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INTRODUCTION

Copper is an essential element for organisgmas may alsde toxic to most species when
concentrations exceed levels that are physiologically requiféé bioavailability of copper in
freshwater, estuarine and marine watessgovernedoy the free ion concentration, as predicted by
the free ion actiity model (FIAM§Campbell, 1994; Brown and Markich, 2Q08though current

water quality criteria (WQC) and environmental quality standg(EQS) are based on total dissolved
concentrations, there are ongoing attempts to incorporate metal speciation into WQC via the biotic
ligand model (BLM). The BLM is derived from the FIAM and takes into consideration the properties
of the water in termf dissolved organic carbon (DOC), hardness and pH to account for the
competition between cations for the biotic ligand (e.g. fish gill or algal cell membrane). The BLM is
currently in use to assess the state of freshwater bodies in theeEUJin Swede(SwedishAgency

for Marine and Water Management, 201®ut so far, no validated modehre in use for the marine
environment. Instead, the EU coppéoluntary Risk AssessmenReport (VRAFCU recommend that

a marine B)S valudased on total dissolved copper amntrations (normalized to ambient DOC
concentration) shall be usg@uropean Copper Institute, 2008he VRAR ureport did however

not considemmarine sediments.

In north Atlantic surface waters, dissolved copper concentrations are rather constant and on average
0.075 ug/L (Pohl et al.;1993) In the Baltic Sea, concentrations are significantly higher, about 0.6
pg/L (Pohl and Hennings, 20Q3hainly due to the low water exchange capacity of the Baltic Sea and
a largerinput of copper from both natural and anthropogenic sources. Elevated aquatic copper
concentrations have also been reported from Baltic water bodies with high anthropdgeuis e.g.

in marinas(Kylin and Haglund, 2010; Lagerstrém et al., 262@) commercial harbars

(Fathollahzadeh et al., 2014Jopper concentrations surfaceseavater, sediment and biotara

actively monitored in the Baltic Sea, but the monitoring progra&@S threshold valueand the
statusassessmenunder the Water Framework Directive (WFD) and Marine Strategy Framework
Directive (MSFDJiffer betweenthe HELCOM contracting partiddence, hereisa need to

harmonize the work within HELCQ#®gardinghow the environmentalmonitoring is conductednd

what EQSthreshold valuefto usein the status assessment of the different matricesr{ace

seawater, sedimentand biota).

Aims and report structure

The overall aim of this report was to propose a harmonized threshold valwepper in sediments

for the Baltic Sea region and assess how the implementation of the threshold value will affect the
status classification of copper in different Baltic subibasAn additional aim was to compile tB®S
values (threshold valuesjurrently in useby different HELCOM contracting parties and to summarize
anthropogenic and natural sources of copper to the Baltic Sea. The report comprises of two parts.
The first pat focuses on sources of copper, environmental concentrations and state assessments in
the Baltic Sea. During the drafting of the first part of the report, we received an additional
assignment by the Swedish Agency for Marine and Water Management to pegaseries of
workshops with the aim to propose a harmonized approach for the derivation of an EQS for copper
in marine sediments. Thus, three workshops were orgahin March to April 2021 with experts



representing academia, industry, consulting agesand governmental authorities to discuss how
bioavailability, natural background and ecotoxicological data should be treated when deriving an
EQS for copper in marine sediments. The results and outcome from these workshops are described
in part 2 of thigreport, where we also propose a harmonized threshold valuedpper in

sediments for the Baltic Sea region

The specific aims of the first part of this report was to:

1. Summarize anthropogenic and natural sources of copper to the Baltic Sea

2. Compile exishg monitoring data of copper in surface seawater, sediment and biota@and
investigate for potential time trends

3. Summarize @S valuse (threshold values) used by different HELCOM contracting parties in
their status assessment of copper in surface watediment and biota.

4. Analyse how the copper concentrations in the different matrices relate to @8 #alus
currently in use by the HELCOM contracting parties.

5. Compile the countries' status classifications of coastal surface waters and sedimeepts
the WFD, with regard to copper.

