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Abstract 

Urban runoff poses a threat to water quality. Some contaminants in urban runoff, 

such as heavy metals, are preferentially bound to fine-grained sediment. Fine-grained 

sediment in fluvial systems is transported as composite particles known as "floes". 

Floes are deposited as a thin layer of surficial fine-grained laminae (SFGL) during 

periods of low flow velocity and shear stress. SFGL deposits have been identified as a 

possible in-channel sink and source of fine-grained sediment and associated 

contaminants that may be useful in determining anthropogenic impacts on rivers. The 

objective of this study was to examine changes in the physical and chemical 

characteristics of SFGL in response to urban runoff, and to assess the applicability of 

SFGL to water and sediment quality studies. 

SFGL samples were collected from the South Saskatchewan River, upstream and 

downstream of the city of Saskatoon, before, during and after rainstorms. The sediment 

was analyzed for trace element composition, organic carbon content and particle size 

distribution to characterize the physical and chemical nature of SFGL. Fine-grained 

storm water outflow sediment was also collected to characterize urban runoff inputs to 

the river. 

The physical characteristics of SFGL varied with season and suspended sediment 

concentration. Variations in the trace element chemistry of SFGL were due to changes 

in the physical composition of sediment in terms of% silt and clay and the chemical 

characteristics of the sediment in terms of% TOC (total organic carbon), and were not 

directly attributed to changing hydrologic conditions such as discharge, rainfall and 

runoff. As, Cr, Cu and Ni concentrations in SFGL exceeded sediment quality 

guidelines. The downstream decrease in trace element concentrations of SFGL may be 

attributed to dilution by uncontaminated sediment, or the presence of a sediment sink 

upstream of the downstream sampling site. Fine-grained sediment carried by urban 

runoff and discharged to the river at storm water outflows was a source for Cu, Zn, Pb 

and Sn. Nevertheless, there may not have been a sufficient quantity of this contaminant

enriched sediment to have an impact on sediment-associated trace element 

concentrations downstream of the city. 
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Chapter 1 

INTRODUCTION 

1.1 Research problem 

Urban areas are known to place considerable stress on the natural environment. 

The hydrological cycle has been altered in urban areas by the construction of roads, 

buildings and sidewalks, which create urban runoff by routing precipitation directly to 

receiving \Vaters. In Canada, urban runoff has been identified as a threat to water quality 

and an area of environmental contamination in need of further research (Environment 

Canada, 2001a). 

Water quality studies generally focus on the pollutants dissolved in water. Many 

contaminants, such as organic pollutants and heavy metals, are preferentially bound to 

sediment (Axtmann and Luoma, 1991; Horowitz, 1991; Forstner and Wittman, 1979). 

In this way, sediment, and in particular, the fine fraction, acts as a vector of contaminant 

transport. Fine-grained sediment was thought to remain in suspension during fluvial 

transport. In the past decade, sediment researchers have found that fine-grained 

sediment is transported as flocculated or aggregated particles called "floes". The 

presence of floes increases the downward flux of sediment into transient deposits known 

as "surficial fine-grained sediment laminae" (SFGL). SFGL is therefore a possible in

channel sink and source of fine-grained sediment and associated contaminants (Droppo 

and Stone, 1994). As such, it may be helpful for water quality studies as an indicator of 

short-term sediment quality. 

1.2 Research objectives 

This research project examined how the physical and chemical characteristics of 

SFGL vary in response to urban runoff. SFGL was examined at two locations: 

upstream and downstream of the city of Saskatoon on the South Saskatchewan River. 

Short-term temporal trends in the physical and chemical characteristics of SFGL were 
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investigated by collecting surficial sediments before, during and after urban runoff 

events in the summer and autumn of2001. Spatial trends in SFGL composition were 

analyzed to determine if trace element concentrations in SFGL increase downstream of 

the city, thus indicating the anthropogenic impact of the city on the river. The fine

grained sediment in urban runoff was studied at two stormwater outflows (SWOs) 

within Saskatoon during storm events to determine if urban runoff is a source of 

sediment-associated contaminants to the South Saskatchewan River. The overall 

objective of this research was to assess the utility of SFGL as a parameter to indicate 

water quality in a prairie river affected by urban runoff. 

1.3 Research hypotheses 

Two hypotheses are tested by this research. The first hypothesis is that trace 

element concentrations in SFGL downstream of Saskatoon are higher than trace element 

concentrations in SFGL upstream of the city. The second hypothesis is that the fine

grained sediment in urban runoff from storm water outflows is a source of trace elements 

in the South Saskatchewan River at Saskatoon. 
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Chapter2 

LITERATURE REVIEW 

2.1 Introduction 

Urban areas are a source of pollution to the environment due their high 

population density, industrial development, and the alteration of natural systems such as 

the hydrological cycle. Urban runoff is a source of non-point source pollution that 

affects the quality of receiving waters. Urban runoff contains trace metals, often in the 

fine-grained particulate phase. Fine-grained fluvial sediments have a tendency to 

flocculate. In regions of low flow velocity and shear stress, the flocculated particles 

settle on the channel bed into a low-density, unconsolidated layer of surficial fine

grained laminae (SFGL). These temporary SFGL deposits may be an important sink and 

source of contaminants, and may have practical applications as short-term indicators of 

water and sediment quality. The following sections discuss trace elements, their 

transport in fluvial systems in association with fine-grained sediment, and their potential 

impacts to biota; the characteristics of urban watersheds, urban point and non-point 

source water pollution and the impact of urban runoff to receiving waters; and the 

flocculation of fine-grained sediments and formation of SFGL, which has implications 

for the transport and storage of sediment-associated contaminants and water and 

sediment quality. 

2.2 Trace elements 

Trace elements are defined as elements found in the environment at relatively 

low (<0.1 %) concentrations, such as Cr, Fe, Ni, Cu, Zn, Ag, Cd, Sn, Au and Hg (Pais 

and Jones, 1997; Rollinson, 1993). Many trace elements are metals, hence the term 

trace metals is often used interchangeably with trace elements. Nevertheless, trace 

metals are a smaller subset of trace elements and do not include non-metals such as As, 

Se and Sb. Heavy metals refer to the metallic trace elements that have a density greater 
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than 6 g cm-3, which includes metals such as Cd, Co, Cu, Fe, Pb, Ni and Zn (Foster and 

Charlesworth, 1996). The term trace element will be used in this study as the suite of 

elements examined includes metals and metalloids. The trace elements examined in this 

study are identified on the periodic table (Figure 2.1 ). The lanthanide series of elements 

with atomic numbers from 57 to 70 are often referred to as rare earth elements (REE). 

These elements occur in the environment in very low concentrations (Pais and Jones, 

1997; Rollinson, 1993). 

2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 

He 

B N 0 F Ne 

Cl Ar 

Mn Fe Co Br Kr 

Tc Ru Rh Xe 

w Re Os lr At Rn 

Sg Bh Hs Mt Uus Uuu Uub 

*Lanthanides Pm Sm Eu Gd 
**Actinides Np Pu Am Cm 

Figure 2.1 Simplified periodic table. Trace elements examined in this study have been 
shaded grey. 

Trace elements are natural constituents of rocks, soil, sediment and biota 

(Forstner, 1989). Natural sources of trace elements in the environment are weathering of 

crustal materials, erosion of soils and crustal materials, volcanic emissions, vegetation, 

sea sprays and forest fires (Nriagu and Pacyna, 1988; Salomons and Forstner, 1984; 

Nriagu, 1979). Trace elements will form their own minerals, but are most widely 

distributed as substitutions for major elements in rock-forming minerals (Rollinson, 

1993 ). Fluvial systems are a major transport vector of trace elements to the ocean, 

where they are ultimately incorporated into oceanic sediments (Salomons and Forstner, 

1984). 

Global industrialization during the last century has increased the rate of release 

of many trace elements into the environment to the point where anthropogenic release 
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from all sources by far exceeds natural mobilization (Foster and Charlesworth, 1996). 

Anthropogenic releases of trace elements to the environment occur during four major 

activities: metal or ore extraction, metal processing or production, product use and 

disposal. Specific human activities and product uses that release trace elements to the 

environment are listed in Table 2.1. Although most trace element emissions are to the 

atmosphere, surface waters eventually receive the bulk of emissions, usually via surface 

runoff and sewage effluents (Foster and Charlesworth, 1996). 

Table 2.1 Trace element sources, anthropogenic uses and sources to the environment for 
trace elements examined in this study (Los Alamos National Laboratory, 2003; Pais and 
Jones, 1997; Seattle Times, 1997; Nriagu and Pacyna, 1988; Nriagu, 1979; Atkins and 
Hawley, 1978). 

Trace Natural mineral Anthropogenic uses and sources to the environment element source 
Sb stibnite Sb2S3, coal combustion, iron and steel production, pigments, 

ullmanite NiSbS medicines 

As realgar As4S4, coal combustion, metal production, pesticides, domestic 
orpiment As2Sa, wastewater effluents, dumping of sewage sludge, 
loellingite FeAs2 antifreeze, paints, pigments, medicine 

Ba barite BaS04, witherite transmission fluid, fuel additive, caulking compounds, 
BaC03, beryllite cosmetics, lubricants, oils, paints, pigments, polish 
Be2BaSi2~ 

Ce monacite CeP04 few general sources to the environment 
lanthanite 
La(Nd,Pr,Ce)2(C0a)2 

Cs pollucite electron tubes, photoelectric cells, chemical catalyst, few 
(Cs,Na).t-AI4Sig02a•H20 general sources to the environment 

Cr chromite FeCr04, coal combustion, iron and steel production, domestic 
chrochoite PbCr04 wastewater effluents, automotive products, caulking 

compounds, cleaners, liquid fire extinguisher, pesticides, 
lubricants, paints, photographic products, pigments 

Cu chalcopyrite CuFeS2, mining, metal production, domestic wastewater effluents, 
chacocite CuS, cuprite urban refuse, cleaners, cosmetics, fuel additive, 
Cu20, malachite pesticides, inks, paints, pigments, wood preservative, 
Cu2(C03)(0H)2 water treatment chemicals, medicine 
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Table 2.1 continued 

Trace Natural mineral Anthropogenic uses and sources to the environment 
element source 

Dy trace amounts in few general sources to the environment 
monacite sand CeP04 

Er trace amounts in few general sources to the environment 
monacite sand CeP04 

Ho trace amounts in few general sources to the environment 
monacite sand CeP04 

La lanthanite few general sources to the environment 
La(Nd,Pr,Ce)2(C03)2 

Pb galena PbS, analesite mining, metal production, combustion of leaded fuels, coal 
PbS04, pyromorphite combustion, fertilizers, dumping of sewage sludge, urban 
Pbs(P04)aCI, refuse, automotive products, caulking compounds, 
mimetesite pesticides, lubricants, oils, paints, photographic products, 
Pbs(As04)aCI pigments 

Li lepidolite KLiAI2Sia010, cosmetics, medicine, few general sources to the 
litiofillate LiMnP04, environment 
micas 

Ni nickeline NiAs, mining, metal production, combustion of diesel fuel and 
millerite NiS, oil, domestic wastewater effluent, cosmetics, pigments 
monenozite 
NiS04•7H20, genthite 
Ni4(Mg)Sia01o, olivine 
-3 g/kg 

Pr trace amounts in few general sources to the environment 
monacite sand CeP04 
lanthanite 
La(Nd,Pr,Ce )2(C0ah 

Rb granite, gneiss (Rb- specialized glass ingredient, vacuum tubes, photoelectric 
oncosite) cells, few general sources to the environment 

Sc widely distributed in few general sources to the environment 
minute quantities in 
over 800 minerals 

Se traces in certain ores livestock feed additive, coal combustion, pigment 

Sr celestite SrS04, inks, pigments, medicine 
strontianite SrCOa 

Tb trace amounts in few general sources to the environment 
monacite sand CeP04 
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Table 2.1 continued 

Trace 
element 

Tl 

Th 

Tm 

u 

v 

Yb 

y 

Zn 

Zr 

Natural mineral 
source 

lorandite TIAs~, 
jarosite - high content 
of Tl, granitic -
rhyolytic rocks 

trace amounts in 
monacite sand CeP04 
contains 3 - 9o/o Th02 

trace amounts in 
monacite sand CeP04, 
very rare 

uraninite U30a, 
carnotite 
K2U2(V04)2•2H20 

vanadinate Pbs(V04}a, 
patronite VS4, 
pucherite BiV04, 
bauxites, crude oil 

xenotine YbP04, trace 
amounts in monacite 
sand CeP04 

trace amounts in 
monacite sand CeP04 

zinc blende ZnS, 
calamine ZnC03, 
sphalerite (Zn,Fe)S 

zircone Zr(Hf)Si04, 
baddelayite Zr02 (very 
rare), 400-500 mg/kg 
in some bauxites 

Anthropogenic uses and sources to the environment 

coal combustion 

few general sources to the environment 

few general sources to the environment 

nuclear fuel, military devices, glass and glaze pigment, 
phosphate fertilizer impurity 

oil combustion, paints 

few general sources to the environment 

television tubes, few general sources to the environment 

mining, metal production, wood combustion, waste 
incineration, coal combustion, fertilizers, urban refuse, 
automotive products, caulking compounds, cleaners, 
cosmetics, pesticides, fire extinguisher fluid, inks, 
lubricants, oils, ointments, paints, pigments, polishes, 
wood preservatives, water treatment chemicals, medicine 

ointment, medicine 

Some trace elements, such as Co, Cu, Mn, Mo, Se, V and Zn, are essential 

micronutrients for plants and animals while others, such as Sb, As, Be, Bi, Cd, Hg, Pb, 

Ag and Sn, are toxic (Pais and Jones, 1997; Stumm and Morgan, 1996). Pb, for 

example, inhibits the synthesis of hemoglobin and adversely affects the nervous system 

and kidneys (Manahan, 1994). Micronutrients themselves can become toxins when their 
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intake by organisms is too high (Stumm and Morgan, 1996). Thirteen trace elements 

have been identified as priority toxic pollutants by the United States Environmental 

Protection Agency: Sb, As, Be, Cd, Cr, Cu, Pb, Hg, Ni, Se, Ag, Tl and Zn (US EPA, 

1999). With the exception of Sb, these pollutants have been categorized as persistent 

and accumulative in sediments and biota (Chapman et al., 1982). Pollutants and 

contaminants are both defined as substances found in greater than normal concentrations 

in an environment. Pollutants are further defined as the result of human activity and 

have a net detrimental effect on the environment or upon something of value in that 

environment (Manahan, 1994). 

2.2.1 Transport of trace elements 

Trace elements are present in fluvial systems in two principal forms: dissolved 

in the aqueous phase or incorporated in the sediment as the solid or particulate phase. 

Freshwater concentrations of most trace elements in the dissolved phase are generally 

low, less than 1 ppm (Drever, 1988; Hem, 1985; Environment Canada, 1979). Trace 

element concentrations in fluvial systems are much higher in the solid phase than the 

dissolved phase due to their low solubility under natural conditions of salinity, pH and 

oxidizing state, and the "scavenging" ability of the solid phase (Foster and 

Charlesworth, 1996; Stumm and Morgan, 1996; Axtmann and Luoma, 1991; Drever, 

1988; Hem, 1985; Gibbs, 1973). Thus, the transport of trace elements in fluvial systems 

is coupled to the transport of sediment in fluvial systems. 

Fluvial sediment is divided into two groups based on particle size: fine sediment 

with particles smaller than 63 J..lm in diameter, subdivided into silts and clays; and coarse 

sediments with particles exceeding 63 J..lm in diameter, subdivided into sands and gravels 

(de Groot, 1995; Mudroch and Azcue, 1995; Horowitz, 1991; Salomons and Forstner, 

1984). Fine-grained particles consist mainly of clay minerals, organic matter, quartz, 

carbonate and feldspar. Coarse-grained sediment particles generally consist of rounded 

quartz and feldspar particles (Salomons and Forstner, 1984). The fine-grained portion of 

sediment is enriched in trace element concentrations compared with the coarse-grained 

portion of sediments (Murray et al., 1997; de Groot, 1995; Droppo and Jaskot, 1995; 

Horowitz, 1991; Horowitz and Elrick, 1987; Salomons and Forstner, 1984; Ackermann, 
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1980). Although the concentration of trace elements in coarse-grained sediment may be 

lower than that in fine-grained sediment, rivers that carry a large bed load of coarse 

sediment may have considerable metal loads (Moore et a/., 1989). 

Since trace elements are primarily associated with the fine-grained portion of 

sediment, the behaviour of trace elements in fluvial systems is related to the erosion, 

transport and deposition of fine-grained sediments. Particle motion is initiated when 

shear forces in the flow overcome the weight of the particle (Eisma, 1993). The shear 

forces required are related to particle diameter and the fluid's density, viscosity, and 

velocity. Particles remain in motion as long as the flow velocity and turbulence exceed 

a critical value. Suspended sediment transport is associated with high magnitude 

discharges and variable transport patterns, compared to the more constant transport of 

the dissolved load (Knighton, 1998). Particles settle when the velocity and turbulence of 

the flow are no longer sufficient to keep particles in suspension (Eisma, 1993 ). The fall 

or settling rate of particles is influenced by their shape, density and porosity, and by the 

viscosity of the surrounding fluid (Droppo, 2001; Eisma, 1993). Particles can be 

resuspended when discharge and shear forces increase. Fine-grained particles such as 

clay, however, are more difficult to resuspend from the channel bed due to their 

cohesive nature. In general, fine-grained suspended sediment transport is dependent on 

the rate of sediment supply rather than on transport capacity (Knighton, 1998). If the 

fine-grained load of a river is non-capacity, the contributing sources, rather than the 

discharge, will control fine-grained sediment loads. Larger particles (>63 J.Ull) are 

transported as the bed load by rolling, sliding or saltating along the channel bed. The 

rate ofbed material transport is dependent on the transport capacity of the flow rather 

than on the supply (Knighton, 1998). 

Trace elements are enriched in the fine-grain sized fraction of sediment due to 

the high specific surface area of the geochemical substrates that occur as discrete 

particles and coatings. Chemical reactions at particle surfaces, such as adsorption, are 

essential to trace element interactions with sediment (Warren and Zimmerman, 1994a; 

Horowitz, 1991 ). As particle size decreases, surface area increases sharply (Warren and 

Zimmerman, 1994b; Horowitz, 1991; Horowitz and Elrick, 1987). The nature of fine

grained sediment surfaces is also an important factor. Many fine-grained particles, 
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especially clay, have layered, irregular surfaces rather than rounded, spherical surfaces, 

yielding more surface area (Horowitz, 1991 ). Thus, fine-grained sediments with their 

large, irregular surfaces provide the main sites for the adsorption and transport of trace 

elements. 

Adsorption occurs when a dissolved ion or molecule becomes attached to the 

surface of a pre-existing solid particle (Drever, 1988). Adsorption can occur by 

electrostatic attraction, hydrogen bonding, van der Waals forces or by cation exchange 

(Horowitz, 1991; Forstner and Wittman, 1979). Cation exchange is the process whereby 

a cation is sorbed onto a negatively charged particle from solution as another cation is 

released to solution (Horowitz, 1991 ). The capacity of any material to bind cations in 

this way can be defined experimentally and is termed the cation exchange capacity 

(CEC). Clays, Fe and Mn oxides, and organic matter all have relatively high CEC's 

(Forstner and Wittman, 1979). 

Trace elements are associated with several geochemical phases in sediments: Fe 

and Mn oxides, carbonates, sulfides, silicates, organic matter and crystalline materials. 

Warren and Zimmerman (1994a) found Fe oxides and organic matter in suspended 

sediments from the Don River in Toronto, Ontario to be the two most important 

geochemical phases for trace metal collection. Fe and Mn oxides occur as particle 

coatings ormicronodules and as individual grains (Horowitz, 1991; Drever, 1988). 

They are important collectors of trace elements in fluvial systems due to their large 

surface area, high CEC, high negative surface charge, amorphous or irregular form, fine

grained nature and abundance (Horowitz, 1991). Trace elements are taken up by Fe and 

Mn oxides by adsorption or coprecipitation (Horowitz, 1991; Drever, 1988; Forstner and 

Wittman, 1979). Sulfides, carbonates and silicates also take up trace elements from 

solution by adsorption and coprecipitation, but are considered less important inorganic 

collection phases than Fe and Mn oxides. The formation of trace element- sulfide 

compounds is more important in low oxygen environments (Forstner and Wittman, 

1979). Sedimentary organic matter has been strongly associated with trace elements due 

to its large surface area, high CEC, high negative surface charge and capability to 

physically trap (Horowitz, 1991). The organic portion of sediment consists ofbiofilms 

or coatings that contain humic substances, fulvic substances, bacteria, fungi and algae in 
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a sticky, polysaccharide matrix (Udelhoven et al., 1998; Warren and Zimmerman, 1993; 

Lock, 1990; Forstner and Wittman, 1979). The organic content of sediment can be 

determined by measuring the %TOC (total organic carbon) (Agemian, 1997; Horowitz, 

1991 ). Trace elements are associated with organic matter by adsorption and 

organometallic bonding to form stable, chelate-type complexes (Horowitz, 1991; 

Drever, 1988; Forstner and Wittman, 1979). Sediment researchers have found a positive 

correlation between particulate organic matter (POM) and trace metal concentration 

(Symader and Bieri, 2000; Udelhoven et al., 1998; Murray eta/., 1997; Forstner, 1982). 

Trace elements can be incorporated into crystalline minerals by substitution, which is 

governed by ionic radius and charge. Substitution is not very common in water-particle 

interactions (Horowitz, 1991 ). 

2.2.2 Impact of trace elements 

Toxicity refers to a chemical's potential to have a harmful effect on a living 

organism (Rand et al., 1995). The toxicity of many trace elements is determined by 

their bioavailability or their opportunity to be taken up by organisms and gain entry into 

aquatic and terrestrial food chains. Bioavailability is dependent upon the particular 

geochemical phase with which trace elements are associated (Tessier and Campbell, 

1988). These geochemical phases include: dissolved, adsorbed at fine-grained particle 

surfaces, adsorbed by Fe and Mn oxides and organic matter, bound to carbonates and 

sulfides and locked in the lattice of minerals (Horowitz, 1991; Drever, 1988; Tessier and 

Campbell, 1988; Gibbs, 1973). Trace elements in solution and adsorbed at fine-grained 

particle surfaces are readily bioavailable; trace elements chemically associated with Fe 

and Mn oxides, organic matter, carbonates and sulfides require changes in pH or 

oxidizing state before they are released, and are less bioavailable; and trace elements 

locked in the lattice of minerals are essentially unavailable (Gibbs, 1973). 

From a toxicological perspective, the most important trace metal accumulative 

phases are dissolved and bound to organic matter (Stumm and Morgan, 1996). Trace 

metals in solution are readily available for uptake by aquatic organisms as they can pass 

through biological membranes (Baird, 1995). The exposure of benthic organisms to 

metals has been correlated with the concentrations of these contaminants in sediment 
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pore waters (Ankley et al., 1993). Many aquatic organisms, such as fish and shellfish, 

bioconcentrate metals from their environment into their bodies as the metals have a 

greater affinity for their fatty tissues than for the surrounding waters (Baird, 1995). 

Although trace elements bound to organic matter are less bioavailable than those 

dissolved in water, they can be taken up by organisms that feed on DOM, POM and 

other organisms (Wotton, 1990). When these metals are not metabolized, they become 

available to the next trophic level in the food chain. Thus, heavy metals can 

bioaccumulate in aquatic and terrestrial biological systems. Researchers have found that 

metal bioavailability to aquatic organisms is primarily related to free metal ion 

concentrations in solution (Stumm and Morgan, 1996; Sigg, 1990). The chemical 

reactivity, and therefore the bioavailability of a metal, is often meaSured by the free 

metal ion concentration (Stumm and Morgan, 1996). 

Trace elements stored in the various geochemical phases of sediments, with the 

exception of the mineral lattice phase, can be remobilized as a consequence of changing 

environmental conditions (de Groot, 1995). Unlike nutrients and some organic 

contaminants, metals can not be fully assimilated or chemically transformed through 

biogeochemical cycles, and therefore represent a permanent store of contaminants 

(Stone and Droppo, 1994). Changes in the ionic composition of water can release trace 

elements adsorbed to particle surfaces, changes in pH can release trace elements bound 

to carbonates, and changes in oxidation state can release trace elements bound to Fe and 

Mn oxides, sulfides and organic matter (de Groot, 1995; Tessier et al., 1979). Changing 

chemical conditions can occur when sediments are transported through estuaries, when 

sediments are drained or dredged and exposed to air and when the chemical composition 

of water changes, perhaps from the addition of polluted waters. Remobilization can also 

be a physical process that occurs due to the resuspension and downstream transport of 

sediments. 

2.2.3 Trace element speciation and geochemical normalization 

Trace elements from natural and anthropogenic sources accumulate together on 

the same sediments, but in different geochemical phases and grain size fractions. Metals 

from anthropogenic sources typically occur in the less stable geochemical phases 
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(adsorbed, bound to carbonates, Fe and Mn oxides) and the fine-grain sized portion ( <63 

~-tm) of sediment (Salomons and Forstner, 1984; Forstner, 1982; Forstner and Wittman, 

1979). By determining in which geochemical phase and size fraction trace elements 

occur, anthropogenic loadings of trace elements and their bioavailability to aquatic 

organisms can be assessed. The coarse- and fine-grained fractions of sediment can be 

separated by sieving, elutriation, or sedimentation prior to trace element concentration 

analysis (Mudroch and Azcue, 1995). 

Selective extraction procedures have been used by many researchers to 

determine the geochemical phase of trace elements (Droppo et al., 1998a; Stone and 

Marsalek, 1996; Gibson and Farmer, 1984; Hamilton et al., 1984; Tessier et al., 1979). 

The five operationally defined geochemical phases for trace elements are: 

exchangeable, bound to carbonates, bound to Fe and Mn oxides, bound to organic 

matter, and residual. The major advantage of selective extraction procedures are that 

they offer an estimate of the bioavailability of trace elements compared to total element 

analyses, which include residual trace elements that are not bioavailable under any 

natural conditions (Tessier and Campbell, 1988; Jenne et al., 1980; Tessier et al., 1979). 

The disadvantages of selective extraction are that it is expensive, time consuming and 

may not be truly selective (Lee et al., 1997). The distribution of trace elements among 

the different fractions will reflect the operationally defined method of extraction rather 

than the relative contribution of the discrete chemical phases (Tessier and Campbell, 

1988). 

~n alternative method to selective extraction procedures for distinguishing 

between the natural and anthropogenic trace element load of sediment and reducing the 

variability caused by grain size and mineralogy is to normalize trace element data to a 

conservative element (Loring, 1990). This method is often called "geochemical 

normalization". Conservative elements are assumed to have had a uniform flux from 

crustal-rock sources through the rock cycle over a long period (Horowitz, 1991 ). The 

normalizations are based on a simple ratio: 

Concentration of trace element Element ratio=----------:;...._. _____ _ 
Concentration of conservative element 

[2.1] 
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Trace element refers to an element of suspected anthropogenic origin such as Cr, Ni, Cu, 

Zn, As, Sn or Pb. The most common conservative elements used are AI and Ti 

(Horowitz, 1991). Other conservative elements such as Cs, Li and Schave been used 

successfully by other researchers (Loring, 1990; Ackermann, 1980). Ackermann (1980) 

studied seven potential reference elements unaffected by anthropogenic influences, and 

found that Cs, followed by Sc, provided the most reliable results for correcting grain size 

effects. Loring (1990) found that Li is a better conservative element than AI for the 

normalization of trace element data from high-latitude and glacially-eroded sediments. 

Geochemical normalization can be used to clarify trace element distribution patterns, but 

results need to be carefully evaluated and interpreted (Horowitz, 1991 ). 

2.3 Urban watersheds 

Urban areas are characterized by a high proportion of impervious cover. 

Surfaces such as roads, sidewalks, parking lots and roofs are non-porous and prevent the 

infiltration of precipitation into the soil. Precipitation on these surfaces either enters 

small depressions to form puddles that are subsequently evaporated, or drains away as 

surface runoff. Runoff is collected in urban areas by a storm sewer network that 

discharges it to a receiving water body such as a river, lake or ocean. Storm sewer 

drainage networks were built to improve public health and safety. If storm water was not 

drained properly, it would cause inconvenience, damage, flooding and human health 

risks (Butler and Davies, 2000). 

A hydrograph illustrates the discharge of a stream at a single location as a 

function of time (Fetter, 1994). The hydrograph for stream flow from an urban area 

differs from one from a natural watershed (Figure 2.2). The storm flow from an urban 

area is larger and peaks faster than storm flow from a natural watershed since less water 

goes to storage and infiltration (Ferguson, 1998; Lazaro, 1990). There is very little 

subsurface runoff or baseflow in an urban area; most excess rainfall augments 

streamflow via surface runoff (Lazaro, 1990). 
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Figure 2.2 Contrasting storm flows from vegetated soil and impervious cover 
(Ferguson, 1998, pg. 6). "Vegetated soil" represents a natural watershed and 
"impervious cover'' represents an urbanized watershed. Rate of flow, cfs = cubic feet 
per second. 

2.3.1 Water pollution from urban areas 

It has been documented by many researchers that urban areas are a source of 

environmental pollution that may negatively impact the quality of receiving waters 

(Environment Canada, 2001a; Tsihrintzis and Hamid, 1998; Klein, 1979; McPherson, 

1974). Sources of water pollution can be classified into two categories: point sources 

and non-point or diffuse sources. Pollution discharged to a receiving water body from a 

single, identifiable location or "point" such as a chemical plant, manufacturing facility 

or a wastewater treatment plant (WTP) is point source pollution (Novotny and Chesters, 

1981 ). Pollution discharged to a receiving water body from numerous locations is non

point source pollution. Examples of non-point source pollution are urban storm water 

runoff, atmospheric deposition and runoff from agricultural land (Novotny and Chesters, 

1981). 

During the 1970s and 1980s, efforts were made to improve the water quality of 

receiving waters by reducing the pollutant load of wastewater treatment plants and 

industrial discharges (Ellis, 1989). Receiving water quality did not improve as much as 

expected due to the continued pollutant loadings from uncontrolled and unregulated non

point sources such as urban runoff (Ellis, 1989; Novotny and Chesters, 1981 ). As a 

result, the attention of municipalities concerned about water quality issues has turned to 
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discharges of non-point source pollutants in recent years (Murray et al., 1997; Lazaro, 

1990; Ellis, 1989). 

2.3.1.1 Wastewater 

Wastewater is the main liquid waste of a community that originates from 

domestic, commercial and industrial sources (Butler and Davies, 2000). In many 

communities, wastewater is routed to a treatment facility before release into receiving 

waters. Domestic wastewater generated by residential properties, institutions and 

recreational facilities originates from toilet flushing, personal washing and appliances. 

Commercial wastewater originates from similar sources with toilet flushing comprising 

a larger component (Butler and Davies, 2000). Industrial wastewaters are highly 

variable and depend on the type of industry and the specific process used. They are 

generated by sanitary uses, processing, cleaning and cooling (Butler and Davies, 2000). 

Wastewater is a complex mixture generally comprised of 0.1% natural organic, 

inorganic and anthropogenic materials and 99.9% water (Butler and Davies, 2000). The 

materials are present as large solids, suspended solids and in solution. Wastewater from 

all sources contains contaminants that affect receiving water quality. Domestic and 

commercial wastewater contains solid and soluble organic matter, nutrients and 

detergents. Industrial wastewater contains high levels of organic matter, biologically 

inhibiting chemicals such as acids, toxins and bactericides, persistent organic 

compounds and heavy metals (Butler and Davies, 2000). When organic matter is 

discharged to receiving waters, aerobic bacterial activity increases. As the bacteria 

multiply, they require large amounts of dissolved oxygen (DO) and, therefore, exert a 

high biological oxygen demand (BOD) depleting the stream of DO (Lazaro, 1990). 

