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1. Background
Under the Biocidal Products Regulation (BPR, 528/2012), antifouling (AF) paints require authorization
before placing on the market in EU member states. The majority of paints today contain copper (I)
oxide (Cu2O), as the main biocide, together with zinc oxide (ZnO) as a common additive (Watermann
et al., 2005; Yebra et al., 2004). Although ZnO is not classified as a biocide, Zn is considered to be a
substance of concern. In order to improve the risk assessment of current products, copper (Cu) and
zinc (Zn) have mainly been studied within BONUS CHANGE. As historic paint layers with organotins
such as tributyltin (TBT) and triphenyltin (TPhT) may still act as sources of these banned AF
substances, the prevalence of organotins on leisure boats has also been investigated.
To gain approval from the relevant national authority, manufacturers must demonstrate that the use
of the product is not associated with unacceptable risks to the environment. The main focus of the
environmental risk assessment is the passive leaching from AF paints to the water phase of marinas.
Hence, the biocidal release rate of the AF paint to the water phase is a fundamental parameter of the
risk assessment. There are currently only two standardized release rate methods that are accepted by
regulatory bodies in the EU member states (a laboratory method and a calculation method), but
concerns have been raised whether these yield representative release rates (Finnie, 2006; IMO,
2009). Additionally, other sources such as any leaching of metals to marina waters from contaminated
boatyard soil or discharge from pressure hosing water are currently not taken into consideration.

2. Aims
The studies presented herein are part of Work Package 4 in the CHANGE project and comprise several
aims in the effort to collectively improve the risk assessment of AF paints:


Investigate the presence of copper and banned organotins on boat hulls in countries around
the Baltic Sea (Appendices A and B).



Evaluation of current release rate methods: the standardized release rate methods currently
accepted by regulatory bodies in the EU member states are evaluated through comparison
against measured field release rates (Cu & Zn) measured by XRF (Appendix C).



Evaluation of MAMPEC performance: the modeling program used for risk assessment of AF
paints within the EU, MAMPEC (Marine Antifoulant Model to Predict Environmental
Concentrations), was used to determine predicted environmental concentrations (PEC) of Cu &
Zn in the marina using the Swedish and Finnish marina scenarios. The MAMPEC prediction is
compared to measured environmental concentrations (MEC) in a Swedish and a Finnish marina
(Appendix D) to evaluate its performance.



Investigate the relative importance of other sources of AF paint substances to the water
phase, i.e. by estimating the relative importance of Cu and Zn from contaminated boatyard
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soil (appendix D and E) and from pressure hosing (contaminated water and discharged paint
particles) (Appendix F).


Future paint development: a study shows how the XRF release rate method can be used to
tailor-make efficient AF paints whilst minimizing their negative environmental (Appendix G).

3. Organotins and copper on leisure boats
3.1.

Organotin speciation on leisure boat hulls

Antifouling paints containing organotin compounds (OTCs), primarily tributyltin (TBT) and triphenyltin
(TPhT), have been banned from use on boats shorter than 25m in the EU since 1989 due to their
action as endocrine disruptors on non-target organisms (Abel, 1996). Even though the use of
organotin paints has ceased, recreational boats remain sources of OTC to the environment as many
still have historical coatings of organotin paint on their hulls (Ytreberg et al., 2016). A method using
XRF-technology (X-Ray Fluorescence) enables the detection of tin (Sn) through non-destructive
measurements directly on hulls in order to identify boats which may still have underlying coatings of
organotin paint (Ytreberg et al., 2015). This XRF screening method will however only provide the total
Sn concentration and does not give any information about the form in which the tin is present, i.e. the
speciation. The aims of this study (Appendix A) were therefore to investigate whether the detection of
Sn can be used as an indicator for the presence of OTCs such as TBT and to determine the speciation
of organotins in old paint layers.
Paint samples were scraped off 23 leisure boats in Sweden, Finland and Germany and analyzed for
total Sn and OTCs. The samples were found to hold a wide range of total tin, from 25 to 18,000 mg/kg
paint. The results showed that there was a linear relationship between the total tin concentration and
the concentration of OTCs (fig. 4C, Appendix A). It was therefore concluded that the XRF method can
be used to screen for organotin compounds through the detection of Sn.
As for the speciation, TBT was found in all samples but in variable percentages: from <1 % and up to
79% of the total organotin content. Several organotins species other than TBT were also detected. The
degradation products of TBT and TPhT, i.e. monobutyltin (MBT), dibutyltin (DBT), monophenyltin
(MPhT) and diphenyltin (DPhT), were found in considerable amounts in the samples. Additionally,
organotin species such as tetrabutyltin (TeBT) and 7 different unidentified species were also
measured. Though TeBT is less toxic than DBT and TBT, it can be degraded in the environment to
form TBT and is therefore a species of concern (Landmeyer et al., 2004). The butyltin species (TBT,
DBT and MBT) and the phenyltin species (TPhT, DPhT and MPhT) dominated the pool of OTCs in 8
samples each. For the remaining 7 samples, TeBT and the unidentified organotins were the most
prevalent. Hence the distribution of organotins on the hulls varied widely from sample to sample. The
average composition of OTCs in the paint samples from the 23 boats is shown in figure 1.
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Figure 1. Average distribution of organotin species found on leisure boats (n = 23), expressed as the % of the
total amount of tin present as organotin compounds.

3.2.

Organotins and excess copper on leisure boats

Within CHANGE, the XRF screening method for boat hulls for rapid inspection and detection of Sn as a
proxy for organotins, directly on boat hulls (Appendix B). In addition, this method was also employed
for measuring Cu, the main biocide in today’s AF paints in the Baltic Sea. Hence, we aimed to
investigate both the magnitude of organotins occurrence on leisure boats, as well as the Cu loads, in
alignment with the current legislation in several countries around the Baltic Sea.
Measurements of Sn and Cu were carried out in Denmark (DK), Finland (FI) and Germany (DE) using
a handheld XRF instrument (Delta-50, Olympus) with a calibration specially developed for leisure
boats (Ytreberg et al., 2015). Two to three sites were investigated in each country, with 25 - 90
(average 47 ± 20) leisure boats per location. Each boat was measured on 6-8 different spots in order
to get representative values and the measurement time was set to 10 s. The results were then
compared to previously published data from leisure boats in Sweden, SE (Ytreberg et al., 2016).
The presence of Sn was detected (i.e. at concentrations larger than 50 µg/cm2) on 27 % of all the
measured boats in this study, with the highest frequency being in DK (fig. 2). However, the highest
concentration of Sn was found in FI, namely 2 000 µg/cm2. In SE, the proportion of boats with
detectable Sn levels was larger than in all the other investigated countries, namely 36 %. More
detailed results are presented in the attached manuscript (Appendix B).
The concentration of Sn in one layer of TBT paint is approximately 300 µg/cm2. Based on this, our
data indicate high levels (i.e. > 400 µg/cm2) of Sn on 5 % of all the boats. The frequency of boats
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with high Sn levels is even larger in Sweden, namely 29 %. These two studies highlight the potential
health hazard for people performing the paint scraping and being exposed to organotins, as well as
the environmental issues related to the improper disposal of the old end-of-life boats. In addition, the
risk of organotins leaching into the water from these old paint layers is still unknown. Therefore, we
suggest the implementation of a certification system for leisure boats, in order to have knowledge of
the presence of hazardous substances on the hulls. This system would improve the current AF
practices, by facilitating the identification of boats which require sealing or complete removal of all
paint layers, and of boats which are too contaminated to be washed with high pressure water.

Figure 2. Frequency of boats with detectable different levels of Sn, indicative of the presence of organotins. Data
for SE is from Ytreberg et al 2016.

Copper was detected (i.e. at concentrations larger than 100 µg/cm2) on 99 % of all the boats (fig. 3).
The corresponding proportion in SE is similar, namely 93 % of the boats in the Baltic Sea had
detectable levels of Cu.

Figure 3. Frequency of boats with different levels of Cu. Data for SE is from Ytreberg et al 2016.
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One layer of AF paint containing ~ 34 % Cu corresponds to ca 4 000 µg/cm2 Cu. Hence, 54 % of the
boats in our study were coated with more than 2 layers of paint (fig. 3), which is an excessive and
unnecessary load of copper, especially for boats sailing in low salinity areas (e.g. FI). The proportion
of boats with excessive Cu levels (i.e. > 8000 µg/cm2) was approximately two fold larger in DK, FI and
DE, compared to SE.
To sum up, this study shows that a considerable number of leisure boats from SE and DK in particular,
still have high levels of Sn on their hulls, indicative of organotins. Moreover, in all the investigated
countries, a substantial proportion of boats have very high levels of Cu in their AF paints. These
results suggest that common efforts of harmonizing the legislation and the AF practices in the
countries surrounding the Baltic Sea should be undertaken in order to minimize the environmental risk
posed by AF paints.

4. Evaluation of release rate methods
4.1.

Description of methods

4.1.1. Laboratory method
The “rotating cylinder method” (ASTM D6442-06/ISO 15181:2007) is a laboratory method used to
estimate the biocidal release rate from AF paints. For this method, triplicate cylinders are coated with
AF paint and immersed in holding tanks filled with artificial seawater (pH: 8 ± 0.1, salinity: 33-34 ‰,
temperature: 25 ± 1°C). To measure the release rate, the coated cylinders are transferred to
cylindrical tanks where they are rotated at 0.2 m/sec for up to 1 hour in 1.5 L artificial seawater (ISO,
2007). Water samples are then collected and chemically analyzed. Release rates are determined in
this manner two times per week for a minimum of 45 days. The average release rate between day 21
and 45 is then calculated and reported. If the test is continued beyond 45 days, the average rate
between day 21 to the end of the test is reported instead.
The rotating cylinder method was never designed to reflect the actual environmental release rate of
coatings as it was primarily developed to be used by manufacturers as a tool during the product
development process (IMO, 2009). Additionally, an inter-laboratory comparison in which the release
rate between day 21 and 45 was determined for 5 different coatings at 6 labs, showed poor
reproducibility between labs with coefficients of variation of 24 – 90% (Haslbeck and Holm, 2005).
In a study from 2006, the release rates for an ablative soluble matrix (rosin-based) AF paint (cuprous
oxide, InterspeedTM 640, International Paint Ltd) derived with the rotating cylinder method were
compared in situ release rates determined with a direct method called the “Dome method”, developed
by the US Navy (Finnie, 2006). With the Dome method, ambient natural seawater is recirculated in a
polycarbonate dome attached directly to submerged ship hulls. Analysis of seawater samples drawn
from the enclosed dome system allows the determination of the in situ release (Valkirs et al., 2003).
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The Cu release rate determined with the rotating cylinder method (ASTM D6442-06) by a total of 7
different labs was statistically compared to the in situ release rates measured from 5 ships berthed in
San Diego (with varying periods of service). The rotating cylinder method was found to overestimate
the in situ release rate. A correction (reduction) factor of 5.4 was suggested to be applied to release
rate data generated with the rotating cylinder method for the environmental risk assessment (Finnie,
2006). Hence, within the EU, it is accepted that if an AF paint fails the risk assessment using Tier 1
(uncorrected) release rates, it may be repeated with a corrected release rate for a Tier 2 assessment
(EU, 2006).

4.1.2. Calculation method
The calculation method (ISO 10890:2010) consists of a mass balance equation, derived from the
release rate pattern observed for self-polishing organotin and cuprous oxide paints with the rotating
cylinder method (Takahashi, 2009). The simplified, generic model was developed by the European
Council of the Paint, Printing Ink and Artists’ Colours Industry (CEPE) and assumes an initial high
release rate during the first 14 days, followed by a steady-state release for the remainder of the
paint’s service lifetime (ISO, 2010) (fig. 4).

Figure 4. Model behind the CEPE mass balance equation.

The following equation is used to solve for the steady-state release rate Y (μg/cm2/day):
365 ×𝑡

𝑋 + (𝑌 × (

12

− 14)) = 𝐿𝑎 × 𝑎 × 𝑊𝑎 ×

100
𝑣𝑠

𝜌 × 𝐷𝐹𝑇

(Equation 1)

Where X is the amount of biocide released during the first 14 days (μg/cm2), t is the specified lifetime
of the paint (months), La is the fraction of the active ingredient in the dry film released during the
lifetime t (equal to 0.9 according to European regulatory authorities), a is the mass fraction of active
ingredient in the biocide, Wa is the concentration of biocide in the wet paint (weight %), vs is the
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volume solids (%), ρ is the paint density (g/cm3) and DFT is the dry film thickness specified for the
time t (µm). According to the model, the relationship between X and Y is defined as: X / Y = 30.
Many of the parameters in Equation 1 are fixed and the model does not take into account any
differences in e.g. binder properties. This means that the calculated release rate is mainly derived
from the volume of paint applied, the biocidal loading of the paint and the specified lifetime. It is
therefore of utmost importance that input parameters such as the DFT and the lifetime of the paint
are reliable and reflect the real pattern of use for the product.
Contrary to the rotating cylinder method, which is both time-consuming and requires costly chemical
analyses, the calculation method is quick and inexpensive. It has however also been found to
overestimate the release rate in comparison with the Dome method (Finnie, 2006). A correction
(reduction) factor of 2.9 was derived from the comparison and has been adopted for Tier 2
assessments (EU, 2006).

4.1.3. XRF method
Although both the rotating cylinder method and the CEPE calculation method have been found to not
be representative and require the use of correction factors, they are still used as an interim solution
until a better method for release rate determination is presented (IMO, 2009). The XRF method used
within the BONUS CHANGE project is presented here as a better option compared to those currently in
use. The method also holds great potential for standardization.
For this method, a portable X-Ray Fluorescence spectrometer (XRF) is used to measure the area
concentration (µg/cm2) of metals in AF paints (Ytreberg et al., 2017). The instrument, which is
specifically calibrated for quantitative measurements of Cu and Zn in AF coatings, was used within
BONUS CHANGE to determine the in situ release rate of commercial coatings (Appendix C). To
determine the release rate of an AF paint, polymethyl methacrylate (PMMA) panels were coated with
the paint and measured by XRF before and after immersion. The difference in concentration between
the two time points represents the amount of metals lost, i.e. the cumulative release, in µg/cm2. As
the immersion time is known, the release rate in µg/cm2/day is easily derived.
There are several benefits to the XRF method. With a measurement time of only 30 sec, this method
is very quick. Additionally, it does not require any costly chemical analyses. Most importantly, it allows
the determination of the true environmental release as painted panels can be immersed at relevant
locations to determine the in situ release rate. This is especially important for water bodies such as
the Baltic Sea with salinities and temperature that differ quite substantially from those of the current
standardized methods (33-34 PSU, 24-26°C). By exposing the paints to natural seawater, any
potential effect on the biocidal release due to the formation of a biofilm is also taken into account.
Biofilms may affect the release negatively through binding of the released metals and/or positively by
changing the conditions (e.g. pH) at the coating surface (Howell, 2009). By exposing the panels
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directly in e.g. a marina, the coatings are also exposed to relevant hydrodynamic conditions. Although
the Dome method is also able to determine in situ release rates, it has never been proven that the
hydrodynamic conditions within the dome reflect the environmental conditions (Howell, 2009). The
Dome method is also costly and impractical as it, in addition to chemical analyses, requires the use of
divers. To date, its use has mainly been restricted to the US Navy (IMO, 2009). In comparison, the
XRF method is also more flexible as the painted surface doesn’t have to be covered by any apparatus.
If desired, dynamic conditions could be simulated by attaching panels to vessel hulls, whereas the
Dome method can only be used during static conditions.
Although there are many advantages to the XRF method, some drawbacks also exist. For one, the XRF
can only quantify metals and thus can only be used to determine the release rate of metallic or
organometallic biocides. As the XRF is not able to determine the chemical speciation of metals, it
cannot, for example, differentiate between copper pyrithione and Cu2O. The XRF will only measure the
total Cu concentration in the paint. The same is true for ZnO and zinc pyrithione. Nevertheless, as
Cu2O is typically the only form of copper in most AF paints today, the XRF method could be used for
the majority of current products on the market. As AF coatings contain a large amount of metals, able
to absorb the fluorescent secondary X-rays, the response range of the XRF is only linear up to 40µm.
Another requirement for the XRF is therefore that samples be <40µm. The measurement must also be
performed directly on the flat surface of the paint. Areas covered with macrofouling such as barnacles
can therefore not be measured. When it comes to cost, the XRF method does not require any chemical
analyses, but it does require the one-time initial investment of the portable XRF analyzer. The
instrument must also be specifically calibrated for the measurement of metals in AF coatings. This
procedure could however be standardized.
The pros and cons of the methods discussed so far, as well as those of some additional methods that
have been less widely used, are presented in table 1.

4.2.

Comparison between methods

The XRF method was used to determine the in situ release rate of commercial AF paints in two
recreational marinas with different salinities (Appendix C). Static panels coated with five different
paints (Appendix C, Table 1) were immersed in Bullandö Marina on the Swedish East coast (salinity of
5 PSU) and Fiskebäck Marina on the Swedish West Coast (salinity of 14 PSU). Three of the paints (A,
B and C) were authorized for usage on the Swedish East coast whereas the other two (D and E) were
only authorized for usage on the Swedish West coast. The area concentration of the two metals were
measured before (at t=0) and after immersion. Several total immersion times were studied (t = 7, 15,
28, 56 and 84 days).
For the approval of the paints by the Swedish Chemicals Agency (KemI), release rates derived with
the standardized methods (rotating cylinder or CEPE calculation methods) were submitted. For
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Table 1. Overview of some available release rate methods.

Lab methods
Method

Field methods

ASTM/ISO rotating
cylindera

Dome

Principle

Triplicate painted cylinders are
immersed in artificial seawater
(ASW) (24-26 °C, 33-34‰,
pH 7.9-8.1). On measurement
days, cylinders are transferred
to a cylindrical tank with ASW
and rotated at 0.2m/sec for
up to 1 hour. Water samples
are collected and analyzed.
Measurements are carried out
2 times/week during a
minimum of 45 days.

Advantages

 Standardized method



Drawbacks

 Not designed to reflect
environmental release rates
 Does not account for
differences in environmental
exposure parameters
 Poor interlaboratory
reproducibility
 New method must be
developed for each new
biocide



Conditions

Dynamic

methodb

A closed recirculation
system
(polycarbonate
dome) is used to
measure the release
rate from immersed
ships or panels.
Water samples are
extracted over 1
hour.





Calculation methods

Chugoku Marine
Paint’s on-site
samplerc

XRF

methodd

ISO mass balance
methode

Polishing mass
balancec

A sampler consisting
of a plastic cylinder
with a motorized
paddle stirrer is
filled with ASW and
attached to the hull
in the dry-dock.
Water samples are
collected after 1
hour.

Painted panels are
exposed in the field. The
metal content (in µg/cm2)
of the coatings is
measured by XRF before
and after exposure
enabling the calculation of
the release rate. Dynamic
conditions could be
simulated by attaching
panels on vessel hulls.

Generic empirical
model based on data
obtained for the
release of copper and
organotin using the
ASTM/ISO rotation
cylinder methods.
Assumes an initial
higher release rate
during the first 14
days, followed by a
constant release rate.

Calculation of the
release rate from
the polishing rate
and the volume
fraction of biocide in
the paint. Yields the
theoretical average
release rate for the
biocide over the
entire lifetime of the
coating.

In situ exposure

 Handy-sized
device
 Potential for
standardization




In situ exposure
No chemical analyses
required
 Potential for
standardization

 Standardized method
 Inexpensive



Inexpensive

Expensive and
impractical
Not available for
all (mainly used
by the US Navy
and its associated
agencies)
Can only be used
during static
conditions



Requires drydocking as inwater
measurements
are not possible
Utilizes ASW which
is not
environmentally
realistic



 Requires reliable
input parameters
 Does not account for
differences in
environmental
exposure parameters



Only applicable
to polishing
paints
Does not account
for differences in
environmental
exposure
parameters

Dynamic

Static or dynamic

Static





Only metallic or
organometallic biocides
can be measured
Requires specific
instrumentation and
calibration
Dry film thickness must
be <40µm
Measurements cannot
be performed on panels
with macrofouling

-



-

ASTM D6442-06/ISO 15181:2007
Valkirs et al., 2003
c IMO, 2009
d Ytreberg et al. 2017; Appendix C
e ISO, 2010
a

b
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comparison with these rates, the average XRF release rates measured over the entire study period of
84 days (RR0-84) and the average XRF release rate over the time period during which the release was
the highest, i.e. between day 14 and 56 (RR14-56), were calculated. As salinity was found to have a
significant impact on the release of Cu and, for some of the paints, Zn, the in situ release rates
measured in Bullandö Marina were used for the comparison for the paints (A-C) authorized for usage
on the East coast. Similarly, the in situ release rates in Fiskebäck marina were used for the
comparison for the paints authorized for the Swedish West coast (D-E). The results are shown in
figure 3 of Appendix C. The comparison reveals that the corrected Tier 2 release rates, which were
used to gain authorization for most of the paints, underestimate the release rates of both Cu and Zn
several-fold. In fact, the Tier 1 release rates were found to be more comparable to the in situ rates.
The use of correction factors is therefore deemed inappropriate for Baltic Sea waters.
Additionally, the study revealed that the paints’ Cu2O content cannot be used to predict the Cu release
from the paints, not even for paints with the same release rate mechanism (ablative paints, in this
case). Hence, the use of the CEPE mass balance model which assumes that all paints leach in the
same way and where the release rates are more or less dictated by the paint’s biocidal loading, will
result in misleading release rates. The laboratory method is therefore preferable to the CEPE method
as the release rates generated with this method will reflect paint-specific properties. However, the
laboratory method cannot account for differences in environmental exposure parameters and the
results from the study emphasize the importance of determining release rate under field conditions
which reflect the future use of the product. Exposing the paints to such field conditions yields
representative release rates that can be used for more realistic environmental risk assessments. It is
therefore recommended that release rates be determined with the XRF method to improve the risk
assessment of AF paints.

5. Evaluation of MAMPEC performance
5.1.

MAMPEC modelling

For the environmental risk assessment, European member states utilize the modelling software
MAMPEC (Marine Antifoulant Model to Predict Environmental Concentrations) to predict the
concentrations of dissolved metals in marinas using the release rates provided by the manufacturer.
National marina scenarios tailored to reflect the environmental parameters of marinas in the individual
country can be used in the model.
In Sweden, there are two marina scenarios for AF paints for recreational vessels (Swedish Chemicals
Agency, 2014). One scenario is used for the Swedish East coast, with a lower salinity (6.1 PSU) and
the other one for the West coast, with a higher salinity (20.3 PSU). These two national scenarios were
used to perform environmental risk assessments using the XRF release rates obtained by us. The
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resulting PEC/PNEC ratios were found to be higher than those obtained during the risk assessments
performed by the competent authorities on the very same AF paints, where mostly tier 2 release rates
had been used. With the XRF release rates measured by us, ratios of between 1.5 and 4 were
obtained (fig. 4, Appendix C). As PEC/PNEC >1 indicates an unacceptable risk to the environment, it is
questionable whether the 5 studied paints would have gained product approval if the XRF release rates
had been used for the risk assessment.
The Swedish East coast marina MAMPEC model is tailored after Bullandö Marina which is a marina that
has been utilized for both the study of release rates in 2015 (Appendix C) and the measurement of
dissolved metals in 2016 (Appendix D) within BONUS CHANGE. The observed dissolved concentrations
of Cu and Zn were found to exceed the PNEC values during the boating season. As the goal of the
environmental risk assessment is to not allow products which would cause metal concentrations in
marina water to exceed the PNEC values, we wanted to investigate whether the MAMPEC model was
accurately predicting the environmental risk associated with the use of the products.

5.2.

Comparison with field data

5.2.1. Swedish case study (Bullandö Marina)
To assess whether the MAMPEC model is adequately reflecting the concentrations of dissolved Cu and
Zn in marina waters, the predicted concentrations from the Swedish East coast scenario were
compared to the field measurements made in Bullandö marina.
In 2016, there were 7 AF paints with individual registration numbers authorized for use on the
Swedish East coast. In MAMPEC, predicted environmental concentrations were determined with the
release rates for three of these paints (paints A, B and C in Appendix C). The default background
concentration of 0.69 µg Cu/L was added to the predicted concentrations, after applying a correction
factor of 0.92 as the Swedish scenarios assume that 8% of boats are out at sea (Swedish Chemicals
Agency, 2014). For Zn, no background concentration was added but the correction factor of 0.92 was
applied. Following this procedure and using the Tier 2 release rates for the three paints from the
paints’ product reports, dissolved concentration ranges of 1.0 - 1.4 µg Cu/L and 0.6 – 1.7 µg Zn/L
were obtained. When instead using the XRF release rates RR0-84, concentrations of 2.3 – 2.9 µg Cu/L
and 1.2 – 2.9 µg Zn/L were obtained. With RR14-56, concentrations of 2.5 – 3.4 µg Cu/L and 1.3 – 4.2
µg Zn/L were derived.
The dissolved concentrations of Cu and Zn were measured at Bullandö Marina at 12 occasions during
2016, before, during and after the boating season. The average dissolved Cu concentration during the
boating season (May – Sept) was 2.7 ± 0.7 µg Cu/L (fig. 3, Appendix D). Compared to this average,
the dissolved concentrations obtained using the Tier 2 release rates are too low. The concentrations
using RR0-84 and RR14-56 reflect on the other hand the measured concentrations much better. Hence,
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the “mismatch” between the observed field concentrations and those modelled in MAMPEC using the
Tier 2 release rates could be the result of the Tier 2 release rates underestimating the true
environmental release.
As no background concentration is added to the predicted Zn concentration in the Swedish scenario,
the average measured concentration of Zn at the Bullandö reference site was subtracted from the
concentration at Bullandö Marina, yielding an average concentration during the boating season (May –
Sept) of 5.8 ± 2.3 µg Zn/L. The predicted concentrations using the Tier 2 release rates are 3 – 10
times lower, than those measured in the marina. The “mismatch” observed for Zn could be due to a
combination of several factors. For one, the Tier 2 release rates are likely underestimating the true
release. However, using the XRF release rates instead increases the predicted concentrations, but they
are still below those observed in the marina. Thus, there may be additional causes to the wrongly
predicted concentrations. The MAMPEC input parameters regarding the element properties (e.g. Kd,
solubility) may be incorrect and/or there may be additional sources of Zn to the marina waters.
Leaching of contaminants from the nearby boatyard soil is, for instance, a possible additional source of
Zn.

5.2.2. Finnish case study (Porta Marina)
In Finland, there is only one marina scenario, modelled after Uittamo Marina in Turku (4.6 PSU, 226
boats, water volume of 129,360 m3). The predicted concentrations of Cu and Zn using this scenario
were compared to those measured in Porta Marina located in Pargas municipality, just outside of
Turku (fig. 1, Appendix D). Porta Marina has 330 berths and, assuming an average depth of 2 m, its
water volume is estimated to be 281,900 m3. The ratio of water volume to number of boats of 854 is
therefore higher than that of 572 in the Finnish MAMPEC scenario. As water exchange volumes may
also differ between the two, one should be aware that the comparison here is not a direct one. For the
Finnish MAMPEC scenario, no default background correction for Cu is suggested. Thus, the average Cu
concentration of 1.1 µg Cu/L measured at the Finnish reference site was used as the background
concentration. Just as for the Swedish scenario, no Zn background correction is applied. No correction
factor for boats being out at sea is applied for either element as the Finnish scenario already accounts
for this phenomena directly in the scenario: Uittamo Marina has 250 berths but only the load from 226
boats is predicted as roughly 10% of boats are assumed to be out at sea (Finnish Environment
Institute, 2003).
There are a total of 27 approved AF paints for amateur use on the Finnish market and these are
distributed over 13 unique registration numbers (Finnish Safety and et al., 2017). Within BONUS
CHANGE, the XRF release rates were determined for at a salinity (5.1 PSU) similar to that of the
Finnish MAMPEC marina (4.6 PSU), for 5 paints sold on the Swedish market. Some of these paints are
the same, or have very similar properties, as paints marketed in Finland. For four of the five paints,
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equivalent Finnish versions could be found (Table 2). The release rates from these paints (A, B, D and
E) were therefore used for this comparison.
Table 2. List of the 5 Swedish paints for which the in situ release rates in Swedish marinas were determined within
BONUS CHANGE (Appendix C) and their Finnish equivalents.
Swedish Paints

Finnish Paints

Product name

KemI
registration
number

Active
substances
(weight %)

Product name

TUKES
registration
number

Active
substances
(weight %)

Mille Light Copper
(Paint A)

5039

6.9% Cu2O

Hempel's Mille Light
Copper 71430

TUKES-2016-AF-002

7.3% Cu2O

Biltema Antifouling BS
(Paint B)

5149

7.5% Cu2O

Biltema Antifouling
Baltic

TUKES-2016-AF-004

7.3% Cu2O

Cruiser One
(Paint C)

5001

8.5% Cu2O

No Finnish equivalent

Biltema Antifouling
(Paint D)

4943

13% Cu2O

Biltema Antifouling

TUKES-2015-AF-003

13% Cu2O

Mille Xtra
(Paint E)

4595

34.6% Cu2O

Hempel's Mille Xtra

TUKES-2015-AF-009

32-35% Cu2O

Using the Tier 2 release rates, the following predicted dissolved concentration ranges were obtained:
1.3 – 2.1 µg Cu/L and 0.3 – 0.4 µg Zn/L (note that Tier 2 release rates for Zn were only available for
paints A and B). With RR0-84, the predicted concentration ranges are: 2.1 – 3.0 µg Cu/L and 0.6 – 1.5
µg Zn/L. Finally, with RR14-56, concentrations of 2.4 – 3.9 µg Cu/L and 0.6 – 2.1 µg Zn/L were
obtained.
The dissolved concentrations of Cu and Zn were only measured at one occasion (July) in Porta Marina
during the boating 2016. For Cu, the measured concentrations was 2.6 µg Cu/L which is higher than
that obtained with the Tier 2 release rates. This concentration falls however well within the predicted
ranges using RR0-84 or RR14-56. For Zn, the background concentration measured at the Finnish
reference site was subtracted, yielded a concentration of 3.0 µg Zn/L. This is higher than the predicted
concentrations for any of the different release rates. These findings are the same as those found with
the Swedish scenario.

5.3.

Effect on speciation

In Bullandö Marina, the effect of AF paint on the speciation on Cu and Zn was also investigated.
Passive samplers were deployed before, during and after the boating season to determine the
concentration of bioavailable metals (Appendix D). The concentrations of bioavailable Cu and Zn were
found to follow the same pattern as total dissolved Cu and Zn, with low levels before any boats were
launched, increased concentrations during the boating season and decreased concentrations as boats
were retrieved from the water for winter storage (fig. 3, Appendix D). However, the proportion of the
total dissolved metals which were in bioavailable form was found to be altered during the boating
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season (May-Sept). More specifically, the fraction of bioavailable Cu was found to increase from 22%
to 48% of the total dissolved Cu (fig. 5, Appendix D). The fraction of bioavailable Zn was also found to
increase from 42% to 108% of the total dissolved Zn (fig. 6, Appendix D). Hence, not only does the
use of AF paints increase the concentration of total dissolved metals, but it also affects the speciation
with a larger portion of the metals present in bioavailable form.

6. Importance of additional sources
6.1.

Input from contaminated boatyard soil

During hull maintenance activities such as water blasting, scraping, and sanding, antifouling paint
particles are shed and consequently pollute the soil (Eklund et al., 2014). Unless collected and
disposed of appropriately, paint particles end up on the ground where they can leach metals to runoff
and ground water (Jessop and Turner, 2011).
A study investigating the correlation between land use and metal concentrations of Cu and Zn in
surface soil at boatyards concluded that the vast majority (>90 %) of the amounts of Cu and Zn were
concentrated in areas of the boatyards specifically used for boat maintenance (Lagerström et al.,
2016). Hence, this study was able to directly link the practice of e.g. scraping, sanding, and washing
of boat hulls over unprotected grounds to the metal pollution of the soil. The study also found that the
level of pollution of the boat storage areas increases with the age of operation.
A compilation of the soil contamination in 34 Swedish coastal boatyards revealed high concentrations
of metals, often exceeding the Swedish national guideline values several fold (Eklund and Eklund,
2014). A similar compilation was carried out within BONUS CHANGE for Finnish boatyards (Appendix
E). The study found that investigations of soil pollution at Finnish boatyards were scarce and difficult
to get hold of. Only 4 surveys of surface soil concentrations, all carried out in boatyards between 2003
and 2013, were found. Concentrations as high as 2230 mg Cu/kg and 4765 mg Zn/kg were measured
at these 4 boatyards. These values can be compared to the Finnish national guideline value for
industrial land use of 200 mg Cu/kg and 400 mg Zn/kg. Elevated concentrations of lead, cadmium and
TBT were also reported.
The load of hazardous substances that may be leached from the soil to the marina was investigated in
Porta Marina in Finland (Appendix D). The leaching was studied using a dynamic batch leaching tests
that represents a worst-case leaching scenario. The potential contribution from soil to the marina
waters is presented in section 6.3. along with its relative importance compared to all other sources.
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6.2.

Input from high-pressure hosing maintenance work

During high-pressure hosing of boat hulls, paint particles are being removed from the boat hulls. Such
particles contain even larger amounts of metals, compared to what normally leaches through
hydrolysis of the paint. These particles are persistent and may thus represent a long-term risk for
biota (Turner, 2010). Hence, the aim of this work (Appendix F) was to develop a method that can be
used for estimating the particle emissions of Cu and Zn from AF paints during high-pressure hosing of
boats.
Polymethyl methacrylate (PMMA) panels (15 x 15 cm) were coated with a suitable primer and painted
with several AF paints containing different Cu concentrations (table 3). Two layers of paint were
applied with a roller on each panel (total painted area 225 cm2). These panels were then aged in two
different ways:


During 5 months (in 2015), both in low and high salinity marinas, representing the conditions
for the East and West coast of Sweden, respectively.



During 5 weeks (in 2016) in Göta Älv (Lindholmen), Gothenburg.

The painted panels were placed at 1 m depth in the marinas. At the end of the aging period, four
panels coated with each paint were collected from 6 marinas in 2015, whereas 30 panels/paint were
collected from the 2016 experiment. The panels were brought into the laboratory and washed with
high pressure water (KEW 30CA Compact I, max 150 bar working pressure) in a galvanized steel
cabinet containing several filters, in order to capture the particles resulting from washing. The filters
were dried and the particles were removed, weighed and analyzed using a Thermo Scientific Niton
XL3t GOLDD+ XRF instrument. The XRF measurements were confirmed with chemical analysis using
ICP-OES (inductively coupled plasma optical emission spectrometry). More details on the experimental
setup are found in Appendix F.
Table 3. Copper (I) oxide and zinc oxide content of the paints used in this study.
Paint

Authorized area
of use

Cu2O
(weight %)

ZnO
(weight %)

Mille Light Copper (Paint A)

East coast

6.9

10-25

Biltema Antifouling BS (Paint B)

East coast

7.5

20-25

Cruiser one (Paint C)

East & West coast

8.54

10-25

Biltema Antifouling (Paint D)

West coast

13

15-20

Jotun Nonstop VK (only used for 5 weeks aging)

West coast

22

10-25

Mille Xtra (Paint E)

West coast

34.6

10-25

There was a clear effect of aging time on the emission of Cu. For example, the East coast paints
(Biltema Antifouling BS and Mille Light Copper) had 5-7 fold larger emissions of Cu after 5 months in
high salinity, compared to 5 weeks (fig. 5A and 6A).
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A

B

Figure 5. Emissions of Cu (A) and Zn (B) from painted panels aged for 5 weeks in Lindholmen. Note the different
scales on the y-axes.

In general, the emissions of Cu from high-pressure hosing of the panels were the highest in the paints
with the highest Cu2O content. For the East coast paints, the emissions of Zn were generally two fold
larger than those of Cu, which can be explained by the larger content of ZnO, than Cu2O.
The effect of aging at different salinities on Cu emission was not consistent across paints. For instance,
no difference was found for Biltema Antifouling BS and Mille Light Cu, between panels aged in low and
high salinity (fig. 6). However, the panels coated with Biltema Antifouling and Mille Xtra had 10 fold
and 2 fold higher emissions of Cu when aged in low salinity, compared to high salinity.
A boat with a hull area of 20 m2 coated with paint aged during a whole boating season (5 months) was
calculated to have a median emission of 1.7 (East coast marinas) and 1.4 (West coast marinas) g Cu
through the discharge of paint particles during high-pressure hosing. Similarly, median emissions of
1.9 (East coast marinas) and 1.5 (West coast marinas) g Zn were calculated. The concentrations of Cu
and Zn in sludge (consisting of paint flakes and removed fouling) collected from Swedish marina wash
pads in 2011-2012 have been studied previously (Ytreberg, 2012). The measured median
concentrations at East coast and West coast marinas were 3.2 and 27.1 g Cu/vessel, respectively. For
Zn, the median concentrations were 27.4 (East coast) and 11.4 (West coast) g Zn/vessel. The Cu and
Zn loads estimated in the current study are therefore lower than those measured in wash pads. This
could be due to the fact that the equipment used for this study had a lower pressure than that of
professional pressure washers. The developed method proved however to be a reliable and
reproducible (see ‘Repeated Experiments’ in Appendix F) procedure for estimating the loads of metals
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in particles detached from painted hulls (in particular for paints with up to 12 % Cu2O). Further
improvements are however needed for more accurate Zn measurements, possibly by increasing the
amount of particles (e.g. > 1g).

A

B

Figure 6. Emissions of Cu from painted panels aged for 5 months in 6 different marinas, at low (A) and high (B)
salinity. Note the different scales on the y-axes.

6.3.

Relative importance of sources to the water phase

Porta Marina is here used as a case study for the relative importance of all considered sources of Cu
and Zn to the marina water from the use of antifouling paints. For the calculation of a worst-case
scenario the following data and assumptions were used for the different sources:


Leaching from submerged boat hulls: the load of the two metals through passive leaching
from immersed boat hulls in the marina over the course of a boating season was estimated.
By using the statistics on the size distribution of Finnish pleasured boats and their
corresponding wetted surface area, which is also used as a basis for the Finnish MAMPEC
scenario (Finnish Environment Institute, 2003), the total hull area of the around 330 berthed
vessels at Porta Marina was estimated to 6,557 m2. Boats were assumed to be immersed for
153 days, and, for a worst-case scenario, the highest release rates in Appendix C measured at
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a salinity of 5 PSU were used. The total load of metals from the hulls was estimated to 50.2 kg
Cu and 99.7 kg Zn.


Input from contaminated soil: the load of easily mobilized metals at Porta Marina per year,
as determined through leaching tests (see Appendix D for details), were estimated to 0.8 kg
Cu and 5.0 kg Zn.



Input from high-pressure hosing: the Cu and Zn loads per boat, as estimated based on
the worst-case measured Cu and Zn in the sludge and hosing water from wash pads in 2011
and 2012 for marinas on the Swedish East and West coast (Ytreberg, 2012) were used.

Two scenarios were considered (fig. 7):
Scenario A (without wash pad): this scenario assumes that boats are high-pressure washed over the
slip at the end of the boating season and that all the material and hosing water from the highpressure hosing ends up directly in the marina water. Hosing water concentrations measured after the
one-step water filtration of wash pads by Ytreberg, 2012 were used for this scenario.
Scenario B (with wash pad): this scenario assumes that all particles are collected in the wash pad and
that the hosing water is passed through a two-step water filtration system.

