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Executive Summary 

Mercury (Hg) contamination of sediments has been an ongoing issue in the St. 

Lawrence River (Cornwall) Area of Concern, stemming from historical industrial sources 

at Cornwall. The Cornwall Sediment Strategy (CSS) was implemented in 2005 to 

address the high sedimentary concentrations of Hg and other contaminants, and 

prescribes a series of administrative controls combined with monitored natural recovery 

(MoNR) of the sediment. However, recent monitoring has identified clusters of high Hg 

concentrations in nearshore surface sediments, despite the CSS regulations. The 

primary objective of the current study was to assess temporal changes in Hg in these 

contaminated areas to determine whether these sites are acting as sources or sinks of 

Hg to the surrounding waters. A secondary objective was to more fully assess the 

spatial distribution of nearshore contamination in one of the most contaminated areas of 

the Cornwall Area of Concern, identified as Zone 2 West. 

 Three sediment cores were collected from Zones 1 (n=2) and 2 (n=1) along the 

Cornwall waterfront. These cores were radiometrically dated using gamma 

spectroscopy, and analyzed for total Hg concentrations, loss-on-ignition (LOI), and grain 

size distributions. Surface sediments that had previously been collected from Zone 2 

West in 2015 (n=17) were also analysed for trace metals, polycyclic aromatic 

hydrocarbons (PAHs), and petroleum hydrocarbons (PHCs). 

 Sediment ageing results of the three shoreline sites presented mixed findings.  

Though Hg concentrations declined toward the surface in all three cores, surface 

concentrations remain above provincial limits, and radioisotope dating of the cores 

suggests that sediments are likely being disturbed at two of the three sites. Overall 

ageing results revealed that surface sediments up to a depth of 10 cm may in fact 

contain up to 40 years of sedimentary history, suggesting that fine-scale sampling of top 

sediments (2 cm) may be more appropriate for gauging recent sedimentary history. 

Organic and carbonate content (inferred through LOI) varied in all three cores, 

suggesting that the sources of material to the sediment have not been constant through 

time. Carbonate content was positively correlated with Hg concentrations in two of the 

three sediment cores, although grain size distributions were not found to be related to 

Hg concentrations.  
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Many surface sediments from Zone 2 West were found to be contaminated with 

trace metals, with concentrations of chromium, copper, iron, lead, or zinc exceeding the 

provincial severe effect level (SEL) at several locations.  Concentrations of PAHs did 

not exceed the SEL, while elevated concentrations of PHCs were found at several 

shoreline sites.  These results help to further delineate specific hotspots of 

contamination in Zone 2 West.   

 It remains unclear whether high surface Hg concentrations are a result of slow 

recovery of the sediment or on-going external sources of Hg. These findings illustrate 

potential limitations of MoNR in heterogeneous nearshore environments, and hold 

implications for policy development relating to contaminated nearshore sediments.  The 

following recommendations have been identified as a result of this study: 

 Additional fine-interval sampling of nearshore surface sediments (top 2 cm) at 

CSS-designated and reference sites should be conducted to establish the 

nearshore target concentrations for total and methyl mercury under the CSS 

Long-Term Monitoring Plan. 

 Hydrodynamic profiling of the nearshore zones in the AOC should be completed 

to characterize velocities and flow patterns, and to develop a more sophisticated 

conceptual site model for the nearshore sediments within the CSS-designated 

areas. 

 The sediment mixing model identified in the CSS Task 4 report (Ramboll Environ 

2017a) and other models should be further examined to determine appropriate 

methods to characterize rates of natural recovery in the nearshore sediments, as 

many relevant variables (e.g., sediment deposition rates) appear to vary 

considerably within these nearshore areas. 

 Nearshore sedimentary Hg concentrations should be compared to recent 

offshore sediment sampling results (2017) conducted by the MOECC and ECCC. 

 Potential Hg sources should be further investigated, including water and 

sediments originating in the Cornwall Canal of Hg sources, as a possible 

explanation for downstream high surface sediment concentrations. 

 Further investigation of the effects of dock installations should be conducted to 

ascertain the impacts of such activities on the mobilization of sediments. 



 

viii 

 

Acknowledgements 

 

This project would not have been possible without the efforts of River Institute 

technicians Crystal Martell, Jenni Lounsberry, Neil Dempster, Luc St. Pierre and Felix 

Morin who provided the bulk of the field and laboratory support and logistics. The 

authors wish to thank Andrew Morley (MOECC), Kristin Geater (ECCC), John St. 

Marseille (City of Cornwall), Chris Critoph (Raisin Region Conservation Authority), 

Elaine Kennedy and members of the Cornwall Water Quality Working Group for 

providing valuable input and in-kind support for the project. Lisa Richman of the Ontario 

Ministry of Environment and Climate Change (MOECC) is acknowledged for providing 

assistance with data interpretation and field planning.  Funding for this project was 

provided by the Canada Ontario Agreement, Environment Canada’s Great Lakes 

Sustainability Fund, and the St. Lawrence River Institute Foundation.



 

1 

 

Introduction 

Mercury contamination of sediments has been an ongoing issue in the St. 

Lawrence River (Cornwall) Area of Concern (AOC). With high concentrations of mercury 

(Hg) and other contaminants reported in sediments along the Cornwall waterfront, the 

need for a formal sediment protocol was recognized. The Cornwall Sediment Strategy 

(CSS) was adopted in 2005 after a five-year review of monitoring data, and prescribes 

natural recovery of the sediment such that clean sediment naturally deposits over 

contaminated sediment, burying the contaminants and reducing ecological risk (de 

Barros and Anderson, 2010). The CSS describes three depositional zones containing 

the highest sedimentary concentrations of Hg (Figure 1A), which are priority areas for 

monitoring and protection of sediments. To assess progress and ensure that sediments 

are not disturbed, the CSS requires ongoing monitoring of mercury concentrations in 

sediments and fish, and coordination among many agencies to control activities along 

the Cornwall waterfront. The CSS administrative controls have been adopted by seven 

partner agencies (Environment and Climate Change Canada, Ontario Ministry of the 

Environment and Climate Change, Department of Fisheries and Oceans, Ontario 

Ministry of Natural Resources and Forestry, Raisin Region Conservation Authority, City 

of Cornwall, and Mohawk Council of Akwesasne) to make sure contaminated sediment 

is not disturbed. Projects that have the potential to disturb the sediment must first be 

reviewed with their proponents by the CSS partner agencies, after which point plans 

must be reviewed by the other responsible agencies. 

As part of this monitoring program, sediment surveys were conducted by the St. 

Lawrence River Institute of Environmental Sciences (SLRIES) in 2014 and 2015 to 

characterize previously unsampled nearshore areas of the three contaminated zones 

within the Cornwall AOC. The results of these surveys revealed several well-delineated 

spatial patches of mercury contamination in Zones 1 and 2 that exceeded the provincial 

severe effect level (SEL) guidelines (Windle and Ridal, 2016; Figures 1B & 1C). 

Additional sampling and video work was also undertaken to investigate the likelihood of 

sediment disturbance by boat propeller wash in areas along the waterfront where 

macrophyte growth was low. These experiments demonstrated that, in conditions of 
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strong boat acceleration in approximately 1.5 m depth of water, sediment disturbance 

could occur and that elevated mercury levels in the water column immediately after 

such events were strongly correlated to elevated suspended solid concentrations 

(Windle and Ridal, 2016). 

Although the CSS has been in place for ten years, several data gaps still exist. 

Notably, among these nearshore Hg hotspot locations, it remains to be seen whether 

clean sediment is actually accumulating and burying contaminated sediment, 

particularly as the 2014-2015 sampling results suggest that high Hg concentrations 

(above the provincial SEL) are still present in the uppermost sediments. The objectives 

of the current study are to: 

1. Assess temporal changes in Hg concentrations at previously identified 

hotspot locations (Windle & Ridal, 2016) through the sediment record and to 

determine whether these locations are acting as sources or sinks of Hg to the 

nearshore waters of the St. Lawrence River at Cornwall.  

2. Investigate the relationship between sedimentary characteristics (e.g., organic 

content, particle size fractions) and sedimentary contamination.  

3. Further investigate the concentrations of other contaminants including trace 

metals, polycyclic aromatic hydrocarbons (PAHs), and petroleum 

hydrocarbons (PHCs) in the sediments of Zone 2 West near Kirkman Court. 

Data previously reported from this area (Windle & Ridal, 2016) suggested 

several areas of higher sedimentary contaminant concentrations. This study 

will analyse more samples to improve the spatial resolution of the data. 

4. Obtain high-resolution bathymetric profiles of the nearshore areas of Zones 1, 

2, and 3 under the CSS, including descriptions of bottom hardness. 

 

The data and information collected under this project will be assessed to 

characterize the depositional environment and hydrologic regime of the nearshore 

areas. Recommendations will be developed based on whether the sediments in the 

designated zones under the CSS act as a sink or source of Hg to the nearshore waters 

of Lake St. Francis within the St. Lawrence River (Cornwall) AOC, as well as the need 
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for further studies/actions to assess the sediment Hg concentrations within the 

designated contaminant zones under the CSS. 