Suspended solids in wastewater can settle on the riverbed, affecting the habitat of 

benthic organisms and clogging pore spaces. Excessive amounts of nutrients such as 

phosphorus and nitrogen can lead to eutrophication. Heavy metals and persistent 

organic compounds are potentially toxic to organisms and can biomagnify throughout a 

food chain. 

Wastewater treatment at wastewater treatment plants varies in extent by 

municipality and the nature of the receiving waters. Primary treatment is a physical 
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process where larger solids are removed by screening and grit settles out (Eckenfelder, 

1989). After primary treatment, wastewater effluent may undergo secondary treatment, 

which is the biological degradation of soluble organic compounds by aerobic or 

anaerobic bacteria. The BOD of wastewater is reduced during this treatment stage. The 

microorganisms and other solids settle out after treatment. The sludge created during 

this stage can be recycled as a fertilizer for agricultural fields. The application of 

sewage sludge is a pathway for trace element entry into the environment. Tertiary 

treatment schemes can be added to remove specific contaminants such as nutrients, 

heavy metals, and persistent organic compounds before wastewater effluents are 

released. 

2.3.1.2 Combined sewer overflows, storm water outfalls and street sediments 

Impervious surfaces in urban areas are collectors for pollutants such as litter, pet 

wastes, deicing salts, street sediment, oils, bacteria, dust and other dry atmospheric 

deposits, fertilizers, pesticides, and tire and brake break-down products (Ferguson, 

1998). In addition to the substances that accumulate on urban surfaces in dry weather, 

microscopic particles and molecular pollutants from automobile exhaust, and industrial 

and residential heating are washed out of the atmosphere during precipitation events by 

the process of wet deposition. Precipitation on impervious surfaces entrains and carries 

the various pollutants through a storm sewer network consisting of gutters, drains and 

ptpes. 

There are two basic types of sewerage systems: a combined system and a 

separate system (Butler and Davies, 2000). In a combined system, wastewater and 

storm water flow together in the same pipes. During dry weather, the system carries 

wastewater to the wastewater treatment plant. During wet weather, however, the flow 

increases due to the addition of stormwater and may be diverted to receiving waters 

without treatment. Combined sewer overflows (CSOs) are the structures that divert 

storm water and wastewater above a certain flow volume. In a separate storm sewer 

system, wastewater and stormwater are kept in separate pipes. Stormwater is not mixed 

with wastewater and can be discharged to receiving waters at any convenient point, 

called a stormwater outflow (SWO). In a separate system, stormwater is not routed to 

17 



the wastewater treatment plant, even in dry weather. Many municipalities have a mixed 

system of storm drainage that may consist of CSOs in older areas and SWOs in newer 

areas. Errors during construction can also cause the discharge of wastewater to 

receiving waters via the SWOs. 

The quantity and quality of urban runoff varies with the intensity and duration of 

precipitation, length of the antecedent dry period, climate, season, land use and traffic 

volume. Krein and Bieri (1999) found metal concentrations in street sediments at their 

highest after long dry periods. Pollutants accumulate on the surfaces of urban 

catchments between rainfall events. The longer the dry period lasts, the more pollutants 

accumulate. Precipitation then washes away all or a portion of the pollutants. The 

ability of precipitation to wash away pollutants depends on the nature of the 

precipitation. LeBoutillier et al. (2000) found that the pollutant load of stormwater was 

related to the characteristics of the storm itself in mobilizing and transporting pollutants. 

Rainfall intensity and depth were the most important variables controlling stormwater 

pollutant loadings, particularly total suspended solids and total Kjeldahl nitrogen. Jiries 

eta/. (2001) found that levels ofCd, Cu and Pb in street runoff in semi-arid Amman, 

Jordan were higher than metal levels from other sites with a humid climate. Spring 

snowmelt runoff in urban areas may be more polluted than storm water runoff 

(Malmquist, 1983 ). During the winter, there are increased pollutant levels from deicing 

salts and sands on roadways, metal corrosion, heating, automobile exhaust, tire and 

pavement wear. Automobiles are used more frequently in the winter and their idling 

time increases. The use of winter tires may increase pavement wear. Snow becomes 

more polluted the longer it lies on the ground collecting pollutants. The effects of land 

use on urban runoff pollutant loads are unclear. Sartor and Boyd (1972) found that the 

rate of buildup of pollutants in an urban watershed varies significantly with land use. 

Industrial and residential areas have a higher rate of pollutant accumulation in terms of 

total solids than do commercial areas, due to greater traffic densities and different 

sweeping practices in commercial areas. Environment Canada and Ontario Ministry of 

the Environment (1980) found that industrial and commercial areas have a higher rate of 

pollutant accumulation than residential areas. Other researchers have not found a 

significant correlation between land use and urban runoff quality (Malmquist, 1983; 
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Colston, 1974). Pervious surfaces may also contribute pollutants to urban runoff. Irvine 

eta/. (1992) found elevated levels of particulate-bound Mn, V and AI in runoff from a 

gravel parking lot. 

The pollutant content of urban runoff also varies during a single rainstorm event. 

The majority of pollutants stored on impervious surfaces in an urban catchment are 

washed off during the first few minutes of a rainstorm. Additionally, sediment stored in 

sewer pipes on the falling limb of the previous rainstorm and during dry weather flow is 

flushed from the system as flow increases in the first few minutes of a rainstorm. This 

effect is called the "first flush" (Butler and Davies, 2000; Niemczynowicz, 1999; 

Ferguson, 1998) and can result in a shock to receiving waters. 

Street sediment is the most important component of urba.Jl runoff from a trace 

metal transport perspective. Urban runoff is composed primarily of street runoff, roof 

runoff and combined sewer flow. Of these sources, street runoff is the most 

contaminated by heavy metals and polycyclic hydrocarbons (Foster and Charlesworth, 

1996). Trace metals in urban runoff occur mainly in the particulate phase (Estebe eta/., 

1998; Wei and Morrison, 1993). Trace metals on street surfaces originate from street 

wear, metal corrosion, fertilizers, pesticides, chemicals, wet and dry deposition of 

airborne particles, soil erosion, automobile exhaust, and oil, tire and brake residues 

(Krein and Bieri, 1999; Stone and Marsalek, 1996; Malmquist, 1983; Whipple, 1975). 

Many researchers have examined the trace metal content of street sediments to 

determine the effect on receiving water quality (Sutherland and Tolosa, 2000; Droppo et 

a/., 1998a; Stone and Marsalek, 1996; Dong eta/., 1984; Gibson and Farmer, 1984; 

Hamilton eta/., 1984; Sartor and Boyd, 1972). Stone and Marsalek (1996) examined 

street sediment from Sault Ste. Marie, Ontario. Total concentrations of Cu, Pb, Ni and 

Zn exceeded the lowest effect levels (LEL) for metals specified in the Ontario Provincial 

Sediment Quality Guidelines (PSQG), indicating that the sediment can have a negative 

impact on the biota of receiving waters and that the disposal of this sediment has to be 

guided by environmental considerations. Dong et al. (1984) found levels of AI, Cd, Cu, 

Cr, Fe, Pb, Mn, Ni and Zn to be higher in the <63 J.tm size fraction (silt+ clay) than in 

the >63 f.tffi sand fraction. Stone and Marsalek (1996) reported similar results to Dong et 

al. (1984), with Cd, Cu, Fe, Pb, Mn Ni and Zn elevated in the <63 J.tm size fraction. 
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Metals in street sediments are differentially bioavailable in receiving waters, depending 

on whether they are readily mobile and exchangeable, or less mobile and bound to 

carbonates, Fe and Mn oxides or organic matter. Stone and Marsalek (1996) found a 

significant portion of the trace metals in street sediment to be potentially bioavailable. 

Droppo et al. (1998a) examined street sediments in Hamilton, and found Cd to be the 

most bioavailable metal. All trace metal levels in street dust samples were above 

Ontario LEL's in the same study; some street sediments were above Ontario PSQG's 

severe effect levels (SEL) for Cu and Mn. Pollutant levels above SEL's will 

significantly and negatively affect the use of sediment by benthic organisms. Two 

studies from the United Kingdom also found Cd in street sediments to be the most 

bioavailable metal compared to Cu, Pb and Zn (Gibson and Farmer, 1984; Hamilton et 

al., 1984). 

Street sweeping is a common practice done by many municipalities to remove 

sanding and deicing materials and other debris from roads and sidewalks. Street 

sweeping has been considered an effective best management practice (BMP) for 

reducing the mass of street sediments from urban roadways (Bender and Terstriep, 1984; 

Sartor and Gaboury, 1984; Malmquist, 1983). However, it has been found to be 

ineffective at removing fine particles and consequently has not improved receiving water 

quality (Bender and Terstriep, 1984; Malmquist, 1983). 

The trace metal content of stormwater outflow and combined sewer overflow 

discharge has been investigated by a number of researchers (Irvine, 1999; Droppo et a!., 

1998a; Marsalek and Ng, 1989; Marsalek and Schroeter, 1988; Malmquist, 1983; 

Randall et al., 1982). Irvine (1999) found mean levels of total Cr, Cu, Pb and Zn to be 

significantly higher in wet weather combined sewer overflow discharges to the Buffalo 

River than dry weather sanitary sewer flows. Malmquist (1983) found levels ofCu, Pb 

and Zn to be higher in stormwater runoff than in dry weather flow, often by an order of 

magnitude. Dry weather flow in a separate storm sewer system may consist of water 

from lawn watering and car washing, leaking groundwater and wrongly connected 

sanitary sewage water in the stormwater pipes. Droppo et al. (1998a) collected 

sediments in the immediate vicinity of a combined sewer overflow outfall and found that 

levels of Cd and Cu were above Ontario LEL' s. Pb, Mn and Zn levels were above 
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Ontario SEL's. In a study of urban non-point source pollution from three cities in 

southern Ontario, Marsalek and Ng (1989) found that separated stormwater discharges 

were more contaminated in terms of Cd, Co, Cu, Fe, Pb, Ni and Zn than combined sewer 

ovedlow discharges. 

2.3.2 Impacts of urban runoff to receiving waters 

Urban runoff has been recognized as a significant environmental problem during 

the past 30 years. Water and sediment quality are expected to decline due to the 

cumulative effects of urban runoff (Environment Canada, 2001a). Many studies have 

investigated the impacts of urban runoff on the water quality, sediment quality and biota 

of receiving waters (Krein and Symader, 2000; Sutherland, 2000; Marsalek et al., 1999; 

Estebe et al., 1998, 1997; Characklis and Wiesner, 1997; Murray et al., 1997; Wei and 

Morrison, 1993; Burt et al., 1991; Shutes et al., 1991). 

Urban runoff affects receiving water quality in the short- and long-term 

(Mancini, 1989). Increased pollutant loadings during and immediately after a storm can 

result in detrimental and acute short -term changes in water quality. Long-term, chronic 

changes in water and sediment quality can occur after a storm due to the deposition of 

sediment and solids with associated heavy metals, nutrients, hydrocarbons, and other 

contaminants. This sediment represents a pool of pollutants that can be stored on the 

riverbed, resuspended and transported downstream, incorporated into bed sediments or 

taken up by organisms. Adsorbed pollutants can desorb into pore water, which can then 

diffuse into the water column (Wei and Morrison, 1993). Resuspension of sediment 

occurs due to increases in flow velocity and turbulence, changes in flow depth, 

bioturbation, disturbances from boat activity, and people and animals walking on the bed 

(Knighton, 1998; Jobson and Carey, 1989; Hakanson and Jansson, 1983). 

Studies of sediment chemistry in the vicinity of urban areas have occurred at a 

number of different temporal scales including: hourly, daily, weekly, biweekly, 

seasonally and annually. Hourly and daily studies can provide information on the nature 

of storm runoff and the immediate response of receiving waters (Krein and Symader, 

2000; Estebe et al., 1998, 1997; Characklis and Wiesner, 1997; Symader et al., 1995). 

Characklis and Wiesner (1997) found an increase in particulate load in an urbanized 
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watershed in Houston, Texas, during the first eight hours after storm onset. This peak 

was followed by a rapid decline and a return to background levels within 24 hours of 

storm onset. Estebe et al. (1998, 1997) found that particulates in urban runoff from 

Paris settle out of the water column of the River Seine within a day. The majority of 

studies examine changes in sediment chemistry over a weekly or biweekly time scale to 

determine long-term and seasonal variations (Levesque, 2002; Symader and Bieri, 2000; 

Petticrew and Biickert, 1998; Udelhoven et al., 1998; Symader et al., 1995; 1994; Wei 

and Morrison, 1993; Ongley et a/., 1981 ). In a long-term study of surficial bottom 

sediments in Germany, Symader eta/. (1994) found that enrichment of sediment

associated pollutants occurred after winter floods or discharges of wastewater. Thus, 

short-term changes in the chemistry of surficial bottom sediments coincided with pulses 

of pollutant release. 

Wei and Morrison (1993) examined metal concentrations in the interstitial waters 

and sediments of a small urban river in Goteburg, Sweden. Cu, Pb and Zn levels in pore 

water and bed sediment increased downstream of a combined sewer overflow. Metals 

were resuspended during both wet and dry periods downstream of combined sewer 

overflows. Diffusion of metals from interstitial waters to the water column was 

expected to be a more important process than sediment resuspension during dry weather. 

Estebe et al. (1997, 1998) investigated suspended sediment-associated metal 

concentrations in the River Seine at locations affected by Parisian combined sewer 

overflows during periods of wet and dry weather. Suspended sediment metal 

concentrations were higher downstream of combined sewer overflows and during wet 

weather conditions. Polluted suspended sediment from combi~ed sewer overflow 

discharges settled in the river within a few days of a storm event, but were resuspended 

and transported downstream during dry periods and during the winter, causing elevated 

pollutant levels downstream of Paris. 

Murray et al. (1997) found increased levels of Cu, Cr, Pb and Hg in bed 

sediments downstream of combined sewer overflows in the Rouge River, Michigan. 

The high metal levels in the Rouge River bed sediments were also attributed to 

groundwater contamination, surface runoff from paved areas and atmospheric deposition 

related to industrial activities such as coal combustion, waste incineration and 
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manufacturing. River sediment in this study was found to be both a sink and a source 

for contaminants, and may represent a long-term problem for water quality in urban 

watersheds. 

Characklis and Wiesner (1997) studied an urban river in Houston, Texas, 

affected by storm runoff. Concentrations of organic carbon, suspended sediments, 

dissolved Fe and Zn and the number of particles in the smaller size classes (0.46 - 15 

J.!m) increased during storms. A first flush effect was not observed, probably due to the 

large size of the watershed studied. The researchers proposed that a large watershed 

might be subject to a number of first flushes from smaller subwatersheds, all with 

varying travel times to the main runoff stream. 

Sutherland (2000) examined the bed sediment-associated trace metals of an 

urban stream in Oahu, Hawaii. Fish in Manoa Stream contain higher levels of Pb than 

fish in other American stream and lake systems. Ba, Cd, Cu, Hg, Pb and Zn were 

detected in bed sediments at levels above natural, mineralogically controlled 

concentrations. The highest Pb concentrations were associated with anthropogenic 

material dumped in tributaries, storm sewer sediments and sediments in the highly 

urbanized lower part of the basin. Pb and, to a lesser degree, the other metals were 

transported to the stream mainly via surface runoff. The high Pb levels were proposed 

to originate from Pb vehicle emissions in the 1960s to 1980s that have been stored in the 

soils and sediments of the basin, and are now being remobilized by surface erosion 

processes and transported to the stream channel network. 

Krein and Symader (2000) investigated sediment quality along a lightly 

urbanized reach of the Kartelbomsbach in Germany. Increased concentrations of 

sediment-associated Cu were attributed to street runoff and fertilized field runoff. 

Dissolved Zn concentrations increased in response to WTP discharge and canal drainage 

discharge, but decreased rapidly as Zn had a high affinity for the particulate phase. The 

channel bed was found to be both a source and sink for particulate heavy metals. 

Urban runoff can negatively impact the biological community of receiving 

waters. Wash out and scour of organisms can occur as a result of the large, intermittent 

volume of runoff; pollutants can be acutely or chronically toxic; dissolved oxygen can 

be depleted by the decomposition of organic matter inputs; turbidity can block light and 
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reduce primary productivity; and excess nutrients can cause eutrophication (Butler and 

Davies, 2000; Lijklema et al., 1989). Sediment-associated metals discharged into a 

water body may be ingested by aquatic organisms. If the metals are not excreted by the 

organism, they accumulate in the tissues where they alter growth processes and 

reproduction rates, and increase mortality. Metals may biomagnify with increasing 

trophic levels in an aquatic food chain as organisms at each level bioaccumulate metals 

and are consumed by organisms from the next level (Baird, 1995). 

Burt eta/. (1991) examined benthic invertebrate communities in the St. Marys 

River near Sault Ste. Marie to determine the impact of pollution from municipal and 

industrial point sources. Impacted communities were defined as those composed of only 

pollution tolerant species. Benthic invertebrate communities downstream of industrial 

and municipal pollution sources and in depositional areas were negatively impacted by 

pollution. Communities upstream of point sources were not impacted and had a greater 

number of taxa, including pollution intolerant species. 

Shutes eta/. (1991) used bioassays and toxicity tests to determine metal uptake 

by benthic organisms subjected to urban runoff discharges in a London, England, 

stream. Concentrations ofCu, Pb and Zn in stream sediment increased progressively 

from an unpolluted, background site, through the urban fringe to a highway, then an 

industrial area, and reached the highest levels immediately downstream of a storm sewer 

overflow. Increased urbanization and sediment contamination were associated with 

increased Cu, Pb and Zn uptake by benthic organisms. 

Marsalek et a/. (1999) used several bioassays to investigate the toxicity of 

combined sewer overflow discharges and stormwater at 15 sites in southern Ontario. 

The bioassays were based on test organism mortality, cellular damage, genetic damage, 

inhibition of growth and reproduction. Highway runoff was found the most toxic to test 

organisms, followed by storm water and combined sewer overflows. Highway runoff is 

more toxic during the early stage of the event, compared to the later stages. Toxicity 

data follow the first flush observed for urban runoff pollutant concentrations. 
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2.4 Flocculated sediment 

The fine-grained sediment that constitutes a river's suspended load was 

traditionally thought to be composed of very small, primary or singular particles ( <63 

J.tm) that remained in suspension (e.g. Knighton, 1998). In a review paper, Walling and 

Moorehead (1989) refer to an increasing body of evidence which indicates that a 

considerable portion of the fine-grained sediment in a river may be transported as 

aggregates or flocculated particles rather than as discrete, primary particles. Droppo and 

Ongley (1992) defined flocculated particles or 'floes' as composed of two or more 

primary inorganic particles. As floc research progressed, the definition of a floc grew to 

an "individual microecosystem [composed of a matrix ofwater, inorganic and organic 

particles] with autonomous and interactive physical, chemical and biological functions 

or behaviours operating within the floc matrix" (Droppo et al., 1997, pg. 43). 

Floes are typically composed of microorganisms, organic detritus, sediment 

particles and pore water (Figure 2.3) (Droppo, 2001). Bacteria are an important 

component of floes as they secrete sticky fibrils known as extracellular polymeric 

substances (EPS) that are composed of proteins, carbohydrates, uronic acids and DNA. 

Bacterial EPS fibrils serve as an attachment mechanism between floc components and 

create numerous pore spaces, giving flocculated sediment its organic-rich and porous 

nature. Flocculation brings about changes in the hydrodynamic properties of suspended 

sediment: particle size increases, shape changes, surface area increases, density 

decreases and porosity increases (Droppo, 2001). The most significant implication of 

these changes from a sediment and contaminant transport perspective is that flocculation 

alters the downward flux of sediment (Droppo, 2001). The settling velocity, v, in m s-1
, 

of a spherical particle in a laminar region can be calculated by Stoke's Law: 

V = (Pe - Pw)gd
2 

18p 
[2.2] 

where PP is the particle density in kg m-3
, Pw is the density of water in kg m-3

, g is 

acceleration due to gravity (9.81 m s-2
), dis the particle diameter in m and pis the 

viscosity of water in kg m s-1 (Hakanson and Jansson, 1983). The flocculation of 
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primary particles can have different effects on their settling rate (Droppo et al., 1997). 

As flocculation increases the diameter of particles, settling velocity increases and more 

floes may settle out of the water column that may not have as discrete, primary particles. 

Increases in floc diameter and settling velocity that occur during floc growth are 

partially offset by increases in porosity and subsequent decreases in density that 

decrease settling velocity. Porosity increases with floc growth because the number of 

linkages to additional particles increase and more pore space is created. This increase in 

porosity leads to a decrease in density that can reduce the floc's settling velocity, 

however, floc diameter seems to have a much stronger effect over floc settling than floc 

density (Droppo, 2001). 

Figure 2.3 Fluvial floc from the South Saskatchewan River, 20x objective, diameter of 
floc is approximately 150 j..tm. This image was recorded using a Zeiss Jenamed II 
microscope equipped with a Sony SC75 CCD camera connected to a Pentium computer 
running Northern Exposure image analysis software. 
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Droppo et al. (2002) examined the degree of flocculation of sediments in 

Hamilton, Ontario. Urban watershed sediments were found to change from an 

unflocculated state on the street, to a flocculated state in the surface runoff, to a very 

large floc in the sewer system due to the high organic content in the sewers. As the 

extent of flocculation increased throughout the urban watershed, from streets to 

storm water outflows, floes became significant collectors of contaminants such as trace 

metals. 

2.4.1 SFGL 

Rather than remaining entrained in the river flow indefinitely, fine-grained 

particles travel through a drainage basin in a sequence of transport and storage periods 

(Jobson and Carey, 1989). Fine particles flocculate into larger aggregates, which 

changes their transport and storage dynamics by increasing the downward flux of 

particles (Droppo, 2001; Droppo and Stone, 1994). Flocculated sediment deposits have 

been observed on riverbeds by many researchers (Levesque, 2002; Phillips and Walling, 

1999; Petticrew and Biickert, 1998; Droppo and Stone, 1994; Jobson and Carey, 1989; 

Banerjee, 1977). Flocculated particles typically settle onto the river bed in shallow areas 

during periods of low flow velocity and low shear stress where they form a low density, 

highly porous, fluffy layer of fine-grained sediment, organics and microorganisms 

(Droppo and Stone, 1994 ). Different terminology has been used for this layer of 

sediment: 'surface caking' (Jobson and Carey, 1989), 'suspension blanket' (Banerjee, 

1977), and 'fine-grained bed sediment' (FGBS) (Phillips and Walling, 1999). Droppo 

and Stone (1994) call these flocculated sediment deposits surficial fine-grained sediment 

laminae (SFGL ). 

SFGL is easily eroded from the channel bed and resuspended into the water 

column (Droppo and Stone, 1994) during periods of higher discharge, increased bed 

shear stress, or due to bioturbation or increased pore water pressure. Floes may be 

redeposited downstream or disaggregated by fracture and erosion in turbulent flows 

(Johnson et al., 1990). SFGL deposits are temporary sediment sinks of fine-grained 

material due to the frequent periods of sediment deposition and resuspension in river 

systems. Although SFGL contributes only a small portion to a river's bulk sediment 

27 



budget, it is an important portion due to the contaminant scavenging abilities of its 

constituent fine-grained and organic particles. The metal oxides and bacterial 

extracellular polymeric substances (EPS) present in SFGL give it the large surface area 

and negative surface charge that makes SFGL highly sorptive of contaminants such as 

metals (Liss et al., 1996; Droppo and Ongley, 1989). Since SFGL represents a dynamic, 

in-channel sink and source for fine-grained sediment and the associated organics and 

contaminants (Stone and Droppo, 1994), its formation has implications for water and 

sediment quality. 

Droppo and Stone (1994) and Stone and Droppo (1994) conducted the first major 

study of the physical and chemical characteristics of SFGL. Samples of SFGL were 

collected during base flow conditions in three rivers in agricultural catchments in 

southern Ontario. SFGL deposits consisted primarily of fine-grained material. A 

sequential extraction procedure was performed on the sediment samples to determine the 

partitioning of Cd, Cu, Pb and Zn in five geochemical fractions: exchangeable or 

adsorbed, bound to carbonates, bound to Fe and Mn oxides, bound to organic matter and 

residual or locked in the mineral's crystal lattice. The major accumulative phases of 

trace metals in SFGL were carbonates, Fe and Mn oxides and organic matter. 

Surprisingly, the metal content of SFGL was found to be lower than that of bed 

sediments and suspended sediments collected during high flow conditions at the same 

sites. The authors hypothesize that this is due to a low supply of metals at the time of 

SFGL formation and not necessarily due to the low adsorptive capacity of SFGL. 

Flocculated sediments have been examined over space and time in two mixed 

land use, mountainous river basins in Germany: Kartelbomsbach and Olewiger Bach 

(Symader et al., 1994; 1995; Krein and Symader, 2000; Symader and Bieri, 2000). 

Symader et al. (1994, 1995) found no enrichment of sediment-associated pollutants 

during extended periods oflow flow. Rather, the pollutant enrichment of sediments was 

linked to winter floods and inputs from wastewaters. After approximately five years of 

flocculated sediment data collection, Symader and Bieri (2000) concluded that long-term 

variations in river bed sediment could be attributed to continuing exchange with 

suspended sediments due to deposition, resuspension and in situ chemical and biological 

processes such as the growth of periphyton and macrophytes that accumulate fine 
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particles. Krein and Symader (2000) found that particulate metal levels increased 

downstream of street runoff discharges, wastewater outfalls and runoff from an 

intensively fertilized area. The authors found that the channel bed served as a sink and 

source for sediment-bound heavy metals. 

Levesque (2002) studied the physical and chemical properties of SFGL in the 

South Saskatchewan River upstream and downstream of Saskatoon. Trace metal 

concentrations in SFGL were higher than those in the dissolved phase and higher 

downstream of the city than upstream. Because the proportion of fine-grained sediment 

( <63 J.lm) and % total organic carbon (TOC) were higher downstream of the city than 

upstream, the increased trace metal concentrations in SFGL downstream of the city were 

hypothesized to be a reflection of the different physical characteristics and scavenging 

ability ofSFGL produced at different locations rather than a direct result of the city's 

impact on water quality. 

2.5 Conclusion 

Urban areas are sources of metal pollution for the hydrosphere, especially via the 

discharge of street runoff to receiving waters at storm water outflows. Metals are a water 

and sediment quality issue as they are harmful to aquatic organisms and humans. If 

metals are not already discharged in particulate form, they are scavenged by fine-grained 

sediment particles due to their high surface area and CEC, negative surface charge and 

presence of sorptive coatings such as oxides and organic matter. The distribution of 

metals in hydrological systems is linked to the behaviour of fine-grained sediments. 

Fine-grained sediment is affected by physical, chemical and biological processes that 

produce floes. Floes are fragile, physically unstable and dynamic particles that are 

continually undergoing aggregation and disaggregation. Floes settle out of the water 

column into a layer of SFGL in areas of low flow velocity and shear stress. SFGL is an 

important in-channel sink and source of fine-grained sediment and associated 

contaminants, as these deposits are a transient reservoir of sediment-associated 

contaminants that can be remobilized by changing physical, chemical and biological 

conditions. As SFGL is a temporary store of metals in an aquatic system, it may be 

useful in determining short-term sediment and water quality impacts as a result of 
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polluted urban runoff discharges. To date, there have been few studies (Levesque, 2002) 

focussed on the potential of SFGL as a water quality indicator. 
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Chapter 3 

STUDY SITE 

3.1 Introduction 

The purpose of this research was to investigate how the physical and chemical 

characteristics of SFGL vary in response to urban runoff. Water quality in the South 

Saskatchewan River deteriorates as the river flows through the city of Saskatoon 

(Environment Canada and SaskWater, 1991 ). The city discharges pollutants from 

various point and non-point sources; some treated, some not. Untreated discharges of 

urban runoff from storm water outflows are potentially the most significant non-point 

source contributors of pollutants such as heavy metals, hydrocarbons, nutrients, bacteria, 

salts and organic matter. 

3.2 South Saskatchewan River 

The South Saskatchewan River is formed by the convergence of the Red Deer 

River, the Bow River and the Oldman River near the Alberta-Saskatchewan border 

(Figure 3.1). The headwaters of the Red Deer, Bow and Oldman rivers are on the 

eastern slopes of the Rocky Mountains in Alberta, and originate as pristine, glacially-fed 

meltwater streams. The South Saskatchewan River flows from the Alberta

Saskatchewan border eastward to Lake Diefenbaker, a reservoir created by the Gardiner 

Dam. Originating in the Cypress Hills, Swift Current Creek, the only significant 

Saskatchewan tributary, joins the South Saskatchewan River at Lake Diefenbaker. 

Saskatoon is located approximately 110 km downstream of the Gardiner Dam. 
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Figure 3.1 South Saskatchewan River Basin (drainage area above the Gardiner Darn). 
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The South Saskatchewan River has the distinction of being the only reliable 

supply of high quality water in the southern half of Saskatchewan (Environment Canada 

and SaskWater, 1991). As it flows eastward through the Prairies, the South 

Saskatchewan River joins the North Saskatchewan River downstream ofPrince Albert, 

Saskatchewan, to form the Saskatchewan River. The Saskatchewan River terminates in 

Lake Winnipeg, Manitoba. The Saskatchewan River Basin, including both the North 

and South Saskatchewan rivers, has a gross drainage area of approximately 336 000 km2 

(Environment Canada and SaskWater, 1991). Much of the gross drainage area does not 

contribute runoff to the main river system due to internal drainage created by the rolling, 

hummocky terrain of the Prairies. Approximately 40% of the Saskatchewan River basin 

is internally drained to sloughs, marshes and lakes (M. A. Carson and Associates, 1990). 

The South Saskatchewan River changes from a high gradient, gravel bed river in 

the mountains, to a relatively low gradient, sand bed river in the Prairie region (Conly 

and Martz, 1998). Most of the water in the South Saskatchewan River originates from 

melting snow, ice and rainfall on the eastern slopes of the Rocky Mountains and the 

foothills of Alberta. Less than 1% of the river flow at Saskatoon originates as runoff 

from the land between the Gardiner Dam and Saskatoon (Tones et al., 1980). Water in 

the South Saskatchewan River is relatively hard due to the presence of carbonates in the 

mountain headwaters. Additional ions, such as calcium, magnesium and sulphates, are 

contributed by the erosion of glacial deposits and groundwater flow through glacial 

deposits as the river travels through the Prairies (Acton et al., 1998). 

Land use upstream of the Gardiner Dam is primarily agricultural with several 

large urban centres (Table 3.1). Contaminant sources include urban point and non-point 

source discharges and runoff from agricultural lands. Runoff from agricultural lands is 

considered to have a relatively insignificant contribution to the flow in the South 

Saskatchewan River due to the poor connectivity of the drainage basin (M. A. Carson 

and Associates, 1990). Agricultural land runoff and irrigation return flows that reach the 

South Saskatchewan River can contribute sediment, fertilizers, pesticides and salts. 

Gardiner Dam, completed in 1968, modifies the natural flow regime of the South 

Saskatchewan River by increasing discharge levels in the winter and decreasing 

discharge levels in the summer. This stabilizes the flow pattern and reduces the annual 
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peak discharge downstream (Rasid, 1979). The vast majority (>97%) of the South 

Saskatchewan River's load of suspended matter, along with the associated contaminants, 

is deposited in Lake Diefenbaker (Environment Canada and SaskW ater, 1991; Rasid, 

1979). Due to the deposition of suspended matter, water leaving Lake Diefenbaker is of 

higher quality than water entering the lake. 

