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Abstract Sediment and porewater samples from an
enclosed bay receiving stormwater discharge (Skutviken)
near the centre of Luled, northern Sweden were
analysed for major and trace elements and 16
polycyclic aromatic hydrocarbons (PAHs). 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 pol-
lutant sources for the sediment. Cs-137 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 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,
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reducing the present-day input of pollutants to the sea.
In areas with postglacial land uplift, where such bays are
common, bay sediments are a potential future source of
pollutants when uplift results in erosion and oxidation of
the sediments.
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1 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.

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

In a riverscape, surface waters and groundwater as
well as sediments and soils will be affected by
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stormwater discharge, which is an important contam-
ination source for trace metals and polycyclic aro-
matic 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). Kayhanian et
al. (2008) report grab and composite samples from
urban highway runoff in Los Angeles to be toxic on
freshwater and marine species, where in general the
first samples taken during a storm event were found
more toxic than those collected later. Previous studies
of stormwater and gully pot sediments in Luled in
northern Sweden (Westerlund 2007; Karlsson and
Viklander 2008a) indicated particle-related transport
of metal and organic pollutants with seasonal varia-
tions. McKenzie et al. (2008) point out that trace
metals from anthropogenic sources were enriched
together with stormwater transported particles, where
enrichment increased with decreasing particle size.

The objective of this study was to investigate
how an enclosed bay of the Lule River in northern
Sweden affects the transport of urban metal and
organic pollutants to the nearby Lule River estuary.
The objective is based on two hypotheses: (1) that
metals are trapped as sulphides in the bay sediment
and (2) that sediment grain size may be important
for the sequestering of organic pollutants. To define
the urban impact in Skutviken, its sediment and
porewater geochemistry was compared with a
reference sampling site unaffected by stormwater
discharge.

2 Materials and Methods
2.1 Sampling Site

The bay Skutviken (Fig. 1) is located north of the city
centre of Luled (73,000 inhabitants) in northern
Sweden. The most characteristic hydrodynamic pat-
terns of Luled 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
Luled. The 25,000-km?® large catchment area of the
460-km-long river has an annual average discharge of
around 500 m® s ' (Raab and Vedin 1995). However,
the water bodies situated close to Luled are also
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affected by smaller local catchments, which con-
tain urbanised and industrial areas as well as rural
and forested areas (Erixon 1996; Hiibinette 1998;
Olofsson 2002).

The surface area of Skutviken is ~12 ha, and the
mean and maximum depths of the bay are 1.6 and
3.4 m, respectively. It is separated from the Lule
River by a ca 360-m-long road bank constructed in
1962 (Fig. 1). At the southern end of the road bank, a
channel (8 m in width, 3 to 4 m in depth and 35 m in
length) through the bank permits a limited water
exchange with the Lule River. These physical
conditions give the bay similarities with shallow
naturally enclosed bays in the region. The bay is
surrounded by the road bank and one more highly
frequented road with traffic intensities of 23,500 and
13,600 vehicles per day, respectively (Luled Kommun
2007). The sewer drainage area contains 0.53-km’
industrial area and 0.73-km? housing area (Fig. 1).

Since parts of 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. A reference sampling
site was chosen beside the main stream of the Lule
River in front of the spit Giiltzauudden (Fig. 1).

The annual precipitation in the Lulea 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.

2.2 Sampling

The sampling station in Skutviken was chosen in the
deeper part of the bay with fine grained sediment.
Sediment cores (25-30 cm long) were collected from
Skutviken and Giiltzauudden in March 2007 and 2008
using a Kajak gravity corer with a core tube diameter
of 64 mm. Sampling was performed from the winter
ice, and the sediment core surfaces were judged to be
undisturbed (no resuspended sediment in core tubes
and apparently undisturbed surface sediment struc-
tures). The cores were sectioned in subsamples
(0.5 cm thick for the uppermost 3 and 1 cm thick
until the core ends). For porewater analyses, the
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Fig. 1 Location of the study area Skutviken (a) and the reference sampling site at Giiltzauudden (b) in Lulea, Northern Sweden and

the stormwater sewer catchment area at Skutviken

sediment samples were put into plastic bags immedi-
ately after core collection and sectioning in the field.
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 6 h. The porewater was
separated by vacuum filtration (0.22 pum 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 water was sampled
from the core tube immediately after retrieval, 3 cm
above the sediment surface. The water was drawn
with a small plastic tube fixed on a syringe and
filtered through a 0.22 um Millipore® membrane
filter.

