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ABSTRACT

To date, most estimates of contaminant fluxes across the sediment/water interface in risk assessments have been

clone using diffusive flux models. However, the reliability of these is limited as £he overall Biix from the sediment
may have contributions caused by advection and bioturbation. We found through a comparison of modelled
fluxes versus measured fluxes, that the methods Benthic Flux Chamber and surface leaching tests in a riskassess-

ment context showed similar magnitude while calculated fluxes deviated at least by a factor of 100 from mea-

sured fluxes. This may be explained by the flux contribution in connection with bioturbation. The chamber-
measured fluxes of copper were low compared to those of zinc and cobalt, but this is consistent with leaching

tests that indicated copper to be more strongly bound. Risk assessments based on total concentrations may be
misleading.

© 2016 Elsevier Ltd. AH rights reserved.

1. Introduction

Sediment pollution is often considered as an end result ofunsustain-
able anthropogenic activity. However, the sediment itself can become a
new source of contamination, even after remecliation actions have

removed the original causes, giving an increased importance to this
component for total flux modeling and environmental assessment. In
this connection, it is also important to specify, ideally in quantitative
terms, the contributing processes of diffusion and advection.

Meteorology is well recognized for its importance for several kinds
of processes at the sediment-water interface (Baudo et a!., 1990).
Changes in light intensity, temperature, or wind [water movements)
near the sediment-water interface may result in rapid changes in the
concentration and distribution of oxygen in the surface layer of sedi-
ments that will influence on the diffusive part of the total contaminant
flux from sediments. Increased water turbulence induced by wind may
also alter the boundary layers and thus influence on not only the diffu-
sive transport: of contaminant but also the flux component caused by
the advection. The thickness of the boundary layer will determine not
only the distribution of oxygen but also the distribution ofmicrobial
processes responsible for the cycling of elements in sediment and thus
influences on the flux component caused by bioturbation.
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In the Swedish method for risk assessment of sediment, estimates of
contaminant transport across the sediment-water interface have so far
been done using diffusive flux models. Diffusive flux models are based
on concentration gradients between sediment pore water and overlying
water or between pore water concentrations at different sediment
depths (Eek et al., 201 0). However, large uncertainties exist in using dif-
fusive flux models because the overall fluxes (a sum of diffusion, advec-
tion and bioturbation) from sediments might be much greater than
diffusion slone. Reliability is also limited by the absence ofmicroelec-
trades, which do not exist for most contaminants, which makes it cfiffi-
cult/impossible to spatially resolve existing gradients at the sediment-
water interface.

In Sweden, Norway and the Netherlands, pore water analyses are
used as a basis to quantify the contaminant transport from sediments
to the overlying water column by diffusion (EeketaL, 2010). Very few
in-situ methods are presently known to quantify the contaminant
transport across the sediment-water interface. The interest in the Ben-
thic Flux Chamber (BFC) method in this risk assessment context is that
it measures the total contaminant flux (the sum of flux contribution
from diffusion, advecfcion and bioturbation mechanisms) from sedi-
menfcs to tlie overlying water column with very little disturbance of
the sediment and the measurements are not: affected by currents or
bio-film formation (Pakhomova et a1., 2007; Eek et al,, 2010). However,
the method may have minor influences on the actual fluxes if a reduced
effect from bioturbation occurs or due to changes in redox or sJte-specif-
ic hydrodynamic properties. These effects are as yet too difficult to mea-
sure or to adjust for in the flux models.

http://dx,doi.org/l 0.10 lG/j.marpolbul.2016,06.092
0025-326X/® 2016 Elsevicr Ltd. All rights reserved.
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In USA, the BFC method has been used in a risk assessment context:
for>15 years, mostly in harbours and coastal areas [Hampton and
Chadwik, 2000). A project that the US military has conducted showed
that the BFC method is well suited to quantify the mobility and bioavail-
ability of metal contaminants in marine sediments (Hampton and
Chadwik, 2000). The study showed that the BFC method could be
used for heavy metals such as lead, mercuiy, chromium, zinc, and

copper (Hampton and Chadwik, 2000). The method is now certified
for these metals by the California Environmental Protection Agency,
EPA [Hampton and Chadwik, 2000). The BFC method has not yet been
implemented for metals in a risk assessment context in Netherlands,
Norway or Sweden (Sweden has no risk assessment guidance for
contaminated sediments) even though the BFC method is used in
Norway with respect to organic contaminants (Eel< et a1., 2010).