Scenario A

69 kg/yr

128 kg/yr

Scenario B

51 kg/yr

105 kg/yr

Figure 7. Relative importance of sources of Cu and Zn to the marina waters of Porta Marina in Finland according to
the worst-case scenarios A (without wash pad) and B (with wash pad).
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Porta Marina installed a wash pad in the marina in 2015 and the results show that this effort may have
reduced the total load of Cu and Zn by 26% and 18%, respectively. In scenario B (with wash pad),
the direct leaching from the hulls is the single largest source of both metals to marina waters. The
results also show that the load of Zn is about twice the size of that of Cu. This is due to the fact that
Zn is emitted at higher rates from the paints: for the 4 paints with Finnish equivalents (table 2), the
Zn release rates are on average 2.5 times higher than the Cu release rates.
Although the soil was not found to contribute substantially to the Cu and Zn load to marina waters at
Porta Marina, the high level of soil pollution which is typically found at boatyards is still a matter of
concern, not only for human health but also for its potential toxicity to soil living organisms. Especially
as the boatyard soil may contain other metals and substances such as lead, cadmium and organotin
compounds, which were not investigated here.

7. Towards more sustainable antifouling paints
The main source of Cu and Zn to the case study site of Porta Marina was found to be the passive
leaching of AF paints from the immersed boat hulls (section 6.3). Hence, a paint’s release rate will
mainly dictate the product’s environmental impact. The XRF release rate method utilized within
BONUS CHANGE is therefore very useful in order to accurately estimate the environmental risk
associated with the used of individual products. It can also be used to identify parameters that are key
to the release of Cu and Zn and therefore help with product development and product optimization. As
already described, salinity is such a parameter which was studied in Appendix C (see section 4.2). An
additional example is another study within BONUS CHANGE where the effect of varying Cu2O and ZnO
concentrations in the AF paint on the release rates of Cu and Zn was studied (Appendix G). Cu2O was
added to a generic AF paint base in 0, 8.5, 11.7 or 16.3 weight-% Cu in combination with 0, 10 or 20
weight-% ZnO. The XRF method was then used to determine the in situ release rate in Fiskebäck
Marina, Gothenburg, over 84 days. The results show that ZnO governed the release of Cu from the
paint as the paint formulations without any added ZnO were found to yield much lower Cu releases.
Additionally, all Cu2O formulations were successful in deterring macrofouling over the 84 day study
period, including the treatment with the lowest Cu release rate.
The study in Appendix G exemplifies how the XRF release rate method could be used to develop more
sustainable paints. Through measurement of field release rates, the XRF method allows the
identification of the minimum release of Cu which is necessary to avoid fouling in different
geographical areas. This enables the design of AF paints that are efficient against fouling while at the
same time minimizing unnecessary environmental impact on non-target species.
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8. Conclusions
The findings of the studies carried out within BONUS CHANGE conclude that banned organotin
compounds are still found on leisure boats navigating the Baltic Sea. The XRF screening method for tin
on boat hulls is however a useful tool to identify such boats. The XRF screening method also revealed
an unnecessary overuse of Cu as well as differences in Cu concentrations between countries, reflecting
differences in legislation. It is therefore suggested that common efforts be made to harmonize the
legislation and the AF practices in the countries surrounding the Baltic Sea.
Through the determination of field release rates of Cu and Zn from AF paints using the quantitative
XRF method, substantial shortcomings of the current standardized release rate methods, i.e. the
rotating cylinder and the CEPE mass balance equation, were revealed. For one, the use of the default
correction (reduction) factors for Tier 2 assessments was found to be inappropriate. Additionally,
release rates were found to be significantly affected by site-specific parameters (e.g. salinity). The
release rate behavior was also found to be paint-specific, revealing the unsuitability of applying one
release rate prediction model such as the CEPE mass balance equation for all types of AF paints,
regardless of binder type. The findings highlight the need for the derivation of both condition-specific
(with conditions reflecting the intended use of the product) and paint-specific release rates for more
realistic environmental risk assessments. It is therefore recommended that release rates be
determined with the XRF method.
Comparison with field measurements of dissolved Cu and Zn in Swedish and Finnish marinas show
that the use of corrected (Tier 2) release rates in the national MAMPEC scenarios leads to
underestimated predicted concentrations. Using the XRF release rates yielded instead predicted
concentrations that were more realistic. This confirms the previous findings which showed that Tier 2
release rates are underestimating the true release. Field measurements in the marinas also showed
that the leaching from AF paints during the boating season affects the metal speciation in the marina
water, with a larger proportion of Cu and Zn in bioavailable form.
The relative importance of all sources to the water phase, i.e. hull leaching, boatyard soil and highpressure hosing maintenance, was examined through the case study of Porta Marina in Finland. The
leaching from hulls when in the sea was identified as the most important contributor (>70%) to the
load of both Cu and Zn to the marina waters. Emission of particles during high-pressure hosing were
found to be the second-most important contributor (~ 20%) whereas high-pressure hosing water and
runoff from boatyard soil were found to be minor sources (< 10%). If a wash pad with 2-step water
filtration system is used, the leaching from AF paints account for 95 and 98% of the load of Cu and
Zn, respectively. Hence, the largest contribution from AF paints to the water is determined to be the
direct leaching of metals from the hulls when the boat is in the sea. In conclusion, the single most
important parameter to consider in order to adequately assess the risk posed by the use of current
products on the aquatic environment is the release rate.
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Despite their ban on small vessels in 1989 in the EU, organotin compounds (OTCs) are still being released
into the environment due to their presence in historic paint layers on leisure boats. 23 paint samples
scraped from recreational boats from three countries around the Baltic Sea were analyzed for total tin
(Sn) and OTCs. Two antifouling paint products were also subjected to the same analyses. A new method
for the detection of Sn in paint ﬂake samples was developed and found to yield more accurate results
compared to four different acid digestion methods. A new method was also developed for the extraction
of OTCs from ground paint ﬂakes. This endeavor revealed that existing methods for organotin analysis of
sediment may not have full recoveries of OTCs if paint ﬂakes are present in the sample. The hull paint
samples had Sn concentrations ranging from 25 to 18,000 mg/kg paint and results showed that tributyltin (TBT) was detected in all samples with concentrations as high as 4.7 g (as Sn)/kg paint. TBT was
however not always the major OTC. Triphenyltin (TPhT) was abundant in many samples, especially in
those originating from Finland. Several other compounds such as monobutyltin (MBT), dibutyltin (DBT),
tetrabutyltin (TeBT), monophenyltin (MPhT) and diphenyltin (DPhT) were also detected. These could be
the result of degradation occurring on the hull or of impurities in the paint products as they were also
identiﬁed in the two analyzed paint products. A linear correlation (r2 ¼ 0.934) was found between the
total tin content and the sum of all detected OTCs. The detection of tin can therefore be used to indicate
the presence of OTCs on leisure boats.
© 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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1. Introduction
With their introduction in the 1960's, antifouling paints containing organotin compounds (OTCs) such as tributyltin (TBT) and
triphenyltin (TPhT) became widely popular for application on ship
hulls due to their high efﬁciency in preventing biofouling (Yebra
et al., 2004). In the 1980's, severe adverse environmental effects
were discovered, consequently leading to their ban (Abel et al.,
1996). In the EU, organotin paints were ﬁrstly banned on boats
<25 m in 1989 (Directive 89/677/EEC), followed by a prohibition of
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OTCs in antifouling paints in the EU in 2003 (Directive 2002/62/EC)
and an international ban for ships by January 1, 2008 by the International Maritime Organization (IMO, 2001).
Despite the nearly 30 year old ban on leisure boats, there are
ample investigations in Sweden showing that OTCs are still being
released into the environment from historic paint layers on the
hulls. This has been observed as fresh inputs to surface sediments in
leisure boat harbours (Eklund et al., 2008, 2009, 2012), high concentrations of TBT in the collected sludge and outgoing water from
wash pads (Ytreberg, 2012) and in sediments of collection basins of
boat brushers (Eklund et al., 2008). Similar observations have also
been made in other EU countries. OTCs have, for example, been
detected in the wash water of a boat washing pad in Turku, Finland
(Haaksi and Gustafsson, 2016). Turner et al. (2015). also report the
detection of Sn, as an indicator for OTCs, in paint ﬂakes collected
from slipways and abandoned boats in England, Malta and Greece.
The presence of old organotin paint layers on boats in the EU is the
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result of the legislation that was passed, requiring that the organotin paint be either removed or “bear a coating that forms a barrier to such compounds leaching from the underlying noncompliant antifouling system” (EU, 2003). The cited studies give
evidence that many boat owners decided not to remove the organotin paint or that they were not successfully sealed. As TBT has
been identiﬁed as a priority hazardous substance by the European
Commission (Directive, 2000/60/EC) and should therefore be
removed from the environment as soon as possible, it is important
to address these sources.
Two different types of organotin coatings have been used historically: the early “conventional” also known as “free association”
paints, introduced in the 1960's, and “self-polishing copolymer”
paints, introduced in 1974 (Omae, 2003). In the free-association
paints, the biocide is simply mixed into the paint and will leach
freely from the paint matrix through diffusion. The lifetime of such
paints was about 2 years, with biocides leaching exponentially with
time (Champ et al., 1996). Due to their high and uncontrollable
leaching rates, free association paints were the ﬁrst to be banned in
some European countries prior to the total ban on leisure boats
<25 m in 1989 (Abel et al., 1996). The self-polishing coatings
introduced during the 70's had several advantages over to the
conventional paints. In these paints, the organotin is bound to a
polymer, typically methyl methacrylate, through ester bonds which
are hydrolyzed in seawater, leading to a controlled and constant
release of the biocide from the paint ﬁlm. As the outmost layer is
depleted of biocides, it is eroded by the seawater, exposing a fresh
layer of paint (Almeida et al., 2007). With paint lifetimes of 5 years
or more, the self-polishing paints became widely popular
(Anderson, 2000). Free association paints were however still
commonly sold on the antifouling market: the products registry
from Sweden shows that only 10 out of 39 organotin paints were of
the copolymer type in 1987 (Linden, 1987). The principal OTCs used
in the free association paints were bis-tributyltin oxide (TBTO) and
tributyltin ﬂuoride (TBTF) and, to a lesser extent triphenyltin derivatives such as TPhTF, TPhTCl and TPhTOH (Yebra et al., 2004;
Omae, 2003; Lapp, 1976; Bennett, 1996). TPhT is on the other
hand reported to have been more commonly used in Japan
(Bennett, 1996; Blunden et al., 1987). For the self-polishing paints,
TBTO was used for the production of the TBT copolymer (Bennett,
1996). No references to any organotins other than TBT for the use
in self-polishing paints have been found. Sweden implemented
restrictions in 1987 on the organotin content of antifouling paints,
amongst others for copolymer TPhT paints (Linden, 1987). This
suggests that such paints may also have existed on the market,
although probably used to a lesser extent. Apart from organotin
paints, OTCs may also be present in certain biocide-free silicone
paints. The use of dibutyltin laureate as a catalyst during their
production has led to the detection of low levels of DBT in the paint
along with impurities of MBT and TBT (Watermann et al., 1997,
2005).
A method using XRF-technology (X-Ray Fluorescence) enables
the detection of Sn through non-destructive measurements directly
on leisure boat hulls (Ytreberg et al., 2015). Measurements on
nearly 700 leisure boat hulls in Sweden showed that Sn was
detected on the majority of the boats, with 10% having signiﬁcant
concentrations (>400 mg/cm2) (Ytreberg et al., 2016). However, the
XRF method will only provide the total Sn concentration and does
not give any information about the speciation. Thus, the aim of the
present study was to develop new analytical methods for total Sn
and OTCs in paint ﬂakes, and to investigate how much of the total
Sn on leisure boats is in the form of OTCs and which species that
could be present on the hulls. Though the literature suggests that
the main organotin specie used in antifouling paint was TBT, other
organotin species could also be present.

2. Materials and methods
2.1. Sample collection and preparation
Paint samples were scraped from the hulls of 23 leisure boats in
Sweden, Finland and Germany and collected in zip-bags. Roughly 1/
3 of the sampled boats were abandoned and were sampled prior to
scrapping whilst the other boats were actively used (Table SI 3 in
the Supplemental Information). All of the boats had multiple layers
of antifouling paint. Two paint cans of old organotin antifouling
paints manufactured by Hempel and International (samples 24 and
25) were also analyzed. In order to increase the sample surface and
therefore the extraction efﬁciency for both the total Sn and OTC
determinations, the collected paint ﬂakes as well as dried aliquots
of the two antifouling products were ground in a ball mill (Fritsch
Pulverisette) and sieved (100 mm) to produce a ﬁne and homogenous powder subsequent to analysis. In addition, a sediment
sample (sample 26) from the collection basin located under a boat
brusher in Stockholm, Sweden was also ground and analyzed. A
boat brusher is a boat scrubbing machine placed in the water,
allowing cleaning of the hull through the action of rotating brushes
without having to lift the boat out of the water. The sample 26 was
collected after one boating season (5 months) and approximately
600 boat hulls had been washed during this time period. Visually,
the sample appeared to contain a lot of paint particles.
2.2. Determination of total tin
For the determination of total Sn in the paint powders, 4
different acid digestion methods followed by chemical analysis on
ICP-MS were evaluated for their efﬁciency. 3 of the paint powder
samples were sent to an accredited laboratory (ALS Scandinavia
AB) for acid digestion according to: 1) HNO3/H2O2 microwave
digestion, 2) HNO3/H2O2/HF microwave digestion, 3) Aqua regia
digestion in a heating block and 4) HCl/HNO3/HF digestion in a
heating block. A method to analyze the total Sn concentration on a
Field Portable X-Ray Fluorescence spectrometer (FPXRF, Innov-X
DELTA-50 FPXRF, Olympus, equipped with a 4 W, 50 kV X-ray
tube) was also developed. A series of 6 paint powder standards
with Sn concentrations ranging from 0 to 15,000 mg/kg were
prepared by mixing different amounts of pure Sn powder (99%,
<10 mm, Sigma-Aldrich) into aliquots of a commercially available
antifouling paint for leisure boats (Biltema, Antifouling BS,
#30e634). The aliquots were left to dry, followed by scraping,
grounding and sieving (100 mm). The ﬁnal powders were
collected in polyethylene zip-bags for measurement on the FPXRF.
The total Sn content was determined by ALS Scandinavia AB according to Method 4 described above. A calibration curve for Sn
(emission line Ka) was subsequently generated on the FPXRF. The
curve obtained showed a linear response with an excellent ﬁt
(r2 ¼ 1.000) and the detection limit of the method was determined
to 20 mg/kg (Fig. SI 1). The hull paint samples were measured 3
times each, directly in their zip-bags, with repositioning of the bag
between each XRF measurement.
2.3. Determination of organotin compounds
Two different methods were evaluated with regards to the
extraction efﬁciency of OTCs. Determination of OTCs was performed following the accredited sediment analytical method
developed at Aarhus University (Jacobsen et al., 1997; Strand et al.,
2003), hereon after referred to as the “Sediment Method”. 50 mg of
paint powder was extracted in 5 mL of hydrochloric acid (1 M) for
30 min in an ultrasonic bath. 0.5 mL of a sodium acetate buffer (20%
w/v) was added and the pH adjusted to 5 with drop-wise additions
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of sodium hyroxide or hydrochloric acid., This was followed by in
situ derivatization with sodium tetraethylborate and extraction
using pentane. The pentane phase was collected after centrifugation. The derivatization step was then repeated once more and the
collected pentane phases were pooled. Tripropyltin (TPrT) in
methanol was added to the paint powder as the internal standard
prior to the extraction. To improve the extraction efﬁciency, a
modiﬁed method (hereon after referred to as the “Modiﬁed
Method”) was developed where a pre-extraction step was added to
the Sediment Method. An organic solvent mixture, whose formulation was inspired by those of commercially available cellulose
thinners, was used for this pre-extraction step and constituted of
75% (v/v) toluene, 20% (v/v) acetone and 5% (v/v) 2-propanol. 3 mL
of the mixture was added to the 50 mg of ground paint ﬂakes and
the samples were ultrasonicated for 30 min, after which the procedure for the Sediment Method was followed. All samples were
analyzed for the following OTCs: monobutyltin, dibutyltin, tributyltin, monophenyltin, diphenyltin, triphenyltin, monooctyltin
(MOcT) and dioctyltin (DOcT). Organotin determination was performed with a Varian CP-3800 gas chromatograph equipped with a
Varian 1177 split/splitless injector and a dual channel pulsed ﬂame
photometer detector (GCeDC-PFPD). Separation was performed
with a silica column ZB-5 from Zebron of 30 m length, 0.25 mm i.d.
and 0.25 mm ﬁlm thickness, using He as a carrier gas. 1 ml sample
extracts were introduced into the 220  C quartz frit splitter lined
injector, operated splitless for 1 min. The detector was set to 350  C
with a BG-12 colour ﬁlter with sampling delay and sampling width
set to 4.0 ms and 11.0 ms in channel A and 3.0 ms and 4.0 ms in
channel B without the square root mode enabling to distinguish
peaks assigned to Sn containing compounds from phosphorus and
sulfur containing compounds. The column temperature program
consisted of the following intervals: 60  C for 3 min, an increase to
150  C after 16 min and then an increase to 270  C after 22 min and
kept until 30 min, followed by a quick increase to 340  C that was
kept until the end of the program at 37 min. Limits of detection
were determined to 5e10 mg Sn/kg, depending on the organotin
(Table SI 1). Satisfactory performance according to both methods
was validated with a certiﬁed reference material (BCR-646) for
sediment (Table SI 1).
A comparison of the extraction efﬁciency between the two
methods with regards to antifouling paint was carried out by
extracting 3 paint powder samples (samples 4, 7 and 9) in triplicates according to both procedures. Differences between treatments were tested for statistical signiﬁcance at a ¼ 0.05 using ttests. The same 3 samples were also used to test if repeating the
pre-extraction step from the Modiﬁed Method would improve the
recovery of organotins. For this test, the pre-extraction step was
carried out 1, 2 or 3 times, with the solvent mixture removed between each extraction. After the ﬁnal repetition, the extracted
liquid phases were pooled together before continuing with the
regular procedure of the Modiﬁed Method. All samples were again
extracted in triplicates. One-way ANOVAs with post hoc testing
(Tukey HSD) were performed (a ¼ 0.05) to assess for statistical
differences.
In order to compare the Modiﬁed Method to another organotin
method for sediments, the ground sediment sample from the boat
brusher basin (sample 26) was analyzed by ALS Scandinavia AB,
accredited for organotin analysis in soil, sludge and sediment according to the standardized method ISO 23161:2011 (EN ISO,
2011). With the ISO 23161:2011 method, there is the option to
subject the sample to either to acidic (1:1:1 mixture of acetic
acid:methanol:water) or alkaline (25% potassium hydroxide in
methanol) extraction. The acidic extraction was utilized for this
sample.
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2.4. Quantiﬁcation of unidentiﬁed organotin compounds
Post-analysis, several unidentiﬁed peaks of signiﬁcant size were
discovered in the chromatograms (Fig. SI 2). These were identiﬁed
as potential OTCs, ﬁrstly, given their characteristic tailing peak
shape, which is the result of the formation of tin-oxides during the
combustion (Jacobsen et al., 1997; Mueller, 1984). Secondly, to rule
out the peaks being sulfur- or phosphorus-containing contaminants which are a common problem for organotin analysis
(Staniszewska et al., 2008; Bravo et al., 2004), the peak height ratios
to the internal standard measured at both channels of the GC-PFPD
were compared. The good agreement suggested that there was
good evidence that the unidentiﬁed peaks were OTCs. 8 different
unidentiﬁed OTCs (labeled U1 to U8) were found to be present in
many of the samples and/or contribute signiﬁcantly to the total
content of OTCs. The retention times of all compounds are listed in
Table SI 2 of the Supplemental Information. In order to quantify
U1eU8 approximately, a second degree polynomial curve was
ﬁtted to a plot of the retention time vs the response factor for the
standard OTCs (r2  0.9). An approximate response factor for the
unidentiﬁed compounds was then calculated based on their
retention times. Standards of tetramethyltin, tetraethyltin, tetrapropyltin, TeBT and tetraphenyltin (TePhT) were injected on the GC
to see if their retention times could match any of the unidentiﬁed
peaks. Only one match was found: U5 was identiﬁed as TeBT.
3. Results and discussion
3.1. Total tin content
The total Sn concentrations of three paint samples (samples 5, 7
and 9) were determined by four different acid digestion methods
(Table 1). Method 1 was found to be the least successful as it
resulted in the lowest concentrations for all samples. It is therefore
not considered in the continued discussion. The remaining three
methods yielded similar concentrations for two out of three samples (samples 7 and 9). However, a quite large variation between
the methods is observed for sample 5. The concentrations for this
sample ranged from 151 to 232 mg Sn/kg, i.e. a 54% difference between the lowest and highest concentration. The extraction degree
of total Sn therefore seemed to vary from sample to sample. Residues of material were reported post-digestion for all acid digestion
methods evaluated here. Due to paint consisting of a complex
matrix of solvents, additives and pigments with varying chemical
properties, it is difﬁcult to solubilize completely through wet
digestion techniques (Silva et al., 2016). Turner et al. (2015).
digested paint ﬂakes in aqua regia and compared the concentrations of Sn with those obtained through screening by FPXRF using
the factory-installed “plastics mode” of the instrument. For some
samples they found that the FPXRF yielded higher values than the
chemical analysis and suspected this was the result of incomplete
dissolution of the paint samples during acid digestion. Furthermore, they also hypothesized that it may be more difﬁcult to fully
extract Sn through acid digestion if it is bound to polymers in the
paint (see further discussion about types of organotin paints
manufactured). To avoid these issues, a method to measure the
total Sn in paint ﬂakes by FPXRF was developed (see 2.2 M & M).
Compared to the highest achieved concentrations from the chemical analysis, the XRF method yielded a similar concentration for
sample 9, but 40e50% higher concentrations for samples 5 and 7
(Table 1). These results show that the measurement of total Sn in
paint samples through chemical analysis may substantially underestimate the Sn concentrations. FPXRF measurements are not
affected by the speciation of Sn and do not require solubilization of
the sample to achieve an accurate measurement and is therefore a
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Table 1
Total Sn concentrations (mg/kg dw) in 3 selected paint powder samples. Four different digestion methods were tested: HNO3/H2O2 microwave digestion (Method 1), HNO3/
H2O2/HF microwave digestion (Method 2), Aqua regia digestion in a heating block (Method 3) and HCl/HNO3/HF digestion in a heating block (Method 4). The results from the
measurements with the FPXRF (average of 3 measurements) are shown in the last column.
Sample #

Method 1 HNO3/H2O2

Method 2 HNO3/H2O2/HF

Method 3 Aqua regia

Method 4 HCl/HNO3/HF

FPXRF (n ¼ 3)

5
7
9

140
1530
64.3

169
4670
106

151
5340
114

232
4840
103

351
7553
102

more suitable analysis method. Thus, all antifouling paint samples
(n ¼ 25) were analyzed for total Sn concentration according to this
method (Table SI 3). With the exception of samples close to the
detection limit of 20 mg/kg (samples 1 and 2), the precision of the
triplicate measurements was 7%, indicating a high degree of homogeneity. The samples spanned over a wide range of total Sn
concentrations from 25 to 18,214 mg/kg. The concentrations for
two of the antifouling products (samples 24 and 25) are similar and
very high at around 70000 mg/kg. It should be noted that their
concentrations exceed that of the highest standard (15,000 mg/kg)
in the FPXRF calibration curve and so should be interpreted with
some caution.
3.2. Organotin speciation in paint ﬂakes e method development
For parts of the following discussion, butyltins (MBT, DBT and
TBT), phenyltins (MPhT, DPhT and TPhT) and unidentiﬁed OTCs (U1
e U8) have been summed together to simplify the data presentation. See Supplemental Information for the concentrations of the
individual species (Table SI 4, 6 and 9) and all p-values from the
statistical tests (Table SI 5, 7 and 8). MOcT and DOcT were not
detected in any of the samples and are therefore not discussed.
3.2.1. Comparison of the sediment method and the modiﬁed method
The concentrations of butyltins were signiﬁcantly higher for 2 of
the 3 samples with the Modiﬁed Method (Fig. 1) and on average, 1.2
times higher compared to the original Sediment Method. Only
samples 7 and 9 contained phenyltin compounds and for both
samples, the Modiﬁed method resulted in statistically higher concentrations by factors of 2.4 and 7.5, respectively. This is mainly due

to an increased recovery of TPhT which constituted all or the great
majority (>90%) of the total phenyltin concentration for these
samples. The measured concentrations of the unidentiﬁed OTCs
were also signiﬁcantly higher for 2 out of the 3 samples by about a
factor of 4. Consequently, for the total sum of OTCs, the recovery
was on average almost twice as high with the Modiﬁed Method
although statistical signiﬁcance was only achieved for samples 4
and 9 (Table SI 5). These results suggest that the added preextraction step of the Modiﬁed Method greatly enhances the
extraction yield when it comes to paint ﬂakes, The Modiﬁed Method
is therefore more suitable for this type of sample matrix. Additionally, the results indicate that the concentrations of known
butyl- and phenyltins in sediment samples containing paint particles may be underestimated with the Sediment Method and other
similar methods.

3.2.2. Repeating the pre-extraction step of the modiﬁed method
For the Modiﬁed Method, the effect of repeating the preextraction step with the cellulose thinner-like mixture was tested
on the same three samples, i.e. samples 4, 7 and 9 (Fig. 2 and
Table SI 6). Repetition showed no signiﬁcant effect for the butyltins
as a group but differences could be detected for TBT. For samples 4
and 9, signiﬁcantly higher concentrations with 2 and 3 repetitions
of the pre-extraction step compared to just one were displayed. For
the phenyltins, the average concentrations increased substantially
between 1 and 2 repetitions. These differences were however not
signiﬁcant for either of the samples due to the large variation in
concentration between the replicates. The unidentiﬁed OTCs were
also affected by the number of repetitions, with average concentrations decreasing with increased repetitions for U1eU6. The

P
Fig. 1. Concentrations (mg/kg as Sn) of butyltins (MBT þ DBT þ TBT), phenyltins (MPhT þ DPhT þ TPhT), unidentiﬁed OTCs (U1eU8) as well as the total concentrations of OTCs (
OTCs) for paint ﬂake samples 4 (A), 7 (B) and 9 (C) extracted according to the two different methods. Error bars show the standard deviation of triplicate measurements. Statistically
signiﬁcant differences (p < 0.05) between the two methods are indicated by asterisks.
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Fig. 2. Percent of total Sn extracted as butyltins (MBT þ DBT þ TBT), phenyltins (MPhT þ DPhT þ TPhT), and unidentiﬁed OTCs (U1eU8) for paint ﬂake samples 4 (A), 7 (B) and 9 (C)
with the pre-extraction step in the Modiﬁed Method repeated 1, 2 or 3 times. Error bars show the standard deviation of the average total recovery of OTCs for the triplicate
measurements of each sample.

decrease was only statistically signiﬁcant for some samples and
species (see Table SI 5) but the general tendency of a decrease in
concentration may nonetheless indicate that these compounds are
more reactive and perhaps more prone to degradation than the
other OTCs.
In order to get the best recovery of all species, the 26 samples
were subjected to the pre-extraction step both once e to get the
best recovery for the unidentiﬁed species e and three times e to
potentially increase the recovery of TBT and phenyltins. The best
recovery for the unidentiﬁed species was again found with one preextraction step: paired t-tests performed for each of the unidentiﬁed OTCs, showed that for several of these species (U1, U2, U5 and
U6), concentrations were signiﬁcantly higher with one preextraction step compared to three. The concentrations of the unidentiﬁed OTCs obtained with 1 pre-extraction step were therefore
exclusively used for all samples. No signiﬁcant difference was
however found for the TBT concentrations (p ¼ 0.7209), or the
other butyl- or phenyltin species (see Table SI 8 for all p-values). An
average of the results from 1 and 3 pre-extraction steps for these
species was therefore used as the ﬁnal concentrations.
3.3. Speciation of OTCs in antifouling paint products (samples
24e25)
The Hempel paint (sample 24) was labeled to contain both TBTO
and TBTF and is therefore most likely a free association paint. For
the International paint (sample 25), the can was only labeled “tinbased” and no speciation information could be obtained from the
paint manufacturer upon inquiry. As both the total Sn

concentration and the OTC speciation in both paints were very
similar (Table 2), the International paint may also be of free association type.
For both paints, TBT constitutes the vast majority of the OTCs,
with the purity of the Hempel paint being somewhat higher than
that of International. Both MBT and DBT were present in the two
products along with several unidentiﬁed OTCs and TeBT (U5). These
compounds may be impurities from the production of the paints.
TBT and TPhT used in antifouling paints were produced through an
indirect route of manufacture involving the intermediate synthesis
of TeBT and TePhT (Blunden and Evans, 1990). The tri-substituted
compounds were then manufactured through reaction with tin
(IV) tetrachloride (Bennett, 1996). For the synthesis of TBTCl and
TPhTCl according to this procedure, yields of 95% and 72e87%,
respectively, have been reported (Thoonen et al., 2004). TBTCl was
then used as the precursor in the manufacture the biocides TBTO or
TBTF for use in antifouling paint (Bennett, 1996). Suzuki et al., 1999
(Suzuki et al., 1999) investigated the purity of technical grade TBTCl
and found that the product consisted of 96% TBT, 2.1% DBT, 0.5%
TeBT, MBT (0.06%) and traces of various isomers of DBT and TBT.
These impurities are similar to those reported in commercial grade
95/97% TBTO: TeBT, DBT derivatives and dibutylalkyl tin compounds (Bennett, 1996; Dobson and Cabridenc, 1990). Oddly, the
International paint also contained MPhT, which in relation to the
total OTC content only represents 0.6% (w/w). The actual concentration is however far from negligible at 290 mg Sn/kg. No DPhT or
TPhT were detected in this paint, suggesting that the MPhT is
perhaps not a by-product of the TPhT synthesis.

Table 2
Concentration (in mg/kg) and distribution of organotin species in antifouling paint products expressed as % of the total sum of all OTCs.
Sample #

Brand

24

Hempel

25

International

mg/kg
%
mg/kg
%

Total Sn

MBT

DBT

TBT

MPhT

DPhT

TPhT

U1

U2

U3

U4

U5 (TeBT)

U6

U7

U8

70,079

70
0.1
148
0.3

613
1.1
2081
4.4

51,711
94.3
41,916
88.6

e
e
290
0.6

e
e
e
e

e
e
e
e

e
e
e
e

305
0.6
223
0.5

191
0.3
179
0.4

e
e
e
e

e
e
409
0.9

626
1.1
380
0.8

e
e
e
e

1341
2.4
1701
3.6

73,209
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3.4. Speciation of OTCs on leisure boat hulls
3.4.1. Distribution of OTCs in the hull paint samples (samples 1e23)
The distribution of OTCs in the 23 paint samples scraped from
leisure boat hulls varies greatly (Fig. 3). In common for all samples
is that at least one butyltin species and at least one unidentiﬁed
OTC were found. Phenyltins are, on the other hand, only present in
13 of the samples, including all the Finnish samples. This suggests
that paints containing phenyltins were perhaps more widely used
in Finland. More samples from Finnish boats would need to be
analyzed to conﬁrm this theory.
Overall, the butyltin species dominate the pool of OTCs in 8
samples whereas the phenyltin and unidentiﬁed species are the
dominant groups for 8 and 7 samples, respectively. TBT is the
prevailing butyltin species for 18 samples with DBT being the main
butyltin for the other 5. Furthermore, all three butyltin species
(MBT, DBT and TBT) were present in 21 of the samples. TPhT constitutes the vast majority (96%) of the phenyl species, with the
exception of sample 6 where only MPhT and no DPhT or TPhT was
detected (note that this is similar to the International paint, sample
25). The almost complete lack of mono- and di-substituted phenyltins suggests perhaps that TPhT is more resistant to degradation
than TBT and/or that the original paints containing TPhT may have
been produced with less by-products than the TBT-based paints.
Amongst the unidentiﬁed OTCs, U3, U4 and U7 are each only present in 5 samples and each constitute a small portion of the total
sum of OTCs when detected. The other unidentiﬁed OTCs are much
more abundant, with U5, later identiﬁed as TeBT, being the most
frequently detected (present in 20 samples), followed by U1 (18
samples), U2 (15 samples), U6 (12 samples) and U8 (12 samples).
After DBT and MBT, TeBT was the most abundant impurity
measured in the technical grade TBTCl by Suzuki et al. (1999). This
is consistent with TeBT (U5) being not only the most frequently
detected in the samples but also the most abundant compound
amongst U1eU8 for 15 out of the 23 sampled boats. Even though
TeBT is less toxic than its di- and tri-substituted counterparts, it
may be degraded in the environment to form TBT and could
therefore pose a risk long-term (Landmeyer et al., 2004; Gajda and
, 2010).
Jancso
The presence of MBT and DBT in the Hempel and International
paints analyzed could explain their detection in the samples of
paint layers from leisure boat hulls. Additionally, all unidentiﬁed

compounds found in the hull paint samples, except for U4 and U7,
were also detected in the paint products. The varying degree to
which these different compounds are found on the hulls could
therefore reﬂect the purity of the organotin products used to
manufacture the original paints. The possibility of degradation of
TBT and TPhT, as well as that of TeBT, occurring on the boat hulls can
nevertheless not be ruled out. It could explain why some samples
had higher concentrations of DBT than TBT. There is a practice
within risk assessment to assess the degradation degree of TBT in
sediments by calculating the degradation index i.e. the ratio between TBT and its “degradation products” MBT and DBT (Díez et al.,
2002). If MBT and DBT were already present in the original paint
such a ratio could be misleading.
In terms of risk assessment and potential toxicity to aquatic
organisms, TBT and TPhT are of highest interest as these trisubstituted OTCs are known to be endocrine disruptors and more
toxic than their mono- and di-substituted counterparts (Sunday
et al., 2012; Horiguchi et al., 2001). Of the two, most of the focus
has so far been on TBT, both in scientiﬁc studies and when it comes
to regulation and environmental monitoring as TBT has been
known as the main OTC used in antifouling paints. TPhT has also
been used in antifouling paints but more commonly used as a
fungicide (Fent and Konstantinou, 2006). Hence, most guideline
values for water, sediments and soils in European countries with
regards to OTCs exist only for TBT. For sediments, for example, the
only exceptions are Great Britain and Ireland that have guideline
values for MBT þ DBT þ TBT and Finland with guideline values for
TBT þ TPhT (Swedish, 2009). In this sample set, however, 10 of the
23 hull paint samples contained more TPhT than TBT (Fig. 3), with 6
of those samples originating from Turku in Finland and the
remaining 4 from Stockholm and V€
asterås in Sweden. For one
sample from Gothenburg in Sweden (sample 14), TBT is only
marginally higher (38% of total OTCs) than TPhT (37%). These results
indicate that the occurrence of TPhT in antifouling paint products
may have been more widespread than previously thought. It would
be valuable to analyze more samples to conﬁrm this hypothesis.
3.4.2. Identities of the unidentiﬁed OTCs
Only U5 could be positively identiﬁed upon injection of additional standards with tetraalkylated or earylated OTCs. The retention times of the other unidentiﬁed compounds may however give
some hints as to their identity since they are determined by the

Fig. 3. Distribution of butyltins (MBT, DBT, TBT), phenyltins (MPhT, DPhT, TPhT), and unidentiﬁed OTCs (U1eU8) as % of the total sum of OTCs for the 23 hull paint samples.
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Table 3
Possible identities of the unidentiﬁed OTCs based on impurities found by Suzuki et al., 1999) in technical grade TBTCl.
Impurities in TBTCl

Number of C atoms after derivatization

Potential matches

n-butylisobutyltin dichloride (DBT isomer)
n-butyl-sec-butyltin dichloride (DBT isomer)
di-n-butylisobutyltin chloride (TBT isomer)
di-n-butyl-sec-butyltin chloride (TBT isomer)
n-butyl(2-ethylhexyl)tin dichloride
di-n-butyl(2-ethylhexyl)tin chloride
di-n-butyl-n-octyltin chloride

12
12
14
14
16
18
18

U1
U1
U2 or U3
U2 or U3
U4, U6 or U7
e
e

volatility of the compound and, therefore, indirectly its size. In
Table SI 2, the number of carbon (C) atoms for the derivatized
standard compounds are listed next to their retention times, in
order of elution. A linear regression was ﬁtted to the two parameters showing a clear relationship (r2 ¼ 0.93). Based on this relationship, the following number of C atoms were assigned to the
unidentiﬁed compounds: 12 (U1), 14 (U2 and U3), 16 (U4, U6 and
U7), and 17 (U8). The number of carbon atoms was calculated for
impurities other than MBT, DBT and TeBT that have been found in
technical grade TBTCl (Suzuki et al., 1999), if derivatized with sodium tetraethylborate. Amongst the impurities, possible matches
were found for all unidentiﬁed compounds except for U8 (Table 3).

the sample's total Sn by 39%. When excluding the mentioned
deviating samples, the percentage of the total Sn as OTCs becomes
75% (SD ¼ 24).
Linear regressions were ﬁtted to investigate the correlation
between total Sn and the OTCs (Fig. 4). The relationship to the sum
of the butyl- and phenyltins and the unidentiﬁed OTCs, yielded
coefﬁcients of determination of 0.841 and 0.673, respectively, but
the best ﬁt was obtained with the sum of all OTCs (Fig. 4C), with
r2 ¼ 0.934. It also has the slope closest to “1” and the ﬁt with the
narrowest 95% conﬁdence interval. Hence, Sn detected on a boat
hull, for example by XRF (Ytreberg et al., 2015) is a good indicator
for the presence of OTCs.

