laurentian 



( 0 .202pg /g )  and Bethel ( 0 . 1 3 2 p g / g )  , probably indicating that Ramsey 

received the most heavily metal or metalloid pollution among the 

four lakes. An alternate explmation is that Ramsey is a lake where 

the productivity brings about less dilution of TE in the sediments 

by organic matter. 

For mercury, the pattern was quite d i f  f erent . Laurent ian, a 

dystrophic Lake showed the highest concentration among the four 

lakes, followed by Ramsey, Bethel and Geneva. As it was mentioned 

earlier, Laurentian is a man-made lake, which was flooded af ter the 

construction of dams. Since a great deal of plants and other 

organic matter was brought into the lake after flooding, more Hg 

levels w e r e  therefore expected in this lake. Our results seem to 

confirm the predictions. 



FTg 5-1 Total Cu Concentration in Surfaee Lake Water in the Sudbury 

Area. Meanf lSD and n(in parentheses) are indicated. Samples were 

coUected during June and July, 1996. 
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Fig 5-2 Total Cu Concentration in Surface Lake Sediments in the 

Sudbury Area. Meanf 1SD and n(in parentheses) are indicated. Samples 

were collected during June and Juiy, 1996. 



Fig 5-3 Total Se Concentration in Surface Lake Sediments in the Sudbury 

Area. Meanf 1SD and n(in parentheses) are indicated. Samples were 

coliected during June and July, 19%. 



Fig 5-4 Total Hg Concentration in Surface Lake Sediments in the 

Sudbury Area. Meanf 1SD and n(in parentheses) are indicated. Samples 

were collected during June and July, 1996. 



Expressed sediment TE concentrations on a dry weight basis may bias 

results because total organic matter (TOC) in sediments varied 

considerably among lakes . A correction factor was theref ore used to 
elidnate the dilution effect of TOC on TE concentrations in 

sediments. Corrected element concentration was calculated on 

organic- f ree dry weight sediment basis, it can be expressed as [TE] 

/ organic-f ree dry wt sediments. Results are given in Table 5.1. If 

compared to the original values, the general trends of the 3 

elements among lakes did not change, therefore, in al1 subsequent 

interpretation of data, element concentrations in sediments will be 

presented in t e m  of the uncorrected dry wt basis. 



Table 5-1 Total Cu, Se and Hg Concentrations in Lake Sediments on Organic-free Dry Weight of 

Sediment Basis in the 4 Study Lakes within or outside the Sudbury Area 

TOC 

* resulte were corrected on [TE] / organic-free dry sediment baeia 



5.2 Cu, Se and Hg Tissue Concentrations as a Function of Fish Size 

Concentrations of Cu, Se and Hg in fish muscle and liver tissues 

were plotted as a function of fish lengths, the results are shown 

in Fig 5 . 5  to Fig 5.16, and the values of slopes and correlation 

coefficients are presented in Table 5.2 to Table 5 . 4 .  



Fig 5-5 Perch Muscle Total Cu Concentrations as a function of Fish 
Lengths in the 4 study Lakes within or outside the Sudbury Area 



Fig 5 4  Perch Liver Total Cu Concentrations as a function of Fish 
Lengths in the 4 study Lakes within or outside the Sudbury Area 



EFg 5-7 Pike and Biillhead Muscle Total Cu Concentrations as a function 
of Fish Lengths in the Ramsey and Bethe1 Lakes in the Sudbury Area 



Fig 5-8 Pike and Builhead Liver Total Cu Concentrations as a function of 
Fish Lengths in Ramsey and Bethel Lakes in the Sudbury Area 
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Fig 5-10 Perch Liver Total Se Concentrations as a function of Fish 
Lengths in the 4 study Lakes within or outside the Sudbury Area 



Fig 5-11 Pike and Bullhead Muscle Total Se Concentrations as a function 
of Fish Lengths in Ramsey and Bethe1 Lakes in the Sudbury Area 



Fig 5-12 Pike and Bullhead Liver Total Se Concentrations as a hction - 

of Fish Lengths in Ramsey and Bethe1 Lakes in the Sudbury Area 



Fig 5-13 Perch Muscle Total Hg Concentrations as a bc t ion  of Fih 
Lengths in the 4 study Lakes within or outside the Sudbuq Area 



Fig 5-14 Perch Liver Total Hg Concentrations as a function of Fish 
Lengths in the 4 shidy Lakes within or outside the Sudbury Area 



Fig 5-15 Pike and Bullhead Muscle Total Hg Concentrations as a fmction 
of Fish Lengths in Ramsey and Bethe1 Lakes in the Sudbury Area 



Fig 5-16 Pike and Bulbead Liver Total Hg Concentrations as a function 
of Fish Lengths in Ramsey and Bethe1 Lakes in the Sudbury Area 



Table 5-2 Slopes and Correlation Coefficients of Cu Concentrations as a function of Fish Length 

(#P < 0.01 and *P < 0.05) 

Perch Pike B u l l  - head 

Muscle Liver Muscle Liver Muscle Liver 

Ramsey 

n 31 

slope -0.197 

r2 O. 102 

r -0.319 

Bethe1 

n 22 

slope -0.057 

r2 O. 017 

r -0.130 





Table 5-3 Slopes and Correlation Coefficients of Se Concentrations as a function of Fish Lengths 

#P < 0.01 and *P < 0.05 

Perch Pike Bull-head 

Muscle Liver Muscle Liver Muscle Liver 

Ramsey 

slope 

slope 





Table 5-4 Slopes and Correlation Coefficients of Hg Concentrations as a function of Fish Lengths 

#P < 0.01 and *P < 0.05 

Perch Pike Bull - head 

Muscle Liver Muscle Liver Muscle Liver 

Ramsey 

n 12 

d o p e  O. 0178 

r2 0. 707 

r 0.841# 

Bethe1 

n 10 10 12 10 10 10 

slope O. 0084 O. 0062 O. 0048 O. O009 O. O003 -7.303-05 

r2 O. 734 0.419 0.629 0.292 O. O0192 O. O0154 

r O. 857# O. 647 O. 746# O. 540 0.044 -0.039 





Since some of the sample size for fish groups were relatively 

small, it may hamper the effective interpretation of data. 

For copper, a significant relationship between fish level and 

length w a s  found in Ramsey bullhead liver (r-0.880, n-10); Ramsey 

perch liver (r=0.651, n=27); Geneva perch liver (r=0.9999, n-3); 

and Bethe1 pike muscle (r=0.542, n=14). Both positive and negative 

r values were observed. 

It was reported that correlations between metal concentration and 

body size differ among species and among metals (Strong and Luoma. 