2.3 Analytical and Chemical Analyses

The total carbon (TC) and total nitrogen (TN) of the
sediment was analysed by Ume& 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 procedures and a combustion temperature
of 1,030°C. For standardisation Acetanilide was
utilised.

Metal and PAH analyses were accomplished by the
accredited laboratory ALS Scandinavia AB in Lulea.
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 and digested in a microwave oven in
closed Teflon bombs with a nitric acid: water ratio of
1:1. For other elements, 0.125 g dried matter was
melted with 0.375 LiBO, and dissolved in HNOj.
Metal determinations were made by inductively
coupled plasma atomic emission spectrometry (ICP-
AES) and inductively coupled plasma mass spectrom-
etry. To the porewater samples 1 ml nitric acid
(suprapur) was added per 100 ml. Analyses were
made with ICP-AES and inductively coupled plasma
sector field mass spectrometry. The following 16
PAHs were analysed in the sediment: naphthalene,
acenaphthylene, acenaphthene, fluorene, phenan-
threne, anthracene, fluoranthene, pyrene, benzo(a)
anthracene, chrysene, benzo(b)fluoranthene, benzo(k)
fluoranthene, benzo(a)pyrene, dibenz(a,h)anthracene,
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benzo(ghi)perylene and indeno(1, 2, 3-cd)pyrene. The
PAH sediment samples were leached with acetone/
hexan/cyclohexan (1:2:2), and measurements were
performed with gas chromatography mass spectrometry.

Particle size analyses were performed with a Cilas
1064 laser diffraction particle size analyser in wet
mode for four samples from a profile at Skutviken
and a profile at Giiltzauudden.

Water fraction and porosity were determined
through weighing before and after drying the sedi-
ment at 50°C for at least 7 days. The dissolved
oxygen in the water column was determined with a
Hydrolab® MiniSonde 5 water quality probe.

Radionucleide activity of '*’Cs (mean standard
deviation+5%) was determined by gamma spectrom-
etry at Rise National Laboratory for Sustainable
Energy, Denmark.

3 Results and Discussion
3.1 Sediment Characteristics
3.1.1 Particle Size and Sedimentation Rate

The particle size analyses showed that the 2-3 and 5—
6 cm layers at both sites had very similar particle size
distribution (Fig. 2). The main components (60%
cumulative volume) in these layers had a grain size
from 10 to 30 um. At Skutviken, the 10-11 cm
sample contains the overall finest sediment with 70%
accumulated volume in particle size 2—10 um. The
15—16-cm-layer particle size distribution at Skutviken
falls between the two uppermost and third layer with
respect to particle size. At Giiltzauudden the 10-11-
cm layer contains the finest material at this site with
60% cumulative volume containing grain size 5-11 pm.
The deepest sample (15—-16 cm) shows the coarsest
grain composition with 60% cumulative volume con-
sisting of material with the grain size 20-100 pum.

The activity of the radionuclide '*’Cs shows 2
peaks (Fig. 3). The upper peak 4 cm upwards is
interpreted to represent the Chernobyl fallout from the
reactor accident in April 1986 (Ilus and Saxén 2005),
while the lower peak is interpreted to be caused by the
fallout from nuclear weapons testing in the early
1960s (Appleby 2002). However, this peak should be
concurrent with the construction of the road bank in
1962, and may be displaced slightly downward in the
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Fig. 2 Particle size distribution at Skutviken and Giiltzauudden
for sediment samples at 2-3, 5-6, 10-11 and 15-16 cm

sediment due to reworking of sediments during con-
struction works. Caesium-137 data indicate that changes
in sediment characteristics (particle size, concentrations
of TC, TN, metals and PAHs) from 11 cm and upwards
became apparent in the early 1960s.
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Fig. 3 Plotted '*’Cs (Becquerel per kg (Bq kg ")) versus
sediment depth at Skutviken
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3.1.2 Redox Conditions

