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ABSTRACT  

 

The disposal of copper (Cu) mine tailings unto the seafloor after separation of target minerals 

from ore during mining results in the accumulation of heavy metals above background 

concentrations. Microplastics (MP) in the environment can adsorb metals, potentially leading 

to combined toxicological effects of MP and metals. The goal of the present study was, 

therefore, to investigate the effect of Cu and polyethylene MP on blue mussels (Mytilus edulis) 

using Cu-rich mine tailings and dissolved Cu (ὅόὅὰ). Mussels were exposed for 3 days without 

feeding to eight different treatments. These were control (C), low (L) and high (H) 

concentrations of dissolved Cu, MP alone (M), old mine tailing sediments from Repparfjorden 

(T), a mixture of old mine tailings and MP (TM), newly processed drill core from the Nussir 

mine (FT), and a mixture of MP and high Cu (MH). Microplastics accumulation in the soft 

tissues and Cu accumulation in the digestive glands of mussels were measured with pyrolysis-

gas chromatography-mass spectrometry (Py-GC-MS) and inductively coupled plasma - mass 

spectrometry (ICP-MS), respectively. Nitric oxide production and phagocytic activity of 

hemocytes were measured as biomarkers. The different treatments resulted in no significant 

effects on Cu accumulation, with highest levels found in mussels exposed to low levels of 

dissolved Cu (L). No significant effects were observed for the immune parameters, although 

exposure to L and H resulted in high and low production of NO, respectively. Furthermore, no 

significant combined effect of the Cu-mine tailings and microplastics were found. Factors such 

as lack of feeding and short exposure time might have influenced the results. Further studies on 

the combined and single effects of Cu-rich mine tailing and MP on mussels are recommended.  

 

 

 

Keywords: Mytilus edulis, Microplastics, Copper, Phagocytosis, Nitric oxide, Submarine mine 

tailings 

 

 

 

 



3 

 

1. INTRODUCTION  

1.1  Project and relevance 

 

This project aimed to investigate the biological effects of copper (Cu)-rich mine tailings and 

microplastics (MP) on blue mussels (Mytilus edulis). The research involved laboratory 

exposure experiments and the use of immune responses such as nitric oxide production, and 

phagocytosis as biomarkers.  

Repparfjorden is one of the fjords used for the disposal of mine waste in Norway. The fjord has 

been designated as a ñnational salmon fjordò by the Norwegian government. Due to this 

designation, many concerns were raised when a recent permit was granted for the disposal of 

Cu-rich tailings from the Nussir mine in the Repparfjorden. Among the opponents to this were 

various scientific institutions (e.g. High North Research Centre for Climate and the 

Environment; Framsenteret, 2018), civil organizations (e.g. Naturvernforbundet, 2019), local 

inhabitants, and the Sami Parliament representing indigenous Sami people (Hage, 2018).  

Furthermore, the Environmental Impact Assessment (EIA) conducted by Nussir AS for the 

project indicated ñmedium negative consequencesò on the marine environment in the near zone 

and minor consequences in the middle and far zones. Of particular interest in the EIA are the 

ñmedium negative consequenceò of the submarine tailings disposal on species of soft-bottom 

fauna in the sublittoral zone, as well as the ñslightly negative consequenceò on species diversity 

among zooplankton, and its associated effects on plankton-eating fish. The EIA further 

anticipates a "medium / large negative" consequence for the spawning area and a "medium 

negative" consequence for the rearing area for fish in the Repparfjorden (Christensen et al., 

2011).  

Although the EIA indicated a very low impact on the environment with the establishment of an 

on-land landfill as compared to submarine disposal, a permit was granted for the establishment 

of submarine disposal of the mine tailings. The EIA identified the most important 

remediation/mitigation measures as the establishment of new benthic communities and habitats 

for benthic fish after cessation of operations, as well as limiting the spread of metals from the 

disposal site during operations. The EIA further proposed a program including leakage and 

aging tests, chemical monitoring, monitoring of the particle concentration in the fjord, metal 

concentrations in discharged sediments, and monitoring of metal levels in the marine food chain 

(Christensen et al., 2011). 
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Due to the ongoing agitations against the project, and to better understand and document the 

biological effects of xenobiotic exposure in the fjord, biomonitoring and scientific 

investigations of the fjord are highly relevant. This study is a contribution to the body of 

scientific knowledge on the ecological situation in the Repparfjorden. 