19 81) . Positively sloped, negatively sloped and insignif icant 

relationships have al1 been observed. Some authors have assumed 

that size dependence is consistent for a given metal in a given 

species (Devies and Pirie, 1980) ; Another study has suggested that 

differences between populations in the slope and extent of such 

correlations may occur among environments with different levels of 

contamination (Boyden, 1977) . 

In general no simple hypothesis has been proposed to explain the 

diversity observed in the size dependence of metal concentrations, 

among or within individual species or individual metals. 

Strong and Luoma, (1981) reported four conditions of correlations 

between animal size and metal concentrations. 



1. In short term exposures in the laboratory, metal uptake by 

smaller individuals of many species is more rapid than uptake by 

large individuals (Fowler et al. , 1978) . Negative correlations have 
been attributed to such size-dependant differences in uptake rate 

(~illiamson, 1980). 

2. Growth may dilute metal concentrations in organisms if tissue is 

added faster than rnetal (Aoyama et al,, 1978). In nearly a11 

species, growth rate in younger individuals exceed those in older 

ones. Thus, dilution of rnetal concentration by tissue growth should 

have a greater effect in smaller animals than in larger ones for 

the same species, causing a positive slope in metal concentration 

body size relations. 

3, Positive correlations suggest that net uptake of some metals 

may occur through the life of some species (Cross et al., 1973). 

4. Insignificant slopes in correlations suggest that equilibration 

of concentrations of some metals may also occur in animal species. 

In cornparison of different populations among the same species, 

correlations are often significant and positive sloped in metal- 

enriched enviromnent and insignificant in less-enriched environment 

(Boyden, 1977) . 

The slopes for Cu levels varied among species, lakes, and between 

muscle and liver of the same species. In al1 cases, liver showed 



mch higher slopes over muscle, indicating a m c h  higher capacity 

of this organ to bioaccumulate TE. However in general, 

bioaccumulation did not seem to occur for Cu within fish groups 

with the increase of fish size. 

For selenium, most of the significant r values were found in perch 

muscle and liver tissues, thus indicating that perch might be a 

more sensitive species for TE to be bioaccumlated. Most of the 

slopes were found to be positive, indicating that selenium is an 

element which could be bioaccumulated by fish. Although slopes 

varied among species, lakes and between muscle and liver tissues, 

higher slopes were generally found in Raasey. Wang et al., (1995) 

reported higher bioaccurmilation effect in oligotrophic lakes than 

in eutrophic lakes. They proposed that it may result from the lower 

growth rate in oligotrophic lakes, meaning that the same length of 

fish in oligotrophic lakes might be older and reflect longer 

exposure the. In addition, much higher slopes were f ound in liver 

tissues than in muscle. It may result from the high metabolic 

activity of this organ, thus regulating the selenium storage and 

excretory mechanisms (Hilton et al., 1982) . In general, if 

considering some of the srnaller sample size for fish groups, it 

seemed that not many signif icant relationships were observed 

between C u  and Se levels in fish and f ish size, therefore only mean 

values of Cu and Se were employed when comparing the 

bioaccumulation of these two elements in fish among species and 

lakes in the following corresponding sections. 



For mercury, almost al1 of the perch muscle and liver tissues 

showed a significantly positive slope over lengths; significant 

slopes were also found in pike muscle. Overall, much higher slopes 

appeared in fish muscle tissues than in liver. Ai1 these 

observations indicated that perch appeared to be a more sensitive 

species for Hg to be bioaccurmilated, although it is in a lower 

trophic level in fish. Pike also appeared to be sensitive, but poor 

slopes and r values were observed in bullhead. Because bullhead is 

thought to be a sediment feeder, it seems that the source of Hg may 

not mainly come from the sediment or at least it may not come from 

it directly. It may indicate that the sediment-bound Hg forxns are 

less bioavailable, fish may bioconcentrate methylmercury mainly 

from the water column. 

Another interesting result is that the slope of the relationship 

between Hg contents and fish size of perch matched well among lakes 

in both fish muscle and liver tissues, indicating that although 

dif f erences existed among lake environrnents, the rate of 

bioaccumulation of Hg by fish is relatively constant. 

The slopes in the Hg/fish size relationship appeared much higher in 

fish muscle tissues than in liver, indicating that fish muscle has 

more capacity to bioaccwnulate Hg than liver tissues. 

To minimize the influence of fish size on the data interpretation 

of the bioaccumulation of TE, standard fish lengths were employed 



in some following sections. The selection of the standard lengths 

of fish was based on the mean values of fish lengths of sample 

groups which were sorted by fish species and lakes and were 

measured for TE concentrations; 10, 25 and 40cm were chosen as the 

standard length for perch, bullhead and pike  respectively , since 

they were very close to the corresponding mean values of fish 

lengths among sample groups. The concentrations of TE at the 

corresponding standard fish lengths were calculated according to 

the regression equations ( f i s h  lengths vs TE concentration in fish 

sample group) , and the SD values refer to the standard deviation of 

the " y m  estimate for the regression lines. Normally, standard 

lengths were used only i f  there was a strong relationship between 

TE in fish tissues and fish size. Because in almost al1 cases, a 

significantly positive relationship was obtained between Hg 

concentrations in fish and in fish s i z e ,  standard lengths of fish 

were therefore used mainly in the data interpretation for Hg in 

fish in the following corresponding sections for the reasons given 

above. 

5.3 Concentrations of Cu in Fish 

5.3.1 Cornparison of Cu levels in Perch for the four lakes 

Mean values of Cu concentrations in fish were used to make the 

comparison among lakes (Table 5.5) . 



Table 5-5 Mean Values of Fish Cu and Se Concentrations, (Meanf SD), 

range of concentrations are @en. 

for muscles 

Lake and Species n Cu 

(~g/g) 

Bethel Perch 

Laurentian Perch 

Geneva Perch 

Ramsey Pike 

Bethel Pike 

Ramsey Bullhead 

Bethel Bullhead 

Ramsey Perch 31 2 .22&O177 

(1 .04-3 .45)  

2,5110.87 

(1.30-4.99)  

2 -4010 .95  

(1 .36-4 .42)  

1.3710.47 

(0 .75-2 .09)  

1.9611.00 

(0 .73-4 .83)  

1.1110.28 

0.85-2.29 

2.7510.63 

( 1 - 7 1 - 4 . 1 4 )  

2,4110.56 

(1 .50-3 .74)  



for iivers 

Ramsey Perch 

Bethel Perch 

Laurentian Perch 

Geneva Perch 

Ramsey Pike 

Bethel Pike 

Ramsey Bullhead 

Bethel Bullhead 



No significant difference was found for Cu levels in fish from the 

four study lakes. The possible explanations are as follows: 

Firstly, copper is not an element which would be bioaccurmilated 

efficiently . but is rather regarded as an essential element. thus 
might be regulated. According to Johnson (1987) , as an essential 

trace nutrient, copper in ample supply might be expected to occur 

at relatively constant levels in fish independent of ambient 

loadings . 

