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2 TBT emissions inside the port of Rotterdam

Shipping and cargo-handling related emissions in the Port of Rotterdam include mineral oil and
the antifouling product TBT (tributyltin). TBT is used as an additive to marine paints, to prevent
fouling by organisms, and leaches continuously from the paint applied below the waterline at
typical leaching rates of 1— 5 pg/cm?day (Evers et al., 1995).

Due to the residence time (several days) of commercial ships in port, the affinity of TBT to
particulate matter, and due to the increased settling of particulate matter in estuarine harbours,
sediments in large commercial harbours usually have relatively high concentrations of TBT.
Problems with TBT contamination of sediments and dredged material from ports and harbours
have been documented widely in the international literature during the last two decades (Fent,
1996).

In the present chapter the computer model Mam-Pec Version 1.2, developed by Delft
Hydraulics/WL and IVM (Van Hattum et al., 1999) was used to estimate emissions and
concentrations of TBT in sediment, particulate matter and the water phase. This model was
developed at the request of CEPE (European Paint Makers Association within CEFIC) and the
EU-DG XI (CEPE-AWG, 1999). The dimensions and shipping statistics of the port of Rotterdam
have been used for the prototype commercial harbour in this model.

In chapter 2.1 a description is given of the estimation of emissions of TBT in the Rotterdam port
area. Predicted concentrations and descriptions of compound properties of TBT, port
dimensions and environmental parameters assumed for the model estimations are presented in
chapter 2.2. In chapter 2.3 a comparison is made with measured concentrations of TBT.
Tentative forecasts of expected concentrations of compounds, suggested as alternative
biocides for TBT, are discussed in chapter 2.4.

2.1 Estimation of emissions

Emissions of antifouling products form shipping cannot easily be estimated. Usually the
emissions are quantified as the product of a leaching rate (ng/cm?®day) and the total antifouled
underwater area of the ships present. The leaching rate depends on the type of compound
characteristics and age of paint matrix and velocity of the ship. The total antifouled underwater
area depends on shipping intensities, dimensions of the various categories of ships, and many
other factors such as cargo load and residence time of the various ships.

Leaching rate

Leaching rate estimates for different antifouling compounds, as reported in a selection of recent
experimental or risk-assessment studies, have been summarised in table 2-1, adapted from the
CEPE study (CEPE, 1999; Van Hattum et al., 1999). For many compounds broad ranges of
leaching rate estimates have been observed. Copper leaching rates usually are higher than for
other compounds. Leaching rates reported for TBT usually are below regulatory implied values
of 4 ug/cm2/day in some countries (USA, Sweden).

-277 -



Part E 2: TBT emissions inside the port of Rotterdam

Table 2-1:  Summary of leaching rate estimates reported from various studies
Compound Leaching rate Type of study Author
ug/cm?/day
TBT 4 North Sea Stronkhorst et al. (1996)
2.5 Marina Johnson and Luttik (1996)
0.1-5 Harbour Willingham and Jacobson (1996)
1.3-3.0 Ships > 25m Lindgren et al. (1998)
Cu 6.2 Marina Matthiesen and Reed (1997)
1-20 Not specified Hare (1993)
8-25 Ships >12m Lindgren et al. (1998)
37 -101 Ships > 25m Lindgren et al. (1998)
4-6" Exp. Studies Berg (1995)
Irgarol 2-16 Marina Ciba (1995)
5 Marina Scarlett et al. (1997)
25-5 Exp. Studies Thomas et al. (1999)
Sea-Nine 211 1(0.1-5) Harbour Willingham and Jacobson (1996)
Zinc Omadine 3.3 Exp. Studies Thomas et al. (1999)
Diuron 0.8-3.3 Exp. Studies Thomas et al. (1999)
Dichlofluanid 06-1.7 Exp. Studies Thomas et al. (1999)

* after 21 days. During the first 21 days leaching rates ranged between 7 — 61 ug/cm?/day.