 

 1.2  Problem 

 

Mine tailings are by-products produced after the separation of target minerals from ore during 

mining. In countries that allow submarine tailings disposal, large volumes of tailings are 

produced from mines and deposited into marine environments for storage. This disposal method 

of mine tailings is practiced in Norway, especially in fjords. This method is known to have 

detrimental impacts on aquatic biota (Burd, 2002; Neira et al., 2015).   

The characteristics and ubiquitous presence of MP (Wright et al., 2013; Anbumani & Kakkar, 

2018) in the environment is a cause of concern for many environmental and scientific 

institutions. Its effect on marine fauna is an area of significant research and it has been 

postulated to have detrimental effects such as bioaccumulation, biomagnification, mortality, 

and loss of species diversity (Valko et al., 2005) when no mitigation and remediation measures 

are considered. Unpublished data from the Institute of Marine Research, Norway reported (the 

unintended discovery of) the presence of MP amongst fish eggs in about 25% of samples 

collected from Repparfjorden in a study on the quantification of fish eggs in the fjord (Dahl, 

2018). Plastic debris of about 14 mm in size was discovered to be present amongst collected 

plankton samples indicating the presence of MP in fjords in northern Norway. 

The combination of MP (from both long and short-range transport) and elevated metal 

concentrations from mine tailings potentially presents significant risks to marine flora and 

fauna. As the fjord is important for its fisheries potential for Norwegian and Sámi fishers, any 

long-term contamination may have adverse impacts not only on the aquatic biota but also have 

significant economic impacts on those that rely on it for their livelihoods should fish stock be 

depleted in the fjord.  
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1.3  Project Aim and objectives   

 

Whereas there have been several studies on the effects of Cu and MP using mussels and fish as 

bioindicators, this present study is the first to consider the interplay between Cu from mine 

tailings and MP using mussels as bioindicators. 

The main aim of this thesis was to study possible immunological effects of Cu-containing mine 

tailing sediments on blue mussels, and whether co-exposure with MP affect the biological 

responses. 

To achieve this aim, the following objectives were set:  

ü measure the accumulation of Cu and MP in the mussels.  

ü measure the immune response of mussels exposed to Cu and MP.  

The following hypotheses were tested: 

ü The immunological effect of Cu is not affected by MP in mussels co-treated with Cu-

rich mine tailings and MP (H01).  

ü Cu accumulation in the digestive glands of mussels exposed to high concentrations of 

dissolved Cu alone is not higher than the combined exposure of high concentrations of 

dissolved Cu and MP (H02). 

 

1.4  Mine waste disposal & microplastics 

 

Mining is an essential industry involved with the extraction and processing of economically 

valuable minerals or geological materials from the earth. It has been important in the 

development of human society from antiquity to the present day; creating employment 

opportunities and providing metals needed for diverse use (Healy, 1979; Richards, 2009). The 

mining of minerals either in the artisanal or industrial fashion is done in most countries around 

the globe. The exploration of minerals in Norway is growing rapidly with new sites being 

commissioned for exploration (Kvassnes & Iversen, 2013). According to World Mining Data 

(2020), there was an 89% increase in the tonnage of materials mined globally (excluding 

bauxite) from 1984 to 2018 (see Fig. 1). This represents a remarkable growth in the industry 

and significant contributions to the economic growth and wellbeing of the countries (and 

corporations) involved. With this increase in global mining activity comes significant increases 
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in the volume of (contaminated) waste products which must be carefully managed to reduce its 

impact on the environment.  

 

Figure 1. Global mining production (excluding bauxite) from 1984 to 2018. Chart plotted from publicly 

available data at https://www.world-mining-data.info/?World_Mining_Data__Data_Section (World 

Mining Data, 2020). 

 

Issues on the volumes of plastic materials in the environment and the long term impacts it has 

on several earth systems have also been in sharp focus and the attention of much research in 

recent years (Barnes et al., 2009; Li  et al., 2016; Hermabessiere et al., 2017). Data published 

by  Geyer et al. (2017), show a marked increase in the global generation and disposal of plastics 

from 2000 to date, and this trend is predicted to accelerate over the next 30 years (see Fig. 2). 

