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Abstract 

An ecosystem’s ability to sustainably handle wastewater inputs relies on the relationship 

between the receiving environments natural processes, flow rate, and amount and 

composition of the wastewater. A benthic survey was conducted to investigate the impacts 

of a singular wastewater outfall (point source pollution) in Ísafjörður, Iceland, which lacks 

primary treatment. Direct observation conducted by scuba dives close to the wastewater 

outfall allowed for the preliminary assessment of the area documented through transect 

monitoring using underwater photography and video capture. A series of sediment core 

samples from the benthic zone were subsequently taken and analysed for Total Oxygen 

Uptake (TOU), Oxidation Reduction Potential (ORP) and pH. The sediment samples were 

collected from around the wastewater outfalls, in addition to a comparable reference a non-

polluted reference site in Álftafjörður. To evaluate oxygen consumption rates and thus the 

pressure from pollution, measurements were undertaken periodically within each sample. 

The results indicated that oxygen consumption rates were highest in sediment 7m from the 

outfall in Pollurinn. Comparing the two sites, a statistical significance was measured 

between the ORP measurements (p=0,009), indicating increased benthic mineralization 

possibly due to pollutants settlement from the outfall. Observable differences in TOU and 

pH also supporting increased benthic mineralization around the outfall, but do not show 

statistical significance. 

Rural communities lacking ready access to equipment for wastewater analysis can adapt 

methodologies used in this report to better understand the affects and impact of wastewater 

pollution on the sea floor and the immediate environment. Although this surface water 

monitoring around wastewater outfalls is completed in Pollurinn, the findings suggest 

approaches should include periodic monitoring of the seafloor. There is also significant 

room to improve wastewater management including the immediate installation of drainage 

nets around outfalls to capture the exorbitant amount of plastic pollution, as well as 

investigating longer steps towards treating sewage as a valuable resource through 

alternatives like ecological sanitation, or waste separation. 
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Útdráttur 

Hæfni vistkerfis til þess að brjóta niður frárennsli (t.d. skólp) á sjálfbæran hátt er m.a. háð 

viðtakanum (vatnshlotinu), náttúrulegum ferlum innan viðtakans, vatnsskiptum og gerð 

frárennslisins. Rannsókn var framkvæmd á vatnshlotinu Pollinum í Skutulsfirði þar sem 

staðbundin skólpmengun (point source pollution) er til staðar en ekki nein hreinsistöð. 

Beinar athuganir á svæðinu voru framkvæmdar af kafara með ljósmyndun og 

myndbandsupptökum. Heildar upptaka súrefnis (TOU), afoxunarmætti og sýrustig (pH) 

var mælt í setsýnum (kjarnar). Kjörnum var safnað í kringum skólpútrás ásamt því að tekin 

voru sýni frá Álftafirði sem er viðtaki án álags frá skoólpi (viðmið). Endurteknar 

súrefnismælingar voru framkvæmdar á setinu til þess að meta súrefnisupptökuhraða þess 

og þar með meta lífrænt álag. Niðurstöðurnar sýndu að súrefnisupptakan var mest í sýnum 

sem tekin voru 7 m frá skólpafrennsli í Skutulsfirði. Samanburður á sýnatökusvæðunum 

sýndu að marktækur munur var á afoxunarmættinu milli Skutulsfjarðar og Álftafjarðar 

(p=0,009) sem bendir til aukins niðurbrots vegna mengunar við skólpútrásina. Einnig var 

munur á milli viðtakanna á heildarupptöku súrefnis (TOU) og pH en munurinn var þó ekki 

tölfræðilega marktækur.  

Dreifbýl svæði sem skorta aðgengi að hreinsibúnaði geta nýtt sér aðferðafræði þessarar 

skýrslu til þess að vakta áhrif afrennslis og skólps á viðtaka og umhverfi hans. Þrátt fyrir 

að þessari rannsókn á Skutulsfirði sé lokið benda niðurstöður hennar til þess að mikilvægt 

sé að vakta viðtakann áfram. Gagnlegt væri að koma fyrir síunarbúnaði við ræsi til þess að 

fjarlægja stórar agnir eins og plast úr afrennsli. Einnig væri mögulegt að setja upp búnað 

sem aðskilur afrennsli/skólp sem að hluta til væri hægt að endurnýta.  
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1 Introduction 

The majority of pollutants entering coastal areas are from land based sources, as rainwater 

and runoff are carried down by rivers (M. K. Hill, 2010). Marine environments are used as 

basins for pollutants on the assumption and protection that ecosystems are able to process 

external inputs without significant change or degradation to the ecosystem (UNESCO, 

2017). Coastal pollution practices therefore continue until a change is measured, as 

wastewater infrastructure is generally expensive (Amoatey & Bani, 2011; George, 2009; 

M. K. Hill, 2010; Lofrano & Brown, 2010; UNESCO, 2017). One such marine 

environment is Pollurinn or Icelandic for ‘The Puddle’, a body of water that is used for 

wastewater disposal by the town of Ísafjörður, a coastal town located in the Westfjords of 

Iceland. This water body was known as one of the best natural harbours of Iceland due to 

the protective natural sand spit, which the town is built on. This spit or “eyri” protects 

Pollurinn from the rougher seas of the outer fjord, and was pivotal for Ísafjörður’s growth 

as an economic fishing hub due to this safe natural harbour (A. F. Elíasdóttir, 2012). 

Today, Ísafjörður has sustained its role as the economic capital and seat of government, 

and possesses a densely populated area compared to the region as a whole (Ísafjarðarbær, 

2009). Despite Ísafjörður’s large size and governmental position within the region, 

wastewater is emitted mainly as raw sewage without treatment.  

The effects of pollutants on ecosystems are difficult to assess because each location is 

governed by an array of anthropogenic influences, as well as natural processes specific to 

the location (Newton et al., 2014; UNESCO, 2017). Due to the natural harbour 

surrounding Pollurinn, the Environmental Agency of Iceland has suggested Ísafjörður 

might be an exception to the otherwise observed rule that currents will null the effect of 

nutrient flows due to the unique layout of the town protecting the internal bay (Eydal et al., 

2013). Figure 1 illustrates Pollurinn (labelled Skutulsfjörður innri) and classifies this area 

as ‘possibly at risk’ due to limited mixing.  
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Figure 1: Map of defined water bodies surrounding Ísafjörður. Highlighted in red is 

‘Skutulsfjordur innri’ classified as ‘possibly at risk’. (Eydal et al., 2013) 

 

Anthropogenic influences include rate of wastewater disposal, which are in turn linked to 

number of sewerage outflows (point source pollution), population density, and presence of 

other (industrial) activity. Natural processes include complex biogeochemical cycles, such 

as the breakdown of organic matter by organisms (animals and bacteria) in sediments, 

which regulate nutrient cycles within a system (Ronnie N. Glud et al., 1994; Müller & 

Breton, 2017; Ramskov & Forbes, 2008; Villnäs et al., 2012). Natural processes also 

include the presence of natural currents to aid the expulsion of pollutants, which are more 

limited in a semi-enclosed marine system (SEMS) such as Pollurinn. An SEMS is defined 

as, a water body “bound by land along more than half of its periphery and separated from 

the open ocean by a narrow strait, protected to a degree from the currents of the outer 

fjord” (Urban et al., 2009). As a result, SEMS can have significant chemical and biological 

responses that can affect the distribution of nutrients. This study will estimate the quality 

of the environment through the comparative assessment in order to determine the effect of 

possible limited mixing zones.   
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1.1 Aim 

This study aims to understand the effects on the benthic environment of a single sewerage 

outfall (point source pollution) emanating form Ísafjörður. This benthic monitoring report 

utilises chemical analysis of samples from Pollurinn to samples from a site in Álftafjörður 

with no wastewater emissions. This investigation: 

1. Established a cost-effective sampling device and methodology for capturing and 

analysing benthic samples 

2. Conducted chemical analyses to complement previous biological reports of the 

benthos fulfilled by Helgason et al. in 2002, and Kiadeh in 2011   

3. Completed underwater SCUBA monitoring to gain wider clarity on the 

implications of direct sewage emissions  

 

Management recommendations will be suggested and contextualised in regards to the 

results of this report and the current management in place. If Ísafjörður’s population grows 

(Erlendsson et al., 2017; Hreinsson, 2019), environmental and public health concerns 

related to the discharge of untreated wastewater into Pollurinn is likely to exacerbate. 

Wastewater emissions have increased significantly, registering a population equivalent 

(p.e.) of 200.000 p.e. in 2019, compared to 15.000 p.e. measured six years prior (Arnar & 

Jósefsson, 2017). This information can be of value for the municipality of Ísafjarðarbær as 

it can provide a baseline for future studies. This report is the first to chemically analyse 

how this amount of untreated wastewater emissions is affecting the seafloor. It is vital to 

mention that 30,000 tons of salmon can be reared in aquaculture enclosures within nearby 

Ísafjarðardjúp (Hafrannsóknastofnun, 2017) and would be raised in an environment with 

higher pressure from organic loading. 

The large p.e increase was mainly attributed to a change in estimate for Ísafjörður’s shrimp 

processing factory Kampi, and the methodology used by the authors. Comparatively, the 

change in population is slight, having grown from 2624 to 2703 (Statistics Iceland, 2019). 

Predictions are for Ísafjörður to depopulate, much like the region, but an increase in 

population is also discussed due to renewed business in the region due to aquaculture and 

other marine resource industries (Figure 2; Hreinsson, 2019). 
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Figure 2. Population forecast of Ísafjörður 1998 - 2067 (modified figure: Hreinsson, 2019) 

1.2 Justification 

Despite the heavy reliance on the marine environment, there is a lack of research on the 

quality and health of coastal areas in Iceland (Jónsson et al., 2014; Umhverfisstofnun, 

2013, 2017b). It was not until recently, that this research became important. For example, 

the first monitoring campaign for the Westfjords to fulfil the EU Water Framework 

Directive (WFD) was conducted in 2019. Additionally, Iceland is planned to release its 

first River Basin Management Plan (RBMP) in 2021, in order to fulfil the requirements of 

the WFD. EFTA countries including Iceland, were granted an extended deadline which 

expires in 2021 (Umhverfisstofnun, 2013). Current published literature from the 

Environmental Agency of Iceland states that, ‘the impact from nutrient loading in the 

marine environment of Iceland is of less significance due to the ability of currents to 

disperse nutrients from the coast, as it will return naturally to homeostasis’ 

(Umhverfisstofnun, 2017b). Various areas in Iceland have been highlighted to be studied 

further (Jónsson et al., 2014) and some have even shortlisted Pollurinn as a potential risk 

area (Eydal, Gunnarson, et al., 2013). The Marine Research Institute (MFRI) and 

Environmental Agency are developing approaches to estimate the quality of water bodies 

to meet requirements set by the EU Water Framework Directive. 

There have been two previous studies in the survey area of Pollurinn (Helgason et al., 

2002; Kiadeh, 2011). Both were biological studies measuring the population dynamics of 

benthic invertebrate species found in and on the sediment. These reports followed the same 

methodology, and observed the pollution of the environment through comparable and 
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relative measurements of biological matter. These methods were used to understand if the 

ecological health of Pollurinn had changed from 2002 to 2011. Sediment was extracted 

using a Van Veen grab launched from a surface vessel at the sites illustrated below (Figure 

3).  Samples were then analysed to identify invertebrate species and their sedimentology.  

 

Figure 3: Ísafjörður and Pollurinn area. Position of sampling locations of 1997 and 2010 

completed studies, and the sampling stations for this report marked Δ (Modified figure: 

Gahribi, 2011) 

These previous studies found that benthic invertebrate biodiversity decreased over time at 

locations closer to sewage outflows and were deemed ‘poor’ ecological status according to 

the AMBI rating (Borja et al., 2000, 2003). The more recent study also observed an overall 

deterioration of the benthic environment compared to results from 1997, citing a 21% 

degradation of the sites closest to the outflow (Kiadeh, 2011). 
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As the report was unable to distinguish between anthropogenic and natural stressors, state 

of the environment from a chemical perspective could not be concluded. Therefore, further 

research such as chemical analysis of the sediment and water column was recommended. 

Nutrient loads have been calculated based in the area, only through simulations, that found 

the mixing of currents in Pollurinn was satisfactory to dissipate nutrient emissions (Arnar 

& Jósefsson, 2017). The methodology employed did not take absolute readings of chemical 

or biological content and did not sample subsurface water or any sediment. The data used 

was a simplified simulation of the currents in Skutulsfjörður and not real-time 

measurements of the currents. Pétursson, has concluded that for this reason, the 

conclusions showing the dispersion of waste cannot be taken as an absolute truth (H. Ö. 

Pétursson, personal communication, 4 March 2019). This study has therefore 

contextualised these results with in situ sampling. 

This thesis will support the aforementioned publications by establishing the chemical 

baselines of the sediment surrounding a single outflow into Pollurinn (Figure 13) compared 

to a reference site in Álftafjörður (Figure 14). It will aid the collective understanding of the 

anthropogenic and natural stressors affecting this basin. 
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1.3 Terms and Definitions 

The terms below are taken from the EU document entitled, ‘Terms and Definitions of the 

Urban Waste Water Treatment Directive 91/271/EEC’ (European Commission, 2007) 

Agglomeration: an area where the population and/or economic activities are sufficiently 

concentrated for urban wastewater to be collected and conducted to an urban wastewater 

treatment plant or to a final discharge point. 

Dissolved Oxygen (DO) indicates the amount of oxygen in water 

Ecological sanitation: collecting urine and feces separately for use as fertilizers 

Effluent: the liquid stream, which is discharged from a wastewater treatment plant or 

discharge from a unit process or operation. 

Septic Tank: an on-site system designed to hold blackwater for sufficiently long period to 

allow sedimentation and later removal. 

Sludge: the semi-solid slurry from a wastewater treatment plant. 

Organic load (in p.e): one population equivalent (p.e.) means the organic biodegradable 

load having a five-day biochemical oxygen demand (BOD5) of 60g of oxygen per day 

Point source pollution: any single identifiable source of pollution from which pollutants are 

discharged, such as a pipe, ditch, ship or factory smokestack” (M. K. Hill, 2010) 

Primary treatment removes organic and inorganic solids by sedimentation and floating 

materials (scum) by skimming. Up to 50% of BOD5, 70% of suspended solids and 65% of 

grease and oil can be removed at this stage. Some organic nitrogen, organic phosphorus, 

and heavy metals are also removed. Colloidal and dissolved constituents are however not 

removed at this stage. The effluent from primary sedimentation units is referred to as 

primary effluent. (Asano & Tchobanoglous, 1987) 

Secondary treatment is the further treatment of primary effluent to remove residual 

organics and suspended solids. Also biodegradable dissolved and colloidal organic matter 

is removed using aerobic biological treatment processes. The removal of organic matter is 

when nitrogen compounds and phosphorus compounds and pathogenic microorganisms are 

removed. The treatment can be done mechanically like in trickling filters, activated sludge 

methods rotating biological contactors (RBC) or non-mechanically like in anaerobic 

treatment, oxidation ditches, stabilization ponds etc. (Asano & Tchobanoglous, 1987) 

Tertiary treatment or advance treatment is employed when specific wastewater constituents 

which cannot be removed by secondary treatment must be removed. Advance treatment 

removes significant amounts of nitrogen, phosphorus, heavy metals, biodegradable 

organics, bacteria and viruses. Two methods can be used effectively to filter secondary 

effluent—traditional sand (or similar media) filter and the newer membrane materials. 

Some filters have been improved, and both filters and membranes also remove certain 

types of parasites. The latest method is disk filtration, which utilizes large disks of cloth 

media attached to rotating drums for filtration. (Asano & Tchobanoglous, 1987) 
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2 Literature Review 

2.1 What is Wastewater? 

An estimated 80% of all marine pollution originates from land-based sources (OECD, 

2017). These pollutants can reach the marine environment when channelled into rivers that 

flow out to sea, as well as pollutants discarded directly into the sea by coastal 

communities. One form of marine pollution is wastewater, which is “water that has been 

adversely affected in quality by anthropogenic activity” (Culp & Culp, 1971). 

Wastewater contains various pollutants and compounds originating from domestic and 

industrial wastewater systems, as well as drainage from agriculture (UNESCO, 2017). 