In co-operation with the CEPE Antifouling Working Group, the following values were proposed
for the Mam-Pec model:

Copper 50 ug/cm?/day
TBT 4 ug/cm?/day
Other biocides 2.5 ug/cm?/day

In the default scenarios of the Mam-Pec model the leaching rate for moving ships and ships at
berth were taken similar because of the large uncertainties in the presently available data.

Estimation of antifouled underwater area

In the Mam-Pec model the total antifouled underwater area is derived from estimated average
underwater areas for different length categories of ships, according to Willingham and
Jacobson (1996) and the annual number of port arrivals of these length classes. In table 2-2 an
overview is presented of the annual arrivals of sea going ships in Rotterdam and the total of
ship movements in the period 1995 — 1998, as derived from the harbour information system of
the port of Rotterdam.

Based on the figures of 1998 an estimation was made with the Mam-Pec model of the total
emissions from ships moored or at berth (average period in port of 3 days) and from the total of
ship movements in the harbour area (average manoeuvring time of 3 hrs). The relevant figures
are presented in table 2-3. Details of the estimation procedure are described in Van Hattum et
al. (1999). The Mam-Pec model predicts an average emission of approximately 35 kg/day or
13 tonnes/year in the Rotterdam port area, most of which stems from ships at berth (12.1 t/y).
The contribution form moving ships is estimated at 8% (1.1 t/y).

Model predictions, derived from the Mam-Pec model, were in agreement with earlier (around
1990) estimates for the total amount of TBT emitted in Dutch waters of 11 — 28 t/y (Willemsen
and Ferrari, 1992; Evers et al., 1995). Assuming that the number of ships in the Rotterdam
harbour area account for 60% of the total of ships visiting Dutch ports, this implies a total
emissions of TBT in the Port of Rotterdam of approximately 7 —17 t/y.
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As demonstrated in figures 2-1 and 2-2 the majority of the TBT emissions originate from the
larger ship classes (> 100 m). Although the small ship category (<100 m) constitutes almost 46
% (n = 13636) of the ships arriving in the Port of Rotterdam, their contribution to the total TBT
emissions is relatively small: 6 % of the estimated TBT emissions (0.8 out of 13.2 t/y).

When a value of 1 pg/cm?day is used as minimum leaching rate for ships at berth, as
mentioned by Willemsen and Ferrari (1992), and a value of 4 pg/cm?/day is used for moving
ships, the total emission is estimated at 4.0 t/y with 1.0 t/y from moving ships and 3.0 t/y from
ships at berth.
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Figure 2-1: Port arrivals of sea going ships in Rotterdam (1998) according
to length category
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Figure 2-2: Total annual emissions of TBT in the Port of Rotterdam (1998)
for different length categories of ships
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Table 2.2:  Ship arrivals of sea-going vessels at the port of Rotterdam by length class,

1995-1998.
1998 1999 1996 1995

Class of Number  GRT/GT? Number GRT/GT®  Number GRT/GT*  Number
length
11-100 13,636 27,808 13,930 27,050 14,305 27,426 -
101 - 150 6,126 46,269 6,220 47,652 6,179 47,114 -
151 — 200 6,157 121,691 5,932 119,092 5,593 114,239 -
201 — 250 1,450 53,333 1,394 52,406 1,378 53,171 -
251 - 300 1,790 108,088 1,782 106,468 1,666 98,525 -
301 — 380 392 49,712 349 45,481 295 40,187 -
Total 29,551 406,901 29,607 398,149 29,416 380,662 29,319
ship
movements
sea-going 83,535 82,912 82,313 87,348
vessels
Inland - 133,000 133,000 125,000
vessels

4 Unit: GRT/GT x 1000 tons; source: Port of Rotterdam (1998). - = no data available or not included

Table 2.3:  Estimation of emissions of TBT in Mam-Pec model

Length Average Port arrivals Total ship Application Emission

Emission Emission Emission

class  surface 1998 move-  factor™  of TBT of TBT  of TBT  of TBT
area ments from from from from
antifouled moored moving  moored  moving
ships ships ™ ships ships
M m? % kg/day kg/day  t/year t/year
11-100 450 13636 51705® 90 1.82 0.29 0.7 0.1
101-150 3061 6126 12252 90 5.55 0.46 2.0 0.2
151-200 5999 6157 12314 90 10.93 0.91 4.0 0.3
201-250 9917 1450 2900 90 4.25 0.35 1.6 0.1
251-300 14814 1790 3580 90 7.85 0.65 2.9 0.2
301-380 22645 392 784 90 2.63 0.22 1.0 0.1
Total 29551 83535 33.0 2.9 121 1.1

