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Abstract

Anthropogenic activities change the quality of urban waters and sediments. The aim of this 

study was to describe and quantify pollution from different point sources in Luleå, northern 

Sweden.

In the first article, sediment samples and porewater of an enclosed bay (Skutviken) near the 

centre of Luleå affected by stormwater discharge were analyzed for major and trace elements 

and 16 polycyclic aromatic hydrocarbons (PAHs), and compared with a reference site. 

Cadmium, Cu, Pb, and Zn were enriched at Skutviken. Also the PAH content was enriched, in 

particular for phenantrene, anthracene, fluoranthene, and pyrene, which are common 

constituents in stormwater. The use of trace metal ratios provided indications about pollutant 

sources. Pb-210 dating was used to determine historical changes in metal and PAH fixation in 

the sediment. The bay Skutviken is enclosed through the construction of a road bank since 

1962. The enclosure caused reduced water circulation in the bay, which promotes the 

occurrence of anoxic conditions with sulphate reduction within the bay. As a consequence of 

these conditions, metals are trapped in the sediments as sulphides. This study suggests that 

urban pollutants are efficiently trapped in enclosed bays with restricted water circulation. 

Such bays are common in areas with postglacial land uplift, where enclosures may have an 

important impact on water and sediment qualities. 

The second article describes the conditions in several water bodies close to Luleå. The 

various catchment areas affect the water and sediment quality of neighbouring and partially 

connected water bodies on a local level. Point sources, such as a steel plant, stormwater and 

petrol filling stations were accounted for their impact on water and sediment quality. 

Postglacial land uplift implies continuous changes of the environment. The natural premises 

concede possibilities of trapping pollutants in the water bodies. However, in the long term 

land uplift may also imply the release of trapped pollutants if the submerged soils become 

oxidised when they are not water covered any more. This release of pollutants can affect 

living organisms, getting exposed to the contaminated soils. Human impact on the water 

levels, such as damming up the partially enclosed bays, can slow down the secondary release 

of pollutants. 
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Preface

This thesis consists of the following two papers:

Rentz R., Widerlund A., Viklander M. and B. Öhlander (2008): Impact of urban stormwater

on sediment quality in an enclosed bay of the Lule River, northern Sweden (manuscript).

Rentz R. and B. Öhlander (2008): Urban impact on water bodies in the Luleå area, northern 

Sweden (manuscript).
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Introduction
All of us have an idea about how living in urban areas is like. In contrast, the countryside 

and wilderness is often romanticised and awakes the wish to protect this natural environment.

Thereby it is easily forgotten that also the urban environment is worth effort to be preserved 

in a sustainable way, for their dwellers best and not at least protecting the adjacent 

countryside. To enable a successful, sustainable interacting with the environment we are 

living in, we need to understand which components constitute the environment and how do 

processes work, through which the elements in the environment are interconnected.

The urban environment

Today urban areas are considered as environments in which natural processes take place. 

Understanding the cycles of energy and matter, which includes transport and form of 

chemical components on Earth, is one important task of geochemistry. We have methods and 

tools to measure and quantify these effects, which enables us to estimate conditions of the 

environment and potential risks. However, in urban areas there are greater risks for various 

types of anthropogenic pollution. According to Endlicher & Simon (2005), the purpose of 

urban ecology is the research on urban nature systems and their interaction with the urban 

socioeconomic system. To enable sustainable development and better living conditions in 

urban areas, interdisciplinary work by natural and social scientists and planners is necessary. 

Endlicher & Simon (2005) point out that the ’urban natural system’ is becoming more and 

more an interest for dwellers, and not at least for natural scientists. Furthermore, Endlicher 

(2004) divides the urban natural system into the following most important spheres (Figure 1):

• urban atmosphere

• urban pedosphere

• urban hydrosphere

• urban biosphere (containing its flora and fauna)

In these spheres geochemical processes take place. The urban natural system is intensely 

affected by human activities. Supply of e.g., heat, water, particles and pollutants to the 

spheres of the urban environment by human activities is evident (Arnfield, 2003).  The 

socioeconomic system provides opportunities for a feedstock of different pollutants. These 

pollutants become part of the urban natural system and are exposed to geochemical processes 

in the system.
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In 2008, for the first time in history, more than half the human population lives in urban 

areas. The urban population may increase to 80% by 2030 (UNFPA, 2007). Realizing that in 

Sweden, 84% of the population live in urban areas (Table 1) (Statistics Sweden, 2006), the 

importance of this environment and its own “natural driving forces and patchwork 

patterns”(Endlicher and Simon, 2005) for people becomes obvious. On the global level, all 

future population growth will be in towns and cities (UNFPA, 2007), which requires 

reflection about consequences for different resources in this environment. The future demand, 

use and preservation of water in urban areas will become crucial for millions of people, 

Access to a supply of freshwater is already an urgent problem in many regions of the world.

Population growth and the limited space in urban areas makes them focal points for 

controversies in water use and water pollution control (Schirmer et al., 2007). If we can 

understand which, how and when geochemical processes take place, we improve the 

possibilities for efficient management of water and other natural resources.

Figure 1. The urban natural system and its subsystem, after Endlicher and 
Simon (2005).
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Water bodies and riverscape

If we look at photographs that show Earth from space it is obvious why our planet is called 

the blue planet. About 71% of its surface is covered by water. Water occurs in the 

hydrosphere, atmosphere and lithosphere in gaseous, fluid or solid conditions of aggregation. 

Water bodies are any significant accumulation of water occurring on Earth’s surface. ‘Body 

of water’ refers to oceans, seas and lakes, but also smaller pools of water, like ponds puddles 

or wetlands are included. Geographical features where water moves from one place to 

another, like rivers, streams and channels are not always considered bodies of water, but they 

can be included as geographical formations featuring water.

The oceans comprise ~97% of the free water on Earth. About ~2% ís found in glacier ice, 

mostly on Greenland and Antarctica (Berner and Berner, 1987). Only 0.001% of world water 

is found in the atmosphere and ~1% on continents. The small percentage of 0.01% free water 

on Earth in lakes and 0.0001% in rivers plays a disproportionately large role in the natural 

water cycle. River networks return the majority of surface and even subsurface runoff to the 

oceans. At the same time, rivers transport eroded sediments, dissolved ions, nutrients and 

organic matter. This also makes them an important supplier in the biogeochemical cycles. For 

human societies, access to freshwater from groundwater, lakes and rivers is crucial for health,

agriculture and basic industries.

Of these types of water resources, rivers are one target in the present research. Rivers are 

highly important for both natural systems and human societies (Simmons 1991, Hauer & 

Lamberti 2006). They form the physical environment, and are permanently changing it. 

Rivers provide habitats for animal and plant species, and are suppliers of water and food. 

They fill transport functions and are energy sources, and they offer conditions for economical 

Table 1. Contingent of people living in urban areas (localities). Source: Statistics 
Sweden (2006).
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business development. Rivers also give quality of life (waterfront development) and space for 

recreation in urban areas.

Rivers and their functions, which intensely influence their environment, depend on natural 

factors like geology, relief, climate and vegetation as well as human activities.

Hauer & Lamberti (2006) use the term riverscape to describe the “expansive view of a 

stream or river and its catchment, including natural and cultural attributes and interactions”, 

which may change with time. Consequently, urban areas can also represent components in a 

riverscape.

Water cycle and water bodies in urban environments

Water bodies in urban areas fulfill diverse functions. They are natural resources that provide 

food, drinking water and process water for industry (Simmons, 1991, Hauer and Lamberti, 

2006). Water surfaces improve the quality of life for dwellers, offering them space for 

recreation and a means of transportation. Water bodies in urban environments are exposed to 

emissions from manifold sources. These emissions are integrated in a chain of natural 

processes affected by human activities. The use of urban waters as sewers compromises their 

other functions (Walsh, 2000). Pollutants can reach water bodies in urban areas by airborne 

transport, infiltration, and particularly by surface runoff (Figure 2).

The urban water cycle describes the route of water from when it is collected for use in an 

urban community or enters urban space, to when it is returned to the natural water cycle. 

Water bodies and groundwater resources as well as sediments and soils will be affected by 

discharged stormwater in the urban water cycle. Stormwater runoff represents a 

contamination source with heavy metals, polycyclic aromatic hydrocarbons (PAH), mineral 

oil hydrocarbons (MOH) and soluble salts for recipients (Karlsson and Viklander, 2008a, 

Charlesworth and Lees, 1999, Westerlund, 2007, Brown and Peake, 2006, Schiff and Bay, 

2003, Göbel et al., 2007). Increased supply of metals and organic pollutants to recipients can 

pose risk for living organisms (Wildi et al., 2004, Munch Christensen et al., 2006). 

The geomorphology and geochemistry of the water bodies and their catchment areas 

determine which processes are important. The catchment characteristics of urban areas 

contain a diversity of geochemical attributes which may have great impact on adjacent water 

bodies and their sediments (Lindström, 2001).
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Water transports suspended particles and dissolved compounds, and reacts with rocks, soils, 

sediments and organisms, which makes it an important and powerful agent in the urban 

natural system.

Figure 2. Particle movement in the urban environment and overview of transport 
pathways, after Charlesworth and Lees (1999).
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When suspended particles and dissolved compounds transported by air and water finally 

reach a recipient, reactions and processes in the biogeochemical cycle determine the 

disposition of these compounds (Figure 3).

Metals and polycyclic aromatic hydrocarbons (PAH) in the urban 
environment

In urban environments metals are omnipresent. They occur in roofs, cars, street lamps, crash 

barriers, gully covers, pipelines, cables, paints, computers, etc. Beyond the classic metal 

working industries, many more industries are heavily reliant on metals. These industries and 

their products constitute a large artificial source of metals. In the end, metals become part of 

processes within the urban natural system. In the four spheres of this system (urban 

atmosphere, urban pedosphere, urban hydrosphere, urban biosphere (Figure 1)), metals are 

found in different compositions and species, which can show variable mobility. Based on 

Figure 3. Reactions and processes important in the biogeochemical cycle of metals in the 
water-sediment recipient environment, after Benjamin and Honeyman (2000).
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these premises, metals can have different effects on their environment. Before effects on 

living organisms become noticeable, metals are transported and stored in some way in the 

spheres and their components. Even if organisms need a certain amount of essential metals, an 

excess of metals may be toxic for organisms.

PAHs originate in most cases from a number of different diffuse sources. Commonly 

pyrogenic sources are distinguished from petrogenic sources. The pyrogenic pollution comes 

from combustion of fossil fuel or wood, and petrogenic pollution arises from petroleum 

products in fluid or vapor form. Also, wear and leaching of asphalt and tire wear contribute to 

the PAH content in stormwater. The most abundant PAHs in stormwater are phenantrene, 

anthracene, fluoranthene and pyrene (Lau and Stenstrom, 2005, Viklander, 1998), and they 

are often associated with particulate transport. The transport capability of stormwater for these 

pollutants to receiving waters is affected by the particle size of the sediment load.  Fine sand 

fractions, and especially silt and clay fractions, were found to have the highest mass of metals 

and PAHs (Menzie et al., 2002). 

Landscape history and studied water bodies in the Luleå area

During the early Holocene deglaciation, the eastern parts of the county of Norrbotten in 

northern Sweden were submerged up to 200 m by the Ancylus Lake, while the ice sheet 

margin retreated towards the northwest (Björck, 1995). This flooding affected the present-day

30 - 40 km wide coastal plain. The hinterland plain, which now has up to 200 - 300 m high 

hills, formed a deglacial archipelago, and the present river valleys of the Pite, Lule and Råne 

Rivers were deeply incising bays (Hoppe, 1959, Björck, 1995). This region is near to the 

centre of maximum isostatic recovery for the Scandinavian Ice Sheet. Therefore, land uplift 

(isostatic rebound) was faster than the early water level rise of the expanding Ancylus Lake 

(Lindén et al., 2006). The highest shoreline (HS) in the Luleå area is 230 m a.s.l. (metres

above sea level). Clear traces of wave erosion on till-covered slopes are found on e.g., 

Bälingeberget (Figure 4) with its cobble terraces (in Swedish: klapperstensfält), and 

Snöberget (Figure 4) (HS ca. 220 m) is an example of a till-capped hill (in Swedish:

kalottberg) that testifies to the former HS. The shoreline impact on the hills is obvious with 

often wave-washed bare bedrock on the south and south-east weather sides, and beach 

sediment deposits at falling altitudes on the leeward sides. In the valleys the soil-substrate

consists of till, glaciolacustrine/lacustrine and glaciofluvial/fluvial sediments.
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Human settlement and cultivation of the landscape had to be adapted to this environment. 

The valleys with the more productive soils became farmland, and the flood-endangered banks 

were used as pastures. At the coast the navigable harbour was important for Luleå and its 

hinterland. As a consequences of the land uplift, the old Luleå harbour became unnavigable. 