The BFC method has been used, for instance, in Norwegian studies to
assess how efficient: different capping materials like active carbon is
compared to day and crushed limestone as a protection against con-
taminant transport [Cornelissen et a!., 2011,2012). It turned out that
measured fluxes in covered areas were less than measured fluxes in
reference areas that were not covered.

The BFC method was also used in flux measurements of iron and
manganese and was compared to diffusion calculations (Pakhomova
etal., 2007]. In the study of Pakhomova etaL (2007) measurements
with the BFC method resulted in a significant increase in the identified
flux of iron and manganese compared to estimated values. Finally nutri-
ent flux has been extensively studied by the BFC method (Tengberg et
al., 2003; Thorbergsdottir et al., 2004; Thorbergsdottir and Cislason,
2004; Eek etal., 2010; Viktorsson et al., 2010).

The study presented in tliis paper was originally initiated as one part
of a government mandate recently given to the Swedish Geotechnical
Institute to develop approaches that would increase tlie rate ofremedi-
ation of contaminated areas in Sweden. A more effective risk assess-

ment and quantification of contaminant fluxes can contribute to this.
The overall aim of the study is to improve the methodology to quan-

rify contaminant fluxes from sediment to the overlying water mass and
thus contribute to an improved risk assessment of contaminated sedi-
ments. The objectives are to quantify contaminant transport using the
in situ BFC methodology and compare tliese values to diffusion calcuh-
tions and surface leaching tests. The comparison is made in order to
evaluate the usefulness of these methods in a risk assessment context
and to make recommendations regarding Ehese specific methods. We
also consider the benthic fauna in our study because previous studies
in the field have shown that the activity ofbenthic fauna is widespread
in our study area (Goransson et a]., 2013).

tl. Study site

A suitable case study site in Knahakenhamnen (Knahaken harbour)
was found through a literature study of sediment analyses in the
Helsingborg coastal monitoring program of contaminated sediments
(Goransson ec al., 2013). Helsingborg is situated by the Kattegat Sea,
SW Sweden.

Knahaken harbour is located in the "Industry park of Sweden, IPOS"
owned by the Kemira industry group. The chemical industiy was started
in the area in 1872 by the production of fertilizers and subsequently by
the production ofsulphuric acid. Copper containing pyrite was used as a
raw material for the sulfuric acid and in order to utilize the copper content
a copper enrichment plant also was built in 1902. This industry was the
reason that the bulk harbour (earlier kopparverkshamiien), nearby the
Knahaken harbour study site, was constructed (Fig. 1). Today the Kemira
group companies produce sulfuric acid, hydrochloric acid and hydrogen
peroxide.

Helsingborg coastal monitoring program of contaminated sediments
has been ongoing since 1995. In the monitoring program samples are
analysed for metals in sediment from both harbour and industrial
areas and also along a gradient from the mouth of the river Raan out
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Fig. 1. The figure shows the approximate location of the sampling stations in Knahaken
harbour, Helsingborg, Sweden with the sampling site KED innermost in the harbour and
closest to the surface water pipe outlet (storm water], sampling stations Kl, K2 and K3
are succe5sively further out in the Knahaken harbour.

into the sea. At the sampling station KED in the Knahaken harbour
(Fig. 1) elevated concentrations ofZn, Co and Cu have been detected.
The source of pollution has not been Jocalised but may originate
not only from a storm water drainage pipe that leads surface water
in to the harbour from IP05 but also from large areas of the southern
Helsingborg City. A landfill with polluted gypsum is also situated
close by the harbour that also may be 3 source for contaminants in
the sediment.

The high total metal contents found in the sediment samples from
KED made it possible to test if contaminant fluxes measured with the
benfchic flux chamber method, BFC (Hampton and Chadwik, 2000)
would differ compared to diffusion calculations based on pore water
analysis (Li and Gregory, 1974; Awakura et al., 1989) and surface
leaching tests based on sediment samples (NEN 7347).

The sampling campaign of this study in Knahaken harbor was done
during the summer and autumn of 2013, complemented by additional
BFC measurements in the autumn 2015.

