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                                                      ABSTRACT 

A bleached kraft pulp mill operating in Pictou County, Nova Scotia has discharged effluent into 
former tidal estuary known as Boat Harbour since 1967. After treatment in Boat Harbour, 
effluent is discharged into Northumberland Strait. Effluents will no longer be discharged after 
January 31, 2020 and remediation will start thereafter. A previous review of historical 
documents to identify contaminants in marine biota of Northumberland Strait found that data 
was insufficient to properly evaluate the baseline conditions prior to remediation. This study 
evaluated concentration of metals, dioxins and furans and methyl mercury in surficial 
sediments and marine biota (i.e. American lobster (Homarus americanus), rock crabs (Cancer 
irroratus), and blue mussels (Mytilus edulis) of Northumberland Strait. Results were compared 
to Canadian Council of Minsters of Environment and Canadian Food Inspection Agency 
guidelines showed limited contamination signature in sediments and marine biota of 
Northumberland Strait. Recommendations to have long-term monitoring is provided for 
remediation. 
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CHAPTER 1 - INTRODUCTION 

1.1 Industrial Effluents and Environmental Effects 

Industrial wastewater effluents are major sources of contamination for aquatic environments 

via regulated and unregulated discharges (Ali and Sreekrishnan, 2001; Chaudhary and Walker, 

2019). A major threat to aquatic ecosystems is untreated or partially treated industrial 

wastewater discharges to aquatic receiving environments (Singh and Chandra, 2019). The pulp 

and paper industry (PPI) are a major industry contributing to environmental pollution after oil, 

cement, leather, textile, and steel industries (Ali and Sreekrishnan, 2001). It is the world’s sixth 

most polluting industry, discharging a variety of atmospheric, liquid, and solid waste pollutants 

into the environment (Ugurlu et al., 2008). The PPI has been expanding in South America but 

started declining in the beginning of 2000 in North America with widespread mill closures 

(Bogdanski, 2014). However, despite increasing trends of switching from print to electronic 

media, increasing market demands for paper products continue within North America, Asia, 

and Europe collectively consuming 90% of global paper production (Szabo et al., 2009).  

Canada is the world’s largest exporter of pulp and newsprint thus; the PPI remains a 

fundamental pillar of the economy and natural resource sector (Environment Canada, 2013). 

However, effluents from paper and pulp mills can be highly toxic and are a major contributor to 

aquatic pollution. More than 250 chemicals have been identified in effluents derived from 

different stages of paper production. PPI also generates large volumes of wastewater for each 

metric ton of paper produced depending on the raw material and process being used (Ali and 

Sreekrishnan, 2001; Kamali and Khodaparast, 2015).  
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Pulping, the separation of cellulose and hemicellulose wood fibers from lignin, can be achieved 

by either mechanical and chemical processes (Ali and Sreekrishnan, 2001). In the mechanical 

process, force is applied with minimum use of chemical to release usable wood fiber (Owens, 

1991). Whereas, during chemical processes depolymerization and dissolving of lignin is done to 

produce purified cellulose fiber. There is 55-60% discharge of lignocellulosic waste from raw 

material (wood chips), while only 40-45% of pulp is obtained during the chemical pulping 

process. The lignocellulosic waste consists of various complexes of organic and inorganic 

pollutants, which if released untreated, may cause considerable damage to the receiving water 

(Pokhrel and Viraraghavan, 2004). 

The wastewater from the PPI have a high biochemical oxygen demand (BOD), chemical oxygen 

demand (COD), chlorinated compounds (measured as absorbable organic halide, AOX), 

suspended solids, fatty acids, tannins, resin acids, lignin, and its derivatives, sulfur and sulfurous 

compounds (Ali and Sreekrishnan, 2001). Pollutants from PPI comprise naturally occurring 

wood extractives (tannins, resin acids, lignin) and xenobiotic compounds (e.g., chlorinated 

lignins, resin acids, and phenol, dioxins and furans).  

 

1.2 Project Background  

1.2.1 Study Site 

A’se’k, “the other room” commonly known as Boat Harbour (BH) is a former tidal estuary 

located within Mi’kmaq Pictou Landing First Nation (PLFN) on the Northumberland Strait (NS) in 

Nova Scotia, Canada (Pictou Landing Native Women’s Group et al., 2016). For the last 50 years, 
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a bleached kraft pulp mill located at Abercrombie Point in Pictou County has been discharging 

its effluent in BH before its final discharge to NS (Fig. 1).  

 
Fig. 1. Location of Boat Harbour in Pictou County relative to the pulp mill, communities of Pictou Landing First 
Nation, and the town of Pictou and final discharge point of Northumberland Strait. (Adapted from Romo et al. 
(2019). 

 

Historically, BH was used by PLFN community for fishing, hunting, spiritual, and  

ceremonial purposes. However, in order to improve the economy of Nova Scotia in the 1960s, 

the provincial government offered raw water supply and BH as an effluent treatment facility to 

many industries including this kraft mill (Hoffman et al., 2017a). In 1967, the mill-initiated 

operations and began discharging its raw effluent to BH. From 1967 until present the mill has 

been operated by different mill owners. It was first owned and operated by Scott Paper 

Company. In 1996, responsibility for operating the mill was transferred to Kimberly Clark, then 

subsequently to Neenah Paper in 2004 and finally to Northern Pulp in 2008 which is the current 
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owner of the mill (Dillon Consulting Limited, 2000; Pictou Landing Native Women’s Group et al., 

2016). 

After two years of mill operation in 1969, the Boat Harbour Treatment Facility (BHTF) was 

constructed to treat wastewater effluents before their discharge to Northumberland Strait 

(Romo et al., 2019). Furthermore, in 1972 a dam was built at the estuary outlet and BH was 

transformed into a freshwater pond. The BHTF was also upgraded in 1972 consisting of twin 

settling ponds and an aerated stabilization basin. Effluent from the mill is piped beneath East 

River and discharged to settling ponds for sedimentation. After sedimentation, effluents flow to 

an aerated stabilization basin for the oxidation of wastewater. After 5-6 days of aerated 

treatment, effluent is then discharged to a stabilization lagoon, that is BH. Effluents remain 

here for 20-30 days before final discharge to the Northumberland Strait through a dammed 

estuary mouth (Fig.1 and Fig. 2) (Hoffman et al., 2017a). Along with mill effluents, BH also used 

to receive wastewater from a local chlor-alkali plant known as Canso Chemicals Ltd. which 

operated in the area from 1971-1992 (Seakem Oceanography Ltd., 1990; SeaTech Ltd., 1996; 

Andrews and Parker, 1999; St-Jean et al., 2003). 
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Fig. 2. Components of Boat Harbour Treatment Facility (BHTF) (from Hoffman et al. (2017a). 

 
 

1.2.2 Public Concerns and Boat Harbour Act 

Fifty-years of effluent discharge from the pulp mill and former chlor-alkali plant into BH has 

created large volumes of unconsolidated sediments impacted by inorganic and organic 

contaminants. The PLFN community (population <500) is located in the North-East direction (2 

km) and the Town of Pictou (population 3500) in the North West direction (5 km) of BHTF (Fig. 

1). Over the years, significant concern has been raised by both communities (Hoffman et al., 

2015; Hoffman et al., 2017b). The adverse environmental impacts including poor air and water 

quality, soil contamination, and negative impacts on recreational activities have been the main 

concern of the PLFN community. Reid (1989) reported potential adverse human health effects 

linked to the mill and found that Pictou had significantly higher proportions of respiratory 

disease compared to provincial averages for three consecutive years. This research 
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recommended an epidemiological study related to the mill should be conducted to confirm 

these findings (Reid, 1989). Although communities have long advocated for closure of the mill, 

public attention gained momentum in 2014 following an unprecedented effluent leak, and 

after, a broken stack precipitator (air quality equipment) (Hoffman et al., 2015). The mill was 

fined $225,000 CAD as the magnitude of the mill’s effluent leak was found deleterious to fish 

under the federal Fisheries Act (1985) (Pictou Landing Native Women’s Group et al., 2016). 

After years of public protest, the Boat Harbour Act 2015 was passed (Boat Harbour Act, 2015). 

According to this act, BH will be closed for effluent treatment by January 31, 2020. Remediation 

of contaminated sediments will begin in 2020 by the province of Nova Scotia and Nova Scotia 

Lands is the proponent of the remediation project. The aim of this remediation project is to 

return BH to its pre-tidal estuary state. 

Contaminants from industries near BH have significantly impacted the environment of the area. 

Numerous ongoing studies have characterized the impacted wetlands, soils, and groundwater 

prior to remediation. According to Hoffman et al. (2017a), over the past 25 years, BH sediments 

metal(loid) concentrations were up to 20 times higher than samples collected from other un-

impacted reference sites. Concentrations of contaminants in sediment were found to be above 

the Canadian Council of Ministers of Environment (CCME) Sediment Quality Guidelines (SQGs) 

posing a potential risk to aquatic ecosystems. Sediment mercury concentrations also exceeded 

CCME freshwater and marine SQGs (Hoffman et al., 2017a).  

Despite numerous studies documenting effluent impacts on sediments in BH to assist 

remediation decisions, comparable baseline data related to contaminants in the marine 

environment of Northumberland Strait was lacking (Romo et al., 2019). To achieve the ultimate 
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aim of Boat Harbour Act to bring BH to pre-tidal form, it is important to establish baseline data 

on contaminants in sediments and biota of the marine receiving environment of the 

Northumberland Strait. Baseline data is required to determine historical impacts and to assist 

future environmental effects monitoring during remediation of BH sediments, which will 

commence in 2020. 

 

1.3 Research Objectives 

The two main objectives of this research are to: 

1) Assess levels of contamination of metals, total mercury, methyl mercury, and dioxins and 

furans in sediments and biota of the marine receiving environment of Northumberland Strait. 

2) Prepare baseline pre-remediation data which can be used for environmental effects 

monitoring during and post-remediation to assess the effectiveness of remediation activities. 
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CHAPTER– 2 LITERATURE REVIEW  

2.1 The Canadian Pulp and Paper Industry  

Canada has been producing paper for 200 years and is one of the largest exporters of pulp and 

paper in the world since the beginning of the 20th century. The Canadian pulp and paper 

industry (PPI) had produced almost 10.5 million tonnes of pulp, 8.2 million tonnes of newsprint, 

and 6.9 tonnes of printing and writing paper in the year 2004 (Martel et al., 2005). From this 

production, only 17% was shipped domestically within Canada and the rest was mainly 

exported to the U.S., Asia, and Western Europe. These exports were worth $20.5 billion CAD 

which represents a 70% export intensity (Bender et al., 1981; Arntzen et al., 1995). 

Furthermore, according to Natural Resources Canada, Forest Fact Book 2018-2019, Canada is 

still the second-largest exporter of wood pulp after Brazil with 17% of world value. It also is 

leading global producer and exporter of newsprint worth $1.98 billion CAD (Natural Resources 

Canada, 2019). This makes PPI highest in the Canadian manufacturing sector and therefore the 

industry remains a fundamental pillar of the economy and natural resource sector 

(Environment Canada, 2013). Canada accounts for almost 10% of the world’s total forest 

coverage. Historically, it also made PPI in Canada one of the country’s most vital industries in 

terms of value of production and total wages paid (Sinclair, 1990).  

Although PPI plays an important role in generating revenue for the country, its contribution to 

environmental pollution cannot be ignored. It is a resource-intensive industry that uses a large 

amount of energy, water, and forestry resources (Murray, 1992; Toczylowska, 2017). These 

industries generate large volumes of wastewater for each metric ton of paper production. It has 

been estimated that the PPI industry is responsible for 50% all waste dumped in Canadian 
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aquatic ecosystems (Sinclair, 1990). Effluents from PPI industries generate large amounts of 

toxic substances in water which may lead to zooplankton and fish mortality and negatively 

impact aquatic ecosystems (Hewitt et al., 2008; Singh and Chandra, 2019) They also create 

problems such as slime growth, thermal impacts, scum formation, and colour problems which 

affect the aesthetic quality of water (Pokhrel and Viraraghavan, 2004).  

2.1.1 The Pulp Industry Process 

To understand the nature of pollutants from the pulp industry it is necessary to review the 

composition of primary substrate, wood, and different processes that it must undergo to 

produce pulp needed for papermaking (Murray, 1992; Singh and Chandra, 2019). The pulp and 

paper making process consists of five steps and each step can be carried out using a variety of 

methods (Fig. 3). Different effluents are released during different stages of papermaking 

(Chandra et al., 2018). 

 

 
 
Fig. 3. Schematic illustration of a paper pulp manufacturing process (from Chandra et al., 2018).  
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Following are the major steps in the pulp making process: 

i) Debarking (raw material preparation) - In this step, plant fiber is converted into smaller pieces 

called chips and removal of bark is done. The bark is removed by tumbling in large steel drums 

and wash water is applied (Smook, 1992). In this step, the nature of the raw material used, (i.e., 

hardwood, softwood, agro residues) results in the transfer of tannins and resin acids present in 

the bark to process waters (Ali and Sreekrishnan, 2001). 

ii) Pulping – During pulping wood chips are converted into pulp. This removes most of the lignin 

and hemicellulose from raw material, resulting in a cellulose-rich pulp. Pulping can be done by 

two processes mechanical and chemical (Ali and Sreekrishnan, 2001). In the mechanical 

process, force is applied with minimum use of chemicals to release usable wood fiber (Owens, 

1991). Whereas, during chemical processes depolymerization and dissolving of lignin are done 

to produce purified cellulose fiber. The chemical process can be executed in two ways that are 

by kraft (sulfate) and sulfite. 