Pollutants originating from domestic wastewater include organic matter (food waste, faecal 

matter, oils, etc.), chemicals from cleaning products and washing detergents, and in some 

cases harmful bacteria Domestic wastewater enters the environment through outfalls of a 

sewage system. It largely consists of ‘blackwater’, which encompasses all liquid waste 

from bathrooms and kitchens, and ‘greywater’, the liquid waste from bathing, and 

household washing (UNESCO, 2017)Industrial wastewater includes other substances such 

as petroleum, heavy metals and persistent organic pollutants (POP’s) (Clarke & Porter, 

2010; DEFRA, 2002; George, 2009). Industrial wastewater includes wastewater from 

restaurants and commercial businesses typically producing larger amounts of food waste, 

in particular fat and industrial strength cleaning solutions (George, 2009). In comparison, 

agriculture drainage typically releases pollutants from excess nutrient runoff of fertilizers, 

as well as hazardous pesticides. Depending on the wastewater management system in 

place, these sources of wastewater can be discharged together or individually, with each 

having an effect on the environment (Bridgewater et al., 2017). The constituents of 

wastewater and their effects can be discussed by categorizing their source (Figure 4). 
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Figure 4: Wastewater Types (Amoatey & Bani, 2011) 

2.2 How is wastewater pollution addressed? 

Although most human activities that use water create wastewater, wastewater is often a 

neglected product. Often overshadowed by other issues related to water – namely its 

supply (abundance). The United Nations report on wastewater describes a common binary 

opinion on wastewater, “as a burden to be disposed of or a nuisance to be ignored” 

(UNESCO, 2017). Most wastewater is not collected or treated before being discharged 

directly into the environment. In those cases when it is collected, the subsequent discharge 

is usually untreated. Untreated discharge places unwanted stress on the natural world, 

while also creating additional risks to public health. Furthermore, the opportunity of 

physical separation of waste such as NoMix Toilets, and chemical processing can recycle 

valuable resources from the rich stew of pollutants (M. K. Hill, 2010). 

2.2.1 Historically 

These pollutants reach the marine environment due to standards brought on by the culture 

of sanitation and, as stated in the novel entitled The Big Necessity, is “built from pipes and 

on presumptions” (George, 2009). Before the complex system of pipes and channels, waste 

was managed through containment and removal. As populations began to concentrate in 

urban areas, this system was unable to deal with the increased waste load, requiring a new 

method to take waste further away than before. Rivers, lakes and the oceans have 

historically been used as receptors of excess water, as they have been thought to be 

unaffected by human use (Amoatey & Bani, 2011; Lofrano & Brown, 2010).  
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Coastal water bodies receive sources of wastewater pollution from direct emissions by 

coastal communities, as well as inputs carried by rivers and groundwater flow from 

upstream sources (M. K. Hill, 2010). Outfalls (point source), the physical structure where 

wastewater is emptied, can be placed near or along the coastlines, under or over the water, 

or can extend far out into the open ocean where desirable strong currents may disperse the 

pollutants. The oceans are recognised as the final receptor of wastewater, as it was 

assumed that the overall chemical composition of the sea would be unchanged (Lofrano & 

Brown, 2010). Later studies argued that natural sources of waste were comparable to 

human waste emissions and thus a subject of little concern. For example, a report from the 

1980’s determined the amount of faecal matter discharged from anchovies is comparable to 

the discharge of 90 million people (Roberts et al., 2010). Supposing that this was the waste 

of single specie, the effects of mankind’s waste was concluded to be relatively negligible. 

However, the negative consequences of human waste emissions have threatened many 

water bodies as widespread as the Baltic Sea. In this area, the nitrogen (N) loads received 

by the area have tripled since pre-industrial times, resulting in eutrophication, and 

widespread ecosystem damage. Similarly, damage has been witnessed with smaller scale 

examples, such as changes to the physical and chemical environmental conditions around 

sea-cage aquaculture. Particulate waste, in the form of excess feeding pellets and faeces is 

found to impact on the benthic community and exceeds the carrying capacity of the 

environment (Papageorgiou et al., 2010; Riera et al., 2017). Regulatory authorities now use 

predictive models with field assessment to estimate the overall impact of fish farms, and 

determine whether to license farms and for what tonnage. The Marine Research Institute 

has recently estimated that 30,000 tons of salmon can be reared in aquaculture enclosures 

within nearby Ísafjarðardjúp, which Skutulsfjörður belongs to (Hafrannsóknastofnun, 

2017).  

The problems experienced in the Baltic were split into two main areas of interest, the 

sources of pollution and dynamics of the receptor. Similarly to the limited mixing between 

Pollurinn and the outer fjord, the Baltic Sea receives limited mixing from the Atlantic due 

to its geographic location (Urban et al., 2009). Pollurinn and the outer fjord are much 

smaller than the Baltic Sea, but both do exhibit similar latency in the recycling of seawater. 

Issues related to wastewater discharge can therefore be exacerbated when flow can 

concentrate into an unsuitable receptor (European Commission, 2007).Therefore, the 
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suitability of a receptor is dependent on: the composition of the wastewater, the nature of 

the receiving waters and sediment quality, and lastly the desired resources of that receptor 

(National Research Council, 1993). A receptor receiving contaminated water, and used for 

swimming and other recreational activities have found to increase the risk in diarrhoea, 

skin, ear and respiratory infections (Balarajan et al., 1991; Cabelli et al., 1983; Richards, 

1985; Yau et al., 2009).  

2.2.2 Biologically 

The marine environment naturally decomposes organic matter through complex processes 

within the water column, but most importantly within the sediment. In coastal areas, 50% 

of pelagic production reaches the seafloor and is either degraded by complex processes or 

is buried within the sediment (Ronnie N. Glud, 2008). Microbial activity in coastal, light 

exposed sediments contained in the upper millimetres or centimetres of the sediment can 

be quantitatively more important than the activity of the entire water column. In marine 

environments carbon degradation occurs via microbes within the water column, but is 

processed more so within the sediments. Microbes and metazoans are 100-1000 times 

more abundant in this zone. Within the sediment, macrofauna, microfauna and microbes 

consume organic matter through a variety of interlinked processes. Macrofauna consume 

organic material generating faecal deposits, which in turn stimulate microbial activity to 

degrade this matter further. Bacteria further degrade organic material following a sequence 

of processes deeper within the sediment. In order for decomposition to occur, oxygen (O2) 

is consumed by the succession of microorganisms through cellular respiration, or chemical 

reactions during the oxidization of the compounds (Ronnie N. Glud, 2008; Nielsen et al., 

2010). These reactions can be seen in Figure 5 (below), taking place in the ‘oxic zone’ 

closest to the sediment water interface (SWI). Above this interface, organic matter is 

readily degraded aerobically due to the abundance of O2 in the water column. Aerobic 

reactions are favourable due to the thermodynamic properties of O2 as an electron receptor, 

but when O2 is limited as you extend into the sediment, anaerobic degradation becomes 

dominant. Figure 5 also illustrates anaerobic degradation, which occurs in the suboxic and 

anoxic zones.  
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Figure 5: Diagenetic environment with redox zones in marine sediments (Chen et al., 

2015) 

The horizon between anaerobic and aerobic environments is called the oxic horizon and 

can be visualized within the sediment as a layer of black banding. It is important to note 

that this zonation and those above overlap, and there is no fixed or established threshold 

(D. E. Canfield & Thamdrup, 2009). Microbes deeper than this horizon complete benthic 

carbon degradation by using oxides of nitrogen (NO
3+

 → NO
2-

→NH3), manganese 

reduction (Mn
3+

→ Mn
2+

), iron reduction (Fe
3+

→ Fe
2+

), sulphate reduction (SO
2-

4→ H2S) 

and finally methane production (CO2→ CH4) in order of thermodynamic preference 

(Froelich et al., 1979; Ronnie N. Glud, 2008). This preference is related to the net energy 

obtained from a reaction, factoring in the amount of energy expelled by the microbes 

versus the chemical energy yielded (Stumm & Morgan, 1996). This area is dynamic as 

compounds can be electron acceptors for one reaction, and then become an electron donor 

to another. These compounds can also move upwards through the sediment as they are 

oxidized, only to resettle back into the sediment as subsequent reactions. These dynamic 

reaction series are called redox cascades (Fenchel & Jørgensen, 1977; Ronnie N. Glud, 

2008; Kasten & Jørgensen, 2000).  

In a balanced marine environment the O2 budget of this system is maintained between 

phototrophic communities producing O2 near the surface area, the biological activities 

within the water column, and within the sediment that reduces O2. Positive O2 budgets are 
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aided due to constant surface oxygenation by the atmosphere, and wave action. This 

pathway can be blocked due to seasonal ice cover, which has been seen to reduce the 

degradation efficiency within the water column at low temperatures (Mincks et al., 2005). 

A decrease in pelagic degradation relatively increases the benthic deposition onto the 

seafloor. Therefore, seasonal change relatively increases the importance of benthic 

mineralization during the wintertime as net deposition increases (Ronnie N. Glud, 1999b). 

Seasonality can also affect the mixing of the water column as water bodies can become 

stratified. A stronger thermocline, can occur from summer to winter due to warmer less 

dense water resting above colder denser deep water (Urban et al., 2009). As a result, 

oxygen depletion in the lower water column can occur in late autumn as the oxygenated 

mixed layer is buffered over this time. Later periods of cooling and greater winds 

associated to the winter seasons create stronger surface disturbance, which moves O2 down 

to deeper waters (Rovelli et al., 2016). It is important to note that this relationship is 

widespread in water bodies of great depth. According to the Icelandic Maritime Survey, 

Pollurinn is shallow with a maximum depth of ~14m, whereas Álftafjörður has recorded 

depths up to ~58m at the mouth of the fjord (Vésteinsson, 2019). 

Benthic mineralization is when nutrients are produced by a variety of successive processes 

from the degradation of organic matter. These nutrients reach the sediment through 

deposition from the pelagic zone. Recent studies indicate the large importance of subtidal 

benthic microphytic production for ecosystem carbon cycling (Jahnke et al., 2000; Reimers 

et al., 2001; Wenzhöfer et al., 2001). At present, there are few studies about benthic 

microphytic processes in Polar Regions, which account for roughly 30% of the global shelf 

area (Ronnie N. Glud, 2008). A study in Young Sound NE Greenland noted that areas with 

a water depth greater than 30 m, had an ecosystem completely dominated by benthic 

primary production; dissolved inorganic carbon (DIC) and O2 exchange rates were 

significantly higher than other pelagic communities (R.N. Glud & Blackburn, 2002).  

2.3 How can domestic and industrial wastewater 
affect the coastal shelf? 

The dispersal of domestic and industrial wastewater can enrich the receiving water bodies 

in key inorganic compounds such as nitrogen compounds (NO2
-
, NO3

-
, NH3

-
), found in 

urine, and phosphates (PO4
3-

), typically found in detergents. Urine, detergents, feces and 
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other organic compounds reach the seafloor as polymers such as proteins and lipids. These 

are then broken down first into simpler monomers and then finally into inorganic 

compounds by various bacteria (Ronnie N. Glud, 1999a). Oxidants are utilised in order to 

do so. This inorganic – organic cycle continues as the inorganic compounds increase 

primary production that later decomposes as organic matter. These nutrient compounds are 

key nutrients controlling primary production and if left unchecked can become overly 

enriched, and lead to unnatural algal blooms (Kaiser & Williams, 2011).  

Excessive richness of nutrients can cause a dense growth of plant, algal, and cyanobacteria 

life (Figure 6). This process, eutrophication, can be harmful to an environment when this 

dense plant life dies and decomposes as organic matter. Decomposition is driven by a 

bacterium that consumes oxygen (O2) and creates an oxygen-depleted environment, which 

can be deadly to most organisms (International Maritime Organization, 2019). Similarly, if 

decomposing organic matter enters an environment at a rate significantly higher than the 

rate of natural decomposition, the result can be catastrophic where the sea floor is 

smothered and the available O2 is consumed (E. Kristensen, 2000). When approaching 

anoxia, the hypoxic environment can also threaten the overall health by changing 

decomposition reactions in the seafloor from aerobic (with O2) to anaerobic (without O2). 

In the worst case, this can lead to the subsequent reduction reaction can convert naturally 

available dissolved sulphate ions (SO4
2-

) into toxic hydrogen sulphide (H2S) (Glud, 2008).  

 

Figure 6: Sources of nutrient input to the marine environment and simplified schemes 

showing eutrophication effects arising from nutrient enrichment (OSPAR Commission, 

2010) 
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An indicator of this process occurring is the presence of chemolithotrophic bacteria such as 

Beggiatoa. In these areas where O2 concentrations are so low, Beggiatoa uses oxygen to 

oxidize H2S to sulphides (SO4
2-

) (Ronnie N. Glud, 2008; Jørgensen, 1982). These mats can 

be visually seen at boundary layers between oxygenated sediment and O2 free sediment. 

These bacteria live on H2S in anoxic sediments, utilizing environmental O2 to oxidise and 

obtain energy. These mats of filamentous bacteria strengthen and aid growth of other 

bacteria, as they act as a buffer to bulk harmful cultures, leading to waste water 

management issues. These H2S-oxidizing microbial mats have been found in the high 

Arctic, often having chimney protrusions, which emit sulphide-rich anoxic water (R.N. 

Glud et al., 2004; Kasten & Jørgensen, 2000) 

This toxicity can impact the biodiversity of benthic invertebrates, as it creates an 

environment limited to resilient species such as the polychaete worm Capitella capitata 

(Ramskov & Forbes, 2008; Tsutsumi, 1990). The loss in biodiversity can further impact 

other biogeochemical cycles regulation as food chain imbalances become more prominent 

(Vismann, 1991). The environmental changes described above are all possible threats more 

typically discussed in relation to agricultural pollution, but can likewise be as a result of 

domestic wastewater pollution (Elias & Pullman, 1986; Surugiu & Feunteun, 2008).  

2.4 Wastewater Legislation in Iceland 

2.4.1 International Agreements 

Iceland is a member of several international agreements following the Rio Convention in 

1992, pursuing environmental protection through governmental policies. The following 

agreements all relate to restricting, monitoring, and addressing the release of pollutants into 

the sea. As a party to the United Nations Convention on the Law of the Sea (UNCLOS) 

and it’s protocols, Iceland should act and inform its policy by following UNCLOS Section 

XII details on the protection and preservation of the marine environment (Convention on 

the Law of the Sea, 1982).  

In addition to being party to UNCLOS, Iceland subsequently agreed to Agenda 21 a 

consensus from United Nations Convention for the Law of the Sea (UNCLOS), which 

includes setting goals for the treatment of sewage. Although this Agreement is non-

binding, it illustrates the scope of work countries should be pursuing through sewage 
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management. As part of the European Economic Area (EEA), Iceland has ratified several 

but not all international agreements from the European Union Water Framework Directive 

(WFD). Each state has the ability to incorporate more stringent thresholds, as well as 

decide what legislation should or should not be implemented. For more information, refer 

to the next subsection. 

Lastly, Iceland participates in the Convention for the Protection of the Marine 

Environment of the North-East Atlantic [OSPAR] Convention, joining in 1997 

(Umhverfisstofnun, 2017b). The country obliges recommendations and agreements in 

order to prevent the pollution of the North-East Atlantic by reducing marine pollution from 

land-based sources – as well as other marine, waste incineration and offshore pollution. 

Iceland fulfils this agreement by conducting yearly marine monitoring of marine biota, and 

to also monitor marine sediments. Marine sediment monitoring occurred from 1990 by the 

Marine Fisheries Research Institute, until it was discontinued in 1996 (Egilson et al., 

1999). This research concluded that the concentrations of hazardous substances were very 

low and were only significant close to sewage outfalls. Therefore, sediment analysis as a 

monitoring method was discontinued in Iceland (Umhverfisstofnun, 2017b). Contrary to 

this statement, OSPAR and the WFD both detail that eutrophication can be caused by 

increased sedimentation of organic matter leading to increased rates of oxygen 

consumption in near-bottom water or seabed (EEC, 1998; Newton et al., 2014; OSPAR 

Commission, 2010). Laws at the international level of governance are regarded as 

ineffective unless incorporated into national law (Guruswamy, 1998). Refer to the 

following subsection for how UNCLOS is translated into Icelandic National legislation. 

