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• 92 pharmaceuticals analysed in 43 sea-
water samples from Baltic Sea and Skag-
errak.

• 39 of 92 pharmaceuticals were quanti-
fied in at least one sample from the Bal-
tic Sea.

• Carbamazepine was widespread in
coastal and offshore seawaters in the
Baltic Sea.

• The stock of carbamazepine in the Baltic
Sea exceeded 55 t in 2013.

• A grey box model predicted concentra-
tions of carbamazepine in the Baltic Sea.
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The consumption of pharmaceuticals worldwide coupled with modest removal efficiencies of sewage treatment
plants have resulted in the presence of pharmaceuticals in aquatic systems globally. In this study,we investigated
the environmental concentrations of a selection of 93 pharmaceuticals in 43 locations in the Baltic Sea and Skag-
errak. The Baltic Sea is vulnerable to anthropogenic activities due to a long turnover time and a sensitive ecosys-
tem in the brackish water. Thirty-nine of 93 pharmaceuticals were detected in at least one sample, with
concentrations ranging between 0.01 and 80 ng/L. One of the pharmaceuticals investigated, the anti-epileptic
drug carbamazepine, was widespread in coastal and offshore seawaters (present in 37 of 43 samples). In order
to predict concentrations of pharmaceuticals in the sub-basins of the Baltic Sea, a mass balance-based grey box
model was set up and the persistent, widely used carbamazepine was selected as the model substance. The
model was based on hydrological and meteorological sub-basin characteristics, removal data from smaller wa-
tersheds and wastewater treatment plants, and statistics relating to population, consumption and excretion
rate of carbamazepine in humans. The grey box model predicted average environmental concentrations of car-
bamazepine in sub-basins with no significant difference from the measured concentrations, amounting to
0.57–3.2 ng/L depending on sub-basin location. In the Baltic Sea, the removal rate of carbamazepine in seawater
was estimated to be 6.2 10−9 s−1 based on a calculated half-life time of 3.5 years at 10 °C, which demonstrates
the long response time of the environment to measures phasing out persistent or slowly degradable substances
such as carbamazepine. Sampling, analysis and grey box modelling were all valuable in describing the presence
and removal of carbamazepine in the Baltic Sea.
. This is
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1. Introduction
Over the past century, it has become increasingly evident that global
estuary and coastal ecosystems are facing threats frommultiple anthro-
pogenic activities (Foley et al., 2005; United Nations Environment
Programme, 2012). Among these, the effects of discharged chemicals,
either legacy persistent organic pollutants or chemicals of emerging en-
vironmental concern, have been shown at several biologically impor-
tant levels (Dagnino and Viarengo, 2014; De Lange et al., 2010). One
of the groups of chemicals of environmental concern that has received
increasing attention recently is that of pharmaceuticals or, more specif-
ically, active pharmaceutical ingredients (APIs). These have been found
in aquatic systems globally, due to a combination of worldwide usage
and low removal efficiency in wastewater treatment plants (WWTPs),
or a complete absence of WWTPs (Hughes et al., 2013; Loos et al.,
2009; Nikolaou et al., 2007; Verlicchi et al., 2012). In surface waters,
concentrations of pharmaceuticals usually range from the low μg/L to
the low ng/L (Hughes et al., 2013; Loos et al., 2009; Nikolaou et al.,
2007; Verlicchi et al., 2012), and are correlated with human population
density in the drainage area, volume of the receiving water body and
technologies used in WWTPs (Fatta-Kassinos et al., 2011; Hughes et
al., 2013; Sim et al., 2011). Certain point sources, such as pharmaceutical
production and manufacturing facilities, have been shown to result in
concentrations as high as mg/L in receiving surface waters (Fick et al.,
2010; Phillips et al., 2010; Sim et al., 2011). Even though the concentra-
tions of these pharmaceuticals in surface waters much lower than
known levels of toxicity (Hughes et al., 2013; Sim et al., 2011;
Stackelberg et al., 2007), sub-lethal effects at environmentally relevant
concentrations have been found in aquatic organisms (Brodin et al.,
2013; Kidd et al., 2007; Brodin et al., 2013; Palace et al., 2006). Most
studies that have investigated the presence of pharmaceuticals in the
environment have focused on fresh water systems, such as rivers and
lakes (Hughes et al., 2013). However, a large proportion of the global
population now live in coastal zones (Small and Nicholls, 2003) and dis-
charges wastewater into estuarine or coastal marine systems. Some
studies have investigated thepresence of pharmaceuticals inmarine en-
vironments in Asia (Bayen et al., 2013; Fang et al., 2012; Zhang et al.,
2012), America (Long et al., 2013; Nödler et al., 2014; Vidal-Dorsch et
al., 2012) and Europe (Claessens et al., 2013; Loos et al., 2013;
Munaron et al., 2012; Nödler et al., 2014; Okay et al., 2012; Rodríguez-
Navas et al., 2013; Siedlewicz et al., 2014; Weigel et al., 2004; Wille et
al., 2010). The highest levels were reported by Nödler et al. (Nödler et
al., 2014), who measured paracetamol concentrations in the Aegean
Sea and the Dardanelles at levels up to 3.0 μg/L. Few studies have been
made in the Baltic Sea; (Wahlberg et al., 2011) studied the levels of 13
pharmaceuticals in the Stockholm archipelago, Siedlewicz et al.
(2014) studied tetracycline and oxytetracycline in marine sediments
in the Gulf of Gdansk and Nödler et al. (2014)measured 31 pharmaceu-
ticals at 30 sites on the German Baltic sea coast. Also, Fisch et al. (2017)
studied eight pharmaceuticals at coastal sites in northern Germany,
Borecka et al. (2015) studied the occurrence of 13 pharmaceuticals in
the southern Baltic Sea, and a report was recently published focusing
on the presence of pharmaceuticals in the Baltic Sea region (UNESCO
and HELCOM, 2017).

The Baltic Sea is a semi-enclosed brackish sea that receives water
from several large rivers that bring untreated and treated wastewater
containing nutrients and residues of chemicals. Furthermore, the Baltic
Sea has a long turnover time. As a result, this body ofwater is among the
most polluted seas in the world. Its ecosystem experiences a multitude
of stressors caused by human activities. Besides the increasing eutrophi-
cation, there are growing concerns about ecological effects caused by
anthropogenic chemicals. Even though the concentration of some of
the legacy contaminants, such as dioxin and PCB, are decreasing in
water and biota samples in the region (Airaksinen et al., 2014; Miller
et al., 2013), there are increasing concentrations of pharmaceuticals
and personal care products, and chemicals released from everyday
products, building materials etc. increase. Even though these types of
emerging contaminants are being increasingly investigated in biota
(Wilkinson et al., 2017), there are almost no studies addressing their oc-
currence and levels in offshore seawater in the region of Baltic Sea.

