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Chapter 19
Europe and USA

Kevin V. Thomas and Katherine H. Langford

19.1 Introduction

Antifouling paints containing active biocides are typically used on the hulls of ships 
and boats to prevent the growth of fouling organisms. Antifouling paint biocides 
are therefore released directly into surface waters following their release from 
painted surfaces or from the inappropriate disposal of paint related waste. The lev-
els of biocides found in surface waters are therefore directly related to the amount 
released from such surfaces. Once in the water column, antifouling biocides, as 
with all other contaminants, are subjected to a number of environmental processes 
that control their environmental fate. Depending on their physico-chemical proper-
ties, biocides can partition onto sediments and accumulate in biological material. 
In order to measure the occurrence of antifouling biocides in water, sediments and 
biota analytical methods have been developed and applied. This chapter will review 
the data available on the occurrence of the biocides listed below in surface waters, 
sediments and biota for Europe and the Americas, including Canada, USA and the 
Caribbean (Fig. 19.1).

19.2 Irgarol 1051 and Its Metabolite M1

Since 1993, when Irgarol 1051 was reported as an aquatic contaminant (Readman 
et al. 1993) many studies have been performed to monitor the occurrence of Irgarol 
1051 from antifouling inputs (Table 19.1). In Europe many of these studies have 
been performed in the UK (Boxall et al. 2000; Thomas et al. 2000, 2001, 2002; 
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Voulvoulis et al. 2000; Voulvoulis 2006). Early studies performed on the busy 
yachting areas of the Hamble estuary, UK showed Irgarol 1051 to occur in surface 
waters and sediments at concentrations of between 12 and 190 ng l−1 and 12 and 
132 ng g−1, respectively (Gough et al. 1994). A more widespread study in 1998, 
funded by the UK Department for the Environment, showed Irgarol 1051 to occur 
at concentrations of up to 1,421 ng l−1 with the higher concentrations being found 
early in the season in areas of high boating activity and low water exchange; such 
as those found in enclosed marinas (Thomas et al. 2001). Surface water concentra-
tions in estuaries and harbours were much lower and these concentrations declined 
even further during the winter when most boats are removed from the water. These 
studies from the UK also reported that Irgarol 1051 was detected only in marina 
sediments where high water levels of Irgarol 1051 were measured (Thomas et al. 
2000). It has been suggested that Irgarol 1051 has a low affinity for particulate 
 matter (log K

OC
 3.0; log K

OW
 3.9) and in most marine waters is mainly associ-

ated with the dissolved phase (Tolosa et al. 1996; Ferrer et al. 1997). However, 
detectable concentrations are present in marina sediments where aqueous concen-
trations are at their highest and partitioning does occur (Thomas et al. 2000). Other 
studies on marine waters from the UK during the same period showed similar data, 
sug gesting that Irgarol 1051 is persistent and can accumulate in areas where its 
release is intense. This was mirrored in data from around Europe where Irgarol 
1051 painted boats were to be found (Ferrer et al. 1997; Scarlett et al. 1999; Biselli 
et al. 2000). Similar concentrations have been reported in other areas of Europe 

Fig. 19.1 Locations of antifouling paint biocide surveys in Europe and North America
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including the Mediterranean, West Coast of Sweden; Stockholm Archipelago, 
Sweden; Oslofjord, Norway; Western Scheldt, The Netherlands; Sas van Gent 
and Schaar van Ouden, The Netherlands; and the Baltic and North Sea marinas of 
Germany (Table 19.1).

The occurrence of Irgarol 1051 was not restricted to marine waters. Studies 
also showed that the use of antifouling paints formulated with Irgarol 1051 were 
common in freshwater lakes and waterways (Tóth et al. 1996; Lambert et al. 
2006). Irgarol 1051 was detected in the waters of marinas around Lake Geneva, 
Switzerland and in the inland waterways of the Norfolk Broads UK. Even though 
the boating density in inland waterways is not as high as coastal areas concentra-
tions as high as 1,200 ng l−1 were reported.

In the Americas, where Irgarol 1051 use is relatively recent, studies show 
that where Irgarol 1051 is in use, or where boats painted with Irgrol 1051 for-
mulated antifouling paints are used, Irgarol 1051 occurs. An early study from 
Canada reported concentrations to be below the LOD when paints containing 
Irgarol 1051 were not in use (Liu and Pacepavicius 1999). Studies from the USA, 
including US territories in the Caribbean show that marina/harbour concentra-
tions range from <1 to 1,300 ng l−1 (Gardinali et al. 2002, 2004; Owen et al. 
2002; Sapozhnikova et al. 2007). As expected the highest concentrations are 
seen in the busiest boating areas such as San Diego, California (Sapozhnikova 
et al. 2007).