For this reason, the whole town was moved in 1649 from its old location in Gammelstad to 

the present-day location of Luleå. 

Today, Luleå with its ~73,000 inhabitants, is situated at the mouth of the Lule River. The 

river and former shallow bays of the brackish Bothnian Bay are the most characteristic 

hydrodynamic patterns of Luleå. 

The 460 km long Lule River has a 25,240 km
2

large catchment with an annual average 

discharge of 498 m
3
/s (Raab & Vedin 1995). It rises in the mountain area close to the 

Norwegian border, where vegetation of tundra type occurs. Downstream, coniferous and birch 

forests dominate, covering 58% of the total catchment area. Also, lakes and mires are 

Figure 4. View at a) cobble terraces at Bälingeberget, b) Snöberget with dense vegetation on 
the moraine-covered top and sparsely vegetated wave-washed slopes and c) the Råne River 
valley with productive soils.
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common, covering 11% of the total catchment area. Since the beginning of the 20
th

 century, 

the river has been regulated and today there are 15 power stations along the river (Drugge, 

2003).

The system of former shallow bays of the brackish Bothnian Bay (innerfjärdar) are partially 

enclosed (Figure 5) due to the post-glacial rebound (8-9 mm/a (Lindén et al., 2006)) or 

Figure 5. Water bodies in the Luleå area. A: sample point in the bay Skutviken; B: 
sample point ahead Gültzauudden; D1-3: Watergates;              stream direction of the Lule 
River; SSAB: industrial area with the steel plant.

Luleå
Centre
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artificial banks. However, these water bodies, situated in and around the town of Luleå, are 

affected by local catchments, which contain urbanized and industrial areas as well as rural and 

forested areas. Consequences of the ongoing land uplift are decreasing water surfaces (and 

volumes) in the shallow bays. Silting-up processes are accompanied by increasing vegetation 

in the former shallow bays (Erixon, 1996).  To preserve the shallow bays for recreation, they 

were dammed up at their two connections with the Bothnian Bay. Also, the water level in the 

Lule River, and especially in the Bothnian Bay, affects the water level and water quality in the 

shallow bays (Erixon, 1996).

The bay Skutviken is located close to the centre of Luleå, and is enclosed by a road bank 

constructed in 1962. It is still connected to the Luleå River via a channel that is approximately 

8 m broad, 3 to 4 m deep and 35 m long. Several stormwater pipes discharge into the bay 

from a sewer drainage area comprising 0.53 km
2
 industrial area and 0.73 km

2
 housing area.

Hertsöfjärden is a bay especially affected by the outlets of the steel plant SSAB Tunnplåt 

AB (formerly Norrbottens Järnverk and SSAB) since the 1940s. Due to plans to build a new 

steel plant, Stålverk 80, the outer part of the bay was infilled in 1975-76 and an artificial bank 

divided the bay in two parts. The water in the inner part is dammed up (Timner, 1994).

Lövskataviken and Inre Skurholmsfjärden, in central Luleå, are water bodies in the 

innerfjärdar system with more than 100 years of industrial history on their banks. The urban 

catchment area contains industrial and housing areas with parks. A road bank, built in the 

1960s, separates the two water bodies, but they are still connected via road culverts (Olofsson, 

2002).

The “AMORE” project background

Research on water bodies in Luleå was a task in the “AMORE” project. AMORE stands for 

“Policymaking for Adaptive Management of Natural Resources”, and the project is governed 

by the vision that policymaking and management of natural resources should be adapted in 

such a way that environmental policy instruments consider and address:

• the dynamics of local ecosystems

• changed water status due to human activities or natural causes 

• changes in the scientific knowledge of anthropogenic impacts on the environment 

• new technical possibilities to prevent and mitigate damage occurring as a 

consequence of the use of natural resources
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In Sweden the EC Water Framework Directive is to be implemented. This EC directive 

envisages that management should be based on the geographic limits given by nature rather 

than on political-administrative areas/limits. When it comes to rivers, the riverscape implies 

an appropriate scope. To reach the AMORE objective of developing proposals for how to 

improve management systems of natural resources in a way that they efficiently and readily 

adapt to changing circumstances, several research activities were planned. Some of the 

undertaken activities were the study and analysis of water quality and speciation of elements 

in urban stormwater and northern rivers.

Water bodies should be protected so that their functions for both the natural ecosystem and 

human society are maintained. In this case, it is essential to understand the conditions and 

processes occurring in the related water bodies, and how the urban environment and the water 

bodies affect each other.

Stormwater and its pathways are important links between urban and natural environments. 

Knowledge of how natural processes proceed in water and sediment can be applied to 

counteract the risk of pollution due to urban impact. Dissolved and suspended particles 

carried in the water affect the ecosystem. They can be fixed in sediments or released under 

changing conditions and can have a harmful impact on the environment.

For this research, water and sediment in urban discharge and related water bodies and a 

reference site in the Lule River were sampled and analyzed.

Objectives - Project and studies on water bodies in Luleå

With the post-glacial geomorphologic history and persisting processes, the water bodies in 

the Luleå area represent a unique, naturally changing environment affected by human 

settlement.

The main objectives of this study were to give a description of the current water and 

sediment status of certain sites, and to identify important geochemical and geomorphological 

processes and possible pollution sources for the water bodies in the Luleå area. Previous 

studies of stormwater and gully pot sediments in the Luleå area (Westerlund, 2007, Karlsson 

and Viklander, 2008a) indicated particle-related transport of metal and organic pollutants with 

seasonal variations. Accumulation of metals and organic pollutants in recipients poses a risk 

for living organisms (Wildi et al., 2004, Munch Christensen et al., 2006). 

A further aim of this study was to investigate the stormwater impact from the surrounding 

urban area on an enclosed bay (Skutviken) of the Lule River near the centre of Luleå. The 
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current water, sediment and porewater geochemistry was described and possible pollution 

sources tracked, with the aim of quantifying environmental effects of urban stormwater. The 

geochemistry of the water, sediment and porewater in Skutviken was investigated and 

compared with a reference site unaffected by stormwater discharge. Ways of transport, the 

transported particles form (species) and amount of transported substances were analyzed. In 

the study area, postglacial land uplift and formation of enclosed bays are ongoing natural 

processes. The results may aid our understanding of the consequences enclosures (natural or 

man-made) may have for the geochemical processes taking place in bays, sediments and 

water. A review of previous works on sediment and water quality in the Luleå area, and 

comparison with newly collected data, helps to determine the geochemical conditions in water 

bodies in the Luleå area. From this, information about dominating processes in these water 

bodies can be obtained, and different impact factors for sediment and water quality can be 

identified.

In Luleå, research on river geochemistry and heavy-metal contamination in different sites is 

well established and numerous investigations in natural waters and on stormwater processes 

have been conducted (Widerlund and Ingri, 1996, Öhlander et al., 1991, Westerlund and 

Viklander, 2006, Viklander, 1994, Drugge, 2003).

Determining the species in which heavy metals occur in the stormwater transport system, 

with focus on a catch basin like bay of the Lule River, can contribute to a better understanding 

and estimation of the effects of, and dangers posed by, these pollutants. Questions about the 

benefits of the water management and the costs of curtailing impact on the natural 

environment can be discussed on the basis of the results.

Sampling area

Two sampling sites were chosen, the bay Skutviken and the Lule River ahead the spit 

Gültzauudden, close to the city centre of Luleå (73,000 inhabitants) in northern Sweden 

(Figure 5, 6). The surface area of the bay Skutviken is ~12 ha, and the mean and maximum 

depths of the bay are 1.6 m and 3.4 m, respectively. It is mainly separated from the Lule River 

by a road bank constructed in 1962, and only connected trough a channel (8 m in width, 3 to 4 

m in depth, 35 m in length). These physical conditions give the bay similarities with the 

shallow naturally enclosed bays. Besides the road bank, the bay is mostly surrounded by two 

highly frequented roads with traffic intensities of 24700 and 9400 vehicles per day, 
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respectively (Luleå Kommun, 2004). The sewer drainage area contains 0.53 km
2
 industrial 

area and 0.73 km
2
 housing area.

Since the road bank runoff and six stormwater channels enter the bay, it almost functions as 

a large stormwater pond where a high amount of stormwater sediment is trapped, resulting in 

Figure 6. Location of the study area Skutviken (A) and the reference sample site at 
Gültzauudden (B) in Luleå, Northern Sweden and the stormwater sewer catchment area.
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a reduced sediment supply to the Lule River. All outlets are located below the water surface, 

except during periods of very low water level.

The reference sampling site Gültzauudden beside the main stream of the Lule River was 

chosen to compare the bay sediment with sediment from a less stormwater affected site.

The annual precipitation in the Luleå area is about 500 mm of which 40 to 50 % falls as 

snow between November and April/May (Hernebring, 1996), and is thus discharged during 

snowmelt. From November until May the Lule River and the bays close to the city centre are 

ice covered.

Sampling and analysis

Paper I

Sampling

The sampling station in Skutviken was chosen in the deeper parts of the bay with fine

grained sediment. Sediment samples from Skutviken and Gültzauudden were taken in March 

2007 and 2008 from the ice using a Kajak gravity corer with a core tube diameter of 64 mm. 

The sediment core surfaces were judged to be undisturbed. Cores were sectioned in 

subsamples (0.5 cm thick for the uppermost 3 centimetres and 1 cm thick until the core ends). 

For porewater analyses the sediment samples were put into plastic bags directly after 

sectioning. All air was pressed out of the bag before it was placed in an Ar-filled container to 

keep the sediments in an oxygen free environment until the porewater was extracted within 

the following six hours. The porewater was separated by vacuum filtration (0.22 �m

Millipore® membrane filters) arranged in an Ar-flushed glove box. The Porewater samples 

were collected in 60 ml acid washed polyethylene bottles and refrigerated until further 

analysis.  Bottom near water was sampled from the water inside the core tube 3 cm above the 

sediment surface inside the tube. The water was drawn into a small plastic tube fixed on a 

shot and collected in the field the same way as the porewater.

Analyses

The Total Carbon (TC) and Total Nitrogen (TN) of the sediment was analysed by Umeå 

Marine Sciences Centre. Analyses of carbon and nitrogen in sediments were performed with a 

Carlo Erba model 1108 high temperature combustion elemental analyzer, using standard 
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procedures and a combustion temperature of 1030 ºC. For standardization Acetanilide was 

utilized.

Metal and PAH analyses were accomplished by the accredited laboratory ALS Scandinavia

AB in Luleå. The sediment and porewater was analysed for major elements and trace metals. 

Sediment samples for determination of As, Cd Co, Hg, Ni, Pb and S were dried at 50 °C 

digested in a microwave oven in closed Teflon bowls with a nitric acid : water ratio of 1:1. 

For other elements 0.125 g dried matter (DM) was melted with 0.375 LiBO2 and dissolved in 

HNO3. Metal determinations were made by ICP-AES and ICP-MS. To the porewater samples 

1 ml nitric acid (suprapur) was added per 100 ml. Analyses were made in ICP-AES and ICP-

SFMS. The following 16 PAHs were analysed in the sediment: Naphthalene (NAP), 

Acenaphthylene (ACY), Acenaphthene (ACE), Fluorene (FL), Phenanthrene (PHEN), 

Anthracene (ANT), Fluoranthene (FLR), Pyrene (PYR), Benzo(a)anthracene (BaA), Chrysene 

(CHY), Benzo(b)fluoranthene (BbF), Benzo(k)fluoranthene (BkF), Benzo(a)pyrene (BaP), 

Dibenz(a,h)anthracene (DBA), Benzo(ghi)perylene (BPY) and Indeno(1,2,3-cd)pyrene (INP). 

The PAH sediment samples were leached with acetone : hexan : cyclohexan (1:2:2) and 

measurements were done with GC-MS.

Particle size analyses were done with a CILAS 1064 laser diffraction particle size analyser 

in wet mode for 4 samples from a profile at Skutviken and a profile at Gültzauudden.

Water fraction and porosity were determined trough weighing before and after drying the 

sediment at 50°C for at least 7 days.

The dissolved oxygen in the water column was determined with a Hach LDO™ sensor 

mounted on a Hydrolab® MS5 sonde.

Lead-210 dating (Appleby, 2002, Goldberg, 1962) was used to determine the sedimentation 

rate in the profile. A constant initial concentration model (CIC) (Turner and Delorme, 1996) 

was used for dating the Skutviken sediment core. The analysis of the sediment from Skutviken

was accomplished by Risø DTU, Radiation Research department. 
210

Pb was determined by its 

granddaughter
210

Po (Flynn, 1968), and measured by alpha spectrometry using solid-state

PIPS-detectors.
209

Po was used as a yield determinant. The uncertainty in the measurement 

was < 5 %.
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Paper II

Review of former studies

New results were compared with former studies concerning the environmental quality of 

shallow bays in the Luleå area. Redox conditions and concentrations of different pollutants 

(metals, PAHs) were determined. 