2. Methods

To get a general understanding of the natural hydrographic
variability at the study site continuous measurements were made
for 28 days (September 2-30, 2013) using two instruments (assigned
no. 42 and no. 1G9) Aanderaa RCM9 multi-sensor instruments
(Tengberg et ai,, 2001, 2003) placed at stations KED and Kl (Fig. 1).
Parameters presented here include dissolved oxygen, current speed,
temperature and turbidity (particles), which were correlated with pre-
cipttation data from the Swedish Meteorological and Hydrologica] Insti-

tute (SMHI), gauging stations VelsingborgA and Lund sol. Instrument no.
169 was placed close to the storm water drainage pipe in the sampling
station KED and instrument: no. 42 was placed close to the I<2 sample
station (Fig. 1).

Please cite this article as: Frogner-Kockum, P., et al.. Metal contaminant ftuxes across the sediment water interface. Marine Pollution Bulletin
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Fig. 2. An overview of the study divided in three different: steps: characterization, quantification of fluxes by three different metiiods and comparison of fluxes. HOAc = leaching by acetic
add,MS-ME61 = leaching by the "Four Adds" method ME-MS61. It is a mixture of several strong acids such as perchloric add (HCIO^), nitric add (HN03), hydrofluoric add (HF) and
hydrochloric acid (HCI).

A workflow for the present study is presented in Fig. 2 and contains
the following steps:

(1) Sediment characterization.
(2) Q.uantification of the fluxes using three different methods: a dif-

fusion calculation method, an in situ method (the benthic flux
chamber method) and a surface leaching test.

(3) The results are evaluated comparing different element flux.

Since Zn, Co and Cu previously have been detected in elevated con-
centrations at the site, this study has focused on those three metals.

The geochemical characterization in step (1) was done using ICP
measurements of total metal concentration in the sediment, extracted
metals using a sequential leaching test (UNEP/IOC/IAEA, 1995) to test
leachability, and the metal concentrations in pore water. Total concen-
tration in sediments provides an inventory of the pollutants present in
the sediment, but not how strongly they are bounded with mineral
particles and organic substances. Sequential leaching thus provides
complementary information on how different pollutants are bounded
in the sediment, which can often be related to different associations
(in minerals, on mineral surfaces or bounded to an organic fraction).
These two methods together thus made it possible to evaluate the pro-
portion of the total content that can potentially be spread and become
bioavaiiable.

Sediment pore water was analysed to give information on the actual
amount of metals that are available in the pore water and that immedi-
ately can be transported out of the sediment In step (2), three different
methods are used in order to quantify the metai transport out of the sed-
iment: a) a diffusion mode] (Li and Gregory, 1974; Awakura et a1., \ 989),
b) a sediment surface leaching test in the laboratory [NEN 7347), which
tries to simulate what happens in reality, and c) an in situ method (BFC)
that measures what happens in reality (Thorbergsdoitir and Gfslason,
2004; Thorbergsdottir et a],, 2004). In step (3) the metal fluxes are com-
pared (concentration per surface unit and unit of time) measured and
calculated from the three different methods.

2.1. Sediment sampling and characterization

Sediment cores were taken at the sampling stations (Fig. 1 ) using a
Haps-corer (Kanneworffand Nicolaisen, 1973), which is a tube sampler
that routinely has been used in the Helsingborg coastal monitoring
program for about 20 years (Goransson et al, 2013). When studying
the redox profile of earlier cores close to the Knahaken harbour

(Helsingborg coastal monitoring program) it was noted that only the up-
permost 2-5 cm is oxygenated and that the rest of the sediment is re-
duced (anoxic). Therefore, sediment subsamples were taken from the
sediment core with 5 cm intervals: 0-5 cm, 5-10 cm and 10-15 cm.

The choice of 5 cm sections was also necessary to ensure sufficient pore
water for pore water analyzes.

2.2. Pore water analysis

Sediment samples from the Haps-corer were homogenized and
divided into acid-cleanect centrifuge tubes of 50 ml. Samples were cen-
trifuged at 20,000 g (g: standard gravity) for about 30 min, then the ex-
traded pore water was decanted and combined into one sample. The
material was weighed before centrifugation and after the pore water
had been decanted off. A subset of pore water samples was filtered
through 0.45 |im cellulose acetate filter and then analyzed for metals
and anions. Pore waterwas also analyzed forTOC (total organic carbon)
and TIC (total inorganic carbon) before the pore water had been filtered.

lead weights

Fig. 3. A schematic drawing of a Benthic flux chamber with a stirrer. lead weights and a
probe to measure pH, redox, oxygen and conductivity. The chamber has the dimensions