Methods 

 

Sample Collection 

 Sediment cores were collected from nearshore areas along the St. Lawrence 

River at Cornwall, Ontario, near previously identified hotspot locations where total 

mercury in the sediment was found to exceed the provincial SEL (Windle and Ridal, 

2016). Two sediment cores were collected from Zone 1 in the AOC (Z1S1 and Z1S2; 

Figure 1B) and one sediment core was collected from the western section of Zone 2 

(Z2S1; Figure 1C). Methods and results for each of these sediment cores will be 

presented from west to east (Z1S2, Z1S1, and Z2S1, in that order). 

 The Z1S2 sample was collected from just downstream of Rotary Creek (UTM 

Zone 18N 521043 E 4984209 N) on October 11, 2016. Sediment was collected using a 

hammer corer in 2 metres of water, 37 metres from shore. The sample collected at 

Z1S1 was collected using a gravity corer (Glew, 1989) on September 27, 2016, 27 

metres from shore at Lamoureux Park (UTM Zone 18N 521315 E 4984397 N) in 1.5 

metres of water. The sample from the western half of zone 2 (Z2S1) was collected on 

October 4, 2016 using a hammer corer. This core was obtained from downstream of St. 

Lawrence College (UTM Zone 18N 523886 E 4984994 N) in 3 metres of water, 23 

metres from shore. All samples were obtained by lowering the corer over the side of a 

boat and into the sediment. All core tubes had a diameter of 7.62 cm. Sediment cores 

were sectioned in the field into 1-cm (Z1S1) or 2-cm (Z1S2, Z2S1) increments. All 

samples were transported to the St. Lawrence River Institute of Environmental 

Sciences, where they were stored at 4°C while awaiting analyses. 

 Surface sediment samples were collected from 17 sites in Zone 2 West in 2015 

(Figure 2), and had been stored at -20°C at SLRIES. Sampling details are presented in 

Windle and Ridal (2016). Briefly, sediment samples were obtained using a gravity corer 

(if the site was 10 m or more from shore) or a push corer (if less than 10 m from shore). 
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The top 10 cm of each core was removed, homogenized manually, and subsampled. 

Subsamples were frozen immediately. 

 

Radioisotope Dating 

 For all three cores, radioisotope dating using gamma spectroscopy was 

completed at the University of Ottawa for 210Pb, 214Pb, 214Bi, and 137Cs isotopes, 

following the methods of Schelske et al. (1994). Briefly, approximately 2 grams of dried 

sediment were sealed in counting tubes, then left for two weeks for in situ decay of 

226Ra to stabilize. Radioisotope activities were determined using an Ortec High Purity 

Germanium Gamma Spectrometer (Oak Ridge, TN). Certified reference materials were 

used for efficiency corrections, obtained from the International Atomic Energy 

Association (Vienna, Austria). Results were analyzed using the software ScienTissiME 

(Barry’s Bay, ON), and dates were determined using a Constant Rate of Supply (CRS) 

model (Appleby and Oldfield, 1978) where appropriate, with 137Cs activity acting as an 

independent marker of the year 1963 (Appleby, 2002). Samples prepared for gamma 

spectroscopy were spaced throughout each core, with 10, 11, and 10 intervals analysed 

for the cores from Z1S2, Z1S1, and Z2S1, respectively. 

 

Mercury 

 Analyses of sedimentary total mercury (THg) concentrations were completed at 

the University of Ottawa. Subsamples of sediment were first freeze-dried, then 

homogenized by grinding, from which 9 – 58 mg were removed, weighed, and analysed 

using a direct thermal decomposition Hg analyser (MA-3000 Mercury Analyzer from 

Nippon Instruments Corp., Japan). Certified reference materials were used in the 

analysis, including MESS-3 and MESS-4 (marine sediments, nMESS-3 = 7, nMESS-4 = 7), 

and NIST2704 (river sediments, n = 8). Sedimentary mercury concentrations were 

compared to the SEL of 2.0 μg/g (Persaud et al., 1993) and the surface sediments 

sampled in 2014 and 2015 (Windle and Ridal, 2016). Linear regressions were 

performed for THg concentrations by sediment depth in each of the three cores. Mean 

THg concentrations in the upper 10 cm of each core were also compared to mean THg 

concentrations in the hotspot locations identified from 2015 (Windle and Ridal, 2016), 
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which were determined from homogenized samples of the uppermost 10 cm of 

sediment at each site. Given that only one year elapsed between sample collection in 

2015 and core collection in 2016, it is assumed that sedimentation during that time was 

negligible and that roughly the same chronology of material was collected. The list of 

sites included from 2015 is presented in Table A1. 

QA/QC analyses for THg indicated average recoveries of 115.9% for MESS-3 

(range = 110.4% – 120.7%), 90.0% for MESS-4 (range = 84.8% – 95.0 %), and 105.0% 

for NIST2704 (range = 98.4% – 107.9%). Sample replicates were completed for 24 of 

the total 40 intervals, and had an average relative percent difference (RPD) of 7.8% 

(range = 0.6% – 20.2%; Table A3).  

 

 

Loss-on-Ignition 

 Standard loss-on-ignition (LOI) procedures (Dean, 1974) were used to estimate 

the organic and carbonate contents of sediment samples in all three cores. Known, dry 

masses of sediment were combusted at 550°C for four hours, then reweighed to 

determine percent LOI550 in each sample. These samples were then ignited at 950°C for 

two hours and reweighed to determine percent LOI950. Percent LOI550 and percent 

LOI950 are proportional to the amounts of organic matter and carbonate in the original 

samples, respectively, though do not represent exact contents of organic and carbonate 

matter (Heiri et al., 2001), and thus are presented as LOI550 and LOI950, rather than 

percent organic and percent carbonate. Previous research (Razavi et al., 2015; Windle 

and Ridal, 2016) has suggested a linear relationship between sedimentary THg and 

organic matter in sediments from the Cornwall waterfront; linear regressions were 

performed between LOI550 and THg and between LOI950 and THg to assess whether 

these sedimentary characteristics are significant predictors of THg content. 

 

Grain Size 

 Mean grain size was determined for 12 intervals in the Z1S2 and Z2S1 cores, 

and for 16 intervals in the Z1S1 core using a Microtrac S3500 laser diffraction particle 

size analyser, following the procedure of Girard et al. (2004), as adapted by Jean 
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Bjornson at the University of Ottawa. Briefly, approximately 2 – 5 g of wet sediment was 

weighed out and digested with hydrogen peroxide to remove organic material, rinsed 

twice, then mixed with a 5% solution of sodium hexametaphosphate. These samples 

were placed in a refrigerator (4°C) for three days before running them through the 

particle size analyser, which produces a grain size distribution and mean particle size 

diameter. In North America, size categories for clays, silts, and sands are typically 

defined as particles with a diameter < 4 μm (clays), 4 - 62 μm (silts), and 62 - 2000 μm 

(sands; Ongley, 1996). However, the particle size analyser separates particles into 

slightly different fractions, therefore the classifications used were < 3.89 μm (clays), 

3.89 – 62.22 μm (silts), and 62.22 – 2000 μm (sands). Linear regressions were also 

performed to investigate whether the proportion of fine sediments (i.e., clays and silts) is 

a significant predictor of sedimentary THg content; previous research has shown that 

mercury is more strongly associated with finer sediments (Hodson et al. 2014). 

 

Other Contaminants 

 Determination of trace metals, polycyclic aromatic hydrocarbons (PAHs), and 

petroleum hydrocarbons (PHCs) were completed for 17 archived surface samples from 

2015, at the Ministry of the Environment and Climate Change (MOECC) Etobicoke 

Laboratory using standard methods of gas chromatography, mass spectrometry, and 

inductively coupled plasma-optical emission spectrometry. A principal components 

analysis (PCA) was performed to explore the relationships between site and 

environmental contaminants. The sites and variables included in this analysis are 

presented in Table A2. 

 

Nearshore Bathymetry 

 Bathymetric data and surface sediment hardness data were collected using a 

Lowrance HDS 9 Gen 2 sonar scanner operating at 800 kHz, attached to the stern of a 

6.4 m aluminium jon boat travelling at 3-4 km/hr. Transects were completed along the 

shorelines and nearshore areas of Zones 1, 2, and 3, and data were compiled into 

bathymetric and hardness profiles using ArcMap v. 10.5 (Esri). Bottom hardness values 
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are derived from sonar backscatter values and provide a relative, unit-less 

measurement of hardness along a given survey transect.  