During the early half of the twentieth century, sulfite pulping predominated in Canada, until it 

was replaced by kraft pulping. Today kraft mills account for a very large share of total pulp 

production (Murray, 1992). The pulp mill at Abercrombie Point (discussed in Chapter-1) also 

uses the kraft pulping process. In the kraft pulping process, woods logs are digested at high 

temperatures (160-170°C) and pressure using mixture of sodium hydroxide (NaOH) and sodium 

sulfide (Na2S). Whereas, in sulfite pulping mixture of sulfurous acid (H2SO3) and bisulfite ions 

(HSO3
-) is used (Saltman, 1978). During this step, long-chain fatty acids and resins are 

transferred to process water. 
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iii) Bleaching - In this step brown pulp obtained is changed into the desired color. Several 

bleaching agents are used depending on the mill. The most common agents used in bleaching 

are chlorine, chlorine dioxide, hydrogen peroxide, oxygen, and ozone (Martin et al., 2000; Ali 

and Sreekrishnan, 2001). In Canada, it was estimated that 47 mills used chlorine in their 

bleaching process prior to 1992 (Minister of Supply and Services Canada, 1991). During this 

process lignin, phenols, resin acids get chlorinated and transformed into potentially toxic 

organochlorine compounds. Polychlorinated dibenzo-p-dioxins (PCDDs) and polychlorinated 

dibenzo-p-furans (PCDFs) are mainly produced during pulp bleaching process, where they are 

formed from chlorinated phenols, and particularly from chlorinated 2-phenoxyphenols (Murray, 

1992). 

iv) Washing- Here bleaching agents are removed from pulp by using alkali (caustic soda) and 

hence also known as alkali extraction stage. 

v) Paper and paper products - To produce the final product, the pulp is washed with appropriate 

filters (clay, titanium dioxide, calcium carbonate) and resin or starch which behaves as sizing 

agents. After the manufacturing process wastewater is generated which contains cellulose, 

hemicellulose, lignin, resins, fatty acids, and other phenolic compounds. These compounds are 

finally washed out as black liquor (Biermann, 1996; Kincaid, 1998). 

 

2.1.2 Contaminants of Concern  

It is well known that contaminants from PPI are acute or even chronic toxins (Sunito et al., 

1988; Ali and Sreekrishnan, 2001; Singh and Chandra, 2019). Contaminants released from PPI 
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are mainly classified as gaseous pollutants, inorganic metallic, and inorganic non-metallic and 

organic pollutants. 

i. Gaseous Pollutants 

The PPI generates large quantities of atmospheric and effluents emissions which may lead to 

environmental degradation (Hewitt et al., 2002; Hoffman et al., 2017b). Emissions from 

different industries vary depending on its pulping methods, wood species, and technology used 

(Soskolne and Sieswerda, 2010). During the papermaking process, various volatile sulfur 

compounds (VSCs) and volatile organic compounds (VOCs) are produced. These VSCs and VOCs 

eventually lead to the production of reduced sulfur compounds including methyl mercaptan 

(CH3SH), dimethyl disulfide (CH3SSCH3), and hydrogen sulfide (H2S) (Higgins et al., 2006). Other 

gaseous compounds released in PPI are sulfur dioxide (SO2), sodium oxide (Na2O), chlorine (Cl2), 

chlorine dioxide (ClO2), and hydrogen peroxide (H2O2) (Singh and Chandra, 2019). 

ii. Inorganic Metallic and Non-Metallic Pollutants 

The major metals released by the PPI are arsenic (As), cadmium (Cd), chromium (Cr), copper 

(Cu), nickel (Ni), manganese (Mn), mercury (Hg), lead (Pb), and zinc (Zn) (Sunito et al., 1988; Ali 

and Sreekrishnan, 2001; Hakeem and Smita, 2010; Singh and Chandra, 2019) Out of the metals, 

Hg is most toxic. When it reaches to sediments via different sources it may get converted into 

methyl mercury (MeHg) under anaerobic conditions. Bacteria that process sulfate (SO2-
4) in the 

environment play an important role in methylation. These bacteria take up mercury in its 

inorganic form and convert it to methylmercury through metabolic processes after which it 

enters the food chain (United States Geological Survey, 2000). When humans get exposed to 

MeHg, it may cause sensory and mental disturbances, visual problems, renal, pulmonary, 
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digestive and immune problems. Furthermore, PPI also produces and releases some non-

metallic compounds such as chlorine (Cl-), sulfates (SO2-), phosphates (PO3-) (Chandra and 

Abhishek, 2011; Yadav and Chandra, 2018). 

iii. Organic Pollutants 

Chlorinated organic compounds such as dioxins and furans (D/F) are major contaminants of 

concern coming out from industrial wastewaters. They are persistent in nature and are 

recalcitrant to degradation and therefore known as persistent organic pollutants (POPs) (Ali and 

Sreekrishnan, 2001). They have been classified as ‘priority pollutants’ by the United States 

Environmental Protection Agency (USEPA, 1998), listed in Priority Substances List 1 (PSL-1) in 

Canadian Environmental Protection Act (CEPA) (Canadian Environmental Protection Act, 1999), 

and came into ‘dirty dozen’ group of POPs identified by United Nations Environment Program 

(UNEP, 1995).  

These POPs are often toxic to aquatic species and have the potential to migrate throughout the 

ecosystem and ultimately accumulate in fatty tissues of a variety of organisms (Sunito et al., 

1988). They have the ability to induce genetic changes in exposed organisms and thus named as 

‘known human carcinogens’ by the World Health Organization (World Health Organization, 

1997). Because of acute toxicity of two congeners of dioxins and furans, that is, 2,3,7,8-

tetrachlorodibenzo-p-dioxin (2,3,7,8-TCDD) and 2,3,7,8 tetrachlorodibenzofuran (2,3,7,8- 

TCDF), discharge of these contaminants are prohibited at “measurable concentrations” 

according to Pulp and Paper Mill Effluent Chlorinated Dioxins and Furans Regulations under the 

Canadian Environmental Protection Act (Canadian Environmental Protection Act, 1999). Of 
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many pollutants from PPI, only dioxins and furans have been evaluated by Health and Welfare 

Canada as “priority substances” (Murray, 1992). 

 

2.1.3 Environmental Effects Monitoring (EEM) in Canada 

In the 1980s, discharges from Canadian mills were regulated federally by Pulp and Paper 

Effluents Regulations (PPER) that was passed under the Fisheries Act (FA) in 1971. Under this 

regulation, there was set daily and monthly mass-based limits for BOD and total suspended 

solids (TSS) and also the requirement that effluents are not acutely lethal to rainbow trout 

(McMaster et al., 2006; Barrett et al., 2010). Furthermore, these limits were only legal binding 

on mills which were constructed after the announcement of legislation in November 1971 

which covered only less than 10% of mills in Canada (McMaster et al., 2006). As the regulation 

only covered the small part of PPI industry effluents were still high in fiber and BOD which 

resulted in habitat degradation and acute lethality of fish (McLeay and Associates, 1987; Folke, 

1996).  

Before the 1980s the regulations did not consider any dioxins and furans and organochlorine 

discharges, but in the late 1980s, aquatic discharges from the PPI became an area of 

environmental concern as dioxins and furans were found in effluents and paper products 

(Kringstad and Lindstrom, 1984). In early 1980s studies conducted by Sweden under the 

Environment Cellulose project provided the first evidence of the toxicity of effluents to fish 

even at very low concentrations in the receiving environment (Sandstrom et al., 1988; 

Sodergen, 1989).  
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The change in growth, biochemistry, and deformities in fish were detected in the large area of 

8-10 km downstream from the pulp mill, with a dilution of the effluent by more than 1000 

times (Sodergren, 1992). Along with this, some other studies were also conducted at an 

unbleached kraft mill which showed fewer effects compared to bleached kraft mills (Sodergren, 

1992).  

During the same time of these studies, Ministers of the Environment in Canada announced 

plans to revise the federal regulatory framework in March 1989 to address the deficiencies in 

the 1971 regulations. The initial studies were conducted at Jackfish Bay on Lake Superior, which 

received effluent from a bleached kraft mill located in Terrace Bay, Ontario, Canada. This bay 

received no other effluents and had no permanent human residents. The results found that fish 

exposed to primary treated effluents from bleached kraft mill displayed similar reproductive 

effects to those found in Sweden study (Munkitrick et al., 2013).  

Fish exposed to pulp mill effluent showed an increased age to sexual maturation, reduced 

gonadal development, and expression of secondary sexual characteristics, and reductions in 

circulating reproductive steroid hormone levels (McMaster et al., 1991; Munkittrick et al., 1991; 

Oakes et al. 2005; McMaster et al., 2006). Furthermore, in mid-to-late 1980s polychlorinated 

dioxins and furans were detected in effluents as a by-product of chlorine bleaching (Luthe et al., 

1988; Allen et al., 1989). After these studies, a worldwide public campaign by Greenpeace was 

started against the use of molecular chlorine. However, there was no clear evidence linking 

chlorinated compounds (used in bleaching pulp) to effects in fish (Thornton 1991; Amato, 1993; 

Carey et al., 1993). 
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It was documented that initial studies in Jackfish Bay were done prior to the construction of a 

secondary effluent treatment plant (McMaster et al., 1991; Munkittrick et al., 1991; Munkittrick 

et al., 2013). Therefore, in the spring of 1990 samples of spawning fish were collected again and 

results showed the impact remained in the population despite the implementation of 

secondary treatment. These results were not surprising at the time as it was assumed that 

persistent organochlorines are responsible for the changes seen in fish and it will take several 

years for these persistent compounds to level in contaminated sediments (Munkrittrick et al., 

1998; Munkittrick et al. 1992; Branson et al., 1985).  

Furthermore, sampling was conducted again in the fall of 1990 following a scheduled mill 

maintenance shutdown. Results from this sampling showed the rapid recovery of liver mixed-

function oxygenase (MFO) enzymes in longnose sucker (Catostomus catostomus), and steroid 

hormone in male white sucker (Catostomus commersoni) (Munkittrick et al., 1992). These 

results suggested that contaminated sediments were not a large contributor to responses at 

Jackfish Bay, chemical impacts were short-lived, the compounds responsible for biochemical 

changes were present in the secondary effluent, and if the responsible compounds were 

identified and removed, recovery of fish populations might take place quickly (Munkittrick et 

al., 1998). 

After the intense public pressure globally and within Canada, new regulations for pulp and 

paper mills in Canada were developed in the early 1990s and were implemented in May 1992 

(Munkittrick et al., 1998; Munkittrick et al., 2013). PPER was passed under the Canadian 

Environmental Protection Act in 1992 to control the release of polychlorinated dibenzodioxins 

(PCDDs) and polychlorinated dibenzofurans (PCDFs). The existing PPER under Fisheries Act were 
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also updated with strict limits on BOD and TSS while maintaining the similar non acute lethality 

requirement as in the 1971 regulations.  

Unlike the earlier requirements, this regulation became the legal binding to all the mills across 

Canada (McMaster et al., 2006). Additionally, while re-analyzing the PPER, regulators realized 

that uniform limits for a few parameters in the effluent may not necessarily protect the health 

of all aquatic receiving bodies across Canada (Walker et al., 2002). In order to address these 

issues, environmental effects monitoring is included in new regulations which are the 

requirement at all mill's sites (McMaster et al., 2006). 

 

2.1.4 Environmental Effects Monitoring (EEM)- Pulp and Paper Effluent Regulations, 1992 

EEM is a science-based tool that can detect and assess the changes in aquatic ecosystems 

potentially affected by pulp mill effluent discharges. EEM is a repetitive system of monitoring 

and interpretation phases that can be used to measure the effectiveness of environmental 

management measure to protect the ecosystem (Walker et al., 2002). It is an assessment tool 

used to help determine the sustainability of human activities on ecosystem health. EEM goes 

beyond end-of-pipe measurement of chemicals in effluent to analyze the effectiveness of 

environmental protection measures (Environment Canada, 2010; McMaster et al., 2006).  

In EEM, long-term effects are measured using regular cyclical monitoring and interpretation 

phases designed to assess and investigate the impacts on the same parameters and locations. 

This helps in the spatial and temporal characterization of potential effects to assess changes in 

receiving environments (Environment Canada, 2010). 
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The pulp and paper program are structured into a defined cycle, such that a mill must conduct 

an EEM study once every three years (Walker et al., 2002). The first cycle conducted in this 

program was aimed to provide baseline data for future cycles to compare against and 

determine components required for subsequent EEM programs.  The typical EEM for PPI 

consists of some or all the following components:  an adult fish population survey, a benthic 

invertebrate community survey, a study of dioxins and furans in fish tissues, a tainting study, 

effluent toxicity testing, and an assessment of water and sediment with their specific purpose 

(Table. 1). 

Table 1. Required monitoring components for pulp and paper EEM programs (Adapted from Walker et al., 2002). 
PPER Purpose 

Fish survey Indicator of fish population 

Benthic invertebrate community survey Indicator of effects on fish habitat 

Fish tissue analysis for dioxins and furans, for 

mills using chlorine bleaching 

Indicator of effects on the usability of 

fisheries resources by humans 

Supporting Environmental measurements 

• Water quality 

• Sediment variables   

Interpretation and assessment of cause-

effect linkages 

Interpretation of benthic invertebrate data 

Sublethal Toxicity Testing 

• Fish 

• Invertebrate 

• Algae 

Examine sublethal changes in effluent quality 

 

2.2 Impacts of Industrial Effluents on Sediments  

2.2.1 Importance of Estuaries 

Coastal zones, including estuaries and bays, are the regions of active land-sea interaction. 

Estuaries are one of the most productive ecosystems on earth (Maanan et al., 2015). They are 
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defined as the water bodies that connect land and ocean and extend from fully marine 

conditions to the effective limit of tidal influence, and where seawater is diluted by freshwater 

inflow (Hobbie, 2000).  

Estuaries provide a number of ecosystem services such as fisheries, climate regulations, coastal 

protection, and waste treatment (Millennium Ecosystem Assessment, 2005; De Souza et al., 

2016). Estuaries also serve as habitat for a high diversity of species for the whole or part of their 

life cycle and are characterized by high biological productivity (Kennish, 1991; Spencer et al., 

2006). By virtue of their nature and position between marine and terrestrial environments, 

estuaries are the hub of variety of human activities and have become sites of major industrial 

developments (Ridgway and Shimmield, 2002). The disposal of waste from industries makes 

estuaries the ultimate receptacle of pollutants and has led to a significant increase in metal 

contamination.  

 

2.2.2 Estuary Sediments as Sink and Source of Contaminants 

Estuaries sediment contamination is a major source of ecosystem health stress and thus getting 

increasing attention from the scientific community (Riba et al., 2002; Ganugapenta et al., 2018). 

According to Forstner and Wittmann (1979), the world’s six most heavily polluted aquatic 

environments by metals are estuaries. In countries with long historic industrialization such as 

United Kingdom, Germany, and the Netherlands, thousands of tons of metals were deposited in 

the estuaries and coastal areas (Forstner and Wittmann, 1979).   