Secondly. besides metal loadings for the bioaccumulation. 

speciation or the bioavailability of the element to fish would 

regulate the bioaccumulation processes especially if the source of 

the pollutant cornes mainly from the water column. The free ion Cu2+ 

would probably be the most bioavailable form of this element. On 

the other hand, if the source is from the sediment, then the 

feeding habits of fish might have more influence on the 

bioaccurmilation. The sediment - bound copper compounds along with the 

factors which would affect the partitioning of this element in 

different sediment components might contribute to the different 

levels of bioaccumulation by fish. As a result, the total amount 

of copper in water or sediment might not be able to predict the 

corresponding levels of copper in fish, although it could provide 

a mass balance information and sometimes a trend for 

bioaccumulation. 



5.3.2. Cornparison of Cu leveis in Pike and Bnllhead between Ramsey and 

Bethel Lakes 

In al1 cases, copper levels in fish liver appeared to be higher in 

R a m s e y  than those in Bethel, it might reflect the exposed levels 

from water or sediments. 

5.3.3 Cornparison of Cu Levels in Fish Muscle and Liver Tissues 

Levels of copper in fish liver tissues were much higher than those 

in fish muscle in al1 cases. The highest ratio of liver over muscle 

was observed in Laurentian perch which reached about 70 times, 

while the lowest ratio was found in Lake Geneva at only 5 times. It 

has been found by some researchers that liver is one of the main 

organs for bioacccumulation of metals (Khan and Weis, 1993) . Our 
results support this hypothesis. 

5.3.4 Cornparison of Cu levels among Fish Species 

To compare the bioaccumulation of TE by different species, yellow 

perch, northern pike and brown bullhead were selected in this 

study. Cu levels in f ish muscle tissues were f ound to be relatively 

constant, independent of f ish species or lakes ; however , Cu in f ish 

liver was f ound much higher in brown bullhead than in the other two 



species in Ramsey Lake. For Bethe1 Lake, no significant difference 

was observed among fish species- 

The differences of copper levels among fish species in Ramsey Lake 

may result from several reasons. The most important one may arise 

from the different feeding habits, and the position in the food 

chah for the fish species. As discussed earlier, feeding habits 

and the position in the food chain for aquatic life can influence 

the processes of bioaccumulation. The feeding habits could 

determine where and how fish obtain the pollutants in specific 

forms, and the position in the food chain would predict the 

biomagnif ication ef f ect which will determine to what extent f ish 

will bioaccumulate the metals up the food chain. The highest Cu 

level in brown bullhead may result f rom its being a sediment feeder 

(Scott and Crossman, 1973). The much higher metal concentration in 

sedirnents made available for it to bioaccumulate either directly 

from the sediment by feeding on it or by biomagnif ication up the 

food chain, thus resulting in higher metal concentrations in its 

tissues. 

5.4 Concentrations of Se in Fish 

5.4.1 Cornparison of Se levels in Perch among Lakes 

Mean values of Se levels among lakes are given in Table 5 - 5 .  The 

order of Se levels in perch muscle and liver tissues appeared to be 



Raxnsey>Laurentian>Geneva>Bethel. Both patterns indicated that 

bioaccumulation of Se in perch seemed to reflect the exposure to Se 

in sedimenta. The relationships between Se level in perch muscle 

and liver tissues and in sediments are shown in Fig 5.17 and Fig 

5 -18. Therefore, it is likely that sediment could be a source of Se 

to the aquatic organism through either directly uptake by sediment 

feeders or biomagnified up the food chah. 

Ramsey - 

Bethel 
4 

l a~ ren i i an  . Ceneva 

200 3.00 4.00 50Q 600 

Se in Perch Muscles ( uglg ) 

Perch Muscle Tissues and Se in Lake Sediments in the 4 Study Lakes 

w i t h  or outside the Sudbury Area. Samples were coliected during June 

and July of 1996 
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Ramsey 

Laurentian 

Se in Perch livers ( uglg ) 

Fig 5-18 Relationship between Mean Values of Total Se Concentration in 

Perch Liver Tissues and Se in Lake Sediments in the 4 Study Lakes 

within or outside the Sudbury Area. Samples were collected during June 

and JuIy of 1996 



According to Wang et al., (1995) and Johnson (19871, positive 

relationship between Se levels in fish and in sediment loadings 

existed. Although similar results were obtained by some other 

authors, not many explanations have been given. 

The cycling of Se in aquatic ecosystems is quite complicated, and 

the pathways of Se to be transferred to fish are not well 

documented. However, it is generally accepted that bioaccumulation 

occurs through both food and water borne exposure routes (Porcella 

et al., 1991). Unfortunately, water levels of Se were not detected 

in this study due to their very low concentrations, it thus limited 

the explanation for the source of Se from the water column. However 

with the much higher concentrations of metal load in the sediment, 

it might be a more probable source (Tessier et al . , 1994) . Aquatic 
animals are exposed to trace contaminants in solution and in the 

material they ingest, and bioaccumulation of Se is the result of 

additive uptake from different sources- Studies show that the 

principal pathway of Se transfer to f ish is via Se-contaminated 

food, while uptake of Se from solution is too slow to explain 

tissue concentrations in biota (Luoma et al., 1992). 

The biological pathways by which Se is transported in fresh water 

systems, the transformations that can occur via biological uptake 

and incorporation, and the potential for impact to the various 

trophic levels within the system are shown schematically in Fig. 

5.19. It is hypothesized that Se forms in the water are available 



to al1 organisms. However, a particularly important point of entry 

into the food web is likely to be the incorporation of inorganic Se 

by algae and microheterotrophs. Another possible link is uptake 

from sediments by benthic organisms. Both may transfonn Se to new 

forms, or pass it to higher trophic levels, finally reach f ish 

which sit on the higheat trophic level in lakes (Porcella et al., 

1991) . The chemical reactions # microbial proceases, biological 

uptake and excretion, biotransf ormation, sediment interactions and 

physical transport processes would determine the fate, distribution 

and chernical speciation for a given loading scenario (Cutter et 

al., 1990) . 

Fig 5-19 Potential C and Se Pathways in a Model Freshwater Ecosystem 

(Porcella et al., 1991) 



5.4.2 Cornparison of Se levels in Pike and Brown Bullhead between Ramsey 

and Bethel lakes 

In al1 cases, seleniun in Ramsey fish was higher than that in fish 

of Bethel, reflecting the exposure to the sediments. 