[ total of manoeuvring at arrival and departure; transit traffic added to the 11-100 m category. ™ fraction

of ships with TBT containing antifouling; for all ships a leaching rate of 4 pg/cmz/day was used. @

average residence time: 3 days. ¥ average manoeuvring time: 3 hrs

It should be mentioned at this stage that large uncertainties are implied in the emission
estimation, related to variations in the leaching rate (age and type of paint matrix, velocity of the
ship), large variations in the estimated exposed antifouled surface area (due to differences in
design of underwater area, loading of ship), and variations in assumed exposure time (time in
port, manoeuvring time). No quantitative estimations of the uncertainty have yet been made; it
is expected that this may well range for individual ships from less than 100% to several 100%.
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2.2 Application of the Mam-Pec model

In the Mam-Pec model several prototype environmental scenarios can be chosen (commercial
harbour, estuarine harbour, marina, shipping lane and open sea). These generic environments
can be edited to a limited extent to match user defined dimensions. An example of the editing
screen is given in figure 2-3.

. Mam-pec prototype Commercial harbour definitionPort of Rotterdam
Settings
Commercial harbour - definition YT ——— o1
Settings
Tesst [Jtl i Tiddal difference |1 5 m
Max. density difference tice IU_E kayim3
|P0r1 of Rotterdam
Flush (fl) IU m3fs
Max. density difference flush IU koytn3
Environmental conditions Layout
Area Harbour entrance
) ) Length %1 [zooo | 0 m %2 [2pooo m belowy MEL [10a000 | m2
Tidal DErIDd |1 241 four Width (1 ) w ﬂ Height of submerged dam IU m
- E 2000 m =00 m
Silt concentration |35 ITIg."l wyicith of submerged dam Ig m
Depth I
POC concentration |1 mg OCA ept el m
o Depth-MSL in harbour
Salinity ISD_ 5.6, BIGLth ey 000 m ertrance k0 (m) IQD—
Flow velocity (F) |1 5 m's
Temperature |1 5 oC canzel o |
pPH IS
Exchange |2_58E+DB m3 /tide
volume
32,25 % ftide
Calculate |
Cancel | Ok |

Figure 2-.3: Editing screen of port dimensions and environmental parameters in Mam-Pec 1.2

The complex geometry and hydrography of the port of Rotterdam was approached in the Mam-
Pec model with two different scenarios. In the first scenario the geometry of the Rotterdam port
area was conceptualised as a rectangular area (2 x 20 km; 4000 ha; depth 20 m), with a 5 km
wide open front to the river in order to mimic a harbour segment with an average water
exchange of 32% per tidal period. A second scenario, with a 10 km wide open front to the river
was chosen to represent harbour segments with a water exchange of 65% per tidal period. The
dimensions assumed are indicated in appendix 2.2a.

The hydrodynamic exchange in the Mam-Pec model is derived from the following parameters:
density differences (between marine and freshwater), tidal period and height, river flux and the
dimensions of the rectangular port area. For the calculations for TBT physico-chemical and
environmental data (appendix 2.2b) were taken as presented in Van Hattum et al. (1999),
which were used in recent Dutch risk assessment studies (Evers et al., 1995; Stronkhorst,
1996). Combined with the emission scenarios for TBT presented in the previous chapter (table
2-3) steady state calculations were executed.

Predicted concentrations are indicated in table 2-4 and 2-5. Predicted average sediment
concentrations (mg/kg dry wt; sediment with 5% Org-C) for the two scenarios (with 65% and
32% exchange per tidal period) ranged from minimum values of 0.01 mg/kg (near the river
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entrance) to average values of 0.7 — 1.6 mg/kg in the harbour segments. In the poorly flushed
harbour sections (rear end of harbour) maximum predicted concentrations ranged from 2.2 to
2.8 mg/kg.