The specific aims of the second part ofishreportwas to:

1. Summarize the main outcome from the workshops regarding how to derive aiva@Sfor
copper in marine sediments.

2. Propose a harmonizeQS valudor copperin sediments for the Baltic Sea region.

3. Assess how theoncentrationsof copper insediment indifferent HELCOMubbasins
compare to the proposed@sS value
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1.1 SOURCES OF COPPER TBAHECEA

Thesources of copper to the aquatic environment can be either anthropogd€eig. mining

activities, use as pesticide/biocide and wastewater treatment plamtsjatural(e.g.weathering of
rocksand windblown dust)The waterbornanputsof copper to the Baltic Sdavebeen compiled

in the HELCOM Pi5Jeport(HELCOM, 2011owever, due to shortcomings in national monitoring
program and lack of proper laboratpequipment, some knowledge gaps exist. For example, no data
have been reported from DenmarRespitethe lack of data, the totahnnual input (in 2006)of

copper from riverine sources has beestimatedto be 886 tomes(Tablel). Emissions where

highest from Sweden (239 tonnes), followedRyssia (184 tonnes) and Poland (142 tonnes). The
copper loadvashighestin the Baltic subregionsGulf of Finland (290 tonnes) and Baltic Proper (201
tonnes).

Tablel. Waterbornecopperinputs (in tonnes) to the Baltic Sea in 2006 by country andegibn.Data fromHELCOM
(2011)

Country inputs (tonnes) Subregion inputs (tonnes)
Denmark n/a Archipelago Sea 12.61
Estonia 110.41 Baltic Proper 200.62
Finland 127.94 Bothnian Bay 136.74
Germany 8.03 Bothnian Sea 106.03
Latvia 74.70 Gulf of Finland 290.31
Lithuania 0.14 Gulf of Riga 92.35
Poland 141.76 Kattegat 39.79
Russia 184.39 Sound 2.83
Sweden 238.90 Western Baltic 5.00
Total 886.3 Total 886.3

No further information about the magnitude of the different natural and anthropogenic sources is
presented in the HELCOM documedawever, ér Sweden, high resolution data is available for
different diffusive sourceé

Table2) and point source§Table3) per Baltic Sea river basin distr{&jhed et al., 2011; Hansson et
al., 20P). Note however that the inputs of these sources are expressed as loads per river basin
district, and not net inputs to the Baltic SeBhus, it is unknown in what extent theloads of copper
isreachingthe Baltic SeaNonetheless, theesults showforest, stormwater and agriculture to be the
main diffusive source of copper to the Baltic $gar basin districtsFor point sourcesndustry

facilities undetthe European Pollutant Release and Transfer RegisteR{ERg¢mitted the highest

load of copperlnputsof copper in higher resolution (i.e. per emission sources) from other HELCOM
Contracting Parties were not accessible

Atmospheric deposition data on the Baltic Sea was not available and are hence not included in t
current copper load compilation.



Table2. Gross inputs (kg/year) of copper per diffusive source and river basin district. Processed détarfsson et al.,
2012

Gross Storm- Agri Forest Other land Depos Local onsite M- Industries | Total
load, water culture Moun- | Mire Unfor- | Oth- ition wastewater WWTP | not & diffusive
Kg tain ested er on treatment not & PRTR sources
Culyear water PRTR

Bothnian | 3,800 1,400 13,000 | 6,700 | 2,100 | 570 590 3,200 150 580 120 32,000
Bay

Bothnian | 6,300 2,900 13,000 | 2,800 | 1,400 930 520 3,300 390 940 180 33,000
Sea

Northern | 7,200 | 4,100 2,800 89 140 1,100 | 1,400 510 870 140 18,000
Baltic

Southern | 7,800 8,100 3,800 120 170 1,500 | 1,200 570 2,000 | 160 26,000
Baltic

Skagerrak | 13,000 | 14,000 | 17,000 | 230 1,400 | 670 3,100 | 5,200 930 1,200 | 440 57,000
and

Kattegat

Total 38,000 | 30,000 | 49,000 | 9,700 | 5,100 | 2,500 | 6,800 | 14,000 | 2,500 5,500 | 1000 160,000

Table3. Gross input (kg/year) of copper to Swedish river basin districts, per point source and river basin district. Processed
data fromEjhed et al., 2011

Gross load, Municipalwastewater Industry, EPRTS Total point sources
Kg Culyear treatment plants, EPRTR

Bothnian Bay 434 2,322 2,756

Bothnian Sea 926 13,887 14,813

Northern Baltic 2,804 1,082 3,886

Southern Baltic 2,830 805 3,635

Skagerrak and Kattegat | 4,229 3,326 7,555

Total 11,224 21,422 32,646

Another large source of copper to the Baltic Stsatis not included in the HELCOM or Swedasd
compilationisthe shipping and leisure boat sector. Copper is currently the main biocide (often
included as cuprous oxide or copper thiocyanate) in antifouling paints used on ships and leisure
boats(Amara et al., 2018) Other sources of copper from shipping incl@seissions ofreywater

