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ABSTRACT 

Lake St. Clair is a small semi-circular lake located between Lake Huron and Lake Erie. A 

significant portion of Lake St. Clair is bounded by parts of the Metro-Detroit and Greater 

Windsor areas. A review of past studies sliowed that no significant study of Lake SI. 

Clair water chemistry has been conducted in the recent past. Therefore no updated 

database for the lake existed. lt was therefon decided to undertake a geochernicai study 

of the water in Lake St. Clair to detemine the water quality of Lake St. Clair with respect 

to heavy metals and certain other trace elements. Water sampling took place in the 

months of July, August and September of 1998. Analysis of the water samples was 

conducted using an hduciively Coupled Plasma Mass Spectrometer and an Inductively 

Coupled Plasma Optical Emission Spectrometer. A GIS database was developed to carry 

out spatial analysis of the results. The results were used to simulate a water quality mode1 

of the lake. Results of the Geochemical survey indicate that the Clinton River appears to 

be a significant source of contamination. Cornparison of these results with the water 

quality mode1 led to the conclusion that desorption and atmosphenc deposition are 

playing an important role for certain elements. It is expected that this study would help 

M e r  the undetstanding of the Lake St. Clair contamination puzzle. 
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1- INTRODUCTION 
The quality of water that we ingest as well as the quality of water in our lakcs, 

streams, riven and oceans is a critical parameter in deterrnining the ovedl  quality of our 

lives. Water quality is determined by the solutes and gases dissolved in the water, as well 

as the matter suspended in and floating on the water. Water quality is a consequence of 

the physicai and chernical state of the water as well as any alterations that may have 

occuned as a consequence of human activity. The usefuiness of water for a particular 

purpose is determined by the water quality. If human activity alten the water quality, so 

that it is no longer fit for uses for which it was previously suitable, the water is said to be 

polluted. So, water pollution may be defined as the artificially induced degradation of 

n a d  water quality (Fetter, 1994). 

A significant portion of Lake St. Clair is bounded by parts of the Metro-Detroit 

and Greater Windsor areas. Lake St. Clair is critical for a large number of activities for 

the people living in its vicinity, such as domestic, recreational, agriculhual and industrial 

uses. Lake St. Clair is emptied by the Detroit River, which then diains into Lake Erie. 

Thus it is important for the people living in its vicinity as well as those living and using 

the water downstrearn to know about the present and fiture state of the water quality of 

Lake St. Clair. 

It was thrrefore decided to undertake a geochernical study of the water in Lake Si. 

Clair to determine the water quality of Lake St. Clair with respect to heavy metals and 

certain other trace elements. The methodology involved four stages; 

the collection of water samples fiom the lake; 

preparation of the water samples for analysis; 



instrumental analysis by ICP-MS (Inductively Coupled Plasma Mass Spectrometry) 

and ICP-OES (Inductively Coupled Plasma Optical Emission Spectrometry) and 

ha l l  y; 

construction of a water quality mode1 using the UrM/WASP+ (Windows Water 

Quality Analysis Software Program) program. 

Two methods of sample preparation were undertaken. This was to compare the 

resulting data. One involved the standard filtration of the water samples using a vacuum 

filtration procedure to remove suspended particles larger than 0.45p, whereas the other 

consisted of centrifuging the water at a rate of 10,000 RPM (rotations per minute) to 

remove suspended solids. The purpose of centrifbging the samples was to see whether it 

would better serve the purpose of preparation as compared to filtration, or not. 

1.1 LITERATURE REVIEW 

This literature review was carried out to summarize work conducted in research areas 

relevant to tliis thesis project. The review focused on studies conceming the distribution 

of heavy and trace metals in Lake St. Clair and modelling pmjects carried out in the same 

lake. Studies reviewed for this purpose are summarized in the following sub-sections. 

1.1.1 HEAVY AND TRACE METAL DISTRIBUTIONS IN LAKE ST. CLAiR 

Concerns have &sen about the extent of contamination in the Great Lakes region. 

This has led to many studies that assessed the level of pollution in the water and 

sediments of the area (Goldberg et al., 198 1 ; Hoff, 1994; Wong et al., 1995). The primary 

objective of these studies was to quantify the amount of heavy metal loading of the 

system and to investigate the sources and pathways of metal loading (Hoff, 1994; Shaw 



et al., 1990). Contamination of Lake St. Clair sediments was investigated by Rossman 

and Borres (1 988) and Thomas et ai. (1975), who found that the sediments contained high 

concentrations of  heavy metals. These high values pose a threat to the water quality of 

Lake St. Clair. 

Mudroch and Hill (1989) collected sedhent cores £kom Lake St. Clair in 1985 

and in the St. Clair River in 1986 to investigate the horizontal and vertical distribution of 

Hg in the sediments. They found that the Hg concentrations in the sediments of Lake St. 

Clair decreasrd wi th depth. 

Toms (1999) studied the Hg and methylHg in the sediments of Lake St. Clair. 

Overall he foiind that Hg levels had decreased over the 13 years since the last study of 

that nature was conducted. Maximum concentrations have dropped from levels > 3pglg 

to 0.9 pdg. He felt that the measued Hg was deposited recently and due to 

anthropogeniç factors. 

Shwctz (1998) analyzed sediments from Lake St. Clair and the Detroit River to 

determine amounts of Pb, Zn, Ni, Cu and Cr. She found that the highest concentrations of 

Pb, Zn, Cu and Cr and the second highest concentrations of Ni were obtained nom a 

sample near the center of Lake St. Clair. She felt that this suggests the site is a repository 

for metal accumulation. She also found that Lake St. Clair sediment possessed the less 

easily extractable forms of metals than Detroit River sediments, associated with the 

organic and red uc ible sediment phases. 

Theodory (1998) studied zebra mussels to d e t e d e  heavy metal (Fe, Zn and 

Mn) poilution. He found that average concentrations of the heavy metals Fe, Zn and Mn 



in the mussel shells were 149 f 102, 9 i 8 and 14 f 7 ppm (parts per million) 

respectively. Other studies, carried out in Lake Erie and the other Great Lakes, employed 

molluscs as biomoniten to investigate pollution trends of heavy metais in industrial and 

urban areas (Al-Aasm et al., 1998; Elder and Collins, 1991). Such organisms can 

accumulate Iieavy metals in their tissues and biomagniq existhg levels in the aquatic 

environment (Amiard et al., 1986; Broman et al., 1991; Coleman et al., 1986; Sadiq and 

Alam, 1992). Recent studies have also dealt with heavy metal concentrations in mussels 

and the associated sediments. A significant relationship was found between heavy metal 

concentrations of the sediments and that of associated mussels, where an increase in the 

metal content of the sediment was accompanied by an increase in the metal content of the 

mussel tissues (De Gregori, 19%; McConchie and Lawrence 1991 ; Stoepler 1992). Thîs 

type of rescarc h helped develop bioaccumulation models to assist in the development of 

hydrodynamic and pollutant fate models for the Great Lake waters. 

1 . 2  MODELLING OF THE LAKE ST. CLAWST. CLAIR RIWR WATER 

SY STEIM 

Chapn (1997) writes that in contrast to flowing waters, lakes were not 

emphasized in the early years of waterquality modelling. However, starthg in the 70's it 

was recognized that their use for water supply, hydropower and flood control was highly 

significant. ktodelling of lake phenomena has since been pursued by many scientists and 

engineers. 

In 1984 scientists at the National Water Research Institute at the Canada Center 

for Inland Waters in Burlington modelled the fate of seven volatile hydrocarboos in Lake 

St. Clair. Halfon et. al. (1990) simulateci the fate of bromodichloromethane, carbon 



tetiachloride, chlorofom, Freon 12, 1 , 1 , 1-trichloroethane, trichloroethylene and 

tetnichlomethylene. niey used the TOXFATE model coupled with a hydrodynamic 

model. The mode1 was driven by estimated contaminated loads, by which is meant 

pollution input, and used meteorological data during May and June 1984. Results were 

compared with data collected at 5 1 lake stations on 18-21 June 1984. The predicted 

model results were compared with observed relative amounts of the seven hydrocarbons 

in the lake during the four day period. The cornparison showed good concurrence 

between the two sets of results. This study showed that if appropriate loading values were 

available to the TOXFATE model, it could reliably predict the fate of these hydrocarbons 

in Lake St. Clair. Furthemore the model could be used to simuiate different scenarios of 

increased and decreased loadings over a limited time span. This would be done by using 

hypothetical loadings, and if wind data and water temperatures conditions were available 

in real tirne. the model could be used to follow an actual spi11 in the St. Clair River. 

I bra h i m ( 1 986) completed a simulation of pollutant transport responses to loading 

and weathcr variations in Lake St. Clair. The United States Environmental Protection 

Agency (USEPA) TOXIWASP model was used to simulate interactions between 

sediments and contaminants. The model was verified by comparllig the shuiated results 

with meûsurcd levels of HCB (harachlorobenzene) in the Si. Clair River and similarly 

with measurcd concentrations of Cd in the Detroit River. The field sampling for these 

measurements were carried out in the sumers of 1984 and 1985. His results for Cd 

indicated high levels in most bottom layers of water in Lake St. Clair and the Detroit 

River (up to 0.225 micrograms/kg). He felt that these high levels of Cd were the result of 



atmospheric deposition. Furthemore, he speculated that the source of this atmospheric 

Cd was the Wayne County Industrial Complex in Michigan. 

Lang et. al. (1988) carrïed out a modelling project for Lake St. Clair that involved 

total phosphoms. An unbiased ratio estixnator technique was used to estimate annual 

loads and variances from monitored hydrologie areas. During the late 70's Lake Huron 

was a major source of phosphonis, accounting for approximately 52% of the total load. 

Hydrologie area loads accounted for 43% whereas the other smaller tributaries besides 

the St. Clair River accounted for the rest. It was observed that over the entire 6 year 

period examined. the lake's total input and output of phosphonis were nearly equal. It 

was concluded that there was no significant net source or sink of phosphoms in Lake St. 

Clair during the 1975-80 period. 

A numerical circulation and transport model was used to simulate water currents 

and their tnjcctories in Lake St. Clair by Schwab et al in 1989. Results from the model 

were compared to three different types of measurements, namely, (1) 9 10 mean cunents 

nom an array of fixed currents meters, (2) currents measured fiom a ship during seven 

synoptic surveys of the lake, and (3) tmjectories of satellite-tracked drifting buoys d u ~ g  

four different experiments. The model was then used to predict the effects of storms on 

the residence time of water entering the lake nom eight tributaries and the probable 

horizontal distribution in the lake of water fiom a particular tributary. Results showed 

that although the average residence time for water of the lake is about 9 days, actual 

residence times range fiom less than 2 days to over 30 days depending on wind 

conditions. The cdculated distribution pattems of water h m  various tributaries coincide 

closely with O bserved distributions of some water quality parameters and biota. 