The aims of this study were to determine environmental concentra-
tions of 93 pharmaceuticals in the Baltic Sea, both at coastal and offshore
locations, and set up a model to predict environmental concentrations
of pharmaceuticals inmajor sub-basins of the Baltic Sea. Target pharma-
ceuticals were analysed in samples of surface water collected from 43
locations in the Baltic Sea and Skagerrak.Modelling of APIs in catchment
areas can be performed by using existing GIS-based models like
PhATE™ and GREAT-ER. Thesemodels require extensive GIS data, envi-
ronment fate data for the APIs and data for local conditions to simulate
concentrations of APIs in the watershed (Kummerer, 2008). In this
study we used a simpler multi-compartment approach to model the
concentrations of APIs in the major sub-basins in the Baltic Sea and
withoutmaking any comparisonwith the GIS-basedmodels. In the pre-
dictive mass balance based grey box modelling, carbamazepine was se-
lected as themodel substance as it is persistent, quantifiable at low ng/L
levels, and has been inwidespread use for N30–40 years around the Bal-
tic Sea. The model was based on hydrological and meteorological sub-
basin characteristics, removal data from smaller watersheds andwaste-
water treatment plants, and statistics relating to population, consump-
tion and excretion rate of carbamazepine in humans.

2. Material and methods

2.1. Chemicals used for analysis – pharmaceutical standards

The reference pharmaceutical standards and internal standards,
were classified as analytical grade (N98%); chemical abstract numbers
and supplier are given in the supplementary information (Table S1).
LC/MS grade methanol and acetonitrile (Lichrosolv – hypergrade)
were purchased from Merck (Darmstadt, Germany). Purified water
was prepared using aMilli-Q Advantage system, including an ultraviolet
radiation source (Millipore, Billerica, USA). Formic acid (Sigma-Aldrich,
Steinheim, Germany) was used (at 0.1%) to prepare the mobile chro-
matographic phases.

2.2. Water sampling and sample preparation

Grab sampling of surface water from 43 locations in the Baltic Sea
and Skagerrak was carried out by the crews of three ships. Reference
samples from less polluted areas were taken from holes drilled in the
sea ice in the Barents Sea and the Greenland Sea. Samples were taken
from 32 coastal and 11 offshore locations spread across the Baltic Sea,
from the Great Belt in the Danish Straits in the south-west to the
Bothnian Bay in the north; samples from the Kattegat, Skagerrak, the
Greenland Sea and Barents Sea were also included (Fig. 1). Coastal
water is defined as thewater on the landward side of the baselinemark-
ing territorial waters plus the water one nautical mile wide on the sea-
ward side of the same baseline (European Commission andDirectorate-
General for the Environment, 2003).

Additional samples were taken from the main current profile in the
Stockholm archipelago (Fig. 2).

Geographical sampling coordinates and samplingdates are shown in
the supplementary material (Table S2 and Table S3). Grab samples
(1000mL) were taken 0.5 m below the surface at the 43 sample points
and frozen (−18 °C). All samples were analysed after thawingwithin 3
months after sampling, as described by Siedlewicz et al. (2016) ; Grabic
et al., 2012).Water samples (Grabic et al., 2012) were filtered through a
0.45 μm membrane filter (MF, Millipore, Sundbyberg, Sweden) and
acidified to pH 3 using sulphuric acid. Internal standards (50 ng of
each reference chemical, Table S1) were added to each sample and
Oasis HLB cartridges (200 mg) (Waters Corp, Milford, USA) were used
for the solid phase extraction (SPE) and were dried before elution.



Fig. 1.Baltic Seawith samplingpoints andmain sub-basins: BB= Bothnian Bay, BS= Bothnian Sea,GF=Gulf of Finland, GR=Gulf of Riga, BP= Baltic Proper, DS=Danish Straits, KT=
Kattegat and SK= Skagerrak. Two samples, 44 and 45, were taken at Svalbard as shown in the inset in the upper right corner. P1–3 are sampling sites for passive samplers (measurement
of Carbamazepine only).

Fig. 2. The Stockholm archipelago with sampling points Sth 1 – Sth 7.
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Methanol (5 mL), followed by ethyl acetate (3 mL), were used for
elution; the eluate was evaporated under a nitrogen stream to a volume
of approximately 20 μL and, finally, reconstituted in 500 μL of
acetonitrile.

Passive sampling using Polar Organic Chemical Integrative Samplers
(POCIS) was carried out at three locations P1 – P3 (Fig. 1 and Table S2)
and at three depths for each site (2, 40 and 80 m). Only carbamazepine
was analysed in these samples. The POCIS were prepared by placing
200 mg HLB bulk sorbent between two polyethersulphone (PES)mem-
branes (EST, St. Joseph, MO, USA), compressed with two stainless steel
rings (EST, St. Joseph, MO, USA). The disc was secured on a stainless
steel sample holder and placed in a stainless steel basket. The basket
was sealed in a plastic bag and stored at 10 °C until sampling. After a
three-week deployment, the passive samples were transported in
cooling boxes to the laboratory. After POCIS sampling, the 200 mg HLB
bulk sorbent was transferred into an empty (methanol rinsed) polypro-
pylene solid phase extraction (SPE) cartridge (6 mL) containing two
polyethylene (PE) frits (Supelco, St Paul, MN, USA). Samples were
dried for 10 min, using a vacuum to remove traces of water, and the
weights of the empty andpacked SPE cartridgewere recorded to control
the weight of the sorbent material. Prior to elution, the sorbent was
spiked with internal standards, extracts were eluted with 8 mL dichlo-
romethane/acetonitrile (80/20, v/v), followed by 10mL dichlorometh-
ane and filtered through Pasteur pipettes filled with 700 mg sodium
sulphate. The eluatewas evaporated under a nitrogen stream to dryness
and, finally, reconstituted in 500 μL of acetonitrile.

2.3. LC-MS/MS system

Concentrations of the 93 target pharmaceuticals in the sampleswere
determined using liquid chromatography coupled with tandem mass
spectrometer (LC-MS/MS). A triple-stage quadrupoleMS/MS TSQQuan-
tum Ultra EMR (Thermo Fisher Scientific, San Jose, CA, USA) coupled
with an Accela LC pump (Thermo Fisher Scientific, San Jose, CA, USA)
and a PAL HTC autosampler (CTC Analytics AG, Zwingen, Switzerland),
operated using Xcalibur software (Thermo Fisher Scientific, San Jose,
CA, USA), was used for the analysis of the water samples. A detailed de-
scription of the method is given in Grabic et al. (2012), with the only
modification in this study being an increase in sample volume.