2.4.2 Urban Waste Water Treatment Directive (UWWTD) 

To regulate urban wastewater management systems, Iceland has produced a national 

implementation programme following the UWWTD, part of the WFD. The Environment 

Agency of Iceland (EAI) whose first provision is to ‘meet the objectives of Directive 

91/271/EU of the European Union’ monitors this implementation programme. Iceland has 

adopted provisions into local Icelandic regulation on waste water systems and wastewater 

(No.798/1999). It is important to note that the need for treatment is currently decided 

according to the quality norms of the receptor (Umhverfisstofnun, 2013). As many areas 

do not know the quality norms of the receptor, raw sewage is discharged into the 
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environment by default. The regulation clarifies that sewage must be cleaned by secondary 

treatment only if the receptor is sensitive, e.g. due to water protection, whereas a less 

sensitive area should be cleaned by primary treatment. At the time of this report, there has 

only been one compliance report written about UWWTD compliance (Umhverfisstofnun, 

2013). In this 2013 report, two agglomerations had 0% compliance with Article 4 in regard 

to discharge into rivers and estuaries from >2,000p.e, whereas 8 agglomerations had under 

50% compliance to Article 6 in regard to discharge into coastal waters from >10,000p.e.  

The current lack in compliance is juxtaposed with Iceland’s quick improvement of their 

wastewater treatment systems. Since the 1990’s, Iceland has increased the percentage of its 

population connected to wastewater treatment from 10% to >70% at the end of 2018 

(Orkuveita Reykjavikur, 2018). In comparison, 90% of the world’s sewage is discharged 

into bodies of water untreated (George, 2009). The significant rise in Iceland’ is a result of 

the disproportionate wastewater management investments in Reykjavik, the capital of 

Iceland (Eydal et al., 2013; Umhverfisstofnun, 2013). This is validated by the fact that 2/3 

of the population inhabits the capital region (Statistics Iceland, 2019). It is common to have 

wastewater management focussed in areas of high population density, but it is also 

common for rural communities to struggle to move towards improved sewage systems 

(Apostol & Mihai, 2012; George, 2009; Taghipour et al., 2016). 

In Iceland, the struggle was partially due to the financial organisation of wastewater 

treatment investment. Firstly, the Icelandic legislation that promised improvement towards 

wastewater management at a regional level was regulation No.798/1999. This document 

pledged to secure all urban areas with the installation of appropriate treatment facilities by 

the end of 2005. This regulation was then supported by law No.53/1995, promising 

governmental investment toward the implementation of any needed sewage projects within 

the specified time constraints of regulation No.798/1999 (Umhverfisstofnun, 2001). The 

issue was that this grant was never to exceed 20% of the confirmed total cost of the project 

and the additional 80% was expected to be funded by the governing municipality 

(Umhverfisstofnun, 2013). Wastewater treatment is typically an expensive utility to install 

or improve and thus several of these projects never came into fruition around the country. 

One such facility was Bolafót in Reykjanesbaer, a much needed 500 million kronor 

wastewater facility was abandoned due to financial issues (Morgunblađiđ, 2002; 

Reykjanesbær, 2008). Unfortunately, the waste issue from 2002 could still be a worse issue 
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as the population has increased as of January 1
st
 2019, from 7931 people to 8796 people 

(Statistics Iceland, 2019). 

2.4.3 Nutrient discharge – A low priority issue in Iceland  

Wastewater pollution is highly dependent on the ability of the receptor to dilute or dispose 

of the contaminants received (National Research Council, 1993). With strong coastal 

currents that can quickly disperse contaminants and nutrients, the seasonal bloom cycles of 

algae, as well as being the most sparsely populated country in Europe, the entire coastline 

of Iceland was determined to be a non-problem area for eutrophication and therefore 

nutrient pollution (Ólafsdóttir, 2006; Weisshappel et al., 2013). The entire coastline is 

therefore deemed as a ‘less sensitive’ area, and thus applies to Article 6 of the UWWTD 

(EEC, 1998). As a less sensitive area and on the basis of the data available, the discharges 

from agglomerations of between 10000 and 150000 p.e should receive ‘primary treatment’ 

whilst ensuring discharges do not adversely affect the environment. It is important to note 

that according to Article 6.4 of the UWWTD, the less sensitive areas should be reclassified 

at least every 4 years (EEC, 1998). 

2.5 How to measure the impact of wastewater 
pollution within the sediment? 

There are three indicators that are typically used to measure the absolute level of natural 

decomposition in sediments. These will be discussed through this chapter: 

 Total Oxygen Uptake (TOU) 

 Oxidation Reduction Potential (ORP)  

 Biochemical Oxygen Demand (BOD5) – This test measures the molecular oxygen 

used to biochemically degrade organic material over a 5-day incubation period in a 

controlled environment (Bridgewater et al., 2017). Due to the lack of tools and 

facilities, this test was not carried out for this study.  

 Other tests – Testing nutrient concentrations such as Nitrogen, Phosphorus, and 

Potassium and other tests such as bacteria (foecal colliform, E.Coli) were not 

included in this study due to economic and practical reasons.  

 

Oxygen (O2) has drawn significant scientific attention in benthic studies for its use in 

determining the benthic processes occurring as well as the related rate of decomposition 

(Bleam, 2017a; Froelich et al., 1979; Ronnie N. Glud, 2008; E. Kristensen, 2000). It is a 

powerful oxidant agent that is produced by photosynthesizing organisms in the presence of 
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light at the sediment surface in shallow waters, and in the water body (Kaiser & Williams, 

2011). It is consumed through cellular respiration, where it is reduced in order to produce 

energy by degrading organic matter. Hence, to understand how an environment 

decomposes organic matter, the availability and consumption rate of O2 must be studied. 

O2 is therefore regarded as a central molecule related to any other nutrient cycling such as 

nitrogen and carbon compounds (Garcia-Ochoa et al., 2010; Ronnie N. Glud, 1999b, 

2008). 

In order to define the current state of benthic turnover rates, digenetic processes need to be 

quantified leading to the study of O2 concentrations (Donald E. Canfield, 1994). Benthic 

carbon degradation consumes O2 utilising it as an electron acceptor when available. 

Benthic O2 is also used for the reoxidation of reduced inorganic products (i.e. NH4
+
, Fe

2+
, 

H2S) released during anaerobic degradation as well as aerobic activity of fauna and 

bacteria (Froelich et al., 1979).   

2.5.1 Measuring Oxygen % and Total Oxygen Uptake (TOU)  

Benthic oxygen uptake is driven by aerobic activity of fauna and bacteria as well as the 

reoxidation of reduced inorganic products released during degradation (Ronnie N. Glud, 

2008). In arctic benthic communities, this activity is limited by the organic carbon supply 

(Arnosti & Jørgensen, 2003; Kostka et al., 1999).  

To quantify oxygen exchange rates, an enclosure technique can be applied; using oxygen 

probes the decreased rate of oxygen of the well-mixed overlying water can be measured. 

The TOU value will equal the slope of this linear decline. This value represents a proxy of 

the total benthic carbon mineralization (D. Canfield et al., 1993).In many environments, 

there are low readings of O2 due to increased anaerobic mineralization during seasons of 

high productivity. This is balanced during less productive periods or resuspension events. 

As a result, there have been other methodologies such as dissolved inorganic carbon, and 

‘eddy correlation’ methods, which integrate seasonal variation and other variables (Ronnie 

N. Glud et al., 2003; Munari et al., 2009). In general, TOU has been widely used as 

rigorous approach for assessing benthic carbon mineralization (Archer & Devol, 1992; 

Borja et al., 2000; Capri & Schumacher, 2004; Dück et al., 2019; Garcia-Ochoa et al., 

2010; Ronnie N. Glud, 2008; Lansard et al., 2003; Reimers et al., 2001). Due to the 

composition of submerged sediments being so variable, studying these soils from a 
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metabolic standpoint has been supported historically (Archer & Devol, 1992; Lee et al., 

2015; Reish et al., 1980; Thorbergsdóttir et al., 2004).  

By measuring the decreasing rate of oxygen in the overlying water of a sediment core, the 

Total Oxygen Uptake (TOU) can be approximated. One method of measuring the 

decreased rate of oxygen is through the use of a Luminescent Dependent Oxygen (LDO) 

meter. This is a probe that measures the oxygen concentration of a sample at an instance. 

Thus, by measuring a sample with a LDO meter systematically over time, a rate of O2 

consumption can be evaluated (Ronnie N. Glud, 2008). This is the method that will be 

employed for this study. As the timing of analysis can affect the results, samples were 

tested within an hour of sampling (ISO 12878:2012, 2012). As a result, the locations for 

sediment extraction needed to be within a practical distance from the laboratory in 

Ísafjörður.  

As Figure 7 (below) illustrates, TOU can then be quantified through the product of the 

decrease rate (dC/dt), and the quotient of the enclosed area of sediment within a sample 

and the overlying volume of water (V/A). 

 

Figure 7: The panel shows an enclosed sediment core and the discrete recordings of an O2 

sensor inserted into the well-mixed overlying water phase. The TOU is calculated from the 

area of the enclosed sediment (A) and the volume of the enclosed water (V) and the rate by 

which O2 is consumed (Glud et. al, 2004). 

2.5.2 Oxidation Reduction Potential (ORP) 

According to Faulkner et al. (1989) redox is a quantitative measure of electron availability 

and is indicative of the intensity of oxidation or reduction in both chemical and biological 

systems. Oxidation or reduction typically involves the transfer of electrons between two 
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chemical species (Brown, 2009). Oxidation is when an electron (e
-
) is lost and an increase 

in oxidation number on an element, reduction occurs when there is a decrease in oxidation 

element of an element when there is a gain of an electron (Figure 8).   

 

Figure 8: electron (e
-
) transport between oxidation and reducing agents (Embibe, 2019) 

Oxidation-reduction potential is measured in millivolts (mV). On the ORP scale, the 

presence of an oxidizing agent such as oxygen increases the ORP value, while the 

decline in ORP value would indicate the presence of a reducing agent and limited 

oxygen. A lower redox values are associated with the absence of O2 and the presence of 

other oxidants instead (NO3
-
, MnO2, etc.). Measuring ORP can be an indirect measurement 

of the biological activity occurring in sediments; certain redox reactions only occur at 

corresponding redox potentials (Bleam, 2017b). These reactions illustrate how organic 

matter is degraded through a series of reactions that are completed by successive microbes 

and bacteria (Ronnie N. Glud, 2008). Figure 9, illustrates typical oxidation-reduction 

processes related to Electrode Potential measurements.  

 

Figure 9: ORP values (from -280 to + 600) with the corresponding oxidation-reduction 

processes and redox cascades that are naturally occurring (Bier, 2010) 
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3 Methods 

3.1 Common methods of scientific sediment sampling  

Sediment sampling methods are varied: Van Veen grab, gravity coring devices and other 

rigs. However, each sampling method mentioned results in benthic disturbances and 

retrieval difficulties (Table 1). Throughout all publications, in situ measurements were 

consistently mentioned as the preferred method for readings, describing benthic landers 

hosting an in situ array of microelectrodes measuring several variables at once. Using 

deployable in situ devices are argued to maintain environmental conditions as well as 

represent Total Oxygen Uptake (TOU) of faunal activity and natural heterogeneity of the 

sediment (Ronnie N. Glud, 2008; Reimers et al., 2001; Villnäs et al., 2012). Readings from 

samples of between 70-180cm
2
 have differed to in situ measurements by a factor of 2-3 

(Archer & Devol, 1992; Ronnie N. Glud et al., 1998, 2003). For coastal areas, in situ and 

laboratory measurements are much better (Lansard et al., 2003), but still indicate issues 

with the samples re-establishing natural environmental conditions (Ronnie N. Glud et al., 

2003). This study will collect samples for laboratory analysis as in situ probes were unable 

to be applied to the study site. 

One issue with landers is the investment cost needed for this kind of sampling. Diver 

coring methodology can overcome the above weakness of the above sampling devices as 

well as those related to challenges faced with remotely operating from a boat. Grabs and 

corers yield random and isolated samples, which may not represent the benthic 

environment. Sampling devices have been equipped with photographic cameras giving 

context to the sampling area but this has been during the last decades (Kaiser & Williams, 

2011). For a study site in of shallow depth, scuba diving can provide a much wider 

understanding.  

Diver operated coring device 
Scuba diving can allow underwater exploration and observations ranging a broader scale, 

especially when including analysis at the micro scale (Davies et al., 2001). Photographs 

and video recordings can also be used during sampling for a more varied source of 

information. Scientific diving sampling, if conducted properly, will also have less 

environmental impact than the deployment of large devices (Pardo, 2014). Literature 
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recommends a combined methodology in order to obtain trustworthy estimates to describe 

an environment(Ronnie N. Glud, 1999b, 2008; Kaiser & Williams, 2011; Newton et al., 

2014). The need for complimentary approaches, split in different parameters such as 

chemical, biological and visual have then been outlined in standardised operation manuals 

(ISO 12878:2012, 2012).  

Table 1. Needs of different sediment analysis methods of a coastal area. Adapted from: 

(Capri & Schumacher, 2004; Geoscience Australia, 2014; Ronnie N. Glud, 2008) 

Gear Type Sediment 

Disturbance 

Advantages Disadvantages Cost 

SCUBA 

(This study) 

- Low sediment 

loss 

- Low 

disturbance of 

seabed structure 

- Direct 

observation of site 

- No boat or costly 

tool required 

- Intact core 

recovery 

- Dive equipment and skill 

needed 

- Restricted to shallow 

depth and light 

availability 

- Limited test samples at 

high cost of time 

- Laboratory analysis only 

Low 

Gravity 

Corer 

- Sediment loss 

from bottom of 

corer 

- Medium 

disturbance of 

seabed structure 

 

- Can record in situ 

data (higher cost) 

- Intact core 

recovery 

- Good penetration 

of soft bottom 

sediment 

- Specialised equipment 

and boat with winch 

needed 

- Cannot be controlled 

once deployed 

- Coring device housing 

disturbs sediment surface 

Very 

High 

 

Grab 

Sampler 

(Smith 

McIntyre, 

Van Veen, 

Ponar etc.) 

- High surface 

disturbance 

from bow wave 

- No seabed 

structure 

recovered 

- Quick surface 

sample of the 

seafloor 

-Large sample size 

- High frequency of 

samples 

- Specialised equipment 

and boat needed 

- Surface sample only 

- Failure of retrieval due 

to leakage/blockage of  

jaws 

High 

Box Corer - High surface 

disturbance 

- Low 

disturbance of 

seabed structure 

- Larger sample 

size 

-Larger faunal 

community 

contained in 

sample 

-Lower edge effect 

of device 

- Cannot be controlled 

once deployed 

- Specialised equipment 

and boat with winch 

needed 

- Core analysis and 

storage larger and more 

costly 

High 

Dredge - Very High 

sediment loss 

- No seabed 

structure 

recovered 

- Used to recover 

loose rock samples 

and study flora and 

fauna 

- Large mixing and loss of 

sediment 

- Sample unsuitable for 

biogeochemical analysis 

High 
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3.2 Equipment Design and Build 

Due to the lack of available coring devices, the sediment cores were extracted using a Do It 

Yourself (DIY) percussive coring device. This device was inspired by a coring device used 

primarily in archaeology (Figure 10). The design minimized the loss of sediment from 

extraction and disturbance, which lent itself to this study. Minimizing the loss of sediment 

and reducing disturbance is important in order to analyse accurate in situ samples. Loss of 

sediment can compromise the structural integrity of the core, allowing the sediments to 

intermix and lose the natural stratification (Ronnie N. Glud, 2008). This can be seen 

through core compaction and shortening (Glew et al., 2002; Wang et al., 2011). This can 

not only move and shock the organisms within the core, but can also impact the natural 

redox cascades as the natural biogeochemical cycles can be disturbed (Reimers et al., 

2001). Likewise, disturbance to the topsoil from the insertion of coring devices can 

suspend the top sediment due to the bow wave created by lowering a large device (Dück et 

al., 2019; Horlings, 2009; Wang et al., 2011).   

 

Figure 10: Diver assisted precussive coring device (Horlings, 2009) 

The first attempt at building a coring device used recycled items. Repurposing a life raft 

container and foam plugs created the enclosed tube, whereas the percussive tool was 

reclaimed stainless steel parts, welded at a local garage. Unfortunately, both these tools 
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were too cumbersome to handle underwater alone. Another issue was the difficulty of 

using the percussive tool being compounded while trying to maintain neutral buoyancy in a 

dry suit (Figure 11). From this field attempt, I found that the benthic floor was quite soft 

and gave me confidence to design something I could push into the ground with my arm 

instead of using a weighted percussive tool. After attempting this sampling, I also chose an 

entry point far away as to not disturb the confetti of paper that covered the near shore 

environment (Marked ‘C’ in Figure 12).  

 

Figure 11: The unsuccessful first version of the coring device. Poor visibility water after 

disturbance mobilised the loose debris. 