(i.e. drainage from dishwater, shower, laundry bath and washbasin drains), sewage, bilge water and
scrubber discharge watein Figurel, the total volume of bilge water, greywater, sewage and

scrubber water discharged to the Baltic Sea in 2018 is presdd#dikhnen and Johansson, 2019)
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1.2 COPPER CONCENTRATINNSRIOUS MATRICESHEBALTICEA

1.2.1 SURFACEEAWATER

1.2.1.1 Data collection

Seawater data was collected from the ICES DOME (Marine Environment) datg|@d& | 2020)
The following pocedure was used to treat and filter the data:

9 The units of the reported concentrations were harmonized to pg/L

1 Several samples froBermanywith concentrations>10,000and reported unis of pg/kg
were suspected of being sediment or biota samples. These therefore excluded.

1 Some 340 sampling points reported with extremely low concentration8.01ug/L) from
Poland in 201%station SWIZRJue to suspectedf reporting error.

9 Datareported as < LOD or < LOQ were set to LOD/2 or LOQ/2, respectiv@ely.df LOQ
wasnot specified, the data point was removed.

1 Only samples with a specified ptieatment method involving filtration through a 0.45 pm
filter were included.

 Samplesweréabelledr & SAGKSNI a. Cé¢ 606SF2NB FAELONIGA2YyO0OX
(Water). As the aim was to map dissolved concentrations, all measurement corresponding to
unfiltered sampleslébelledad . C¢ 0 6 SNB SEOf dZRSR®

1 Only samples with specified sampling depth witB-2 m of the surface were included.

Out of the 2,215 data points in the ICES data portallZr8mained after data filtering according to
the outlined criteria.

Only data fronmEstonia Lithuania, Germany and Polandavebeen reported into the ICES data

portal. Attempts to retrieve additional data wetherefore carried out. A large dataset (1,091 data

points from https://itameri.fi/) with concentrations of copper in seawater in Finland was found but

could not be included as water samples were reportedigfiltered. Additionally, a large dataset

was downloaded from th&€OW database ODIN 2 (1,427 data points) but could not be included as

Al YLX Ay3a RSLIIK&A 6SNB ff x Mm Y® ! £ AGSNF GddzNB &S
more data from samptig stations in the main and Northern parts of the Baltic Sea but was

unfortunately not fruitful.

Although concentrations of dissolved copper are measured in several Swedish coastal water bodies
for their status assessment, only the average measured cdrat@n for a given water body is

available through the WISS (Water Information System Sweden) dat@hdSs, 2020Hence, data

from WISS could not be used in the compilation of individual data points in surface seawater or
sediment The data from WISSinsteadused insection1.6 to evaluate thestatus classifications of
Swedislcoastal surface waters and sedimemighe Baltic Sea.



1.2.1.2 Measured concentrations

The sampling locations of the 1,048 surface seawater concentratighsn(depth) included in the
analysis are shown on the mapHigure3. Most samples are from coastal locations with a limited
number of measurements from the open s@&he number of data points per subbasin are displayed
in Table4. Data was only obtained for 6 out of 17 subbasins. No data was obtained for the Northern
Baltic Sea subbasins (e.g. Bothnian Bay, Bothnian Sea, Aland Sea or NorthePrdpait)c The two
subbasins of Bornholm Basin (405 data points) and the Eastern Gotland Basin (229 data points),
were by far the ones with the most data and represent together roughly 60 % of the dataset.

As seen irrigure3, data was available for all years between 2006 and 2018, with the majority of
data points in the 0.%, 10 pg/L range. The average concentration per subbasin ranges from 0.5 to
3.6 pg/Lwith a Baltic Sea average 2.4 pg/L. A few data points have been reported invhey high
range of10¢ 100 pg/L range. Whether these concentratiamare in fact correctly reported can be
guestioned. As discussed in the next section, it appears thmesntries into the ICES data portal

have beerentered ircorrectly.
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Table4. Number of observations and their concentration range per subbasin.