In 2001 the UK restricted the use of Irgarol 1051 in antifouling paints for small 
vessels (<25 m). The impact of this legislation was that these paints were removed 
from the marketplace for small boats. Post-restriction surveys performed in 2005 
demonstrated a clear reduction in water concentrations of Irgarol 1051 (between 
10% and 55% of that found during pre-restriction studies), indicating that legisla-
tion appears to have been effective (Cresswell et al. 2006).

19.3 GS26575/M1

The occurrence of the Irgarol 1051 metabolite, 2-methylthio-4-tert-butylamino-
6-amino-s-triazine (GS26575 or M1) has also been reported in Irgarol 1051 con-
taminated surface waters and sediments (Thomas et al. 2000, 2002). Environmental 
degradation of Irgarol 1051 appears not to be the only source of GS26575 since it 
has also been reported to occur in Irgarol 1051 paint formulations (Thomas et al. 
2003). The occurrence of GS26575 is therefore directly related to that of Irgarol 1051 
either being released from painted surfaces with Irgarol 1051 or as a product of envi-
ronmental degradation. GS26575 has been reported to occur in both surface waters 
and sediments (Table 19.2). Typically concentrations are lower than those detected 
for Irgarol 1051 in the same samples and have been reported at up to 4,000 ng l−1 
(Ferrer et al. 1997). In the UK concentrations of between <1 and 140 ng l−1 have 
been reported for freshwater and <1 and 300 ng l−1 for marine samples (Thomas et al. 
2002; Lambert et al. 2006). Similar levels have been recorded in both Florida and 
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California in the USA (Gardinali et al. 2002; Owen et al. 2002). GS26575 has also 
been found in sediments but at much lower concentrations (<1–6 ng g−1) (Thomas 
et al. 2000)).

19.4 Diuron and Its Metabolites

Diuron, a phenylurea herbicide, has been in use since the 1950s. Predominantly 
this use has been associated with weed control in non-agricultural applica-
tions. Several studies have investigated the impact of non-antifouling use on 
diuron release into the aquatic environment (Albanis et al. 1995), however, the 
assessment of inputs from antifouling applications has been restricted to a few 
studies (Thomas et al. 2000, 2001, 2002; Lamoree et al. 2002; Gatidou et al. 
2005, 2007; Lambert et al. 2006). For example Dahl and Blanck (1996) reported 
diuron concentrations in Swedish marinas of between 10 and 100 ng l−1. A study 
of marinas on the Spanish Mediterranean coast reported similar concentrations 
(10–100 ng l−1) whilst a study in the UK reported much higher concentrations 
in marinas (4–6,742 ng l−1) probably reflecting the level of diuron use in the UK 
at the time. This study also reported diuron concentrations of between 5 and 
226 ng l−1 in water samples collected from estuaries, of between 1 and 45 ng l−1 
in coastal waters and <8 ng l−1 off-shore. In freshwater boating areas diuron has 
been shown to occur at concentrations less than 170 ng l−1 (Lambert et al. 2006) 
suggesting diuron containing paints are not so extensively used on inland water-
ways (Table 19.3). The principal metabolites of diuron, 1-(3-chlorophenyl)-
3,1-dimethylurea (CPDU), 1-(3,4-dichlorophenyl)-3-methylurea (DCPMU) and 
1-(3,4-dichlorophenyl)urea (DCPU) have also all been detected at measurable 
concentrations in surface water samples collected from the UK (Thomas et al. 
2002), albeit at concentrations much lower than diuron itself.

19.5 DCOIT

DCOIT (4,5-dichloro-2-n-octyl-4-isothiazolin-3-one), the active ingredient 
in SeaNine 211, has been subject to a number of studies in Europe and the 
Americas, however its occurrence is rarely reported. A season long survey 
from the UK in the late 1990s reported concentrations < LOD in samples col-
lected from some of the UK’s busiest boating areas around Southampton Water 
(Thomas et al. 2001). Elsewhere in Europe, Steen et al. (2004) detected DCOIT 
in samples collected from a harbour which contained a ship painted with a 
SeaNine 211 antifouling paint. Samples collected on a transect away from the 
ship showed levels to be below 5 ng l−1 within 400 m of the ship. DCOIT has also 
been detected in water samples collected from marinas in Greece and Spain. 
DCOIT was detected at concentrations of up to 3,300 ng l−1 in water samples 
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Table 19.3 Concentrations of Diuron detected in water and sediment samples

Location Description

Water 
concentration
(ng l−1)