 

Radioisotope Dating 

 Radioisotope activities in the three sediment cores present three different 

patterns (Figure 3). Interpreting these patterns can allow for the assigning of an age-

depth relationship in the sediment core, but can also help to infer disturbances where an 

age-depth profile is not possible. In an undisturbed sediment core, 210Pb activity should 

decay exponentially from the top of the core; previous research in Lake St. Francis has 

shown surface sediments to have 210Pb activity in the range of 180-250 Bq/kg (Carignan 

and Lorrain, 2000; Moir et al., submitted). If the core is of sufficient length, 210Pb should 

eventually reach the same activities as 214Pb and 214Bi, both proxies of 226Ra activity 

and both of which should be stable throughout the core. Furthermore, 137Cs should be 

evident in cores from this section of the St. Lawrence River (Carignan and Lorrain, 

2000; Moir et al., submitted), and its activity should be present as an obvious peak, an 

independent indicator of the year 1963 (Appleby, 2002). Although none of the three 

cores presents an ideal dating profile, each has characteristics that can help infer 

approximate ages for at least part of the sedimentary record. 

Z1S2 

 The westernmost of the three collected sediment cores has the most reliable 

dating profile, with 210Pb activity that decays exponentially (R2=0.92) for at least the top 

five intervals (to a depth of 13 cm). A distinct 137Cs peak is reached at 13 cm depth in 

the sediment core and the CRS model agrees with 13 cm as the year 1963 for this core. 

However, below 13 cm the 137Cs activity remains high, extending from 17 to 27 cm 

before decreasing, and the 210Pb activity becomes too similar to 214Pb and 214Bi 

activities to accurately resolve a time-depth relationship. Both of these signals indicate a 

change in the sedimentary environment. Although numerous factors could have caused 

such a decline in 210Pb activity (discussed more fully below), the site location and the 

timing of this change in the core (pre-1963) suggest a likely influence from the dredging 

of the St. Lawrence River for Seaway construction, which occurred in the late-1950s. 

The broad tail of 137Cs is consistent with a high sedimentation rate at this point, which 
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would be supported by the low 210Pb activity; an influx of sediment to the site over a 

short period of time would dilute the 210Pb being deposited from the atmosphere, 

lowering the total 210Pb activity in the core. The Z1S2 site is located in or near areas that 

were disturbed during the dredging of the St. Lawrence Seaway (Morin and Leclerc, 

1998), so it is possible that a large amount of disturbed sediment was deposited at this 

site in the late-1950s, resulting in the diluted 210Pb activity and extended 137Cs peak 

seen in Figure 3. Given this known disturbance and observed low 210Pb activity, it would 

be unwise to attempt to assign radiometric dates to these intervals in the core, which 

can only safely be assumed to represent a period of time prior to the year 1963. The 

CRS-inferred years as they relate to depth are presented alongside the y axis in Figure 

4 until 13 cm. Generally, it appears as though sediment has been accumulating 

consistently at this site for at least the last 50 years. Although small fluctuations in 

erosion and deposition are possible, and even likely at such a shallow site, the general 

trend in this location seems to be deposition. CRS-inferred sedimentation rates are 

presented in Table 1 and range from a high of 0.206 g/cm2/yr for the oldest reliably-

dated sediment depth (mid 1960s) to a present day value of 0.084 g/cm2/yr for the 

immediate surface layer sediments.   

 

 Z1S1 

 The eastern core from Zone 1 provides a less reliable dating profile than the 

Z1S2 core (Figure 3). Although the 210Pb activity generally declines from the top of the 

core to its bottom, and the 210Pb activity at the top of the core is consistent with previous 

cores collected from this section of the St. Lawrence River (Carignan and Lorrain, 2000; 

Moir et al., submitted), the decay only somewhat approximates an exponential curve (R2 

= 0.63). The 210Pb activity in the top three intervals (to a depth of 3 cm) are high but 

similar, in deeper sediments the activity drops to a plateau between approximately 5 

and 20 cm depth. The 210Pb activity drops in the last interval of the core. Importantly, 

there is no 137Cs peak in this core, with very low 137Cs activity throughout. The CRS and 

constant initial concentration (CIC) dating models provide relatively consistent dates up 

to and including 3 cm depth in this core, but disagree below this point. Large differences 
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between the CRS and CIC models suggest that 210Pb accumulation rates have not likely 

been constant (Appleby, 2002), making it difficult to assign reliable dates. 

 Several possibilities exist when sedimentary radioisotope activities do not follow 

expected patterns, and unfortunately it is sometimes impossible to infer the causes of 

these aberrations. However, there are several clues present in the Z1S1 core that may 

help to infer at least some rough dates. First, the 210Pb at the top of the core is in the 

expected range for the St. Lawrence River based on previous research (Carignan and 

Lorrain, 2000; Moir et al., submitted). It is possible that some small amount of erosion 

has occurred to remove sedimentary material from the top of the core, however it is 

likely still recent material, possibly deposited within the last 10 years, given the activity. 

It is also possible that no erosion has occurred, and that the top interval of this core 

represents the present day, and that sedimentation is ongoing at this site. The 

difference in 210Pb activity at the top of this core (182 Bq/kg) and the top of the core 

from Z1S2 (223 Bq/kg) could be due to these intervals representing different periods of 

time, but could also be due to differences in sediment focusing at these sites or grain 

size (see below), and unfortunately it is impossible to distinguish between these 

possible causes. 

 The plateau of 210Pb in this core, extending across almost 15 cm of sediment, 

could have been produced in several ways. The first possibility is that a large influx of 

sediment was delivered from the catchment or from upstream in a relatively short period 

of time, for instance an enormous runoff event or a large sedimentary disturbance (e.g., 

dredging, a sediment slump, etc.). Such an influx of sediment would effectively dilute 

the 210Pb signal and increase sedimentation at this site, which would appear as a long, 

low activity plateau. Another possibility is that the sediment was constantly resuspended 

over a period of many years, such that the 210Pb activities were effectively being mixed 

across layers, averaging out over a period of time. The organic content in this core 

suggests a disturbance below 5 cm (see below), which is supported by a drop in grain 

size to a stable plateau between 5 and 10 cm (Figure 5). Though this may indicate an 

influx of sediment from a different source (i.e., with different characteristics), it is not 

possible to fully resolve whether such an event occurred, and whether other factors 

(e.g., mixing, resuspension, etc.) may have also occurred. 
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 The lack of a 137Cs peak suggests that the year 1963 is not reached in this 

sediment core. It is possible that the year 1963 is contained in this core, but was eroded 

some point after being deposited, but the 210Pb activity at that point in time could be 

expected to be below 45 Bq/kg (assuming an activity of 180 Bq/kg at the top of the core, 

and that more than two half-lives of 210Pb occur between 2016 and 1963). Given that 

210Pb activity remains at its plateau of approximately 75-110 Bq/kg until 20 cm depth, 

and that no elevated 137Cs whatsoever is present around 20 cm, it seems most likely 

that the year 1963 is simply not reached. 

 Based on the 210Pb and 137Cs activities in this core, it appears as though recent 

sediments have been deposited at the top of the core, though it is impossible to say 

whether some minimal erosion has occurred since their deposition, nor is it possible to 

discern the cause for the plateau in 210Pb activity between 5 and 20 cm depth. Certainly, 

some sedimentary deposition has occurred in recent decades, as we would expect to 

see a 137Cs activity peak nearer to the surface if sediments were being eroded. The top 

3 cm of this core represent a time period contained within the last 22 years (one 210Pb 

half-life), and likely even within the last decade. Given the agreement between the CRS- 

and CIC-inferred dates for the top 3 cm of this core, dates have been assigned to these 

intervals (the secondary y axis in Figure 5). CRS-inferred sedimentation rates for these 

intervals are presented in Table 1 and ranged between 0.136 to 0.161 g/cm2/yr. Below 

the uppermost 3 cm, the intervals should be considered to represent a possibly mixed 

layer that was deposited before the uppermost sediments but after 1963. It is unclear 

whether sediments currently are eroding or being deposited at this location, though if 

they are eroding, they would be doing so slowly. 

 

 Z2S1 

 The easternmost core collected, the Z2S1 core, has an inconsistent sedimentary 

dating profile that could be indicative of a discontinuity, mixing, erosion, or some 

combination thereof. The 210Pb activities in the top four intervals of this core (to a depth 

of 9 cm) are approximately the same values (~120 Bq/kg), and are lower than would be 

expected in surface sediments in this system. There is a substantial drop in 210Pb 

activity following the fourth interval (i.e., below 10 cm), and the 210Pb activity remains 
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low and inconsistent to the bottom of the core. There is no obvious 137Cs peak in this 

core, though 137Cs activity rises from <20 Bq/kg to >50 Bq/kg between 17 and 27 cm; it 

is possible that a higher 137Cs activity exists between these two intervals, but gamma 

spectroscopy was not run on any intervals between 17 and 27 cm (Figure 3). 