Table 2-4:  Predicted concentrations of TBT for the Port of Rotterdam for segments with an
average water exchange of 32% per tidal period

Dissolved  Total* Sediment  Sediment**

ug/L ug/L mg/kg mg/kg
Org-C dry weight
Average 0.82 0.85 33 1.6
Median 0.95 0.99 38 1.9
Minimum 0.006 0.007 28 0.01
Pgs 1.40 1.45 56 2.8
Maximum  1.40 1.46 56 2.8

* based on concentration of suspended matter of 35 mg/L with
3% Org-C; ** sediment with 5% Org-C

Table 2-5:  Predicted concentrations of TBT for the Port of Rotterdam for segments with an
average water exchange of 65% per tidal period

Dissolved Total* Sediment Sediment**
ug/L ug/L mg/kg mg/kg
Org-C dry weight
Average 0.39 0.41 16 0.7
Median 0.04 0.04 14 0.07
Minimum 0.007 0.007 0.3 0.01
Pgs 1.2 1.2 46 2.3
Maximum 1.2 1.2 46 2.2

* based on concentration of suspended matter of 35 mg/L with
3% Org-C; ** sediment with 5% Org-C

Due to differences in the spatial distribution patterns of predicted concentrations in both
scenarios, the differences between median and average values do not coincide and differ
between both scenarios.

Other calculations for more shallow (10 m) poorly flushed harbour segments (not presented
here) yielded TBT concentrations up to 20 mg/kg.
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2.3 Comparison with measured data

A compilation of measured TBT concentrations form various national and international
monitoring studies is presented in table 2-6 (water) and 2-7 (sediment). In table 2-8 sediment
concentrations measured in the annual monitoring programmes of the Rotterdam Municipal
Port Management and Rijkswaterstaat have been summarised. The available data confirm that
the highest concentrations usually are found in harbours and marinas and that decreasing
gradients towards open sea locations can be observed. The predicted minimum water
concentrations of 0.006 — 0.007 ug/L are in the order of the concentrations measured in coastal
areas and the concentrations measured in the mouth of the Nieuwe Waterweg in the early ‘90s
(Lange, 1996). The median total water concentrations predicted with the Mam-Pec model for
the harbour segments (0.04 — 0.9 ug/L) are well above the range of values reported by Lange
(1996) measured in the upstream part of the Nieuwe Waterweg (0.03 — 0.04 pg/L) and similar
or above values measured in other international harbours, such as e.g. Bremerhaven and
Genoa (table 2-6).

In the study reported by Stronkhorst (1996), sediment TBT concentrations in the Rotterdam
area ranged from 0.01 — 0.1 mg/kg (dry weight) at the entrance of the Nieuwe Waterweg to
maximum values of 2.1 mg/kg in the Rotterdam area (figure 2-4).

North Sea ) <0,01 mg/kg TBT (DW)
=" 0,01-0,1 o
& 01-10

10 -25
=25
No Data

100

Rotterdam

—

Figure 2-4: Spatial distribution of TBT in the port of Rotterdam, 1995 (Stronkhorst, 1996).
Reproduced with permission of the RIKZ.

Similar spatial trends have been observed in the Port of Rotterdam for other years (table 2-8).
The mean and maximum TBT concentration, measured in the period 1997 — 1999 seem to be
lower than values encountered in the period 1994 — 1996.

