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Abstract 
 
The Cataraqui River, which drains 930 square km of watershed before emptying into the inner 

harbour of Kingston, Ontario (pop: 113,000), has a long history of anthropogenic use.  More 

than 40 industries have existed within the inner harbour over the last century, and while many 

of these industries are no longer present, the properties that they operated on remain to the 

present day as potential sources of persistent contamination.  This study examined total 

mercury (THg) concentrations in depth profiles of 21 sediment cores within the inner harbour.  

THg in pore waters was measured in some selected cores along with methylmercury (MeHg), 

and total organic carbon measured as % Organic Matter (OM).  Results show that the spatial 

distribution of THg in the surface sediment is not homogenous; concentrations in surface 

sediment along the southwestern shoreline, adjacent to the former industrial properties, are 

significantly greater than the rest of the inner harbour, and above the severe effect limit (> 2000 

µg/kg) guideline for sediment.  MeHg was detected in some sediment cores, and was found to 

have a significant, positive correlation with [THg] in surface sediment.  THg in pore water was 

below detection limits in most cores, indicating possible strong associations with sediments, 

however OM only showed significant, positive correlations with THg in one core sampled.  To 

determine the sources of Hg to sediments, soils, runoff and storm sewer discharges near high 

concentration sediments were measured for THg.  Hg was not detected in storm sewers, but 

was detected in terrestrial soil near the Kingston Rowing Club at a concentration of more than 

4000 µg/kg.   Significant [THg] was detected in runoff draining shoreline soils, indicating that 

erosion from terrestrial sources may be an ongoing source of Hg to sediment.  Since [THg] was 

correlated to the [MeHg] in surface sediment, reducing the amount of Hg entering the river 

from terrestrial sources may reduce the amount of bioavailable Hg in sediments of the inner 

harbour. 
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1.1  General Introduction 

 

The presence of mercury (Hg) in the environment is of great concern due to its toxicity and 

tendency to accumulate in biota under certain environmental conditions.  Properties in an aquatic 

environment that promote the formation of Hg’s neurotoxic and bioaccumulative form, 

methylmercury (MeHg), are especially of interest as over 95% of Hg in fish is in its organic species 

(Ravichandran, 2004).  Because MeHg has the ability to magnify through food webs, particularly in 

aquatic systems, consumption of aquatic food has the potential to expose humans to this neurotoxic 

metal.  While gross, point-source contamination of the environment with Hg, such as the Minimata 

disaster, has been known to be toxic to humans for decades, recent epidemiological studies have 

documented the severe health effects that chronic, low-level Hg exposure can have on prenatal 

development (Meyers et al., 2005; Jedrychowski et al., 2006).  Preventing Hg loading to the 

environment, particularly in watersheds, should be of the utmost concern since 13.8% to 16.5% of 

consumed animal protein comes from fisheries (FAOUN, 2002).  Despite a 50% cut in Hg emissions 

since the 1970’s in eastern Canada and the northeastern United States (Sunderland and Chmura, 

2000), a similar decline in the concentrations of fish and wildlife has not been observed in all 

instances (Pacyna and Pacyna, 2002).  In fact, 85.3% of all fish consumption restrictions from inland 

lakes in Ontario are due to Hg (OME, 2006).   

Understanding the fate of both natural and anthropogenic Hg must be understood to manage Hg 

emissions to the environment from current and historical sources.  Recently, concerns about the 

potential negative effects that contamination at many abandoned industrial sites (often referred to as 

brownfields) may have on the environment surrounding these properties have been raised.  It is 

estimated that there are between 400,000 and 500,000 brownfields in the US (Litt and Burke, 2002), 

300,000 to 1.5 million sites in Europe (van Calster, 2004) and over 30,000 in Canada (Canadian 

Brownfields Network, 2006). As developers and city planners try to find ways to develop these 

properties safely (Sounderpandian et al., 2005; Litt and Burke, 2002) understanding the effects that 



 3 

these abandoned industrial sites have on their surrounding environment and communities needs to 

be evaluated. 

This study will examine the sources and fate of Hg in sediment in the inner harbour of Kingston, 

Ontario where former industrial properties and brownfields exist.  While total Hg (THg) has been 

detected on former industrial properties and in sediment, no studies have quantified existing Hg 

concentrations, or described if Hg loading is ongoing.  Hg distribution in depth profiles of the 

sediment will be compared to Hg in surface water, the surrounding porewater, and runoff from 

terrestrial soils, to determine the mobility and sources of Hg to the sediments.  As the mobility and 

bioavailability of Hg are known to be directly influenced by organic matter, correlations between 

organic matter in sediments and THg and MeHg concentrations will be examined to determine what 

role, if any, organic matter is playing in the fate and mobility of Hg within the inner harbour. 

 

1.2  Fate and Sources of Hg in the Environment 

The stability, mobility and toxicity of Hg largely depend on its speciation and complexation with 

other elements in the environment.  Hg tends to exist in one of its three main forms: elemental Hg 

(Hgo), inorganic Hg (Hg+, Hg2+) or organic Hg (MeHg, ethylmercury, etc.).  The low melting point    

(-38.8 oC) and boiling point (356.7 oC) of Hgo, and its ability to form amalgams with other metals, 

organics and thiol compounds, allows it to move from one favourable complexation to another 

within its surroundings.   

While Hg has an average concentration around 0.08 µg g-1  in the Earth’s crust, it is not distributed 

evenly, as a few of the elements that make up the crust bind more favourably with Hg than others 

(Vostal, 1972).  The unique properties of Hg have allowed the metal to gradually enrich in low 

temperature ores in the Earth’s crust over time, particularly as its inorganic species (Hg+, Hg2+) 

(Rytuba, 2005).  Cinnabar (HgS) is the most common ore containing Hg, and has been mined for Hg 
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for thousands of years in Spain and Southern Europe (Rytuba, 2005).  Although most ores contain 

less than 0.0001 µg g-1 Hg, those that bind Hg more easily, such as cinnabar or black shale, can 

have well above 1.5 µg g-1 Hg. (Rytuba, 2005).   

Hg enters the environment as a result of both anthropogenic and natural activities.  While Hg can 

exist in the atmosphere as a gas, liquid, or bound to a particle, approximately 80% of atmospheric 

Hg is in its gaseous, elemental (Hgo) form (Lindqvist and Rodlhe, 1985; Schroeder and Munthe, 

1998).  Hgo at the Earth’s surface, either in waters or terrestrial soils, can be released easily into the 

atmosphere due to its low boiling point and high volatility.  Due to the large surface area globally, 

release of Hg from low-concentration soils and water is not trivial.  Indeed, natural processes such 

as degassing of the Earth’s crust and oceans, and emissions from volcanic eruptions, are estimated to 

mobilize between 2700 and 6000 tons of Hg annually (ATSDR, 1999).   

The presence of Hg in a variety of minerals and ores means that industrial processing of geological 

resources, particularly at high temperatures, can release significant amounts of Hg to the 

environment.  Not surprisingly, worldwide anthropogenic sources such as coal production, fossil 

fuel combustion, mining, smelting of ores, and waste incineration produce 2000 - 3000 tons of Hg 

annually (ATSDR, 2000).   Emissions to the atmosphere from these processes have resulted in its 

widespread distribution around the globe. Hg-contaminated sites, either natural or anthropogenic in 

nature, have the ability to continue releasing Hg from tens to thousands of years after the processes 

have ceased (Pacyna and Pacyna, 2005). 

 

1.3  Transport of Hg in the environment 

While mercury contamination was originally seen near point-source releases during the mid 1900’s, 

more recent work has identified contamination problems in remote lakes and rivers due to 

atmospheric sources.  Hgo has the ability to migrate through the atmosphere more easily than its 
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heavier, particulate forms (Lindqvist and Rodlhe, 1985).  It is speculated that due to its volatility, Hgo 

can remain in the atmosphere for up to 2 years (Lindqvist and Rodlhe, 1985), giving rise to deposits 

in areas far from its release. For example, in the Canadian Arctic, concentrations in fish and biota 

have historically been increasing, despite a lack of local Hg inputs (Braune et al, 2005; Campbell et 

al., 2005; Muir et al., 2005).  

Hgo  vapour is relatively inert, and sparingly soluble in pure water (Lindqvist and Rodlhe, 1985). 

Oxidation of Hgo with atmospheric species (e.g. ozone, OH radicals), can form Hg2+ species, which 

are less volatile and can deposit onto water and terrestrial surfaces (European Community, 2002).  

Recent models have suggested that Hgo has the potential to be re-emitted to the air once it has been 

deposited onto surfaces (Schroeder and Munthe, 1998).  Conditions that promote the formation of 

Hgo at the earth’s surface, such as seasonal increases in temperatures associated with seasonal 

variations, can increase flux of Hg to the atmosphere (Schroeder and Munthe, 1998; European 

Community, 2002).  As a result, the distance Hg can potentially travel is not necessarily limited by 

residence time in the air, as deposited Hg can re-volatilize into the atmosphere, and re-deposit 

elsewhere.  This natural phenomenon, known as the global distillation process (Wania and MacKay, 

1993), is believed to be a major contributor of Hg to remote lakes, and in particular, increased Hg 

accumulation in the cooler polar regions (Braune et al., 2005; Muir et al., 2005). 

Hg can enter aquatic systems via terrestrial, geologic, or atmospheric deposition.  Once deposited, 

Hg translocation in aquatic environments can result from diffusion from sediments, desorption from 

resuspended sediments, “biotransport” via movement of contaminated biota, and movement of 

dissolved Hg species in water currents (Wang et al., 2004; Hope, 2005).  While Hg mobility within 

the water column is not unusual, long distance transport of Hg in aquatic systems is usually 

facilitated by complexation with sediment and other particulates (Wang et al., 2004; Hope, 2005).  

As a result, the movement and availability of Hg within the water column is largely dependent on its 

ability to bind with sediments and organic matter. 



 6 

1.4  Hg and Organic Matter Interactions 

Organic matter (OM) in aquatic systems has the ability to facilitate movement of both nutrients and 

inorganic molecules, including Hg compounds; it can act as a vehicle for transport from terrestrial 

sources, as well as provide binding sites for molecules both within the water column and in 

sediment (Hood et al., 2005).  OM in waterways can arise from either external sources 

(allochthonous), or from processes originating within the aquatic system (autochthonous) (Hood et 

al., 2005).  A large portion of the OM found in watersheds is characterized as dissolved organic 

matter (DOM).  Dissolved organic compounds consist of organic molecules ranging from 

macromolecules to low molecular weight compounds, with organic acids comprising the majority 

of the DOM fraction in freshwaters (Hood et al., 2005). 

Organic matter contains a variety of acidic functional groups, which have the ability to bind 

inorganic Hg and other trace metals.  These acid binding sites include carboxylic acids, phenols, 

ammonium ions, alcohols and thiols, with carboxylic acids and phenols contributing up to 90% of 

them (Ravichandran, 2004).  The strong interactions between Hg and organic matter have been 

observed in several studies where Hg concentrations correlate positively with DOM (Hurley et al., 

1995; Johansson and Iverfeldt, 1994; Mierle and Ingram, 1991).  However, the strong interactions 

between Hg and organic matter are usually attributed to binding with sulfur-containing functional 

groups.  Hg has been found to preferentially bind with thiols and other sulfur groups, which are 

present at much smaller concentrations in organic matter, ranging only from about 0.5% to 2% by 

weight (Ravichandran, 2004).  

Hg complexation with organic matter has the potential to facilitate Hg transport in both natural and 

disturbed sediments and soils.  Positive relationships between Hg and organic matter might be 

expected in environments where Hg has come from disturbed or organic-rich soils such as 

wetlands, where Hg might be co-transported with organic matter (Wallschlager et al., 1996).  

Conversely, poor relationships between Hg and organic matter might be recorded in cases where 
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Hg loading is primarily from atmospheric sources, where loading is independent from organic 

matter inputs (Ravichandran, 2004).  Studies examining the relationship between sediment grain 

size and metal concentrations have found negative correlations in many urban waterways.  It is 

believed that the smaller grain sizes can allow for more surface area exposure to the surrounding 

water column and pore water, thus allowing for additional binding sites with Hg (Thomas, 1983).   

 

1.5  Mercury Methylation 

While the majority of Hg found in top trophic predators is MeHg (>90%), the proportion of Hg that 

is in its organic form within the environment is significantly smaller (Horvat et al., 2002; 

Ravichandran, 2004).  This suggests that the processes that control MeHg production are paramount 

to the bioaccumulation and toxicity of Hg in a given environment.  Indeed, when comparing Hg 

concentrations in sediment and biota from one site to another, higher amounts of total Hg do not 

always correspond to higher Hg concentrations in biota (Ravichandran, 2004) 

Methylmercury concentrations in aquatic systems and biota are usually too high to be accounted for 

by external loading (Gilmour and Henry, 1991).  Consequently, in-situ production is believed to be 

the primary source of MeHg in the natural environment.  MeHg production is largely a microbial-

mediated process (Ekstrom et al., 2003), although some abiotic methylation has been observed, 

particularly in organic-rich sediments (Ullrich, et al., 2001).  The major microbial producers are 

anaerobic, sulfate-reducing bacteria (SRB) (Kerry et al., 1991; Ekstrom et al., 2003), usually located 

within the anoxic layers of the sediment or water column.   

Sulfur within OM and DOM can occur as a reduced (sulfide, thiol), or oxidized species (sulfonate, 

sulfate). Previous studies of sediment and cell cultures involving SRB and metabolic inhibitors of 

sulfate reduction have demonstrated that sulfate reduction is coupled to Hg methylation (King et al., 

2002).  While some studies have shown a relation between the methylation process and the acetyl 
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Co-A process, the exact mechanism by which SRB reduce sulfate to sulfide and convert inorganic 

Hg to MeHg  is not completely understood (Ekstrom et al., 2003). 

The availability of sulfur-reducing sites for methylating bacteria is one of the limiting factors in the 

methylation process.  Addition of sulphate to sediment can stimulate methylating bacteria and 

increase methylation rates (Kerry et al., 1991; Benoit et al., 1999).  Preference of Hg for reduced 

sulfur sites is expected as the stability constant for Hg2+ complexation with an oxidized ligand, SO4
2-

, is 101.3, whereas, the stability constant for complexation with a reduced ligand, S2-, is 1052.4 

(review, Ravichandran, 2004). Hydrophobic acid fractions of DOM (humic and fulvic acid) have 

significantly higher reduced sulfur content than the other fractions of DOM (Ravichandran, 2004).  

This is consistent with other work that has shown a preferred association of Hg with dissolved 

humic substances (Mierle and Ingram, 1991).   

Given that Hg methylation seems to be favoured in reducing environments where the Hg is mobile, 

conditions that can change the affinity of Hg for organic matter can have a direct impact on Hg 

methylation. For example, variations in the chemical characteristics of an environment that may 

change the relative acidity and composition of organic matter such as temperature, pH, or dissolved 

oxygen, can have a direct effect on the mobility and amount of bioavailable Hg in an aquatic 

system.  As reducing environments favour Hg methylation, changes in parameters that may lower 

redox potential (Eh), such as reduced oxygen levels and lower pH, can promote the formation of 

MeHg. 

 

1.6  Acidification and Hg methylation 

The association between acid deposition in lakes and increased MeHg accumulation in biota has 

been observed repeatedly (Kerry et al., 1991; Gilmour and Henry, 1991).  Acidification of sediments 

from lakes, both in-situ and in-vitro, have observed an increase in Hg methylation and the flux of 
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inorganic Hg from sediment to the water column (Gilmour and Henry, 1991).  The strong 

associations between organic matter and Hg are believed to be weakened as the pH is lowered. 

Conditions that promote binding of Hg2+ to organic matter can limit the amount of free Hg ions in 

the environment, and ultimately, the amount of Hg available to methylating bacteria.  However, 

when pH is lowered, it reduces the affinity of acid binding sites to Hg relative to the rest of the 

surrounding environment; as a result, OM is less likely to bind and complex Hg (Ravichandran, 

2004; Gilmour and Henry, 1991).  Free, unbound ions of Hg have a greater chance of moving and 

binding to reduced sulfur sites, increasing the potential for Hg methylation when the pH of the 

environment is lowered (Miskimmin et al., 1992; Barkay et al., 1997).  As Hg becomes less strongly 

associated with sediment and OM, Hg2+ as well as organic forms of Hg can become more available 

to the water column and biota.   

The primary route of MeHg exposure in top trophic fish is through food consumption (Hall et al., 

1997), but uptake across gills and through cellular membranes by smaller organisms such as 

zooplankton and algae can occur in the water column.  Due to MeHg’s affinity for lipids, dissolved 

MeHg can easily cross biological membranes (Tchounwou et al., 2003).  As a result, acidification of 

aquatic ecosystems not only promotes methylation within sediments, it can also increase the 

amount of bioavailable Hg to the water column. 

 

1.7 Sediment, Water and Soil Quality Guidelines 

In Canada, sediment quality guidelines have been established at both the federal and provincial 

levels, for the protection of aquatic life.  In Ontario, Provincial Sediment Quality Guidelines 

(PSQGs) are based on the chronic, long-term effects of contaminants on benthic organisms (Persaud 

et al., 1993).  Criteria define three levels of exposure: the No Effect Level (NEL), the Lowest Effect 

Level (LEL) and the Severe Effect Level (SEL).  The NEL is characterized as the concentration of 
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contaminants in sediments that do not present a threat to benthic biota, water quality, wildlife, or 

human health.  The LEL is the concentration of contaminants where ecotoxic effects on biota 

become apparent.  The SEL is the concentration where contaminants may potentially eliminate most 

of the benthic organisms.  There are unique guidelines for each type of contaminant, based on 

toxicology tests specific to that pollutant.  Although there are currently insufficient data to define an 

NEL for Hg, the LEL is set as 0.2 µg g-1 and the SEL is 2 µg g-1 (Persaud et al., 1993). 

At the federal level, Environment Canada has established Canadian Sediment Quality Guidelines for 

the protection of aquatic life (CCME, 2005).  The lowest quality guideline, defined as the Interim 

Sediment Quality Guideline (ISQG), is set at 0.17 µg g-1 for Hg, and the Probable Effect Level (PEL), 

is defined as 0.486 µg g-1.  These Hg concentration benchmarks are used to define three ranges of 

concentrations in sediment for Hg depending on their effect on aquatic biota.  The ranges are 

classified as those that are rarely (<ISQG), occasionally (ISQG<PEL), and frequently (>PEL) 

associated with adverse biological effects (MacDonald, 1993).  Sediments that have a concentration 

equal or lower than that of the ISQGs are considered to be of acceptable quality (CCME, 2005) 

Environment Canada has also established limits on THg and MeHg concentrations in water 

in cooperation with the Canadian Council of Ministers of the Environment (CCME), under 

the Canadian Water Quality Guideline (CWQG) (CCME, 2005).  The guideline to protect 

freshwater life from inorganic Hg is 26 ηg/L, and the limit for MeHg is 4 ηg/L.  The 

guidelines were developed based on studies examining direct exposure of biota to Hg and 

MeHg, but do not address the effects of MeHg exposure through food or through 

bioaccumulation.  Soil quality guidelines have also been established by the CCME for 

inorganic Hg.  Residential, recreational, and agricultural guidelines are set at 6.6 mg/kg, 

(CCME, 2006).  The limits for commercial and industrial Hg concentrations are much 

higher, at 24 mg/kg and 50 mg/kg respectively (CCME, 2006) 
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1.8  Study Site 

The Cataraqui River (Figure 1-1) is one of two distinct river systems that comprise the historic 

Rideau Canal, which stretches from Ottawa to Kingston, Ontario.  It drains 930 km2 of primarily 

Canadian Shield bedrock, before emptying into the inner harbour of Kingston, which is considered 

an embayment of Lake Ontario (Chrysler and Latham, 1977).  The mouth of the river, which defines 

the inner harbour of Kingston (Figure 1-2), is a 5 km stretch whose shoreline use includes 

residential, commercial, recreational, as well as industrial activities. 

 

1.8.1  Ecological Characteristics 

The northern stretch of the inner harbour is dominated by the provincially significant Cataraqui 

Marsh, occupying approximately 3.5 km of the shoreline (Figure 1-3) (Malroz, 2003).  The 

provincial wetland evaluation system was developed by the Ontario Ministry of Natural Resources 

to evaluate the importance or value of a wetland for conservation purposes (Chisholm et al., 1995).  