 As with the Z1S1 core, when 210Pb plateaus are found in radioisotope activity 

profiles, several explanations are possible. The 9-cm-long plateau that is present at the 

top of the Z2S1 core could have been a result of mixing and resuspension of the 

sediment, and may have also been somewhat eroded, particularly given that 210Pb 

activity in the uppermost interval is so much lower than expected for this system. Such a 

plateau may also have been a result of a large influx of sediment in a short period of 

time (e.g., a slump), though the different grain size characteristics during this period 

(see below; Figure 6) make that option unlikely. Sedimentary mixing within these upper 

intervals could have also averaged the 210Pb signal. It is impossible to say which of 

these potential causes occurred, and all that can reasonably be confirmed is that the 

uppermost 10 cm of this core represent a more recent period of time than the rest of the 

core. 

 The drop in 210Pb activity between 9 and 13 cm could be indicative of erosion; a 

drop from ~140 to ~20 Bq/kg over 4 cm is a substantial amount, and it is possible that 

some intermediate material was present but eroded away post-deposition. Another 

possibility is that the lower 210Pb signal is a result of a spike in grain size in this interval 

(Figure 6); 210Pb adsorbs better to finer sediments (He & Walling, 1996) and the sudden 

increase in grain size at this point could have influenced the low 210Pb activity. However, 

again it is difficult to draw causative conclusions. 

 The presence of a 137Cs signal, although the activity is low and not a peak, 

suggests that the year 1963 was potentially captured at some point in this sedimentary 

record. The lack of 137Cs peak in the current core could be due to dilution and mixing, 

erosion of the 1963 peak after it was deposited, a change in the depositional 

environment when it was deposited, or could simply be that the peak exists somewhere 

in the 17-27 cm range of the core, which was not analysed. 

 The dating profile of this sediment core is not reliable enough to assign an age-

depth relationship, and it is not clear whether erosion is occurring at this site. However, 
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two conclusions can still be drawn regarding this site. The first is that sediment is not 

accumulating and remaining undisturbed; sediment is likely being eroded, resuspended, 

mixed, or some combination thereof at the top of the core. The second conclusion is 

that the upper 10 cm of sediment represents a period of time more recent than the 

remainder of the core. As such, the core can be thought of as two zones, with the first 

zone being a recent mixed layer and the second zone being an earlier mixed layer, 

possibly containing the year 1963, and likely capturing a substantial period of time. 

These two zones are highlighted in Figure 6. 

 

Mercury 

 Mercury concentrations in all three sediment cores generally decline from the 

bottoms to the tops of the cores. The most remarkable change is seen in the Z1S2 core 

(Figure 4), which additionally has the most reliable dating profile. Below 13 cm in this 

core, prior to ~1963, THg concentrations were high though somewhat variable, ranging 

between 26 and 49 μg/g. Concentrations began to decline rapidly between 1963 and 

1980, corresponding to the period of time (early-1960s) when Domtar stopped using 

mercury-based products (de Barros and Anderson, 2010) and when stronger controls 

on industrial effluents were strengthened (1970s) in the Great Lakes basin. Sedimentary 

THg concentrations have continued to decline to the present-day, but they remain 

above the SEL at approximately 5 μg/g within the top 2 cm of sediment at this location.  

 Total mercury concentrations in the Z1S1 sediment core (Figure 5) are much 

lower than those in the Z1S2 core, though this may be due to the Z1S1 core 

representing, on average, a more recent period of time than the Z1S2 core. The 

bottommost interval in this core is high in mercury (12 μg/g), though it is effectively 

impossible to assign a meaningful date to this interval. Mercury concentrations in the 

remaining intervals follow a weak linear trend by depth (Table 2), although it should be 

considered that the ages in the intervals between 5 cm and 20 cm cannot be resolved, 

and may represent a mixed layer. In the past five years (the top 2.5 cm), THg 

concentrations have continued to decline, reaching the lowest concentration in the core 

(2.4 μg/g) in the uppermost interval. 
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 Total mercury concentrations in the Z2S1 core have also declined toward the top 

of the core, with some variation. In the bottom zone in the core, representing a possibly 

mixed layer of unknown age that likely contains the year 1963, concentrations generally 

ranged from 15-32 μg/g, with a lone peak of 72 μg/g at 33 cm depth. Although we 

cannot assign a date to this interval, this concentration exceeds the maximum THg 

found in the well-dated Z1S2 core, and suggests that we have likely captured at least 

some point in the mid-20th century of high mercury production by industry. Above 13 cm, 

THg concentrations have remained relatively stable, further supporting the interpretation 

of these uppermost layers as mixed. Importantly, surface (2 cm) sedimentary THg 

concentrations at all three sites remain above the provincial SEL of 2.0 μg/g 

 Linear regressions of log-transformed THg by sediment depth were completed 

for all three cores, and each demonstrated moderate, but significant declines in THg 

towards the top of the sediment core (Table 2). A linear regression was also completed 

for a subset of core Z1S2, including only those intervals for which the CRS dating model 

produced reliable dates (0-13 cm), to investigate the relationship between sediment 

depth and log-transformed THg for intervals that have likely been undisturbed. This 

regression indicated a much stronger relationship between sediment depth and THg 

than was suggested when the entire core was included in the analysis (Table 2). 

Unfortunately, running a regression for only the intervals with reliable dates was not 

feasible in the other two cores, as mixing has likely occurred at these sites, with very 

few reliable dates. 

 Mean total mercury concentrations in the uppermost 10 cm of sediment appear 

to be similar to surface sediment THg concentrations from 2015 (Figure 7), though high 

variability was found in both 2015 and 2016 samples. Such variability could be due to 

high sedimentary heterogeneity in nearshore river sediments, but was also likely 

affected by the long periods of time contained in 10 cm of sediment, as well as the 

variability in sediment deposition rates between sites. For example, the Z1S2 core likely 

contains approximately 40 years of sedimentary history in its top 10 cm, whereas a site 

with higher sedimentation may contain a much shorter time frame in its top 10 cm. 

Future collections of surface sediments should limit analysis to the top few centimetres 

if they are being used to assess current conditions. 
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Loss-on-Ignition and Grain Size 

 Loss-on-ignition at 550°C (LOI550) and 950°C (LOI950) provide estimates of the 

organic matter and carbonate content of sediments, respectively, while grain size 

provides information on the size characteristics of the sediment (e.g., silt, sand, and clay 

fractions). By assessing how these characteristics change in a sediment core, changes 

to the sedimentary environment can be inferred, particularly regarding new inputs of 

material with a different sedimentary composition.  

 In the Z1S2 core, large variations are seen across LOI550, LOI950, and mean grain 

size (Figure 4), suggesting that the source material to this site has not been constant. 

Carbonate content in particular varied enormously downcore (Table 3), and interestingly 

was a significant predictor of THg (see below; Table 4). Mean grain size by interval 

were typically silts or fine sands (range: 25.21 – 64.49 μm), though variability was high. 

Silts were the dominant fraction in every interval (Figure 8). Descriptive statistics for 

loss-on-ignition data are presented in Table 3. 

 Carbonate content was substantially more stable in the Z1S1 core (Figure 5), 

though it was again a significant predictor of THg (see below; Table 4). Organic content 

(LOI550) was fairly stable for most of the core, though an abrupt drop from a higher 

stable level (20-25%) to a lower stable level (10-20%) is seen at 5 cm, corresponding to 

the intervals where a 210Pb plateau is present (Figure 3), potentially suggesting a large 

slump of sedimentary material entering the site. Mean grain size was variable (range: 

46.50 – 83.55 μm) and encompassed both silts and fine sands. The Z1S1 core was 

generally composed of larger particles than the nearby Z1S2 core, with greater sand 

fractions throughout the core (Figure 8). This may suggest a higher energy site than the 

Z1S2 location, with the finer silts and clays being more easily removed from the 

sediments as they are deposited. 

 In the Z2S1 core, both LOI550 and LOI950 varied somewhat throughout the core 

(Table 3), but the most variation was evident with mean grain size (Figure 6). In the 

upper mixed layer in this core (0-10 cm), mean grain size varied widely (range: 54.75 – 

130.40 μm), followed by a jump to 157.8 μm at 13 cm. Although variability in mean grain 

size is high amongst all three cores, the particle size composition of the Z2S1 core 
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shifts abruptly to predominantly larger (i.e., sand) particles at 13 cm (Figure 8). This 

interval corresponds to a substantial drop in 210Pb activity (Figure 3). 210Pb has been 

shown to adsorb better to finer particles (He & Walling, 1996), and it is possible that the 

large particles in the 13-cm-interval contributed to the low 210Pb activity at this depth. 

The cause for such an influx of large particles is unclear in this case, but could be 

related to any number of activities (e.g., construction projects, sand applied to roads, 

etc.) in the catchment. The rest of the bottom mixed layer has slightly lower, but still 

variable (range: 31.56 – 93.41) mean grain sizes, encompassing both silts and fine 

sands. Similar to the Z1S1 core, the Z2S1 core also has a large sand fraction 

throughout all of its intervals. 