The second and final attempt at building a coring device used PVC piping and omitted the 

percussive tool as the sediment was found to be soft enough. The piping was bought at a 

hardware store and can be replaced with any regular piping, and included a matching lid 

cap. To seal the sediment from the bottom of the pipe, a custom cap was designed at 

FabLab, a digital fabrication workshop in Ísafjörður using a carving path designed on 

VCarve Pro – Shopbot Edition. The cap was made from high-grade plastic discard and cut 

with a CNC machine. PVC tape was wrapped around the cap ensuring a watertight seal.  
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Figure 12: A: Designing phase using VCarve Pro – Shopbot Edition; B: Robotic carving 

tool used at FabLab Ísafjörður; C: Checking coring device for a secure and watertight 

design; D: The three coring devices I deployed with the custom carved cap from FabLab 

Ísafjörður 

3.3 SCUBA Framework  

In order to obtain representative samples to determine the seafloors chemical evaluation, 

dives were completed to measure the topography of the seafloor. This is supported by 

ISO12878:2012, a international standardised document outlining environmental 

monitoring of basins where organic material accumulates from fish farms. Only once this 

was completed could samples be extracted (Section 3.4). All dives utilised dry suit diving 

equipment as well as a deployable surface marker buoy in case of hazards from boats 

(DSMB). Contrary to common protocol when diving near wastewater outfalls, a half mask 

was used rather than a full mask or even a heavy duty fully environmentally sealed dry suit 

system. This was due to the lack of funding and availability for this project. A disinfection 

regime was followed after the dives in place of this. Below are maps of the study site 

(figure 13) and reference site (figure 14):  
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Figure 13: Ísafjörður and Pollurinn area. Position of sampling locations of 1997 and 2010 

studies (Gahribi,  2011); the transect selected for this study (A-B) and the dive entry/exit 

point C 

The transect in Pollurinn was selected in front of Outfall 14 (‘B’ in figure 13) and 

referenced Útrás 14, Austurvegur/Pollgata in the local engineering plan (Arnar & 

Jósefsson, 2017). This outfall is connected to an estimated 246 people, as well as several 

of the largest businesses and restaurants in the town. The reference site, represented in 

Figure 14 was selected at a locally known diving location with easy beach access.  This 

site needed to be close close enough to run analysis within the 1 hour timeframe discussed 

in section 2.5.1. This area is in the fjord of Álftafjörður near Dvergasteinseyri, a roadside 

landmark sand spit. The GPS location for this site was (65.997361, -23.039574). This 

sampling location is 4km south of the town of Súðavík, a small town of 168 people and 

fish processing factory (Statistics Iceland, 2019).  

Fieldwork was completed on the 26
th

 of September 2018 in Pollurinn.  Environmental 

conditions for underwater observation were optimal as the weather was a sunny day. Wind 

from the previous days of 12m/s and gales of 15m/s had subsided to 1m/s. Wave action at 

the near shore could have mobilised sediment and increased oxygen diffusion from the 

surface layer to the bottom of the water column. The temperature on the surface was 6°C 

and 5°C on the seafloor. Visibility was good at <5m. Samples from Álftafjörður were 
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collected and tested on the 3
rd

 of October 2018, sea surface temperate was also 6°C and 

5°C on the seafloor. 

 

Figure 14: Reference site located in Álftafjörður near Dvergasteinseyri, 4km south of 

Sudavik  (GPS location: 65.997361, -23.039574) 

3.3.1 Dive 1 

Figure 15 (below) is a schematic representing the sequence of the following dive 

procedures. The dive started at the surface furthest from the coastline 100m out (marked A; 

Figure 13). The compass bearing was set to the coastline/outfall (marked B; Figure 13). A 

controlled descent to the seafloor was performed maintaining neutral buoyancy. Using the 

compass bearing and keeping around 1m above the seafloor, the total number of fin strokes 

needed to reach the outfall was counted. In total 150 fin strokes were needed to swim the 

100m transect in Pollurinn. 10 evenly spaced locations along this transect were recorded 

for depth and survey photographs in order to illustrate a cross section of the seafloor. Each 

substation was therefore spaced at 15 fin strokes (100m = 150 fin strokes). 
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Figure 15: Schematic plan of dives 1 and 2 

3.3.2 Dive 2 

Swimming back on the surface to point (marked A; Figure 13), descend back to the 

seafloor, and achieved neutral buoyancy around 1 arm length from the sediment. Take a 

photograph site A, and record the depth and temperature of the site using a dive computer. 

The depth and any observations were recorded on a diving slate labelled ‘substation 1’. 

Swimming towards bearing B (marked B; Figure 13), 15 fin strokes were counted in order 

to reach ‘substation 2’. The same methodology was repeated until the outfall was reached, 

a total of 10 substations. Observations were also recorded with photo documentation 

between the substations. Observations included any changes in the environment, slope, 

fauna, signs of rich bioturbation such as burrows, and distinguishable sediment type. For 

the reference site in Álftafjörður, observation dives were not completed. The purpose of 

this site was limited to extracting comparative sediment cores following the methodology 

in section 3.4.   
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3.4 Sampling methodology 

According to ISO12878:2012, sampling should occur in sites along a transect where 

natural accumulation, decomposition and therefore oxygen consumption of decaying 

material takes place. For this study, these sites were at 2m, 7m and 60m from the outfall 

(see Results Section 4.3, Figure 23). Three samples were taken due to the limited number 

of coring devices made, as well as the time constraint of 1 hour between sampling and 

analysing (Ronnie N. Glud, 2008; ISO 12878:2012, 2012). The methodology below was 

completed at the 60m site first, then 7m and finally at the 2m site. This was completed in 

both Pollurinn and Álftafjörður. 

3.4.1 Sediment Core Sampling 

A controlled descent to the seafloor was completed at the 60m site. With the coring device 

at hand, and keeping the body parallel in relation to the seabed, the descent speed was 

decreased as much as possible in order to decrease the possibility of sediment disturbance. 

The sediment-coring device was extended towards the seabed ensuring that the device 

made contact with the ground first. The coring device was not lifted after moment of 

contact, and was pushed into the sediment using the inertia of the descending diver. The 

device was pushed further into the seafloor always ensuring not to disturb the water 

overlying the tube as this would create turbulence within the device. This was completed 

pushing the sides of the tube rather than the top of the device. The device was pushed to a 

maximum depth of at least 25cm. The top lid was placed on the device, creating a vacuum 

within the chamber. The device was then removed perpendicularly to the seafloor and was 

then sealed with the bottom lid. Checks were made for any sediment leakage. The sample 

was then transported back to the dive tender for a surface inspection of leakage. The lid on 

top can be removed while these checks are completed, and then refitted. The sample was 

kept inside insulated thermal cooler filled with seawater and kept out of the sun.  

This method was repeated for the samples extracted at 7m and 2m from the outfall. Three 

samples were extracted from both the test site in Pollurinn and the reference site in 

Álftafjörður. For core samples extracted in Álftafjörður, sediment was extracted 2, 7 and 

60m from the low water (LW) line in order to represent the same distance from the near 

shore outfall of Pollurinn. Sampling in Álftafjörður took place a week after sampling in 

Pollurinn. There were six (n=6) samples tested in total. 
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N.B: Indicators of an acceptable sampling event include the overlying water was present, 

indicating minimal leakage; overlying water was not excessively turbid indicating minimal 

disturbance; Sediment surface was relatively flat, indicating minimal disturbance (ISO 

12878:2012, 2012). 

3.4.2 Chemical Analysis 

Chemical analysis was conducted using extracted cores of surficial sediments and bottom 

water within the chambers. Undisturbed sediment cores from Pollurinn were collected and 

tested on the 26
th

 of September 2018, whereas samples from Álftafjörður were collected 

and tested on the 3
rd

 of October 2018. All six cores had an internal diameter of 72.3mm 

with overlying ambient water were collected and kept insulated for 45 minutes. Once 

transferred to a laboratory at the Marine Research Institute in Ísafjörður, the samples were 

tested. The number of samples were less than the desired (n>30) due to increased safety 

concerns when diving in the polluted environment without an environmentally sealed dry 

suit system. 

To control variables for comparative analysis, the overlying water of each sample was set 

to a depth of 3 cm. Auxiliary water was removed with a pipette while ensuring that the top 

sediment was not disturbed. Siphoned water was pipetted into separate containers for 

observation. Observation of the overlying water and the top sediment were completed 

using qualitative groupings suggested by ISO12878:2012. These included: sediment 

surface texture, colour, odour, gas bubbles, bacteria, fish, faeces, floating organic material, 

and any other visible matter.  

All probes were calibrated using the specified kits (standard solution, pH buffers), and 

placed in their protective housing to be used promptly. More information on the individual 

calibration procedures is found from the Official Hach Online manuals (Hach Company, 

2009, 2013, 2014). Three cores per site were analysed in series.  

Total oxygen uptake (TOU) 
Total Oxygen Uptake (TOU) was evaluated by measuring changes of Dissolved Oxygen 

(D.O) over time and then evaluating corresponding Oxygen Uptake Rate (OUR). TOU was 

then calculated using the following equation: 

TOU = [V/A] * [dC/dT] 
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dC = Rate of oxygen consumption 

dT = change in time (as all rates were measured over the same time, dT=1) 

V = Volume of sampled water measured in enclosure technique – 122.15cm
3
 

A = Area of exposed sediment in enclosure technique – 40.72cm
2
 

(Ronnie N. Glud, 2008) 

D.O was measured using a Luminescent Dependent Oxygen (LDO) probe (LDO10101) 

attached to the Portable Multi meter (HACH HQ40D). The probe was lowered into the 

superficial water, suspended above the sediment and stirred constantly and gently 

preventing the formation of a vortex. Beginning with sample 1 (60m from outfall), an 

initial reading was obtained after 30 seconds. Sample 2 (7m) was tested next, and sample 3 

(2m) following this. Rinsed and dried with deionized water and a lint free cloth each time. 

The total time to test three samples was around 2 minutes and completed the first testing 

interval labelled T1 in Appendix A, Table 25-26. This interval testing was continued over 

14 intervals (T1 - T14) around 28 minutes. By measuring the dissolved oxygen over time, 

an oxygen uptake rate (OUR) for each sample can be evaluated by the slope of this linear 

regression (Table 3). Oxygen decrases over the time between the sediment collection and 

laboratory analysis, therefore the inital values are lower than in situ values would be. To 

maintain comparable analysis between samples, analysis occrued within an hour of 

collection. All values were recorded with the associated control temperature and mV. 

When measuring LDO values, it is important to account that DO is affected by both the 

temperature and ambient pressure of the sample (Hach Company, 2009). As a rule of 

thumb, as temperature or salinity increases, the dissolved oxygen decreases (Bier, 2010). 

The probe itself had to be calibrated and within the recommended 10% margin of error.  

Furthermore, the sensor cap needed to be undamaged. Once D.O measurements were 

completed, the Oxidation Reduction Potential measurements were conducted. 

Oxidation Reduction Potential (ORP) 
ORP values were measured as they relate the biological activity occurring in sediments as 

certain redox reactions only occur at corresponding redox potentials (Bleam, 2017b). To do 

so, the calibrated ORP/Redox probe (MTC301) was attached to the same Portable Multi 

meter (HACH HQ40D). The probe was rinsed with deionized water and dried with a lint-

free cloth. The probe was placed into sample 1 (60m) in the top 2cm of the soil. A value 

was obtained after 30 seconds. This was repeated for the sample 2 and finally sample 3. A 

single value was recorded per sediment core. The probe was washed with deionized water 

and dried after each use. As ORP measurements are affected by temperature but are not 
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corrected for it, the probe is fitted with a temperature sensor, in order to compare samples 

during post analysis (Hach Company, 2014). This offset is given in relation to ZoBell’s 

calibration constant (221mV – 25 °C) displayed on the HACH HQ40D during 

measurement. 

pH measurements 
Finally a third test for pH was performed due to ORP often being pH dependent. (Bier, 

2010) For example, free chlorine (Cl
-
) can change depending on pH as H

+
 becomes less or 

more abundant. Therefore, a calibrated pH probe (PHC301) was used with the same 

Portable Multi meter (HACH HQ40D).  The probe was rinsed with deionized water and 

dried with a lint-free cloth. The probe was placed into sample 1, making sure the bottom or 

sides of the container did not touch the probe. Air bubbles from under the probe were 

removed by gently stirring the probe. A value was obtained after 30 seconds. This was 

repeated for the other samples. The probe was washed with deionized water and dried after 

each use. 

3.5 Statistical Analyses  

Statistical analyses were minimal in this study due to the small sample size (n=6). Linear 

regression models were illustrated to evaluate the OUR in Pollurinn (n=3) and Álftafjörður 

(n=3) in Excel. Data for TOU, ORP and pH were checked for normality using the Shapiro-

Wilk Test in SPSS Statistics and were all found to be normally distributed (p>0.05). A 

Welch’s ANOVA test was then performed on the data as it showed a lot of 

heteroscedasticity (the treatments had unequal variances), but had a balanced design (n=3 

for each treatment). Welch’s ANOVA was used to test whether the mean values between 

the two sites were significantly different (p<0.05). 
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4 Results  

4.1 Chemical Analysis 

Table 2: Summary of Tests and their comparative results to the reference site 

Results and statistical significance of sediment samples extracted from 

Pollurinn and Álftafjörður 

Test Pollurinn (n=3) Álftafjörður (n=3) p-value 

TOU 0.78 0.24 p>0.05 – not significant 

ORP 442.7 661.9 p<0.05 – significant 

pH 7.73 7.85 p>0.05 – not significant 

 

4.1.1 Total Oxygen Uptake  

 All samples from Pollurinn exhibit decreasing dissolved oxygen concentrations (Figure 

16; Data: Appendix A, Tables 25-26). Initial reading show sample 2 (7 m from outfall) 

with the least amount of DO 6.44mg/L, whereas samples 1 (60 m from outfall) and 3 (2 

m from outfall) have similar results (7.26 and 7.27mg/L). Final concentrations 

display sample 2 with a minimum DO value of 0.35±0.2 mg/L, whereas sample 1 had 

a concentration of 5.31±0.2 mg/L whereas sample 3 was at 6.19±0.2 mg/L. 

 

Figure 16: Dissolved oxygen concentrations of the overlying water above the sampled 

sediment (Pollurinn in Red; Álftafjörður in Blue) 
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Figures 17-19 illustrate the decline of D.O viewed in Figure 16. It is interesting to note that 

sample 2 (Figure 18) observes a unique decrease in D.O, illustrated as a ‘S’ curve 

(R
2
<0.90). Samples 1 (Figure 17) and 3 (Figure 19) have a better fit if a line of best fit is 

drawn using a linear regression model (R
2
>0.90).  

 

Figure 17: Sample 1 (60m from outfall) observed a rate of  -0.13 mg/L (p < 0.05) 

 

Figure 18: Sample 2 (7m from outfall) observed a rate of -0.57mg/L (p < 0.05) 
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Figure 19: Sample 3 (2m from outfall) observed a rate of -0.083mg/L (p <0 .05). 

 

Figures 17-19 illustrate decrease rates of oxygen over time (minutes). These rates can be 

seen in Table 3 below. Using a LINEST function in excel, the uncertainty of slope was 

calculated for each value. LINEST uses the method of least squares to determine the best 

fit of the data and uncertainty values. This function is applicable to multiple linear 

regression (Microsoft Office, 2019).  

Table 3: Oxygen Uptake Rate (OUR) from models illustrated in figures 16 to 18 

Oxygen Uptake Rate (OUR) of samples collected from Pollurinn 

Sample 1 -0.130±0.066 mg/L*min 

Sample 2 -0.570±0.056 mg/L*min 

Sample 3 -0.083±0.058 mg/L*min 

 

Sample 2 observed an OUR value of -0.570±0.056 mg/L*min meaning oxygen was 

consumed at a higher rate compared to samples 1 and 3 from Pollurinn. The next greatest 

uptake rate (consumption of oxygen) was sample 1 at -0.130±0.066 mg/L/min and lastly, 

sample 3 had the lowest oxygen consumption rate of all samples with a rate of -

0.083±0.058 mg/L/min. All p values were < .05, supporting that changes in dissolved 

oxygen observed are related to a change in time. It is interesting to note that sample 2 is 

much greater in comparison, even when sample 3 was from a site closer to the sewage 

outfall. 
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All samples from Álftafjörður exhibited decreasing dissolved oxygen concentrations 

illutrated in Figure 16 and listed in Appendix A, Table 26. This is similar to results from 

Pollurinn expressed in Appendix A, Table 25. The initial reading (T1) showed that sample 

5 (7m from the low water (LW) line) had the least amount of DO 6.21 mg/L, whereas 

samples 4 (60 m from LW line) and 6 (2 m from LW line) had results of 6.94 and 7.24 

mg/L respectively. Final concentrations (T14) displayed that sample 5 had the lowest 

DO value of 4.88±0.2 mg/L, whereas sample 4 had a concentration of 6.05±0.2 mg/L 

whereas sample 6 was at 6.48±0.2 mg/L.  