3.5. Correlation between total Sn and OTCs

3.6. Quantiﬁcation of OTCs in sediments containing paint ﬂakes

The majority of the Sn in the paint samples consisted of OTCs: on
average, 69% (SD ¼ 38) of the total Sn was in organic form. The large
variation is due to four samples displaying especially low organotin
contents at <30% of the total Sn (Fig. SI 3). For three of these
(samples 3, 19 and 21), TPhT was detected, hence the low recoveries
may be due to an underestimation of TPhT due to the issues with
instrument performance. Poor sensitivity for TPhT during the
analysis of the 26 samples led to uncertainties in the TPhT concentrations on the order of 50% for some samples. It is also possible
that TPhT was present but not detected in some samples. This may
have been the case for the fourth sample with low recovery (sample
6). The uncertainties in TPhT quantiﬁcation would however not
alone explain the large Sn “deﬁcit” for these particular samples.
One must therefore consider whether other OTCs than the ones
analyzed here or inorganic Sn could additionally be present. Also
contributing to the large variation is sample 17, with an organic tin
content exceeding its total Sn concentration (171%). This high recovery of OTCs is due to TPhT being overestimated and exceeding

The comparison between the Sediment and Modiﬁed Methods
with ground paint ﬂakes, showed clear tendencies of underestimation for the former. To investigate whether this was isolated to
the Sediment Method alone, a ground sediment sample containing a
lot of paint ﬂakes (sample 26) was analyzed according to ISO
23161:2011 and the Modiﬁed Method, for comparison. Although
only one sample was used for this comparison, the results (Table 4)
reﬂect the same ﬁndings as the previous comparison to the Sediment Method. The Modiﬁed Method has a superior recovery of
butyltins and phenyltins by factors of 1.5 and 7.7, respectively,
suggesting that the ISO method may not be efﬁciently extracting all
OTCs from paint ﬂakes. However, more samples would need to be
analyzed to conﬁrm this.
Soil and sediment samples collected at boatyards and harbors
are very likely to contain paint particles (Singh and Turner, 2009).
Utilizing the soil and sediment methods studied in this work, the
concentrations of organotin compounds, and of TPhT in particular,
would probably be underestimated in such samples. For both the

P
P
Fig. 4. Regression plots of
butyltins þ phenyltins (A),
unidentiﬁed OTCs (B) and total OTCs (C) against the total Sn concentration in mg/kg. Error bars show the standard
deviation of triplicate measurements of total Sn. The dashed line shows the 1:1 correlation. The shaded grey areas display the 95% conﬁdence intervals of the linear regression ﬁts.
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Table 4
Analysis results for the sediment sample with paint ﬂakes (sample 26) by two different methods: ISO 23161:2011 and the Modiﬁed Method.
OTC

MBT
DBT
TBT
MPhT
DPhT
TPhT

ISO 23161:2011 (mg/kg as Sn)
Reported value

Reported uncertainty

3167
2461
44,613
6851
2301
37,646

1276
973
14,448
2940
948
15,465

Modiﬁed Method (mg/kg as Sn)

Factor of difference compared to ISO 23161:2011

644
8351
64,840
1855
2961
355,800

0.2
3.4
1.5
0.3
1.3
9.5

Sediment Method and the ISO method, a mixture comprising of an
acid and polar solvents were used for the extraction. In contrast, the
“cellulose thinner” extraction mixture of the Modiﬁed Method
consists mainly of non-polar solvents. This could perhaps explain
the improved recovery. Both TBT and TPhT have low solubility in
water. The solubility range from 4.5 to 50 mg/L for TBT, depending
on the anionic ligand (e.g. Cl, F, OH). For TPhT, the solubility is
even lower, ranging from only 1 to 5.2 mg/L (Blunden and Evans,
1990), which may explain the greatly improved extraction efﬁciency for this compound, in particular. What is also worth noting is
that the concentration of TPhT in this sediment sample was 5.5
times higher than that of TBT. The OTCs in the sediments may
reﬂect their occurrence on the 600 hulls washed in the boat
brusher during the boating season. These results therefore indicate
that TPhT may have been more prevalent than TBT on these
particular leisure boat hulls.
4. Conclusions
This study highlights some analytical challenges in determining
both the total Sn and the OTCs in antifouling paint ﬂakes, with
standardized methods underestimating their concentrations. The
combined ﬁndings indicate that as a result, the concentration of
OTCs, and particularly TPhT, in sediments will likely be underestimated, if they contain antifouling paint ﬂakes. This issue needs
further investigations as it may have implications on environmental risk management of matrixes such as soil and sediment.
This is of particular concern for risk assessment of harbors and
marinas as samples collected at such sites are likely to contain paint
particles. The amount of OTCs stored in the sediment where they
may act as long-term sources to the water phase could currently be
underestimated.
OTCs were present on all the sampled leisure boat hulls, even at
a total Sn concentration as low as 0.025% of the dry paint weight.
Although TBT was detected in all samples and a substantial portion
of the samples also contained TPhT, suggesting that this biocide
may be more commonly occurring on leisure boats than previously
thought. TeBT, which can degrade to TBT was also found to be
present in large amounts. These combined ﬁndings show the need
to monitor organotin species other than TBT. Recreational vessels
have been shown to still be sources of OTCs, the recommendation
to remove or seal layers of organotin paint has either not been
followed or the sealers have not performed in a satisfactory
manner. In order to phase out the priority hazardous substance TBT
and other OTCs, boats with historical layers of organotin paint need
to be identiﬁed and remedied. This study concludes that Sn can be
used as an indicator to easily identify such boats.
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Persistence of TBT, and copper in excess on leisure
boat hulls around the Baltic Sea
Britta Eklund1 and Burkard Watermann2

Introduction
Tributyltin (TBT) is still spread in the environment in spite of prohibition for use on leisure
boats since 1989 (Council Directive 89/677/EEC) and on ships from 2008 (EU-Commission
2006; Gipperth, 2009). One important source of TBT is waste from maintenance work on boat
hulls with old coatings on leisure boats (Eklund and Eklund 2014; Eklund et al. 2014). In
addition, the obligation to remove or to seal existing TBT-paints according to the IMO AFConvention (IMO 2008) has not been effected on leisure boats around the Baltic Sea. As
antifouling paints are composed of hydrophilic compounds and build no water barrier, out of
existing layers of TBT paint beneath the active copper containing antifouling system, a low
but remarkable leaching of TBT is likely to occur. Sediments in leisure boat harbours display
concentrations of TBT (Maguire 2000; Hoch 2001; Eklund et al. 2010; Lagerström et al.
2016) much above a predicted no effect concentration (PNEC) value for TBT in sediment of
0.02 µg/kg dw (Anon 2005), and Swedish limit value of 1.6 µg TBT/kg dry sediment (Anon
2015a). Leaching of TBT may be enhanced when hulls are treated with high-pressure hosing.
These high concentrations in sediments cannot exclusively be explained by historical inputs
but by persistent leaching out of old unsealed TBT paints. At the first time tin (TBT) can be
measured on leisure boat hulls with a non-destructive and rapid screening method.
Identification of boats with TBT paint makes it possible for environmental authorities to
require that the paint is removed or sealed and by this stop further leakage to the environment.

Aim
The main object was to investigate the persistence of tin, on boat hulls in Finland, Denmark
and Germany and to compare the results with Swedish data. Another aim was to measure the
amount of copper on boat hulls in the countries around the Baltic Sea and relate to the
compliance with existing regulation in the countries. Furthermore, the readings delivered data
on regional and national practice in boat maintenance.

Methods
A handheld X-ray Fluorescence (XRF) analyser calibrated for measurements of tin, copper
and zinc in antifouling paints coated on plastic boat hulls (Ytreberg et al. 2015) has been used
to measure metals on leisure boat hulls in Finland, Denmark and Germany in the period April
2015 to February 2017. The Olympus XRF-analyzer (Delta-50, Innov-X) is equipped with a 4
W, 50kV X-ray tube. Three sites were visited in Finland along the southern coast and the
number of measured leisure boats was 52, 53 and 51, respectively. The salinity was around 45 PSU at all these sites. In Denmark three boat clubs near Helsingör at the Öre sound were
measured with 25, 28 and 28 boats at the respective sites. The salinity in Öre sound is in the
range 12 to 15 PSU. In Germany two boat clubs in the Kiel bay were visited, one with 50
boats and a storage hall with 90 boats from 5 different harbors. The salinity ranges between
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12 and 20 PSU. The selection of boats were either that all boats at the visited site was
measured or a random selection based on every third boat or equivalent were measured.
Each boat hull was measured at six to eight places. The places were always measured in the
order starboard back, starboard middle, starboard front, portside front, portside middle,
portside back and two measuring points on the rudder or stern. The position of the measuring
points on sailboat hulls was ca 20 cm below the water line. On motor boats the bottom of the
hull was measured on starboard and portside and on the stern at the side ca 10 cm below the
waterline. The measuring time at each place was 10 seconds. In the calculations the mean of
all measurements per boats have been used.
The data has been compared to existing data from Sweden performed in 2015 at the
Westcoast of Sweden (20 PSU), in the Stockholm area (5-6 PSU) and in freshwater (Ytreberg
et al. 2016). In this study only one place per boat was measured.

Results
At all investigated sites in all three countries the majority of boats were coated with biocide
containing antifouling paints. The mean values of 6-8 measurements per boat for tin and
copper are shown in Figure 1 and Figure 2 and a summary of the data are presented in Table 1
and Table 2.
Tin
The limit of quantification (LOQ) for field measured tin was estimated to 50 µg Sn/cm2. The
majority of boats in all four countries had tin below 50 µg Sn/cm2, i.e. 58, 76 and 77 percent
as mean value for all measured sites in DK, FI and DE respectively (Figure 1 and Table 1).
Mean values higher than 100 µg Sn/cm2 were found on 25, 13 and 9 percent of the boats and
higher than 400 µg Sn/cm2 were found on 10, 5, and 1 percent of the boats in DK, FI and DE,
respectively. In Sweden the mean value for all measured boats with less than 50 µg Sn/cm2
was 63 percent and the respective percentage for fresh water, brackish water and salt water
was 65, 76 and 48. The Swedish values for boats higher than 100 µg Sn/cm2 were 26, 16 and
29 for fresh water, brackish water and saltwater and for boats with higher values than 400 µg
Sn/cm2 the corresponding figures were 10, 6 and 16 percent (Ytreberg et al. 2016). The
variation among boats is high and a maximum mean value of 2000 µg Sn/cm2 was found on a
Finnish boat. The maximum means at the other Finnish sites were 650 and 680 µg Sn/cm2. In
Denmark the maximum values were 690, 690 and 800 µg Sn/cm2 at the respective three sites.
The lowest maximum values were found in Germany with 530 µg Sn/cm2at one site and 260
µg Sn/cm2at the other site. The highest maximum values were found in Sweden with 3000 µg
Sn/cm2 on one boat at the West coast, 1700 µg Sn/cm2 on a boat sailing in Brackish water and
2100 µg Sn/cm2 on boat at a storage area near the lake Mälaren.
For comparison, one layer of an old but newly opened can from Hempel (Hard Racing Super,
no 4182) containing bis (TBTO) and tributyltin fluoride) applied by a roller on a plastic from
a boat hull and measured gave a value of approximately 300 µg Sn/cm2.
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Copper
The limit of quantification (LOQ) for field measured copper was estimated to 100 µg Cu/cm2.
The majority of boats had copper higher than LOQ with 100 % of the boats in Denmark and
Germany and 97 % in Finland (Figure 2 and Table 2). The proportion of boats with higher
copper values than 8000 µg/cm2 was 51, 56, and 58 percent for boats in DK, FI and DE,
respectively. In Sweden the mean value for boats less than 100 µg Cu/cm2 was 14 percent
with 29, 11 and 1 percent for fresh water, brackish water and salt water, respectively. The
Swedish proportion of boats with higher values than 8000 µg Cu/cm2 were 6, 17 and 55
percent for fresh water, brackish water and saltwater. Also for copper the variation among
boats is large. The maximum mean value of 37 100 µg Cu/cm2 was found at one of the
Finnish boat clubs. The mean maximum copper values at the other two sites were 24 900 and
19 500 µg Cu/cm2. The German boat sites had similar maximum mean value of 32 100 and 33
000 µg Cu/cm2. The highest mean value in Denmark was 26 300 µg Cu/cm2 and the
maximum at the other sites were 16 000 and 19 500 µg Cu/cm2 respectively. The Swedish
maximum values were again at the top with 58 000 µg Cu/cm2 for a boat at the West coast, 46
200 µg Cu/cm2 at the brackish water site and 25 500 µg Cu/cm2 for boats in the lake Mälaren.
For comparison, one layer of 34 % copper-containing (di copper oxide) paint (Hempel Mille
Xtra 71100) applied by a roller on a boat hull was approximately 4000 µg Cu/cm2.
The content of copper differs among the countries and the areas. The highest median
concentrations of copper were found on boats at the West coast of Sweden (9500 µg/cm2) >
Helsingör at the Sound (8000 µg/cm2) > Helsinki in the Finnish Bay (7500 µg/cm2) >
Stockholm area (2400 µg/cm2) and lowest in freshwater (900 µg/cm2).

Discussion
The XRF-method (Ytreberg et al. 2016) used in this study has been shown to effectively
identify those boats with antifouling paints containing tin and copper. The validity of the
assumption that tin corresponds to the amount of organotin compounds has been shown by
Lagerström et al. (2017) who found a linear relationship (r2=0.934) between the total content
of tin and the sum of chemically detected organotin compounds in layers of antifouling paints
scraped from painted hulls of leisure boats. Therefore, higher tin values is considered to pose
a risk for leakage of organotin compounds to the environment. The method is easy to use and
could be a useful tool in regulative work by environmental authorities.
The measured tin concentrations on the leisure boat hulls indicate the persistence of old TBTpaints probably as remnants in under laying paint layers after incomplete removal. There are
no indications of freshly applied TBT-paints by illegal sale and application. Even if many
boat clubs have rules for protection of the ground, most boat clubs do not enforce this
regulation. In a compilation of results from 34 investigated boat storage areas in Sweden
organotin compounds has been shown to be spread and accumulated to the unprotected
ground along with scraping and sanding during maintenance of the boat hulls (Eklund and
Eklund 2014). The risk is evident that these biocides from antifouling paints on the boats may
be spread to adjacent waters in connection with rain and run-offs.
TBT
The differences among the four countries was large when it comes to the proportion of boats
with higher tin values. Values of tin > 400 µg /cm2, which corresponds to at least one layer of
TBT-paint, was found on 10 percent of the Danish boats and in 11 percent of the Swedish
3

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65

boats measured at the West coast, whereas in Finland only 5 % and in Germany only 1 % of
the boats had > 400 µg /cm2. Apparently, the enforcement of the TBT regulation has differed
in the investigated countries.
Even if the overall results show that the majority of the measured boats in all four countries
had concentrations below the LOQ of 50 µg Sn/cm2, still a high proportion of the boats have
remnants on their boats with > 50 µg Sn/cm2, i.e. on 42, 24, 23 and 37 %, in DK, FI, DE and
SE, respectively (Table 1). It was not possible to get the building year of the boats but most
likely, the tin and organotin compounds are found in under-lying paint layers on boats built
before the prohibition of organotin compounds in antifouling paints (EU directive 1989).
However, it cannot be excluded that a few newer boats may have been imported from
countries outside Europe with less restriction of TBT paint.
Overall, the pattern of tin occurrence on boat hulls in all four countries were alike (Fig 1).
Even in Sweden there were no difference between the different areas and in fact the highest
measured tin concentration of 3000 µg Sn/cm2 was on a boat in fresh water. The little
difference between the countries may be due to that almost all boats built before 1989, when
the prohibition of TBT was enforced in EU (Council Directive 89/677/EEC), were coated
with TBT paints and thus the proportion of older boats with such paints is similar.
High inputs derived from high pressure washing (hp) after lifting the boats in autumn has
been determined. In a study 2007 of sediments in a gradient towards the slipway in a small
harbour for recreational boats the concentration of organotin compounds increased the closer
to the uptake area (Eklund et al. 2008). In a Finnish study performed 2015 and 2016 of wash
water from a wash down area, both TBT and triphenyltin (TPhT) was detected. The values of
TBT were 0.023 and 0.75 µg/L and for TPhT 0.085 and 1.4 µg/L (Haaksi and Gustafsson
2016). Measurements in wash pads in Sweden of wash water and precipitated waste from
several wash pads show high amounts of biocides in the sediment including TBT with median
values of 69 000 µg TBT/kg dry sediment at the West coast and 11 000 µg TBT/kg dry
sediment from wash pads at the East coast (Ytreberg 2015). These data show that TBT is still
discharged in connection with washing of the hull. High pressure washing is common practice
in all four countries albeit antifouling paints except hard coatings are designed to erode or
polish and cannot stand hp-washing without damage or removal of upper paint layers.
The national laws around the Baltic Sea are quite differing. In Germany according to the
Federal Water Act it is illegal to clean boat hulls with tap or high pressure water outside
wash-down areas or tarps as collection systems and is only allowed on wash-down areas with
collection and filter systems. In a few harbours at the German Baltic coast hp-washing is
prohibited. In Sweden there is a national recommendation not to clean boats outside areas
with filtering and collection systems (Anon 2015). The national authority leave it to the
municipality to make the final decision about the regulation in their respective community. A
similar approach is found in Denmark where the local harbours can decide on regulations for
the boats in their harbour (personal communication H. Anker, Professor at Copenhagen
University). Many municipalities in Finland have enforced local regulations for boat washing
refereeing to the national environmental law stating that the ground and water should not be
polluted (personal communication with Tomas Kull, Environmental inspector in Pargas city).
In practice, it does not exist specific regulations for most of the small boat harbours in the
investigated countries.
The occurrence of organotin compounds is still high in sediments around the world (eg. Hoch
2001; Viglino et al. 2004; Antizar-Ladislao 2008 ; Eklund et al. 2008; Cornelisson et al.
2008; Eklund et al. 2016). In some areas TBT containing antifouling products are still on sale,
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and the contamination is not decreasing (Bargar et al. 2013; Turner and Glegg 2014,
https://www.seahawkpaints.com/antifouling-bottom-paint/visited at 22-08-2017). Within the
European Water Framework Directive the organotin substances are prioritized and should be
phased out as quickly as possible (2000/60/EC). Nevertheless, chemical and biological
monitoring data show persistence and bioavailability of organotin compounds on a low but
significant level around the Baltic Sea (Eklund et al. 2008; 2010; 2016; HELCOM 2009;
Strand 2009; Nyberg et al. 2014). The highest values are found in harbours but even deep
water sediments are considered having “bad status” with levels higher than the threshold
value of > 50 µg/kg ww) (HELCOM, 2010).
A boat hull with in average 100 or 400 µg TBT/cm2 means on a hull of 10 m2 a total amount
of 10 or 40 g. In view that as low concentrations as 1 ng/L is sufficient to affect the endocrine
system of molluscs (Bryan et al 1986) and low concentrations of TBT are harmful to other
organisms (references in review by Antizar-Ladislao 2008), the amount of organotin
compounds that potentially could be distributed to the environment from boat hulls is
considerable.

On the background of persisting concentrations of tin on boat hulls, we suggest the following
options to be enforced by environmental authorities, harbour operators, boat clubs etc:
- Certificate for boats built before 2008 on the existing paint layers. In case of existing
paints with illegal compounds like organotin, diuron or irgarol, these boats should be
strictly excluded from hp-washing outside wash-down areas. Cleaning with a sponge
should be performed with a tarp to protect the ground and collection of the wash
water.
- Or obligation to remove all paints layers down to the primer in case no certificate can
be delivered
- Prohibition of hp-washing for boats from other harbours, resp. guest boats unless
presenting a certificate.
In harbours where the erection of a wash-down area with collection and filter systems
is too expensive, as maintenance practice should be recommended to clean the hulls
after lifting in autumn with a soft sponge and sand them softly, if necessary, before
launching in the next spring. These maintenance works should include protections
measurements of the ground.
Copper
Today, antifouling paints based mainly on copper, in some countries boosted by organic cobiocides, are the most commonly used coatings (Brooks and Waldock 2009). The general
habit in most countries is that before launching, the hull is coated with new antifouling paint
each year and most boat owners are following the instructions on the can where often two
layers are recommended to be applied by brush or roller.
The results show similar pattern of range intervals of copper in Denmark, Finland, Germany
and the Swedish West coast with most boats in the interval 8000 to 16 000 µg Cu/cm2 and
between 51 and 58 % of these boats had more than 8000 µg Cu/cm2 (Figure 1). With respect
to that one layer of Hempel MilleXtra corresponds to 4000 Cu/cm2 this means that most boats
have two or more paint layers on their boats, which must be regarded as an excess of what is
needed. The potential copper amount on a boat with a hull area of 20 m2 and a copper
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concentration of 8 000 µg Cu/cm2 is 1.6 kg copper and with a concentration of 16 000 µg
Cu/cm2 3.2 kg, which means that much copper each year may leak into the environment.
Much of the copper may be taken up by fouling organisms attached to the hull and may reach
concentrations up to 28,000 mg copper/kg dw. When this material in connection with scraping
and sandpapering enters the ground it exceeds the guidance values for least sensitive land use
of 200 mg copper/kg dw in Sweden by factors up to 140 and thus adds to the contamination of
the soil (Bighiu et al. 2017).
In Sweden, the pattern is different depending if the boat is moored in salt water at the West
coast, in brackish water in the Stockholm area or in freshwater where biocidal antifouling
paints are not allowed. The boats with the higher copper values are found on the saltwater
boats and the lowest in freshwater (Table 2). The salinity along the Finnish coast is
comparable to the Stockholm water area and the fouling pressure is similar. However, the use
of copper in Finland is as high as in the sites with saltwater, i.e. in Germany, Denmark and
Swedish West coast. This difference between Sweden and Finland is probably due to the
different regulations in the two countries. In large, Finnish boat owners are allowed to use the
same antifouling paints as in Germany, Denmark and the West coast of Sweden, and this is
apparently what they do. In Sweden a differentiated regulation was enforced already in 1993
(Chemical Agency in Sweden 1993). Based on a risk benefit/analysis the decision was taken
that no biocide containing antifouling paints were approved for use in freshwater and the
Bothnian Bay, lower copper content was approved for the Swedish brackish water and higher
copper content was approved for use in marine waters (West coast of Sweden). The Swedish
data show that the lower salinity the higher proportion of boats with less copper. This finding
supports that the regulation have had a restrictive effect. However, even if copper in
antifouling paints have been prohibited for use on boats in freshwater for more than 20 years
in Sweden, copper > 100 µg Cu/cm2 was still measured on 71 % of the surveyed boats along
the lake Mälaren (Ytreberg et al. 2016). One explanation is that boaters belonging to boat
clubs in Lake Mälaren used their boats both in the lake and in the brackish environment and
interpreted the regulation that they then were allowed to use copper paints. However, the
writing of the regulation has the last year become more strictly and today it is prohibited to
use antifouling paint based on copper in fresh water. The XRF-method may be a good tool for
the environmental authorities to control this regulation.
The high concentrations of copper on leisure boat hulls in Kiel may be explained by several
factors. Due to the high fouling pressure with barnacles and blue mussels along the German
Baltic coast, German boat owners repaint the hull every year irrespective of a fail in
performance of the antifouling paint in the previous season. Paint manufacturers recommend
paints with copper contents of 20 – 25%. It is uncommon to repaint exclusively those areas of
the hull which have been fouled in the previous season, and it is recommended but
uncommon, to apply each paint layer in a different colours to control the polishing or erosion
rate.
The new application of a handheld X-ray analyser facilitates identification of boats with high
contents of toxic heavy metals. The calibration in metals/cm2 gives figures, which can be
compared with other measurements in space and time in contrast to ordinary XRF-analysers
which only provides figures in percent (Ytreberg et al. 2015). In particular boats with high tin
concentrations, indicating organotin compounds, can then be recommended for removal or
sealing of the old paint in accordance with the Water Framework Directive in the EU
(2000/60/EC). In addition, violation of the ban of copper-based paints in freshwater areas can
be detected and identified. This would be a fast way to eliminate further discharges of these
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substances to the environment. Under this aspect, the XRF method can be regarded as a
powerful tool for the survey and monitoring of antifouling practice.
According to the implementation of the EU-BPR and the transformation into national law, it
can be expected that several copper compounds will be incorporated in authorized antifouling
products of the future. Despite initiatives to reduce the copper content of antifouling paints and
to phase-out biocidal antifouling paints by 2030, there will be a need for monitoring, especially
in freshwater areas and the Bothnian Bay where actually no biocidal paints are allowed at the
Swedish side.

Conclusions
In comparison to chemical analyses, the XRF-method to identify tin and copper on boat hulls
is a non- destructible, cheap and fast method. The method is recommended to be used in
regulative works to provide data on which regulatory authorities can rely in determining
which boats that need to remove tin paint or have excess of copper paint. The need is
illustrated by the fact that 23- 42 percent of the in total 377 measured boats in Denmark,
Finland and Germany still have detectable amount of tin (organotin compounds) on their
hulls. This is a source to leakage to the environment and is one cause to elevated organotin
concentrations in the sediments along the Baltic shores and a reason why good status
according to the Water Framework Directive is not achieved.
The data from all countries show that an excess of antifouling copper is used in all countries.
Approximately 50 % of the measured boats in DK, DE and FI and at the West Coast of SE
had higher concentrations on their boat hulls than two layers of the most common copper
containing antifouling paint with 34 % copper. This excess of copper use should be stopped.
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Figure 1

Figure 1. Proportion of tin on boat hulls in Denmark, Finland and Germany in
comparison to Swedish data from Ytreberg et al 2016.

Figure 2

Figure 2. Proportion of copper on boat hulls in Denmark, Finland and Germany in
comparison to Swedish data from Ytreberg et al 2016.

Table

Tables
Table 1. Percentage of boats with mean values (6-8 measurements) of tin on boat hulls. Data for Sweden
are from Ytreberg et al. 2016 and based on a single measurement per boat.
Country and No of sites

Denmark 1 (n=25)
Denmark 2 (n=28)
Denmark 2 (n=28)
Mean DK (n=3)

< 50 µg Sn/cm2
Stdev in
brackets
56
57
61
58 (2.5)

> 100 µg Sn/cm2
Stdev in
brackets
24
21
29
25 (4)

> 400 µg Sn/cm2
Stdev in
brackets
8
11
11
10 (1.6)

> 800 µg Sn/cm2
Stdev in
brackets
0
0
3.6
1 (2.1)

Finland 1 (n=52)
Finland 2 (n=53)
Finland 3 (n=51)
Mean FI (n=3)

81
74
73
76 (4.5)

13
11
16
13 (2.5)

8
4
4
5 (2.3)

0
0
2
1 (1.2)

Germany 1 (n=50)
Germany 2 (n=90)
Germany (n=2)

70
84
77 (10)

16
2
9 (9.9)

2
0
1 (1.4)

0
0
0 (0)

65
76
48
63 (14)

26
16
29
24 (6.5)

10
6
16
11 (5.0)

4
3
7
5 (2.4)

SE, freshwater (n=202)
SE, brackish water (n=268)
SE, marine water (n=202)
Sweden (n=3)
LOQ = 50 µg Sn/cm2

Table 2. Percentage of boats with mean values (6-8 measurements) of copper on boat hulls. Data for
Sweden are from Ytreberg et al. 2016 and based on a single measurement per boat.
Country and No of sites

Denmark 1 (n=25)
Denmark 2 (n=28)
Denmark 2 (n=28)
Mean DK (n=3)
Finland 1 (n=52)
Finland 2 (n=53)
Finland 3 (n=51)
Mean FI (n=3)
Germany 1 (n=50)
Germany 2 (n=90)
Germany (n=2)
SE, freshwater (n=202)
SE, brackish water (n=268)
SE, marine water (n=202)
Sweden (n=3)
LOQ = 100 µg Cu/cm2

< 100 µg Cu/cm2
Stdev in
brackets

> 4000 µg
Cu/cm2
Stdev in
brackets
88
75
93
85 (9.3)

> 8000 µg
Cu/cm2
Stdev in
brackets
56
40
57
51 (9.5)

8
0
0
3 (4.6)

88
94
92
91 (3.1)

48
66
53
56 (9.3)

0
0
0

88
89
89(0.7)

68
48
58 (14)

29
11
1
14 (14)

18
37
72
42 (27)

6
17
55
26 (26)

0
0
0
0

Deliverable 4.7 Guidelines on how to improve the risk assessment of antifouling paints
Stockholm University

Appendix C
Lagerström, M., Lindgren, J.F., Holmqvist, A., Dahlström, M. & Ytreberg, E. (2017). In situ
release rates of Cu and Zn from commercial antifouling paints at different salinities.
Manuscript accepted by Marine Pollution Bulletin.

1

In situ release rates of Cu and Zn from commercial

2

antifouling paints at different salinities

3
4
Maria Lagerströma*, J. Fredrik Lindgrenb, Albin Holmqvistb, Mia Dahlströmb, Erik Ytrebergc

5
6
7

Department of Environmental Science and Analytical Chemistry (ACES), Stockholm University,

8

a

9

SE-106 91 Stockholm, Sweden.

10
Department of Chemistry, Materials and Surfaces, RISE Research Institutes of Sweden, SE 501

11

b

12

15 Borås, Sweden

13
Department of Mechanics and Maritime Sciences, Chalmers University of Technology, SE 412 96

14

c

15

Gothenburg, Sweden

16
17

*Corresponding author: Maria Lagerström, e-mail: maria.lagerstrom@aces.su.se.

18

Abstract

19
20

Antifouling paints are environmentally risk assessed based on their biocidal release rates to the

21

water phase. In situ release rates of copper (Cu) and zinc (Zn) were derived for five commercial

22

paints in two recreational marinas with different salinities (5 and 14 PSU) using an X-Ray

23

Fluorescence spectrometer (XRF). Salinity was found to significantly affect the Cu release, with

24

twice the amount of Cu released at the higher salinity, while its influence on the Zn release was

25

paint-specific. Site-specific release rates for water bodies with salinity gradients, e.g. the Baltic

26

Sea, are therefore necessary for more realistic risk assessments of antifouling paints. Furthermore,

27

the in situ release rates were up to 8 times higher than those generated using standardized

28

laboratory or calculation methods. The environmental risk assessment repeated with the field

29

release rates concludes that it is questionable whether the studied products should be allowed on

30

the Swedish market.

31
32
33

Keywords: Antifouling paint; copper; zinc; environmental risk assessment; XRF.

1. Introduction

34
35
36

To prevent fouling on submerged structures such as hulls, antifouling paints designed to kill or

37

deter the settling organism through the slow release of toxins into the aquatic environment are

38

commonly used 1. Several different biocides have been used for this purpose throughout history,

39

but today the main biocide is cuprous oxide (Cu2O) 2. The release of biocides from the paints

40

directly into the aquatic environment leads to increased concentrations in water and/or sediments

41

and may consequently negatively affect non-target organisms 3. Zinc oxide (ZnO) is also added to

42

most paints as a means to control the erosion rate 4. Although it is not classified as an active

43

substance in the EU Biocidal Products Regulation (BPR, Regulation (EU) 528/2012), studies have

44

shown that the release of Zn from antifouling paints can have toxic effects on organisms

45

the EU, antifouling paints are regulated through the BPR which requires all biocidal products to

46

obtain authorization before they can be made available on the market. In most member countries,

47

the authorization process includes an environmental risk assessment, requiring manufacturers to

48

submit the product’s biocidal release rates. Regulatory bodies in the EU member states (as well as

49

those in e.g. USA and New Zealand) accept leaching rate data generated from either of the only

50

two standardized methods available

51

15181:2007) and (2) a mass balance method (ISO 10890:2010).

7–9:

5,6.

Within

(1) a rotating cylinder method (ASTM D6442-06/ISO

52
53

The rotating cylinder method (1) is a laboratory method where the paint is applied onto triplicate

54

cylinders which are then stored in holding tanks containing artificial seawater under controlled

55

conditions (pH: 7.9-8.1, salinity: 33-34 ‰, temperature: 25-26°C)

56

days, each cylinder is moved into a cylindrical container with artificial seawater and rotated at a

57

fixed speed for 1 hour. Water samples are collected and analyzed to determine the release rate.

58

The rates are determined in this way over a time period of 45 days and the average leaching rate

59

between day 21 and 45 is reported. The mass balance method (2) is strictly a calculation method

60

developed by the European Council of the Paint, Printing Ink and Artists’ Colours Industry (CEPE)

61

11.

62

rate data obtained using the rotation cylinder method. The model assumes an initial high release

63

rate during the first 14 days, after which a constant “steady-state” leaching rate is achieved. The

64

latter leaching rate is used for the risk assessment. The rotating cylinder method was never

65

designed to reflect environmental release rates from antifouling paints and the rates derived from

10.

On specified measurement

Its equation was derived from a generic empirical model based on copper and organotin release

66

either of the two standardized methods have been shown to overestimate the real environmental

67

release

68

order to produce more realistic numbers: 5.4 for the rotating cylinder method and 2.9 for CEPE

69

mass balance method

70

release rates for one ablative ship paint in one location (San Diego), obtained using a field method

71

called the “dome method”

72

Center in San Diego and allows the measurement of in situ leaching rates using a closed

73

recirculating dome system which can be attached underwater to hulls or panels

74

has the benefit of yielding the in situ release rates, it has not been deemed economically or

75

practically feasible to standardize

76

conditions are of great value. For one, the current standardized methods were designed for a strict

77

set of exposure parameters when it comes to temperature and salinity. For brackish and colder

78

water bodies, such as the Baltic Sea, these conditions are not representative. Secondly, the

79

formation of natural biofilms on the paint surface have been found to affect the release rate of

80

biocides from the coating

12.

Conservative default correction factors for each of the methods have been proposed in

13.

These reduction factors were based on the comparison with in situ

13.

This method was developed by the Space and Naval Surface Warfare

14,16,

12.

14,15.

Although it

For risk assessment purposes, release rates reflecting in situ

something the standardized methods cannot account for.

81
82

A novel method utilizing a handheld XRF, specifically calibrated to quantitatively measure the

83

concentrations of Cu and Zn in antifouling paint films, has recently been developed

84

the measurement of the in situ release of metallic biocides and has the potential for

85

standardization. Here, we present the first in situ Cu and Zn release rates for five different

86

commercial antifouling paints for recreational vessels using the XRF method. Recreational boats in

87

Sweden spend on average 90% of the boating season (May – September) moored in the harbor

88

18,19

89

for up to 84 days in two leisure boat marinas. The marinas were located in waters with different

90

salinities: one on the Swedish East coast (5 PSU) and the other on the West Coast (14 PSU),

91

allowing us to also investigate the effect of salinity on the release rate of Cu and Zn. The in situ

92

release rates are compared to those derived using either of the two standardized methods and,

93

finally, the environmental risk assessment of the products was repeated using the field release

94

rates.

17.

It permits

and so, to simulate these conditions, antifouling paints coated on static panels were immersed

2. Materials & Methods

95
96

2.1 Study sites and antifouling paints

97
98
99

Five commercial antifouling paints for leisure boats available on the Swedish market with Cu2O as

100

the main biocide were used in this study (Table 1). All paints were rosin-based, ablative/erodible

101

paints, except paint E that is marketed as a self-polishing coating. 10 x 10 cm polymethyl

102

methacrylate (PMMA) Plexiglas® panels were lightly rugged with sandpaper and coated with

103

primer, followed by the antifouling paint. An automatic film applicator (Elcometer 4340) was used

104

for all paint application, with a wet film thickness setting of 100 µm (same as for the standards,

105

see Supporting Information). The dry film thickness of the paints should be ≤ 40µm to be within

106

the linear response range of the XRF for Cu and Zn

107

applied with 100 µm wet film thickness onto polyester films (Melinex® O, 125µm, DuPont Teijin

108

Films) and a dry film thickness < 40 µm was confirmed using a coating thickness gauge

109

(Elcometer 456).

17.

Three of the paints were therefore also

110
111
112
113

Table 1. Properties of the antifouling paints used in the study. Black color was used for all. Data was obtained
from the Swedish Chemical Agency’s pesticides register, from the paints’ safety data sheet and technical data
sheet.
Antifouling paint
A
B
C
D
E

Hempel
Mille Light Copper
71430/19990
Biltema Antifouling
Baltic Sea
30630
International
Cruiser One
YBC011
Biltema Antifouling
30600
Hempel
Mille Xtra
71110/19990

Paint
type
Ablative

Cu2O
(%)
6.9

ZnO
(%) *
10-25

ZnO
(%) **
11.0
± 0.2

Ablative

7.5

20-25

23.3
± 1.4

Ablative

8.5

10-25

22.7
± 0.7

Ablative

13

15-20

21.8
± 1.5

Selfpolishing

34.6

10-25

17.0
± 0.3

Authorized usage
Boats >200 kg with main
mooring on the East or West
coast of Sweden.
Boats >200 kg with main
mooring on the East coast of
Sweden.
Boats >200 kg with main
mooring on the East or West
coast of Sweden.
Boats >200 kg with main
mooring on the West coast of
Sweden.
Boats >200 kg with main
mooring on the West coast of
Sweden.

114
115
116
117

* Range specified in the safety data sheet.
** Estimated from the reported Cu2O content and the average Cu:Zn ratio determined by XRF measurements on the panels
before immersion, ± 1 standard deviation (n = 120).

118

The panels were attached in random order to polypropylene wires and immersed at 1 m depth in

119

mid-July 2015 at two recreational marinas in Sweden: Bullandö Marina in the Stockholm area on

120

the East coast (salinity of 5.1 PSU; 59.298°N, 18.653°E) and Fiskebäck Marina in the Gothenburg

121

area on the West coast (salinity of 13.8 PSU; 57.647°N, 11.853°E). 4 replicate panels of each

122

coating were retrieved at both locations after t = 7, 14, 28, 56 and 84 days of immersion, with one

123

exception: no panels coated with paint E were collected after 7 days at Bullandö. The panels were

124

brought back to the lab and left to air dry before XRF analysis. The water temperature during the

125

study, as monitored by the Swedish Meteorological and Hydrological Institute

126

the two marinas, were compared. No significant difference was found (p = 0.2937) between the

127

water temperature by the Stockholm marina (on average: 16.0 ± 1.7 °C; 58.933°N, 19.167°E)

128

and by the Gothenburg marina (16.3 ± 1.7 °C; 57.685°N, 11.791°E). pH is expected to be similar

129

at the two sites and between 8 – 8.3, based on measurements of coastal surface water in the

130

Baltic Sea over recent years

20

at locations near

21.

131
132

2.2 XRF method and calculation of release rates

133
134

A portable XRF (DELTA-50, InnovX) was used to measure the area concentration of Cu and Zn in

135

the paint coatings (expressed as µg cm-2), using the method described in Ytreberg et al.

136

modifications were carried out for the purpose of this study in order to improve the quantification

137

(see detailed description in the Supporting Information). The same measurement time (30 sec)

138

and settings (50 kV beam) were kept, but a new calibration was established on the instrument. For

139

this study, newly prepared painted film standards were mounted onto 10 x 10 cm PMMA panels, to

140

exactly match the background of the paint panels utilized in the field study. Additionally, Compton

141

normalization was applied to the signal as it improved the linearity of the calibration curves. The

142

intensity of the Compton peak (measured here between 20.0 and 20.8 kV) reflects the

143

fluorescence absorption of the sample

144

normalizing to an internal standard. The Compton normalization was also found to reduce the day-

145

to-day variability. Excellent linear relationships were found between the area concentrations of the

146

standards and the Cu Kα-intensity (r2=0.997) and Zn Kα-intensity (r2=0.993) (fig. S1).

22.

17.

Minor

Normalizing to this peak can therefore be likened to

147
148

One dedicated measurement point on each panel was measured by XRF before and after

149

immersion. The difference in measured metal concentration represents the amount of metals lost,

150

i.e. the cumulative release (in µg cm-2). The day-to-day variability of the instrument was

151

monitored through repeated measurements of a control panel coated with antifouling paint. The

152

absolute day-to-day precision, calculated as the standard deviation of the average concentration,

153

was ± 9 µg/cm2 and ± 22 µg/cm2 for Cu and Zn, respectively.