Water sampling

The surface water was sampled 50 cm below the surface respective 50 cm below the ice 

underside. Water was pumped by a peristaltic pump (Masterflex® L/S®) trough the tube into 

25L poly-ethylene (PE) containers. Membrane filtration (0.22 �m pore size, 142 mm 

diameter, Millipore® mixed cellulose esters) was carried out inside a laboratory within the 

next 6 hours. The first filter was used until it was clogged completely; the filtered volume was 

measured and then discarded. For the actual sample new filters were used, trough which half 

the clogging volume was let pass the filter. This was done to decimate discrimination of 

colloids that is caused by clogging of filters (Morrison and Benoit, 2001).  The filtrate was 

collected in a 25L PE container from which subsamples were taken for analyses. Subsamples 

were collected in 60 ml acid washed polyethylene bottles and refrigerated until further 

analysis. All used tubing and containers were acid-cleaned in 5% HCl with subsequent wash 

in MilliQ water (Millipore, 18.2 M�) prior and after sampling.

Sediment and porewater sampling

The sampling station in Skutviken was chosen in the deeper parts of the bay with fine 

grained sediment. At Skutviken water depth was 2.2 m and at Gültzauudden it was 6.1 m. 

Sediment samples from Skutviken and Gültzauudden were taken in March 2007 from the ice 

using a Kajak gravity corer with a core tube diameter of 64 mm. The sediment core surfaces 

were judged to be undisturbed. Cores were sectioned in subsamples (0.5 cm thick for the 

uppermost 3 centimetres and 1 cm thick until the core ends).

For porewater analyses the sediment samples were put into plastic bags directly after 

sectioning. All air was pressed out of the bag before it was placed in an Ar-filled container to 

keep the sediments in an oxygen free environment until the porewater was extracted within 

the following six hours. The porewater was separated by vacuum filtration (0.22 �m

Millipore® membrane filters) arranged in an Ar-flushed glove box. The Porewater samples 

were collected in 60 ml acid washed polyethylene bottles and refrigerated until further 

analysis.
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Bottom near water was sampled from the water inside the core tube 3 cm above the 

sediment surface inside the tube. The water was drawn into a small plastic tube fixed on a 

shot and collected in the field the same way as the porewater.

Analyses

The 0.22 �m membrane filtered surface water samples were analysed for major and trace 

elements in ICP-AES and ICP-SFMS. For instrument operation details see (Rodushkin and 

Ruth, 1997).

Metal and PAH analyses were accomplished by the accredited laboratory ALS Scandinavia

AB in Luleå. The sediment and porewater was analysed for major elements and trace metals. 

Sediment samples for determination of As, Cd Co, Hg, Ni, Pb and S were dried at 50 °C 

digested in a microwave oven in closed Teflon bowls with a nitric acid : water ratio of 1:1. 

For other elements 0.125 g dried matter (DM) was melted with 0.375 LiBO2 and dissolved in 

HNO3. Metal determinations were made by ICP-AES and ICP-MS. To the porewater samples 

1 ml nitric acid (suprapur) was added per 100 ml. Analyses were made in ICP-AES and ICP-

SFMS. The following 16 PAHs were analysed in the sediment: Naphthalene (NAP), 

Acenaphthylene (ACY), Acenaphthene (ACE), Fluorene (FL), Phenanthrene (PHEN), 

Anthracene (ANT), Fluoranthene (FLR), Pyrene (PYR), Benzo(a)anthracene (BaA), Chrysene 

(CHY), Benzo(b)fluoranthene (BbF), Benzo(k)fluoranthene (BkF), Benzo(a)pyrene (BaP), 

Dibenz(a,h)anthracene (DBA), Benzo(ghi)perylene (BPY) and Indeno(1,2,3-cd)pyrene (INP). 

The PAH sediment samples were leached with acetone : hexan : cyclohexan (1:2:2) and 

measurements were done with GC-MS.

Main results and conclusions

Paper I

The particle size analyses showed that the 2-3 cm and 5-6 cm layers at both sites had very 

similar particle size distribution. The main components (60% cumulative volume) in these 

layers had a grain size from 10-30 �m.

 Excess 
210

Pb is present only in the sediment section above 7 cm depth. With the Constant 

Initial Concentration model (CIC) the uppermost 6 cm of the sediment should represent 100 

years of deposition (sediment accumulation rate = 0.058 cm/year; �/accumulation rate = -

0.5291). However, possible disturbance of the sediment are indicated. The absence of excess 

210
Pb below 6 cm depth coincidences with changes in sediment characteristics (particle size, 
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TC, TC/TN). The latter could be related to redeposition of older sediment on the former 

“natural” sediment surface during construction of the road bank. Despite the suggested age of 

100 years for the 0-6 cm depth interval, this sediment section is interpreted to represent the 

time period after the construction of the road bank

In the water column dissolved oxygen (DO) varies at Skutviken from summer to winter. The 

oxygen saturation in the bottom water is close to 0% in wintertime, when the bay is ice-

covered. In contrast the water column is well oxygenated (saturation 85-90%) during the ice 

free season. 

The sediment core at Gültzauudden shows the typical concentration profile of coastal and 

lake sediments with high Mn content in the sediment top layers. That can be related to the 

oxic environment at this site. Decomposition of organic material and increasing anoxic 

environment with sediment depth results in reduction of Mn oxyhydroxides and increased 

porewater concentration of Mn(II). The sediment content and porewater concentration of Fe at 

Gültzauudden comply with the Mn observations. The Fe2O3 peak in the sediment profile is 

situated below the MnO peak. 

At Skutviken the Mn and Fe sediment contents and porewater concentrations differ from 

Gültzauudden. The MnO content in the sediment is much lower in the upper parts of the 

sediment. Geochemical conditions where Mn(IV) is reduced to Mn(II) appear to be reached 

already in the bottom water above the sediment surface due to low oxygen concentration in 

the bottom water, when the bay is ice covered winter time. The presence of a solid Fe2O3

maximum at the sediment surface at Skutviken indicates that the redox conditions permit 

precipitation of Fe(III) hydroxides at the sediment-water interface. Decrease of total S in 

porewater at Skutviken suggests that reduction of SO4 occurs immediately below the 

sediment-water interface (0-2 cm). The simultaneous increase of solid S indicates 

precipitation of solid sulphides in the sediment. The solid S concentration at 0.5 – 11 cm 

depth (2500 – 4200 mg/kg) exceeds that at Gültzauudden by a factor of 5-7.

Element/Al ratios for the major elements Ti, Fe, Ca, Mg, Na, K, and P are similar at 

Skutviken and Gültzauudden. Both sites show a higher Fe/Al ratio than local till in the 1-7 cm 

sediment section. Most distinct are the differences at both sites for Fe/Al where the upper 

sediment shows higher ratios compared to the deeper samples which have values similar to 

local till. Mn and Fe enrichment in the upper parts of the sediment column can be ascribed to 

the redox cycling of these elements.

Total carbon (TC) at both sites shows high concentrations in the surface sediment and a 

decrease with depth. At Skutviken the concentration in the upper sediment segment (1-7 cm) is 
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4-5%, which is significantly higher than at Gültzauudden (1-2.5%). At Skutviken TC 

decreases sharply below 7 cm depth to ca 1% at 10 cm depth, from where on the TC 

concentration is approximately constant.

The TC/TN molar ratio indicates a change in sediment composition at Skutviken from 7 to 

11 cm depth, where the TC/TN ratio decreases from 19 to 11. Below 11 cm depth the TC/TN 

ratio of both sites are similar. 

For the sediment section 0-2 cm comparison with deviation values from the Environment 

Agency (Swedish EPA, 1999) indicate a significant influence of stormwater sediment for Cd, 

Cu, Pb and Zn at Skutviken, while at Gültzauudden no effect can be seen for any of the 

studied elements. 

Correlation of the trace elements Cd, Cu, Pb and Zn with S shows at Skutviken a uniform 

pattern where the trace element content increases with higher S content. The trace elements 

Cd, Cu, Pb and Zn are also positively correlated with TC. It is unclear whether organic matter 

is a carrier for Cd, Cu, Pb and Zn, or whether this pattern reflects a coupling between organic 

matter and sulphide formation in the sediment. 

The most abundant PAHs in stormwater, phenantrene, anthracene, fluoranthene and pyrene 

(Brown, 2002, Gonzalez et al., 2000), are found in high-very high concentrations in the 0-2

cm sediment layer at Skutviken. In the 14-16 cm only pyrene shows high contents. At 

Gültzauudden the PAH contents do not exceed moderately high contents. 

At Skutviken the particle size analysis for the 2-3 cm and 5-6 cm layers showed a range 

from fine to coarse silt, offering conditions for light and heavy PAHs to be associated with the 

sediment particles. 

In the upper 7 cm sediment section at Skutviken the TC content is permanently high around 

5% suggesting a possible coupling to the presence of PAHs (Menzie et al., 2002).

. The concentrations of Cu, Pb, Zn in the sediment in Skutviken are in the range of the metal 

concentration reported in street sediment on the road bank that separates Skutviken from the 

Lule River (Viklander, 1998), while the metal concentrations reported in the gully pots are 

lower than in the Skutviken bay (Karlsson and Viklander, 2008b). A reason for this might be 

that most metals, which concentration is higher in the Skutviken sediment than in the gully 

pots, are attached to smaller particles. 

Assuming that the sediment above a depth of 6-7 cm represents the time period after

construction of the road bank, stormwater impact appears to have increased the concentrations 

of Cd, Cu, Pb and Zn by a factor 3-4. However these metals are probably present as relatively 

immobile metal sulphides.
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Skutviken has functioned as a large stormwater pond since the road bank was constructed in 

1962, with calm conditions within the bay and a limited water exchange with the Lule River. 

This has resulted in a spatial arrangement of the sediment supply, with coarse sand near the 

stormwater channels and in particular silt and clay in the deeper central parts of the bay. 

The stormwater contaminations have resulted in increased concentrations of Cd, Cu, Pb and 

Zn in the upper 7 cm of the sediment. Also the PAH concentrations are very high for Pyrene 

and high for Phenanthrene, Anthracene, Fluranthene, Benzo(a)anthracene, Chrysene, 

Benzo(k)fluoranthene and Benzo(a)pyrene in the surface sediment at Skutviken.

An increased settling of particulate matter and seasonal occurrence of anoxic bottom waters 

leading to sulphate reduction appear to be main effects of the road bank. Sedimentation of 

pollutant carriers and the sulphate reduction result in an increased fixing of metals and PAHs 

in the sediment.

Skutviken appears to be an efficient trap for stormwater contamination since the sediment at 

Gültzauudden is almost unpolluted. 

The analysis of the trace element and PAH concentrations in the sediment of a stormwater-

receiving bay and a reference site compared to road run off sediment enabled to identify the 

stormwater as an impact factor on the bay.

The sediment shows increased contamination of pollutants which originate most likely from 

stormwater. Fixing of pollutants in the sediment occurred for the last ~50 years after the 

building of a road bank. 

This study suggests that enclosed bays with restricted water circulation may be efficient 

traps for urban pollutants. In areas with postglacial land uplift, where those bays are common, 

this mechanism may have an important impact on water and sediment qualities.

Paper II

The element concentrations of the analyzed dissolved phase (<0.22 �m) at the 3 sites 

Skutviken, Gültzauudden and the Boden power station in the Lule River show seasonal and 

spatial variations. Seasonal variations of the element concentrations are less distinct in the 

regulated Lule River and it is evident that the water at Gültzauudden is typical Lule River 

water. Element concentrations show stronger seasonal variations at Skutviken and are higher 

for all analysed elements in late-winter.

The sediment profiles for solid Mn at Lövskataviken, Skurholmsfjärden and Bredviken

resemble the characteristics at Skutviken with constant low concentrations of MnO over the 
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whole depth. Only at Inre Hertsöfjärden, increase of MnO in the upper most 5 cm in the 

sediment indicates more oxic conditions in the sediment top. A high concentration of solid 

Fe(III) already at the sediment surface at Inre Hertsöfjärden suggest that the oxic conditions 

are low compared with Gültzauudden but higher than at the remaining sites.

Gültzauudden has the lowest metal concentrations in comparison with the same depth 

sections of the other sites. Of all sites Inre Hertsöfjärden exhibits the highest concentrations 

of all metals except for Ni. The concentrations at Inre Skurholmsfjärden and Bredviken

resemble those at Skutviken.

Traffic and urban stormwater are most possible sources for metal pollution at Skutviken,

Inre Skurholmsfjärden and Lövskataviken, while particularly Inre Hertsöfjärden is exposed to 

spill water from a steel plant. To a minor degree Bredviken is exposed to the same spill water 

besides urban stormwater.