30 x 30 x 50 cm and is open in the bottom to allow transport of pollutants into it.
Samples are taken from the outlet and the inlet is during sampling open to the
surrounded sea water to compensate for the lost volume of water,

Please cite this article as: Frogner-Kockum, P., et al.. Metal contaminant fluxes across the sediment water interface. Marine Pollution Bulletin
(2016),http://dx.doi.org/10.-E016/j.marpolbul.2016.06.092
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2.3. Sequential teaching

The sequential leaching was performed according to UNEP/IOC/iAEA
(1995). This method includes an initial Jeaching step with a 25% acetic
add (fraction 1), followed by a combined leaching step (fraction 2) on
the same sediment subsample using the ME-MS61 ("/our acid"}
leaching method (ALS Global, 2014). Fraction 1 consists not only of
exchangeable metals but also of the less readily exchangeable metals
that are organically bound and/or carbonate-bound (Rao et al., 2008).
The acetic acid used in this step does thus not affect silicates or iron
and manganese minerals (UNEP/IOC/IAEA, 1995). Fraction 2 consists
of the more strongly bound metals released with the "/our acids"
method ME-MS61 (ALS Global, 2014). The "four acids" method ME-
MS61 is a mixture of several strong acids such as perchloric acid
(HCKXO, nitric acid (HNOa), hydrofluoric acid (HF) and hydrochloric
acid (HC1) (ALS Global, 2014).

These acids release virtually all metals in the sample because the ma-
jority ofsilicates and iron and manganese minerals are dissolved (Rao et
al., 2008; ALS Global, 2014).

2.4. Diffusion caimlatioTis

In order to estimate the transport of contaminants in the dissolved
phase from the sediment the diffusive flux of cobalt and zinc has been
calculated by applying Pick's first law:

J = -D 6C/Sx (1)

wherej == diffusive flux, D = diffusion coefficient and 5C/5x = concen-
tration gradient.

Diffusion coefficients for specific ions, e.g. cobalt (II), are available
from the literature (Ullman and Ailer, 1982). These coefficients are,
when adjusted for temperature and pressure in aqueous solutions, in
the range 10~5-10~6 cm2 s~l.

In natural systems, ions and metals are transported to a varying de-
gree bound to organic or inorganic ions or complexes. Coeflricients for
these complexes are unknown and are therefore difficult to calculate
or to estimate. This means that the diffusion coefficients used in these
calculations, which have been determined in laboratory experiments

S42: Temnldeg. C _—- S169:TempWeo.C Glotia) Irradians &Wm2Ll

N1^3311..:.....!................,...;. . ......................:..........................:-...........-............i..............J. 700

I—SU: Speed [cmfti —SISS.Speedtcmtel —•

-400

^300 E

-200

-100 "

^^f^ \ - /, C^irttf' -^-^ .*. . ' ' ',
07 September lOS6pteo^G&^° l^C'^c^ar 16 September 19 September 22Septem&er 25 September

^
RCM data "^ ^ Tim ShiHI (faia

F)g. 4, Sensor data from instrument 42 and 169 for temperature, water discharge (speed], predpitation, irradjence, oxygen content and tucbidity.

Please cite this article as: Frogner-Kockum, P., et ai., Metal contaminant fluxes across the sediment water interface. Marine Pollution Bulletin
(2016),http://dx.doi.org/10.1016/j.marpolbul.2016.06.092



P, Frogner-Kockiim et aL I Marine Pollution Bulletin xxx (2016) xoc-jocx

(Ribeiro et al,, 2002) in pure solutions (often at higher concentrations
than in the natural environment), will not be entirely relevant m a
natural environment. But this modeling is as close as we can currently
approximate in a simulation of natural conditions,

in the diffusion calculations a correction must also be introduced to
account for the non-finear transport distance clue to the sediment po-
rosity structure. A tortuosity of 1.3 and a porosity of 0.7 have therefore
been adopted.

2.5. Surface teaching tests

The method SIS-CEN/TS 16637-2 is used for surface leaching tests of
inorganic substances from materials with fine particles, such as silt, and
where diffusion largely controls the transport of leached substances
from the sediment. The material is packed in a cylinder, which is then
placed in 3 larger cylinder of water. A pre-determined amount of
water is added and this volume is replaced after fixed time intervals.
During surface leaching the sample is leached in the cylinder with
water. The water does not flow through the sample, but rather leaching
occurs by diffusion from the sample surface. The regular replacement of
water above the sediment during the test is to avoid equilibrium condi-
tions that would dampen diffusion. The leachate is analyzed for the ions
of interest.