154
155

The release rate (µg cm-2 day-1) between two time points (t1 and t2) was calculated as the

156

difference of the cumulative releases at t1 and t2 (µg cm-2) (n=4) divided by the difference in

157

immersion time ∆t (days):

158
159

𝑅𝑒𝑙𝑒𝑎𝑠𝑒 𝑟𝑎𝑡𝑒 =

𝑁𝑒𝑡 𝑟𝑒𝑙𝑒𝑎𝑠𝑒
∆𝑡

=

𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑡2 − 𝐶𝑢𝑚𝑢𝑙𝑎𝑡𝑖𝑣𝑒 𝑟𝑒𝑙𝑒𝑎𝑠𝑒𝑡1
𝑡2 −𝑡1

(Equation 1)

160
161

2.3 Influence of fouling

162
163

Although there was no macrofouling on the panels, thin layers of microfouling, so called slime,

164

were present on some, especially those subjected to the longer immersion times. In theory, slime

165

could interfere with the XRF measurement if it increases the distance between the beam window

166

and the sample surface. Additionally, if the slime has the ability to absorb x-rays, this would lead

167

to further signal attenuation. However, as organic material is composed of lighter elements, mainly

168

carbon, any potential absorption by the slime is expected to be low

169

affect the results through the uptake of metals leached from the coating

170

any potentially interference, panels holding a film of slime were soaked in water for 1 hour and the

171

slime was gently removed with a soft brush. Concentrations measured prior to and after the

172

fouling removal were compared and the difference was on average ± 1 standard deviation: -15 ±

173

36 and 11 ± 27 µg/cm2 for Cu and Zn, respectively. These differences were not found to be

174

significantly greater than the day-to-day variations in instrument performance (t-test, α = 0.05).

175

Only the XRF data obtained before the microfouling was removed was therefore used in this study.

24.

The microfouling could also
25.

In order to investigate

176
177

2.4 Statistical analysis and MAMPEC modelling

178
179

Statistical analyses of the data were performed in JMP® 13.1 and a significance level of 5%

180

(α=0.05) was used for all. T-tests were performed to investigate significant differences in

181

cumulative release between the two sites for each of the paints. Linear regressions between the

182

cumulative release of Cu and Zn at each site and the paints’ Cu2O or ZnO content were tested for

183

significance. A 2-way ANOVA was performed to determine if salinity, paint selection (i.e. each

184

paint’s specific formulation) and/or the interaction between the two significantly affects the load of

185

Cu and Zn to the marina waters. Significant differences in release rates derived with the new XRF

186

method compared to those generated from the standardized methods, i.e. the rotating cylinder

187

method and the CEPE mass balance method, were examined with paired t-tests.

188
189

For the environmental risk assessment, European member states utilize the modelling software

190

MAMPEC (Marine Antifoulant Model to Predict Environmental Concentrations) to predict the

191

concentrations of e.g. dissolved Cu in marinas using the provided release rates. Different marina

192

and harbor scenarios can be used in the model and adjusted for the individual country. In Sweden,

193

there are two marina scenarios for recreational vessels: one for the Swedish East coast (salinity

194

6.1 PSU) and one for the West coast (salinity 20.3 PSU)

195

predict the concentrations of dissolved Cu and Zn in two Swedish marina scenarios using the

196

measured release rates (see Supporting Information for details). The Predicted Environmental

197

Concentration (PEC) from MAMPEC is assessed against the Predicted No Effect Concentration

198

(PNEC) by calculating the Risk Characterization Ratio (RCR) = PEC/PNEC.

26.

MAMPEC (version 2.5) was used to

199

3. Results & Discussion

200
201

3.1 Effect of salinity and paint formulation on the release of Cu and Zn

202
203

The release of Cu and Zn from antifouling paints is controlled by the solubility of the pigments and

204

the solubility/erodibility of the paint binder, which are mainly affected by salinity, pH, temperature,

205

vessel speed (agitation), pigment particle size and binder composition

206

are expected to be comparable at both sites studied herein and also, since the panels in this study

207

were static, only differences in release due to variations in salinity and paint formulation (meaning

208

the paints’ binder composition, biocidal content, particle size, etc.) can be discussed here.

27,28.

As pH and temperature

209
210

3.1.1

Cu release rates

211
212

The in situ release rates of Cu, calculated for the different immersion periods using Equation 1, are

213

displayed in figure 1 (left column). The time trends differ between the paints but some general

214

tendencies can still be observed for each of the two locations. At the higher salinity site

215

(Gothenburg), the release of Cu is typically slow for the first 7 days and then increases to reach a

216

maximum rate sometime between day 7 and 28. This is followed by a decrease in release rate

217

until the end of the study. An exception is paint C which, unlike the other paints, has a constant

218

and steady release rate from day 0 to 56, before decreasing by a factor of 2. The decrease in Cu

219

release rates observed in Gothenburg is consistent with that observed in a study by Valkirs et al.,

220

where in situ Cu release rates for 8 different Cu2O coatings (7 self-polishing and 1 ablative) applied

221

on static panels immersed in fully saline waters in San Diego Bay, California were determined with

222

the dome method

223

days (after 11, ~30 and ~70 days) and the results showed a decrease in release rates with time.

224

For the less saline site, Stockholm, the release rates generally increase over a longer time period

225

(up to 28 days), before a steady release rate is achieved and with-held until the end of the study

226

period. Here, paint E deviates from the described trend as its increase in Cu release rate is so slow

227

that it is not possible to determine whether any sort of steady-state was attained by day 84.

228

14.

The release rates of Cu were recorded at three occasions during the first 100

229
230
231
232
233
234
235
236

Figure 1. Release rates of Cu (left column) and Zn (middle column) from the five tested coatings. The Cu:Zn
ratio (right column) measured on the coating remaining on the panels has been normalized to t=0, i.e. the
ratio in the original paint as measured before immersion. A ratio below 1 (as shown by the dashed line)
indicates a preferential release of Cu over Zn. The shaded areas represent ± 1 standard deviation about the
mean (n=4).

237

All the paints in this study show a higher cumulative release of Cu at the higher salinity site over

238

the study period (figure S2) and the Cu release rates observed in the Gothenburg marina between

239

day 0 and 56 are generally higher than those at the Stockholm marina. These results are in

240

agreement with those described by Ytreberg et al. where the same paints were studied along a

241

salinity gradient and increased salinity was found to increase the release of Cu

242

of the dissolution of Cu2O in seawater found that the following equation to be the rate determining

243

step for the pigment dissolution

17.

A detailed study

29:

244
245

Cu2O (s) + 2H+ (aq) + 4Cl- (aq) ↔ 2CuCl2-(aq) + H2O (l)

(Equation 2)

246
247

Thus, an increase in salinity, i.e. an increase in chloride ions (Cl-), increases the dissolution rate of

248

Cu2O. In addition, the solubility and polishing rates of both erodible rosin and self-polishing acrylic

249

matrices have also been shown to increase with salinity

250

Adeleye et al.

251

relationship between release of Cu and salinity (expressed as chloride concentration) was found.

31,

27,30.

For example, in a laboratory study by

where a self-polishing paint containing 48 % Cu2O (w/w) was studied, a linear

252
253

Plotting the cumulative release of Cu at both sites against one another for all the studied

254

immersion times, reveals a linear relationship (r2=0.914, p<0.0001) with a slope of 1.98 (Fig. 2A).

255

However, paint E (a self-polishing paint) deviates from that pattern and does not fit the linear

256

regression as well as the rosin-based paints, possibly due to its different binder technology.

257

Removing this paint improves the relationship (r2=0.975, p<0.0001) while negligibly altering the

258

slope to 1.90 (data not shown). Hence, with respect to the rosin-based paints, increasing the

259

salinity from 5 to 14 PSU results in a two-fold Cu load to the marina. For the self-polishing paint E,

260

the increased salinity enhances the Cu release even further by a factor ≥ 3 by day 56 and onward.

261

These results clearly show that salinity is a key parameter in controlling the release of Cu from

262

antifouling paints. Possible correlation between the paints’ Cu2O content and their cumulative

263

release of Cu after 84 days of immersion was investigated but found to be non-significant at both

264

sites (fig. S4A). This was also the case when only considering the paints with the same binder

265

technology, i.e. the rosin-based paints. Consequently, the paints’ Cu2O content cannot be used by

266

itself to predict the release of Cu from the studied products. To determine whether location (i.e.

267

salinity) is more important than the choice of paint (i.e. meaning not only the paint’s biocidal

268

content but its unique formulation) on the total amount of Cu released after 84 days, a 2-way

269

ANOVA was performed. The test revealed that both location and paint choice have a significant

270

effect (p<0.0001) on the Cu release. The interaction between the two parameters (salinity and

271

paint choice) was also significant (p<0.0001).

272

273
274
275
276
277
278
279
280

Figure 2. Regression lines showing the relationship between the release of Cu (A) and Zn (B) for the two
different salinities for all data points, i.e. all immersion times. Error bars represent ± 1 standard deviation (n =
4). The shaded grey area shows the 95% confidence interval of the linear regression and the dashed line
shows the 1:1 correlation.

3.1.2

Zn release rates

281
282

The effect of increased chloride ions on the dissolution rate of ZnO has not been experimentally

283

studied, although Yebra et al.

32

hypothesize that the reaction in seawater might be written as:

284
285

ZnO (s) + H2O (l) + 2Cl− (aq) ↔ ½ ZnCl4 (aq) + ½ Zn(OH)3- (aq) + ½ OH− (aq)

(Equation 3)

286
287

Here, the release rates of Zn were found to not be as affected by an increase in salinity as that of

288

Cu (fig 1, middle column). This could be due to differences in dissolution rate as that of Cu2O in

289

seawater at 25°C 29 (50 x 10-12 moles Cu cm-2 sec-1) is approximately 16 times slower than that of

290

ZnO32 (3.1 x 10-12 moles Zn cm-2 sec-1). The largest differences in time trends are not observed

291

between the two salinities but instead between the paints. A decrease in Zn release rate is

292

generally perceived towards the end of the study for all, but this is preceded by either a slow

293

increase at the beginning of the study (e.g. paint B) or a high initial release rate in the very first

294

week (e.g. paint C and E). None of the paints seem to attain any sort of steady-state release rate,

295

with the exception of paint A after day 28.

296
297

The regression of the cumulative Zn release at the two sites reveals a linear relationship

298

(r2=0.935, p<0.0001) but with a slope of only 1.12 (fig. 2B). Only the paints A, B and C have a

299

significantly higher cumulative release by 84 days at the higher salinity (p<0.001, p = 0.0012 and

300

p<0.001, respectively) (fig. S3). Similar to Cu, the 2-way ANOVA revealed location (p<0.0001),

301

paint choice (p<0.0001) and the interaction between these two (p=0.0064) to have a significant

302

effect on the cumulative load of Zn released by day 84. The results of this test seems however to

303

be mostly driven by paints A, B and C. When these are excluded, paint choice is the only variable

304

with significant effect on the Zn release (p<0.001). Hence, whether or not salinity will affect the

305

Zn release seems to be paint-specific. The cumulative release of Zn after 84 days was investigated

306

in correlation with the paints’ ZnO content. A significant regression correlation with ZnO content

307

could only be established for the Stockholm site (r2=0.848, p=0.0263) (fig. S4). Thus, at lower

308

salinities, the ZnO content might be a useful parameter to estimate the release of Zn from the

309

coatings.

310
311

3.1.3

Differential dissolution

312
313

A study by Finnie in 2008 studied the release rates of four self-polishing Cu2O coatings with a co-

314

biocide consisting of either copper or zinc pyrithione

315

over a 1 year test period showed no discernable difference in the release rate behavior over time

316

between Cu2O and the co-biocides from day 21 and onward, despite the differences in solubility

317

between them. After day 21, the ratio of released Cu:co-biocide relative to the paints original

318

Cu:co-biocide remained on average (± 1 standard deviation) 1.02 ± 0.17. The study therefore

319

concluded that the biocide release from antifouling paints is controlled by the paint properties

320

rather than by the properties of the biocides themselves. In the current study, the Cu:Zn ratio

33.

The results from rotating cylinder tests

321

measured in the remaining paint film and normalized to the studied paints’ original Cu:Zn ratio

322

was plotted over time (fig. 1, right column). A synchronous release behavior between Cu and Zn is

323

indeed observed for the self-polishing paint (E) at the higher salinity (average ratio of 1.05 ±

324

0.02), but not for any of the rosin-based paints tested (A-D). The quite steep decrease of the

325

Cu:Zn ratio over time in the Gothenburg marina down to as low as 0.2 for the rosin-based paints

326

shows a clear preferential release of Cu over Zn. In comparison, the ratios at the lower salinity site

327

remain much closer to 1 throughout the study, indicative of a more even paint erosion. As the

328

releases of Cu and Zn are not synchronous for all paints and sites, the use of a common release

329

rate model (e.g. the CEPE mass balance equation) for both Cu and Zn will likely not yield realistic

330

results.

331
332

Yebra et al. have shown that for rosin-based paint systems, two dissolving pigment fronts can

333

develop due to the difference in solubility between Cu2O and ZnO

334

solubility and dissolution rate of ZnO, the ZnO dissolving front will form on top of the Cu2O

335

dissolving front. If this is the case for the studied paints, the observed preferential dissolution of

336

Cu2O could lead to a thicker ZnO pigment front with time. This would in turn yield longer diffusion

337

paths for the dissolved Cu ions and could subsequently be responsible for the slowed Cu release

338

that was observed at higher salinity.

32.

As a result of the lower

339
340

3.2 Do “steady-state” release rates exist?

341
342

The CEPE mass balance model is based on the assumption of a high leaching rate during the first

343

two weeks, followed by a steady-state release for the remaining lifetime of the paint, irrespective

344

of paint matrix. This assumption could not be confirmed in the current study. Instead, at the

345

higher salinity site, the release rates of Cu were, for four of the paints (A, B, D and E), higher

346

between day 14 and 56 as compared to the initial rate between day 0 and 7. At the lower salinity

347

site, four of the paints (A-D) appear to attain a steady release rate for Cu after day 14 or 28, but

348

this was preceded by an increase in release rate, not a decrease. In general, there seems to be no

349

common time point after which a steady-state was achieved for both metals, both sites and all

350

paints. In the study by Valkirs et al., the in situ release rates from the static panels exposed in

351

fully saline conditions were measured over a total time period of 781 days and for the majority of

352

the studied paints, a steady-state release rate was not observed until day 120

14.

It is thus

353

possible that a steady-state might occur after 84 days at the higher salinity site, but even in that

354

event, its relevance for risk assessment purposes can be questioned. Given that the boating

355

season in many North-European countries is typically 5 months long, i.e. ~ 150 days, more than

356

half the boating season has already passed by day 84. The release prior to this time cannot simply

357

be neglected, especially since the data suggests that the highest release rates generally occur

358

during the first 56 days of immersion. If no such thing as a steady-state exists or at least, cannot

359

be obtained within a realistic time frame, the time period that should be used to determine the

360

release rate for risk assessment purposes needs to be considered carefully. For instance, even

361

though the Cu leaching rates at the two sites between day 56 – 84 are comparable or have

362

overlapping uncertainties for all paints, twice the Cu load was released at the Gothenburg site by

363

day 84 as compared to Stockholm (fig. 2A). Selecting an appropriate time period is therefore

364

crucial in order for the leaching rates to be representative.

365
366

3.3 Risk assessment

367
368

3.3.1

Comparison with existing methods

369
370

The release rates submitted to the Swedish Chemicals Agency (KemI) for the biocidal product

371

approvals of the paints tested in this study

372

derived by XRF for the whole study period (RRd0-d84) (fig. 3). In addition, for a more

373

environmentally protective approach, the average release rates for the time period during which

374

the rates were generally observed to be highest, i.e. day 14 - 56, were also calculated (RRd14-d56).

375

The calculated release rates RRd0-d84 and RRd14-d56 are listed in table S2 of the Supporting

376

information. Should a product fail to pass the risk assessment when employing non-corrected

377

release rates (Tier 1) from the two existing standardized methods, it is accepted within the EU that

378

the rates be divided by their corresponding reduction factor (5.4 for the rotating cylinder method

379

and 2.9 for CEPE mass balance method) for a Tier 2 assessment 7. A Tier 2 assessment was

380

employed for Cu for all studied paints except paint E that was approved before the application of

381

correction factors was adopted. For paints A-D, the in situ RRd14-d56 for Cu are 2.6 – 8.1 times

382

higher than the submitted Tier 2 release rates. Even RRd0-d84, which are on average 17 ± 5 %

383

lower than RRd14-d56, are still 2.3 – 6.9 times higher than the Cu rates used in the risk

384

assessments. A similar observation can be made for Zn. Comparative release rates for Zn are only

34–38

were compared to the average release rates

385

available for three of the paints (A-C) as the other two were assessed prior to the introduction of

386

the requirement for producers to submit the release rates of both metals. A Tier 2 assessment was

387

used for all three paints. Compared to RRd14-d56, the Zn leaching rates are underestimated 2.2 –

388

3.3 times. For both metals and regardless of method, it is clear that the Tier 2 assessment, yields

389

underestimated release rates. The validity of applying reduction factors can therefore be

390

questioned. In fact, statistical comparison of the (non-corrected) Tier 1 rates to RRd14-d56 reveals

391

no significant difference between the two (p=0.5216 for Cu, p=0.5298 for Zn). For the paints in

392

this study, the Tier 1 release rates would therefore have been more appropriate to use. Whether

393

this result applies to all other coatings on the market, including those with other types of binder

394

technologies which were not studied here such as hard paints, needs to be investigated.

395

396
397
398
399
400
401
402

Figure 3. Release rates for Cu (A) and Zn (B), as submitted to the Swedish Chemicals Agency for the risk
assessment of the products. The in situ release rates between day 0 and 84 and between day 14 and 56 were
calculated for the XRF method (± 1 standard deviation, n = 4). For the paints approved for use on the Swedish
East Coast (A-C), the XRF release rates from the Stockholm marina are shown. For the paints approved for use
on the Swedish West Coast (D-E), the XRF release rates from the Gothenburg marina are shown. The striped
bars indicate the release rates used to gain product approval.

403
3.3.2

404

MAMPEC modelling

405
406

The calculated RCRs based on the Cu and Zn release rates determined by XRF (RRd0-d84 and RRd14-

407

d56)

408

mixture effects, KemI employs the Concentration Addition approach according to which the RCRs

409

for Cu and Zn are summed together. The summed RCR is compared to “1”, with RCR > 1

410

indicating an unacceptable risk to the environment. Products with an RCR above but close to “1”

411

may still gain approval, but this is evaluated on a case-to-case basis.

were compared to those from the authorization applications (fig. 4). To take into account

412

413
414
415
416
417
418
419
420
421

Figure 4. Risk Characterization Ratios (RCR) for the five paints as stated in their respective applications to the
Swedish Chemicals Agency (the application year is shown in parenthesis). RCRs were also derived from the in
situ release rates between day 0 and 84 (RRd0-d84) and between day 14 and 56 (RRd14-d56). For the paints
approved for use on the Swedish East Coast (A-C), the RCR is derived using the XRF release rates from the
Stockholm marina as input into the East Coast marina scenario in MAMPEC. For the paints approved for use on
the Swedish West Coast (D-E), the RCR is derived using the XRF release rates from the Gothenburg marina as
input into the West Coast marina scenario in MAMPEC.

422

For the three paints approved for use on the East coast (A-C), the RCRs in the application are

423

equal to or close to “1”. The summed RCRs derived from RRd0-d84 and RRd14-d56 are much higher

424

with values between 2.4 and 3.9. For all paints, the RCRs show that most of the environmental

425

risk is associated with the release of Cu into the aquatic environment. For the West Coast paints

426

(D-E), any contribution to the RCR from the release of Zn was not taken into account when their

427

applications were submitted. However, as can be seen from the RCRs derived from the field

428

release rates, the contribution of Zn to the summed RCR is negligible for these paints. For paint D,

429

the use of the field release rates yields RCRs around 2, i.e. more than twice as high as that of 0.8

430

from the application. As no reduction factor was applied to the Cu release rate for paint E, the RCR

431

from the application of 1.7 is in the same range as those obtained with the in situ release rates. At

432

the time, the product still gained approval as it was reasoned in the application that the rotating

433

cylinder method likely overestimated the release of Cu. Overall, with resulting RCRs typically

434

between 1.5 and 4 when based on the environmental release rates as measured by XRF, it is

435

questionable whether any of the five products in this study should have been allowed on the

436

Swedish market.

437
438

439

4. Conclusions

440
441

In this study, both salinity and the paints’ specific formulations are shown to significantly affect not

442

only the total amount of Cu and Zn released from the coatings, but also how the rate of this

443

release changes over time. The effect of temperature and pH was not studied here but will likely

444

also affect the biocidal release with a higher release at higher temperatures and lower pH

445

Release rates determined for the Baltic Sea may therefore not be representative of those for e.g.

446

the Mediterranean Sea, and vice versa. As EU countries may utilize custom national scenarios in

447

MAMPEC, it would be sensible to input site-specific release rates obtained in field conditions similar

448

to those of the modelled scenarios. By measuring the release rates from antifouling paints exposed

449

in the field with this new XRF method, the risk assessment of these biocidal products could be

450

greatly improved. The selection of immersion times to obtain environmentally relevant release

451

rates is however a subject for discussion. There may be a trade-off between environmental

452

relevance and the feasibility to perform the risk assessment in a cost-efficient, time constrained

453

and standardized manner. With only a 30 sec measurement time and no need for any chemical

454

analyses, the XRF method determines not only environmentally relevant release rates but is also

455

an economical alternative to the methods currently in use.

29,39.
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Materials & Methods
Preparation of standards
Ytreberg et al. 2017 demonstrated the importance of paint film thickness and that the dry film
thickness of the paint should be ≤ 40µm to be within the linear response range of the XRF signal. In
the current study, new paint standards were prepared with increasing concentrations of Cu and Zn
through the addition of Cu2O (Sigma-Aldrich, 97%, <5µm) and ZnO (Alfa Aesar, >99%, <44µm) to a
biocide-free rosin based paint base obtained from the Boero Group. The paints were then applied onto
clear polyester films (Melinex® O, 125µm, DuPont Teijin Films). An automatic, motorized film
applicator (Elcometer 4340) was used for the application, with a wet film thickness setting of 100 µm,
yielding dry film thicknesses < 40 µm. Squares of approximately 2 cm2 of each paint standard were
cut out from the polyester films and their weights and exact areas were determined. The squares were
then mounted onto 10 x 10 cm Plexiglas panels, to exactly match the background of the paint panels
utilized in the field study. Aliquots of the fresh paints were dried and sub-samples were scraped off
and sent to an accredited analytical company (ALS Scandinavia AB) for determination of their total
metal concentration through microwave digestion using a mixture of HNO3/HCl/HF, followed by ICPMS (Inductively Coupled Plasma Mass Spectrometer) analysis. Knowing the area, A (cm2), the weight,
m (g), and the concentration of metals in the paints, Cpaint (µg g-1), the area concentration, Carea (µg
cm-2), of Cu and Zn was calculated for each film square using the following equation:

𝐶𝑎𝑟𝑒𝑎 =

𝐶𝑝𝑎𝑖𝑛𝑡 × 𝑚
𝐴

Carea was determined to range from 0 and up to 3000 for Cu and up to 1700 µg cm-2 for Zn.
Calibration of the XRF instrument
The standards were analyzed with the XRF with a 30 second measurement time and using Compton
normalization of the signal. The signal was also adjusted by the PC software for air background and
any potential elemental interferences. Peak area integration was performed on the K-alpha peaks of
Cu and Zn, i.e. between 7.87-8.22 keV for Cu and between 8.45-8.81 keV for Zn. Calibration curves
for both Cu and Zn with excellent linearity were established on the instrument software (fig. S1).

1

Figure S1. Calibration curves for Cu (A) and Zn (B) established on the XRF. The x-axis shows the area
concentration while the y-axis shows the Kα Compton-normalized intensities. The black line shows the linear
regression and the grey shaded area represents the 95% confidence interval.

MAMPEC modelling
There are three parts of the MAMPEC model for inputting parameters: “Environment”, “Compound”
and “Emission”. The parameters used for “Environment” and “Emission” for East and West coast
marina scenarios are clearly outlined in a guidance document by the Swedish Chemicals Agency

26

and

are therefore not listed here. The East coast marina scenario was used for paints A, B and C which
were approved for use on the Swedish East Coast. The West coast marina scenario was used for
paints D and E which were approved for use on the Swedish West Coast. Table S1 shows the input
parameters used for Cu and Zn in “Compound”. These were taken from the product report for paint B
(Biltema Antifouling BS)

38,

as it was the latest one to be risk assessed (2013) out of all the five

studied paints. The PNEC values used for the calculation of the Risk Characterization Ratio (RCR =
PEC/PNEC) are also shown in Table S1. Table S2 shows the release rates entered in “Emission” for the
different paints.
To derive the PECs, the procedure outlined in the KemI guidance document


26

was followed. Briefly:

Cu: the average “Freely dissolved” concentration determined by MAMPEC was multiplied by
0.92 (based on the assumption that 8% of the vessels are out at sea). The background
concentration of Cu was then added (0.69 µg/L for the East Coast Marina or 0.51 µg/L for the
West Coast Marina).

2



Zn: the average “Freely dissolved” concentration determined by MAMPEC was multiplied by
0.92 (based on the assumption that 8% of the vessels are out at sea). No background
concentration was added as the PNEC values for Zn have been derived using an “added risk
approach” where only the anthropogenically added amount of Zn to the environment is
considered.

Table S1. Parameters used for Cu and Zn in “Compound” in MAMPEC for the different scenarios. The PNEC values
are also listed.

Parameter
Saturized vapour pressure at 20°C
Solubility at 20°C
Kd (m3/kg)
PNEC (µg/L)

East Coast
0
0.001
58.2
1.45

Cu
West Coast
0
0.001
58.2
2.6

East Coast
0
1.00
126
2.6

Zn
West Coast
0
1.00
126
7.8

Results & Discussion

Figure S2. Cumulative release of Cu (µg/cm2) over time at the two locations for the five tested antifouling
products: Mille Light (A), Biltema Antifouling BS (B), Cruiser One (C), Biltema Antifouling (D) and Mille Xtra (E).
The shaded areas represent ± 1 standard deviation about the mean (n=4). The content of Cu2O (weight %) is
indicated for each paint.

3

Figure S3. Cumulative release of Zn (µg/cm2) over time at the two locations for the five tested antifouling
products: Mille Light (A), Biltema Antifouling BS (B), Cruiser One (C), Biltema Antifouling (D) and Mille Xtra (E).
The shaded areas show ± 1 standard deviation about the mean (n=4). The estimated content of ZnO (weight %) is
indicated for each paint.

Figure S4. The release of Cu (A) and Zn (B) after 84 days of immersion plotted against the content of Cu2O and
ZnO, respectively, in the antifouling paints. Error bars show ± 1 standard deviation (n = 4). Only significant linear
regressions are plotted.

4

Table S2. Average in situ release rates between day 0 and 84 (RRd0-d84) and between day 14 and 56 and (RRd14-d56)
calculated based on XRF measurements (± 1 standard deviation, n = 4). Release rates used for Cu and Zn in
“Emission” in MAMPEC for the different scenarios are highlighted in bold.

Stockholm (5 PSU)
Cu (µg cm-2 d-1)
Zn (µg cm-2 d-1)
Paint RRd0-d84 RRd14-d56
2.83
3.46
A
(± 0.17) (± 0.29)
2.81
3.28
B
(± 0.21) (± 0.77)
2.06
2.30
C
(± 0.15) (± 0.32)
4.55
5.00
D
(± 0.63) (± 0.78)
2.36
0.68
E
(± 0.22) (± 1.44)

Gothenburg (14 PSU)
Cu (µg cm-2 d-1)
Zn (µg cm-2 d-1)

RRd0-d84

RRd14-d56

RRd0-d84

RRd14-d56

RRd0-d84

RRd14-d56

2.73
(± 0.22)
6.84
(± 0.36)
5.56
(± 0.15)
5.48
(± 0.80)
3.21
(± 0.44)

2.95
(± 0.50)
9.94
(± 1.55)
6.65
(± 0.60)
7.94
(± 0.84)
3.02
(± 0.41)

5.34
(± 0.12)
5.59
(± 0.21)
4.20
(± 0.23)
8.94
(± 0.17)
6.62
(± 0.67)

6.70
(± 0.35)
6.75
(± 0.43)
4.94
(± 0.71)
10.84
(± 1.37)
8.66
(± 1.82)

4.21
(± 0.23)
8.77
(± 0.67)
6.82
(± 0.14)
6.32
(± 0.69)
3.39
(± 0.35)

4.75
(± 0.57)
10.45
(± 1.08)
8.23
(± 1.15)
4.36
(± 1.45)
3.35
(± 0.76)
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SAMMANDRAG
Den här utredningen är beställd av Stockholms universitet. Stockholms universitet är projektpartner i forskningsprojektet Changing antifouling practices for leisure boats in the Baltic Sea CHANGE och Håll Skärgården Ren rf är underleverantörspartner. CHANGE är ett
mång- och tvärvetenskapligt projekt, som med hjälp av
nya metoder syftar till att minska användningen av påväxthindrande färg på båtar i Östersjön. Utredningens
resultat kommer att utnyttjas i projektet. En motsvarande utredning genomfördes i Sverige 2011 av ITM, Institutionen för tillämpad miljövetenskap vid Stockholms universitet.
I Finland finns uppskattningsvis ca 700 000 båtar varav
203 944 är registrerade. Merparten (70,4 %) av de registrerade båtarna finns i Finlands kustkommuner. Av de
registrerade båtarna i kustkommunerna är 89,4 % motorbåtar, 8,4 % segelbåtar och 2,2 % övriga båtar. Det
finns sammanlagt 55 kustkommuner.
Reparation och underhåll av båtar ger upphov till utsläpp i miljön. I synnerhet bottenunderhåll frigör kemikalier som hamnar i marken och potentiellt i närliggande vattendrag. Underhållsåtgärderna kan således leda
till att marken förorenas. I Finland övervakas markföroreningar av de regionala NTM-centralerna (Närings-, trafik- och miljöcentralen). Finlands 55 kustkommuner hör
till åtta NTM-centralers verksamhetsområden: NTM-centralerna i Sydöstra Finland, Nyland, Egentliga Finland,
Satakunta, Södra Österbotten, Norra Österbotten, Österbotten och Lappland.
Målet för utredningen är att få klarhet i hur man i Finlands kustkommuner har undersökt marken vid båtvarv
och vinterförvaringsplatser och hur stora mängder av de
kemikalier som används i påväxthindrande färg som hittas i marken. Målet var också att reda ut varför markundersökningar har genomförts och om marken har sanerats eller kommer att saneras. Målet var att också kunna jämföra resultaten från utredningen med de svenska
resultaten.
I denna sammanfattande rapport beaktas de dockningsplatser där många båtar förvaras vintertid. Förvaringsplatser för enskilda båtar har exkluderats ur denna utredning. Sötvattensområden ingår inte heller. I utredningen beaktades bara markprover, varför bottenvatten-, vatten- och sedimentprover inte omfattades av

rapporten. Mätresultaten har inte genomgått någon kvalitetsbedömning, eftersom resultaten har levererats av
den övervakande myndigheten, och då är antagandet
att kvaliteten har säkerställts redan i det skede då mät
arbetet beställdes och levererades.
Utredningen genomfördes så att en e-postenkät sändes
ut till NTM-centralerna och landskapsförbunden som
övervakar de 55 kustkommunerna. Från NTM-centralen
förmedlades enkäten också i vissa fall vidare direkt till
kommunerna. Från landskapsförbunden styrdes enkäten vidare till rätt instans vid NTM-centralerna. Enkäten
genomfördes mellan augusti 2015 och mars 2016. I enkäten bad man om redogörelser över alla markundersökningar som genomförts från och med år 2000 och
framåt. Den första enkätrundan genomfördes i augusti–
november 2015 och enkäten sändes ut på nytt i februari–mars 2016. Mottagarna fick en färdig Excel-fil som bilaga, där de direkt kunde föra in uppgifterna. I enkäten
efterfrågades inte resultat för TBT eller TPhT.
Svar kom in från sammanlagt nio kommuner: Uleåborg,
Karleby, Korsholm, Vasa, Åbo, Pargas, Kyrkslätt, Esbo
och Fredrikshamn. Av 55 kommuner lät 46 bli att svara.
Markundersökningar hade gjorts i sju av de nio kommuner som skickade in ett svar. Av dessa kunde endast resultaten från fyra objekt utnyttjas.
De fyra objekten i Finland ger ännu inte en heltäckande
bild av hur marken vid båtvarven mår. Utredningen illustrerade på ett bra sätt det faktum att det inte finns någon samlad information om båtvarvens och vinterförvaringsplatsernas läge och användning eller närmiljöns tillstånd.
Den svenska utredningen visade att det även i Sverige
har gjorts relativt få mätningar och att det finns stora
variationer mellan mätresultaten, beroende på mätningarnas syfte. I Finland och Sverige tillämpas olika riktvärden.
I den svenska utredningen användes fler mätresultat
som källa än i den finska. Dessutom finns det skillnader i
riktvärdesskalan som omöjliggör en fullständig jämförelse. Det kan dock konstateras att kopparvärdena i båda
länderna översteg de riktvärden som tillämpas. Detsamma gäller zink och bly.
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INLEDNING
Håll Skärgården Ren rf (HSR rf) är en riksomfattande
miljöorganisation för båtfarare och andra som rör sig till
sjöss och vill i egenskap av sådan lyfta fram den senaste kunskapen om hur man kunde minska båtlivets miljöbelastning i den allmänna debatten. En aktivitet som
belastar miljön är de underhålls- och reparationsarbeten som utgör en väsentlig del av båtunderhållet. Underhållsåtgärder är aktuella både på våren innan båtsäsongen inleds och på hösten efter att säsongen avslutats.
HSR rf är en underleverantörspartner inom forskningsprojektet Changing antifouling practices for leisure
boats in the Baltic Sea, CHANGE. CHANGE är ett mångoch tvärvetenskapligt projekt, som med hjälp av nya
metoder syftar till att minska användningen av påväxthindrande färg på båtar i Östersjön. I projektet finns en
stor grupp sakkunniga från såväl naturvetenskapliga
och ekonomiska som miljörättsliga sektorer representerade.
I Sverige gjordes år 2011 en utredning över de undersökningar som utförts vid kustkommunernas båtvarv. Utredningen1 genomfördes av Institutionen för tillämpad

Eklund & Eklund 2011
Haaksi & Gustafsson 2016, 3
3
Singh, N. & Turner, A. 2009, 559
1

2

miljövetenskap vid Stockholms universitet. HSR rf genomförde inom ramen för CHANGE-projektet en motsvarande utredning över båtvarven i Finland. Stockholms universitet har beställt denna utredning av föreningen och informationen kommer att utnyttjas inom
CHANGE-projektet.
Påväxthindrande färger är också kända under benämningen antifoulingfärger. Syftet med dessa är att förhindra att olika växt- och djurarter fäster sig på båtarnas
skrov. Antifoulingfärgernas effekt grundar sig på deras
kemiska och biologiska egenskaper. Antifoulingfärgerna klassificeras som biocider, vilka är avsedda att vara
skadliga för levande organismer. De människor som underhåller båtarna kommer också i kontakt med dessa
ämnen, varför det är bra för både människor och miljö att det genomförs utredningar över vilken slags miljö man arbetar i.2
Båtvarv ligger ofta i närheten av vattendrag, vilket betyder att färgflagor som lossnar vid underhållsarbeten
ganska fritt kan sköljas ner i havet när det regnar och de
kan också transporteras med vinden i form av damm.3
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BAKGRUND
Man har redan under mycket lång tid skyddat sina farkoster från olika slags växtlighet. Redan på 400-talet f.
v.t. använde man sig av arsenik och svavel, och ännu på
1800-talet använde man sig fortfarande av arsenik som
verksamt ämne medan man numera använder koppar.
Under 1900-talet tog utvecklingen av påväxthindrande
färger ett kliv framåt och man började då fästa uppmärksamhet vid hur snabbt de verksamma ämnena löses upp. På den tiden använde man i första hand koppar och kvicksilver. Några decennier senare, på 1970-talet, tillsatte man organiska tennföreningar tributyltenn
(TBT) och trifenyltenn (TPhT) i färgerna.4 Inom EU förbjöds dock dessa organiska tennföreningar för fritidsbåtar (längd under 25 m meter) år 1989 och för över
25 m långa båtar år 2003.5 År 2008 förbjöds dessa föreningar på alla vatten i världen.6 I Finland förbjöds TBT
och TPhT år 1991 för alla båtar under 25 meter. 7 Numera
används koppar och zink som verksamma ämnen i antifoulingfärgerna.
Östersjöns ekosystem är synnerligen känsligt eftersom
det är ett ungt hav med ett litet antal arter och långsamt vattenutbyte. Antifoulingfärgernas verksamma
ämnen är skadliga för många organismer, men i synnerhet för blåstång och blåmussla.8 Utsläppen är som
störst på våren när båtarna sjösätts, vilket sammanfaller
med vattenorganismernas livligaste förökningstid. Fritidsbåtar kan ligga förtöjda i sina hamnar under långa
perioder och står då för en stor punktbelastning i vattenområdet i fråga.9
Marken kan bli förstörd när skadliga ämnen släpps ut i
den. Underhållsåtgärderna vid båtvarven är en verksamhet som belastar marken. Skadliga ämnen kan transporteras genom marken ända ner till grundvattnet, närbelägna vattendrag och även sprida sig till omkringliggande områden.10
I Finland finns uppskattningsvis ca 700 000 båtar. År
2016 fanns det 203 944 registrerade båtar, varav 70,4 %
är registrerade i kustkommuner. Av dessa båtar i kustkommunerna är de flesta, 89,4 %, motorbåtar, 8,4 % segelbåtar och 2,2 % övriga båtar. 11
Till Finlands kustlandskap hör 55 kustkommuner, och
inom deras områden finns det olika båtvarv och vinterförvaringsplatser. Dessa kustkommuner hör till åt-

Haaksi & Gustafsson 2016, 3
Eklund & Eklund 2011, 8
6
IMO 2002, 1
7
Orgaaniset tinayhdisteet 2016
8
Itämeri on herkkä ekosysteemi 2012
9
Haaksi & Gustafsson 2016, 4

ta NTM-centralers (Närings-, trafik- och miljöcentraler) verksamhetsområden: Sydöstra Finlands, Nylands,
Egentliga Finlands, Satakuntas, Södra Österbottens,
Norra Österbottens, Österbottens och Lapplands.