The global use, indiscriminate disposal, and large production of plastics have led to the 

widespread presence of MP in the marine environment, exacerbating already contaminated 

marine ecosystems.  
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Figure 2. Cumulative plastic waste generation and disposal showing historical data and projections to 

2050. Image reproduced from Geyer et al. (2017). 

 

1.4.1  Mine tailings & microplastics 

 

The waste produced after the separation of target minerals is called mine tailings. Mine tailings 

are often a slurry with high-water content and fine sediments (Lindsay et al., 2015; Starke, 

2016). The tailings may contain trace metals, residual reagents added to separate and 

concentrate the target metals, and reagents added to increase the flocculation of the tailings 

upon discharge.  A visual representation of submarine mine tailings disposal and MP presence 

in the marine environment is presented in (Fig. 3). 
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Figure 3. A model illustrating the disposal of Cu mine tailings from a mine processing plant and the 

transport and sedimentation of microplastics in the marine environment. 

 

1.4.2 Submarine tailings disposal 

 

Submarine mine tailing disposal (STD) is one of the three different types of mine tailing 

disposal in the sea including coastal tailing disposal and deep-sea tailing placement, which 

results in the accumulation of heavy metals above background concentrations in the marine 

environment (Ramirez-Llodra et al., 2015). It refers to the disposal of tailings unto the seafloor 

through underground pipelines at relatively shallow (between 50 and 150 m) but submerged 

depths (Skei & SMC, 2014). The general principle for disposal is to avoid the tailings having 

an impact on the upper water layer, where primary production occurs (Dold, 2014; Ramirez-

Llodra et al., 2015). Norway is one of the few countries including Chile, Indonesia, and the 

Philippines that currently practices STD regardless of its environmental issues and the 

uncertainties in predicting its long-term effects (Cornwall, 2013; Dold, 2014; Ramirez-Llodra 

et al., 2015). Currently, Norway has several active and inactive mine tailings disposal sites (see 

Fig. 4) (Kvassnes & Iversen, 2013; Ramirez-Llodra et al., 2015). The main objective of mine 

tailing storage is to minimize environmental and social impacts with negligible public health 

and safety risks by ensuring that tailings are physically stable and chemically inert (Dold, 2014). 

The disposal of mine tailings into the marine environment has both positive and negative 

consequences. 



9 

 

It is advantageous because mine tailings are geotechnically stable on the ocean floor if deposited 

in a depression or canyon and require minimal land usage in situations of limited land space as 

observed in Norway. Furthermore, little long-term maintenance is required after disposal, and 

they are less vulnerable to oxidation resulting in reduced release of toxic metals to the 

environment  (Franks et al., 2011; Cornwall, 2013; Dold, 2014).  

Conversely, submarine mine tailings disposal impacts the marine environment negatively by 

destroying habitats, changing the topography of the seafloor, smothering biota especially 

benthic sessile fauna and infauna such as bivalves and polychaetes, risk of bioaccumulation of 

heavy metals affecting species abundance and diversity with potential human health risk in fish 

and shellfish consumption (Armstrong et al., 2012; Dold, 2014; Ramirez-Llodra et al., 2015) 

 

Figure 4. Map of Norway showing locations of active and some inactive STD sites across the country 

based on Kvassnes & Iversen (2013) and Ramirez-Llodra et al. (2015). 
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1.5  Study area 

 

Repparfjorden is a fjord located in the Hammerfest municipality of Finnmark county, Northern 

Norway. There has been Cu mining at different periods in the municipality, however, large-

scale operations started in the 1970s with approximately one million tonnes of Cu-enriched 

tailings being subsequently discharged at the inner fjord of Repparfjorden (Kvassnes & Iversen, 

2013; Mun et al., 2020).  The fjord is influenced by a river called Repparfjordelva which forms 

the fjord head and flows out to the open ocean through Kvalsundet and Sammelsundet. The 

length, width, and area of Repparfjorden are approximately 13 km, 4 km, and 37 km² 

respectively. The fjord is characterized by an inner and outer basin separated by a sill 

(Marthinussen, 1961). A map of the study area is shown in Fig. 5.   