Dissolved oxygen was measured in the water column to
provide information on the redox conditions at the
sediment-water interface. At Skutviken the oxygen
saturation in the water 10 cm above the sediment
surface is close to 0% in wintertime, when the bay is ice
covered. In contrast, the water column is well oxygen-
ated (saturation 85-90%) during the ice free season.
These changing redox conditions can affect release or
accumulation of pollutants through formation/dissolu-
tion of Fe—-Mn oxyhydroxides in the surface sediment.
Sediment cores contain information about past and
present processes in the sediment. It is possible to
follow element concentrations back in time, assuming
the stratigraphy is undisturbed. At Giiltzauudden, the
high Mn content in the sediment top layers (Fig. 4)

can be related to the oxic environment at this site
where Mn occurs mostly as Mn oxyhydroxides
(Davison 1993). The decomposition of organic
material and increasingly anoxic environment with
sediment depth results in reduction of Mn oxyhydr-
oxides and increased porewater concentration of Mn
(I). A breaking point for the Mn in the solid phase is
reached at 4 cm depth where the MnO content
stabilises at 0.2%. Together with the increasing
porewater Mn concentration, this suggests that anoxic
conditions predominate below 4 cm. The porewater
profile indicates Mn(Il) flux upward, resulting in the
oxidation of Mn(II) to Mn(IV) in the oxic parts of the
sediment (Davison 1993; Wehrli 1991) (Fig. 4). The
sediment content and porewater concentration of Fe at
Giiltzauudden comply with the Mn observations. The
Fe,O3 peak in the sediment profile is situated below
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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 c¢m the solid Fe content declines
continuously. The porewater Fe concentration indi-
cates that reduction of solid Fe(Il) to the soluble Fe
(II) occurs when porewater becomes more anoxic
(Davison 1993, Wehrli 1991).

At Skutviken the Mn and Fe sediment and pore-
water concentrations differ from those at Giiltzauud-
den (Fig. 4). The MnO content in the sediment is
much lower than at Giiltzauudden 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 1. In the porewater, Mn concentrations
increase with depth but never reach as high concen-
trations as at Giiltzauudden.

The presence of a solid Fe,O3; maximum at the
sediment surface at Skutviken indicates that the redox
conditions permit precipitation of Fe(Ill) hydroxides
at the sediment-water interface. The same anoxic
conditions that occur at a depth of 3 cm in the
sediment at Giiltzauudden 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
SO,* occurs immediately below the sediment-water
interface (0—2 cm). The simultaneous increase of solid
S indicates precipitation of solid sulphides in the
sediment (Fig. 5). The solid S concentration at 0.5—

Fig. 5 Sulphur in solid sed-
iment (mg kg ") and S in

11 cm depth (2,500—4,200 mg kg ') exceed that at
Giiltzauudden by a factor of 5-7.

3.1.3 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 (Hirst
1962; Loring 1991; Ebbing et al. 2002). In the
sampled sediments the element/Al ratios for the major
elements Ti, Ca, Mg, Na and K are similar at
Skutviken and Giiltzauudden, with only small devia-
tions from local till ratios for Ca/Al, Na/Al and K/Al
(Table 1). This indicates that both sediments mainly
are composed of local minerogenic matter. In the
1-7 cm section, the Fe/Al and the Mn/Al ratios are
higher at Giiltzauudden (Table 1), suggesting pre-
cipitation of Fe-Mn oxyhydroxides in a more oxic
environment (Davison 1993).

Peinerud et al. (2001) used the Si/Al ratio of lake
sediments as a measure of the diatom concentration.
In the two sampled cores the Si/Al ratio is even lower
than that of local till (Ohlander et al. 1991), suggest-
ing a negligible content of diatoms at both sampling
sites (Table 1).

3.2 Total Carbon and Nitrogen in Sediments

TC at both sites shows high concentrations in the
surface sediment and a decrease with depth (Fig. 6).
At Skutviken the concentration in the upper sediment
segment (1-7 cm) is 4-5%, which is significantly
higher than at Giiltzauudden (1-2.5%). At Skutviken
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Table 1 Mean element/Al

weight ratios in different Depth (cm)  Site Ti/Al Fe/Al Mn/Al Ca/Al Mg/Al Na/Al K/Al P/Al Si/Al
sediment sections at Skut-

viken and Giiltzauudden 1-7 Giiltzauudden 0.06 0.84 0.08 027 0.7 033 038 0.02 3.96
compared with mean weight 1-7 Skutviken 0.07 076 0.0l 029 020 032 036 002 3.86
ratios of local till (Ohlander 5, Giltzauudden 0.06 0.58 002 027 0.7 035 039 001 3.99
et al. 1991) and continental )

rock (Rudnick and Gao 10-21 Skutviken 006 062 001 025 018 032 038 002 3.77
2003) Local till 008 062 001 035 017 039 030 001 402