Utredning över förorenade
markområden i Finland
I Finland övervakar NTM-centralerna bl.a. föroreningen av marken. NTM-centralerna har i uppgift att främja den regionala utvecklingen genom att sköta statsförvaltningens verkställighets- och utvecklingsuppgifter12.
Till uppgifterna på miljösidan hör uppföljning av den regionala miljöns tillstånd, miljövård, naturvård, områdesanvändning och byggnadsstyrning, vård av kulturmiljön samt utnyttjande och skötsel av vattenresurserna.
NTM-centralerna har i uppgift att övervaka de miljötillstånd som regionförvaltningsämbetena beviljar. Södra
Österbottens NTM-central sköter miljöärenden som berör Österbotten och Mellersta Österbotten och Egentliga Finlands NTM-central sköter miljöärenden som berör Satakunta.13
I Finland började den systematiska insamlingen av information vid ingången av 1990-talet inom projektet
för utredning och sanering av förorenade markområden (SAMASE). Resultaten av kartläggningen publicerades 1992 och ett riksomfattande sammandrag publicerades i projektets slutrapport 1994.14 I Finland började man förnya datasystemet över förorenade markområden 2001 och år 2007 offentliggjordes datasystemet
för markens tillstånd, MATTI. Datasystemet innehåller
information om objekt där den nuvarande eller tidigare verksamheten har kunnat släppa ut skadliga ämnen
i marken. Systemet täcker hela Finland förutom Åland.
År 2013 publicerades Finlands miljöcentrals översikt
över förorenade markområden i Finland (Pilaantuneet maa-alueet Suomessa), där man jämförde resultaten
från SAMASE-projektet och informationen i MATTI. Då
ingick 23 850 objekt i MATTI, vilka hade indelats efter
verksamhetsbransch.15 Branschindelningen anger dock
inte klart hur båtvarv klassificeras i MATTI.
År 2008 gjordes på uppdrag av Nylands miljöcentral
en utredning över verksamheten vid finländska båtvarv
och båtbyggerier, vilka kemikalier och skadliga ämnen
som används i verksamheten, arbetssätt, avfallshantering samt utförda miljöundersökningar16. I Paula Pitkä-

Haaksi & Gustafsson 2016, 5
Trafi 2016
12
Lag om närings-, trafik- och miljöcentralerna 897/2009 2 §
13
Näringsliv-, trafik- och miljöcentralen 2016
14
Pyy et al. 2013, 5
15
Pyy et al. 2013, 5, 8, 14
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Pitkäranta 2008, 3
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rantas utredning kartlades också båtvarv och båtbyggerier som har varit och fortfarande är verksamma samt
vinterförvaringsplatser i Borgåområdet. Utredningen
var en del av ett projekt vars målsättning var att klargöra hur förorenade marken och sedimentet vid gamla
och verksamma båtvarv är.

Miljöbelastningen från båtunderhåll
Service och underhåll av båtarna utgör en central del av
båtlivet. Vår och höst är typiska tidpunkter för båtunderhåll. På vårarna är underhållsarbetet i allmänhet mer
omfattande och då tvättar man båten efter vintern, ser
över skrovet och ger det ny ytbehandling, motorn gås
igenom och den del av skrovet som ligger under vattnet skyddas och båten sjösätts. På hösten lyfts båten
upp, man tvättar av den smuts som samlats under sommaren, flyttar båten till det ställe där den ska förvararas,
ser över motorn och slipar eventuella skadade områden
som kommit fram. Därefter täcks båten med en presenning och vinterförvaras antingen utom- eller inomhus.
Underhållsarbetet utförs i allmänhet på den plats där
båten ska förvaras. Höstens bottentvätt görs ofta på de
ställen som är avsedda för upptagning av båtarna.17
I underhållsarbetet ingår flera olika steg som kan ge
upphov till kemikalieutsläpp och därigenom leda till miljöförstöring i vattnet och marken.18
Sådana åtgärder är:
– ett totalt förnyande av den del av båtens skrov som
ligger under vattnet, dvs. ny ytbehandling
• gamla färglager avlägsnas först genom att man
slipar skrovet för hand eller med slipmaskin eller
genom blästring.
– skrovet målas
• underst kommer ett epoxybaserat lager
grundfärg, dvs. en primer, som ska vara
fuktisolerande.
• i mitten kommer vid behov ett mellanlager färg
• ytterst kommer ett lager ytfärg, dvs.
påväxthindrande färg eller antifoulingfärg som har
i uppgift att hindra att organismer (exempelvis
havstulpaner) fäster sig på bottnen.
I allmänhet slipas och målas bottnen på nytt varje vår,
eftersom målning ovanpå de gamla lagren bara gör lagret tjockare och kan leda till att färgen flagnar av. 19

Pitkäranta 2008, 16
Pitkäranta 2008, 16
19
Pitkäranta 2008, 16–17
20
Pitkäranta 2008, 17
21
9.1.7.5 Vastuu pilaantuneesta ympäristöstä. 2016
17

18

Både när man slipar bottnen för hand och med maskin hamnar färgavfallet i marken. Vid maskinell slipning
sprids färgdammet över ett ännu större område och vid
blästring kan man dessutom använda sig av blästringssand som innehåller anmärkningsvärt höga metallhalter. 20
Förorenad mark är alltid förorenarens ansvar. Den som
orsakar föroreningen är i första hand skyldig att sanera marken. Om saneringskostnaderna blir orimligt höga för den som orsakat föroreningen kan dock kommunen tvingas bekosta marksaneringen. Förorenarens saneringsskyldighet gäller även om föroreningen inte har
skett uppsåtligen eller av oaktsamhet. Om föroreningen har skett under tidigare decennier kan ansvaret se
annorlunda ut, och saneringsskyldigheten avgörs enligt
den lagstiftning som gällde när föroreningen skedde.
Förorening som skett under tidigare decennier avgörs
med stöd av den lagstiftning som gällde när den förorenande verksamheten bedrevs.21
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SYFTE
Syftet för utredningen är att få klarhet i hur man i Finlands kustkommuner har undersökt marken vid båtvarv
och vinterförvaringsplatser och hur stora mängder av
de kemikalier som används i påväxthindrande färg som
hittas i marken. Syftet var också att reda ut varför markundersökningar har genomförts och om marken har
sanerats eller kommer att saneras. I Sverige gjordes
motsvarande utredning år 2011 vid Stockholms universitet. Syftet är också att kunna jämföra resultaten från utredningen med de svenska resultaten.

Avgränsning av materialet
I denna sammanfattande rapport beaktas de platser där
många båtar förvaras vintertid. Förvaringsplatser för
enskilda båtar har exkluderats ur denna utredning.
Sötvattensområden omfattas inte heller eftersom användningen av påväxthindrande färger är förbjuden på
båtar som huvudsakligen rör sig i sötvatten och vars
hemmahamn är vid en å- eller insjöstrand.
I utredningen beaktades bara markprover, varför grundvatten-, vatten- och sedimentprover inte omfattades
av rapporten. Mätresultaten har inte genomgått någon
kvalitetsbedömning, eftersom resultaten har levererats
av den övervakande myndigheten, varvid kvaliteten har
säkerställts redan i det skede då mätarbetet beställdes
och levererades.

Bild 1 Båtunderhåll kan leda till miljöbelastning. Bild Emma Mäenpää.

22

Säkerhets- och kemikalieverket 2012
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KÄLLOR, MATERIAL OCH METODER
Utredningen genomfördes så att en e-postenkät sändes
ut till NTM-centralerna och landskapsförbunden som
övervakar de 55 kustkommunerna. Från NTM-centralen
förmedlades enkäten också i vissa fall vidare direkt till
kommunerna. Från landskapsförbunden styrdes enkäten vidare till rätt instans vid NTM-centralerna. Enkäten
genomfördes mellan augusti 2015 och mars 2016. I enkäten bad man om redogörelser över alla markundersökningar som genomförts från och med år 2000 och
framåt. Den första enkätrundan genomfördes i augusti–
november 2015 och enkäten sändes ut på nytt i februari–mars 2016. Mottagarna fick en färdig Excel-fil som
bilaga, där de direkt kunde föra in uppgifterna. Tabellen omfattade två flikar, varav den ena innehöll allmänna frågor om objektet General questions och den andra
fliken innehöll frågor om exakta mätuppgifter och resultat Detailed numbers.
Frågorna ställdes på engelska och formulerades av Håll
Skärgården Ren rf:s projektchef Hanna Haaksi, baserat
på en utredning om båtvarv som gjordes i Sverige 2011.
Enkäten genomfördes två gånger i Finland, dels för att
det kom in så få svar efter den första omgången, dels på
grund av att föreningen både bytte e-postprogram i december 2015 och beslöt att byta ut den ansvariga för utredningen. En del av svaren kan ha försvunnit till följd av
bytet av e-postprogram, och därför genomfördes enkäten för säkerhets skull på nytt.
I enkäten efterfrågades inte resultat för TBT eller TPhT.
När frågeformuläret utformades föll dessa ämnen bort
på grund av ett mänskligt misstag.
I enkäten bad man om att få svar på följande frågor:

General questions
•
•
•
•
•
•
•
•
•
•

Municipality
Location
Use of the place
Why have the measurements been taken
Analyses made and when
Results
Suggested actions, based on results
Decided actions
Actions done
Any other comments, open field

Reinikainen 2007, 73
Pitkäranta 2008, 35
25
Pitkäranta 2008, 35
26
Pitkäranta 2008, 35
27
Pitkäranta 2008, 35
28
Pitkäranta 2008, 36
23

24

Detailed numbers
•
•
•
•
•
•
•
•
•
•
•
•
•
•

Location where measurements took place
Year of the measurement
Depth intervall of measurements
Number of measurements taken
Cu median mg/kg DW
Cu max mg/kg DW
Zn median mg/kg DW
Zn max mg/kg DW
Pb median mg/kg DW
Pb max mg/kg DW
Hg median mg/kg DW
Hg max mg/kg DW
Cd median mg/kg DW
Cd max mg/kg DW

I utredningen har halterna tolkats utifrån de tröskel- och
riktvärden för skadliga ämnen som anges i statsrådets
PIMA-förordning. Statsrådets förordning om bedömning av markens föroreningsgrad och saneringsbehovet (SRf 214/2007) trädde i kraft år 2007. I förordningen anges baserat på en riskbedömning tröskel- och riktvärden för 52 skadliga ämnen eller grupper av ämnen.23
De i förordningen angivna haltgränserna definieras som
följande:
• Tröskelvärde anger en halt av ett skadligt ämne
i marken vars miljö och hälsorisker är så små
att de är betydelselösa oavsett var marken
ligger eller hur den används.24 Om tröskelvärdet
överskrids för ett eller flera skadliga ämnen
inleds ett förfarande för bedömning av markens
föroreningsgrad och av saneringsbehovet.25
• Det lägre riktvärdet gäller för normal
markanvändning och anger den största generellt
godtagbara miljö- och hälsorisken.26
• Det högre riktvärdet anger den största generellt
godtagbara miljö- och hälsorisken för mindre
känslig markanvändning, såsom ett industri- lager
eller trafikområde.27
Om halten för ett eller flera skadliga ämnen överskrider
det lägre eller högre riktvärdet anses marken vara förorenad.28
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I tabell 1 finns en sammanställning av tröskel- och riktvärden i enlighet med statsrådets förordning (SRf
214/2007) för de oorganiska och organiska skadliga

Ämne
Koppar, Cu
Zink, Zn
Bly, Pb
Kvicksilver, Hg
Kadmium, Cd

Bakgrundshalt

Lägre riktvärde mg/kg

Tröskelvärde mg/kg

Högre riktvärde mg/kg

22 (5-110)

100

150

200

31 (8-110)

200

250

400

5 (0,1-5)

60

200

750

0,005 (<0,005-0,05)

0,5

2

5

0,03 (0,01-0,15)

1

10

20

0,1

1

2

5

50

100

TBT + TPT
Arsenik, As

ämnen som kan förekomma i marken vid båtvarv och
områden som används för vinterförvaring av båtar och
som efterfrågats för denna utredning.29

1 (0,1-25)

Tabell 1 Tröskel- och riktvärden för skadliga ämnen som förekommer i marken (SRf 214/2007).

29

Pitkäranta 2008, 36
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RESULTAT
Svar kom in från sammanlagt nio kommuner: Uleåborg,
Karleby, Korsholm, Vasa, Åbo, Pargas, Kyrkslätt, Esbo
och Fredrikshamn. Av 55 kommuner lät 46 bli att svara. Detta betyder inte nödvändigtvis att inga mätningar har gjorts i dessa 46 kommuner, men någon information om sådana har hittills inte nått NTM-centralen, som
administrerar och samlar in mätresultat. Inga separata
enkäter skickades till kommunerna. I bilaga 1 anges alla kommuner som enkäten gäller och de svar som kommit in från dem. Sediment-, vatten- och markprover hade tagits vid 17 objekt. Markundersökningar hade gjorts
i sju kommuner av de nio som skickade in ett svar. Två
kommuner, Kyrkslätt och Fredrikshamn, meddelade att
de inte känner till att det skulle ha gjorts några markundersökningar. Utifrån den här enkäten har det gjorts
flest undersökningar i Esbo, men dessa beaktas inte här
eftersom de var sedimentundersökningar. Största delen
av resultaten var från sedimentprover och några vattenprover. Den ytliga markundersökning som gjordes vid
Korpolaisbacken i Åbo gällde inte metaller utan kolväten, och resultaten utnyttjades därför inte i utredningen. Sist och slutligen var det bara mätresultaten från fyra objekt som kunde utnyttjas i utredningen. I bilaga
2 visas alla mätresultat och i bilaga 3 svaren på vanliga frågor.

Objekt som granskas
Av alla svar kunde endast fyra användas, eftersom de
var ytprover från marken. De resultat som utnyttjats i
utredningen är från mätningar gjorda åren 2003–2013.
I utredningen beaktas mätningar från Runsala och V
stadsdelen i Åbo samt Kyrksundsgatan i Pargas och
Smulterö i Vasa. I Vasa hade prover tagits före och efter en sanering av marken. Resultaten från Pargas kommer från prover tagna på plats och från mätningar i laboratorium. Alla prover som använts i utredningen togs
i samband med att markens användningsändamål ändrades eller eventuellt skulle komma att ändras. På Runsala i Åbo ville man få reda på om marken behövde saneras. I undersökningen i Vasa ville man också veta hur
stora föroreningshalter som blev kvar i marken efter saneringen. I bilaga 4 finns svar på vanliga frågor om de
objekt som beaktats i utredningen.

30
31

Turun kaupunki 2015
Sydvästra Finlands miljöcentral 2005

Fastigheten vid Hevoskarivägen på Runsala i Åbo inrymde Åbo Båtvarf under åren 1889–1954. Efter det har
den använts av Åbo hamns tekniska avdelning för småskalig verkstads- och reparationsverksamhet. På området har också funnits en småbåtshamn i Åbo hamns regi. I dag förvaltas området av staden och utnyttjas för
vinterförvaring. På området sker även underhåll och
rengöring av sjömärken. Vid objektet finns en naturskola, och en del av området är i privat ägo och används
för varvsverksamhet. Marken vid objektet undersöktes
för att bedöma behovet av att sanera marken. Det finns
också planer på att området ska användas för rekreation. Området är dock även i fortsättningen planlagt för
industri- och lagerverksamhet. Vid objektet kommer
att utföras en del kabel- och andra schaktningsarbeten.
Marksubstansen kommer då att behandlas och täckas.30
Objektet i V stadsdelen i Åbo ligger vid Månsdottergatan, där man bedrivit båtvarvs- och serviceverksamhet.
Objektet undersöktes eftersom det planlades för bostadshus. Den förorenade marken på området sanerades senare genom att man bytte ut jordmassan på de
förorenade områdena.31
Mätobjektet vid Kyrksundsgatan i Pargas har använts
för vinterförvaring och reparation av småbåtar under
åren 1970–1997. Av svaret framgick inte vad området
har använts för fram till 2005 efter att verksamheten
upphörde 1997. Markundersökningen genomfördes eftersom området planlades för bostäder. De förorenade
jordmassorna avlägsnades, och det som blev kvar uppvisade inga halter som översteg tröskelvärdena.
Smulterö i Vasa är ett gammalt varvsområde. Av svaret
framgick inte hur länge varvsverksamheten vid objektet
har pågått. Enligt svaret finns det fortfarande förorenad
mark under byggnaderna, betongen och asfalten. Dessa
kommer att avlägsnas senare.
Objekten i Åbo, Pargas och Vasa har också använts för
storskaligare varvsverksamhet än enbart reparation av
fritidsbåtar. Objekten har använts för varvsverksamhet
under en lång tid och skadliga ämnen har hunnit ansamlas. Objekten representerar dock en typ av båtreparationsplatser som också används av fritidsbåtägare.
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Mätresultat vid objekten
I tabell 2 finns mätresultat från de objekt som används
i utredningen. I Runsala I Åbo gjordes sammanlagt 50
mätningar i marken på 0,5–1 meters djup. I V stadsdelen
gjordes 36 mätningar på 0,3–1 meters djup. I Vasa gjordes mätningar både före och efter att området sanerades. De båda mätningarna gjordes på 0–3 meters djup.
Före och efter saneringen gjordes 35 respektive 81 mätningar. I Pargas gjordes 28 mätningar med fältutrustning på 0–0,6 meters djup och 3 laboratoriemätningar
på 0–0,5 meters djup.

Location where measurements
took place
Ruissalo, Turku

Year
of the
measurement

Depth intervall of
measurements

Mätningarna i Åbo gjordes av konsultföretaget Golder
Associates. Mätningarna i Pargas utfördes av två organisationer; Ramboll Oy och konsultbyråerna Air-Ix/Paavo Ristola Oy. Av svaren från Vasa framgick inte vem
som hade utfört mätningarna.

Number
of measurements
taken

Cu
median
mg/kg
DW

Cu
max
mg/kg
DW

Zn
median
mg/kg
DW

Zn
max
mg/kg
DW

Pb
median
mg/kg
DW

Pb
max
mg/kg
DW

Hg
median
mg/kg
DW

Hg
max
mg/kg
DW

Cd
median
mg/kg
DW

Cd
max
mg/kg
DW

2013

0,5-1 m

50

890

2230

1670

3030

1130

11100

0,56

20

2,3

3,6

V kaupunginosa, Turku

2005

0,3-1 m

36

25,5

46

113,5

736

36

761

<0,2

0,34

<0,4

1,3

Kirkkosalmenkatu, Parainen;
kenttälaitemittaus

2004

0-0,6

28

490

1144

173

569

171

1025

Kirkkosalmenkatu, Parainen;
laboratoriomittaus

2004

0-0,5

3

220

620

150

200

210

1500

1,5

2,1

0,3

0,3

Mansikkasaari,
Vaasa

2003- 0-3 m (soil
2004
samples)
(before
cleansing)

35

55

824

202

4765

337

6460

0,2

11

0

2,1

Mansikkasaari,
Vaasa

2004
(after
cleansing)

81

< 10

1159

31

794

< 10

7905

< 0,2

3,29

< 0,4

1,5

0-3
m (soil
samples)

TBT
median
mg/kg

TBT
max
mg/
kg

As
median
mg/kg

As max
mg/kg

3,1

3,6

27

35

Tabell 2 Resultat från markmätningar som beaktats i utredningen. Halter som översteg det högre riktvärdet är markerade med rött, halter som översteg det lägre riktvärdet med orange och halter som översteg tröskelvärdet med
gult. Halter av TBT och arsenik efterfrågades inte, men de inkomna svaren lades till i tabellen som ytterligare information.

Det högre riktvärdet för koppar (max mg/kg) överskreds vid alla mätobjekt förutom i V stadsdelen i Åbo,
och medianvärdet mg/kg överskreds vid alla objekt
förutom Smulterö i Vasa och V stadsdelen i Åbo. Det
högsta resultatet, 2230 mg/kg, uppmättes på Runsala
i Åbo, vilket är tio gånger mer än gränsen för det hög
re riktvärdet.
Maximihalterna för zink varierade ganska mycket. De
högsta halterna uppmättes på Smulterö i Vasa före
marksaneringen (4 765 mg/kg) och på Runsala i Åbo (3
030 mg/kg). Resultatet från Smulterö översteg tiofalt
det högre riktvärdet. Vid de övriga objekten översteg

maximihalterna inte 1 000, men dock det högre riktvärdet, förutom vid Kyrksundsgatan i Pargas.
Vid alla objekt överstegs det högre riktvärdet för bly.
Det förekom stora variationer i resultaten. Det högsta
resultatet, 11 100 mg/kg, uppmättes på Runsala i Åbo.
Av någon anledning var blyhalterna på Smulterö i Vasa högre efter saneringen (7 905 mg/kg) än före (6 460
mg/kg).
För kvicksilver kunde inga resultat fås genom mätning med fältutrustning från objektet vid Kyrksundsgatan i Pargas, men laboratoriemätningarna gav ett resul-
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tat som översteg det lägre riktvärdet (max mg/kg). På
Runsala i Åbo översteg resultatet 20 mg/kg det högre
riktvärdet fyrfaldigt. I V stadsdelen i Åbo överstegs inga
värden för kvicksilver. Vid objektet i Pargas överstegs
det lägre riktvärdet med resultatet 2,1 mg/kg. Smulterö
i Vasa översteg det högsta riktvärdet med råge (11 mg/
kg), och ännu efter saneringen översteg resultatet 3,29
det lägre riktvärdet.
Mätresultaten för kadmium var lägre i förhållande till de
andra skadliga ämnena i enkäten. Det högre eller lägre
riktvärdet överskreds inte vid något av objekten. Vid alla andra objekt än i Pargas överskreds dock tröskelvärdet.
Resultat för tributyltenn (TBT) eller arsenik efterfrågades inte. Dessa är dock ämnen som tidigare eller fortfarande i dag används i bottenfärger, varför man ville behandla resultaten från Pargas även här. TBT-resultaten
3,6 (max mg/kg) och 3,1 (median mg/kg) översteg det
högre riktvärdet. Arsenikresultaten översteg tröskelvärdet. Objektet har varit i användning största delen av den
tid som TBT har använts i båtbottenfärger.
Med tanke på det stora antalet båtar i Finland har det
gjorts ytterst få markundersökningar vid båtvarv . Den
utredning som gjordes i Sverige omfattade 66 kustkommuner. Enkäten besvarades av 21 kommuner och gav
markundersökningsresultat från 34 varvplatser. Antalet
svar var således högre i Sverige än i Finland. Orsakerna
till detta är svåra att bedömas.
De fyra objekten i Finland ger ännu inte en heltäckande bild av hur marken vid båtvarven mår. Utredningen
illustrerade på ett bra sätt det faktum att det inte finns
någon samlad information om båtvarvens och vinterförvaringsplatsernas läge och användning eller närmiljöns tillstånd.
Den svenska utredningen visade att det även i Sverige
har gjorts relativt få mätningar och att det finns stora
variationer mellan mätresultaten, beroende på mätningarnas syfte. I Finland och Sverige tillämpas olika riktvärden. I Finland delas värdena enligt statsrådets förordning in i tre kategorier: tröskelvärde, lägre riktvärde
och högre riktvärde. I utredningen från Sverige tillämpas svenska Naturvårdsverkets riktvärden för förorenad
mark som har tagits fram för två olika typer av mar-

32

Eklund & Eklund 2001, 13

kanvändning: känslig markanvändning (KM) och mindre
känslig markanvändning (MKM).32
I den svenska utredningen användes fler mätresultat
som källa än i den finska. Dessutom finns det skillnader
i riktvärdesskalan som omöjliggör en fullständig jämförelse. Det kan dock konstateras att kopparvärdena i de
båda länderna översteg de riktvärden som tillämpas.
Detsamma gäller zink och bly.

Sedimentresultat
I utredningen beaktades endast jordmånsproven, men
en del av kommunerna lämnade in resultat från sedimentmätningar som gjorts i området. Enligt svar som
inkom hade sedimentmätningar gjorts i Uleåborg och i
Esbo. I Uleåborg fanns tre objekt: Hamnarna på Hietasaari, i Kiviniemi och på Pöllisaari. I Uleåborg togs proven på 0–0,5 meters djup. I Esbo fanns nio objekt: Båthamnarna i Bredviken, Sökö, Gäddviken, Svinö, Sepetviken, Notudden, Nokkala och Marishamnen. Proven
togs på två olika djup i varje hamn. Djupen var antingen
0–0,05, 0,05–0,2 eller 0,2–0,5 meter. Samlingsproven i
Esbo togs på 0,0–0,15 och 0,0–0,5 meters djup.
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Bild 1 Bedömningen av sedimentprovens mätresultat gjordes med hjälp av kvalitetskriterierna för muddermassans
lämplighet för deponering. Sedimentens haltnivåer definieras med beteckningarna 1, 1A, 1B, 1C och 2 och halterna för
varje skadligt ämne och förening har definierats för varje nivå.33

Bedömningen av sedimentprovens mätresultat gjordes
med hjälp av kvalitetskriterierna för muddermassans
lämplighet för deponering. Dessa kriterier hittas i miljöministeriets anvisningar om muddring och deponering
av muddermassor, som reviderades år 2015. Sedimentens haltnivåer definieras med beteckningarna 1, 1A, 1B,
1C och 2 (bild 1) och halterna för varje skadligt ämne och
förening har definierats för varje nivå (tabell 3)34. Haltnivåerna gäller sådana muddermassor som man tänker
deponera i fritt vatten.35 Om det är meningen att muddermassan ska deponeras på land, i en deponeringsbassäng eller i ett vattenområde bakom skyddsvall kan man
vid bedömningen av huruvida muddermassorna kan deponeras använda de riktvärden som anges i statsrådets

Miljöförvaltningens anvisningar
Miljöförvaltningens anvisningar
35
Miljöförvaltningens anvisningar
36
Miljöförvaltningens anvisningar
37
Miljöförvaltningens anvisningar
33

34

1 2015, 23
1 2015, 40
1 2015, 21
1 2015, 21
1 2015, 40

förordning (214/2007) om bedömning av markens föroreningsgrad och saneringsbehovet.37
I tabell 3 finns de ämnen och föreningar som efterfrågades för denna utredning. Av nivåerna utgör nivå 1 (grön)
och nivå 1A (gul) inte ett hinder för deponering av sediment. Nivåerna 1B (ljusorange) och 1C (mörk orange)
kräver en utvärdering av den planerade deponeringsplatsen. Deponeringsplatsen bör då vara lämplig för
massan i fråga. Mängden deponeringsmassor kan också i dessa fall påverka deponeringsplatsens lämplighet.
Vid nivå 2 (röd) innebär halterna att deponering inte är
möjlig, utan sedimentmassan är då olämplig för deponering37.

Skadliga ämnen vid småbåtsvarv och vinterförvaringsplatser | Håll Skärgården Ren rf | 15

Ämne

Haltnivå I
I

IA

IB

IC

2

*Koppar, Cu

<35

35–50

50–70

70–90

>90

*Zink, Zn

<170

170–360

360–500

*Bly, Pb

<40

40–80

80–100

100–200

>200

*Kvicksilver, Hg

<0,1

0,1–0,6

0,6–0,8

0,8–1

>1

*Kadmium, Cd

<0,5

0,5–2,5

*Arsenik, As

<15

15–50

50–70

TBT

<5

5–60

30–100

100–150

>150

TPT

<2

2–10

10–20

20–30

>30

>500

>2,5
>70

* Ämnen enligt HELCOM-anvisningen (2015A)
I
en halt som ligger på gränsen mellan två nivåer anses höra till den klass som motsvarar den lägre nivån, dvs. en zinkhalt på
360 mg/kg tillhör klass 1A

Tabell 3 Vägledande haltnivåer 1, 1A, 1B, 1C och 2 som används vid riktandet av provtagning och bedömningen av
huruvida muddermassan kan deponeras. Alla halter är normaliserade.38

Sedimentobjektens mätresultat
Inte ett enda av sedimentmätningsobjekten gav något
resultat för arsenik eller TBT, så de kolumnerna uteslöts
från tabellerna 4 och 5.
Största delen av mätningsvärdena från objekten i Esbo
utgjorde inget hinder för deponering av muddermassorna. I tabell 5 har alla värden markerats med de färger
som representerar en viss haltnivå. De färglösa rutorna
har inte ens uppnått nivån för den så kallade naturliga
bakgrundshalten, utan ligger under den.
Cu
median
mg/kg
DW

Number of
measurements
taken

Zn
max
mg/kg
DW

Pb
median
mg/kg
DW

Pb
max
mg/kg
DW

Hg
median
mg/kg
DW

Hg
max
mg/kg
DW

Cd
median
mg/kg
DW

Cd
max
mg/kg
DW

106

109

19

19

LOD

LOD

substance
were not
in the
analysis
results.

substance
were not
in the
analysis
results.

29

105

105

19

19

LOD

LOD

substance
were not
in the
analysis
results.

substance
were not
in the
analysis
results.

27

92

94

19

19

LOD

LOD

substance
were not
in the
analysis
results.

substance
were not
in the
anlysis
results.

Zn
Cu
max median
mg/kg mg/kg
DW
DW

Year
of the
measurement

Depth intervall of
measurements

Port of
Hietasaari. Street:
Kansankentäntie
10 90510 Oulu,
Finland

2007

0-5 cm on
sediment

4

30

31

Port of
Kiviniemi. Street:
Kiviniementie 258
90810 Kiviniemi,
Oulu Finland

2007

0-5 cm on
sediment

4

29

Port of Pöllisaari.
Street: Puomitie
20 90510 Oulu
Finland

2007

0-5 cm on
sediment

3

27

Location where
measurements
took place

Kopparhalter som överskrider de naturliga bakgrundshalterna men som inte utgör hinder för deponering av
muddermassor uppmättes på ett djup av 0–0,05 meter
i Sökö, på ett djup av 0–0,05 meter i Svinö och på ett
djup av 0–0,05 meter i Notudden. Mätningarna i Gäddviken på både 0–0,05 och 0,05–0,2 meters djup förutsätter en utvärdering av lämpligheten av en eventuell
deponeringsplats med beaktande av sedimentmassornas kopparhalter i detta område.

Tabell 4 Av objekten i Uleåborg överskred inte ett enda sedimentmätresultat de haltnivåer som har definierats för
deponering av muddermassor och inte heller tröskelvärdena i statsrådets förodning (214/2007).
38

Miljöförvaltningens anvisningar 1 2015, 40
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är oduglig för deponering p.g.a. kvicksilverhalten mättes på 0–0,5 meters djup i Nokkala båthamn.

Zinkhalter som överskrider de naturliga bakgrundshalterna men som inte utgör hinder för deponering av
muddermassor uppmättes på ett djup av 0–0,05 och
0,05–2 meter i Gäddviken, på ett djup av 0–0,05 meter i Svinö och på ett djup av 0–0,05 meter i Notudden.

Naturliga bakgrundshalter av kadmium mättes i Marishamnen. Halter som överskrider de naturliga bakgrundshalterna men som inte utgör hinder för deponering av muddermassor mättes på ett djup av 0–0,05
meter i Svinö och på ett djup av 0–0,05 och 0,05–0,2
meter i Notudden.

Kvicksilverhalter som överskrider de naturliga bakgrundshalterna men som inte utgör hinder för deponering av muddermassor mättes på ett djup av 0–0,05
meter och 0,05–0,2 meter i Svinö, på ett djup av 0–0,05
och 0,05–0,2 meter i Notudden, på ett djup av 0–0,05
och 0,2–0,5 meter i Marishamnen och på ett djup av
0–0,15 meter i Nokkala båthamn. Sedimentmassa som
Location where
measurements
took place

Bredviks båthamn,
vattenområde
49-452-2-1313
ESPOO

Year of the
measurement

Depth intervall of
measurements

Number of
measurements taken

Vid bedömningen av mätresultaten från Esbo utgående från statsrådets förordning (214/2007) överskred inte ett enda mätresultat tröskelvärdet för koppar. Zink-

Cu
median
mg/kg
DW

Cu
max
mg/kg
DW

Zn
median
mg/kg
DW

Zn
max
mg/kg
DW

Pb
median
mg/kg
DW

Pb
Hg
max median
mg/kg mg/kg
DW
DW

Hg
max
mg/kg
DW

Cd
median
mg/kg
DW

Cd
max
mg/kg
DW

2005

0-0,05

1

38

38

140

140

17

17

0,05

0,05

0,47

0,47

2005

0,05-0,20

1

28

28

120

120

15

15

<0,02

<0,02

0,16

0,16

2005

0-0,05

1

40

40

150

150

27

27

0,06

0,06

0,44

0,44

2005

0,05-0,20

1

35

35

130

130

23

23

0,05

0,05

0,44

0,44

Gäddviks båthamn,
vattenområde
49-14-9906-4 och
49-14-9906-10
ESPOO

2005

0-0,05

1

81

81

240

240

23

23

0,08

0,08

0,45

0,45

Svinö båthamn,
vattenområde
49-410-1-103
ESPOO

2006

Sökö båthamn,
vattenområde
49-34-9906-21
ESPOO

Notuddens
båthamn,
vattenområde
49-23-9909-2
ESPOO

2006

Marishamnen,
vattenområde
49-34-9908-3
ESPOO

2006

Nokkala båthamn,
vattenområde
49-23-9906-11
ESPOO

2012

0,05-0,20

1

84

84

240

240

24

24

0,06

0,06

0,43

0,43

0-0,05

1

47,2

47,2

192,4

192,4

33,1

33,1

<0,11

<0,11

0,84

0,84

0,05-0,2

1

25,6

25,6

121,6

121,6

13,4

13,4

<0,12

<0,12

<0,47

<0,47

0-0,05

1

44,2

44,2

173,8

173,8

24,1

24,1

<0,12

<0,12

0,63

0,63

0,05-0,2

1

23,6

23,6

106,1

106,1

<13,5

<13,5

<0,13

<0,13

<0,57

<0,57

0-0,05

1

23,5

23,5

109,2

109,2

<12,0

<12,0

<0,12

<0,12

<0,50

<0,50

0,2-0,5

1

22,9

22,9

95

95

<10,6

<10,6

<0,10

<0,10

<0,44

<0,44

0,0-0,15 samlingsprov
av 3 delprov

8,7

8,7

25

25

4,8

4,8

<0,50

<0,50

<0,10

<0,10

0,0-0,5 samlingsprov
av 2 delprov

16

16

102

102

15

15

4,1

4,1

0,28

0,28

Tabell 5 Största delen av mätningsvärdena från objekten i Esbo utgjorde inget hinder för deponering av muddermassorna. I tabell har alla värden markerats med de färger som representerar en viss haltnivå enligt miljöförvaltningens
anvisningen för muddring och deponering (2015).
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halten överskred tröskelvärdet endast i Gäddviken. Inget av objekten hade ett mätresultat som överskred tröskelvärdet för bly. Tröskelvärdet och det lägre riktvärdet
för kvicksilver överskreds endast i Nokkala, vid de övriga objekten överskreds inte tröskelvärdet. Inte en enda
mätning visade en kadmiumhalt som överskrider tröskelvärdet.

värdena i statsrådets förodning (214/2007). Alla prov
togs på ett djup av 0–0,5 centimeter.
På Valsörarna i Korsholm har man tagit jordmåns-, sediment- och vattenprov. Valsörarnas jordmånsprov togs
på ett djup av 0,2 meter, sedimentet togs på ett djup av
0–0,5 meter och vattenprovet från en brunn. Dessa resultat meddelades tillsammans.

Av objekten i Uleåborg överskred inte ett enda sedimentmätresultat de haltnivåer som har definierats för
deponering av muddermassor och inte heller tröskel-

Location
where measurements
took place

Year
of the
measurement

Depth intervall of
measurements

Number of
measurements
taken

Cu
median
mg/kg
DW

Cu
max
mg/kg
DW

Zn
median
mg/kg
DW

Zn
max
mg/kg
DW

Pb
median
mg/kg
DW

Pb
max
mg/kg
DW

Hg
median
mg/kg
DW

Cd
Hg
max median
mg/kg mg/kg
DW
DW

Cd
max
mg/kg
DW

Valassaaret,
Coastguard
station,
Mustasaari

2010

0-2 m (soil
samples),
0-0,5 m
(sediment
samples),
water
samples from
a well

Metals were
analyzed from
10 samples

10

1645

20,5

625

10

723

0,4

0,5

0,4

1,3

Isokari,
Kokkola

2007

0-1,2 m (soil
samples),
0-0,4 m
(sediment
samples).

4 bulk samples
from soil
and 2 bulk
samples from
sediments.

12

95

47,5

1647

8,6

47

0,042

0,81

0

3,18

Potti,
Kokkola

2007

0-3 m (soil
samples),
0-0,4 m
(sediment
samples).

4 samples
and 3 bulk
samples from
soil and 3 bulk
samples from
sediments.

9,75

81,1

256

682

6,9

46,4

0,118

0,5

0,52

1,7

Tabell 6 I tabell har alla värden markerats med de färger som representerar en viss haltnivå enligt miljöförvaltningens
anvisningen för muddring och deponering (2015).
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I Karleby har man tagit jordmåns-och sedimentprov på
två ställen: Storgrundet och Potten. Storgrundets jordmånsprov togs på ett djup av 0–1,2 meter och sedimentprovet på ett djup av 0–0,4 meter. I Potten togs
jordmånsprovet på ett djup av 0–3 meter och sedimentprovet på ett djup av 0–0,4 meter. Dessa resultat meddelades också tillsammans. I tabell 5 har alla mätvärden
markerats med de färger som representerar en viss haltnivå enligt tabell 3 och i tabell har markerats enligt tabell 1. Inte ett enda av mätningsobjekten i Korsholm eller Karleby gav något resultat för arsenik eller TBT, så
de kolumnerna uteslöts från tabell 6 och 7.

Location
where measurements
took place

Year
of the
measurement

Depth intervall of
measurements

Massorna från varje objekt är odugliga för deponering.
Valsörarnas mätresultat hade betydande haltöverskridningar av koppar, zink och bly. I fråga om kvicksilver
och kadmium fick man halter som överskred de naturliga bakgrundshalterna men som inte utgör hinder för
deponering av muddermassor. I resultaten från Storgrundet överskreds halterna av koppar, zink och kadmium tydligt och kvicksilverhalten överskreds ganska
märkbart. I resultaten från Potten överskreds zinkhalterna tydligt och ganska avsevärt och även kopparhalterna överskreds ganska avsevärt.

Number of
measurements
taken

Cu
median
mg/kg
DW

Cu
max
mg/kg
DW

Zn
median
mg/kg
DW

Zn
max
mg/kg
DW

Pb
median
mg/kg
DW

Pb
max
mg/kg
DW

Hg
median
mg/kg
DW

Hg
max
mg/kg
DW

Cd
median
mg/kg
DW

Cd
max
mg/kg
DW

Metals
were
analyzed
from 10
samples

10

1645

20,5

625

10

723

0,4

0,5

0,4

1,3

Valassaaret,
Coastguard
station,
Mustasaari

2010 0-2 m (soil
samples),
0-0,5 m
(sediment
samples),
water
samples
from a well

Isokari,
Kokkola

2007

0-1,2
m (soil
samples),
0-0,4 m
(sediment
samples).

4 bulk
samples
from soil
and 2 bulk
samples
from
sediments.

12

95

47,5

1647

8,6

47

0,042

0,81

0

3,18

Potti, Kokkola

2007 0-3 m (soil
samples),
0-0,4 m
(sediment
samples).

4 samples
and 3 bulk
samples
from soil
and 3 bulk
samples
from
sediments.

9,75

81,1

256

682

6,9

46,4

0,118

0,5

0,52

1,7

Tabell 7 I tabell har alla värden markerats med de färger som representerar en viss haltnivå enligt statsrådets förordning (214/2007).