2.4. Quality assurance and quality control

Milli-Q water was injected following the calibration standards, and
after every fifth sample, to assess potential memory effects. Three field
blank samples and three procedural blank samples were also included
in the study. In this study a seven-point calibration curve was drawn,
with the concentration ranging from 0.01 ng mL−1 to 100 ng mL−1.
The limits of quantification (LOQ) of the pharmaceuticals in seawater
were based on the lowest point within the linear range on the calibra-
tion curve (Table S4). For a positive identification of analytes, the ratio
between two transitions, i.e. one precursor ion and two product ions,
had to be within ±30% of the ratio in the calibration standard. More-
over, the retention times for all analytes had to be within ±2.5% of the
calibration standard. Together, this yielded four identification points
as required by the Commission Decision 2002/657/EC on the perfor-
mance of analytical methods and the interpretation of the results
(Commission Decision 2002/657/EC, 2002).

2.5. Population data

The Baltic Sea catchment area covers 1,739,000 km2 bordering 14
countries: Belarus, Czech Republic, Denmark, Estonia, Finland, Ger-
many, Latvia, Lithuania, Norway, Poland, Russia, Slovakia, Sweden and
Ukraine (Hannerz and Destouni, 2006). Statistics for the total annual
population in countries in the Baltic Sea catchment for the period
1960–2013 were extracted from the Eurostat statistics (Eurostat,
2017). The population of each country bordering the catchment area
for each year during the period 1960–2013 was estimated from data
for the fraction of total population from 2002 living in the Baltic sea
catchment area (Lääne et al., 2005). The estimated total population in
the Baltic Sea catchment area has increased from 67 million in 1960 to
84 million inhabitants in 2013 (Table S5).

2.6. Consumer use of carbamazepine

The daily defined dose per person (DDD) for carbamazepine is 1 g
(WHO, 2017). Data of specific consumption of carbamazepine of DDD
per 1000 inhabitants (DDD/1000 inh.) were collected from publicly
available reports or databases provided by national agencies (Table 1).
For the following countries, no public data were available and requests
for data were unsuccessful: Belarus, Czech Republic, Lithuania, Poland,
Russia, Slovakia, and Ukraine. In these cases, estimates of the specific
consumption were made based on the values of annual consumption
in countries with well-reported usage which were normalised against
the sparsely available data of the specific country marked with letter a

in Table 1. The first reported specific consumption of carbamazepine
was from Sweden, Norway and Denmark in 1975 (Nordiska
läkemedelsnämnden, 1979). To fill the gap in time series data, a linear
extrapolation from 1975 back to 1967 was done to estimate a full time
series of annual consumption from the approximate year of firstmarket
introduction (1967) in the Baltic Sea region to 1975 when official data
sets are available. As a background, carbamazepinewasfirst synthesised
in 1953, introduced to themarket in Switzerland in 1962 and approved
as an anticonvulsant in UK in 1965 (Shorvon, 2015). Based on the spe-
cific consumption of carbamazepine reported in the references in
Table 1 and the population data (Table S5), the total consumption in
the catchment area of the Baltic Sea was calculated for the period
1967–2013. From 1967 to 1980, consumption steeply increased, chang-
ing from 1981 to a moderate annual increase with the highest values
around 2005 followed by a significant annual decrease in consumption
to the present day. The specific consumption of carbamazepine is not
uniform in the catchment area. Alternative antiepileptic APIs are in
use to different extents, with themost obvious discrepancy for Ukraine,
Russia and Belarus. This is most likely a legacy from the former Soviet
Union, where methindione was used to treat epilepsy (Vida, 1977).

2.7. Fate of carbamazepine in humans; metabolism

In humans, carbamazepine is metabolised or conjugated to a large
extent. Of the parent substance and its metabolites, 72% end up in
urine and 28% in faeces. In urine, 2% of the carbamazepine is reported
to be unchanged, with the figure being 44% in faeces. In total, the early
pharmacokinetic study showed that 14% of the total amount of carba-
mazepine was unchanged in urine and faeces when taken together
(Faigle and Feldmann, 1975).

2.8. Carbamazepine in WWTPs – concentrations in influent and effluent

For the calculations of the load of carbamazepine in theBaltic Sea de-
rived from WWTPs, concentrations of carbamazepine in the influent
and the effluent from 46 WWTPs in the Baltic Sea catchment area and
some other countries were used (Table S6). The same data were used
for calculation of removal efficiencies and fraction of parent substance
in the WWTPs influents, which are shown in Table 3 in the results.

2.9. Baltic Sea sub-basin characteristics

The Baltic Sea is divided into sevenmajor sub-basins (Table S7) with
sampling locations shown in Fig. 1 (Leppäranta andMyrberg, 2009). Al-
though not formally part of the Baltic Sea, Skagerrak basin data are
shown in the table as they are included in the model. The volumes are
used in the calculation of hydraulic retention time (HRT) and



Table 1
Maximum and average specific consumption of carbamazepine in Baltic Sea catchment area for the period 1967–2013. The specific consumption is given as daily defined dose per 1000
inhabitants (DDD/1000 inh.).

Country Specific consumption, maximum
(DDD/1000 inh.)

Specific consumption, average
(DDD/1000 inh.)

References

Belarus 0.93a 0.24a (Zhang and Geissen, 2010)
Czech Republic 1.79a 1.48a (Tlusta et al., 2006; Zhang and Geissen, 2010)
Denmark 1.38 1.57 (Nordiska läkemedelsnämnden, 1979, 1982; Tsiropoulos et al., 2006;

Sundhedsdatastyrelsen, 2017)
Estonia 2.69 0.79 (Estonian State Agency of Medicines, 2015; National Institute for Health

Development, 2017)
Finland 2.21 1.92 (Nordiska läkemedelsnämnden, 1979, 1982; Õun et al., 2006; Ternes, 2006; Vieno,

2007; National Agency for Medicines, 2008; Finnish Medicines Agency Fimea,
2011, 2014)

Germany 2.44 1.36 (Schwabe and Paffrath, 2014)
Latvia 1.10 0.47 (Zāļu valsts aģentūra, 2012, 2016)
Lithuania 1.19a 0.51a (Estonian State Agency of Medicines et al., 2013; Latvian State Agency of Medicines

et al., 2016; Zhang and Geissen, 2010a)
Norway 1.95 1.62 (Landmark et al., 2007; Nordiska läkemedelsnämnden, 1982, 1979; Rønning et al.,

2010; Sakshaug et al., 2015)
Poland 2.92a 2.42a (Ternes, 2006; Zhang and Geißen, 2010)
Russia 0.41a 0.18a (Zhang and Geissen, 2010)
Slovakia 1.50a 1.24a (Zhang and Geissen, 2010)
Sweden 2.19 1.98 (Apoteket, 2001; Apoteksbolaget, 1991, 1995, 1996, Nordiska

läkemedelsnämnden, 1979, 1982; Ternes, 2006; Socialstyrelsen, 2017)
Ukraine 0.25a 0.06a (Zhang and Geissen, 2010)

a Estimated values based on few data and general consumption pattern in countries with well-reported data.
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concentrations. The basin surfaces are used in the calculation of contri-
bution of net precipitation to total runoff.