The Cataraqui Marsh is home to 51 different plant species including three nationally rare, six 

provincially rare, seven provincially uncommon and 24 locally rare vascular plants.  Approximately 

30% of the marsh is composed of sedge and graminoid marsh, with the remainder being cattail 

marsh (Blancher, 1984). 

Studies examining fish populations in the inner harbour have identified 36 different species 

(Blancher, 1984).  The harbour contains important areas for fish species and includes spawning 

areas for bass and pike, particularly in the northern areas near the marsh (Ecologistics Ltd, 1984).  

However, the soft substrate along the shores of the inner harbour where sedimentation is high, 

provides spawning grounds for other species such as largemouth bass, yellow perch, rock bass and 

sunfish (Ecologistics Ltd, 1984).  Carp, which migrate into the inner harbour, spawn in the open 

water just off shore from Cataraqui Park and the western shoreline (Malroz, 1999).  Aside from the 
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ecological importance of fish populations in the inner harbour, they provide a means of income for 

at one known commercial fishery, two bait fisheries, as well as provide catch for recreational and 

sport fishers alike. 

Wildlife in the area are primarily located around the marsh and include fur bearers such as muskrat, 

mink, raccoons and beavers (Crysler & Latham, 1977; Blancher, 1984).  In particular, mink, which 

are known fish consumers, have been found with symptoms of Hg-poisoning across Ontario 

(Halbrook et al, 1997; Wren et al., 1986; Yates et al., 2005).  The Cataraqui River is an important 

destination for migrating birds and waterfowl, particularly in the spring and fall (Crysler & Latham, 

1977).  The Cataraqui Marsh is a highly significant tree swallow migration area (TKN, 1990).  

Swallows and fish consumers such as heron and kingfisher are also adversely affected by Hg in their 

diets (Evers, 2005).  A total of 206 species of birds have been sighted including several provincially 

significant species (Blancher, 1984).  While information regarding amphibian and reptile species is 

not extensive, several different species have been observed including the provincially rare 

Blanding’s Turtle. 

 

1.8.2  Anthropogenic Land Use 

The construction of the Rideau Canal (1826 - 1832) signified the beginning of rapid industrial 

development along the river, particularly in Kingston where industrial activities have existed for over 

two centuries.  The eastern shoreline in Kingston’s inner harbour has remained relatively 

undeveloped due to its steep banks (Crysler & Latham, 1977).  The western shoreline, however, with 

its ideal, gradually sloping topography has been utilized for various industrial, commercial and 

residential activities.   

About 20 industries were in operation along Kingston’s waterfront in 1861 (Osborne and Swainson, 

1988) and that number grew to over 40 by 1963 (Malroz, 1999).  Industries that have occupied the 



 13 

inner harbour of Kingston include a former tannery and lead smelter, manufacturing and fabrication 

companies, a woolen mill, a grist mill, shipyards, a fuel depot, a railway corridor, and a coal 

gasification plant (Malroz, 2003).  While many of these industries are no longer present, the 

properties that they operated on remain to the present day as potential sources of Hg contamination.  

Industrial processes that may have potentially used or discharged Hg, are described below. 

 

1.8.2.1  Kingston Coal Gasification Plant 

The Kingston Coal Gasification Plant operated from 1848 to 1950 along the western shore of the 

inner harbour, bound by King Street, Queen Street, Ontario Street and Place D’Armes (Fig. 1-3).  

The primary function of the facility was to carbonize coal and oil to produce natural gas (CH2M 

Hill, 1991).  Acquired by the City of Kingston in 1904, the plant produced approximately 26,652 

million cubic feet (m.c.f.) of gas per year at the time (Intera Technologies, 1988).  Production 

increased in later years with two gas producers in operation from 1930 - 1935 with capacities of 

90,000 and 70,000 m.c.f. respectively.  However, from 1937 – 1939, only the gas producer with 

90,000 m.c.f. capacity was in operation.  

In addition to gas, the plant produced coal tar waste, a by-product of the gasification process.  This 

coal tar waste was disposed of on site, as well as to the north where two coal yards were located 

along Anglin Bay (Fig. 1-3).  In order to produce 11,000 cubic feet of gas, approximately 1 ton of 

coal is required which results in 70-120 lbs of coal tar as waste (Intera Technologies, 1988).  Coal 

tar is a complex mixture of polycyclic aromatic hydrocarbons (PAHs) and other constituents that can 

vary in composition depending on the site sampled (Brown et al., 2006).  While there are numerous 

studies characterizing the PAH composition of coal tar, information relating to metal concentrations 

and Hg in particular, are limited.  Given that Hg concentrations in coal generally vary between 100 

and 1500 µg/kg depending on its origin (Pacyna and Pacyna, 2005), there is potential for Hg to have 

been released either through emissions from the gasification process, or to be present in residual 
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coal tar wastes. 

Studies have found evidence of elevated PAH concentrations in soil and groundwater on the former 

gas plant property (Intera Technologies, 1988), as well as coal tar contamination of sediment in and 

around Anglin Bay below the top 30 cm of sediment (CH2M Hill, 1991).  An extensive cleanup 

operation was undertaken by the city after significant contamination on and around the former sites 

was identified (Duke, 2001).  Contaminated soils and buried waste that was accessible to excavators 

was removed during the site cleanup (Duke, 2001).  

There is the potential that inaccessible, contaminated soils and waters may remain or were 

relocated to surrounding soils and sediments prior to excavation over years of natural and 

anthropogenic disturbances.  An unpublished report by the Ministry of the Environment in 1991 

found Hg in surface sediment near the Queen St. slip and Anglin Bay, just adjacent to these sites, 

concentrations exceeded PEL limits in four of the five sampling locations (Jaagumagi, 1991).    Since 

coal tar was found in sediments below 30 cm, and Hg is known to exist in coal and coal derivatives, 

the former site may remain a potential source of Hg to sediments of the inner harbour. 

 

1.8.2.2  Davis Tannery Site 

From 1909 to 1973, the Davis Tannery operated on a property near the marsh south of Belle Park 

(Fig. 1-3).  During the operation of the tannery, hides were turned into leather through various 

chemical treatments.  Chromium (Cr) salts are often used in the process of tanning, and effluent 

leaving tanneries regularly contain elevated levels of chromium (Eisler, 1986).  A variety of metals 

and contaminants have also been measured in tannery effluent and wastes and include zinc (Zn), 

lead (Pb), and Hg (UNEP, 2004).  While Hg occurs as amalgams with many of the metals used in 

tannery operations, hides and natural fibers were also treated with Hg as a biocide in some tannery 

operations to prevent degradation of the products by fungi, bacteria and other microorganisms 
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(USEPA, 1992; HELCOM, 1995). 

Effluent from the Davis Tannery was released into the marsh and creek north of the tannery facilities 

at two points up until 1967 (OME, 1978).  While the tannery continued operating until 1973, 

effluent was discharged directly into the sanitary sewer system after 1967.  In addition to liquid 

wastes, solids were dumped along the edges of the marsh and elsewhere on the property (OME, 

1978).  The exact locations of all these sites are not well defined, as over decades of operations, 

excavation and relocation of soil and waste materials may have redistributed the contaminated 

material (OME, 1978). 

Environmental investigations of the tannery and its ancillary properties have frequently detected 

elevated concentrations of metals in soils such as chromium, lead and zinc, which exceed industrial 

soil quality guidelines in addition to residential and commercial guidelines (Stokes, 1977, DCS 

1994).  Analysis of sediment at the mouth of the creek and marsh and adjacent to the shoreline next 

to the tannery properties has also shown elevated concentrations of the same metals found in the 

soil samples on the former industrial property.  Tannery effluents, which regularly contain elevated 

levels of chromium, were a major source of the high chromium concentrations in the sediment of 

the inner harbour (CH2M Hill, 1991). 

Soil samples from the tannery properties have shown elevated concentrations of Hg, some as high 

as 17 µg g-1, which exceeds industrial soil quality guidelines (DCS, 1994; Stokes, 1977).  The 

polluted site may be an ongoing source of contamination (ESG, 2003), and Hg found in soil both on 

and surrounding the former Tannery properties may be an ongoing source to the inner harbour. 

 

1.8.2.3  Belle Island Landfill 

Belle Park (Figure 1-3), originally a marshland that connected Belle Island to the mainland, was 

filled in with municipal waste from 1952 to 1974.  The 44-hectare site was backfilled in 1974 with 
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~0.6m of cover, and was subsequently converted into a recreation area that includes a nine-hole 

golf course (Malroz, 2001).  Immediately north of Belle Park is a four-hectare area where sediment 

dredged from the bottom of the inner harbour has been placed.   

In 1999, a lawsuit was filed against the City of Kingston for its alleged failure to contain leachate 

seepage from the decommissioned landfill site.  Contaminants of concern included PCBs, PAHs, 

pesticide derivatives, Fe, and ammonia.  Since then, groundwater seepage, wastewater and surface 

water are all monitored on a regular basis (Malroz, 2001).  While Hg is contained in a variety of 

products that may have been deposited in the landfill, Hg has not been measured above detection 

limits (0.0001 µg/L) in any of the waters since the beginning of the monitoring program. 

 

1.8.2.4  Kingston Cotton and Fabrication Company - The Woolen Mill 

Along the shoreline south of the Davis Tannery existed the former Kingston Cotton and Fabrication 

Company, often referred to as the Kingston Woolen Mill (Figure 1-3).  The main building still exists, 

but has been refurbished and is now home to several commercial businesses including a restaurant 

and indoor rock-climbing gym.  To the north is the site of the Kingston Rowing Club (KRC), a 

recreational facility that utilizes the sheltered harbour for rowing and other water activities (Figure 1-

3).  Prior to these businesses, there were no available records that indicate how long the Woolen 

Mill was in operation for, or what processes existed on the properties when it was in operation. 

Knowledge from other textile and cotton manufacturing industries, suggest that Hg was most likely 

used in one or many of the processes at the former Kingston Woolen Mill.  Mercury was often used 

in the manufacture of anthraquinone (AQ) dyes used for dyeing cotton.  AQ is sent through a 

number of stages, one of which is a sulfonation reaction that requires Hg as a catalyst; followed by 

arsenic-catalyzed amination (Baptista and Travis, 2006).  As a result, wastes containing Hg as by-

products were often produced during the process.  Mercury, as well as arsenic (As), was also used as 

biocides to prevent the degradation of natural fibers (USEPA, 1992; HELCOM, 1995).  Hg and As 
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have been regularly detected downstream from textile factories, most likely due to the wastes 

discharged from their processes (Zinabu and Pearce, 2003; HELCOM, 1995). 

 

1.8.2.5  Other Anthropogenic Activities 

In addition to the industrial operations along the western shore, several storm sewers empty directly 

into the river at several points.  Historically, sanitary wastes were discharged into the inner harbour 

during overflow periods (CH2M Hill, 1992).  While larger holding tanks have been built by the City 

of Kingston to prevent overflows, it does not eliminate the possibility of discharges.   

Refueling operations were scattered throughout the inner harbour, and a large one was located 

immediately north of Anglin Bay where a rail yard operated from the mid 19th to 20th centuries 

(Malroz, 2003).  Given that Hg concentrations in crude oils range from 0.01 to 0.5 µg g-1(wet wt.), 

but have been observed as high as 3 µg g-1 (Pacyna & Pacyna, 2005), gasoline and oil spillage 

during refueling operations may have contributed Hg to sediment, water, or soils during the periods 

that they operated. 

 

1.9 Objectives of the Study  

Previous analysis of sediment quality in the inner harbour has shown elevated levels of several 

contaminants including PCB’s, PAH’s and metals such as Cr, Cu and Pb (ESG, 2002; Stokes, 1977).  

The distribution of contaminants in surface sediment does not appear to be uniform throughout the 

inner harbour, but rather is concentrated in plumes near shorelines adjacent to former industrial 

sites (ESG, 2002).   While studies have shown soil on and surrounding former industries to be 

elevated in contaminants similar to those found in the sediment (Stokes, 1977; Malroz, 2003), none 

have examined whether contaminated soil is continuing to load contaminants to sediment.   
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No formal study of Hg contamination within the inner harbour has been performed to date.  

However, preliminary analysis of surface sediment in 2003 by OME and EC showed Hg 

concentrations in sediment adjacent to the KRC above PEL limits in 14 samples and above SEL limits 

in another seven (Lake Ontario LaMP, 2006).  This study will examine Hg distribution in depth 

profiles of sediment in the inner harbour where former industrial properties and brownfields exist.  

Given that the mobility of Hg is directly influenced by the presence and amount of organic matter, 

total organic carbon in depth profiles will be compared to total Hg (THg) concentrations.  

Measurements of MeHg in sediment and total Hg in pore water will be used to determine what role, 

if any, organic matter is playing in the mobility and ultimately the bioavailability of Hg within 

sediments.  Data from this study will be used to determine if Hg loading to sediments is an ongoing 

process, and whether co-transport with organic matter is facilitating Hg sequestration to sediment, 

or allowing Hg to remain mobile, and thus potentially bioavailable to biota within the inner 

harbour. 

 

1.10  Geostatistical Theory - Kriging Estimations 

Observed THg concentrations at sampled locations may show a trend at that specific point, but it is 

difficult to interpret how that relates to other sampling locations or how the Hg is spatially 

distributed is difficult.  To make spatial distributions easier to conceptualize, interpolation methods 

can be employed to predict values at unsampled locations in a study area.  Those values can be 

combined with observed values to create a prediction map or contour plot of estimated Hg 

concentrations over a sampled area.  The accuracy and appropriateness of the spatial model 

depends greatly on the geostatistical model chosen, as it directly influences the accuracy of the 

interpolation. 

The geostatistical method used in this study to estimate and interpolate THg concentrations in 

sediment is kriging.  Kriging uses data from a single data set to estimate values of that same data set 
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at unsampled locations.  It is a weighted moving average estimator minimizes the variance between 

the estimated values and the unknown values (Journel and Huijbregts; Ouyang et al, 2003). While 

other conventional methods of two-dimensional interpolation and smoothing are effective, kriging 

offers features that other approaches do not.  First, kriging can provide an estimate of the variance at 

each estimated point, which indicates the accuracy of that estimated value (Lele, 1995).  Second, it 

generates standardized errors which indicate how accurately the contour plot estimates sampled 

locations if those points are removed from the data set (Lele, 1995).  Choosing a kriging model that 

minimizes those standardized errors produces the most accurate prediction map. 

Details describing the various kriging techniques are well documented (Journel and Huijbregts, 

1978).  Originally developed for mining practices, the equations and statistics involved can be quite 

data intensive.  Using the Geostatistical Analyst tool in ArcMap, the process of kriging can be done 

in a few minutes. The process first requires performing statistical tests that check the appropriateness 

of a data set to the spatial model to be used (Lele, 1995; Ouyang et al., 2003). 

While Ordinary and Universal kriging are the two most common kriging methods (Ouyang et al., 

2003), Ordinary kriging is the most widely used approach.  It assumes the constant mean is 

unknown and only takes into consideration the points within a specified neighbourhood or area of 

an observed value.  Universal kriging should only be used when there is an obvious trend in the 

data and a scientific justification can describe it.   

Ordinary kriging makes an estimation of a variable (C) at an unobserved location, based on the 

weighted average of the observed sites that are adjacent to the estimated point within that area.  The 

nearby measured values, denoted C1, C2,...Cn, are calculated as a weighted sum that is used to 

compute the estimated value (C*).  The equation of the kriging estimation is (Rouhani et al, 1996):  
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where wi is the weight depending on location and distribution of the observed sites that are within 
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the neighbourhood of the estimated site.  

Once the appropriate kriging method is selected, choosing the correct kriging model depends on 

two important steps.  First, the characteristics of the data set need to be understood in order to 

determine the normality of the data.  If the data fits a Gaussian distribution, then the best predictor, 

one that minimizes the prediction mean-squared error, is a linear combination of data values 

(Journel and Huijbregts, 1978).  As a result, simple, ordinary and universal kriging are best used for 

Gaussian data.  Should the data not fit a Gaussian trend, transformations (e.g. log) can be used to 

transform the data so that it is normally distributed. 

The second step in choosing the appropriate kriging model requires an understanding of the spatial 

dependence that characterize the data sets (Ouyang et al., 2003).  This is achieved by creating an 

experimental variogram. In the variogram plot, data pairs are grouped into a number of distance 

groups referred to as lags.  A lag is the line that separates any two points, and has length and 

direction.  In each lag, the average of one-half the squared differences is calculated and plotted 

against its corresponding separation distance.  The resulting plot is referred to as the experimental 

variogram (Rouhani et al, 1996).  The equation used to create the semivariogram is: 
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where y*(h) is the estimated value of the semivariogram for a specified lag h; N(h) is the number of 

experimental pairs separated by h; z(xi) and z(xi+h) are the values of the variable z at xi and xi+h,  

respectively; and xi and xi+h are the position in two dimensions.  The plot created aims to minimize 

the variation between the model and the experimental variogram. 

The variogram map is also a good indicator of the anisotropy of data sets, which is an evaluation of 

whether the spatial correlation of the data is direction dependent (Lele, 1995).  An omni-directional 

variogram is one where the spatial correlation structure of the data set depends only on the 

variability of the separation distance between data values and not on the direction.  A directional 
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variogram has a structure dependent on both distance and direction.  The map is created by laying 

the center of a grid over each data location, one at a time.  If a variogram map from a data set shows 

high values along a direction, it implies the spatial correlation of the data is direction dependent, 

and thus an anisotropic model should be used to fit the experimental variogram as opposed to an 

isotropic model. 

Once the appropriate experimental variogram is chosen, it can be fitted with models such as 

spherical, exponential, Gaussian, and linear.  The spherical model is usually considered the ideal 

model to use in most cases, as the model begins at the origin, rises smoothly to an upper limit, and 

then continues at a constant level.  The spherical method was used to fit the Hg experimental 

variogram in this study (found to have the lowest cross-validation error), which uses the following 

equation (from Boeckenhauer et al., 2000): 
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where Co is the nugget effect, Cs is the sill, h is the separation distance, and a is the range.  A nugget 

is an apparent discontinuity in the experimental variogram near the origin caused by measurement 

errors or microscale variations (Journel and Huijbregts, 1978; Boeckenhauer et al., 2000).  A sill is 

the upper limit of any variogram model in which the variogram tends to level off at a large distance 

and where the variable becomes spatially uncorrelated.  The range is the lag distance beyond which 

there is little or no autocorrelation among variables (Journel and Huijbregts, 1978; Boeckenhauer et 

al., 2000; Ouyang et al., 2003). 

Ideally though, the kriging model parameters that are chosen for the analysis are the ones that give 

the minimum standard error during cross-validation.  Cross validation is a procedure that checks the 

compatibility between a set of data and its structural model (Boeckenhauer et al., 2000; Ouyang et 

al., 2003).  It is a method to compare the accuracy of assumptions made about the model or about 

the data used in the model.  Each sample value (C) at a location x is removed in turn from the data 
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set and an estimated value (C*) at that location is created.  The difference between the measured 

value and the cross validation estimated value is called the estimation error (C - C*), which gives an 

indication of how well the data fits the approximations.  If the average of the cross validation errors 

is not far from zero:     

! 
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(C(x) "C * (x)) # 0

a=1

n

$                                                                                             [4] 

then it can be said that there is no apparent bias.  Systematic overestimations or underestimations 

can be indicated by a significant negative or positive average error respectively.  The cross 

validation value, divided by the standard deviation, results in the cross validation error.  Cross 

validation standardized errors between -2.5 and 2.5 represent robust data and indicate that the 

variogram model can be used to accurately create the prediction map (Ouyang et al., 2003). 
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1.11 Figures 

 

FIGURE 1-1.  Map of eastern Ontario highlighting the Rideau Canal, connecting Ottawa in 
the north to Kingston in the South.  The Cataraqui River Basin, which defines the southern 
portion of the canal, is indicated by the black polygon. 
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FIGURE 1-2.  Map of the Cataraqui River before it drains into Lake Ontario.  This section 
defines the study area, and is bound by the LaSalle Causeway to the south (LSC) and 
highway #401 to the north (HWY).  Belle Island (BI) is located approximately one-third the 
distance upstream from the Causeway.  To the north, exists the Great Cataraqui Marsh 
(CM), which occupies the majority of the northern harbour’s shoreline (GIS OrthoMap, 
from Queen’s University Maps, Data & Government Information Library, 2004). 
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FIGURE 1-3.  Map showing locations of former and current anthropogenic land use:  Belle 
Park, Davis Tannery (DT), lead smelter (LS), Kingston Rowing Club (KRC), the former 
Kingston Woolen Mill (KWM), and the former Kingston Coal Gasification Plant (CGP); two 
parks, Emma Martin Park (EM) and Douglas Park (DP) are also identified as well as Anglin 
Bay to the north of the Coal Gasification Plant (GIS OrthoMap, from Queen’s University 
Maps, Data & Government Information Library, 2004). 
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2.1 Study Site 

The lower portion of the Cataraqui River at Kingston, Ontario, is considered an embayment of Lake 

Ontario.  The flooded mouth of the river, which is the primary study area (Fig. 1-3), is a 5 km stretch 

that starts at the crossing of Highway #2 to the south (LaSalle Causeway) and extends north, 

upstream, to the crossing of Provincial Highway #401 (MacDonald-Cartier Freeway).   The inner 

harbour is relatively shallow in most places, with an average depth of only 1.2 m (Crysler and 

Latham, 1977).  The mouth of the river is significantly wider than the river upstream; as a result, the 

basin exhibits faster currents upstream of the inner harbour (Crysler and Latham, 1977).  Flow and 

sedimentation patterns are similar to those of an estuary (Crysler and Latham, 1977).  While 

watershed levels are regulated for power generation, flood protection and navigation, the inner 

harbour is not significantly influenced by the Cataraqui river as it is more accurately a reflection of 

Lake Ontario water levels (Chrysler and Latham, 1977). 