Enligt kriterierna i statsrådets förordning (214/2007)
överskreds tröskelvärdet för koppar endast på Valsörarna. Det högre riktvärdet för zink överskreds vid alla
objekt. Det lägre riktvärdet för bly överskreds rejält på

Valsörarna, men vid de övriga objekten överskreds inte
ens tröskelvärdet. Vid alla objekt överskreds tröskelvärdet för kvicksilver och kadmium.
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FORTSATTA ÅTGÄRDER OCH
REKOMMENDATIONER
Utredningen visade att det i Finland finns lite information om markundersökningar vid varvsområden. Det
fanns bättre tillgång till information om sedimentprover.
Av utredningen framgick också att markundersökningar
i praktiken bara genomförs om områdets användningsändamål kommer att ändras.
HSR rf kommer i framtiden att göra en kompletterande utredning genom att ta kontakt med båt- och segelsällskap. Lokala sällskap kan ha vissa undersökningsresultat från sin egen mark som dock inte har meddelats
tillsynsmyndigheten, eftersom användningsändamålet
för marken inte har ändrats eller preliminära planer på
att ändra användningsändamålet tills vidare inte har förverkligats. Tilläggsutredningen kan också ge en bättre
uppfattning om antalet båtvarv och vinterförvaringsplatser i Finlands kustkommuner.
Det är svårare att nå ut till företag som underhåller och
reparerar båtar. Enligt olika informationskällor ligger antalet båtvarv och företag som sysslar med underhåll och
reparation av båtar mellan 10 och 406. I samband med
utredningen sökte vi information via fyra olika företagsinformationstjänster: Yritysopas, Yritystele, Suomen yritykset och Finder. Antalen varierar avsevärt mellan de
olika söktjänsterna. Således är det svårt att nå alla företagare inom branschen. Det finns ingen aktuell förteckning över båtvarvsplatser som omfattar alla områden.

39

Pitkäranta 2008, 71

När motsvarande utredningar görs skulle en sådan vara
till konkret nytta.
Av Paula Pitkärantas utredning39 framgår också att en
ordentlig kartläggning över alla varvsplatser skulle vara nyttig med tanke på fortsatta åtgärder. I samband
med HSR rf:s utredning har samma problem och brister
i informationen kommit fram som i Pitkärantas, så inga
större framsteg har gjorts sedan 2008.
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BILAGA 1

1/2

Kustkommuner som utredningen gäller samt inkomna svar.

Landskap och kustkommun
Lappland
Torneå
Kemi
Simo
Norra Österbotten
Ijo
Uleåborg

Objekt

Undersökningsår

Svar
Inget svar
Inget svar
Inget svar
Inget svar

Kiviniemi

Tre odject
2007 Sedimentutredning
2007 Sedimentutredning

Hietasaari

2007 Sedimentutredning

Pöllisaari

Hailuoto
Lumjoki
Siikajoki
Brahestad
Pyhäjoki
Kalajoki

Inget svar
Inget svar
Inget svar
Inget svar
Inget svar
Inget svar

Mellersta Österbotten
Karleby
Potten
Storgrundet

Två object
2007 Sediment- och markutredning tillsammans
2007 Sediment- och markutredning tillsammans

Österbotten
Larsmo
Jakobstad
Nykarleby
Vörå
Korsholm

Inget svar
Inget svar
Inget svar
Inget svar
Ett object
Sjöbevakningsstationen på
Valsörarna

Vasa
Smulterö (x2)

2010 Sediment- och markutredning tillsammans
Ett object
2003 och 2004 Markundersökning utförd

Malax
Korsnäs
Närpes
Kaskö
Kristinestad

Inget svar

Sastmola
Björneborg
Luvia
Euraåminne
Raumo

Inget svar

Inget svar
Inget svar
Inget svar
Inget svar

Satakunta
Inget svar
Inget svar
Inget svar
Inget svar

BILAGA 1

2/2

Kustkommuner som utredningen gäller samt inkomna svar.

Landskap och kommun
Egentliga Finland
Pyhäranta
Nystad
Vemo
Gustavs
Tövsala
Reso
Nådendal
Åbo

Objekt

Undersökningsår

Övrigt
Inget svar
Inget svar
Inget svar
Inget svar
Inget svar
Inget svar
Inget svar

Runsala
Månsdottergatan 33

S:t Karins
Pargas

Två object
2015 Markundersökning utförd
2005 Markundersökning utförd
Inget svar
Ett object

Kyrksundsgatan

2004 Markundersökning utförd

Sagu
Kimitoön
Salo

Inget svar

Hangö
Raseborg
Ingå
Sjundeå

Inget svar

Inget svar
Inget svar

Nyland
Inget svar
Inget svar
Inget svar
Kommunen har inte kännedom om
markundersökningar.

Kyrkslätt
Esbo

Sju sedimentundersökningar
Bredviks båthamn, vattenområde
49-452-2-1313
Sökö båthamn, vattenområde 4934-9906-21
Gäddviks båthamn, vattenområde
49-14-9906-4 och 49-14-9906-10

2005 miljöundersökning av sediment
2005 miljöundersökning av sediment

2005 miljöundersökning av sediment
Svinö båthamn, vattenområde 49410-1-103
Notuddens båthamn,
vattenområde 49-23-9909-2
Marishamnen, vattenområde 4934-9908-3
Nokkala båthamn, vattenområde
49-23-9906-11

2006 miljöundersökning av sediment
2006 miljöundersökning av sediment
2006 miljöundersökning av sediment
2012 miljöundersökning av sediment

Helsingfors
Sibbo
Borgå
Lovisa

Inget svar

Pyttis
Kotka

Inget svar

Inget svar
Inget svar
Inget svar

Kymmenedalen

Fredrikshamn
Vederlax

Inget svar
Kommunen har inte kännedom om
markutredningar.
Inget svar

2007

2007

2007

2010

2007

2007

Port of Hietasaari.
Street:
Kansankentäntie 10
90510 Oulu, Finland

Port of Kiviniemi.
Street:
Kiviniementie 258
90810 Kiviniemi
Finland

Port of Pöllisaari.
Street: Puomitie 20
90510 Oulu Finlad

Valassaaret,
Coastguard station

Isokari

Potti

2003-2004
(before
cleansing)

2004

Kyrksundsgatan;
laboratoriemätning

Mansikkasaari

2002
2013
2005
2004

9,75

0-3 m (soil 4 samples and 3
bulk samples
samples), 0-0,4
from soil and 3
m (sediment
bulk samples
samples). from sediments.
0-3 m (soil
samples)

55

12

0-1,2 m (soil 4 bulk samples
samples), 0-0,4 from soil and 2
bulk samples
m (sediment
from sediments.
samples).

35

10

0-2 m (soil
samples), 0-0,5
m (sediment
samples), water
samples from a
well

Metals were
analyzed from
10 samples

29

30

220

890
25,5
490

Cu
median
mg/kg
DW

27

4

4

3

5
50
36
28

Number of
measurements
taken

3

0-5 cm on
sediment

0-5 cm on
sediment

0-5 cm on
sediment

0-0,5

Yta
0,5-1 m
0,3-1 m
0-0,6

Year of the Depth intervall
measurem of
ent
measurements

Korpolaisbacken
Runsala
V stadsdelen
Kyrksundsgatan;
mätning med
fältutrustning

Location where
measurements
took place

824

81,1

95

1645

27

29

31

620

2230
46
1144

Cu
max
mg/kg
DW

202

256

47,5

20,5

92

105

106

150

1670
113,5
173

Zn
median
mg/kg
DW

4765

682

1647

625

94

105

109

200

3030
736
569

Zn
max
mg/kg
DW

337

6,9

8,6

10

19

19

19

210

1130
36
171

Pb
median
mg/kg
DW

6460

46,4

47

723

19

19

19

1500

11100
761
1025

Pb
max
mg/kg
DW

0,2

0,118

0,0415

0,4

LOD

LOD

LOD

1,5

0,56
<0,2

Hg
median
mg/kg
DW

0,3

2,3
<0,4

Cd
median
mg/kg
DW

0,3

3,6
1,3

Cd
max
mg/kg
DW

11

0,5

0,81

0,5

0

0,52

0

were not
in the
anlysis
results
0,4

2,1

1,7

3,18

were not
in the
anlysis
results
1,3

LOD substance substance

were not were not
in the
in the
anlysis
anlysis
results
results
LOD substance substance
were not were not
in the
in the
anlysis
anlysis
results
results

LOD substance substance

2,1

20
0,34

Hg
max
mg/kg
DW

3,1

3,6

TBT TBT max
median
mg/kg
mg/kg

1/2
Alla fått mätresultat på frågorna i delen Detailed numbers frågor. Inkluderar både mark- och sedimentprover. Sedimentprover är markerade
med blått, markprover med grönt. Objekt där man tagit sediment- och markprov och registrerat resultaten tillsammans är markerade med violett.

BILAGA 2

27

As
median
mg/kg

35

As max
mg/kg

SEDIMENT
MARK
BÅDA

22,9
8,7

0,2-0,5
1
0,0-0,15 samlingsprov av

2012

Nokkala båthamn,
vattenområde 49-239906-11

23,6
23,5

1
1

0,05-0,2
0-0,05

2006

Marishamnen,
vattenområde 49-349908-3

1
1

0,2-0,5
0-0,05

2006

Notuddens
båthamn,
vattenområde 49-239909-2

1
1

0,05-0,2
0-0,05

2006

Sepetvikens
båthamn,
vattenområde 49-239906-14

1
1

0,05-0,20
0-0,05

2006

1
1

0,05-0,20
0-0,05

2 delprov

0,0-0,5 samlingsprov av

3 delprov

16

20,3
44,2

25,6
28,9

84
47,2

35
81

28
40

2005
2005

1
1

0,05-0,20
0-0,05

2005
2005

1

Cu
median
mg/kg
DW
38

0-0,05

Number of
measurements
taken

2005

Year of the Depth intervall
measurem of
ent
measurements

Svinö båthamn,
vattenområde 49410-1-103

Gäddviks båthamn,
vattenområde 49-49906-10

Sökö båthamn,
vattenområde 49-349906-21

Bredviks båthamn,
vattenområde 49452-2-1313

Location where
measurements
took place

16

22,9
8,7

23,6
23,5

20,3
44,2

25,6
28,9

84
47,2

35
81

28
40

Cu
max
mg/kg
DW
38

102

95
25

106,1
109,2

44,8
173,8

121,6
73,9

240
192,4

130
240

120
150

Zn
median
mg/kg
DW
140

102

95
25

106,1
109,2

44,8
173,8

121,6
73,9

240
192,4

130
240

120
150

Zn
max
mg/kg
DW
140

15

<10,6
4,8

<13,5
<12,0

<6,5
24,1

13,4
<9,3

24
33,1

23
23

15
27

Pb
median
mg/kg
DW
17

15

<10,6
4,8

<13,5
<12,0

<6,5
24,1

13,4
<9,3

24
33,1

23
23

15
27

Pb
max
mg/kg
DW
17

4,1

<0,10
<0,50

<0,13
<0,12

<0,06
<0,12

<0,12
<0,09

0,06
<0,11

0,05
0,08

<0,02
0,06

Hg
median
mg/kg
DW
0,05

4,1

<0,10
<0,50

<0,13
<0,12

<0,06
<0,12

<0,12
<0,09

0,06
<0,11

0,05
0,08

<0,02
0,06

Hg
max
mg/kg
DW
0,05

0,28

<0,44
<0,10

<0,57
<0,50

<0,31
0,63

<0,47
<0,43

0,43
0,84

0,44
0,45

0,16
0,44

Cd
median
mg/kg
DW
0,47

0,28

<0,44
<0,10

<0,57
<0,50

<0,31
0,63

<0,47
<0,43

0,43
0,84

0,44
0,45

0,16
0,44

Cd
max
mg/kg
DW
0,47

TBT TBT max
median
mg/kg
mg/kg

2/2
Alla fått mätresultat på frågorna i delen Detailed numbers frågor. Inkluderar både mark- och sedimentprover. Sedimentprover är markerade
med blått, markprover med grönt. Objekt där man tagit sediment- och markprov och registrerat resultaten tillsammans är markerade med violett.

BILAGA 2

As
median
mg/kg

As max
mg/kg

Runsala,
Hevoskarivägen
23

V stadsdelen,
Båtvarv, båtservicestation
Månsdottergatan
33

Kyrksundsgatan,
fastighet 573-5084-18
(fastighetsregiste
rnummer år 2004)

Åbo

Åbo

Pargas

Område för vinterförvaring och
reparation av småbåtar under
åren 1970–1997. Två båthallar
byggda på mark och ett
utomhusområde. Total yta 5 000
m2. Verksamheten koncentrerad
till vår och höst: tvätt, slipning,
målning, motorservice och
tankning. Under 1970–1973 fanns
det på strandområdet ett
tankningsställe med två tankar
ovan jord (bensin och brännolja).
Tankarna hade avlägsnats efter att
verksamheten upphörde.

Varv

Korpolaisbacken, Båtvarv, båtservicestation
Hirvensalovägen
20

Åbo

Use of the place

Location

Municipality

Results

Området ligger i centrum
av Pargas stad.
Markundersökningen
föranleddes av en
förändring i
markanvändningen:
fristående småhus
planerades på området. En
del av området skulle förbli
gatuområde.

Ändring av
användningsändamål till
bostadsområde

För att bedöma markens
föroreningsgrad och
saneringsbehovet

I hög grad förorenad med tungmetaller
och PAK-föreningar; med beaktande av
det nuvarande och planerade
användningsändamålet är det bara
blyhalten som överstiger den godkända
nivån vid tre punkter

Ramboll Oy 2004 undersökning av markens
föroreningsgrad; Air-Ix/Paavo Ristola Oy 2005
kompletterande undersökning om halterna av arsenik,
kadmium, kvicksilver och tributyltenn.

I kommande bostadsbruk skulle de
skadliga ämnena utgöra en hälsorisk
eftersom de fanns i markens ytskikt
(0–0,5 m); Konstaterats halter av bly,
koppar och zink samt oljekolväten
främst bestående av bensinfraktioner.

Miljöteknisk markundersökning (Golder Associates 2005) Tungmetallhalter som överskred
riktvärdena vid tre punkter

Miljöteknisk markundersökning och preciserad
bedömning av markens föroreningsgrad och
saneringsbehovet (Golder Associates 2013)

Mätningarna är gjorda efter Miljöteknisk markundersökning (Golder Associates 2002) I ett prov överskred halten av smörjolja
att bränsledistributionen
riktvärdet
avslutats, efter att
bränsletankarna avlägsnats

Why have the
Analyses made and when
measurements been taken

BILAGA 3 Alla svar på frågorna i delen General questions frågor.

Målsättningen var att avlägsna den
marksubstans som utgjorde en
hälsorisk från området (halter som
överskrider de s.k. SAMASE-gräns- och
riktvärdena)

Sanering genom massutskiftning

Ytjord som överskrider de
objektsspecifika målhalterna för bly
måste avlägsnas eller täckas med ett
oförorenat markskikt eller asfalt, eller
barns vistelse på området ska
begränsas; om användningsändamålet
ändras ska föroreningsgraden och
saneringsbehovet kontrolleras

Suggested actions,
based on results

Pargas stad gjorde som markägare
en anmälan om sanering av
förorenad mark till miljöcentralen
hösten 2004. Målet var att sanera
området under 2005.
Miljöcentralen ålade staden att
även undersöka halterna av
arsenik, kvicksilver, kadmium och
TBT på området.

Massutskiftning på områden som
konstaterats vara förorenade (25
YLO/S LOS-2005-Y-1168-18)

Ytjord som konstaterats vara
förorenad ska avlägsnas eller
övertäckas i samband med
ombyggnadsarbeten på
fastigheten (Dnr 9074-2015 (231))

Decided actions

Under perioden
26.4.2005–14.10.2005
avlägsnades från ett 2 400
m2 stort område
sammanlagt 3 861 ton (4426
m3ktr) mark som innehöll
skadliga ämnen genom
schaktning. Av marken var
136 ton starkt förorenad och
3 725 ton lindrigt förorenad.
På området uppmättes
senare inga halter av
skadliga ämnen som medför
hälsorisker eller
begränsningar i
användningen.

Massutskiftning på områden
som konstaterats vara
förorenade

Actions done

1/4

metallhalter mättes
inte

Any other
comments,
open field
Endast
kolväten,

Municipality

Use of the place

Port/Winter Storage of boats

Fishing harbour/yacht harbour/
repair and maintance

Harbour of the local sailing
club/shipyard/boat maintance

Location

Oulu, Port of
Hietasaari

Oulu, Port of
Kiviniemi

Oulu, Port of
Pöllisaari

Analyses made
and when

Four (4) samples where taken 9.7.2007 . Three of the
samples were taken on the fishing harbour and one
samle were taken on the yacht harbour . The samples
were taken on sediment, depht 0- 5 cm.

To find out is there
Three (3) samples where taken 9.7.2007 on the harbour
antifouling substances, like area (the sample were taken near by the shipyard). The
MBT, DBT, TBT, TeBT, MPhT, samples were taken on sediment, depht 0- 5 cm.
DPhT, TPhT, MOT, DOT,
TOT, TCHT

To find out is there
antifouling substances, like
MBT, DBT, TBT, TeBT, MPhT,
DPhT, TPhT, MOT, DOT,
TOT, TCHT

To find out is there
Four (4) samples where taken 9.7.2007 from the water
antifouling substances, like area of the port . The samples were taken on sediment,
MBT, DBT, TBT, TeBT, MPhT, depht 0- 5 cm
DPhT, TPhT, MOT, DOT,
TOT, TCHT

Why have the
measurements
been taken

BILAGA 3 Alla svar på frågorna i delen General questions frågor.

Suggested actions,
based on results

The sample 2 contained highest amount
of TBT and TPhT, the contain was of TBT
was 29 µg/kg and TPhT was 28´µg/kg .
Those two samples contained 5 µg/kg of
TBT. Amount of heavy metals were not
high. The highest content of heavy
metals were: chrome 35 mg/kg, copper
19 mg/kg, lead 14 mg/kg, zinc 65 mg/kg
and arsenic 7 mg/kg (LOD=Limit Of
Defection)

The samples 4 and 3, which were taken No suggested actions
on the fishing harbour contained 7
µg/kg and 15 µg/kg of TBT . The sample
wich were taken on the yacht harbour
area contained 8 µg/kg of TBT. The
sample 4 contained also 220 µg/kg of
TPhT. Amount of heavy metals were not
high. The highest content of heavy
metals were: chrome 35 mg/kg, copper
19 mg/kg, lead 14 mg/kg, zinc 65 mg/kg
and arsenic 7 mg/kg (LOD=Limit Of
Defection)

Samples 2A and 2B containded
No suggested actions
significant amounts of TBT and TPhT.
Sample 2A contained 7100 µg/kg of TBT
and 2900 µg/kg of TphT. Sample 2B
contained 36000 µg/kg of TBT and 8500
µg/kg of TPht. Amount of heavy metals
were not high. The highest content of
heavy metals were: chrome 35 mg/kg,
copper 19 mg/kg, lead 14 mg/kg, zinc 65
mg/kg and arsenic 7 mg/kg (LOD=Limit
Of Defection)

Results

Nether decided actions

Nether decided actions

Decided actions

Actions done

2/4

The research were
taken on three
different harbours
on the Oulu area.
The harbours
were:Port of
Hietasaari, Port of
Kiviniemi and Port
of Pöllisaari

Any other
comments,
open field

Municipality

An area where dredged
sediments from the Potti dock
have been piled (1991-1992).

Dock and harbour for small boats,
old industrial area, a place on the
shore where dredged sediments
from the dock have been piled in
the fifties.

Old docks.

Isokari, Kokkola

Potti, Kokkola

Mansikkasaaren
vanha telakkaalue

To find out the remaining
concentrations aftes
cleansing.

A former coastguard station, 1984- The station was closed
2010.
1.1.2010 and
measurements were taken
to find out if the area had
been polluted.

Valassaaret,
Mustasaari

Why have the
measurements
been taken

Use of the place

Location

Soil samples (metals). Years 2003-2004.

Soil and sediment samples: PCB, PAH, oil hydrocarbons,
organic tin compounds, heavy metals. From one
sediment sample also chlorophenols, dioxins and furans.
Year 2007.

Soil and ediment samples: PCB, PAH, oil hydrocarbons,
organic tin compounds, heavy metals. From one
sediment sample also chlorophenols, dioxins and furans.
Year 2007.

Soil, sediment and water samples, taken 13.-14.7.2010.
Oil hydrocarbons (C10-C40) (10 soil and 2 water samples),
TBT (2 soil and 1 sediment sample), sum of PAH (5 soil
and 1 water sample), PCB (one soil sample) and metals (8
soil, 1 sediment and 1 water sample).

Analyses made
and when

BILAGA 3 Alla svar på frågorna i delen General questions frågor.

A risk assessment was made and the
result was that no cleansing needs to
be done.

Suggested actions,
based on results

36600 tons of unclean soil was removed There are unclean soils left under
from the area.
buildings, concrete and asphalt. They
should be removed later.

High concentrations (over level 2) of
More samples should be taken and
zinc, naphthalene and hydrocarbons
polluted sediments in the Potti dock
were found in sediment samples taken area should be removed.
from the dock. Also concentrations over
level 1 of arsenic, cadmium, copper,
mercury, lead, TBT, phenanthrene,
anthracene, fluoranthene,
benzo[a]anthracene and
benzo[bjk]fluoranthene were found.

Small concentrations (over treshold
values) of fluoranthene,
benzo[bjk]fluoranthene and
benzo[a]pyrene were found in one soil
sample.

Metal concentrations over upper or
lower reference values were found in
two places. TBT was not found. Oil
hydrocarbon concentrations over the
upper references values were found in
four places. A risk assessment was
made.

Results

None.

Decided actions

None.

None.

None.

Actions done

3/4

Any other
comments,
open field

Bredviks
småbåtshamn
båthamn,
vattenområde 49452-2-1313

Sökö båthamn,
småbåtshamn
vattenområde 4934-9906-21

Gäddviks
småbåtshamn
båthamn,
vattenområde 494-9906-10

Svinö båthamn, småbåtshamn
vattenområde 49410-1-103

Sepetvikens
småbåtshamn
båthamn,
vattenområde 4923-9906-14

Notuddens
småbåtshamn
båthamn,
vattenområde 4923-9909-2

Marishamnen,
småbåtshamn
vattenområde 4934-9908-3

Nokkala båthamn, småbåtshamn
vattenområde 4923-9906-11

Esbo

Esbo

Esbo

Esbo

Esbo

Esbo

Esbo

Esbo

Use of the place

Location

Municipality

miljöundersökning av
sediment

miljöundersökning av
sediment

miljöundersökning av
sediment

miljöundersökning av
sediment

miljöundersökning av
sediment

miljöundersökning av
sediment

miljöundersökning av
sediment

miljöundersökning av
sediment

Why have the
measurements
been taken

Results

Förhöjda halter av organiska
tennföreningar i sedimentets ytskikt

Förhöjda halter av organiska
tennföreningar i sedimentets ytskikt.
Förhöjda halter av kadmium, zink och
oljekolväten.

Förhöjda halter av organiska
tennföreningar i sedimentets ytskikt

Förhöjda halter av organiska
tennföreningar i sedimentets ytskikt.
Förhöjda halter av kadmium, zink och
oljekolväten.

PAK-föreningar, oljekolväten, metaller, As, Hg, organiska I slamsedimentet överskrids nivå 2 sett
tennföreningar, torrsubstans, glödgningsförlust, lerhalt till kriterierna för uppläggning i fråga om
och kornfördelning
kvicksilver och nivå 1 i fråga om
oljekolväten, Hg, Zn, fenantren,
bens(a)antracen och tributyltenn.

Organiska tennföreningar SGSF147, metaller As, Cd, Co,
Cr, Cu, Ni, Pb, Zn, V, SGSF522 Hg CVAAS, Oljekolväten
SGSF123, PCB-kongener och total PCB SGSF118E,
glödgningsförlust SFS3008 mod, lerhalt och
torrsubstanshalt ISO11465

Organiska tennföreningar SGSF147, metaller As, Cd, Co,
Cr, Cu, Ni, Pb, Zn, V, SGSF522 Hg CVAAS, Oljekolväten
SGSF123, PCB-kongener och total PCB SGSF118E,
glödgningsförlust SFS3008 mod, lerhalt och
torrsubstanshalt ISO11465

Organiska tennföreningar SGSF147, metaller As, Cd, Co,
Cr, Cu, Ni, Pb, Zn, V, SGSF522 Hg CVAAS, Oljekolväten
SGSF123, PCB-kongener och total PCB SGSF118E,
glödgningsförlust SFS3008 mod, lerhalt och
torrsubstanshalt ISO11465

Organiska tennföreningar SGSF147, metaller As, Cd, Co,
Cr, Cu, Ni, Pb, Zn, V, SGSF522 Hg CVAAS, Oljekolväten
SGSF123, PCB-kongener och total PCB SGSF118E,
glödgningsförlust SFS3008 mod, lerhalt och
torrsubstanshalt ISO11465

Tributyltenn TBT SFS-EN-ISO/IEC 17025 metod PR 120,
Miljöfarliga föreningar har ansamlats i
metaller Cd, Cr, Cu, Pb, Ni, Zn metod PR 091, Hg metod PR bottensedimentet
1003, Mineraloljor metod PR 0860, PCB metod PR 052,
7.12.2005

Tributyltenn TBT SFS-EN-ISO/IEC 17025 metod PR 120,
Miljöfarliga föreningar har ansamlats i
metaller Cd, Cr, Cu, Pb, Ni, Zn metod PR 091, Hg metod PR bottensedimentet
1003, Mineraloljor metod PR 0860, PCB metod PR 052,
7.12.2005

Tributyltenn TBT SFS-EN-ISO/IEC 17025 metod PR 120,
Miljöfarliga föreningar har ansamlats i
metaller Cd, Cr, Cu, Pb, Ni, Zn metod PR 091, Hg metod PR bottensedimentet
1003, Mineraloljor metod PR 0860, PCB metod PR 052,
7.12.2005

Analyses made
and when

BILAGA 3 Alla svar på frågorna i delen General questions frågor.

Decided actions

Inga uppgifter

Inga uppgifter

Inga uppgifter

Inga uppgifter

Sedimentet lämpar sig inte för
Inga uppgifter
dumpning i havet. Om det deponeras
på land utgör det muddrade
sedimentet kvicksilverförorenad
mark.

Muddermassornas skadlighet och
lämplighet för uppläggning ska
avgöras från fall till fall.

Muddermassornas skadlighet och
lämplighet för uppläggning ska
avgöras från fall till fall.

Muddermassornas skadlighet och
lämplighet för uppläggning ska
avgöras från fall till fall.

Muddermassornas skadlighet och
lämplighet för uppläggning ska
avgöras från fall till fall.

Innan eventuell muddring av bottnen Inga uppgifter
bör sedimentets skadlighet och
lämplighet för uppläggning utredas.

Innan eventuell muddring av bottnen Inga uppgifter
bör sedimentets skadlighet och
lämplighet för uppläggning utredas.

Innan eventuell muddring av bottnen Inga uppgifter
bör sedimentets skadlighet och
lämplighet för uppläggning utredas.

Suggested actions,
based on results

Inga uppgifter

Inga uppgifter

Inga uppgifter

Inga uppgifter

Inga uppgifter

Inga uppgifter

Inga uppgifter

Inga uppgifter

Actions done
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Any other
comments,
open field

Location

Korpolaisbacken,
Hirvensalovägen 20

Runsala,
Hevoskarivägen 23

V stadsdelen,
Månsdottergatan 33

Kyrksundsgatan,
fastighet 573-508-4-18
(fastighetsregisternum
mer år 2004)

Det gamla
varvsområdet på
Smulterö

Municipality

Åbo

Åbo

Åbo

Pargas

Vasa

Old docks.

Område för vinterförvaring
och reparation av småbåtar
under åren 1970–1997. Två
båthallar byggda på mark och
ett friluftsområde. Total yta
5 000 m2. Verksamheten
koncentrerad till vår och
höst: tvätt, slipning, målning,
motorservice och tankning.
Under 1970–1973 fanns det
på strandområdet ett
tankningsställe med två
tankar ovan jord (bensin och
brännolja). Tankarna hade
avlägsnats efter att
verksamheten upphörde.

Båtvarv, båtservicestation

Varv

Båtvarv, båtservicestation

Use of the place

Miljöteknisk
markundersökning och
preciserad bedömning
av markens
föroreningsgrad och
saneringsbehovet
(Golder Associates
2013)

Miljöteknisk
markundersökning
(Golder Associates
2002)

Analyses made
and when

To find out the remaining
concentrations aftes cleansing.

Området ligger i centrum av
Pargas stad.
Markundersökningen
föranleddes av en förändring i
markanvändningen: fristående
småhus planerades på området.
En del av området skulle förbli
gatuområde.

Soil samples (metals).
Years 2003-2004.

Ramboll Oy 2004
undersökning av
markens
föroreningsgrad; AirIx/Paavo Ristola Oy
2005 kompletterande
undersökning om
halterna av arsenik,
kadmium, kvicksilver
och tributyltenn.

Ändring av användningsändamål Miljöteknisk
till bostadsområde
markundersökning
(Golder Associates
2005)

För att bedöma markens
föroreningsgrad och
saneringsbehovet

Mätningarna är gjorda efter att
bränsledistributionen avslutats,
efter att bränsletankarna
avlägsnats

Why have the measurements
been taken

36600 tons of unclean soil was
removed from the area.

I kommande bostadsbruk skulle de
skadliga ämnena utgöra en hälsorisk
eftersom de fanns i markens ytskikt
(0–0,5 m); Konstaterats halter av bly,
koppar och zink samt oljekolväten
främst bestående av
bensinfraktioner.

Tungmetallhalter som överskred
riktvärdena vid tre punkter

I hög grad förorenad med
tungmetaller och PAK-föreningar;
med beaktande av det nuvarande
och planerade
användningsändamålet är det bara
blyhalten som överstiger den
godkända nivån vid tre punkter

I ett prov överskred halten av
smörjolja riktvärdet

Results

BILAGA 4 Svar på General questions som gäller de objekt som beaktats i utredningen.

There are unclean soils left under
buildings, concrete and asphalt.
They should be removed later.

Målsättningen var att avlägsna
den marksubstans som utgjorde
en hälsorisk från området (halter
som överskrider de s.k. SAMASEgräns- och riktvärdena)

Sanering genom massutskiftning

Ytjord som överskrider de
objektsspecifika målhalterna för
bly måste avlägsnas eller täckas
med ett oförorenat markskikt
eller asfalt, eller barns vistelse på
området ska begränsas; om
användningsändamålet ändras ska
föroreningsgraden och
saneringsbehovet kontrolleras

Suggested actions,
based on results

Pargas stad gjorde som
markägare en anmälan
om sanering av förorenad
mark till miljöcentralen
hösten 2004. Målet var att
sanera området under
2005. Miljöcentralen
ålade staden att även
undersöka halterna av
arsenik, kvicksilver,
kadmium och TBT på
området.

Massutskiftning på
områden som
konstaterats vara
förorenade (25 YLO/S LOS2005-Y-1168-18)

Ytjord som konstaterats
vara förorenad ska
avlägsnas eller övertäckas
i samband med
ombyggnadsarbeten på
fastigheten (Dnr 90742015 (231))

Decided actions

Under perioden
26.4.2005–14.10.2005
avlägsnades från ett 2
400 m2 stort område
sammanlagt 3 861 ton
(4426 m3ktr) mark som
innehöll skadliga ämnen
genom schaktning. Av
marken var 136 ton
starkt förorenad och 3
725 ton lindrigt
förorenad. På området
uppmättes senare inga
halter av skadliga
ämnen som medför
hälsorisker eller
begränsningar i
användningen.

Massutskiftning på
områden som
konstaterats vara
förorenade

Actions done

1/1

Endast kolväten,
metallhalter
uppmättes inte

Any other
comments,
open field

Utredningen har gjorts som en del av CHANGE Changing antifouling prctices for leisure boats
in the Baltic Sea project.

YHTEYSTIEDOT
ÅBO | Projektverksamhet
Puolalagatan 1, 20100 Åbo | kontor tel 02 274 5500

www.hallskargardenren.fi
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Abstract
A major problem associated with boats is bio-fouling on the hull surface below the
water line. The most common way to prevent this is by using an anti-fouling paint,
which contains biocides which are toxic to organisms likely to colonise the surface.
Now the most commonly used biocide is copper(I)oxide which is less toxic than TBT
but still has lethal effects on marine life and a longevity in the marine environment.
Therefore it is of interest to restrict the amount of copper(I)oxide released into
the environment from the use of antifouling paints. Pressure hosing the hull is
normally done in order to remove the biofilm and larger organisms like barnacles.
During this high-pressure hosing, particles containing the antifouling paint and its
biocides are removed from the hull and reach the ground where they contaminate
the soil, the sediment or leak into the water. The purpose of this master project is
to examine if copper and zinc is released from an antifouling painted surface which
is subjected to high-pressure hosing and to quantify the amount released during
this practice from different paints. This project investigates how much Cu and Zn
emissions high pressure cleaning of antifouling painted boats causes. Five different
commonly used commercial paints on the Swedish market have been investigated
and the emissions have been quantified as mass/painted area unit. The emissions
of the samples aged a whole boat season was on average 2.37 g copper per boat and
1.74 g zinc per boat if the painted hull area is 20 m2 . The emission of copper vary
between the different paints and generally the emissions of copper is higher in the
paints containing higher copper concentrations. Comparing samples painted with
the same paint aged in different environments shows different results but it is hard
to see a general trend. X-ray fluorescence analysis has been used and evaluated as
a method for analysing copper and zinc concentration in antifouling paint particles.
For quantification of copper in the 0 to 12 mass-% range it worked well even when
analysing small amount of particles.

Keywords: Antifouling paint particles, Leisure boats, High pressure hosing, XRF.
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1
Introduction
A major problem associated with boats is bio-fouling on the hull surface below
the water line. Bio-fouling is caused by different marine organisms like barnacles
colonising the hull surface. This brings a lot of problems such as the increasing
roughness of the surface which in turn increases the drag and thus the fuel/energy
consumption and the emissions related to those increases [1, 2]. The fuel consumption can increase up to 40 % which is unsustainable both from an environmental
and economic point of view. Furthermore the maneuverability of the boat decreases
which is a safety concern [2].
Since bio-fouling is unsustainable it needs to be prevented. The most common way to
do this is by using an anti-fouling paint, which contains biocides toxic to organisms
likely to colonise the surface. A few decades ago the most common biocide used
was an organotin compound called TBT (tri-butyl-tin). TBT has since 2003 been
banned globally because of its major environmental impact [3]. Now the most used
biocide is copper(I)oxide which is less toxic than TBT but still has lethal effects on
marine life and a longevity in the marine environment [3]. Therefore it is of interest
to restrict the amount of copper(I)oxide released into the environment from the use
of antifouling paints. In Sweden the anti-fouling paints used have to be approved
by the competent authority, i.e. the Swedish Chemical Agency, before can become
commercially available [4].
Sweden has a long sea coastline. On the west coast there are two different sea areas
called Kattegatt and Skagerrak which have a large interaction with the Atlantic
ocean and comparatively high salinity levels. To the east the coastline is to the
Baltic Sea which has low interaction with any other water body, a low salinity and
a concomitant low biodiversity making it a highly sensitive sea. The Baltic sea has
been designated by IMO (International Maritime Organization) to be a Particularly
Sensitive Sea Area (PSSA) which means that it is an area which needs special
protection and is affected by international marine activities [5]. There is therefore
different regulation on the west coast and the east coast of Sweden in regards to
the amount of copper oxide allowed in antifouling paints and the release rate of the
biocide to the water [4].
In Sweden it is estimated that there are 0.86-1.03 million leisure boats and these
1
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thus have a considerable effect on the environment due to the amount of biocides
released to the sea and to grounds of the marinas where they are stationed [6]. There
has been a lot of research into understanding the leaching rates of biocides to the
water [7] but there are other emissions of biocides related to the maintenance of
the boat hull which has not been paid as much attention [7]. After the boat season
is over the leisure boats are taken out of the water and put on land, during this
procedure the hull is usually cleaned with high pressure hosing in order to remove
the biofilm and larger organisms like barnacles. During this high-pressure hosing,
particles containing the antifouling paint and its biocides are removed from the hull
and reaches the ground where they contaminate the soil, the sediment or leak into
the water [8]. This is a known problem by Swedish authorities and they recommend
boat owners to do the high pressure hosing over a wash down pad [4].

1.1

Purpose

The purpose of this master project is to examine if copper and zinc is released from an
antifouling painted surface which is subjected to high-pressure hosing and to quantify
the amount released during this practice from different paints. A significant amount
of Cu and Zn can be found in the cleaning system of the wash down pads have
been shown by previous studies. A series of studies have shown that the sediment
in boat yards around the world show high concentrations of Cu, Zn and even TBT
associated with antifouling paint particles.

1.2

Aim

The aim of the project was to develop a method to quantify copper and zinc emissions
during high-pressure hosing of common commercially available antifouling paints.
This project investigates how much Cu and Zn emissions high pressure cleaning of
antifouling painted boats causes. Five different commonly used commercial paints on
the Swedish market have been investigated and the emissions have been quantified
as mass/painted area unit. The samples have been aged by submerging painted
panels in marinas around Sweden during 5 months or 5 weeks. The samples that
were examined were 15 x 15 cm PMMA (plexi glass) panels that were painted with
a primer and an antifouling paint according to the same procedure as instructed
when painting a boat hull. When cleaning the panels two types of samples were
collected; all of the paint particles and a representative part of the cleaning water.
The conditions on the west coast and the east coast are quite different in regards to
salinity and biodiversity and therefore the differences when ageing panels in different
salinities were also examined.

2

2
Theory
Bio-fouling is associated with a range of problems such as increased friction and
drag which leads to reduced speed and increased fuel consumption costing money
and having a negative environmental impact [2]. There is also a concern with problems realted to increased bio-corrosion [3]. Bio-fouling on ships travelling between
different waters can lead to transportation of invasive species into new environments
[2].

2.1

The mechanisms of biofouling

Organisms which can endure changes in the water environment and high water flow
can attach to the hull and remain attached there even when the vessel is moving in
high speeds. For marine sessile organsims the hull is a good habitat since competition
for space in the marine environment is intense. As soon as a surface is submerged
in the sea its surface characteristics, e.g., chemistry, wettability and microtexture is
altered. Whithin seconds, an organic film of biomolecules starts to form. This film
consist of molecules like polysaccharides, fatty acids and proteins. The mechanism
behind the formation of this film is physical forces on the molecular level such as
Brownian motion and electrostatic forces. This film acts like a substrate for bacteria
and single cell organisms which form a microbial biofilm [2].
The biofilm is an environment in which larger organisms can attach like spores of
macroalgea and protoza. The process is called microfouling. After days to a couple
of weeks larvae of larger organisms like barnacle cyprids attach to the biofilm and
metamorphose into barnacles with a hard calcerous exoskeleton. This process is
called macrofouling and is a much more severe problem compered to microfouling.
A hull surface with macrofouling is much rougher due to of the calcium carbonate
skeletal structure causing the increasing drag associated with biofouling [2, 3].
3

2. Theory

2.2

Anti-fouling paints

The main solution to fight bio-fouling is with anti-fouling paints. The paints contain
biocides toxic to species likely to colonize the surface. The most effective anti-fouling
paint is based on a co-polymer with acrylate and a tributyltin (TBT) pendant group
and a co-biocide Cu2 O as a pigment [2, 3].
The TBT paint is self-polishing (SP), meaning that the outer layer where the biocide
has already been released is dissolved. In this way the release of biocide is more
controlled than non SP-paints because the concentration of biocide on the surface
and bulk stays the same during the lifetime of the paint. For a non SP paint (where
the biocide is locked in the paint matrix) a layer of paint not containing any biocide
is formed over the bulk film leading to higher diffusion resistance and a slower release
of biocide during its lifetime, see Fig 2.1. The SP mechanism for the TBT paint is
possible due to hydrolysis of the co-polymer within the paint. Hydrolysis results in
release of the TBT-group, which in turn makes the polymer hydrophilic and thus
able to be dissolved in water [2].