2.10. River inflow and water exchange between sub-basins

The water balance in the Baltic Sea and its sub-basins is dependent
on the major contributions of river inflow, net precipitation, major Bal-
tic inflows, regular inflow and outflow through the Danish straits and
water exchange between the sub-basins. Total annual modelled river
inflows to each sub-catchment area for the period 1960–2013 were ex-
tracted from HELCOM Baltic Sea Environment Fact Sheets for total and
regional runoff to the Baltic Sea (Kronsell and Andersson, 2013, 2014).
Modelled annual river inflows to the Danish Straits and Kattegat were
calculated from riverine inflow ratios to the total annual water
discharge from Baltic Proper and the riverine inflow ratios for the Dan-
ish Straits and Kattegat (SMHI, 2016; Øresundsvandsamarbejdets
arbejdsgruppe, 2014). Calculation of water exchange between sub-ba-
sins was based on average values for the period 1991–99 (Savchuk,
2005). Recalculation to annual values for water exchange was based
on annual river discharge and net precipitation in each sub-basin.

2.11. Air temperature, precipitation and evaporation

Data for annual air temperature (T) and precipitation (P) were com-
piled from twelve Swedishweather stations on the east coast and Swed-
ish islands in the Baltic Sea: Haparanda, Bjuröklubb, Holmögadd,
Skagsudde, Brämön, Örskär, Svenska Högarna, Harstena, Ölands norra
udde, Gotska Sandön, Visby flygplats and Hanö for the period 2002–
2013 (SMHI, 2017a). The locations' air temperature and precipitation
averages for the meteorological reference period 1961–90, as well as
an extract from the official time series of the average annual air temper-
atures and precipitation for the whole of Sweden for the period 1960–
2013 (SMHI, 2017b), were used in the calculations of long-term series
of annual precipitation and evaporation. Correction factors were deter-
mined between the national annual averages and the temperature and
rain gauge measurements from the twelve Swedish locations on the
east coast and on islands in the Baltic Sea (Table S8). The data from
the Swedish locations were combined with available data of geograph-
ical variations in precipitation in the Baltic Sea region (Leppäranta and
Myrberg, 2009) and precipitation and evaporation data from the Baltic
Sea for the period 1981–1994 (Omstedt et al., 1997), enabling
calculations of time series of annual precipitation, evaporation and net
precipitation falling to the surfaces of all sub-basins (Table S9). Annual
evaporation (E) values for each sub-basin were estimated from annual
precipitation (P) and air temperature (T) using Eq. (1) which is based
on an evaluation of precipitation and evaporation data from the Baltic
Sea for the period 1981–1994 (Omstedt et al., 1997).

E ¼ cEi=Eaver
� �

0:0733Tþ 0:39ð ÞP ð1Þ

where cEi/Eaver is the ratio of average long-term data for evaporation for
sub-basin i divided by the average evaporation for all sub-basins (Table
S9). Precipitation and evaporation data from Kattegat were used in
Skagerrak as well. The net precipitation, Pn, was calculated as the differ-
ence between precipitation, P, and evaporation, E, and was used to cal-
culate the additional flow of water to the surfaces of the sub-basins.

2.12. Water temperature

Time series and estimates of water temperature in Bothnian Bay,
Bothnian Sea, Baltic Proper, Kattegat and sub-basins were calculated
from average sea water temperature in the upper and bottom water
layer for the period 1970–2013 (Swedish Environmental Protection
Agency, 2016). The time series were extended back to 1960 using the
relationship between the modelled and observed water temperatures
in the Baltic Sea for the period 1970–1990 (Hansson and Omstedt,
2008) and the relationship for the period 1970–1990 between average
temperature in Baltic Sea and the sub-basins (Table S10). Time series
for water temperature in the Gulf of Finland and Gulf of Riga were esti-
mated from time series for Baltic Proper. The annual temperature in the
Gulf of Finlandwas assumed to be approximately 0.55 °C lower than the
average annual water temperature for Bothnian Bay, Bothnian Sea and
Baltic Proper after comparisons were made with the average tempera-
ture at Harmaja for the period 1961–1990 (Alenius et al., 1998). The av-
erage temperature in the Gulf of Riga was assumed to be equal to the
average annual water temperature for Bothnian Bay, Bothnian Sea and
Baltic Proper based on comparisons of average water temperature
over the period 1991–1995 at different points in the Gulf of Riga with
averages for Bothnian Bay, Bothnian Sea and Baltic Proper (Berzins,
1998). Water temperature in the Danish Straits was set as equal to the
water temperature in Kattegat. Prediction of future water temperature



Fig. 3. Graphical representation of the components of a mass balance for the sub-basin i
where Vi was the volume of the basin, QLi, QPi, QEi, QXij and Qxji were the water flow
from land, precipitation, evaporation, water exchange from connected sub-basin j to
sub-basin i and water exchange from connected sub-basin i to sub-basin j respectively;
cLi, cj and ci were the concentrations of the substance in water from land (L), sub-basin j
and sub-basin i.
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was based on the estimation of a continuation of the past average tem-
perature increase by 0.03 °C per year (Meier et al., 2012).

2.13. Watershed characteristics and concentrations of carbamazepine in
watersheds used for estimation of removal efficiency

Removal efficiencies of carbamazepine (Table S11) were calculated
using literature data from eight watersheds in Sweden: the wetlands
in Eskilstuna, Nynäshamn, Oxelösund and Trosa (Fick et al., 2011;
Hagström and Krumlinde, 2014; Näslund, 2010), Lake Hjälmaren
(Hjälmarens vattenvårdsförbund, 2016), the River Fyris (Daneshvar et
al., 2010), Lake Mälaren (Stockholms läns landsting and Trossa AB,
2014) and the Stockholm archipelago in the Baltic Sea (Stockholms
läns landsting and Trossa AB, 2014). The removal efficiencies of carba-
mazepine inwatersheds (Table 4)were calculated using concentrations
of carbamazepine in corresponding influent and effluent samples and
not on the average concentrations given in Table S11. The influent con-
centrations in the lakes were calculated as an average value based on
river water inflow and the remaining mass of parent substance after
consumption, excretion and removal in the WWTP.