Belle Island, approximately 1.6 km north of the Causeway (Fig. 1-3), is connected to the western 

shoreline by an artificial isthmus known as Belle Park, and physically separates the northern and 

southern portions of the basin.  Navigation routes along the river are maintained by periodic 

dredging, but ownership of the river sediment belongs to Parks Canada north of Belle Park, and 

Transport Canada to the south (Malroz, 2002).  The underlying bedrock consists primarily of 

Paleozoic limestone (Crysler and Latham, 1977).  While the northern portion of the inner harbour is 

dominated by the Cataraqui Marsh, south of Belle Island, particularly along the western shoreline, 

industrial processes as well as commercial and residential developments have existed for over a 

century. 
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2.2  Sample Collection 

2.2.1  Sediment Cores 

Most sediment samples were taken along the southwestern shoreline where previous studies have 

found that concentrations of other contaminants were elevated and highly variable compared to 

sediment from the east and upstream.  Sediment cores from the east of the river and to the north 

were also sampled to provide reference samples, as the eastern shoreline has remained historically 

undeveloped relative to the west.  Because of the high variability in Hg concentrations measured in 

sediments around the rowing club in 2003 (Lake Ontario LaMP, 2006), four cores were sampled in 

that small area of the western shoreline. 

Sediment cores were obtained from 14 different locations throughout the inner harbour (Fig 2-1).  

Six cores were retrieved in October of 2005, two in October of 2006, and the remaining six in 

November of 2006.  The location in GPS coordinates (NAD83), and the interval depth the core was 

extruded at, can be found in Appendix T-1.  Cores were collected using a gravity corer (Figure 2-2) 

specifically designed for sediment paleolimnological work (Glew, 1989). 

Core tubes, which had a diameter of 7.5 cm, were cleaned with 10% nitric acid and then rinsed 

with double-deionized water (DDW) to remove any residual Hg prior to sampling.  Using a core 

extruder (Glew, 1988) with the spacer set at 1 cm, the cores were sectioned at 1-cm intervals on 

land.  The 1-cm sections were scraped into sterile Whirlpaks, where they were immediately frozen 

until the time of analysis to minimize loss of volatile Hg species.  10% nitric acid was used to clean 

the extruder and extruder knife between intervals to avoid cross-contamination between samples. 

Seven cores from the inner harbour were collected by Kingston Royal Military College (RMC) (Fig 2-

1) using a percussion corer designed for sediment paleolimnological work (Glew et al., 2001).  The 

cores ranged in depth from 30 cm to 110 cm, and were sectioned by RMC at 5 cm intervals in the 

same fashion as the 1-cm interval cores.  A sub-sample of each interval was taken and placed into a 
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Whirlpak and immediately frozen.  Location, date sampled, core depth and extruding depth are 

presented in Appendix T-1.  Cores from RMC were not dated. 

 

2.2.2  Pore Water 

Mercury in pore water was measured along with percent organic matter and MeHg in some selected 

cores to understand the mobility and methylation potential in the sediments.  Pore water samples 

were obtained from the sediment samples extruded from the cores.  Cores C3 and C14 were chosen 

for this because the sediments contained high concentrations of Hg in areas where biological 

productivity was visibly high.  In addition, bubbling from disturbed sediments was observed in these 

two areas (Figure 2-3) during the coring process, which has been shown to be correlated with 

increased transport and bioaccumulation of Hg in some studies (Delongchamp, 2006).  Core C12 

was chosen as a reference site as it contained the lowest concentrations of Hg at the most upstream 

location, and was in a highly productive area near the Cataraqui Marsh. 

As each 1-cm interval did not contain enough material to extract sufficient pore water volumes, two 

1-cm intervals from the same core were combined for each pore water sample.  Water in the 

samples was separated from the sediment using a Millipore Hazardous Waste Filtration Unit 

(MHWFU).  The cores samples were spread evenly over a 142-mm Advantec Glass Fiber Filter with 

a pore size of 0.45 µm, which was placed over the pre-screen in the MHWFU cylinder.  The lid was 

secured tightly and pore water was vacuum extracted using nitrogen gas at a negative pressure of 50 

psi.  Collected water was immediately preserved in amber glass vials with Teflon lids, acidified with 

5% nitric acid by volume, and were refrigerated until analysis.   

Four large-volume pore water samples were obtained using drive-point peizometers from the docks 

at the Kingston Rowing Club. 12 inch peizometers, constructed of PVC with a filter size of 0.2 µm, 

were used to obtain pore water from the top 12 inches of sediment when submerged.  Acid-cleaned, 

silicone tubing was sealed to the top of the peizometer and then attached to a peristaltic pump on 
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the dock.  When operating, the pump created a vacuum inside the peizometer, which drew the 

filtered pore water in through the peizometers, and up through the tubing to the sample bottles.  

Water was allowed to flow for 1 min. prior to sampling.  Water was sampled in acid-cleaned Teflon 

bottles, and immediately acidified to 5% nitric acid by volume and refrigerated until analysis.  The 

location of each peizometer sample is shown in Figure 2-4. 

 

2.2.3  Storm Sewer Water 

Storm sewer samples were obtained from 3 storm sewers along the southwestern shoreline over the 

course of a year (Figure 2-4).  While several storm sewers exist, those nearest to the high surface 

sediment were chosen for sampling.  Samples were collected during rain events directly from the 

outflow of the storm sewers at the river’s edge.   

Teflon bottles cleaned with 10% nitric acid and triple-washed with DDW were used to collect the 

water.  The storm sewers at Douglas Park N. and Douglas Park S. (Figure 2-5) were at river water 

levels, so sampling of those outflows most likely contained some quantity of diluted river water in 

addition to sampled storm sewers.  The storm sewer south of the former Woolen Mill was elevated 

from the water level and so water samples from that sampling point could be collected directly from 

the outflow pipe (Figure 2-5).  Samples were preserved with 5% nitric acid by volume and 

refrigerated until analysis. 

 

2.2.4  Terrestrial Runoff Water 

Terrestrial runoff was sampled from 2 locations along the southwestern shoreline of the inner 

harbour.  The locations were chosen based on runoff visibly eroding areas during rain events, that 

emptied into the river near high THg concentrations in sediments (Figure 2-4); one beside the 
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Douglas N. storm sewer and another beside the KRC (Figure 2-6a and 2-6b respectively).  The water 

runoff was sampled using acid-cleaned Teflon bottles as described for storm sewer sampling.  

Samples were preserved with 5% nitric acid by volume and refrigerated until analysis.  A duplicate 

runoff sample from the rowing club on the final sampling date was filtered in order to remove 

suspended particles prior to analysis for THg.  The sample was filtered through a Millipore MHWF 

using the same method described for pore water retrieval from cores. 

 

2.2.5  Snow Sampling 

THg in snow was measured to determine if atmospheric deposition of Hg is a significant source of 

Hg to the river.  Snow was sampled twice during March 2007 from 3 different locations along the 

western shoreline (Figure 2-4).  A hole was dug in the snow to the ground, and a profile sample of 

the snow was taken using sterile scoops.  The snow sampled was from the top of the snow pack to 

approximately 2-3 cm from the ground, to avoid Hg contamination from ground sources.  Samples 

were placed in double bagged Whirlpaks and immediately refrigerated in a cold water bath at 4oC 

to melt.  Upon melting, the water was acidified with 5% nitric acid by volume and placed in acid-

washed amber bottles with Teflon lids and refrigerated until analysis. 

 

2.2.6  Soil Sampling 

As Hg contaminated soils have the potential to be sources of Hg to sediments, terrestrial soil along 

the western shoreline adjacent to sediments containing high concentrations of Hg were sampled for 

THg analysis.  The shoreline from the water’s edge was sampled to the west on a grid system, with 

additional sampling points located on the Davis Tannery property.  40 soil samples were taken and 

their locations are shown in Figure 2-7a and 2-7b.  Soil was sampled at a 0 - 10 cm profile using 

sterile scoops, with each location sampled as a composite by taking three random scoops within a 
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1.5 m radius and mixing the sample well in the Whirlpak.  Soil in the Whirlpaks was immediately 

frozen until the time of analysis.  The location of each sample is given in GPS coordinates (NAD83) 

in Appendix T-2. 

 

2.2.7  Water Characteristics 

Physical and chemical characteristics of water were sampled at four core sampling locations (C12, 

RC3, C3, C14) in June of 2007.  Surface and depth measurements of pH, conductivity (mS), 

turbidity, temperature (oC), and dissolved oxygen (mg/L) were recorded at each location.  

Measurements were taken using a pre-calibrated Hydrolab unit. 

 

2.3  Analytical Methods & QA/QC 

2.3.1  Sediment core dating 

Dating using 210Pb was first suggested by Goldberg (1963) and first used for sediments by 

Krushnaswamy et al. (1971).  This natural radioisotope has a half life of 22.3 years, and is useful for 

dating on time scales of 100 to 200 years (Smol, 2002).  210Pb can occur in sediments from both 

‘unsupported’ and ‘supported’ 210Pb.  Supported 210Pb has not been in the atmosphere and is derived 

directly from in-situ decay within sediments of the parental radionuclide, 226Ra (Smol, 2002).   

The unsupported, or ‘excess’ 210Pb component from the atmosphere, can be calculated by 

subtracting the supported 210Pb from the total 210Pb.  The 210Pb in water is quickly absorbed by 

water, thus any unsupported 210Pb in sediments is usually due to atmospheric fallout.  210Pb decays 

exponentially with time, thus a constant deposition of sediments over time would be represented by 

an exponential decrease in 210Pb with depth in sediments.  Post-depositional processes such as 

sediment mixing can redistribute sediments and make dating using 210Pb difficult in some 
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ecosystems (Smol, 2002).  Additional chronological support for 210Pb dating can be provided by 

137Cs, an artificial radionuclide with a half-life of 30 years.  There have been two major inputs of 

137Cs to the atmosphere beginning with nuclear weapons testing around 1963.  The second was a 

result of the Chernobyl catastrophe in 1986. 

 

Sediment core dating of four selected intervals (0-1, 12-13, 20-21 and 34-35) from core C3 was 

performed using the facilities at PEARL (Paleoecological Environmental Assessment and Research 

Laboratory) at Queen’s University.  C3 was chosen at the time of analysis because it was the furthest 

from the navigation channel, it was the deepest of the cores, and would likely provide the most 

reliable sediment dating results out of the six cores that had been sampled up to that date (C1 – C6). 

The interval depths analyzed were chosen to get an approximate understanding of the rate of 

sedimentation and whether further dating was appropriate for the area.    Wet sediment was placed 

into vials and freeze-dried.  Approximately 1 g of freeze-dried sediment was placed in plastic test 

tubes and covered with epoxy.  The minimum and maximum height of the sediment in the tube was 

measured prior to gamma spectrometry for calculations.  Each sample was placed in an Ortec 92X 

gamma ray spectrometer for 80 000 seconds.   

Gamma counts for each radioisotope (dpm/g), corrected for density, date sampled, and efficiency 

are listed in Appendix T-3.  The results from initial core dating of C3 (Figure 2-8) did not 

exhibit an exponential decrease in 210Pb and no distinguishable peaks in the 137Cs signal 

was observed. As the 210Pb signal decreased from 11.35 to 3.54 dpm/g from the top of the core to 

the bottom, the amount of sediment sampled in C3 likely indicates a period of sedimentation 

around 40 years. 
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2.3.2  THg in sediment and soil 

Samples were analyzed for THg by the Hg in soil method in the Analytical Services Unit at Queen’s 

University.  The method uses cold vapour atomic absorption spectrophotometry.  The instrument is 

a Milestone Direct Mercury Analyzer (DMA-80) designed to meet the criteria outlined in EPA 

Method 7473 (USEPA, 1998).  Small quantities of sample can be measured directly for Hg with little 

preparation.  Measurements made are of total Hg (THg) with a detection limit of 0.05 ηg.   

Frozen sediment samples were thawed and oven dried at 35 oC prior to analysis in order to 

minimize Hg loss and optimize Hg recovery (Roos-Barraclough et al., 2002).  Dried samples were 

ground with mortar and pestle, ensuring minimal cross contamination between samples by rinsing 

with 10% nitric acid, followed by triplicate washing with double deionized water.  A portion of the 

dried and ground sediment sample was weighed and placed in acid-washed quartz boats.  The 

samples in the quartz boats were loaded onto an autoanalyzer carousel.  Boats were loaded one at a 

time into a chamber in the instrument where the sample was heated and then thermally 

decomposed in a continuous flow of oxygen.  The combustion products were carried in the flow of 

oxygen to a hot catalyst bed that further decomposes the sample.  Hg vapours were trapped on a 

gold amalgamator tube.  The Hg was desorbed from the amalgamator by rapid heating and 

quantified spectrophotometrically at 254 nm.  Long and short path length cells enabled the 

measurement of low range (0.05 - 35 ηg) and high range (35 - 450 ηg) Hg contents respectively. 

Concentrations of THg were calculated by comparing the absorbance of the sample to the 

absorbance from a calibration curve created from Hg standards made up from an ICP-AES, ICP MS 

(PlasmaCAL) stock standard of 1000 µg g-1 Hg.  In each run, a maximum of 15 samples, a duplicate 

sample was analyzed along with an aqueous QC (calibration check sample) that was prepared from 

a different Hg source from that used for the calibration standards.  Duplicate samples of NCR 

Certified Reference Material MESS-3 were analyzed with each run.  Results for blanks and spiked 

QC water samples are presented in Appendix T-4, and results of duplicates and relative standard 
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deviations are given in Appendix T-5.  Results for duplicates of the certified reference material 

(CRM) MESS-3 are listed in Appendix T-6. 

 

2.3.2  MeHg in sediment 

The same core samples and intervals selected for pore waters were also used for MeHg analysis so 

that the mobility of Hg in pore water could be compared to the degree of methylation measured in 

sediment Hg.  A sub-sample of each selected core interval was placed in acid-washed amber vials 

with Teflon lids and frozen.  Samples were analyzed for MeHg using the MeHg in sediment method 

at Flett Research in Winnipeg, Manitoba.  MeHg was extracted using potassium bromate and was 

put through an ethylation step followed by purge and trap/GC separation and CVAFS based on EPA 

Method 1630 (USEPA, 2001).   

Approximately 0.2 - 1.0 g of wet sample was added to an EPA vial.  In each analysis, for every 10 

samples, one sample and its duplicate were spiked with a MeHg standard (100 ηg mL-1).  Three 

analytical blanks were also prepared along with a method duplicate of a random sample, and a 

reference material.  Aliquots of 1mL copper sulphate and 5 mL of acidic potassium bromate solution 

were added to the vials, followed by 10 mL of dichloromethane (CH2Cl2) added by weight.  The 

vials were shaken horizontally for 1 hour on a shaker at ~2 cycles/sec and allowed to settle 

overnight.  If organic and aqueous layers were not separated well, they were centrifuged for 20 min. 

at the maximum rotation speed of 2000 r.p.m. in the IEC centrifuge unit. 

After centrifugation, 2-3 mL of the CH2Cl2 layer was pipetted into a Teflon 60 mL distillation vial 

with 40 mL of deionized water, and placed in a water-bath at 50oC.  Each sample is bubbled with 

nitrogen gas at approximately 45 mL/min until all the CH2Cl2 has been volatilized out of the 

samples, usually around 30 min.  The samples are then treated as aqueous samples for analysis by 

ethylation, purging and trapping on Tenax, followed by thermal desorption onto a gas 

chromatographic column, and detection by cold vapour atomic fluorescence spectroscopy (CVAFS).  
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The method detection limit for the samples was calculated to be 0.06 ηg/g.  Results of blanks, 

standards, spike recovery and QC samples are given in Appendix T-7. 

 

2.3.3  THg in water 

The first set of waters was analyzed for THg by the Analytical Services Group (ASG), Royal Military 

College, Kingston, Ontario.  Samples were refrigerated and preserved with 5% nitric acid and 5% 

potassium dichromate solution.  Analysis was performed using Cold Vapour Generated Mercury 

Hydride - Atomic Absorption Spectrophotometry.  Samples were analyzed using a Perkin Elmer 

FIMS-100 Mercury System equipped with a 253.7 nm source Hg lamp, quartz cell, Perkin Elmer AS-

90 autosampler and the Perking Elmer AA Winlab Analyst software.  The carrier solution used was 

3% HCl and the reducing agent was 1.1% stannous chloride in 3% HCl.  Ultrahigh purity argon was 

used as the carrier gas.  A signal was generated in the quartz cell by measuring the amount of light 

(wavelength 253.7 nm) absorbed.  Mercury concentrations of samples were determined by 

comparing sample absorbance responses to a calibration curve generated from standards of known 

concentration.  Duplicates, blanks and control samples were included in each run and are 

summarized in Appendix T-8. 

Remaining water samples were analyzed for THg by RPC Research in New Brunswick.  Based on 

EPA method 1631 (USEPA, 2001), samples were digested in a boiling water bath at 100oC using a 

bromine mono-chloride solution.  Hg in solution was reduced to the elemental state using stannous 

chloride and then sparged from solution using inert gas.  The gas stream passed through a gold 

gauze trap, with the Hg forming an amalgam with the gold.  The gold trap was heated rapidly to 

desorb the Hg, which moved into a fluorescence cell, and measured by CVAFS.  Duplicates, blanks 

and control spikes were included in each run and are summarized in Appendix T-8. 
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2.3.4  TOC in sediment and soil 

Cores C1, C3, C5, C6, C7, C9, C12 and C14 were analyzed for TOC by the ASU at Queen’s 

University.  Samples were air dried overnight and ground with a mortar and pestle.  Approximately 

2 grams of soil was weighed into a 50-mL beaker and placed into an oven at 105oC for 24 hours.  

After allowing the beaker to cool, it was weighed again.  The sample was then placed in a 

preheated muffle furnace at 420oC for 16 hours.  The sample was removed from the furnace, 

allowed to cool, and weighed again.  The weights were used to calculate % organic matter (%OM) 

(loss on ignition).  QA/QC blanks and duplicates for analyses are given in Appendix T-9. 

 

2.4  Archived data 

2.4.1  THg in sediment 

Previous studies have measured Hg concentrations in sediments of the inner harbour (Aqua Terre 

Solutions Inc, 1997; Jaagumagi, 1991; Totten Sims Hubicki Associates, 1992).  However, these 

values have not been plotted on a map, and incorporating the results from one of the studies with 

the others has not been done to date.  The location in GPS coordinates (NAD 27) and sample ID for 

each of the samples from the three studies are given in Appendix T-10.  Due to the high variability 

of concentrations near the western shoreline combined with the few number of samples taken from 

the archived data, kriging analysis was not valid for comparing with these data, as it systematically 

underestimated concentrations observed along the western shoreline.  However, values from past 

studies may indicate changes in concentrations from that particular zone or sample site, and thus 

are included for comparison between concentrations measured in this study. 
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2.4.2  THg in fish 

Measurements of THg concentrations in fish caught within the inner harbour and upstream of Hwy 

#401 are available from the MOE’s annual sport fish monitoring programs.  Young of the year (YOY) 

concentrations in yellow perch from 1999 to 2002 were provided along with the sportfish (SF) data 

set, and are summarized in Appendix T11 and T12 respectively. 