Figure 2.1: The top coating is of self polishing type and the bottom is non self
polishing. The filled circles represent pigments with biocides and the empty circles
represent pigments or empty spaces without biocide.
The co-polymer TBT paint is so effective that the the cost of anti-fouling decreased
with 80% and was used on 70-80% of the world fleet in 2004 [2]. The problem
however with the TBT co-polymer paint is that TBT was found to have large impact
on marine life other than the fouling organisms[3, 9]. The alarms concerning effects
of TBT on non-targe marine organisms such as oyster in aquaculture was followed
by national regulations in the 80s and 90s [9]. In 1989 TBT paints were forbidden
4
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for the use on leisure boats within the EU [6]. Following an IMO (International
Maritime Organisation) convention in 2001 it was decided that from 2003 it was
prohibited to put new TBT paint on vessles and after 2008 it was prohibited to
have TBT paint on vessles [2].
This meant that the TBT paint had to be replaced. The main biocide used today in
antifouling paints is copper oxide [2, 3]. Copper was also used as a co-biocide in the
TBT based paints. There are different ways to design an antifouling paint. Using a
similar technique as for the old TBT-paint one can have a co-polymer with another
pendant group for example containing zinc. This paint has a long lifetime around
4-5 years and is used for larger ships. A cheaper way is to have a rosin based paint
with copper oxide as pigment particles locked into the matrix. The rosin is weakly
acidic and will react with the weakly alkaline sea water and in that way release the
copper locked in the film matrix. The rosin based paints is therefore self polishing
as well [2]. Zinc oxide is not equally potent as a biocide as copper oxide but has
been found to increase the efficiency of the copper oxide and is therefore commonly
used as a co-biocide [2, 7].
In nature there are two different valance states of copper ion; Cu+ and Cu2+ . It is
the Cu2+ ion which is the most potent biocide because it can migrate through cell
membranes [10]. There is dissolved oxygen present in the sea water which reacts
with the Cu2 O at the paint surface and oxidizes the copper to Cu2+ ions. Copper is
a naturally occurring element which is necessary for the growth of many organisms
[2]. There are many other sources of copper supplies to the marine environment
besides antifouling paints. These include weathering of rocks, mining run-offs and
copper wiring [10]. It is when reaching high enough concentrations of copper that
it becomes an environmental hazard. There are regulations in place on the level
of copper emissons to ensure water quality criteria and the issue with anti-fouling
paints is that local copper loading makes the levels by far exceed those criteria
[10, 11]. In addition, organic co-biocides such as Irgarol 1051 which is toxic to
copper resistant algae can be added to the paint [2]. However, the use of Irgarol in
marine antifouling paints is restricted in several EU member states.

2.3

Alternative methods

In Sweden an antifouling paint has to be approved by Swedish authorities before it
entering the market. There are different criteria for approval of paints for professional use and for use on leisure boats with higher environmental standards regarding
the latter. The authorities recommend leisure boat owner to use other biocide-free
methods to fight biofouling than the use of biocide antifouling paints [4].
An alternative to using biocides in paint is to create a surface which is difficult for
the marine organism to attach to effectively. This can be done by having a low
surface energy coating using silicone or a fluoropolymer [3]. Another alternative to
5
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using biocide paints is to use a combination of a non-biocide paint and during the
season remove the biofilm mechanically [3]. The mechanical method could either be
high pressure cleaning on land or a mechanical brush in the water. The settlement
of barnacle cyprids occurs throughout the boating season in Sweden. The method
has maximum effect if the mechanical method is used in the time span between
when the larva have settled and before they start to grow the calcium carbonate
shell [12].
For boats returning to the same mooring place a hull protection cover is an alternative. It creates a oxygen poor environment between the cover and the boat hull
preventing barnacle and algal growth. Another option is dry docking meaning that
the boat is lifted out of the water when it is in harbour [12].

2.4

Quantifying the emissions from anti-fouling
paints

Most of the research done on emissions from anti-fouling paints has been focused
on the leaching from the painted surface into the water [7]. The release rate of the
leached copper is defined as µg/cm2 /day and is evaluated with a theoretical model
when it comes to legislation in Sweden. The theoretical model has been shown to
deviate from in situ experiments [CHANGE]. The release rate depends not only on
the composition of the paint but also on environmental factors where salinity has
proven to be one of the most important factors [2].
The maintenance of a leisure boat involves sanding and painting the hull in the
spring before putting the boat into the water. When the boat season is over the
boat is taken out of the water and the hull is cleaned with high pressure hosing.
Both these practices lead to production of particles containing biocides which will
end up in the environment [7]. To prevent this, authorities in Sweden recommend
the use of a wash down pad with a cleaning system during high pressure cleaning
[13]. When conducting a survey with Swedish leisure boat owners it was found that
the majority of the leisure boat owners (87 %) don’t have access to a wash down
pad with a cleaning system at their winter storage sites [14].
The environmental impact of anti-fouling paint particles differs from the emissions
caused by leakage into the water. Organisms can consume the entire particles leading
to different types of sub-lethal effects. The bio-durability of paint particles is longer
compered to leached biocides [7]. A study focusing on the co-biocide Irgarol in the
UK found that during high pressure hosing hulls approximately 75 % of the Irgarol
was associated with paint particles. The rest was dissolved in the cleaning water
[15].
In 2012 a study done by Ytreberg et al., the copper and zinc emissions into the
6
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environment per boat was studied, taking both leakage and high pressure hosing
into consideration. The experiments were done both in marinas on the west and east
coast of Sweden. The study showed that when analysing sludge samples collected
from the wash down pad, 21.6% of the total amount of the emissions of copper
and 8.7% of the zinc emissions could be assigned to high pressure hosing [16]. The
amount of copper in the form of particles (sludge) per boat was calculated to be
25.6 g with 47.9 as a worst case scenario. The average area painted with anti-fouling
paint was 20.72 m2 and the estimated amount of cleaning water was 100 L per boat
on the west coast [16].

2.5

Analytical methods

Two different analytical method which can be used for determine metal concentration in anitfouling paint particles.

2.5.1

XRF

In X-ray fluorescence (XRF) analysis the sample is radiated with X-ray radiation
generated from an X-ray source. The X-ray source is normally a X-ray tube but
can also be a more energetic source like a synchrotron. X-rays are electromagnetic
waves and are therefore defined with discrete values of an energy and related to a
wave length. X-ray fluorescence is created when an incoming X-ray photon removes
an electron from an inner shell (K or L shell) of an atom. An electron from a
higher shell which has a higher energy will then ’fall down’ to the empty energy
state and a fluorescence photon is released. An other way that atoms interacts with
the X-ray beam is scattering, there are two major mechanisms of this scattering;
Compton scattering and Rayleigh scattering. Compton scattering means that the
photon hits an electron and transfers part of its energy to the electron. A commonly
used metaphor to explain this is to think of a billiard ball colliding with another
ball. Depending on the angle different amounts of energy is transferred and therefore
one gets an incoherent spectrum of photons from this type of scattering. Rayleigh
scattering means that the photon doesn’t have enough energy to remove the electron
and instead oscillate the electron. Rayleigh scattering happens when the electrons is
more strongly bonded and Compton scattering happens when the electron is more
loosely bonded. In light elements Compton scattering is dominated and in heavy
elements Rayleigh scattering dominates [17].
When a fluorescence photon is created it can in turn remove a electron from an other
atom which in turn releases a fluorescence photon of an other energy level. This
phenomenon is called secondary fluorescence, even this photon can cause fluorescence
and gives rise to tertiary fluorescence. The detector in the instrument counts photons
of different energy levels and cannot separate between photons crated by primary or
7

2. Theory

secondary fluorescence. The primary fluorescence is absorbed in larger extent the
thicker the material is. At an certain thickness all of the primary fluorescence is
absorbed and this is defined as the analysis depth. The analysis depth is dependent
both of the material analysed and the intensity of the X-ray beam in the instrument
[17].
There is two major types of detectors in XRF analysis: energy dispersive (EDXRF)
or wavelength dispersive (WDXRF). EDXRF is more common due to that it is a
cheaper method. The photons are separated in a solid detector made with a semiconducting material. Each photon produces electron holes in the semiconducting
material. Depending on the energy, different amounts of of holes are created. A
higher energy photon will create a larger amount of electron holes which the detector records as higher voltage. The amount of photons recorded is the intensity of
the signal or the height of the peak in the XRF spectra [17].
The intensity of the peak is used in order to calculate the concentration of the element. The intensity of the peaks corresponding to a certain element cannot be
translated into the concentration just by dividing the intensity of its peak by the
intensity of the whole spectra. Instead a correlation factor is used for each element.
The correlation factor can be decided by a number of experiments on a certain material matrix where the concentration of a certain element is varied. The concentration
of the element is decided with another(often chemical) method and the correlation
factor is decided from the intensity/concentration relation. Since the correlation
factors is material dependent the XRF-instrument has different modulus used to
decide the concentration, which can for example be a plastic modulus or a soil modulus. Lighter elements cannot be analysed by XRF-detection but cause Compton
scattering which in the spectra can be observed like a low energy broad peak. The
Compton scattering peak can be used in the mathematical model calculating the
concentrations. The relation between the Compton and Rayleigh scattering indicates the quota between light and heavy elements in the sample [17].

2.5.2

ICP-OES

A method which can be used for creating a standard for the XRF-measurements
is inductive coupled plasma optical emission spectrometry (ICP-OES), also called
inductive coupled plasma atomic emission spectrometry (ICP-AES). The sample is
injected into a plasma as an aerosol. The plasma has very high temperature so
the sample can experience temperature around 8000 K passing through the plasma.
The high temperature makes the sample dissociate into single atoms. When the
single atoms collide with each other and free electrons they absorbs energy and get
to a excited state. When the excited atom go back to their ground state emissions
of element specific photons are generated. This is detected as a signal with optical
emission spectrometry. Using a plasma to excite the sample is close to ideal for
optical emission spectrometry [18].
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Experimental
In this section the experimental work of the project is described. Firstly the preparation of the samples which were the starting point of this project are described.
Then follows a description of the development of the method used to analyze the
emissions from high pressure hosing the samples.

3.1

Description of the samples

The samples which were used in this project were the same as for the in situ leakage
measurements performed within the CHANGE project (www.changeantifouling.com).
The samples were 15 x 15 cm Plexi glass panels painted with anti-fouling paints (the
paints used are listed in Table 3.1) in the way described by the paint manufacturer.
The plates were first grinded with sandpaper in order to make their very smooth surface rougher to get better adhesion of the paint. Then the samples were painted with
a suitable primer coating. Each paint company provides primers, to the anti-fouling
paints. The anti-fouling paints manufacturer recommend that their specific primer
is used before applying the antifouling paint. Thus, primers recommended for the
respective paints were used. When the primer had throroughly dried, two surface
layers of anti-fouling paint was applied on top of the primer. The paint was applied
using a roller and the different paint layers were let to dry before applying the next
layer. Every primer used had a grey colour and the colour of all anti-fouling paint
was black. Two holes (with 6 mm in diameter) were drilled in the top of each panel
making it possible to attach them to a line with cable ties when deploying them in
water. Coloured cable ties was also used as labels for the different paints.
Two different categories of samples were used; samples aged in different marinas
in Sweden during the 2015 boating season and samples made at the start of this
project in May 2016 which were aged by submerging the panels in the water during
five weeks at Lindholmen in the port of Gothenburg. These same five anti-fouling
paints have been used for both categories. The anti-fouling paints are commonly
used commercially for leisure boats. Two of the paints are allowed for usage on the
Swedish east coast (in the Baltic sea) and three of the paints are only allowed on
9
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the Swedish west coast. An additional paint was used for preparing samples for
the second category in Gothenburg harbour; Jotun Non-Stop allowed for west coast
usage. Further information on each paint used in the project can be found in Table
3.1.
Table 3.1: The different anti-fouling paints used in the project. The Cu2 O mass-%
presented is given by the manufacture.
Paint
Mille Light Cu
Mille Xtra
Biltema Antifouling BS
Biltema Antifouling
Cruiser One
Jotun Nonstop

Producer
Cu2 O mass-% Primer
Hempel
6.9
Hempel Primer
Hempel
34.6
Hempel Primer
Biltema
7.5
Biltema Sealer Primer
Biltema
13
Biltema Sealer Primer
International
8.54
International Primer
Jotun
22
Jotun Primer

There was a limited amount of panels available from 2015 (from each marina four
panels of each paint). In the marinas the plates had been attached to a line using
cable ties, the panels were placed at a minimum of 6 cm from each other in order
to avoid interference between the samples. The lines were then attached to a jetty
in the marinas at a depth of about 1 meter. From 18 marinas (located in Sweden,
Finland, Germany and Denmark) six were chosen. These six marinas were divided
into two different categories based on salinity and the salinity levels can also be
regarded as the west and the east coast of Sweden.
The samples aged for five weeks in Gothenburg harbour consisted of 30 panels
painted with each paint. The panels were put on a frame which was built out
of a outer aluminium frame and laces where the plates could be attached with cable
ties. The dimension of the frame was 1.2 meters in width and 1 meter in height.
The laces were pulled through drilled holes making all distances between the panels
exceeding 7 cm. The plates positions on the frame were randomised using Excel,
the setup is shown in Fig. 3.1.

3.2

Development of the method

The following requirements were set when approaching the design of the experimental setup used in the high pressure hosing experiments.
• When using the high pressure hose the water and particles formed are leaving
the surface in all directions. Therefore it is preferred to do the high pressure
cleaning in a closed system in order to collect all of the particles and water.
• In order to separate the particles from the cleaning water the water must pass
through a filter system before leaving the system.
10
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Figure 3.1: The frame just before it was deployed in the water in Gothenburg
harbour.

• It must be possible to remove the filters to retrieve the particles and to clean
the equipment in between every experiment.
• The material of the equipment should not influence the result.
• The equipment was to be built as a student project by students of Lindholmens
Tekniska Gymnasium, and had therefore to be of metal to include some of the
obligatory elements of their course.
• The cost of the equipment had to be economically reasonable.
The material had to be of some kind of corrosion resistant material since it would
be exposed to water. From an economic standpoint galvanized steel was deemed the
most rational choice. The system had to be sealed where different steel plates were
attached and where holes had been drilled and the material used for this purpose
was Sikaflex® . Since the particles are expected to fly in all direction the roof is tilted
in order for the water, together with the particles, to flow towards the filter system.
The floor was designed to have its lowest point at the exit pipe with the filters.
A potential problem with the filter system was that when it was filled with particles
11
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the filter cake prevented the water to flow through at high enough flow rates and
thus causing the system to flood. The way to get around this was to to have a large
filter surface area. This was achieved by having a series of filters with different mesh
sizes with the purpose of having an even distribution over the three filters. The
mesh sizes chosen prior to preforming the experiments were 500 µm; 200 µm and 64
µm.
The mentioned requirements resulted in a cabinet like equipment put on wheels
(necessary due to its heavy weight). On top of the cabinet was a lid of Plexi glass
making it possible to observe the water beam and the panels. The front of the cabinet
was removable just like the plate where the filter system was attached. The filter
system was a plastic shower well with a vertical exit pipe, the filters was attached
with O-rings. At the back wall, holes were drilled matching the holes in the panels
which made it possible to put 12 panels in the cabinet each time. If necessary one
could drill another row making room for another 6 panels. The wash down water
under the filter system was collected in a transparent plastic crate where the water
volume could be decided. In Fig. 3.2 the experimental setup is presented.

3.3

High pressure hosing experiments

The time each Plexi glass panels should be exposed to the high pressure water
beam was based on an interview done with Klas Hansson, the Harbour master of
Grebbestad harbour. According to him the average time to clean the boat varies a
lot depending on the biofouling. He estimated the time for an average boat being
somewhere in between 15 minutes to an hour. The hull area painted with antifouling paint on an average boat was estimated to be 20 m2 . This leads to that the
exposure time of one Plexi glass panels should be between 1.8 to 7.2 seconds. Of
practical reasons the time was extended to 10 seconds which should be taken into
consideration when analysing the result.
The high pressure washer used was a KEW 30CA Compact I, with max 150 bar
working pressure. The distance between the nozzle and the painted surface was
estimated to be 40 cm. Using a larger distance meant that the bio-film would not
be removed. Consulting people working with the equipment 40 cm was confirmed
to be a reasonable distance.
An experiment had to produce enough material to preform the analysis properly so
each experiment was conducted with 10 Plexi glass panels, a total surface of 0,225
m2 . The water used was tap water. The water was turned on 2 minutes before
each experiment, since the copper wiring was expected to increase the copper ion
concentration in the still residual water in the wiring. The panels were washed on
the backside (where they have not been painted) prior to the experiment. Each
panel was photographed before and after the experiment.
12

3. Experimental

Figure 3.2: The equipment used in the project. In the left corner is the closed
cabinet, below it a picture when it is open with panels attached before an experiment.
On the right side the pressure washer used for the experiment. Below is the filter
system looked at from below with the filter with the finest mesh size closest.

After the high pressure hosing was preformed, the front of the cabinet was removed
and the walls and the roof were cleaned with a window scraper in order to retrieve
the majority of the particles and wash down water to the filters. When the water
had passed through the filters, the plastic crate where the wash down water was
13
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collected was shaken and a representative portion of the water was collected in a
0.5 liter polyethylene bottle. After the collection of the wash-down water the filter
system was removed from the cabinet. Each filter was removed and dried in a
microwave oven to the point that the particles were dry, the moisture content was
evaluated with visual estimation. The dried particles were removed from the filters
and weighed with a OHAUS scale of a 4 decimal accuracy.

3.4

Analyses of the materials

The particles were analysed using a Thermo Scientific Niton XL3t GOLDD+ XRF
pistol. Prior to the analysis the particles were grounded in a mortar into a fine
powder and then placed on a sample collector on a plastic film. The XRF analysis
was done five times and the powder was shaken in between each measurement. In
Figure 3.3 the particles prior to and after being grounded can been seen.

Figure 3.3: The particles to the left was before being grounded and the particles
to the right is after being grounded and placed in the sample holder.
In order to confirm the data from the XRF measurement a standard curve was
made with ICP-OES (inductively coupled plasma optical emission spectrometry).
The particles were divided into two samples and were dissolved in 10 mL milliQ water, 5 mL concentrated HCl and 5 mL concentrated HNO2 . The solution
was then boiled for 3 to 4 hours, filtrated and then analyzed with ICP-OES with
the wavelength 327.393 nm in order to detect copper and 206.2 nm for detecting
Zn.
For the analysis of the wash down water, the ICP-OES sample preparation was done
according to the ISO standard. The bottle with the water sample was shaken and
then 50 mL was collected then 4 mL HNO3 and 12 mL HCl was added. The solution
boiled for 3 h was filtered and then analyzed with ICP-OES.
14
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3.5

Evaluation of the method

An experiment was preformed in order to get a picture of the amount of the particles
produced during the experiment which could be collected. The weight of a powder
made from Biltema VK panel was decided using a HAUS scale. The particles were
then thrown into the experimental system. Water was flushed into the system in
order to transport the particles to the filters. The particles was removed from the
filters and dried and the weight of the particles was examined.
The ICP measurements were performed on a test sample which was produced from
Biltema anti-fouling plates aged for 5 months. The panels were sanded with sandpaper and the mass of the resulting particles was ca 3 g and were divided into eight
parts of around 0.3 g. The smaller portions were mixed with 12.5 mass-% binder and
pressed into eight pellets. The pellets were analysed with XRF on both sides. These
pellets were also dissolved in acid and analysed with ICP-OES. Particles made from
Lago Racing plates was also analyzed with XRF.

3.5.1

Repeated analysis with XRF and ICP

The initial measurements were done with different amount of antifouling paint particles and thickness correction set to 0.20 mm. Because these measurements can
be expected to give the wrong concentration values the XRF measurements were
repeated. First the influence of different thickness correction setting were examined.
This was done with antifouling paint particles from the experiments with the Cruiser
One panels aged for five months. The particles from these two experiments were
mixed. The particles was grounded in a mortar into a homogeneous powder. The
total mass of the powder was 1.52g. The powder was divided into different portion
based on weight and put in four XRF sample holders. The mass of the powder
in the different sample holders was: 0.1 g; 0.20 g; 0.40 g and 0.78 g. These were
then analysed with different thickness correction settings, 0.1 mm 0.2 mm and no
thickness correction.
The samples with 0.20, 0.40 and 0.10 mg were pressed into a two pellets with a
sample amount of 420 mg and 210 mg and 12.5 m-% of binder. These pellets
were then analysed with the same thickness correction setting as the powders. The
pellets were measured using a caliper. The 420 mg pellet had a thickness of 1.94
mm and the 210 mg pellet was 1.01 mm thick. The diameter of the pellets were
the same 13.05 mm. The pellets were analysed using the measured thickness as the
thickness correction setting. The smaller pellet was placed on top of the larger and
a measurement was done with 3.0 mm thickness correction.
The pellets were grounded into a power and divided into a 0.1 g (0.125 g with the
binder, 1.0 mm) and 0.2 g (0.250 g with the binder, 2.0 mm) sample. The two
15

3. Experimental

samples were lightly packed and the thickness was measured. The powder samples
were also analysed with different thickness correction settings in the same manner as
the pellet. The rest of the powder of the pellets was used to make two more samples
with 0.5008 g powder (height: 3.0 mm) and one sample with 0.6466 g (height: 4.0
mm). The pellets were grounded into a power and divided into a 0.1 g (0.125 g
with the binder, 1 mm) and 0.2 g (0.250 g with the binder, 2 mm) sample. The two
samples were lightly packed and the thickness was measured. The powder samples
were also analysed with different thickness correction settings in the same manners
as the pellet. The rest of the powder of the pellets was used to make two more
samples with 0.5008 g powder (height: 3 mm) and a sample with 0.6466 g (height:
4 mm).
All of the particles from the experiments were measured again using the correct
thickness correction thickness and without any thickness correction. Because the
Cruiser One particles aged for five months were used in the experiments described
above it was not possible to repeat the XRF measurements on these particles. The
samples were also analysed with ICP-OES.
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Results
The results of the project encompass both the developed method (which is already
described under the experiment part of the report) and the results from applying
the method on various antifouling paint samples. The latter result can be used both
to evaluate the method as well as to quantify the metal biocides emissions from
different antifouling paints. First the calculated emissions of copper and zinc will
be presented from the samples aged for 5 weeks and for 5 months. Secondly, the
results from the experiments preformed to evaluate the reliability of the methods
itself are presented.
Emissions of copper and zinc from anti-fouling paints, which are related to biocide
release to the water are normally presented as µgcm−2 day−1 . The emissions from
high pressure hosing should be a complementary information to the release rate data
and will therefor be presented as µgcm−2 . In each experiment a certain number of
panels are used, each panel with a painted surface area of 225 cm2 . Each experiment produced a weight of dried paint particles and a mass concentration of copper
and zinc. From this information, the emissions are calculated with the following
equation:
M ∗C
Emission =
A∗N




(4.1)

Where M is the mass of the sample in µg; C the concentration in mass-%; A the area
of one panel in cm2 and N the number of panels. The concentration used was the
concentration derived from the XRF-measurements and for one ICP-measurement
for each experiment. For all paint particle samples five measurements were preformed with XRF and the average value of concentration these measurements was
then used when calculating the emissions. The standard deviation from the XRF
measurements were of different sizes, depending on the homogeneity of the powder analyzed. For the XRF-measurements the standard deviation was calculated as
a percentage deviation and was then multiplied with the values for the emissions
calculated with Equation 1, this standard deviation is included in the plots. The
main focus when presenting and discussing the emissions from high pressure hosing
different paints is data from the ICP-measurements. XRF is the preferred analytical
method for further studies and therefore it is important for the evaluation of the
developed experimental method.
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4.1

Samples aged five weeks under field conditions

From all six antifouling paints emissions of both copper and zinc were shown, see
Fig. 4.1 and Fig. 4.2. Three of the paints (the two Biltema paints and Mille Light)
have a copper emissions of ca 1.63 µg/cm2 while Cruiser one showed an emission of
0.35 µg/cm2 which is about five times lower than from the paint above. The zinc
emissions were higher than the copper emissions for all four paints.

Figure 4.1: Copper emissions from four of the paints which were aged for 5 weeks
in field conditions.

Figure 4.2: Zinc emissions from four of the paints which were aged for 5 weeks in
field conditions.
Jotun Nonstop and Mille Xtra showed much higher emissions compared to the other
18
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samples. Jotun Nonstop had copper emissions of 55.75 µgcm−2 copper and 87.47
µgcm−2 zinc. The Jotun samples looked a lot different to the rest of the samples;
the paint surface had been delaminating in a way that wasn’t detected in any of the
other paints (see Fig. 4.3). It was easy to collect the large laminates of the Jotun
paint during the high pressure experiment, which lead to a high mass of particles
and a high emission of metal oxides.

Figure 4.3: The panel to the left was painted with Jotun Non-Stop and the panel
to the right with Mille Xtra. The Mille Xtra panel looked similar to all of the other
panels aged for five weeks, with only the Jotun panels representing an exception.
The experiment with the Mille Xtra sample was reproduced four times. First one
experiment with ten panels and then three experiments with six panels in each experiment. The data which is plotted in Figure 4.4 and Figure 4.5 is normalized with
Equation 1 so the number of panels should not affect the values. These experiments
were preformed both in order to get a confirmation of the high emissions for copper
and zinc from the Mille Xtra paint and in addition, to evaluate the reproducibility
of the method. The values are about a hundred times larger than for the four paints
in Fig 4.1. Four repetitions were done, the third experiment had a lot lower value
which meant the standard error was 15 % of the average value.

4.2

Samples aged five Months

All of the paint samples aged for five months had emissions of both copper and
zinc, five months is considered to be the time of a full boating season. The samples
have been divided into two different categories based on the salinity of the marina;
low and high. All paints showed emissions of around the same size range and are
therefore all presented in the same figures, Fig. 4.6, Fig. 4.7, Fig. 4.9 and Fig.
4.10.
The Biltema VK experiment had a lot higher emissions than the rest of the paints
for the low salinity samples. This can be confirmed by comparing the panels after
the experiment; for the Biltema VK low salinity experiment the area where the
whole antifouling paint film had been removed is considerably larger than for the
19
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Figure 4.4: The copper emissions from four repeated experiments with Mille Xtra
panels aged for 5 weeks.

Figure 4.5: The zinc emissions from four repeated experiments with Mille Xtra
panels aged for 5 weeks.

rest of the experiments. Figure 4.8 shows one plate each from the experiments with
low and high salinity for Biltema VK. The zinc concentrations are generally higher
than the copper concentrations, with the exception of Mille Xtra.
The calculated emissions for the high salinity experiments is presented in Fig. 4.9
and Fig 4.10. For these experiments Mille Xtra had the highest emissions of copper.
The zinc concentration is for the majority of these experiments lower than the copper
concentration.
A comparison of the high and low salinity experiment is presented in Table 4.1 and
4.2. Table 4.1 contains the values for the different copper emissions. For three of
the paints the emissions were larger on the west coast compared to the east coast (in
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Figure 4.6: The copper emissions from the samples aged on the east coast of
Sweden in low salinity waters.

Figure 4.7: The zinc emissions from the samples aged on the east coast of Sweden
in low salinity waters.
percentage: Biltema ÖK 61 %; Cruiser One 55 %; Mille Light 10 %). For Biltema
VK and Mille Xtra there was a reversed relationship (Biltema VK 824 % higer on
the east coast and for Mille Xtra 67 % higer on the east coast).
The zinc emissions, presented in Table 4.2, had the same pattern as for the copper
emissions but the differences were lower. For the same three paints the emissions
were higher on the west coast: Biltema ÖK 11%; Cruiser One 15%; Mille Light 12%.
For Biltema VK and Mille Xtra there was a reversed relationship (Biltema VK 1000
% higer on the east coast and for Mille Xtra 20 % higer on the east coast).
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Figure 4.8: The left panels is painted Biltema VK and aged in a low salinity water
in Gävle. The panel to the right is painted with Biltema VK and aged in a high
salinity water in Helsingör.

Figure 4.9: The copper emissions from the samples aged on the west coast of
Sweden in high salinity waters.

Table 4.1: The Cu emissions from respective paint aged in both low and high salinity environment. The Cruiser One particles was mixed prior to ICP-measurements
and therefore data from XRF-measurements with 0.20 mm thickness correction was
used for this comparison.
Paint:
East (µg/cm2)
West (µg/cm2)
Quata (West/East)
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Biltema VK
19.40
2.35
0.12

Biltema ÖK
4.40
7.08
1.61

Cruiser One
4.65*
7.22*
1.55*

Mille Xtra
27.27
16.29
0.60

Mille Light
8.63
9.53
1.10
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Figure 4.10: The zinc emissions from the samples aged on the west coast of Sweden
in high salinity waters.
Table 4.2: The Zn emissions from respective paint aged in both low and high salinity environments. The Cruiser One particles was mixed prior to ICP-measurements
and therefore data from XRF-measurements with 0.20 mm thickness correction was
used for this comparison.
Paint:
East (µg/cm2)
West (µg/cm2)
Quata (West/East)

4.3

Biltema VK
17.48
1.73
0.10

Biltema ÖK
1.73
2.80
1.11

Cruiser One
9.53*
10.92*
1.15*

Mille Xtra
9.27
7.67
0.82

Mille Light
13.10
14.64
1.12

Experiment performed to evaluate the method

The experiments where the ratio of the amount of collected particles and the particles
produced were examined and showed that it was possible to collect 83 w-% of the
particles that were put into the system. The Biltema VK particles had a mass
of 0.4427 g prior to the experiment and it was possible to collect 0.3683 g dried
particles.
From the one of the experiment with Mille Xtra the cleaning water was analysed
with ICP. A blank with the tap water used was also analysed with ICP. The result
was 3.0 ppm (3.0 mgL−1 ) copper and 5.0 ppm (5.0 mgL−1 ) zink in the cleaning
water. In the blank the concentrations was 0.3 ppm (0.3 mgL−1 ) copper and 0.1
ppm (0.1 mgL−1 ). In the experiment 8.6 % of the copper was found in the cleaning
water and 91.4 % in the antifouling paint particles.
The best case scenario when preforming the XRF measurements would be to have
enough material to analyse so that the correct thickness correction would give the
same result as no thickness correction on the instrument. This will be the case
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when the thickness of the samples exceeds the analysis depth of the instrument. A
series of XRF-measurements were done to get information on how much material
was needed to exceed the analysing depth. Because the initial measurements had
been done with the wrong thickness correction settings the influence of using a to
small thickness correction setting was examined.
For these measurements the antifouling paint particles used is from the experiments
with cruiser one paint aged for 5 months in both high and low salinity. A clear
difference can be seen using thickness correction setting for all of the different weights
of the materials. The pellet contains both anifouling paint particles and binder. This
has been taken into account in these plots, the given concentration has been divided
by the 0.875 the ratio between the mass of antifouling paint particles and the total
weight of the pellet. Thus it is possible to compare the metal concentrations in the
pellet with the unprocessed particles. For both the copper and zinc concentration
plots the weight of antifouling paint particles influences the measured concentration,
see Fig. 4.11 and Fig. 4.12.
In Figure 4.13 the values for the pellet with 0.42 g antifouling paint particles have
been used for the thickness correction settings 0.10 mm and 0.2 mm. These settings
doesn’t correspond with actual thickness of the pellet. For the 1.00 mm, 1.94 and
3.00 mm thickness correction setting these values correspond to the actual thickness
of the pellets analysed. The XRF-measurement without any thickness correction
setting was done on the 3.00 mm pellet. From this figure it seems like the thickness of the pellet should be 3 mm or above to be able exceed the analytical depth
of the instrument and thus be able to use the instrument without any thickness
correction.
Because the amount of anifouling paint particles per experiment was lower than
the amount needed to press large enough pellets the XRF measurements were done
on the particles grounded into a fine powder. The height of the powder was measured and used as the thickness correction setting for the XRF measurement on the
particles from each experiment. A XRF-analysis without any thickness correction
was also done on each powder, the result from these measurements is presented in
Appendix.
In Figure 4.14 the copper concentration for the XRF measurement with thickness
correction has been plotted against the concentration from the more robust ICP
measurements. The included linear regression is used to show that the relation
between the copper concentrations from XRF and ICP isn’t linear on the whole
concentration interval. In the copper concentration interval between 0 to 12 wt-%
all of the anifouling paint particles apart from the experiments with Mille Xtra aged
for 5 weeks can be found. For the particles the XRF and ICP measurements seem
to have a more linear trend. From the linear regression on these measurements the
XRF measurements underestimates the copper concentration with 19 %, see Figure
4.15.
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Figure 4.11: Different amounts of antifouling paint particles (from the experiment with Cruiser One paint aged for 5 months) measured with XRF with different
thickness correction settings.

Figure 4.12: Different amounts of antifouling paint particles (from the experiment with Cruiser One paint aged for 5 months) measured with XRF with different
thickness correction settings.

For the relation between the zinc concentration from the ICP and XRF measure25
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Figure 4.13: Different amounts of antifouling paint particles (from the experiment
with Cruiser One paint aged for 5 months) measured with XRF with different thickness correction settings. The particles have been pressed into a pellet before doing
the XRF measurements. The thickness of the pellet have been used as the thickness
correction setting for the measurements marked Th.Cor. 1.00mm; Th.Cor 1.94mm
and Th.Cor. 3.00mm.

Figure 4.14: The copper concentration measured by XRF plotted against the ICP
data for all of the material available for ICP measurements.
ments the same trend as for the copper can be seen, see Fig. 4.16 and Fig. 4.17. For
low concentrations the XRF measurement underestimates the zinc concentration
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Figure 4.15: The copper concentration measured by XRF plotted against the ICP
data for the antifouling paint particles with a copper concentration range between
0 to 12 mass-%.
and for higher concentrations the relation is reversed. For the zinc measurements
the R2 values is lower and the concentration interval where a linear trend can be
shown is shorter than for the copper.

Figure 4.16: The zinc concentration measured by XRF plotted against the ICP
data for of the antifouling paint particles available for ICP measurements.
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Figure 4.17: The zinc concentration measured by XRF plotted against the ICP
data for all of the antifouling paint particles in the zinc concntration range between
0 to 5 mass-%.
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Discussion
All of the particles produced from the high pressure hosing of the panels painted with
antifouling paints containing copper oxide showed detectable and significant levels
of copper and zinc. The analysis of particles from the non biocide containing paint
Lago Racing showed copper concentration close to zero. The fact that there was such
as low concentration of copper in the Lago Racing particles means that the copper
emissions depend on the use of biocide and not on other environmental factors or
analytical errors. By applying the method in the project it has therefore been shown
that there are emissions of copper and zinc when performing high pressure hosing
on biocide containing anti-fouling paints.
There is a large difference between the samples aged for five weeks and the samples
which were aged for a whole season in terms of emission of both zinc and copper.
Looking at the four anti-fouling paints with a copper concentration of 6.9-13 mass-%
there are higher emissions from the samples aged for a longer time. This could be
explained by that the quality of the paint film is decreasing and that the paint surface
no longer to the same extent can sustain high pressure hosing. More paint particles
were therefore produced. The paints analyzed are rosin based self-polishing coatings
(SPC) (Mille Xtra might be an exception) which means that the film is eroding in
the water and the biocide is locked inside the paint until is in the leached layer. This
means that the concentration of the biocides in the paint films should be around the
same value for both the five weeks and the five months samples, but the 5 weeks
layer should be thicker. This can be confirmed by looking at the mass and metal
concentration for the experiments with the different aged samples, see Table A.1 in
Appendix.
The anti-fouling paints which contain copper(I)oxide concentrations in the range
6.9-13 mass-% have a larger zinc oxide than copper oxide content. Therefore it is
not surprising that for all of the paint presented which have been aged for 5 weeks
(see Figures 4.1 and 4.2) the particles have a larger zinc than copper oxide. The
same is true for Jotun Nonstop which have a copper concentration of 22 mass-%.
For Mille Xtra the relation is reversed and this is expected due to its very high
copper(I)oxide content of 34.6 mass-%. The differences between the copper and
zinc emissions follow the same trends for the samples aged for 5 months, with the
exception of Biltema ÖK. This can be explained with the release rate into the water
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is different for the two metals.
The four experiments done with Mille Xtra (aged 5 weeks) showed a standard error
of 18 %. The third Mille Xtra experiment produced less mass of particles compered
to the other three experiments. That might be because the fraction of the particles
produced which was collected was smaller due to human error. But that does not
explain why the particles also had a lower metal concentration which indicates that
the amount of paint removed actually was lower. It would be interesting to repeat
the experiment more times and see if the standard error would decrease.
Because of the five measurement done with XRF it was possible to with a 95 %
confidence interval say that the particles from different experiments differ from each
other in terms of copper and zinc concentration. But in order to get statistical values
of the metal emissions for a proper comparison between the different anti-fouling
paints more replicates of every experiment have to be done. Especially considering
the standard error of the Mille Xtra experiments more data is needed to decide the
emissions of a certain anti-fouling paint. From the result there is a general trend
that the more copper oxide the paint contains the higher is the copper emissions
from high pressure hosing.
In order to make the concentration measurements in the best way possible the more
material produced per experiment the better. Each time the particles is moved from
one container to another some material is lost. This meant that using a ball mill,
which was considered as a suitable sample preparation, was not possible without
losing too much of the material.
In the experiments where a large quantity small particles was produced the filters
were clogged. It caused the system to flood and not all of the cleaning water passed
through the filters and therefore neither did all of the particles. For the filter system
used in this project it was the 64 µ mesh size filter which was clogged and not the
other filters. At the 500 µm mesh size filter barnacles, mussels and larger algae could
be found. At 200 µm sand like particles could be found and larger paint particles but
it seemed like the largest amount of particles formed was in the size range between
200 and 64 µm. This problem could be solved by having a larger surface area of
filters in the 200 to 64 µm size range. During the project other types of filter were
considered but the system used was the most economically feasible.
The result of the experiment preformed is presented as the ratio between the particles
collected and particles produced and shown to be 83 %. This would mean that the
data presented in the report is around 20 % lower than the actual values. In order
to relate the numbers in this project to emissions of copper and zinc in a marina a
calculation has been made. The average emission of copper from the samples aged a
whole boating season was according to the experiments in this report 11.87 µg/cm2 .
For a leisure boat the area of the hull which is painted with anti-fouling paint is
estimated to be between 15 to 20 m2 . This means that the copper emission per
boat is between 1.78 and 2.37 g copper. According to GREFAB there is room for
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930 boats in Fiskebäck Harbour [19]. Using these numbers the amount of copper
released per year due to the high pressure hosing of anti-fouling painted boats is
2.21 kg copper in Fiskebäck harbour. Fiskebäck harbour has a wash down pad with
a cleaning system to ensure that most of the copper oxide do not end up in the
sea. Using the values from the Mille Xtra samples aged for five weeks as worst case
scenario the emissions per boat is 32.3 g copper.
According to Ytrebergs study [16] the median emission was 0.75 g copper per boat
from high pressure hosing. In this study the higher copper emissions per boat can
be explained by that the ratio between particles collected and particles produced
can be expected to be higher with the experimental setup in this project compered
to collecting sludge from a wash done pad. The amount of cleaning water per boat
was estimated to be 100 L in Ytrebergs project. In this project the amount of water
per boat is about 10 times larger. This number was calculated using the volume of
wash down water collected per area (of the panels) and normalised to an area of 20
m2 . This means that the high pressure treatment of the anti-fouling painted area is
done during more time per surface area, which also can explain the higher emissions.
It is important to take into account that in Ytrebergs study the antifouling paint
used for each boat is unknown when compering the studies.
The reason why 10 seconds per panel was chosen as treatment time is that enough
material had to be produced per experiment in order to be able to analyse it. The
equipment used in the project had a maximum pressure of 150 bar which is lower
than for professional pressure washers which could motivate the longer exposing
time. For further studies a larger area to preform the experiment on is recommended
and to reduce the treatment time (or water amount) per area to get more accurate
emissions per boat. As the same treatment was preformed on all the panels, a
comparison between the them can still be valid. The high pressure hosing time
varies between different boats due to different amount of bio-foaling and between
boat owners.
XRF analysis estimating the copper concentration has proven to be successful on
the antifouling paint particles in the 0 to 12 mass-% interval. Because all of the
antifouling paint particles from panels aged for a whole boating season had a copper
concentration in this interval this can be regarded as a satisfactory result. The
same clear relation cannot be found for XRF analysis on the zinc concentration. So
for the zinc concentration measurements more work has to be done. The quality
of the XRF measurements can be improved with increasing amount of material,
preferably above 1 g. A standard curve with more measurements done with both
ICP-OES and XRF on antifouling paint particles with a more diverse copper and
zinc concentration could be used to describe the non linear relation in the larger
interval.
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6
Conclusion
In this project a new approach to quantify the amount of copper and zinc emission
from high pressure hosing was evaluated. Using the method develop in the project
it was possible to conclude that there is emissions of biocide metals and to quantify
the amount. An experiment was repeated four times and had a standard error of
15 % of the average value of 162 µgcm−2 . The emissions of the samples aged a
whole boat season were on average 2.37 g copper per boat and 1.74 g zinc per boat
if the painted hull area is 20 m2 . A comparison between samples aged in high and
low salinity showed no clear result, so it wasn’t possible to establish that ageing
samples in different salinity levels had an effect on the emissions from high pressure
hosing.
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Appendix 1
Table A.1: The mass and average metal concentration of the particles from each
experiment done. The concentration is from the ICP-OES measuremnets, except
for Cruiser One. The paints have following abbreviation: Biltema Anitfouling BS
(BEC); Biltema Antifouling (BWC); Cruiser One (CO); Mille Light (ML); Mille
Xtra (MX); Jotun Nonstop (J). Index E stands for east coast and index W stands
for west coast. Amount of wash down water is presented in the colum water. For
the mixed sample from COE and COW the concentration of copper is 2.2 mass-%
and of zinc 3.0 mass-% according to the ICP measurements.
Paint
BEC
BWC
CO
ML
MX
MX
MX
MX
BWCE
BWCW
BECE
BECW
COE
COW
MXE
MXW
MLE
MLW

Panels
10
10
10
10
10
6
6
6
10
9
9
9
9
9
9
9
9
9

Mass of particles
0.334 g
0.141 g
0.1575 g
0.4215 g
1.46 g
0.650 g
0.4465 g
0.6745 g
0.3932 g
0.1402 g
0.4054 g
0.3674 g
0.7756 g
1.1724 g
1.1044 g
0.3027 g
0.6472 g
0.6893 g

Mass-% Cu
1.4
1.8
0.5
0.9
32.5
32.5
30.1
35.9
11.1
3.4
2.2
3.9
1.21*
1.25*
5.0
10.9
2.7
2.8

Mass-% Zn
2.9
2.5
1.4
1.5
10.0
10.0
9.1
11.3
10.0
2.5
1.4
1.7
2.49*
1.89*
1.7
2.4
4.1
4.3

Aged
5 weeks
5 weeks
5 weeks
5 weeks
5 weeks
5 weeks
5 weeks
5 weeks
5 months
5 months
5 months
5 months
5 months
5 months
5 months
5 months
5 months
5 months

Water
16 L
17 L
16 L
16 L
16 L
9L
8L
8.5 L
12 L
13 L
13 L
13 L
13 L
13 L
13 L
13 L
13 L
12 L
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Figure A.1: Emissions from four of the paints which were aged for 5 weeks in field
conditions.