A similar range (0.03 — 2 mg/kg dry weight) has been reported for the Noordzeekanaal and the
Amsterdam Port area (Van Hattum et al., 1996) and other harbours in the Netherlands (Evers
et al., 1995). Increased values for TBT in harbour areas also show up in the database of the
ICPR. Average annual tributyltin concentrations in 1996 of suspended matter increased from
0.01 mg/kg in Lobith (German/Netherlands border) to 0.104 mg/kg in Maassluis, situated a few
kilometers downstream of Rotterdam (ICPR, 1998).
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Table 2-6: Measured TBT in water (in ng/L) in European harbours, estuaries and open sea
Harbour, period Coastal area  Mouth Estuary  Harbour Open Sea
Bremerhaven (1990-1993) 5-10 15-30 20-35 200-350
Genoa (1990-1992) <5-10 80 — 150
Rotterdam (1990-1993) 5-10 10-15 20-25 35-40
Milford Haven (1990-1993) 3-3 4-6 4-9
North Sea, German Bight 1
North Sea, central area 0.01
British Channel 0.5
France, Toulon 1997 <0.6-3 4 — 237

Sources: Lange (1996); Michel and Averty (1998).

Table 2-7: Measured TBT in sediment (in mg/kg dry weight) in harbours, estuaries and open

sea
Harbour, period Coastal area  Mouth Estuary Harbour Open Sea
Rotterdam (1994-1995) 0.01-0.1 0.1-25
Rotterdam (1994-1999)* 0.08 -0.28
Noordzee (1996) 0.01 -0.05 0.001-0.03
Central North Sea (1999) <0.001 - 0.003
Waddensea (1996) 0.01 -0.02
Hong Kong (1989) 0.01-0.4
Poole Harbour (UK, 1992) 0.01-1.3
Amsterdam Harbour (1994) 0.03 -10.1 0.1-2.0
Bremerhaven (1999) 0.05-48
Hamburg (1999) 0.02-42
Wilhelmshaven (1999) 0.004-0.3
Sweden, Géteborg (1997) 0.02-0.6 0.1-11

Source: Lange (1996); Stronkhorst (1996); Van Hattum et al. (1996); Fent (1996); Laane and Groeneveld
(2000); Ten Hallers-Tjabbes et al. (1999); Greenpeace (1999); Dela Cruz and Molander (1998). *
Dredings disposed at sea, Yland et al. (2000).

Table 2-8:  Summary of TBT concentrations measured in the Port of Rotterdam
Year Mean concentration Minimum maximum Number of measurements
mg/kg (dry weight)
1993 0.08 0.01 0.24 6
1994 0.24 0.005 3.7 55
1995 0.16 < 0.002 3.3 107
1996 0.12 < 0.002 2.1 62
1997 0.10 <0.005 0.85 89
1998 0.10 0.004 0.58 72
1999 0.07 <0.01 1.0 70

Source: data provided by the Rotterdam Municipal Port Management

In a recent report by Greenpeace (1999) extremely high values were encountered in some
harbour segments in Bremerhaven and Hamburg (42 - 48 mg/kg). It is not clear to what extent
these locations have been affected by additional TBT emissions from painting and docking
operations.

The range of sediment TBT concentrations predicted by the Mam-Pec model (0.01 — 2.8
mg/kg) coincides with gradients reported from monitoring studies in the Nieuwe Waterweg, as
well as ranges reported for other harbours. The median values (0.07 — 1.9 mg/kg) and average
values (0.7 — 1.6 mg/kg) predicted for the harbour segments are comparable to concentrations
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measured in harbours in the eastern section of the Rotterdam port area and in some harbours
in the western section of the port of Rotterdam, not exchanging directly with the Nieuwe
Waterweg.

2.4 Forecasts for TBT and new antifoulants

A prediction of the chemical fate of TBT accumulated in the sediment is difficult. Available data
on biodegradation summarised by Evers et al. (1995) indicate that for TBT in the water column
photolysis and aerobic degradation are the most important processes, with reported half lifes
(DTs) ranging from 6 to 17 days in the summer season and 37 — 335 days in the winter
season. In sediments the biodegradation is slow, with reported half lifes ranging from 120 —
673 days. For anaerobic sediments half life values of 475 — 1606 days have been reported form
sediment core studies (deMora et al., 1995). It is not known what degradation rate should be
applied for the Port of Rotterdam, but the poor biodegradation in anaerobic sediments suggests
that in a situation, when emissions of TBT have stopped, the TBT accumulated in the
sediments probably will act as a source for many years.