A permit has been granted to a local mining company, Nussir ASA by the Norwegian 

Environment Agency for the continual disposal of mine tailings into a new restricted area in the 

fjord. The permit allows for the annual discharge of up to two million tons of mine tailings over 

a 30-year production period to have started from the year 2019 (Pedersen et al., 2017). The 

project has, however, been delayed and is expected to begin in 2021. 
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Figure 5. A general location of the study area within Norway. B shows a detailed location of the area 

as indicated by the red square in Fig 5A. 
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1.6  Previous studies 

 

Although studies on the Repparfjorden are relatively scant, there exists a relatively large body 

of research on the biological effects and consequences of marine tailings disposal on biota in 

other fjords in Norway. 

A toxicity study conducted by Lillicrap et al. (2011) determined a Lowest Observed Effect 

Concentration (LOEC) of mine tailings from Nussir ASA at 100% v/v and a No Observed 

Effect Concentration (NOEC) at 32% v/v (v/v: mine tailings/water). The alga Skeletonema 

costatum (primary producer), the benthic copepod Tisbe battagliai (primary consumer), and the 

polychaete worm Arenicola marina (deposit feeder) representing different trophic levels in the 

marine environment were used as bioindicators in the study.  

Sedimentological and geochemical analysis of sediment cores in Repparfjorden showed a 

restricted distribution pattern of tailings-affected sediments to a small area of the inner fjord 

and to a discrete layer of the outer fjord close to the sill which separates the inner and outer 

fjord. The study concluded on a probable exposure of Cu to the ecological communities of the 

inner fjord due to the presence of the tailings-affected sediment in layers up to the sediment-

water layer (Sternal et al., 2017).  

A mineralogical and geochemical study conducted by Mun et al., (2020) determined high Cu 

concentrations (up to 747.7 ppm) in the uppermost 9 cm sediments in Repparfjorden. The high 

Cu concentrations in sediments were attributed to the disposal of Cu mine tailings. The low 

total organic carbon values obtained in the study showed the impact of submarine mine tailings 

disposal on benthic biota (Mun et al., 2020).  

Roda et al., (2020) showed the interaction between Cu and MP. Many studies have also shown 

the adsorption of Cu on MP, therefore, highlighting the relevance of monitoring marine litter 

and heavy metals (Davarpanah & Guilhermino, 2015; Brennecke et al, 2016; Qiao et al., 2019).  
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2.  BACKGROUND  

2.1  Marine pollution  

 

The marine environment has been subjected to anthropogenic pollution causing changes in the 

physical and chemical properties of the environment for a long time (Bergmann et al., 2015). 

The physical and chemical environmental changes, including alterations in temperature, 

salinity, pH, turbidity, water chemistry, color, and gas content, may, in turn, affect most aquatic 

biota. Anthropogenic activities such as mining (Ramirez-Llodra et al., 2015), discharge of 

sewage effluent (Al -Musharafi et al, 2013), indiscriminate disposal of plastic waste (Lebreton 

& Andrady, 2019), urbanization and industrialization (Wang et al., 2013) impact marine 

ecosystems at the global scale and all levels of complex life (Nogales et al., 2011). 

Anthropogenic activities release contaminants such as heavy metals (e.g. Cu, Hg, As, Pb, Cd, 

Co, and Ni) and plastic debris which may bioaccumulate and biomagnify in marine organisms 

and present a potential threat to the marine ecosystem (Barnes et al., 2009; Rainbow, 2002). 

Figure 6 shows the global distribution of different types/sources of pollutants in the marine 

environment. 

 

Figure 6. Global composition of marine litter as of 2020 from the Alfred Wegener Institute Helmholtz 

Centre for Polar and Marine Research (AWI-Litterbase, 2020). 
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2.2 Immuno-toxicological effects of Cu         

 

Copper is a common naturally occurring substance in the earth's crust. It is a heavy metal with 

a density greater than 5 g/cm³. According to the Norwegian classification system of 

contaminants, the background concentrations of Cu in seawater and sediments are < 0.3 µg/l 

and < 35 mg/kg, respectively. At concentrations of > 7.7 µg/l and > 220 mg/kg in seawater and 

sediments respectively, a class five (V) level of severe acute toxic effect is attained 

(Miljødirektorat, 2016).  