3. Calculations

3.1. Calculation of removal efficiencies of APIs in watersheds

The calculations of removal efficiencies (R.E.s) in watersheds were
carried out using two main approaches: changes in concentrations
and changes inmass. The change in concentrationwas used to calculate
removal efficiencies in wetlands and rivers with conserved flow. The R.
E. for an API was calculated as:

R:E: %ð Þ ¼ 100 � ci−c j
� �

=ci ð2Þ

where ci and cjwere the compound concentrations in the inlet and out-
let of a watershed or a basin. Calculations of removal efficiencies in the
Stockholm archipelago were basically the same as for a shallow river,
but the watershed was divided into sub-basins with different volumes,
Vi, according to a detailed model of the Stockholm archipelago de-
scribed in Engqvist and Andrejev (2003). The division into sub-basins
enabled the calculation of hydraulic retention time. Calculations of re-
moval efficiencies in lakes were made as mass balances through refor-
mulation of Eqs. (2)–(3):

R:E: ¼ 100 QLi cLi þ QXji c j−QXij ci−Vi Δci
� �

= QLi cLi þ QXji c j
� � ð3Þ

where QLi and cLwere thewater flow and the concentration of API in the
water from land (L) respectively. QXji and cjwere thewater flowand the
concentration of API in the water exchange (X) from basin j to basin i
and the concentration of API in basin j. QXij and ci were the water flow
and the concentration of API in the water exchange (X) from basin i to
basin j and the concentration of API in basin i respectively. Eq. (3) was
reduced to one basin under steady state to give Eq. (4).

R:E: ¼ 100 QLi cLi−QXij ci
� �

= QLi cLið Þ ð4Þ

where the term QLi cLi was estimated from the water inflow from land
(L) to water, the specific consumption and excretion of an API, and the
connected number of actual people connected to theWWTPs in thewa-
tershed. The concentrations of APIs were considered to be equally dis-
tributed throughout the water column at the sampling locations. The
calculated removal efficiency at the ambient water temperature was
normalised to 10 °C, using an assumed temperature coefficient (Q10)
with a value of 2 corresponding to a relative change in efficiency of
7%/°C.
3.2. Calculation of concentration of an API in the Baltic Sea waters

A grey box model for calculating the concentration of an API in the
Baltic Seawaterswasdeveloped based on a series or systemofmass bal-
ances for a substance in individual sub-basins, where each sub-basin
was approximated as a completely mixed tank reactor. The mass bal-
ances were set up based on the general expression for the conservation
of mass, Eq. (5).

Inputþ Produced ¼ Outputþ Accumulated ð5Þ

NoAPIswere assumed to be produced in the sub-basinswith the hy-
pothetical exception of the potential restoring of a parent substance
from conjugated APIs. On the contrary,manyAPIs are removed to differ-
ent extents in the sub-basins, giving a negative value to the production.
Eq. (5) can be rearranged as Eq. (6), to describe sub-basin i. A graphical
representation is shown in Fig. 3.

QLi cLi þ QXji c j− R:E: Tð Þ=100ð Þ QLi cLi þ QXji c j
� � ¼ QXij ci þ Vi Δci ð6Þ

where QLi, QPi, QEi, QXij and QXji were the annual values of flow [m3 per
year] from land, precipitation, evaporation, water exchange from con-
nected sub-basin j to sub-basin i and water exchange from connected
sub-basin i to sub-basin j respectively; cLi, cj and ci were the concentra-
tions [μg/m3] of the substance in water from land, sub-basin j and sub-
basin i. R.E.(T) was the temperature (T) compensated annual removal
efficiency [%], Vi was the volume in basin i and Δci = ci (t)− ci (t− 1)
was the change in annual concentration [μg/m3] from the preceding
year to the actual year in basin i, where ci(t) is equal to ci.

Assuming steady state conditionswith a calculation step of one year,
the solution of Eq. (6) to calculate the concentration of an API in sub-
basin i is:

ci ¼ QLi cLi þ QXji c j
� �

1− R:E: Tð Þ=100ð Þð Þ þ Vi ci t−1ð Þ ci t−1ð Þ� �
= QXij þ Vi
� �

ð7Þ

The concentrations of APIswere considered to be equally distributed
throughout the water column at the sampling points which was shown
to be the case in a previous study at five locations in the eastern part of



Fig. 5. Minimum, median and maximum concentrations of quantified APIs sorted by
sample frequency of quantified concentrations.
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Lake Mälaren (Daneshvar et al., 2010). The calculation using concentra-
tion data in that study showed a variation of b3% for carbamazepine at
depths between 0.5 m and 40 m. In order to validate this assumption,
we carried out passive sampling using Polar Organic Chemical Integra-
tive Samplers (POCIS) (Alvarez, 2010) at three sites: Bothnia Bay,
Bothnia Sea and Baltic Proper, with three depths (2 m, 40 m and 80
m) being investigated at each site. The POCIS is designed to sample
water-soluble organic chemicals from aqueous environments and pro-
vides time-weighted average concentrations of sampled chemicals.

The boundary of the system ofmass balances encloses the Baltic Sea,
divided into seven main sub-basins, and the Baltic Sea adjacent to the
Atlantic sub-basin Skagerrak. Transboundary inputs of water and sub-
stances come from precipitation, evaporation and rivers including dis-
charge of APIs from sewers and WWTP effluents. A set of equations
derived from Eq. (7) were set up for the system of interconnected
sub-basins and solved iteratively (N=20) in MS Excel. The input data
in the model were: 1) sub-basin characteristics: geographical position,
volume, surface area, air andwater temperature, precipitation, evapora-
tion, river discharge and removal efficiency of pharmaceuticals from
smallerwatersheds, and2) statistics relating to population size and geo-
graphical distribution, excretion rate of humans and removal in waste-
water treatment plants. The output of themodelwas a collection of time
series of the annual concentrations in all sub-basins.

4. Results and discussion

The analytical method performance was stable throughout the
study. All retention timeswerewithin 1.5% of the standards, nomemory
effects or crosstalk could be detected, and no pharmaceuticals were de-
tected in the blank samples. Of the 93 pharmaceuticals included in the
study, 54 were below quantification limits (Tables S4, S12 and S13).
Substance names and limits of quantification are shown in the supple-
mentary data (Table S4).

4.1. Pharmaceutical residue occurrence in the Baltic Sea

In the samples, 39 of 93 pharmaceuticals were quantified in at least
one sample. Carbamazepine was present in 37 out of the 43 samples,
corresponding to a frequency of 86%, followed by orphenadrine,
flecainide, bisoprolol, fluconazole, diclofenac and diphenhydramine.
All these were present at frequencies above 20% (Fig. 4 and Table S12).

