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Abstract 

This licentiate study was initiated by copper, zinc and galvanized steel producers in Europe, 

who felt a need to assess runoff rates of copper and zinc from the pure metals and commercial 

products at marine exposure conditions. Their motive was the increasing concern in various 

European countries and the on-going risk assessments of copper and zinc within the European 

commission. Also the circumstance that available runoff rates so far, had been reported for 

mainly urban exposure conditions, rather than marine. A collaboration was therefore 

established with the French Corrosion Institute, which runs a marine test site in Brest, and a 

set of vital questions were formulated. Their answers are the essence of this licentiate study. 
 

Based on the ISO corrosivity classification and one-year exposures, the marine atmosphere of 

Brest is fairly corrosive for zinc (class C3) and highly corrosive for copper (C4). Despite 

higher corrosivity classifications for both metals in Brest compared to the urban site of 

Stockholm, used as a reference site, nearly all runoff rates assessed for copper, zinc and their 

commercial products were lower in Brest compared to Stockholm. This was attributed to a 

higher surface wetting in Brest and concomitant higher removal rate of deposited chloride and 

sulphate species from the marine-exposed surfaces. The comparison shows that measured 

corrosion rates cannot be used to predict runoff rates, since different physicochemical 

processes govern corrosion and runoff respectively. 
 

For copper, the runoff rate in Brest was approximately 1.1 g m-2 yr-1 with cuprite (Cu2O) as 

main patina constituent. During periods of very high chloride and sulphate deposition, 

paratacamite (Cu2Cl(OH)3) formed which increased the runoff rate to 1.5 g m-2 yr-1. For zinc, 

with hydrozincite (Zn5(CO3)2(OH)6) as the main patina constituent, the runoff rate was 

relatively stable at 2.6 g m-2 yr-1 throughout the year, despite episodes of heavy chloride and 

sulphate deposition.  
 

The application of organic coatings of varying thickness on artificially patinated copper or on 

different zinc-based products resulted in improved barrier properties and reduced runoff rates 

that seem highly dependent on thickness. The thickest organic coating (150 µm thick), applied 

on hot dipped galvanized steel, reduced the runoff rate by a factor of 100. No deterioration of 

organic coatings was observed during the one-year exposures. Alloying zinc-based products 

with aluminium resulted in surface areas enriched in aluminium and concomitant reduced zinc 

runoff rates.  

 



 

The release rate and bioavailability of copper from different anti-fouling paints into artificial 

seawater was also investigated. It turned out that the release rate not only depends on the 

copper concentration in the paint, but also on paint matrix properties and other released metal 

constituents detected. Far from all copper was bioavailabe at the immediate release situation. 

In all, the results suggest the importance of assessing the ecotoxic response of anti-fouling 

paints not only by regarding the copper release, but rather through an integrated effect of all 

matrix constituents. 

 

Keywords: copper, zinc, marine environment, runoff rate, atmospheric corrosion, chloride 

deposition, anti-fouling paints, chemical speciation, bioavailability, cupric ions  

 



Preface 

 

The following papers are included in this thesis: 

 

I  Corrosion-induced copper runoff from naturally and pre-patinated copper in a 

marine environment 

 J. Sandberg, I Odnevall Wallinder, C. Leygraf, N. Le Bozec 

 Corrosion Science, in press  

 

II Corrosion-induced zinc runoff from construction materials in a marine environment 

J. Sandberg, I Odnevall Wallinder, C. Leygraf, N. Le Bozec 

 Submitted to Journal of the Electrochemical Society (April 2006) 

 

III Release and chemical speciation of copper from anti-fouling paints with different 

active copper compounds in artificial seawater 

J. Sandberg, I Odnevall Wallinder, C. Leygraf, M. Virta 

Submitted to Materials and Corrosion (April 2006) 

 

 

 

 



 



Contents 

 

1. Introduction ............................................................................................................. 1 

 1.1  Atmospheric corrosion of copper and zinc ...................................................... 2 

1.2  Runoff rates of copper and zinc ....................................................................... 3 

 1.3  Copper release from anti-fouling paints .......................................................... 5 

 1.4  Chemical speciation and bioavailability of released copper ........................... 6 

2. Experimental............................................................................................................ 7 