The high PAH concentrations in the sediment top suggest that the PAH enrichment is 

generated from sources in the catchment areas of Skutviken, Inre Skurholmsfjärden and 

Lövskataviken. The concentrations at Inre Skurholmsfjärden exceed the remaining sites, and 

the sediment at Gültzauudden contains the lowest concentrations for each PAH. Comparison 

with the Swedish EPA classification for organic pollutants shows clearly increased 

concentrations at Inre Skurholmsfjärden, Skutviken and Lövskataviken.

The investigated water bodies in the Luleå area show clear urban impact on sediment 

quality. The metals Cd, Cu, Pb and Zn, which are of main concern in urban stormwater, are 

Table 2. Average  element concentration in sedimentsections 0-4 cm and 4 cm to core end at 
Skutviken, Gültzauudden, Lövskataviken, Inre Skurholmsfjärden, Inre Hertsöfjärden and 
Bredviken.
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enriched in all investigated bays (Table 2). In general we can state that water and sediment

quality in the Luleå area are dependent on 1.) catchment area (size, natural premises & 

exploitation) and emission impact, especially from point sources, 2.) water volume and 

turnover rate in the water bodies, 3.) ice covering during winter, which like 2.) benefit anoxic 

conditions in water column and sediment. 

The geochemical processes in shallow bays in the Luleå area lead to fixation of metals in 

anoxic sediments. Metal mobility can hold off as long as these sediments do not become 

oxygenated. The bays do have the ability of retaining pollutants in their sediment, but will still 

keep a remaining risk of spreading them, if the existent redox conditions may change. 

Postglacial land uplift implies continuous changes in the environment, which can lead to

changing redox conditions and will make new risk assessment necessary.
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Impact of urban stormwater on sediment quality in an 
enclosed bay of the Lule River, northern Sweden

Rentz R., Widerlund A., Viklander M. and B. Öhlander

Abstract

Sediment samples and porewater of an enclosed bay affected by stormwater discharge
(Skutviken) near the centre of Luleå, northern Sweden were analyzed for major and trace 

elements and 16 polycyclic aromatic hydrocarbons (PAHs), and compared to a reference site. 
Among the studied metals Cd, Cu, Pb and Zn were enriched at Skutviken. Also the PAH 

content was enriched, in particular for phenantrene, anthracene, fluoranthene and pyrene 
which are regarded as common constituents in stormwater. The use of trace metal ratios 

provided indications about pollutant sources for the sediment. Pb-210 dating was used to 
determine historical changes in metal and PAH fixation in the sediment. The bay Skutviken is

enclosed trough the construction of a road bank since 1962. The enclosure led to reduced 
water circulation in the bay that promotes the occurrence of anoxic conditions with sulphate 

reduction within the bay. As a consequence of these conditions, metals are trapped in the 
sediments as sulphides. 

This study suggests that enclosed bays with restricted water circulation may be efficient 
traps for urban pollutants. In areas with postglacial land uplift, where such bays are common, 

enclosure may have an important impact on water and sediment qualities.

Keywords

stormwater, sediment quality, trace metals, PAH, 

Introduction

Urban hydrosphere and pedosphere are parts of an urban natural system (Endlicher, 2004), 

which is intensely affected by human activities. In 2008, for the first time in history, more 

than half the human population in the world lives in urban areas, possibly increasing to 80% 

in 2030 (UNFPA, 2007). In Sweden, today 84% of the population already lives in urban areas 

(Statistics Sweden, 2006), and thus this environment and its own “natural driving forces and 

patchwork patterns” (Endlicher and Simon, 2005) for the society are very important. In this 

context the interest in management systems for natural resources is growing to achieve 

sustainable urban environments.

Rivers are important for both natural systems and human societies (Simmons, 1991). Hauer 

& Lamberti (2006) use the term riverscape to describe the “expansive view of a stream or 

river and its catchment, including natural and cultural attributes and interactions”, which may 

change with time. 
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In a riverscape, surface waters and groundwater as well as sediments and soils will be 

affected by stormwater discharge, which is an important contamination source for trace metals 

and polycyclic aromatic hydrocarbons (PAH) (Brown and Peake, 2006). Accumulation of 

metals and organic pollutants in recipients are a risk for living organisms (Wildi et al., 2004, 

Munch Christensen et al., 2006). Previous studies of stormwater and gully pot sediments in 

Luleå in northern Sweden (Westerlund, 2007, Karlsson and Viklander, 2008a) indicated 

particle related transport of metal and organic pollutants with seasonal variations. 

The aim of this study is to investigate the stormwater impact from the surrounding urban 

area on an enclosed bay (Skutviken) of the Lule River near the centre of Luleå, located in 

northern Sweden. The current sediment and porewater geochemistry is described and possible 

pollution sources tracked, with the aim of quantifying environmental effects of urban 

stormwater. The geochemistry of the sediments and porewater in Skutviken is investigated and 

compared to a reference site unaffected by stormwater discharge. In the study area postglacial 

land uplift and formation of enclosed bays are ongoing natural processes. The results can help 

to understand which consequences enclosures may have for the geochemical processes taking 

place in bays, sediments and water, both if the enclosure is natural or caused by human 

activities.

Materials and methods

Sampling site

The bay Skutviken (Figure 1) is located north of the city centre of Luleå (73,000 inhabitants) 

in northern Sweden. The most characteristic hydrodynamic patterns of Luleå are the Lule 

River and former shallow bays of the brackish Bothnian Bay, which are partially enclosed due 

to the postglacial rebound (8-9 mm/a (Lindén et al., 2006)) or artificial banks. The Lule River 

enters the Bothnian Bay passing the centre of Luleå. The 25000 km
2

large catchment area of 

the 460 km long river has an annual average discharge of around 500 m
3
/s (Raab and Vedin, 

1995). However, the water bodies situated close to Luleå are also affected by smaller local 

catchments, which contain urbanised and industrial areas as well as rural and forested areas 

(Hübinette, 1998, Olofsson, 2002, Erixon, 1996).
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The surface area of Skutviken is ~12 ha, and the mean and maximum depths of the bay are 

1.6 m and 3.4 m, respectively. It is mainly separated from the Lule River by a road bank 

constructed in 1962, and only connected trough a channel (8 m in width, 3 to 4 m in depth, 35 

m in length). These physical conditions give the bay similarities with the shallow naturally 

enclosed bays. Besides the road bank, the bay is mostly surrounded by two highly frequented 

roads with traffic intensities of 24700 and 9400 vehicles per day, respectively (Luleå 

Figure 1. Location of the study area Skutviken (A) and the reference sample site at 
Gültzauudden (B) in Luleå, Northern Sweden and the stormwater sewer catchment 
area at Skutviken.
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Kommun, 2004). The sewer drainage area contains 0.53 km
2
 industrial area and 0.73 km

2

housing area.

Since the road bank runoff and six stormwater channels enter the bay, it almost functions as 

a large stormwater pond where a high amount of stormwater sediment is trapped, resulting in 

a reduced sediment supply to the Lule River. All outlets are located below the water surface, 

except during periods of very low water level.

To compare the bay sediment quality with less affected conditions, a reference sampling site 

was chosen beside the main stream of the Lule River in front of the spit Gültzauudden

(Figure 1).

The annual precipitation in the Luleå area is about 500 mm of which 40 to 50 % falls as 

snow between November and April/May (Hernebring, 1996), and is thus discharged during 

snowmelt. From November until May the Lule River and the bays close to the city centre are 

ice covered.

Sampling

The sampling station in Skutviken was chosen in the deeper parts of the bay with fine 

grained sediment. Sediment samples from Skutviken and Gültzauudden were taken in March 

2007 and 2008 from the ice using a Kajak gravity corer with a core tube diameter of 64 mm. 

The sediment core surfaces were judged to be undisturbed. Cores were sectioned in 

subsamples (0.5 cm thick for the uppermost 3 centimetres and 1 cm thick until the core ends). 

For porewater analyses the sediment samples were put into plastic bags directly after 

sectioning. All air was pressed out of the bag before it was placed in an Ar-filled container to 

keep the sediments in an oxygen free environment until the porewater was extracted within

the following six hours. The porewater was separated by vacuum filtration (0.22 �m

Millipore® membrane filters) arranged in an Ar-flushed glove box. The Porewater samples 

were collected in 60 ml acid washed polyethylene bottles and refrigerated until further

analysis.  Bottom near water was sampled from the water inside the core tube 3 cm above the 

sediment surface inside the tube. The water was drawn into a small plastic tube fixed on a 

shot and collected in the field the same way as the porewater.

Analyses

The Total Carbon (TC) and Total Nitrogen (TN) of the sediment was analysed by Umeå 

Marine Sciences Centre. Analyses of carbon and nitrogen in sediments were performed with a 
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Carlo Erba model 1108 high temperature combustion elemental analyzer, using standard

procedures and a combustion temperature of 1030 ºC. For standardization Acetanilide was 

utilized.

Metal and PAH analyses were accomplished by the accredited laboratory ALS Scandinavia

AB in Luleå. The sediment and porewater was analysed for major elements and trace metals. 

Sediment samples for determination of As, Cd Co, Hg, Ni, Pb and S were dried at 50 °C 

digested in a microwave oven in closed Teflon bowls with a nitric acid : water ratio of 1:1. 

For other elements 0.125 g dried matter (DM) was melted with 0.375 LiBO2 and dissolved in 

HNO3. Metal determinations were made by ICP-AES and ICP-MS. To the porewater samples 

1 ml nitric acid (suprapur) was added per 100 ml. Analyses were made in ICP-AES and ICP-

SFMS. The following 16 PAHs were analysed in the sediment: Naphthalene (NAP), 

Acenaphthylene (ACY), Acenaphthene (ACE), Fluorene (FL), Phenanthrene (PHEN), 

Anthracene (ANT), Fluoranthene (FLR), Pyrene (PYR), Benzo(a)anthracene (BaA), Chrysene 

(CHY), Benzo(b)fluoranthene (BbF), Benzo(k)fluoranthene (BkF), Benzo(a)pyrene (BaP), 

Dibenz(a,h)anthracene (DBA), Benzo(ghi)perylene (BPY) and Indeno(1,2,3-cd)pyrene (INP). 

The PAH sediment samples were leached with acetone : hexan : cyclohexan (1:2:2) and 

measurements were done with GC-MS.

Particle size analyses were done with a CILAS 1064 laser diffraction particle size analyser 

in wet mode for 4 samples from a profile at Skutviken and a profile at Gültzauudden.

Water fraction and porosity were determined trough weighing before and after drying the 

sediment at 50°C for at least 7 days.

The dissolved oxygen in the water column was determined with a Hach LDO™ sensor 

mounted on a Hydrolab® MS5 sonde.

Lead-210 dating (Appleby, 2002, Goldberg, 1962) was used to determine the sedimentation 

rate in the profile. A constant initial concentration model (CIC) (Turner and Delorme, 1996) 

was used for dating the Skutviken sediment core. The analysis of the sediment from Skutviken

was accomplished by Risø DTU, Radiation Research department. 
210

Pb was determined by its 

granddaughter
210

Po (Flynn, 1968), and measured by alpha spectrometry using solid-state

PIPS-detectors.
209

Po was used as a yield determinant. The uncertainty in the measurement 

was < 5 %.
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Results & Discussion

Sediment characteristics 

Particle size and sedimentation rate

The particle size analyses showed that the 2-3 cm and 5-6 cm layers at both sites had very 

similar particle size distribution (Figure 2). The main components (60% cumulative volume) 

in these layers had a grain size from 10-30 �m. At Skutviken the 10-11 cm sample contains 

the overall finest sediment with 70% accumulated volume in particle size 2-10 �m. The 15-16

cm layer particle size distribution at Skutviken falls between the two uppermost and third 

layer with respect to particle size. At Gültzauudden the 10-11 cm layer contains the finest 

material at this site with 60% cumulative volume containing grain size 5-11 �m. The deepest 

sample (15-16 cm) shows the coarsest grain composition with 60% acc. vol. consisting of 

material with the grain size 20-100 �m.

Excess
210

Pb is present only in the sediment section above 7 cm depth, where the 
210

Pb

signal decreases from 180 to 50 Bq kg 
-1

 (Figure 3). This is assumed to be caused by direct 

atmospheric deposition and import of 
210

Pb from the catchment area. Below 7 cm depth, 

226
Ra-supported

210
Pb is present at a constant activity around 50 Bq kg 

-1
, which is not related 

to atmospheric deposition. During sedimentation of the uppermost 6-7 cm of the sediment, 

Skutviken filled the function of a trap for elements that are bound to the settling particles. 

With the sediment accumulation rate (0.058 cm/year; �/accumulation rate = -0.5291 (Figure 

4)) obtained with the CIC model (Turner and Delorme, 1996), the uppermost 6 cm of the 

sediment should represent 100 years of deposition.