Although sedimentary organic matter has previously been found to be a 

significant positive predictor of sedimentary THg concentrations (Razavi et al., 2015; 

Windle and Ridal, 2016), linear regressions completed on the sediment cores in the 

current study did not find any such relationships (Table 4). However, carbonate content 

(LOI950) was found to be a significant predictor (R2 = 0.52 – 0.82) of THg in both of the 

cores from zone 1 (Table 4). The percent fine sediments (clays and silts) was not found 

to be a significant predictor of sedimentary THg in any of the sediment cores (R2 = 

0.022 – 0.029, p > 0.05). However, given previous research that has indicated negative 

correlations between sedimentary THg and grain size (Hodson et al., 2014), THg 

concentrations were also normalized to fine sediment content of 100% and presented 

alongside uncorrected values (Figures 4 – 6). With the exception of several isolated 

intervals, the general trends are similar in the uncorrected and the normalized THg 

profiles in all three cores. It is important to note that changes produced from the 

normalization of the THg values by the fine sediment content should be interpreted in 

the context of the core. For instance, an apparent increase in normalized THg in the top 

of the Z2S1 core is not informative, as this change occurs within a likely mixed layer. 

However, the similar patterns between the uncorrected and the normalized THg values 

suggest that our interpretations and conclusions are not being affected by artifacts 

produced from differences in grain size composition. 

 



 

16 

 

Other Contaminants 

 The additional surface sediments collected in Zone 2 West support previous 

findings (Windle and Ridal, 2016) that high concentrations of several trace metals exist 

in this zone near Kirkman Court (Figure 10). Sediments were found to exceed the SEL 

for chromium, copper, iron, lead, nickel, and zinc, and exceed the lowest effect level 

(LEL; Persaud et al., 1993) for arsenic, cadmium, manganese, and phosphorus.  

 Sedimentary content of total PHCs was similar to previously reported values 

(Windle and Ridal, 2016), with concentrations in several locations >1000 μg/g (Figure 

9). Total PAHs in Zone 2 West sediments were found to be between the LEL and SEL 

in several locations (Figure 9); sedimentary concentrations of PAHs in this zone were 

previously reported as predominantly between the LEL and SEL (Windle and Ridal, 

2016), and the results of the current study indicate that PAH contamination of these 

sediments might be more severe than previously thought. 

 A PCA performed on the Zone 2 West surface sediment sites and their 

contaminants generally suggests a clustering of most sites, with several sites 

particularly well-associated with specific contaminants (e.g., 20-Z2-5M and chromium; 

Figure 11). Most of the environmental variables were also well-clustered along the first 

PCA axis, with the exception of PHCs, which mostly vary along the second axis. The 

similar vectors of the majority of the environmental variables (i.e., positive along the first 

PCA axis) may suggest a common source of these contaminants; previous sediment 

work has found enrichment of Hg, zinc, copper, and lead near local industrial discharge 

points (Richman & Dreier, 2001). The similarities of these four vectors in the PCA 

(Figure 11) supports the notion that these contaminants originated from a common 

source, which may have been industrial discharges to the river. The inclusion of such 

locally enriched sites may have also affected the relationship between grain size and 

contamination; although no significant relationship was found between THg and the 

proportion of fine-grained sediments (see above), previous work has suggested a 

negative correlation exists between these parameters (Hodson et al., 2014). The 

removal of sites that have been locally enriched with contaminants has been shown to 

improve the strength of the relationship between fine-grained sediment content and 

metal concentrations (Richman & Dreier, 2001) and should be considered in the future. 
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Nearshore Bathymetry 

 Results for the bathymetric and sedimentary hardness profiles of Zones 1, 2, and 

3 are presented in Figures 12-14. Across all three Zones, shoreline depth was 

predominantly < 1 m, with isolated pockets up to 5 m deep. Substratum hardness was 

variable in Zones 1 and 2, likely indicative of cobble and boulder amongst muddy and 

sandy sediments. The eastern half of Zone 3 was largely composed of softer substrata, 

with a harder bottom towards the western end of the area, potentially a remnant of the 

construction of the harbour at this location or the nearby waterfront trail. Large boulders 

are visible along the shoreline at the western end of Zone 3. 

 

Are Nearshore Sediments Acting as Sinks or Sources of Hg? 

Sediment cores collected in Zones 1 and 2 of the CSS show that, overall, THg 

concentrations increase with sediment depth, with surface sediments containing lower 

concentrations than historically deposited sediments. However, the radioisotope dating 

results and Hg profiles from the three cores indicate that a range of microenvironments 

exist along the Cornwall waterfront.  Radiometric dating profiles of the three cores 

suggest that sediment is being deposited at the Z1S2 site, and may be depositing at the 

Z1S1 site. It is unclear whether sediment is being actively deposited at the Z2S1 site, 

though the uppermost sediments at this location have been disturbed and/or mixed. 

CRS-inferred sedimentation rates for the surface sediments at Z1S2 and Z1S1 were 

0.084 and 0.14 g/cm2/yr, respectively, falling below the lower range of values 

determined from sediment cores collected at off-shore sites in Zones 1 and 2 in 2004/5 

that ranged 0.18 to 0.58 g/cm2/yr (Delongchamp et al., 2009).  Considerably higher 

rates were reported by Rukavina (2000) for Zone 1 and 2 sites sampled in 1997 which 

ranged approximately 1.8 to 5.7 g/cm2/yr based on converting their reported values of 

0.8 to 2.6 cm/yr using an average sediment bulk density of 2.2 g/cm3 (Rambol, 2017a). 

These comparisons suggest very low deposition rates at Z1S1 and Z1S2 compared to 

historical offshore depositional sites.   



 

18 

 

 

Based on these results, the Z1S2 site should act as a sink for THg, the Z1S1 site 

may be acting as a sink for THg, and the highly disturbed Z2S1 site is likely acting as a 

source for THg. It should be noted that a more comprehensive assessment should 

include evaluation of the movement of dissolved THg and methylmercury from the 

sediments, however this evaluation is outside the scope of the present study. 

 The nearshore areas of zones 1 and 2 of the CSS are highly heterogeneous 

environments, with a great deal of variation in substratum characteristics (e.g., gravel 

and boulders; Windle and Ridal, 2016). Sediment delivery to a given site is difficult to 

predict in these shallow areas, evidenced by the substantially different radiometric 

dating profiles of Z1S2 and Z1S1, which were sampled from similar environments (zone 

1, in 1.5 - 2 metres of water, 27-37 metres from shore) but suggest different 

sedimentary histories. Characterizations of surface sediments in these nearshore 

environments is ongoing, and should help to delineate zones of sediment accumulation. 

The grain size distributions of the three cores suggest that the Z1S1 and Z2S1 

sites are higher-energy locations, where finer particles are readily removed. The Z1S2 

site, with the largest proportions of clays and silts, appears to be lower energy. These 

sedimentary distributions further support the conclusions drawn from the radiometric 

dating profiles, i.e., that the Z1S2 site is accumulating sediment, but the higher energy 

Z1S1 and Z2S1 sites have been mixed. The high heterogeneity of bottom hardness in 

shoreline sediments of Zones 1 and 2 further suggests that sediment deposition 

processes are not likely straightforward in these shoreline regions. 

 Despite industrial sources of Hg being eliminated from the Cornwall waterfront, 

THg concentrations in surface sediments remain above both background concentrations 

of THg and the provincial SEL, even at locations where sediment appears to be 

accumulating (e.g., Z1S2). Previous research downstream of the Moses-Saunders 

Power Dam but upstream of our sampling locations have found surface sediment 

concentrations of THg between 0.02 – 0.06 μg/g (Razavi et al., 2015), approximately 

100-fold lower than the concentrations in the uppermost sediments of the three aged 

sediment cores (5.5 μg/g at Z1S2, 2.3 μg/g at Z1S1, and 8.2 μg/g at Z2S1). 

Furthermore, THg concentrations at the three coring locations, though all well above the 
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SEL, are different values from one another. These findings raise two important 

questions: 

1) Why do the THg concentrations in surface sediments at sites in Zones 1 and 2 

greatly exceed upstream background concentrations if the sources of Hg along 

the Cornwall waterfront have been eliminated? 

2) Why do the THg concentrations in surface sediments differ between these sites? 

Ultimately, if all sources of Hg had been eliminated, THg concentrations in surface 

sediments should have been closer to upstream concentrations (i.e., 0.02-0.06 μg/g); 

the higher concentrations that were found in this study suggest another source of Hg to 

the system.  

 In broad terms, potential sources of Hg could be summarized as three 

possibilities. The first option is Hg originating in the sediments themselves, which could 

include resuspension and subsequent deposition of contaminated sediments, or mixing 

of previously deposited sediments with more recent sediments. The second possibility is 

that Hg is coming from an upstream source along the river. The third option is that Hg is 

entering the system from sources within the watershed. With the available data, it is not 

possible to determine which of these three potential sources (or what combination of the 

three) is contributing Hg to the sediments at our sampling locations, however, it should 

be possible to assess the influences of these sources with more research. 