 

2.5  Statistical Analyses 

2.5.1  Comparing Cores of different intervals 

Since the cores collected by RMC (cores RC1 to RC8) were extruded at 5 cm whereas my cores 

(cores C1 to C14) were sectioned at 1 cm intervals, Hg concentrations between core depths could 

not be compared directly.  So that statistical evaluation of differences in Hg concentrations between 

cores with different intervals could be compared, a mean of every 5 cm in the 1-cm cores was used.  

It is assumed that the average of the five 1-cm intervals are equally representative as results of the 

well mixed 5 cm interval samples.  ANOVA, which can test for significance of more than two 

means, was used for comparing between cores at multiple sites.  A post-hoc test (Tukey test) was 

employed to compare which of the individual cores were significant between the groups. 

Kriging estimations of Hg concentrations in sediment used these mean values from the 1 cm 

intervals along with the 5 cm core values for the creation of prediction maps.  From these data sets, 

three prediction maps at 0-5 cm, 5-10 cm, and 10-15 cm will be produced.  The deepest depth used 

for kriging is 15 cm, as it is the last depth interval for which a THg value is available for every core 

sampled. 
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2.5.2  Geostatistical Methods - Preliminary Data Analysis 

The frequency distribution and statistics of THg concentrations in sediment core data at each of the 

core data set depths were examined prior to kriging (Appendix T-13).  A histogram plot of the Hg 

data for the 0-5 cm, 5-10 cm, and 10-15 cm core data sets showed an asymmetrical distribution 

towards many low concentrations (Appendix F-1).  As all of the data sets to be used for kriging are 

not normally distributed, a natural-log transformation of each data set was performed prior to 

modeling. 

Using the geostatistical analyst tool in ArcMap, an ordinary kriging method (spherical) was found to 

create the lowest standardized error for each of the prediction maps.  The semivariogram models of 

the cores for all three kriging depths (0-5, 5-10, and 10-15 cm) indicated a directional dependence 

along a southeastern direction at each depth (Appendix F-2).  Thus, an anisotropic spherical model 

was used to create the experimental variogram for each data set (Appendix F-3).  The experimental 

and predicted values of the variograms indicated the model was valid and the cross validation 

standardized errors supported its accuracy as all the values were within the acceptable range 

(Appendix T-14, T-15, T16). 
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2.6  Figures 

 

FIGURE 2-1.  Map of the study area with the locations of the 21 cores that were sampled.  
Cores sampled in this study are represented by white circles and have the prefix ‘C’ before 
their core numbers, while cores sampled by RMC are represented by black triangles and 
have the prefix ‘RC’ before their core numbers. (GIS OrthoMap, from Queen’s University 
Maps, Data & Government Information Library, 2004). 
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FIGURE 2-2.  Photo of gravity corer (on right) along with a sampled sediment core stored 
in the core tube (center).  (Taken in November, 2006). 
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FIGURE 2-3.  Photos of gas bubbling from disturbed sediments at coring site C14.  Similar 
bubbling was also observed around coring sites C3 and C12.  (Taken in September, 2006). 
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FIGURE 2-4.  Map indicating the locations of sampling points for peizometer samples 
(PW1, PW2), storm sewers (SS1, SS2, SS3), terrestrial runoff (TRRC, TRDN), and snow 
sampling (PRC, PDN, PDS) points. (GIS OrthoMap, from Queen’s University Maps, Data & 
Government Information Library, 2004). 
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FIGURE 2-5.  Photos of the three storm sewers sampled during rain events.  From top to 
bottom: the Woolen Mill, Douglas Park North, and Douglas Park South storm sewers as 
identified in Figure 2-4  (Taken in September 2006). 
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FIGURE 2-6 a.  Photos showing the eroding area sampled for terrestrial rain runoff from 
Douglas Park, a few meters north of the Douglas Park North storm sewer (above); location 
is shown in Figure 2-4 (Taken in March, 2007).  Below, suspended particles from runoff are 
visible in the river (Taken in September, 2006). 
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FIGURE 2-6 b.  Photos showing the eroding area (above) sampled for terrestrial rain runoff 
from beside the Rowing Club.  Suspended particles are visible in the runoff leading from 
soil, down the paved path, into the river (below); location shown in Figure 2-4.  (Taken in 
September, 2006) 
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FIGURE 2-7a.  Locations of soil sampling points sampled along the western shoreline.  The 
inset rectangle is highlighting the samples taken around the Kingston Rowing club, which 
are identified in Figure 2-7b. (GIS OrthoMap, from Queen’s University Maps, Data & 
Government Information Library, 2004). 
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FIGURE 2-7b.  Locations of soil sampling points around the Kingston Rowing Club from 
the inset rectangle from FIGURE 2-7a. (GIS OrthoMap, from Queen’s University Maps, 
Data & Government Information Library, 2004). 
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FIGURE 2-8.  Graph of corrected decay counts (dpm/g) recorded for 210Pb, 214Bi, and 137Cs 
at four depths from core C3. 
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Distribution and Fate of Hg in Sediments 
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3.1  Description of Cores 

The depth of each core sampled is given in Appendix T-17 along with a brief description of 

characteristics observed in each core.  Cores obtained consisted of uniform, brownish-black mud 

profiles with very little layering noticeable (Figure 2-2).  Cores C5, C7, C9, C11, C13 and C14 

exhibited layers that consisted of blackish, clayey mud nearing the bottom of the core.  In cores C3, 

C11, C13, and C14, the clayey mud was mixed with large wood chip pieces, with the size and 

density of wood chips increasing with depth.  Traces of oil and hydrocarbons were noticeable both 

visually and aromatically in cores C1, C7, C8, C9, C10, C13 and C14, with intensity increasing with 

depth.  While gravity cores did not always reach sediment layers that were distinguishable from the 

well-mixed, soft upper sediments, all seven percussion cores sampled by RMC reached some sort of 

drier clay, and/or organic material layer at depth. 

 

3.2  Spatial Distribution of Hg in surface sediment 

The concentration of Hg in sediment from the archived data analyzed in previous studies was 

plotted on a map and is shown in Figures 3-1a, 3-1b.  The highest concentration in sediment was 

found adjacent to the shoreline of the Woolen Mill, and was 2x above the SEL guideline (2000 

µg/kg).   The archived sediment data map indicates that north of the LaSalle Causeway, sediment is 

above the PEL guideline (486 µg/kg) in three locations: at the mouth of the creek that drains the 

marsh from the Davis Tannery (Tannery Creek; T6), in three samples from Anglin Bay (T19, AQ1, 

AQ2), and just downstream from the Woolen Mill (T15).   

Results of THg concentrations (µg/kg) for all core intervals analyzed in this study are given in 

Appendix T-18.  The mean concentration of THg (µg/kg) in the top 10 cm from each core was 

mapped on Figure 3-2.  All five cores with the highest mean concentrations were located adjacent 

to the shoreline of the KRC and Woolen Mill, which is near the highest concentration measured in 
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the archived sediment data. 

The lowest concentrations in sediment from both maps are found upstream of Belle Island and to 

the east of the navigation channel.  Surface sediments (0 - 10 cm) near the former woolen mill at 

core C6, C5, C10, and C14 had greater THg concentrations than the upstream locations at core C11 

and core C12.  Using ANOVA, the differences between the cores was significant (p <0.01), and the 

Tukey test (p <0.01) indicated that all of the upstream concentrations were significantly lower than 

all western shoreline cores.   Similarly, THg in sediment (0 - 10 cm) at C6, C5, C10 and C14 were 

greater than THg in sediment from core RC1 and RC2, which are located along the eastern shore.  

The differences in concentrations between the cores were significant (p<0.01; ANOVA), and the 

concentrations from the eastern cores were all significantly lower than those of the western 

shoreline cores (p<0.01; Tukey test). 

The significantly higher Hg concentrations in sediment along the western shoreline suggests that Hg 

loading in that area is from a local terrestrial source as opposed to a regional one such as 

atmospheric deposition.  Any regional source of Hg to the sediments should have resulted in similar 

concentrations in surface sediments throughout the inner harbour.  Localized contamination plumes 

along the western shoreline of other contaminants such as Cr, copper (Cu), PAHs and PCBs have 

also been observed by ESG (2003).  

THg in surface sediments (0-10 cm) from core C3 at the mouth of the Tannery creek was compared 

with the mean concentrations from C2, C4, and RC8, which were the closest cores to C3.  The 

difference in concentrations between the cores was significant (p<0.01; ANOVA), and C3 had a 

significantly higher concentration than each of the other cores (p<0.01; Tukey test).  The 

significantly lower concentration of Hg in surface sediment from cores downstream and 

immediately to the east of C3, suggest that Hg is loading from the creek, as opposed to Belle Park to 

the north or from sediments and water to the east or downstream.  Since the creek drains the marsh 

once used by the Davis Tannery for effluent discharges (OME, 1978), processes and wastes from the 
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former industries on the Tannery property may be responsible for the elevated Hg concentrations. 

Mean THg concentrations in surface sediments (0 - 10 cm) from C3 were also compared with the 

mean concentrations in C5, C6, C10, and C14 using ANOVA.  Concentrations were significantly 

different among the cores (p<0.01), and all four cores from around the KRC had significantly greater 

concentrations than C3 (p<0.01; Tukey test).  This suggests that while the Tannery creek drains 

potentially contaminated soils and sediments and may be a source of Hg loading to river sediments, 

there may be wastes closer to the KRC with significantly greater Hg concentrations.   

The horizontal distribution of Hg in surface sediment from core data (0-5 cm) was estimated using 

kriging, and is shown in Fig. 3-3.  The contour intervals chosen were based on the sediment quality 

guidelines.  Kriging results suggest that the surface sediments with the highest concentrations of Hg 

are located in sediment adjacent to the shoreline surrounding the former woolen mill property.  The 

concentrations are more than 2x above the PEL sediment guideline.  The prediction map indicates 

that a substantial part of the lower basin to the west of the navigation channel consists of surface 

sediment above the PEL sediment guideline.  The contamination plume decreases with distance 

from the former Woolen Mill and Davis Tannery properties, but over a shorter distance east than 

south, as indicated by the elliptical shape of the contamination plume.  Similar to other studies that 

have examined the distribution of metals in sediment near former and current industries 

(Shulkin,1998; Ouyang et al., 2002), the highest concentrations are localized, with the Hg plume 

extending south towards the outer harbour. 

 

3.3  Hg in sediment depth profiles 

The estimated horizontal distribution of Hg in sediment from both the 5-10 cm and 10-15 cm data 

sets is shown in Fig 3-3.  In the 5-10 cm map, the Hg contamination plume above the PEL guideline 

has a larger area than the plume from the surface sediment core data.  The plume that is 2x above 
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the PEL is similar in size to the 0-5 cm prediction map, however sediments near the former woolen 

mill and KRC are now shown to be above the SEL guideline.   

At the 10-15 cm depth, the PEL plume has the largest area of the three prediction map depths, and 

extends all the way to the mouth of the river at the LaSalle Causeway.  The area defining the plume 

2x above the PEL has almost doubled in size compared to the 5-10 cm map.  The area defined as 

being above the SEL guideline is more than double the area of the 5-10 cm prediction map depth.  

The increase in size of each Hg concentration plume with depth suggests that Hg loading to 

sediments has been higher in the past.  The location of the increasing SEL plume with depth at the 

Woolen Mill and KRC is consistent with surface sediment data that suggests that the greatest 

concentrations of Hg loading may have occurred at that location. 

THg concentrations in sediment depth profiles from cores with the lowest concentrations of Hg are 

shown in Fig. 3-4.  All six cores were located either upstream from the Tannery Creek, or to the east 

of the dredged navigation channel.  The trend in concentrations from surface to depth varied little, 

particularly in the upstream cores.  Only in RC1 was an increase in concentration in the middle of 

the core observed.  At no point in any of the cores was the concentration of Hg above the PEL 

guidelines. 

Depth profiles of cores that contained the highest concentrations of Hg are shown in Fig. 3-5.  The 

trend in concentrations from surface to depth indicates that concentrations are increasing with 

depth.  All six cores contained sediment that was above the SEL guideline, and sediment from 10-15 

cm contained Hg concentrations in sediment significantly greater than the top 0-5 cm in each core 

(P>0.01; Tukey test).  The deepest core, C14, indicated that at that particular location, the 

concentration of Hg begins to sharply decrease at a depth of 33 cm. 

The THg concentrations of cores located between the highest and lowest concentration profiles are 

shown in Fig. 3-6, along with C3 at the mouth of Tannery creek, and C7 from Anglin Bay.  The 

trend in concentrations from C3 and C7 are distinctly different from the trends seen in the other 4 
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cores.  The gradual increase in concentration with depth for the entirety of the cores resembles the 

pattern seen in the highest concentration cores in Figure 3-5.   

Concentrations reported by Jaagumagi (1991) and Totten Sims Hubicki Associates (1992) in the 

archived samples from Anglin Bay (AQ1, AQ2, AQ3, T19) are not observed in the profile of C7 until 

approximately 15 cm down.  This suggests that since archived samples were taken, sediment 

containing increasingly lower concentrations of Hg may have been deposited.  Hg concentrations 

approach SEL guidelines beyond 30 cm, and sediments from 25-30 cm are significantly greater than 

concentrations in sediment from 0-5 cm (P<0.01; Tukey test).  Since coal tar in sediments within 

Anglin Bay were reported beyond 30 cm (CH2M Hill Engineering Ltd., 1991), it is possible that 

increased Hg concentrations at depth may be a result of Hg contained in buried coal tar wastes. 

The trend seen in the other four cores in Figure 3-6 have a similar ‘peak’ in Hg concentration 

observed around the middle of each core.  In RC8 and RC5, the peak Hg concentration is above the 

SEL guideline.  The sediment Hg concentration following the peak decreases over a 10-20 cm 

length of the core, until the concentration is lower than surface sediment, at a concentration below 

the lowest sediment quality guideline (ISQG).   

The Hg concentrations in sediments at 30 - 35 cm from C3 are significantly greater than the 

concentrations in sediments at 0-5 cm (p<0.01; t-test).  The significant difference indicates that Hg 

loading to sediments at the mouth of the Tannery creek was greater in the past than it is currently.  

However, the concentration in sediments in the top 20 cm did not vary greatly near the surface, 

indicating that loading is still ongoing. 
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3.4  MeHg concentrations in sediment  

The concentration of MeHg (ηg/g) from core samples as both total MeHg and as % THg are shown 

in Table 3-1.  The MeHg concentration was found to exceed the CWQG of 4 ηg/L in only the 0-1 

cm profile from core C14.  Concentrations of MeHg decrease with depth with the highest 

concentrations occurring in the top few centimeters of sediment.  The correlation between MeHg 

and THg concentrations was positive, but insignificant among all core intervals (r2 = 0.21; p = 0.13).  

However when comparing only the top 5 cm of each core where concentrations of MeHg were the 

highest, it was positively and significantly correlated with THg concentration (r2 = 0.81; p < 0.01; 

Figure 3-7).  The correlation between MeHg and THg in the surface sediments suggests that the 

availability of inorganic Hg may be directly influencing the formation of MeHg in these layers.   

While the highest MeHg concentrations in surface sediment were found at core C3 and C14, the 

highest amount of MeHg as % of THg was found to be in C12.  The % MeHg as THg was almost 

five times higher in the surface sediment upstream at C12 than in surface sediment from the other 

two core samples.  Methylmercury production has been shown to be higher in wetland 

environments and a contributor of MeHg to downstream sources (Galloway and Branfireun, 2004).  

Since wetlands and marshes generally have increased inputs of sulphate from their processes, 

necessary for methylating bacteria (Benoit, 1999; Galloway and Branfireun, 2004), the higher 

proportion of THg as MeHg observed in this study may be a result of increased sulphate inputs.  

However, increased methylation in sediments has also been measured in organically-rich soils 

where sulphate may be limited, and methylation is promoted by organic matter (Watras et al, 1995; 

Choi and Bartha, 1994; Pak and Bartha, 1998). 
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3.5  TOC in sediment cores 

TOC measured in each sediment core interval was reported as % Organic Matter (%OM) (Appendix 

T-19), and the mean for each individual core is shown in Table 3-2.  The correlation between %OM 

and THg concentrations in each of the cores analyzed for TOC was calculated, and is given in Table 

3-3.  Only THg concentrations in C3 showed a strong and significant correlation with % OM (r2 = 

0.95; p <0.0001; Figure 3-8).  In a study by Galloway and Branfireun (2004) of a temperate forested 

swamp northwest of Hamilton, Ontario, Hg fluxes to waterways downstream from the wetland were 

highest when flow conditions between the wetland and stream was connected.  Both total and 

methylmercury concentrations were directly related to dissolved and particulate organic matter, 

which is consistent with previous studies that have observed strong correlations between DOM and 

Hg in waterways draining wetlands (Ravichandran, 2004).  Since the Tannery Creek drains the 

marsh once used as a discharge site for effluent from the Davis Tannery, it is possible that the Hg 

observed in sediment from C3 was transported via organic matter during times of high hydrologic 

flow from the marsh.   

While no correlation was observed in C12 and C14, it does not necessarily mean that Hg and OM 

interactions are unrelated or not associated with each other. In previous studies of Hg flux and 

speciation in estuary environments, correlations between OM and Hg have not always been 

observed (Sunderland et al., 2004; Mason et al., 2006).  While the inner harbour is not a ‘true’ 

estuary by definition of salinity, the hydrological patterns are (Chrysler & Latham, 1977).  In 

estuarine environments where mixing of sediments from ocean tides combine with sediment from 

tributaries, layering from upstream sources are combined with sediments from the inlet.  Since Lake 

Ontario water levels largely control water levels of the inner harbour, and regular dredging of the 

navigation channel occurs, mixing of sediments with different origins may confound OM and Hg 

relationships.  

MeHg concentrations were not strongly correlated with %OM in any of the cores (Table 3-3) except 
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for C14 where a positive, but insignificant correlation with %OM was observed (r2 = 0.88; p = 0.06; 

Table 3-3).  Additionally, when comparing the average %OM between the three cores, the higher 

organic matter content always corresponded to higher [MeHg] as %THg.  In sulphate-limited 

environments, it has been shown that microbes may use organic matter as an energy source (Watras 

et al, 1995; Choi and Bartha, 1994; Pak and Bartha, 1998).  In these environments, DOC may have 

a stimulating effect on microbial growth where organic matter content is high, and humic 

substances may take the place of sulphate complexes (Ravichandran, 2004).  It has also been shown 

that re-suspension of sediments due to dredging or natural processes can increase MeHg production 

(Ullrich et al., 2001), and may also explain higher [MeHg] observed in C12, which is the closest to 

the navigation channel. 

 

3.6  THg in pore water 

THg concentrations measured in pore water collected from core and drive-point peizometer 

samples are shown in Table 3-4.  In the core samples, only the 20-22 cm interval from C3 measured 

Hg  in pore water (0.01 µg/L) above the detection limit of 0.01 µg/L.  While the pore water samples 

obtained by drive point peizometer allowed for lower detection limits due to the volume sampled, 

measured concentrations were low, ranging from 0.0035 to 0.014 µg/L.  As the Canadian Water 

Quality Guideline (CWQG) for inorganic Hg is 0.026 µg/L, none of the waters measured in this 

study are above this limit.   

Despite the high concentrations of THg in sediments, the concentration of THg in pore waters 

remains minimal.  Strong associations of Hg with OM are known to inhibit the mobility of Hg within 

sediments, particularly in high pH environments (Ravichandran, 2004).  When the pH of surface 

and depth waters were measured in the study area in June of 2007, pH values were high, ranging 

from 8.54 to 9.55 (Table 3-5), which were higher than values reported by ESG (2003) for the same 

time of year in 2002 (pH 7.87).  The basic nature of water samples measured in this study is most 
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likely a result of the limestone bedrock geology, and an abundance of dissolved nutrients, 

previously noted in other studies of the inner harbour at Kingston (Chrysler & Latham, 1977).  The 

temperature of the water measured in 2002 (17.5 oC) was lower than those measured in this study 

(24 – 26 oC). High productivity from photosynthetic activities in lake and freshwater systems have 

been shown to increase pH due to the production of carbonates.  Under normal seasonal 

conditions, pH in waters is lowest during the spring runoff, and peaks during the warmer summer 

months when algael blooms are more frequent (Kratz et al., 1987).   