 2.1 Marine site and experimental setup................................................................ 7 

2.1.1 Investigated materials ......................................................................... 8 

2.1.2 Experimental approach....................................................................... 9 

2.2 Copper release from anti-fouling paints .......................................................... 10 

2.3 Copper bioavailability in runoff water and artificial sea water...................... 11 

3. Summary .................................................................................................................. 12 

3.1 Can corrosion rates be used to predict runoff rates at any given site? ......... 12 

3.2 Does precipitation characteristics influence the runoff process? ................. 13 

3.3 Do changes in patina composition influence the runoff rate?...................... 15 

3.4 Do surface treatments and coatings influence the runoff rate?.................... 17 

3.5 Do changes in alloy composition influence the runoff rate? ........................ 18 

3.6 Do copper compounds of anti-fouling paints influence the copper  

release rate? ................................................................................................... 20 

3.7 How bioavailable is released copper in marine environments? .................... 22 

3.8 Is the runoff rate different in a marine compared to an urban  

environment? ................................................................................................. 24 

4. Main conclusions ..................................................................................................... 27 

5.  Acknowledgements.................................................................................................. 28 

6. References ................................................................................................................ 29 

 

 

 



 

 

 

 

 



1. Introduction 

 

Metal dispersion from diffuse sources in the society has received increased attention during 

the last decade. The environmental awareness of corrosion-induced metal release from, e.g. 

building materials, into urban storm water systems and ecological systems have resulted in 

restrictions regarding the use of metals, due to potential adverse effects during transport into 

soil and water bodies. Due to scarce corrosion-induced release data from metals and metal 

alloy surfaces on external constructions in different environments, policies and restrictions are 

often based on the precautionary principle and conservative deliberations.  

Atmospheric corrosion of metals, such as zinc and copper, has been extensively studied in 

terms of corrosion rates and patina formation in both field and laboratory investigations. Even 

though the corrosion resistance of copper and zinc is well documented, there is a considerable 

lack of knowledge related to patina formation and stability, and the metal release process 

during precipitation or immersion.  

The general aims of this thesis are to: i) provide an improved understanding of the metal 

runoff process from copper and zinc-based materials exposed during one year in a marine 

environment, and i) through a multi-analytical approach correlate changes in runoff rates to 

patina formation, changes in barrier properties and deposition of corrosive species, and iii) to 

elucidate the difference between the total copper release rate and the corresponding 

bioavailable copper fraction from anti-fouling paints of different main copper compound.   

The following 8 questions have been formulated to increase the knowledge of corrosion-

induced zinc and copper runoff from bare metals and alloys with and without surface 

treatments or organic coatings, and copper bioavailability and chemical speciation in marine 

environments. 

 

1. Can the corrosion rate be used to predict the runoff rate at any given site? 

2. Does precipitation characteristics influence the runoff process? 

3. Do changes in patina composition influence the runoff rate?  

4. Do surface treatments and coatings influence the runoff rate? 

5. Do changes in alloy composition influence the runoff rate?  

6. Do copper compounds of anti-fouling paints influence the copper release rate? 

7. How bioavailable is released copper in marine environments? 

8. Is the runoff rate different in a marine compared to an urban environment? 
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1.1 Atmospheric corrosion of zinc and copper  

 

The corrosion process occurs as a part of the natural cycle of bringing the metal back to its 

thermodynamically stable form as a mineral. This formation of adherent minerals on a metal 

sheet result in a patina that often acts as a protective barrier between the atmosphere and the 

metal substrate. The barrier properties and the development of the patina determine the 

corrosion rate of the metal, i.e. the amount of the metal that is oxidized per unit surface area 

and time period. When the patina has reached steady state thickness and chemical 

composition, a process that may take years or even decades depending on prevailing 

environmental conditions and material, the corrosion rate will reach steady-state, Figure 1. 

[Odnevall-Wallinder et.al (1997), Verbiest et.al. (1997), He et.al. (2001b), Leuenberger et.al. 

(2002), Faller et.al. (2005)]. 
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Figure 1.  Schematic description of the gradual decrease in the corrosion rate with time for zinc and 

copper exposed at atmospheric conditions.  