5.4.3 Cornparison of Se levels between Fish Muscle and liver 

Selenium levels in fish liver tissues were higher than those in 

muscle (Table 5.5). For perch, the highest ratio of Se levels in 

liver tissues to muscle was 1.8 times. For pike, it reached more 

than 3 times. And for brown bullhead, it was over 10 times and 

greater if individual samples are considered. 

Tissue Se distribution resulting from bioacccumulation varies 

somewhat among dif ferent studies, but in general, spleen, liver and 

kidney are the sites of highest accumulation while muscle tissue 

appears to be the least affected (Adams, 1976; Hodson et al., 

1980). It has been suggested that the high metabolic activity of 

the liver has a major role in Se excretion and that overloading of 

rate-limited steps in selenium metabolism is a cause of high 

accumulation levels in this organ ( Hilton et al., 1980). The 

results obtained in this study providsd some support to these 

predictions . 



5.4.4 Cornparison of Se levels among Fish Species 

In comparirig Se levels in f ish among species, mean values were 

employed (Table 5.5) . For f ish muscle tissues, the order of Se 
levels appeared to be Perch>Pike>Bullhead in both R a m s e y  and Bethe1 

lakes. While for fish liver tissues, the two lakes showed dif ferent 

patterns, with order of Perch>Bullhead>Pike in Ramsey and 

Bullhead>Pike>Perch in Bethe1 lake. The differences among species 

may result from their different feeding habits, food sources, 

uptake pathways, and mechanisms of accumulation, depuration and 

metabolic rate, etc. (Porcella et al., 1991) . The order of Se 
concentrations in f ish muscle seerned to be surprising because perch 

which is at the lowest trophic level turned out to have the highest 

Se level in fish, while bullhead which is a sediment feeder, was 

found to have the lowest Se level. For fish liver tissues, which 

are thought to be capable of bioaccumulating Se, no consistent 

biomagnification effects were observed among species, indicating 

that Se bioaccumulation up the trophic level does not always mean 

biomagnification, biominification may occur. 

The transfer o f  metals between trophic levels and the trend in 

metal concentrations along a food chain has been studied, and 

predators have been f ound to have either lower, the same or higher 

concentration of TE than their supposed prey. Biominification has 

also been reported for several rnetals in food webs ( H a r e ,  1992) . 

Besides, trophic relatedness can be overridden by behaviour and 
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physiological differences that affect the rates at which rnetal is 

assimilated and excreted by various species (Hare, 1992) . In 
addition, the chemistry and environmental conditions in lakes could 

cause differences of Se accumulation by fish. Perch, which is 

thought to feed on benthic insects or algae may obtain higher 

concentrations of Se resulting from the high potential of 

bioaccumulation of this element by algae and benthic insects. 

5.5 Concentrations of Hg in Fish 

Mercury in fish occurs almost entirely as methylmeucury in muscle 

tissues (Driscoll et al., 1994) , so that only total Hg was measured 

in fish muscle and liver tissues. 

5.5.1 Cornparison of Mercury in Perch among Lakes 

Mercury levels in perch muscle and liver tissues with a standard 

length (10cm) for the four lakes are given in Table 5.6. It 

appeared that in both cases, the control lake, Geneva had 

significantly higher concentrations of Hg than the other three 

lakes within the Sudbury area. For fish muscle tissues, the order 

was f ound to be Geneva>Laurentian>Bethel >Ramsey, while for fish 

liver tissues, it was quite similar except that the order of Ramsey 

and Bethe1 changed. It is obvious that in Lake Geneva, although 

being located outside of the Sudbury area and having the lowest 



mercury level in sediments, had the highest Hg level in f ish muscle 

and liver tissues. This supports the observations of some other 

researchers (Wren and Stokes, 1988) who also indicated in their 

studies that lower mercury levels were found in fish of Sudbury 

area lakes when compared to other remote lakes. 

It was proposed that Se might be the rnost probable cause of the low 

level of mercury, The regression between Hg and Se in perch muscle 

and liver (Fig 5.20 to Fig 5.23) indicated that although not 

significant, they seemed to be inversely related. If the data for 

Bethel lake is removed, then the three other lakes showed clear 

inverse relationship between Se and Hg in fish. The reason for the 

quite odd value for Bethel Lake is not clear. However, this lake is 

much more eutrophic with levels of phosphate, nitrate and DOC 

significantly higher than those in the other three lakes. It may 

cause a difference in the bioaccumulation of one or the two 

elements in fish of Bethel Lake. More lakes will be needed to study 

in order to get a more clear picture of Se-Hg relationships, In 

addition to selenium levels, chemical and/or environmental factors 

could also explain the differences of Hg levels among lakes. 

Dissolved Organic Carbon (DOC) , pH, sulf ide, aluminum, etc, were 

reported to affect the Hg content in fish (Driscoll et al., 1994). 



Table 5-6 Hg Concentrations with Standard Fish Lengths among Lakes and Fish Species 

Ramsey Bethe1 Laurentian Geneva 

Muscle Liver Muscle Liver Muscle Liver Muscle Liver 

ccds ccdg pg/g pg/g pg/g pg/g pg/g pg/g 

Perch O .  069k O .  062k O .  0881 0 .0441  O .  1131 O .  0931 0 .2391  0 .1951  

( locm) 0 . 0 6 9  O .  0 3 1  O .  043 O .  055 O .  0 5 1  O .  052 0 . 0 3 6  O .  O68 

Pike 0 .2401  0 . 0 7 0 î  O .  2321 O .  O711 

(40cm) 0 . 0 9 0  0 . 0 1 0  O. 036 O .  016 

X SD is pre~ented, X standards for Hg concentrations calculated from the regtession line 

between [Hg] ,, and f ieh length at the correeponding standard f ieh length, while SD etande for 

the standard deviation of the "y" estimate for the regreesion line. 



Fig 5-20 Relationship between Se and Hg Leveis in Perch Muscle with Standard Fish Length(1ûcm) 

for the 4 Lakes within or outside the Sudbury area 





Fig 5-22 Relationship between Se and Hg Levels in Perch Liver with Standard Fish Length(l0cm) for 

the 4 Lakes within or outside of the Sudbury Area 





5.5.2 Cornparison of Hg levels between Fish Muscle and Liver 

In al1 cases, mercury levels were found higher in fish muscle than 

liver tissues (Table 5.6). Unlike Cu and Se, Hg was reported to 

accumulate mainly in fish muscle tissues rather than the rest organ 

or tissues. This may result from the high lipophility of Me-Hg 

which is thought to be the main chemical f o m  of Hg in fish (Bloom 

1992). Our results support his study. 