A modelling study in which the response of the St. Clair River and an aquatic 

food chain in Lake St. Clair to the release of hexachlorobenzene (HCB) and 

octachlorostyrene (OCS), fiom the "chemical valley of Sarnia" was predicted by Barycka 

(1988). Results were calibrated with 1985 field measurements. The model indicated that a 

plume of contaminated water fiom multiple sources in the Sarnia area travels dong the 

Caaadian shoreline and empties into Lake Si. Clau via the Chenal Ecarte and the South 

Channel. it wiis found that, for both contaminants, about 20% of the total loading is lost 

in the river due to various processes affecthg the toxic pollutant. It was also predicted 

that a change in concentrations bund in fish would occur due to bioaccumulation. 

Two çomputer mass-balance models were applied by Tomczak (1998) to the St. 

Clair River. H e  studied the release rate of HCB, which is thought to be stored in the 

sediments of the St. Clair River. The modeis indicated that ship trac increases the 

bottom shear stress and sediment resuspension potential by approximately a factor of 2 

and thus is the most important factor in the disturbance and resuspension of sediments. 

Predicted depth-averaged HCB concentrations in the water column were low. The high 

river flow rate was noted to cause export of HCB into Lake St. Clair at a rate of 15 

gramdday. The chemical expoa into the lake was predicted to decrease to about 

1 lgrams/day within 10 years provided there are no additional inputs during this the .  The 

model predicted that with the help of remediation, the release of HCB fiom the sediments 

would decrease to 1.5 gramdday (or 10% of present value) by the year 2010. 

Summiirizing the above two sub sections (Le. sections 1.1.1 and 1.1.2), one can 

conclude that previous studies of Lake St. Clair show that most of the heavy metal and 

trace element content present in the lake are stored in the sediments. Results indicate 



continued recent introduction of Hg (Toms, 1999). Bio-accumulation of these metals and 

elements in aquatic life was found to be a direct result of their storage in the sediments. 

Modellhg of Lake St. Clair also revealed the same results. It is also noted that a thorough 

water quality database of the Lake St. Clair waters was not available. 

1.2 STllDY AREA 

The geographic setting, description, climate, geological background and 

hydrological and hydrogeological aspects of the study area are described in the following 

sub-sections. 

1.2.1 GEOGRAPHIC SETTING, PHYSIOGRAPHY AND CLIMATE 

Lake St. Clair is located between the St. Clair River and the Detroit River as c m  

be seen in Figure 1.1. It is a shallow, sub-circular lake located within the Lake Huron - 

Lake Erie corridor, with a surface area covering 1,190 km2. Lake Si. Clair is situated 

between longitudes W 82'23' and W 82'55' and latitudes N 42'15' and N 42'45'. The 

lake stretches 42 km at its longest (north-south) transect and 38 km (east-west) at its 

widest point. The St. Clair River is the major tributary draining into Lake St. Clair, which 

in tum, flows into the Detroit River: the Detroit River drains into Lake Erie. At the 

northeastem portion of the lake is an extensive delta systern, which is the largest within 

the Great Lakes. Numerous distnbutary channels carry St. Clair River water through the 

delta into Lake St. Clair, as can be seen in Figure 1 .l . The southem and eastern shorelines 

of Lake St. Clair are extensively urbanized whereas the marshy northem and western 

shorelines are flanked by f m s  and used for hunting purposes. 





The physiography of Lake St. Clsir is unique amongst the Great Lakes, as it is the 

shallowest. It has an average depth of only about 3.6 meten. The extreme long-term 

fluctuation in the lake Ievel of I 1-meter is also very large by cornparison with its depth. 

The lake has a very large hydraulic flow-through (5400 m3/s) which results in an average 

retention time of approximately one week (Ibrahim, 1 986). 

Lake St. Clair is afFected by strong and unstable wind conditions especially 

during the spring and fall periods. The speed and direction of wind-generated currents 

cm change very rapidly. During the winter months of January and February, Lake St. 

Clair may be completely or partially covered by ice. But in recent years, due to the 

relatively warm weather, this has not been the case. in addition to wind, the following 

factors also contribute to the dynamics of the lake: surface runo& atrnospheric 

precipitation, inflow from the St. Clair River and the outflow to the Detroit River 

(Ibrahim, 1986). 

Three main continental air m a s  types infiuence the study area. One air mass 

(composed of warm, mois air) flows north from the Gulf of Mexico. This moist air 

causes most of the precipitation in the area. Cold dry air, from northern Canada, also 

enters the study area. It is responsible for relief fiom the heat in the summer. In the winter 

it sends a harshly cold biting blast over the area. The third air mass originates over the 

Pacific Ocean. It is usually a dry, moderately cool body of air. Local weather effects due 

to the presence of Lake Erie and Lake Huron also affect the study area. Temperatures are 

moderated, humidity is high, min and mowfall are enhanced and wind flow is modified 

by the presence of Lake Erie and Lake Huron (Bolsenga and Herdendorf, 1993). 



The highest average monthly temperatures occur during July while the coldest are 

during January and February. Extreme temperatures range from -29' to 38' C. The rnean 

annual precipitation is 95 cm. 

1.2.2 GEOLOGICAL BACKGROUND 

The sedirnents in the rivers and lakes of southern Ontario should be discussed in the 

context of regionai geology, geomorphology and cultural geography. The g e n r d  

geology of the area is given in Figure 1.2. When it is considered that the sediments of 

Lake Ontario and Lake Erie contain 90 to 99% minera1 matter (Thomas et al. 1976). the 

local and regionai geology and geomorphology define the nature of the sediment which is 

being eroded. Regional bedrock geology in the lower Great Lakes region consists 

primarily of Palcozoic sedimentary assemblages overlapping a crystalline Precambrian 

basement exposed in the northern reaches of the Great Lakes Basin. The metamorphosed 

assemblage of sedimentary and igneous suites of the Precambrian basement underlie a 

relatively unaltered Paleozoic veneer of limestone, shale, dolomite and sandstone in 

southwestern Ontario. 

The regional drainage into Lake St. Clair and the Detroit River has no surface 

exposure of rock. The drainage basins of Lake St. Clair and the Detroit River, lie within 

Quaternsiry deposits (up to 92m in thickness) deposited during the waning stages of the 

Pleistocene glaciation. Over the last one million years the topography of southem Ontario 

has altered drastically. The surfcial sediment and landforms are a product of the last 

major ice advance and retreat during the Wisconsinan Stage when gigantic ice sheets 

invaded fiom Labrador and the Quebec highlands. This was due to 4 lobes emanatuig 

from and retreating to the depressions occupied by Lake Ontario, Lake Erie, the central 



Figure 1.2 Surficc gcology mrp of the Lake St. Clair Rcgion (Oolrcnga and Ilcrdcndorf, 1993) 



part of Lake Huron and Georgian Bay. The distribution of moraines, drumlins, eskers and 

ancient shorelines delineate the minor physiographic regions of southwestern Ontario 

today (Barnett, 1985). A belt of late to post-glacial lake bottom clays and sand plains and 

spillways mark the top of the regional stratigraphie sequence. Thin sand deposits rim the 

e s t  and south shores of Lake St. Clair and the banks of the upper Detroit River. 

Extensive clay plains encircle these sand deposits; glacial clays are also found along the 

lower St. Clair River and the drainage area of the lower Detroit River (Stone and 

Sanderson, 1 992). 

1.2.3 HYDROLOGICAL AND HYDROGEOLOGICAL 

ASPECTS 

The St. Clair Delta is the largest delta in the Great Lakes region and is located at 

the mouth of the St. Clair River. The hi& flow rate of the St. Clair River, averaging 

about 5200 m3/s, inhibits the deposition of fine-grained matenal on its bottom. Being the 

fastest flowing river in the are% it is actively incising downward into hard stony glacial 

clays. Fim, hard, glacial, lacustrine clays were found to exist in some parts of' the river 

channel (Ibrahim, 1986). Sediment transported along the St. Clair River substrate consists 

of these eroding glacial clays and medium to coarse sands and gravels. The deltaic 

islands of the Si. Clair Delta wedge outward over the glacial lacustrine clays and silts of 

the Lake St. Clair substrate. Only the western part of the delta is actively forming today, 

fed by sediments transported by the St. Clair River branching into distributary chmel s  

referred to as the North, Middle and South channels. 

Input into Lake St. Clair includes the St. Clair River as well as the Clinton River 

on the Amencan side, The Clinton River drains Oakland and Macomb cowties in 



Michigan. On the Canadian side the main tributaries are the Syndharn and Thames 

Rivers. The Syndharn River drains Larnbton and Middlesex counties in Ontario. It 

funnels water and sediment from almost 1000 square miles of glacial clay plain. The 

Thames River drains an area of clay plain dowastrearn of London, Ontario spread over 

2,200 square miles. The pattern of recent sedirnent accumulation in Lake St. Clair 

conforms to lake bathyrnetry. The thickest sediments have accurnulated in the Iake center. 

Lake St. Clair is however overdl considered to be a non-depositional lake. The average 

post-glaciation sediment thickness outside the delta is minimal, ranging from 3.5 to 7 cm 

(Thomas et al., 1975, Mudroch and Hill, 1975). Cs-137 dating points to stratignphic 

inhomogeneity in the sediment; recent sediment having mixed with older sediment. 

Results from Cs- 1 37 studies also indicated a 3-6 year residence time For sediments in 

Lake St. Clair. The main bulk of the sediment is transported rapidly d o m  to Lake Erie 

through the Detroit River. 



2- SAMPLING 

To study the water quality of Lake St. Clair with respect to heavy metals and 

certain other trace element contents, water sarnples were collected from selected sites in 

the lake. Sample site selection, preparation for sampling, sampling, the imrnediate 

procedures following sampling and sample treatment are discussed in the following sub 

sections. 

2.1 SAMPLE SITE SELECTION 

Site selection for sampling was based on several different criteria. Fiat, the sites 

were selected according to the current circulation patterns of the lake. The intention was 

to cover those locations through which incoming waters from the St. Clair River pass 

through to the Detroit River as well as those which lie beyond this main flow of the lake. 