 

A prerequisite for a corrosion process is the presence of an aqueous ad-layer on the metal 

surface, in which electrochemical reactions can take place. The aqueous ad-layer is normally 

always present except at very low relative humidities [Marcus (2002)] or during dew, fog and 

precipitation events. The water layer acts as solvent for gaseous constituent, e.g. SO2, NOx, 

O2. Also aerosol particles, such as ammonium sulphate (common in urban and rural areas) 

and sodium chloride (common in marine areas) deposit and dissolve or precipitate within the 

water layer. The chemical composition of the patina depends on prevailing environmental 

conditions, and the amount of deposited species. 
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Reaction sequences have been proposed for both copper and zinc exposed at atmospheric 

conditions [Krätschmer et al (2002), Odnevall and Leygraf (1994)]. 

 

The intital patina component on copper in urban and rural environments is cuprite(Cu2O), 

which forms an inner brown or black layer, often covered with a thicker and more porous 

green layer of posnjakite (Cu4SO4(OH)6 x H2O) and brochantite (Cu4SO4(OH)6). Other copper 

sulphates may also be part of the patina in more polluted environments [Krätschmer et al 

(2002)]. In low SO2- and sulphate-polluted areas, cuprite is the main patina constituent 

[Atrens et. al. (1996), Odnevall and Leygraf  (1995), Odnevall Wallinder and Leygraf 

(1997)]. In marine environments with high chloride deposition rates, a patina is evolved with 

cuprite that with time, and repeated dissolution and precipitation sequences, is transformed 

into a patina mainly composed of paratacamite. (Cu2Cl(OH)3) [Costas (1982), Veleva 

et.al.(1995), Skennerton et. a. (1997), Nunez et. al.(2005)].  

 

For zinc materials, hydrozincite (Zn5(CO3)2(OH)6) is the initial patina component in most 

environments [Graedel (1987), Odnevall Walllinder and Leygraf (1994), He et. al. (2002), 

Cramer et al. (1990)]. With time other corrosion products will precipitate or form due to 

structural similarities [Odnevall Walllinder and Leygraf (1994)]. Basic zinc chloride, 

simonkolleite (Zn5(OH)8Cl2xH2O) and a basic zinc chlorohydroxysulphate 

(NaZn4SO4(OH)6*6H2O) are commonly detected in marine environments, whereas sites 

polluted with high SO2 levels primarily show basic zinc sulphates (Zn4SO4(OH)6*nH2O (n=1-

5)) as main components of the patina  [Odnevall and Leygraf (1993), Odnevall and Leygraf 

(1994)]. 

 

1.2 Runoff rates of copper and zinc 

 

The copper and zinc runoff process is dominated by chemical dissolution and erosion/wear of 

corrosion products within the patina through a combination of deposited corrosive particles 

and gases and the presence and impingement of water on the surface. This process, which 

takes place at the interface between the patina and the environment, is fundamentally different 

from the corrosion process, which is of an electrochemical nature and occurs at the interface 

between the bulk metal and the patina.  On a long-term perspective, months and years, the 

runoff rate is relatively constant compared to the corrosion rate, which is highly time 
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dependent due to the gradual built-up of corrosion products [Odnevall-Wallinder and Leygraf 

(1997), Verbiest et.al. (1997), He et.al. (2001b), Leuenberger et.al. (2002), Faller et.al. 

(2005)]. The difference between the corrosion rate and the runoff rate is schematically 

illustrated in Figure 2. With time, it is anticipated that the corrosion rate and the runoff rate 

will be equal when the protective patina has reached its steady state thickness. The formation 

of corrosion products will change the dissolution properties compared to the underlying metal 

substrate. 
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Figure 2.  Schematic description of differences in corrosion rates and metal runoff rates on a long-term 

perspective. 

 

During a single rain event, the runoff rate is significantly higher during the initial rain portion 

flushing the surface (first flush) compared to later periods of more constant release rate 

(steady state) during the remaining rain event. The runoff process, and the magnitude of first 

flush in particular, depends on a large number of interacting material and environmental 

parameters including e.g. patina morphology, surface inclination and orientation, rain pH, 

intensity and amount, duration of dry periods in-between rain episodes, and dry deposition of 

gaseous pollutants and gases. The individual effect of these parameters on the runoff process 

has been thoroughly studied in a laboratory investigation [He (2001a)].  