However, possible disturbance of the sediment are indicated by the constant 
210

Pb activity in 

the 1-3 cm depth interval, and by the fact that the absence of excess 
210

Pb below 6 cm depth 

coincidences with changes in sediment characteristics (particle size, TC, TC/TN). The latter 

could be related to redeposition of older sediment on the former “natural” sediment surface 

during construction of the road bank. Despite the suggested age of 100 years for the 0-6 cm 

depth interval, this sediment section is interpreted to represent the time period after the 

construction of the road bank.
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Figure 2. Particle size distribution at Skutviken & Gültzauudden.
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Figure 3. Specific activity of the isotopes Pb-210 and Ra-226 (Bq kg -1

dry sediment) in the Skutviken sediment.

Figure 4. Plotted ln excess Pb versus uncompacted depth in the Skutviken 
sediment.
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Redox conditions 

Water column: Dissolved oxygen (DO) in the water column at Skutviken varies from 

summer to winter. The oxygen saturation in the bottom water is close to 0% in wintertime, 

when the bay is ice-covered. In contrast the water column is well oxygenated (saturation 85-

90%) during the ice free season (Figure 5).

Sediment: For Mn the Gültzauudden sediment core shows the typical concentration profile 

of coastal and lake sediments (Figure 6). The high Mn content in the sediment top layers can 

be related to the oxic environment at this site where Mn occurs mostly as Mn oxyhydroxides 

(Thamdrup et al., 1994). The decomposition of organic material and increasing anoxic 

environment with sediment depth results in reduction of Mn oxyhydroxides and increased 

porewater concentration of Mn(II). A breaking point for the Mn in the solid phase is reached 

at 4 cm depth where the MnO content stabilises at 0.2% probably occurring in silicate 

minerals. Together with the increasing porewater Mn concentration, this suggests that anoxic 

conditions predominate below 4 cm. The porewater profile indicates Mn(II) flux upward, 

resulting in the oxidation of Mn(II) to Mn(IV) in the oxic parts of the sediment (Davison, 

1993, Wehrli, 1991) (Figure 6). 

Figure 5. Dissolved oxygen (DO) in % saturation in Skutviken in September 2007 
and March 2008 (sediment-water interface at 2.2 m). 
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The sediment content and porewater concentration of Fe at Gültzauudden comply with the 

Mn observations. The Fe2O3 peak in the sediment profile is situated below the MnO peak. In 

oxic sediment Fe occurs as Fe(III) in iron oxyhydroxides, resulting in a solid Fe peak at 3 cm 

depth. Below 5 cm the solid Fe content declines continuously. The porewater Fe 

concentration indicates that reduction of solid Fe(III) to the soluble Fe(II) occurs when 

porewater becomes more anoxic (Davison, 1993, Wehrli, 1991).

Figure 6. MnO and Fe2O3 in sediment (%DM) and Mn and Fe in porewater
( g/l) at Skutviken and Gültzauudden. The top value for the “porewater” 
represents the bottom near surface water. 



11

At Skutviken the Mn and Fe sediment contents and porewater concentrations differ from 

Gültzauudden (Figure 6). The MnO content in the sediment is much lower than at 

Gültzauudden in the upper part of the sediment. The geochemical conditions where Mn(IV) is 

reduced to Mn(II) appear to be reached already in the bottom water above the sediment 

surface. During winter, when the bay is ice covered, the oxygen concentration in the bottom 

water is <0.42 mg/l (Figure 5). In the porewater, Mn concentrations increase with depth but 

never reach as high concentrations as at Gültzauudden.

The presence of a solid Fe2O3 maximum at the sediment surface at Skutviken indicates that 

the redox conditions permit precipitation of Fe(III) hydroxides at the sediment-water

interface. The same anoxic conditions that occur at a depth of 3 cm in the sediment at 

Gültzauudden seem to occur already above the sediment column in Skutviken, with reductive 

dissolution of Fe hydroxides taking place already at the sediment surface. The decrease of 

total S in porewater at Skutviken suggests that reduction of SO4 occurs immediately below the 

sediment-water interface (0-2 cm). The simultaneous increase of solid S indicates 

precipitation of solid sulphides in the sediment (Figure 7).

The solid S concentration at 0.5 – 11 cm depth (2500 – 4200 mg/kg) exceeds that at 

Gültzauudden by a factor of 5-7.
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Element/Al ratios in the sediment profiles

Regional element/Al ratios have been found to be relatively constant in sediment, also when 

sediment grain size changes and sedimentation rates vary (Loring, 1991, Din, 1992, Ebbing et 

al., 2002, Schropp et al., 1972, Summers, 1996, Hirst, 1962b, Hirst, 1962a). 

The element/Al ratios for the major elements Ti, Fe, Ca, Mg, Na, K, and P are similar at 

Skutviken and Gültzauudden (Table 1). Both sites show a higher Fe/Al ratio than local till in 

the 1-7 cm segment. The Mn/Al ratio is distinctly higher at Gültzauudden in the 1-7 cm 

segment. For the upper (1-7 cm) and deeper (10-21 cm) segments, the K/Al ratio is higher at 

both sites while the Mg/Al ratios do not differ much from local till. The Al ratios for Ti, Ca 

and Na are lower in the sediment than in local till. 

The Me/Al ratios for the major elements Ti, Fe, Mn, Ca, Mg and P are higher in the upper 

sediment segment (1-7 cm) compared to the deeper sediment samples (10-21 cm) (Table 1). 

Most distinct are the differences at both sites for Fe/Al where the upper sediment shows 

higher ratios compared to the deeper samples which have values similar to local till.

For Na and K the element/Al ratios are higher in the deeper sediment samples. 

Figure 7. Sulphur in solid sediment (mg/kg) and S in porewater (mg/l) at Skutviken 
and Gültzauudden. The top value for “porewater” represents the bottom near 
surface water.
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Mn and Fe enrichment in the upper parts of the sediment column can be ascribed to the 

redox cycling of these elements (Shaw et al., 1990, Thamdrup et al., 1994, Davison, 1993, 

Widerlund and Ingri, 1996).

The Si/Al ratio is similar to that of local till (Öhlander et al., 1991) (Table 1, Figure 8), 

suggesting a negligible content of diatoms in the sediments (Peinerud et al., 2001). 

The concentration of Si in the porewater at both sites increases in the upper 5 cm of the 

sediment columns. Below that the curve of Si porewater concentration follows the Si/Al ratio.

Table 1. Mean molar element/Al ratios in different sediment sections at Skutviken and 
Gültzauudden compared with mean local till (Öhlander et al., 1991) and mean
continental rock (Rudnick et al., 2003).

Figure 8. Si/Al ratio and Si in porewater (mgl/l) at Skutviken and 
Gültzauudden. The top value for “porewater” represents the bottom near 
surface water.
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Total Carbon and Nitrogen in sediments

Total carbon (TC) at both sites shows high concentrations in the surface sediment and a 

decrease with depth (Figure 9). At Skutviken the concentration in the upper sediment segment 

(1-7 cm) is 4-5%, which is significantly higher than at Gültzauudden (1-2.5%). At Skutviken

TC decreases sharply below 7 cm depth to ca 1% at 10 cm depth, from where on the TC 

concentration is approximately constant.

The content of Total Nitrogen (TN) follows a similar pattern as for TC at both sample sites 

(Figure 9). The TC/TN molar ratio indicates a change in sediment composition at Skutviken

from 7 to 11 cm depth, where the TC/TN ratio decreases from 19 to 11. Below 11 cm depth 

the TC/TN ratio of both sites are similar.

Trace elements in sediments compared to reference values

For the sediment section 0-2 cm the detected contents of As, Cd, Co, Cr, Cu, Hg, Ni, Pb and 

Zn can be compared with reference values for coastal sediment from the Swedish 

Environment Agency (Swedish EPA, 1999) and a deviation value can be determined by 

dividing the sediment content value with the reference value (Table 2). According to Swedish 

EPA (1999), the deviation value for Zn at Skutviken (2.98) is classified as “large difference”, 

while the deviation at Gültzauudden (1.25) only shows “insignificant difference” from the 

reference value. Cadmium, Cu and Pb appear with a “significant difference” at Skutviken.

These four metals are of main concern in urban stormwater (Hvitved-Jacobsen and Yousef,

1991). Thus, a significant influence of stormwater sediment can be assumed for Cd, Cu, Pb 

Figure 9. Total Carbon (TC), Total Nitrogen (TN), and mol ratio TC/TN in 
the sediment at Skutviken and Gültzauudden (TN value at 21 cm depth at 
Gültzauudden <0.05%).
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and Zn in Skutviken, while at Gültzauudden no effect can be seen for any of the studied 

elements.

Trace elements in the sediment and porewater

Cadmium, Cu, Pb and Zn concentrations in porewater and sediment are shown in Figure 10 

& 11. At Skutviken these elements show almost identical sediment profiles with the highest 

concentrations above 6 cm depth, with exception of the surface sediment. At Gültzauudden

the Cd, Cu, Pb and Zn profiles are more different. The contents of Cd and Pb are 3 times 

higher and Cu and Zn 6 times higher in the 0.5 to 6 cm section at Skutviken compared with

Gültzauudden.

At Skutviken low values were detected for Cd, Cu, Pb and Zn in the uppermost layer in the 

solid sediment (0-0.5 cm). The bottom water contents of these elements are below the 

porewater contents in the uppermost sediment. Porewater maxima at or below the sediment 

surface indicate element transfer from the solid sediment to the porewater for Cd, Pb and Zn 

(Figure 10 & 11). The porewater minima for the elements from 0.5 to ~5 cm for the elements 

indicate a sink in the sediment. From 0.5 to ~5 cm depth Cd, Cu, Pb and Zn show maxima in 

the solid sediment, coinciding with maxima for solid S, TC and the TC/TN ratio (Figure 7 & 

9). The change in concentrations of Cd, Cu, Pb and Zn at Skutviken around 6 cm depth 

accompanies a change in the composition of the sediment. The particle size distribution at 

Skutviken was similar for the upper two analysed layers (2-3 cm and 5-6 cm). For both layers 

the content of particles >10 �m is about 60%, while for the sample from 10-11 cm depth the 

content >10 �m is 15%. Coarser particles in the upper sediment column and higher TC 

suggest that elements with higher contents in the upper sediment column may be more related 

Table 2. Comparison of trace element contents of the 0-2 cm sediment layer of 
Skutviken and Gültzauudden with the EPA coastal and sea reference values (r.v.) for 
total analysis (Swedish EPA, 1999) and their deviation values (d.v.) for coast sediments 
calculated as element concentration/EPA r.v..
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to organic components than mainly to clay minerals. Also the TC/TN ratio indicates a change 

in sediment composition at Skutviken between 7 and 11 cm depth. The high fraction of TC 

represents mostly organic compounds which decompose slowly in the upper 7 cm of the 

sediment at Skutviken, since at this depth, anoxic conditions exist in the sediment column.

The S decline in porewater in the upper sediment at Skutviken signifies sulphate reduction 

and coeval sulphide formation in the solid sediment (Figure 7). The enrichment of Cd, Cu, Pb 

and Zn in the sediment at 0.5 to ~5 cm depth may thus be related to sulphide formation in the 

Figure 10. Cd, Cu& Pb in sediment (mg/kg) and Cd, Cu & Pb
in porewater (�g/l) at Skutviken and Gültzauudden.
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organic rich 1-7 cm section of the sediment. Below 6 cm the sediment contents of Cd, Cu, Pb 

and Zn decline rapidly, and stabilize at a much lower value than in the 0.5 to ~5 cm section 

(Figure 10 & 11).

If organic compounds act as carriers of trace elements, they can also contribute to the 

enrichment of Cd, Cu, Pb and Zn in the upper 7 cm of the Skutviken sediment (Charlesworth 

and Lees, 1999).

At Gültzauudden, the sediment and porewater profiles of As resemble those of Fe (Figure 

6), and appear to be coupled to the redox cycling of Fe. Porewater concentrations of As are 

low in the oxidised surface layer (0–2.5 cm), and a solid As maximum of ~40 mg/kg occurs at 

3.5 cm depth in the sediment. At Skutviken, where anoxic conditions prevail in the sediment, 

Figure 11. Zn & As in sediment (mg/kg) and Zn & As in 
porewater (�g/l) at Skutviken and Gültzauudden.
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only a slight increase in porewater As up to 5–8 �g/L occurs below 2 cm depth, and no solid 

maximum of As occurs in the sediment (Figure 11).

The correlation of the trace elements Cd, Cu, Pb and Zn with S shows a uniform pattern 

where the trace element content increases with higher S content (Figure 12). Two points with 

high S concentrations deviate from the main trend. These are situated in the 6-11 cm depth 

section, where the Cd, Cu, Pb and Zn concentrations change rapidly.

The trace elements Cd, Cu, Pb and Zn are also positively correlated with TC (Figure 13). 

Only the 0-0.5 cm layer with the highest TC content does not fit into this pattern. It is unclear 

Figure 12. Element/S correlation in the Skutviken sediment (% DM).
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whether organic matter is a carrier for Cd, Cu, Pb and Zn, or whether this pattern reflects a 

coupling between organic matter and sulphide formation in the sediment.