Table 3.1 Major urban centres upstream of Saskatoon on the South Saskatchewan River 
and tributaries (Statistics Canada, 2002). 

Tributary 
Bow River 
Bow River 
Bow River 
Bow River 
Red Deer River 
Red Deer River 
Oldman River 
South Saskatchewan River 
Swift Current Creek 

City or Town 
Banff 
Canmore 
Cochrane 
Calgary 
Red Deer 
Drumheller 
Lethbridge 
Medicine Hat 
Swift Current 

Population (2001) 
7,135 

10,792 
11,798 

878,866 
67,707 

7,785 
67,374 
51,249 
14,821 

Water quality deteriorates as the South Saskatchewan River flows northward 

from Lake Diefenbaker to Saskatoon (Environment Canada and SaskWater, 1991). 

Runoff from agricultural lands that does travel to the river contributes pesticides and 

fertilizers. The town of Outlook, population 2, 129 in 2001 (Statistics Canada, 2002), 

discharges municipal effluents to the river (Beak Associates Consulting, 1987). Water 

quality deteriorates further at Saskatoon, where municipal and industrial discharges 

increase the concentration of contaminants such as nutrients, metals, bacteria and salts 

(Environment Canada and SaskWater, 1991). Since Lake Diefenbaker acts as a settling 

pond, the suspended river load at the city of Saskatoon originates from runoff sources 

along the 110 km stretch between the Gardiner Dam and Saskatoon, from channel and 

bank erosion, and from atmospheric deposition. 

Annual average flow of the South Saskatchewan River at Saskatoon is 254m3 s-1
, 

based on historical data to 1999 (Environment Canada, 2002a). Relatively low river 

flows dominate from April to September, with a peak in June and July due to snowmelt 

in the Rocky Mountains (Figure 3 .2). Higher flows occur from October through March. 
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Low discharges and high temperatures promote deterioration of water quality in the 

South Saskatchewan River during the summer months (Diduck, 1989). 
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Figure 3.2 Average daily discharge of the South Saskatchewan River at Saskatoon, 
before and after construction of the Gardiner Dam (Global Hydrological Archive and 
Analysis System, 2003). 

3.3 City of Saskatoon 

Saskatoon is a city of 196,811 people in an area of 144 km2 (Statistics Canada, 

2003; City of Saskatoon, 2003). It is located at approximately 52°10'N and 106°41' W 

and is at 501 m (asl) in elevation (Fung, 1999). Major water uses of the river within and 

near the city of Saskatoon include habitat for fish and aquatic life, municipal and 

industrial wastewater assimilation, agriculture and recreation (Saskatchewan 

Environment and Public Safety, 1989). 

There are various non-point and point sources of pollutants to the South 

Saskatchewan River from the city of Saskatoon. Storm water outflows, overland flow, 

runoff from bridges, and groundwater seepage are non-point discharges that can 

potentially carry pollutants to the river. Runoff generated by snowmelt and rainfall is 
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routed through a separate storm sewer system and released untreated into the river at 

numerous stormwater outflows. Raw sewage from a residential neighbourhood has been 

leaking from a sanitary sewer pipe into a storm sewer pipe for the past decade CN arick, 

2001 ). The city has been mixing chlorine into the sewage at this east bank storm water 

outflow as a short-term solution. Overland flow and groundwater seepage can transport 

lawn and garden pesticides to the river; this process has contributed to pesticide 

contamination of the Don and Humber rivers in Toronto (Fowlie, 2002). Groundwater 

seepage from the aquifer underlying the city's landfill at the southern edge of the city 

may contain pollutants from the landfill leachate, as there are no measures in place to 

prevent leaching. 

Point sources of pollution include a power plant, a wastewater treatment plant 

fYITP), and two chemical plants (Figure 3.3). The Queen Elizabeth II coal-fired power 

plant returns approximately 95% of the water it uses for cooling back to the river 

(Environment Canada and SaskWater, 1991). When coolant waters are returned to 

receiving waters after use, they contribute thermal pollution (Nemerow, 1978). The H. 

Mcivor Weir Wastewater Treatment Plant (WTP) is a tertiary treatment plant that treats 

domestic and industrial wastes, and discharges effluent into the river via a submerged 

diffuser. The WTP uses the biological nutrient removal (BNR) method of wastewater 

treatment where bacterial populations are used for the removal of carbon, nitrogen and 

phosphorus. Past research of the South Saskatchewan River downstream of the WTP 

shows a discrete plume emanating from the WTP diffusers (Constable, 2001). The mean 

total suspended solids (TSS) content of raw sewage during the study period was 200 mg 

L-1
; the mean TSS content of the final effluent from the WTP was 7.5 mg L-1 (City of 

Saskatoon, 2001). Past studies have shown the WTP effluent to have an acutely toxic 

effect on aquatic life and a negative effect on water quality in the downstream vicinity of 

the effluent outfall (Constable, 2001; Saskatchewan Environment and Public Safety, 

1991, 1989). As the city of Saskatoon improves the water quality of the WTP effluent, 

the impact of unregulated and untreated storm water outflow discharges becomes a 

relatively greater concern to water quality in the South Saskatchewan River. Two 

chemical plants, Akzo Nobel Chemicals, which manufactures glycerine, amines, amides 

and other organics; and Sterling Pulp Chemicals, which produces bleaching agents and 
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additives for the pulp and paper industry, are located approximately 1.5 km downstream 

of the city and discharge effluent into the river. The effluent from both plants was found 

to be acutely toxic in a bioassay study (Saskatchewan Environment and Public Safety, 

1991 ). The city of Saskatoon has a number of manufacturing industries for products 

such as plastics, glass, electronics, furniture, industrial lubricants, detergents, inks, 

metals and metal plating that are potential sources of metal contaminants to municipal 

wastewaters (Atkins and Hawley, 1978; Saskatchewan Regional Economic 

Development Authority, 1999). 

This study of SFGL, and that of Levesque (2002), differs from other research 

because it takes place in an urbanized setting. Other studies have taken place in three 

agricultural watersheds in Ontario (Stone and Droppo, 1994), in an agricultural river 

basin near Exeter in the United Kingdom (Phillips and Wailing, 1999) and in two small 

multi-land use catchments near Trier in Germany (Symader and Bieri, 2000; Symader et 

a/.,1994). The urbanized areas in the German study consisted of villages. 
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Figure 3.3 Map of the study area. Sampling sites are located upstream and downstream 
of the city of Saskatoon and at two storm water outflows within the city (Dundonald 
Avenue and Sturgeon Drive). 
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3.3.1 Climate and ecoregion 

The climate of Saskatoon is classified as Dfb or humid continental with severe 

winters and cool summers in the Koppen classification system (Ahrens, 1998). 

Saskatoon has two extremes of annual temperature, from a January daily mean of 

-l7.0°C to a July daily mean of 18.2°C (Figure 3.4). The average annual temperature is 

2.2°C and the annual range of daily mean temperature is 36.1 °C. The average annual 

precipitation is 350 mm, 76% of which is rainfall. The months of maximum precipitation 

are June, followed by July, May and August (Figure 3.4). Most of the summer rain is in 

the form of air-mass convective showers and the occasional weak frontal system which 

produces more widespread precipitation (Ahrens, 1998). 
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Figure 3.4 Climograph for Saskatoon, Saskatchewan (Environment Canada, 2003). 

The city of Saskatoon is within the Moist Mixed Grassland Ecoregion and 

borders on the Aspen Parkland Ecoregion to the north (Acton et al., 1998). The Moist 

Mixed Grassland Ecoregion is characterized by semi-arid moisture conditions and open 

grasslands with trees generally located where the water table is close to the surface, such 

as in depressions or along the river bank. 
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3.3.2 Fluvial geomorphology, geology, hydrogeology and pedology 

The South Saskatchewan River flows through Saskatoon in a relatively straight 

confined channel that is slightly entrenched in a narrow valley from south to north over a 

distance of approximately 16 km (Figure 3.3). Within the city of Saskatoon there is a 

3m high weir, constructed in 1939 to stabilize river water levels. The river channel 

immediately upstream of the weir has been largely infilled with sediment (Conly and 

Martz, 1998; Environment Canada and SaskWater, 1991). The topography of Saskatoon 

is a generally level plain of low relief dissected by the valley of the South Saskatchewan 

River (Christiansen and Sauer, 1998). The uppermost layers ofbedrock of the 

Saskatoon area are composed of noncalcareous, Cretaceous marine shales (Christiansen, 

1970). The bedrock is covered by glacial deposits from the Tertiary and Quaternary 

periods, averaging about 120 m thick. South of the city of Saskatoon, the South 

Saskatchewan River travels through a sandy alluvial flood plain, flanked on either side 

by a former sandy-silty glacial lake basin (Christiansen, 1970). Sand dunes are present 

on the east bank of the river near the upstream sampling site at Cranberry Flats (Figure 

3 .5). There is another extensive area of sand dunes approximately 7 km upstream of this 

sampling site (Ellis and Stonehouse, 1970). The city of Saskatoon is underlain by sandy 

and silty/clayey glacio-lacustrine deposits. North of the city, near the downstream 

sampling site, the river valley is a sandy fluvio-lacustrine plain surrounded by till 

deposits and finer-textured glacio-lacustrine deposits (Christiansen, 1970). There is a 

variation in soil textures between the upstream and downstream sampling sites, from 

predominantly sandy upstream of the city (south), to sandy with a higher clay content 

downstream (north) (Levesque, 2002). 

There are six aquifers of significance to the urban environment in Saskatoon 

(Christiansen and Sauer, 1998). The deepest is a bedrock aquifer of the Judith River 

Formation; the other five are drift or glacial aquifers. Soils of the Saskatoon area are 

predominantly of the dark brown chemozemic order (Ellis and Stonehouse, 1970). 

3.4 Sampling sites 

Flocculated sediment and water samples were collected from the South 

Saskatchewan River upstream and downstream of the city of Saskatoon (Figure 3.3). 
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Storm sewer sediment and water samples were collected from two stormwater outflows 

within Saskatoon. Sampling took place over four months, from June to September 2001. 

The upstream/downstream sampling design was chosen to examine the city's influence 

on the river. Upstream and downstream comparisons have been applied by many 

researchers to determine the impacts of point and non-point source discharges on water 

and sediment quality (Sutherland, 2000; Symader and Bieri, 2000; Estebe et al., 1998, 

1997; Murray et al., 1997; Wei and Morrison, 1993; Shutes et al., 1991; Ongley and 

Blachford, 1984; Dong et al., 1984). Upstream and downstream comparisons allow for 

the net effect of the city on water and sediment quality to be evaluated, but do not allow 

for the determination of specific pollutant sources. In this way, the city is perceived as a 

''black box", where only the output is of concern and the internal structure and 

functioning of the system (the city) are ignored. By examining the discharge at two 

stormwater outflows within the city, the black box becomes a "grey box" in which some 

of the details of the internal structure and function of the system are illuminated. Data 

collected at the storm water outflows during this study are not intended for use in a mass 

balance approach. Rather, they are intended to examine two stormwater outflows as an 

identifiable or point source of pollution to the South Saskatchewan River. 

The upstream and downstream sampling sites were chosen based on 

accessibility, flow conditions conducive to SFGL formation, and location relative to 

Saskatoon. The sites were positioned on the inside of meander bends, near the 

riverbank, where flow velocities were sufficiently low to allow for the deposition of 

flocculated materials on the riverbed. The upstream site was located approximately 6.5 

km south of the city (Figure 3.3). Samples were collected at the downstream end of a 

permanently vegetated island, Wilson Island (Figure 3.5). The riverbed was sandy with 

a noticeable accumulation of fine sediments. This site was selected to represent 

background levels of particulate metals relative to levels at the storm water outflows and 

downstream of the city. 
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Figure 3.5 Aerial view ofupstream sampling site, scale 1:5 000 (Meewasin Valley 
Authority, 1998a). 

The downstream site was located approximately 5 km north of the city (Figure 

3 .3). Samples were collected on the inside of a point bar, adjacent to a gravel quarry on 

the bank (Figure 3.6). The riverbed in this area was gravelly with a covering of algae 

and macrophytes. This site was located downstream of all city stormwater outflows, the 

wastewater treatment plant, the two chemical plants and the power plant. The 

downstream sampling site represents the cumulative effects of point and non-point 
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sources of contaminants from the city, allowing the city's effect on sediment quality to 

be determined. 

Figure 3.6 Aerial view of downstream sampling site, scale 1 :5 000 (Meewasin Valley 
Authority, 1998b ). 

The upstream and downstream sites are separated by approximately 26 km. The 

travel time between the two sites, based on the average daily discharge for the sampling 

period of 62m3 s-1 is approximately 17 hours (Tones eta/., 1980). The stormwater 
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outflow sampling sites were chosen based on accessibility and catchffient characteristics 

such as size and land use (Table 3.2). 

Table 3.2 Catchment characteristics for the two storm water outflows sampled. 

Catchment 

Sturgeon 
Dundonald 

Catchment Area 
(km2) 
3.93 
9.26 
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% Area of City of 
Saskatoon (%) 

2.73 
6.43 

Predominant Land 
Use 

Industrial 
Residential 



Chapter4 

METHODS 

4.1 Introduction 

This study examined changes in the physical and chemical characteristics of 

SFGL in response to urban runoff. SFGL and water samples were collected from the 

South Saskatchewan River upstream and downstream of the city of Saskatoon. Storm 

sewer sediment and water samples were collected from two storm water outflows within 

Saskatoon to examine the characteristics of urban runoff in more detail. Hydrological 

measurements were collected at the time of sampling to aid in the interpretation of 

geochemical results. This chapter describes the sample collection techniques, laboratory 

analyses, secondary data sources and the statistical tests used to verify the results. 

4.2 Sampling period 

The transport of fine-grained fluvial sediments is controlled by supply (YV arren 

and Zimmerman, 1994b ). The supply of fine-grained sediments to fluvial systems is 

biased towards storm events, which are capable of mobilizing sediment and transporting 

it to the drainage network (Webb et al., 1995). Fine-grained sediments are temporarily 

stored in the river channel as deposits ofSFGL (Droppo and Stone, 1994). Hence, the 

chemistry of SFGL may reflect the chemistry of fine-grained sediments supplied to the 

channel by storm events. The sampling schedule for this study was designed to examine 

the short-term physical and chemical characteristics of SFGL in response to urban 

runoff. Sediment and water samples were collected during different hydrological 

conditions: baseflow, peak flow and the falling limb of the storm hydrograph. Two 

storms were examined from June to September 2001, yielding eight sampling events 

from the upstream and downstream sites (Table 4.1 ). Additionally, two stormwater 
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outflows within Saskatoon were each sampled twice during peak flow on July 17 and 

September 20. 

Table 4.1 Sampling dates and their hydrological conditions, 2001 field season. 

July, 2001 

(storm occurred July 16) 
Sampling date Hydrological 

July 12 
July 17 
July 18 
July 19 

condition 
Base flow 
Peak flow 
Falling limb 
Falling limb 

4.3 Sample collection 

4.3.1 SFGL 

September, 2001 

(storm occurred September 19) 
Sampling date Hydrological 

September 20 
September 21 
September 22 
September 26 

condition 
Peak flow 
Falling limb 
Falling limb 
Baseflow 

Samples of SFGL were collected to determine their trace element and carbon 

content. A trap for collecting SFGL was constructed from 10 polystyrene petri dish lids 

mounted to a sheet of plexiglass (Figure 4.1 ). The secured petri dish lids act as sample 

cup holders. The plexiglass was attached to a heavy frame assembled from PVC plastic 

tubing filled with sand to anchor it to the river bed. During sample collection, a 

polystyrene petri dish bottom was placed open side up in a holder-lid to collect a time

integrated sample ofSFGL. An elastic band was used to secure the individual petri dish 

samplers to the trap. 
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Figure 4.1 SFGL trap. 

This trap design emulates the conditions of the river bed in-situ by passively 

allowing particles to settle onto the petri dishes and be re-entrained in the river flow. 

Unlike traps used in similar studies, this method does not attempt to separate the settled 

particles from the water by collecting particles and allowing water to pass through 

(Petticrew and Biickert, 1998; Russell eta/., 2000). This method of sampling SFGL is 

less disruptive than other methods such as grab samplers and corers (Mudroch and 

Azcue, 1995; Stone and Droppo, 1994). By using a different method ofSFGL 

collection, results obtained in this study will be difficult to directly compare with the 

results of other researchers. 

Three traps were placed on the river bed in an area of quiescent flow near the 

bank at the upstream and downstream sites (Figure 4.2). The traps were aligned beside 

each other, usually no more than 1m apart, in a direction perpendicular to the river flow 

at increasing depths away from shore. The water depths varied between 13 em and 58 

em. A time-integrated sample of SFGL was collected by deploying the traps for periods 

of approximately 24 hours. Sampling was carried out in triplicate as a way to capture 

the variations in sediment characteristics caused by differences in depth and flow 

conditions over the bed. Results from the three sediment traps can be used to calculate 
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means and standard deviations. Horowitz (1991) considers it more representative of a 

sampling site to collect a group of subsamples to generate a composite, rather than 

collecting a single isolated sample. 

Figure 4.2 SFGL traps in use at the downstream sampling site. 

The SFGL samples were collected by carefully capping the petri dish collectors 

underwater and transferring them to an HDPE plastic container for transport. Care was 

taken to approach from and stand downstream of the traps to prevent contamination by 

stirring up neighbouring sediments. One or two petri dishes per trap were selected for 

ICP-MS analysis, depending on the quantity of sediment collected. Approximately 0.1 g 

is needed for ICP-MS analysis. The remaining petri dishes from the trap were collected 

for carbon content analysis. 

The samples were returned to the laboratory within an hour of collection and 

stored in the refrigerator. Within 24 hours of collection, the petri dishes were removed 

from the plastic containers and carefully placed in a clean oven at 40°C for 

approximately 24 hours to evaporate the water. An oven temperature of 40°C did not 

appear to alter the polystyrene petri dishes. The petri dishes containing the oven-dried 

sediment were then placed back in the refrigerator to await ICP-MS analysis. The 
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sediment was kept in the same container from field collection to lab analysis to prevent 

contamination. The maximum holding time of 6 months (Patnaik, 1997) was not 

exceeded. 

4.3.2 Stormwater outflow sediment 

Samples of storm water outflow sediment were collected to determine their trace 

element composition. A trap was constructed from an 8 em internal diameter, 70 em 

long piece of PVC tubing closed at both ends by a 1 x 1 em plastic mesh (Figure 4.3). 

The mesh was used to keep large pieces of litter out of the trap while allowing water and 

sediment to pass through. The trap was filled with washed gravel of a much larger size 

than the expected trapped sediment. A typical gravel diameter was 2.5 em. The trap 

was placed on the concrete apron parallel to flow from the storm water outflow, below 

the storm sewer outlet and above the river's surface (Figure 4.3). The trap was weighed 

down with two sandbags to prevent it from being carried off by the storm discharge. A 

trap was lost at the Dundonald stormwater outflow on September 20. 

Unlike the SFGL traps, the stormwater outflow sediment trap has been designed 

to separate and collect the sediment while allowing water to pass through. The gravel 

within the trap is used as a velocity dissipator to slow the water flow and increase 

settling. A similar trap was successfully used to collect fine sediment in the gravel bed 

of the Fraser River (Petti crew and Biickert, 1998). 

The trap was retrieved following an approximately 24 hour collection period that 

coincided with the beginning and first flush of a rainfall event. The wire mesh over the 

ends of the trap was removed and both ends of the trap were sealed. The trap was 

removed from the concrete apron, removing gravel, trapped sediment and any water that 

happened to be in the tube. The traps were transported to the laboratory within an hour 

of collection and stored in the refrigerator. 
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Figure 4.3 Stormwater outflow sediment trap in use. Two sandbags are weighing the 
trap down on the concrete apron of a stormwater outflow. 

The contents of the sampling tubes were removed and wet-sieved using a nylon 2 

mm mesh sieve to remove the gravel matrix and other non-sediment debris, such as 

cigarette butts, from the trapped sediment sample. After settling for two to three days in 

a walk-in refrigerator, some of the excess water was siphoned off and the samples were 

wet-sieved through a 63 IJ.m mesh sieve to separate the clay/silt fraction from the sand 

fraction (Forstner and Wittman, 1979). Sieving was chosen as the separation method for 

this study because it was inexpensive and fast. The sand fraction (>63 IJ.m) was 

transferred to glass beakers and oven-dried overnight at 60°C. The fine fraction ( <63 

IJ.m) was allowed to settle for two to three days. The excess water was then siphoned off 

and the samples were transferred to glass beakers for drying at 60°C. The dried 

sediment was transferred to plastic vials; the fine sediment fraction was stored in the 

refrigerator to await ICP-MS analysis. Since the coarse sediment fraction is considered 

to have minimal importance to the transport of trace elements, it was excluded from the 

ICP-MS analysis (Murray et al., 1997; de Groot, 1995; Droppo and Jaskot, 1995; 

Horowitz, 1991; Horowitz and Elrick, 1987; Salomons and Forstner,1984; Ackermann, 

1980). The maximum holding time of 6 months (Patnaik, 1997) was not exceeded. 

50 



4.3.3 Suspended sediment 

Water samples were collected to determine suspended sediment concentrations 

upstream and downstream of the city and at two stormwater outflows. Suspended 

sediment concentrations are related to sediment supply and flow conditions. Suspended 

sediment concentration is an important factor controlling flocculation (Droppo et al., 

1998b) as higher suspended sediment concentrations increase the potential for particle

particle interactions. 

River water samples were collected in triplicate with a DH-48 depth-integrating 

suspended sediment sampler attached to a rod for raising and lowering. Integrating 

samplers are preferable to instantaneous samplers in that they appear to obtain more 

representative samples (Horowitz, 1991 ). The depth-integrating sampler was moved at a 

constant rate vertically from the surface of the water to the bed and back to the surface. 

Water was collected in a 450 mL glass bottle housed in the metal body during the 

traverse. The bottle was then removed from the metal housing, capped and returned to 

the laboratory for analysis. The concentration of suspended sediment collected in the 

bottle is equal to the average concentration in the vertical (Garde and Raju, 1985). 

Suspended sediment samples were stored in the refrigerator prior to analysis. 

At the storm water outflow sites, three samples of water were collected for 

suspended sediment concentration. Water samples were collected in 450 mL glass 

bottles placed in the stormwater outflow pipe's centre of flow. The bottles were capped 

and returned to the laboratory for analysis. 

4.3.4 Water 

Water samples were collected for the determination of total dissolved solids 

(TDS) concentrations upstream and downstream of the city and at the two storm water 

outflows. TDS is a measurement of the dissolved ions in water such as calcium, 

magnesium, sodium, potassium, iron, carbonate, bicarbonate, chloride and sulfate. 

Water samples were filtered through a Nalgene SFCA 0.45 f.A.m cellulose nitrate 

syringe filter and transferred to a 125 mL narrow-mouth LDPE bottle. At each site, 

three samples of approximately 90 mL each were collected in bottles pre-rinsed with 
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river water. The samples were returned to the laboratory within an hour of collection 

and refrigerated until analysis. 

4.3.5 Sediment for particle size analysis 

Samples of suspended sediment and SFGL were collected upstream and 

downstream of the city to characterize particle size. Particle size is one of the most 

significant factors controlling trace element uptake by sediment (Loring, 1990). Fine

grained sediments (silt and clay) are preferentially enriched in trace elements compared 

to coarse-grained sediments. Particle size analysis can determine the proportions of 

clay, silt and sand in the sediment samples, which can be used in interpreting trace 

element concentration data. 

Suspended sediment and SFGL were collected by the in-situ, non-destructive 

method described by de Boer and Stone (1999) and Droppo and Ongley (1992). A 

suspended sediment sample was collected by orienting a Plexiglas column parallel to the 

direction of river flow, at approximately mid-depth, and sealing both ends underwater. 

The columns have a volume of 5, 10, 25 or 50 mL, depending on their height. The 

volume. of column used depended on the suspended sediment concentration. Smaller 

column volumes are used for higher suspended sediment concentration to avoid particle 

overlap on the filter paper after filtration. Immediately after collection, the water was 

filtered using a 0.45 ~m Millipore HA cellulose membrane filter placed on a fritted glass 

holder. Samples were filtered at a constant low pressure of 53.3 kPa using a hand pump. 

Filtration leaves the particles in a 2.5 em diameter spot on the filter paper for image 

analysis. The filter papers were transferred to a 5 em diameter petri dish and transported 

to the laboratory. Three replicates were taken within minutes of each other at each site. 

SFGL or resuspended sediment samples were collected by placing the column 

parallel to the direction of flow approximately 0.5 m downstream of an area where the 

surficial sediments were resuspended by the lateral wave of a hand above the sediment 

surface. The hand wave created an increase in shear stress sufficient to resuspend the 

surficial lamina for sampling but did not contact the bed (Droppo and Stone, 1994). The 

SFGL was filtered and transported using the same method described above for 

suspended sediment. Three replicates were taken within minutes of each other at each 
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site. Filters prepared in the field were air-dried in the laboratory and stored at room 

temperature. 

4.3.6 In-situ measurements of temperature, conductivity, pH and flow velocity 

Measurements of temperature, conductivity and pH were taken in the field at the 

upstream, downstream and stormwater outflow sites to give a general characterization of 

water quality. Increased water temperature and conductivity are thought to promote floc 

formation. Biological activity increases with water temperature and leads to the 

production of bacterial EPS, an essential component for floc formation in freshwater 

systems (Droppo et al., 1997). Warren and Zimmerman (1994b) found that suspended 

sediment size increased with temperature due to bacterially mediated flocculation. 

Conductivity is directly related to the dissolved ion content of water (Drever, 1988). 

Increased dissolved ion concentrations have been found to promote floc formation in 

estuaries by affecting the binding ability of charged clay particles (Eisma, 1993). pH 

exerts a general control on the adsorption and binding of trace elements by mineral 

oxides and POM (Warren and Zimmerman, 1994a). As pH decreases, trace elements are 

released into the dissolved phase (Tessier et al., 1979). Localized flow velocity, 

measured at the upstream and downstream sites, determines shear and turbulence over 

the bed, and thus influences the size and density of particle that will settle out from or be 

resuspended in the flow. 

Temperature and conductivity were measured at mid-depth with a Hach 

conductivityffDS meter (modei44600-00) in the proximity of the SFGL traps. For 

conductivity measurements, the meter was calibrated periodically in the lab with a 491 ± 

2.5 mg L-1 NaCl standard solution to 1000 ~S cm-1 ± 1%. TDS measurements taken 

with the conductivityffDS meter were also recorded and were used with the laboratory 

determination of TDS to calibrate the portable meter. For TDS measurements, the meter 

was calibrated periodically in the lab with a 491 ± 2.5 mg L-1 NaCl standard solution to 

500 mg L-1 ± 1%. 

Approximately 300 mL of river water were collected in a glass beaker near the 

SFGL traps for a determination of pH. pH was measured in the field using a Coming 
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pH-40 sensor. The pH meter was calibrated periodically in the lab with VWR brand 

standard solutions of pH 4, 7, and 10. 

Flow velocity was measured at the upstream and downstream sites to give an 

indication of local flow conditions near the SFGL traps. Flow conditions influence the 

quantity and composition of SFGL by determining suspended sediment deposition and 

resuspension. Velocity measurements were made just upstream of each SFGL trap using 

a Sigma Portable Velocity Meter at 1/3 and 2/3 heights from the bed. The Sigma 

Portable Velocity Meter is a doppler-shift velocity meter that operates by projecting a 

beam of acoustic energy into a non-homogeneous liquid. The energy is scattered by 

suspended particles, some of which is reflected back to the receiver. The received signal 

shifts in frequency due to the Doppler effect. This Doppler shift is proportional to the 

velocity of the liquid relative to the meter (Smoot, 1978). 

Mean flow velocity can be obtained from a measurement at a height of 0.4 above 

the bed as is standard United States Geological Survey (USGS) practice when the river 

depth is less than 0.75 m (Dingman, 2002). The velocity measurement made at 1/3 

height above the bed will be used as a proxy for average local flow velocity. In the 

shallow areas where the traps were placed, the current direction was highly variable. 

The results from the velocity measurements are only intended for qualitative 

interpretation and are not used in any statistical calculations. 

4.4 Laboratory analyses 

4.4.1 ICP-MS 

SFGL and the <63 ~m fraction of stonnwater outflow sediment were analyzed 

for trace element content by ICP-MS (inductively coupled plasma mass spectrometry) at 

the Department of Geological Sciences of the University of Saskatchewan on a Perkin 

Elmer ELAN 5000. Sediment samples were first digested in 1 mL 16 N nitric (HN03) 

and 1.5 mL hydrofloric (HF) acids at 100 °C. After digestion, the liquid sample is 

introduced to the instrument by nebulization, which produces a fine dispersion of sample 

droplets. The droplets are carried by argon gas to a plasma torch where an electrical 

discharge contributes energy to vaporize, atomize and ionize the micro-particles. The 

ions are extracted from the plasma through a pinhole-sized orifice into a pumped 
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vacuum system, passing through ion lenses that separate the ions in an electric field 

based on mass to charge (m/z) ratios. After separation, the ions are delivered to the mass 

spectrometer. Jarvis eta/. (1991) and Olesik (2000) describe the operation of an ICP

MS in greater detail. 

The advantages of using ICP-MS for geochemical analysis are rapid, 

simultaneous analysis of numerous elements; small sample size required for analysis; 

simple spectra; superior detection limits across the periodic table, often less than I ppb; 

and a wide linear dynamic range (Date and Jarvis, 1989; Ward, 1989). Linear dynamic 

range is the range over which the detector response is linearly proportional to changes in 

analyte concentration (Harris, 1996). The disadvantages of this method include spectral 

and isobaric overlaps, interface effects, matrix interferences and the high cost (Date and 

Jarvis, 1989; Hall, 1989; Olesik, 2000). Spectral and isobaric overlaps occur when two 

or more species have the same m/z ratio, creating a higher and/or wider peak in the 

output. Mass-to-charge ratio overlaps occur due to isotopes of another element, oxides, 

doubly-charged ions, hydroxides and polyatomic ions (Hall, 1989). Interface effects 

generally refer to any perturbation in the detected ion signal caused during the physical 

transmission of the sample from the ICP flame source to the mass spectrometer (Date 

and Jarvis, 1989). Matrix interferences occur due to high concentrations of concomitant 

ion species, especially for the heavy.elements, and cause a suppression or enhancement 

of the detected ion signal (Date and Jarvis, 1989; Olesik, 2000). 