The median concentration of all measured levels was 2.1 ng/L and
the average concentration of measured values was 5.6 ng/L. The
Fig. 4. Frequency of pharmaceuticals in sam
quantified concentrations of the APIs varied between 0.01 and 80 ng/L
(Table S12). The distribution of minimum, median and maximum
concentrations sorted by sample frequency of quantified concentrations
showed that metoprolol, oxazepam, venlafaxine, atenolol and di-
clofenac were present at the highest median concentrations (Fig. 5).
No APIs were detected in the reference samples from Svalbard (sites
44, 45).

In general, coastal locations had higher concentrations of APIs than
open sea locations and the highest concentrations were found outside
major cities. Samples taken at the coastal locations show consistent re-
sults with similar levels of measured pharmaceuticals at adjacent sam-
pling locations and regional patterns e.g. flecainide in all samples in
the Gulf of Finland. Thirteen pharmaceuticals were detected in the
eleven offshore sampling sites in the Baltic Sea (median 1.9 ng/L, aver-
age 3.2 ng/L). Carbamazepine was the only pharmaceutical that was
consistently detected in the offshore samples (10/11), with the other
twelve pharmaceuticals only being detected in one or two samples
each. However, the overall frequencies and levels detected reflect the
population in each sub-basin with one pharmaceutical detected in the
Bothnia Bay, two detected in the Bothnia Sea and twelve in Baltic
Proper. In the seven samples taken from the main current profile in
the Stockholm archipelago, 29 out of 93 pharmaceuticals were detected
at levels ranging from 0.1–80 ng/L (median 3.4 ng/L, average 11 ng/L).
The highest levels were measured at sites Sth 1 and 2, which are close
ples with quantified concentrations.



Table 2
Average sampled amounts of carbamazepine in POCIS (ng per g, n=3) deployed in the
three basins of the Baltic Sea.

Sample site Depth
(m)

Sampled amount
(ng g POCIS−1)

Bothnian Bay, P1 2 9.3
Bothnian Bay, P1 40 6.3
Bothnian Bay, P1 80 2.7
Bothnian Sea, P2 2 14
Bothnian Sea, P2 40 12
Bothnian Sea, P2 80 2.4
Baltic Proper, P3 2 9.5
Baltic Proper, P3 40 6.4
Baltic Proper, P3 80 2.4
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to the discharge points of the local WWTPs. Carbamazepine showed a
decreasing concentration gradient across the Stockholm archipelago.

The samples containing no quantified carbamazepinewere collected
in the Bothnian Bay and Skagerrak (Table S12). Additionally, carbamaz-
epine was detected in all seven samples taken from the Stockholm
archipelago (Table S13). The concentrations of carbamazepine deter-
mined in this study were generally lower, median 2.6 ng/L, than previ-
ously reported concentrations (median 22 ng/L) but the latter were all
in samples from coastal areas of Northern Germany (Nödler et al.,
2014). Carbamazepine was detected in the deployed passive samplers
and was detected at all three depths at all three sites (Table 2). The
levels are reported as ng per g POCIS, which is proportional to the
water concentration. ThePOCIS data suggest relatively constant concen-
trations of carbamazepine (6.3 ng to 14 ng per g POCIS) in the upper
well-mixed zone of the Baltic Sea (above the halocline), here corre-
sponding to the 2 m and 40 m POCIS samples. Deeper waters (80 m)
had somewhat lower average accumulated amounts (2.4 ng to 2.7 ng
per POCIS). Considering the significantly larger volume of water above
the halocline (average depth 65 m in Baltic Proper, Bothnian Sea and
Bothnian Bay over the last few decades, (Väli et al., 2012)), as compared
to below the halocline, the assumption of a constant concentration of
carbamazepine in Baltic Sea water (average depth 55m) is reasonable
and fit for purpose for the mass balance calculations.
4.2. Calculation of the fraction of parent substance after consumption, re-
moval efficiency in WWTPs and watersheds

The amount of consumed API entering the Baltic Sea depends on the
excretion of the parent substance and removal efficiency in the WWTP.
The fraction of parent substance of carbamazepine in the influent
wastewater and the removal efficiency were calculated for 46 WWTPs
in nine countries (Table 3). Influent and effluent concentrations in the
WWTPs are given in Table S6. The content of APIs in the separated
sludge in theWWTPs was not included in themodel. Generally, the ad-
sorption of APIs to particles ending up in sludge is very low, typically
Table 3
Fraction of parent substance in influent wastewater and removal efficiency inWWTPs for
carbamazepine.

Country Number of
WWTP

Average [%] parent substance
in influent to WWTP

Removal efficiency
in WWTP [%]

Denmark 2 11 7.2
Finland 11 5.9 −41
France 3 5.2 31
Germany 7 11.8 −10
Great Britain 1 9.5 29
Japan 4 4.7 13
Poland 6 2.4 −16
Spain 4 6.6 −18
Sweden 8 7.1 −11
Average 7.1 −2
b5%with some exceptions e.g. for fluoroquinolones of which themajor-
ity end up in sludge (Ternes and Joss, 2007).

The average value for the fraction of parent substance in the influent
to theWWTPs was 7.1%, corresponding to approximately 50% of the re-
ported excretion from humans. One explanation can be that the sub-
stance is partly undissolved and is removed together with screenings
and grit prior to sampling in the WWTP or filtered off in the laboratory
sample preparation. The average removal of carbamazepine in WWTPs
showed large variations and, in several cases, the effluent concentra-
tions were higher than the influent concentrations, probably due to
deconjugation of carbamazepine, which resulted in negative removal
efficiencies in the WWTPs.

To calibrate the grey-box model for the Baltic Sea, the removal effi-
ciencies of carbamazepine were calculated from literature data for
eight watersheds in Sweden with different hydraulic retention times:
the wetlands in Eskilstuna, Nynäshamn, Oxelösund and Trosa, Lake
Hjälmaren, the River Fyris, LakeMälaren and the Stockholm archipelago
in the Baltic Sea. The removal efficiency increased with a longer HRT
(Table 4).

The calculated removal efficiency of carbamazepine was plotted
against hydraulic retention time (HRT) in the studied region to estimate
the average removal efficiency for one year but also to calculate reaction
rate. The resulting linear relationship between removal efficiency and
hydraulic retention time, R2 = 0.96 (Fig. S1), was used to set the
model removal efficiency to 17.8% per year in the calculation of concen-
trations in the Baltic Sea. This corresponds to a long half-life time, t1/2, of
the carbamazepine concentration of 3.56 years or 1300 days. The mag-
nitude of half-life timewill vary a lot between APIs due to their stability
in different matrices and the half-life time must be determined for a
specific substance in reference watersheds before simulation in the
model of the Baltic Sea waters.

4.3. Annual mass flow of carbamazepine into the Baltic Sea

The contributions of carbamazepine from the individual countries to
the Baltic Sea were calculated from population data, specific consump-
tion, DDD/1000 inhabitants, fraction of excretion and removal in
WWTPs. In a scenario with no removal in the sub-basins, the relative
contribution from different countries in 2013 was tracked from basin
to basin (Fig. 6).