5.5.3 Cornparison of Mercury levels among Species 

Based on the fact that Hg is found to be bioaccumulated mainly in 

fish muscle, only muscle Hg levels were employed to make the 

cornparison among fish species and mean Hg values were applied. The 

orders of Hg levels were found to be Pike>Perch>Bullhead in both 

Ramsey and Bethe1 lakes (Table 5.7). As expected, Hg is 

bioaccurmilated by fish efficiently, the results obtained in this 

study confirmed the biomagnification effect of this element up the 

food chain. Since Pike is the potential predator on perch, and 

sometimes on brown bullhead as well, it had the highest level in 

its muscle. Aithough bullhead is a sediment feeder, it did not 

appear to bioaccumulate Hg more efficiently than the other two 

species. It may indicate that bioaccumulation of this element by 

fish occurs mainly in the water column rather than in the 

sediments . 



Table 5-7 Mean Values of ECsh Hg Concentrations, (Meanf SD), range of 

concentrations are given. (for muscle) 

R a m s e y  Perch 12 

Bethel 

L a u r e n t  ian 

Geneva 

R a m s e y  

B e t h e l  

R a m s e y  

Bethel 

P e r c h  

Perch 

Perch 

Pike 

Pike 

B u l l h e a d  

B u l l h e a d  



Table 5-7 (continued') Mean Values of Fish Hg Concentrations, 

(Meanf SD), range of concentrations are given(for liver). 

R a m s e y  

B e t h e l  

Laurentian 

Geneva 

R a m s e y  

B e t h e l  

Rams ey 

Bethel 

Perch 

Perch 

P e r c h  

Perch 

Pike 

P i k e  

Bullhead 

Bullhead 



6. Environmental Assessrnent 

6.1 Trace Element Pollution Situation in Fish of the four Lakes 

The mean values of Cu concentrations found in fish muscle tissues 

were from 1.37-2.75 pg/g dry wt (Table 5.5) , Cu levels were 

relatively constant among species, the lowest individual value was 

found to be 0.73 pg/g  in a Ramsey pike, while the highest to be 

4.99 pg/g in a Bethe1 perch (see appendix 5) . Most of the f ish 
tested had Cu levels in fish muscle tissues at 1-3 pg/g dry wt. 

Since Cu is basically a nutrient to organisms, it would not likely 

cause severe environmental problems unless the levels are extremely 

high. For liver tissues, the mean levels were found to be in the 

range of 6.97-164.07 pg/g  dry wt. The lowest individual level was 

found to be 5.60 pg/g in a Geneva perch, while the highest appeared 

to be 499.29 pg/g in a Laurentian perch. When compared to fish 

muscle tissues, much higher levels were found in liver. For the 

people who are exposed to edible fish, it would not result in 

detrimental effect. However, for the fish themselves, too high 

levels of this element might cause toxic effects. The exact 

detrimental level has not been well established. 

The mean values of selenium concentrations in fish muscle tissues 

were in the range of 0.98-7.67 pg/g d q  wt. The lowest individual 



was found in a Bethel bullhead at 0.29 p g / g ,  while the highest 

appeared in a Ramsey perch with the concentration of 10.64 pg/g 

(see appendix 5). For liver tissues, the mean values ranged from 

3.12-14.28 pg/g dry wt. The lowest individual appeared in a Bethel 

perch with 1.61 pg/g of Se level, while the highest in a Ramsey 

perch with the level of 29.21 pg/g. The suggested toxic threshold 

for Se in muscle tissues is 3 pg/g wet weight (Lemly, 1994). If 3 

pg/g wet wt is used as the toxic threshold, the corresponding dry 

wt equivalent would be 15 pg/g given that fish tissue consists of 

about 80% water content as observed in this study. No mean Se 

levels in muscle tissues were beyond the safe range, neither was 

any individual fish. 

For mercury, which is of most concern, mean values for muscle 

tissues ranged from 0.114 to 0.284 pg/g dry wt which were 

relatively low. The lowest individual appeared to be a Ramsey 

bullhead with level of 0.035 pg/g, while the highest level was 

f ounds in a Ramsey pike with 0.531 p g / g  of Hg (see appendix 5 ) . For 

liver tissues, the mean levels were shown lower than those in 

muscle ranging from 0.051-0.197 pg/g  . The lowest individual level 
was 0.027 pg/g in a Ramsey bullhead, while the highest was 0 -288 

ug/g in a Bethel perch. According to the recommended consumption 

value 0.5 pg/g (Driscoll et al., 1994), only one individual out of 

82 f ish sample tested was found to exceed the recommended level. 

Almost in al1 cases, for the four study lakes, Se and Hg content in 

fish were found to be in the safe range, 



One of the rnost meaningful aspects observed in the study is that 

Geneva Lake which is located farther away f rom the Sudbury area 

with the lowest sediment metal loads, including mercury, had the 

highest Hg levels in fish tissues. This finding suggested that the 

bioaccumulation of mercury by fish would be controlled by some 

factors other than the mercury loading. 

In evaluating the metal pollution problems, the total amount of 

elements might not be sufficient to provide an objective judgement. 

Speciation of TE would be more suitable. The importance of 

speciation for TE has been widely reported (Porcella et al., 1991; 

Tessier et al., 1994; Hare, 1992) . 

Some physical and chemical parameters such as pH, DOC, Al can also 

influence the bioaccumulation or formation of the methyl mercury 

(McMurty, 1989 ; Gagnon et al. , 1996; Driscoll et al. , (1994) ; Suns 

and Hitchin, 1990); DOC and pH were found to be significant 

predictors of mercury concentration. The effect of pH on mercury 

levels may arise from the fact that acidification of a lake may 

cause an increase in desorption of mercury from suspended particles 

and thereby increase the availability of mercury for methylation 

reaction (Wood, 1980). The increase of acidity may also favour the 

formation of methyl mercury. While the effect of DOC on 

bioaccumulation of Hg may result frorn the strong affinity between 

metals and organic matter, especially humic substances (Porstner 

and Wittmam 1979) . Organo-metallic compounds present in soils, 



lake sediments, and lake water are carried through the watershed 

via run off. Lakes receiving greater amounts of h d c  matter 

probably also have increased loading of mercury. However, because 

of the affinity between DOC and metals, it may limit the 

bioavailability of metals, thus resulting in a negative 

relationship. 

Even with the small number of lakes in the present study, lake pH 

and DOC concentrations were related to mercury levels in perch 

muscle tissues. 9 values were found to be 0.153 and 0.877 for pH 

and DOC respectively, and the corresponding correlation coefficient 

was -0.391 and -0.936 (Fig 6.1 and Fig 6.2), indicating that 

negative relationships existed between pH, DOC in water column and 

mercury level in f ish muscle. Although not signif icantly, since pH 

in Geneva lake is lower than the other three lakes, it may explain 

the high mercury levels inside the fish body at least to some 

extent, while how DOC influences the bioaccumulation of Hg seerns to 

be relatively more complicated. The low DOC level in Geneva may 

result in more bioavailable Hg for fish to assimilate due to the 

less amount of Hg associated with DOC. 