In this study a deviation from the standard-method SIS-CEN/TS
16637-2 was made so that the same polyethylene (PE) pipes used for
sampling the sediment later were used as test cylinders. The tube was
cut off to two cylinders that were glued to a base plate. This deviation
from the standard method provided undisturbed samples with their
original layering, stmcture and composition. Since the pore water ana-
lyzes from different sections in the sediment evidenced a dear ion con-
centration gradient, it was important to test undisturbed samples if
possible. Furthermore, this adaption made the SIS-CEN/TS 16637-2
surface leaching more comparable with in sku (natural) conditions
and more relevant as a comparison method to the BFC method in this

project:.

2.6. Benthicflux chamber measurements

Direct sampling of element flux is done with 3 benthic flux chamber
deployed on the sea floor (Fig. 3). It is a closed system except: at the
sediment-water interface since the chamber is open in the bottom. At
given times after the flux chamber (squared 30 x 30 cm, 50 cm overly-
ing water] is deployed on the seafloor, the contaminant transport into
the flux chamber and thus the accumulation of contaminants in the
ctiamber water is measured by taking out samples from chamber.

The chamber also has a stirrer for mixing the water-mass
(homogenising) and a source of power for the stirrer. As the engine to
the stirrer was considered unreliable an alternative water circulation
system for mixing of the water mass in the chamber was used. The
inlet and the outlet were connected together by the peristaltic pump
1:0 create a flow in order to avoid the building of concentration barriers.
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The metals Cu, Zn and Co increase with depth in KED, as they do at 1<1 in Knahaken
harbour,

Water samples were pumped to the surface by a peristaltic pump by
using 3. tube that was connected to the outlet (Fig. 3.) The total water
volume for all samples together that was taken out from the chamber
was less than 1% of the total water volume in the BFC. Corrections for
the total sample volume were therefore not considered necessary. The
samples were geochemically analysed using Inductively Coupled Plas-
ma Mass Specbrometry (ICP-MS) and Gas Chromatography-Mass Spec"
trometry [CC-MS) to determine the different types of contaminants
and their concentrations above the sediment per unit area and time.

An entrance to the chamber was also made for a probe containing
elecfcrodes for measuring pH, redox, oxygen and electrical conductivity.
A frame with lead weights was coupled to the chamber so that it would
stand firmly on the sediment to ensure there is no leakage in submerged
conditions at the bottom.

2.7. Sampling and analysis of benthic fauna

Benthic fauna was also sampled with the Haps-corer (Kanneworff
and Nicolaisen, 1973) at the sampling station: KED = 5 m, Kl =
30 m, 1(2 = 60 m and K3 = 120 m. Ten repiicate samples were taken
on each station in a water depth of about 1 m. Samples were sieved
through a. 1.0 mm sieve and preserved in 96% ethanol before analysis.
In the laboratory all specimens were identified to the lowest possible
taxon, enumerated and wet weight biomass was determined.

Bioaccumulation of metals was examined in common ragworms
Hediste diversicolor (MuHer, 1776) from the four relatively contaminat-
ed stations in the Knahaken harbour and at a distant relatively uncon-
taminated control site (Skalderviken W, 56° 13,175'N, 12° 46,731'E)
with about the same depth and environmental conditions. On each

cobalt
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Fig. 7. Sequential leaching ofcobalt for each station, grouped by depth intervals. HOAc is
acetic acid leaching and MS ME6I is the residual concentration leached with severdl
strong acids such as perchloric acid (HCIO^i.nitric acid (HH03),hydronuoric acid (HP)
and hydrochloric acid (HCI). The combined bar height represents the total leached
content,
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Fig. 10. Changes in concentrations of CD, and Zn with time in the benthic flux chamber
during the incubation in the sampling station KED during September 2013.

station 10-17 specimens (2.3-6.7 g) of the polychaete were collected
and stored frozen at —20 °C until analysis. Analysis of As, Cd, Co, Cr,
Cu, Fe, Hg, Ni, Pb and Zn was performed according to Swedish standards
by Biological Institution, University of Lund. Superficial (0-2 cm) sedi-
ment was also sampled at the control site and analyzed for organic con-
tent (loss on ignition) and the same metals as in ragwonns.