Lake St. Clair was split up into 10 segments which was required to simulate a water 

quality model of the lake. A segment map for Lake St. Clair is shown in Figure 2.1. A 

rough grid-like sampling scheme was set up with 22 sample sites across the lake, 3 sites 

in the delta (sites 3,6 and 7) and one location in the St. Clair River (site 5). No water 

sample was collected from segment 3 because of field error. Water samples from the 

delta and river were collected to determine the metd concentrations of water entering the 

lake from its main input. Specific locations such as the mouth of Clinton River, the bay 

located in the north-east of the top portion of the lake and the area near the start of the 

Detroit River were also pinpointed as areas where sample sites were desired for 

modelling. These desired sites were plotted on a navigational chart (NOAA # 14850, 4gT" 

edition, 1 :60,000) and fiom this, co-ordinates were obtained and programmed as 





waypoints in a hand-held Global Positioning System unit (GPS) receiver (Garmin GPS 

45XL). The sample site locations are shown in Figure 2.2. Sample site CO-ordinates are 

given in Appendix 1. 

2.2 SAMPLING 

Steps taken for preparation for sampling are given in Appendix 2. Sampling took place 

on the 13" and 1 4 ~  of My, the 14" of August and 23'<' of September, 1998. In ideal 

conditions it would have been best to carry out al1 the smpling on the same date or over 

several consecutive days. But due to the limitations caused by availability of the boat 

(Great Lakes Institute Mon Ark), the sampling was carried out on the above mentioned 

dates. The water samples were collected by the use of an instrument called the Van Dom 

sarnpler used to collect water sarnples from different rneasured depths. The waier samples 

were poured into pre-washed 500mL pol yethy lene bottles. Initial1 y i t was intended that 3 

samples be taken from each site. Samples from the bottom layer were collected from a 

depth of 0.5 meters from the bottom, sarnples From the middle layer were collected at a 

depth halfway to the bottom and surface layer samples were collected from a depth of 0.5 

meters from the surface. Dunng the collection of the water samples it was felt that at 

some sites the water was too shallow to take 3 sarnples. For a depth of 3.5 meters or less, 

two water samples were taken (except in the case of sample site # 1, at that time the 

decision of taking 2 water samples for such depths had not yet been made). For a depth of 

less than 1.5 meters, 1 water sample was collected. Table 2.1 shows the number of 

samples taken and the depth for each sample site, as well as the date of sample collection. 

At sample site # 27 only 2 samples 





Site IIi 

Tobb 2.1 Sample sites, samph collected at each site, depths (meters) at each site and date of vkit to the rite 



were taken in spite of the greater depth due to a field error. A total of 9 bottles, filled with 

Milli-Q water, were also taken into the field to serve as field blanks. 

2.3 SAMPLE TREATMENT 

hitially water samples brought back from the field were stored in ri walk-in 

refngerator at a temperature of T OC, after which the water samples were split into two 

separate sets of samples. 

2.4 SAMPLE PREPARATION 

The two sets of water samples were prepared independently of each other for 

analysis. The methods of preparation are described below. 

2.4.1 Sample Preparatioa by Filtration 

One set of samples was filtered through 0.45 Fm filter papers to remove laqer 

particles suspended in the water. A method of vacuum filtration was used since the pores 

in the filter paper were too fine for the water to pass through without the help of vacuum 

suction. The water samples were then treated with concentnited Ntric acid so as to make 

up a 1% acid concentration in the water sample and then stored again at a temperature of 

4 ' ~  for analysis. The filtration work was done in December 1998-January 1999. The 

steps involved in the filtration are given in Appendix 3. 

2.4.2 Sampk Preparation by Centrifuging 

The second set of samples was prepared by centrifuging at a rate of 10,000 

revolutions per minute for 10 minutes each. This was to remove most of the larger 

suspended particles. The test tubes and storage bottles used in this process were acid 



washed by the sarne procedure that was applied on the field bottles. The steps involved 

are given in Appendix 4. 

The centrifuge process took place in the months of August, September and October 

1998. 



ANALYTICAL METHODOLOGY 

Elementai analyses of the water samples were made using two complimentary 

multi-element analytical instrument methods; Inductively Coupled Plasma Mass 

Spectrometry (ICP-MS) and Inductively Coupled Plasma Optical Emission Spectrometry 

(ICP-OES). *uistniment analyses were provided by the Metals Laboratory at the Great 

Lakes lnstitute for Environmental Research. ICP-MS data for filtered and centrifuged 

samples are given in Appendices 5 and 6 respectively. ICP-OES data on major cations 

(Ca, K, Mg, Na and Zn) for filtered and centrifuged samples are given in Appendices 7 

and 8 respectively. 

3.1 DATA QUALITY 

3.1.1 Filtered Samples 

To test the quality of the data obtained, eight field blanks and a sample of the 

standard SLRS-3 (National Research Council Canada) were analysed. A cornparison was 

made between the vaiues obtained fiom the [CP-MS for SLRS-3 and the certified values 

for this standard. 

Table 3.1 shows the data for the field blanks. One of the field blanks was lost 

during analysis. Means, standard deviations, elemental detection limits, relative standard 

deviations (RSD) and quantification limits (QL) have been calculated for al1 elements 

analysed by the ICP-MS. Detection limits were calculated as = 3*(standard deviation of 

the field blanks) and quantification limits were calculated as = lO*(detection limits). 

*Concenîrationr were calcufated with the usstultption thot densi@ ofsolutions is ~ g k r n j ,  thus thqv have 

been lobelled microgramdkg, 





Table 3.3 shows the comparison between the certified values and the data 

obtained fiom the analysis for the standard SLRSJ (filtered) for al1 the elements 

analysed as well as the data obtained for three samples of SLRS-3 run with the 

centrifuged samples. As can be seen, the values show a very good agreement between the 

two sets. There is a difference of 1.1 part pet billion (rnicrograrns/kg) for Sr. For Cd the 

difference is as iow as 0.01 1 microgramsikg. In the case OF Mo the differenca is 0.005 

micrograms/kg. Figure 3.1 shows the cornparison between the sets of values. 

3.1.2 Centrifuged Simples 

To test the quality of the data obtained, eight field blanks, 3 samples of the 

standard SLRS-3 and 4 samples of the standard SLRSl were analysed. Basic statistics 

were applied to the values obtained for the field blanks. Cornparisons were made between 

values obtained from ICP-MS for SLRS-3 and SLRS-4 and the certified values t'or these 

standards. 

Table 3.2 shows the data for the field b l d s .  Four of the field blanks were lost 

during analysis. Means, standard deviations, elemental detection limits, relative standard 

deviations and quantification limits have been calculated for al1 elements analysed by the 

ICP-MS. Table 3.3 shows the cornparison between the certified values and the data 

obtained from the ICP-MS anaiysis for 3 samples of the standard SLRS-3 as well as data 

for a sample of SLRSJ run with the filtered water samples. The results are shown for ail 

the elements analysed. As can be seen the values show a very good agreement between 

the two sets. Figure 3.1 shows the graphical comparison between the means of the values 

obtained fkom the ICP-MS and the certified values. Al1 the values for the various 



Table 3.2 Means, standard deviations (STD), detection limits (DL), relative standard deviations (RSD) and quantification 
limib (QL) for Field Blanks, centrifugeci samples by ICP-MS (microgramslkg) 

Vanadium 0.01 19 0.0062 0.0082 0.0089 0.0 
Chtomium 0.- .0.0737 0.0308 0.0396 O.@ 
Manganmse 0.û449 0.0240 0.01 99 0.0232 0.0 
Cobrtt 0.01 38 0.0131 0.0102 0.0107 0.0 
Nickel 0.0760 0.0457 0.0294 0.0145 0.0 
CODDW 0.0201 0.0216 0.0 

Moly Manum 0.0010 0.0076 0.0103 0.0076 0.0 
Cldmium o.ws4 o.wm 0.0031 0.003s 0.0 
Caeslum 0.0001 0.0001 0.0 
M u m  0.0017 0.01 18 0.0006 0.0286 0.0 

Note: BIank data indicates a negative value. 







elements show a good match except Co, which has a known molecular ion interference 

that has not been corrected for. 

Table 3.4 shows the comparison between the certified values and the data 

obtained From the ICP-MS analysis for 4 samples of the standard SLRS-4. Again the 

cornparison shows that the data quality is good. Figure 3.2 shows the gnphical 

comparison between the means of the values obtained tiom the ICP-MS and the certified 

values. Again, al1 the values for the various elements match well, again with the 

exception of Co. Precision (RSD) for most elements is between 1 and 5 % for both 

SLRS-3 and SLRS-4 (Tables 3.3 and 3.4). 

3.2 WATER QUALITY MODELLING OF LAKE ST. CLAIR 

A water quality model of Lake St. Clair was constructed using the WIN/WASP+ 

Water Quality Analysis Software Prograrn. The majority of secondary data required for 

the simulation of the model of Lake St. Clair was obtained frorn a NOAA (National 

Oceanic and Atmospheric Administration) Data Report, 1980. Other sources of 

information are The Great Lakes: an atlas and resource book (1987) as well as the Lake 

Erie and Lake St. Clair Handbook (1993). 

The model was run for dissolved Sr, Mo and Cd. The reason behind choosing 

these particular metals was the fact that they showed significant variations in behaviour 

across the lake and were expected to depict the behaviours of various other metals in the 

lake. Sr being a highly soluble element is expected to be representative of other such 

metais. Mo and Cd are transition metals and were chosen to represent them in this 
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project. The purpose was to compare the results of the modelling with observed results of 

the geochemicai s w e y  as discussed in Chapter 5 .  

3.2.1 THE W / W A S P +  WATER QUALITY ANALYSIS 

SIMULATION PROGRAM 

WIN/WASP+ (Windows Water Quality Analysis Software Program) was used 

to simulate a water qudity model ol Lake Si. Clair. it is an enhmced version of ihe 

USEPA Water Quality Analysis Simulation Program (WASP). It was obtained from the 

AScI Corporation. located in Virginia, USA. It is used to mode1 water quality of surface 

water bodies. ft is a finite element model, which calculates the dispersion and advection 

of chemicals in a water body. At the core of the WMIWASP+ modelling framework are 

the WASP simulation models for eutrophication (EUTRO) and for toxic chemicals 

(TOXI). These models use the sarne alprithms as the USEPA version known as 

TOXIWASP, which is described below (ASci WIN/WASP+ Users' Manual. 1997). 

TOXIWASP is a dynarnic model used for the simulation of transport and hte 

of toxic chemicds in water bodies. TOXIWASP formuIates variable chernicd 

degradation rates from the chemical characteristics of a compound and the environmental 

parameters of the aquatic system. TOXIWASP calculates total chemical concentrations 

explicitly every time for each time step for every segment, including surface wciter and 

subsurface water. The chemical concentrations are affected by the same fore-mentioned 

process as well as by degradation, sediment-water dispersion and percolation. There is no 

allowance for lateral migration of the chemicai within the bed. The input data for the 

transport model is specified on the basis of monitoring or predictions from hydrodynamic 

models. 