Concentration 1g/L))

HELCOM suiasin Number of data points| Time period L .
Minimum Maximum Average

Kattegat 0

Great Belt 0

The Sound 0

Kiel Bay 0

Bay of Mecklenburg 168 20062018 0.05 4.1 0.7
Arkona Basin 106 2009;2018 0.08 4.3 0.6
Bornholm Basin 369 20062018 0.02 109.0 3.0
Gdansk Basin 133 2011¢2017 0.5 45.0 3.6
Eastern Gotland Basin 229 20082018 0.25 25.0 3.2
Western Gotland Basin 0

Gulf of Riga 1 2018 0.5 0.5 0.5
Northern Baltic Proper 0

Gulf of Finland 6 2017 0.5 35 1.7
Aland Sea 0

Bothnian Sea 0

The Quark 0

Bothnian Bay 0

All subbasins 1012 20062018 0.02 109.0 25

1.2.1.3 Time trends

The dataset consisted of 77 individual sampling stations, of wiieteie sampled during at least

three different years, allowing for an assessment of potential time trends. Biséafions are

grouped and plotted by subbasinkigure4. The sampling depth was not always consistent

between years at a given station but was always between 0.5 and 1.5 m depth. The displayed data
points are the average of-110 measurements per year.

A measurement of 87 pg/L reported for@®for station OMMVKHM (blue dots) in the Bornholm
Basin was excluded as all other measurements from that year were < 2 ug/L. It is possible that the
entry was in fact supposed to be 0.87 pg/L, i.e. that the decimal point was misplaced. All
measurement paits for the stations in the Eastern Gotland Basin during 2018 are similarly
guestionable as they hold concentrations in great excess compared to previous years. These were
nonetheless plotted but should haterpretedwith caution Figure4).

With the exception of the high concentrations reported for 2018 at the stations in the Eastern

Gotland Basin, the highest concentrations are found for the statiomgpksal in Bornholm Basin. The

high concentrations measured at stations EZP, CZP, HZP and OMMVKHM here are to be expected as
these stations are located in the enclosed waters of the Szczecin Lagoon in the Oder estuary.

No clear time trends can be seen frahe data inFigure4. Generally, concentrations seem to be
rather constantwith small interannual variations and, with the exception of stations in the Szczecin
Lagoon, concentrations are mosi® ug/L.

11
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1.2.2 SURRCESEDIMENT

1.2.2.1 Data collection

Sediment data wafrstly collected from the ICES DOME (Marine Environment) data gtCab
2020) The following procedure was used to treat and filter the dat415 datgpoints).

1 The units of the reported concentrations were harmonized to mg/kg.

9 Datareported as < LOD or < LOQ were set to LOD/2 or LOQ/2, respgblivéfita points)

1 Only concentrations reported in dry weigftw) were included Sediment data reported in
wet weight(ww) were removed.

1 Only samples with specified sampling deptteampling ranggwithin 0-2 cm of the
sediment surface were includ€de. the lower limit of the sampling range w&@® cm)

Asconcentrationgmainly from the SoutherBalticwere reported into the ICES data portal, a search
for additional data was conducte807 data points with copper concentrations were downloaded
from the European Marine Observation and Data Network data p@sIODnet, 20204 literature
search waslsocarried out to find data published in peeniewed scientific journals. Out of 22
publications where concentrations of copper in sediments in the Baltic Sea were reported, less than
half contained data within the desired depth range. Of these, there were only two where the
concentrations and coordates of the sampling stations were reported in tables in the taxd for
which the data could be added directly to the datafistivuori et al., 2000; Vallius et al., 200Fhe
first authors ofseveralof the otherpublications were contacted with a request to share the
published data with the omitted station informatiomworepliedwith the requestednformation

and data all from the Gulf of Finlan@V/allius, 2015a, 2015b; Ryabchuk et al., 20A@atasetfrom

The Sound was retrieved fropubliclyavailablesediment survey reports carried out by Oresunds
VattenvardsforoundOVF, 2020)The final compiled dataset was checked for duplicate samples in
case of overlaps between the differently sourced sets of data.