 

3.7  Conclusions 

The concentrations of Hg in sediments both at surface and at depth decrease with distance from the 

western shoreline between the LaSalle Causeway and Belle Park.  The highest concentrations at all 

depths were measured in cores surrounding the former Woolen Mill, with the contamination plume 

following the directional flow of the river.  Previous studies of metal concentrations in sediments 

surrounding former industrial areas have observed similar trends to this study, with increasing 

concentrations at depth, and a decreasing concentration with distance from the loading sources 

(Shulkin, 1998; Ouyang et al, 2002). 

While Hg loading at the Tannery creek is likely, significantly greater loading has occurred around 

the former Woolen Mill more recently.  In addition, depth profiles indicate that loading, particularly 

near the Woolen Mill and adjacent to the KRC , is ongoing at concentrations above the PEL and SEL 

guidelines.  While the PEL guideline addresses THg concentrations, the formation of the 

bioaccumulative MeHg species has been found to largely control Hg tissue concentrations in biota 

(Lawrence and Mason, 2001; Watras et al., 1998). 

MeHg concentrations were found to be above the sediment guidelines for MeHg (4 ηg/g) in 

sediments adjacent to the Woolen Mill.  While the other core samples were below the 4 ηg/g limit, 
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a strong positive correlation between THg and MeHg concentration was observed in surface 

sediment, which has been observed in other studies (Ullrich et al., 2001).  If the production of 

MeHg is influenced by THg concentrations in surface sediment, Hg loading to sediments has the 

potential to increase MeHg production.  The sources and routes by which Hg is entering sediments 

along the western shoreline and in particular around the KRC, should be elucidated.  Removal of 

the sources, or prevention of loading from those sources would likely reduce the input of Hg to 

sediments where concentrations are significantly different, and may ultimately reduce MeHg 

concentrations. 

The correlation between OM and THg concentrations from core C3 suggests that Hg in sediments 

may have been transported with organic matter from the Tannery creek.  While strong correlations 

in the other cores was not observed, C3 was the core furthest removed from the dredging channel, 

and sediment mixing may have homogenized layers over time in the other cores.  While Hg may 

not be strongly correlated to OM, it would appear that Hg has a strong affinity for the sediment, as 

results showed little to no measurable concentrations of THg in pore water. 

Results of pore water analysis indicate that the mobility of Hg within sediments is limited.  Low 

concentrations of Hg in surface waters of the inner harbour have also been observed by Hamilton 

(2006), where all samples were below detection limits (0.4 µg/L).  The high pH measured in both 

surface and depth waters of this study area may be responsible for the low concentrations of Hg 

measured in waters compared with sediments.  Not only are basic environments known to promote 

the formation of particulate forms of Hg, which are less volatile and less mobile, but they have also 

been shown to decrease the potential for methylation in sediments (Pak and Bartha, 1998).  The 

alkalinity of the water in the inner harbour may act as a buffer against fluxes of acidity, which may 

promote the mobility and possibly the methylation of Hg in sediments. 
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3.8  Figures 

 

FIGURE 3-1a.  Locations of sampling points from a previous study (Totten Sims Hubicki 
Associates, 1992) of the inner harbour with measured Hg values (mg/kg) in surface 
sediment indicated.  Points contained in the inset rectangle are shown in Figure  3-1b (GIS 
OrthoMap, from Queen’s University Maps, Data & Government Information Library, 
2004). 
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FIGURE 3-1b.  Locations of sampling points from previous studies (AQ: Jaagumagi, 1991; 
SED: Aqua Terre Solutions Inc, 1997) of the inner and outer harbour with measured Hg 
values (mg/kg) indicated.  Area shown is from the inset rectangle from Figure 3-1a (GIS 
OrthoMap, from Queen’s University Maps, Data & Government Information Library, 
2004). 
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FIGURE 3-2.  Map of the mean [THg] in surface sediment (0-10 cm) from all sampled 
cores.  Concentrations are reported in mg/kg for comparison with archived grab samples in 
Figure 3-1. Cores sampled at 1 cm intervals are represented by white circles, while cores 
sampled at 5 cm intervals are represented by black triangles (GIS OrthoMap, from Queen’s 
University Maps, Data & Government Information Library, 2004). 
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FIGURE 3-3.  Kriging estimation maps for core data sets 0-5 cm (a), 5-10 cm (b) and 10-15 
cm (c).    Contour intervals were chosen based on the sediment quality guidelines 
(ISQG>170 µg/kg; PEL>486 µg/kg; SEL>1000 µg/kg). 
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FIGURE 3-4.  Sediment depth profiles of THg concentrations in six of the 21 cores.  These 
cores contain the lowest concentrations of all the cores.  The ISQG (170 µg/kg) is indicated 
by the vertical dashed line.  Note the difference in depth scale between the 1 cm and 5 cm 
interval cores. 
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FIGURE 3-5.  Sediment depth profiles of THg concentrations in six of the 21 cores.  These 
cores contain the highest concentrations of all the cores.  The PEL (486 µg/kg) is indicated 
by the vertical dotted line on the left, and SEL (2000 µg/kg) is indicated by the semi-dashed 
line on the right.  Note the difference in depth scale between the 1cm and 5 cm interval 
cores. 
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FIGURE 3-6.  Sediment depth profiles of THg concentrations in six of the 21 cores.  These 
cores separate the highest and lowest concentration cores spatially.  The ISQG (170 µg/kg) 
is indicated by the most left dashed line; the PEL (486 µg/kg) is indicated by the vertical 
dotted line in the middle; and the SEL (2000 µg/kg) is indicated by the semi-dashed line to 
the most right.  Note the difference in depth scale between the 1cm and 5 cm interval 
cores. 
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FIGURE 3-7.  Regression analysis of [MeHg] and [THg] from the top 5 cm of cores C3, C12 
and C14.  Results indicate a strong, significant correlation (r2

2 = 0.81; p = 0.01) 
 

 

 

 

FIGURE 3-8.  Correlation between THg concentrations and % Organic Matter in sediment 
intervals from core C3 (r2 = 0.95; p <0.0001). 
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3.9 Tables 
 

TABLE 3-1.  MeHg concentrations (ηg/g) measured in selected sediment core 
samples.  MeHg concentrations as a % of THg measured in each sample is 
shown. 

 

Core 
Depth Interval 

(cm) 
[MeHg] 
(ηg/g) 

MeHg as % 
of THg 

C3 0-1 1.6 0.24 

C3 4-5 0.2 0.03 

C3 9-10 0.4 0.07 

C3 20-21 0.4 x10 0.01 

C12 0-1 0.9 1.04 

C12 4-5 0.2 0.22 

C12 9-10 0.3 0.36 

C12 17-18 0.3 0.45 

C14 0-1 4.3 0.16 

C14 4-5 2.1 0.10 

C14 9-10 0.4 0.02 

C14 20-21 0.2 0.01 
 
 
 
 
 
TABLE 3-2.  Mean %OM and standard deviation (Std Dev) of each of the eight cores 
analyzed for TOC.   
 

Core Mean %OM Std Dev 

C2 11.1 1.34 

C3 26.3 12.4 

C5 5.4 1.6 

C6 12.1 6.36 

C7 16.1 6.31 

C9 17.8 1.95 

C12 33.2 2.46 

C14 16.6 2.31 
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TABLE 3-3 Regression analysis results of correlations between % OM and THg 
concentrations; and between % OM and MeHg concentrations. 
 

Core THg r2  p MeHg r2  p 

C2 9.3 + 0.01 0.23 0.029 - - - 

C3 5.1 + 0.02 0.95 <0.0001 -6.42 + 0.36 0.08 0.72 

C5 5.3 + 4.5 x10-5 0.03 x10-2 0.95 - - - 

C6 7.0 + 0.09 x10-2 0.36 0.003 - - - 

C7 12.4 + 0.06 x10-1 0.14 0.038 - - - 

C9 16.2 + 0.69 x10-3 0.26 0.006 - - - 

C12 33.6 - 0.42 x10-2 0.15 x10-3 0.97 -0.448 + 0.026 0.05 0.77 

C14 15.2 + 0.49 x10-3 0.03 0.33 -23.95 + 1.5 0.88 0.06 
 

 

TABLE 3-4.  Results of THg concentrations (µg/L) in pore water from core 
and drive-point peizometer core samples. 
 

Core ID Depth Interval (cm) [THg] (µg/L) 

C3 0 - 2 <0.01 

C3 4 - 6 <0.01 

C3 9 - 11 <0.01 

C3 20 - 22 0.01 

C12 0 - 2 <0.01 

C12 4 - 6 <0.01 

C12 9 - 11 <0.01 

C12 16 - 18 <0.01 

C14 0 - 2 <0.01 

C14 4 - 6 <0.01 

C14 9 - 11 <0.01 

C14 20 -22 <0.01 

PW1 N/A 0.0035 

PW2 N/A 0.014 

PW field blank N/A 0.002 
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TABLE 3-5.  Physical and chemical characteristics measured in surface and depth waters 
from four core sampling locations on June 18, 2007. 
 

Sampling 
Location 

Depth 
(m) 

pH 
Conductivity 

(mS) 
Turbidity 
(NTUs) 

Temperature 
(oC) 

Dissolved 
Oxygen 
(mg/L) 

 C12  1.0 9.5 0.19 3.1 24.96 12.75 

 C12  1.5 9.5 0.19 5.8 24.87 10.58 

 RC3  1.3 9.3 0.20 6.6 25.68 8.99 

 RC3  2.3 8.6 0.20 13.9 24.73 4.79 

 C3  1.3 9.6 0.20 1.0 24.80 7.90 

 C3  2.0 8.9 0.21 21.0 24.04 3.63 

 C14  1.3 9.4 0.21 4.4 25.60 8.01 

 C14  2.1 8.5 0.22 19.5 24.46 3.61 
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4.1  THg in snow 

THg concentrations (µg/L) measured in snow is shown in Table 4-1.  All snow samples had low 

concentrations of Hg, ranging from 0.013 to 0.007 µg/L, with one sample below the detection limit 

(<0.005 µg/L).  These values are consistent with THg concentrations observed in atmospheric 

deposition at Point Petre, Ontario in 2003, lying in the lower range (0.003 – 0.041 µg/L) of reported 

values (National Atmospheric Deposition Program, 2007).  Since THg concentrations upstream of 

the western shoreline have been shown to be significantly lower, it is unlikely that the low 

concentrations observed in precipitation are responsible for the high concentrations observed in 

sediments. 

 

4.2  THg in storm sewers and runoff 

THg concentrations (µg/L) measured in storm sewer and runoff water samples is given in Table 4-2.  

While Hg was not detected in any of the storm sewer samples, Hg was regularly detected in the 

runoff waters.  Concentrations observed at the Douglas Park N. sampling point ranged from 0.01 to 

0.053 µg/L.  THg concentrations in runoff water draining from the KRC were significantly higher, 

ranging from 19 to 61 µg/L (ANOVA, p<0.01).  The amount of Hg observed in water runoff was 

above the CWQG of 0.026 µg/L in one of the two samples taken at Douglas Park N.  The average 

concentration of Hg detected in runoff at the KRC (31.97 µg/L) was over 1000 times higher than the 

CWQG value for waterbodies. 

When the runoff sample from the KRC on the last day of sampling was filtered to remove particulate 

matter greater than 0.45 um, the concentration of Hg in water was reduced from 11.1 µg/L to 0.19 

µg/L.  The decrease in concentration suggests that Hg loading in runoff is primarily bound to 

particulate matter.  In addition, during the snow sampling period on March 11, 2007, while snow 

was measured at 0.009 µg/L, melting snow carrying eroding soil was measured at 23.9 µg/L.  Since 
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concentrations of Hg were not detected in storm sewer waters, and runoff water contained 100 and 

1000 times more Hg than filtered water and snow respectively, results suggest that Hg loading to 

river sediments may be coming from elevated Hg concentrations in soil. 

 

4.3  THg in soil results 

The concentration of THg for each soil sample (0-10 cm) was determined (Appendix T-20) and 

mapped and is shown in Fig. 4-1a and 4-1b.  Concentrations varied widely depending on location, 

with a range of 9 µg/kg to 4380 µg/kg.  The soil locations that contained the 10 highest 

concentrations were all located north of the current existing woolen mill building.  The elevated 

concentrations of Hg observed in surface soil of the Davis Tannery property has been previously 

documented, ranging from 100 – 15000 µg/kg (DCS, 1994; Stokes 1977; OME 1978).  The presence 

of elevated Hg in soils suggests that Hg remains as a persistent pollutant in soil on the abandoned 

property. 

The highest THg soil concentration (4390 µg/kg) was observed at the southeast corner of the KRC 

building at sample point S1, where water was sampled for runoff (PRC). Since runoff draining this 

soil was shown to contain elevated concentrations of Hg that was strongly associated to particulate 

matter, the Hg in surface soils are most likely contributing Hg to sediments during rain events.  At 

another location just southeast of S1, at S24, concentrations were also found to be elevated (1170 

µg/kg).  While S26 at the rowing club dock, S25 to the south east, and S2 to the south were elevated 

(824, 663, 620 µg/kg), they were below the MOE guideline.  The high concentration locations 

around the rowing club (S1, S2, S25, S26, S24) are all in an east or southeast direction from the KRC 

building.  The concentrations are significantly higher than the locations to the west in Emma Martin 

Park which is directly adjacent to the KRC, or to the south around the Woolen Mill (ANOVA, 

p<0.01).   
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In a study done by Water and Earth Science Associates Ltd (1988), eight test pits (TP1-TP8) were 

studied on the KRC property over an area where a proposed addition (since completed) was 

planned.  Elevated concentrations of Hg were found (4-4600 µg/kg) (Figure 4-2) along with other 

contaminants at various depths within the test pits (Appendix T-21).  Since buried wastes containing 

mercury concentrations as high as 4600 mg/kg are known to exist below the KRC (Water and Earth 

Science Associates Ltd, 1988), the elevated concentrations measured in surface soils of the area may 

be originating from subsurface contaminants.   

In the report by Water and Earth Science Associates Ltd (1988), it advised that subsurface wastes 

found in test pits could be entombed to prevent the movement of contaminants.  Rather than 

excavating the material, the report stated that since there was clay underlying some of the wastes, it 

would act as an impermeable barrier to leaching wastes.  In addition, it was suggested that since the 

proposed building addition was completed on pilings to avoid soil disturbance, a 30 cm layer of 

compacted clay could be placed around the perimeter of the addition, which would ensure that the 

waste material is properly contained beneath and around the building.  It was further suggested that 

the existing gravel driveway on the property be paved so that surface water does not infiltrate the 

‘thin layer’ of dry waste material. 

While the existence of clay was found at the bottom of 5 of the 8 test pits sampled, 3 of the test pits 

(TP2, TP5 and TP7) did not reach the 120 cm depth of the other profiles.  Concrete floorings and 

footings were encountered at 90 cm in TP2, 15 cm in TP5 and 90 cm in TP7.  In addition, while test 

pits were sampled on the proposed addition spot, none were sampled beyond the extent of the 

proposed addition in either direction.  Since the extent of the test pits sampled for the Rowing Club 

addition did not cover the entire property of the KRC, it is possible that there are discontinuities in 

the clay layers that are believed to entomb wastes beneath the building.  If this were the case, then it 

is possible that hydrologic flow through wastes is occurring, and potentially moving contaminants.  

Additionally, it is unknown whether wastes exist beneath or near the property in locations other 

than sampled test pits.  If the undefined wastes are present elsewhere, it is unclear what barriers or 
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clay layers, if any, are containing those materials. 

In recent studies measuring the release of Hg from old, unlined landfills, Hg was regularly detected 

(Lindberg and Price, 1999).  In addition to the conventional leaching of Hg through groundwater 

and leachate, Hg was also measured in gases being emitted from soils.  The high volatility of Hg and 

its ability to bind with methane gas in subsurface decomposing organic material are largely thought 

to result in the evolution of Hg emissions from the older landfills (Lindberg and Price, 1999; 

Lindberg et al., 2001). 

The emission of Hg from landfills has been estimated to produce a quantifiable proportion of the 

global emission of Hg.  It is already understood that the flux of Hg from soils worldwide is known to 

be a major contributor of Hg to the atmosphere.  However several studies have suggested that the 

evolution of Hg from buried or landfilled contaminated Hg wastes may have more of an impact 

locally.  Even the Hg flux in studies analyzing forest soils with concentrations less than those 

measured in this study have been measured at rates of 1 - 10 ηg m-2 h-1 (Kim et al., 1995; Boudala et 

al., 1999) 

The physical characteristics of Hg make it susceptible to vertical movement in soils under thermal 

changes.  The effect of solar radiation on the increase in Hg flux from soils, and the effect on 

overcast days on negative Hg flux from soils has been shown (Wang et al, 2006).  If Hg in wastes 

and soils beneath the rowing club were to slowly volatize over time, it is possible that like the 

studies involving unlined landfills, Hg has the potential to be contaminating upper soils through 

volatilization. 
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4.4 Conclusions 

 

Significant concentrations of Hg were not detected in snow samples and storm sewer waters.  While 

the concentrations in snow were consistent with previous monitoring studies of eastern Ontario 

precipitation, significantly higher Hg concentrations in sediment from the western shoreline than the 

rest of the study area indicate that a source with higher Hg concentrations is likely responsible. 

Since Hg concentrations in runoff at the KRC are substantially higher than the water quality 

guideline designed to protect direct contact with aquatic life, during storm events and heavy rains, 

runoff may be harming biota close to these areas.  The runoff analyzed for Hg after filtration 

indicates that Hg loading in runoff is primarily from contaminated soil particles.  As a result, during 

rain events, soil contaminated with Hg may be relocated to become sediment or DOM 

contaminated with Hg.  The spatial distribution of the highest soil concentrations are adjacent to the 

sediments containing the highest surface concentrations. 

The buried wastes beneath the KRC are known to contain elevated concentrations of Hg.  Since 

movement of Hg vertically through soils is possible, and the extent of the clay barrier layer is not 

fully defined around the wastes, migration of Hg from buried wastes to surface soils may be 

occurring.  Additionally, the hydrologic flow beneath the property has not been elucidated in a 

reports to date.  As it has been found that old, unlined landfills have a greater potential to leach 

contaminants than unlined ones, the similar barrier to wastes found beneath the KRC may have a 

similar fate.  It is possible that the high concentration of Hg in sediments observed in sediments 

adjacent to the KRC and just downstream (Chapter 3) are originating from buried wastes on and/or 

around the KRC property. 
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4.5 Figures 

 

FIGURE 4-1a.  Spatial distribution of THg concentration in soil samples (µg/kg).  THg 
concentrations in the inset rectangle are found in Figure 4-1b. (GIS OrthoMap, from 
Queen’s University Maps, Data & Government Information Library, 2004). 
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FIGURE 4-1b.  Spatial distribution of THg concentration in soil samples from inset 
rectangle in Figure 4-1a (µg/kg). (GIS OrthoMap, from Queen’s University Maps, Data & 
Government Information Library, 2004). 
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FIGURE 4-2.  Locations of test pits (TP) sampled prior to Rowing Club addition by Water 
and Earth Associates (1988). (GIS OrthoMap, from Queen’s University Maps, Data & 
Government Information Library, 2004). 
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4.6 Tables  

  TABLE 4-1.  THg concentrations (µg/L) measured in snow samples. 

  Sampling Date 

Sampling Location  3-Mar-07 11-Mar-07 

PRC (Rowing Club) 0.013 0.009 

PDN (Douglas Park North) 0.008 0.007 

PDS (Douglas Park South) 0.007 <0.005 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
TABLE 4-2.  THg concentrations (µg/L) measured in terrestrial runoff and storm sewer 
water samples.  Samples values preceded by (d) are results of field duplicates. 
 