3. Results and discussion

We successfully retrieved the continuously logged data from the
Aanderaa RCM9 multi-sensor (no 42 and no 169) as shown in Fig. 4.
These data from the autumn of 2013 were plotted with the SMHI mete-
orological datasets shown in Fig. 4. Water current speeds seem to corre"

late well with the "HelsingborgA" predpitation dataset, which only has
three peaks. These peaks can also be seen in the sensor 169 data, but are
less clear in the sensor 42 series, which is located further away from the
discharge pipe. There are also smaller peaks in the sensor 169 that are
not present in the precipitation dataset, which are interpreted chiefly
as water current changes induced by the local wind regime. The section
between the two black dotted vertical lines marks sampling period for
both incubation Kl and KED. Fig. 4 shows that oxygen levels were
daily regenerated and that precipitation was intense before and after
the BFC field sampling campaign. The elevated precipitation and the dis-
charge as seen before the field campaign (initiated at the llth of

copper
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Fig. 9. Sequential leaching of copper for each station, grouped by depth intervals. HOAc is
acetic acid leaching and MS MEGl is the residual concentration leached with several
strong adds such as perchloric add (HC!04), nitcic acid (HNOa), hydroftuoric acid (HP)
and hyc!rochloric acid (KCi). The combined bar height represents ttic total leached
content

September 2013) are processes in the harbour that will help to dilute
any contaminants that stagnant water in the harbour may contain.
However, in contrast fresh water also promotes the diffusion gradient,
which is a mechanism for contaminant fluxes out of the sediment and
which counteracts the dilutive effect of the discharge from the storm
water pipe.

There is a distinct positive correlation between periodic variations in
oxygen saturation and temperature and the trends in the global irradi-
ance dataset at the meteorological SMHI station "Lund A". It is clearly
so that during sunny days this shallow site is heated by 1-2 °C, slowing
as light intensity decreases toward the end of September. Due to techni-
cat difficulties the sonde data. which measured oxygen and temperature
inside the BFC chamber, had to be recorded manually. This was done in
conjunction with deployment of the chamber and with each following
water sample extraction. This data do correspond well with the contin-
uous measurements from sensor 42, and thus the oxygen saturation in

the BFC was above 80% during sampling. Temperatures inside the cham-
ber also closely match the corresponding measurements from the sen-
sor 42 dataset. The RCM9 sensor data are useful as it shows the strong
correlation between oxygen saturation levels and insolation. This indi-
cates the importance of primary production in the system during day
time as well as the high respiration that consumes the oxygen during
night time. During the whole campaign, the oxygen saturation at both
sensors often exceeded 150^ at midday. During the days for water sam-
pling the oxygen levels were generally highest at sensor 42. At sensor
169. all oxygen is frequently consumed during the night declining to
0% saturation. The differences in the data between sensor 42 and 169
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concentrations in the flux chamber that shows a linear increasing trend with time.
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could be explained by the distance from the storm water outlet. Near
the outlet there water speeds were often twice as high, as seen in
Fig. 4. Higher energy with consequently higher turbidifcy as well as a
more direct influx of nutrients from the outlet could possibly reduce
light insolation during the daytime near the outlet and also alfow for
greater respiration activity during nighttime. This turbulence is consis-
tent with the lack of visibility to the seafloor with less than 2 m depth
near the outlet noted in the field.

3.1. Sediment characterization

Our modification of method SIS-CEN/TS 16637-2 to maintain unclis-
turbed sediment layering for surface leaching tests improves the com-
parison with other methods (see Methods above). This is supporEed
by the results from previous sediment analyses done within the Hel-
singborg coastal monitoring program (Goransson et al, 2013), where
the redox profiles of the sediment in the sampling locations closest to
the ICED sampling station show that oxygenated conditions prevail in
the uppermost 2-5 cm and reduced (anoxic) conditions below that in
the rest of the core.

Our results also document that the organic content decreases with
depth (Fig. 5) and that metal content increases in the pore water of
the deeper samples (Fig. 6).

3.2. Sequential teaching

It is clear from the histogram5 (Figs. 7-9) that a relatively lower
amount of copper, compared with cobalt and zinc, is released in the se-
quential leaching step with acetic acid (HOAc'). It was not possible to de-
tect any general trend in terms of fractionation with depth in the
sediment between different stations. As shown in Figs. 7-9 copper is
usually strongly bound in the sediment, while zinc and cobalt occur as
both strongly and loosely bound.