PAH content in the sediment

In general the most abundant PAHs in stormwater are phenantrene, anthracene, fluoranthene 

and pyrene (Brown, 2002, Gonzalez et al., 2000), which are classified as priority pollutants by 

the United States Environmental Protection Agency (USEPA) (ATSDR, 1995). All of them 

are found in high-very high concentrations in the 0-2 cm sediment layer at Skutviken. In the 

Figure 13. Element/TC correlation in the Skutviken sediment (metal 
contents in mg/kg DM).
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14-16 cm only pyrene shows high contents. At Gültzauudden the PAH contents do not exceed 

moderately high contents (Tables 3). 

As found by Marsalek et al. (1997) and Gonzalez et al. (2000), PAHs are correlated to 

suspended solids and according to Krein & Schorer (2000), heavy PAHs (4–6 benzo rings) are 

enriched in the fine and fine-middle silt phase of road runoff and light PAHs correlated with 

fine sand. 

At Skutviken the particle size analysis for the 2-3 cm and 5-6 cm layers showed a range 

from fine to coarse silt, offering conditions for light and heavy PAHs to be associated with the 

sediment particles. 

In the upper 7 cm sediment section at Skutviken the TC content is permanently high around 

5 % suggesting a possible coupling to the presence of PAHs (Menzie et al., 2002).

Table 3. Concentrations (�g/kg dw) of 16 PAHs in the sediment from Skutviken and 
Gültzauudden compared with gully pot sediment from a housing area and road in Luleå 
(Karlsson and Viklander, 2008a), ^light PAH,  ^^heavy PAH. PAH concentrations (�g/kg
DM) in the Skutviken and Gültzauudden sediment at 0-2 cm and 14-16 cm depth judged
after the Swedish EPA guidelines for 11 PAHs (class 1, no content *; class 2, low content 
**; class 3, moderately high ***; class 4, high ****; class 5, very high *****).
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Stormwater impact and possible sources of contamination 

The key metals in stormwater are Cu, Cd, Pb, and Zn (Hvitved-Jacobsen and Yousef, 1991), 

which are significantly enriched at Skutviken compared with the reference site at

Gültzauudden.

In Luleå, the mean concentrations of suspended solids were measured to be around 70 mg/l 

in road runoff and up to 550 mg/l in snowmelt (Westerlund et al., 2003, Bäckström et al., 

2006). The concentrations of Cu, Pb, Zn in the sediment in Skutviken are in the range of the 

metal concentrations reported in street sediment on the road bank that separates Skutviken

from the Lule River (Viklander, 1998), while the metal concentrations reported in the gully 

pots are lower than in the Skutviken bay (Karlsson and Viklander, 2008b). A reason for this 

might be that most metals, which concentration is higher in the Skutviken sediment than in the 

gully pots, are attached to smaller particles. Gully pots are relatively poor in retaining small 

particles (Sartor and Boyd, 1972). Compared to the Swedish EPA (2000), the Skutviken

sediment is classified as Class 3 for Cd, Cu and Pb (biological effects can be found), and 4 for 

Zn (enhanced risk for biological effects).

The concentration of metals in the sediment at Skutviken was higher than found by Schiff 

and Bay (2003), in Santa Monica bay, US, while it was in the same range as in an urban 

stream in Denmark, where Christensen et al. (2006) found that sediment and porewater were 

toxic to algae. 

Assuming that the sediment above a depth of 6-7 cm represents the time period after

construction of the road bank, stormwater impact appears to have increased the concentrations 

of Cd, Cu, Pb and Zn by a factor 3-4 (Figures 10 and 11). However these metals are probably 

present as relatively immobile metal sulphides.

The use of trace element ratios can help to identify the potential sources of these 

contaminants. The ratios for Pb/Zn, Hg/Zn, Cd/Zn, Cu/Zn, Ni/Zn and As/Zn in the Skutviken

sediment are comparatively constant with depth, but except for Hg, all ratios change below 5 

cm sediment depth (Figure 14). The Pb/Zn ratio follows the ratio for gully pot sediment from 

a road clearly. For the Cr/Zn ratio a change below 5 cm depth to higher Cr impact for the 

Skutviken sediment can be noticed, while the 0.5 to 5.5 cm section has a ratio close to both 

gully pot ratios. Even though the gully pot sediment contains more coarse particles than the 

Skutviken sediment, similarities for the trace element ratios are evident in Figure 14. If gully 

pots are an interim storage for especially clay and silt (Morrison et al., 1988) also, similar 

ratios can indicate the stormwater particle transport chain. The pollutants that are linked to the 
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clay and silt fraction pass trough gully pots to reach the bay eventually. These particle 

fractions also offer surfaces for PAHs to connect to (Evans et al., 1990).

Figure 14. Trace element/Zn ratios of Skutviken sediment compared with 
gully pot sediment (<2000 �m) from a housing area and road in Luleå 
(Karlsson and Viklander, 2008b).
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In floodplain sediments from the Rhine Valley deposited over the last 170 years, the vertical 

distribution profiles of PAHs are similar to those of the heavy metals Cr, Cu, Pb and Zn 

(Gocht et al., 2001). Even though the analysed sediment at Skutviken was accumulated over a 

shorter time period, the PAH profiles resemble in this case those of Cd, Cu, Pb and Zn, with 

high concentrations in the upper sediment and lower beneath. This suggests a common origin

in stormwater for PAHs and trace metals. The anoxic conditions in the Skutviken sediment 

hamper biologically activity and reduce the degradation of organic matter, with effect of 

accumulation of organic matter (Canfield et al., 1993). PAHs dissipation is less efficient (and 

limited to 3-ring PAHs) in anoxic sediments when oxidation of organic matter is coupled with 

the microbial reduction of manganese, iron and sulphur (Quantin et al., 2005). Consequential 

PAHs can accumulate with organic matter. PAH affinity to fine particles is known from other 

studies (Krein and Schorer, 2000, Budzinski et al., 1997) and seems certain for this study 

where the sediments are mostly covering the silt fraction at Skutviken.

Conclusions

Skutviken has functioned as a large stormwater pond since the road bank was constructed in 

1962, with calm conditions within the bay and a limited water exchange with the Lule River. 

This has resulted in a spatial arrangement of the sediment supply, with coarse sand near the 

stormwater channels and in particular silt and clay in the deeper central parts of the bay. 

The stormwater contaminations have resulted in increased concentrations of Cd, Cu, Pb and 

Zn in the upper 7 cm of the sediment. Also the PAH concentrations are very high for Pyrene 

and high for Phenanthrene, Anthracene, Fluranthene, Benzo(a)anthracene, Chrysene, 

Benzo(k)fluoranthene and Benzo(a)pyrene in the surface sediment at Skutviken.

An increased settling of particulate matter and seasonal occurrence of anoxic bottom waters 

leading to sulphate reduction appear to be main effects of the road bank. Sedimentation of 

pollutant carriers and the sulphate reduction result in an increased fixing of metals and PAHs 

in the sediment.

Skutviken appears to be an efficient trap for stormwater contamination since the sediment at 

Gültzauudden is almost unpolluted. 

The analysis of the trace element and PAH concentrations in the sediment of a stormwater-

receiving bay and a reference site compared to road run off sediment enabled to identify the 

stormwater as an impact factor on the bay.
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The sediment shows increased contamination of pollutants which originate most likely from 

stormwater. Fixing of pollutants in the sediment occurred for the last ~50 years after the

building of a road bank. 

This study suggests that enclosed bays with restricted water circulation may be efficient 

traps for urban pollutants. In areas with postglacial land uplift, where those bays are common, 

this mechanism may have an important impact on water and sediment qualities.
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Urban impact on water bodies in the Luleå area,
northern Sweden

Ralf Rentz and Björn Öhlander

Abstract

Sediment and water from water bodies in the Luleå area, northern Sweden, were studied to 
determine the degree of contamination from metals and PAHs. The metals Cd, Cu, Pb and Zn, 

which are of main concern in urban stormwater, are enriched in all investigated bays. Also,
PAH concentrations were found to have increased.  In comparison with several studies, the 

water and sediment quality of the investigated waterbodies depends on 1.) catchment area 
(size, natural premises & exploitation) and emission impact, especially from point sources; 2.) 

water volume and turnover rate in the water bodies, and 3.) ice covering during winter, which 
like 2.) benefits anoxic conditions in water column and sediment. The present redox

conditions in the water bodies predominantly cause fixation of pollutants in the sediment. 
Postglacial land uplift implies continuous changes in the environment, which can lead to 

changing redox conditions and will necessitate new risk assessment.

Introduction

Looking at urban areas, it is difficult not to notice the impact humans have on their 

environment. We are easily aware of things we see, smell or hear around us, but some 

processes in the environment elude our senses. What happens beneath a water surface is often 

invisible until dramatic changes in water quality become apparent. Urban water bodies are 

worth preserving in a sustainable way, for the wellbeing of dwellers, but not least for

protection of the adjacent environment. For successful, sustainable protection, we need to 

understand which components constitute the environment and how the processes by which

these elements are interconnected work.

Urban impact on water bodies

Water bodies in urban areas fulfil diverse functions. They are natural resources offering 

food, drinking water and process water for industries (Simmons, 1991, Hauer and Lamberti, 

2006). Water surfaces enhance quality of life for the dwellers and offer them space for 

recreation and transportation. However, water bodies in urban environments are exposed to 

emissions from manifold sources. These emissions are integrated in a chain of natural 

processes affected by human activities. The use of urban waters as sewers compromise their 

other functions (Walsh, 2000). Pollutants can reach water bodies in urban areas by airborne 

transport, infiltration and particularly by surface runoff.
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Urban areas display a diversity of land use, with residential, commercial and industrial

areas. In addition, we find roads and parks. All these land use types vary with regard to the 

ways in which they affect adjacent water bodies. Stormwater often reaches receiving waters  

without passing through any treatment facility. Therefore, discharged stormwater can have a

great impact on water bodies and groundwater resources as well as sediments and soils. 

Stormwater represents an important contamination source of heavy metals and polycyclic 

aromatic hydrocarbons (PAH) in urban areas (Karlsson and Viklander, 2008, Charlesworth 

and Lees, 1999, Westerlund, 2007, Brown and Peake, 2006, Schiff and Bay, 2003). Increased 

supply of metals and organic pollutants to recipients can pose risk for living organisms (Wildi 

et al., 2004, Munch Christensen et al., 2006). Previous studies of stormwater and gully pot 

sediments in the Luleå area (Westerlund, 2007, Karlsson and Viklander, 2008), indicated 

particle-related transport of metal and organic pollutants with seasonal variations. It is, 

therefore, of interest to study sediments affected by stormwater and to determine whether 

water and sediment quality differs from other water bodies with less stormwater impact. 

The geomorphology and geochemistry of the water bodies and their catchment area 

determine which and how processes take place in the water bodies. The different catchments 

in the Luleå area contain, with their characteristics, a diversity base material which may have 

great impact on geochemical processes in water bodies and sediments.

Urban pollutants in stormwater

Human impact and contributions of pollutants from urban areas to the environment have 

been widely studied (Menzie et al., 2002, Förstner and Müller, 1981, Brown and Peake, 2006, 

Gocht et al., 2001). Commonly investigated pollutants in stormwater are metals and 

polycyclic aromatic hydrocarbons (PAHs) due to the potential risks they pose for living 

organisms. The sources of the pollutants are as many as there are utilizations of their 

components, and the release mechanisms are complex. In urban environments metals occur in 

roofs, cars, street lamps, crash barriers, gully covers, pipelines, cables, paints, computers, etc. 

Exposure of these urban constituents to weathering processes makes them a large artificial 

source of metals. PAHs originate generally from pyrogenic sources, like fossil fuel or wood 

combustion and petrogenic sources, such as petroleum products. Also, wear and leaching of 

asphalt and tire wear contribute to the PAH content in stormwater.

The transport capability of stormwater for these pollutants to receiving waters is affected by 

the particle size of the sediment load.  Fine sand fractions, and especially silt and clay 
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fractions, were found to have the highest mass of metals and PAHs (Menzie et al., 2002). The 

most abundant PAHs in stormwater are phenantrene, anthracene, fluoranthene and pyrene 

(Lau and Stenstrom, 2005, Viklander, 1998).

Since pollutants, in dissolved form and associated with small suspended particles, are not 

retained effectively in their transport chain from urban surfaces to receiving waters, these 

pollutants can become enriched in sediments. Larger particle sizes have also been found to 

transport high metals contents (Brown, 2002, Gonzalez et al., 2000). 