TOXIWASP is a modelling program designed to provide WASP users with the 

capability for simple dynamic simulations of chemicals. It can be used for cases requiring 

more dynamic transport and loading capabilities. TOXIWASP is more suited to stratified 

lakes and reservoirs, large rivers, estuaries and coastal waters (User's Manual for 

TOXIWASP, 1983). 

3.2.2 BASIC MATHEMATICAL OVERVIEW OF 

TOXIWASP 

TOXIWASP is dynamic chemicai mode1 that cm be applied to water quality 

problems in streams, lakes, reservoirs, estuaries and coastal waters. It requires that the 

water body being modelled be split up into segments. It uses a cornpartment approach 

whereby segments can be arranged as shown in Figure 3.3. 

Poilutant transport is based on user-specified flow and dispersive mixing 

between segments. TOXIWASP calculates tirne varying concentrations using an explicit 

numerical solution to the mass flux form of the one dimensional advective dispersion 

equation: 

AMj/At = "Ci=,[QijCi + EijAij(ACIL)ijI + Wj - KVj 

where, 

M = constituent mass 

C = constituent concentration, ML" 

Q = water flow, L'T' 

E = longitudinal dispersion, L?' 



A = cross-sectional area 

L = chmcteristic length, L 

W = mass loading, MT' 

-3 1 K = kinetic degradation or transformation rate, ML T 

V = segment volume L) 

j = segment number 

i = adjacent segments 

ij = interface between segment j and adjacent segment i 

For a river the segments are shown as foilows, 
Segment num bers 

Similarly for a lake the segmentation is as follows, 

--b repmenb directional flow of water 

3.3 Examples of TOXIWASP Nehvork Configurations 



The differentiai equation that solves for water-borne chemicals, wnWtten in the genenl 

concentration, is as follows 

X l û t  = udClax + dldx(EdClat) + W N  - K + S 

where, 

C = concentration of chemical, ML" 

u = flow velocity of water, LT' 

W = mass loading of chemical, MT' 

S = net exchange of chemical with bed 

-3 1 K = kinetic degradation or transformation rate, ML T 

x = longitudinal distance 

t = time 

Frorn the chemical characteristics of the compound and the environmental parameters of 

the system, TOXIWASP formulates a total transformation rate (User's Manual). 

The three dimensional differential describing the distribution of the total chemical is: 

actat = a~a~(e,acta~) + a/ay(~,ac/dy) + a/az(~,ac/az) - 

w here, 

C = concentration of total chemical, ML" 

E = dispersion coeficient, LI-' 

u = velocity, LT' 

S = sources/sinks due to reactions and transfers or direct addition/removal of the 



x,y, z = CO-ordinate directions representing three dimensions 

To carry out the simulation TOXIWASP requires that the water body being 

rnodelled be split up into segments. The central difference approximation of space 

derivatives in the mass balance equations is applied. Assuming the completely mixed 

finite segments, the distribution of the total chemical for water segment i (which is 

between segments j and 1) is expressed as foilows: 

W%,iAi,~f~iCi + W%,i Ai,[ ~PIG + (Ei,iAi.i/Li ,j)( fdiG - fdici) + S (4) 

Where: 

Vi = volume of segment i. L' 

Ci = total concentration in segment i, 

Q,i = hydrodynarnic flow from segment j to segment i. L ~ T '  

Q,r = hydrodynamic flow from segment i to segment k, L ~ T '  

EiJ = dispersion coefficient between segments i and j, L~T '  

Lii = mixing lengths of segments i and j, L 

Wsi,' = settling velocity of particdates from segment i to segment 1, LT' 

Wuivi = resuspension velocity from segment 1 to segment i to segment 1, LT' 

Fdfp = fraction of dissolved/particulate contaminant 

S = sources/sinks due to reactions and transfers or direct addition/removal of the 

chemîcal 

For the time derivative in the above equation, a forward difference approximation is used: 

c,"'=C/'+(dC/'/dt)~t (5) 



This above relationship states that the concentration at time n+l is equal to the 

concentration at time n plus the derivative evaluated in time n multiplied by the time step 

At (Barycka, 1988). 

3.2.3 LIMITATIONS OF W / W A S P +  

The nature of WM/WASP+ computer program is such that it calculates the 

three dimensional flow. The simulation for the mode1 does not take into account 

atmospheric deposition of pollutants. At the same time it does not calculate the loss of 

polluting substances to the food chah. In this study it was used to calculate the 

dispersion, transport and flushing out rates of selected metals dissolved in Lake St. Clair 

waters with respect to time. Data used for the simulations was temporal in nature. It was 

assurned that constant amounts of polluting elements were entering the lake. Seasonal 

temperature changes were not taken into account. Due to a lack of data no sensitivity 

analysis was applied. For that reason it is impossible to tell how accurate the modelling 

resuIts are. 

3.2.4 MODEL SIMULATION 

To set up my simulation of the Lake St. Clair Water systern there were sevenl 

initial steps involved. They include Input Parameterization, Systems definition, 

Segmentation, Segment Parameters, Dispersion, Flows, Boudaries, Loads, Pnnt 

Intervals, Time Functions, Constants and the Validity Check. The sources of' the various 

parameters and constants required for the simulation are given below in Table 3.5. 

Details for these parameters and constants are given in Appendk 9. 



Table 3.5 Sources o f  various parameters and constants 

These steps are bnefly described below in the following sub-sections. 

Water velocities 
Water volumes 
Water Temperature 
Hydrological Parameters 
Limnological Constants 
Limnological Parameters 
Chernical Constants 

Input Purameterizalion 

Ibrahim, 1986 
GIS analysis 
Bolsenga and Herdendorf, 1993 

1 

Bolsenga and Herdendorf, 1993 
Chapra, 1998 
NOAA Report, 1980 
Stumm and Morgan, 1996 

In the WIN/WASP+ Water Quality Analysis Software Program a new input data 

set requires that an input parameterizaiion data entry be filled out. This provides the basic 

information that is needed by the prograrn to pararneterize the other data entry windows 

and foms that are to follow. It is here that the modeller inforrns the prognm about what 

type of WM/WASP+ input he/she is going to be creating. 

Data Set Description 

This field provides a one-line descriptor for the defined input data file. This helps 

to indicate what sort of project the input data set is being prepared for and also it may 

indicate the study area and type of study. 

Model Type 

In this field the program allows the user to specify which W / W A S P +  model 

type (EUTRO or TOM - EUTRO stands for entrophication model and TOXI stands for 

toxic model) the data set is being created. In this case the TOM option was selected. 



Restart Options 

WiNIWASP+ provides the user with the ability to use restart files between 

simulation rum. A restart file is a "snap-shot" of the model conditions at the end of the 

model run. This "snap-shot" cm be used for a funire model run. In this case the restart 

option was selected. 

Date and Times 

Here the user must speciQ the starting time and date. In this particular study the 

starting time was artificially de fined as 1 - 1 - 1998. 

Hyd rodynamics 

There are three flow options available for WASP. They are: 

1) WASP will calculate net transport across a segment interface that has opposing flow. 

WASP will net the flows and move the mas h m  the segment that hm higher tlow 

leaving. If the opposing flows are equal no mass is moved. 

2) Pertains to mass and water being moved without regard to net flow. 

3) This option is used when linking WASP to a hydrodynamic model. 

In this particular simulation option 2 was selected. 

Systems 

The system data entry form allows the user to define system specifk information. 

A system in WTN/WASP+ is a state variable within the model. The state variables depend 

entirely on the model. The modeller controls the number and type of systems to be 

modelled. For example in this study the thtee systems modelled independently are Sr, Mo 

and Cd. 



Systems Options 

There are three options for this field: Simulated, Constant and Bypassed. These 

îhree options pertain to the systems being modelled. In this case the simulated option was 

selected for the systems in the model. 

Density 

This field allows the modelier to speci@ the density of each contaminant being 

modelled. In this case, since concentrations of the contaminants were so Iow, this option 

was ignored. 

Segmentation Screert 

This data entry form allows the modeller to define the number of segments that 

will be considered during the simulation. The segments were devised so as to simulate 

the best estimation of average flows in the lake annually. Average water velocities were 

entered for each segment. An average velocity of 0.03 m/s was assumed for the lake 

waters. Segments have volume. environmental and constituent concentrations associated 

with them. The segment data entry form has four tables associated with them: 1) Segment 

Definition, 2) Environmental Panuneters, 3) Initial Conditions, 4) Fraction of 

contaminant dissolved. Each table was filled with the specific particulars regarding the 

study. It is here that the parameter values like pH, water temperature etc. were entered for 

the segments. Also the initial concentrations of the modelled chernicals were indicated. 

Dispersion 

The dispersion-input screen is a complex screen that contains four tables. Here the 

exchanges of water between the different segments in tems of volumes flowing out from 

and into another are dehed.  



Exchange Ficlds 

This table allows the choice of two types of exchange. They are surface water 

exchange and pore water exchange. In this case the surface water option was selected. 

This is because only surface water quality was being modelled. 

Dispersion Fuaction 

The dispersion between the different segments is set for the model to calculate 

during its execution. It is here that segment comectivity is defined. Mixing lengths and 

the cross sectional area, reflecting the area through which mixing occurs are also defined 

here. Appropriate entries were made according to the set up of the segments. 

Fbws 

This set of tables works in exactly the same way except that 

evaporation/precipitation are dso included and the transport of the chemicals is defineci. 

The proper adjustments were made to carry out the simulations. 

Bounduries 

Here the boundary concentrations were specified for each of the segments. The 

boundary segments were automatically determined by WTN/WASP+ when the transport 

functions were defined. WIN/WASP+ requires that a boundiiry concentration be specified 

for every system that is being simulated for every boundary segment. These steps were 

carried out keeping in mind congniency. 

Loads 

Loads are entered for each of the simulated chernical systems for given segments. 

The arnounts of water with the loads were defined for the model making an estimate to 

achieve concurrence with observed results. 



Constants 

This data entry group specified the constants for the water constituents being 

simulated by the WM/WASP+ model. Specified values applied over the entire network 

for the whole simulation. 

Varidity Check 

Once al1 the required data were placed in their respective fields and the model 

construction properly realized, a validity check was carried out to make sure there were 

no troubles or errors in the data input set. This was done to determine whether or not the 

data was correct and within the dirnensioned capabilities of the model. 



4- ANALYTICAL RESULTS 

Water samples were collected to be representative of the surface, middle and 

bottom layers of water of the lake. Sample sites, samples collected from each site, depth 

at each site and date of field visit to the site are given in Table 2.2. Locations of sample 

sites are given in Figure 2.2. The results from ICP-MS for both filtered and centrifùged 

samples are given in Appendices 5 and 6 respectively. 