The results highlight the inappropriateness of using total concentra-
rions alone for risk assessment of sediments. A classification based on

total concentration can however be used as a screening for hot spots
as in the first step (Trinn., 1) in the Norwegian National Guidelines for
Risk Assessment of Contaminated Sediments (Klif, 2011). The inappro-
priateness of basing a risk assessment only on total concentrations is
shown by the comparison between total concentrations, pore water
analysis, surface leaching tests and the BFC measurements of this
study. The study shows that a risk assessment based only on total con"
centrations would suggest that the risk of spreading copper is greater
than the dispersion of cobalt because its total concentration is greater
in the sediment. A risk assessment based on total concentrations
would thus have been misleading. As can be seen by relative fluxes of
these metals derived from the BFC chamber measurements and with
surface leaching tests cobalt fluxes dominates over copper and zinc
fluxes. Even pore water analyses illustrate the inadequacy of using
total concentrations as a basis for a risk assessment-, as the cobalt
content dominates over both zinc and the copper content in the pore
water, contradicting the trend in total concentrations.

3.3. Benthic Flux Chamber measurements

Ffux chamber measurements were done in station KED and Id dur-
ing 2013 (Fig. 10). After initially relative high concentration of Co and Zn
in the first sample of the KED incubation the results showed a gradually
increasing trend for both Zn and Co that enabled calculations of fluxes.
The incubations and flux chamber measurements in KED and Kl during
September 2013 showed that data was too poor to confirm an expected
increasing trend in the chamber. In addition problems with the stirring
occurred during the incubations of 2013. We thus hoped to confirm the
observed trend of 2013 with gradually increasing Zn and Co concentra-
tions in the chamber with additional sampling and measurements in
2015. As expected the incubations in 2015 (Figs. 11-12) confirmed
the indication that incubations in 2013 were too short (about 6 h).
The longer incubations in 2015 also confirmed the earlier obtained
trend with increasing concentrations for both Zn and Co in the chamber
(Figs. 11-12) but showed also a similar anomaly with a relatively high
initial concentration in the first sample. The reason for a high initial con-
centration was at first hard to explain from the results of the 2013 incu-
bation. The phenomenon was, however, observed to be method-specific

as it is a regular occurring anomaly also for the contaminants Zn and Co
intheincubations of 2015. The high initial concentration of the first
sample seems to be connected with the deployment of the chamber
and may be an effect of resuspension of the sediment (Almroth etaL,
2009), resulting in an increased number of mineral particles and organic
matter in the water body of the chamber. This suspension process may
have temporary allowed desorption of metals from particle surfaces or
organic matter, a disturbed equilibrium between solids and solution
due to the chamber deployment.

A comparison of contaminant fluxes between BFC measurements,
diffusion calculations and surface leaching tests shows that fluxes
from BFC measurements and surface leaching tests are similar in magni-
tude while fluxes estimated by diffusion calculations deviate signifi-
cantly from the others (Table 1). Diffusive fluxes are much lower than
the measured values by the BFC and surface leaching tests, which

Table 1
Comparison of contaminant fluxes between Benthic Flux Chamber [BFC) measurements, diffusion calculations and surface leaching tests.

Sampling location Flux measured by benthic flux chamber

KED-Zn

KED-Co

KED-Ctl

K-t-Zn

Kl-Co

Kl-Cu

(mol/m2/day]

1.5-6,3 x 1(T4

3,2-G.Ox 10-4

2.3xl0-s-3.5xl0~'1

2.7 x 1(TS

Calculated fiux

(mol/m /day]

2.1 x 10-7

2.8 x 10-7

Fiux measured by surface leachir

test in deionized water

(mol/m/day)

3.7 x10-4

8.3 x KT5

7.7 x KT5

ig Fiux measured by surface leaching
test in marine water

(mol/m/day)

8.03 x 10~5
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would mean that only diffusive fluxes highly underestimate the poliut-
ant spreading. Differences between calculated and measured values
have also been observed in previous studies. For instance, Pakhomova
et al. (2007) made BFC measurements of iron and manganese fluxes,
and found that they were significantly greater than calculated fluxes.