Eïg 6-1 Relationship behveen Lake pH and Perch Muscle Hg Levels with Standard Fish Length(l0cm) 

for the 4 Study Lakes within or outside the Sudbury ara 
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In addition, located out of the Sudbury area, and receiving the 

lowest metal input in its water body, Lake Geneva is expected to 

have the lowest metal pollution among the four lakes. It may 

contribute to the highest mercury content in fish resulting from 

much less competition on the absorption or assimilation sites for 

metals. 

6.2 %Hg Interaction 

Selenium has been known to be an essential nutrient for plants, 

animals and humans for nearly four decades (Kolbl, 1995) . A 
suf f icient intake of selenium has been reported to reduce the risks 

of heart disease and cancer (Jackson, 1986) . It is an integral part 
of several enzymes and other proteins (Stadtman, 1990; Wendel, 

1992) . In animals, Se can reduce toxic ef fects of heavy metals such 
as arsenic and mercury (Levander, 1982) . Researchers reported the 
lower mercury level in fish in Sudbury area and proposed the 

possible antagonistic effects between Se and Hg (Wren and Stokes, 

1988); however, no evidence was obtained in their study. Reduction 

of Hg bioaccumulation in biota by selenium addition in labs or 

lakes was reported (Rudd et al. , 19 83 ) ; however, no clearly inverse 

relationship between the two elements has been reported in natural 

systems without any human-designed intervention. The inverse 

relationship between Se and Hg in fish muscle tissues obtained in 

our study is clear and no similar report has ever been presented so 

far. However, more lakes wi11 need to be added for the future 



studies in order to make the picture more clear. Turner and Rudd 

(1983) reported that accumulation of mercury was reduced in several 

biota by adding 100 ug/L Se in water, the reduction in f ish was 

proportional to the amount of Se accmlated. Se was also reported 

to have the ability of alleviating Hg poisoning in fish consumers; 

however mechanisms of Se to reduce the Hg bioaccumulation and 

toxicity are not well established, routes of Se uptake and how it 

functions as the inhibitor of Hg need to be investigated further. 

According to Turner and Swick (1983), it is inferred that selenium 

can be incorporated into the food web, and fish accumulated Se from 

water as well, thus interfering with the bioaccumulation of Hg- 

The studies of chemical and biochemical relationships between Se 

and Hg have shown that in addition to both compounds being 

accumulated in f ish, Se also interacts metabolically with heavy 

metals, e.g., reduces methylmercury and inorganic Hg toxicity 

(Paulsson and Lundbergh, 1989). The complex biochemical mechanism 

responsible for the antagonistic effect of Se on Hg has not been 

f ully established; however , conceivable explanations may lie in the 

competition for the bonding sites in the body tissue, the reduction 

of methylmercury and the influence on methylation processes. 



A number of conclusions have been drawn from this study: 

1 . Many efforts were put on the analytical method development 

and analytical quality control. Instruments involved in this 

study included A l S I  GFAAS, HGAAS, ICP-MS and CVAFS. The 

final selections for Cu, Se and Hg analysis were mainly 

based on the sensitivity requirement. GFAAS was employed for 

Cu and Se analysis while ICP-MS was used for Hg. The 

reliability of instrumental performance was tested by CRMI 

excellent results were obtained in al1 cases. Special 

attention was paid on the quality control of analytical 

data. Duplicate and/or triplicate samples were used to 

test the precision of the analysis, and CRM were applied to 

monitor the accuracy. Good results were achieved with small 

RSD and good recoveries. 

2. Bioaccumulation of the three TE by fish showed different 

patterns. The bioaccurmilation processes did not seem to 

occur for Cu. As this element is essential to living 

organisms, its intracellular concentration is known to be 

highly regulated. On the other hand, Selenium appeared to be 

bioaccumulated by fish. Significantly positive relationships 

were found if Se levels in fish were related to lengths, 



bioaccumulation of this element over lifespan of the organism 

would be the possible explanation. Se concentrations in fish 

were also found to reflect exposure to lake sediments, 

indicating the possible source of this element from the 

sediment by either direct uptake by sediment feeders i.e., 

bullhead, or biomagnified up the food chain. Mercury was f ound 

to be bioaccumulated most ef f iciently in this study. It seemed 

that bioaccumulation of Hg did not represent the exposure 

loadings from sediments, indicating the existence of some 

other factors regulating the processes. Lake pH and DOC were 

related to Hg in fish, and inverse relationships were observed 

for both of the chernical parameters. The effects of pH on Hg 

bioaccumulation might arise from that acidification of lakes 

could release more bioavailable metals to fish, and low pH 

would favour the methylation of Hg. DOC would affect the 

process by two quite different ways. Both were based on its 

high affinity for Hg, so that it could either be regarded as 

a source of Hg to lakes, or as a limiting factor which would 

associate with Hg, thus lowering its bioavilability. It was 

believed that the latter case dominated in our study. 

3. As higher Cu and Se concentrations were associated with the 

fish liver tissues than in muscle, while a reverse trend was 

observed with Hg, it is quite likely that concentrations of 

the 3 TE in these organs may be controlled by different 



interna1 biologicval processes. 

4.  Relative importance of waterborne or foodchain effect on 

bioaccumulation of TE by fish was not established in this 

study, the lack of information on Se and Hg concentrations in 

lake water limited the possibility of making any judgement on 

this point. 

5. Lake Geneva, which is located outside the Sudbury area 

turned out to have signif icantly higher Hg contents in f ish 

than the other 3 lakes within Sudbury. Lower pH in Geneva 

lake could contribute to the higher Hg contents in fish to 

some extent; less metal inputs for this lake might lower the 

cornpetition effects of metals on the assimilation sites in 

fish; clear inverse relationship was found between Se and Hg 

concentrations in fish, it is believed that Se would be the 

rnost probable reason for low Hg content in fish in the 

Sudbury areas lakes. The mechanisms for Se to regulate the 

bioaccumulation of Hg are far from well established. Much 

further research will have to be undertaken in an effort to 

elucidate this phenornenon. 