Figures 20-22 illustrate the decline of D.O listed in Table 4. All appear to fit well to a 

linear regression model (R
2
>0.90). 

 

Figure 20: Sample 4 (60m from shore) decreased at a rate of -0.071mg/L (p <0 .05) 

 

Figure 21: Sample 5 (7m from shore) decreased at a rate of -0.101 mg/L (p <0 .05) 
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Figure 22: Sample 6 (2m from shore) decreased at a rate of -0.059 mg/L (p <0 .05) 

Figures 20-22 illustrate decrease rates of oxygen over time. These rates can be seen in 

Table 6 (below). Once again the LINEST function in excel was used to calculate 

uncertainty of slope for each sample.  

Table 4: Oxygen Uptake Rate (OUR) from models illustrated in Figures 20 to 22 

Oxygen Uptake Rate (OUR) of samples collected from Álftafjörður 

Sample 4 -0.071±0.003 mg/L*min 

Sample 5 -0.101±0.009 mg /L*min 

Sample 6 -0.059±0.001 mg/L*min 

 

Sample 5 observed a rate of -0.101 ± 0.009 mg/L*min, the greatest oxygen consumption of 

the reference samples. Sample 4 observed the next highest with a rate of -0.071 ± 0.003 

mg/L*min, and finally sample 6 observed the lowest consumption rate -0.059±0.001 

mg/L*min. 

Table 5: Comparative OUR  of Pollurinn and the Álftafjörður site (2m, 7m and 60m) 

Δ Oxygen Consumption between study sites 

 Álftafjörður 
 

Pollurinn 

 

Δ Oxygen 

consumption 

Samples 1 and 4 

(60m) 

-0.071±0.003 mg/L*min -0.130±0.066 mg/L*min -0.059 

Samples 2 and 5 

(7m) 

-0.101±0.009 mg /L*min -0.570±0.056 mg/L*min -0.469 

Samples 3 and 6 

(2m) 

-0.059±0.001 mg/L*min -0.083±0.058 mg/L*min -0.024 

 

y = -0.059x + 7.33 
R² = 0.99678 

p < 0.05 
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As Oxygen Uptake Rate is an inverse value, the more negative a measurement, the greater 

oxygen consumption is occuring within the sample. Therefore, all samples from Pollurinn 

consumed oxygen at a greater rates compared to samples from Álftafjörður (Table 5; 

column 4). When comparing samples in relation to their distance from the outfall/LW line, 

the most difference was recorded between samples 2 and 5, a change of 0.469 mg/L*min. 

Following this were samples 1 and 4 with a difference of 0.059 mg/L*min. Lastly samples 

3 and 6 differed by 0.024 mg/L*min. 

Table 6: OUR and calculated TOU rates of samples 

Calculated Total Oxygen Uptake (TOU) of samples 

 dC/dt (mg/L*min) TOU 

Sample 1 -0.130±0.066 0.3741 

Sample 2 -0.570±0.056 1.7098 

Sample 3 -0.083±0.058 0.2481 

Sample 4 -0.071±0.003 0.2132 

Sample 5 -0.101±0.009 0.3279 

Sample 6 -0.059±0.001 0.1791 

  

TOU values in Table 6 were calculated using the equation below, as referenced in Section 

3.4.2: 

TOU = [V/A] * [dC/dT] 

Table 7: Comparative TOU rates from Pollurinn and Álftafjörður site 

TOU of samples from Pollurinn and Álftafjörður 

 Álftafjörður Pollurinn ΔTOU 

Samples 1 and 4 (60m) 0.2198 0.3899 0.1701 

Samples 2 and 5 (7m) 0.3029 1.7099 1.4070 

Samples 3 and 6 (2m) 0.1770 0.2490 0.0720 

Average 0.24 0.78 0.44 

 

Similarly to Table 5, the difference between the two study sites can be observed in the 

fourth column. All samples in Pollurinn exhibited TOU values greater than in Álftafjörður. 

In order of greatest difference, samples 2 and 5 differed by 1.4070, then samples 1 and 4 

differed by 0.1701 and lastly samples 3 and 6 differed by 0.0720. 
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TOU values are normally distributed (p<0.05) as illustrated below in Table 8. With a small 

sample size of n=3, the strength of this statistical test is inadequate and requires more 

samples. 

Table 8: Normality Test for TOU data from Pollurinn and Álftafjörður 

Shapiro-Wilk normality test 

Location Statistic df p 

Pollurinn 

Álftafjörður 
.911 3 .421 

.814 3 .149 

a. Lilliefors Significance Correction 

 

A Welch Anova test was selected due to the small sample size (n=6) and failure to meet 

the requirements of homoscedasticity (equal variances between groups).  For descriptive 

statistics see Table 27 in Appendix B. 

Table 9: Welch Anova test for TOU data from Pollurinn and Álftafjörður 

 Statistic
a
 df1 df2 p 

Welch 1.308 1 2.037 .369 

a. Asymptotically F distributed. 

 

The sample results indicate that there is a mean difference in Total Oxygen Uptake (ΔTOU 

= 0.44) between Pollurinn and Álftafjörður, but the difference is not statistically significant 

(Table 9, p value=.369). 
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4.1.2 Oxidation-Reduction Potential (ORP) 

ORP measurements were taken from the top 2cm of each core sample. The temperature 

and electrode potential were measured in order to calculate an offset value (See section 

3.4.2). The results for Pollurinn can be read in column 4, table 10. 

Table 10: ORP/Redox Values for samples from the Outfall transect in Pollurinn 

Oxydation reduction potential (ORP) 

 

Temperature °C 

Electrode 

Potential (mV) 

ORP 

(mV – Offset
a
) 

Sample 1 12.1 454.3 448.2 

Sample 2 11.9 429.9 423.8 

Sample 3 12.5 462.3 456.2 
a
Offset = 6.1mV 

 ZoBell's (221cV - 25°C); Standard: 227.3mV 

 

Sample 2 illustrated the lowest ORP value of 423.8 mV. Sample 1 obtained a value of 

448.2 mV whereas sample 3 observed the highest value of 456.2mV (Table 10). 

Table 11: ORP/Redox Values for samples from the Álftafjörður site 

ORP/Redox – Álftafjörður 

 

Temperature °C 

Conductivity 

(mV) 

True Value 

(Conductivity – Offset) 

Sample 4 12.9 653.4 646.2 

Sample 5 12.6 722.1 714.9 

Sample 6 12.3 631.7 624.5 

Offset = 7.2mV 

ZoBell's (221cV - 25°C) 

 

Sample 5 (7m from LW line) had the highest ORP value of 714.9mV. Sample 4 (60m) 

obtained a value of 646.2mV whereas sample 6 observed the lowest value of 624.5mV. 

Table 12: Range and Average ORP values in mV of Pollurinn and Álftafjörður  

ORP/Redox of the two study sites (mV) 

 Pollurinn Álftafjörður ΔORP 

Samples 1 and 4 (60m) 448.2 646.2 198.0 

Samples 2 and 5 (7m) 423.8 714.9 291.1 

Samples 3 and 6 (2m) 456.2 624.5 168.3 

Average 442.7 661.9 219.2 

 



 43 

All ORP measurements from Pollurinn observed lower values than samples from the 

reference samples. The average ORP value from Pollurinn was 442.7mV whereas the 

average for the reference site was 661.9mV. On average Pollurinn had an electrode 

potential deficit of 219.2mV when compared to Álftafjörður (Table 12). ORP values are 

normally distributed (p<0.05) as illustrated below in Table 13. With a small sample size of 

n=3, the strength of this statistical test is inadequate and requires more samples. 

Table 13: Normality Test for ORP data from Pollurinn and Álftafjörður 

Shapiro-Wilk normality test 

Location Statistic df p 

Pollurinn 

Álftafjörður 
.917 3 .443 

.921 3 .457 

a. Lilliefors Significance Correction 

 

A Welch Anova test was selected due to descriptive statistics see Table 28 in Appendix B. 

Table 14: Welch Anova test for ORP data from Pollurinn and Álftafjörður 

 Statistic
a
 df1 df2 p 

Welch 57.349 1 2.503 .009 

a. Asymptotically F distributed. 

 

The sample results indicate that there is a difference between the locations and the 

difference is significant (Table 14, p value=.009) 

4.1.3 pH Values 

Relating ORP values to their related redox processes can be affected by pH. 

Biogeochemical reactions such as benthic mineralization can occur at lower ORP values 

when studied in waters of pH values lower than 7, compared to waters with pH values 

higher than 8 (Bier, 2010). Therefore, pH was measured as a third chemical parameter for 

the study sites. 

Table 15: pH values of samples from Pollurinn 

 

pH Temperature °C 

Sample 1 7.68 12.7 

Sample 2 7.64 12.9 

Sample 3 7.86 12.8 
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pH values of Pollurinn samples ranged from 7.64 to 7.86 (Table 15). In order from greatest 

to least, sample 3 observed the highest value of 7.86, then Sample 1 with a pH of 7.68, and 

lastly sample 2 observed the lowest pH of 7.64. 

Table 16: pH values of samples from the Álftafjörður 

 

pH Temp 

Sample 4 7.73 13.0 

Sample 5 7.92 12.7 

Sample 6 7.89 12.5 

 

pH values from reference samples were also between 7 and 8. Sample 5 (from 7m) 

observed the highest value of 7.92. Sample 6 (from 2m) was the next with a pH of 7.89, 

and Sample 4 observed the lowest pH of 7.73. 

Table 17: Average pH value of Pollurinn and Álftafjörður  

 

Pollurinn Álftafjörður 

pH Average 7.73 7.85 

 

The average pH value of the reference site 7.85 was greater than the observed value for 

Pollurinn 7.73. pH values are normally distributed (p<0.05) as illustrated below in Table 

18. With a small sample size of n=3, the strength of this statistical test is inadequate and 

requires more samples. 

Table 18: Normality Test for pH data from Pollurinn and Álftafjörður 

Shapiro-Wilk normality test 

Location Statistic df p 

Pollurinn 

Álftafjörður 
.865 3 .281 

.881 3 .328 

a. Lilliefors Significance Correction 

 

A Welch Anova test was selected due to the small sample size (n=6) and failure to meet 

the requirements of homoscedasticity (equal variances between groups).  For descriptive 

statistics see Table 29 in Appendix B. 
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Table 19: Welch Anova test for pH data from Pollurinn and Álftafjörður 

 Statistic
a
 df1 df2 p 

Welch 1.788 1 3.927 .253 

a. Asymptotically F distributed. 

 

The sample results indicate that there is a difference between the locations, but the 

difference is not significant (Table 19, p value=.253) 

4.2 Sedimentary and Qualitative Analysis 

Qualitative sedimentary analysis was completed after the analysis of samples as secondary 

parameters. These sediment samples were analysed solely on their grain size and readily 

available parameters, as illustrated in Table 20. The parameters followed the international 

standard recommendation as it offers supporting information about the condition of the 

local sediment (ISO 12878:2012). 

Table 20: Qualitative analysis of surface subsample of sediment and water from Pollurinn 

(samples 1-3) and Álftafjörður (samples 4-6) 

Sample Grain size 

according to the 

Wentworth Scale 

Strength 

rating of 

sulphuric 

smell 

(1-Absent, 5-

Strong) 

Sediment fully 

filtered through 

500μm sieve 

(Yes/No) 

Opacity of liquid 

Overlying 

sediment 

Sample 

1 

Smaller than Fine 

grain (<250μm) 

3 Yes Clear 

Sample 

2 

Very Fine grain 

(<125μm) 

5 Yes Oily dark liquid 

Sample 

3 

Smaller than Fine 

grain 

(<250μm) 

3 Yes Clouded with 

paper detritus and 

oily substance 

Sample 

4 

Mixture of Very 

Fine and Fine 

grain (<125; 

<250μm) 

2 No: Granules of 

gravel found 

(1 to 3mm) 

Clear, Algae 

Sample 

5 

Fine grain 

(<250μm) 

2 No: Pebbles and 

granules of 

gravel found 

(2 to 12mm) 

Clear 

 

Sample 

6 

Fine grain 

(<250μm) 

3 No: Pebbles of 

gravel found 

(2 to 14mm) 

Clear 



 46 

The sediment structures of samples from Pollurinn and Álftafjörður were well sorted. The 

topsoil of the samples was lighter in colour and overlaid over black sediment. The depth of 

the oxic horizon was unable to be measured from any samples, as the coring tube was not 

transparent. The lighter material from samples 1-3 appeared to be smaller and lighter 

compared to samples 4-6 which appeared more granular (Table 20, Column 2). The black 

sediment underneath samples 1-3 was muddy with a strong sulphuric (H2S) smell 

compared to samples 4-6 (Table 20, Column 3). Overall sample 2 observed a finer 

granularity of material throughout the sediment core compared to all others. Sample 2 also 

had a significantly stronger sulphuric smell. Samples 1-3 could be filtered through a 

500μm mesh sieve, whereas samples 4-6 had granules ranging from 1-14mm (Table 20, 

Column 4). The overlying water from the samples was also noted for its appearance: 

sample 1 appeared clear whereas sample 2 was observed as a dark oily liquid, and sample 

3 appearing to have paper detritus as well as an oily substance (Table 20, Column 5). 

4.3 Benthic Survey and Underwater Photography 

 In order to select representative samples and fulfil protocols listed in ISO12878:2012, 

appropriate sampling locations were selected on the basis of areas of natural particulate 

accumulation. As a result, a cross section of the seafloor in front of the sewage outfall was 

illustrated in order to identify these areas. This was completed using depth and 

displacement measurements in Table 21. Sampling locations for samples 1 and 2 were 

cored in areas of particulate accumulation (seafloor became level), whereas sample 3 was 

selected due to the close proximity to the wastewater outfall. These sites are marked with 

an X in figure 23 below. 

 

 

Figure 23: 100m cross section 

topography of the transect 

monitoring 
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Table 21: Recorded data and accompanying photos along 100m transect 

Site 

# 

Outfall 

Distance 

± 1m 

Depth 

± 0.1m 

Sediment 

Composition 

 

Notes 

#1 0 0.8m Gravel: Cobble 

& Boulder Size 

 

Toilet paper strands; 

Organic material 

Solid Waste – Mixed 

 

 

 

 

 

 

 

Photo A 

 

 
#2 3 4.3 Homogeneous 

Fine sand/silt 

5cm white paper 

Solid Waste – Mixed 

Photo B 

 
#3 8 6.6 Homogeneous 

silt/mud 

15cm beige soft organic matter 

Solid Waste on surface – Mixed 

#4 10 6.7 Homogeneous 

silt/mud 

15cm beige soft organic matter 

Starfish 

Solid Waste on surface– Mixed 
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Photo C 

 
#5 20 6.8 Fine sand/silt Dominant White Bacterial growth 

Burrows visible (0.5cm to 2cm) 

Solid Waste – Cigarette filter tips 

Photo D 

 
#6 30 7.2 Fine sand/silt White Bacterial growth 

Decaying algal sludge 

Kelp 1m – decaying with bacteria 

Crab 
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Photo E 

 
#7 40 8.2 Fine sand/silt White bacterial separated 

Very few Bristleworms (ex: P. ciliata) 

Solid Waste – Metal netting 

Photo F 

 
#8 50 8.6 Fine sand/silt Patches of white bacteria, brown and 

black matter 

Increased coverage of bristleworms 

(ex: P ciliata) 
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Photo G 

 
#9 60 9.2 Fine sand/silt Patches of 

white bacteria, 

brown and 

black matter 

Bristleworms 

(ex: P. ciliata) 

Large Solitary 

Kelp 3m – 

decaying roots 

Photo H 

 
#10 70 9.7 Fine sand/silt Bristle worms 

(ex: P. ciliata) 

Coverage of 

white bacteria 

decreases away 

from outfall 

Loose decaying 

kelp leaves 

#11 80 9.3 Fine sand/silt 

#12 90 9.6 Fine sand/silt 

#13 100 9.9 Fine sand/silt 
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Photos I-L 

Site #10-13  
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N.B: Biological studies in the laboratory were not conducted. All observations are based 

from the above photographs and literature review.  

The above photo journal illustrates an environment saturated with sewage waste from the 

pictured outfall (Photo A). From previous reports, the environment of Pollurinn is 

dominated by the invertebrate Polydora ciliata (Helgason et al., 2002; Kiadeh, 2011), a 

bristle worm known to be typically abundant in polluted environments (O’Sullivan, 1971). 