  Sampling Date 

Sampling Location  2-Sep-06 11-Mar-07 3-Jun-07 

TRRC (Rowing Club Runoff) 61 22.5; 25.6(d) 11.1 

TRDN (Douglas N. Runoff) - 0.071; 0.035 (d) 0.01 

SS1 (Woolen Mill Storm Sewer) <0.4; <0.4(d) - <0.01; <0.01(d) 

SS2 (Douglas N. Storm Sewer) <0.4 - <0.01 

SS3 (Douglas S. Storm Sewer) - - <0.01 
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CHAPTER 5 

Summary of Results, Implications and Future Research 
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5.1  Introduction 

 
In the Great Lakes, the majority of consumption advisories for fish are a result of PCB’s, dioxins and 

Hg.  In Lake Ontario, from 1997 to 2007, the percent of consumption advisories for dioxins, furans 

and PCB’s have increased while the number for Hg have decreased (MOE 1997; MOE 2007).  

However, this does not necessarily mean that Hg concentrations in fish are decreasing, as the total 

allowable concentration of Hg for the general population has increased since 1997, while the total 

allowable concentration of dioxins, furans and PCB’s has decreased (MOE, 1997; MOE 2007).  For 

example, a study of the concentration of pollutants in Lake Ontario coho and chinook salmon over 

a 20 year period has shown that the concentrations of PCB’s, mirex, and p,p’-DDT have decreased 

exponentially, while the decrease in[THg] has been negligible, and follows a linear trend (French et 

al., 2006). 

 

Considered a toxic substance under the Canadian EPA, Hg continues to be released despite being 

listed as a pollutant for virtual elimination under the Great Lakes Water Quality Agreement.  While 

Hg concentrations in offshore waters of the Great Lakes are below water quality guidelines, 

concentrations in waters near many urban waterways and harbours exceed the State of the Great 

Lakes Ecosystem Conference draft guidelines for the protection of wildlife (SOLEC, 2007).  The 

Cataraqui River, which drains the lower portion of the Rideau Canal and empties into the inner 

harbour of the City of Kingston on Lake Ontario, is one such tributary. In order to understand the 

extent of Hg contamination in the inner harbour at Kingston, a more complete study was needed to 

quantify the sources and fate of Hg in sediments 
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5.2  Summary of Results 

5.2.1  Distribution and Fate of Hg in Sediments 

 
Results of the spatial distribution of Hg in sediments from the inner harbour of Kingston reveal that 

south of Belle Park, and west of the navigation channel maintained by Transport Canada, a 

substantial area of surface sediment is above the PEL guideline for the protection of wildlife.  

Sediment concentrations of Hg in this area, particularly in front of the KRC, are significantly higher 

than the rest of the inner harbour, sometimes rising above the highest sediment quality guideline 

(SEL).  The significant differences in spatial distribution of THg in sediments within the inner harbour 

suggest that local, anthropogenic inputs of Hg are likely responsible for the higher concentrations 

along the western shoreline rather than a regional, atmospheric source. 

 

Core profiles indicate that, similar to surface sediments, Hg concentrations are significantly greater 

along the western shoreline, with the highest concentrations in sediments near the KRC.  Hg 

concentrations increase with depth in most cores, and are lower in recent sediments, and at the 

deepest core intervals in some deeper cores.  However, concentrations in surface sediment that 

have remained relatively constant in the last 10 cm of sedimentation near the KRC, are still above 

the PEL and SEL guidelines. 

 

While MeHg concentrations were only found to be above the sediment quality guideline (4 ηg/g) at 

the KRC, MeHg was measured in all 3 cores analyzed for MeHg.  MeHg concentrations were 

positively correlated with THg concentrations in surface sediments, which is consistent with results 

found in many other aquatic environments (review, Ullrich et al., 2001).  The removal of Hg loading 

to aqueous environments may not only decrease MeHg production, but it has also been shown to 

decrease concentrations of Hg in fish (Southworth et al., 2004).  Since surface sediment and core 

profiles indicate that Hg loading has likely been ongoing along the western shoreline, efforts should 

be made to remove the Hg source to protect aquatic biota. 
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The mobility of Hg in the water column was minimal, as it was never detected in surface waters, 

and only in 5 of the 16 pore water samples, just above detection limits (<0.01 µg/L).  The low 

concentrations of Hg detected in waters despite the significantly higher concentrations measured in 

sediments indicate that Hg may be strongly bound to particulate matter.  The high pH values 

measured in the area are likely contributing to the reduced solubility of Hg in the waters. 

 

While strong correlations between organic matter content and Hg were not observed in the majority 

of cores sampled, it was deemed significant in two locations where loading of Hg was suspected.  

At the mouth of the Tannery creek draining a marsh previously used for effluent disposal by the 

former Davis Tannery, a strong positive correlation in Hg and % organic matter was observed, 

indicating a possible link between Hg loading and co-transport with organic matter.  At core C14, 

where MeHg and THg concentrations were highest, MeHg production was found to be positively 

correlated with % organic matter.  Although low pH values and limited mobility might suggest 

methylation should be minimal, it is possible that organic matter is having a positive effect on Hg 

methylation, similar to other studies that have observed increased methylation in organic-rich 

sediments (Ravichandran, 2004). 

 

 
5.2.2  Sources of Hg to River Sediments 

 

While significant amounts of Hg loading to sediments were not detected in precipitation or storm 

sewer outflows, Hg was detected regularly in surface runoff from the shorelines adjacent to the 

highest surface sediment concentrations.  When runoff was filtered, it was observed that the 

majority of the Hg measured in runoff was associated with suspended particulate matter, indicating 

that Hg in soils may be an ongoing source of Hg to surface sediments.   

 

Concentrations of Hg measured in soils, particularly around the property currently used by the KRC 
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and Davis Tannery, supported the hypothesis that soils may be contributing to elevated sediments 

just off-shore, as concentrations of soils were significantly higher than elsewhere along the western 

shoreline.  Concentrations of Hg in soil between the KRC and the shoreline were all found to be 

above the PEL sediment guideline, with one being above the SEL guideline.  Additionally, sediments 

at the mouth of the creek were significantly correlated with THg, suggesting transport of 

contaminated soils and sediment from the Tannery marsh may be an ongoing source to sediments. 

 

Since buried wastes containing concentrations of Hg >4300 mg/kg exist near the soils with the 

highest concentrations, it is possible that those buried wastes are responsible for the elevated soil 

concentrations.  While eroded soils are responsible for some Hg loading to sediments, the extent of 

subsurface transport of Hg to river sediments remains unknown.  Additionally, the extent to which 

buried wastes exist beneath the KRC is yet to be systematically determined. 

 

5.3  Implications and Future Research 

 

Results of this study show that quantifying the spatial distribution of Hg was critical to understanding 

the sources of Hg to the river, and the effect that Hg may be having on the local ecosystem.  As 

sediments along the southwestern shoreline contain significant amounts of Hg, future research 

should focus on understanding the full extent of its bioavailability in the region, as well as the role 

that hydrologic flows and sediment mixing may have on its transport downstream.  A more detailed 

assessment of soil concentrations at the KRC and their impact on the sediments of the Cataraqui 

River is also recommended. 

 

 

 

 



 88 

5.3.1  Sediments and Water 

 

Since Hg in surface sediment along the southwestern shore of the inner harbour exceeds the PEL in 

many locations and the SEL near the former woolen mill point, Hg may have a negative effect on 

aquatic biota that frequent that area.  The presence of more concentrated Hg at depth in sediments 

though, suggests that removal of the top contaminated layers would not improve the quality of 

sediments in the inner harbour.  In addition, dredging of Hg contaminated sediments has been 

shown to not only re-suspend Hg, but to increase MeHg production (Davis et al., 2003) 

 

Hg concentrations in the higher trophic fish from the MOE’s SF database show that bioaccumulation 

in tissues of fish from the inner harbour is probable. Hg concentrations in YOY yellow perch data 

(Appendix T-11) have increased along with the size of the fish from 1999 to 2002. The detection of 

MeHg in surface sediments suggests Hg may be bioavailable to biota, and warrants further 

investigation. Only four core intervals from three locations were analyzed for MeHg in this study, 

and during the fall when samples were taken, methylation potential may not have been optimal.   

 

MeHg production has been shown to vary seasonally in many ecosystems, and in temperate 

climates tends to be highest during the warm summer months when temperatures can increase 

anoxic conditions in sediments and promote microbial activity (Pak and Bartha, 1998).  Since cores 

taken in this study that were analyzed for MeHg were obtained in September and October, after 

peak summer methylation rates have been observed in many lake and river studies (Callister and 

Winfrey, 1986), a more detailed examination of seasonal methylation potential in sediments of the 

Inner Harbour should be examined.  This would provide a more accurate interpretation of how 

elevated Hg concentrations in sediment may be affecting fish spawning and migrating patterns, as 

well as migrating water wildlife. 

 

It has been shown in sediments just south of the Woolen Mill (C14) that organic matter may be 



 89 

partially responsible for some MeHg production.  In organic-rich sediments where sulphates may be 

limited, Hg methylation may occur in anoxic sediments where the degradation of organic matter is 

the source of methane production (Ravichandran, 2004).  Recent work in Cornwall, Ontario, has 

shown positive correlations between methane-bubbling from sediments where wood chips are 

buried, and increased bioaccumulation rates in biota (Delongchamp, 2006).  As buried wood chips 

and gas-bubbling were observed in several locations of the inner harbour, similar processes may 

exist. 

 

Further research should be conducted, particularly where THg concentrations in surface sediments 

are highest, to see what relationships MeHg production rates have with not only organic matter, but 

also the role that sulphur complexes may have.  Regardless of the processes by which Hg 

methylation is occurring in the inner harbour, it has been shown in all core samples that in this 

study area, MeHg concentrations are driven directly by THg concentrations.  This correlation has 

been observed in many lakes and tributaries (Krabbenhoft et al., 2002), and not surprisingly, 

research has shown that removal of Hg loading to sediments can not only reduce Hg methylation 

rates, but also reduce concentrations of Hg in fish tissues (Southworth et al., 2000).  Since Hg 

loading to the sediments has been shown to be still occurring along the western shoreline, efforts 

should be established to reduce or eliminate Hg loading so that the bioavailable forms of Hg in 

sediments are reduced.  Sediment dredging is not recommended since core profiles have indicated 

that higher concentration sediments exist below surface sediments for a majority of the inner 

harbour south of Belle Park, and any disturbance or removal of surface sediments would likely 

expose or re-suspend more contaminated sediments. 

 

5.3.2 Soils and Runoff 

 
Surface soils containing the highest concentrations of Hg are located adjacent to some of the highest 

concentration sediments. The high concentration soils are also above the KRC property where 
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highly contaminated Hg wastes are known to be buried.  While contamination at the Davis Tannery 

site has been studied and is currently under remediation and development negotiations, the extent 

of waste buried around the KRC property is not fully understood.  The concentrations of metals 

observed by Water and Earth Associates (1988) would be considered hazardous waste under the 

Environmental Protection Act, O.Reg. 347 (1990), and any leachate or soils containing pollutants 

that reached sediments would certainly have negative effects on river sediments. 

 

Since the concentrations of metals in wastes are known to be in concentrations hundreds of times 

higher than the minimum hazardous waste concentrations, pollutants in leachate, groundwater or 

soils will have a significant impact on the surrounding environment.  Although the clay barriers and 

precautions employed during the KRC addition may have entombed some of the waste material, the 

extent of buried wastes remains unknown.  In addition, the amount of Hg or contaminants being 

leached through soils have the potential to be significant, similar to studies that have observed Hg in 

groundwater and gases from unlined landfills (Lindberg, 2001).  Future research should focus on 

determining the extent of buried wastes around the KRC property, and investigate to what extent 

contaminant loading to sediments and the river are ongoing, particularly in subsurface leachate and 

groundwater.  

 

While not all surface concentrations in soils are above the parkland/recreational limit, if the soil is 

transported to sediment, the concentrations would be above sediment quality guidelines.  

Additionally, chronic exposure to children and rowers frequenting the playground in Emma Martin 

Park or soils around the rowing club that contain elevated concentrations of Hg, may pose potential 

long-term health risks.  If the goal of protecting aquatic biota and ultimately humans through 

reducing Hg in sediments and the river is a priority, the Hg that is loading those sediments should 

be removed or at least reduced.  While section 37 of the Fisheries Act aims to protect aquatic 

environments from deleterious or negative impacts from terrestrial contamination, shorelines are still 

treated as soil under soil quality guidelines.  Currently no ‘shoreline’ guidelines exist for soils.  If a 
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shoreline guideline were to be used that reflected concentrations acceptable for sediments, then the 

impact Hg and other contaminants may directly have on sediments could be minimized both in this 

study and in other tributary and shoreline applications. 

 

As the majority of fish consumption guidelines from inland lakes and rivers in Ontario are due to 

Hg, prevention of Hg loading to tributaries and waterways should be of the utmost concern.  Results 

from this study suggest that Hg loading from terrestrial sources along the southwestern shoreline of 

Kingston’s inner harbour is ongoing, and that concentrations of Hg in sediment are above sediment 

quality guidelines where loading is occurring.   

 

The Cataraqui River is a major tributary to Lake Ontario, and contaminated sediments have the 

potential to cause negative effects on biota both downstream, and in the area where they were 

sampled by local and migrating fish and wildlife.  Since THg concentrations in fish and MeHg 

concentrations in sediment are both known to decrease when THg concentrations in sediments are 

lowered, removal of the sources of Hg should be a priority.  Although further research needs to be 

done to determine the exact sources of Hg to sediments of the inner harbour, results from this study 

suggest former processes in industries around the KRC and at the Davis Tannery have likely 

contributed to the elevated Hg concentrations.  Additional work needs to be done to understand the 

seasonal fluxes of not just Hg loading, but also seasonal speciation and methylation potentials.  As 

results show that contaminated sites can be ongoing contributors of Hg to surrounding ecosystems, 

a more detailed assessment of Hg contamination in both surface and subsurface soils around the 

KRC needs to be undertaken in order to fully understand Hg loading to sediments of the Cataraqui 

River. 
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APPENDIX T-1.  Table describing the location of each core in GPS coordinates 
(NAD83), the date of each core sampled, and the interval depth that the core was 
extruded at. 

Core ID Date Sampled Northing Easting Extruding Depth 

C1 21-Oct-05 4899314 381959 1 cm 

C2 21-Oct-05 4900552 382329 1 cm 

C3 21-Oct-05 4900523 381879 1 cm 

C4 21-Oct-05 4900331 381903 1 cm 

C5 21-Oct-05 4899911 381872 1 cm 

C6 21-Oct-05 4899853 381872 1 cm 

C7 10-Nov-06 4899093 381869 1 cm 

C8 10-Nov-06 4899186 382059 1 cm 

C9 10-Nov-06 4899302 381910 1 cm 

C10 10-Nov-06 4899680 381929 1 cm 

C11 10-Nov-06 4900773 382833 1 cm 

C12 10-Nov-06 4903072 383430 1 cm 

C13 10-Oct-06 4899682 381832 1 cm 

C14 10-Oct-06 4899686 381822 1 cm 

RC1 10-Oct-06 4899119 382507 5 cm 

RC2 10-Oct-06 4899352 382569 5 cm 

RC3 10-Oct-06 4899987 382237 5 cm 

RC4 10-Oct-06 4900326 381902 5 cm 

RC5 10-Oct-06 4900266 382113 5 cm 

RC7 10-Oct-06 4900523 382123 5 cm 

RC8 10-Oct-06 4900510 381971 5 cm 
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APPENDIX T-2.  Soil samples taken with GPS coordinates (NAD83) and sample 
ID; all soil samples are 10 cm profile samples taken as a composite. 

 

Sample ID Northing Easting 

S1 4414574 7628801 
S2 4414570 7628800 
S3 4414571 7628828 
S4 4414475 7628779 
S5 4414255 7628797 
S6 4414413 7628896 
S7 4414225 7628732 
S8 4414241 7628814 
S9 4414132 7628794 

S10 4414200 7628874 
S11 4414252 7628813 
S12 4414272 7628824 
S13 4414269 7628875 
S14 4414296 7628835 
S15 4414293 7628859 
S16 4414292 7628883 
S17 4414343 7628882 
S18 4414346 7628863 
S19 4414433 7628897 
S20 4414455 7628908 
S21 4414457 7628858 
S22 4414477 7628823 
S23 4414518 7628775 
S24 4414544 7628786 
S25 4414555 7628784 
S26 4414583 7628783 
S27 4414572 7628811 
S28 4414577 7628831 
S30 4414555 7628813 
S31 4414552 7628872 
S32 4414571 7628873 
S33 4414614 7628902 
S34 4414656 7628805 
S35 4414626 7628981 
S36 4414501 7628946 
S37 4414599 7628898 
S38 4414631 7628911 

DP3s 4414790 7628875 
DP4s 4414798 7628865 
DP5s 4414786 7628858 
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APPENDIX T-3.  Gamma counts of radioisotopes (dpm/g), corrected for date 
counted, efficiency, and density of sample. 
 

Sample 
Interval 

Midpoint 
Date 

Counted 
Weight 

(g) 
Height 
(mm) 

210Pb 
(dpm/g) 

 137Cs  
(dpm/g) 

C3 0-1 0.5 11/27/05 1.02 24.1 11.4 0.67 

C3 12-13 12.5 11/28/05 1.16 22.4 8.25 0.93 

C3 20-21 20.5 11/29/05 1.12 20.8 6.82 0.98 

C3 34-35 34.5 11/30/05 0.58 19.4 3.54 0.33 
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 APPENDIX T-4.  Blanks and QC samples for all DMA-80 sediment and soil runs. 
 

Run Date Blank (µg/kg) QA/QC water (µg/kg) QA/QC target (µg/kg) 

23-Feb-06 1.4 1030 1000 
25-Apr-06 <1.0 1050 1000 
27-Apr-06 1.9 1070 1000 
10-May-06 <1.0 1000 1000 
17-May-06 <1.0 955 1000 
19-May-06 1.9 1110 1000 
30-May-06 <1.0 1050 1000 
7-Jun-06 <1.0 933 1000 

20-Jun-06 2.1 1000 1000 
22-Jun-06 <1.0 977 1000 
23-Jun-06 <1.0 1010 1000 
1-Sep-06 <1.0 926 1000 
6-Mar-07 <1.0 1060 1000 
7-Mar-07 2.1 1030 1000 

15-Mar-07 <1.0 127 100 
19-Mar-07 2.6 126 100 
20-Mar-07 <1.0 1080 1000 
22-Mar-07 <1.0 958 1000 
25-Mar-07 <1.0 988 1000 
15-Apr-07 <1.0 1030 1000 
17-Apr-07 <1.0 1060 1000 
18-Apr-07 2.2 132 100 
19-Apr-07 <1.0 1140 1000 
1-May-07 <1.0 1080 1000 
6-May-07 <1.0 1080 1000 
6-May-07 <1.0 1020 1000 
8-May-07 <1.0 1020 1000 
8-May-07 <1.0 1040 1000 
9-May-07 <1.0 1080 1000 
10-May-07 <1.0 1090 1000 
11-May-07 <1.0 1040 1000 
14-May-07 <1.0 1020 1000 
15-May-07 <1.0 1100 1000 
16-May-07 <1.0 1010 1000 
17-May-07 <1.0 1010 1000 
19-May-07 <1.0 943 1000 
20-May-07 <1.0 972 1000 
14-Aug-07 <1.0 1110 1000 
16-Aug-07 <1.0 1130 1000 
17-Aug-07 <1.0 1090 1000 
18-Aug-07 <1.0 1030 1000 

 



 106 

APPENDIX T-5.  Results of duplicates and relative standard deviations (R Std Dev) for all 
DMA-80 soil and sediment runs.  The average relative standard deviation was 8.6%. 