Other methods for analyzing the elemental composition of sediment samples 

include wet chemical methods, ion-selective electrodes, inductively coupled plasma 

atomic emission spectrometry {ICP-AES), flame atomic absorption spectrometry (F

AAS), X-ray fluorescence (XRF), spark source mass spectrometry (SS-MS), and neutron 

activation analysis (NAA) (Ward, 1989). The drawbacks of these methods are 

summarized in Table 4.2. 
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Table 4.2 Summary of various analytical methods and their drawbacks (Date and Gray, 
1989;VVard, 1989) 

Analytical Method 
Wet chemistry (e.g. 
titrations and gravimetry) 

ion-selective electrodes 

ICP-AES 

F-AAS 

XRF 

SS-MS 

NAA 

Drawbacks 
Lengthy analysis times 
Considered to be too insensitive for most environmental analytes 

Calibration problems 
Urn ited applicability 

Overlapping emission lines, esp. for heavy ions 
Interference from principal matrix elements (Ca, AI, Fe) during trace 
element analysis 

Urn ited to single element analysis 
Lacks speed and convenience for multi-element determinations and 
for analysing large sample numbers 
Limited dynamic range 

Matrix problems 

Low daily sample throughput 

Radioactive leakage after activation 
Long analysis time for some long-lived nuclides 
Inability to detect some elements such as Pb, Si, Li, B 

The suite of trace elements analyzed for in SFGL and storm water outflow 

sediment samples was Li, Sc, V, Cr, Ni, Cu, Zn, As, Se, Rb, Sr, Y, Zr, Sn, Sb, Cs, Ba, 

La, Ce, Pr, Tb, Dy, Ho, Er, Tm, Yb, Tl, Pb, Th, and U. An acid blank and a procedural 

blank were analyzed for quality assurance/quality control (QA/QC). The acid blank was 

a 2% HN03 solution, analyzed to determine any potential contamination in the reagents, 

HN03 and deionized water. The procedural blank was a 2% HN03 solution that 

undergoes the sample preparation procedure and is analyzed to determine any potential 

contamination during that process. Three sediment samples were split and analyzed in 

duplicate to determine the precision of the methodology. Precision is the reproducibility 

or repeatability of the analytical data (Patnaik, 1997) and is estimated by the coefficient 

of variation (CV): 

sd cv =-=-•100 
X 

[4.1] 
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where sd is the standard deviation and :X is the mean (Sutherland, 2000). A Canadian 

certified reference material (CCRM), LK.SD-4 was used to determine the accuracy of the 

analysis. LKSD-4 is a sediment composite from Big Gull Lake, Ontario and Sea Horse 

Lakes, Saskatchewan, prepared by Natural Resources Canada. Accuracy describes the 

closeness of the analytical or measured value to the true value (Patnaik, 1997). 

Accuracy for each element analyzed was calculated by: 

l Concentrationtllis study - Concentration LKSD4 J 
Accuracy= •1 00 

ConcentrationLKsv4 

[4.2] 

where Concentration/his study is the concentration of a given element measured when the 

standard reference material LKSD-4 was analyzed during this study; and 

ConcentrationLKsD4 is the certified concentration of the same given element (after 

Sutherland, 2000). 

ICP-MS analysis was conducted for total trace element levels in SFGL and 

stormwater outflow sediment. Some researchers have examined the distribution of 

metals in sediment among the various operationally-defined geochemical phases -

exchangeable cations, carbonates, iron and manganese oxides, organic matter and 

residual (Stone and Marsalek, 1996; Stone and Droppo, 1994; Tessier et al., 1980; 

Warren and Zimmerman, 1994b ). This type of analysis is valuable as it can ascertain the 

potential bioavailability of metals in sediment (Warren and Zimmerman, 1994b ). Other 

researchers have determined the total trace element levels in sediment (Dong et al., 

1984; Estebe et al., 1998; Krein and Symader, 2000; Murray et al., 1997; Ongley and 

Blachford, 1984; Sartor and Boyd, 1972). The total trace element analysis methodology 

was chosen for this study, as the purpose is to investigate the general short-term physical 

and chemical characteristics of SFGL in response to runoff events from an urban area, 

and to characterize the trace element content of storm water outflow sediment. 

4.4.2 Suspended sediment 

Water samples collected for suspended sediment analysis were vacuum filtered 

using a pre-weighed and pre-dried 0.45 J.tm Millipore HA filter (Eisma, 1993). The 
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filters were placed in evaporation pans and dried at 60°C for approximately 24 hours. 

The dried sediment was weighed, and the suspended sediment concentration was 

calculated by dividing the sediment mass by the volume of water collected. The volume 

of water collected was calculated by weighing the water and dividing by the 

temperature-corrected density. Water samples for suspended sediment determinations 

were processed within one week of field collection. 

4.4.3 Total dissolved solids 

TDS was calculated by evaporating a filtered water sample in a pre-weighed 

metal tray in an oven at 60°C for approximately 24 hours. After evaporation, the metal 

tray was re-weighed and the mass of the residual solids was calculated by difference. 

The TDS concentration was calculated by dividing the weight of the residual solids by 

the volume of water collected and evaporated. The volume of water collected was 

calculated by weighing the water and dividing by the temperature-corrected density. 

Water samples for TDS determinations were processed within one week of field 

collection. 

4.4.4 Particle size analysis 

Digital images of the suspended sediment and SFGL collected in the field on 

0.45 J.tm Millipore HA filters were collected using a Zeiss Jenamed II microscope 

equipped with a Sony SC7 5 CCD camera connected to a Pentium computer running the 

Northern Exposure image analysis software as described by de Boer and Stone (1999). 

For analysis, the filters were rendered transparent by the application of three drops of 

low-viscosity microscope immersion oil. The use of immersion oil does not resuspend 

particles nor does it affect particle boundaries (de Boer, 1997). Collection of the images 

started immediately after application of the immersion oil and took 15 to 20 minutes. 

Images were collected using a 20 x objective, calibrated with a stage micrometer. A 

background reference image without particles was collected from each filter and 

subtracted from the images of that filter prior to analysis to minimize the effects of 

noise, dirt and uneven lighting. 
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After a particle image had the background subtracted, the resulting image was 

thresholded, which defines individual objects within an image based on a gray level 

decision (lmagExperts, 1995). Thresholding makes a distinction between the interesting 

parts of an image, the particles, and the uninteresting parts of an image, the background. 

Northern Exposures' algorithm can then measure the particles by comparing their size in 

pixels to a calibrated scale. Using a 20 x objective, 1 pixel represents 0.7 Jlm. 

Particle size data such as area, perimeter, and longest chord are calculated by 

Northern Exposure software and tabulated in an Excel spreadsheet. Longest chord is the 

longest line that fits within the particle and passes through the centroid. Data are 

collected on approximately 5000 randomly chosen particles from each filter. This 

number was chosen because it would provide a statistically significant population while 

being computationally efficient for a desktop computer. 

Northern Exposure's algorithm tends to bias the particle size distribution towards 

the small particle sizes. A particle can only be included in the analysis if it lies 

completely within the digitized image, which has a maximum diameter of 255 Jllll· A 

large particle has an increased probability of lying partly outside the image, and hence, 

of being excluded from the analysis. 

Traditional particle size analysis methods, such as chemical dispersion of the 

mineral fraction, yield the absolute particle distribution of primary, discrete particles as 

floes could be broken up. This image-based method of collection and analysis yields the 

effective or in situ particle distribution, and is more useful for a study of floes as an 

attempt is made to preserve the floes through collection and analysis. Based on 

comparative studies (Walling and Woodward, 2000; Walling and Moorehead, 1989), the 

median grain size of an effective particle size distribution should be larger than the 

median grain size of an absolute particle size distribution. 

4.4.5 Carbon content 

For each trap, the SFGL contents of several petri dishes were composited 

together and dried in pre-weighed glass beakers in an oven at 100 °C until all of the 

water evaporated (approximately 24 to 48 hours). After drying, the beakers were 

weighed and their contents transferred to a ceramic mortar. The samples were ground to 
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a uniform consistency with a pestle. The purpose of grinding was to break up the 

chunks of sediment that formed during the drying process and not to alter primary 

particle size. Carbon content analysis does not require intact floes. Sediment samples 

were then placed in a polystyrene container and stored at room temperature to await 

carbon content analysis. 

Organic matter is one of the most important accumulative phases for trace 

element uptake by sediments and a significant component of flocculated sediments. The 

organic matter content of sediment can be determined by measuring the % TOC. To 

determine the TOC content ofSFGL, a< 0.1 g sample was weighed into a ceramic 

crucible and inserted into the combustion chamber of a LECO CR-12 Carbon 

Determinator at the University of Saskatchewan's Department of Soil Sciences. The 

Carbon Determinator had been heated to a temperature of 840 °C and calibrated with 

sucrose (C12H220u). A stream of pure 0 2 is passed through the chamber, converting all 

forms of carbon to C02. The C02 is then carried to a selective, solid state, infra-red 

detector. The detector measures the concentration of C02 and produces a signal that is 

integrated by the microprocessor resulting in a digital readout of% C in approximately 

two minutes (Yeomans and Bremner, 1991). 

Total carbon content (organic + inorganic) of SFGL was determined in a similar 

manner with a few modifications. The sample size was increased to between 0.5 and 1 

g, the Carbon Determinator was heated to a temperature of 1100 °C, and calibration was 

performed with calcium carbonate (CaC03). The Carbon Determinator temperature was 

increased for the total carbon content analysis because a higher temperature is required 

to convert inorganic carbon to C02. 

4.4.6 Quantity of SFGL 

The quantity of SFGL collected at the upstream and downstream sites was 

determined by weighing the beakers containing dried SFGL, as described above, and 

subtracting the weight of the empty beaker from that weight. The quantity of SFGL 

used for ICP-MS analysis was not included in this calculation. 
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4.4. 7 Rainfall 

Daily precipitation data were obtained for the City of Saskatoon at the Saskatoon 

Airport for June to September 2001 from Environment Canada Monthly Meteorological 

Summaries (Environment Canada 2001b). These precipitation data are from only one 

location, and do not reflect the range of variability in precipitation over the whole city. 

4.4.8 Discharge 

Daily discharge data were obtained for the South Saskatchewan River at 

Saskatoon for June to September 2001 from Environment Canada (Environment Canada, 

2002b ). The discharge data are recorded by an automated gauge located at the weir 

(52°08'25", 1 06°38'36"). 

4.4.9 Traffic Characteristics 

To estimate the density of traffic in each sewershed, traffic characteristics data 

were obtained from the Municipal Engineering Branch of the Infrastructure Services 

Department of the City of Saskatoon (City of Saskatoon, 2002). There are no permanent 

traffic counting stations within the two storm sewer drainage areas studied, but there are 

numerous portable counting stations, set up approximately once every three years. 

Traffic flow is reported by the City of Saskatoon as average annual daily traffic (AADT) 

in vehicles per day, which is calculated from an average daily traffic (ADT) volume 

(also in vehicles per day) as follows: 

AADT=ADTxf [4.3] 

where fis a correction factor determined from the permanent count stations and 

considers all traffic variations throughout the year (City of Saskatoon, 2002). 

A simple calculation was required to determine the annual daily density of 

vehicles in each sewershed. Assuming that the traffic counts per station are 

representative, the mean annual average daily traffic in vehicles per day in each 

sewershed can be approximated by: 
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L AADJ;ewerslred [4.4] 
n 

where LAADTsewershed is the sum of the average annual daily traffic values for the entire 

sewershed and n is the number of discrete counting stations. 

4.4.10 Quantity of water released at stormwater outflows 

Storm water outflows within the city of Saskatoon are presently ungauged, so the 

total volume of storm water released to the South Saskatchewan River is unknown. The 

rational equation is one of the simplest methods to estimate the amount of discharge 

generated by a storm (Fetter, 1994). The rational equation is: 

Q=ciA [4.5] 

where Q is discharge in m3 s-1
, cis the dimensionless runoff coefficient, i is rainfall 

intensity in m s-1
, and A is area in m2

• A caveat to the use of the rational equation is that 

it only applies when the period of precipitation exceeds the time of concentration. The 

time of concentration is the length of time necessary for water to flow from the most 

distant part of the catchment to the point of discharge (Fetter, 1994). Rainfall intensity 

is a difficult calculation to obtain, hence a modification has been made to the rational 

equation to provide a rough estimate of the volume of runoff generated by a storm: 

V=cd A [4.6] 

where Vis the volume of water in m3
, c is the dimensionless runoff coefficient, d is the 

depth of rain in m, and A is drainage area in m2
• The major assumption of this equation 

is that rain depth, d, is uniform over the area, A. 

When a drainage area, A, has more than one type of surface material, a weighted 

runoff coefficient, c, must be calculated (Dodson, 1998): 
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c 
A1c1 + 4c2 + ... + Axcx 

X [4.7] 

LA; 
i=l 

where LA.i is the sum of areas A1 through Ax. Various values of c can be located on 

standard tables (e.g. Dodson, 1998, page 312). For Saskatoon, various c values for 

different surface materials were established by land use using data calculated from the 

Atlas of Saskatchewan (Fung, 1999). 

4.5 Data analysis 

4.5.1 Comparisons 

Comparative statistics can be used to provide a descriptive measure of the 

difference between two sets of data (Ebdon, 1985). Thus, spatial and temporal changes 

within and between data sets can be validated and clarified. The Mann-Whitney U test 

was used to test whether the mean particle size of SFGL was larger than the mean 

particle size of suspended sediment, whether the mean particle size of SFGL was larger 

in July than September, and whether there was a difference in the coarse-grain sized 

content of SFGL between the upstream and downstream sites. The U test was applied 

instead of its parametric equivalent, the Student's t test. Nonparametric statistical tests 

are not restricted by any assumptions about the nature of the population from which the 

samples have been taken (Ebdon, 1985). Parametric tests are based on the underlying 

assumption that the sample data are taken from a normally distributed population or 

populations. In this case, that assumption cannot be justified due to the small sample 

sizes, consisting of three replicates, and a small overall data set. The Mann-Whitney U 

test is one of the most powerful nonparametric tests, and most suitable when the 

assumptions of the Student's t test are untenable (Zar, 1996). Unlike Student's t test, 

which includes a term for standard deviation (e.g. Ebdon, 1985, page 62), the Mann

Whitney U test does not include a term to describe the population's variance. 

For the Mann-Whitney U test, data values were first converted to ordinal values 

by ranking them from lowest to highest. The U statistic was then derived, in part, by 

summing the rankings (Ebdon, 1985): 
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[4.8] 

[4.9] 

where nx and ny are the number of individuals in sample x andy, respectively, and Erx 

and Ery are the sum of rankings (r) for samples x andy, respectively. The calculated 

values ofU were then compared to critical values ofU for a one-tailed test at the 0.05 

significance level. Significance levels of 0.05 are adequate in many geographical 

applications (Ebdon, 1985). 

4.5.2 Correlation 

Correlation analysis can determine if there is a statistically significant 

relationship between two or more variables without implying the dependence of one 

variable upon another (Zar, 1996; Ebdon, 1985), which is the case with regression 

techniques. Spearman's rank correlation was used to determine the strength and 

direction of the relationship between the quantity of SFGL and the mean concentration 

of suspended sediment, and between concentrations of Cr, Ni, Cu, Zn, As, Sn, Pb and U 

in SFGL and temperature, pH, %TOC,% silt and clay, rainfall and discharge at the 

upstream and downstream sites. Spearman's rank correlation was chosen as the 

nonparametric analogue of Pearson's product-moment correlation because the 

assumption of normally distributed data was invalid. Correlation analyses were 

performed using SPSS 11.0. 

Similar to the Mann-Whitney U test, data values were first converted to ordinal 

values prior to analysis using Spearman's rank correlation. The coefficient of 

correlation, r5, was derived from the ranking of data from largest to smallest and the 

degree of correspondence between any two sets of rankings: 

6'L(P 
r =1---s 3 n -n 

[4.10] 
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where dis the difference in ranking for each item and n is the number of items (Ebdon, 

1985). The correlation coefficient varies between -1 and + 1, -1 indicating a perfect 

negative correlation, + 1 indicating a perfect positive correlation and 0 indicating no 

correlation. The calculated values of r8 were compared to critical values of rs for a one

tailed test at the 0.05 significance level. 

4.5.3 Geochemical normalization of trace element data 

Geochemical normalization of trace element data was used to reduce the trace 

element variability caused by grain size and mineralogy and to identify anthropogenic 

contributions. Three different methods of geochemical normalization were used: 

element ratios, enrichment ratios and the geoaccumulation index. The agreement of 

results among the three methods is important so that conclusions regarding 

anthropogenic sources of trace elements in SFGL can be made with confidence. 

Element ratios were calculated as: 

Concentration of trace element Element ratio =------___;:;....._ _____ _ 
Concentration of conservative element 

[ 4.11] 

Ratios can be used to clarify trace element distribution patterns (Horowitz, 1991 ). It is 

important to note that the data are represented as ratios after this calculation and are no 

longer concentrations. The metals Cr, Ni, Cu, Zn, Sn, Pb, As and U were of suspected 

anthropogenic origin in this study, and were normalized to the conservative elements Cs, 

Li and Sc by equation 4.11. The commonly used conservative elements, Ti and AI, 

could not be used as they were not included in the trace element analysis by ICP-MS. 

Mean concentration values were used in normalization calculations. 

Equation 4.11 was adapted to form an enrichment ratio, ERn, for a given element 

n (Sutherland, 2000; Lee et al., 1997; 1994). Enrichment ratios compare the ratio of the 

concentration of an element in question in a sample to that of a conservative element, 

and the corresponding background ratio (Lee et al., 1994). They are calculated as 

follows: 
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l C, Sample J 
CcE Sample ER, = .,...._____......_ __ ___.., 

BEn Background 

BEcE Background 

where Cn is the concentration of a given element n, CcE is the concentration of the 

conservative element, BEn is the best estimate of the background concentration of 

element n, BEcE is the best estimate of the background concentration of the 

conservative element and Sample refers to the sediment sample of interest. Some 

researchers advocate the use of a generic geological background concentration such as 

the North American Shale Composite (NASC) for the BE terms of equation 4.12 (Lee et 

al., 1994). This study uses metal concentrations from SFGL collected upstream of the 

city for the background concentrations. Using a local source for the background 

concentrations is more relevant to this study than using a continentally averaged value. 

By normalizing the trace element data to an area just upstream of the city, the impact of 

the city's runoff can be isolated. This method will yield an estimate of contaminant 

enrichment that is useful for local management decisions (Sutherland and Tolosa, 2000). 

Enrichment ratios were used to quantify the enrichment of Cr, Ni, Cu, Zn, Sn, Ph, As 

and U compared to the conservative elements Cs, Li and Sc in storm water outflow 

sediment. Sutherland (2000) has proposed a five-category pollutant ranking system 

based on enrichment ratios (Table 4.3). 

Table 4.3 Pollution ranking system for enrichment ratios (Sutherland, 2000). 

Ratio value 
ER<2 
ER2-5 
ER 5-20 
ER 20-40 
ER>40 

Pollution indication 
Depletion to minimal enrichment; no or minimal pollution 
Moderate enrichment; moderate pollution 
Significant enrichment; significant pollution signal 
Very high enrichment; very strong pollution signal 
Extreme enrichment; extreme pollution signal 

The use of an index to describe sediment quality data provides a simple and 

effective method of conveying complex chemical information. The index of 
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geoaccumulation is a quantitative measure of metal pollution in aquatic sediments, 

normalized to the background metal content of sediments (Forstner eta/., 1990). A 

modified 1 geoaccumulation index was used in this study and calculated as: 

1 -lo l en J geo- g2 1.5 BEn [4.13] 

where Cn is the concentration of element n and BEn is the best estimate of element n in 

background sediments (the background concentration). BEn was calculated as the mean 

concentration of element n at the upstream sampling site, averaged over the entire field 

season. The factor 1.5 is used because of possible variations of the background data due 

to lithogenic effects. By making the background concentration value higher by a factor 

of 0.5, this method slightly underestimates the degree of pollution. The index has seven 

numerical grades with accompanying qualitative descriptors to communicate the relative 

severity of pollution (Table 4.4). 

Table 4.4 Pollution ranking system for the index of geoaccumulation (Forstner et al., 
1990). 

Index value 
<0 
0-1 
1-2 
2-3 
3-4 
4-5 
>5 

Pollution indication 
Practically unpolluted 

Unpolluted to moderately polluted 
Moderately polluted 

Moderately to strongly polluted 

Strongly polluted 

Strongly to very strongly polluted 

Very strongly polluted 

1 The geoaccumulation index was modified by using BEn instead of Bn (Forstner et al., 1990). Bn is the 
geochemical background concentration in the average shale. 
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ChapterS 

RESULTS 

5.1 Introduction 

This research focused on changes in the physical and chemical characteristics of 

SFGL in response to urban runoff. The results of this study are presented in seven 

sections. The first section reports on the hydrologic conditions of the South 

Saskatchewan River near Saskatoon and at the upstream and downstream sampling sites. 

The second section addresses general water quality parameters at the upstream and 

downstream sites. The third section looks at suspended sediment at the sampling sites. 

The fourth section examines the physical and chemical characteristics of SFGL, and the 

fifth section focuses on stormwater outflow sediment. Traffic characteristics and the 

volume of water released at the storm water outflows to the South Saskatchewan River 

are presented in the final two sections. 

5.2 Hydrologic conditions 

5.2.1 Precipitation 

The largest rainstorms during the 2001 field season occurred in June and July. 

Both the magnitude and frequency of rainstorms decreased throughout August and 

September (Figure 5.1). The maximum daily rainfall for the study period was 18.5 mm, 

which occurred on July 25. The study period was characterized by lower than normal 

precipitation in Saskatoon, with a total of 104.1 mm for the months of June through 

September. By comparison, the 30-year-normalfor the same time period is 188.4 mm 

(Environment Canada, 2001 b). August and September had very little precipitation, 6 

and 7.6 mm, respectively. 
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Figure 5.1 Daily precipitation and river discharge at Saskatoon, May 30 to October 2, 
2001 (Environment Canada, 2001b; 2002b). Sampling dates are noted. 

Of the two storm events sampled, the July storm was larger than the September 

storm in terms of rainfall depth (Figure 5.2). The storm event sampling sequence 

consisted of a baseflow sampling day, a rainfall event (at which time sampling traps 

were deployed but samples were not collected), a peak flow sampling day (the day 

following a rainstorm), and two subsequent sampling days during the falling limb of the 

hydrograph. The baseflow measurement was done a week before the July storm event, 

on July 12, and a week after the September storm event, on September 26. 

5.2.2 Discharge 

Daily average low flows and peak flows in the South Saskatchewan River at 

Saskatoon were 49 and 92 m3 s-1, respectively, for the sampling period (Environment 

Canada, 2002b). The daily average flow for the sampling period was 62 m3s-1 

(Environment Canada, 2002b ), significantly lower than the long-term average June to 

September flow of 181 m3s-1 (Global Hydrological Archive and Analysis System, 2003). 

The September 26 baseflow sample had the highest discharge of all the sampling dates 
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at 76m3 s-1 (Figure 5.1). The timing of the basetlow measurement was determined 

relative to precipitation in Saskatoon, which does not determine discharge in the South 

Saskatchewan River. Rather, the operation of the Gardiner Dam, 110 km upstream of 

Saskatoon (Figure 3.1), exerts the dominant control on discharge in the South 

Saskatchewan River. 
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Figure 5.2 Rainfall in Saskatoon on sampling dates (Environment Canada, 2001b). July 
16 and September 19 are storm events. July 17 - 19 and September 20 - 22 are 
subsequent sampling days. July 12 and September 26 are baseflow measurements. 

5.2.3 Flow velocity 

Velocity measurements were made to characterize the general flow conditions 

near the SFGL traps. Each value reported was averaged from three triplicate 

measurements made in the field. Flow velocities at the upstream and downstream 

sampling sites were generally low during the study period (Figure 5.3). 

70 



0.25 ,..------------------------, 
-e--Upstream 
----Downstream 

0.20 

• • 0.15 

• 0.10 

• • 
0.05 

0.00 +---.....---.....---.------.,.....----.----r----"T"---1 
12 Jul 17 Jul 18 Jul 19 Jul 20 Sep 21 Sep 22 Sep 26 Sep 

Date 

Figure 5.3 Flow velocity over the sediment traps, upstream and downstream of 
Saskatoon, 2001 field season. There is a missing measurement on September 21 at the 
downstream site. 

Flow velocities at the upstream site ranged from 0.091 to 0.214 m s-1 and flow 

velocities at the downstream site from 0.077 to 0.176 m s-1• Both the upstream and 

downstream site reached their peak velocities on 19 July 2001. Flow velocity data are 

missing for the upstream site on July 12 and for the downstream site on September 21 

due to very low flow velocities that could not be resolved by the current meter. 

5.3 General water quality parameters 

5.3.1 Water temperature 

Water temperatures at the upstream and downstream sampling sites were similar, 

and higher than the stormwater outflow water temperatures (Figure 5.4). In July, river 

water temperatures exceeded storm sewer water temperatures by approximately 1 0°C. 

By September, this spread decreased to about 5°C. Water temperatures at the upstream 

and downstream sites decreased throughout the sampling season, from approximately 

23°C in July to 15°C in September. The stormwater outflow water temperatures were 

more constant at around 10 to l2°C. 
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Figure 5.4 Water temperature upstream and downstream of Saskatoon and at the 
Dundonald and Sturgeon stormwater outflows, 2001 field season. 

5.3.2 pH 

pH was in the alkaline range at all sampling sites for the 2001 field season 

(Figure 5.5). This is common for prairie surface water due to carbonates contributed by 

surrounding soils. For July, all pH values were near 8.5 except for the measurement at 

the Dundonald stormwater outflow, which was a bit lower at 8.03. For September, pH 

ranged from 7.98 to 8.72 at the upstream site and from 7.40 to 8.91 at the downstream 

site. pH at the Sturgeon storm water outflow was within this range at 8.31, but the 

Dundonald storm water outflow discharge had a very high pH at 9 .6. This high pH 

measurement was likely a result of alkaline groundwater in contact with concrete storm 

sewer pipes composed of calcium carbonate. In a Swedish study, the pH of storm water 

was found to increase as it traveled through the storm sewer network, despite the acidity 

of rainwater (Malmquist, 1983). Since pH measurements were made after the first flush 

of storm water, the sampled water may have had a longer residence time in the pipes. 

McLeod eta/. (2002) reported a pH of6.9 for a composite sample of Sturgeon 

stormwater outflow collected during a storm event. 
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Figure 5.5 pH upstream and downstream of Saskatoon and at the Dundonald and 
Sturgeon stormwater outflows, 2001 field season. 

Except for the September 20, 2001 measurement at the Dundonald stormwater 

outflow, all measured pH values were within the CCME water quality guidelines for the 

protection of aquatic life of6.5 - 9.0 (CCME, 1999). A pH value outside ofthis range 

may not be toxic in itself to aquatic life, but it may affect the toxicity of many trace 

elements (Environment Canada, 1979). Levesque (2002) also found pH in the South 

Saskatchewan River upstream and downstream of Saskatoon to be in the alkaline range. 

5.3.3 Electrical conductivity 

Electrical conductivity at the upstream and downstream sites was similar, and 

lower than at the stormwater outflow sites (Figure 5.6). The upstream mean for the July 

and September samples was 428 J.tS cm-1; the downstream mean was 431 J.tS cm-1. The 

mean conductivity of the Dundonald stormwater outflow was 1569 J.tS cm-1 and 

1759 J.tS cm-1 for the Sturgeon stormwater outflow. 
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Figure 5.6 Electrical conductivity upstream and downstream of Saskatoon and at the 
Dundonald and Sturgeon stormwater outflows, 2001 field season. 

The higher conductivity measurements made at the storm sewers indicate that 

storm sewer discharges carry a significant load of dissolved ions to the river. However, 

the much lower conductivity measurements made at the downstream site indicate that 

dilution processes in the river are concealing the signal from the city. 

5.3.4 Total dissolved solids (TDS) 

TDS at the upstream and downstream sites was similar and lower than at the 

stormwater outflow sites (Figure 5.7). Each value reported was based on triplicate 

measurements. Error of the measurements was calculated as the standard deviation, and 

ranged from 1 to 11 mg r 1• The upstream mean was 287 mg r 1 and the downstream 

mean was slightly higher at 294 mg r1, respectively. The Dundonald stormwater 

outflow mean was 1207 mg r 1 and the Sturgeon stormwater outflow mean was a bit 

higher at 1716 mg r1• Levesque (2002) also found slightly higher TDS levels 

downstream of Saskatoon. 
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Figure 5.7 TDS upstream and downstream of Saskatoon and at the Dundonald and 
Sturgeon stormwater outflows, 2001 field season. 

Similar to the conductivity measurements, the higher TDS measurements made 

at the storm sewers indicate that storm sewer discharges carry a significant load of 

dissolved ions to the river. As with the conductivity measurements, the much lower 

TDS measurements made at the downstream site indicate that dilution processes in the 

river are suppressing the signal from the city. 

5.4 Suspended sediment 

5.4.1 Suspended sediment concentration 

Suspended sediment concentrations were higher at the river sites than at the 

stormwater outflow sites (Figure 5.8). Of the river sites, the upstream site had a 

consistently higher suspended sediment concentration throughout the study period. 

Suspended sediment concentration data are unavailable for July 12 due to an error 

during laboratory analysis. 
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Figure 5.8 Mean suspended sediment concentrations upstream and downstream of 
Saskatoon and at the Dundonald and Sturgeon stormwater outflows, 2001 field season. 
Error bars represent standard deviations from the mean. 

Concentrations of suspended sediment varied from 9.7 to 27.8 mg r1 at the 

upstream site, with a range in standard deviation from 0.4 to 5.9 mg r 1; and between 4.6 

to 10.2 mg r'' with a range in standard deviation from 0.4 to 2.1 mg r'' at the 

downstream site. The highest suspended sediment concentration occurred on September 

26 at both the upstream and downstream sites. September 26 was the sampling day with 

the highest daily discharge at Saskatoon (Figure 5.1). Levesque (2002) reported a wider 

range in suspended sediment measurements, at both the upstream and downstream sites 

(upstream: 3 to 80 mg r 1; and downstream: 1 to 29 mg r'). 
The concentration of suspended sediment at the Dundonald stormwater outflow 

was 3.0 mg r' on July 17 and 2.4 mg r' on September 20. The Sturgeon stormwater 

outflow suspended sediment concentration was lower at 1.8 mg r' on July 17 and 

0.8 mg r' on September 20. These values are much lower than the measurements other 

researchers have obtained for total suspended solids (TSS) in Saskatoon stormwater 

outflow effluents. McLeod et al. (2002) measured a total TSS value of 121 mg r' in a 
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composite sample of Sturgeon storm water outflow collected during a storm event. The 

water samples analysed for suspended sediment concentration at stormwater outflows in 

this study were collected after the first flush of suspended matter had discharged to the 

river. 

5.4.2 Suspended sediment particle size characteristics 

Particle size distribution data are presented for suspended sediment samples 

(Table 5.1). Overall, small particles dominated the mean particle size. At the upstream 

site, mean particle size ranged from 2.5 to 2. 7 J..lm with a standard deviation that ranged 

from 0.0 to 0.2 J..tm. The mean particle size is smaller at the downstream site, where it 

ranged from 2.1 to 2.5 J..lm with a range in standard deviation from 0.0 to 0.1 J..tm. 

Table 5.1 Particle size distribution data (by number of particles) for suspended sediment 
samples taken from upstream and downstream of Saskatoon, 2001 field season. 

Upstream Downstream 
Date Mean Std. Clay Silt Sand Mean Std. Clay Silt Sand 

dev. dev. 
i(J.Lm) (~m) (o/o) (o/o) (o/o) i(J.Lm) (Jj.m) (%) (Ofo) (OA,) 

July 12 2.6 0.1 67.6 32.3 0.1 2.2 0.1 72.8 27.2 0.0 
July 17 2.7 0.1 65.7 34.2 0.0 2.3 0.0 71.6 28.3 0.1 
July 18 2.7 0.1 66.2 33.8 0.1 2.1 0.1 74.6 25.4 0.1 
July 19 2.6 0.2 68.0 31.9 0.1 2.3 0.1 73.0 27.0 0.0 
Sept20 2.5 0.1 68.5 31.5 0.1 2.4 0.0 66.2 33.8 0.0 
Sept 21 2.5 0.0 65.1 34.9 0.0 2.4 0.0 68.5 31.5 0.0 
Sept22 2.5 0.0 66.7 33.3 0.0 2.3 0.0 69.6 30.4 0.0 
Sept26 2.7 0.2 64.1 35.8 0.1 2.5 0.1 66.2 33.8 0.0 

Samples of suspended sediment collected upstream and downstream of 

Saskatoon were dominated by silt and clay sized particles (Table 5.1 ). Values represent 

the daily mean of data collected and analyzed in triplicate at the upstream and 

downstream site. Clay-sized particles are those less than 2 J..lm in longest chord; silt 

particles are 2 J..lm to 63 J..lm in longest chord; and sand particles are 63 J..lm to 600 J..lm in 

longest chord, which includes fine and medium sand and excludes coarse sand ( 600 to 

2000 J..lm). Downstream samples of suspended sediment had a slightly higher clay 

content, ranging from 66.2 to 74.6%, compared with 64.1 to 68.5% for the upstream site. 
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The sand content was similar and very low at both sites, ranging from 0.0 to 0.1 %. 