 It is clear that Hg concentrations are high in shoreline surface sediments in 

several locations in Zones 1 and 2, and previous research has demonstrated that boat 

propellers in these shallow waters can successfully resuspend surface sediments 

(Windle and Ridal, 2016). Zone 1 coring sites adjacent to the public RCAF boat launch 

may be subject to frequent disturbance from boat action. Sediments in water less than 2 

m deep are also at risk of resuspension from wave action (Lepage et al., 2000), which is 

particularly concerning for shallow areas with soft sediments and high THg 

concentrations, such as the Kirkman Court area of Zone 2 West (Figures 10, 13). It 

remains unclear whether these sediments are being transported to other areas after 

being resuspended, and if so, how far the contaminated sedimentary material is 

travelling. It is additionally possible that as new sediments are being deposited, they are 

mixing with older, more contaminated sediments through ongoing bioturbation. Such 
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mixing would effectively dilute the recovery signal of the sediments, as higher 

concentrations of Hg in sediments below the surface are mixed in to the newly 

deposited sediments. A sedimentary mixing model for the CSS zones has been 

proposed to predict the time to recovery of the sediments (Ramboll Environ 2017a, 

Ramboll Environ 2017b). This model and other models should be more thoroughly 

assessed for application to the nearshore sediments of the CSS, as many relevant 

variables (e.g., sediment deposition rates) appear to vary significantly within these 

nearshore areas. 

 Although all sources of Hg to the Cornwall waterfront have been supposedly 

removed, it is possible that some legacy contamination exists upstream of our sampling 

locations that is contributing to the high THg concentrations found in our surface 

sediments. With a 100-fold difference in THg concentration between the Z1S2 site and 

upstream sites, some source could exist between the Moses-Saunders Power Dam and 

the Z1S2 site that is providing enough Hg to account for the drastic increase in 

sedimentary THg. The obvious suspect is the former Domtar site along the Cornwall 

Canal, which drains into the St. Lawrence River just upstream of the Z1S2 site. It is not 

clear how this water flows when it enters the St. Lawrence River, nor whether it interacts 

directly with the Z1S2 or Z1S1 sites, but it is possible that such a source within the 

Cornwall Canal could be introducing contaminants to Zone 1. 

 The final potential source of Hg is urban runoff from the City of Cornwall. In 

Cornwall, stormwater outfalls drain into the St. Lawrence River, several of which are 

located near our sampling locations (Figure 15). Preliminary sampling of stormwater 

and combined sewer overflows have identified elevated Hg levels in the effluents (Ridal 

et al, 2010). A project is currently underway to assess the Hg concentrations in 

sediments from catch basins within the City of Cornwall storm sewers. The results of 

this study should help to inform whether urban stormwaters contribute Hg-contaminated 

sediments to the river, though it is not known precisely how the flows from these outfalls 

mix with water in the nearshore environment. 

 The primary information missing to allow for a thorough evaluation of any of 

these three potential sources is a high-resolution flow map of the nearshore and 

shoreline environments in Zones 1 and 2. It is clear that these shallow areas are 
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complicated systems, with high substratum heterogeneity, numerous embayments, and 

varying sedimentation rates, all of which will affect flow speed and direction, which will 

in turn affect sedimentary THg concentrations. A high-resolution flow map of these 

areas would help to predict transport of resuspended contaminated sediments, 

interactions between the outflow from the Cornwall Canal (and nearby Rotary Creek) 

and Zone 1 sediments, and mixing of nearshore waters with flows from storm sewer 

outfalls. 

 

Conclusions and Recommendations 

The results of this study indicate that shoreline sediments have variable 

depositional histories along the Cornwall waterfront within CSS-designated zones. 

Mercury sediment concentration and radioisotope dating profiles suggest that while 

some sites may act as sinks for mercury, sedimentation is very low at other sites and 

these sites may in fact be a source of mercury to other areas of the river.  The 

effectiveness of the CSS to achieve target concentrations identified in the CSS Long-

Term Monitoring Plan (Rambol 2017b) at these sites is expected to be limited due to 

low sedimentation rates and the relatively high potential for sediment disturbance. 

  

The following recommendations have been identified: 

1. Additional fine-interval sampling of nearshore surface sediments (top 2 cm) at 

CSS-designated and reference sites should be conducted to establish the 

nearshore target concentrations for total and methyl mercury under the CSS 

Long-Term Monitoring Plan. 

2. Hydrodynamic profiling of the nearshore zones in the AOC should be completed 

to characterize velocities and flow patterns, and to develop a more sophisticated 

conceptual site model for the nearshore sediments within the CSS-designated 

areas. 

3. The sediment mixing model identified in the CSS Task 4 report (Ramboll Environ 

2017a) and other models should be assessed for their application to characterize 

rates of natural recovery in the nearshore sediments, as many relevant variables 
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(e.g., sediment deposition rates) appear to vary considerably within these 

nearshore areas. 

4. Nearshore sedimentary Hg concentrations should be compared to recent 

offshore sediment sampling results (2017) conducted by the MOECC and ECCC. 

5. Potential Hg sources should be further investigated, including water and 

sediments originating in the Cornwall Canal.  

6. Further investigation of the effects of dock installations on surface sediments 

containing higher levels of Hg should be conducted to ascertain the degree of 

sediment mobilization they may cause and the resulting effects on surface 

sediment concentrations in the surrounding areas. 
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Figures 

 

Figure 1. A) Locations of Zones 1, 2, and 3 in the Cornwall Area of Concern and 

associated St. Lawrence River bathymetry. B,C) Sediment core collection locations in 

Zone 1 (B) and Zone 2 (C), and proximity to total mercury (THg) hotspots from 2014-

2015 (Windle & Ridal, 2016).  
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Figure 2. Locations within Zone 2 of archived surface sediments collected in 2015. 
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Figure 3. Radioisotope activities of 210Pb, 214Pb, 214Bi, and 137Cs in the three sediment cores, by midpoint depth of the core 

interval. 
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Figure 4. Profiles by sediment depth for the Z1S2 site, including total mercury (THg), total mercury normalized to 100% 

fine sediments (N-THg), loss-on-ignition at 550°C (LOI550) and 950°C (LOI950) and mean grain size. The secondary y axis 

indicates year inferred by the constant rate of supply (CRS) dating model. The dashed red line indicates the provincial 

severe effect level for mercury (2.0 μg/g). The hatched area indicates a possibly mixed zone of sediment, where dates 

could not be applied. Error bars for THg represent half the relative percent difference. Error bars for grain size represent 

standard deviation. 
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Figure 5. Profiles by sediment depth for the Z1S1 site, including total mercury (THg), total mercury normalized to 100% 

fine sediments (N-THg), loss-on-ignition at 550°C (LOI550) and 950°C (LOI950) and mean grain size. The secondary y axis 

indicates year inferred by the constant rate of supply (CRS) dating model. Note that dates were not applied below 3 cm. 

The dashed red line indicates the provincial severe effect level for mercury (2.0 μg/g). The hatched area indicates a 

possibly mixed zone of sediment. Error bars for THg represent half the relative percent difference. Error bars for grain size 

represent standard deviation. 
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Figure 6. Profiles by sediment depth for the Z2S1 site, including total mercury (THg), total mercury normalized to 100% 

fine sediments (N-THg), loss-on-ignition at 550°C (LOI550) and 950°C (LOI950) and mean grain size. The dashed red line 

indicates the provincial severe effect level for mercury (2.0 μg/g). The hatched area indicates the upper, potentially mixed 

zone of sediment and the shaded area indicates the bottom, potentially mixed zone of sediment. Error bars for THg 

represent half the relative percent difference. Error bars for grain size represent standard deviation. 
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Figure 7. Mean total mercury (THg) concentrations in the upper 10 cm of sediment for 

2016 sediment cores and 2015 surface samples. Error bars represent standard 

deviations. Sites included in the 2015 samples are listed in Table A1.
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Figure 8. Grain size distributions by interval in the three sediment cores. Clays include grains with a 
diameter < 3.89 μm, silts include grains with a diameter 3.89 – 62.22 μm, and sands include grains with 
a diameter 62.22 – 2000 μm. 
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Figure 9. Total polycyclic aromatic hydrocarbon (PAH) and petroleum hydrocarbon 

(PHC) concentrations of surface sediments in Zone 2 West of the Cornwall AOC. 

Samples include previously reported values (n=7; Windle & Ridal, 2016) and newly 

analysed samples (n=10) 
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Figure 10. Sedimentary trace metal concentrations of all surface samples collected in 

2015 in Zone 2 West near Kirkman Court, and their relation to the provincial Lowest 

Effect Level (LEL) and Severe Effect Level (SEL). 
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Figure 11. Principal components analysis (PCA) of surface sediments and 

environmental contaminants including trace metals, total polycyclic aromatic 

hydrocarbons (PAHs), and total petroleum hydrocarbons (PHCs). Eigenvalues are 

λ=0.689 for Axis 1 and λ=0.118 for Axis 2. 
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Figure 12. A) Shoreline water depth in Zone 1. B) Relative bottom hardness of 

shoreline sediments in Zone 1. Higher hardness values indicate harder substrata. 
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Figure 13. A) Shoreline water depth in Zone 2 with inset of shoreline along 

Kirkman Court in Zone 2 West. B) Relative bottom hardness of shoreline 

sediments in Zone 2 with inset of shoreline along Kirkman Court in Zone 2 West. 