Run Date 
Core ID: 

Interval Depth 
THg Concentrations (µg/kg) Std Dev 

R Std 
Dev(%) 

23-Feb-06 C1: 12-13 2810 2790 15.6 0.6 
25-Apr-06 C1: 14-15 2760 2550 149 5.6 
27-Apr-06 C2: 9-10 150 146 2.8 1.9 
10-May-06 C2 15-16 121 137 11.3 8.8 
17-May-06 C3 14-15 604 605 0.7 0.1 
19-May-06 C3 15-16 720 724 2.8 0.4 
30-May-06 C4: 15-16 534 517 12 2.3 
7-Jun-06 N/A N/A N/A N/A N/A 

20-Jun-06 C5: 14-15 1190 2480 913 49.8 
22-Jun-06 N/A N/A N/A N/A N/A 
23-Jun-06 N/A N/A N/A N/A N/A 
1-Sep-06 C6: 17-18 9510 8990 369 4 
6-Mar-07 RC7: 40-45 52 50 1.4 2.8 
7-Mar-07 RC4: 15-20 482 477 3.5 0.7 

15-Mar-07 RC1 35-40 258 264 4.2 1.6 
19-Mar-07 RC8 85-90 29 27 1.4 5.1 
20-Mar-07 RC5 50-55 180 163 12 7 
22-Mar-07 RC5: 45-50 244 240 2.8 1.2 
25-Mar-07 RC4 30-35 988 1050 41.7 4.1 
15-Apr-07 Soil 5 (Ch.4) 363 517 109 24.7 
17-Apr-07 Soil 5 (Ch.4) 384 309 53 15.3 
18-Apr-07 C11: 31-32 174 188 9.9 5.5 
19-Apr-07 C8: 27-28 289 275 9.9 3.5 
1-May-07 C6: 16-17 10700 off scale N/A N/A 
6-May-07 C11: 23-24 140 152 8.5 5.8 

6-May-07 (2) C8: 16-17 246 262 11.3 4.5 
8-May-07 C9: 26-27 5480 5510 24.7 0.5 

8-May-07 (2) C9: 12-13 1790 1590 139 8.3 
9-May-07 C9: 23-24 2500 2130 262 11.3 
10-May-07 C12: 5-6 106 84 15.6 16.4 
11-May-07 C12: 17-18 68 69 0.7 1 
14-May-07 C7: 25-26 930 853 54.4 6.1 
15-May-07 C7: 11-12 290 327 26.2 8.5 
16-May-07 RC3: 35-40 3 4 0.3 8.6 

16-May-07 (2) C13: 11-12 1830 2160 236 11.8 
17-May-07 C13: 20-21 1850 1740 73.5 4.1 
19-May-07 C14: 37-38 795 726 48.8 6.4 
20-May-07 C14: 37-38 795 726 48.8 6.4 
14-Aug-07 S11 220 207 8.8 4.1 
16-Aug-07 S25 704 248 323 67.8 
17-Aug-07 S30 116 132 11 8.8 
18-Aug-07 S37 158 166 5.3 3.3 
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APPENDIX T-6.  Results of THg concentrations measured in all CRM (MESS-3) duplicates  
 

Run Date 
THg Concentrations (µg/kg) 

(Target: 91+/-9) 
23-Feb-06 107 101 
25-Apr-06 107 106 
27-Apr-06 110 107 
10-May-06 110 103 
17-May-06 121 105 
19-May-06 139 109 
30-May-06 99 88 
7-Jun-06 93 84 

20-Jun-06 134 100 
22-Jun-06 106 99 
23-Jun-06 111 89 
1-Sep-06 103 94 
6-Mar-07 90 91 
7-Mar-07 88 90 

15-Mar-07 83 83 
19-Mar-07 84 84 
20-Mar-07 83 83 
22-Mar-07 82 83 
25-Mar-07 82 83 
15-Apr-07 96 94 
17-Apr-07 100 362 
18-Apr-07 96 98 
19-Apr-07 96 96 
1-May-07 93 95 
6-May-07 94 91 

6-May-07 (2) 94 94 
8-May-07 93 94 

8-May-07 (2) 92 92 
9-May-07 92 93 
10-May-07 91 91 
11-May-07 96 92 
14-May-07 94 92 
15-May-07 93 93 
16-May-07 104 93 

16-May-07 (2) 92 107 
17-May-07 91 90 
19-May-07 93 92 
20-May-07 90 90 
14-Aug-07 92 92 
16-Aug-08 96 93 
17-Aug-07 92 93 
18-Aug-07 91 90 
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APPENDIX T-7.  QA/QC data from MeHg analysis, including blanks, standards, spike 
recovery and QC samples. 
 

Sample ID 
Net CH3Hg as Hg 

(ηg/g) Wet Wt. 
Net CH3Hg as Hg 

(ηg/g) Dry Wt. 

CH3Hg 
Recovery 

(%) 

C3: 9-10 40.3 122.5 91.0 

C3: 9-10 47.6 144.7 93.9 

C12: 0-1 31.6 1101 96.7 

C12: 0-1 33.7 1171 78.1 

Mean of 
Recoveries 

  89.9 

IAEA 405 4.37 4.47 81.4 

Alfa (200 ηg/L) 208 
<-- Net CH3Hg as Hg 

(ηg/L) 
104 

Blank - - - 

 
 
 
 
 
 
 
 
 

APPENDIX T-8.  QA/QC data for THg in water analyses. 
 

Lab Sample Target (µg/L) Measured (µg/L) 

ESG Duplicate <0.4 <0.4 

ESG Control 4 4.1 

ESG Blank <0.4 <0.4 

RPC Blank <0.005 <0.005 

RPC Blank <0.005 <0.005 

RPC Blank <0.01 <0.01 

RPC CRM 100% (recovery) 107 

RPC CRM 100% 105 

RPC CRM 100%` 98.3 

RPC Duplicate 0.009 0.009 

RPC Duplicate <0.01 <0.01 

RPC Duplicate 0.01 0.01 
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APPENDIX T-9.  QA/QC results of blanks and duplicates for all LOI analyses.  The 
average relative standard deviation for all samples was 4.54 %. 

 

Blank Blank Target Duplicate Values (g) Std Dev 
Rel Std Dev 

(%) 

<0.2% <0.2% 18.9 19.1 0.14 0.74 

<0.2% <0.2% 10.7 13.8 2.19 17.9 

<0.2% <0.2% 53.2 48.6 3.25 6.39 

<0.2% <0.2% 9.8 10.4 0.42 4.2 

<0.2% <0.2% 6.8 6.9 0.07 1.03 

<0.2% <0.2% 38.4 33.6 3.39 9.43 

<0.2% <0.2% 13.1 13.1 0 0 

<0.2% <0.2% 18.7 19.4 0.49 2.6 

<0.2% <0.2% 17.8 17.5 0.21 1.2 

<0.2% <0.2% 17.2 16.6 0.42 2.51 

<0.2% <0.2% 10.7 11.3 0.42 3.86 

<0.2% <0.2% 19.3 19.9 0.42 2.16 

<0.2% <0.2% 15.3 15.2 0.07 0.46 

<0.2% <0.2% 18.2 16.9 0.92 5.24 

<0.2% <0.2% 14.7 14.8 0.07 0.48 

<0.2% <0.2% 30.3 32.4 1.48 4.74 

<0.2% <0.2% 15.3 15.2 0.07 0.46 

<0.2% <0.2% 18.2 16.9 0.92 5.24 

<0.2% <0.2% 24 17.6 4.53 21.8 

<0.2% <0.2% 15.5 15.4 0.07 0.46 
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APPENDIX T-10.  Table of previous THg concentrations in sediment measured in three 
previous studies from the inner harbour.  They are the “Transportation Study: Bridge 
Crossing of The Cataraqui River” by Totten Sims Hubicki Associates (1992); the 
"Sediment and Benthic Community Assesment of the Kingston Waterfront at Anglin Bay 
and the Queen Street Slip" by R.Jaagumagi (1991); and the "Sediment sampling 
Program Crawford Dock Waterlot Kingston, Ontario" by Report's Aqua Terre Solutions 
Inc (1997). 
 

Sample 
ID 

Study Easting Northing 
[THg] 

(mg/kg) 

AQ3 
Sediment and Benthic Community 

Assessment 381839 4898922 0.41 

AQ2 
Sediment and Benthic Community 

Assessment 381893 4898880 0.5 

AQ1 
Sediment and Benthic Community 

Assessment 381814 4898852 0.51 

AQ5 
Sediment and Benthic Community 

Assessment 381972 4898446 0.53 

AQ4 
Sediment and Benthic Community 

Assessment 381901 4898466 2.5 
SED1 Sediment Sampling Program 381909 4898109 0.1 
SED9 Sediment Sampling Program 381923 4898144 0.1 
SED2 Sediment Sampling Program 382004 4898238 0.2 
SED3 Sediment Sampling Program 381969 4898242 0.2 
SED8 Sediment Sampling Program 381924 4898243 0.2 
SED4 Sediment Sampling Program 382004 4898303 0.4 
SED5 Sediment Sampling Program 381954 4898296 0.4 

T8 Transportation Study 382785 4900110 0.01 
T3 Transportation Study 382725 4901089 0.07 
T4 Transportation Study 382453 4900620 0.07 
T9 Transportation Study 383070 4900045 0.07 
T5 Transportation Study 382903 4900660 0.08 
T1 Transportation Study 381907 4901050 0.09 
T13 Transportation Study 382767 4899481 0.09 
T7 Transportation Study 382252 4900246 0.09 
T10 Transportation Study 381850 4899791 0.12 
T18 Transportation Study 382435 4899072 0.12 
T2 Transportation Study 382312 4901080 0.13 
T12 Transportation Study 382452 4899577 0.17 
T17 Transportation Study 382235 4899126 0.38 
T11 Transportation Study 382136 4899684 0.41 
T16 Transportation Study 382030 4899180 0.48 
T19 Transportation Study 381797 4898920 0.5 
T6 Transportation Study 381902 4900331 0.58 
T15 Transportation Study 381830 4899228 0.64 
T14 Transportation Study 381734 4899422 4.9 
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APPENDIX T-11.  Summary of YOY Hg concentrations obtained from MOE.  Location of 
fish samples on the Cataraqui River is given. 
 

Sampling 
Site 

Date Species n 
Length 
(mm) 

Std Dev 
[THg] 
(ηg/g) 

Std 
Dev 

3-Oct-78 Yellow Perch 8 70.3 3.2 20 5.35 

24-Sep-80 Spottail shiner 7 58.7 1.38 28.6 6.9 
15-Oct-82 Yellow Perch 7 60.6 2.07 12.9 4.88 
15-Sep-90 Yellow Perch 7 57.4 3.91 8.6 9.45 

Cataraqui 
River 

16-Sep-91 Yellow Perch 6 68 0.63 35.8 21.08 
9-Sep-99 Yellow Perch 5 - - 4 8.94 

29-Aug-00 Yellow Perch 5 58 4.74 19 8.94 
Cataraqui 
R. - near 

Hwy. 401 3-Aug-02 Yellow Perch 5 93 16.14 34 5.48 

Cataraqui 
River - 

upstream 
of 401 

3-Sep-02 Yellow Perch 3 99.3 3.79 26.7 11.55 

9-Sep-99 Yellow Perch 5 - - ND - 

29-Aug-00 Yellow Perch 5 62.8 6.38 ND - 

Cataraqui 
R. - N. 
side of 
landfill 3-Sep-02 Yellow Perch 3 103.3 10.5 15 8.66 

9-Sep-99 Yellow Perch 5 - - 8 6.71 

29-Aug-00 Yellow Perch 5 61.2 3.27 11 8.22 
Cataraqui 
R. - S. side 
of landfill 3-Sep-02 Yellow Perch 5 108.8 10.16 40 10 

9-Sep-99 Yellow Perch 5 - - 36 5.48 
29-Aug-00 Yellow Perch 5 61.4 3.36 42 4.47 

Cataraqui 
R. - KRC 

3-Sep-02 Yellow Perch 6 93.2 18.05 60 22.8 

Cataraqui 
R. - 

Kingston 
Marina 

29-Aug-00 Yellow Perch 4 57 5.1 25 5.77 

9-Sep-99 Yellow Perch 4 - - ND - 
29-Aug-00 Yellow Perch 3 62 4.36 23.3 5.77 

Cataraqui 
R. - Outer 
Harbour 3-Sep-02 Yellow Perch  102 1.41 30 0 
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APPENDIX T-12.  Summary of SF Hg concentrations obtained from MOE.  Location and 
dates sampled for each species of fish is shown. 
 

Site 
Sample 
Date 

Species 
Name 

n 
Length 
(cm) 

Std 
Dev 

Mass 
(kg) 

Std 
Dev 

[THg] 
(µg/g) 

Std 
Dev 

Yellow Perch 12 18.3 2.3 0.08 35 0.077 0.023 

Black 
Crappie 

3 20.4 2.4 0.13 40 0.07 0.026 

Pumpkinseed 10 15.7 1.4 0.09 21 0.062 0.021 

Bluegill 12 15.3 1.8 0.08 28 0.043 0.012 

Largemouth 
Bass 

5 27.2 4.3 0.35 205 0.106 0.011 

Carp 10 68 7.2 4.91 1760 0.078 0.04 

Upstream 
of 401 

15-Jul-
97 

Brown 
Bullhead 2 24.7 7.4 0.28 233 0.12 0.113 

Yellow Perch 10 16.8 1.9 0.06 23 0.061 0.021 
Black 

Crappie 
2 17.4 1.1 0.08 22 0.04 0 

Pumpkinseed 5 13.9 2.3 0.06 40 0.04 0.025 

Bluegill 9 15.2 1.7 0.08 24 0.039 0.009 

Largemouth 
Bass 10 33.5 6.2 0.63 319 0.152 0.162 

Brown 
Bullhead 

10 26.1 2.7 0.23 79 0.031 0.015 

14-Jul-
97 

Carp 8 71.1 10.2 5.75 3160 0.071 0.043 

Brown 
Bullhead 

10 24.4 1.6 0.18 36 0.028 0.009 

Northern 
Pike 10 46.2 12.1 0.69 606 0.156 0.088 

Yellow Perch 5 17.2 1.2 0.06 15 0.09 0.028 

Largemouth 
Bass 

5 29.9 9.2 0.59 508 0.114 0.093 

9-Sep-
99 

Carp 10 64 14.7 4.65 2090 0.115 0.057 

Carp 8 63.4 14.3 4.47 2700 0.1 0.073 

Northern 
Pike 

5 41.5 11.2 0.36 214 0.238 0.2 

Bluegill 5 16.2 0.7 0.09 8 0.054 0.038 

Yellow Perch 7 16.9 1.4 0.06 16 0.093 0.034 

Largemouth 
Bass 4 23.9 7.4 0.28 294 0.095 0.019 

Belle 
Island 

4-Sep-
02 

Brown 
Bullhead 

11 25.9 3 0.23 82 0.034 0.008 
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APPENDIX T-13.  Data statistics of [THg] (µg/kg)frequency distribution for three data set 
depths. 

 
Data Set Maximum Minimum Mean Std Dev Median 
0-5 cm 2467 86 692 745 327 

5-10 cm 2926 91 760 835 347 
10-15 cm 7808 90 1182 1749 442 

 

 

 

APPENDIX T-14.  Cross-validation and cross-validation standardized errors of the 0-5 cm 
core data set.  Each value falls within the acceptable ranging, verifying the accuracy of 
the model used. 

 

Sample Location 
Measured 

(µg/kg) 
Predicted 
(µg/kg) 

Cross Validation Std 
Error 

C14 2470 1540 -0.72 

C13 1450 2000 0.5 

C7 250 828 0.26 

C6 1740 1850 0.08 

C5 2420 1440 -0.69 

C3 654 473 -0.08 

RC4 395 568 0.08 

C4 312 625 0.15 

C9 960 623 -0.22 

C10 1290 1380 0.09 

C1 494 723 0.19 

RC8 385 468 0.05 

C8 250 537 0.21 

RC5 327 409 0.06 

RC7 237 359 0.08 

RC3 265 392 0.1 

C2 172 290 0.14 

RC1 139 200 0.05 

RC2 129 196 0.05 

C11 124 218 0.1 

C12 86 223 0.1 
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APPENDIX T-15.  Cross-validation and cross-validation standardized errors of the 5-10 
cm core data set.  Each value falls within the acceptable ranging, verifying the 
accuracy of the model used. 
 

Core ID Measured Predicted 
Cross Validation Std 

Error 
C14 2600 1800 -0.53 
C13 1970 2070 0.08 
C7 271 1050 0.33 
C6 1310 2120 0.55 
C5 2930 1370 -0.99 
C3 647 497 -0.07 

RC4 347 646 0.12 
C4 360 621 0.12 
C9 1100 802 -0.18 
C10 1420 1490 0.06 
C1 792 808 0.01 

RC8 405 479 0.04 
C8 242 712 0.29 

RC5 325 426 0.07 
RC7 230 380 0.09 
RC3 314 380 0.05 
C2 172 339 0.18 

RC1 136 224 0.07 
RC2 137 213 0.05 
C11 171 226 0.06 
C12 91 224 0.1 
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APPENDIX T-16.  Cross-validation and cross-validation standardized errors of the 10-15 
cm core data set.  Each value falls within the acceptable ranging, verifying the 
accuracy of the model used. 
 

Sample Location Measured Predicted 
Cross Validation Std 

Error 
C14 2620 2600 -0.01 
C13 1930 3060 0.29 
C7 335 1760 0.19 
C6 7810 2270 -1.83 
C5 2430 3280 0.18 
C3 696 683 0 

RC4 468 890 0.07 
C4 454 881 0.07 
C9 1790 1410 -0.08 
C10 1430 2810 0.44 
C1 2470 1130 -0.36 

RC8 437 606 0.04 
C8 221 1510 0.32 

RC5 394 527 0.04 
RC7 195 501 0.08 
RC3 442 448 0 
C2 198 387 0.08 

RC1 151 287 0.03 
RC2 138 271 0.04 
C11 127 291 0.07 
C12 90 127 0.02 
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APPENDIX T-17.  Core ID, core depth, and a description of core characteristics 
observed during extruding (Cn cores) and subsampling (RCn cores) of sediment cores. 

Core 
ID 

Core 
Depth 
(cm) 

Core Characteristics 

C1 19 
Strong hydrocarbon smell with visible sheen sizes increasing with depth.  
Small, black pieces of rock-like material found at increasing depths. 

C2 21 Well mixed, soft sediment with lots of plant material. 

C3 34 
Soft sediment with lots of plant material;  Wood chips observed at >28 cm 
depth. 

C4 23 Well mixed, soft sediment with abundance of plant material. 

C5 16 
Many small rocks, with size of rocks increasing with depth; clay present > 13 
cm depth. 

C6 22 Soft sediment mixed with plant material. 

C7 32 
Well-mixed, soft sediment with little plant material;  Strong hydrocarbon smell 
with visible sheen sizes increasing with depth.  Denser, clay-like sediment 
noticeable >28 cm. 

C8 31 
Well-mixed, soft sediment with little plant’  Hydrocarbon smell noticeable 
with sheen sizes increasing with depth. 

C9 28 
Strong hydrocarbon smell with visible sheen sizes increasing with depth.  
Clay-like sediment and small, black pieces of rock-like material noticeable 
>23 cm in depth. 

C10 22 
Well-mixed, soft sediment with plant material mixed in the top 10 cm.  
Hydrocarbon smell with visible sheen increasing with depth observed. 

C11 35 
Well-mixed, soft sediment with plant material throughout.  Wood chips mixed 
with clay-like sediment >30 cm depth. 

C12 18 
Well-mixed, soft sediment with plant material throughout.  Dense sediment 
with large amounts of plant material noticeable >15 cm 

C13 23 

Well-mixed, soft sediment with plant material in the top 10 cm.  Hydrocarbon 
smell and sheen noticeable >10 cm.  Small, black pieces of rock-like material 
found at increasing depths; Clay-like sediment mixed with wood chips >20 
cm. 

C14 38 

Well-mixed, soft sediment with plant material noticeable in the top 10 cm.  
Hydrocarbon smell and sheen noticeable >10 cm.  Small, black pieces of 
rock-like material found at increasing depths; Clay-like sediment mixed with 
wood chips noticeable >30 cm. 

RC1 105 
Well-mixed, soft sediment with very little plant material noticeable.  Denser 
sediment with abundance of drier organic material increasing with depth > 40 
cm. 

RC2 65 
Well-mixed, soft sediment with very little plant material noticeable.  Denser 
sediment with abundance of drier organic material increasing with depth > 35 
cm. 

RC3 50 
Well-mixed, soft sediment with some plant material noticeable.  Denser 
sediment with abundance of drier organic material and clay increasing with 
depth > 30 cm. 

RC4 60 
Well mixed, very soft sediment with lots of plant material.  Organic material 
mixed with clay-like sediment observed >30 cm, increasing in density with 
depth. 
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RC5 60 
Well mixed, very soft sediment with lots of plant material;  Drier, clay-like 
sediment mixed with abundance of organic material observed >35 cm. 

RC7 75 
Well mixed, very soft sediment with lots of plant material;  Drier, clay-like 
sediment mixed with abundance of organic material observed >40 cm. 