 

Annual runoff rates of copper and zinc from different copper and zinc-based materials with 

and without surface treatments or barriers have during recent years primarily been generated 

for urban and rural environmental conditions [Bertling (2006b), Faller and Reiss (2005), He 

(2001b), Verbiest et. al. (1997), Odnevall Wallinder et. al. (1998), Odnevall Wallinder et. al. 
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(2002), Veleva and Meraz (2005), Costa (1999), Matthes (2003),  Quek and Förster (1993), 

Boulanger and Nikolaidis (2003)]. However, only few studies are available that address the 

marine influence on the runoff process of copper and zinc [Belghazi et al. (2002), Sullivan et. 

al. (2002), Cramer et. al. (2002), Verbiest et. al. (1997)]. 

 

The improved knowledge on the runoff process has resulted in the generation of predictive 

runoff rate models for copper and zinc, based on real runoff data and parameters that can 

physically be explained [Cramer et.al. (1990), Odnevall Wallinder et. al. (1998), Odnevall 

Wallinder et. al. (2004)].   

 

1.3 Copper release from anti-fouling paints 

 

Copper is a micronutrient for aquatic organisms, and commonly used in marine environments 

due to its beneficial anti-fouling properties. However, elevated concentrations of the free 

cupric ion can result in toxicity towards aquatic organisms. As a result, different copper 

compounds of varying shape and chemical composition, such as copper oxides, copper 

thiocyanates, and metallic copper flakes mixed with copper oxides, are often one major 

component of anti-fouling paints. The paints are designed in such a way that copper, and other 

metallic and organic species, are slowly released from the paint matrix in contact with water. 

The release rate depends on many factors including paint matrix properties and the solubility 

of the specific copper compound. Organic biocides, such as irgarol and dichlofluanid, are in 

addition often included in anti-fouling paints to enhance the anti-fouling properties of the 

specific paint [Voulvoulis (1999)].  

 

Due to experimental difficulties to monitor the release rate of copper in-situ at field conditions 

with reproducible results, and the need for fast and comparable test methods, a laboratory 

release rate standard is available, ASTM D6442-03, [ASTM (2003)]. It should however be 

noted that this protocol has not been validated for in-situ copper release rates from anti-

fouling paints [ASTM (2003)]. Generated results based on this standard, should be used with 

caution within the framework of environmental risk assessments of copper. A recent study has 

shown lower total copper release rates at in-situ field conditions compared to laboratory 

measurements [Valkirs et. al. (2003)]. 
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1.4 Chemical speciation and bioavailability of released copper 

 

The aquatic ecotoxicity of copper depends on the chemical speciation and the bioavailability 

of copper and copper complexes formed in natural environments. The free cupric ion, 

Cu(H2O)6
2+, is generally considered to predominantly govern the toxic response [Landner and 

Reuther (2004]. Complexation with inorganic ligands, such as chlorides, sulphates and 

carbonates, reduces the toxicity. The pH dependence of this process is illustrated in Figure 3, 

for copper in runoff water and artificial seawater. The prediction is made with the MinteqA2 

water ligand model. It should be noticed that the presence of natural organic matter, e.g. 

present in seawater would further reduce the bioavailable free cupric ion concentration [Donat 

et.al. (1994), Bruland et. al (2000)].  

 

A lower predicted free cupric ion fraction in artificial seawater is due to significantly higher 

salt concentrations, compared to the runoff water. This increases the presence of inorganically 

complexed copper species, such as copper chlorides and copper sulphates. 

 

Fr
ee

 c
up

ri
c 

io
n 

fr
ac

tio
n 

of
to

ta
l c

op
pe

r 
co

nc
en

tr
at

io
n

/ %

pH

0

20

40

60

80

100

5.5 6.0 6.5 7.0 7.5 8.0 8.5

In artificial sea water

In runoff water

 
Figure 3. The pH dependence of the free cupric ion fraction of the total copper concentration in runoff 

water (triangles) and in artificial sea water (circles) predicted by the MinteqA2 water ligand 

model. No natural organic matter was used in the calculation. 
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2.  Experimental 

2.1 Marine site and experimental setup  

 

One-year runoff rate measurements have been performed on copper and zinc materials at the 

marine exposure site at Saint-Anne du Portzic, located on a small cape outside the city of 

Brest, France. The French Corrosion Institute maintains the site. The test site is characterised 

as moderately corrosive for zinc (ISO class C3) and highly corrosive for copper (ISO class 

C4). All materials (sized 12x25cm) are fixed on Plexiglas fixtures equipped with inclined 

gutters, into which impinging rainwater is collected and transported into polyethylene bottles. 