Limited freshwater inputs in such enclosed and semi-enclosed ecosystems, may cause 

enhanced accumulation of pollutants leading to potential threats to the ecosystem (Hahladakis 
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et al., 2013; Qiu, 2015). Estuaries have also been used for dilution and disposal of waste which 

contributes to their deterioration. Metals and other contaminants like dioxins and furans, as 

well as total mercury, are gradually being concentrated in these water bodies and, at higher 

concentrations, they have proven toxic to marine biota and ultimately to humans (Maanan, 

2008).  

Sediments in estuaries are complex systems affected by the interaction of geological, 

hydrological, physiochemical, and biological factors and thus may act as a reservoir for heavy 

metals discharged into the marine environment (Fujito et al., 2014; Machado et al., 2016). They 

have a large capacity to retain heavy metals from various sources and thus act as a sink for 

contaminants from different industrial discharges (Gibbs, 1977; Menon et al., 1998; Barcena et 

al., 2017).Metals are deposited within sediments and sorb to organic-rich fine-grained 

particulate matter or incorporate in inorganic matter compounds when they enter marine 

environment (Jamshidi and Bastami, 2016; Zhang et al., 2019).  

There are certain properties of sediments such as texture, pH, Eh, organic matter, salinity, 

sulfide contents, iron (Fe), aluminum (Al), and others which can influence biogeochemical 

behavior and mobility of metals in aquatic systems (Zhuang and Gao, 2014; Cipullo et al., 2018). 

It is very important to identify these processes in order to identify the key contaminants and 

sediment characteristics that can affect the bioavailability and toxicity of metals (Vezzone et al., 

2019).  

Under certain physiochemical conditions (current, pH, DO, redox potentials, and temperature 

changes), heavy metals trapped in sediments may migrate upward to the sediment-water 

interface. For example, if there is a decrease in redox at the interface between solid and liquid 
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phases it would accelerate reductive dissolution of iron (Fe) and manganese (Mn) oxides which 

leads to the release of metals bound to them (Mukwaturi and Lin, 2015; Gao et al., 2018). In 

case of low pH, negative surface charges of sediment particles and Fe and Al oxides reduces, 

which promotes the mobility and bioavailability of metals which are co-precipitated with 

carbonates and sulfides (Du Laing et al., 2009).  

When these metals are released to dissolved phase from sediments, bioavailability is increased 

leading to threats to aquatic organisms (Zhao et al., 2013; Dhanakumar et al., 2015; Machado et 

al., 2016; Chen et al., 2016). Therefore, sediments are not only sink for many pollutants but can 

also be the sources of pollutants. Furthermore, the release of metals in sediments depends on 

their different chemical forms, which shows different physical and chemical behaviours in terms 

of chemical interaction, potential toxicity, bioavailability and mobility (Sun et al., 2016; 

Gabarron et al., 2017; Kang et al., 2017; Liu et al., 2018).  

Bioavailability is an important factor in metal toxicity assessment. It is defined as the metal 

fraction available for organisms from all possible uptake sources (Morel and Hering, 1993; 

Campbell, 1994; Ehlers and Luthy, 2003). Bioavailable metal fraction, mainly metal ions, 

represents the toxic metal fraction instead of total concentrations of metals (Morel and Hering, 

1993). Heavy metals are area of concern for marine organisms and their consumers due to their 

toxicity, persistence, and bioaccumulation (La Colla et al., 2018).  

According to the European “Community Bureau of Reference” (BCR) sequential extraction 

procedure, chemical forms of heavy metals in sediments are divided into four parts, that is, the 

exchangeable, reducible, oxidizable and residual parts (Quevauviller et al., 1997). The 

bioavailable fraction is usually composed of the former three parts which could be released into 
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the overlying water. Therefore, the chemical fractions of heavy metals with high bioavailability 

should be assessed for evaluation of ecological risk in sediments (Cheng and Yap, 2015; Kang et 

al., 2017; Liu et al., 2018). 

 

2.2.3 Sediment as an Indicator of Contamination  

Marine sediments represent, quantitatively, the major compartment for metal storage in 

aquatic environments (Chapman et al., 1998). Therefore, they act as a useful indicator of metals 

contamination in aquatic environments, metal toxicity and hazard in sediments (Saher and 

Siddiqui, 2019). Due to their trapping capacity, the evolution of metals in sediments reflect the 

geochemical history of the region (Barcena et al., 2017). They provide both short- and long-

term memory of contaminant loading to a water body. Continuous monitoring of sediment 

quality is very essential in determining the state of pollution of the marine environment. Survey 

of metal concentrations in sediments and comparison between these concentrations and non-

polluted baselines are an important step in understanding the transport and deposition of 

metals in the environment (Wang et al., 2012). Characterizing distribution and concentration of 

metal contaminants within sediments is necessary in order to quantify pollution levels (Santos 

et al., 2005; Walker et al., 2013a, 2013b, 2013c; Zhang et al., 2019).  

There are several factors which should be considered while conducting an assessment of 

contaminated sediments. For instance, particle size plays an important role in controlling the 

pollutant concentrations in sediments. It is generally believed that metals are associated with 

smaller particle sizes (Whitney, 1975; Gibbs, 1977; Martincic, 1990; Biksham et al., 1991). This 

trend is attributed to sorption, co-precipitation, and complexing of metals on particle surface. 
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Smaller particles have larger surface area and therefore can potentially be associated with a 

higher concentration of metals (Parizanganeh, 2008). Therefore, it is important to consider the 

effect of particle size by using geochemical methods (Paramasivam et al., 2015).   

The toxicity of contaminated sediments is usually measured by using a weight-of-evidence 

approach, comprising chemical, ecotoxicological, and ecological analysis (Marziali et al., 2017). 

In recent years different indices have been developed which can be used in estuaries for metal 

assessment. Each of indices aggregates the concentration of metal contaminants and can be 

classified as following three types (Caeiro et al., 2005): 

a) Contamination indices- It compares the contaminants with non-polluted and/or polluted 

stations measured in the study area or simply aggregate metal concentrations 

b) Background enrichment indices- It compares the results for the contaminants with different 

baseline levels, available in the literature, relevant for the study area. 

 c) Ecological risk indices- It compares the results for the contaminants with Sediment Quality 

Guidelines (SQGs) values developed by different institutions. 

 

2.2.4 Sediment Quality Guidelines (SQGs) 

SQGs are important empirical tools for the protection and conservation of marine and 

freshwater environments (Birch, 2018). These guidelines evaluate the extent to which the 

sediment-bound chemical status might adversely affect marine organisms and are designed to 

help in the interpretation of sediment quality (Maanan et al., 2015). Long and Morgan (1990) 

and MacDonald et al., (1996) outlined these SQGs and described the derivation of low- and 

high-level guideline values for each contaminant. United States National Oceanic and 
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Atmospheric Administration’s (NOAA) defines effects range low (ERL) and effects range median 

(ERM) guideline values, which is used to measure potential risk of pollutants in sediments to 

the marine ecosystem. According to guidelines, if the metal concentrations are below ERL, this 

indicates adverse effects are rarely present. If concentrations of exceed ERMs, negative effects 

on benthic communities are expected with at least a 50% frequency. In the case of 

concentrations values greater than ERLs, but less than ERMs, chronic or acute biological effects 

may occur occasionally (Macdonald et al., 1996; Birch, 2018; Zhang et al., 2019; National 

Oceanic and Atmospheric Administration, 2019). 

In Canada, the Canadian Council of Ministers of the Environment (CCME) has developed interim 

sediment quality guidelines (ISQGs) and probable effect levels (PELs) for the protection of 

marine and freshwater aquatic life. ISQGs indicates the threshold-level effects below which 

negative biological effects are unlikely to be observed. Similarly, PELs indicate the 

concentrations above which adverse biological effects are expected to be common (CCME, 

2019). 

 

2.3 Impact of Industrial Effluents on Biota  

2.3.1 Importance of Benthic Invertebrates  

Benthic macroinvertebrates hold an important position in aquatic food webs. They are a key 

component of the aquatic ecosystem as they play an important role in detritus decomposition, 

nutrient cycling, and energy flow to higher trophic levels (Gray and Elliot, 2009). These 

macroinvertebrates are either attached to or intimately linked with the benthic substrate 
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(Vannote et al., 1980; Rosi-Marshall and Wallace, 2002; Runck, 2007).  They are the primary 

material exchangers across the sediment-water interface.  

As benthic organisms are in direct contact with sediments, therefore levels of contamination in 

sediments can have a great impact on their survival (Hussain and Pandit, 2012; Maharaj and 

Alkins-Koo, 2007). When metal concentrations increase in the environment, it affects metal 

accumulation in organisms which may exceed natural levels. It may also trigger 

biomagnification of metals which leads to a progressive increase in chemical concentration with 

increasing trophic level (Luoma and Rainbow, 2008; Pinherio et al., 2012; Saher and Siddiqui, 

2019).  

Some metals such as Pb, Cd, Cr, and Cu can be bioconcentrated through direct uptake across 

the gill surface and other external body parts (Bere et al., 2016). Furthermore, ingestion of 

contaminated food by benthic organisms can also lead to bioaccumulation of metals in tissue of 

biota which may eventually biomagnify up the food chain (Chen et al., 2007; Siddique et al., 

2009; Varol, 2011; Wang et al., 2012).  

Bioaccumulation in organisms depends on a number of factors such as level of contamination in 

the environment, biotic factors such as diet and trophic position of the organism. Therefore, it 

reflects the amount of the elements that have been ingested, excreted, and retained. Thus, 

benthic invertebrates are excellent bioindicators which due to their short lifespans can provide 

accurate near real-time reflections of contaminant dynamics under fluctuating aquatic 

conditions (Stankovic et al., 2014). Bioindicators refers to any aquatic organism that can 

accumulate contaminants in its tissues from the surrounding environment. Therefore, a change 
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in a bioindicator species tissue metal burden reflects varying metal concentrations in the 

surrounding environment (Rainbow, 1995; Al-Farsi et al., 2015).  

 

2.3.2 Benthic Invertebrates as Bioindicators  

Although total metal concentrations in sediments indicate varying degrees of metal 

contamination, it does not necessarily predict the toxicity of contaminants to aquatic 

organisms. The ecotoxicological risk induced by contaminated sediments depends on metal 

availability, uptake kinetics as well as the ability of organisms to assimilate them. This makes it 

very important to assess levels of contaminants in aquatic organisms as well as characterizing 

bulk sediment chemistry (Amiard et al., 2007; Campana et al., 2012). Different species have 

different sensitivities to chemical stress; therefore, it is recommended to use combination of 

species from different organizational and trophic levels for better understanding of sediment 

ecotoxicity (Maltby et al., 2005; Tuikka et al., 2011). Organisms used as metal pollution 

bioindicators must meet certain criteria in order to reflect the biotic and /or abiotic levels of 

contamination of an environment (Hodkinson and Jackson, 2005). The following are criteria for 

good bioindicators: 

• Ability for organisms to bioaccumulate inorganic or organic contaminants (e.g., including 

organisms exhibiting chronic or acute impacts from contamination accumulation). 

• Bioindicator organisms must be relatively easy to collect, identify, and handle. 

• Must have sufficient tissue to make chemical analysis easy and accurate. 

• Life span of the organism must be long enough to reflect contaminant bioaccumulation 

over longer temporal periods (Stankovic et al., 2014).  
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Various benthic organisms are being widely used as an indicator for metal pollution in aquatic 

ecosystems, such as insects, polychaetes, gastropods, bivalves, and decapod crustaceans 

(Walker et al., 2013c; Fan et al., 2014; Duysak and Ersoy, 2014; Velez et al., 2015; Walker and 

Grant, 2015; Alvaro et al., 2016). Some of the most popular bioindicators for long term 

monitoring are bivalve molluscs, particularly oyster, mussels, and clams that have been used in 

the monitoring of marine water and sediments (Zhou et al., 2008; Liu et al., 2017).  

Blue mussels (Mytilus edulis) has been widely used in monitoring of the marine environment 

due to their unique characteristics (Walker et al., 2013d; Walker and Macaskill, 2014). Mussels 

were also among the first animals used by researchers for assessing the environmental quality 

of seawater (Beyer et al., 2017). Blue mussels are sessile which helps in getting location-specific 

information. They are medium sized which provide enough tissue material for chemical 

analysis. They are easy to collect as they form a mussel bed in shallow waters. Mussels are also 

filter-feeders which makes them efficient to accumulate pollutant chemicals from water. They 

have limited ability to metabolize contaminants and tend to accumulate them to the levels 

exceeding those found in the ambient seawater, where the concentration of many 

contaminants in water are often below instrument detection limits (Walker and MacAskill, 

2014). All these qualities of mussels make them a good fit for environmental monitoring (Beyer 

et al., 2017; Walker et al., 2015). Mussels are also being used in NOAA’s Mussel Watch Program 

which was designed to monitor the status and trends of chemical contamination of U.S. coastal 

waters, including the Great Lakes (Kimbrough et al., 2008). 

Furthermore, some decapods such as crabs and lobsters are used for measuring heavy metal 

contamination in surface sediments (Ololade et al., 2011). These species are ubiquitous and live 
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in close contact with rocky substrates. They are bottom scavengers and their diet consists of 

organisms from different trophic levels including clams, mussels, polychaetes, and small 

crustaceans. Contaminants are stored in fat-rich digestive gland, the hepatopancreas (Boudet 

et al., 2015; Verma and Sharma, 2017). Their limited ability to metabolize contaminants in 

sediments makes them a suitable bioindicator for assessing the health of marine environment 

(Garron et al., 2005; Walker et al., 2013c). Finfish can also be bioindicators to estimate heavy 

metal levels in water, but their mobility makes them potentially less reflective of the local 

environment relative to shellfish (Zhou et al., 2018). There are certain known factors which can 

influence the metal accumulation in these organisms which includes metal bioavailability, 

season of sampling, hydrodynamics of the environment, size, sex, changes in tissue composition 

and reproductive cycle (Szefer et al., 2004; El Nemr et al., 2016).  