RC8 90 
Soft sediment with lots of plant material;  Wood chips observed at >35 cm 
depth, with size and density of chips increasing with depth until clay-like 
sediments mixed with drier organic material reached >70 cm. 
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APPENDIX T-18. THg concentrations (µg/kg) measured in each sediment core interval 
(n=437).  The mean concentration for every 5 and 10 cm of sediment in the 1 cm cores is 
calculated along with standard deviation (SD).  The mean concentration for every 10 cm 
of sediment in the 5-cm interval cores are also calculated and shown. 
 

Core ID 
Depth 
(cm) 

[THg] 
(µ g/kg) 

5 cm 
Interval 
Means 

Std 
Dev 

10 cm 
Interval  
Means 

Std 
Dev 

0 476         
1 497     
2 617     
3 438     
4 443 494 73   
5 441     
6 449     
7 612     
8 1170     
9 1290 792 407 643 317 

10 1440     
11 1750     
12 2800     
13 3710     
14 2650 2470 901   
15 1760     
16 1590     
17 1410     

C1 

18 1350         
0 169         
1 176     
2 177     
3 178     
4 159 172 8   
5 180     
6 190     
7 178     
8 163     
9 148 172 16 172 12 

10 184     
11 198     
12 220     
13 239     
14 148 198 35   
15 129     
16 129     
17 54     
18 70     
19 60 89 37 143 67 

C2 

20 45         
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  APPENDIX T-18.  (Continued) 

Core ID 
Depth 
(cm) 

[THg] 
(µ g /kg) 

5 cm 
Interval 
Means 

Std 
Dev 

10 cm 
Interval  
Means 

Std 
Dev 

0 778         
1 577     
2 696     
3 586     
4 632 654 84   
5 571     
6 575     
7 892     
8 567     
9 632 647 139 651 108 

10 648     
11 676     
12 696     
13 854     
14 604 696 95   
15 722     
16 771     
17 745     
18 741     
19 737 743 18 719 69 
20 704     
21 814     
22 923     
23 937     
24 1030 882 127   
25 968     
26 1240     
27 1210     
28 1960     
29 2190 1510 528 1200 491 
30 2350     
31 2350     
32 1970     

C3 

33 2590         
 
 
 
 
 
 
 
 
 
 



 120 

  APPENDIX T-18.  (Continued) 
 

Core ID 
Depth 
(cm) 

[THg] 
(µ g /kg) 

5 cm 
Interval 
Means 

Std 
Dev 

10 cm 
Interval  
Means 

Std 
Dev 

0 385         
1 282     
2 295     
3 229     
4 367 312 64   
5 354     
6 376     
7 371     
8 356     
9 344 360 13 336 51 

10 403     
11 417     
12 460     
13 478     
14 513 454 45   
15 526     
16 471     
17 581     
18 527     
19 459 513 49 483 54 
20 438     
21 341     
22 366     
23 937     
24 1030 623 334   
25 968     
26 1240     
27 1210     
28 1960     
29 2190 1510 528 1070 627 
30 2350     
31 2350     
32 1970     

C4 

33 2590         
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  APPENDIX T-18.  (Continued) 
 

Core ID 
Depth 
(cm) 

[THg] 
(µ g /kg) 

5 cm 
Interval 
Means 

Std 
Dev 

10 cm 
Interval  
Means 

Std 
Dev 

0 2430         
1 2200     
2 2180     
3 2720     
4 2590 2420 236   
5 2590     
6 2250     
7 2400     
8 2740     
9 4650 2930 983 2670 724 

10 2540     
11 2460     
12 2220     
13 2420     
14 1830 2300 284   

C5 

15 2480         
0 2560         
1 2040     
2 1480     
3 1350     
4 1240 1740 554   
5 2130     
6 853     
7 776     
8 807     
9 1990 1310 687 1520 629 

10 3290     
11 6240     
12 9960     
13 9160     
14 10400 7810 3000   
15 11000     
16 10700     
17 10200     
18 11000     
19 9580 10400 551 9110 2450 
20 9340     

C6 

21 9580         
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  APPENDIX T-18.  (Continued) 
 

Core ID 
Depth 
(cm) 

[THg] 
(µ g /kg) 

5 cm 
Interval 
Means 

Std 
Dev 

10 cm 
Interval  
Means 

Std 
Dev 

0 214         
1 237     
2 261     
3 278     
4 261 250 25   
5 256     
6 263     
7 254     
8 288     
9 296 271 19 261 24 

10 330     
11 309     
12 392     
13 279     
14 367 335 45   
15 546     
16 629     
17 399     
18 604     
19 1040 644 238 489 229 
20 603     
21 714     
22 685     
23 795     
24 1080 776 185   
25 892     
26 852     
27 1100     
28 1240     
29 1010 1020 157 897 206 
30 1970     

C7 

31 807         
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 APPENDIX T-18.  (Continued) 
 

Core ID 
Depth 
(cm) 

[THg] 
(µ g /kg) 

5 cm 
Interval 
Means 

Std 
Dev 

10 cm 
Interval  
Means 

Std 
Dev 

0 232         
1 242     
2 296     
3 245     
4 234 250 26   
5 206     
6 285     
7 271     
8 247     
9 201 242 38 246 31 

10 249     
11 204     
12 207     
13 208     
14 238 221 21   
15 249     
16 254     
17 243     
18 279     
19 450 295 88 258 72 
20 276     
21 285     
22 343     
23 283     
24 211 280 47   
25 319     
26 387     
27 282     
28 275     
29 287 310 46 295 47 

C8 

30 307         
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  APPENDIX T-18.  (Continued) 
 

Core ID 
Depth 
(cm) 

[THg] 
(µ g /kg) 

5 cm 
Interval 
Means 

Std 
Dev 

10 cm 
Interval  
Means 

Std 
Dev 

0 837         
1 1020     
2 910     
3 960     
4 1080 960 93   
5 1070     
6 1100     
7 989     
8 1240     
9 1120 1100 90 1030 115 

10 1190     
11 1690     
12 1860     
13 2010     
14 2200 1790 383   
15 2120     
16 2220     
17 2040     
18 2150     
19 2500 2200 175 2000 356 
20 3000     
21 2230     
22 2610     
23 2310     
24 3500 2730 526   
25 5490     
26 5880     

C9 

27 6080         
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 APPENDIX T-18.  (Continued) 
 

Core ID 
Depth 
(cm) 

[THg] 
(µ g /kg) 

5 cm 
Interval 
Means 

Std 
Dev 

10 cm 
Interval  
Means 

Std 
Dev 

0 1400         
1 1090     
2 1540     
3 1230     
4 1180 1290 180   
5 1360     
6 1470     
7 1490     
8 1340     
9 1440 1420 66 1350 145 

10 1440     
11 1500     
12 1360     
13 1310     
14 1550 1430 98   
15 1350     
16 1500     
17 1370     
18 1410     
19 1780 1480 174 1460 136 
20 1570     

C10 

21 1830         
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 APPENDIX T-18.  (Continued) 
 

Core ID 
Depth 
(cm) 

[THg] 
(µ g /kg) 

5 cm 
Interval 
Means 

Std 
Dev 

10 cm 
Interval  
Means 

Std 
Dev 

0 115         
1 111     
2 119     
3 122     
4 156 124 18   
5 173     
6 173     
7 258     
8 133     
9 117 171 55 148 45 

10 147     
11 144     
12 116     
13 114     
14 115 127 17   
15 125     
16 163     
17 144     
18 174     
19 211 163 33 145 31 
20 176     
21 152     
22 136     
23 146     
24 178 158 19   
25 156     
26 183     
27 158     
28 130     
29 150 156 19 157 18 
30 169     
31 181     
32 164     
33 178     

C11 

34 162 171 8     
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 APPENDIX T-18.  (Continued) 
 

Core ID 
Depth 
(cm) 

[THg] 
(µ g /kg) 

5 cm 
Interval 
Means 

Std 
Dev 

10 cm 
Interval  
Means 

Std 
Dev 

0 88         
1 85     
2 87     
3 83     
4 85 86 2   
5 95     
6 83     
7 94     
8 82     
9 101 91 8 88 6 

10 87     
11 102     
12 97     
13 92     
14 73 90 11   
15 87     
16 82     

C12 

17 69         
0 1400         
1 1570     
2 1170     
3 1260     
4 1830 1450 265   
5 2420     
6 1410     
7 2290     
8 1790     
9 1920 1970 404 1700 423 

10 1720     
11 1990     
12 2180     
13 1670     
14 2080 1930 223   
15 1920     
16 1690     
17 1720     
18 1770     
19 1860 1790 93 1860 176 
20 1800     
21 2840     

C13 

22 1970         
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 APPENDIX T-18.  (Continued) 
 

Core ID 
Depth 
(cm) 

[THg] 
(µ g /kg) 

5 cm 
Interval 
Means 

Std 
Dev 

10 cm 
Interval  
Means 

Std 
Dev 

0 2150         
1 3280     
2 2400     
3 2520     
4 1980 2470 500   
5 2110     
6 2070     
7 2380     
8 3720     
9 2740 2600 677 2540 566 

10 2400     
11 2570     
12 2810     
13 2470     
14 2860 2620 206   
15 2690     
16 2130     
17 2580     
18 2480     
19 2690 2520 231 2570 213 
20 2540     
21 3100     
22 2680     
23 2470     
24 2800 2720 248   
25 2570     
26 2280     
27 2480     
28 4050     
29 3060 2890 713 2800 511 
30 3030     
31 3570     
32 5000     
33 4790     
34 3580 3990 855   
35 2250     
36 418     

C14 

37 761         
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   APPENDIX T-18.  (Continued) 
 

Core ID 
Depth 
(cm) 

[THg] 
(µ g /kg) 

10 cm 
Interval 
Means 

Std 
Dev 

0 139     
5 136 137 2 

10 151   
15 191 171 28 
20 251   
25 201 226 36 
30 261   
35 363 312 72 
40 279   
45 178 229 71 
50 105   
55 199 152 67 
60 144   
65 186 165 30 
70 196   
75 174 185 15 
80 165   
85 71 118 66 
90 21   
95 19 20 2 

RC1 

100 19     
0 129     
5 137 133 6 

10 138   
15 150 144 9 
20 68   
25 69 68 1 
30 90   
35 83 87 5 
40 71   
45 49 60 16 
50 49   
55 200 125 107 

RC2 

60 56     
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   APPENDIX T-18.  (Continued) 
 

Core ID 
Depth 
(cm) 

[THg] 
(µ g /kg) 

10 cm 
Interval 
Means 

Std 
Dev 

0 265     
5 314 289 35 

10 442   
15 734 588 207 
20 1080   
25 159 618 648 
30 13   
35 3 8 7 
40 3   

RC3 

45 34 18 22 
0 395     
5 347 371 34 

10 468   
15 479 474 8 
20 536   
25 636 586 71 
30 1020   
35 397 707 439 
40 39   
45 25 32 10 
50 21   

RC4 

55 21 21 0 
0 327     
5 325 326 1 

10 394   
15 576 485 129 
20 943   
25 1790 1370 599 
30 2830   
35 621 1730 1560 
40 300   
45 242 271 41 
50 172   

RC5 

55 132 152 28 
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   APPENDIX T-18.  (Continued) 
 

Core ID 
Depth 
(cm) 

[THg] 
(µ g /kg) 

10 cm 
Interval 
Means 

Std 
Dev 

0 237     
5 230 234 5 

10 195   
15 264 230 48 
20 25   
25 144 84 85 
30 291   
35 81 186 149 
40 51   
45 43 47 6 
50 40   
55 39 40 1 
60 36   
65 34 35 1 

RC7 

70 41     
0 385     
5 405 395 14 

10 437   
15 407 422 22 
20 380   
25 598 489 154 
30 423   
35 1810 1120 983 
40 2150   
45 1850 2000 218 
50 1440   
55 308 872 797 
60 37   
65 33 35 3 
70 28   
75 24 26 3 
80 31   

RC8 

85 28 29 2 
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APPENDIX T-19. TOC in sediment cores, reported as % Organic Matter for each core 
interval analyzed. 
 

Core 
ID 

Depth 
Interval 

(cm) 
% Organic Matter 

0 9.9 
1 12 
2 12.9 

3 12.9 
4 12.9 

5 12.4 
6 12.7 
7 11 

8 10.4 
9 9.4 

10 10.1 
11 11.4 

12 11.8 
13 10.8 
14 11 

15 11 
16 12.2 

17 11.6 
18 10.6 
19 8.7 

C2 

20 8.3 
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    APPENDIX T-19.  (Continued) 
 

Core 
ID 

Depth 
Interval 

(cm) 
% Organic Matter 

0 - 2 19.7 

2 19.2 
4-6 19.4 
6 21.6 

7 20 
8 19.3 

9-11 20.3 
11 20.1 
12 20.2 

13 19.8 
14 19.6 

15 20.1 
16 21.4 

17 20.8 
18 20.4 
19 19.6 

20 - 22 19 
22 19.8 

23 20.3 
24 21.5 
25 23.3 

26 20.2 
27 23.8 

28 31.3 
29 48 

30 50.3 
31 50 

32 - 34 50.9 

C3 

34 61.7 
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    APPENDIX T-19.  (Continued) 
 

Core 
ID 

Depth 
Interval 

(cm) 
% Organic Matter 

0 6.9 
1 7.1 
2 7.8 
3 7.3 
4 5.4 
5 4.8 
6 6.9 
7 5.9 
8 5.8 
9 5.8 
10 4.8 
11 3.5 
12 3.6 
13 3.1 

C5 

14 2.9 
0 10.6 
1 9.7 
2 7.5 
3 8.3 
4 7.4 
5 6.3 
6 7.6 
7 12 
8 2.8 
9 5.7 
10 11.9 
11 17.6 
12 26.2 
13 29 
14 21 
15 13.2 
16 11.4 
17 10.6 
18 12.9 
19 11 
20 10.8 

C6 

21 12.3 
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    APPENDIX T-19.  (Continued) 
 

Core 
ID 

Depth 
Interval 

(cm) 
% Organic Matter 

1 13.7 
2 14.6 
3 13.8 
4 14.5 
5 14 
6 14.5 
7 14 
8 14.2 
9 14 
10 12.9 
12 13.1 
13 12.8 
14 12.4 
15 12.2 
16 13.8 
17 12.4 
18 14.1 
19 14.5 
20 15.4 
21 13.1 
22 15.1 
23 15.3 
24 13.9 
25 16.6 
26 15.4 
27 19.1 
28 19.4 
29 42.7 
30 17.7 

C7 

31 33.1 
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    APPENDIX T-19.  (Continued) 
 

Core 
ID 

Depth 
Interval 

(cm) 
% Organic Matter 

1 21.1 
2 19.6 
3 19 
4 16.8 
5 18.8 
6 17.6 
7 17.8 
8 17.2 
9 16 
10 16.5 
11 16.1 
12 16.3 
13 16 
14 16.3 
15 17.2 
16 16.5 
17 15.5 
18 15.7 
19 15.9 
20 17 
21 17.3 
22 16.7 
23 19.8 
24 18.8 
25 20.7 
26 20.5 

C9 

27 23.1 
0-2 35.5 
2 35.6 
3 36 

4-6 33.8 
6 32.5 
7 29.8 
8 32.7 

9-11 38 
11 33 
12 31.5 
13 31.5 
14 30.2 

C12 

16-18 31.3 
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    APPENDIX T-19.  (Continued) 
 
    

Core 
ID 

Depth 
Interval 

(cm) 
% Organic Matter 

0-2 18.8 
1-2 17.6 
2-3 18.9 
3-4 18.1 
4-6 18.2 
5-6 16.6 
6-7 16.9 
7 19.7 
8 17 

9-11 16.2 
11 15.2 
12 15.5 
13 15.4 
14 16.3 
15 15 
16 15.3 
17 16.1 
18 16.6 
19 16.5 

20-22 16.7 
22 16.2 
23 17.4 
24 17.7 
25 18.5 
26 16.8 
27 18.8 
28 18.9 
29 20.2 
30 19 
31 17.3 
32 17.1 
33 13.5 
34 11.4 
35 11.1 

C14 

36 10 
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APPENDIX T-20 – THg concentrations measured in soil samples (0-10 cm).  Note that soil 
sample S29 does not exist. 

 
Sample ID [THg] µg/kg 

S1 4390 
S2 620 
S3 458 
S4 196 
S5 309 
S6 222 
S7 76 
S8 55 
S9 38 
S10 37 
S11 213 
S12 81 
S13 76 
S14 138 
S15 28 
S16 158 
S17 35 
S18 80 
S19 28 
S20 9 
S21 54 
S22 96 
S23 34 
S24 1170 
S25 663 
S26 824 
S27 187 
S28 74 
S30 132 
S31 143 
S32 23 
S33 622 
S34 35 
S35 48 
S36 235 
S37 162 
S38 257 

DP3s 1330 
DP4s 1190 
DP5s 1540 
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APPENDIX T-21.  Results of metal concentrations in test pit profiles from Water and Earth 
Associates Ltd. (1988). 
 

Test 
Pit  

Depth 
(cm) 

Stratigraphy 
[Hg] 
µg/g 

[As] 
µg/g 

[Co] 
µg/g 

[Ni] 
µg/g 

[Pb] 
µg/g 

[Zn] 
µg/g 

0-60 
Clay Backfill, dense and 
compact, dry 

NS NS NS NS NS NS 

60-70 
Black dry waste, 
granular, with some slag.  
Sample at 60 cm. 

16.7 6250 6100 6500 3400 470 TP1 

70-
120 

Native Clay, dense and 
compact, dry 

NS NS NS NS NS NS 

0-30 

Clean Clay backfill, 
dense and compact, dry.  
Thin veneer of gravel 
over clay backfill. 

NS NS NS NS NS NS 

30-90 

Rubble waste consisting 
of red pulverized brick 
and black slag.  Dry. 
Sample at 40 cm. 

15.2 5310 2250 2200 360 5010 
TP2 

90 
Concrete footing of old 
building. 

NS NS NS NS NS NS 

0-20 

Clean Clay Backfill, 
dense and compact, dry.  
Thin veneer of gravel 
over clay backfill. 

NS NS NS NS NS NS 

20-60 

Rubble waste consisting 
of red pulverized brick 
and black slag.  Dry. 
Sample at 30 cm. 

625 59400 4500 4300 2840 1630 
TP3 

60-
120 

Native Clay, dense and 
compact, dry. Sample 
taken at 80 cm. 

NS NS NS NS NS NS 

0-20 Clean Gravel Fill, dry NS NS NS NS NS NS 

20-80 

Rubble waste consisting 
of red construction 
bricks, red cinder and 
yellow refractory bricks.  
Dry.  Sample taken at 30 
cm. 

<0.5 2060 1000 530 190 43 TP4 

80-
120 

Native Clay, dense and 
compact, dry 

NS NS NS NS NS NS 

0-15 Clean Gravel Fill, dry NS NS NS NS NS NS 
TP5 

15 
Old Concrete slab floor 
encountered 

NS NS NS NS NS NS 

TP6 0-40 
Clean Silty Clay Backfill, 
slightly damp 

NS NS NS NS NS NS 
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40-
100 

rubble waste consisting 
of construction and 
refractory brick fragments 
with some black slag.  
Damp.  Sample taken at 
40cm and 100 cm, but 
no values for the 100cm 
sample are reported. 

4600 121250 
2750

0 
2030

0 940 1505 

 

100 
Native Clay, dense and 
compact, dry 

NS NS NS NS NS NS 

0-50 
Clean Clay Backfill with 
minor amount of gravel.  
Dry 

NS NS NS NS NS NS 

50-90 
Clay with minor amounts 
of slag.  Dry.  Sample 
taken at 60 cm. 

4 1010 200 450 340 118 
TP7 

90 
Old concrete slab floor 
encountered 

NS NS NS NS NS NS 

0-60 
Clean Clay Backfill, 
dense and compact.  Dry 

NS NS NS NS NS NS 

60-80 
Foundry slag, black, 
granular and dry.  
Sample taken at 60 cm. 

21 7500 2850 3030 1900 82 TP8 

80-
120 

Native Clay, dense and 
compact, dry 

NS NS NS NS NS NS 
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APPENDIX F-1.  Histogram plot of the distribution of [THg] in core data sets.  From top to 
bottom: 0-5 cm, 5-10 cm, and 10-15 cm core data sets. 
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APPENDIX F-2.  Semivariogram model for each of the core data sets.  Directional 
dependence is shown by the elliptical shape of the model along a north to south direction 
for each core data set. 
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APPENDIX F-3.  Experimental variogram for each core data set. 
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