Water bodies in the Luleå area

The town Luleå, with  ~73,000 inhabitants, is situated at the mouth of the Lule River in 

Norrbotten, Sweden. The river and former shallow bays of the brackish Bothnian Bay are the 

most characteristic hydrodynamic patterns of Luleå. These bays, called innerfjärdar, are the

result of post-glacial rebound (8-9 mm/a (Raab and Vedin, 1995)), or the construction of 

artificial banks, often partially enclosed (Lindén et al., 2006). Consequences of the ongoing 

land uplift are diminishing water surfaces (and volumes) in the shallow bays. Increasing 

vegetation accompanies silting-up processes in the innerfjärdar (Erixon, 1996). To preserve 

the shallow bays for recreation, they were dammed up at their two connections with the 

Bothnian Bay (Figure 1). Also, the water level in the Lule River and Bothnian Bay affects the 

turnover rate and water quality in the shallow bays (Erixon, 1996). The 460 km long Lule 

River, with its 25,240 km
2
 large catchment area, has an annual average discharge of 498 m

3
/s

(Erixon, 1996). 

Previous studies have examined the geochemical characteristics of the following water 

bodies (Figure 1): 

Lule River (Drugge, 2003)

Skutviken (Rentz et al., 2008)

Hertsöfjärden (Timner, 1994)

Lövskataviken & Inre Skurholmsfjärden (Olofsson, 2002)

The Lule River rises in the mountain area in the west, close to the Norwegian border, where 

vegetation of tundra type occurs. Downstream, coniferous and birch forest dominate, covering 

58% of the total catchment area. Lakes and mires are also common, accounting for 11% of the 

total catchment area. Since the beginning of the 20
th

 century, the river has been regulated and 

today, there are 15 power stations along the river (Drugge, 2003).
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The bay Skutviken, located close to the centre of Luleå, is enclosed by a road bank 

constructed in 1962. Skutviken is still connected to the Lule River via a channel. Several 

stormwater pipes discharge into the bay from a sewer drainage area with industrial and 

housing areas.

Luleå’s innerfjärdar are situated in and around the town of Luleå, and are affected by local 

catchments, which contain urbanized and industrial areas as well as rural and forested areas. 

They are used for many recreational purposes. Large parts of the catchment areas of the 

innerfjärdar are covered by sea bottom sediments characterised as acid sulphate soils.

Hertsöfjärden is a bay that has been especially affected by the outlets of the steel plant 

SSAB Tunnplåt AB (formerly Norrbottens Järnverk and SSAB) since the 1940s. Due to plans 

to build a new steel plant, Stålverk 80, the outer part of the bay was infilled in 1975-76 and an 

artificial bank divided the bay in two. The water in the inner part was dammed up (Timner, 

1994).

Lövskataviken and Inre Skurholmsfjärden are water bodies in the innerfjärdar system in 

central Luleå. Industrial activities have taken place on their banks for more than 100 years. 

The urban catchment area contains industrial and housing areas with parks. A road bank built

in the 1960s separates the two water bodies, which are still connected via road culverts 

(Olofsson, 2002). 

Several studies concerning the geochemistry of the water bodies and sediments in the Luleå 

area in northern Sweden were reviewed with the aim to understand how these environments 

are affected by different impact factors from the surrounding urban areas. With the post-

glacial geomorphologic history and persisting urbanization processes, the water bodies in the 

Luleå area represent a unique, changing environment.

The main objectives of this study were to describe the water and sediment status of certain 

sites and to identify important geochemical and geomorphological processes and possible 

sources of pollution for the water bodies in the Luleå area.

Existing studies very reviewed and their results compared with new data sets from water 

and sediment sampling points at Skutviken and Gültzauudden, close to the city centre of 

Luleå.

One issue is to identify potential risks for future dwellers that may arise from the current 

situation and ongoing processes.
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Figure 1. Water bodies in the Luleå area. A: sample point in the bay Skutviken; 
B: sample point ahead Gültzauudden; D1-3: Watergates;  stream 
direction of the Lule River; SSAB: industrial area with the steel plant.

Luleå

Centre
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Materials and methods

Sampling sites

The surface area of Skutviken is ~12 ha, and the mean and maximum depths of the bay are 

1.6 m and 3.4 m, respectively. The bay is mainly separated from the Lule River by a road 

bank constructed in 1962, and is connected to the river via a single channel (8 m in width, 3 to 

4 m in depth, 35 m in length). These physical conditions make the bay similar to other

shallow bays in this region. Besides the road bank, the bay is mostly surrounded by two 

highly frequented roads with traffic intensities of 24,700 and 9,400 vehicles per day, 

respectively (Luleå Kommun, 2004). The sewer drainage area contains 0.53 km
2
 industrial 

area and 0.73 km
2
 housing area. Since surface runoff and six stormwater channels enter the 

bay, it almost functions as a large stormwater pond where a large amount of stormwater 

sediment is trapped, resulting in a reduced sediment supply to the Lule River. All channel 

outlets are located below the water surface, except during periods of very low water level.

To compare sediment quality, a reference sampling site with less affected conditions was 

chosen, situated beside the main streambed of the Lule River in front of the spit Gültzauudden

(Figure 1).

The sites Hertsöfjärden (Timner, 1994), Lövskataviken & Inre Skurholmsfjärden (Olofsson, 

2002) and the Lule River (Drugge, 2003), described in previous studies, were compared with 

the Skutviken and Gültzauudden sites.

The annual precipitation in the Luleå area is about 500 mm, of which 40 to 50% falls as 

snow between November and April/May, and thus is discharged during snowmelt 

(Hernebring, 1996). From November until May the Lule River and the bays close to the city 

centre are ice-covered.

Review of former studies

New results were compared with former studies concerning the environmental quality of 

shallow bays in the Luleå area. Redox conditions and concentrations of different pollutants 

(metals, PAHs) were determined. 

Water sampling

The surface water was sampled 50 cm below the surface and 50 cm below the ice underside,

respectively. Water was pumped by a peristaltic pump (Masterflex® L/S®) through the tube 
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into 25-litre polyethylene (PE) containers. Membrane filtration (0.22 �m pore size, 142 mm 

diameter, Millipore® mixed cellulose esters) was carried out in a laboratory within 6 hours of 

sampling. The first filter was used until it was clogged completely; the filtered volume was 

measured and then discarded. For the actual sample, new filters were used, through which half 

the clogging volume was allowed to pass. This was done to decimate discrimination of 

colloids that is caused by clogging of filters (Morrison and Benoit, 2001).  The filtrate was 

collected in a 25-litre PE container from which subsamples were taken for analyses. 

Subsamples were collected in 60 ml acid-washed polyethylene bottles and refrigerated until 

further analysis. All used tubing and containers were acid-cleaned in 5% HCl with subsequent 

wash in MilliQ water (Millipore, 18.2 M�) prior to and after sampling.

Sediment and porewater sampling

The sampling station in Skutviken was located in the deeper parts of the bay with fine-

grained sediment. At Skutviken water depth was 2.2 m and at Gültzauudden it was 6.1 m. 

Sediment samples from Skutviken and Gültzauudden were taken in March 2007 from the ice 

using a Kajak gravity corer with a core tube diameter of 64 mm. The sediment core surfaces 

were judged to be undisturbed. Cores were sectioned in subsamples (0.5 cm thick for the 

uppermost 3 centimetres and 1 cm thick for the remainder of the core).

For porewater analyses the sediment samples were put into plastic bags directly after 

sectioning. All air was pressed out of the bag before it was placed in an Ar-filled container to 

keep the sediments in an oxygen-free environment until the porewater was extracted within 

the following six hours. The porewater was separated by vacuum filtration (0.22 �m

Millipore® membrane filters) arranged in an Ar-flushed glove box. The porewater samples 

were collected in 60 ml acid-washed polyethylene bottles and refrigerated until further

analysis.

Bottom-near water was sampled from the water inside the core tube 3 cm above the 

sediment surface inside the tube. The water was drawn into a small plastic tube fixed on a 

shot and collected in the field the same way as the porewater.

Analyses

The 0.22 �m membrane filtered surface-water samples were analyzed for major and trace 

elements in ICP-AES and ICP-SFMS. For instrument operation details, see (Rodushkin and 

Ruth, 1997).
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Metal and PAH analyses were performed by the accredited laboratory ALS Scandinavia AB

in Luleå. The sediment and porewater was analyzed for major elements and trace metals. 

Sediment samples for determination of As, Cd Co, Hg, Ni, Pb and S were dried at 50°C 

digested in a microwave oven in closed Teflon bowls with a nitric acid : water ratio of 1:1. 

For other elements, 0.125 g dried matter (DM) was melted with 0.375 LiBO2 and dissolved in 

HNO3. Metal determinations were made by ICP-AES and ICP-MS. To the porewater samples,

1 ml nitric acid (suprapur) was added per 100 ml sample water. Analyses were made in ICP-

AES and ICP-SFMS. The following 16 PAHs were analyzed in the sediment: Naphthalene 

(NAP), Acenaphthylene (ACY), Acenaphthene (ACE), Fluorene (FL), Phenanthrene (PHEN), 

Anthracene (ANT), Fluoranthene (FLR), Pyrene (PYR), Benzo(a)anthracene (BaA), Chrysene 

(CHY), Benzo(b)fluoranthene (BbF), Benzo(k)fluoranthene (BkF), Benzo(a)pyrene (BaP), 

Dibenz(a,h)anthracene (DBA), Benzo(ghi)perylene (BPY) and Indeno(1,2,3-cd)pyrene (INP). 

The PAH sediment samples were leached with acetone : hexan : cyclohexan (1:2:2) and 

measurements were done with GC-MS.

Results and discussion

Water column

Dissolved oxygen in the water column at Skutviken varies from summer to winter. The 

oxygen saturation in the bottom water is close to 0% in wintertime, when the bay is ice-

covered. In contrast, the water column is well oxygenated (saturation 85-90%) during the ice-

free season (Rentz et al., 2008). 

The element concentrations of the analyzed dissolved phase (<0.22 �m) at the 3 sites 

(Skutviken, Gültzauudden and the Boden power station in the Lule River) show seasonal and 

spatial variations. Seasonal variations in the element concentrations are less distinct in the 

regulated Lule River as compared with the pristine Kalix River (Drugge, 2003). It is evident

from Table 1 that the water at Gültzauudden is typical Lule River water. In contrast, element 

concentrations at Skutviken show stronger seasonal variations. Late-winter concentrations of 

K, Mg, As, Cr, Ni and Sr are twice as high as in summer. The concentrations of Ca are 2.6, Fe 

3.4, Si 5, Zn 7, Co 33 and Mn 200 times higher in late-winter as in summer. The 

concentrations of Na, S, Al, Mo and P do not show much variation. The late-winter

concentration of Cu is just half the summer concentration, and for Pb a fifth. Furthermore, 

Skutviken is characterized by high concentrations of Ca, Fe, K, Na, Co compared with the 

other sites, especially in late-winter.
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Table 1. Elem
ent concentrations in the filtered phase (<

0.22
�m

) in the Lule River at Boden pow
er station, G

ültzauudden and Skutviken.
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Redox conditions

The sediment core at Gültzauudden shows the typical concentration profile of coastal and 

lake sediments for Mn, Fe and S (Figures 2, 3 & 4). Oxic conditions in the top of the sediment 

core imply occurrence of Mn oxyhydroxides (Thamdrup et al., 1994). Decomposition of 

organic material leads to increasing anoxic conditions with depth, and results in reduction of 

Mn oxyhydroxides and increased porewater concentration of Mn(II). Anoxic conditions

predominate below 4 cm where the MnO content stabilises at 0.2%, probably occurring in 

silicate minerals. From that point the Mn concentration increases in porewater. This indicates 

Mn(II) flux upward, resulting in the oxidation of Mn(II) to Mn(IV) in the oxic parts of the 

sediment  (Davison, 1993, Wehrli, 1991) (Figure 2). The Mn observations comply with the 

sediment content and porewater concentration of Fe at Gültzauudden. An Fe2O3 peak in the 

sediment profile is situated below the peak of MnO. The solid Fe2O3 peak at a depth of 3 cm  

depends on the oxic sediment conditions, where Fe occurs as Fe(III) in iron oxyhydroxides. 

Below 5 cm the solid Fe content declines continuously. When porewater becomes more 

anoxic with depth the Fe concentration indicates that reduction of solid Fe(III) to the soluble 

Fe(II) occurs (Davison, 1993, Wehrli, 1991). 