Cont. rock 005 048 001 031 018 030 028 0.01 3.81

TC decreases sharply below 7 cm depth to ca 1% at from the Swedish Environmental Protection Agency
10 cm depth, from where on the TC concentration is (Swedish EPA 1999) and a deviation value can be
approximately constant. The content of TN follows a determined by dividing the sediment content value
similar pattern as for TC at both sample sites (Fig. 6). with the reference value (Table 2). According to
The TC/TN molar ratio indicates a change in Swedish EPA (1999), the deviation values for Cu
sediment composition at Skutviken from 7 to 11 cm (3.63) and Zn (2.98) at Skutviken are classified as
depth, where the TC/TN ratio decreases from 19 to “large”, while the deviation at Giiltzauudden only
11. Below 11 cm depth the TC/TN ratio of both sites shows “slight” difference from the reference value.
are similar. Above 11 cm, the concentration of organic Cadmium (3.09) and Pb (1.87) appear with a
material is enriched at Skutviken which is consistent “significant” deviation at Skutviken. Cadmium, Cu,
with low oxygen saturation above the sediment in Pb and Zn are of main concern in urban stormwater
wintertime. The TC/TN molar ratio is thereby (Hvitved-Jacobsen and Yousef 1991). Thus, a signif-
higher than the C/N ratio of 6.6 in the Redfield icant influence of stormwater sediment can be
empirical formula ((CH,0)196(NH3);6(H3PO4)) assumed for these four metals in Skutviken, while at
(Redfield 1958), which indicates an anthropogenic Giiltzauudden no effect can be seen for any of the
impact. studied elements.

3.3 Trace Elements in Sediments Compared 3.4 Trace Elements in the Sediment and Porewater

with Reference Values
Cadmium, Cu, Pb and Zn concentrations in porewater

For the sediment section 0—2 cm the detected contents and sediment are shown in Figs. 7 and 8. At
of As, Cd, Co, Cr, Cu, Hg, Ni, Pb and Zn can be Skutviken, these elements show almost identical
compared with reference values for coastal sediment sediment profiles with the highest concentrations
Q0 =
5 —
E -10 —
pe .
& 15 —
o]
20 —] —+— Skutviken
a — —o— - Giiltzauudden
-25
| L DL DL B L
0o 1 2 3 4 5 6 0 0.1 0.2 0.3 0.4 8 10 12 14 16 18 20
TC (Wt%) TN (Wt%) mol ratio TC/TN

Fig. 6 Total carbon (7C), total nitrogen (7N), and mol ratio TC/TN in the sediment at Skutviken and Giiltzauudden (TN value at
21 cm depth at Giiltzauudden <0.05%)
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Table 2 Comparison of trace element contents of the 0-2 cm
sediment layer of Skutviken and Giiltzauudden with the EPA
coastal and sea reference values for total analysis (Swedish

EPA 1999) and their deviation value for coastal sediments
calculated as element concentration divided by EPA reference
values

As Cd Co Cu Hg Ni Pb Zn
Skutviken (mg kg™ 7.47 0.62 11.33 82.8 54.45 0.08 22.48 57.95 253.1
Giiltzauudden 18.53 0.31 15.23 71.63 19.03 0.07 21.1 13.3 106.38
(mg kg )
EPA r.v. (mg kg ) 10 0.2 14 15 0.04 33 31 85
Skutviken (d.v.) 0.75 3.09 0.81 1.04 3.63 1.95 0.68 1.87 2.98
Giiltzauudden (d.v.) 1.85 1.53 1.09 0.9 1.27 1.74 0.64 0.43 1.25

The “deviation value” is calculated as “sediment content” divided by “reference value”

r.v. reference values, d.v. deviation values

above 6 cm depth, with exception of the surface
sediment. At Giltzauudden, the Cd, Cu, Pb and Zn
profiles are different. The contents of Cd and Pb are
three times higher and Cu and Zn six times higher in
the 0.5 to 6 cm section at Skutviken compared with
Giltzauudden.

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 (Figs. 7 and 8). 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 (Figs. 5 and 6). 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
and 5-6 cm). For both layers, the content of particles
>10 pum is about 60%, while for the sample from 10
to 11 cm depth the content >10 um 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 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 slow-
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ly 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 (Fig. 5).
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 organic rich 1-7 cm
section of the sediment. Below 6 cm the sediment
contents of Cd, Cu, Pb and Zn decline rapidly, and
stabilise at a much lower value than in the 0.5 to
~5 cm section (Figs. 7 and 8). 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 Giltzauudden, the sediment and porewater
profiles of As resemble those of Fe (Fig. 4), 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, only a slight increase in
porewater As up to 5-8 pg 1! occurs below 2 cm
depth, and no solid maximum of As occurs in the
sediment (Fig. 8).