Sediment 
concentration 
(ng g−1) Reference

San Diego area, 
California, 
USA

4 Marinas/
harbours

<2–12 Sapozhnikova 
et al. (2007)

Gulf of Napoli, 
Italy

7 Marinas 12–475 Di Landa et al. 
(2006)

Gulf of Napoli, 
Italy

3 Harbours 6.1–51 Di Landa et al. 
(2006)

Catalonia, Spain 4 Marinas up to 2,000 Martínez et al. 
(2000)

Mediterranean 
Coast, Spain

Marinas/
harbours

5–200 Ferrer and Barcelo 
(1999)

Amvrakikos Gulf, 
Greece

Wetland areas Nd–260 Albanis et al. 
(1995)

Lake Geneva, 
Switzerland

<0.3–142.5 Tóth et al. (1996)

The Netherlands 7 Marinas 90–1,130 Lamoree et al. 
(2002)

Sweden Marinas 10–100 Dahl and Blanck 
(1996)

Southampton 
Water, UK

Water samples <LOD–6,742 <LOD–1,420 Thomas et al. 
(2001)

Southampton 
Water, UK

Sediment 
samples

0.4–6.2 Thomas et al. 
(2002)

North Sea Sediment 
samples

<LOD Thomas et al. 
(2000)

Humber rivers, 
UK

11 River 
locations

40–8,700 House et al. 
(1997)

UK 3 Marina 
locations

10.5–786 Boxall et al. 
(2000)

Orwell Estuary, 
UK

3 Marina 
locations

117–768 <12–395 Boxall et al. 
(2000)

East Anglia, UK Rivers <1–169 Lambert et al. 
(2006)

East Anglia, UK Norfolk Broads <1–249 Lambert et al. 
(2006)

UK Coastal waters 16–1,249 Thomas et al. 
(2002)

collected from marinas along Spain’s Catalan coast. Lower concentrations of up 
to 49 ng l−1 were detected in Greek marinas (Sakkas et al. 2002b), whilst all other 
studies in Europe and the Americas have failed to detect DCOIT at concentra-
tions > LODs. Overall, the reported occurrence of DCOIT is patchy with studies 
reporting reasonably high concentrations, whilst other studies report lower than 
LOD concentrations. DCOIT is predominantly used on large vessels (>25 m) 
so it is unlikely that it will occur in marinas exclusively used for pleasure craft 
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(Table 19.4). In addition DCOIT is reported to rapidly degrade in water (Sakkas 
et al. 2002a).

19.6 Dichlofluanid and DMSA

Dichlofluanid has been reported to occur in marina surface waters and sediments 
from Greece and Spain, as well as UK sediments (Voulvoulis et al. 2000; Sakkas 
et al. 2002a,b; Readman 2006) (Table 19.5). Other extensive studies in areas of inten-
sive boating activity in the UK have reported concentrations below detection limits 
for both surface waters and sediments. Interestingly the occurrence of dichlofluanid 
in Greek (and other) surface waters and sediments has been challenged by a study 
which showed that the dichlofluanid metabolite N-dimethyl-N-phenyl-sulphamide 
(DMSA) occurs in surface waters and sediments following rapid degradation 
and that previous reports of dichlofluanid may be the result of ‘false positives’ 
arising from the use of non-specific detectors or inappropriate confirmation ions 
when using GC-MS (Hamwijk et al. 2005; Schouten et al. 2005). The few studies 
 performed in the Americas report dichlofluanid concentrations below LODs.

19.7 Chlorothalonil

Few studies have been performed on the occurrence of chlorothalonil in surface 
waters arising from antifouling inputs. Recent studies performed in the Caribbean 
failed to detect chorothalonil in marina or harbour waters (Table 19.6). These 

Table 19.4 DCOIT concentrations measured in water samples

Location Description
Concentration 
range(ng l−1) Reference

Puerto Rico, Caribbean 9 Marinas/harbours <LOD Carbery et al. 
(2006)

US Virgin Islands 5 Marinas/harbours <LOD Carbery et al. 
(2006)

Catalonia, Spain 4 Marinas <LOD–3,300 Martínez et al. 
(2000)

Greece Marinas/harbours <LOD Albanis et al. 
(2002)

Greece Marinas <LOD–49 Sakkas et al. 
(2002b)

UK <LOD Thomas 
(1998)

Korsør Harbour, Denmark Harbour in immediate 
vicinity of ship

30–72 Steen et al. 
(2004)

Harbour 2 m from ship 20–25
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Table 19.5 Concentrations of diclofluanid and DMSA detected in water and sediment samples

Location Description

Water 
concentration
(ng l−1)

Sediment 
concentration
(ng g−1) Reference

Dichlofluanid
Puerto Rico, 

Caribbean
9 Marinas/harbours <LOD Carbery et al. 