6. ûverall, the complexity of aquatic systems makes it 

difficult to draw a clear picture of bioaccumulation of TE by 

fish. Chemical, environmental, and biological parameters, 

speciation of TE will al1 contribute to the net 



bioaccumulation, Therefore, al1 these factors will have to be 

considered in order to make an objective judgement on the 

bioaccumulation of TE by f i s h  and its environmental impacts. 
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Appendiv 1 Results of Spiked Hg Standard Solution into CRM and 

Digestion Blanks 



Appendix 2 ResuIts of pH and Total Cu Concentrations in the 4 Study 

Lake Water within or outside the Sudbury Area 

1 Results of pH and Wafw Cu Concenlratiuns In the 4 Studv Lake# 1 

Bethel 

I I I 1 Geneva 1 6.576 1 1.66 1 1.8 1 
Laurentian 

7.646 

6.537 

6.06 2.6 

10.64 2.3 



Appendix 3 ReSults of Total Cu, Se and H g  Concentrations in the 4 Study 

Lake Sediments within or outside the Sudbury Area 

1 ~e&lts of Sediment Cu, Se 8nd Ha Concentrations and Water Contents in the 4 Stu& L8km 1 - 
Lake Cu(ug!g) CV(%~ se(uglg) CV(%) Hg(uglg) CV(%) ' Water(%) 

Geneva ! 8.58 
1 1 1 1 I 1 

1 4.8 1 0.085 1 1.4 1 0.136 1 4.5 1 75.6 1 
Laurentian 1 44.67 

I 

drywt dry wt 
Ramsev 670.34 1 3.8 1 1.290 

. drywt n=4 n=4 

I 

n=4 

2.5 0.202 
v 

78.2 
I 

4.1 1 0.320 

1.5 4.3 

4.7 

82.3 0.560 



Appendix 4 Results of Total Cu, Se and Hg Concentrations in Fish with 

Standard Lengths in the 4 Study Lakes within or outside the Sudbury 

Area 

r Se ConcsnCratlons with Stardard Lenath Amana Flsh and Lake8 1 



Appendig 5 Results of Total Cu, Se and Hg Concentrations in Individual 

Fish Samples in the 4 Study Lakes witbin or outside the Sudbury Area 

Appendix 5.1 Results of Total Cu and Se Concentrations in Fish Muscle 

Tissues in the 4 Study Lakes wiithin or outside the Sudbury Area 



Appendix 5.1 (continued) Results of Total Cu and Se Concentrations in 

Fish Muscle Tissues in the 4 Study Lakes within or outside the Sudbury 

Area 



Appendix 5.1 (continued) Results of Total Cu and Se Concentrations in 

Fish Muscle Tissues in the 4 Study Lakes within or outside the Sudbury 

Area 

36-2 
38-1 

Mean Vaiue(n=l'l) 
SO(standad deviath) 

~amp(e ID 

246 r 296 1 1.53 ' 
1.- 1 0.65 

241 1 0.98 
0.56 

Cu (Wg) 

G m v a  Perch 7-1 j 27Jun 7 

2SJun 1 36.5 1 7126 
25Jun f 38.3 ! 787.4 

i 24.7 ; 3162 
i 9.2 1 261.6 0.47 

Se (Wg) 

' 5.3 1 291' ! 293 t 1.8% 

WeigM 
(g) 

Sample Date Length 
(cm) 

3.33 
251 
274 
3.14 
2 1  1 
265 

7-2 f n J u n  t 7 2  1 5.3 7 . S  
7-3 1 273un , 7.8 f 6.9 1 293' 
7 4  i 273un i 7.1 j 5.3 i 3.07 
7-5 3dul 1 7.8 j 6.0 ' 0.96 

0.75 
151 

7-0 1 27Jun j 7.4 

7 8  [ N u l  1 7.6 1 4.9 

4.8 j 209 1 283 
7-7 f 27Jun i 7.5 4.7 

11-1 1 27Jun 1 112  , 18.5 1 1.6511296' 4 . 1 4 ~ 2 7 %  
11-2 1 27Jun i 11.5 i 176 1.55 

Mean Value(n=lO) 1 8 2  : 7.9 j 1.37 
SD(standard cieviation) 1 1 2 4  , 1.6 1 0.47 

4.30 
295 
0.47 ' contaminateci &y metal container so th !  îhey were exdoded from the wWe resuits 

' 

Se (uglg) 

210  
2.40 
1.77 
3.04 
2.1 8 

Cu (Wg) 

4 2 6  
3.13 
1.75 
2 1  
3.07 

çam9(e 10 

Whet Perch 7-1 to 4 

Length 
(cm) 

Sample Date 

13-Jun 

13-1 
14-1 

Weight 
(9) 

8-1 7 
9-1 
9-3 
8-2 

204 1 1 .% 
1.4&3.4% 1 1.82 

278 236 

7.3 : 4.4 

2Wun 
13-Jun 

3.61 
15-3 
16-2 
17-1 

13.1 1 422  
14.8 : 425 

151  1 13-Jun 
15-2 ] l W u n  

13-Jun ' 
13-Jun 
134un 
13Jun , 

200 
15.0 ] 39.3 
15.7 1 54.3 

8.6 / 6.9 
9.7 1 11.0 
9.7 1 10.0 
8.7 1 6.9 

13-Jun : 15.8 j 44.9 i 3.W j 255 
13Jun 16.0 ' 56.3 1 4.--4% 2.52t4.8% 
13-Jun 1 17.6 

18-1 , 13-Jun 1 18.5 
64.1 ! 262 1 2.35 
83.3 1 252 1 2 4  1 

18-2 1 2Wun j 18.8 ! 99.7 1 1.3 : 283 
141  1 13-Jun ! 19.5 ;  929 1.35 i 1.56 
25-1 i 2 ~ u n  1 25.0 , m.7 ; t.S6 1 2.28 

2.64 
3.16 
2.32 
0.43 

Se (ugg) 

25-2 ! Pû-Jun : 25.5 1 244.4 f 242 
31-1 j 2Mun j 31.2 i 4432 1 1.82 

251 
0.87 

Cu (ug/g) 

Laurentian Perch Q I  ; 26-Jun i 9.9 ; 9.8 

Mean VaIue(n=l8) 1 1 16.1 ! 875 

4.42 i 3.95 
10-1 1 25Jun j 10.01 11.0 i 3.35 ] 4.14 - 
10-2 1 W u n  ! 1 0 . 0  1 112  i 211 i 5.34 
12-3 I 283un 1 12.3 : 2û.O 1 1.48 i 5.62 
144  26Jun 1 142 j 30.7 1 206 1 5.18 

SD(standard deviation) 

Sampie ID Sample Date 

6.3 j 109.0 

Lengîh 
(cm) 

WeigM 
(g) 



Appendix 5.1 (continued) Resuits of Total Cu and Se Concentrations in 

Eïsh Muscie Tissues in the 4 Study Lakes within or outside the Sudbury 

Area 



Appendix 5.2 Results of Total Cu and Se Concentrations in Fish Liver 

Tissues in the 4 Study Lakes within or outside the Sudbury Area 



Appendix 5.2 (contiuned) R d t s  of Total Cu and Se Concentrations in 

Fish Liver Tissues in the 4 Shidp Lakes within or outside the Sudbury 

Area 



Appendix 5.2 (continued) ReSults of Total Cu and Se Concentrations in 

Fish Liver Tissues in the 4 Study Lakes withi. or outside the Sudbury 

Area 

10-1 
10-2 
1 M  
114 

Gnwp 1' 