The density of invertebrate tentacles and irrigation channels appeared to increase 

away from the outfall (Photos B-D). The highest abundance of burrows can be seen at 

site 5 (Photo D). Although areas were seen with white bacterial mats, large areas 

were covered with this at site 7 (Photo F). Larger communities of Bristle worms 

visible at site 8, located 50m from the outfall (Photo G). This type of environment 

extended further with no discernable change, the seafloor appeared to be covered by  

(Photos I-L)  

Table 22: Underwater photography of the areas wastewater issues and surroundings 

Image Photo Description 

A 

 

Laminar grating of the 

Austurvegur/Pollgata 

Outfall. 

Blockage was a mixture of 

toilet paper, hygenic towels, 

and broken plastic pieces 

B 

 

Zoom photo of the surface 

sediment load around a 5m 

radius from the outfall. 

Mixture of granular pieces 

of orange and white 

material, and small fibrous 

strands – most likely toilet 

paper 
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C 

 

A microbial growth found at 

7.2m depth that appeared to 

be blue and thickened 

toward the centre 

D 

 

Zoom photo of 

Bristleworms (Polydora 

ciliata) found from 100m to 

50m in decreasing density 

towards the outfall 

E 

 

Collection of macro waste 

objects – the seafloor was 

buried in a thick layer of 

hygienic towels and other 

fibrous material. Once 

recovered they were 

identified as hygienic wipes. 

This layer was at least 6cm 

thick. 

F 

 

A further example of the 

macro waste found around a 

20m radius. The large object 

visible is a discarded plastic 

bag. Most likely blown into 

Pollurinn during a storm. 

Hygienic towels were again 

found penetrating at least 

6cm deep. 
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G 

 

Feminine hygiene products 

were also commonly found 

littering the seafloor (Over 

20 per dive) 

 

H 

 

Another example of a 

feminine hygiene product 

I 

 

Medical objects were also 

found including bandages 

(pictured) as well as 

packaging for various 

medicine  

J 

 

Cigarette filter tips and 

other bandages were 

frequently found 
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K 

 

Discarded jewellery was 

also found within the 

sediment  

L 

 

Larger objects such as this 

plastic cup were also found, 

illustrating some objects 

could have also arrived into 

the water body by other 

means (storm blown, illegal 

discarding, storm drainage) 

M 

 

The solitary kelp 

agglomeration appeared to 

have signs of distress such 

as several white decaying 

holes. These were more 

numerous towards the base 

of the kelp 

N 

 

Roots of the kelp were also 

covered in a similar white 

bacteria 
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The photos above illustrate many forms of visible pollution found and documented whilst 

underwater. Close to the outfall, the environment is covered in confetti paper with the 

nearby rock cobbles completely covered (Table 22; Photos A and B). The amount of 

plastic pollution, mostly sanitary accessories as well as medical devices was startling at the 

surface of the environment but was also found deep on the benthic floor (Table 22; Photos 

E-I). The flora has all but disappeared with few kelp bushes remaining. All the kelp bushes 

that were found had white rot extending from their base, this was not limited to this area, 

some had central holes being consumed by this white bacteria and signs of other stress 

such as the tissue of the plant wasting (Table 22; Photos M-N).   
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5 Discussion 

5.1 TOU/ORP/pH 

The statistical analysis of chemical tests may lack significance due to few samples taken 

(n=6). The number of samples were less than the desired (n>30) due to increased safety 

concerns when diving in the polluted environment without an environmentally sealed dry 

suit system. The Welch Anova test for statistical significance can be used when the 

treatment populations are equal. This investigation fulfilled this condition as three samples 

were tested from Pollurinn and three samples from Álftafjörður. The data sets for TOU, 

ORP and pH were normally distributed when tested according to the Shapiro-Wilk 

normality test.  

Dissolved Oxygen measurements from all samples decreased overtime, suggesting oxygen 

uptake by benthic mineralization and/or respiration of organisms was found at both sites. 

Samples appeared to decrease linearly excluding sample 2, which appeared to be shaped 

into a ‘S’ curve. The lower plateau appeared to be due to the conditions reaching anoxia 

(Ronnie N. Glud, 2008), whereas the initial slow oxygen uptake could be due to the sample 

warming overtime. Metabolic rates can increase at higher temperatures, and would 

accelerate the consumption of oxygen (Kaiser & Williams, 2011). Better insulation would 

be recommended for future study, although in situ measurement is always preferred 

(Ronnie N. Glud, 2008; Lansard et al., 2003; Reimers et al., 2001; Thamdrup et al., 2007). 

The TOU values evaluated from the D.O data was tested using a Welch Anova test. This 

test found that the observable difference in TOU was not statistically significantly between 

Pollurinn and Álftafjörður (p=0.369). Although the p-value was >0.05, there was an 

observable mean difference in TOU between sites. Pollurinn had a mean TOU of 0.78 

whereas TOU in Álftafjörður was found to be 0.24. An increased mean TOU would 

suggest that Pollurinn was experiencing a general trend of increased benthic 

mineralization, possibly due to decomposition of particulate matter from the outfall. This is 

further supported as all sites in Pollurinn observed an increase in TOU compared to the 

matching samples from Álftafjörður.  
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The Oxidation-Reduction Potential (ORP) data was normally distributed, and according to 

the Welch Anova test, the means from Pollurinn and Álftafjörður were found to be 

significantly different (p=0.009).  The mean Electrode potential in Pollurinn was 442.7 

mV, whereas Álftafjörður observed a mean value of 661.9 mV.  This result supports the 

notion that oxygen is being consumed from the overlying water column along the sediment 

boundary in Pollurinn. Water saturated with oxygen typically possesses a redox potential 

of 710 to 800mV whereas waters with varying levels of oxygen consumption observe 

values between -100 to 710mV (Stumm & Morgan, 1996). Although both sites registered 

values of within -100 to 710mV spectrum, the study site observed values correlating to 

redox potentials of solid manganese Mn (III, IV) being reduced to soluble Mn (II). In 

comparison, the reference site showed values of redox potential corresponding to the 

process of denitrification (NO3
- 
 N2). When either soluble Mn (II) or N2 is released into the 

water column, they are oxidised by the available oxygen, depleting it from the 

environment. The values observed in Álftafjörður are representative of a benthic 

environment that is consuming oxygen but at a rate slower than in Pollurinn. As less 

oxygen is being consumed here, slower benthic mineralization rates would also be 

expected in Álftafjörður compared to Pollurinn. The rates observed in Pollurinn therefore 

indicate an environment with increased degradation processes, possibly due to the increase 

in decaying matter from the sewage outfall. 

As stated previously, the pH of the environment can influence which redox processes occur 

within the sediment (Bier, 2010; Hach Company, 2014). The pH of the water from 

Pollurinn was on average, lower than that of the reference site. The mean pH of Pollurinn 

was measured as 7.72 whereas the pH of Álftafjörður was 7.85. The data was normally 

distributed, but the mean differences between the two sites were not statistically significant 

(p=0.253). In a regular system, decomposition releases carbon dioxide (CO2) in a dissolved 

state, which can react in the water column (H2O) to form carbonic acid (H2CO3) (Ben‐

Yaakov, 1973; Pepper et al., 2011).  Equilibrium is established between dissolved carbon 

dioxide and carbonic acid in water:  

CO2  + H2O ⟷ H2CO3 

Carbonic acid is a weak acid and therefore partially dissociates (in two steps):   

H2CO3 ⟷ H
+ 

+ HCO3
- ⟷ H+ 

+ CO3
2-
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In a system with higher pH, this equilibrium equation shifts to the left due to the 

abundance of hydrogen ions (H
+
). An equilibrium equation can work in either direction; a 

leftward shift would suggest an environment with less respiration and therefore less 

decomposition. It makes sense that Álftafjörður has a higher pH as there would be less 

decomposition occurring there compared to Pollurinn which receives waste from the urban 

area. 

Comparing the paired samples from Pollurinn and the reference site can offer further 

insights. All three parameters (TOU, ORP and pH) indicate that the decomposition is 

greatest in sample taken 7m from the wastewater outfall in Pollurinn. Both sites exhibited 

the largest TOU values 7m from the outfall/LW line along the downslope of the seafloor 

(Figure 23). This follows common literature describing how lateral transport of matter 

along a downslope has been observed to intensify degradation and increase TOU (Jahnke 

et al, 1990). The sampling design of this study had planned to include comprehensive 

statistics along distance, but as the sample size was too small to complete this, the 

treatements were only compared in relation to their site location (Pollurinn against 

Álftafjörður). 

The sampling in this study occurred in the summer of 2017, which gives a very limited 

understanding to the annual cycles of TOU, ORP and pH as they seem to be affected by 

annual and seasonal variation (Ronnie N. Glud, 1999b, 2008; Ronnie N. Glud et al., 2003). 

Although data has shown that benthic O2 uptake increases in the summer months, this is 

linked to the persistence of material deposition (Thamdrup et al., 2007). Pollurinn can also 

behave differently since it is seasonally covered with ice which has been seen to drive an 

otherwise oxygenated system to anoxic conditions during the winter (Thorbergsdóttir et al., 

2004). Contemporarily, seasonal growth cycles mean larger amounts of organic matter are 

deposited during winters due to low light conditions (Kaiser & Williams, 2011). Benthic 

mineralization has been observed to increase when this happens further depleting oxygen 

(Thamdrup et al., 2007). Organic matter is also degraded less by microbes in the water 

column due to these lower temperatures and thus more is deposited within the sediment 

(Garcia-Ochoa et al., 2010; Lansard et al., 2003). Seasonal sampling in Pollurinn would 

therefore be of interest, in order to measure annual and seasonal variation.  
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5.2 Sedimentary and Qualitative Analysis 

Investigating the grain size of samples from aquatic environments can indicate the 

depositional characteristics of an area. Larger sediment will be found in areas of higher 

energy due to the currents being able to displace the smaller grained sediment.  

Conversely, lower energy environments allow smaller grained sediments to be deposited 

(Anderson & Anderson, 2010). All samples from Pollurinn contained sediment of fine and 

very fine sediment in accordance with the Wentworth Scale, suggesting a low energy 

marine environment. The grain size of the sediment cores indicated particles smaller than 

500μm, with sieving concluding that the sediment particles were around 250μm. This 

agrees with past sedimentary analysis that has classified Pollurinn as a low energy 

depositional environment (Helgason et al., 2002; Kiadeh, 2011). In such an environment, 

wave action and the resulting turbulence experienced on the seafloor can be diminished 

(Drever, 1997). Likewise, oxygen penetration from the water column would be lessened as 

the sediment would be mixed and resettled less frequently. Pollurinn has been cited as a 

region of increased stress due to the vulnerability of the depositional environment (Eydal et 

al., 2013).  

5.3 Invertebrate 

SCUBA diving provided an immersive perspective on how the sewage outfall resembled to 

impact the invertebrate communities. Specie identification was not included in this report, 

but photographic identification matched with identification from previous reports can offer 

limited results. The seabed furthest from the outfall was photographed to contain dense 

polychaete communities, whose appearance matched the previous taxonomical studies in 

Pollurinn that found the area dominated by the specie Polydora ciliata (Helgason et al., 

2002). Closer to the sewage outfall the identifying features of P. ciliata, such as the two 

slender palps (antennae) that extend upwards became absent in the photos captured during 

the dive. Instead, this area included burrows more similar to previously identified 

invertebrates such as oligochaeta or polychaetes such as Capitella capitata (Kiadeh, 2011). 

The visible changes captured through underwater transect photography support previous 

conclusions that the species found closer to the outfalls were those tolerant to a higher 

level of pollution (Kiadeh, 2011). Chemical changes associated with anaerobic metabolism 
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may increase the toxicity of sediments, resulting in favouring of more tolerant species over 

others (Comprehensive Studies Task Team (CSST), 1997). 

The presence of these invertebrates in polluted environments is documented across the 

world. The domination of P. ciliata is associated with polluted water bodies as confirmed 

by studies in Bergen, Ostend, Firth, and Japan (O’Sullivan & Cole, 1971), whereas the 

presence of C. capitata has been associated to zones of highly polluted waters in other 

harbours and industrialized coastlines (i.e. aquaculture) (Smyth, 1968).  In Los Angeles, 

the seafloor of an inner harbour was found to be dominated by C. capitata, but after a 

significant reduction programme on wastewater emissions, the species was absent and 

‘healthy zone’ indicator species dominated (Reish et al., 1980). If management can reduce 

the p.e pollution to Pollurinn, a similar change could also be expected.  

5.4 Macro Pollutant Waste 

The issues of macro pollutant pollution from sewage outfalls in Ísafjörður had not been 

documented in previous studies (Arnar & Jósefsson, 2017; Helgason et al., 2002; Kiadeh, 

2011). This could be due to the scope of these reports not including this issue or could be 

due to this being a new and emerging problem. The observations and photographs 

documented in Table 21 and Table 22 underpin how a methodology including underwater 

observation can yield a much broader scale and source of results. Viewing the environment 

in its entirety by diving into the area and performing observational transect monitoring 

allowed for a wider understanding of the issues surrounding wastewater practices and 

infrastructure in Ísafjörður.  

The recovery of Pollurinn from current condition would need to assess the high 

accumulation of macro pollutants and toilet paper, especially in the near field zone of this 

outfall. This assessment would assume that the issue would be observable at all other 

outfalls around Ísafjörður. The amount of debris, mostly hygienic items that were 

consolidated to the seafloor were exorbitant. Due to the risk of discovering other items 

commonly disposed of into wastewater, such as syringes, razor blades and needles 

(George, 2009), the depth of macro pollutant waste wasn’t measured methodically. Large 

amounts of toilet paper could be contributing to the changes in vertical redox cascades, 

benthic mineralization and therefore oxygen depletion. Toilet paper that is mostly wood 
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pulp can therefore contribute to organic enrichment in the sediment. Unfortunately various 

cleaning wipes of differing sizes and levels of decomposition also accompanied this paper 

detritus. Cleaning wipes have been found to last up to hundreds of years depending on the 

plastic used (A. R. McGoran et al., 2018). The concentration of debris was concentrated 

along a 5m radius around the outfall close to where the sample 2 was extracted. Hygienic 

towels and toilet paper detritus covered 20m of the coast in either direction of the outfall.  

According to literature, there are extensive guidelines and standardization studies on the 

compatibility of nonwoven products (wipes, towels and other sanitary items), to the 

operation of sewer systems (Atasağun & Bhat, 2020). According to the nonwoven industry 

associations, these products should  “Be unrecognizable in effluent leaving on site and 

municipal wastewater treatment systems…” (INDA & EDANA, 2017). Towels are first 

amongst a long list of items wastewater utilities have been campaigning against to educate 

people what they should and should not flush. Items that were found across these dives 

included hygienic towels, bandages, sanitary towels, jewellery, tampons and their 

applicators, cotton buds, condoms, medicine, and various degrees of deteriorating toilet 

paper. Global campaigns have tried educating people to the fact that the list of things 

flushed down a toilet should be limited to the ‘3 P’s’ of pee, poo and paper (George, 2009). 

Catchy slogans and informative videos have had no significant affect on the negative 

habits affecting wastewater infrastructure, and the subsequent cost of unblocking drains as 

well as municipal outfalls have continued. 

In the UK, the yearly cost of unblocking wastewater pipes is over £100 million (Water UK, 

2018). It was also noted in the same report that the blockages were made nearly entirely 

from wet wipes – 93% of the total mass. The focus on naming these masses ‘fatbergs’, is 

therefore misguided as the subject in question should focus on these hygienic towels, rather 

than on fats poured down the drain of kitchens and restaurants. More over, the issue of a 

fatberg blockage is a common issue, in a combined sewage systems (CSS), which like 

Ísafjörður, is a system where wastewater from different sources are consolidated into a 

single wastewater pipe. These systems are often absent of treatment or grating due to the 

concern of blocking the flow of storm drains and thus increasing the risk of flooding. 

Regardless, blockages occur and typically involve unblocking the mass by any means, as 

long as the wastewater flow is restored. In Ísafjörður, this unblocking releases the backup 

of waste directly into Pollurinn, as that is the towns chosen receptor (National Research 



 63 

Council, 1993). The current method of clearing blockages lacks any framework to capture 

and properly dispose of these items. A simple solution could be to place drainage nets over 

the outfalls and block wipes as well as fatbergs.  