Standard deviations for both the upstream and downstream sites ranged from 0.2 to 2. 7% 

for clay and silt, and from 0.0 to 0.1% for sand {Table A1, Appendix A). 

5.5 SFGL 

5.5.1 SFGL physical characteristics 

5.5.1.1 Quantity of SFGL collected 

Overall, more SFGL was collected at the upstream site than the downstream site 

(Figure 5.9). The weight ofSFGL collected ranged from 5.6 to 23.4 gat the upstream 

site and from 1.2 to 12.7 g for the downstream site. The weight of SFGL collected 

peaked on September 26 at both sites. This coincided with the highest measured 

suspended sediment concentration for the sampling period (Figure 5.8). The difference 

in quantities of SFGL collected at the upstream and downstream sites suggests that these 

sites have very different sediment supply and/or flow characteristics. This may create 

difficulties for upstream/downstream sediment comparisons. 
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Figure 5.9 Mean weights of SFGL collected upstream and downstream of Saskatoon, 
2001 field season. Error bars represent standard deviations from the mean, calculated 
from the three SFGL traps. 
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5.5.1.2 SFGL particle size characteristics 

Particle size distribution data for SFGL collected at the upstream and 

downstream sites are presented in Table 5.2. Similar to the suspended sediment particle 

size data, smaller particles also dominated SFGL samples. Mean particle size ranged 

from 2.6 to 3.3 J.tm at the upstream site with a standard deviation range ofO.O to 0.4 J.Ull· 

The mean particle size at the downstream site was smaller, ranging from 23 to 3.1 J.tm, 

with a standard deviation ranging from 0.1 to 0.4 J.tm. 

Table 5.2 Particle size distribution data (by number of particles) for SFGL samples 
taken from upstream and downstream of Saskatoon, 2001 field season. 

Upstream Downstream 
Date Mean Std. Clay Silt Sand Mean Std. Clay Silt Sand 

dev. dev. 
(um) (um) {o/o) (%) (%) (urn) (um) (%) (0,{,) {o/o} 

July 12 3.1 0.4 64.0 35.9 0.2 3.0 0.1 67.6 32.1 0.3 
July 17 3.1 0.1 65.0 34.8 0.3 3.1 0.4 65.6 34.2 0.2 
July 18 3.3 0.1 64.6 35.2 0.3 3.1 0.3 70.8 28.8 0.4 
July 19 3.1 0.2 63.2 36.7 0.1 2.7 0.2 68.0 32.0 0.1 
Sept20 2.8 0.1 65.8 34.1 0.1 2.6 0.2 66.8 33.2 0.1 
Sept 21 2.7 0.1 66.1 33.7 0.2 2.5 0.1 68.2 31.8 0.0 
Sept 22 2.6 0.2 67.5 32.4 0.1 2.3 0.2 70.3 29.6 0.1 
Sept 26 2.7 0.1 64.9 35.0 0.1 2.5 0.1 67.6 32.3 0.0 

SFGL collected upstream and downstream of Saskatoon was composed of 

predominantly clay and silt sized particles (Table 5.2). Values represent the daily mean 

of data collected and analyzed in triplicate at the upstream and downstream site. 

Downstream SFGL samples had a higher clay content ranging from 65.6 to 70.8%, 

compared to the upstream range of 63.2 to 67.5%. Suspended sediment samples also 

had a higher clay content at the downstream site (Table 5.1). The sand content ofSFGL 

was variable, ranging from 0.1 to 0.3% at the upstream site and from 0.0% to 0.4% at 

the downstream site. Standard deviations for both the upstream and downstream sites 

ranged from 0.5 to 4.6% for clay, 0.6 to 4.6% for silt and 0.0 to 0.2% for sand (Table 

A2, Appendix A). 
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5.5.2 SFGL chemical characteristics 

5.5.2.1 Total organic carbon (TOC) 

Mean %TOC, measured by loss on ignition (LOI) is presented for the SFGL 

collected in the petri dish traps (Figure 5.10). SFGL collected upstream of the city had a 

much higher TOC content than SFGL collected downstream of the city. TOC levels 

upstream were consistently above 0.2%, while downstream levels were at 0.2% or 

below. TOC varied between 0.28 and 0.90% at the upstream site and between 0.04 to 

0.16% at the downstream site. The range of standard deviations of the% TOC was 0.08 

to 0.21% for the upstream site and 0.04 to 0.15% for the downstream site. 

1.0 •Upstream 
• Downstream 

0.8 

-cf< ......... 0.6 
0 
0 
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0.0 
12 Jul 17 Jul 18 Jul 19 Jul 20 Sep 21 Sep 22 Sep 26 Sep 

Date 

Figure 5.10 Mean% TOC (by weight) in SFGL collected upstream and downstream of 
Saskatoon, 2001 field season. Error bars represent standard deviations from the mean. 

5.5.2.2 Trace element concentrations of SFGL 

Concentrations of total Cr, Ni, Cu, Zn, As, Sn, Pb and U in SFGL are presented 

in Figure 5.11 . These metals were chosen from the full suite of elements analyzed, as 

they are of possible anthropogenic origin. Trace element concentration data for Li, Sc, 

V, Se, Rb, Sr, Y, Zr, Sb, Cs, Ba, La, Ce, Pr, Tb, Dy, Ho, Er, Tm, Yb, Tl and Th are 

available in Table B2 (Appendix B). One ICP-MS lab analyst analyzed all SFGL 

samples for the duration of the study. 
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Figure 5.11 Mean trace element concentrations in SFGL upstream and downstream 
of Saskatoon, 2001 field season. Error bars represent positive standard deviations. 
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Precision of the ICP-MS results was determined by three duplicate analyses 

(Table Bl, Appendix B). The covariance [(standard deviationlmean)•lOO%] ranged 

from 0.4% to 109.8%, with the majority of values at 10% or below. A standard lake 

sediment sample, LKSD-4, prepared by Natural Resources Canada, was used to 

determine the accuracy of the ICP-MS results (Table B 1, Appendix B). The accuracy, 

calculated by equation 4.2, ranged from 0.6% to 97.0% in absolute value. 

Mean Cr concentrations varied between 23 and 60 ppm upstream of the city and 

between 13 and 31 ppm downstream of the city. Standard deviations ranged from 0.9 to 

16 ppm upstream and from 2.2 to 22 ppm downstream. Mean downstream 

concentrations of Cr were approximately half of upstream concentrations for all 

sampling dates except September 22. On September 22, the downstream Cr 

concentration of SFGL at 24 ppm slightly exceeded the mean upstream Cr concentration 

of SFGL at 23 ppm, the lowest measured for all sampling dates. However, the 

downstream Cr value for September 22 was based on a single measurement, rather than 

a triplicate, as Cr was detected in only one of the three downstream samples analyzed. 

Mean concentrations of Ni in SFGL upstream of the city exceeded downstream 

concentrations by a factor of approximately two for most sampling dates (Figure 5.11 ). 

Upstream values ranged from 16 to 40 ppm, with standard deviations of 1.1 to 7.4 ppm. 

The downstream mean Ni concentration of 30 ppm measured on September 21 had a 

standard deviation of 32 ppm, which exceeds its mean. This is the only sampling date 

where the downstream Ni concentration of SFGL exceeded the upstream concentration. 

After removing the September 21 values from the downstream data set for Ni, the 

remaining concentrations ranged from 8.0 to 19 ppm and the standard deviations ranged 

from 0.9 to 8.9 ppm. 

Upstream mean concentrations of Cu in SFGL exceeded downstream mean 

concentrations by a minimum factor of two on all sampling dates. Upstream 

concentrations varied from 11 to 19 ppm, with standard deviations from 0.2 to 3.0 ppm. 

Upstream mean concentrations of Cu were generally higher in July than September. 

July concentrations were all above 15 ppm and September concentrations were below 15 

ppm, with the exception of September 22 at 16 ppm. There was less variation in the 

downstream concentrations of Cu on sampling days. Mean downstream concentrations 
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ranged from 3.3 to 4.9 ppm. The range in standard deviations was narrower that at the 

upstream site; from 0.1 to 1.6 ppm. 

Zn concentrations in SFGL varied spatially and temporally in a manner similar to 

Cu concentrations. Upstream concentrations exceeded downstream concentrations on 

all sampling dates. Upstream concentrations varied from 46 to 69 ppm, with standard 

deviations from 1.0 to 10 ppm. Upstream mean concentrations of Zn were generally 

higher in July than September, with July concentrations all above 60 ppm (Figure 5.11 ). 

September upstream concentrations were below 50 ppm, with the exception of 

September 22 at 65 ppm. Similar to Cu, there was less variation in the downstream 

concentrations of Zn during the sampling season. Mean concentrations ranged from 23 

to 30 ppm and standard deviations from 2.3 to 8.0 ppm. 

Concentrations of As in SFGL were generally low, relative to Cr, Ni, and Zn, at 

less than 10 ppm upstream and downstream of the city. Upstream mean concentrations 

exceeded downstream mean concentrations with the exception of July 19, September 20 

and September 26, when downstream concentrations exceeded upstream concentrations. 

Upstream mean concentrations ranged from 4.1 to 7.8 ppm with low standard deviations 

from 0.7 to 1.6 ppm. Downstream mean concentrations ranged from 4.3 to 7.8 ppm with 

low standard deviation values from 0.4 to 1.1 ppm. July mean As concentrations were 

higher than September mean As concentrations at both the upstream and downstream 

sites. 

Similar to As, Sn concentrations in SFGL were low relative to Cr, Ni and Zn, 

measured at less than 10 ppm at both the upstream and downstream sites. Sn 

concentrations in SFGL varied differently from Cr, Ni, Cu, Zn, As, Pb and U in that 

mean downstream concentrations of Sn in SFGL exceeded mean upstream 

concentrations, with the exception of July 12, July 18 and September 22 (Figure 5.11). 

Upstream mean concentrations varied from 0.3 to 4.7 ppm, with a large range in 

standard deviations from 0.1 to 4.0 ppm. Downstream mean concentrations had a 

similar range, from 0.3 to 4.8 ppm with a large range in standard deviations from 0.0 to 

4.0 ppm. July mean Sn concentrations were higher than September mean Sn 

concentrations at the upstream site. Thus, Sn had a similar temporal variation as Cu, Zn 

and As at the upstream site. 
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Mean upstream concentrations of Pb in SFGL exceeded downstream 

concentrations on all sampling dates. Upstream concentrations varied from 13 to 23 

ppm, with small standard deviations from 0.0 to 1.4 ppm. Downstream concentrations 

varied from 9.2 to 17.7 ppm, with standard deviations from 0.5 to 2.4 ppm. For both the 

upstream and downstream sites, September mean concentrations ofPb in SFGL 

exceeded July mean concentrations. 

U concentrations in SFGL were much lower than Pb concentrations, all less than 

5 ppm, but they varied in a similar manner (Figure 5.11). Upstream concentrations 

ranged from 2.3 to 3.9 ppm, with a narrow range in standard deviations, from 0.0 to 0.3 

ppm. Downstream concentrations ranged from 1.1 to 2.4 ppm, with a wider range in 

standard deviations, from 0.0 to 0.8 ppm. Similar to the temporal trend in Pb 

concentrations, September mean concentrations ofU in SFGL exceeded July mean 

concentrations at both the upstream and downstream site. 

Mean concentrations of Cr and Ni in SFGL were higher upstream than 

downstream, with the exception of one sampling date for each element. For both Cr and 

Ni, the sampling date on which the downstream concentration exceeded the upstream 

concentration had unreliable analytical data. These two exceptions should be ignored in 

further interpretations of the results. Mean concentrations of Cu and Zn in SFGL were 

higher upstream than downstream. July upstream mean concentrations generally 

exceeded September upstream mean concentrations for Ni, Cu and Zn. There was little 

temporal variation in downstream mean concentrations of Cu and Zn for the sampling 

period. As and Sn, like Ni, Cu and Zn, generally had July mean concentrations that 

exceeded September mean concentrations at both sites. The general trend of upstream 

concentrations exceeding downstream concentrations is less apparent for As and Sn. 

Downstream concentrations were higher than upstream concentrations 38% of the time 

for As and 63% of the time for Sn. Standard deviations of mean Sn concentrations were 

high; when reported as a percentage of the mean [relative standard deviation= (standard 

deviation/mean)*lOO%], they ranged from 2% to 120%. Mean concentrations ofPb and 

U in SFGL were higher upstream of the city than downstream. Unlike Cu, Zn, As and 

Sn, September mean concentrations ofPb and U exceeded July mean concentrations at 

both the upstream and downstream sites. Overall, upstream concentrations of trace 
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elements in SFGL exceeded downstream concentrations. These results contradict the 

findings of Levesque (2002), who found that downstream concentrations of trace 

elements in SFGL exceeded upstream concentrations at Saskatoon. 

5.6 Stormwater outfall sediments 

5.6.1 Quantity of stormwater outflow sediment coUected 

Stormwater outflow sediments were collected on two sampling dates, July 17 

and September 20, after rainfall events on July 16 and September 19, respectively. Most 

of the sediment load, by mass, was in the >63 f.Lm portion (Table 5.3). The <63 f.Lm 

portion of the sediment load was small, but is considered to be the most important 

portion for contaminant sorption and transport (Droppo and Stone, 1994). Small 

quantities of the <63 f.Lm portion were collected, ranging from 0.5% to 5.4% of the total 

mass of sediment trapped. The sediment trap deployed at the Dundonald stormwater 

outflow on September 20 was washed away. 

Table 5.3 Quantity of storm water outflow sediment collected, 2001 field season. n.a. -
not available. 

Jul 17,2001 Se tember 20, 2001 
Dundonald SWO >63flm (g) 61.73 (99.5%) n.a. 

Dundonald SWO <63 J.lm (g) 0.33 {0.5o/o) n.a. 

Total sediment collected (g) 62.06 n.a. 

Sturgeon SWO >63 J.lm (g) 294.29 (94.6%) 52.29 {96.8o/o) 

Sturgeon SWO <63 J.lm (g) 16.72 {5.4o/o) 1.72 (3.2%) 

Total sediment collected (g) 311.01 54.01 

5.6.2 Trace element concentrations of stormwater outflow sediment 

Concentrations of total Cr, Ni, Cu, Zn, As, Sn, Pb and U in fine-grained (<63 

f.Lm) stormwater outflow sediment are presented in Figure 5.12. These metals were 

chosen from the full suite of elements analyzed, as they are of possible anthropogenic 

origin. Trace element concentration data for Li, Sc, V, Se, Rb, Sr, Y, Zr, Sb, Cs, Ba, La, 

Ce, Pr, Tb, Dy, Ho, Er, Tm, Yb, Tl and Th are available in Table B3 (Appendix B). 

Trace element analyses of storm water outflow sediment were done at the same time as 

the SFGL analyses and by the same analyst. 
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Figure 5.12 Trace element concentrations in fine-grained (<63 J.!ID) sediment at two 
stormwater outfalls in Saskatoon, 2001 field season. 
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Cr, Ni, As, and U behaved in a similar manner in that their fine-grained 

stormwater outflow sediment concentrations were similar in magnitude to their 

concentrations in SFGL. Cr concentrations ranged from 53 to 80 ppm at the storm water 

outflows and from 13 to 60 ppm in SFGL. Ni concentrations varied from 24 to 49 ppm 

in stormwater outflow sediments and from 8.0 to 40 ppm in SFGL. For As, there was 

little difference between the storm water outflow sediment concentrations and the SFGL 

concentrations: 4.3 to 7.3 ppm at the storm water outflows and 4.1 to 7.8 ppm in SFGL. 

Storm water outflow sediment concentrations ofU were a bit higher than SFGL 

concentrations, and had a narrow range from 5.1 to 5.6 ppm, compared with 1.1 to 3.9 

ppm. 

Cu, Zn and Pb were found in storm water outflow sediments at greater 

concentrations than in SFGL. Cu concentrations varied from 57 to 164 ppm in 

storm water outflow sediments and from 3.3 to 19 ppm in SFGL. Zn concentrations 

ranged from 328 to 809 ppm at the stormwater outflows, compared to 23 to 69 ppm at 

the river sites. Pb concentrations ranged from 71 to 401 ppm in storm water outflow 

sediments and from 9.2 to 23 ppm in SFGL. Ni, Cu, Zn, As, Sn and Pb had their highest 

storm water outflow sediment concentration measured at the Dundonald storm water 

outflow on July 17 at 49, 164, 809, 7.3, 43 and 401 ppm, respectively. Cr and U peaked 

at the Sturgeon stormwater outflow on September 20 at 80 and 5.6 ppm, respectively. 

The concentrations of Sn measured at the Sturgeon storm water outflow ranged from 2.8 

to 6.5 ppm, much lower than the 43 ppm measured at the Dundonald storm water outflow 

and similar to the river range of 0.3 to 4.8 ppm. 

Cu, Zn and Pb had fine-grained storm water outflow sediment concentrations in 

excess of river SFGL concentrations. Cr, Ni, As and U had fine-grained storm water 

outflow sediment concentrations similar in magnitude to river SFGL concentrations. Sn 

was in between these two categorizations with a concentration measurement from the 

Dundonald storm water outflow an order of magnitude greater than river SFGL 

concentrations and measurements from the Sturgeon stormwater outflow similar to river 

SFGL concentrations. Many of the trace elements examined had their highest 

storm water outflow sediment concentrations at the Dundonald stormwater outflow on 

July 17. 
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5. 7 Traffic characteristics 

To obtain an approximate measure of traffic density in each sewershed, the mean 

annual number of vehicles was calculated using equation 4.4. Traffic density was higher 

in the Sturgeon sewershed at 14,512 vehicles/day than in the Dundonald sewershed at 

9,441 vehicles/day. There were an estimated 139,400 registered vehicles in Saskatoon 

in 2001 (City of Saskatoon, 2002). 

5.8 Quantity of water released at stormwater outflows 

Equation 4.6 was used to provide a rough estimate of the volume of water 

released at storm water outflows to the South Saskatchewan River in Saskatoon. A 

weighted runoff coefficient, c, of0.48 was first calculated with equation 4.7 (Table 5.4). 

Table 5.4 Land uses in Saskatoon by area and their runoff coefficient values used to 
calculate a weighted runoff coefficient for the city. n.s. - not serviced by storm sewer 
system. 

Land use Area of Saskatoon Area of Saskatoon Runoff coefficient, c 
{o/o) {km2

) {after Dodson, 1998) 
Residential 54.3 78.2 0.50 
Future development 11.8 16.9 n.s. 
Industrial 10.4 15.0 0.60 
Institutional 7.1 10.2 0.35 
Open space/recreational 6.9 10.0 0.15 
Airport 5.9 8.5 n.s. 
Commercial 2.5 3.6 0.70 
Central business district 0.7 1.0 0.95 
Water 0.4 0.6 n.s. 

The volume of water released at storm water outflows to the South Saskatchewan 

River in Saskatoon was estimated for the storm events sampled on July 16 and 

September 19 as well as for the entire field season from June to September, 2001 (Table 

5.5). The areas of Saskatoon not serviced by the storm sewer system were subtracted 

from the area of the city contributing runoff to the storm water outflows. The net area of 

Saskatoon that contributes runoff to the South Saskatchewan River via the storm water 

outflows is 118 km2
• Equation 4.6 is based on the rational equation. To use the rational 

equation and values of c for runoff coefficients, the period of precipitation must exceed 
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the time of concentration. The time of concentration is the length of time necessary for 

water to flow from the most distant part of the catchment (sewershed) to the point of 

discharge (stormwater outflow). This condition regarding the use of the rational 

equation and runoff coefficients may not have been met in this study. As such, the 

volume of water released at storm water outflows to the South Saskatchewan River in 

Saskatoon calculated by this method should be viewed as a rough estimate. 

Table 5.5 Volume of runoff released at Saskatoon stormwater outflows to the South 
Saskatchewan River for the two storm events sampled and the 2001 field season. 

July 16 
September 19 

June to September 

Depth of rain (mm) 
6.5 
2.5 

104.7 

Volume of runoff (m ) 
3.68 X 105 

1.42 X 105 

5.93 X 106 

Assuming an average discharge of 62m3 s-1 in the South Saskatchewan River, 

the volume of runoff released at Saskatoon storm water outflows from June to September 

contributes less than 1% of the river's total volume for the same time period. 
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Chapter 6 

ANALYSIS AND DISCUSSION 

6.1 Introduction 

The objectives of this research project were to examine the physical and 

chemical characteristics of SFGL in response to urban runoff and to assess the utility of 

SFGL as a water quality indicator. This chapter examines the hydrological and chemical 

variables that contribute to variations in the physical and chemical characteristics of 

SFGL collected from the South Saskatchewan River near Saskatoon. Fine-grained 

sediment in urban runoff, discharged at two stormwater outflows, was investigated as a 

source of anthropogenic contaminants in SFGL. The trace element content of SFGL in 

the South Saskatchewan River was compared to SFGL from other rivers and 

environmental quality guidelines to determine the utility of SFGL as a water quality 

indicator. The significance and limitations of this study are discussed, along with 

recommendations for future SFGL research. 

6.2 Variations in the physical characteristics of SFGL 

6.2.1 Particle size characteristics 

At a significance level, a, of 0.05, the Mann-Whitney U test was used to 

determine that the mean particle size of SFGL was larger than the mean particle size of 

suspended sediment at both the upstream and downstream sampling site (Appendix C). 

This confirms that SFGL samples were composed of larger, flocculated particles and 

that the samples were, in fact, drawn from two independent particle populations. 

Although the mean particle size of SFGL was larger than the mean particle size of 

suspended sediment, SFGL was predominantly composed of fine-grained sediment, 

especially clays ( < 2 J.tm). 
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6.2.2 Temperature 

The Mann-Whitney U test (a = 0.05) was used to determine that the mean 

particle size of SFGL was larger in July than September at both the upstream and 

downstream sampling sites (Appendix C). River water temperatures were 

approximately 5°C warmer in July than September (Figure 5.4). Warren and 

Zimmerman (1994b) found that the size of suspended particulate matter in the Don 

River increased with temperature. Increased water temperatures are thought to promote 

bacterial attachment to particles and their subsequent flocculation into larger sized 

particles. The July increase in floc size suggests that flocculation in the South 

Saskatchewan River is dependent on temperature and season, most likely due to the 

temperature dependency of bacterial activity and other biological processes. There is a 

potential seasonal variation in contaminant sorption and transport by SFGL in fluvial 

systems. 

6.2.3 Quantity of SFGL 

The mean quantity of SFGL collected in the three traps was related to the mean 

concentration of suspended sediment at each site (Figures 5.8 and 5.9). The relationship 

between these two variables was tested using Spearman's rank correlation. There was a 

strong significant correlation between the mean quantity of SFGL and mean suspended 

sediment concentration at the upstream site (rs = 0.857; r8crit = 0.714; a= 0.05). The 

relationship between the two variables at the downstream site was positive, but not 

statistically significant (rs = 0.571, a= 0.05). Mean suspended sediment concentration 

was positively and significantly related to river discharge at the upstream and 

downstream sites (Tables 6.1 and 6.2). 

6.3 Variations in the chemical characteristics of SFGL 

Spearman's rank correlation coefficient was calculated to determine the strength 

of the relationship between concentrations of Cr, Ni, Cu, Zn, As, Sn, Pb and U in SFGL 

and temperature, pH, % TOC, % silt and clay, rainfall and discharge (Tables 6.1 and 6.2). 

Correlation analyses for the upstream and downstream samples were conducted 

independently at a significance level of 0.05. Mean values, calculated by averaging 
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results from the three sediment traps, were used for trace element concentrations, 

%TOC, and% silt and clay (Figures 5.10, 5.11 and Table 5.2). The previous day's 

rainfall depth was used for rain (Figure 5.2). The daily average discharge measurement, 

recorded at Saskatoon's weir, was used for discharge (Figure 5.1). Temperature and pH 

were measured at each sampling site (Figures 5.4 and 5.5). The variables used for the 

correlation analysis were chosen based on sediment geochemistry and behaviour in 

fluvial systems and correlation results for trace element levels in SFGL obtained by 

Levesque (2002). 
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Table 6.1 Spearman's rank correlation coefficient (rs) matrix for selected trace elements and variables at the upstream site. Cells 
shaded in grey indicate significant correlations at a significance level of 0.05. 

Cr 

Ni 

Cu 

Sn 

Pb 

u 

I 

Ni 

0.333 0.500 

-0.072 -0.156 

-0.357 -0.143 

Cu Zn As 

0.299 0.419 0.240 

0.357 0.000 0.167 

Sn Pb u temp pH %TOC %silt rain dis- susp-
and charge ended 
clay sedi-

ment 

-0.228 

0.571 -0.132 

-0.619 0.120 -0.595 

0.180 -0.012 -0.180 0.228 -0.181 -0.108 -0.431 

0.333 -0.333 -0.310 0.333 -0.587 -0.405 0.143 0.228 

0.286 -0.607 -0.536 0.500 -0.321 -0.357 0.071 0.1 

0.571 -0.619- 0.619 0.096- -0.619 -0.072 -0.476 -0.286 



Table 6.2 Spearman's rank correlation coefficient (rs) matrix for selected trace elements and variables at the downstream site. Cells 
shaded in grey indicate significant correlations at a significance level of 0.05. 

Cr Ni Cu Zn As Sn Pb u temp pH %TOC %silt rain dis- susp-
and charge ended 
clay sedi-

ment 
Cr 

Ni 1 o.o11 

-0.024 -0.048 

0.262 0.452 0.619 

As 0.190 0.214 -0.167 -0.048 

Sn -0.048 -0.190 -0.071 

Pb -0.357 -0.238 0.595 0.238- -0.524 
\0 u -0.190 .J:>. 

temp 0.167 

0.024 0.786 0.667 -0.619 -0.036 

-0.429 0.429 0.048- 0.228 0.643 

-0.060 -0.287 0.120 -0.036 0.078 -0.252 -0.287 

-0.500 0.095 -0.095 0.238 0.357 0.143 0.167 -0.287 -0.048 0.000 0.228 

-0.071 -0.143 -0.036 -0.107 -0.143 0.429 0.107 0.179 0.143 0.143 0.143 0.21 

0.31 0 -0.119 0.167- 0.238 0.500 -0.443 -0.405- 0.287 0.095 -0.214 



6.3.1 Temperature 

River water temperatures were lower in September than in July (Figure 5.4 ). At 

the upstream site, mean concentrations of Cr, Ni, Cu, Zn, As and Sn were lower in 

September than in July (Figure 5.11 ). At the downstream site, there were lower mean 

concentrations of As and Sn in September than in July. There was a significant positive 

correlation between temperature and the mean concentration of Ni, Cu, Zn, As and Sn at 

the upstream site (Table 6.1). Warren and Zimmerman (1994c) found a positive 

relationship between temperature and trace element concentration in the particulate 

phase of an urban river. The relationship between trace element concentration and 

temperature was weaker at the downstream site with only As significantly and positively 

correlated with temperature (Table 6.2). As river water temperatures drop, biological 

activity will decrease, reducing the quantity of organic matter available for contaminant 

adsorption and floc building. The %TOC at the downstream site was lower than at the 

upstream site (Figure 5.1 0), thus temperature and biological activity may not play a large 

role in determining trace element transport and storage at this site. 

There was a significant negative correlation between Pb and U and temperature 

at both sites (Tables 6.1 and 6.2). Mean concentrations of Pb and U in SFGL were 

higher in September, when the water was cooler, than in July (Figure 5.11 ). Pb is 

strongly associated with inorganic, fine-grained sediment such as clays (Stone and 

Marsalek, 1996; Droppo and Jaskot, 1995; Horowitz and Elrick, 1987; Dong et al., 

1984; Sartor and Boyd, 1972). Hence, Pb concentrations are dependent on the transport 

and deposition of fine-grained sediment, rather than on the temperature and biological 

activity of a system. Levesque (2002) found an increase in the Pb concentration of 

SFGL from the South Saskatchewan River as river temperatures decreased in autumn. 

U behaved in a similar manner to Pb, perhaps due to its similar atomic weight. 

Levesque (2002) found higher levels ofU downstream of Saskatoon, both dissolved in 

river water and in SFGL. This maybe due to a natural groundwater input or from 

fertilizers in runoff and overland flow. U occurs naturally in the phosphate rock that is 

mined for fertilizer (Garbarino et al., 1995). 

95 



6.3.2 %TOC 

The %TOC in SFGL was higher upstream of the city than downstream (Figure 

5.10). This was an unexpected result, considering the riverbed's covering of algae and 

macrophytes near the downstream site and potential inputs of organic matter from 

Saskatoon to the South Saskatchewan River, such as the wastewater treatment plant, 

various storm water outflows and overland flow. In a similar study of SFGL in the South 

Saskatchewan River in 1999, Levesque (2002) found a general increase in %TOC of 

SFGL downstream of the city, which was attributed to contributions of organic matter 

from the city, greater biological activity in response to nutrient enrichment downstream 

of the city. Trace element levels were generally higher upstream of the city than 

downstream (Figure 5.11). There was a significant positive correlation between mean 

concentrations of Cr, Ni, Zn, As and Sn and %TOC at the upstream site (Table 6.1). At 

the downstream site, there was a significant positive correlation between the mean 

concentration of Cu, Zn, Pb and U and %TOC (Table 6.2). Symader and Bieri (2000) 

found a high correlation between Zn, Cu and organic carbon in surficial bed sediment 

studied over a year. Characklis and Wiesner (1997) found that Zn and organic carbon 

had similar distribution patterns in the particulate size fraction during a storm event. 

Horowitz and Elrick (1987) found a positive correlation between Cu, Zn, Cr, Ni, As and 

Pb and organic matter. Cr, Ni, As and Pb are more commonly associated with the 

mineral oxide and residual phase of sediment (Sutherland, 2000; Stone and Marsalek, 

1996; Horowitz and Elrick, 1987; Forstner, 1982; Gibbs, 1973). Data for Sn is seldom 

reported. 

The positive correlations between %TOC and trace element levels in SFGL are 

reasonable considering the highly adsorptive properties of organic matter (Symader and 

Bieri, 2000; Udelhoven et al., 1998; Murray et al., 1997; Horowitz, 1991). Murray et al. 

(1997) found a strong relationship between metal enrichment in bed sediment and 

%TOC with a coefficient of determination (r) of 0.879. Wei and Morrison (1993) 

found that high dissolved metal concentrations in sediment pore waters were associated 

with low concentrations of sediment organic matter, suggesting that organic matter 

scavenges metals from solution. This leads to the conjecture that the algae and 

macrophytes covering the riverbed at the downstream site may provide an organic-rich 
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surface for trace element adsorption. Downstream of the city, trace element transport 

may be dominated by the bioactive riverbed, rather than SFGL. 

6.3.3 % Silt and clay 

The particle size distribution of SFGL was similar between the upstream and 

downstream site (fable 5.2). The Mann-Whitney U test was used to determine if there 

was a difference in the proportions of fines(% silt and clay) and coarser sediment(% 

sand) between the upstream and downstream sites (Appendix C). Even at a significance 

level of 0.1, which is a very permissive test, there was no difference between the particle 

size distributions at the upstream and downstream sampling sites. Levesque (2002) 

found an increased proportion of fines at the downstream site, which also coincided with 

increased trace element levels and %TOC in SFGL. Sediment collected at the upstream 

sampling site chosen by Uvesque (2002) may have been diluted by sandy sediment 

originating from the Dundum sand dunes. The dilution by sandy sediment could explain 

the lower trace element concentrations, lower %TOC, and coarser particle size 

distribution found at the upstream site in 1999. For the current study, the upstream site 

was moved in an effort to reduce the influence of sandy sediment. 