4.1 RESUL+TS OBTALNED FROM ICP-MS ANALYSIS 

Only data from the ICP-MS for filtered water samples was analysed. Data for the 

centrifuged samples was obtained only a week and a half before the submission deadline 

for this work. This was due to problems occurring in instrument calibntion. Therefore 

reliable data was not obtained till nearly the completion of this work. An overview of the 

analytical data for many of the elements is provided in histograrns of the data in Figure 

4.1 (a, b, c and d). The ranges for these plots have been adjusted in size to cover some 

very hi& concentrations for certain elements (e.g. Zn and Cr in Figure 4. ld). Figure 4.la 

shows the histogram for the value ranges observed for Ba and Sr. Except for one 

instance, rnost of the values for Ba lie between 1 1.0 and 16.0 micrognms/kg. The 

anomalous value was found in the sample From site # 8. Here a concentration of 25.2 

micrograrns/kg was observed. The maximum value range was two times the minimum 

value range. Values obtained for Sr follow a similar pattern. Most of the observed 

concentrations were seen to be between 60 and 72 microgramskg. However there was 

dispersion in value ranges as can be seen in the figure. Higher values were observed. The 

highest observed value was again seen at sample site 8. Here a value of 119 



Figure 4.la 

Figure 4. l b 



Figure 4.lc 

îb togmi  for Cd and Cu 

Figure 4. ld 

Hi iogm for Zn n d  Cr r 



microgramskg was found. As in the case of Ba, the maximum value range was twice the 

minimum value range. Figure 4.1 b shows the histogram for the value ranges observed for 

U and Mo. Both show simiiar patterns. Most of the values for U fa11 between 0.20 and 

0.26 microgramdkg. Four concentrations less than 0.2 microgramslkg were observed. 

Observed concentrations were dispersed across larger ranges as well as cm be seen in the 

figure. interestingly enough the highest observed concentration was for the sarnple from 

site # 8. Here a concentration of 0.43 micrograms/kg was observed. The maximum value 

range for U was 4 times the minimum value range. In the case of Mo most of the values 

fa11 in between 0.50 and 0.55 rnicrograrnskg. Values less than and greater thnn these 

values were seen. More or less the patterns are similar to those s h o w  by U. The 

Maximum value range was 4 times the minimum value range. Figure 4.lc shows the 

histogrm for Cd and Cu values. Value range dispersion for both show a distinct 

similarity to each other. Most observed concentrations of Cd were less than 0.2 

microgmms/kg. A limited nurnber of higher concentrations were also seen. The highest 

value observed was observed at site # 14. Maximum concentration range for Cd was four 

times higher than the minimum concentration range. Cu concentrations showed variations 

similar to Cd. Most values lay between 0.6 and 0.8 micrograms/kg. Again values were 

dispersed across higher ranges. Maximum concentration O bserved was 1 3.6 

microgramskg. This value was observed at site # 25. Maximum concentration m g e  was, 

as in the case of Cd, 4 times the minimum concentration range. Figure 4.ld shows the 

histogram for Zn and Cr values. Zn concentrations were dispersed over a large array of 

concentration ranges. Minimum concentrations were less than 0.3 micrograrns/kg. The 

maximum concentration found was 48.71 rnicrograms/kg. This value was observed at 



sample site 28. Cr concentrations were dso  dispersed. Minimum concentration observed 

was 0.33 rnicrograrnskg. Relatively speaking, enormously large maximum concentration 

of 1 106.79 microgramskg was found. This value was for the sample from site # 25. 

To analyse these results spatially, both laterally and vertically in the Idce, it was 

required that a GIS (Geographic Information System) database be constnicted. Details 

regarding the construction of this database are given in Appendix 10. The results obtained 

from the analysis of the filtered water samples frorn the ICP-MS were irnported into a 

GIS database. From here the concentrations were plotted for the samples from three 

layers of water in Lake St. Clair. These concentrations were contoured by the use OF the 

GIS s o h a r e  ARCVIEW to give contour maps of the concentrations of selected metais in 

Lake St. Clair. To show anomalous concentrations for the selected metals across the lake 

waters contour intervals were decided afier taking the di fference between the m m  imum 

and minimum concentrations for each element and dividing the difference by four. 

Although concentrations for many metals were obtsined, contour maps are plotted 

for only three metds. They are Sr, Mo and Cd. These metals were selected as examples 

because they have very different geochemicai properties and show different distributions, 

as seen in Figure 4.1, and will be modelled to dernonstrate the behaviours of various 

metais in the Lake. 

4.1.1 RESULTS FOR FILTERED WATER SAMPLES 



STRONTIUM 

The contour maps for concentrations of Sr obtained fiom the analysis of the 

filtered set of sarnples are given as Figures 4.2, 4.3 and 4.4. Ail maps were prepared on 

the basis of data given in Appendix 5.  Contour intervals were chosen to show the 

significant concentration variations across the lake. 

Figure 4.2 shows the variations in concentration for Sr in the surface water layer 

of Lake St. Clair. The map has a contour interval of 13 micrograms/kg. Sr concentrations 

are less than 81 microgramskg across much of the lake. There is however a small 

increase in the southem and central region. At sample site #12 concentrations are seen to 

increase to a value greater than 94 micrograrns/kg. However there appears to be a much 

higher concentration near site # 8. The map shows increasing concentrations of Sr in this 

region. This is believed to be due to input from the Clinton River, which releases its 

water into Lake St. Clair near site # 8. 

Figure 4.3 shows the variations in concentration for Sr in the middle water layer 

of Lake St. Clair. The map has n contour interval of 15 micrognms/kg. Concentrations in 

most of the southem region were found to be greater than 80 micrograrnslkg but less than 

95 rnicrogramdkg. In the central area as well as the waters in the vicinity of the start of 

the Detroit River were found to be less than 80 micrograrns/kg. However, in this case 

again a concentration increase is seen towards site # 8 (note this is the same analysis as 

only one sample was collected from this site). The map shows increasing concentrations 

of Sr in this region. This, as mentioned before, is believed to be due to input from the 

Clinton River. 









Figure 4.4, shows the variations in concentration for Sr in the bottom water layer of Lake 

St. Clair. The map has a contour interval of 15 micrograrnskg (parts per billion). As c m  

be seen in the map slightly lower concentrations were observed from the results. Most 

areas of the lake showed concentrations ranging between 76 micrognms/kg and 91 

micrograms/kg. The same concentration increase was witnessed at site # 8 as was seen in 

the previous two maps. 

Sr concentrations did not Vary much with depth as can be seen from the 

comparison of the Figures 4.2, 4.3 and 4.4, although on average, concentrations in the 

bottom layer were a little less than those observed in the middie and surface layers. This 

indicates that the behavior of Sr is not significantly affected by differing conditions at 

different depths. 

MOLYBDENUM 

The contour maps for concentrations of Mo obtained from the malysis of the 

filtered set of sarnples are given as Figures 4.5,4.6 and 4.7. Al1 maps were prepared on 

the basis of data given in Appendix 5. Contour intervals were chosen so as to show the 

significant concentration variations across the lake. 

Figure 4.5 shows the variations in concentration for Mo in the surface water layer 

of Lake St. Clair. The map has a contour interval of 0.6 micrognms/kg. Concentrations 

ranged between 0.5 and 1.1 micrograms/kg across the greatest part of the surface waters 

of the lake. A higher concentration for the single sample from site # 8 is again noted. 

Here the concentration is above 3 .O micrograrndkg. 









Figure 4.6 shows the variations in concentration for Mo in the middle waters of 

Lake St. Clair. The map has a contour interval of 0.6 micrograms/kg. Most of the lake 

shows concentrations lying in the 0.5 - 1.1 microgramskg range. However, two 

anomalous zones were found in the lake. One was at the previously noted site # 8 and the 

other in at site # 25. At site # 25, a value of 1.6 microgramskg was measured. 

Figure 4.7 shows the variations in concentration for Mo in the boaom waters of 

Lake St. Clair. The map has a contour interval of 0.6 micrograms/kg. Again it is noted 

that most the laices' bottorn waters show concentrations lying in the range of 0.5 - 1.1 

micrograms/kg. Two anomalous zones were found at sites 8 and 25. At site # 25 a value 

of 2.6 microgramdkg was found. 

If one compares the results shown in Figures 4.5, 4.6 and 4.7 for the different 

loyers of water for Lake St. Clair, it is notable that, other than for site # 8, the higher 

concentrations of Mo were found in the bottom and middle layers of the lake as 

compared to the surface layer. 

CADMIUM 

The contour maps for concentrations of Cd obtained From the analysis of the 

filtered set of samples are given as Figures 4.8,4.9 and 4.10. Al1 maps were prepared on 

the basis of data given in Appendix 5. Contour intervals were chosen so as to show the 

significant concentration variations across the lake. 

Figure 4.8 shows the variations in concentration for Cd in the surface water layer 

of Lake St. Clair. The map has a contour interval of 0.18 microgramdkg. The northern 

and extreme western parts of the lake show concentrations less than 0.18 micrograms/kg. 

The same is the case for the localhies around sarnple sites 13,21 and 25. Two 'hot spots' 









were noted. One of them was sample site # 16 and the other 'hot spot' was foound at sites 

# 12,27. Concentrations of Cd increased in these areas to above 0.54 microgrms/kg. 

Figure 4.9 shows the variations in concentration for Cd in the middle lnyer of 

Lake St. Clair water. The map has a contour interval of 0.23 microgramdkg. The figure 

shows that there are two hot spots. One lies at site # 14 and the other lies at site # 16. At 

site # 14 Cd concentrations in excess of 0.70 rnicrogrimskg were obsrrved. AL site # 16 

concentrations greater than 0.47 microgramskg were found. Values were found to be less 

thm 0.24 micrograrnskg for the rest of the Me. 

Figure 4.10 shows the variations in concentration for Cd in the bottom layer of 

Lake St. Clair water. The map has a contour interval of 0.13 micrograms/kg. Values less 

than 0.13 micrograms/kg were found in a greater part of the lake except at sites # 13,20 

and 26. At sites # 13 and 26 concentrations in excess of 0.26 micrograrnskg were found. 

At site # 20 a concentration greater than 0.39 microgramkg was observed. 

A cornparison of the contour maps for Cd concentrations in the different Iayers of 

water (i.e. Figures 4.8, 4.9 and 4.10) showed that there are concentration changes with 

depth and that certain sites showed higher concentrations For lower depths whereas others 

showed higher concentrations at the surface. 



5- DISCUSSION 

Discussion of the analytical resuits and the water quality modelling of Lake St. 

Clair are given in the following sub-sections. Except in section 5.3, only ICP-MS data 

for the filtered water samples are analysed for reasons mentioned in section 4.1. 

5.1 RESULTS OF GEOCHEMICAL ANALYSIS FOR LAKE ST. 

CLAIR WATERS 

Results of the geochemical analysis of water samples from Lake St. Clair revealed 

concentration distributions across the lake. Sr, Mo and Cd are specifically discussed 

below, as they were selected for the simulation of a water quaiity mode1 for Lake St. 