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
(excluding two samples from 6 to 11 cm depth the
correlation coefficient is 0.98 for Cd, Cu, Pb and Zn)
(Fig. 9). Two points with high S concentrations
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Fig. 7 Cd, Cu and Pb in
sediment (mg kg ') and Cd,
Cu and Pb in porewater
(ug 17" at Skutviken and
Giiltzauudden. The top val-
ue for “porewater” repre-
sents the bottom water

(3 cm above sediment sur-
face). At Giiltzauudden Cd
was only detectable in
porewater at 0—0.5 cm sed-
iment depth (detection level
0.0l pg1™h
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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
(Fig. 10) for the samples from 0.5 cm to 21 cm
(correlation coefficient for Cd, 0.99; Cu, 0.98; Pb,

0.97; and Zn, 0.99). Only the 0—0.5-cm layer with the
highest TC content does not fit into this pattern. 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.
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3.5 PAH Content in the Sediment

In general the most abundant PAHs in stormwater are
phenantrene, anthracene, fluoranthene and pyrene
(Gonzalez et al. 2000; Brown 2002), which are
classified as priority pollutants by the US Environ-
mental Protection Agency (US EPA) (ATSDR 1995).
All of them are found in high to very high concen-
trations in the 0—2 cm sediment layer at Skutviken. In
the 14-16 cm, only pyrene shows high contents. At
Giiltzauudden the PAH contents do not exceed moder-
ately high contents (Tables 3). As found by Marsalek
(1997) and Gonzalez et al. (2000), PAHs are correlated
to suspended solids and according to Krein and
Schorer (2000), heavy PAHs (four to six 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 and 5-6 cm layers showed a range from fine to
coarse silt, offering conditions for light and heavy
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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).

3.6 Stormwater Impact and Possible Sources
of Contamination

Characteristic metals in stormwater like Cu, Cd, Pb
and Zn (Hvitved-Jacobsen and Yousef 1991) are
significantly enriched at Skutviken compared with
the reference sampling site at Giiltzauudden. The
mean concentrations of Cu, Pb and Zn are with 60, 67
and 287 mg kg ', respectively, in the uppermost 6 cm
of the sediment at Skutviken 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
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Skutviken bay (Karlsson and Viklander 2008b). A
reason for this might be that most metals, with
concentrations 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 with
the Swedish EPA (2000), the Skutviken sediment is
classified as class 3 for Cd, and Pb (biological effects
can be found), and class 4 for Cu and 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,
USA, while it was in the same range as in an urban
stream in Denmark, where Munch 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 of
3—4 (Figs. 7 and 8). 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 from 0.5 to 5 cm. Except for Hg, all ratios
change below 5 cm sediment depth (Fig. 11). In the
upper 5 cm the Pb/Zn ratio follows the ratio for gully
pot sediment from a road. 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
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ratios. Even though the gully pot sediment contains
more coarse particles than the Skutviken sediment,
similarities for the trace element ratios are evident in
Fig. 11. If gully pots are an interim storage also for
clay and silt (Morrison et al. 1988), similar ratios can
indicate the stormwater particle transport chain. The
pollutants that are linked to the clay and silt fraction
pass through gully pots and eventually reach the bay.
These particle fractions also offer surfaces for PAHs
to bind to (Evans et al. 1990).

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 Skut-
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viken 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
stormwater origin for PAHs and trace metals. The
anoxic conditions in the Skutviken sediment hamper
biological activity and reduce the degradation of
organic matter, which results in accumulation of
organic matter (Canfield et al. 1993). Dissipation of
PAHEs is less efficient (and limited to three-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). As a
consequence, PAHs can accumulate with organic
matter. PAH affinity to fine particles is known from
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Table 3 Concentrations (ug kg ') of 16 PAHs in the sediment from Skutviken and Giiltzauudden compared with gully pot sediment
from a housing area and road in Luled (Karlsson and Viklander 2008a)

Depth (cm) Skutviken (0-2) Giiltzauudden (0-2) Skutviken (14-16) Giiltzauudden (14-16) Housing area (mean) Road (mean)