At the upstream site, U was positively correlated with % silt and clay, and As 

was negatively correlated with% silt and clay (fable 6.1). The relationship between 

trace element concentration in SFGL and % silt and clay was stronger at the downstream 

site, with Ph and U positively correlated, and Cr and As negatively correlated (fable 

6.2). Since Pb is strongly associated with fine-grained sediment, it follows that its 

concentration in SFGL would be positively correlated with proportion of silt and clay. 

U behaved in a similar manner. As was negatively correlated with% silt and clay at 

both sampling sites, which suggests that it may be preferentially associated with the 

coarse-grained fraction of sediment. 

6.3.4 TDS 

There was a positive correlation between the concentrations of Cr, Ni, Zn, and 

As in SFGL and the concentration ofTDS at the upstream site (fable 6.1). The 

relationship between trace element concentration and TDS was weaker at the 
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downstream site with only Cr and As correlated with TDS {Table 6.2). There was little 

difference between the measured values of TDS at the upstream and downstream sites 

(Figure 5. 7). Cr was strongly and significantly related to TDS at both the upstream and 

downstream site (rs = 0.810). There was a negative correlation between the 

concentration ofU in SFGL and the concentration ofTDS at the upstream site, and 

between Ph and U and TDS at the downstream site. 

The positive correlations between trace element concentration in SFGL and TDS 

concentration may be spurious. Warren and Zimmerman (1994c) found that increased 

NaCl concentrations increased trace element partitioning to the dissolved phase. NaCl is 

one component ofTDS. Dissolved cations in the water, such as Ca2+ and Na+, may 

inhibit trace metal sorption to particulates, either by competition for binding sites or by 

compression of the electrical double layer at the solid-solution interface (Warren and 

Zimmerman, 1994c). Compression of the double layer can potentially inhibit the 

exchange of trace metals from solution at sediment surfaces (Warren and Zimmerman, 

1994c ). There has been very little research on trace element levels in sediment and their 

relation to TDS concentrations. 

6.3.5 pH, rainfall, discharge and suspended sediment concentration 

There was a negative correlation between Cu and Sn and pH at the upstream site 

and between Cr and pH at the downstream site (Tables 6.1 and 6.2). This indicates that 

a decrease in pH is correlated with a decrease in the concentrations of Cu, Sn and Cr in 

SFGL. pH exerts a general control on the adsorption of trace elements from the 

dissolved phase to the particulate phase (Warren and Zimmerman, 1994a). A decrease 

in pH causes metal cations to desorb into solution (Drever, 1988). 

The results of this study indicate that trace element concentrations in SFGL were 

not correlated with rainfall depth, river discharge or suspended sediment concentration. 

Concentrations of Cr, Ni, Cu, Zn, As, Sn, Pb, and U were negatively or weakly 

positively correlated to rainfall, discharge and suspended sediment concentration {Tables 

6.1 and 6.2). There are no correlation coefficients between the variables that exceed 

+0.500. 
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Trace element concentrations in SFGL were higher upstream of the city than 

downstream (Figure 5.11 ), even after rainfall events, so it follows that there would not 

be a relationship between trace element levels and rainfall depth (Tables 6.1 and 6.2). 

This indicates that SFGL chemistry at the downstream site may not be influenced by 

runoff from the city within the time period studied. 

There was a positive relationship between the quantity of SFGL and mean 

suspended sediment concentration at both the upstream and downstream sites ( 6.2.3 ). 

There was also a strong positive and statistically significant correlation between river 

discharge and mean suspended sediment concentration at both sites (Tables 6.1 and 6.2). 

However, there was no strong positive relationship between the trace element 

concentration of SFGL and river discharge or suspended sediment concentration (Tables 

6.1 and 6.2). As an illustration of this, September 26 was the sampling day with the 

highest discharge of76.4 m3 s-1 (Figure 5.1), the highest quantity ofSFGL collected, 

especially at the upstream site (Figure 5.9), and the highest mean suspended sediment 

concentration, especially for the upstream site (Figure 5.8). It would follow that trace 

element concentrations and % TOC should peak for the field season on September 26. 

However, they did not, even at the upstream site (Figures 5.10 and 5.11). The chemical 

characteristics of SFGL do not seem to be related to discharge or suspended sediment 

concentrations, which are known to influence the quantity of SFGL deposited at each 

.site. Alternately, the increased suspended sediment concentration during peak discharge 

may be causing a dilution of contaminant levels in SFGL with an influx of less 

contaminated sediment from the sand dunes upstream of the city and the river channel 

itself. 

6.3.6 Summary of chemical variations in SFGL 

Variations in the trace element chemistry of SFGL were due to the physical 

composition of the sediment in terms of% silt and clay and the chemical characteristics 

of the sediment in terms of% TOC, and not due to changing hydrologic conditions such 

as discharge, rainfall and runoff. The decline in trace element levels and % TOC of 

SFGL downstream of the city may indicate that the sediment-associated contaminant 

load from the city may have been an insignificant contribution to the river. Runoff from 
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Saskatoon only contributes a small portion(< 1 %) of the river's total flow volume (5.8). 

The transport and resuspension of SFGL near Saskatoon may be dominated by the 

river's hydrologic regime, which is governed by the operation of Gardiner Dam, rather 

than by a change in sediment supply (urban runoff). Alternately, there may have been a 

sink for urban runoff contaminated sediment upstream of the downstream site and the 

contaminated sediment may not have been mobilized from this sink within the time that 

sampling took place. The study period was also characterized by lower than normal 

discharge in the South Saskatchewan River, which could have had an effect on sediment 

remobilization. The decline in SFGL-associated trace elements and % TOC downstream 

of the city may have also been due to the dilution of contaminated sediment by 

uncontaminated materials. This effect has been observed by other researchers during 

studies of the Oldman River, Alberta (Ongley and Blachford, 1984), the Clark Fork 

River, Montana (Axtmann and Luoma, 1991), and the Olewiger Bach, Germany 

(Udelhoven et al., 1998; Symader et a/., 1995). The City of Saskatoon applied 

approximately 12,000 tonnes of street sand during the most recent winter of2002- 2003 

(Gordeau, G., personal communication, 2003). Some of this material would be 

transported to the river, especially the fine-grained fraction, since street sweeping is 

ineffective at collecting this portion (Bender and Terstriep, 1984; Malmquist, 1983). 

Concentrations of Cr, Ni, Zn, As and Sn in SFGL were positively correlated with 

%TOC at the upstream sampling site, and concentrations ofCu, Zn, Pb and U were 

positively correlated with % TOC at the downstream site. Other researchers have 

observed a positive relationship between Cu, Cr, Ni, Zn, As, Sn, Pb and % TOC 

(Symader and Bieri, 2000; Characklis and Wiesner, 1997; Horowitz and Elrick, 1987). 

Pb and U concentrations in SFGL were positively correlated with % silt and clay at the 

downstream site. Pb has been observed to be preferentially adsorbed to the fine, 

inorganic portion of sediment such as clays. U may have behaved in a similar manner 

due to its similar atomic weight. There has been little research on U in sediment. 
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6.4 Sources of contaminants in SFGL 

6.4.1 Trace element ratios 

Trace element/conservative element ratios were calculated for Cr, Ni, Cu, Zn, 

As, Sn, Ph and U in SFGL and fine-grained storm water outflow sediment using mean 

concentration data. Mean concentration values were calculated by averaging results 

from the three sediment traps deployed at each site. Ratios can reduce trace element 

variability caused by changes in grain size and mineralogy, clarify trace element 

distribution patterns and identify anthropogenic contributions. Using Cs as the 

conservative element clarified trace element distribution patterns and identified a distinct 

urban source for Cr, Ni, Cu, Zn, As, Sn, Pb, and U in SFGL (Figure 6.1 ). The 

conservative element is assumed to be unaffected by anthropogenic influences. Trace 

element ratios using Li and Sc as the conservative elements did not clarify trace element 

distribution patterns and source areas beyond what can be observed in Figures 5.11 and 

5.12 (Appendix D). 

101 



50 

40 

0 30 
~ 
co 
a: 20 

10 

0 

Cr 

40 ~------------------~ 

30 

0 
~ 20 
a: 

Cu 

12 ~--------------------~ 

0 

10 

8 

~ 6 
a: 

4 

As 

2 
0-+-.....,..........,..._,.......,..IILI..,..._...,....__,..~ 

80 Pb 

60 
0 

~40 

40 
Ni 

•upstream • Downstream 
30 fji! Sturgeon SWO 0 Dundonald SWO 

20 

200 ,..-----------

160 

120 

80 

40 

0 

8 

6 

4 

Zn 

Sn 

2.5 ,.------------- --, 

u 
2.0 

1.5 

1.0 

0.5 

0.0 -r 

Figure 6.1 Mean trace element concentrations in SFGL and stormwater outflow 
sediment normalized to mean Cs concentrations, 2001 field season. 
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The downstream ratio with Cs generally exceeded the upstream ratio for Cr, Ni, 

Zn, As, Sn, Pb and U .. For Cu, the upstream ratio slightly exceeded the downstream 

ratio. Cr, Ni, Zn, As, Sn, Pb, and U showed an enrichment downstream of the city when 

compared to Cs. Downstream enrichment could be due to increased concentrations of 

Cr, Ni, Zn, As, Sn, Pb and U from urban, anthropogenic sources while the concentration 

of Cs in SFGL remained at a constant, background level. Downstream enrichment could 

also be due to a lower concentration of Cs in downstream sediment. 

Cu, Zn and Pb have fine-grained stormwater outflow sediment concentrations in 

excess of river SFGL concentrations (Figures 5.11 and 5.12). Sediment-bound Cu, Zn, 

and Pb showed a large enrichment at the stormwater outflows, compared to Cs (Figure 

6. i). The ratios of Cu/Cs, Zn/Cs and Pb/Cs at stormwater outflows were at least double 

the same ratio for river SFGL. Ratios at the Dundonald stormwater outflow were 

exceptionally high, at least a quadrupling over the river SFGL ratios. Cu and Zn are 

components of brake linings, asphalt paving, automotive fuel and building materials 

(Malmquist, 1983). Additionally; particulate Zn in urban runoff has been associated 

with the corrosion of galvanized metal and the wear of tires (Characklis and Wiesner, 

1997). Wear of materials such as brake linings, tires and the asphalt surface would 

contribute particulate Cu and Zn to urban runoff. Cu and Zn in automotive fuels are 

emitted as components of small, microscopic exhaust particles that settle on or near the 

road surface or fall out of the atmosphere by wet or dry deposition. If these metals are 

initially transported in the dissolved phase, they are quickly scavenged out of solution by 

particles in urban runoff. Vehicle exhausts, and to a lesser extent, exterior paint, were 

the primary sources for Pb in urban runoff (Malmquist, 1983; Sartor and Boyd, 1972). 

However, leaded gasoline and lead-based paint have been phased out of use in Canada 

since 1970 (Health Canada, 2002). High Pb levels in stormwater outflow sediment may 

be a result of the aeolian redistribution of soils that were contaminated by Pb when it 

was a fuel additive. Dry conditions, such as those experienced in the summer of 2001, 

would contribute to aeolian erosion and transport of surficial sediment. Sutherland 

(2()()9) found that high Pb fluxes associated with vehicle emissions in the 1960s to 1980s 

had been stored in the soil and sediment of a small Hawaiian drainage basin and were 

remobilized by surface erosion processes to the stream network. Pb may be partially 
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contributed by emissions from the Queen Elizabeth II coal-fired power plant. Pb is an 

impurity in coal, occurring at 1.8 to 30 ppb (Malmquist, 1983). In conclusion, there was 

a significant enrichment of fine-grained sediment-bound Cu, Zn and Pb at the Sturgeon 

and Dundonald stormwater outflow, most likely from anthropogenic sources such as 

vehicle wear, fuel emissions, road surface wear, building material erosion and the 

natural remobilization of contaminated sediment. 

Ratios of Cr, Ni, As, Sn and U to Cs in storm water outflow sediment revealed a 

less distinct anthropogenic source for these elements (Figure 6.1 ). Cr, Ni, As and U 

ratios at the stormwater outflow sites were equal to or exceeded by their respective 

SFGL ratios during the field season. Fine-grained sediment in urban runoff did not seem 

to be an important source for Cr, Ni, As or U in the South Saskatchewan River. The 

Sn/Cs ratio showed a large enrichment at the Dundonald stormwater outflow site on July 

17, compared to the upstream and downstream sites. However, the Sn/Cs ratios at the 

Sturgeon stormwater outflow site were exceeded by Sn/Cs SFGL ratios during the field 

season. Sn is a component of yellow, brown and metallic pigments (Atkins and Hawley, 

1978), but does not seem to have an extensive urban source (Table 2.1 ). There was an 

enrichment of fine-grained sediment-bound Sn at the Dundonald storm water outflow on 

July 17, but this may have been an anomalous result, considering that the Sn 

concentration at the Sturgeon stormwater outflow is similar to Sn concentrations in river 

SFGL (Figures 5.11 and 5.12). The Dundonald sewershed includes the city's landfill, 

which may be contributing contaminants to the storm sewer network by groundwater 

infiltration. It is unfortunate that there was only one Dundonald stormwater outflow 

sediment sample collected during this study. 

6.4.2 Stormwater outflow sediment 

Enrichment ratios and the geoaccumulation index are quantitative methods used 

to measure the degree of pollution in aquatic sediment. Enrichment ratios normalize an 

element of interest to a conservative element and compare that ratio to background 

levels. The geoaccumulation index compares an element of interest to background 

levels. Pollution categories increase linearly for the geoaccumulation index and non

linearly for enrichment ratios (Tables 4.3 and 4.4). Using multiple methods of 
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quantifying pollution can verify or refute conclusions regarding the severity of pollution 

and sources. Pollutant levels in fine-grained stormwater outflow sediment were 

quantified using enrichment ratios and the geoaccumulation index, but pollutant levels in 

SFGL were not because downstream trace element concentrations in SFGL were lower 

than upstream trace element concentrations. Both enrichment ratios and the 

geoaccumulation index require background concentrations. Upstream trace element 

concentrations in SFGL were used as the background levels to compare with stonnwater 

outflow sediment. For enrichment ratios, the conservative element used was Cs. 

Cr, Ni, As and U were depleted to minimally enriched in stonnwater outflow 

sediment as their enrichment ratios (ERs) were less than 2 (Table 6.3). Sn was 

minimally enriched at the Sturgeon stormwater outflow site on both sampling dates. Cu, 

Zn, Pb and Sn (at the Dundonald stormwater outflow site) were moderately to 

significantly enriched in stormwater outflow sediment. There was a moderate to 

significant pollution signal for Cu, Zn and Pb at both stormwater outflows and a 

significant pollution signal for Sn at the Dundonald stormwater outflow site. The 

Dundonald stormwater outflow sediment was more polluted than the Sturgeon 

storm water outflow sediment for the same sampling date (July 17). The Dundonald 

sewershed is larger than the Sturgeon sewershed by 5.33 km2 (Table 3.2), however, 

traffic density is higher in the Sturgeon sewershed by 5,071 vehicles/day (5.7). The 

large and significant enrichment of Pb at the Dundonald stormwater outflow may have 

been due to proximity to the power plant, or from the contribution of aeolian dusts with 

high Pb levels to the storm sewer drainage system. The influx of wind-blown dusts may 

be more important at the Dundonald sewershed, as it has a larger catchment area than 

the Sturgeon sewershed. 
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Table 6.3 Enrichment ratios for stormwater outflow sediment normalized to Cs 
concentrations, 2001 field season. SWO = stormwater outflow. 

Cr 
Ni 
Cu 
Zn 
As 
Sn 
Pb 
u 

Sturgeon 
swo 

July 17 
0.910 
0.741 
3.180 
4.759 
0.642 
1.015 
3.771 
1.526 

Sturgeon 
swo 

September 20 
1.081 
1.179 

6.132 
0.619 
1.821 
9.742 
1.325 

Dundonald 
swo 

July 17 
0.837 
1.052 
6.287 
8.101 
0.754 
10.543 
14.641 
1.127 

White cells = ER < 2; depletion to minimal enrichment, no or minimal pollution. Green 
cells= ER 2- 5; moderate enrichment, moderate pollution. Yellow cells= ER 5- 20; 
significant enrichment, significant pollution. Refer to 4.5.3 for definitions of the 
pollution categories. 

The index of geoaccumulation confirmed the enrichment ratio results for 

stormwater outflow sediment in that stormwater outflow sediment was a significant 

source for Cu, Zn, Sn and Pb, but not for Cr, Ni, As and U (Table 6.4). The 

geoaccumulation index ranged from practically unpolluted to unpolluted/moderately 

polluted for Cr, Ni, and U ( <0 to 1 ). Storm water outflow sediment was unpolluted in As 

(<0). Cu, Zn and Pb have index values that ranged from 1.042 to 3.892 in the 

moderately polluted, moderately to strongly polluted and strongly polluted categories. 

Sn had an unpolluted index value at the Sturgeon stormwater outflow on July 17 and a 

strongly polluted index value at the Dundonald stormwater outflow on the same 

sampling date (3.769). The Dundonald stormwater outflow sediment was more polluted 

than the Sturgeon stormwater outflow sediment for July 17 with three elements in the 

strongly polluted category (Zn, Sn and Pb ), compared to none at the Sturgeon 

stormwater outflow. 
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Table 6.4 Geoaccumulation index (GI) for stormwater outflow sediment, 2001 field 
season. 

Cr 
Ni 
Cu 
Zn 
As 
Sn 
Pb 
u 

Sturgeon 
swo 

Dundonald 
swo 

17 

White cells = GI < 0; practically unpolluted. Green cells = GI 0- 1; unpolluted to 
moderately polluted. Yell ow cells = GI 1 - 2; moderately polluted. Dark yellow cells = 
GI 2 - 3; moderately to strongly polluted. Red cells= GI 3 = 4; strongly polluted. Refer 
to 4.5.3 for definitions of the pollution categories. 

6.4.3 Summary of contaminant sources in SFGL 

Three methods of geochemical normalization of trace element data were used to 

reduce trace element variability caused by changes in grain size and mineralogy, clarify 

trace element distribution patterns and identify anthropogenic contributions. The 

methods used were trace element/conservative element ratios, enrichment ratios and the 

index of geoaccumulation. These three methods produced similar results. 

Fine-grained sediment carried by urban runoff and discharged to the river at 

stormwater outflows was a source for Cu, Zn, Pb and Sn in the South Saskatchewan 

River at Saskatoon. The magnitude of pollution ranking for these elements is 

Pb>Zn>Cu:::::Sn. Pb concentrations may have been high due to the aeolian erosion and 

transport ofhistorically contaminated sediment to the city's surface drainage network. 

The Dundonald stormwater outflow sediment had an increased enrichment for all trace 

elements when compared with Sturgeon stormwater outflow sediment. There are at least 

three possible explanations for the downstream decrease in trace element concentrations 

of SFGL, despite the fact that stormwater outflows are a source of some sediment

associated contaminants. Firstly, sediment-associated contaminants in urban runoff 

from Saskatoon may be diluted by uncontaminated materials from an unknown source, 

within or upstream of the urban area. Secondly, there may be a sediment or trace 

element sink between the stormwater outflows and the downstream site, such as the 
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organic-rich, bioactive covering of algae and macrophytes on the riverbed downstream 

of the weir. Thirdly, the storm sewers may not contribute enough sediment-associated 

contaminants to increase downstream contaminant levels. Concentrations of Cr, Ni, As 

and U seem to be mineralogically controlled as they were not enriched in downstream 

sediment or stormwater outflow sediment. 

6.5 Comparative trace elemen( chemistry of SFGL and storm water outflow 

sediment 

6.5.1 SFGL 

Table 6.5 presents a comparison of trace metal concentrations in SFGL from 

different locations. A direct comparison between data sets is difficult, as there are many 

ways that metal concentrations are obtained and reported. However, this comparison 

offers a sense of how levels of Cu, Pb and Zn vary in sediment from different study 

areas. Cu, Pb and Zn have been selected for comparison because they are commonly 

reported. 
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Table 6.5 Trace metal concentrations in SFGL from different study areas. Concentrations are reported as minimum -maximum 
values or as means ± standard deviation. Values are presented as reported. 

Study area 

South Saskatchewan River, 
Saskatoon, Saskatchewan 
South Saskatchewan River, 
Saskatoon, Saskatchewan 
Nith River, Big Creek, Big Otter 
Creek, Ontario 

Land use 

Urban 

Urban 

Agricultural 

Sediment type 

SFGL 

SFGL 

SFGL 

Cu (ppm) Pb (ppm) Zn (ppm) Source 

3.3-19 9.2-23 23-70 This study 

2.1-33 7.7-23 13-95 Levesque (2002) 

9.3-13 13-21 33-57 Stone and Droppo (1994) 

Kartelbornsbach, Germany Mixed SFGL -- -- 70- 262 Symader eta/. (1994) 

Table 6.6 Trace metal concentrations in stonnwater outflow sediment, combined sewer overflow (CSO) sediment and street sediment 
from different study areas. Concentrations are reported as minimum - maximum values or as means ± standard deviation. Values are 
presented as reported. Population estimates from Statistics Canada (2003) and GeoHive (2003) 

Study area 

Saskatoon, Saskatchewan 

Hamilton, Ontario 

Paris, France 

Population 
Estimate 
220,000 

490,000 

2,000,000 

Sediment type Cu (ppm) 

SWO sediment 57 - 164 
<63f.lm 
CSO outfall 
sediment, bulk 
CSOflow, 
suspended 
solids 

84-113 

638 ± 160 

Pb (ppm) Zn (ppm) Source 

71-410 328-809 This study 

542-629 4019-4441 Droppo eta/. (1998a) 

773 ± 313 6661 ±2065 Estebe eta/. (1998) 

Hamilton, Ontario 490,000 Street, bulk 27-129 28-214 170-645 Droppo eta/. (1998a) · 
Sault Ste. Marie, Ontario 75,000 Street, <63f.lm 305 ± 126 152 ± 60 407 ± 154 Stone and Marsalek 

(1996) 



Metal levels in SFGL from the South Saskatchewan River during the 2001 field 

season are similar to those obtained during the 1999 field season by Levesque (2002). 

Metal concentrations in SFGL from the South Saskatchewan River near Saskatoon are 

also similar to those found by Stone and Droppo (1994) in three agricultural catchments 

in Ontario. Stone and Droppo (1994) found that metal concentrations in SFGL were 

lower than those in bed and suspended sediment from the same rivers. This may be due 

to a low metal supply at the time of SFGL formation, as SFGL samples were collected 

during low flow conditions, whereas, bed and suspended sediments were collected 

during higher flow conditions. However, the possibility that SFGL may have inherently 

lower metal concentrations than other sediment types, such as bed and suspended 

sediment, cannot be excluded. Zn concentrations in SFGL from the Kartelbomsbach 

catchment in Germany are higher than Zn concentrations from the South Saskatchewan 

River near Saskatoon at 70 to 262 ppm (Symader et al., 1994). The Kartelbomsbach is a 

small (2. 75 km2
}, mountainous, mixed land use drainage basin with agriculture, light 

industry and light urbanization (villages). High levels of Zn have been attributed to 

domestic wastewater discharges (Symader and Bieri, 2000). The·South Saskatchewan 

River has the largest flow volume of the rivers where SFGL has been collected for trace 

element analysis. The daily mean flow for the sampling period was 62 m3 s-1 

(Environment Canada, 2002b ). The Nith River, Big Creek and Big Otter Creek had 

flows of3.20, 3.70 and 2.69 m3 s-1 respectively at the time ofSFGL collection (Droppo 

and Stone, 1994). Discharge in the Kartelbomsbach ranges from 0.25 to 0.5 m3 s-1 

during an artificial flood event (Krein and Symader, 2000). Higher flow volumes and 

related suspended sediment transport may be diluting the metal content of SFGL in the 

South Saskatchewan River. 

6.5.2 Stormwater outflow sediment 

Table 6.6 presents a comparison between stonnwater outflow sediment, 

combined sewer overflow sediment and street sediment from different cities. 

Stonnwater outflow sediment from Saskatoon was found to be enriched in Cu, Pb, Zn 

and Sn. Sn concentrations in sediment collected at two stonnwater outflows in 

Saskatoon ranged from 2.8 to 43 ppm. Most studies do not report results for Sn 
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concentrations in sediment. This may be because it is not measured or because it is 

below detection limits. Generally, concentrations of Cu, Pb, and Zn are lower in 

Saskatoon stormwater outflow sediment than combined sewer overflow sediment from 

larger urban areas (Table 6.6). Particulate Cu concentrations in Saskatoon storm water 

outflow sediment of 57 to 164 ppm are similar to those from Hamilton combined sewer 

overflow outfalls of 84 to 113 ppm. Concentrations of Pb and Zn from Hamilton 

combined sewer overflows and of Cu, Pb and Zn from combined sewer overflows in 

Paris are significantly higher than concentrations from Saskatoon storm water outflows. 

This may be due to the higher population and more extensive industrial development in 

Paris and Hamilton, or caused by the greater metal concentrations in the sanitary 

wastewater discharged at combined sewer overflows. Marsalek and Ng (1989) found 

combined sewer overflows in southern Ontario to be less contaminated than stormwater 

discharges, in terms of trace metal concentrations. The lower metal concentration of 

stormwater outflow sediment from Saskatoon is most likely due to the smaller 

population and lighter industrial development. 

Cu, Pb and Zn concentrations in Saskatoon stormwater outflow sediment are 

generally higher than those found in street sediment from Sault Ste. Marie and Hamilton, 

Ontario (Table 6.6) (Droppo et al., 1998a; Stone and Marsalek, 1996). This may be 

because the stormwater outfall acts as an areal integrator for street sediment in the 

sewershed. Combined sewer overflow outfall sediment from Hamilton has a higher Zn 

concentration (4019 to 4441 ppm) than does street sediment from the same city (170 to 

645 ppm) (Droppo et al., 1998a). The higher metal concentrations in storm water 

outflow sediment could also be a result of the preferential transport of fine-grained 

material through the sewer network. Sediment collected from streets may be diluted by 

less contaminated coarser-grained materials, particularly in the study by Droppo et al. 

(1998a) where bulk street sediment was analyzed. 

6.6 SFGL as a water quality indicator 

The purpose of this study was to assess the utility of SFGL as a water quality 

indicator. It was conjectured that the fine-grained and organic-rich nature of SFGL 

would make it a significant in-channel sink and storage phase for trace elements. Thus, 
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SFGL could be a relevant sampling medium to indicate water and sediment quality 

impacts to a prairie river affected by urban runoff. 

Higher trace element levels in SFGL were found upstream of the city, rather than 

downstream as predicted and as observed by Levesque (2002). The organic carbon 

content of SFGL was also higher upstream of the city, whereas Levesque (2002) found a 

higher organic carbon content ofSFGL downstream of the city. Hence, the capability of 

SFGL to adsorb trace elements seems to be related to its organic carbon content. 

The downstream decrease in SFGL trace element levels may be due to the 

contribution of uncontaminated fine-grained sediment from a location or locations 

between the upstream and downstream sampling sites. Levesque (2002) theorized that 

sediment collected upstream of the city was diluted by sandy sediment originating from 

the Dundum sand dunes. A higher sand content and greater deposition rates at the 

upstream site supported this claim. The upstream sampling site was relocated for this 

study due to the high amount of sand collected at the former site, however, 

uncontaminated sandy sediment continues to be contributed to the river. Fine-grained 

sediment within this sandy sediment is transported in suspension by the river, and a 

proportion of the fine-grained material could be transferred to SFGL deposits 

downstream of the city. Dilution of downstream trace element concentrations in SFGL 

could also be due to the addition of fine-grained sediment in street runoff from remnants 

of road sand applied to city streets during the winter. Street sweeping is ineffective at 

removing the fine-grained particles (Bender and Terstriep, 1984; Malmquist, 1983). 

Although many researchers have found that street dust is highly contaminated with 

regard to trace metals (Sutherland and Tolosa, 2000; Droppo et al., 1998a; Stone and 

Marsalek, 1996; Dong et al., 1984; Gibson and Farmer, 1984; Hamilton et al., 1984), 

there may be a large enough quantity of fine-grained road sediment in Saskatoon to 

decrease trace element concentrations from sources such as automobile exhaust, vehicle 

residues and building materials. Alternatively, the downstream decrease in trace 

element concentration of SFGL may be due to a sediment sink upstream of the 

downstream site. A sediment sink could easily form, as the South Saskatchewan is a 

shifting sand-bed river that shows actively shifting sand bars at low flow (Tones et al., 

1980). The shifting bed and sand bars alter local flow velocities and hence, sediment 
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transport capabilities. A sediment sink could easily form in these conditions. The algae

and macrophyte-covered bioactive riverbed in the downstream reach could also be a 

trace element/fine-grained sediment sink. There is also the possibility that the storm 

sewer network makes an insignificant contribution to the sediment-associated trace 

element load in the South Saskatchewan River. 

6.6.1 Environmental quality guidelines 

The overall purpose of this study was to assess the utility of SFGL as a water 

quality indicator. To that end, Table 6.7 offers a comparison between Canadian and 

Ontario sediment quality guidelines and the trace element levels in sediment found in 

this study. 

Table 6.7 Canadian and Ontario sediment quality guidelines and trace element 
concentrations in SFGL and stormwater outflow sediment (CCME, 1999; Ontario 
Ministry of the Environment, 1993). 

Element CCME CCME Ontario Ontario SFGL swo 
ISQG PEL LEL SEL This Study sediment 
(ppm) (ppm) (ppm) (ppm) (ppm) This study 

(ppm) 
As 5.9 17.0 6 33 4.3-7.8 4.3-7.3 
Cr 37.3 90.0 26 110 12.7-60.0 53.2-80.1 
Cu 35.7 197 16 110 3.3-19.8 57.2-164 
Pb 35.0 91.3 31 250 9.3-23.2 71.2-401 
Ni n.g. n.g. 16 75 8.0-39.6 23.9-49.1 
Zn 123 315 120 820 23.4-69.3 327-809 

Canadian and Ontario guidelines are established for the protection of aquatic life in 
freshwater sediment. Concentrations from this study are reported as minimum -
maximum values. Values in bold exceed CCME or Ontario guidelines. ISQG = interim 
sediment quality guideline; PEL= probable effect level; LEL = lowest effect level; SEL 
=severe effect level; n.g. =no guideline. 

The Canadian Council of Ministers of the Environment (CCME) has set 

environmental quality guidelines to protect air, water, sediment and soil quality (CCME, 

1999). The Canadian sediment quality guidelines have been developed for the 

protection of aquatic life and are listed in Table 6.7. Mean As concentrations in SFGL 

exceeded the CCME interim sediment quality guidelines (ISQG) of 5.9 ppm on three out 

of eight sampling dates at the upstream site and on two out of eight sampling dates at the 
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downstream site. ISQGs are sediment quality guidelines that have been provisionally 

adopted in the short-term until more research has been collected. CCME ISQGs define 

the level above which adverse effects are expected to occur occasionally in aquatic 

biota. It should be noted that ISQGs are intended to be used for evaluating potential 

biological effects, and the concentration of the metal refers to the metal recovered using 

a weak acid digestion method and does not include the residual metals. A weak acid 

digestion prior to analysis is a method of determining the potentially bioavailable trace 

elements. Residual metals are not available for assimilation by biota under natural 

conditions. This makes a comparison between the metal concentrations obtained in this 

study, which include residual metals, and the guidelines difficult. Results should be 

interpreted with caution. Mean Cr concentrations in SFGL exceeded the CCME ISQG 

of 3 7.3 ppm on seven out of eight sampling dates at the upstream site. It is unknown 

what proportion of Cr and As in SFGL was bioavailable. Trace element concentrations 

in SFGL did not exceed the CCME probable effect level {PEL) guidelines. The PEL 

defines the level above which adverse effects are expected to occur frequently in aquatic 

biota. Concentrations of As, Cr, Cu and Zn in fine-grained stormwater outflow sediment 

exceeded CCME ISQGs, and concentrations of Pb and Zn exceeded the higher CCME 

PELs. 