Figure A.2: Emissions from four of the paints which were aged for 5 weeks in field
conditions.
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Figure A.3: The emissions from four repeated experiments with Mille Xtra panels
aged for 5 weeks.

Figure A.4: The emissions from four repeated experiments with Mille Xtra panels
aged for 5 weeks.
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Figure A.5: The emissions from the samples aged on the east coast of Sweden in
low salinity waters.

Figure A.6: The emissions from the samples aged on the east coast of Sweden in
low salinity waters.
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Figure A.7: The emissions from the samples aged on the west coast of Sweden in
high salinity waters.

Figure A.8: The emissions from the samples aged on the west coast of Sweden in
high salinity waters.
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Abstract
We have tested how zinc oxide influences copper release, and evaluated the lowest release
rate of copper from various combinations of copper and zinc in a paint matrix, that still deters
macrofouling, including barnacles and bryozoans.
Copper (I) oxide was added to a generic AF paint in 0, 8.5, 11.7 or 16.3 weight-% copper
oxide in combination with 0, 10 or 20 weight-% zinc oxide and applied on PMMA panels.
Our results show that zinc indeed governs release rates of copper. When 10 and 20 weight-%
zinc was added, the total released amount of copper significantly increased with on average
32 and 44 %. All treatments that included copper were successful in deterring macrofouling,
including the treatment with the lowest Cu release rate, ie, 4.68 µg/cm2/day. Results presented
here clearly show that zinc is an important component in AF paints that increases the release
rate of copper.
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Introduction
Biofouling on man-made structures is a well-known problem that has been combated by
various techniques since humans started to use sea transports (Yebra et al. 2004). The effects
of biofouling on ships and other manufactured structures have been thoroughly examined. It is
associated with increased weight, increased frictional resistance, decreased manoeuvrability,
increased costs for hull maintenance and fuel consumption, as well as contributing to the
introduction of alien species (Almeida et al. 2007). The most commonly used technique to
combat biological fouling is adding toxic compounds to paint matrices which then are applied
to boat hulls and various static structures. Following the entry into force of the International
Maritime Organization’s (IMO) International Convention on the Control of Harmful
Antifouling Systems on Ships, which stated that ships were not allowed to reapply the widely
used biocide Tri-butyl-tin (TBT) from 2003 and then, from 2008 introducing a global ban of
TBT (IMO 2001), the use of copper as an AF biocide in marine paints was revisited. Copper
is today the most commonly used AF biocide. It exerts its antifouling effect on eg barnacles,
tubeworms and algae through toxic mechanisms (Voulvoulis et al. 1999). However, some
species of algae tolerate high concentrations of copper, rendering it necessary to include
additional biocides in the paint, commonly targeting photosynthesizing organisms, so called
“booster biocides” (Manzo et al. 2008). The copper used in antifouling paints is usually in the
form of metallic copper, copper thiocyanate or copper (I) oxide (Cu2O) and the copper content
can vary between approximately 7 to 75 weight-% (wet), depending on the fouling pressure at
the geographical location. The release rate of copper from the paint depends on several factors
eg water temperature, pH, copper content, paint formulation, salinity and age of the paint
(Lagerström 2017, Srinivasan and Swain 2007, Ytreberg 2017).
Copper is an essential micronutrient used in metabolic processes within an organism, hence
low concentrations of it is needed. However, higher concentrations of copper are toxic to

organisms where eg cyanobacteria and embryos/larvae of mussels, oysters and sea urchins are
known to be highly sensitive (Hellio and Yebra 2009, Voulvoulis et al. 1999). High
concentrations of labile copper (ion forms [Cu+, Cu2+] and inorganically complexed) are
commonly found in shallow, near-coastal marine areas due to leisure boating or commercial
shipping (Biggs and D’Anna 2012). Copper also adsorbs to particulate matter in the water
column, settle and accumulate in sediments (Thomas and Brooks 2010). These shallow
coastal areas are used as spawning, nursery and feeding grounds by numerous marine
organisms, and the potential impact of AF compounds on non-target species is therefore
substantial, especially as launching of freshly painted AF pleasure crafts in spring commonly
coincides with reproduction cycles in marine organisms.
To date, there is not a sufficiently effective and environmentally safe AF biocide on the
market and thus, copper-based AF paints are still the preferred alternative for leisure boaters.
However, to minimise the copper leakage from antifouling paints, without compromising with
antifouling efficacy, controlling the release rate of copper is of great importance. Furthermore,
to be able to successfully minimise the release rate of the active biocide, paint manufacturers
and researchers need to be able to efficiently measure the release under field conditions, in
order to determine the required release rate to deter macrofouling in different geographical
areas where environmental conditions may vary. Determination of the concentration of
primarily metal biocides, ie copper and zinc, in a paint layer or their release rates from the
layer to the water over time has until now been a time-consuming and costly process. It has
involved advanced chemical analytical techniques, for example inductively coupled plasmasector field mass spectrometry (ICP-SFMS) of scraped off paint flakes and release to ambient
water from painted surfaces in laboratory experiments (Ytreberg et al. 2015). Antifouling
paints are regulated within the EU through the Biocidal Products Regulation (BPR). Within
the BPR, products need to pass an environmental risk assessment to obtain authorization to be

made available on the market. Release rates of the antifouling products are generated through
two standardized methods, a rotating cylinder method (ASTM D6442-06/ISO 15181:2007)
and a mass balance method (ISO 10890:2010) (ISO 2007, 2010). However, it has been shown
that the laboratory ISO/ASTM methods to measure the release rate overestimate the actual insitu release (Finnie 2006). A method able to measure the actual release during operation
would make estimations regarding service life of the AF coating more realistic and could
ultimately prolong the interval between dry-dock. To overcome these shortcomings, Ytreberg
et al. 2017 developed a novel release rate method using a handheld X-ray fluorescence
spectroscopy (XRF) analyser calibrated for measuring copper and zinc (µg/cm2) release from
AF paints (Ytreberg et al. 2017). In brief, measurements on a surface coated with a zinc and
copper containing paint are performed prior to being submerged into the sea (t0), and once
again measured after retrieval (t1). The loss of biocide (t0-t1) is then calculated as the
released amount of zinc and copper over time (Ytreberg et al. 2017).
Zinc oxide (ZnO) is a component in AF paints that can be included as an extender or pigment,
can improve coating performance and work as an erosion facilitator. It has been suggested to
also increase the release rate of the biocide included in the paint (Bellotti and Romagnoli
2014, French et al. 1984, Hellio and Yebra 2009, Jessop and Turner 2011, Karlsson et al.
2010). However, to what extent zinc affects the release rate of copper is still not fully
clarified. Hitherto, it has not been investigated what release rate of copper in situ is needed to
inhibit macrofouling (eg barnacles and bryozoans) on the Swedish west coast nor to what
magnitude zinc oxide is involved in influencing the release rate of copper under field
conditions. The purpose of this study was to investigate these two parameters. Specific
concentrations of copper oxide and zinc oxide were added to a generic rosin-based paint and
the release rates of copper were measured during an 84 day period, while simultaneously
monitoring the establishment of macrofouling. We selected the test site based on the fouling

community (deemed as high fouling pressure dominated by hard macrofoulers such as
barnacles, and secondary macrofouling of ascidians and bryozoans), water temperature and
salinity, which are representative for southern Skagerrak and Kattegat. It is of particular
interest to study how release rates of copper and zinc could be minimized without
compromising with paint AF efficacy in these areas, since the Baltic Sea and transition water
bodies such as the Kattegat are classified as being a Particular Sensitive Sea Area (PSSA)
(Andersson et al. 2016, IMO 2005) and minimizing the supply of compounds with biocidal
activity such as copper and zinc is a high priority. In addition, leisure boating in the Kattegat
and Skagerrak areas is very popular and hosts some 100 000 leisure boats, of which a large
proportion is painted with high copper containing paints (Lagerqvist and Andersson 2016).

Materials and methods
Preparation of generic paint and dosing of copper and zinc
An experimental generic paint was obtained from the paint manufacturer Boero Group
(www.boerogroup.com). Its formulation is based on hydrogenated rosin as binder together with
an acrylate as film former and erosion retarder. It is prepared by dissolving rosin in Xylene to
a final concentration of 50% (weight/weight) using a cowles mixer and then adding an acrylic
retarder and red pigment (Fe2O3). Then the plasticizer is added followed by the extenders,
Barium Sulfate (BaSO4) and anhydrous talc, and then the anti-sagging agent, SiO2. Finally, the
viscosity of the formulation is controlled by adding once again Xylene solvent. The paint is
thoroughly mixed throughout this process. The dispersion of the paint components was
analyzed with a grindometer.
To this generic paint copper oxide (Cu2O, Alfa Aesar, 99 % purity, particle size <74µm) and
zinc oxide (ZnO, Alfa Aesar, 99.0 % purity, particle size <44µm) was then added and
thoroughly mixed using an T25 ultra-turrax disperser equipped with a R50 high speed stirring
shaft. The added copper oxide concentrations were 8.5, 11.7 and 16.3 weight-% with 0, 10 or
20 weight-% zinc oxide. Copper oxide and zinc oxide is hereafter referred to as copper (Cu)
and zinc (Zn), eg weight-% Cu refers to weight-% copper oxide. PMMA panels (11x11 cm)
were sanded and painted with controlled thickness (100µm, wet surface) using a Quadruplex
paint applicator (VF2170, TQC). In total nine treatments and three control treatments using 0
weight-% copper and 0, 10 or 20 weight-% zinc were prepared. Each treatment was replicated
24 times. After the paint had dried the panels were divided into six batches with four
replicates in each. Each batch of panels were attached to a line (six in total) and were placed
in the sea during the most intense fouling period from mid-July, at approximately 1.5 meters
depth in a marina outside Gothenburg, on the Swedish west coast (57.647°N, 11.853°E, ~15

PSU). After 4, 7, 14, 28, 56 and 84 days a batch of panels were retrieved from the sea and
dry-stored until analysis.
Inspection of fouling and XRF analysis
In the lab the panels were inspected using a stereomicroscope for recruitment of barnacles, ie,
Amphibalanus improvisus, as well as other fouling organisms, eg, bryozoans, ascidians and
algae. In addition to evaluating antifouling efficacy through recruitment of fouling species,
release of copper and zinc from the different paint treatments were measured using a handheld
X-ray fluorescence (XRF) analyser (DELTA-50, Innov-XD, Olympus), powered with a 4W,
50kVX-ray tube. Each sample, in our case an antifouling paint of a known thickness, is
irradiated with X-rays resulting in electrons from an inner orbital (K or L) being ejected,
causing electrons from higher energy levels to fill the positions. Excess energy is then ejected
in the form of X-ray photons, whose wavelengths are characteristic of the elements present in
the sample (Turner et al. 2015). The instrument calibration curve for calculation of copper and
zinc concentrations in the paint was retrieved from Ytreberg et al. 2017 and Lagerström et al.
2017, and used together with Compton normalization.
Measurements of copper and zinc concentrations on the painted panels were performed at day
0 (t0) and subsequently when the panels where retrieved from the sea (t1), after a drying
period of at least 12h. A very thin layer of microfouling, slime, were present on some panels
that theoretically could affect the XRF measurement. However, this disturbance has been
shown to be insignificant and not to affect the measurements more than the day-to-day
differences in the instrument performance (Lagerström et al., 2017). The release of copper
and zinc was calculated as differences in concentrations between t0 and t1. Release rates in µg
per day and cm2 of copper and zinc were calculated using varying start times (d0, 4, 7, 14 and
28) and d56.

Statistical analysis
Differences in release rate of copper and zinc between treatments and time points, and slopes
of the release rate trend lines were analysed with one-way ANOVA using the software SPSS
(IBM corporation). Tukey´s post-hoc test was used to detect differences between treatments
and control. Homogeneity of variances was tested with the Levene’s test (Levene 1960). Nonhomogenous variances (ie abundances of barnacles and bryozoans) were analysed with the
non-parametric Kruskal–Wallis test (Kruskal and Wallis 1952). Regressions of the doseresponse relationship between copper concentrations and zinc release were performed using
the Analysis ToolPak in Microsoft Excel.

Results
Antifouling efficacy of the generic paint treatments
All of the treatments that included copper significantly deterred macrofouling successfully
during the study (84 days), compared to the control panels with no copper and zinc (KruskalWallis, p<0.05). Control panels including no copper and zinc had 222±12, 0 weight-% Cu and
10 weight-% Zn had 127±86 and 0 weight-% Cu and 20 weight-% Zn had 92±98 (95% conf.
inter.) barnacles attached at day 84 (Fig. 1). Furthermore, the treatments with no copper (and
0, 10 and 20 weight-% zinc) had on average a bryozoan coverage (%) of 98±2, 68±13 and
68±32 (95% conf. inter.) respectively. This shows that zinc, in itself, was not an efficient AF
biocide against barnacles and bryozoans after 84 days.
A very low average bryozoan coverage (<2%) was found on all treatments which included
copper. The treatments including copper significantly differed compared to the treatments

without copper (Kruskal-Wallis, p<0.001), with respect to bryozoan coverage. The abundance
of barnacles on the control panels with no biocides peaked at day 28, with a decrease in
abundance of 42 and 34 % at day 56 and 84, respectively. This decrease was due to growth of
the individual barnacles (thus outcompeting each other), as the abundance was limited to the
area of the Plexiglas panel. The treatment with lowest copper and zinc content, ie, 8.5 weight% copper with 0 weight-% zinc that still more or less completely deterred fouling had
between 0-3 (average 1.0) barnacles attached after 84 days, indicating that the copper release
from this treatment was sufficient to have an antifouling effect on the Swedish west coast
(even without zinc). The control treatments with 10 and 20 weight-% of zinc had an
antifouling effect of their own at day 4, 7, 14 and 28, compared to the control treatment with
no biocide (Kruskal-Wallis, p<0.05). At day 56 the control treatments including Zn did not
deter fouling any longer, compared to the control without biocides (Fig. 1).
Copper release and release rates in steady state
Overall, the release of copper followed a similar pattern over time in all the copper treatments,
with or without zinc added, showing a higher released amount with an increased
concentration of copper in the paint (Fig. 2). The total released copper during the course of
the experiment (84 days) for the treatments were between 285 - 576 µg/cm2 for the 8.5
weight-% copper treatments, 444 - 681 µg/cm2 for the 11.7 weight-% treatments and 474 –
826 µg/ cm2 for the 16.3 weight-% treatments (Table 1). The difference in total released
copper over the 84 days were on average 19 % between 8.5 and 11.7 weight-% Cu; and 77 %
between 8.5 and 16.3 weight-% Cu. Furthermore, the copper release increased significantly
with the incorporation of zinc in the paint (ANOVA, F=19.03, p<0.0001). The average
increase, compared over all Cu concentrations, when 10 weight-% Zn was included was 32 %
and 44 % when 20 weight-% Zn was included. This increase in copper release was significant
in the 8.5 weight-% Cu treatments (p<0.027 [10 weight-% Zn], p<0.004 [20 weight-% Zn])

and 16.3 weight-% Cu treatment with 20 weight-% Zn (p<0.011), compared to the same
treatments with no zinc.
This relationship was further investigated when comparing slopes of the release rate trend line
from the respective treatment; the trend line being the most linear approximation of the
released copper over time. Slopes were calculated between day 0-56 as the release rate
decreased between day 56 and 84, which was reflected in linearity and, hence, the average r2values of the slopes. However, the slopes increased significantly with the incorporation of
zinc in the paint (ANOVA, F=5.89, p<0.0001). In the 8.5 weight-% Cu treatment with 10 and
20 weight-% Zn, the slope increased on average 54 and 51 %, respectively, which was
significant in the treatment with 20 weight-% Zn (p<0.009). It increased with 10 and 37 %
respectively in the 11.7 weight-% Cu treatment, and 11 and 14 % in the 16.3 weight-% copper
treatment (significant difference at the p<0.1 level in the 20 weight-% Zn treatment
[p<0.057]) (Fig. 2).
Release rates (µg/cm2/day) of copper were calculated from day 14, since release rates from
the European paint manufacturers CEPE model is calculated after 14 days of initial release,
and then the release is assumed to enter a steady state release rate. This release rate is then
used by the Swedish Chemicals Agency and EU in the Marine Antifoulant Model to Predict
Environmental Concentrations (MAMPEC), to estimate release rates of antifouling paints (EU
2006, Ytreberg 2012). A decrease in the linearity of the copper release between day 56 and 84
indicated a non-steady state release rate. Therefore, the release rate was calculated between
day 14 and 56. Highest release rates of copper were found in the 16.3 weight-% Cu treatments
with 10 and 20 weight-% zinc; 10.6 and 10.01 µg/day/cm2, respectively. The lowest release
rate of copper to still deter macrofouling during this time period was 4.68±0.48 µg/day/cm2,
in the 8.5 weight-% Cu with no zinc treatment (Table 1).
Release rates of Zinc

Release rates of zinc increased with the amount zinc included in the generic paint, while in the
control treatments without zinc only background levels were recorded. The treatments with 10
weight-% Zn released between 306 – 435 µg/cm2 zinc and the treatments with 20 weight-%
Zn released between 513 – 746 µg/cm2 zinc during the experiment (84 days, Table 1). The 20
weight-% Zn treatments released on average 1.8 times more zinc compared to the treatments
with 10 weight-% Zn (Fig. 3). Furthermore, the release rate of zinc was always lower, in a
significant dose dependent manner (regression, F=20.1, p<0.045, F=303.3, p<0.003
respectively), with the increase in copper concentration. This lower release rate in the 10
weight-% Zn treatments was 10 - 36 % and in the 20 weight-% Zn treatments 29 - 51 % (Fig.
3).
Discussion
In this study the purpose was to investigate how the release rates of copper from a generic AF
paint vary, when copper and zinc were added in different concentrations. Furthermore, the
minimum release rate of copper needed to deter fouling of barnacles and bryozoans during an
84-day period was investigated.
Firstly, as expected the released amount of copper during the field study increased with the
concentration of copper added to the paint, representing a 19 % increase in released amount
between 8.5 and 11.7 weight-% treatments and a 77 % difference between 8.5 and 16.3
weight-% treatments, when copper alone was added to the paint. Moreover, the released
amounts of copper were significantly influenced by the zinc concentration present in the
paint. Presence of zinc, 10 and 20 weight-%, increased the release rate (d14-56) of copper
with on average 20 and 33 % respectively, significantly so in five out of six treatments. This
is the first time that the influence of zinc on the copper release from an antifouling paint in an
in situ study is presented.

All of the tested treatments were successful in deterring fouling; hence a total copper
concentration of 8.5 % and a release rate of 4.68 µg/day/cm2 had sufficient antifouling
efficacy for the Swedish west coast. Extrapolating the release rate and average t0 data, ie the
amount of copper included in the treatment from the start, this treatment would hypothetically
be able to have an antifouling effect for 146 days (~5 months), which is equivalent to a
boating season on the Swedish west coast. In addition, the paint was applied using a
controlled paint thickness of 100 µm, which results in 30-40 µm of dry paint. If the paint is
applied using a roller or a brush and in two layers, which is often recommended by the
manufacturer, the dry paint thickness will increase to approximately 75 µm (data not shown).
This would probably increase the period of antifouling efficacy of the treatment considerably,
providing that the erosion rate of this rosin based AF paint is constant over time. A fact that is
contradicted by a decreasing linearity in the cumulative released copper between day 56 - 84.
However, since these are static panels this can be the result of the prevailing hydrodynamic
regime not being able to remove the built-up erosion layer resulting in a decreased release of
copper. Speed through water might be needed to remove this erosion layer.
All treatments studied (except controls) succeeded in deterring fouling and thus the cut-off
release rate value of copper for antifouling efficacy could not be determined. However, it can
be assumed that the antifouling cut-off for release of copper is lower than 4.68 µg/day/cm2.
Not taking into account the probable non-steady state release during day 56 to 84 the lowest
release rate (day 14-84) of the treatment with 8.5 % Cu and 0 % Zn that still deterred fouling
was 3.04 µg/cm2/day (supplementary information, Table 1). This indicates that copper release
rates can be further minimized while still ensuring AF performance. Further studies are
needed to determine the minimum leaching rate required to deter fouling in the Kattegat area.
The release rates of copper found in this study are lower compared to rates previously
suggested needed to deter settlement of barnacles (>10 µg/cm2/day) (Hellio and Yebra 2009,

Schiff et al. 2004). The fouling pressure on the Swedish west coast is generally somewhat
lower compared to many other parts of the world and is comprised of mainly the barnacle
Amphibalanus improvisus, which is overgrown by bryozoans and algae. In addition, the
release rates of copper in steady state in this study was found to be similar or lower than
found by eg Valkirs et al. (5-20 Cu µg/cm2/day after 30 days) using the same exposure
conditions, ie a static harbour exposure with established biofilms on the panel surfaces. The
average temperature and salinity conditions were higher in that study, probably contributing
to the higher release rate (Valkirs et al. 2003). Hence, the lowest release rate to deter fouling
in this study is probably beneath the cut-off release rate in waters with higher fouling
pressure, but is probably too high for eg brackish waters where the fouling pressure often is
lower (eg in the Baltic Sea). In the future, a streamlined version of this type of field study
could therefore be executed to determine the release rate of copper needed to prevent
macrofouling in various geographical areas. By performing XRF measurements after 0, 14,
and 56 days, data could easily be generated of the copper release rate needed to prevent
macrofouling in an area. On this basis antifouling paints for leisure boats could theoretically
be manufactured to match a specific needed cut-off release rate required for certain regions
with large differences in fouling pressure, eg the Baltic Sea and the Mediterranean, reducing
costs for the manufacturer and avoiding excess input of copper and zinc into the marine
environment.
In the present study the release rates were calculated after 14 days of initial release, in
accordance to the methods used within the CEPE and MAMPEC models (EU 2006, Ytreberg
2012), which the allows for a comparison of the release rate data obtained in this study with
release rates from the models. It is assumed in the models that a steady state release rate is
obtained after 14 days, however, this has in later studies eg Valkirs 2003 been shown to be
questionable, even so in our study (Fig. 2). Therefore, as a steady state release rate might be

attained after other timespan than 14 days, we investigated how the starting value affected the
calculation of the release rate. Release rates were then calculated using day 0, 4, 7, 14, and 28
as starting values (supplementary data). On average the release rates varied with no more than
9.8 % when using another starting day than day 14. This supports the validity of the
calculated release rates presented here (Table 1).
Using data from the marina where the field study was performed, which holds roughly 700
leisure boats, we could calculate that the leisure boats spent most of the time at berth in the
marina between the period May to October: the time at berth was 85%  1.0 (n=53); the
average number of days deployed in the sea was 150 days  4.2 (n=53) out of which the boat
was used for on average 23 days  2.6 (n=53) (Dahlstrom et al. 2014). These results agree
with what has been reported in other previous studies (Lagerqvist and Andersson 2016).
Hence, passive leaching (no hull cleaning activities) is often the largest source of biocides, up
of 95%, of the total copper load (Schiff, Diehl and Valkirs 2004). This strengthens the
usefulness of results from field tests of AF efficacy and release rates using static deployed
panels.
In this study all of the treatments deterred fouling for 84 days, however, the treatments with
10 and 20 weight-% Zn released between 32 - 44 % more copper compared to the treatments
without zinc. The majority of copper released together with zinc was released unnecessary,
since it didn’t add to the antifouling efficacy during the time period studied. This excess
amount of copper, not needed for antifouling efficacy, contributes to additional costs for
manufacturers and consumers and failure of member states to reach the target limits for
copper which is set within the national implementation of the Water Framework Directive and
an overall negative impact on the marine environment (EU 2000). Furthermore, we here show
that zinc is an important component in antifouling paints that acts to enhance the release rate
of copper. Zinc in itself alone in the paint matrix had an antifouling effect for approximately a

month in the study performed. However, that one metal, toxic to aquatic organisms, is added
to act as a pigment, stabilizer, and to govern the release rate of another toxic metal is surely a
trade-off in environmental performance. A more favourable solution would be to replace zinc
with another component, which is as effective in controlling copper leakage rates, but without
having toxic effects in the marine environment. Further studies are required to investigate the
possibility of replacing zinc with another water-soluble extender that can work in the same
fashion as zinc, by increasing the release rate of copper.
Adjusting the release of copper from antifouling paints is important when for example
meeting new regulations or optimizing antifouling efficacy. In this study the release of copper
showed a linear correlation with copper load when the data from coatings with no zinc oxide
was analysed. With this load one can expect the copper particles to be fully dispersed and no
interconnectivity between particles is expected. The dissolution of copper occurs by a topdown mechanism. When adding zinc oxide to the coating the release rate of copper increases
but no simple linear relationship between copper load and release is now applicable.
Understanding the interplay between copper and zinc loading including other paint
components could facilitate future coating development. In this study we have shown that the
use of a handheld XRF instrument could rapidly provide this information in an in-situ
situation. To investigate the chemical and material interactions behind zinc´s influence on the
copper release rates was not within the scope of this study. However, when zinc is included in
the paint it most likely increases the erosion rate compared to the rosin alone without zinc, as
the AF paint used is designed to erode at slow rate. The zinc oxide (ZnO) particles will
quickly react with the chloride ions in the sea water and leave the paint matrix. The absence
of zinc particles in the rosin paint will leave behind pores and spaces in the paint matrix,
which will increase the total wetted area that is able to react with the copper particles. As a
consequence, the release rate of copper increases (Hellio and Yebra 2009). Furthermore,

particle size distribution also affect the rate of polishing, for example the polishing rate in
TBT-based coatings has been shown to increase by decreasing particle sizes (Olsen et al.
2010). The particle size of copper and zinc that was used in this study were <44µm for the
ZnO and <74µm for the Cu2O. The smaller particle sizes of ZnO, and therefore a relative
larger surface particle area, could also contribute to an increased polishing rate and hence an
increase in copper release rate (Yebra et al. 2006). Together these factors could explain the
increased release of copper in the treatments including zinc. However, further research is
needed to elucidate the chemical and material interactions underlying the increased release of
copper in the presence of zinc in AF paints. The release of zinc was largest in the treatments
which included the lowest amounts of copper and was lowest in the treatments which had the
highest amount of copper. This can be explained with copper having a lower eroding rate
compared to the rosin. Hence, there will then be a smaller wetted area for the zinc to react
with the water, compared to if the paint is containing lower amounts or no copper.
The generic AF paint used in the present study is not designed specifically to include the
concentrations of copper and zinc used herein, so there might be differences in the impact of
copper release by zinc in a commercial antifouling paint designed specifically to release and
contain a certain amount of copper and zinc. The generic paint used here is a hard, rosinbased paint, designed to erode at low speeds. However, comparing the release rate data
obtained in the present study with release rate data from a field study performed at the same
location, with the same XRF-technique, and during the same general conditions using
commercial paints, it shows that the release rates of copper in the generic AF paint is in the
same range, albeit lower, ie 2.1 in the 8.5 %, 1.6 in the 11.7% and 1.5 times lower in the 16.3
% treatments compared to the average release rate from the commercial paints (Lagerström et
al., 2017). This demonstrates that the generic AF paint performed successfully as an
experimental AF paint to study release rates of copper and zinc under field conditions.

To conclude, a release rate of copper of 4.68 µg/cm2/day is sufficient to deter settlement of
barnacles in the Kattegat area, which is a lower rate than previously suggested in existing
literature, and it is also lower than the copper released by some commercial AF paints
available on the market for this area today. Furthermore, incorporating zinc in the generic AF
paint increases the release rate and total amount of released copper, consequently, zinc can be
used to increase the release rate of copper. The results presented here can be used to strive
towards tailor-making AF paints regarding the release rate of copper to the specific fouling
conditions in the geographical area which the paint will be used in. This will save costs for
manufactures and consumers while in the same time avoid unnecessary environmental impact
on non-target species.
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Table captions
Table 1. Displayed are (steady state) release rates of copper as µg/day/cm2±95% confidence
interval (day 14- 56) of the tested treatments. The total amount of copper and zinc released
during the 84 days study is displayed as µg/cm2. Amount of Cu and Zn in the treatments are
weight/weight.

Figure captions
Figure 1. Abundance (±1SD) of barnacles (Amphibalanus improvisus) on the panels after 4, 7,
14, 28, 56, and 84 days (n=4). Figure legend displays the treatments as weight-% Cu, weight% Zn and Control as no included copper or zinc. a) Treatments without Zn; b) Treatments
with 10 weight-% Zn; c) Treatments with 20 weight-% Zn, and d) Treatments without Cu.
Asterisk (*) indicates that the abundance was multiplied with a factor 10 to facilitate visual
inspection.
Figure 2. Displayed is the cumulative released copper over time (day 0, 4, 7, 14, 28 and 56)
from the treatments. Trend lines with markers are displayed as mean±1SD (n=4). Diamonds
are 0, triangles are 10, and squares are 20 weight-% zinc. Diagram a) shows treatments with
8.5% Cu; b) treatments with 11.7% Cu and c) treatments with 16.3 weight-% Cu.
Figure 3. a) and b) displays cumulative released zinc (µg/cm2) of treatments with different
copper content during the 84 days. Lines with markers are average cumulative release
rate±1SD of zinc (n=4). Squares represent 8.5, triangles 11.7, circles 16.3 and crosses 0
weight-% Cu. The dose-response relationship of a decreased zinc release with increased
copper content is displayed in c) and d). a) and c) have 10 weight-% Zn; b) and d) have 20
weight-% Zn in the paint.

Figure 1. Abundance (±1SD) of barnacles (Amphibalanus improvisus) on the panels after 4, 7, 14, 28, 56,
and 84 days (n=4). Figure legend displays the treatments as weight-% Cu, weight- % Zn and Control as
no included copper or zinc. a) Treatments without Zn; b) Treatments with 10 weight-% Zn; c) Treatments
with 20 weight-% Zn, and d) Treatments without Cu. Asterisk (*) indicates that the abundance was
multiplied with a factor 10 to facilitate visual inspection.

Figure 2. Displayed is the cumulative released copper over time (day 0, 4, 7, 14, 28 and 56)
from the treatments. Trend lines with markers are displayed as mean±1SD (n=4). Diamonds
are 0, triangles are 10, and squares are 20 weight-% zinc. Diagram a) shows treatments with
8.5% Cu; b) treatments with 11.7% Cu and c) treatments with 16.3 weight-% Cu.

Figure 3. a) and b) displays cumulative released zinc (μg/cm2) of treatments with different
copper content during the 84 days. Lines with markers are average cumulative release
rate±1SD of zinc (n=4). Squares represent 8.5, triangles 11.7, circles 16.3 and crosses 0
weight-% Cu. The dose-response relationship of a decreased zinc release with increased
copper content is displayed in c) and d). a) and c) have 10 weight-% Zn; b) and d) have 20
weight-% Zn in the paint.

Table 1. Displayed are (steady state) release rates of copper as μg/day/cm2±95% confidence interval (day
14- 56) of the tested treatments. The total amount of copper and zinc released during the 84 days study is
displayed as μg/cm2. Amount of Cu and Zn in the treatments are weight/weight.

Treatment
Release rate
Cu (%) Zn (%) (µg/day/cm2)
8.5
0
4.68±0.48
11.7
0
6.09±1.04
16.3
0
9.42±1.94
8.5
10
6.86±0.48
11.7
10
6.16±1.04
16.3
10
10.60±1.94
8.5
20
6.46±1.14
11.7
20
9.41±1.03
16.3
20
10.01±1.58

Total
released Cu
(µg/cm2)
284.6
400.9
576.0
443.5
432.7
680.5
474.3
491.5
825.7

Total released
Zn (µg/cm2)
10.4
5.2
5.2
434.9
383.8
306.4
746.4
627.4
513.2

Supplementary data.
Table 1. Displayed are the release rate calculated between day 0, 4, 7, 14 or 28 to 84.

Treatment
Cu (%) Zn (%) Calculated between days
8.5
0
0-84
8.5
0
4-84
8.5
0
7-84
8.5
0
14-84
8.5
0
28-84
11.7
0
0-84
11.7
0
4-84
11.7
0
7-84
11.7
0
14-84
11.7
0
28-84
16.3
0
0-84
16.3
0
4-84
16.3
0
7-84
16.3
0
14-84
16.3
0
28-84
8.5
10
0-84
8.5
10
4-84
8.5
10
7-84
8.5
10
14-84
8.5
10
28-84
11.7
10
0-84
11.7
10
4-84
11.7
10
7-84
11.7
10
14-84
11.7
10
28-84
16.3
10
0-84
16.3
10
4-84
16.3
10
7-84
16.3
10
14-84
16.3
10
28-84
8.5
20
0-84
8.5
20
4-84
8.5
20
7-84
8.5
20
14-84
8.5
20
28-84
11.7
20
0-84
11.7
20
4-84

Release rate
(µg/day/cm2)
3.39
3.28
3.16
3.04
1.98
4.77
4.89
4.50
4.15
3.91
6.86
7.01
6.71
6.45
6.33
5.28
5.23
5.15
5.00
5.12
5.86
5.31
6.16
4.97
5.06
8.10
8.18
8.21
7.92
7.65
5.65
5.77
5.28
5.59
5.07
5.85
5.69

11.7
11.7
11.7
16.3
16.3
16.3
16.3
16.3

20
20
20
20
20
20
20
20

7-84
14-84
28-84
0-84
4-84
7-84
14-84
28-84

5.44
5.43
4.36
9.83
9.65
9.99
8.86
8.35

Table 2. Displayed are the release rate calculated between day 0, 4, 7, 14 or 28 to 56.
Treatment
Cu (%) Zn (%)
8.5
0
8.5
0
8.5
0
8.5
0
8.5
0
11.7
0
11.7
0
11.7
0
11.7
0
11.7
0
16.3
0
16.3
0
16.3
0
16.3
0
16.3
0
8.5
10
8.5
10
8.5
10
8.5
10
8.5
10
11.7
10
11.7
10
11.7
10
11.7
10
11.7
10
16.3
10
16.3
10
16.3
10
16.3
10
16.3
10
8.5
20

Calculated between days
0-56
4-56
7-56
14-56
28-56
0-56
4-56
7-56
14-56
28-56
0-56
4-56
7-56
14-56
28-56
0-56
4-56
7-56
14-56
28-56
0-56
4-56
7-56
14-56
28-56
0-56
4-56
7-56
14-56
28-56
0-56

Release rate
(µg/day/cm2)
4.73
4.73
4.63
4.68
3.38
6.45
6.85
6.36
6.09
6,56
9.17
9.71
9.41
9.42
10.68
6.72
6.86
7.28
6.86
8.03
7.10
6.46
6.86
6.16
6.94
10.05
10.49
11.13
10.60
11.39
6.22

8.5
8.5
8.5
8.5
11.7
11.7
11.7
11.7
11.7
16.3
16.3
16.3
16.3
16.3

20
20
20
20
20
20
20
20
20
20
20
20
20
20

4-56
7-56
14-56
28-56
0-56
4-56
7-56
14-56
28-56
0-56
4-56
7-56
14-56
28-56

6.32
5.85
6.46
5.85
8.94
8.51
8.85
9.41
9.25
11.00
10.94
11.62
10.01
9.57