At Skutviken the MnO content in the sediment is much lower than at Gültzauudden in the 

upper parts of the sediment. It appears that the geochemical conditions where Mn(IV) is 

reduced to Mn(II) are reached already in the bottom water above the sediment surface. During 

winter, when the bay is ice-covered, the oxygen concentration in the bottom water is <0.42 

mg/l (Rentz et al., 2008). The Mn concentrations in the porewater increase with depth, but 

never reach as high concentrations as at Gültzauudden.
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Figure 2. MnO in sediment (%DM) and Mn in porewater (�g/l) at Skutviken, 
Gültzauudden, Lövskataviken, Skurholmsfjärden, Inre Hertsöfjärden and 
Bredviken. The top value for “porewater” represents the bottom near surface 
water at Skutviken, Gültzauudden and Lövskataviken. Porewater was not analyzed 
at Skurholmsfjärden and Bredviken.
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Figure 3. Fe2O3 in sediment (%DM) and Fe in porewater (�g/l) at Skutviken, 
Gültzauudden, Lövskataviken, Skurholmsfjärden, Inre Hertsöfjärden and Bredviken. 
The top value for “porewater” represents the bottom near surface water at 
Skutviken, Gültzauudden and Lövskataviken. Porewater was not analyzed at 
Skurholmsfjärden and Bredviken.
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The redox conditions at Skutviken permit precipitation of Fe(III) hydroxides at the sediment-

water interface, indicated by the presence of a solid Fe2O3 maximum at the sediment surface. 

The anoxic conditions occurring at Gültzauudden at a sediment depth of 3 cm seem to occur 

already above the sediment column at Skutviken. Therefore, reductive dissolution of Fe 

hydroxides takes place already at the sediment surface. The decrease in total S in porewater at 

Skutviken suggests that reduction of SO4 occurs immediately below the sediment-water

interface (0-2 cm). Precipitation of solid sulphides in the sediment is indicated by the 

simultaneous increase in solid S (Figure 4). 

The sediment profiles for solid Mn at Lövskataviken, Skurholmsfjärden and Bredviken

resemble the characteristics at Skutviken with constant low concentrations of MnO over the 

whole depth. Only at Inre Hertsöfjärden, increase of MnO in the uppermost 5 cm in the 

sediment indicates more oxic conditions in the sediment top. A high concentration of solid 

Fe(III) already at the sediment surface at Inre Hertsöfjärden suggest that the oxic conditions 

are low compared with Gültzauudden but higher than at the remaining sites.

A solid Fe2O3 maximum in the sediment top is common for Lövskataviken,

Skurholmsfjärden, Inre Hertsöfjärden and Bredviken and corresponds to Skutviken. However, 

the very high Fe2O3 concentrations in the uppermost 5 cm at Lövskataviken, Skurholmsfjärden

and Inre Hertsöfjärden are notable. The change from high concentrations to low background 

concentrations is abrupt at these sites.

At Lövskataviken the S concentration in the sediment and porewater indicates similar 

conditions as at Skutviken. Here, content of S in the porewater decreases and the solid S in the 

sediment increases in the same sediment layer where iron is enriched. Visible are, in 

particular at Lövskataviken, Inre Hertsöfjärden and Bredviken, increasing concentrations of 

solid S at sediment depths below 15 cm, simultaneously with apparent unchanged low S 

concentration in the porewater.
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Figure 4. S in sediment (mg/kg DM) and S in porewater (mg/l) at Skutviken, 
Gültzauudden, Lövskataviken, Skurholmsfjärden, Inre Hertsöfjärden and 
Bredviken. The top value for “porewater” represents the bottom near surface 
water at Skutviken, Gültzauudden and Lövskataviken. Porewater was not 
analyzed at Skurholmsfjärden and Bredviken.
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Metal concentrations in the sediment

The average concentrations of selected metals in the upper sediment section (0-4 cm) 

generally exceed the concentrations of the deeper section from the same core (Table 2). Only 

Gültzauudden deviates from the others, since it has the lowest metal concentrations in 

comparison with the same depth sections at the other sites. Of all sites Inre Hertsöfjärden

exhibits the highest concentrations of all metals except for Ni. The concentrations at Inre

Skurholmsfjärden and Bredviken resemble those at Skutviken.

The enrichment of metals in the upper sediment section needs a certain input source. For all 

sites in Table 2, except Gültzauudden, the catchment areas exhibit possible sources. Traffic 

and urban stormwater are the probable sources at Skutviken, Inre Skurholmsfjärden and

Lövskataviken, while particularly Inre Hertsöfjärden is exposed to spill water from a steel 

plant. To a minor degree, besides urban stormwater, Bredviken is exposed to the same spill 

water.

The cycling of manganese, iron and sulphur can contribute to the enrichment of metals at

certain levels (Scholz and Neumann, 2007).

LOI and PAH in sediment

The loss on ignition (LOI) content at all sites is consistently highest in the uppermost 

section of the sediment columns (Figure 5). After a thin layer with constant, relatively high 

LOI content, the values decline radically at Skutviken, Inre Skurholmsfjärden, Inre 

Table 2. Average  element concentration in sediment sections 0-4 cm and 4 cm to 
core end at Skutviken, Gültzauudden, Lövskataviken, Inre Skurholmsfjärden, Inre 
Hertsöfjärden and Bredviken.
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Hertsöfjärden and Bredviken. At Gültzauudden the LOI content declines directly from the 

sediment top, while at Lövskataviken the LOI content is relatively low already in the top layer 

compared with the remaining sites, and shows no strong decrease with depth. The more oxic 

sediment conditions in the top sediment layer at Gültzauudden can be ascribed to moderate 

addition of organic matter and circulation in the water column due to the nearby main 

streambed of the Lule River. Also, at Inre Hertsöfjärden the sediment top seems to be more 

oxic than at the remaining sites. The surface water in this bay does not always freeze due to 

the warm water outlets from nearby industry. The water surfaces at Lövskataviken, Inre

Skurholmsfjärden and Bredviken do freeze regularly, as it does at Skutviken. Below the ice 

cover the oxygen is consumed as a result of decomposition of organic material. Anoxic 

conditions slow down further decomposition. The content of organic material in the sediment 

of the shallow bays shows a high input of organic components from the surrounding 

catchment areas as indicated by LOI (Figure 5). The low water turnover rate during 

wintertime at these sites excludes the inflow of fresh oxygenated water.

Figure 5. Loss on ignition (LOI) versus sediment depth at Skutviken, 
Gültzauudden, Lövskataviken, Inre Skurholmsfjärden, Inre Hertsöfjärden
and Bredviken.
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The high PAH concentrations in the sediment top (Table 3) suggest that the PAH 

enrichment is generated from sources in the catchment areas of Skutviken, Inre

Skurholmsfjärden and Lövskataviken. The concentrations at Inre Skurholmsfjärden exceed 

those of the other sites, and the sediment at Gültzauudden contains the lowest concentrations 

for each PAH. The comparison with the Swedish EPA classification for organic pollutants 

shows clearly increased concentrations at Inre Skurholmsfjärden. The light PAHs PHEN,

PYR, BaA and CHY reach Class 5, the highest of five contamination classes. At Skutviken

only PYR reaches Class 5. However, the total PAH contamination (all 11 PAHs) at Inre

Skurholmsfjärden and Skutviken reaches Class 4, the second highest contamination class,

while at Lövskataviken total PAH concentrations reach Class 3.

Table 3. Concentrations (�g/kg DM) of 16 PAHs in the sediment in 0-2 cm 
depth at Skutviken and Gültzauudden and 0-4 cm depth at Lövskataviken and 
Inre Skurholmsfjärden. Eleven PAHs are included by the Swedish EPA 
guidelines. ^light PAH,  ^^heavy PAH. Swedish EPA guidelines for 11 PAHs:
class 1, no content *; class 2, low content **; class 3, moderately high ***; 
class 4, high ****; class 5, very high *****.
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Overview of the studied bays

The results clearly show that the enclosed bays Skutviken, Inre Skurholmsfjärden and 

Bredviken are affected by urban stormwater, resulting in enrichment of metals and PAHs. The 

high LOI values could be caused by a combination of organic pollutants and natural organic 

matter. Spill water from the steel plant is the main pollution source at Inre Hertsöfjärden, and 

Bredviken could be affected by a combination of spill water from the steel plant and urban 

stormwater. In Timner’s study (Timner, 1994), differences between Bredviken and Inre

Hertsöfjärden were observed. Compared with the sediment in the main basin of Inre

Hertsöfjärden, the sediment in Bredviken shows a smaller oxidized sediment top layer as a 

result of less water turnover and ice covering in winter. Parts of the main basin stay ice-free

even in wintertime because of the warm water outflow from adjacent industry. The impact of 

the SSAB steel plant is noted for the main basin in terms of increased concentrations of As, 

Cd, Co, Hg, Ni, Pb, V, Zn, Fe and Mn in the sediment deposited after 1946. However, also in 

Bredviken, the values in the sediment top were increased for As, Cd, Cr, Pb, V, Zn and Fe 

after 1946. A large part of the metal discharge from SSAB, calculated by Timner (1994), is

accumulated in the sediment. Secondary movements of Fe, Mn, Zn and other trace elements 

make it difficult to see changing contamination levels in the sediments and to relate them to 

the time of sedimentation.

For the Lövskataviken sediment, Olofsson (2002) points out that stormwater supply from the 

industrial areas in the west and south of the bay imports pollutants, as does stormwater from 

rain and melted snow on the road bank. From the road bank stormwater even reaches Inre

Skurholmsfjärden, which is mostly effected by stormwater from an industrial area in the east 

and an outflow from the housing area Skurholmen. The spreading conditions for the enhanced 

contents of heavy metals and organic pollutants at Lövskataviken and Inre Skurholmsfjärden

are considered to be low, because of the relatively sheltered location of the bays and their low 

water turnover rates. Owing to the fact that there are adjacent recreation areas, the pollutant 

contents are considered a risk for dwellers as well as for the environment.

At Skutviken, Bredviken, Lövskataviken and Inre Skurholmsfjärden decomposition of 

natural and anthropogenic organic material consumes the oxygen and causes reduced

conditions in the bottom-near water and the sediment. The anoxic conditions slow up the 

decomposition of the organic material at these sites.

The future risk from metal pollutants, enriched in the sediments at present, is contingent 

upon whether they are retained in the sediments or mobilized. Mobile dissolved pollutants are

made available for uptake by living organisms (Munch Christensen et al., 2006). If the 
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geochemical processes in shallow bays in the Luleå area lead to fixation of metals in anoxic 

sediments, metal mobility may be impeded as long as these sediments do not become 

oxygenated. Present land uplift (Lindén et al., 2006) can implicate future drainage of the 

buried sediments, which today accumulate on the bottom of coast-near narrow bays. Release 

of trapped pollutants occurs if the submerged soils become oxidized when they are no longer

water-covered. Already today metal input from sulphate soils in the catchment areas has to be 

considered a contributing factor to temporally decreasing water quality. Several studies from 

Finnish areas, concerning sulphate soils and metal release (Boman et al., 2008, Österholm and 

Aström, 2008, Åström, 1998), indicate the need for investigation of related risks.

In postglacial land uplift areas ditching of sulphate soils and seasonal variations in 

precipitation can imply changes of redox conditions in the soil profile (Österholm and 

Aström, 2008). Human impact on the water levels, such as damming up the partially enclosed 

bays, can reduce the long-term processes which would contain oxidation of soils and further 

transport of pollutants.

But anoxic conditions limit PAH degradation due to the fact that biologic activity is 

hampered. Only 3-ring PAHs where found to become degraded under anoxic conditions 

(Quantin, 2005). Conditions that benefit the decomposition of PAHs will cause higher risk of 

secondary release of metal pollutants.

Conclusions

The investigated water bodies in the Luleå area show clear urban impact on sediment 

quality. The metals Cd, Cu, Pb and Zn, which are of main concern in urban stormwater, are 

enriched in all investigated bays. Metals can bind to surfaces of sedimenting organic and 

small particles. In the sediment they can become part of sulphide formation and are thus fixed 

in the sediment. 

In Skutviken, which is an efficient trap for particulate stormwater pollution, the dissolved 

and particulate pollutants may be enriched and more concentrated in the bay. That 

concentrations are in general higher during wintertime may be caused by the reduced inflow 

of fresh river water and lacking surface runoff, whereby the water turnover in the bay is 

reduced. The same principle applies for Lövskataviken, Inre Skurholmsfjärden and Bredviken

due to their sheltered position. Lövskataviken and Inre Skurholmsfjärden receive stormwater 

from nearby industrial areas. Inre Skurholmsfjärden is especially contaminated by PAHs, 

probably from leakage from a former nearby petrol station. For Inre Hertsöfjärden, the impact 
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of the water inflow from the steel plant contributes to the more oxygenated sediment 

conditions because the warm water prevents the bay from freezing during winter. Even here,

pollutant transport to the sediment is a result of the water inflow from the industrial area.

In general we can state that water and sediment quality in the Luleå area are dependent on 

1.) catchment area (size, natural premises & exploitation) and emission impact, especially 

from point sources; 2.) water volume and turnover rate in the water bodies, and 3.) ice 

covering during winter, which like 2.) benefit anoxic conditions in water column and 

sediment.

The bays do have the capacity to retain pollutants in their sediment, but there is still a 

potential risk of them being released if the existent redox conditions change. Postglacial land 

uplift implies continuous changes in the environment, which can lead to changing redox 

conditions. This will necessitate new risk assessment.
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