Lowest effect levels (LELs) as set in the Ontario Provincial Sediment Quality 

Guidelines (PSQG) have been listed in Table 6.7 (Ontario Ministry of the Environment, 

1993 ). LELs indicate a level of contamination that has no effect on the majority of 

sediment dwelling organisms. Contamination in the sediment above LELs may require 

further testing and a management plan. Ontario LELs are very similar to, but slightly 

lower than, CCME ISQGs (Table 6. 7). Cu concentrations in SFGL exceeded the 

Ontario LEL of 16 ppm on three out of eight sampling dates at the upstream site. Ni 

concentrations in SFGL were in excess of the Ontario LEL of 16 ppm on.all sampling 

dates at the upstream site and on three out of eight sampling dates at the downstream 

site. Trace element concentrations at or above Ontario severe effect levels (SELs) 

indicate that sediment is heavily polluted and likely to aversely affect the health of 

sediment dwelling organisms. At the SEL, a management plan may be required to 

control the source of contamination and remove the sediment. Concentrations of Cu and 
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Pb in stormwater outflow sediment exceeded SELs. The concentration of Zn from the 

Dundonald storm water outflow on July 17 (809 ppm) was very close to the SEL of 820 

ppm. According to Ontario PSQGs, this sediment will have an adverse affect on aquatic 

organisms, especially in the vicinity of the storm water outflow. Because Ontario 

PSQGs have associated management plans, they have been included in the interpretation 

of trace element levels in SFGL and stormwater outflow sediment for a Saskatchewan 

river. The management plans include further testing, pollution reduction and sediment 

removal. 

As and Cr concentrations in SFGL exceeded CCME guidelines during this study. 

Cu and Ni concentrations in SFGL exceeded the LEL for sediment as set by the PSQG 

for Ontario (Ontario Ministry of the Environment, 1993). Levesque (2002) found that 

metal concentrations in SFGL did not exceed CCME guidelines, but that Cu and Ni 

exceeded the Ontario LELs. The Ontario LEL is a more sensitive measure than the 

CCME ISQGs. Contamination levels above the Ontario LEL may create a habitat 

unfavourable to pollution-sensitive aquatic biota. SFGL seems to be a relevant sampling 

medium for water and sediment quality studies, as trace element levels in SFGL are 

comparable to national and provincial sediment quality guidelines. An examination of 

multiple sediment phases - bed, suspended and SFGL - could determine the magnitude 

of pollutant transport and storage associated with each phase and ifSFGL should be 

given unique consideration in sediment sampling protocols. 

6. 7 Significance of study 

This study investigated the physical and chemical characteristics of SFGL in 

response to urban runoff. Other studies of the physical and chemical characteristics of 

SFGL have taken place in agricultural catchments (Phillips and Walling, 1999; Droppo 

and Stone, 1994; Stone and Droppo, 1994), in small, mountainous, mixed land use 

catchments (Symader and Bieri, 2000; Symader et al., 1994), and in the vicinity of a 

pulp mill effluent outflow (Petticrew and Biickert, 1998). This study examined the 

changes in SFGL chemistry upstream and downstream of an urban area to determine 

whether the composition of SFGL reflects anthropogenic impacts from the city. Many 

researchers have studied the impacts of point and non-point source discharges from 
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urban areas on water and sediment quality using bed sediment (Sutherland, 2000; 

Murray et al., 1997; Wei and Morrison, 1993; Shutes et al., 1991) and suspended 

sediment (Estebe et al., 1998, 1997; Dong et al., 1984). There are few studies involving 

the use of SFGL as a water and sediment quality indicator (Levesque, 2002; Stone and 

Droppo, 1994). 

This study examined the short-term changes in SFGL chemistry in response to 

urban runoff events. Other studies of sediment chemistry near urban areas have taken 

place on hourly and daily time scales (Krein and Symader, 2000; Estebe et al., 1998, 

1997; Characklis and Wiesner, 1997; Symader et al., 1995). The majority of sediment 

studies examine changes over a weekly or biweekly time scale to determine long-term 

and seasonal variations (Levesque, 2002; Symader and Bieri, 2000; Petticrew and 

Biickert, 1998; Udelhoven et al., 1998; Symader et al., 1995, 1994; Wei and Morrison, 

1993; Ongley et a/., 1981 ). This is the first study to examine the chemistry of SFGL 

near an urban area in response to changing hydrological conditions, which alter sediment 

supply quantities and source areas. 

Metal concentrations in SFGL were higher upstream of the city, rather than 

downstream as predicted. There was a significant decrease in the organic carbon content 

of SFGL between the upstream and downstream site. This study found that organic 

carbon is an important adsorptive phase for trace elements in SFGL, which is consistent 

with the findings of Levesque (2002) and Stone and Droppo (1994). 

SFGL is a relevant sampling medium for water and sediment quality studies. At 

times, trace element concentrations in SFGL exceed sediment quality guidelines, 

potentially affecting aquatic biota. Dilution of SFGL by uncontaminated fine-grained 

sediment and a possible sediment sink upstream of the downstream site during low flow 

conditions are possible explanations for a decrease in the trace element content of SFGL 

downstream of the city. 

6.8 Limitations of study and recommendations for future research 

The explanation of why trace element levels are higher upstream of the city is 

limited by speculation regarding sediment sources and sinks between the upstream and 

downstream sites. Sandy soils upstream of the city and the coarse-grained fraction of 
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street sediment in urban runoff are potential sources of less contaminated sediment. 

Two stormwater outflows were examined during two storms, but there are numerous 

stormwater outflows contributing runoff during dry weather and other runoff events. 

The examination of more urban point and non-point sources for a longer duration along 

the river reach between the upstream and downstream sampling sites would aid in 

determining the anthropogenic impact of the city to water and sediment quality in the 

river. Potential pollutant sources include other stonnwater outflows, wastewater 

treatment plant and chemical plant effluents, overland flow, runoff from bridges, and 

contaminated groundwater. An account of sediment inputs could determine if and how 

sediment dilution is taking place. Possible sediment sinks include depositional areas 

created by the shifting riverbed and sand bars, the weir, and the potentially bioactive 

organic-rich surface of the~~ tl£fownstream of the city. Sediment sinks could be 
,_,. bill( 

detected using sediment tracers such as dyed particles. The potentiallybioactiveees,._, 

J,QaQ. surface could be sampled by collecting scrapings. This could determine if it is a 

significant trace element sink in the South Saskatchewan River downstream of 

Saskatoon. 

Suspended sediment, SFGL and bed sediment undergo continuous exchange. 

Suspended sediment flocculates and settles as SFGL. SFGL deposits can be 

resuspended in the flow or remain on the river bed. A sediment study with a mass 

balance approach that includes all sediment phases could indicate the distribution of 

pollutants between suspended sediment, SFGL and bed sediment. This would give a 

better assessment of the role of SFGL in the transport and storage of pollutants and 

determine the utility of SFGL as a water and sediment quality indicator relative to bed 

and suspended sediment. 

A limitation of this study was the sampling sites selected. Sites were chosen 

based on those used by Levesque (2002), access, distance to the city and the presence of 

SFGL deposits. The distance between the city and downstream site may not have been 

sufficient for thorough mixing of stormwater outflow, wastewater treatment plant and 

chemical plant effluents and other non-point pollutant discharges. Alternately, the 

distance between the city and the downstream site may have been too far for SFGL 

deposition and resuspension to occur in the time period studied. Additionally, the 
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upstream and downstream sampling sites only covered a small portion of the river's total 

width, hence, only a small part of the river's sediment load travelled through the study 

sites. More reconnaissance sampling prior to site selection could have determined where 

the city's effluent flume was fully mixed and discovered any significant sediment sinks. 

This could be done by using sediment tracers such as dyed particles, similar in size and 

density to SFGL particles. 

A methodological limitation of this study was that the SFGL particle size 

analysis was performed on a sample collected separately by re-entraining surficial 

sediment from the bed (4.3.5). Particle size analysis was not performed on the SFGL 

collected in the petri dish traps. SFGL collected in the petri dish traps should have been 

homogenized, split and used for trace element analysis, % TOC, and particle size 

analysis. This would provide more accurate results as all analyses would be performed 

on the same sample. This was not done for the current study as only a small quantity of 

SFGL was collected and the method of particle size analysis had to preserve floc 

structures. 

Finally, to determine the impact of SFGL and storm water outflow sediment on 

aquatic biota, bioavailability data could be collected. Trace element analysis could have 

been done after a 12 hour extraction in 0.5 N HCl as a proxy for bioavailability (Stone 

and Marsalek, 1996). The sediment pre-treatment method employed in this study used a 

strong mineral acid for complete sediment dissolution, which includes residual trace 

elements in the analysis. 
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Chapter 7 

SUMMARY AND CONCLUSIONS 

Urban areas are known to place considerable stress on the natural environment. 

Urban runoff has become an important water resource issue as it poses a threat to water 

quality. Urban areas are sources of pollutants due to alteration of the natural 

environment, industrial development and increased population density. Some 

anthropogenic contaminants, in particular heavy metals and organics, are preferentially 

bound to fine-grained sediment. Fine-grained sediment acts as a vector of contaminant 

transport in urban runoff and in receiving waters. 

Fine-grained sediment is transported as flocculated or aggregated particles called 

"floes" rather than as smaller, primary particles. Floes are deposited during periods of 

low flow velocity and shear stress into a thin layer of surficial fine-grained laminae 

(SFGL). SFGL deposits are a possible in-channel sink and source of fine-grained 

sediment and associated contaminants that may be useful in determining anthropogenic 

impacts on rivers. 

The objective of this study was to examine changes in the physical and chemical 

characteristics of SFGL in response to urban runoff, and to assess the applicability of 

SFGL to water and sediment quality studies. Two hypotheses were tested. The first 

hypothesis is that trace element concentrations in SFGL downstream of Saskatoon are 

higher than trace element concentrations in SFGL upstream of the city. The second 

hypothesis is that fine-grained sediment in urban runoff is a source of trace elements in 

the South Saskatchewan River. 

This study examined sediment in the South Saskatchewan River at Saskatoon. 

The South Saskatchewan River originates in the Rocky Mountains of Alberta, flows 

eastward through the foothills and Prairies, and northward through Saskatoon. Lake 

Diefenbaker, located 110 km upstream of Saskatoon, acts as a settling pond for 
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suspended matter and associated contaminants. Land use upstream of Saskatoon is 

primarily agricultural with a few small towns. The population of Saskatoon is 

approximately 197,000. There are various non-point and point sources of pollutants to 

the South Saskatchewan River from the city of Saskatoon: overland flow, bridge runoff, 

groundwater seepage, untreated runoff from numerous storm water outflows and treated 

effluents from the wastewater treatment plant and two chemical plants. 

SFGL samples were collected upstream and downstream of the city during two 

storm periods. Sample collection was conducted during different hydrological 

conditions: baseflow, peak flow and the falling limb of the storm hydrograph. 

Hydrologic data, such as flow velocity and suspended sediment concentration, and water 

chemistry data; such as temperature, electrical conductivity and pH, were also collected. 

Fine-grained sediment samples were collected at two storm water outflows within 

Saskatoon during storm runoff conditions. Samples were returned to the Department of 

Geography Laboratory and the Department of Geological Sciences for further analysis. 

The trace element chemistry of SFGL and storm water outflow sediment was 

measured by ICP-MS. Results for Cr, Ni, Cu, Zn, As, Sn, Pb and U have been 

emphasized in this study. The organic carbon content of SFGL was measured by loss on 

ignition (LOI). To aid in the interpretation of chemical data, the physical characteristics 

of SFGL were examined by determining the quantity collected and the particle size 

distribution. The particle size distribution was measured by image analysis. Rainfall, 

river discharge and sewershed traffic characteristics were also examined. Statistical 

tests were conducted to determine seasonal differences in floc size and correlations 

between the trace element concentration of SFGL, temperature, % TOC, % silt and clay, 

TDS, pH, rainfall, discharge and suspended sediment concentration. Three methods of 

geochemical normalization were used on trace element data to clarify distribution 

patterns and reduce grain size and mineralogical effects: element ratios, enrichment 

ratios and the geoaccumulation index. 

The study period was characterized by lower than normal precipitation and river 

discharge. SFGL samples at both sites were predominantly composed of small particles 

{>70% clay). The particle size distribution at the two sites was not statistically different. 

Overall, trace element concentrations and % TOC in SFGL were higher upstream than 
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downstream of the city. These results were unexpected as Levesque (2002) found a 

downstream increase in trace element concentration, % TOC, and % silt and clay in the 

South Saskatchewan River near Saskatoon. A small quantity of fme-grained storm water 

outflow sediment was collected. Trace element concentrations of stormwater outflow 

sediment were generally higher than SFGL, showing that there are high concentrations 

of sediment-associated trace elements in urban runoff. 

The physical characteristics ofSFGL varied with season and suspended sediment 

concentration. Variations in the trace element chemistry of SFGL were due to the 

physical composition of the sediment in terms of % silt and clay and the chemical 

characteristics of the sediment in terms of% TOC, and were not caused by changing 

hydrologic conditions such as discharge, rainfall and runoff. Fine-grained sediment 

carried by urban runoff and discharged to the river at storm water outflows is a source for 

Cu, Zn, Pb and Sn. As and Cr concentrations in SFGL exceeded Canadian Council of 

Ministers of the Environment (CCME) guidelines. Cu and Ni concentrations in SFGL 

exceeded Provincial Sediment Quality Guidelines (PSQGs) for Ontario (lowest effect 

levels). The downstream decrease in trace element concentrations ofSFGL may have 

been due to dilution by uncontaminated sediment or the presence of a sediment sink 

upstream of the downstream sampling site. 

The first hypothesis, that trace element concentrations in SFGL are higher 

downstream of the city than upstream of the city, was proved wrong. Trace element 

concentrations in SFGL are higher upstream of the city rather than downstream. It was 

confirmed that organic carbon is an important adsorptive phase for trace elements in 

SFGL. The second hypothesis, that the fine-grained sediment in urban runoff is a source 

for trace elements in the river, was verified. Elevated trace element concentrations were 

found in fine-grained storm water outflow sediment. Storm sewer discharge is 

significantly enriched in fine-grained sediment-bound Cu, Zn, Pb and Sn. However, the 

quantity of contaminant-enriched sediment discharging from the storm sewer system 

may be too small to have an impact on sediment-associated trace element concentrations 

downstream of the city. 

The overall objective of this study was to assess the applicability ofSFGL to 

water and sediment quality studies. At times, trace element concentrations in SFGL 
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exceed sediment quality guidelines, potentially affecting aquatic biota. SFGL is an 

important sink and source of sediment-bound trace elements in a fluvial environment 

and a relevant sampling medium for water quality studies. However, more research on 

how SFGL interacts with other sediment phases and the biological impact of SFGL is 

required. Specific recommendations for further research based on the limitations of this 

study include bioassays, trace element bioavailability studies and a comparison between 

trace element fluxes in multiple sediment phases - suspended, SFGL and bed sediment. 
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Table AI Particle size distribution of suspended sediment samples, 2001 field season. 

Site Date n cia~ {0/o} sd {0/o} silt {0/o} sd {o/o} sand{%} sd {0/o} 
12Jul 16438 67.64 0.66 32.25 0.72 0.11 0.07 
17 Jul 15774 65.73 0.83 34.23 0.81 0.03 0.03 
18Ju1 15738 66.19 1.74 33.75 1.74 0.06 0.04 

upstream 19Ju1 15508 68.02 1.75 31.88 0.96 . 0.10 0.06 
20Sep 15019 68.45 1.80 31.49 1.82 0.07 0.02 
21 Sep 15348 65.08 0.78 34.90 0.77 0.03 0.01 
22Sep 15621 66.71 0.76 33.28 0.77 0.01 0.02 
26SeQ 16153 64.14 1.73 35.81 1.69 0.05 0.04 
12Jul 15685 72.75 1.73 27.21 1.71 0.04 0.02 
17 Jul 16097 71.61 0.30 28.33 0.30 0.07 0.02 
18Jul 15345 74.56 0.59 25.39 0.59 0.05 0.05 

downstream 
19Jul 15590 72.96 1.15 27.02 0.23 0.02 0.03 
20Sep 16482 66.20 0.19 33.77 0.19 0.03 0.03 
21 Sep 15429 68.51 1.39 31.45 1.39 0.03 0.01 
22Sep 16469 69.60 0.40 30.39 0.39 0.01 0.01 
26Sep 16028 66.24 2.66 33.75 2.65 0.01 0.01 

Table A2 Particle size distribution of SFGL samples, 2001 field season. 

Site Date n cia~ (0/o} sd (o/o} silt (o/o} sd (o/o} sand (0/o} sd (0/o} 
12Jul 15675 63.96 2.85 35.89 2.83 0.15 0.04 
17 Jul 15346 64.95 1.31 34.80 1.37 0.25 0.05 
18Jul 15257 64.56 2.82 35.18 2.96 0.27 0.15 

upstream 19Jul 15144 63.20 2.04 36.66 2.25 0.14 0.05 
20Sep 15170 65.78 0.66 34.09 0.63 0.13 0.03 
21 Sep 15139 66.13 0.47 33.69 0.49 0.18 0.04 
22Sep 15277 67.52 1.73 32.35 1.65 0.13 0.14 
26SeQ 15725 64.90 0.68 35.03 0.65 0.07 0.04 
12Jul 13781 67.59 0.94 32.11 0.99 0.30 0.06 
17 Jul 15245 65.62 4.58 34.17 4.61 0.21 0.05 
18Jul 13824 70.76 2.00 28.81 1.96 0.43 0.14 

downstream 19 Jul 15314 67.96 1.83 31.96 1.93 0.08 0.05 
20Sep 15624 66.77 3.16 33.17 3.16 0.06 0.01 
21 Sep 15626 68.16 0.91 31.80 0.92 0.04 0.02 
22Sep 15831 70.31 1.67 29.63 1.63 0.06 0.04 
26Sep 15774 67.62 1.99 32.34 2.00 0.04 0.02 

n =number of particles analyzed, sum of triplicate analyses 
clay = particles less than 2 Jlm by longest chord 
silt = particles 2 Jlm to 63 Jlm by longest chord 
sand = particles 63 Jlm to 600 Jlffi by longest chord 
sd = standard deviation 
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Table B 1 Quality assurance/quality control data table for trace element determination 
by ICP-MS, 2001 field season. 

Precision 
Proced- LKSD4 LKSD4 

Acid ural This Recom- LKSD4 0319-7- 01 22-9- U318-7-
Element Blank Blank study mended Accuracy 2001 a 2001a 2001b 

ppm ppm ppm ppm % CV(%) CV (0k) CV {0/o) 

Li 0.0004 n.d. 14.694 12 22.4 2.0 19.3 1.7 
Sc 0.0012 n.d. 6.366 7 -9.1 19.6 73.8 24.1 
v 0.0000 0.0003 47.931 49 -2.2 4.2 16.9 0.8 
Cr 0.0024 n.d. 30.577 33 -7.3 5.9 89.9 1.6 
Ni 0.0004 n.d. 43.124 31 39.1 4.4 34.8 1.8 
Cu 0.0001 0.0001 31.478 31 1.5 3.1 48.1 3.4 
Zn 0.0027 0.0008 197.843 194 2.0 0.9 38.9 2.5 
As 0.0001 n.d. 13.520 16 -15.5 6.1 35.5 9.6 
Se 0.0073 n.d. 1.827 n.a. n.a. 101.9 24.4 9.8 
Rb 0.0000 n.d. 20.719 28 -26.0 3.6 21.9 14.9 
Sr 0.0000 0.0004 97.432 110 -11.4 3.2 18.6 0.8 
y 0.0000 n.d. 16.398 23 -28.7 2.8 19.5 10.0 
Zr 0.0000 0.0010 49.317 105 -53.0 2.3 19.5 0.8 
Sn 0.0000 0.0001 0.148 5 -97.0 0.5 2.3 109.8 
Sb 0.0000 n.d. 1.391 1.7 -18.2 9.6 3.9 1.0 
Cs 0.0000 n.d. 1.151 1.7 -32.3 1.7 2.9 9.1 
Ba 0.0000 0.0001 238.473 330 -27.7 0.6 5.0 0.6 
La 0.0000 n.d. 19.952 26 -23.3 0.4 4.0 21.6 
Ce 0.0000 0.0000 37.674 48 -21.5 0.5 5.5 21.8 
Pr 0.0000 n.d. 5.232 n.a. n.a. 0.8 8.6 22.2 
Tb 0.0000 n.d. 0.635 1.2 -47.0 3.2 4.8 9.5 
Dy 0.0000 0.0000 3.608 3.7 -2.5 3.3 1.1 4.7 
Ho 0.0000 n.d. 0.713 n.a. n.a. 3.6 2.9 2.6 
Er 0.0000 n.d. 2.178 n.a. n.a. 3.2 3.6 2.4 
Tm 0.0000 n.d. 0.300 n.a. n.a. 4.2 5.2 2.6 
Yb 0.0000 n.d. 2.012 2 0.6 4.9 2.4 2.9 
Tl 0.0000 n.d. 0.599 n.a. n.a. 4.3 0.5 1.0 
Pb 0.0002 0.0001 93.058 91 2.3 1.5 0.5 1.4 
Th 0.0000 0.0000 4.838 5.1 -5.1 4.5 3.0 5.4 
u 0.0000 0.0000 29.617 31 -4.5 1.8 4.3 0.8 

LKSD4 - lake sediment standard reference material 
n.a. - not available 
n.d. - not detected 
duplicatea- same sample, split and analyzed in duplicate 
duplicateb- same sample, dissolved and analyzed separately 
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Table B2 Trace element concentrations in SFGL (ppm), 2001 field season. 

Element Li Sc v 
Detection Limit (ppm) 0.921 0.134 0.080 

Date SamQie UQ down UQ down UQ down 
Jul12 1 24.950 14.089 11.537 6.022 96.893 45.660 

2 25.622 11.077 11.595 5.510 99.732 37.895 
3 23.033 11.480 10.770 4.941 90.804 31.686 
mean 24.535 12.215 11.301 5.491 95.810 38.414 
std. dev. 1.344 1.635 0.460 0.541 4.561 7.002 

Jul17 1 25.611 12.475 10.475 4.542 99.486 36.399 
2 26.338 10.679 10.546 4.517 97.471 34.311 
3 24.953 12.854 10.342 4.602 93.545 36.817 
mean 25.634 12.003 10.454 4.553 96.834 35.843 
std. dev. 0.693 1.162 0.104 0.044 3.021 1.343 

Jul18 1 22.154 11.211 8.227 4.138 87.930 38.670 
2 26.501 10.547 10.409 3.706 102.159 29.319 
3 24.156 10.737 8.079 4.231 87.427 32.785 
mean 24.271 10.832 8.905 4.025 92.505 33.591 
std. dev. 2.176 0.342 1.305 0.280 8.364 4.727 

Jul19 1 27.094 11.191 12.207 4.002 102.101 31.805 
2 25.903 12.000 11.402 3.328 98.097 28.980 
3 24.656 11.306 9.678 4.434 95.810 29.314 
mean 25.885 11.499 11.096 3.921 98.669 30.033 
std. dev. 1.219 0.438 1.292 0.557 3.184 1.543 

Sep20 1 21.178 14.572 1.454 6.988 101.175 50.063 
2 22.859 13.652 13.021 n.d. 111.622 57.947 
3 28.588 10.834 n.d. 9.958 115.558 44.352 
mean 24.208 13.019 n.d. n.d. 109.451 50.787 
std. dev. 3.885 1.947 n.d. n.d. 7.433 6.826 

Sep21 1 24.393 19.180 2.539 1.054 102.174 54.990 
2 30.088 12.600 n.d. 5.632 117.193 54.262 
3 31.362 15.143 21.975 16.774 130.828 40.654 
mean 28.614 15.641 n.d. 7.820 116.731 49.969 
std. dev. 3.711 3.318 n.d. 8.085 14.332 8.075 

Sep22 1 27.566 21.141 9.524 9.611 106.174 65.207 
2 26.370 14.847 8.930 8.049 103.592 40.935 
3 22.370 14.727 6.800 1.216 93.910 33.506 
mean 25.435 16.905 8.418 6.292 101.225 46.549 
std. dev. 2.721 3.669 1.432 4.465 6.466 16.579 

Sep26 1 28.048 15.672 9.048 3.670 112.799 56.617 
2 33.486 15.311 2.094 4.129 113.763 37.287 
3 33.837 11.591 23.639 8.826 116.652 36.307 
mean 31.790 14.192 11.594 5.542 114.405 43.404 
std. dev. 3.245 2.259 10.996 2.854 2.005 11.453 

up - upstream sampling site 
down- downstream sampling site 
n.d. - not detected 
mean - arithmetic mean of samples 1, 2 and 3 
std. dev. - standard deviation of samples 1, 2 and 3 
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Table B2 Continued 

Element Cr Ni Cu 
Detection Limit (ppm) 0.277 0.196 0.098 

Date Sam121e U12 down Ul2 down Ul2 down 
Jul12 1 63.141 56.525 45.795 29.301 15.590 4.140 

2 60.098 24.024 41.810 12.731 17.227 3.446 
3 56.936 13.878 31.361 15.620 14.325 3.536 
mean 60.058 31.476 39.655 19.217 15.714 3.708 
std. dev. 3.102 22.279 7.454 8.852 1.455 0.377 

Jul17 1 58.962 21.059 36.580 16.958 19.456 3.935 
2 60.671 25.302 26.556 13.399 19.953 3.441 
3 60.174 22.425 38.494 12.880 20.138 3.738 
mean 59.935 22.929 33.877 14.413 19.849 3.705 
std. dev. 0.879 2.166 6.412 2.220 0.353 0.249 

Jul18 1 49.869 24.943 32.678 14.583 18.726 4.263 
2 58.106 18.106 28.537 13.765 21.356 3.289 
3 52.477 23.766 24.158 21.189 17.615 3.649 
mean 53.484 22.272 28.458 16.512 19.233 3.734 
std. dev. 4.210 3.655 4.260 4.071 1.921 0.492 

Jul19 1 58.771 23.112 31.782 12.448 17.930 3.582 
2 57.701 13.178 35.509 10.227 18.141 3.339 
3 57.244 20.323 33.991 11.141 18.248 3.503 
mean 57.905 18.871 33.761 11.272 18.106 3.475 
std. dev. 0.784 5.123 1.874 1.116 0.162 0.124 

Sep20 1 37.901 25.981 18.762 11.069 10.017 3.128 
2 42.019 24.882 20.450 12.214 10.725 3.668 
3 57.290 15.798 20.831 10.470 11.655 2.981 
mean 45.737 22.220 20.014 11.251 10.799 3.259 
std. dev. 10.215 5.589 1.101 0.886 0.822 0.362 

Sep21 1 39.668 17.432 19.590 11.165 10.836 3.517 
2 72.206 23.597 22.655 66.764 11.074 5.699 
3 52.762 15.396 24.312 10.860 11.968 2.611 
mean 54.879 18.808 22.186 29.596 11.293 3.942 
std. dev. 16.372 4.270 2.396 32.188 0.597 1.587 

Sep22 1 22.866 24.234 17.415 11.476 17.862 6.481 
2 22.197 n.d. 16.726 6.220 17.258 4.266 
3 24.747 n.d. 14.986 6.234 12.494 4.094 
mean 23.270 n.d. 16.376 7.976 15.871 4.947 
std. dev. 1.322 n.d. 1.252 3.031 2.940 1.332 

Sep26 1 42.080 20.767 21.028 9.707 11.923 5.394 
2 46.273 5.234 19.242 7.628 9.782 3.285 
3 44.108 12.237 21.811 8.333 12.640 2.849 
mean 44.154 12.746 20.694 8.556 11.448 3.843 
std. dev. 2.097 7.779 1.317 1.057 1.487 1.361 

up - upstream sampling site 
down- downstream sampling site 
n.d. - not detected 
mean - arithmetic mean of samples 1, 2 and 3 
std. dev. - standard deviation of samples 1, 2 and 3 
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Table B2 Continued 

Element Zn As Se 
Detection Limit (ppm) 0.254 0.134 5.000 

Date Sam~le u~ down u~ down u~ down 
Jul12 1 63.262 33.237 6.n8 4.286 1.379 1.173 

2 66.846 24.368 6.248 5.106 1.215 0.692 
3 55.575 23.309 4.941 5.807 0.951 1.044 
mean 61.894 26.971 5.989 5.066 1.182 0.970 
std. dev. 5.759 5.452 0.946 0.761 0.216 0.249 

Jul17 1 66.186 27.909 8.322 5.740 0.492 0.287 
2 73.998 23.039 8.418 5.082 0.737 0.169 
3 67.673 37.897 6.713 6.304 0.714 0.125 
mean 69.286 29.615 7.818 5.709 0.648 0.194 
std. dev. 4.148 7.574 0.958 0.611 0.136 0.084 

Jul18 1 66.751 29.971 6.781 5.748 0.584 n.d. 
2 74.683 23.631. 9.200 6.259 0.418 0.620 
3 63.978 25.940 6.184 7.899 0.760 0.362 
mean 68.471 26.514 7.388 6.635 0.587 0.491 
std. dev. 5.556 3.209 1.597 1.123 0.171 0.182 

Jul19 1 70.424 25.928 5.798 5.465 0.983 n.d. 
2 68.332 23.864 6.479 6.158 0.734 0.340 
3 68.941 28.372 4.958 6.814 0.605 1.057 
mean 69.232 26.055 5.745 6.146 0.774 0.699 
std. dev. 1.076 2.257 0.762 0.675 0.192 0.507 

Sep20 1 44.402 23.270 3.109 3.875 5.177 1.948 
2 45.435 25.746 5.306 4.049 5.056 4.000 

·3 49.920 21.058 3.880 4.832 4.532 2.897 
mean 46.586 23.358 4.098 4.252 4.921 2.948 
std. dev. 2.933 2.346 1.114 0.510 0.343 1.027 

Sep21 1 48.554 30.227 4.874 4.278 3.880 2.733 
2 50.499 33.843 5.183 5.427 3.609 3.443 
3 49.446 25.539 4.388 3.488 3.395 2.299 
mean 49.500 29.870 4.815 4.398 3.628 2.825 
std. dev. 0.973 4.163 0.401 0.975 0.243 0.577 

Sep22 1 73.734 35.251 6.307 4.435 0.168 1.402 
2 67.148 26.499 4.847 4.966 1.337 0.629 
3 52.717 24.587 4.791 5.164 1.576 n.d. 
mean 64.533 28.779 5.315 4.855 1.027 n.d. 
std. dev. 10.750 5.685 0.860 o.3n 0.753 n.d. 