Hygienic towels and other similar items often interpreted as ‘tissues’, are actually forms of 

single use plastic (Kaur et al., 2018; Peberdy et al., 2019). Inspecting the composition list 

of these items, illustrates that these wipes are a blend of natural and synthetic fibres. The 

natural material imparts softness to the product whereas the synthetic fibres including 

polypropylene, polyester and polyethylene allow the product to be durable. Products that 

label wipes made from eco-friendly ‘regenerated cellulose’ use synthetic fibres such as 

Viscose, Rayon or Lyocell, claiming to be biodegradable and according to tests ‘degrade at 

a rate comparable to cotton’ (Comnea-Stancu et al., 2017). These tests are currently 

debated as independent tests have illustrated longer decomposition times as well as 

products made from both regenerated cellulose and plastic fibres. Of the brands found at 

the local stores, Nettó and Bónus, no such 100% biodegradable wipe was found. Some 

products were labelled as flushable whereas others did have illustrations warn against 

flushing them down the toilet. Of the ‘flushable’ products, some indicated to ‘never flush 

more than one wipe at a time’ (Khan et al., 2019; UK Water Industry, 2019). It is 

important to note that the term ‘flushable’ in no way has any relation to the items 

decomposition, but only relates to the ability for a wipe to pass through a home’s pipes 

(Atasağun & Bhat, 2020). Furthermore, it contains no consideration on when wipes reach 

the environment, torn or whole (INDA & EDANA, 2017; Quinn, 2019). One brand of wet 

wipes, Kirkland Signature, moist flushable wipes labelled their products to be “made with 

Eco-flush™ technology from plant fibres and are free of chemical binders and alcohol. 

They are safe for well-maintained sewers and septics”. Although this product may suite 

other wastewater systems, the system in place in Ísafjörður and most of Iceland are ill 

equipped to deal with these ‘flushable’ wipes.  Further detail found online about Eco-

flush™ technology described these products only working with bacteria in well-maintained 

septic systems. The ability for these wipes to digest within Pollurinn is not guaranteed, and 

from my own observations, is not occurring.  

The issues linked to petroleum-based plastic wipes in Pollurinn are the same issues related 

to marine plastic pollution globally. At the study site, the pollution relates to large visual 

pieces of single use plastics, as well as the issues related to micro-plastic pollution. The 
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large pieces of single use plastics can be a choking hazard for fauna (A. R. McGoran et al., 

2018), but furthermore they also create a benthic barrier between the seafloor and the water 

column. The seasonal spring recycling of nutrients and carbon mineralization could also be 

affected due to plastic sheeting if sediment is unable to be mobilised as easy (Ronnie N. 

Glud et al., 2003; Lansard et al., 2003; Rovelli et al., 2016; Thorbergsdóttir et al., 2004). If 

the plastics are in high enough densities, benthic processes could shift from aerobic to 

anaerobic when the resupply of oxygen is obstructed from the overlying water column 

(Elias & Pullman, 1986). Benthic turnover rates could then be affected, and as a result 

affect Pollurinn’s ability to decompose the organic waste flowing from outfalls. A benthic 

barrier like plastic sheeting could disturb the re-oxidisation of metals and thus change the 

vertical cascade of redox reactions. The coupled movement of gases released from these 

reactions might also be obstructed and held within the sediment. Furthermore, the ability 

for fauna to channel and burrow the seafloor may also be affected due to multilayer 

coverings of plastic. The irrigation activities mentioned above have been found to offset 

the oxygen cost of faunal respiration and thus more important in when understanding Total 

Oxygen Uptake (Ronnie N. Glud, 2008). This infaunal activity can be particularly 

important in areas where less mixing and surface disturbance occurs (Al-Raei et al., 2009; 

Thamdrup et al., 2007). The overall influence from plastic pollution would most likely 

shift the biogeochemical cycles towards an anoxic environment.  

The effect of plastic pollution from these single use plastic items is further complicated as 

plastics denature and leach into the environment. The first issue relates to the 

fragmentation of polyethelene into microplastics. Studies regarding the degradation of 

polyethelene, a common type of plastic used in these items, found that enhanced 

degradation occurs due to released gas from the seafloor (Elias & Pullman, 1986). 

Fragments of polyester have been found across fish along the River Thames in the United 

Kingdom, in close vicinity to shorelines covered with over 5450 wet wipes (A. McGoran, 

2018). Furthermore, as these plastics degrade, the ingredients within these products can 

also be released into the environment. The severity in ecotoxicology and toxicity to 

humans differs between specific products of which are unknown from the waste found in 

Pollurinn. Products containing ingredients that are hazardous are typically discontinued, 

but the environment suffers from delays in decision-making, and accountability from 

businesses. These ingredients include Bronopol, an antimicrobial used in hygienic towels, 
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releasing formaldehyde. Bronopol has been found to be moderately/highly toxic to 

estuarine and marine invertebrates as well as slightly toxic to marine fish and birds(US 

Evironmental Protection Agency, 1995). Another ingredient Propylparaben, used for 

fragrance preservation, has found to alter the sex ratio of marine fish and cause a decrease 

in reproduction rates, even at low doses (Kang et al., 2019). 
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6 Management  

According to the Icelandic Action Plan for Pollution 2001, the largest sources of 

wastewater in Iceland are residential, fish processing, livestock slaughtering and industry 

such as aquaculture, and heavy industry (Umhverfisstofnun, 2001). From the given list, 

wastewater sources contain the cultural identity of a country, with fish processing and 

aquaculture listed as major contributing industries to wastewater. Iceland, the 5
th

 lowest 

populated country in the world, centres its industry and urban areas on its coastline 

(Statistics Iceland, 2019). As a historic fishing nation, which has sustained its role as a 

large fishing processor, it is no surprise that wastewater pollution originates and is emitted 

around these urban coastal centres (Umhverfisstofnun, 2013).  

6.1 Challenges due to inadequate data 

In the most recent coastal marine monitoring report, Pollurinn was yet again mentioned as 

being a site at risk due to wastewater emissions exceeding 10,000 p.e (Eiríksdóttir & 

Ólafsdóttir, 2020). Unfortunately, the data used by reports on wastewater have commonly 

calculated the p.e of agglomerations using assumed values of industrial waste (Jónsson et 

al., 2014; Umhverfisstofnun, 2013). This may further miscalculate the amount of waste 

entering the surrounding environment of agglomerations, placing the environment at 

greater risk. The issue of limited data concerns most agglomerations outside of Reykjavik, 

the capital of Iceland. The contrast between abundance and lack of information in urban 

wastewater management is a common feature throughout the world with countries such as 

Romania and Iran also facing the same challenges in rural areas (Apostol & Mihai, 2012; 

Taghipour et al., 2016). 

Without key information such as the type, volume and rates of wastewater production, 

rural authorities are typically unable to efficiently design and operate waste management 

systems (National Research Council, 1993). Centralized budgets for wastewater 

management are distributed only after baseline information on the environment and from 

sources of pollution has been completed, as well as suggesting management improvements 

based on evidence that wastewater is a public health issue or is noticeably degrading the 

environment. The issue of a nutrient enriched marine environment is typically believed to 
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be of less significance in Iceland due to the ability of currents to disperse nutrients from the 

coast and return the ecosystem back to homeostasis (Umhverfisstofnun, 2013). However, 

each location should be monitored due to unique environmental characteristics, such as the 

morphology of protected bays and climatic processes.  

This further hinders urban wastewater management in rural areas, allowing for more 

established regions greater attention and support (Taghipour et al., 2016).  An example of 

this occurred in Reykjavik when the secondary wastewater treatment facility failed 

inspection in 2014 owing to the presence being detected of faecal coliforms. Since then, 

the wastewater facility has received both protocol and system upgrades whereas major 

areas of Iceland lack any form of basic treatment (Orkuveitu Reykjavíkur, 2014). The 

emerging risk of chemicals through direct sources such as urban wastewater systems is of 

even greater concern due to the lack of modern wastewater treatment plants, even in larger 

urban areas (Gunnarsdóttir, 2005; Kallenborn et al., 2018). As Ísafjörður does not even 

have first stage treatment in place for the majority of the town, this area is at greater risk of 

this concern. 

Reviewing the methodology of the Verkís report, the total p.e was valued using 

extrapolated flows of wastewater from a limited number of wastewater pipes, and 

increased by a given figure of 30% to account for the cities expansion and ‘other 

uncertainties’ (Jónsson et al., 2014; Weisshappel et al., 2013). Unfortunately there is little 

more to extrapolate and understand from these concluding remarks, only to stress the 

importance of further study in this department. Iceland should take a keen interest in 

performing continued assessment particularly due to their national and international 

legislation.   

6.2 Wastewater issues related to Ísafjörður’s Town 
Plan  

Ísafjörður’s master plan (2008-2020) declares a stance of protection and conservation 

regarding the environment (Ísafjarðarbær, 2009). The report covers overall environmental 

health and wastewater and discusses them in relation to three key areas for the town: the 

school environment, recreation activities, and business development for the town. The plan 

clearly states that, “Pollution due to sewage at the coast of the municipality will be kept to 
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a minimum”. Observing the amount of plastic litter settling on the seafloor, pollution is not 

being kept to a minimum.  It is imperative that a new wastewater management system 

should be put in place. 

The aforementioned school organises events in Pollurinn such as rowing events across 

these raw sewage emissions. The school also emits its wastewater untreated into Pollurinn 

from Outfall #11 (Figure 13). This outfall was not included in this study but could be a key 

source of pollution due to the enrolment of at around 300 students each year, in addition to 

vocational and after school programs. This school has also expanded its enrolment, from 

312 to 363 students in from 2012-2015 (Á. Elíasdóttir et al., 2015). When addressing the 

school environment, the local plan pledges that the “School environment must be healthy, 

promote good movement and promote the development of all students”. To ensure school 

activities continue in Pollurinn in a healthy and safe environment, periodic monitoring of 

the effects of untreated wastewater disposal into the bay should therefore be conducted and 

the school should take part in its regular monitoring. With a large p.e associated to a single 

building, wastewater management solutions should be fitted into this central social 

infrastructure. 

Safe recreational activities in Pollurinn should extend to the entire community as stated by 

two policies in the local plan. Firstly, “Access to nature will be ensured, i.a. the tide and 

connection of the population to nature and the environment strengthened”. If current 

wastewater management is unchanged, access to Pollurinn especially around near shore 

outfalls should be prohibited due to its health risks from untreated sewage and the volume 

of hygiene products found in this report. Unpublished data by Heilbrigðiseftirlit Vestfjarða 

could supports this change as higher bacterial counts have been found in this nearfield 

environment (Heilbrigðiseftirlit Vestfjarða, 2019b). The sporting events in Pollurinn are a 

mainstay event in Ísafjörður, as it connects the inhabitants with their environment. As the 

local plan identifies, these activities can enhance environmental protection and promote 

positive attitudes towards the environment. It would be unfortunate if these events were to 

also be halted due to the current lack of environmental protection. These recreational 

activities include a yearly summer competition; Sæfari, a local kayaking business; as well 

as water-skiing and jet skiing during the summer.  
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Lastly, Ísafjörður’s ambition to develop Pollurinn into a leisure boat and sailboat tourism 

hub (Ísafjarðarbær, 2009) could be affected due to the discharge of untreated wastewater. 

With close to 80% of tourists listing nature as their reason for travelling to Iceland and 

over half of those describing the ‘unspoilt/untouched’ as the most important factor to 

Iceland’s nature, businesses operating here would be threatened (Cruise Iceland, 2017). 

Likewise, the attraction of harbouring vessels somewhere connected to the traditions of 

Ísafjörður may be less favoured if the area is strewn with sanitary napkins and wet wipes. 

Marketing Pollurinn for sailing boat activities would likewise suffer for the same reasons, 

impacting the area economically. The municipality of Ísafjarðarbær should take a keen 

interest in performing continued assessment particularly due to the impact on the 

commons, embodied in the current master plan. When drafting the next master plan for the 

years following 2021, plans for assessment should also support investments in wastewater 

management practices discussed in Section 6.5. 
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6.3 Rising issues in the future for Ísafjörður  

As mentioned in Section 1.1 of this thesis, the population equivalent (p.e) of waste entering 

the environment has risen significantly in Ísafjörður from 15,000 in 2013 to 200,000 in 

2019 (Helgason et al., 2002). Although this is attributed to significant increases in 

production from the local fish processing industry, wastewater may be also be increasing 

due to tourism. Ísafjörður port has had steady growth in the number of cruise ships during 

the summer months, bringing on average 15 more ships along with 15,096 more people per 

year (Table 23; Hafnarhúsinu Ísafjörður, 2019). Overall tourism has grown in Iceland 

with the number of tourists increasing and the number of overnight stays in the region - 

increasing by 27% during the 2017-18 year compared to 2016-17.  Hotel accommodation 

is not at maximum capacity, giving room for growth (Statistics Iceland, 2019).  

Table 23: Cruise ship tourism in Ísafjörður  between 2015 and 2020 (Hafnarhúsinu 

Ísafjörður, 2019) 

Year Ship 

visits 

Passengers total Change in passenger 

number 

Change in 

ship visits 

2015 64 54000 - - 

2016 81 85108 +31108 +17 

2017 95 78732 -6376 +14 

2018 111 106875 +28143 +16 

2019 124 114383 +7508 +13 

2020 135*    

     

Average   +15,096/yr +15/yr 

*Expected 

Additionally, in order to accommodate the growing size of cruise ships, the outer harbour 

of Ísafjörður has been granted planning permission to expand (Hafnarhúsinu Ísafjörður, 

2019). This development would narrow the channel connecting Pollurinn to the outer 

fjord. If this is restricted, the strong currents that typically transport pollutants away from 

the coastline may be critically reduced (Weisshappel et al., 2013). According to previous 

studies, the area already lacks appropriate dilution from a regular influx and outflow of 

seawater from the outer fjord (Eydal et al., 2013). The concentration of wastewater 

emissions will also likely increase overall, as the amount of all other waste categories has 

risen in Ísafjörður over time (Table 24). Sewage quantities have remained at 0.00 tonnes 

from 2014 – 2017 due to unknown quantities of wastewater emitted into the surrounding 

marine environment. 
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Table 24: Categorized waste estimations of Ísafjörður by Hagstofa Islands from 2014-17 

 

6.4 Pollurinn  

Although the direct emission of sewage fulfils national legislation determining safe 

methods of wastewater treatment, a comprehensive study has yet to be realised following 

the 2008 classification. A measureable deterioration of the environment near sewage 

outflows (Kiadeh, 2011) may be due to primary treatment in Iceland not meeting the 

purification performance detailed in the UWWTD as written in the newest annual report by 

the Environmental Agency of Iceland (Umhverfisstofnun, 2017a). The uncertain nature of 

Skutulsfjörður and Pollurinn deepens as the UWWTD database incorrectly labels 

Ísafjörður (IS023) with a p.e of 2,500 instead of over 15,000 (EEA, 2017). The rate of 

wastewater collection was also valued at 100%, although 100% of wastewater is 

discharged into the inner or outer water bodies with the most basic treatment (Weisshappel 

et al., 2013).  

 

Figure 24: Regional waste water treatment methods in Iceland (Umhverfisstofnun, 2013) 
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Figure 25 depicts how the Westfjords lacked any form of wastewater treatment in 2013. 

This has remained unchanged at the time of this report. Ísafjörður the largest 

agglomeration in the Westfjords produces over 10,000 p.e waste, suggesting a lack of 

compliance with Article 6 of the UWWTD (Jónsson et al., 2014). In 2008, 

Umhverfisstofnun approved Skutulsfjörður as a ‘less sensitive’ area, but the water body of 

Pollurinn was then ‘classified in uncertainty’ or ‘í óvissu’ years later (Weisshappel et al., 

2013).  Both of these classifications allude to the inner bay of Ísafjörður being recognised 

as an area of waste accumulation but with little information available to make a 

comprehensive assessment. The limited information suggests that the waste of 60% of the 

population, around 1800 people, enters the inner bay untreated (Weisshappel et al., 2013). 

In Iceland, 90% of organic matter typically originates from industrial activities and 10% 

from domestic sources, but in Skutulsfjörður this ratio is 80% industry to 20% domestic 

(Ísafjarðarbær, 2009). Management of wastewater in Skutulsfjörður thus has an 

opportunity to reduce 20% of overall waste, through action at individual homes when 

compared to the rest of the country.  

The most recent update to the wastewater system was in 2008 when septic tanks were 

connected to the hospital in order to process dangerous waste such as radioactive iodine 

used in treatments (Ísafjarðarbær, 2009). The half-life of this radioactive substance is 8 

days, and thus it was raised as a priority issue to be managed (Heilbrigðiseftirlit Vestfjarða, 

2019a). At the time of this report, no changes have been made to contain these radioactive 

substances.  