Themajor contribution came fromPoland due to its large population
and relatively high consumption of carbamazepine. Sweden and Finland
contributed with the second and third largest mass flow of carbamaze-
pine to the Baltic Sea, respectively. The relatively low contribution from
Russia and Germany is due to a low consumption of carbamazepine and
a small fraction of the total population living in the Baltic Sea catchment
area. However, consumption data from Russia are uncertain.

4.4. Annual water flows and hydraulic retention time in the Baltic Sea

Annual water flows for the period 1960–2013 were used in the
modelling, with the annual riverine inflows to the main sub-basins in
the Baltic Sea readily available from official modelling (Kronsell and
Andersson, 2013, 2014). However, the annual riverine inflow to the
Danish Straits, Kattegat and Skagerrak had to be estimated using the
ratio of inflow to the discharge of Baltic Proper (Table S14). The riverine
inflow ratios for Danish Straits and Kattegat were determined using
data from SMHI (2016) and Øresundsvandsamarbejdets
arbejdsgruppe (2014), and were 0.26% and 7.0% respectively of the
total annual water discharge from Baltic Proper. For Skagerrak, a better
fit of average riverine inflowwas obtained by relating the annual inflow
to the annual average precipitation for Sweden (SMHI, 2017b), corre-
sponding to an average ratio riverine inflow/discharge Baltic Proper of
12%. The contributions from net precipitation on the surfaces of sub-ba-
sins themselves were added to the riverine inflows to estimate the total
flow to the sub-basins. On average, the net precipitation on the surfaces



Table 4
Calculated removal efficiency in watersheds in Sweden based on literature data [%]. A temperature coefficient of 7%/°C was used to normalise removal efficiency to 10 °C.

Watershed Average hydraulic retention time,
HRT [years]

Calculated removal
efficiency [%]

Normalised removal
efficiency at 10 °C [%]

Average temperature [°C]

Wetlands 0.018 6.6 8.3 6.6
River Fyris 0.014 7.7 8.8 8.0
Lake Hjälmaren 3.4 49.5 48.4 10.3
Lake Mälaren 2.6 36.6 38.0 9.5
Stockholm Archipelago 0.31 2.2 2.1 10.4
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of the sub-basins contributed 17.8% of the total flow from the Baltic Sea
for the period 1960–2013. Annual retention times in the sub-basins
were calculated from basin volumes (Table S7) and total annual flows,
and showed a large variation between sub-basins from 0.6 to 41 years
on average. Annual values for water exchange between sub-basins
were calculated based on average values for currents during the period
1990–99 (Savchuk, 2005) and the annual riverine water flows (Table
S14). The currents and exchange between sub-basins were estimated
by Savchuk (2005), based on mass balances regarding conservation of
salt first described by Knudsen (1899).

The water exchange between sub-basins is larger than the riverine
inflow and varies by a factor of up to two over the modelling period
1960–2013 (Table S15). Major Baltic Inflows (MBI) of saline and oxy-
genated sea water to the Baltic Sea occur irregularly within decades
(Schinke and Matthäus, 1998) and are not included in the model. The
regular inflow and outflow through the Danish straights are included
in the water exchange calculations since they contribute annual flows
of the same magnitude as the net outflow of the Baltic Sea and signifi-
cantly influence the concentrations of substances in the sea water. A
flow balance for 2013, the year of sampling, shows the overall system
Fig. 6. Relativemass flow of carbamazepine discharged into the Baltic Sea sub-basins and Skage
in the sub-basins.
of flows used in the modelling (Fig. 7). Flow components are explained
in Fig. 3.
4.5. Simulation of concentrations of carbamazepine in sub-basins in the
Baltic Sea in the past and the future

The simulation of concentrations of carbamazepine in the sub-basins
resulted in separate time serieswith the highest concentrations in Baltic
Proper and the lowest in Skagerrak (Fig. 8). The concentrations have
levelled out and, in some basins, decreased since the peak concentra-
tions in 2009. The consumption of carbamazepine peaked around
2005, so the lag between the peak in consumption and the peak in en-
vironmental concentration was approximately four years. The Baltic
Sea has a long turnover time and the response time to a change in
load of a substance in a sub-basin of the Baltic Sea will differ, depending
on hydraulic retention time in the sub-basin and the persistency of the
substance. A simulation, using the grey boxmodel, of the concentrations
of carbamazepine in sub-basins in the Baltic Sea in the past and in the
future after a hypothetical complete stop in consumption in 2014,
rrak in 2013 in a hypothetical scenario with no removal or accumulation of carbamazepine



Fig. 7. Estimated water flows [km3 per year] for Baltic Sea sub-basins for 2013, the year of sampling. Arrows connected to a box represents from the left: riverine inflow; upper left: flow
from precipitation; upper right: flow from evaporation; lower left: water exchange to the neighbouring basin; lower right: water exchange from the neighbouring basin.
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showed the long flushing time for carbamazepine from the sub-basins
(Fig. 8).

This model clearly shows that carbamazepine will be present in the
Baltic Sea decades after a stop in usage. The average flushing half-time
for carbamazepine was ten years, showing the long response time of
the environment to measures taken to phase out substances.
Fig. 8. Simulated concentration of carbamazepine in the Baltic Sea and sub-basins in the
past and the future after a hypothetical complete stop of consumption in 2014,
indicated with a vertical dashed line. Highest concentration in 2013 was predicted to be
present in Baltic Proper (⁎) followed by Gulf of Riga (+), Gulf of Finland (— —), Danish
Straits (●), Bothnian Sea (− −), Bothnian Bay (−), Kattegat (Δ) and Skagerrak (◊) in
descending order. The average annual concentration in the Baltic Sea (■) is based on
sub basin volumes times predicted concentration divided by total volume in Baltic Sea
and Skagerrak.
4.6. Predicted (PEC) and measured (MEC) environmental concentration of
carbamazepine in 2013

A comparison of the predictive concentrations of carbamazepine in
the sub-basins, extracted from the simulation for the period 1960–
2013, and the measured concentrations in the samples from 2013
showed good agreement (Table 5). The masses of carbamazepine in
the sub-basins were calculated by multiplying concentrations with
basin volumes.