 

2.4 Human Health Implications of Metals in Aquatic Biota  

Humans can be exposed to metals via the ingestion of aquatic biota. The elements of highest 

concern from a human health perspective are: As, Cd, Co, Cr, Cu, Hg, Mn, Fe, Zn, Ni, and Pb 

which are commonly present in effluents from different industries (Rai and Pal, 2002; Lavery et 

al., 2009). Heavy metals in the tissues of marine organisms may transfer to humans through 

aquatic organism consumption. Seafood consumption, in particular, is increasing rapidly due to 

their beneficial nutritional values (Guerin et al., 2011). Marine organisms such as mollusks, 

crustaceans, and fish contain essential amino acids for humans and are a great source of 

minerals, vitamins, and polyunsaturated fatty acids (Raknuzzaman et al., 2016). Therefore, it is 

important to monitor environmental contaminants in marine organisms, as increasing seafood 
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consumption can result in potential health risks for humans, particularly in coastal communities 

who rely on seafood as their primary source of animal protein (Chien et al., 2002; Raknuzzaman 

et al., 2016). 

 

2.5 Importance of Baseline Data   

Canada has an abundance of aquatic resources, including nearly 20% of the world’s freshwater 

and a land mass bordering three oceans. In this era of industrialization, robust aquatic 

monitoring is required to protect these ecosystems from any harmful damage (Kilgour et al., 

2007; Roach and Walker, 2017). Aquatic monitoring programs are designed to identify any 

potential environmental effects through biological, chemical, and physical changes and analyze 

the degree of harmful effects (Servos, 1996; Kilgour et al., 2007). For any successful monitoring 

program, obtaining accurate and precise baseline data is very important and a critical 

precondition for remediating any contaminated site (Jain, 2015). It can provide perspective on 

the appropriateness of remedial objectives that are derived for an impacted area. As it 

represents the current condition of the site before remediation, baseline data can help the 

managers of the project to plan remediation strategies according to site-specific conditions 

(Wills et al., 2003).  

In Canada, monitoring comes in different forms which may include fish surveys, toxicology 

testing, benthic invertebrate surveys, and water quality measurements (Walker et al., 2013a, b; 

Walker and MacAskill, 2014; Roach and Walker, 2017). There are different federally mandated 

EEM programs used to measure impacts of industrial effluents such as pulp and paper (as 

discussed above) and metal mining effluents on receiving waters.   
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2.6. Gaps and Inconsistencies in Marine Biota Data from Estuary and Northumberland Strait 

As per the Boat Harbour Act (2015) (as discussed in chapter 1), the remediation of Boat 

Harbour will commence after January 31, 2020. For this purpose, there is a need for current 

pre-remediation baseline data which can be used for comparing the effectiveness of 

remediation program during and post remediation. Romo et al. (2019) reviewed >200 

government reports and peer-reviewed articles for relevant marine/aquatic biota data from 

Boat Harbour, Pictou Harbour, Northumberland Strait or reference locations. The aim of the 

study was to assess historical qualitative and quantitative contaminant data in marine biota 

(e.g., blue mussels, American lobster, and rock crabs) (Romo et al., 2019). This data was 

reviewed and consolidated so it could be used to help inform future monitoring for the Boat 

Harbour remediation project to compare against. These historical data would be useful for 

baseline (pre-remediation) monitoring data to be compared against, along with environmental 

monitoring conducted during and post-remediation. 

In this study it was found there are significant gaps and inconsistencies in marine biota data.  

EEM became mandatory in 1992, and there are reports available only for four EEM cycles 

(JWEL, 1996; Stantec, 2004; Ecometrix Inc., 2007; Ecometrix Inc., 2016). As the second, fifth and 

sixth EEM cycle data were unavailable, second cycle results were summarized in subsequent 

reports using data derived from Andrews and Parker (1999) and fifth and sixth cycle results 

were inferred from the seventh cycle (Romo et al., 2019). 

In the available reports, there were lots of inconsistencies between different cycles, which 

reflected differing regulatory and technical requirements for the different cycles. For instance, 
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to assess impacts on fish and shellfish, the first cycle chose winter flounder 

(Pseudopleuronectes americanus) and rock crab for analyzing resin and fatty acids and 

contrasting morphological characteristics with reference samples from Merigomish Harbour 

(Fig. 4) (Romo et al., 2019). Blue mussels were analyzed for 10 dioxins and furans congeners, 

with reference sites from Caribou Island (JWEL, 1996). In contrast, the third cycle analyzed blue 

mussel and mummichog (Fundulus heteroclitus) for immunological and morphological 

endpoints relative to reference sites from Merigomish Harbour and Logan's Point (Fig. 4). 

 
Fig. 4. Location of Boat Harbour in Pictou County, Nova Scotia. Blue circles represent blue mussel (Mytilus edulis) 
sampling locations, green triangles represent rock crab (Cancer irroratus) sampling locations, red circles represent 
American lobster (Homarus americanus) sampling locations and yellow squares represent soft shell clams (Mya 
arenaria) sampling locations. C1, C2 and C3 represent reference locations used in EEM cycles 1, 2 and 3, 
respectively (from Romo et al., 2019). 
 

Taint testing in cycle one (JWEL, 1996), used LEM Laboratory (1994) data, but taint testing was 

omitted from subsequent cycles, due to a lack of significant effects. All available EEM reports 

noted limited impacts on marine biota (Fig.4).  
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In addition, despite the presence of a former chlor-alkali facility, which operated for 20 years 

(1972-1992) and discharged effluent into Boat Harbour, Hg has never been analyzed in the 

marine environment, nor Me-Hg which is susceptible to bioaccumulation. Furthermore, two 

dioxins and furans congeners (2,3,7,8- TCDD and 2,3,7,8-TCDF) were not analyzed in the first 

EEM cycle, despite claims to the contrary (Romo et al., 2019). Overall, there was a marked lack 

of consistency in analyses, sentinel species used across different cycles, and limited 

georeferenced sites, making it difficult to use this data for future reference.  

To help develop useful baseline data for remediation programs, selection of suitable biota, 

consistency in analysis of different contaminants, and periodic monitoring are all important 

components (Romo et al., 2019). To establish robust baseline data, it was important to assess 

current conditions of the estuary and the marine environment which can be used as a 

benchmark during and after remediation. In order to fill this baseline data gap described in 

Chapter 1, the objective of this thesis is to assess the level of contamination of metals and 

dioxin and furans in sediments and biota of the Northumberland Strait. 
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Chapter-3 Assessment of historical and current baseline contaminants in 

sediments and marine biota near an industrial effluent discharge in 

Northumberland Strait, Nova Scotia, Canada  

 
3.1 Introduction 

For decades, the pulp and paper industry (PPI) in Canada has been responsible for generating 

large volumes of effluent wastewater. Pulp mill effluents contain organic (e.g., dioxins and 

furans) and inorganic contaminants including metals which can have detrimental impacts on 

aquatic ecosystem health (Sunito et al., 1988; Colodey and Wells, 1992; Hoffman et al., 2019). 

These mills generate large volumes of wastewater for each metric ton of paper produced. More 

than 250 chemical contaminants have been identified in effluents produced during different 

stages of the pulping process (Pokhrel and Viraraghavan, 2004). Wastewater from the PPI has a 

high biochemical oxygen demand (BOD), chemical oxygen demand (COD), chlorinated 

compounds, metals, suspended solids, fatty acids, tannins, resin acids, lignin, and its 

derivatives, sulfur and sulfur compounds (Ali and Sreekrishnan, 2001). The pulping process can 

employ either mechanical or kraft pulping. In mechanical pulping, force is used to generate 

heat and torsional forces to isolate wood fibres with limited use of chemicals, whereas kraft 

pulping uses sulfate or sulfite to chemically degrade lignin to isolate cellulose and hemicellulose 

fibres. 

A bleached kraft pulp mill in Pictou County, Nova Scotia has been discharging wastewater 

effluent into Boat Harbour and subsequently into the Northumberland Strait since 1967 

(Hoffman et al., 2017a, 2019) (Fig. 5). Prior to 1967, A’se’k, a waterbody commonly known as 

Boat Harbour (BH) is a former tidal estuary connected to the Northumberland Strait. Boat 
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Harbour lies within the Mi’kmaq Pictou Landing First Nation (PLFN) and was traditionally used 

by the community for hunting, fishing, and ceremonial purposes (Fig. 5).  

 
Fig. 5. Location of Boat Harbour in Pictou County relative to the pulp mill, communities of Pictou Landing First 

Nation, and the town of Pictou and final discharge point into the Northumberland Strait. (Adapted from Romo et 

al. (2019). 

 
In 1969, the Boat Harbour Treatment Facility (BHTF) was built and operated by the province to 

treat wastewater effluent from the mill and a nearby chlor-alkali plant owned by Canso 

Chemicals Ltd. which operated from 1972 to 1992. Further, in 1972 a dam was built at the BH 

outlet preventing seawater incursion while transforming BH into a freshwater pond. Canso 

Chemicals Ltd. operated the chlor-alkali electrolysis facility that generated sodium hydroxide 

and chlorine (used in the kraft pulp mill bleaching process) as well as hydrogen using mercury 

cell process and brine solution. The mill has undergone several owners and process changes 

since 1967 (Hoffman et al., 2017a; 2019).  
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Currently, the mill is operated by Northern Pulp and the use of elemental chlorine previously 

used in the bleaching process by previous owners was changed to chlorine dioxide in 1997 to 

meet new federal Pulp and Paper Mill Effluent Chlorinated Dioxins and Furans Regulations 

(Northern Pulp, 2019). Effluent from the mill (approximately 87,000 m3/day) is piped beneath 

East River and discharged into one of two settling ponds to promote sedimentation (Fig. 5). 

After coarse sediment is precipitated, effluent is discharged into an aerated stabilization basin 

for atmospheric agitated pump aeration for 5-6 d prior to its discharge to a stabilization lagoon 

(i.e., Boat Harbour). Effluents remain in Boat Harbour for a 20-30 d hydraulic residency before 

final discharge to the Northumberland Strait through the impoundment upstream of the 

estuary (Fig. 5).  

Effluent discharge over the last 50 years has resulted in the deposition of approximately 

577,000 m3 of unconsolidated contaminated sediments impacted by inorganic and organic 

contaminants in BH (Hoffman et al., 2017a, 2019; Alimohammadi et al., 2019). 

Since 1967, the environmental and human health impacts of the pulp mill and chlor alkali plant 

effluents on water quality, soil, and sediment contamination have been a major concern 

(Hoffman et al., 2017a). In 2014, an effluent pipe leak and broken stack precipitator increased 

the concern and intensity of protests by the PLFN community. This mounting political pressure 

resulted in the passing of the Boat Harbour Act (2015), which mandated that the discharge of 

mill effluents into the BHTF will cease on January 31, 2020. Following the cessation of effluent 

discharges, contaminated sediments in BH will be remediated (Hoffman et al., 2017a, 2019; 

Romo et al., 2019). The goal of the Act is to return Boat Harbour to its pre-effluent tidal estuary 

condition as requested by the PLFN community. However, a detailed characterization of 
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contaminants in sediment and biota in Northumberland Strait are required before remediation 

begins.  

To track the effectiveness of remediation, baseline data is required to predict potential 

ecological impacts and risks associated with the contaminated sediments in BH and marine 

environments of the Northumberland Strait. After the Boat Harbour Act was passed in 2015, 

numerous studies have been conducted in and around BH to characterize contaminants in 

sediments, groundwater, and nearby wetlands. Despite numerous historical studies 

documenting the impact of effluents on sediments in BH, there is a lack of recent information 

on the potential impacts on marine sediments and biota of the Northumberland Strait (Romo et 

al., 2019). The ultimate goal of the Boat Harbour Act (2015) is to return BH to its former tidal 

condition and to hydraulically connect it to the Northumberland Strait. Therefore, it is 

important to establish current baseline data for marine sediments and biota in Northumberland 

Strait which can be used for comparison during future monitoring. A key aim of this study was 

to conduct a baseline assessment of level of contamination in sediments and marine biota of 

Northumberland Strait. 

 

3.2 Materials and Methods 

3.2.1 Review of Secondary Data  

In order to determine if contaminants from BH migrated into the  marine receiving 

environment of Northumberland Strait, it is important to gather background information on 

historical contaminants of BH and the surrounding area for comparison. 
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Although many historical studies have been conducted in and around BH, there have been few 

summaries describing spatio-temporal organic and inorganic contaminant characterization. 

Hoffman et al. (2017a, 2019) conducted a holistic characterization of metal and organic 

contaminants in BH sediments. These studies reviewed >200 documents (including government 

reports and peer-reviewed journals) for sediment quality data (JWEL and Beak Consultants, 

1992 and 1993; JWEL, 1999, 2001, 2005; Stantec 2013, 2016; Hoffman et al. 2017a, 2019). It 

was reported in the study that out of all previous sampling events (from 1992-2015), 

approximately 38% of samples were grabs and the rest (62%) were cores (Hoffman et al. 2017a, 

2019) (Fig. 6). 

 
Fig. 6. Spatiotemporal coverage (1992–2015) of sediment sampling sites in Boat Harbour. Colored circles indicate 
when samples were collected/analyzed (from Hoffman et al., 2017a). 
 
Further, toxic equivalency quotient (TEQ) concentrations for polychlorinated dibenzodioxins 

and furans (PCDD/F) of 60 samples from 48 stations were also calculated (Hoffman et al., 

2017a, 2019). It was reported that six metals: As, Cd, Cr, Pb, Hg, and Zn exceeded freshwater 
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Probable Effects Levels (PELs) and four: Cd, Cu, Hg, and Zn exceeded marine PELs (Hoffman et 

al., 2017a).  

Sediments across BH were found to be highly organic with mean total organic carbon values 

ranging from 4 to 27%. Furthermore, all PCDD/F TEQs exceeded the low -effect CCME interim 

sediment quality guidelines (ISQGs), 66.6% exceeded CCME PELs, and 93.3% exceeded the 

CCME soil quality guideline for human health. In addition, percent contributions of PCDD/F 

congeners indicate higher proportions of 2,3,7,8-tetrachlorodibenzofuran (68.6-97.3%) and 

2,3,7,8-tetrachlorodibenzo-p-dioxin (10.7-63.8%) in the sediment of Boat Harbour for all TEF 

categories (Hoffman et al., 2019).  

Ferguson’s Pond located 2.5 km NE of BH was selected as reference site for this study (Fig. 7) 

and it was found that BH sediment concentrations of the chemicals of concern were 20 times 

higher than at this reference site (Hoffman et al., 2017a).  