Clair. 

STRONTIUM 

Results given in Appendix 5 showed Sr concentrations in L l e  St. Clair waters to 

be between 63 and 1 10 micrograrndkg. Sr exists at a level of about 0.02% in the E h ' s  

crust It is introduced into surface waters by the weathering of rocks or by the discharge 

of wastewater from industries using Sr compounds. SrnaIl concentrations of Sr may be of 

benefit to animals, but high concentrations are toxic, as they may upset the metabolism of 

Calcium and Phosphorus (Dojlido and Best, 1993). The source of higher Sr in Lake St. 

Clair appears to be the Clinton River. In hurnans there have been no cases of Sr 

poisoning. Thus drinking water standards allow for a relatively large amount (2 ppm) of 

Sr to be present. 



MOLYBDENUM. 

Results given in Appendix 5 showed Mo concentrations in Lake St. Clair waters 

to be between 0.5 and 3.0 micrograms/kg. Mo exists in nature in the form of the minerais 

molybdenite and wulfenite. It is mainly used in the manufacture of hardened steels as a 

cayalyst. Mo salts are also used in the manufacture of glass, cerarnics, pigments and 

fertilizers. It is present in wastewaters from these industries. Mo is essential to the growth 

of plants in very small amounts but can be toxic to grazing animals (Dojlido and Best, 

1993). Thus drinking water standards allow for amounts of up to 500 micrograms/kg. A 

significant source of Mo in Lake St. Clair appears to be the Clinton River. 

CADMIUM 

Results given in Appendix 5 showed Cd concentrations in Lake St. Clair waters to 

be between 0.0004 and 0.94 micrograrns/kg. Cd does not exist in nature as the native 

metal but principally as the sulphide ore greenockite, which is found associaied with 

sphalerite. Cd enten the environment in the wastewaters of industries using Cd such as 

the plastics, electropiating and Nickel-Cd battery industries. Another anthropogenic 

source is discharge from the iron and steel industry (Dojlido and Best. 1993). Cd is toxic 

to almost al1 human body systems. It is stored in the liver and kidneys. Cd can induce c m  

induce kidney disease and pulmonary edema. The drinking water standard for Cd is 1 

microgramstkg. According to the results of this study the water of Lake St. Clair fdls 

under that limit, but the highest sample is very close to the limit. 



5.2 MEAN, MINDlLTM AND MA- CONCENTRATIONS IN 

LAKE ST. CLAIR 

Table 5.1 shows the mean, minimum and maximum concentrations among al1 the 

samples collected in this siudy. These values are those obtained fiom the ICP-MS 

analysis of the filtered water samples. As can be seen in Table 5.1 average 

concentrations of Sr, Mo and Cd are 75.8, 0.6 and 0.13 micrograms/kg. Also shown in 

the table are the Canadian Water Quality Standard maximum values for the Protection of 

Aquatic Life as prescribed by Environment Canada (1999). Values obtained for Ni, Mo, 

As, Se, Pb and Tl fa11 below the prescribed water quality values. Average concentntions 

of Cr and Cd are higher thm values given in the guidelines. It should be pointed out that 

maximum concentrations for Chromium and Nickel were found to be very high. These 

high vdues were found at sample site # 25. 

Since high concentrations of Mo and Sr were found at sample site # 8, near the 

mouth of the Clinton River a simple calculation of the average concentntions across 

Lake St. Clair excluding this value from this site was made for cornpuison purposes. 

These concentrations are given in Table 5.2. When the two sets of values in Tables 5.1 

and 5.2 were compared it was found that average concentrations of Sr, Mo and Ba were 

slightiy reduced whereas the average concentrations of the other remained unchanged. 

Table 5.3 shows average concentrations in the St. Clair River and Lake St. Clair waters as 

well as the average concentrations of waters entering the Detroit River. The average 

concentrations for the St. Clair River are the mean of those water samples taken fiom the 

St. Clair River and the St, Clair River delta. These concentrations were calculated fiom 

values obtained fiom the analysis of water samples collected fiom sites 3,5,6 and 7. The 
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average concentrations of water entenng the Detroit River were cdculated from the 

results of analysis of the three water samples taken from sample site # 28. Table 5.3 

shows that average concentrations of Li, Be, V, Cu, Se, Rb, As, Y, Ba, Cd, Mo, Sb, Cs, 

Tl, Pb, Bi and U remain relatively consistent throughout the waters across the study area. 

On the other hand Sr shows higher average concentrations in the lake waters as compared 

to both the St. Clair River Deita and water entering the Detroit River. A lower average 

concentration of Manganese was observed in waters entering the Detroit River whereas 

higher average concentrations of Cr were seen in the lake waters. 

The results discussed in this sub-section agree with the findings of Rossman and 

Borres (1988) and Thomas et al. (1975) who found that the sediments contained high 

concentrations of heavy met& in Lake Si. Clair. In 1975 Kemp et al. found that Lake 

Erie is being fed with metals pollutants from Lake St. Clair via the Detroit River. This 

scentxio seems to continue to persist in the light of the findings discussed above. Another 

interesting cornparison c m  be made with the fuidings of Mudroch and Hill (1 989) who 

collected sediment cores from Lake St. Clair to investigate the vertical distribution of Hg 

in the sediments. They found that Hg concentrations decreased with depth. According to 

the results found in this study of the Lake St. Clair waters, it was seen that in the case of 

Sr there was littie variation in concentration with depth. On the other hand Mo was found 

to be in higher concentrations with depth (closer to the sediments) and Cd showed higher 

concentrations with depth at some sample sites while at othen it did not. It is worthy to 

note that higher Cd concentrations were observed in the deeper waters at sites located 

where known hot spots for hi& metal contents in sediments exist. This is interesting 



since it agrees with the findings of Ibrahim (1 986) who found that high levels of Cd were 

present in the bottom water layer of Lake St. Clair. 

5.3 COMPARISON BETWEEN ICP-MS RESULTS OBTAINED 

FOR FILTERED AND CENTRIFUGED SAMPLES 

Figures 5.1, 5.2, 5.3, 5.4 and 5.5 show the comparisons between ICP-MS results 

obtained for filtered and centrifbged samples for samples 7,8,25,27 and 28. Selection of 

site # 7 was made since it is present in the St. Clair River Delta. Site # 8 was selected for 

cornparison, as it is present near the mouth of the Clinton River. Sample Site # 25 was 

selected as it is present near the St. Clair River Delta. Site # 27 was chosen since it is 

located in roughly the centre of the lake. Site # 28 was selected as it gives a set of values 

for concentrations entering the Detroit River. The graphs were plotted on semi-log scaies. 

The results of al1 the samples showed good comparisons for Sr, U, Ba, Cd, Mo, Rb, As, 

Zn, La, Pb, Co, Li and Cu. In the case of samples 8,27,28 the cornparisons for the other 

elements were also in good agreement. This suggests that both methods of preparation of 

the water samples (Le. by filtration and centrifuge) are valid for this type of study. On the 

other hand for values obtained for samples 7 and 25 there were differences in the case of 

Cr, Mn, Co and Ni. The differences are far outside of any analytical enor as discussed in 

the last chapter. It is interesting to note that sample 7 was taken from inside the St. Clair 

River Delta and sample 25 was taken from a spot close to the same delta. In both cases 

the filtered samples have higher concentrations than the centrifbged ones. It is possible 

that small particles containing these base metals passed through the filters (standard 













method for obtaining "dissolved" concentrations) but where removed by the strong 

centrifbging. 

5.4 RESULTS AND DISCUSSION OF WATER QUALITY 

MODELLING OF LAKE ST. CLAIR WATERS 

A water quality model of the Lake St. Clair waters was constmcted using the 

Water Quality Analysis Program (WMIWASP+). The model was firstly run for steady 

state. For the steady state simulations constant concentrations of the selected metals are 

assumed to be entering the lake fiom the St. Clair River. Values for these concentrations 

were calculated from results obtained for samples fiom sites 3, 5, 6 and 7 (Table 5.3). 

The next step was ninning the model for no input of contaminants, i.e. only "clean" water 

entering the Idce. The third step was running the model for present conditions using data 

fiom analysis of samples collected during the geochemical survey. The modelling 

focussed on three metais i.e. Sr, Mo and Cd. The results of these modelling procedures 

are given below. 

5.4.1 STEADY STATE MODEL 

Steady state models were simulated Cor initiai concentrations and in coming 

waters from the St. Clair River for Sr, Mo and Cd. The results are discussed below. Time 

taken to achieve steady state is discussed for Segment 7. The water in Segment 7 drains 

into the Detroit River. The tirne taken for this segment to achieve steady state gives the 

time for the whole of the lake to achieve steady state. 



STRONTIUM 

A steady state model was nui for Lake St. Clair for Sr. Initial concentrations were 

taken from various sites present in the particular segments. The model was run for a 

nominal starting date of January 1, 1998. Concentrations of incoming waters from the St. 

Clair River were taken as 68 microgramskg (Table 5.3). The purpose of this model was 

to determine the time the lake to achieve a steady state concentration. The results of this 

simulation can be seen in Figure 5.6a. Average concentration of Sr in Segment 7 

increased and decreased for a period of two weeks before reaching steady state after 4 

weeks. The initial increase was due to the hi& concentrations of Sr in water from the 

Clinton River flushing out of the system. 

MOLYBDENUM 

A similar steady state model was run for Lake St. Clair for Mo. Concentrations of 

incoming waters from the St. Clair River were taken as 0.54 micrograms/kg (Table 5.3). 

The results of this simulation for Segment 7 can be seen in Figure 5.6b. A v e n p  

concentration of Mo in Segment 7 decreased and increased for a period of 8 days before 

findly reaching steady state &er 2 months. 

CADMIUM 

A steady state model was also run for Lake St. Clair for Cd. Concentrations of 

incoming waters from the St. Clair River were taken as 0.05 microgrms/kg. The results 

of this simulation can be seen in Figure 5.6~. Average concentration of Cd in Segment 7 

increased initially for the first three days and then decreased steadily before reaching 

steady state after 5 weeks. 
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5.4.2 REDUCTION TIME OF PRESENT CONCENTRATIONS 

The WIN/WASP+ model was then used to estimate the time for the present metal 

contminants to flush out totally from the lake. Again the simulations were mn taking 

January 1, 1998 as the nominal starting date. The results of these simulations for Sr, Mo 

and Cd are discussed below. 