The outer shelf of Skutusfjörður is not at risk of pollution concerns as the exposed 

coastline removes waste out into deeper waters (Helgason et al., 2002). As a result, plans 

have previously been drawn to stop wastewater from entering Pollurinn and to redirect 

flows to the outer shelf (Weisshappel et al., 2013). As this solution never came into 

fruition, a cost benefit analysis listing options the town could implement was published, 

with engineering plans costing in the range of 5-81 million ISK (Arnar & Jósefsson, 2017). 

These options are examined in the following section. 
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6.5 Management recommendations 

6.5.1 Challenging the solutions currently offered to the town 

The cheapest solution recommended is to extend outfall 19 further out into the outer fjord 

and to divert waste from several outfalls (including Outfall 14), to this central pipe (Arnar 

& Jósefsson, 2017). If this plan would come into fruition, there is a need for periodic 

monitoring of the environment before, during and after these changes. As there will be no 

wastewater treatment, a higher p.e waste load would flow and possibly affect the benthic 

floor as waste continuously settles. This would also include the same waste found in 

Pollurinn such as  macroplastic items. The outer fjord is also populated with business 

activities such as aquaculture enclosures containing Atlantic cod (Gadus morhua) and 

rainbow trout (Oncorhynchus mykiss). The wellbeing of these animals may be affected, 

were a centralized outfall be placed inappropriately. Furthermore, the outer fjord is mapped 

with areas drawn of possible expansion for future investment in the aquaculture industry, 

complicating matters further.   

The second engineering estimation included the plan to build a wastewater processing 

station, costing 30 million ISK, with running costs of 2.5million ISK a year. This station is 

described to contain both settlement as well as thermal processing targeting bacterial 

loading in the slurry. Two details of this plan need to be scrutinised; firstly the thermal 

processing unit was omitted from the building blueprints and in the economic context of 

the town, would be too expensive; secondly, the management of the highly toxic resultant 

sludge from treatement lacked planning, and could easily be ‘disposed of’ in the same 

manner as septic tank sludge. Current approved practices recommend septic tanks be 

emptied at least once every three years, and disposed of by companies with an issued 

licence (Samþykkt um fráveitu í Ísafjarðarbæ nr. 787/2017). These recommendations do 

not detail the disposal location and methods of sludge disposal. Current protocols have 

successfully collected septic waste as recommended at least once every three years, but the 

raw waste sludge is released into the fjord from Suðurtangi at low tide (Gunnar, personal 

communication, 28 November 2019). This service is requested by the landowner, collected 

by the local waste company (Terra), and is released into the environment by 

recommendation of Ísafjarðarbær. The impact of this emission of sludge is unknown, but 

the quantities have been increasing over time (Table 24). As an aside, waste sludge from 

camper van waste tanks are also disposed using a sewage outfall in Pollurinn without 
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any form of treatment (Outfall 6). These waste tanks can hold preservative chemicals 

that need to pass through treatment systems to avoid environmental hazards (US 

Evironmental Protection Agency, 1999).  

6.5.2 Alternative Solutions 

The current wastewater practices in Ísafjörður call for major changes, some of which were 

tackled in the above recommendations. Several issues affecting the sediment around the 

marine outfall in Pollurinn are not resolvable through engineering works or simple 

redirection. These solutions often times could merely relocate the issue elsewhere. 

Problems such as plastic, septic sludge disposal, and the malpractice from individuals, all 

need attention and can likewise offer opportunities from currently discarded waste. It is 

imperative that these alternative solutions be offered to the town, as decision-making 

processes should be completed with contextual information and framed experience 

(Abubakar et al., 2019). The contextual information gained while researching the 

alternations of the seafloor of Pollurinn underpins the need for solutions that can: function 

with the disjointed sewage system, is inexpensive for the municipality, and will use the 

capability and industry of Ísafjörður. These ‘requirements’ should also keep the 

overarching objectives of the town at heart, which include business innovation and the 

repopulation of the area (Ísafjarðarbær, 2009). 

One solution that fits these characteristics would be to place drainage nets around the 

sewage outfalls to collect plastic waste from reaching the seafloor. Hampiðjan, the local 

fishing gear company, and Skaginn 3X, the local metal manufacturing group, has the 

expertise and materials available to manufacture custom products. Operational 

management will require the replacement of these drainage nets, and cleaning of them, but 

testimonials claim that only 45minutes of work is needed to do so (Storm Water Systems, 

2010, 2015). The plastic issue should also be tackled legislatively as products which are 

currently consumed in Ísafjörður are not compatible with the infrastructure available. 

Alternative product development could be another local opportunity. Finally, opportunities 

in product labelling should be explored so that the public is informed and supplied with an 

appropriate replacement to current products. 

A more ambitious alternative to handle human waste would be to begin the usage of 

alternative toilets in Ísafjörður to separate blackwater from the wastewater. These plans are 
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typically avoided due to the expense of changing current systems, but as the town has no 

treatment in place, this should be considered. Due to the energy requirements, cost and the 

cold climate, electric incinerating toilets would not be recommended. In my opinion due to 

the associated odours and maintenance required and cold climate, compost toilets should 

be rejected. Ecological sanitation, which is the process of separating urine and feces for 

use as fertilizers, should be seriously considered for this agglomeration. Urine after 

dilution can be used immediately to fertilize crops, whereas feces can be used once 

pathogens are allowed to die in a separate chamber. Once this happens, this product can 

serve as a soil amendment as it is rich in organic matter (M. K. Hill, 2010). Firstly, 

wastewater pollution would decrease, as nitrogen, potassium and other organic particulates 

would be prevented to enter the environment. Secondly, Iceland has a rich history and 

growing number of greenhouses used for vegetable and fruit cultivation and a fertilizer 

sourced domestically has been identified as an opportunity (Butrico & Kaplan, 2018). 

Lastly, this opportunity to produce a domestic fertilizer from otherwise discarded 

blackwater could also develop into innovating fertilizer production to include other waste 

sources. This could focus on reusing waste from Kampi ehf. and other fish processors. 

Innovation in waste by-products from fish has already happened in Ísafjörður with the 

success of Kerecis, a fish skin Technology Company producing cellular-therapy and 

regenerative-tissue products.       
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7 Limitations and further research 

7.1 Funding 

The limitations to this study included overall cost, timing, and the availability of both the 

diving equipment and equipment for analysis. Funding for this study was unavailable and 

hence the equipment used was low cost and custom built. To increase diver safety, a full 

dive mask should be used in future. The standard safety procedure of post dive disinfection 

would still be employed but the risk of infection would be significantly decreased. A heavy 

duty dry glove system is also recommended compared to wet gloves in case of puncturing 

from anything contained within the soil during the core extraction phase, as well as 

protecting any open wounds on the hands from any hazards from bacterial infections.  

7.2 Equipment 

The coring device employed was successful, but could also be improved. Firstly, replacing 

an opaque material with one made of clear PVC piping would be preferred. This is 

commonly used in benthic coring activities such as those by the Marine Research Institute. 

The advantage of a clear tube would allow observation of the core for analysis. This would 

allow the depth of the oxic-anoxic boundary layer to be measured, as well as further 

sedimentology analysis. The custom-coring cap could have design improvements to make 

it lighter as long as its structural integrity isn’t compromised. Diving with all the 

equipment, including a camera, surface marker buoy and the coring tube was strenuous and 

therefore any weight lessening options would aid further studies of this sort. 

7.3 Sampling  

This investigation was completed with the sole help of a single surface tender and with a 

wide scope of work to complete underwater. Multiple divers would improve the accuracy 

and precision of this report significantly. To begin with, with multiple divers, mapping the 

benthic topography could have been completed using equipment such as a surveyors tape. 

The longest tape found was 50 ft, which was not nearly long enough for the scope of this 

report. For this reason, the kick cycle estimation was used. With a team of divers, a single 
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part of the dive such as photographic documentation, core extraction and transportation, 

and laboratory analysis could have been delegated, decreasing the load of work completed 

by each person, and importantly shortening the time between analyses and core extractions.  

The analysis of all cores was completed within the one-hour limit, but reducing time still 

further can control for variables such as temperature to a higher degree in the future. As the 

Marine Research Institute supplied the multimeter and probes used and there was no 

budget for damages, the tests were completed in a laboratory nearby. Time and variables 

such as the temperature of the sample could be improved by completing the measurements 

nearer to the dive site. A boat or raft with the in situ field probes (i.e. Microsensors) and a 

designated lab technician for example. The methodology used during this study focused on 

the extraction of core samples using a technique that cored a column of the seafloor 

without disturbing the topsoil due to a disturbance from a deployed sediment grab tool. 

The cores were intact, allowing for a profile to be extracted as well as the overlying in situ 

water, contributing to representative results in this regard. What this methodology did not 

address were the unforeseen effects of conducting this study in two sites, at the dive site 

and in the laboratory. As the limitations portion of the methodology described, the three 

chemical parameters of LDO, pH and ORP/Redox were all temperature dependent. Steps 

were made to reduce temperature change, but this could not be avoided completely, 

particularly while using the probes in the laboratory. While diving, the ambient water 

temperature was 9 degrees, whereas the temperature readings from the probes read a 

temperature of 12.7ºC. Secondly, when calibrating the pH probe, the buffers were not 

cooled to temperatures similar to the sample temperature. This experiment accounted for 

temperature calibration, but did not account for an error of temperature correction. As the 

test site and reference site used the same calibration, the comparative results can still be 

considered as representative. 

A longer period of sampling would allow for seasonal changes to be studied, enabling 

greater understanding of the annual dynamics of this environment. The effects on the 

benthos compared to the population dynamics over the more populated summer months 

compared to others; the effects of ice cover in the wintertime, including the freezing and 

melting of fresh water inputs; the wind and current changes including resuspension events 

such as major storms.  Extracting samples regularly could also indicate rates of sediment 

settlement in the area. By testing the area for a longer period, the TOU and typical redox 
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cascade reactions found could also be identified being a continuous effect seen throughout 

the year or a periodic effect that should be identified and addressed seasonally.  

7.4 Future Research 

Firstly, as this study tested few samples, investigating the variability of cascade reactions 

at the same depth (Berelson, 2002), and the variability of benthic oxygen consumption 

rates within the same region (Wenzhofer & Glud, 2002; Anderson et al 2004) in Pollurinn 

would be useful research, as this would increase the granularity of the data. Secondly, the 

amount, dispersal and decomposition of the plastic pollutants also deserve further 

investigation. The size of this plastic laden area in Pollurinn was not mapped in this study, 

but would be useful if a management plan would include a clean up operation. The severity 

of this issue would be influenced by variables that could be studied, such as the effects on 

decomposition rates of plastics in areas of biogeochemical decomposition. Lastly, further 

study in relation to climate change, should be of interest as increased oxygen depletion has 

been linked to warmer seas, increased ice coverage, as well as changing wind patterns.  

Information used as the basis for any wastewater management framework is currently 

incomplete in Ísafjörður. Maps of the sewerage system have been lost over time due to a 

lack in documentation. As a result, there is a lack in understanding the source of the 

wastewater and the complications when calculating population equivalent (p.e) loads of 

agglomerations. The improvement of this knowledge base is a necessity. This research was 

conducted at a single outfall; research from the other outfalls around Ísafjörður would be of 

local interest, but researching the impacts on the sediment floor from the major outfalls of 

Ananaust and Klettagardar (Reykjavík) would be of national interest. 
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8 Conclusion 

It is undoubtedly clear that Pollurinn is accumulating a variety of pollutants due to the 

reception of untreated wastewater discharge, and the ability of this water body to assimilate 

these pollutants is questionable. Notwithstanding that this study has limited statistical 

results studying the distribution of the fauna around the outfall, and the chemical analysis 

of the sediment core samples, the findings raise important issues underpinning the current 

concerns related to the current management of wastewater by the municipality of 

Ísafjarðarbær. The species of benthic fauna found in the survey area, indicate a polluted 

environment. The differences between chemical baselines from the study site and the 

reference site also support this finding. Oxidation-Reduction Potential measurements were 

found to be statistically significant between the site of Pollurinn in Skutulsfjörður and the 

reference site in Álftafjörður (p=0.009). A difference was also found between these 

locations when analysing the TOU and pH of extracted sediment cores (p>0.05). The 

results supported that the benthic mineralization was occurring the most in sediment 7m 

from the wastewater outfall. Benthic monitoring would suggest that the site of Pollurinn 

receiving wastewater from Ísafjörður has a different benthic mineralization rate compared 

to that of a non-polluted site. Further sampling would be recommended, as the small 

sample size was less than required for a robust assessment. Sediment monitoring should 

be included as part of the yearly monitoring plan of Pollurinn which is currently 

limited to surface water monitoring. As this study has demonstrated, surveys can be 

completed using low cost equipment and methodologies lent from other industries 

and the expertise of the community. The same ingenuity and community engagement 

can also offer solutions that can be quickly be implemented, such as locally made 

drainage nets to end plastic emissions from wastewater outfalls. Waste separation 

toilets should be trialled to separate blackwater from the wastewater in Ísafjörður. 

Domestic fertilizer production and other waste reduction practices could lead to local 

innovation opportunities. It is imperative to continue research in this area because it 

is evident that dilution is not the solution. 
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Appendix A 

Table 25: Dissolved oxygen concentrations of the overlying water from Pollurinn samples 

 

Table 26: Dissolved oxygen concentrations of the overlying water from Álftafjörður 

Dissolved Oxygen Concentrations of Álftafjörður Sample ± 0.2 mg/L 

Time Interval 

(Minutes) 

Sample 4 

(60m from LW line) 

Sample 5 

(7m from LW line) 

Sample 6 

(2m from LW line) 

T1 6.94 6.21 7.24 

T2 6.89 6.05 7.20 

T3 6.84 5.98 7.16 

T4 6.71 5.94 7.11 

T5 6.64 5.72 7.05 

T6 6.53 5.46 6.98 

T7 6.42 5.24 6.91 

T8 6.37 5.17 6.85 

T9 6.31 5.12 6.79 

T10 6.28 5.05 6.73 

T11 6.22 5.03 6.69 

T12 6.17 4.96 6.62 

T13 6.09 4.92 6.54 

T14 6.05 4.88 6.48 

Dissolved Oxygen (D.O) Concentrations from Pollurinn ± 0.2 mg/L 

Time Interval 

(Minutes) 

Sample 1 

(60m from outfall) 

Sample 2 

(7m from outfall) 

Sample 3 

(2m from 

outfall) 

T1 7.26 6.44 7.27 

T2 6.87 6.20 7.08 

T3 6.79 6.14 6.93 

T4 6.70 6.11 7.10 

T5 6.65 4.93 6.87 

T6 6.62 3.37 6.70 

T7 6.33 2.31 6.58 

T8 6.25 1.31 6.63 

T9 6.10 0.95 6.43 

T10 6.04 0.77 6.35 

T11 5.98 0.76 6.31 

T12 5.78 0.57 6.30 

T13 5.50 0.42 6.26 

T14 5.31 0.35 6.19 
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Appendix B 

Table 27: Descriptive Statistics of TOU Data from Pollurinn and Álftafjörður  

 N Mean Std. Deviation Std. Error 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

1. Pollurinn 3 .777333 .8099936 .4676500 -1.234802 2.789469 .2481 1.7098 

2. Álftafjörður 3 .240067 .0779533 .0450064 .046420 .433714 .1791 .3279 

Total 6 .508700 .5928433 .2420273 -.113451 1.130851 .1791 1.7098 

 

Table 28: Descriptive Statistics of ORP Data from Pollurinn and Álftafjörður 

 N Mean Std. Deviation Std. Error 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

1. Pollurinn 3 442.733 16.8776 9.7443 400.807 484.660 423.8 456.2 

2. Álftafjörður 3 661.867 47.1924 27.2465 544.634 779.099 624.5 714.9 

Total 6 552.300 124.1395 50.6797 422.024 682.576 423.8 714.9 

 

Table 29: Descriptive Statistics of ORP Data from Pollurinn and Álftafjörður 

 N Mean Std. Deviation Std. Error 

95% Confidence Interval for 

Mean 

Minimum Maximum Lower Bound Upper Bound 

1. Pollurinn 3 7.7267 .11719 .06766 7.4356 8.0178 7.64 7.86 

2. Álftafjörður 3 7.8467 .10214 .05897 7.5929 8.1004 7.73 7.92 

Total 6 7.7867 .11827 .04828 7.6626 7.9108 7.64 7.92 

 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