1 Wun 
1Wun 
lWun 
l W ~ n  
Jum 

12-2 

10.0 10.1 1 50.00 5.45 
10.0 ) 18.4 1 23.56 13.31 

_ 10.1 1 10.1 ! 22.85 1 16.40 
11.5 1 14.4 1 5455 i 755 

1 Wun 
11.8 
125 

17.9 1 39-70 16.95 
2021 17.69 1 10.29 

161 I W u n  i 142 1 30.7 1 41-01 i 6.40 
14-6 1 -un 14.8 1 36.7 1 57.76 8.80 
153 26dun ! 15.9 ! 43.6 i 499-29 ! 15.76 ' 

1 M  1 W u n  1 16.1 1 41.1 j 88.80 i 10.70 ' 
17-1 ] =un 

- -  
, 1 7 2 i 5 3 . 8 1  100.10 : 11.46 

142 .[ 2 B J Ü n T - w  
Mean Value(- 1 O) i 14.1 1 332 i 164.07 i 11.11 

so(standard deviaüori) i 1 3.0 1 17.4 : 143.96 . 3.47 
' mixture of several river sampks t 

1 

t I 

13-2 l lWun 

Smpk ID 

Geneva Perch 7.18' 

14-1 
Giwp 2' 

132 246 1 117.71 j 1831 
14.8 ! 30.3 1 33.26 ! 9.97 
14.3 1 30.1 i 96.42 1729 
15.5 1 39.8 1 6930 16.85 
15.1 1 352 1 26.08 19.48 
15.4 1 312 1 4229 1 17.41 

lWun 
June 

16.5 
17.0 
18.0 

11-1 ! 3 4 1 1  ! 112 ! 18.5 1 7.56 4.08 
11-2 I WUI ) 11.5 j 17.5 1 7.75 4.1 1 

Mean Value(m3) I 1 O 1 13.7 i 6.97 3.66 - 
SD(standard deviation) I 1 t.8 6.1 i 0.97 

- 
0.62 

mixture of seveml Iiver sampieg 1 1 I I 

Totally 105 fish ber samples dom for Cu and Se anabria 1 1 I 

Conœnûatiom insm calcuîated barad on dry wdgM of tlrh 1 

Sample Date 

W u l  

44.0 56.34 
54.0 1 43s 
728 1 56.09 

Grwp 3' ! Jurm 
15-2 lWun 
151 i lWun 
16-2 1 2lJun 
17-1 ' 1Wun 

Length 
(cm) 

2921 
24.m 
13.76 18-1 

192 
21 -1 

19.5 f 84.2 f 15.89 i 7-12 
21.4 j 117.7 1 14.78 j 15.00 ' 

23.7 i 140.8! 258.13 ] 17.33 ' 

242 / 131.7 1 305.00 i 17.54 ' 

25.6 i 170.5 ' 289.60 1 19.68 

21 Jun 
213un 
21 Jun 

14.3 1 43.8 
5 2  1 46.2 

7.6 1 5.1 1 5.60 I 278 

WeqM 
(g) 

74.20 ! 1 4 ~  
79.80 1 5.66 

23-2 
24-1 
251 

Mean Value(nd-6) 

I 

1SJun 
1 M u n  
1 M u n  

J 

1 1 4 

Cu (ug/g) 

Length 
(cm) 
9.8 
10 

11.8 

Se (Wg) 

SD(standard deviaüorr) 1 
* m r e  ot several iiver samples 

ample ID 

123 j 20.0 i 50.66 , 7 . 4  ' 

Wei!@ 
(9) 

10.6 

Date 

Laumtian Perch Group 1' 1 June 
Gloup 2' 1 June 
Gloup 3' I Jum 

1 2-3 j =un 1 

111 i 306.89 12.813 
18.9 1 287.90 : 1218 

(W9) Sa (Wg) 

66.07 I 7.88 ' 



Appendix 5.3 Results of Total Hg Concentrations in Fish Muscle Tissues 

in the 4 Study Lakes within or outside the Sudbury Area 

ResuIt. of Hg Comantt.Llonr ln Fkh Muscle k, Um 4 h h a  
I I 1 1 



Appendix 5.3 (continued) Results of Total Hg Concentrations in Fish 

Muscle Tissues in the 4 Study Lakes within or outside the Sudbury Area 

*~0(s&ndard deviatiari) 5.7 1ï27 0.083 

samPls ID Sample Oate Length WeigM Hg(ug(g) 



Appendix 5.3 (continued) R d t s  of Total Hg Concentrations in Fish 

Muscle Tissues in the 4 Study Lakes within or outside the Sudbury Area 



Appendix 5.4 ResuIts of Total Hg Concentrations in Fish Liver Tissues in 

the 4 Study Lakes within or outside the Sudbury Area 

I Resuît.8 of Hg Concentrations In FIsh Liver In the 4 Lakm 
1 I 1 1 I 

' a mixture of several sawlees 

Sample 10 Sampie Date Lerigth 



Appendix 5.4 (continued) Results of Total Hg Concentrations in Fish 

Liver Tissues in the 4 Study Lakes within or outside the Sudbury Area 

I 
Rarnsey BR 16-1 1 213un .. 16.0 83.1 0.027 

20-1 1 1Wun 202 1 120.7 0.034 
20-1 ! 1Wun , 202 1120.7 0.034 
2G2 1 21dun 205 147.0 0.052 
24-1 1 1SJun 1 2 233.9 0.032 
2 6 1  1 2 0 4 ~  ' 26.5 245.7 0.145 

' 

20-1 1 1Wun 28.8 352.0 0.05 
291 1 lOJun 29.4 389.1 0.064 
30-2 1 1Wun 302 407.7 1 0.068 
33-1 1 21 Jun 1 33.0 593.0 1 0.047 
33- 1 1 2lJun 
33- 1 1 213un 
33- 1 1 2lJun 
34-1 i 2 i J m  

Amrage(n=ll) 1 1 25.8 1 2982 1 0.055 
SD(standard deviation) 5.7 1 174.0 j 0.033 

1 1 1 I 
I 

33.0 
33.0 
33.0 

593.0 1 0.052 
' 

553.0 1 0.055 
593.0 i 0.051*7.9% 

34.5 1 587.8 1 0.042 



Appendix 5.4 (continued) ResuIts of Total Hg Concentrations in Fish 

Liver Tissues in the 4 Study Lakes within or outside the Sudbury Area 
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