 

 
Fig. 7. Location of reference site Fergusons Ponds relative to Boat Harbour (from Hoffman et al., 2017a). 
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According to Hoffman et al. (2017a, 2019), to return BH to pre-tidal conditions, more local 

baseline data of sediments and marine biota in the Northumberland Strait marine receiving 

environment is required. This data is necessary to determine potential ecological impacts to 

aquatic life (St-Jean et al., 2003; Romo et al., 2019).  

To assess quantitative and qualitative data on marine biota from BH, Pictou Harbour, 

Northumberland Strait, and reference sites, Romo et al. (2019) reviewed government reports 

and peer-reviewed articles. The review included contaminant concentrations (metals, dioxins 

and furans, chlorophenols, resins and fatty acids) and sample locations (x, y coordinates in 

decimal degrees). Romo et al. (2019) reported that many species such as American eels 

(Anguilla rostrata), soft-shell clams (Mya arenaria) and quahogs (Mercenaria mercenaria), 

suffered widespread mortality due to early effluent exposure (Seakem Oceanography, 1990).  

Since 1992, pulp mill effluents in Canada have been regulated under the Pulp and Paper 

Effluent Regulations (PPER) under the Fisheries Act (PPER, 1992). Pulp mills are obliged to 

conduct an Environmental Effects Monitoring (EEM) cycle every 3 years to measure the effects 

of effluents on fish and fish habitat. After reviewing all available EEM cycles from 1996 until 

2016, Romo et al. (2019) reported many inconsistencies in EEM reporting. Although EEM 

became mandatory in 1992, only four EEM cycles out of seven had reports that were available 

(JWEL, 1996; Stantec, 2004; Ecometrix Inc., 2007; Ecometrix Inc., 2016). The second, fifth and 

sixth EEM cycles were unavailable, but results from the second cycle were summarized in 

subsequent reports using data derived from Andrews and Parker (1999) and the fifth and sixth 

cycle results were inferred from the seventh EEM cycle report (Ecometrix Inc., 2016). 
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In the available reports, there were inconsistencies between different EEM cycles. For instance, 

to assess impacts on fish and shellfish, the first EEM cycle selected winter flounders and rock 

crabs for analyzing resin and fatty acids and morphological characteristics with reference 

samples collected from Merigomish Harbour. Blue mussels were analyzed for 10 dioxins and 

furans congeners, with reference sites selected from Caribou Island (JWEL, 1996). In contrast, 

the third EEM cycle analyzed blue mussel (Mytilus edulis) and mummichog (Fundulus 

heteroclitus) for immunological and morphological endpoints with reference sites from 

Merigomish Harbour and Logan's Point (Fig. 8). 

 

 
Fig. 8. Location of Boat Harbour in Pictou County, Nova Scotia. Blue circles represent Blue mussel (Mytilus edulis) 
sampling stations, green triangles represent Rock crabs (Cancer irroratus) sampling stations, red circles represent 
American lobsters (Homarus americanus) sampling stations and yellow squares represent soft shell clams (Mya 
arenaria) sampling locations. C1, C2 and C3 represent reference locations used in EEM cycles 1, 2 and 3 cycles, 
respectively (from Romo et al., 2019). 

 

All EEM cycles reported limited impacts on marine biota, despite there being a lack of 

contaminant guidelines for biota tissue and limited local reference data (Romo et al., 2019) (Fig. 
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8). In addition, despite a chlor-alkali facility which operated for 21 years and discharged effluent 

into Boat Harbour, mercury (Hg) has never been analyzed, nor has methyl mercury (Me-Hg). 

Chlor-alkali facilities are potentially a major source of mercury as they generate sodium 

hydroxide, chlorine, and hydrogen by using mercury as a catalyst (Walker, 2016; Dillon 

Consulting Limited, 2019).  

Furthermore, two dioxin and furan congeners 2,3,7,8-Tetrachlorodibenzo-p-dioxin (2,3,7,8-

TCDD) and 2,3,7,8 tetrachlorodibenzofuran (2,3,7,8-TCDF) were not analyzed in the first EEM 

cycle contradicting the claims made in the reports (JWEL, 1996; Romo et al., 2019). Overall, 

there was a lack of consistency in analyses, species used in different cycles, and limited 

reference sites, which make it difficult to use this data for future reference. 

Although numerous studies have reviewed sediment quality and characterized contaminants in 

BH (Hoffman et al., 2017a, 2019; Romo et al., 2019) current assessment of contaminants in 

marine sediments and biota in Northumberland Strait is required. This baseline data can be 

used to compare against potential future monitoring programs in the area. Studies in and 

around BH (Hoffman et al., 2017a, 2019; Romo et al., 2019) have recommended to prepare a 

baseline dataset for sediments and marine biota for the marine receiving environment of 

Northumberland Strait.  

The aim of this study as stated in chapter 1 is to:  

1) Assess levels of contamination of metals, total mercury, methyl mercury, dioxins and furans 

in sediments and biota of the marine environment of Northumberland Strait; and 

2) Prepare the baseline pre-remediation data which can be used during and after remediation 

for monitoring purposes. 
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3.3 Sampling 

Research objectives were achieved by using multiple lines of evidence to measure contaminant 

concentrations in marine sediments and in marine biota at different trophic levels. The first line 

of evidence was bulk sediment sampling (0-15 cm). The second line of evidence was marine 

biota sampling using multiple species including: American lobster (Homarus americanus), Rock 

crab (Cancer irroratus), and Blue mussel (Mytilus edulis). The third line of evidence was passive 

sampling by diffusive gradient thin films (DGTs). 

3.3.1 Sampling Stations 

Sixteen sampling stations were selected to achieve the 7-8 km spatial coverage from the mouth 

of the estuary (where effluents get discharged after final treatment) to offshore areas in the 

marine environment of Northumberland Strait. Another eight stations were selected for blue 

mussels along the coastline of Pictou Harbour in Northumberland Strait. Stations in 

Northumberland Strait were then divided along two transects (North East (NE) and North (N)) 

from the estuary mouth into Northumberland Strait. NE and N Transects extended 

approximately 7 and 8 km, respectively into the Northumberland Strait (Fig. 9) (Table 2). 

Following is the cumulative distance of sampling station from BH. 

Table 2. Distance of sampling stations from BH 

Stations Cumulative distance from BH 
N1-N3 0.80-2.00 km 
N4-N6 3.80-5.00 km 
N7-N8 6.00-7.00 km 

NE1-NE6 1.00-3.00 km 
NE7-NE8 6.50-8.00 km 
M1-M2 2.50-3.00 km 
M3-M4 0.50-1.00 km 
M5-M6 1.50-3.00 km 
M7-M8 6.50-7.50 km 
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Fig. 9. Sediment and marine biota sampling stations. Red squares represent sediment sampling stations, American 
lobster (Homarus americanus), and Rock crab (Cancer irroratus) sampling stations. Blue circles represent blue 
mussel (Mytilus edulis) sampling stations. 
 

Sampling stations were divided into three areas: near-field area (1-3), mid-field area (4-6), and 

far-field area (7-8) along each transect to get a wide representation of samples (Table 2). 

Sampling stations were selected to obtain two duplicate samples in the near-field area (i.e., N1-

N3 and NE1-NE3), considered contaminated a priori. Blue mussel stations were selected to get 

a spatial coverage over approximately 8 km along the shoreline of Pictou Harbour. Stations M3, 

M4, and M5 were considered near- field, M1, M2, and M6 as mid -field and stations M7 and M8 

as far- field. Sediment sampling was completed during two field seasons. The first in May 2018 

and second in July 2019. Sampling positions were recorded using hand-held and boat Garmin 

Global Positioning System (GPS) units (Appendix A Image 1). 

Ten sampling stations were selected near the estuary mouth for the deployment of DGTs and 

ten stations were selected in BH. Ten chelex binding gel DGTs disc for metals (As, Cd, Cr, Cu, Pb, 
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and Zn) and ten 3-mercaptopropyl-functionalized silica (MFS) binding gel for total mercury 

(THg) were deployed at each site. 

 
3.3.2 Sediment Sampling and Analysis 

Twelve sediment samples were collected during two field sampling seasons in 2018 and 2019. 

Six samples were collected in July 2018, including five samples from NE transect (NE4- NE8) and 

one sample from N transect (N4). Long gravity corer (approximately 1.25 m) 2416 B45 

(Wildco®) was used to collect samples in 2018 (Appendix A Image 2). Surface sediment samples 

from 0-15 cm depth were collected as this horizon is the most biologically active (Walker and 

Grant, 2015; US EPA, 2019). Rocky substrate in Northumberland Strait prevented sediment 

samples using the gravity corer at stations N5-N8 in 2018. Six samples in 2018 were collected 

on a lobster fishing boat (JB & Stephanie) (Appendix A Image. 3). 

In May 2019, the second round of sediment sampling was completed from the near- field 

stations. Sediment samples were collected from six stations in the N transect (i.e., N1-N6). All 

the samples were collected by using 316 Stainless Steel, 152 x 152 mm ponar grab (Wildco®) 

from the 0-15 cm horizon. To avoid disturbance of surface sediment care was taken to allow 

surface seawater in the grab to drain away (Walker and Grant, 2009; Walker et al., 2013). Near-

field samples were collected from shallow water on small aluminium motorboat (Appendix A 

Image. 4). Sediment sub-samples were then transferred to individual clean glass jars; 250 mL 

jars were used for metals, and dioxins and furans, and 120 mL jars were used for total organic 

carbon (TOC). 

All sediment samples were analyzed by AGAT laboratories, accredited by the Standards Council 

of Canada. Samples were analyzed for grain size, TOC, 25 metals (Al, Sb, As, Ba, Be, B, Cd, Cr, 
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Co, Cu, Fe, Pb, Li, THg, Mn, Mo, Ni, Se, Ag, Sr, Tl, Sn, U, V, Zn), total mercury (THg), and dioxin 

and furans. Although 25 metals were analyzed, this study focussed on the priority metals (i.e., 

As, Cd, Cr, Cu Pb, Zn, Hg). These metals exceeded CCME PEL thresholds in BH sediments 

(Hoffman et al., 2017a). Samples for grain size were analyzed by sieve and a pipette based on 

the ASTM D-422-63 (ASTM, 2007). TOC was determined by using titration based on MA 405-C 

1.1. Metals were analyzed by using multi-element inductively coupled plasma-mass 

spectrometry (ICP-MS) based on US-EPA SW 846 6020A/3050B and SM 3125 (Center of 

Expertise in Environmental Analysis of Quebec, 2014; USEPA, 1998a). Analysis of dioxins and 

furans was conducted using high-resolution mass spectrometry (HRMS) in accordance with EPA 

1613 (USEPA, 1994). All sediment concentrations were expressed in dry weight (dw). 

 

3.3.3 Marine Biota Sampling and Analysis 

Thirteen adult American lobster (Homarus americanus) with carapace length (CL) between 80-

125 mm and thirteen composite Rock crab (Cancer irroratus) samples (comprising 6-8 

individuals per station) between 102-113 mm CL were collected from stations along the N and 

NE transects (Fig. 9). Lobsters and rock crabs were collected from the same stations as 

sediment samples (Appendix A Image 5 and 6). All samples were collected from a lobster fishing 

boat (JB & Stephanie) in July 2018. 

Traps with Department of Fisheries and Ocean (DFO) scientific tags for lobsters and rock crabs 

were deployed on July 9, 2018 and retrieved on July 11, 2018 (Appendix A Image 7) (Fig. 9). 

Eight blue mussels (Mytilus edulis) composite samples of 50-65 mm shell length (comprising 6-

30 individuals per station) were collected along the shoreline of Pictou Harbour from eight 
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stations (Fig. 9). Blue mussels were collected on July 10, 2018 by hand from inter-tidal stations 

during low tide (Appendix A Image 8). DFO scientific licenses were obtained prior to sampling 

(License No.: SG-RHQ-18-071) (Appendix A Image 9). The number of species collected during 

sampling was in accordance with licenses issued. After collection, all the samples were 

transferred into a -20oC freezer overnight and delivered to AGAT laboratories on July 12, 2018. 

American lobster, rock crab, and blue mussel whole body tissues were analyzed for metals (As, 

Cu, Cd, Pb, Zn, THg), and dioxins and furans by AGAT laboratories. Two samples from near-field 

stations and one sample from far-field stations of each species were also analyzed for MeHg. 

Metals were analyzed based on US-EPA 350 with ICP/MS and mercury was analyzed with CV/AA 

based on US-EPA 248.6 (USEPA, 2019). HRMS was used for dioxins and furans analysis based on 

US-EPA 1613 in whole tissue (USEPA, 1994). MeHg was analyzed based on M-10220 with 

digestion, aqueous ethylation, purge, trap, and CVAFS with an automated system (USEPA, 

1998). All tissue concentrations were expressed as wet weight. 

 

3.3.4 Passive Sampling Using DGTs disc and Analysis 

Passing sampling is the use of an abiotic device to monitor contaminants in an environmental 

medium, which obtains a measurement without active media transport (Alvarez, 2010). Passive 

samplers based on DGTs technique was used in this study.  

DGT® was originally developed by Davison and Zhang from Lancaster University in order to 

measure free ion concentrations (bioavailability) in bulk seawater and sediment porewater 

(Davison and Zhang, 1994, 2012). DGTs measure porewater concentrations using Fick’s first law 

of diffusion and relies on an ion-exchange resin layer, which is separated from the bulk solution 
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by an ion-permeable hydrogel (Zhang et al., 1998). A typical DGT disc consists of a binding gel 

layer, an ion-permeable diffusive gel layer, a filter member and plastic cap and base (Fig. 10). 

 

 

 

 

Fig. 10. Schematic representation of a DGT unit assembled and disassembled, A is the exposure surface area of the 
membrane, Δg is the thickness of the diffusion layer (diffusive gel +filter membrane) (from Desaulty et al., 2017). 
 

When DGT discs are deployed in an environmental media, a diffusive gradient is created across 

the bulk solution and the resin gel. The resin gel acts as a sink, inducing the flux of ions from 

sediments through the diffusive layer (Zhang and Davison, 1995; Ruello et al., 2008). Metal ions 

then pass through a gel diffusion layer and bind to the chelating or ion exchange resin. Two 

results which can be obtained from DGT analyses are mass accumulated by DGT resin and time 

weighted estimated water concentration (Zhang and Davison, 1995). 