Higher hardness values indicate harder substrata. 
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Figure 14. A) Shoreline water depth in Zone 3. B) Relative bottom hardness of 

shoreline sediments in Zone 3. Higher hardness values indicate harder substrata. 
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Figure 15. A) Location of City of Cornwall storm sewer outfalls in relation to the 

sampling locations for the Zone 1 sediment cores. B) Location of City of Cornwall 

storm sewer outfalls and former Courtaulds Fibres discharge points in relation to 

the sampling location for the Zone 2 sediment core. 
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Tables 

Table 1. Sedimentation rates and associated error inferred from the Constant Rate of 

Supply (CRS) dating model for sites Z1S2 and Z1S1. Note that sedimentation rates are 

only included for intervals with reliable CRS-inferred dates. 

Site 
Midpoint Depth 

(cm) 

CRS-Inferred 

Year 

CRS-Inferred 

Sedimentation 

Rate 

(g/cm2/year) 

CRS-Inferred 

Sedimentation 

Rate Error 

(g/cm2/year) 

Z1S2 0 2016.8 0.084 0.019 

 1 2013.7 0.076 0.019 

 3 2006.8 0.077 0.023 

 5 1999.2 0.113 0.044 

 9 1980 0.067 0.041 

 13 1963.6 0.206 0.336 

Z1S1 0 2016.7 0.140 0.022 

 0.5 2016.0 0.136 0.022 

 1.5 2014.4 0.161 0.028 

 2.5 2012.6 0.139 0.020 
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Table 2. Results of linear regression of log-transformed total mercury (THg) by sediment 

depth. 

Site Length of core included n R2 p 

Z1S2 Entire core (46 cm) 12 0.40 0.028 

 Top 14 cm 6 0.95 0.0011 

Z1S1 Entire core (23 cm) 16 0.51 0.0018 

Z2S1 Entire core (46 cm) 12 0.68 0.0010 
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Table 3. Summary of loss-on-ignition (LOI) data for the three sediment cores, including 

number of samples (n), mean, standard deviation (SD), minimum (Min), and maximum 

(Max) values.  

Site n 

% LOI550  % LOI950 

Mean SD Min Max  Mean SD Min Max 

Z1S2 12 14.81 2.21 11.90 20.61  11.89 7.13 3.54 23.01 

Z1S1 16 17.70 3.71 13.18 23.67  4.46 1.55 3.10 9.60 

Z2S1 12 13.07 3.13 9.72 21.30  5.43 1.83 3.76 10.63 
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Table 4. Summary of linear regressions of total mercury (THg) on organic content 

(LOI550) and carbonate content (LOI950). Entries in bold indicate analyses where the p 

value was less than 0.05. 

Site n 

LOI550  LOI950 

R2 F p  R2 F p 

Z1S2 12 0.0051 0.051 0.83  0.52 10.82 0.008 

Z1S1 16 0.18 3.06 0.10  0.82 63.59 <0.0001 

Z2S1 12 0.10 1.05 0.33  0.0061 0.062 0.81 
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Appendices 

Table A1. 2015 surface sampling sites (Windle & Ridal, 2016) that were included in the 

mean total mercury calculations for Figure 7.  

Site Classification 2015 Site Name NAD83 UTM 

Easting 

NAD83 UTM 

Northing 

Z1S2 01-Z1 10M 521026.02 4984232.54 

 02-Z1 5M 521021.61 4984231.86 

 03-Z1 10M 521046.47 4984219.5 

 04-Z1 10M 521078.42 4984256.82 

Z1S1 07-Z1 10M 521241.9 4984385.33 

 09-Z1 10M 521320.07 4984407.15 

 10-Z1 10M 521329.56 4984421.95 

Z2S1 18-Z2 1M 523843.76 4984977.85 

 19-Z2 1M 523856.13 4984997.23 

 19-Z2 5M 523861.28 4984991.03 

 19-Z2 10M 523863.72 4984990.81 

 20-Z2 1M 523875.67 4985019.96 

 20-Z2 5M 523877.1 4985014.97 

 

  



 

45 

 

Table A2. Sites and environmental variables included in the principal components 

analysis (PCA) performed on the 2015 surface samples. 

Parameter Values 

Environmental 

Variables 

Total polycyclic aromatic hydrocarbons (PAHs) 

Total petroleum hydrocarbons (PHCs) 

Arsenic (As) 

Cadmium (Cd) 

Chromium (Cr) 

Copper (Cu) 

Iron (Fe) 

Manganese (Mn) 

Nickel (Ni) 

Lead (Pb) 

Phosphorus (P)  

Zinc (Zn) 

Total mercury (THg) 

Sites 18-Z2-10M 

19-Z2-5M 

19-Z2-10M 

20-Z2-1M 

20-Z2-5M 

20-Z2-10M 

21-Z2-5M 

21-Z2-10M 

22-Z2-5M 

22-Z2-10M 

23-Z2-5M 

25-Z2-10M 

26-Z2-10M 

27-Z2-10M 

28-Z2-5M 

29-Z2-C 

31-Z2-10M 
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Table A3. Relative Percent Difference (RPD) for sample replicates of total mercury 

(THg) sediment concentrations (μg/g dry weight) from cores. Intervals not listed were 

not replicated. The mean RPD (7.76%) was applied to intervals that were not replicated. 

Site Interval (cm) Number of 

samples 

Mean THg 

(μg/g) 

RPD (%) 

Z1S2 0-2 2 5.45 9.26 

 2-4 2 6.22 9.01 

 4-6 2 11.56 8.03 

 6-8 2 23.53 1.28 

 8-10 2 26.60 15.29 

 12-14 2 45.34 6.58 

 16-18 2 41.07 4.04 

 20-22 2 45.95 0.56 

 26-28 2 48.46 7.93 

 32-34 2 47.49 9.35 

 38-40 2 26.51 2.10 

 44-46 3 33.64 13.38 

Z1S1 0-1 2 2.35 8.67 

 22-23 2 12.00 5.88 

Z2S1 0-2 4 8.23 4.11 

 2-4 3 10.54 6.95 

 8-10 2 5.72 13.18 

 12-14 2 5.46 20.20 

 16-18 3 15.30 6.02 

 20-22 3 20.02 2.35 

 26-28 2 26.03 2.84 

 32-34 2 72.42 13.05 

 38-40 2 31.47 5.31 

 44-46 2 28.58 10.87 
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Table A4. Raw total mercury (THg) data from the three sediment cores. 

Site Midpoint Depth (cm) THg (μg/g) 

Z1S2 1 5.20 

 1 5.71 

 3 5.94 

 3 6.50 

 5 11.10 

 5 12.02 

 9 23.68 

 9 23.38 

 13 24.57 

 13 28.64 

 17 43.85 

 17 46.83 

 21 40.24 

 21 41.90 

 27 45.82 

 27 46.08 

 33 46.53 

 33 50.38 

 39 45.27 

 39 49.72 

 45 26.78 

 45 26.23 

 45 30.34 

Z1S1 0.5 2.45 

 0.5 2.25 
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Site Midpoint Depth (cm) THg (μg/g) 

 1.5 3.13 

 2.5 2.83 

 3.5 3.11 

 4.5 3.49 

 5.5 4.44 

 6.5 4.69 

 7.5 3.40 

 8.5 3.60 

 9.5 2.95 

 11.5 3.59 

 13.5 3.88 

 15.5 3.99 

 17.5 4.46 

 19.5 4.04 

 22.5 12.35 

 22.5 11.65 

Z2S1 1 8.5395268 

 1 8.1416529 

 1 7.9195745 

 1 8.3125 

 3 10.080858 

 3 11.1798238 

 3 10.3507391 

 5 6.638059 

 7 5.7219167 

 9 5.1026509 

 9 5.8227855 

 13 16.8480769 
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Site Midpoint Depth (cm) THg (μg/g) 

 13 13.7571495 

 17 19.1098554 

 17 20.9221705 

 17 20.1853642 

 21 26.1900752 

 21 25.8787919 

 21 26.8075439 

 27 73.4455721 

 27 71.3861628 

 33 33.5187056 

 33 29.4117576 

 39 27.821129 

 39 29.3376923 

 45 19.4371519 

 45 21.6716446 
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Table A5. Raw radioisotope activity data for the three sediment cores. Activities and errors are presented in Bq/kg. 