STRONTIUM 

Decay of Sr concentrations with time as predicted by the WIN/WASP+ model are 

given in Figures 5.7 for Segments 3,4 and 7 respectively. Segment 3 is discussed becausc 

water from both the Clinton and St. Clair Rivea is entering it. Segment 4 is discussed 

because it is the largest segment. Segment 7 is discussed due to the fact that the water in 

this segment drains into the Detroit River and the time taken for Sr to flush out of this 

segment more depicts the time for the whole of the lake to flush out Sr. Since the decay is 

exponentiai the concentration would reach exactly zero f i e r  an infinite time. But the 

results do tell us when the concentration will reach a relatively infinitesimally srnall 

arnount. Flushing out time depends on the volume of the segment as well as water 

velocity in each segment. Also in some of the segments it is seen that initially there are 

increases in concentration before decreases set in. This is so because of the tàct that there 

is comectivity between the segments and the concentration changes in each are not 

independent of the others. Water in each segment is interacting and mixing with water of 

the other segments. Segmentation was performed for modelling purposes but does not 

indicate independent water systems across the lake. 
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Figure 5.7a depicts the decay of Sr concentrations in Segment 3. It is noted that 

for the fint few days there is a sharp decrease in concentration &et which the rate of 

decay is steadier and flushing out is completed in 40 days. In Segment 4 the flushing out 

takes place almost exponentially as cm be seen in Figure 5.7b. Total tirne taken for 

flushing out is estimate as 49 days. Segment 7 shows sorne interesting results (Figure 

5.7~) .  Initially there is an increase in concentration OF up to 65 rnicrogrmsikg. Thrn 

there is a sharp decrease after which again there is a sharp increase. This al1 takes place 

within 7 days. M e r  a few weeks there is again a slight increase and then the decrease in 

concentration continues unintempted. Total flushing out tirne is approximately 76 days. 

MOLYBDENUM 

Decay of Mo concentrations with time as predicted by the WM/WASP+ mode1 

are given in Figures 5.8 for Segments 3,4 and 7 respectively. 

Figure 5.8a depicts the decay of Mo concentrations in Segment 3. The decay of 

concentration takes place approximately exponentially, flushing out is approximately 

completed in 50 days. In Segment 4, Mo concentration, flushes out rou&ly exponentially 

as can be seen in Figure 5.8b. Total time taken for flushing out is estimate as 50 days. 

Segment 7 shows some interesting results. Initially there no decrease in concentration. 

Then there is a sharp increase after which there again is a slight increase &ter 5 days. 

M e r  this increase, dmost steady decrease in concentration of Mo sets in. This al1 takes 

place within 7 days. This can be seen in Figure 5.8~. After a few weeks there is again a 

slight increase and then the decrease in concentration continues unintempted. Total 

flushing out time is approximately 50 days. 
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CADMIUM 

Decay of Cd concentrations with time as predicted by the WIN/WASP+ model 

are given in Figures 5.9 for Segments 3,4 and 7 respectively. 

Figure 5.90 depicts the decay of Cd concentrations in Segment 3. It was seen that 

Cd concentration decreased exponentiaily. Decay is retatively steady and approximately 

total flushing out is completed in 41 days. In Segment 4, afler a drastic increase in 

concentration From 0.02 microgramskg to almost 0.12 micrograms/kg, the tlushing out 

takes place more or less exponentially as can be seen in Figure 5.9b. Total time taken for 

flushing out is estimated as 51 days. In Segment 7 initially there is an increase in 

concentration of up to 0.10 microgramskg. After which there is a sharp decrease which 

steadies out after a period of 8 days. This can be seen in Figure 5 .9~ .  The concentration of 

Cd then decreases steadily. Total flushing out time is approximately 49 days. 

Summan*zing the results discussed in tliis sub-section, it was observed that if 

pollution of the lake was to totally halted, it would take almost three weeks for the lake to 

flush out substantially. Contamination levels would decrease to infi~nitesimally small 

arnounts in 7 weeks. It was also found that Sr levels decrease at a slower rate as 

compared to Mo and Cd. 

5.4.3 COMPARISON BETWEN OBSERVED AND PREDICTED 

CONCENTRATIONS 

The W / W A S P +  simulated model of Lake St, Clair was used to run a simulation 

of what were thought to be the present conditions to predict average concentrations that 

should ideally be present in the different segments of the lake. Atmospheric deposition, 



Figure 5.9a 

i 

Fluahlng out timo fo i  Cadmium in Sagrnont 3 

Figure 5.9b 

Figure 5.9b 

Fluahlng tlmo l o i  Cadmlum In Sogmont 7 

11 21 3 1 4 1 51 

Tima (drys) 



surface nui off, sediment re-suspension and sources other than tne St. Clair and Clinton 

Rivers were ignored. Concentrations of water from these two rivea were taken fiom 

results of the survey. Water samples were ûctually taken from the St. Clair River whereas 

in the case of the Clinton River results of the analysis performed on the water sarnple 

from site # 8 near the mouth of the Clinton River were used to assume concentrations 

tkom the Clinton River, Flow of water fiom the Clinton River was taken as 2% of the 

amount of flow from the St. CIair River, This value was detennined from the handbook 

on Lake St. Clair (Bolsenga and Herdendorf, 1993). These simulations were run for Sr, 

Mo and Cd. The cornparisons between observed and predicted results are discussed 

below. 

STRONTrn 

The observed and predicted average concentrations of Sr are given in Table 5.4. 

Figure 5.10 depicts the his togm for this cornparison. In Segment 1 the average observed 

concentration was 82 microgramslkg whereas the predicted concentration is 68 

microgramslkg. In Segment 2 observed concentration was 87 rnicrograms/kg and in 

Segment 3 the observed concentration was 79 micrograrns/kg. Predicted concentrations 

in Segments 2 and 3 are 68 and 89 microgramslkg. Thus in Segments 1 and 2 predicted 

concentrations were less thm observed observations whereas in Segment 3 the opposite 

was the case. In Segments 4,s and 6 the observed average concentrations were 75,70 and 

90 micrograms/kg whereas the predicted concentrations in these segments were 82, 86 

and 80 micrograms/kg. Thus it can be seen that predicted values in Segments 4 and 5 

were higher than those observed in the survey. In the case of Segment 6 observed vaiues 

were higher. Observed values for Segments 7,8,9 and 10 were 64,90,68 and 63 whereas 



Segment 1 Obrerved Concentration 1 Predicted Concentration 

Table 5.4 Comparison between obsewed and predicted concentrations of Strontium (microgramslkg) 





predicted values for these segments were 83, 82, 82 and 80 micrograms/kg respectively. 

Thus it can be seen that observed values were higher in Segments 7, 9 and 10 while in 

Segment 8 the opposite was the case. 

MOLYBDENUM 

The observed and predicted average concentrations of Mo are given in Table 5.5. 

Figure 5.1 l depicts the histogram br this comparison In Segment 1 the average obsarvrd 

concentration was 0.8 microgarns/kg whereas the predicted concentration is 0.5 

micrograms/kg. In Segment 2 the observed concentration was 0.8 micrograrns/kg and in 

Segment 3 the observed concentration was also 0.8 micrograms/kg. Predicted 

concentrations in Segments 2 and 3 are 0.5 and 1.5 rnicrograms/kg. Thus in Segments 1 

and 2 predicted concentrations were less than observed observations but higher for 

Segment 3. In Segments 4,s and 6 the observed average concentrations were 0.5,O.S and 

1.6 micrograrnskg whereas the predicted concentrations in these segments were 1.3, 1.4 

and 1.3 rnicrogramskg. Thus it c m  be seen that predicted vaiues in Segments 4 and 5 are 

greater than observed in the survey whereas in Segment 6 the opposite is tme. Observed 

vdues for Segments 7,8,9 and 10 were 0.6,0.5, 0.5 and 0.6 whereas predicted vaiues for 

these segments were 1.3, 1.2, 1.2 and 1.3 microgramskg respectively. Thus it c m  be seen 

that observed values were lower in Segments 7,8,9 and 10. 

CADMIUM 

The observed and predicted average concentrations of Cd are given in Table 5.6. 

Figure 5.12 depicts the histogram for this comparison. in Segment 1 the average observed 

concentration was 0.06 micrograms/kg whereas the predicted concentration is 6.05 

microgramdkg. in Segment 2 observed concentration was 0.03 microgramslkg and in 



Table 5.5 Cornparison between obsewed and predicted concentrations of Molybdenum (micmgmms/kg) 





Segment Observed Concentration Predicted Concentration . 

Table 5.6 Cornparison between observed and predicted concentrations of Cadmium (microgramslkg) 





Segment 3 the observed concentration was 0.04 rnicrogramskg. Predicted concentrations 

in Segments 2 and 3 are 0.05 and 0.06 micrograrndkg. Thus in Segments 2 and 3 

predicted concentrations were greater than observed observations whereas in Segment 1 

the opposite was the case. in Segments 4,s and 6 the observed average concentrations 

were 0.22, 0.06 and 0.05 rnicrograrns/kg whereas the predicted concentrations in these 

segments were 0.06,0.06 and 0.06 micrognmskg. Thus it can be seen that the observed 

value in Segments 4 was higher than that predicted by the model. In the case of Segment 

5 and 6 observed and predicted values were very close. Observed values for Segments 

7,8,9 and 10 were 0.06, 0.18, 0.29 and 0.10 microgramslkg whereas predicted values for 

these segments were 0.06 in each case. Hence observed values were higher in Segments 

8'9 and 10 while in Segment 7 both predicted and observed values concurred. 

There are two main possibilities to that account for the differences in values. One 

is that in some segments re-suspension fiom the sediments has increased the 

concentration where the values observed are higher than those predicted. Chapn (1 997) 

writes that waves on a water body's surface caused by winds causes sub-surface water to 

move in circulnr eddies, whose energy is dissipated at the bonorn. This stirs up the 

sediments, which are re-suspended in the water. This may cause the metds attached to 

the suspended solids to be desorbed in the water. This would lead to a higher observed 

concentration. The same phenornenon may explain instances of Iower observed 

concentrations. The sorption of the dissolved metals to form complex ligands also known 

as chernical sorption, may be taking place with the metals being adsorbed on to the 

surfaces of suspended particles, which may settie at the bottom or have been Filtered out. 

Strumm anci Morgan (1996) write that adsorption, the accumulation of matter at the solid- 



water interface, is the basis for most surface-chernical pmcesses. They further state that 

atoms, molecules and ions exert forces on each other at the interface causing surface 

complex reactions like surface hydrolysis resulting in the formation of coordinate bonds 

at the surface of the suspended sediments between metals and with ligands. Ion exchange 

is also a factor that is affecthg the concentration of metals dissolved in Lake St. Clair. 

Tomczak (1998) found, during his modelling of the St. Clair River that ship trafic 

increases the bottom stress and he concluded that it is another important factor in 

sediment re-suspension. This factor was also not taken into consideration during the 

modelling. 