PHEN? 89" 22° 37°
ANT® 24f <10¢ <104
FLR? 130° 28° 64°
PYR® 2408 20° 56
BaA® 59f 13¢ 19¢
CHY? 69° <10¢ 23°
BbE® 180° 10¢ 31°
BKF® 44° <10¢ 144
BaP® 74f <10¢ 21¢
BPY® 89° <104 154
INP® 99° <10¢ 194
¥ 11 PAHs 1,097° 934 299¢
DBA® 30 <10 <10
NAP? 39 <10 <10
ACY? 11 <10 <10
ACE? <10 <10 <10
FL? 15 <10 <10
¥ 16 PAHs 1,200 93 300

21° 400 1,300
<104 90 300
52¢ 600 1,200
43° 300 700
18° 50 70
18° 30 40
25° 80 2
114 20 0.3
21° 20 7
164 40 100
214 <340 30
246°
<10 10 20
<10 1,800 12,000
<10 <250 <250
<10 2 800
<10 200 600
250 3,800 17,000

PAH concentrations (ug kg ') in the Skutviken and Giiltzauudden sediment at 0—2 and 14—16 cm depth judged after the Swedish EPA

guidelines for 11 PAHs

NAP naphthalene, ACY acenaphthylene, ACE acenaphthene, FL fluorene, PHEN phenanthrene, ANT anthracene, FLR fluoranthene,
PYR pyrene, BaA benzo(a)anthracene, CHY chrysene, BbF benzo(b)fluoranthene, BkF benzo(k)fluoranthene, BaP benzo(a)pyrene,
DBA dibenz(a,h)anthracene, BPY benzo(ghi)perylene, /NP indeno(1, 2, 3-cd)pyrene

“Light PAH

°®Heavy PAH

®Class 1, no content
4Class 2, low content
°Class 3, moderately high
fClass 4, high

€Class 5, very high

other studies (Budzinski et al. 1997; Krein and
Schorer 2000) and seems certain for this study where
the sediments are mostly covering the silt fraction at
Skutviken.

4 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 concen-
trations are very high for pyrene and high for
phenanthrene, anthracene, fluoranthene, 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 the main effects of

@ Springer



664

Water Air Soil Pollut (2011) 218:651-666

Fig. 11 Trace element/Zn 0 — I
ratios of Skutviken sedi- N | |
ment compared with gully £ = -] \
pot sediment (<2,000 pm) Skutviken S 10 —
from a housing area and . < - | !
road in Luled (Karlsson and =T - housing area 2 -15 — : |
Viklander 2008b) 00000 mm e e e———— road @] ]
-20 = |
B L L B
0 0.2 0.4 0.6
Pb/Zn ratio
0 ] | 0 — | I
_ 5 | _ 65— :
5 10 ot 5 10 L
c ! ' P '
8 15 — : | 8 15 — | :
[a] = (@] T
-20 — | -20 = )
-25 1 T 1 25 T 7 1 71
0 0.004 0.008 0 02 04 06
Hg/Zn ratio Cu/Zn ratio
0= 0 —
11 N |
= 21l = 7\
5 10! 5 10 =
g 41 g - '
8 -15 — : | 8 -15 —
[a] - (@] =
20— 11 -20 —
-25 — 1 T 11 25 L L L
0 0.004 0.008 0 02 04 06
Cd/Zn ratio Ni/Zn ratio
0 = 0 =
_ 5 | 5 :I
£ 11 £ -
L 10 — " S -10-—-Y
£ ] £ 1t
2 -15 = 2 15 — |
o] - (o) =
-20 = 20— U
S L LI L I Bl L L B
0 04 08 12 16 0 02 04 06
Cr/Zn ratio As/Zn ratio

the road bank. Sedimentation of pollutant carriers and
the sulphate reduction result in an increased fixation
of metals and PAHs in the sediment. Skutviken
appears to be an efficient trap for stormwater
contamination since the sediment at Giiltzauudden is
almost unpolluted.

The analysis of the trace element and PAH
concentrations in the sediment of a stormwater-
receiving bay and a reference sampling site compared

@ Springer

with road runoff sediment enabled to identify the
stormwater as an impact factor on the bay. The
sediment shows increased contamination of pollutants
which most likely originate from stormwater. Fixation
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. As a consequence, the present-day
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input of pollutants to the sea are reduced. In areas
with postglacial land uplift, where such bays are
common, bay sediments are a potential future source
of pollutants when uplift results in erosion and
oxidation of the sediments.
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