The fixtures are exposed at 45° from the horizontal, facing south, in agreement to the ISO 

9226 standard for corrosion rate measurements at atmospheric conditions. Environmental and 

meteorological details are given in Papers I and II. 

 

    

Runoff
water

Plexiglas
fixturePanel

Runoff
water

Plexiglas
fixturePanel

 
Figure 4. Test racks for runoff rate measurements at the marine exposure site at Saint-Anne du Portzic, 

Brest, and a schematic illustration of the Plexiglas fixtures used for runoff water collection. 
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2.1.1 Investigated materials 

 

Seven different copper based materials, naturally and pre-patinated copper sheet, with and 

without surface treatments, were exposed during one year (June 2004-May 2005) at the 

marine site, Figure 5. Initial patina components of the 200 year old naturally patinated copper 

sheet, originating from Copenhagen, Denmark, were cuprite (Cu2O) beneath a greenish layer 

of brochantite (Cu4SO4(OH)6). The bare pre-patinated surfaces were chemically oxidized and 

mainly composed of a mixture of cuprite/tenorite (CuO) for Nordic Brown, and brochantite 

for Nordic Green. In addition, Nordic Green surfaces were exposed with different surface 

treatments of varying thickness, aimed for anti-graffiti protection. Additional details are given 

in Paper I. 
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Copper
sheet

Copper sheet
(Cu-new)

Naturally patinated
200 years old

(Cu-200y)

Nordic Brown
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(NB)
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+
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Nordic Green
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+
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Figure 5. Copper based materials with and without surface treatments exposed at unsheltered conditions 

at the marine site from June 2004 to May 2005.  

 

11 commercially available zinc-based materials were exposed between December 2004 and 

November 2005, Figure 6.  The exposure comprised bare, surface treated and coated materials 

of continuously galvanized steel, hot-dipped galvanized steel, pre-weathered zinc sheet, and 

zinc-aluminium alloys.  Additional details are given in Paper II.  
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Figure 6.  Zinc-based materials, with and without surface treatments and organic coatings, exposed at 

unsheltered conditions at the marine site between December 2004 and November 2005.  

  

2.1.2 Experimental approach 

  

A multi-analytical approach, schematically illustrated in Figure 7, has been applied to provide 

a comprehensive understanding of prevailing corrosion and runoff processes on exposed 

copper- and zinc-based materials.   

Start (copper)
June 2004

Continuous metal runoff rate measurements (AAS) 
+ runoff water characteristics (pH, volume, anions) 

On-going 
exposure

Multi-analytical surface analysis
EIS

(Barrier properties)

GDOES
(Elemental depth profile)

XPS
(Chemical state)

XRD
(Crystalline phases)

SEM/EDS
(Morphology)

0 2 4 26 52 weeks120 2 4 26 52 weeks12

Start (zinc)
Dec 2004

Wetting angle
(Wetting capacity) IRAS

(Functional groups)

Corrosion rate 
measurements

Pourbaix diagram
calculations

Bio assay and chemical speciation 
in runoff water and artificial sea water  

Figure 7.  Experimental approach to provide an improved understanding of changes in corrosion and 

runoff processes on copper and zinc-based materials during marine exposure.    
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The total rainwater volume impinging on the materials was collected continuously and 

measured in terms of volume, runoff pH and total metal concentration using atomic 

absorption spectroscopy (AAS).  The concentration of anions, such as sulphate, chloride and 

nitrate, in runoff water was measured by means of ion chromatography (IC).  