(2006)
US Virgin Islands 5 Marinas/harbours <LOD Carbery et al. 

(2006)
Greece 3 Marinas <LOD Hamwijk et al. 

(2005)
Piraeus-Elefsina, 

Greece
Marinas <LOD–214 12–65 Sakkas et al. 

(2002b)
Catalonia, Spain Coastline <4–600 Martínez et al. 

(2000)
Catalonia, Spain Coastline <1.6–11 Martinez et al. 

(2001)
Greece 3 Ports Nd–49 Albanis et al. 

(2002)
Greece 8 Marinas 4–102 Albanis et al. 

(2002)
Greece 3 Marinas 20–205 Lambropoulou 

et al. (2000)
Blackwater Estuary, 

UK
Estuary location 7.2–688 Voulvoulis et al. 

(2000)
DMSA
Greece 3 Marinas <LOD–36 Hamwijk et al. 

(2005)

Table 19.6 Chlorothalonil concentrations measured in water and sediment samples

Location Description

Water 
concentration 
(ng l−1)

Sediment 
concentration 
(ng g−1) Reference

Puerto Rico, 
Caribbean

9 Marinas/harbours <LOD Carbery et al. 
(2006)

US Virgin Islands 5 Marinas/harbours <LOD Carbery et al. 
(2006)

Greece 3 Ports Nd–49 Albanis et al. 
(2002)

Greece 8 Marinas Nd–120 Albanis et al. 
(2002)

Greece 3 Marinas Nd–37 Lambropoulou 
et al. (2000)

Greece Marinas <LOD–63 <LOD–126 Sakkas et al. 
(2002b)

Blackwater 
Estuary, UK

Estuary location 360–1,380 16–34.3 Voulvoulis et al. 
(2000)
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data corroborate an extensive survey for chlorothalonil in UK marinas, estuaries 
and harbours where all of the samples collected contained < LOD concentrations. 
Chlorothalonil has been detected at one UK location in both surface waters and 
sediments at reasonably high concentrations (e.g. 360–1,380 ng l−1 in water) and at 
lower concentrations in Greek marinas (<LOD – 120 ng l−1) (Voulvoulis et al. 2000; 
Sakkas et al. 2002).

19.8 Zinc Pyrithione

Zinc pyrithione (ZnPT) has been included in very few monitoring surveys in Europe 
and the Americas. To date we are aware of only one study whereby ZnPT concen-
trations were determined in surface waters collected from UK marinas (Thomas 
et al. 2001). None of the samples contained ZnPT at concentrations greater than the 
LOD of 20 ng l−1. The samples were analysed by liquid chromatography coupled 
to APCI mass spectrometry following transchelation to copper pyrithione (CuPT) 
(Thomas 1999). The only reported occurrence of ZnPT in Europe is from a smaller 
scale study, also performed in the UK, which reported ZnPT at a concentration of 
105 ± 5 nM using differential-pulse cathodic stripping voltametry (Mackie et al. 
2004). These data are not surprising since ZnPT is known to rapidly photodegrade 
(half-life = 15 min) and also to rapidly transchelate with copper which is also com-
monly used in antifouling paints (Turley et al. 2000). Although ZnPT is used as an 
active ingredient in antifouling paints it is likely that it transchelates with copper 
also present in the paint to form CuPT which then acts as a biocide. As far as we 
are aware there are few studies on the occurrence of CuPT. Recent, unpublished 
work in our group has shown that ZnPT and CuPT photolysis is reduced with depth 
when compared to laboratory measurements. Therefore it may be that CuPT is what 
occurrence studies should be targeting, especially in sediments.

19.9 Summary

Extensive antifouling paint biocide occurrence data are available for Europe. Data 
are also available for areas of the Americas. Many of the studies performed have 
focused on Irgarol 1051 and reported its occurrence in marinas, harbours, estuaries 
and coastal areas. Diuron has also been shown to occur at elevated levels in areas 
where it is used as a biocide. The occurrence of elevated levels of both Irgarol 1051 
and diuron is a direct effect of the large quantities of these substances released 
from paints and their persistence in the aquatic environment. Occurrence data are 
also available for other biocides such as DCOIT, dichloflaunid, chlorothalonil and 
ZnPT. Reported concentrations of these biocides tend to vary from study to study 
suggesting occurrence is localised and/or short lived. Although a number of these 
biocides are relatively labile (e.g. ZnPT, dichlofluanid and DCOIT) the quantities 
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of these biocides used may be less (than Irgarol and diuron); significant changes in 
the volumes used should be a cause for further assessment.
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