A total of1,599 data pointsemained after data filtering according to the previously outlined
criteria. Data from the following sources were included in the final dataset:

ICES DOME data port@D{ data points)
EMODnet §70data points)

OVF (21 data points)

Scientific publication§301data points)

0 Leivuori et al. 2000 (9 data points)
Vallius etal. 2007 {4 data points)
Vallius et al. 201%(45 data point}
Vallius et al. 2015(47 data point}
Ryabchuk et al. 2017 &6 data points)

= =4 =4 =

o O O O

Note that no criteria for size fraction was applied as this information was not always specified.
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1.2.2.2 Measured concemations

A total of643surface sedimensamplesvere included in the analysis. Their sampling locations are
shown on the map ifrigure5. Samples from both coastal and open sea locations were inclddhed.
number of data points per subbasin, which varies widely, are also displajedle5. Of all the
subbasinsthe Gulf of Finland (285 data points) aKdttegat (18 data points) were by far the ones
with the most data. Oppositely, no data from the Great Belt, Gdansk Basin or the Quark could be
included.Out of the 17subbasinspnly 10 subbasingad 10 or more data point§Vith regards to the
distribution in time the majority of data points (88%) were sampled between 2001 and 2017.

The plotted data (graphs figure5) shows the distribution of concentrations te lvery large: from
<1 mg/kg (i.e. samples < LOD or < LOQ) to ng@@dlyng/kgdw. The average concentration in the
subbasins range from2ito 92 mg/kgdw, with an average concentration for all subbasins2f 4
mg/kgdw (Tableb).
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shows the sampling locations of seawatemgdes in the HELCOM subbasins. All measured concentrations in the different

subbasins are shown in the top right graph. The boxplot on the lowetrhigid side shows the yearly average

concentrations in the whole of the Baltic Sea between 2000R20.
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Table5. Number of observations and their concentration range per subbasin.

Concentration (mg/kg dw)

HELCOM subbasin Number of data points| Time period L -
Minimum Maximum | Average

Kattegat 197 19852017 0.2 138.4 145
GreatBelt 191 1994¢2016 0.6 228.7 28.9
The Sound 42 20032017 0.6 49.1 12.0
Kiel Bay 111 19932017 2.4 312.0 42.3
Bay of Mecklenburg 285 19852017 13.0 867.0 49.5
Arkona Basin 237 19932017 0.4 297.0 45.8
Bornholm Basin 64 19932018 13.3 203.0 59.3
Gdansk Basin 25 1998;2018 13.3 203.0 59.3
Eastern Gotland Basin 32 19932018 32.4 154.0 85.7
Western Gotland Basin 31 19932014 16.3 136.0 88.3
Gulf of Riga 25 19942002 28.0 39.0 32.8
Northern Baltic Proper 13 20032014 33.0 182.0 75.3
Gulf of Finland 294 20012019 6.4 508.2 51.7
Aland Sea 14 20012014 29.1 94.6 47.5
Bothnian Sea 20 20032019 27.4 47.0 35.6
The Quark 0

Bothnian Bay 18 20032014 18.8 70.6 48.9
All subbasins 1599 19852019 0.2 867 32.2

1.2.2.3 Time trends

The collected dataset consisted&B7individual sampling stations. Out of the®¥,were sampled
during at least three different years, allowing for the assessment of potential time tré&sdsainly
recent time trends were of interest, only stations sampled during at least three jresns2000and
onwardwere consideredFor $ationswherethe analysedyrain size fraction differed between year
only the mast frequently analysed size fraoti for all yearsvasincluded If several samples were
reported for the same year, the average concentration weead The stationg82 stations)were
grouped by monitoring programmstudyor reporting countryto allow for comparisons between
yearsof colesive datasets.e.sampling depth and analysed grain size fracti@ne the same for all
stations and yearsThis resulted in the division tife data irto 7 sets, as outlined next.

Open searainsectin the Baltic Sea

Sediment surface samples¢@ cm, <63um fractior) were sampleat 13off-shorestationsby the
Swedish Geological Sur§GURplong the transect ifrigure6 in three different years: 2003, 2008

and 2014. Single samples were collected in 2003 and 2008, while 7 replicate samples were reported
for 2014(average concentrations are plotted in the graph for this year, error bars show the standard
deviation).

The tansect data shows the differences in concentration to generally be larger between locations
than between years. The highest concentrations were typically detected in the Eastern and Western
Gotland basins and in the Northern Baltic Propdi0O0¢ 150 mg/kgdw), while lower concentrations
(K50 mg/kgdw) were found in the other locations e.g. Kattegat and the Northern part of the Baltic
Sea.
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Figure6. Concentrations in sediment at stations with at least three sampling yearsanopen sea transect in the Baltic
Sea{op), in Neva Bayoentel) andfrom a coastal transeacrosshe Soundlfottom). Dots on maps show station locations.
Error bars in the graphs show the standard deviation.
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