The environmental concentrations of carbamazepine were well pre-
dictedwith the proposed grey boxmodel. A Pearson's product-moment
correlation coefficient correlation was computed to evaluate the rela-
tionship between the PEC and MEC series. There was a strong, positive
correlation between PEC and MEC series (r=0.85, N= 9, p b 0.01). In
addition, the linear correlation coefficient R2 for observed versus pre-
dicted concentrations was 0.72 (Fig. S2). An analysis of mean absolute
errors (MAEs) for the predictive values showed that the data series ap-
plied for the parameters in the model seem to be acceptable, the mean
absolute error for the predictive values was 0.43 ng/L which
corresponded to 23% of the average measured concentration of carba-
mazepine in the Baltic Sea waters. Modelling with typically 25% higher
or lower values in the data series increased the predictive error for
most parameters (Fig. S3). Furthermore, the analysis showed that the
applied reaction rate in the model, retrieved from freshwater data,
was higher than the calculated rate in the Baltic Sea waters and that
the selected water temperature data seems to be too high although
this is unlikely since temperature correlates with the lower reaction
rate in the Baltic Sea waters (Fig. S3). Still uncertainties exist in many
parameters such as excretion rate of carbamazepine, insufficient sales
statistics of carbamazepine, availablemeteorological data like precipita-
tion and evaporation, hydrological data for water exchange rates



Table 5
Predicted (PEC) andmeasured (MEC) environmental concentration [ng/L] and accumulatedmass [kg] of carbamazepine in the sub-basins and in the Baltic Sea in 2013. Number of samples
(N) is indicated below name of basin. Accumulated mass was calculated on MEC values. Average± standard deviation (minimum-maximum).

Basin PEC [ng/L] MEC ± standard deviation (min – max) [ng/L] Mass of carbamazepine [kg]

Bothnian Bay (N = 5) 1.2 0.57 ± 0.64 (0.05–1.5) 844
Bothnian Sea (N = 9) 1.8 2.3 ± 0.90 (1.1–3.7) 11,145
Gulf of Finland (N = 3) 2.1 3.2 ± 0.37 (2.7–3.6) 3514
Gulf of Riga (N = 1) 2.2 2.3 932
Baltic Proper (N = 10) 2.5 2.5 ± 0.46 (1.6–3.3) 32,615
Danish Straits (N = 3) 1.9 1.9 ± 0.51 (1.2–2.4) 545
Kattegat
(N = 1)

0.95 1.3 670

Skagerrak
(N = 8)

0.51 0.75 ± 1.22 (0.05–3.1) 5460

Baltic Sea
(N = 40)

1.8 1.9 ± 1.16 (0.05–3.7) 55,582

Fig. 9. Calculated removal efficiency versus HRT from literature data (●) and analysed
samples from this study (■), R2 = 0.95.
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between sub-basins. The concentrations in individual sub-basins did
not show conformity which suggests that the sub-basin is not
completely mixed. One plausible reason for this result could be the rel-
atively small data set (n = 43) and that some samples were taken in
coastal zones close to cities and river discharges. The model can be im-
proved by splitting the sub-basins into coastal zones and offshore zones,
which gives a better resolution of the distribution of substances. A
greater number of sampling locations, more evenly distributed across
some sub-basins, especially for Baltic Proper, would also improve the
model.

At the sub-basin level, the average concentration in Bothnian Bay
was overestimated while concentrations in Bothnian Sea and Gulf of
Finlandwere underestimated. Apart from these, the average concentra-
tion for Baltic Proper and concentrations in sub-basins in south and
west, as well as for the entire Baltic Sea, were very well predicted. One
reason for the underestimation of the concentrations in the Gulf of Fin-
land might be uncertainties in the consumption data of carbamazepine
in Russia but it ismore likely due to the samples from theGulf of Finland
all being taken near larger cities. The underestimated concentration in
Bothnian Sea can also be an effect of a small over-represented fraction
of samples taken in coastal areas. The overestimated concentration in
the Bothnian Bay might be caused by limited mixing of riverine fresh
water into the brackish water and also because the samples were
mainly taken in the fresh water areas. The concentrations of carbamaz-
epine were low in all sub-basins but, due to the large water volumes, a
stock of over 55 t of the substance has accumulated in the Baltic Sea
waters.

4.7. Calculation of removal efficiency of carbamazepine in the Stockholm
archipelago and Baltic Sea

In this study, the new data for carbamazepinewere used to calculate
the removal efficiency in the Stockholm archipelago and the Baltic Sea
(Table S16). In the Stockholm archipelago, the removal efficiency for
the concentration profile from October 2013 was calculated using Eq.
(2). For the Baltic Sea, a simulation of best fit of the grey box model to
the measured concentrations from 2013 was carried out and yielded a
removal efficiency of 15.8% per year at 10 °C as the best fit of the
model. This value can be compared with the removal efficiency of
17.8% per year at 10 °C derived fromwatershed data used for calibration
of the model, see Section 4.2. The average removal efficiency for one
year and the removal rate were calculated based on literature data
and samples from this study (Fig. 9).

An overall removal efficiency of 17.3% per year was calculated from
all data shown in Fig. 9, corresponding to a half-life time, t½, of 3.54
years or 1294 days at 10 °C. Assuming first order kinetics for the degra-
dation of carbamazepine, the average removal rate, r, for the literature
and measured data was calculated according to r = ln2 / t½= 6.2E−
09 s−1. Half-life times for carbamazepine in fresh water and brackish
water seemed to be equal in this study. The half-life time for
carbamazepine in water has been reported previously as being much
lower: 63 days (Tixier et al., 2003) and 38 days (Andreozzi et al.,
2002) although they incorporated flushing rate and had constant sun-
light in a laboratory environment respectively. In the second study,
the water depth was 0.02 m compared to the average depth of 55 m
in the Baltic Sea (Andreozzi et al., 2000). The intensity of solar UV
light decreaseswith water depth e.g. at 2 m, the remaining UV intensity
for the wavelength 325 nm is in the range b 1%–55%, depending on the
amount of particles, algae etc. At 10 m, the remaining UV intensity is
b2%, (Helbling et al., 2003; Piazena and Häder, 1994; Zerefos and Bais,
2013). In a recent study that used biodegradation models, the half-live
time of carbamazepine in water was estimated to be 201 days (Lindim
et al., 2017).
5. Conclusions

Pharmaceutical residues were found in the Baltic Sea, particularly
outside major cities.

Carbamazepine was found all over the Baltic Sea where the concen-
trations were low but, due to the long turnover time and low removal
rate of carbamazepine, a stock of over 55 t of the substance has accumu-
lated in the Baltic Sea waters. The developed grey box model predicted
the environmental concentrations of carbamazepine in the Baltic Sea
waters well. Simulations showed a very long half-life time of carbamaz-
epine in the Baltic Sea, over 3.5 years. The persistence of carbamazepine
makes it a good indicator of wastewater intrusion in naturalwaters. The
proposed grey boxmodel is a simple and useful tool for predicting envi-
ronmental concentrations of organic substances in water. More accessi-
ble dynamic input data for meteorological, hydrological and substance
consumption would reduce the tedious work required in estimating
the conditions in the Baltic Sea region andwould improvemodel quality
and simulation results.
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