Contaminants taken up by organisms accumulate in tissues, organs, or throughout the whole 

body. Bioaccumulation of contaminants occurs when the rate of uptake exceeds that of 

excretion. In theory, such a time integrated characteristic is also represented by the DGTs 
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technique, where the resin gel in DGTs behaves like a tissue (Guan, 2019). Therefore, DGTs can 

be used to mimic contaminants uptake and bioaccumulation processes similar to fish (Alvarez, 

2010; Guan, 2019). The resin (adsorptive) gels used in DGTs are selective towards certain metal 

species; for instance, chelex resin is used for As, Cd, Cr, Cu, Pb, and Zn and MFS are used for 

THg. Therefore, it can be used to measure a variety of analytes with suitable adsorbents. 

To assess the level of metals and THg in sediment pore water of BH and the downstream 

estuary, forty DGT discs (twenty in BH and twenty in estuary) were deployed. 

Forty piston sediment probe DGTs were purchased from DGT® Research, Lancaster UK. The 

discs had plastic base (2.5 cm diameter) with 0.4 mm resin gel layer, 0.8 mm diffusive gel layer, 

and 0.135 mm filter (Appendix A Image 10). Out of forty discs, twenty were with chelex binding 

gel (used for metal As, Cd, Cr, Cu, Pb, and Zn) and twenty with MFS binding gel were used for 

THg analysis. Chelex and MFS disc were deployed at the same station (i.e. two discs at each 

station). DGTs disc with chelex gel (metals) were labelled as ESM1-10(for estuary) and BHM1-

10(for BH) and MFS gel disc (THg) were labelled as ESHG1-10, (for estuary) and BHHG1-10 (for 

BH). DGTs disc were tied to cinder blocks with plastic cable to avoid any cross contamination 

(Appendix A Image 11). 

The equilibrium time required by the DGTs disc is different for freshwater and marine 

environments. Therefore, DGTs disc were deployed for one week in the marine environment of 

the estuary (May 21-28, 2019).  As the equilibrium time for DGT discs in freshwater is one 

month, (personal communication, Lord, Heather, April 30, 2019) DGTs in BH were deployed 

May 21-June 18, 2019. 
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All the discs were shipped to Bureau Veritas (accredited by the Standards Council of Canada). 

Metals were analyzed by ICPMS digestion by using EPA 6020b R2 m (USEPA, 2014) and THg was 

analyzed by CV based on BCMOE BCLM Oct2013 m (Austin, 2015). 

 

3.4 Quality Control 

Nitrile gloves were used during each sample collection to minimize potential cross-

contamination. Samples were collected in laboratory supplied glass jars in order to minimize 

contamination (Appendix Image 12). Samples were uniquely labelled, and control was 

maintained using chain of custody forms. All samples were stored in freezers at -20°C and 

transported to laboratory in coolers using ice packs. Blind field duplicate for lobsters were 

collected for every 10 samples. In this study 13 lobsters were collected which includes two field 

duplicates. Method blanks, spike blanks, and matrix spikes were analyzed for of each batch 

samples by AGAT laboratory. Spike blanks results were control charted and met specific 

acceptance criteria (Appendix B). 

 

3.5 Data Analysis  

SPSS statistical package (version 25), Microsoft Excel™, Minitab®, and Sigma Plot™ were used 

for data analysis. One sample t-test was performed by using SPSS™ on each metal (with the 

exception of Cd, Hg) to determine whether sample means were statistically different from 

background means. Mean sediment metal background concentrations from Nova Scotia 

harbours and inlets studied by Loring et al. (1996) were used in this study (Table 6). Background 

values represent concentrations of metals from relatively pristine environments without 
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anthropogenic impacts (Loring et al., 1996). A Pearson correlation was performed using SPSS™ 

to assess the correlation between metals, grain size and TOC. In this study, the 

geoaccumulation index (Igeo) was also calculated to assess the metal pollution in sediments 

compared to background levels (Admano et al., 2005).  The geoaccumulation index was 

introduced by Muller (1969) and is sometimes used in ecological risk assessment by using 

equation (Eq. 1): 

                                    Igeo= log2. Cn/ 1.5 Bn       

Where Cn is sediment metal concentration and Bn is background sediment metal 

concentration. Factor 1.5 is introduced to minimise the effect of possible variations in the 

background values which may be attributed to lithologic variations in the sediments (Muller 

1969; Stoffers et al., 1986). The descriptive classes for increasing Igeo values developed by 

Muller (1969) are described in (Table 5). Box plots and graphs for metals were developed using 

Sigma Plot™. 

For metals, Canadian Council of Ministers of Environment (CCME) marine sediment quality 

guidelines (SQGs) were used to compare against sediment contaminant burdens. Two SQGs 

exist for marine sediments; 1) Probable Effect Level (PEL) and 2) Interim Sediment Quality 

Guidelines (ISQGs) (Canadian Council of Ministers of the Environment, 2019a). Sediment 

concentrations above PEL are often considered heavily contaminated and likely to impair 

aquatic biota, concentrations between PELs and ISQGs are considered moderately 

contaminated, and concentrations below ISQGs are considered uncontaminated (Canadian 

Council of Ministers of the Environment, 2019a). For dioxins and furans, toxic equivalency (TEQ) 

concentrations of samples were calculated by multiplying individual PCDD/F congener 
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concentrations with associated toxic equivalency factors (TEFs) for each congener (Canadian 

Council of Ministers of the Environment, 2019). TEQ concentrations were determined using the 

World Health Organization (WHO) established TEFs for fish, birds, and humans (World Health 

Organization, 2006).  

For metals in tissue samples, Canadian Food Inspection Agency (CFIA) guidelines for chemical 

contaminants and toxins in fish and fish products were used (Canadian Food Inspection Agency, 

2019). Only As, Pb, and Hg tissue data were able to be compared against the CFIA guidelines as 

there are no guidelines available for other metals. For methyl mercury in biota tissue, Canadian 

tissue residue guidelines for the protection of wildlife consumers of aquatic biota (2019) was 

used for comparison (Canadian Council of Ministers of the Environment, 2019b). If metal and 

dioxins and furans concentrations were below detection limits (DL), then a 1/2DL concentration 

was used in calculations (MacAskill et al., 2016; Zhang et al., 2019). 

 

3.6 Result and Discussion 

3.6.1 Sediment Contaminant Concentrations 

Sediments collected were light brown in color. Grain size of most sediments were coarse, 

ranging from 60-100 % (>75µm). Out of 12 samples, two mid field samples (N4, NE4) and 1 far-

field (NE8) were found to be fine grain sizes with values 42%, 34%, and 46% above the sieve size 

of >75µm respectively. TOC content was low in all the sediment samples with a range of <0.3-

1.5%. 

Sediment metal concentrations (As, Cd, Cr, Cu, Hg, Pb, Zn) were detected below marine 

sediment interim sediment quality guidelines (ISQGs) (Fig. 11). Results from the one-sample t-



52 
 

test showed a significant difference (p≤0.001) between means of each metal (As, Cr, Cu, Pb, Zn) 

relative to mean background metal concentrations. Arsenic was detected below the ISQGs 

ranging between 3-7 mg/kg (DL=1 mg/kg). Sediment Cr, Cu, Pb, and Zn concentrations were 

also below ISQGs ranging from 13-19 mg/kg (DL=2 mg/kg), 1-11 mg/kg (DL=2 mg/kg), 1.9-12.4 

mg/kg (DL=0.5 mg/kg), and 18-59 mg/kg (DL=5 mg/kg), respectively (Table 3). Sediment Cd and 

Hg concentrations were below DLs (0.3 mg/kg and 0.05 mg/kg, respectively) across all sampling 

stations, so are not presented. Dioxins and furans in all samples were detected below CCME 

ISQGs. 

Table 3. Descriptive statistics of sediment metal concentrations from sampling stations mg/kg(dw) (n=12).  

Metals Minimum Maximum Mean Standard Deviation 

As 3.00 7.00 5.08 1.16 

Cr 3.00 19.00 10.83 6.32 

Cu 1.00 11.00 5.33 3.62 

Pb 1.90 12.40 6.58 4.09 

Zn 18.0 59.00 38.50 15.41 
*dw- dry weight 
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Fig. 11. Sediment metal concentrations across all sampling stations (n=12). Solid horizontal line represents ISQG and dotted 
horizontal line indicates detection limit. Concentration in sediments expressed in dry weight. 
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Pearson correlation analysis indicated that there is a strong positive significant relation of As 

(r=0.61 and p=0.03) ,Cr (r=0.71, p=0.01), Cu (r=0.64 p=0.02), Pb (r=0.65 p=0.02), and Zn (r=0.71, 

p=0.03) with TOC (Table 4).  

Table 4. Pearson’s correlation matrix for sediment metal concentration, TOC and grain size from sampling 

stations in Northumberland Strait. 

Parameters As Cr Cu Pb Zn TOC Grain size 

As 1.00 
      

Cr 0.36 1.00 
     

Cu 0.34 0.95** 1.00 
    

Pb 0.34 0.99** 0.97** 1.00 
   

Zn 0.33 0.97** 0.97** 0.98** 1.00 
  

TOC 0.61* 0.71** 0.64* 0.65* 0.62* 1.00 
 

Grain size -0.37 -0.98 -0.97 -0.99 -0.97 -0.70 1.00 

*. Correlation is significant at the 0.05 level (2-tailed). 

**. Correlation is significant at the 0.01 level (2-tailed). 

Note: r value < 0.30 is considered weak, r > 0.30 and r <0.70 is considered moderate and r > 0.70 is 

considered a strong relationship. 

 

The positive correlation of metals with TOC indicated that organic content plays an 

important role in metal ion adsorption in sediments. In previous studies, it has been 

documented that organic matter in water sorbs metals (Rule, 1986; Lin and Chen, 1998; 

Bartoli et al., 2012. A  strong negative significant relation was observed between Cr (r=-

0.98, p<0.01), Cu (r=0.97, p<0.01), Pb (r=-0.97, p<0.01), and Zn (r=-0.70, p<0.01) with 

grain size (Table 4). It has been documented that fine grain particles tend to have 

relatively higher metal content due to high specific surface areas of particles (Rubino et 

al., 2000; Bartoli et al., 2012). Most of the grain sizes were coarse across sampling 

stations, leading to less adsorption of contaminants. Three sampling stations (N4, NE4, 
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N8) which exhibited finer grain size showed a higher concentration of metals compared 

to other stations (Fig. 11). 

 

Igeo for each metal was calculated using (Eq. 1) for quantitative measurement of 

pollution at each site. Results indicated that the sites are unpolluted with values below 0 

(i.e. As (-2.64), Cr (-3.18), Cu (-3.64), (-3.32) and Zn (-3.24). Classification of degree of 

pollution was done according to Igeo values indicated in Table 5. 

Table 5. Classification of geo-accumulation and pollution level (adapted from Abrahim and Parker, 2008). 

       Igeo Classification Pollution status 

<0 0 Unpolluted 

0-1 1 Unpolluted to moderately polluted 

1-2 2 Moderately polluted 

2-3 3 Moderately to heavily polluted 

3-4 4 Heavily polluted 

4-5 5 Heavily to severely polluted 

>5 6 Severely polluted 

 

After the Boat Harbour Act (2015) was passed, Nova Scotia Lands retained GHD to 

conduct a baseline assessment to characterize contaminants in and around Boat 

Harbour. In 2017, GHD collected sediment samples for metals and dioxin/furan 

contamination assessment of the estuary mouth and Northumberland Strait. Four 

sediment samples were collected from the 0-15 cm depth horizon (Fig. 12) (GHD, 2018).  

Sediment metal concentrations from GHD were compared to those of the present study 

using a one-way ANOVA. A Ryan-Joiner normality test and Bartlett’s Test for 

homogeneity of group variances were run in Minitab® 18.1 (Minitab Inc., 2017) to 

validate parametric test assumptions.  Heterogeneous or non-normal data (α≤0.05) 
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were log-transformed and retested using the above tests, and if still failing to meet 

parametric assumptions, were analyzed non-parametrically by Mann-Whitney analyses 

with differences considered significant if p≤0.05.  

The sediment metal concentrations of the present study did not significantly differ from 

those previously sampled by GHD for As (p=0.17), Cr (p=0.19), Cu (p=0.7), Pb (p=0.8), 

and Zn (p=0.17). Sediment concentrations in the present study s ranged as follows: As: 

1-7.8 mg/kg, Cr: 2.5-23 mg/kg, Cu: 1-43 mg/kg, Pb: 1.9-28 mg/kg, and Zn: 10-46 mg/kg 

(Fig. 13). Results from GHD sampling showed the same pattern as the present study with 

all sediment metal concentrations below the ISQGs. GHD data demonstrated decreasing 

sediment concentrations as distance from the estuary increased. Northumberland Strait 

sediment metal concentrations showed a sharp decrease, suggesting dilution of or 

attenuation of contaminants migrating from Boat Harbour. 
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Fig. 12. GHD sediment sampling stations from the estuary (red circle). Blue triangles represent sediment 

sampling stations (adapted from GHD, 2018). 
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Fig.13. Mean metal concentration in sediments from Northumberland Strait in July 2018 and May 2019 (NS18/19) 
(n=12) and sediments collected by GHD in 2018 (n=4). Horizontal straight line represents ISQGs (CCME, 2019) and 
dotted horizontal line represents DL.     
                                                                                                                                                                                                                     

Sediments of many coastal regions adjacent to industrial areas in Nova Scotia are large sinks for 

metallic contaminants (Loring et al., 1996; Zhang et al., 2019a, b). To understand the broader 
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picture of metal contamination in the marine environment, the concentration of metals in this 

study is compared with different studies from harbours and inlets across Nova Scotia. These 

studies include contamination from industrial effluents, municipal and residential sewage, 

agricultural discharge, marine transportation, fish and fishing process, and coastal residences 

(Stewart et al., 2019).  

In general, the concentration of metals (As, Cd, Cr, Cu, Hg, Pb, and Zn) in this present study 

were relatively low compared to other Nova Scotian studies. As the metal concentrations were 

generally lower than in other studies across Nova Scotia and the Maritimes, marine sediment 

metal concentrations do not exhibit a pollution signature from effluents derived from BH (Table 

6). However, results from this present study can be used as a baseline for future monitoring 

studies conducted during and post-remediation. 