Site Midpoint 

Depth 

(cm) 

210Pb 210Pb 

Error 

214Pb 214Pb 

Error 

214Bi 214Bi 

Error 

137Cs 137Cs 

Error 

Z1S2 1 223.01 23.71 22.26 3.18 30.14 7.35 14.63 2.25 

 3 182.55 20.97 22.62 3.16 21.01 7.24 16 2.35 

 5 107.44 16.97 21.56 2.83 19.55 6.42 20.2 2.44 

 9 102.88 18.05 21.99 3.35 32.4 8.03 37.63 3.91 

 13 37.25 20.54 21.69 4.18 23.01 10.12 81.6 7.45 

 17 25.06 17.15 23.69 3.92 25.11 9.32 67.37 6.28 

 27 21.49 16.68 21.68 3.62 19.06 8.38 43.38 4.41 

 33 41.85 13.63 18.27 2.89 22.6 6.74 13.61 2.14 

 39 30.28 15.85 15.33 3.87 19.81 9.08 17.32 2.77 

 45 5.15 15.97 21.73 3.71 22.3 8.54 23.81 2.98 

Z1S1 0.5 182.16 23.28 19.33 3.38 16.49 7.72 3.77 1.91 

 1.5 149.25 20.52 17.84 3.38 14.64 7.62 3.78 1.91 

 2.5 160.54 17.87 16.98 2.5 12.62 5.73 5.12 1.5 

 5.5 91.96 13.85 19.81 2.43 14.49 5.6 11.84 1.72 

 8.5 97.48 13.81 14.81 2.27 19.22 5.1 9.41 1.59 

 11.5 118.31 16.61 24.7 2.92 21.73 6.42 16.94 2.18 
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Site Midpoint 

Depth 

(cm) 

210Pb 210Pb 

Error 

214Pb 214Pb 

Error 

214Bi 214Bi 

Error 

137Cs 137Cs 

Error 

 13.5 104.21 15.63 27.02 2.73 29.11 6.2 17.67 2.21 

 15.5 108.53 15.01 20.4 2.77 17.72 6.19 17.43 2.21 

 17.5 72.35 12.87 18.04 2.51 27.15 5.92 16.06 2.05 

 19.5 87.78 13.82 19.72 2.54 17.83 5.67 17.36 2.16 

 22.5 25.06 10.8 17.01 2.42 16.06 5.4 14.62 1.87 

Z2S1 1 116.2 16.56 18.49 2.88 17.98 6.76 20.3 2.52 

 3 105.76 14.21 16.93 2.43 11.78 5.43 17.18 2.11 

 5 130.67 17.46 19.91 2.71 22.63 6.27 16.27 2.18 

 9 142.1 18 19.32 2.82 20.69 6.51 10.74 1.88 

 13 23.25 8.73 13.92 1.86 11.96 4.22 12.9 1.62 

 17 29.85 13.19 19.05 2.81 17.2 6.38 50.82 4.66 

 27 35.63 11.21 22.38 2.49 23.35 4.99 56.91 4.95 

 33 50.34 11.31 16.91 2.26 21.28 5.1 39.66 3.61 

 39 57.07 13.12 16.69 2.44 22.16 5.54 40.59 3.76 

 45 39.93 11.32 17.79 2.45 20.26 5.58 43.91 4.03 
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Table A6. Mean grain size by depth interval in the three sediment cores. 

Site Midpoint Depth (cm) Mean Grain Size (μm) 

Z1S2 1 33.19 

 3 33.34 

 5 40.16 

 7 47.27 

 9 43.64 

 13 31.31 

 17 30.84 

 21 25.21 

 27 39.48 

 33 51.44 

 39 64.49 

 45 43.66 

Z1S1 0.5 66.41 

 2.5 63.84 

 3.5 83.55 

 4.5 80.51 

 5.5 61.53 

 6.5 60.45 

 7.5 63.74 

 8.5 62.65 

 9.5 65.99 

 11.5 51.93 

 13.5 46.5 

 15.5 47.67 

 17.5 65.51 

 19.5 63.39 

 22.5 64.11 
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Site Midpoint Depth (cm) Mean Grain Size (μm) 

Z2S1 1 119.3 

 3 130.4 

 5 105.8 

 7 83.6 

 9 54.75 

 13 157.8 

 17 67.36 

 21 93.41 

 27 68.03 

 33 56.1 

 39 63.31 

 45 31.56 
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Table A7. Particle size distributions (as % clays, % silts, and % sands) in the three 

sediment cores. Particle size categories were defined as ≤ 1.944 μm (clays), ≤ 52.32 to 

> 1.944 μm (silts), and ≤ 2000 to > 52.32 μm (sands). 

Site Midpoint 

Depth 

(cm) 

% Clays % Silts % Sands 

Z1S2 1 9.21 67.36 23.43 

 3 8.16 68.69 23.15 

 5 6.28 63.49 30.23 

 7 5.38 57.25 37.37 

 9 6.16 59.78 34.06 

 13 7.96 72.57 19.47 

 17 5.03 78.02 16.95 

 21 6.69 80.67 12.64 

 27 6.25 68.98 24.77 

 33 4.32 67.85 27.83 

 39 3.51 61.66 34.83 

 45 5.51 69.8 24.69 

Z1S1 0.5 4.58 43.36 52.06 

 2.5 3.77 45.36 50.87 

 3.5 2.94 36.37 60.69 

 4.5 3.71 35.59 60.7 

 5.5 3.74 45.96 50.3 

 6.5 4.62 47.45 47.93 

 7.5 4.81 44.8 50.39 

 8.5 5.21 45.98 48.81 

 9.5 3.93 43.22 52.85 

 11.5 7.03 53.89 39.08 
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Site Midpoint 

Depth 

(cm) 

% Clays % Silts % Sands 

 13.5 6.78 55.95 37.27 

 15.5 6.12 55.2 38.68 

 17.5 4.09 45.65 50.26 

 19.5 3.9 45.79 50.31 

 22.5 3.06 49.37 47.57 

Z2S1 1 5.17 40.81 54.02 

 3 3.99 36.76 59.25 

 5 5.12 42.75 52.13 

 7 6.93 50.84 42.23 

 9 6.75 56.83 36.42 

 13 3.06 28.47 68.47 

 17 7.12 56.3 36.58 

 21 5.04 42.87 52.09 

 27 5.56 55.56 38.88 

 33 7.03 61.27 31.7 

 39 6.49 56.47 37.04 

 45 9.15 70.57 20.28 
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Table A8. Summary of contaminant concentrations in surface sediments from the archived 2015 sites in Zone 2 (Figure 

2). Concentrations of trace metals are presented in μg/g dry weight, concentrations of PAHs are in ng/g dry weight, and 

concentrations of PHCs are in mg/kg. Variables presented include arsenic (As), cadmium (Cd), chromium (Cr), copper 

(Cu), iron (Fe), manganese (Mn), nickel (Ni), lead (Pb), phosphorus (P), zinc (Z), total polycyclic aromatic hydrocarbons 

(PAH), and total petroleum hydrocarbons (PHC). 

Site As Cd Cr Cu Fe Mn Ni Pb P Zn PAH PHC 

18-Z2-10M 5 0.1 11.8 18.4 11200 225 8.5 26.3 530 130 3065 167 

19-Z2-10M 5 0.43 33 210 18000 153 43.7 1383.3 650 917 36798 876 

19-Z2-1M 5 0.1 41.2 254 19500 155 53.6 1910 760 1050 68230 1696 

19-Z2-5M 5 0.1 11.4 33.2 12900 205 8.4 86.4 520 406 12079 216 

20-Z2-10M 5 0.3 28.6 41.2 15000 213 15.8 225 640 707 7841 1264 

20-Z2-1M 24 0.5 62.5 662 114000 499 62.5 2200 500 1300 9739 290 

20-Z2-5M 30 0.4 190 550 130000 480 290 5200 1300 5000 174169 1800 

21-Z2-10M 5 0.2 18.4 53.2 13200 154 14.4 121 670 302 17656 531 

21-Z2-5M 5 0.1 17.2 23 15400 258 12 34.7 700 154 2792 440 

22-Z2-10M 5 0.6 11 12 10000 160 8.5 20 450 96 8297 522 

22-Z2-5M 5 0.2 19 30.9 16667 192 10.9 128 600 415 51283 4517 

23-Z2-5M 5 0.3 15 10 12000 170 8.6 56 550 160 8727 1140 

25-Z2-10M 5 0.4 23 54 14000 220 16 260 650 430 3947 571 

26-Z2-10M 5 0.5 57 98 14000 190 16 530 650 1200 14115 1990 

27-Z2-10M 5 0.5 16 71 11100 147 9.1 170 640 470 16102 460 

28-Z2-10M 5 0.3 19 52 12000 160 13 200 600 550 8315 972 

29-Z2-C 5 0.1 22.3 94.8 11900 225 10.5 40.5 600 179 48192 310 

31-Z2-10M 5 0.9 110 460 15000 160 23 250 800 1700 44820 1814 

 