Background concentrations of Cu in seawater and sediment resulting from the weathering of 

Cu-bearing parent rocks and the concentrations vary among different localities based on the 

local geology. Copper concentrations in both newly processed mine tailings and mine tailings 

deposited in Repparfjorden in the 1970s were discovered to be above the Norwegian 

background levels of Cu concentrations in sediment with the potential of causing adverse 

effects in the marine environment (Pedersen et al., 2017).  

Non-essential heavy metals such as mercury, lead, and thallium are toxic even at low 

concentrations. Conversely, essential heavy metals including Cu are needed to maintain ionic 

balance, metabolism and form an integral part of amino acids, nucleic acids, and other structural 

compounds (Valko et al., 2005). Copper, an essential micronutrient is necessary for metabolic 

processes, physiological functions, and forms a co-factor of many important enzymes involved 

in several vital biological processes. For example, cytochrome c oxidase which acts as an 

enzymatic co-factor in cellular respiration in eukaryotes, and Cu/zinc superoxide dismutase 

(SOD) enzymes that provide cellular defense against reactive oxygen species (ROS) (Gaetke & 

Chow, 2003). Copper, however, becomes toxic at elevated levels causing acute and chronic 

effects. Long-term exposure and accumulation of Cu in aquatic organisms causes effects such 

as impairment of feeding mechanisms (Nicholson, 2003), alteration of growth rates and 

reproduction (Fitzpatrick et al., 2008), and oxidative stress (Lushchak, 2011; Gomes et al., 

2012). Human activities such as mining, smelting, industrial and domestic waste emission, use 

of antifouling paints (Dafforn et al., 2011; Bighiu et al., 2017), and sewage sludge (Fjällborg & 

Dave, 2003) result in elevated levels of Cu in the marine environment (Blossom, 2015). High 

Cu concentrations in sediments are reported to have a negative correlation with species diversity 

of benthic fauna, such that among the 50 most frequently occurring species, 20 were missing 

from Cu polluted (Cu> 200 ppm) stations in Norwegian fjords (Rygg, 1985). By comparison, 
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the concentration of Cu in the upper 9 cm of the Repparfjorden tailing sediments has been 

measured to be 747.7 ppm (Mun et al., 2020). The toxicity of Cu is primarily due to the 

imbalance between the production of pro-oxidants and the generation of antioxidants to 

detoxify the ROS; termed as oxidative stress (Flora et al., 2008). Copper is a redox metal and 

its participation in Fenton and Haber-Weiss reactions catalyzes the formation of ROS leading 

to oxidative stress (Lushchak, 2011; Gomes et al., 2012).   

The Fenton and Haber-Weiss reaction plays a significant role in ROS production in which Cu 

due to its multiple valence states, reacts with molecular oxygen to produce ROS (Das et al., 

2015). Molecular oxygen (ὕ) reduces or gain electrons leading to the formation of superoxide 

(ὕ ) which often produces other ROS such as hydrogen peroxide (Ὄὕ), hydroxyl radical 

ЈὕὌ and peroxynitrite (ὕὔὕὕ) (Lushchak, 2011).  Copper shifts between cuprous (ὅό) 

and cupric (ὅό ) ionic forms due to their oxidative and reductive characteristics. The majority 

of the bodyôs Cu is in the cupric form. During the Fenton and Haber Weiss reaction of Cu (see 

Equations 1-3), cupric ion reduces to cuprous ion and subsequently produces ROS causing 

oxidative stress (Cuypers et al., 2010).  

 

                                     ὅό  ὕ ᴼ ὅό  ὕ    ---------------------------- Eqn 1 

Fenton   ὅό  Ὄὕ ᴼ ὅό  ЈὕὌ  ὕὌ -------------- Eqn 2 

Haber Weiss  ὕ  Ὄὕ O  ὕ  ЈὕὌ  ὕὌ ------------------  Eqn 3 

 

Reactive oxygen species have essential roles in cell signaling, apoptosis, gene expression, and 

ion transportation but excess levels cause damaging effects to tissues and cells such as lipid 

peroxidation, DNA lesions, and mutation (Lushchak, 2011). 