Northumberland Strait sediment metal concentrations were low, suggesting that the objective 

of using BH as sedimentation lagoon worked effectively to contain contaminants in pulp mill 

effluent. Most contaminants reported by Hoffman et al. (2017a, 2019) appear to have been 

retained in Boat Harbour sediments. There was no signature of migration of contaminants from 

the BHTF to the Northumberland Strait receiving environment. The other possible reason that 

this study found no impact on marine sediment could be a distance of sampling sites from BH. 

The sampling stations that were selected were approximately 0.5-8 km away from the Boat 

Harbour treatment facility.  As the Northumberland Strait is a high energy dispersive receiving 

environment, contaminants released from BH may have undergone dilution and attenuation. 
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*Table 6. Comparison of metals concentrations (mg/kg) in sediment, mussel and lobster tissue by study (adapted 
from Walker and Grant, 2015). 

Location As Cd Cu Hg Pb Zn Reference 

Sediment                                                                       

Northumberland Strait, NS, Canada 

(DL) (dw) 

3.0-7.0                    

     (1.0) 

<0.3 

(0.3) 

2.0-11.0 

(2.0) 

<0.05 

(0.05) 

1.9-12.4 

(0.5) 

18-59             

(5.0) 
Present study 

Isaacs and Country Harbours, NS, 

Canada (dw) 
5.0-40.0  <0.3-0.9  3.0-25.0  

<0.05-

0.16  
2.3-26.0  18-80  Walker and Grant (2015) 

Isaacs Harbour, NS, Canada (dw) 2.2-278 
0.06-

1.53 
4.3-179 

<0.05-

16.0 
2.2-126 

19.3-

142 
Walker and Grant (2015) 

Wine Harbour, NS, Canada 4-568 
0.09-

0.91 
6.8-30.3 

<0.05-

74.3 
5.4-53.4 

26.1-

77.6 
Little et al. (2015) * 

Seal Harbour, NS, Canada 1.2-445 
0.02-

0.96 
1.5-25.2 

<0.05-

1.30 
1.6-33.9 16-90.3 Walker and Grant (2015) * 

Sydney Harbour, NS, Canada (dw) 4.0-33.0 0.3-1.10 2.2-71.0 0.10-0.49 4-120 31-210 Walker et al. (2013a, b) 

Outer Lunenberg Harbour, NS, Canada  10-20 ND 12-34 ND 52-10 17-24 Envirosphere Consultants (1996) * 

Halifax Harbour, Shipyard, NS, Canada  17-34 ND-1.3  64-533 ND 67-555 
179-

1429 
Carter et al. (2004) * 

Bay of Fundy, NS, Canada  ND 
0.02-

0.04 
9.3-17.0 ND ND 

35.1-

65.5 
Chou et al. (2003) * 

Background in coastal sediments, NS, 

Canada (dw) 
20 0.4 40 0.10 40 150 Loring et al. (1996) 

CCME ISQG  7.24 0.7 18.7 0.13 30.2 124 CCME (2019) 

CCME PEL 41.6 4.2 108 0.70 112 271 CCME (2019) 

 
Note-DL- detection limit for present study presented in parentheses; nv- no guideline value; * data reported did 
not specify whether wet weight or dry weight; ND- not determined; dw-dry weight; CCME, ISQG, and PEL- 
Canadian Council of Ministers of the Environment, Interim Sediment Quality guideline, and Probable Effects Levels 
(CCME, 2019a). 
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3.6.2 Biota Tissue Contaminant Concentrations 

American lobster (Homarus americanus) (n=13), rock crab (Cancer irroratus) (n=13), and blue 

mussel (n=8) whole-body tissues were analyzed for metals (As, Cu, Cr, Cd, THg, Pb and Zn), 

dioxins and furans, and methyl mercury (MeHg). Only As and Pb concentrations were compared 

to CFIA guidelines, as CFIA guidelines do not exist for other metals (Cu, Cr, Cd, and Zn) (CFIA, 

2019). Arsenic concentrations in lobster and crabs exceeded CFIA guidelines (3.5 mg/kg) in all 

stations ranging from 4-10 mg/kg (lobster) and 2-5 mg/kg (rock crabs) (Fig. 14). Pb 

concentrations in all stations were below DLs (0.4 mg/kg) in lobster, and also rock crab except 

at station N3, where concentrations were above the CFIA limit of 0.5 mg/kg. Although Cr has no 

CFIA guidelines it was also below DLs (2 mg/kg) across all sampling stations in lobster and crab 

tissue (Fig. 14).  Zn was detected above the DL (5 mg/kg) ranging between 18-37 mg/kg and 24-

42 mg/kg in lobsters and crabs, respectively.  
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Fig. 14. Metal concentrations in rock crab (Cancer irroratus) (n=13) and lobster (n=13) (Homarus americanus) 
tissue. Horizontal straight line indicates CFIA guideline and dotted horizontal line indicates DL. Concentration of 
tissue expressed in wet weight 
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All metal concentrations were below DLs in blue mussel (Mytilus edulis), except Zn with 

measured tissue concentrations between 7-19 mg/kg (DL=5 mg/kg). Mercury which has a CFIA 

guideline of 0.5 mg/kg was not quantified above the DL of 0.05 mg/kg in all three biota species. 

For dioxins and furans, there are CFIA guidelines for 2,3,7,8 TCDD (dioxin), which represents the 

TEQ of the PCDD/F mixture, and which is 0.02 ng/kg (under review, CFIA, 2019). All tissue 

samples were below DLs in all three marine biota species for dioxins and furans. All three 

species were also analyzed for MeHg. 

There is a paucity of background metal concentration data in the Maritime region for marine 

biota. To determine if arsenic concentrations detected in lobster tissue samples in the present 

study were representative, results were compared to those of a similar study conducted by 

Maltby et al. (2018 unpublished data) in the Northumberland Strait. Maltby et al. (2018) 

collected samples of adults, sub-adults, and juvenile American lobster from three different sites 

in Northumberland Strait, Ballantynes Cove (~45 km from Boat Harbour outfall), Merigomish 

(~15 km from Boat Harbour outfall), and Pictou Road (>1 km from Boat Harbour outfall). 

Results from Maltby et al. (2018) showed a similar pattern of metal concentrations to the 

present study, reporting some exceedances in As concentrations in adult lobsters from all 

stations. Arsenic concentrations across all stations ranged from below DL to 23 mg/kg, results 

comparable to this study. Lead was also undetected in all stations assessed by Maltby et al. 

(2018).  The results for the metals lacking CFIA guidelines (Cd, Cr, Cu, Zn) were also comparable 

(Table 7). 

To determine if elevated As concentrations in marine biota were only limited to 

Northumberland Strait or was a broader regional issue, results were also compared with other 
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regional studies in Nova Scotia and the Maritimes. American lobster and rock crab samples 

collected by Walker and Grant (2015) from Issacs and Country harbour (adjacent historical gold 

mining tailings site) and Sydney Harbour (contaminated by coking and steel manufacturing) in 

Nova Scotia also reported As exceedances (Table 7). However, a study conducted by Chou et al. 

(2003) in the Bay of Fundy did not detect As and Pb concentrations in American lobster (Table 

7). 

Presumably, elevated As in American lobster and rock crabs is due to the natural presence of As 

in rock, soil, and sediments across Nova Scotia (Meunier et al., 2010; Walker and Grant, 2015). 

These biota species live in direct contact with sediments so contamination in the sediments has 

a great impact on them (Maharaj and Alkins-Koo, 2007; Hussain and Pandit, 2012). While As in 

biota tissues could be bioaccumulated over time, the elevated Pb concentrations in rock crab 

tissues at station N3 was unclear (Fig. 14). 

Furthermore, contaminant concentrations (i.e., metals, dioxins and furans, THg) did not 

exceeded CFIA in blue mussels. Similar patterns were observed in different studies across Nova 

Scotia, New Brunswick, Gulf of Maine (near the south shore of Nova Scotia) in the United States 

(Table 7), where metals in mussels were below CFIA guidelines and in some cases were below 

DLs. Blue mussels are good filter feeders and can filter particles from 2 -5 µm in size (Pruell et 

al., 1986; Boening, 1999). Low detection of contaminants (i.e., metals, dioxins and furans, THg) 

in blue mussels collected from along the shoreline of Pictou Harbour indicates that there is 

limited or negligible contaminant concentrations in seawater. 
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*Table 7. Comparison of metals concentrations (mg/kg) in mussel, rock crabs, and lobster tissue by study (adapted 
from Walker and Grant, 2015). 

Location As Cd Cu Hg Pb Zn Reference 

American lobster tissue (H. 

americanus) 
       

Northumberland Strait, NS, Canada 

(DL)(wb) (ww) 

4.0-

10.0 

(2) 

0.9-1.4 

(0.3) 

13-28 

(2) 

<0.05 

(0.05) 

<0.4 

(0.4) 

18-34 

(5.0) 
Present study 

Northumberland Strait, NS, Canada 

(wb) (ww) 
ND-23 

ND-

0.63 
ND-27 ND ND ND-42 

Maltby et al. (2018 unpublished 

data) 

Isaacs and Country Harbours, NS, 

Canada (hep)(ww) 

5.0-

10.0 
<0.3      ND 

0.06-

0.12 
      <0.5    24.35 Walker and Grant (2015) 

 Bay of Fundy, NS, Canada ND 
5.1-

22.9 

10.4-

896 
ND ND 27-129 Chou et al. (2000, 2003) * 

CFIA 3.5 Nv nv 0.5 0.5 nv CFIA (2019) 

Rock crab tissue (C. irroratus)        

 Northumberland Strait, NS, Canada 

(DL) (wb) (ww)                                                                                              

2.0-5.0 

(2) 

0.6-3.9 

(0.3) 

12-36 

(2) 

<0.05 

(0.05) 

<0.4-0.9 

(0.4) 

24-42 

(5.0) 
Present study 

 Sydney Harbour, NS, Canada (hep) 

(ww) 

3.6-

15.3 
0.5-6.9 9.8-28 

<0.01-

0.04 
<0.18 

11.7-

28.9 
Walker et al. (2013c) 

CFIA  3.5 Nv nv 0.5 0.5 nv CFIA (2019)  

Blue mussel tissue (M. edulis)                                                          

Northumberland Strait, NS, Canada 

(DL) (ww) 

<2.0 

(2.0) 

<0.3 

(0.3) 

<2-2 

(2.0) 

<0.05 

(0.05) 

<0.4 

(0.4) 

7-20 

(5.0) 
Present study 

Isaacs and Country Harbours, NS, 

Canada (ww) 
1.3-2.0  

0.16-

0.19  
0.8-6.7  

0.02-

0.05 

0.15-

1.31  
7.4-11  Walker and Grant (2015) 

Seal Harbour, NS, Canada  60-109 ND ND ND ND ND Whaley-Martin et al. (2012) * 

Sydney Harbour, NS, Canada (ww) 1.5-3.9 
0.14-

0.29 
0.8-1.9 

<0.01-

0.03 

<0.18-

0.43 
10-24 Walker and MacAskill (2014)  

Halifax Harbour, NS, Canada(ww) 1.9-2.5 
0.10-

0.44 
1.5-2.4 

0.01-

0.04 
0.1-2.4 17-41 McCullough et al. (2005)  

Dalhousie, NB, Canada (ww) 
ND ND ND 0.02-

1.40 
ND ND Garron et al. (2005)  

Baie des Chaleurs, NB, Canada (ww) 
ND 0.55-

4.2 
0.5-1.1 ND <2.5-31 4.8-42 Fraser et al. (2011)  

Gulf of Maine, United States 
ND 1.10-

1.31 
4.5-9.3 

0.11-

1.31 
1.0-8.3 54-153 McCullough et al. (2005) * 

Gulf of Maine, United States 
ND 0.10-

0.20 
0.7-1.3 ND 

0.08-

0.78 
7-13 GMCME (2013) *  

CFIA  3.5 Nv nv 0.5 0.5 nv CFIA (2019)  

Note-*DL- detection limit for present study presented in parentheses; nv- no guideline value; ND- not determined; 
* data reported did not specify whether wet weight or dry weight ;wb- whole body tissue; hep- hepatopancreases 
tissue; ww- wet weight; CFIA- Canadian Food Inspection Agency (CFIA, 2019). 
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Whole-body tissue homogenates of all three species (American lobsters, rock crabs, and blue 

mussels) were also analyzed for MeHg. There is currently no CFIA guideline for MeHg in fish 

tissue. For this study, Canadian tissue residue methyl mercury guidelines for the protection of 

wildlife consumers of aquatic biota (2019) were used for comparison (CCME, 2019b). These 

MeHg tissue residue guidelines (TRGs) refer to the maximum concentration of chemical 

substance in the tissues of aquatic biota that is not expected to result in adverse effects to 

wildlife consumers of the aquatic biota. They are developed to protect wildlife species which 

are not in direct contact with sediments and usually feed on aquatic animals and plants.  

A total of six lobsters (N1, N2, NE1, NE3, N8, NE 8) and four rock crabs (N2, N3, NE1, N2, N8, 

NE8) were analyzed for MeHg. Four composite samples of blue mussels (from M3, M4, M7, M8) 

were also analyzed for MeHg. Samples from N1 (37.3 ng/kg), N2 (53.4 ng/kg), NE1 (41.8 ng/kg), 

NE3 (47.2ng/kg), NE1 (57.5), and N3 (39.5 ng/kg) exceeded the CCME MeHg tissue residue 

guideline (33.3 ng/kg) (Fig. 15).  
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Fig. 15. Box plot representing whole tissue methyl mercury concentrations in lobster (Homarus americanus) (n=7), 
rock crabs (Cancer irroratus) (n=6) and blue mussels (Mytilus edulis) (n=4). Tissue concentration were expressed in 
wet weight. Horizontal line represents the methyl mercury guideline by Canadian tissue residue guidelines for the 
protection of wildlife consumers of aquatic biota (CCME, 2019b). 