The second reason that rnay be behind these discrepancies is the concentration of 

in coming waters rnay not be constant and may Vary with time. Thus, sincc a constant 

loading was used in the modelling a difference was found between simulated and 

observed vaiues. As mentioned before atmospheric loading, surface ninoff and other 

sources besides the Si. Clair and Clinton Rivea were ignored. The differences observed 

in the modelling indicate that inputs are present, which are not in the mode!. 



6- CONCLUSIONS 

This study consisted of a geochemical survey and the simulation of a water quality 

mode1 of Lake St. Clair. The following conclusions were made fiom this study. 

1. The Clinton River appears to be a significant source of contamination to Lake St. 

Clair. Efforts should be made to monitor and treat the waste water that is allowed to 

drain in to the Clinton River. 

2. Results revealed that Li, Se, As, Sr, Y, Ba, Sb, Th, Pb, Tl and Cs show limited 

dispersion in values. Maximurn/mean ratios for these elements were less than 4. This 

proves that these elements are conservative in nature. Mo, Cd and La vaiues showed 

some dispersion. Maximum/mean ratios for these elements were 4.8, 7.3 and 6 

respectively. The Clinton River appears to be a source of Mo in the lake. As far as Cd 

was concemed atmospheric deposition is thought to be major factor. V, Cu and Zn 

displayed greater dispersion. Maximumhean ratios for these elements were 15.5, 

12.4 and 1 1.4 respectively. It was concluded that desorption is responsible. The 

largest amount of dispersion was seen for Co (26.8), Mn (31.6), Ni (32) and Cr 

(33.5). Desorption or unknown inputs in the Iake may be responsible for these 

relatively large ratios. 

3. Average concentrations obtained for Al, Ni, Mo, As, Se, Pb and Tl fa11 within the 

values prescribed by the Canadian Water Quality Guidelines for the Protection of 

Aquatic Life. Average concentrations of Chromium and Cd are higher than values 

given in the guideline. 



4. Two hot spots of Cd were observed fiom the analysis of the filtered water samples. 

One of them was at sarnple site # 16 and the other 'hot spot' was found at sites # 12, 

27. Analysis of the centrifuged water samples showed high amounts of certain metals 

at sample site # 25 as well as in the 'hot spots' found in the filtered data. 

5. The water quality mode1 predicts that it would take Lake St. Clair 6 weeks for the 

contamination levels to decrease to a negligible levei if hypothetically speaking 

contamination of Lake St. Clair were to immediately stop. 

6. Discrepancies between average concentrations predicted by the mode1 for the 

different segments and actual observed average concentrations pointed towards other 

sources of contamination than those modelled, including a signifcant role for re- 

suspended sediments and possibly atmospheric input. 

7. Further studies of this nature should be c h e d  out determine seasonal changes in 

concentrations of the lake and also to conduct detailed mapping for concentrations of 

these metals. For this purpose sample sites should be strategically selected with 

special focus on waters near the Clinton River, the central area of the lake and within 

the St. Clair River Delta. The problem of collecting water sarnples over such a large 

and complex lake at a point in time also need to be solved if redistic models are to be 

construc ted. 
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APPENDICES 



APPENDIX 1 

SAMPLE SITE LOCATIONS 



Sample Site # 1 1 
Latitude l 

I Longitude 
1 I 

X-coord I 
I Y-coord 

i 1 

1 ! 42.66 degrees North 1 82.65 degrees West 
2 ! 42.65 derirees North i 82.75 dearees West 
3 ! 42.63 deçirees North 82.63 dearees West - .c 

4 i 42.63 degrees North 82.66 degrees West 
5 42.63 degrees North ' 82.52 degrees West 
6 1 42.63 degrees North ; 82.65 degrees West 
7 W q r e e s  West 
8 ' 42.59degreesNorth 1 82.78degreesWest 
9 42.60 degrees North ! 82.73 degrees ~ e s c  
12 42.45 degrees North j 82.70 degrees West 
13 42.45 degrees North 82.61 degrees West 
14 42.40 degrees North f 82.78 desrees West 
15 42.40 degrees North ! - ---- 82.71 degrees --- West 
16 42.40 dearees North ! 82.53 dearees West 

-- -- - - - -- 

17 ! 42.40 degrees North ' 82.61 degrees West 
18 42.35 degrees North 1 82.78 degrees West 
19 42.35 degrees North 82.71 degrees West 
20 1 42.65 degrees North 1 82.75 degrees West 
21 42.35 dearees North i 82.53 derirees West 
22 , 42.50 denrees North ; 82.83 degrees West 
23 ; 42.5 deGees North ; 82.75 deirees West 
24 42.5 dearees North 82.67 desrees West 
25 1 42.46 d&rees North l 82.55 deirees West 
26 ! 42.46 derirees North / 82.83 degrees West 
27 42.42 degree North j 82.71 deirees West 
28 1 42.38 dearees North i 82.88 deçirees West 



APPENDIX 2 

PREPARATION FOR SAMPLING 



Before conducting the field sampling the field bottles were pre-washed. The washing 
took place in seven stages; 

firstly the bottles were soap washed 

next, the bottles were placed in an acid bath after rinsing with Milli-Q water 

they were then allowed to sit in the acid bath for 24 hours 

fiom the acid bath the bottles were transferred into a water bath which contained 

Milli-Q water 

there they remained for another 24 hours 

the water bottles were then removed fiom the water bath and rinsed with Milli-Q 

water 

finally the bottles were placed in a clean fume hood for 24 hours where they were 

allowed to dry in HEPA filtered air. 

nie  acid bath consisted of 13% nitric acid. The Milli-Q water is prepared by the 

MILLIPORE, Milli-Q RG with output at 18.2 Mn. The feed water for the Milli-Q system 

was distilled water. 



FILTRATION PROCEDURE 



The steps invoived in the filtration are as below: 

Rinsed filtration unit and filter paper with 1% HNOo 3 times 

Rinsed filtration unit and paper with MilliQ water 3 times 

Rinsed recovery flask (pyrex) with Milli-Q water 2 times 

Rinsed filtration unit, filter paper and recovery flask with water sample 

Filtered sample into the recovery flask from which the filtered sample was poured 

into 60mL polyethylene botties 

Filter paper was removed and a new paper was placed for the next sarnple 

Cleaning procedure was repeated 

The filtered water samples were then acidified as mentioned above. 



APPENDIX 4 

CENTRIFUGE PROCEDURE 



The steps involved in sample preparation by centrifbging are given below: 

water samples were poured into acid washed 30mL polycarbonate test tubes, 

approxirnately 20mL of the water samples were poured for each nin 

the tubes were spun in the centrifuge at a rate of 10,000 revolutions per minute for 10 

minutes each 

the above two steps were repeated two times for each sample so as to make up 50mL 

a fier centrifùging the test tube containing the sample was ernptied into acid washed 

storage bottles (60mL polyethylene bottles) with extreme caution so as not to disturb 

the sediment pellet left as a result of the centrihiging 

the ceninfuged water samples were then treated with concentrated nitric acid and then 

stored again at a temperature of 4 ' ~  for analysis. An amount equivdent to 1% of the 

total of the water sample of concentrated nitric acid was added (1% of 50mL = 

0.5mL) 

the sample was then stored in a walk-in fridge at 4OC. 



APPENDIX 5 

ICP-MS DATA FOR FILTERED 
WATER SAMPLES 









APPENDIX 6 

ICP-MS DATA FOR CENTRIFUGED 
WATER SAMPLES 
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APPENDIX 7 

ICP-OES DATA FOR FILTERED 
WATER SAMPLES 





ICP-OES DATA FOR CENTRIFUGED 
WATER SAMPLES 



Cakim 267ûû 27700 
Iton 4 3 
Pdassiun 843 884 

. . 

I 
Sriipk Site 1@ 17 17 17 18 18 18 19 19 19 20 20 
La yu M B M S B M S 8 M S B M 

CP-OES data for centrifuged water sampks(microgms/kg) 



APPENDIX 9 

MODELLING 
PARAMETERSICONSTANTS 



Volumes calculated for the model are given below and were calculated by GIS analysis 
using the softwate ARCVIEW. 

An average velocity of O . 3 d s  was used for the lake. Average velocities for the segments 
used for the model are given below. These values were assumed on the bais of current 
patterns in the lake. The source of this data was Dr. Ibrahim's PhD dissertation. 

Segment 
1 
2 
3 
4 
5 
6 
7 
8 
9 
10 

Hydradic fîow and total amount of water input was also taken fiom the same source. 

A list of remaining parameters and constants as well as their sources is given below. 

1 ParametedConstant 1 Source 

Water temperature 
Rearation coefficient 
Dissolved organic carbon 
ChlorophylCa 
PH 
Bacteria concentration 
Light extinction coefficient 

Measured in field 
Chapra, 1997 
Chapra, 1997 
Chapra, 1997 
Measured in field 
Chapra, 1997 
Chapra, 1997 



Loglo of octanol-water partition coefficient 
Loglo of organic carbon partition coefficient 
Partitionhg parameter of chernical onto solids 
Solids inde~endent oartition coefficient for somtion 

Stmmm and Morgan, 1996 
Stnunm and Morgan, 1996 
Stnunm and Morgan, 1996 
Sûumm and Morgan. 1996 . 

Molecuiar ieight a 

Ionization coIlSfants 

- - 
Petiodic table 
Chapra, 1997 



APPENDIX 10 

DEVELOPMENT OF GEOGRAPHIC 

INFORMATION SYSTEM DATABASE 



To carry out this project it was imperative to create database that contained the desired 

geographical information conceming the project area. Also coverages were required of 

Lake St. Clair to carry out the mode1 execution and to view results on a mapkoverage. 

The GIS also was used to make calculations of area, volumes and depths for the lake and 

each of the individual segments. The GIS analysis of the study area was carried out in 

five steps. 

Step # 1 

In the Fust step the NOAA map from 1995 for Lake St. Clair was digitized in ArcInfo. 

The boundaries were initially outlined and then nodes were added for the depth points of 

the lake. The coverage was then edited for errors. Segment outlines were digitized. The 

final coverage was cleaned and saved for the next steps. 

Step # 2 

A database was created for the lake in ArcView. Depth values for each of the depth nodes 

were added. AAerwards the coverage was contoured according to the bathyrnetry of the 

lake. The contoured maps were split up into the separate maps for each of the individual 

in ArcMo. 

Step # 3 

The individual contoured maps of each of the segments were imported into MapInfo. 

Here areas for polygons were obtained. 



Step # 4 

The areas were used to calculate volumes for the segments in the database in ArcView. 

The final coverage and database was saved for use in the modelling procedures. 

Step W 5 

During the entry of data into the WINANASP+ the GIS coverage and database were 

studied using ArcExpIorer. 
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