Copper toxicity is dependent upon its availability and the physicochemical properties of the 

particular environment such as pH, water hardness, organic content, soil, and sediment type 

(Campbell et al., 2014).  
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2.3  Sediments containing Cu 

 

Sediments act as a sink for pollutants, predominantly metals. Metals are removed from the water 

column into sediments by complexation, precipitation, and adsorption processes (Förstner, 

1979; Flemming & Trevors, 1989). The complexation mechanism controls the form and 

concentration of dissolved Cu (Abbasse et al., 2003). Precipitation or dissolution of Cu is 

determined by the concentration of the ions and the solubility product constants (Ksp). 

Adsorption is significant in the removal of dissolved Cu from polluted surface waters ultimately 

into sediments, where Cu is adsorbed to living and non-living particulate matter. These 

processes and the resultant mobility, speciation, partitioning, and bioavailability of Cu are 

dependent on the natural environment (Usdhhs, 2004; Ivanina et al., 2013; Thomas, 2018). 

Some of these environmental factors are pH, nature of the sorbent, and concentration of organic 

and inorganic ligands (Violante et al., 2010). Copper has a strong affinity for complexation with 

organic ligands such as humic substances, dissolved organic matter, and bacterial particles 

(Neff, 2002; Abbasse et al., 2003). The high content of Cu found in the soft tissues of mussels 

collected from the Norwegian Sea off Spitsbergen and the Baltic Sea off Poland was attributed 

to the relatively high bioavailability of Cu due to the formation of complexes with humic 

substances (Pempkowiak et al., 1999). Another field study on the benthic colonization on 

polluted sediments in the Oslofjorden reported that Cu in experimental doses of 400-1500 

mg/kg impacted the colonization of several taxa as a result of the increased bioavailability of 

Cu in sediment with a lower concentration of organic carbon (Trannum et al., 2004). The toxic 

effect of Cu increases at low pH and salinity. Decreasing salinity decreases precipitation of the 

metal ions thereby, increasing the concentration of the dissolved metal ions. Decreasing pH 

impacts biota liv ing in a contaminated environment by increasing the bioavailability and 

toxicity of many pH-sensitive metals such as Cu (Ansari et al., 2004; Lewis et al., 2016).  

The ability of Cu to adsorb to MP may cause synergistic effects in aquatic living organisms 

(Davarpanah & Guilhermino, 2015; Qiao et al., 2019). Synergism is defined as two or more 

chemicals exerting a larger effect than predicted (Cedergreen, 2014). In a study of population 

growth with microalgae Tetraselmis chuii, the adsorption of Cu to polyethylene MP was 

confirmed (Davarpanah & Guilhermino, 2015). Roda et al. (2020) concluded on the interaction 

between Cu and polyethylene MP and the deleterious effects (genotoxic, neurotoxic, and 

physiological) caused by the uptake of Cu and polyethylene MP both alone and combined on 

Prochilodus lineatus. The uptake of Cu adsorbed on MP aggravates toxicity via inhibition of 
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Cu-ion transport and enhanced oxidative stress. The widespread presence of MP in the marine 

environment significantly affects the bioaccumulation, homeostasis, and toxicity of heavy 

metals (Brennecke et al., 2016).    

 

2.4  Microplastics and their  toxicity  

 

Microplastics are plastic debris or particles ranging in size from 0.1 to 5 mm in their longest 

dimension (Cole et al., 2011; Bråte et al., 2017). Plastic contamination in the worldôs oceans 

has emerged as a consequential issue due to their mass production and usage, indiscriminate 

disposal, ubiquitous distribution and long-range transport potential, persistence, and most 

importantly the potential threats they pose to marine organisms and ecosystems (Anbumani & 

Kakkar, 2018). Microplastics have been identified in many environmental matrices globally 

including surface water, beaches, marine biota, consumables sourced from the sea, and deep-

sea sediments (Law & Thompson, 2014). The physical behavior (i.e. migration, sedimentation, 

and accumulation), chemical behavior (i.e. degradation and adsorption) and bio-behavior (i.e. 

ingestion, translocation, and biodegradation) of MP contribute to their negative impacts on the 

marine environment (Wang et al., 2016; Bråte et al., 2017). Microplastics leach toxic substances 

such as monomers and plastic additives, capable of causing carcinogenesis and endocrine 

disruption (Hermabessiere et al., 2017). They act as vectors for the adsorption of hydrophobic 

organic pollutants and heavy metal ions due to their large area to volume ratio and hydrophobic 

properties. The hydrophobicity of plastics favors the fouling of pollutants (Artham et al., 2009). 