 

A number of studies have been conducted to understand the influence of metals, including THg, 

on exposed biota, but there is a lack of research data on MeHg concentrations in Nova Scotian 

biota (Stewart, 2019). Further, MeHg has not been tested in BH biota, water, or sediment 

samples, making it difficult to predict whether the elevation of MeHg is due to migration of 

contaminants from BH. In the environment, inorganic mercury is regularly methylated into its 

organic form (MeHg) which can readily bioaccumulate in organisms and is also known to 

biomagnify through the food chain (Hammerschmidt and Fitzgerald, 2006). Presence of 

mercury in the environment adjacent to Boat Harbour  can possibly have arisen from different 

sources, for instance the weathering of mercury bearing rocks, fossil fuels, industrial effluents 

(such as from chlor-akali plants), and atmospheric emissions (UNEP, 2002; Walker, 2016). It is 

often difficult to attribute environmental MeHg to one or more-point sources. A similar study 
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on Hg near a chlor-alkali plant in Chaleur Bay in New Brunswick, Canada was conducted by 

Walker (2016), which suggested that there was natural recovery by deposition of new 

uncontaminated sediments over contaminated strata in the area (Walker, 2016). It is possible 

that a similar deposition of sediments low in Hg and MeHg could have covered contaminated 

sediments in this study also. Therefore, it is necessary to have long term monitoring plans in 

and around BH to examine the effects of remediation activities on concentration of MeHg in 

the area. 

 

3.6.3 DGTs Metal and THg Concentrations 

DGT chelex disc binding gels were analyzed for metals and MFS binding gels were analyzed for 

THg. DGT chelex disc from station 10 (ESM 10) and MFS disc from station 8 (ESHG 8) were 

damaged during retrieval and were not analyzed. There are no CCME guidelines for sediment 

porewater metal concentrations. Therefore, metal concentrations in DGTs from BH were 

compared to DGTs downstream in the estuary. The concentration of As in the estuary was 

found to be slightly higher than those in BH with a range of 2.90-4.33 µg/l (Tables 7 and 8). Cd 

in BH was not detected and was also very low in the estuary. Cu, Cr, Pb and Zn were also found 

in low concentrations in BH relative to the estuary (Tables 7 and 8). Concentrations of THg in 

MFX DGTs discs from both BH and the estuary were very low and <DLs at some stations (Table 7 

and 8). DGT results indicated that sediment porewater metal concentrations in BH were likely 

lower than downstream estuary concentrations. Since Cd and THg were not detected in the 

DGTs, it would appear that these metals are not readily bioavailable for species exposed to 

sediment porewater. 



69 
 

 

Table 7. Descriptive statistics of DGT and MFS disc (which represent sediment porewater) metal concentrations 
(µg/l) from BH (n=10).  

Metals Minimum Maximum  Mean Std. Deviation DL 

As 1.070 1.600 1.360 0.164 
0.200 

Cd 0.025 0.025 0.025 0.000 
0.050 

Cr 1.200 2.000 1.440                     0.236      1.000 

Cu 0.500 1.300 0.580 0.252       1.000 

Hg 0.010 0.030 0.015 0.008 0.020 

Pb 0.810 1.65 1.142 0.257 0.200 

Zn 5.000 25.000 11.400 8.408 10.000 

       
 
 
Table 8. Descriptive statistics of DGT and MFS disc (which represent sediment porewater) metal concentrations 
(µg/l) from ES (n=9).  

Metals Minimum Maximum  Mean Std. Deviation DL 

As 2.90 4.33 3.65 0.538 
0.200 

Cd 0.07 0.12 0.096 0.017 
0.050 

Cr 1.70 2.10 1.877                  0.148       1.000 

Cu 0.50 2.10 0.900 0.572 1.000 

Hg 0.01 0.01 0.009 0.000 0.020 

Pb 1.20 2.15 1.610 0.316 0.200 

Zn 5.00 16.00 12.000 3.240 10.000 
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3.7 Limitations 

There are some limitations in this study which should be considered: 

1) Due to limited funding and high cost of analysis, only 12 bulk sediment samples were 

collected and analyzed. In addition, due to rocky substrate, samples from 4 stations (i.e., N5, 

N6, N7, N8) could not be collected. More samples would have strengthened the statistical 

power of the study. 

2) Only one sample of lobster was collected per station due to restrictions imposed under the 

DFO scientific fishing licence. More lobster samples would have provided better information on 

the potential impact of pulp mill effluent on biota and would have also strengthened the 

statistical power of the study. 

3) Lack of CFIA guidelines for some metals (i.e., Cr, Cd, Cu, MeHg) for aquatic biota tissues made 

it difficult to understand what the detected concentrations of these metals in marine biota 

mean with respect to human health. In addition, there are a limited number of local studies 

conducted on metal concentrations in marine biota which made it difficult to get a broader 

picture of the region.  

 

3.8 Conclusion  

The primary objective of this study was to assess the level of contamination in marine 

sediments and biota of the Northumberland Strait. Therefore, to assess the broader picture of 

contaminant concentrations across the Northumberland Strait, this study used sediments and 

three marine species (American lobsters, rock crabs, and blue mussels) from different trophic 

levels to provide an ecosystem approach. Due to proximity of the Northumberland Strait to the 
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effluent discharge point (estuary), it was expected that the study would find a higher 

concentration of contaminants in near field stations (N, NE 1-3) relative to far-field stations (N, 

NE6-8). However, our results provide no evidence of any significant impact on sediments or 

biota of the Northumberland Strait that is attributable to the industrial effluents. In sediments, 

all the contaminants (i.e. metals, dioxins and furans, mercury) were below the ISQGs and some 

even below the detection limit. It was interesting to note that the concentrations of metals in 

sediments were not only found below the CCME ISQGs (CCME, 2019a) but were also below the 

background concentration range in coastal sediments of Nova Scotia (Loring et al., 2016).  

 

Further, it was assumed that marine biota would be impacted by effluents due to 

bioaccumulation and biomagnification at different trophic levels. Our results indicate there is 

no significant impact on Northumberland Strait biota with the exception of As exceedances in 

lobsters and crab. The source of these As exceedances in the environment is not due to point 

source releases or industrial activities, but rather, is most likely due to underlying bedrock 

geology resulting in naturally high As levels in water, sediments and soil across Nova Scotia. 

MeHg in lobsters and rock crabs were found to be above the prescribed Canadian tissue residue 

guideline for the protection of wildlife consumers of aquatic biota and are of potential concern. 

In addition, MeHg can become bioavailable to aquatic biota under certain conditions and may 

bioaccumulate and biomagnify in marine aquatic food webs. The present study was the first to 

assess baseline MeHg concentrations in marine biota after 50 years of Boat Harbour effluent 

discharge.  
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The final objective of the Boat Harbour Act (2015) is to connect Boat Harbour with 

Northumberland Strait by removing the dam above the estuary. While the volume and surface 

area of BH will decrease in the absence of the impoundment, there will be an incursion of 

marine water from Northumberland Strait to Boat Harbour.  This incursion may potentially lead 

to a remobilisation of any mercury present in contaminated sediments that are not removed 

from Boat Harbour. It has been documented in different studies that flooding changes can lead 

to remobilisation of THg, and thus increase MeHg in aquatic ecosystem (St Louis et al., 2001, 

2004; Roy et al., 2009; Teisserence et al., 2014). Usually, flooding events modify the organic 

matter dynamics in sediments resulting in sharp increases of TOC in surface sediments which 

may lead to mobilisation of Hg (Louchouarn et al., 1993). Therefore, it is highly recommended 

that more detailed investigation of THg and MeHg in and around BH should be conducted.  

 

A strong baseline dataset will help to inform remediation decisions and the monitoring regime 

during and after remediation activities. Our results clearly indicate that, at present, the 

Northumberland Strait adjacent to Boat Harbour has similar or less contamination than 

comparable areas not influenced by Boat Harbour and is therefore not requiring any 

remediation. However, monitoring should be implemented throughout Boat Harbour 

remediation to ensure clean-up activities do not inadvertently introduce contaminants known 

to be resident in the Boat Harbour settling basin. Periodic sediment and same species 

(American lobsters, rock crabs, and blue mussels) biota sampling are recommended to enable 

tracking of potential future contamination of the Northumberland Strait, which may occur 

during or following BH remediation. 
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Chapter - 4 Conclusions and Recommendation 

 
4.1 Summary of Research 
 
According to the Boat Harbour Act (2015), remediation of Boat Harbour (BH) will start after 

January 31, 2020 (Boat Harbour Act, 2015). The main objective of the Boat Harbour Act (2015) 

is to remediate and return BH to pre-tidal conditions by re-connecting it to the Northumberland 

Strait (Hoffman et al., 2017a, 2019). In order to have an effective remediation plan, baseline 

data in BH, its estuary, and the Northumberland Strait receiving environment was necessary. 

The two objectives of this research were: 

1) To assess the level of contamination of metals, dioxins and furans and methyl mercury in 

sediments and biota of the marine environment of Northumberland Strait; and 

2) To prepare the baseline pre-remediation data, which can be used during and after 

remediation for monitoring purposes. 

To achieve these objectives, sediment and American lobsters (Homarus americanus), rock crab 

(Cancer irroratus), and blue mussel (Mytilus edulis) sampling was done in May 2018 and July 

2019. The samples were analyzed for metals and dioxins and furans (as discussed in chapter- 3). 

This Chapter provides the summary of key findings and some management-specific 

recommendations which will help the current and future planning of the BH remediation 

project. 
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4.2 Key Findings 

1) Sediment concentrations of metals (As, Cd, Cr, THg, Pb, and Zn) and dioxins and furans were 

below the Canadian Council of Ministers of Environment (CCME) interim sediment quality 

guidelines. Cd and THg were not detected in sediment samples. These findings were 

corroborated with results of sediment sampling done by the private consulting firm contracted 

to perform the site assessment for the Boat Harbour remediation project. Interestingly, 

sediment metal concentrations in the Northumberland Strait were lower than the background 

values of sediment metal concentrations at un-impacted sites across Nova Scotia. 

2) Concentrations of metals (Cd, Cr, THg, Pb, and Zn) and dioxins and furans in three biota 

species were below the Canadian Food Inspection Agency guidelines for fish tissue. Arsenic 

concentrations in lobsters and rock crabs were found to be above the CFIA guidelines. In 

addition, methyl mercury concentrations in some samples of American lobsters and rock crabs 

exceeded tissue residue guidelines for the protection of wildlife consumers of aquatic biota. 

 

4.3 Management Implications and Recommendations 

4.3.1 Long Term Monitoring Plans 

Chemical concentrations (i.e. metals, dioxins and furans and THg) measured in Northumberland 

Strait sediments in this study were lower than CCME guidelines and BH sediments, 

demonstrating that the Boat Harbour Treatment Facility achieved its designed objectives of 

retaining contaminants in BH. The results of the present study will help delineate the 

boundaries of the BH remediation programs by providing baseline contaminants data during 

and after remediation.  
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Additionally, this data will also be helpful if the new effluent pipeline plan proposed by 

Northern Pulp gets approval (Dillon Consulting Limited, 2019). 

The end goal of the Boat Harbour Act is to return the waterbody to a tidally influenced estuary 

condition by re-connecting it hydraulically to the Northumberland Strait. Therefore, it is very 

important to have long term monitoring plans for the study area. Currently, the remediation 

plan for BH has not been definitively addressed, and it is not yet known whether it will be ex-

situ or in situ (dredging, capping). It has been documented that dredging and infilling operations 

at contaminated sites sometimes lead to major negative sediment disturbances such as 

resuspension, remobilization and enhanced bioavailability of historical contaminants (Walker et 

al., 2013a). 

Therefore, any negative sediment disturbance in BH during remediation could lead to the 

migration of contaminants to the Northumberland Strait. Thus, it is recommended that a 

regular monitoring plan should be developed during and after remediation. Regular water 

sampling every 2-3 months and annual sediment sampling is recommended during 

remediation. This will help to measure effectiveness (both positive and negative) of 

remediation techniques in the area. Long term monitoring is also recommended after 

remediation which should include periodic sampling of water, sediments, and biota tissue of 

the area every three years. 

 

4.3.2 More Studies on Metals and MeHg Concentration in Biota in Atlantic Region 

Concentrations of metals (except As) and dioxins and furans were found lower than CFIA 

guidelines. This data is not only useful for remediation plans, but also for the fishing industry of 
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the region. Fishing is the important industry sector for Atlantic Canada. The export of Nova 

Scotia fish and seafood is valued at $1 billion CAD annually (DFO, 2018; Zhang et al., 2019). The 

key stakeholder community of this remediation project, Pictou Landing First Nation, are also 

dependent on the fishing sector. Any exceedance of MeHg in any commercially harvested 

species in the region could potentially harm the local seafood market, which has a reputation 

for clean, safe products. In this context, there is a considerable lack of research in the Atlantic 

region on MeHg concentrations in biota, leading to the recommendation to conduct further 

studies on biota, particularly focussing on MeHg concentrations to better understand the 

broader regional picture. Passive techniques like diffusive gradient thin films (DGTs) can be 

used to estimate the level of contamination in biota, a particularly useful technique in a region 

where actual biota sampling is not always possible or feasible. DGTs behave as a fish surrogate 

in water (Ferreira et al., 2013; Bireta, 2015). These studies will help in understanding any 

potential ecological or human health risk that may be associated with MeHg contamination. 
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                                                        APPENDIX -A  

                     
Image.1. Garmin GPS unit for recording waypoints of sampling stations. 
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Image.2. Long gravity corer 2416 B45 (Wildco®) used for sediment sampling. 
 

 
Image.3. Lobsters fishing boat used for sediment and biota sampling in July 2018. 



101 
 

 
Image.4. Small aluminium boat used for sediment sampling in May 2019. 
 

 
Image.5. Adult lobster (Homarus americanus), of CL (180-125 mm) collected in July 2018. 
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Image.6. Rock crabs (Cancer irroratus) CL (103-113mm) collected in July 2018. 
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Image.7. Lobsters (Homarus americanus) and rock crabs’ (Cancer irroratus) traps with DFO  
scientific tags. 
 

 

Image.8. Blue mussels (Mytilus edulis) (56-60mm) shell length collected in July 2018. 
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Image.9. Department of Fisheries and Ocean (DFO) Scientific license. 
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Image 10. Diffusive gradient in thin films sediment probe disc. 
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Image. 11 DGT disc tied to cinder block and plastic cable ties. 
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Image. 12. Laboratory provided glass jars used for storing sediment samples. 
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