It was not possible to avoid redox changes in the sediment when
sampling the pore water (that diffusion calculations are based on)
since we had to dividing the sediment into centrifuge tubes of 50 ml.
Thus, the pore-water speciadon may be somewhat different from the
one in the original sediment that may have influenced on the pore
water chemistry. However, the metals studied are not redox sensitive

so redox may in this case only have a minor influence on the solubility
of these metals in pore water chemistry (that diffusion calculations
was based on).

3.4. Metal concentration in benthic fauna and sediment

Despite large variation within stations there are a significantly great-
er number oftaxa (ANOVA, Holm-Sidak method) at Ehe station K3, most
distant from the outlet into the Knahaken harbour (Fig. 13) and there is
a tendency of a gradual increase. However, there is no such difference
when it comes to abundance and biomass.
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Fig. 14. Concentrations of metals in Hedisteriiveracotor and sediment [mg/[(gDW] at four stations in the Knahaken harbour and at a control site [SKW) 2013.
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Concentrations of metals in H. diverslcotor and in the sediments
show generaiiy the same pattern with distance to the outlet in the
Knahaken harbour (Fig. 14). The lowest concentration was measured
at the very distant control site and highest concentration was measured
about 60 m from the outlet into the Knahaken harbour, with the excep"
tion ofcobalt which shows maximum concentrations adjacent to the
outleL Concentrations of cobalt were also clearly decreasing with dis-
tance to the outlet and there is a sratisricaily significant trend in decreas-
ing concentration of cobalt in H. diversicolor with distance from the
outlet in the Knahaken harbour (linear regression, r^ = 0.852, p =
0.025).

Concentration in sediments and H. diversicolor reached a peak for
most elements at stations K2 and K3, 60-120 m from the outlet into
the harbour. There were statistically significant correlations between
concentrations in H. diversicolor and sediment for cobaft (Pearson corre-
lation, k = 0.905, p = 0.034} and lead (Pearson correlation, k = 0.921,
p == 0.026).

Concentrations of metals in H. diversicolor were generally lower than
in sediment from the same station. Differences were clearly greatest in
highest concentrations of sediment

. The common ragwonn H. diVersicoJor builds Y- or U-shaped burrows

in soft sediments which increase the sediment-water interface. When
they ventiiate their burrows, individuals verticalize oxic zones into the
sediment and promote microbial and meiofaunal growth alongside
their burrows (Scaps, 2002). Not only this activity, but also feeding
and excretion, could also lead to exchange of many substances between
sediment and water. The difference between measured fluxes of metals
from sediment and calculated diffusion in this study could probably
largely depend on bioturbation of H. diversicolor in the sediment. This
has been shown not only for another polychaete, Marenzellena negkcta,
which is also very active in the sediment (Granberg et al., 2008), but also
for bivalves and small amphipods (Hedman et al,, 2008).

4. Conclusions

When comparing contaminant fluxes measured and modelled with
different methods, this study shows that fluxes that are measured
with the benthic flux chamber and surface leaching tests are similar in
magnitude while modelled fluxes differ from the others. Modelled
fluxes deviate at least by a factor of 100 from benthic flux chamber mea-
surements. On the other hand, surface leaching tests give similar results
as benthic flux chamber measurements. We suggest that this means
that modelled fluxes underestimate contaminant transport from
sediments. Some difference between measured fluxes of metals from
sediment and calculated diffusion in this study might depend on biotur-
bation of H. diversicolor in the sediment. Statistically significant correla-
rions between Co concentrations in H. diversicolor and sediment were
also found, but not for Zn and Cu.

Based on the results from this study, modelled fluxes might underes"
rimate the contaminant spreading from the sediment. The total metal
analysis compared to the sequential leaching results also indicates that
it is not recommended to base a risk assessment only on total concentra-
tions in sediments. Although the total Cu content was high in the sedi-
ment, the sequential leaching shows that Cu is mainly strongly bound
in the sediment, which also explains why fluxes of Cu from the sediment
were low. However, total analysis of metals may be used for screening of
contaminants in sediments to get a first opinion as to where hotspots are.

From the results of this study we recommend that the Benthic Hux
Chamber be used together with a surface leaching test since the surface
leaching test will mainly reflect the cliffusive transport and biotnrbation
component while the Benthic flux chamber will include contributions
from diffusion, bioturbation and advection processes. Risk assessment
therefore needs to jointly consider these aspects,
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