Microplastics polymer type, shape, size, density, and chemical composition influence the 

fouling of pollutants. Microplastics have been shown to induce harmful effects such as 

oxidative damage of cellular components via the production of ROS altering antioxidant 

capacity, genotoxicity, neurotoxicity, biochemical, physiological, behavioral and histological 

responses (Anbumani & Kakkar, 2018; Roda et al., 2020; Santos et al., 2020). 
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2.5  Mussels  

2.5.1 Biology and habitat 

 

Blue mussels are active filter feeders pumping and filtering large volumes of water over their 

ciliated gills. They feed mainly on unicellular algae, bacteria, and organic materials. They 

spawn when food availability is high and excrete excess food as pseudofeces particles. They 

are attached to rocks and other hard substrates using their byssal thread. They are euryhaline 

organisms found in a wide variety of ecological niche, ranging from the littoral to shallow 

littoral. They can tolerate and adapt to varying environmental parameters (Canada Fisheries and 

Oceans, 2003; Beyer et al., 2017).    

  

2.5.2 Mussels as bioindicators 

 

Mussels are often used as bioindicators for assessing the environmental quality of seawater and 

for pollution monitoring (Rainbow, 2002; Beyer et al., 2017; Li et al., 2019). They are ideal 

bioindicators due to their availability and abundance, hardiness (easy to keep in culture and 

suitable for ecotoxicological laboratory exposure studies), sessile nature, filtering feeding 

behavior, ability to provide an integrative measure of the concentration and bioavailability of 

pollutants due to their ability to absorb and accumulate pollutant with limited biotransformation 

(Beyer et al., 2017). Mussels are good model organisms in revealing MP uptake, accumulation, 

and toxicity (Li et al., 2019) and show greater responses in toxicity tests with sediments (Besser 

et al., 2009; Lusher et al., 2017). Mussels clear MP with the same extent than food items 

(microalgae) of similar size (Fernández & Albentosa, 2019). A visual representation of the 

major internal features of mussels is shown in Fig. 7. 
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Figure 7.  A visual representation of the dorsal, posterior, and ventral part of mussels. [Figure 

reproduced from Canada Fisheries and Oceans, (2003)] .  

 

A complex balance between contaminant uptake and depuration determines whether a 

contaminant at any given time will concentrate or depurate in mussels (Beyer et al., 2017). 

Uptake is facilitated by three mechanisms including passive diffusion, active transport or 

endocytosis, and the formation of mineralized granules (Beyer et al., 2017). The gill tissue is 

the main site of dissolved metals uptake, where metals are bound to metallothionein (MT), 

incorporated into lysosomes, and released basally towards the blood plasma and circulating 

hemocyte (Marigómez et al., 2002). Particulate metal uptake occurs predominantly by 

endocytosis in the digestive system of mussels (Marigómez et al., 2002). The uptake and tissue 

accumulation of absorbed metals by mussels depend on several factors including essentiality of 

the specific metal, chemical speciation duration,  the concentration of the exposure, biological 

factors such as body size, sex, nutritional and reproductive status of mussels, and environmental 

factors such as salinity, temperature and organic matter concentration (Wang & Fisher, 1999; 

Rainbow & Luoma, 2011). Higher levels of metal concentrations were found to accumulate in 

the digestive gland than in other tissues (gills, mantle, and foot) in a study conducted using the 

green-lipped mussel, Pema canaliculus as a bioindicator for coastal contamination in New 

Zealand (Chandurvelan et al., 2015).  

The digestive gland is the main tissue for metal storage in bivalves since it is consequential for 

the detoxification of metal; (Wallace et al., 2003; Wanick et al., 2012). Mussels detoxify metals 

by binding active metal ions within proteins such as MT and depositing them in insoluble forms 

in intracellular organelles (lysosomes). Lysosomes are membrane-bound organelles involved 






































































