The problem of contamination of suspended particulate matter with tributyltin will carry on as
long as TBT is used in antifouling paints for ship hulls. A draft resolution which includes a
proposed deadline of 2008 for the complete prohibition of organotin compounds acting as
biocides in anti-fouling systems on ships is currently under debate within the forum of the IMO
(International Maritime Organization) (IMO, 1999). It is expected that a whole range of new
products for biocide-based paints (CEPPE-AWG, 1998) or biocide—free coating systems will be
applied in the future. This may result in emissions of new compounds in the area.

At this moment various products are allowed and used in different European countries as
substitutes for TBT, especially for the small boating sector. In most European countries TBT is
not allowed on small pleasure boats (< 25 m). CEPE has published a list of available and
proposed products (CEPE-AWG, 1999). With respect to the regulatory status, there are large
differences between countries in products allowed.

For two compounds (lrgarol 1051, Sea-Nine-211), currently available on the market in various
European countries, simulations were executed with the Mam-Pec model. Basic compound
property data were derived from CIBA (1995) and Willingham and Jacobsen (1996) and are
indicated in appendix 2.2b. Both products are more degradable than TBT and have a lower
affinity toward particulate matter or sediment

For the emission-scenario similar conditions were chosen as for TBT; it was assumed that each
product would be applied on 90% of the ships, with a leaching rate of 4 ug/cm?day resulting in
a net emission of 36 kg/day (13 t/y). The environmental scenario with 32% exchange per tidal
period was used. Predicted concentrations are indicated in table 2-9.

The predicted sediment concentrations (mg /kg dry wt; 5% Org-C) for both Irgarol (median
0.08; min-max range 0.0005 — 0.13) and Sea-Nine (median 0.002; min-max range 0.0007 —
0.005) are much lower than values for similar scenarios for TBT (median 1.9; min-max range
0.01 —2.8).
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Table 2.9:  Predicted concentrations for Irgarol-1051 and Seanine-211 for the port of

Rotterdam (harbour segments with 32 % exchange per tidal period)

Dissolved  Total* Sediment  Sediment**

ug/L ug/L mg/kg mg/kg
Org-C dry weight

Irgarol
Average 1.1 1.1 1.4 0.07
Median 1.3 1.3 1.6 0.08
Minimum 0.007 0.007 0.009 0.0005
P95 2.0 2.0 25 0.13
Maximum 2.0 2.0 25 0.13
Sea-Nine
average 0.003 0.003 0.05 0.003
median 0.003 0.003 0.04 0.002
minimum 0.001 0.001 0.01 0.0007
P95 0.007 0.007 0.1 0.005
maximum  0.007 0.007 0.1 0.005

* based on the concentration of suspended matter of 35 mg/L with
3 % Org-C, ** sediment with 5 % org-C

2.5 Conclusions

From the previous chapters the following conclusions can be drawn:

Current emissions of TBT in the Port of Rotterdam were estimated at 4 - 13 t/y and rank
among the highest in the world. The majority of the TBT emissions are caused by the larger
ship classes (> 100 m); the relatively large number (46%; n = 13636 in 1998) of small ships
contributes to only 6 % of the total TBT emissions. The uncertainty of the estimation of
emissions of antifoulants is high.

The range of sediment TBT concentrations predicted with the Mam-Pec model (0.01 — 2.8
mg/kg) for harbour segments with different rate of water exchange per tidal period (32%
and 65%) coincides with gradients reported from monitoring studies in the Nieuwe
Waterweg, as well as ranges reported for other international harbours. Median and average
values (0.07 — 1.9) are comparable to harbours in eastern section of the Rotterdam port
area and to some harbours in the western section of the port of Rotterdam, not exchanging
directly with the Nieuwe Waterweg.

The pending IMO ban on TBT is expected to have a serious impact on TBT emissions
between 2003 and 2008. Many of the newly proposed alternative biocides are more
degradable or have a lower affinity to sediment compared to TBT. Predicted sediment
concentrations for 2 potential alternative products (lrgarol 1051 and Sea-Nine-211) are
more than an order of magnitude lower than sediment concentrations predicted for TBT.
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