Sep26 1 50.208 35.417 5.357 5.744 3.729 2.471 
2 44.523 24.241 4.087 5.117 3.650 1.830 
3 41.797 19.840 4.213 4.073 1.870 3.733 
mean 45.510 26.499 4.553 4.978 3.083 2.678 
std. dev. 4.291 8.031 0.700 0.844 1.051 0.968 

up - upstream sampling site 
down- downstream sampling site 
n.d. - not detected 
mean - arithmetic mean of samples 1, 2 and 3 
std. dev.- standard deviation of samples 1, 2 and 3 
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Table B2 Continued 

Element Rb Sr y 
Detection Umit (ppm) 0.065 0.131 0.012 

Date Sam121e Uf2 down Uf2 down Uf2 down 
Jul12 1 47.127 33.943 177.184 191.857 14.265 8.599 

2 52.174 29.663 177.475 151.193 14.402 8.186 
3 48.055 21.735 171.585 140.484 14.505 5.395 
mean 49.118 28.447 175.415 161.178 14.391 7.393 
std. dev. 2.686 6.194 3.320 27.103 0.120 1.743 

Jul17 1 51.975 30.071 173.312 171.681 14.563 7.892 
2 54.466 25.917 179.747 162.538 14.535 8.472 
3 53.319 33.073 179.870 173.588 15.561 9.778 
mean 53.253 29.687 177.643 169.269 14.886 8.714 
std. dev. 1.247 3.593 3.751 5.907 0.584 0.966 

Jul18 1 49.997 30.453 162.838 157.223 13.081 7.733 
2 51.495 29.911 174.270 147.775 14.395 7.227 
3 46.075 32.283 187.461 160.620 12.770 7.160 
mean 49.189 30.882 174.856 155.206 13.415 7.373 
std. dev. 2.798 1.243 12.322 6.655 0.862 0.313 

Jul19 1 52.174 30.218 179.538 150.883 13.848 6.499 
2 51.793 32.492 175.187 160.365 14.103 6.488 
3 50.224 29.555 174.377 156.343 13.432 7.521 
mean 51.397 30.755 176.367 155.864 13.795 6.836 
std. dev. 1.034 1.541 2.775 4.759 0.339 0.593 

Sep20 1 73.291 63.190 372.004 321.007 20.963 12.343 
2 92.063 51.513 367.158 363.810 24.822 13.491 
3 95.231 43.628 376.718 236.217 26.811 9.757 
mean 86.862 52.777 371.960 307.011 24.199 11.864 
std. dev. 11.858 9.842 4.780 64.938 2.973 1.912 

Sep 21 1 97.794 51.106 381.697 320.619 26.651 14.287 
2 93.584 66.115 382.613 342.720 24.594 15.488 
3 97.061 53.640 387.058 231.505 28.025 10.067 
mean 96.146 56.954 383.789 298.281 26.423 13.281 
std. dev. 2.249 8.034 2.868 58.876 1.727 2.847 

Sep22 1 117.719 68.478 433.420 488.741 32.097 19.760 
2 94.665 57.147 434.494 333.125 29.475 15.239 
3 107.273 49.439 425.207 285.397 29.631 11.241 
mean 106.552 58.355 431.040 369.088 30.401 15.413 
std. dev. 11.544 9.577 5.080 106.335 1.471 4.262 

Sep26 1 102.816 81.079 402.047 433.623 28.358 18.787 
2 87.215 55.639 383.442 319.551 24.715 16.343 
3 87.500 50.046 381.509 255.780 26.333 9.971 
mean 92.510 62.255 388.999 336.318 26.469 15.034 
std. dev. 8.926 16.540 11.341 90.099 1.825 4.552 

up - upstream sampling site 
down- downstream sampling site 
mean - arithmetic mean of samples 1, 2 and 3 
std. dev.- standard deviation of samples 1, 2 and 3 
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Table B2 Continued 

Element Zr Sn Sb 
Detection Limit (ppm) 0.033 n.a. 0.030 

Date Samele UQ down UQ down UQ down 
Jul12 1 107.938 68.584 4.647 0.423 0.673 0.388 

2 88.327 37.798 4.830 0.093 0.651 0.349 
3 105.701 35.190 1.271 0.373 0.588 0.369• 
mean 100.655 47.191 3.583 0.296 0.637 0.369 
std. dev. 10.735 18.573 2.004 0.178 0.044 0.019 

Jul17 1 98.753 40.110 7.340 7.303 0.674 0.328 
2 86.991 83.610 5.903 0.139 0.675 0.473 
3 95.328 40.693 0.916 6.911 0.677 0.367 
mean 93.691 54.804 4.720 4.784 0.676 0.389 
std. dev. 6.049 24.948 3.372 4.027 0.002 0.075 

Jul18 1 89.685 52.824 1.584 0.252 0.621 0.346 
2 93.083 36.989 8.441 0.543 0.681 0.306 
3 93.343 54.945 1.591 3.097 0.617 0.351 
mean 92.037 48.253 3.872 1.297 0.640 0.334 
std. dev. 2.041 9.812 3.957 1.565 0.036 0.024 

Jul19 1 84.223 36.866 1.604 0.451 0.649 0.316 
2 89.253 33.590 4.269 2.405 0.667 0.609 
3 92.647 58.306 1.676 5.369 0.632 0.323 
mean 88.708 42.921 2.516 2.742 0.649 0.416 
std. dev. 4.239 13.424 1.519 2.476 0.018 0.167 

Sep20 1 175.627 81.817 0.107 0.477 0.518 0.477 
2 161.900 121.324 0.599 0.493 0.570 0.326 
3 172.717 67.893 0.179 0.472 0.614 0.301 
mean 170.082 90.345 0.295 0.481 0.567 0.368 
std. dev. 7.233 27.717 0.266 0.011 0.048 0.095 

Sep21 1 143.716 109.570 0.396 0.406 0.571 0.349 
2 188.868 88.443 0.207 1.072 0.583 0.389 
3 182.121 54.339 0.421 0.412 0.611 0.214 
mean 171.569 84.118 0.341 0.630 0.588 0.318 
std. dev. 24.355 27.868 0.117 0.383 0.021 0.092 

Sep22 1 200.204 135.643 1.279 0.812 0.594 0.384 
2 190.564 74.164 0.645 0.919 0.595 0.266 
3 190.644 89.430 0.926 0.831 0.520 0.259 
mean 193.804 99.745 0.950 0.854 0.570 0.303 
std. dev. 5.542 32.011 0.317 0.057 0.043 0.070 

Sep26 1 178.653 100.407 0.842 0.675 0.557 0.402 
2 158.308 71.599 0.192 0.540 0.536 0.330 
3 163.932 78.905 0.485 0.717 0.603 0.223 
mean 166.964 83.637 0.507 0.644 0.565 0.318 
std. dev. 10.506 14.976 0.325 0.093 0.034 0.090 

up - upstream sampling site 
down- downstream sampling site 
n.a. - not available 
mean - arithmetic mean of samples 1, 2 and 3 
std. dev.- standard deviation of samples 1, 2 and 3 

146 



Table B2 Continued 

Element Cs Ba La 
Detection Limit (ppm) 0.070 0.174 0.012 

Date SamQie UQ down UQ down UQ down 
Jul12 1 2.387 0.943 683.454 650.188 20.447 16.153 

2 2.622 0.734 67o.no 515.898 21.228 9.941 
3 2.231 0.603 656.194 550.862 20.041 8.368 
mean 2.414 0.760 670.139 572.316 20.572 11.487 
std. dev. 0.197 0.171 13.641 69.668 0.603 4.116 

Jul17 1 2.325 0.824. 659.667 608.135 21.068 14.530 
2 2.734 0.664 665.508 545.365 21.267 15.574 
3 2.546 0.829 643.597 604.546 21.540 15.890 
mean 2.535 0.772 656.257 586.015 21.292 15.332 
std. dev. 0.205 0.094 11.347 35.250 0.237 0.712 

Jul18 1 2.028 0.646 613.554 561.312 18.490 11.690 
2 2.525 0.632 644.744 547.261 20.396 9.072 
3 2.244 0.683 670.366 573.087 20.311 10.748 
mean 2.265 0.654 642.888 560.553 19.732 10.503 
std. dev. 0.249 0.026 28.452 12.930 1.077 1.326 

Jul19 1 2.598 0.697 636.742 511.259 19.842 14.580 
2 2.578 0.730 661.463 583.554 21.424 15.880 
3 2.398 0.681 617.043 525.920 19.333 10.157 
mean 2.524 0.703 638.416 540.244 20.200 13.539 
std. dev. 0.110 0.025 22.257 38.217 1.091 3.000 

Sep20 1 3.285 1.698 1428.567 1183.980 30.360 23.453 
2 3.936 1.451 1384.118 1133.801 36.746 24.673 
3 4.370 1.144 1425.177 1086.022 39.953 14.955 
mean 3.864 1.431 1412.621 1134.601 35.686 21.027 
std. dev. 0.546 0.277 24.742 48.983 4.883 5.294 

Sep21 1 4.178 1.387 1330.694 1240.903 37.994 18.869 
2 3.920 1.603 1379.901 1181.650 37.762 38.162 
3 4.498 1.230 1398.053 1043.724 42.245 16.669 
mean 4.199 1.407 1369.550 1155.426 39.334 24.567 
std. dev. 0.290 0.187 34.852 101.172 2.524 11.825 

Sep22 1 4.791 1.860 1369.030 1132.595 41.188 28.382 
2 4.413 1.195 1362.704 1017.216 37.509 23.993 
3 3.897 1.066 1370.319 925.791 38.448 16.649 
mean 4.367 1.374 1367.351 1025.201 39.048 23.008 
std. dev. 0.449 0.426 4.075 103.633 1.911 5.928 

Sep26 1 4.257 1.762 1471.891 1232.158 41.936 34.405 
2 3.621 1.375 1421.128 998.969 36.096 18.681 
3 3.775 1.126 1414.655 1442.328 39.688 18.267 
mean 3.884 1.421 1435.891 1224.485 39.240 23.784 
std. dev. 0.332 0.320 31.344 221.779 2.946 9.200 

up - upstream sampling site 
down- downstream sampling site 
mean - arithmetic mean of samples 1, 2 and 3 
std. dev. - standard deviation of samples 1, 2 and 3 
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Table B2 Continued 

Element Ce Pr Tb 
Detection Limit (ppm) 0.016 0.011 0.013 

Date SamQie UQ down UQ down ue down 
Jul 12 1 40.693 30.848 4.884 3.517 0.650 0.403 

2 41.590 19.142 4.934 2.280 0.657 0.336 
3 40.055 16.599 4.728 2.016 0.659 0.258 
mean 40.n9 22.196 4.849 2.604 0.655 0.332 
std. dev. o.n1 7.600 0.108 0.801 0.005 0.072 

Jul 17 1 42.157 28.817 4.822 3.350 0.617 0.355 
2 41.841 29.9n 4.996 3.552 0.619 0.371 
3 42.061 32.117 4.922 3.932 0.642 0.479 
mean 42.020 30.304 4.913 3.611 0.626 0.402 
std. dev. 0.162 1.674 0.087 0.295 0.014 0.067 

Jul 18 1 37.509 21.793 4.249 2.588 0.551 0.316 
2 40.974 17.477 4.786 2.069 0.611 0.282 
3 40.843 20.153 4.866 2.299 0.579 0.279 
mean 39.n5 19.807 4.633 2.319 0.580 0.292 
std. dev. 1.964 2.178 0.335 0.260 0.030 0.020 

Jul19 1 39.344 30.783 4.612 3.704 0.620 0.347 
2 41.683 29.343 4.851 3.316 0.619 0.299 
3 40.112 19.224 4.659 2.314 0.613 0.323 
mean 40.380 26.450 4.707 3.111 0.618 0.323 
std. dev. 1.193 6.299 0.127 0.717 0.004 0.024 

Sep20 1 56.642 44.789 7.501 5.193 0.854 0.466 
2 71.267 46.065 8.744 5.655 0.957 0.563 
3 77.385 22.698 9.282 3.593 0.995 0.383 
mean 68.431 37.851 8.509 4.814 0.935 0.471 
std. dev. 10.658 13.138 0.913 1.082 0.073 0.090 

Sep21 1 75.358 34.414 9.043 4.423 0.967 0.540 
2 75.409 76.780 8.948 8.925 0.989 0.684 
3 81.490 30.601 9.703 3.596 1.074 0.382 
mean n.419 47.265 9.231 5.648 1.010 0.535 
std. dev. 3.526 25.632 0.411 2.868 0.056 0.151 

Sep22 1 78.915 56.511 9.262 6.890 1.101 0.726 
2 72.948 41.077 8.702 5.572 1.090 0.580 
3 73.246 27.708 8.654 3.825 1.000 0.443 
mean 75.036 41.765 8.873 5.429 \ 1.064 0.583 
std. dev. 3.363 14.414 0.338 1.537 0.055 0.141 

Sep26 1 81.230 65.268 9.728 7.178 1.000 0.685 
2 65.147 37.674 8.626 4.504 0.925 0.565 
3 73.500 30.550 9.425 4.205 0.985 0.382 
mean 73.292 44.497 9.260 5.296 0.970 0.544 
std. dev. 8.044 18.337 0.569 1.637 0.040 0.153 

up - upstream sampling site 
down- downstream sampling site 
mean - arithmetic mean of samples 1, 2 and 3 
std. dev. - standard deviation of samples 1, 2 and 3 
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Table B2 Continued 

Element Dy Ho Er 
Detection Umit (ppm) 0.041 0.014 0.034 

Date SamQie ue down ue down ue down 
Jul 12 1 3.740 2.280 0.724 0.443 2.222 1.332 

2 3.617 2.036 0.712 0.388 2.168 1.183 
3 3.695 1.530 0.732 0.292 2.250. 0.864 
mean 3.684 1.949 0.723 0.374 2.213 1.126 
std. dev. 0.062 0.382 0.010 0.077 0.042 0.239 

Jul17 1 3.482 1.943 0.683 0.387 2.079 1.166 
2 3.495 2.099 0.678 0.395 2.074 1.218 
3 3.730 2.575 0.718 0.470 2.167 1.337 
mean 3.569 2.206 0.693 0.417 2.107 1.240 
std. dev. 0.140 0.329 0.022 0.046 0.052 0.088 

Jut 18 1 3.089 1.891 0.618 0.370 1.842 1.170 
2 3.526 1.633 0.686 0.321 2.101 0.959 
3 3.247 1.605 0.628 0.324 1.895 0.983 
mean 3.287 1.710 0.644 0.338 1.946 1.037 
std. dev. 0.221 0.158 0.037 0.028 0.137 0.115 

Jul19 1 3.562 1.755 0.697 0.321 2.113 0.926 
2 3.511 1.648 0.691 0.319 2.093 0.952 
3 3.447 1.799 0.666 0.352 2.089 1.046 
mean 3.507 1.734 0.685 0.331 2.098 0.975 
std. dev. 0.057 0.078 0.016 0.019 0.013 0.063 

Sep20 1 5.041 2.637 0.991 0.527 3.070 1.608 
2 5.358 3.224 1.029 0.648 3.145 1.971 
3 5.718 2.142 1.091 0.402 3.314 1.271 
mean 5.373 2.667 1.037 0.525 3.176 1.617 
std. dev. 0.339 0.542 0.051 0.123 0.125 0.350 

Sep21 1 5.325 3.134 1.068 0.635 3.214 1.937 
2 5.432 3.460 1.082 0.647 3.310 1.895 
3 6.081 2.119 1.181 0.406 3.597 1.271 
mean 5.613 2.904 1.110 0.563 3.373 1.701 
std. dev. 0.409 0.700 0.062 0.136 0.199 0.373 

Sep22 1 6.155 4.025 1.163 0.775 3.637 2.351 
2 6.120 3.187 1.157 0.609 3.536 1.824 
3 5.549 2.568 1.085 0.499 3.254 1.481 
mean 5.941 3.260 1.135 0.628 3.476 1.885 
std. dev. 0.340 0.731 0.043 0.139 0.198 0.438 

Sep26 1 5.550 3.661 1.079 0.708 3.392 2.175 
2 5.256 3.309 0.993 0.630 3.068 1.895 
3 5.506 2.152 1.063 0.412 3.279 1.279 
mean 5.437 3.041 1.045 0.583 3.246 1.783 
std. dev. 0.159 0.789 0.046 0.153 0.164 0.458 

up - upstream sampling site 
down- downstream sampling site 
mean - arithmetic mean of samples 1, 2 and 3 
std. dev. - standard deviation of samples 1, 2 and 3 
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Table B2 Continued 

Element Tm Yb Tl 
Detection Umit (ppm) 0.015 0.039 0.039 

Date Samele ue down ue down ue down 
Jul12 1 0.302 0.185 2.097 1.256 0.488 0.292 

2 0.288 0.161 1.999 1.062 0.524 0.244 
3 0.308 0.117 2.069 0.807 0.468 0.265 
mean 0.299 0.154 2.055 1.042 0.493 0.267 
std. dev. 0.010 0.034 0.051 0.225 0.029 0.024 

Jul17 1 0.282 0.159 1.976 1.101 0.508 0.269 
2 0.288 0.159 1.954 1.126 0.499 0.224 
3 0.298 0.177 2.017 1.202 0.488 0.255 
mean 0.289 0.165 1.982 1.143 0.498 0.249 
std. dev. 0.008 0.011 0.032 0.053 0.010 0.023 

Jul18 1 0.248 0.161 1.717 1.104 0.480 0.231 
2 0.278 0.127 1.966 0.859 0.524 0.238 
3 0.258 0.136 1.786 0.911 0.470 0.252 
mean 0.261 0.142 1.823 0.958 0.491 0.241 
std. dev. 0.015 0.018 0.129 0.129 0.029 0.011 

Jul19 1 0.290 0.120 2.009 0.815 0.525 0.240 
2 0.287 0.123 1.957 0.851 0.520 0.268 
3 0.274 0.145 1.912 0.959 0.521 0.231 
mean 0.284 0.129 1.959 0.875 0.522 0.246 
std. dev. 0.009 0.014 0.049 0.075 0.003 0.019 

Sep20 1 0.414 0.219 2.742 1.459 0.712 0.524 
2 0.430 0.277 2.860 1.838 0.778 0.437 
3 0.454 0.167 3.063 1.131 0.790 0.391 
mean 0.433 0.221 2.888 1.476 0.760 0.450 
std. dev. 0.020 0.055 0.162 0.354 0.042 0.067 

Sep21 1 0.434 0.260 2.969 1.802 0.744 0.485 
2 0.437 0.243 2.973 1.684 0.751 0.472 
3 0.475 0.169 3.249 1.137 0.816 0.366 
mean 0.449 0.224 3.064 1.541 0.770 0.441 
std. dev. 0.023 0.048 0.161 0.355 0.040 0.065 

Sep22 1 0.487 0.318 3.322 2.162 0.846 0.489 
2 0.476 0.247 3.286 1.613 0.832 0.409 
3 0.452 0.191 3.049 1.396 0.735 0.389 
mean 0.472 0.252 3.219 1.724 0.804 0.429 
std. dev. 0.018 0.064 0.148 0.395 0.060 0.053 

Sep26 1 0.465 0.291 3.073 1.939 0.775 0.526 
2 0.415 0.247 2.901 1.667 0.750 0.419 
3 0.447 0.173 2.991 1.220 0.740 0.425 
mean 0.442 0.237 2.988 1.609 0.755 0.457 
std. dev. 0.025 0.060 0.086 0.363 0.018 0.060 

up - upstream sampling site 
down- downstream sampling site 
n.d.- not detected 
mean - arithmetic mean of samples 1, 2 and 3 
std. dev. -standard deviation of samples 1, 2 and 3 
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Table B2 Continued 

Element Pb Th u 
Detection Umit (ppm) 0.026 0.016 0.028 

Date Samele ue down ue down ue down 
Jul12 1 12.973 9.876 6.879 4.063 2.538 1.488 

2 13.333 8.983 7.738 2.682 2.499 1.035 
3 12.773 9.633 7.758 2.500 2.524 0.941 
mean 13.026 9.497 7.458 3.082 2.520 1.155 
std. dev. 0.284 0.462 0.502 0.855 0.020 0.293 

Jul17 1 13.402 9.384 7.655 2.866 2.591 1.278 
2 13.380 8.556 7.940 3.661 2.410 1.245 
3 13.433 10.151 7.419 7.391 2.350 2.303 
mean 13.405 9.364 7.671 4.639 2.451 1.609 
std. dev. 0.026 0.798 0.261 2.416 0.125 0.601 

Jul18 1 12.837 9.815 6.797 3.171 2.324 1.171 
2 13.340 8.768 7.051 2.631 2.482 1.005 
3 12.689 9.254 6.408 3.077 2.232 1.079 
mean 12.955 9.279 6.752 2.960 2.346 1.085 
std. dev. 0.341 0.524 0.324 0.289 0.127 0.083 

Jul 19 1 13.452 9.031 7.620 5.372 2.511 1.119 
2 13.390 10.054 7.833 4.835 2.417 1.145 
3 13.735 8.599 7.514 2.647 2.562 1.103 
mean 13.525 9.228 7.655 4.285 2.497 1.122 
std. dev. 0.184 0.747 0.163 1.443 0.073 0.021 

Sep20 1 21.736 17.138 8.681 5.216 3.604 1.844 
2 23.188 17.376 10.641 6.396 3.792 2.117 
3 22.816 15.418 11.852 3.502 3.802 1.546 
mean 22.580 16.644 10.391 5.038 3.733 1.836 
std. dev. 0.754 1.068 1.600 1.455 0.112 0.286 

Sep21 1 22.800 17.129 11.072 4.459 3.542 2.326 
2 23.177 19.711 10.757 6.334 3.839 2.108 
3 23.724 14.996 12.250 3.598 4.030 1.402 
mean 23.233 17.279 11.359 4.797 3.804 1.945 
std. dev. 0.465 2.361 0.787 1.399 0.246 0.483 

Sep22 1 23.914 18.012 13.222 7.441 4.070 3.273 
2 23.623 16.507 11.285 10.715 4.018 2.092 
3 21.380 16.185 11.207 4.527 3.565 1.797 
mean 22.972 16.901 11.905 7.561 3.884 2.387 
std. dev. 1.387 0.975 1.142 3.096 0.278 0.781 

Sep26 1 22.852 19.502 12.002 10.506 3.842 2.657 
2 22.093 16.080 12.150 4.792 3.604 1.750 
3 22.159 17.509 13.276 3.837 3.731 1.467 
mean 22.368 17.697 12.476 6.378 3.726 1.958 
std. dev. 0.420 1.719 0.697 3.607 0.119 0.622 

up - upstream sampling site 
down- downstream sampling site 
mean - arithmetic mean of samples 1, 2 and 3 
std. dev.- standard deviation of samples 1, 2 and 3 
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Table B3 Trace element concentrations in fine-grained (<63 J.Lm) stormwater outflow 
sediment (ppm), 2001 field season 

Sturgeon SWO Dundonald SWO 
Detection 

Element Limit ~EPm} Jul17 SeQ20 JUI:l17 
Li 0.921 26.258 25.432 30.800 
Sc 0.134 n.d. 9.901 5.046 
v 0.080 117.659 134.288 128.413 
Cr 0.277 53.179 80.163 70.977 
Ni 0.196 23.865 48.163 49.109 
Cu 0.098 57.203 68.681 164.104 
Zn 0.254 327.586 535.523 809.033 
As 0.134 4.307 5.272 7.342 
Se 5.000 6.610 6.723 7.788 
Rb 0.065 92.698 102.999 115.482 
Sr 0.131 319.543 284.826 218.805 
y 0.012 29.078 29.137 28.738 
Zr 0.033 258.079 255.306 181.642 
Sn n.a. 2.848 6.480 42.900 
Sb 0.030 0.912 2.613 2.855 
Cs 0.070 3.421 4.340 4.964 
Ba 0.174 1046.697 1101.879 958.511 
La 0.012 49.422 50.593 45.113 
Ce 0.016 99.185 101.468 91.127 
Pr 0.011 11.583 11.733 10.325 
Tb 0.013 1.084 1.119 1.064 
Dy 0.041 6.069 5.892 5.864 
Ho 0.014 1.172 1.150 1.278 
Er 0.034 3.589 3.475 3.516 

Tm 0.015 0.475 0.472 0.463 
Yb 0.039 3.319 3.277 3.105 
Tl 0.039 0.790 0.921 1.032 
Pb 0.026 71.205 233.396 401.136 
Th 0.016 16.368 17.196 14.207 
u 0.028 5.059 5.577 5.424 

n.d. - not detected 
n.a. - not available 
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AppendixC 

MANN-WHITNEY U TEST 
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Table Cl Mean particle size comparison of suspended sediment and SFGL 

Sampling site 

upstream 

downstream 

Sample 
ss 

SFGL 
ss 

SFGL 

UcRIT = 15 for a one-tailed test, a = 0.05 
Ho: SFGL = SS HA: SFGL > SS 

n 
8 
8 
8 
8 

Upstream: UsFGL = 5 UsFGL ~ UcRIT ~ Ho is rejected 
Downstream: UsFGL = 3 UsFGL :5 UcRIT ~ Ho is rejected 
Therefore, SFGL > SS in terms of mean particle size 

u 
59 
5 

61 
3 

Table C2 Mean particle size comparison of July and September SFGL 

Sampling site Sample n u 
upstream July 4 01 

September 4 16 

downstream July 4 0 
September 4 16 

UcRIT = 1 for a one-tailed test, a = 0.05 
Ho: July= September HA: July> September 
Upstream: UJuly = 0 UJuly ~ UcRIT ~ Ho is rejected 
Downstream: UJuly = 0 UJuly ~ UcRIT ~ Ho is rejected 
Therefore, July> September in terms of mean particle size ofSFGL 

Table C3 Sand content comparison of SFGL particle size distribution 

Sampling site 
upstream 

downstream 

UcRIT = 15 for a one-tailed test, a= 0.05 

n 
8 
8 

u 
16 
16 

Ho:% sandupstream =% sanddownstream HA: % sanddownstream >% sandupstream 
U%sanddownstream = 41 U%sanddownstream > UcRIT ~ Ho is accepted 
Therefore, the sand content ofSFGL at both sites is statistically equivalent 

SS = suspended sediment 
n = sample size 
U = U statistic 

UcruT = critical value of U 
Ho = null hypothesis 
HA =alternative hypothesis 

1 A low value ofU is produced when there is a maximum possible difference between samples (Ebdon, 
1985) 
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AppendixD 

TRACE ELEMENT RATIOS 
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Table D I Ratios of mean trace element concentrations to mean Li concentrations in 
SFGL and stormwater outflow (SWO) sediment, 2001 field season. 

Element Date Upstream Downstream Sturgeon Dundonald 
swo swo 

Cr Jul12 2.448 2.577 
Jul17 2.338 1.910 2.025 2.304 
Jul 18 2.204 2.056 
Jul19 2.237 1.641 
Sep20 1.889 1.707 3.152 
Sep21 1.918 1.202 
Sep22 0.915 1.433 
Sep26 1.389 0.898 

Ni Jul12 1.616 1.573 
Jul17 1.322 1.201 0.909 1.594 
Jut 18 1.173 1.524 
Jul19 1.304 0.980 
Sep20 0.827 0.864 1.894 
Sep21 0.775 1.892 
Sep22 0.644 0.472 
Sep26 0.651 0.603 

Cu Jul12 0.640 0.304 
Jul 17 0.774 0.309 2.178 5.328 
Jul18 0.792 0.345 
Jul19 0.700 0.302 
Sep20 0.446 0.250 2.701 
Sep 21 0.395 0.252 
Sep22 0.624 0.293 
Sep26 0.360 0.271 

Zn Jul 12 2.523 2.208 
Jul 17 2.703 2.467 12.476 26.267 
Jul 18 2.821 2.448 
Jul19 2.675 2.266 
Sep20 1.924 1.794 21.057 
Sep21 1.730 1.910 
Sep22 2.537 1.702 
Se~26 1.432 1.867 
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Table D 1 Continued 

Element Date Upstream Downstream Sturgeon Dun donald 
swo swo 

As Jul12 0.244 0.415 
Jul 17 0.305 0.476 0.164 0.238 
Jul 18 0.304 0.613 
Jul19 0.222 0.534 
Sep20 0.169 0.327 0.207 
Sep21 0.168 0.281 
Sep22 0.209 0.287 
Sep26 0.143 0.351 

Sn Jut 12 0.146 0.024 
Jul17 0.184 0.399 0.108 1.393 
Jul18 0.160 0.120 
Jul19 0.097 0.238 
Sep20 0.012 0.037 0.255 
Sep21 0.012 0.040 
Sep22 0.037 0.051 
Sep26 0.016 0.045 

Pb Jul 12 0.531 0.777 
Jul17 0.523 0.780 2.712 13.024 
Jul18 0.534 0.857 
Jul19 0.523 0.802 
Sep20 0.933 1.278 9.177 
Sep 21 0.812 1.105 
Sep22 0.903 1.000 
Sep26 0.704 1.247 

u Jul12 0.103 0.095 
Jul 17 0.096 0.134 0.193 0.176 
Jul18 0.097 0.100 
Jul19 0.096 0.098 
Sep20 0.154 0.141 0.219 
Sep21 0.133 0.124 
Sep22 0.153 0.141 
SeQ26 0.117 0.138 
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Table D2 Ratios of mean trace element concentrations to mean Sc concentrations in 
SFGL and stormwater outflow (SWO) sediment, 2001 field season. 

Element Date Upstream Downstream Sturgeon Dun donald 
SWQ SWQ 

Cr Jul12 5.315 5.732 
Jut 17 5.733 5.036 n.a. 14.065 
Jut 18 6.006 5.534 
Jut 19 5.219 4.812 
Sep20 n.a. n.a. 8.096 
Sep21 n.a. 2.405 
Sep22 2.764 3.851 
Sep26 3.808 2.300 

Ni Jul12 3.509 3.500 
Jul17 3.240 3.165 n.a. 9.732 
Jul18 3.196 4.103 
Jul19 3.043 2.875 
Sep20 · n.a. n.a. 4.864 
Sep21 n.a. 3.785 
Sep22 1.945 1.268 
Sep26 1.785 1.544 

Cu Jul 12 1.391 0.675 
Jul17 1.899 0.814 n.a. 32.520 
Jul18 2.160 0.928 
Jul19 1.632 0.886 
Sep20 n.a. n.a. 6.936 
Sep21 n.a. 0.504 
Sep22 1.885 0.786 
Sep26 0.987 0.693 

Zn Jul12 5.477 4.912 
Jul 17 6.627 6.504 n.a. 160.322 
Jul18 7.689 6.588 
Jut 19 6.240 6.644 
Sep20 n.a. n.a. 54.085 
Sep21 n.a. 3.820 
Sep22 7.666 4.574 
Sep26 3.925 4.782 

n.a. - not available 

158 



Table D2 Continued 

Element Date Upstream Downstream Sturgeon Dundonald 
5WQ SWQ 

As Jul12 0.530 0.923 
Jul17 0.748 1.254 n.a. 1.455 
Jul18 0.830 1.649 
Jul19 0.518 1.567 
Sep20 n.a. n.a. 0.532 
Sep21 n.a. 0.562 
Sep22 0.631 0.772 
Sep26 0.393 0.898 

Sn Jul 12 0.317 0.054 
Jul17 0.451 1.051 n.a. 8.501 
Jul18 0.435 0.322 
Jul19 0.227 0.699 

Sep20 n.a. n.a. 0.654 
Sep21 n.a. 0.081 
Sep22 0.113 0.136 
Sep26 0.044 0.116 

Pb Jul12 1.153 1.730 
Jul17 1.282 2.056 n.a. 79.491 
Jul 18 1.455 2.306 
Jul19 1.219 2.353 
Sep20 n.a. n.a. 23.572 
Sep21 n.a. 2.210 
Sep22 2.729 2.686 
Sep26 1.929 3.194 

u Jul 12 0.223 0.210 
Jul 17 0.234 0.353 n.a. 1.075 
Jul 18 0.263 0.270 
Jul19 0.225 0.286 
Sep20 n.a. n.a. 0.563 
Sep21 n.a. 0.249 
Sep22 0.461 0.379 
Sep26 0.321 0.353 

n.a. - not available 
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