The runoff rate investigation was conducted in parallel with a multi-analytical approach 

aiming to provide information on changes in patina formation and barrier properties 

(corrosion resistance) during the one-year exposure. These measurements were performed on 

small samples (1 cm2) after 2, 4, 12, 26 and 52 weeks of exposure. Changes in barrier 

properties due to patina formation, presence of surface treatments or coatings were measured 

by means of electrochemical impedance spectroscopy (EIS). Different surface analytical 

techniques was applied to provide the following information:  

 

• X-ray photoelectron spectroscopy (XPS): Elemental and chemical state information 

of the outermost surface layer, 

• Infrared reflection spectroscopy (IRAS): Information of functional surface groups 

and possible phase characterization, 

• Scanning electron microscopy and energy dispersive spectroscopy (SEM/EDS): 

Morphological studies and bulk composition analyses,  

• X-ray powder diffraction (XRD): Identification of crystalline phases in the patina. 

• Wetting angle measurements: Examination of the wetting capacity of the patina and 

differences between similar materials, and  

• Glow discharge optical spectroscopy (GDOES): Elemental depth profiling.  

 

In addition, annual corrosion rate measurements were performed on pure zinc and copper, 

respectively, for comparison with annual runoff rate measurements, and Pourbaix diagram 

calculations [Puigdomenech, (2006)] were performed to provide information on stability 

regions for corrosion products formed.  

 

2.2 Copper release from anti-fouling paints - experimental approach 

 

Copper release rates from seven different anti-fouling paints with different active copper 

compound, Figure 8, were investigated in artificial sea water [ASTM (1998)]. A 5x5 cm large 

Plexiglas surface was painted, dried and immersed in the water solution and rocked bi-linearly 
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during 14 days of exposure. After 1, 3, 6, 9 and 14 days the painted surfaces were removed 

into fresh artificial seawater for a one-hour measurement of the copper release rate. The total 

copper concentration was measured by Inductively Coupled Plasma – Sector Field Mass 

Spectrometry (ICP-SFMS). The copper release rates were calculated according to ASTM 

standard D6442-03 [ASTM (2003)]. More details are given in Paper III. 

 

 
Figure 8.  Main active copper compound present i he investigated anti-fouling paints.  
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2.3  Copper bioavailability in runoff w

 

T

water ligand model MinteqA2 [Allison et al. (1991)]. In addition, the bioavailability of 

released copper species from naturally patinated copper and antifouling paints in artificial 

seawater was investigated, for selected sampling periods, with bioassays, including bacterial 

and fungal copper specific sensors. The sensors respond primarily to the presence of the free 

cupric ion in water, Cu(H2O)6
2+, considered to be the most bioavailable copper species to 

aquatic organisms. Differential pulse anodic stripping voltammetry (DPASV) was used to 

detect the electrochemical active fraction (labile) of copper species in artificial sea water, to 

elucidate differences between the total copper concentration, the fraction of labile copper 

species and the fraction of free cupric ions. More details are given in Papers I and III. 
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3.  Summary 

3.1  Can corrosion rates be used to predict runoff rates at any given site?  

(Papers I, II) 

 

The corrosivity of an exposure site can be classified according to the ISO classification 

system 9223 into different classes (C1-C5), where a C5-site is the most corrosive one with the 

highest corrosion rates for metals. This classification system is useful to evaluate the 

corrosivity of a specific environment to the most commonly used metals and to enable a 

comparison between different sites. Corrosion rate measurements within this study showed 

the marine site to be moderately corrosive (class C3) for zinc (Paper II) and highly corrosive 

for copper (class C4) during the one-year exposure (Paper I). The difference between the 

annual corrosion rate and the corresponding annual runoff rate is illustrated in Figure 9 for 

zinc and copper, respectively.  
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Figure 9.   Differences in annual corrosion rate and runoff rate for copper and zinc sheet exposed during 

one year at unsheltered conditions at the marine site. 

  

The results show unambiguously the runoff rate to be substantially lower compared to the 

corrosion rate for both copper and zinc after one year of exposure to the marine environment. 

For copper sheet, the runoff rate of total copper (1.4 g m-2 year-1) was approximately 13 times 

lower compared to the corrosion rate (19 g m-2 year-1). For zinc sheet, the difference was not 

as pronounced as for copper, but still 3 times lower (runoff rate: 2.6 g m-2 year-1, corrosion 
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rate: 7.9 g m-2 year-1). Similar results have been published in the literature for e.g. an urban 

site showing the annual runoff rate during one year of exposure to be approximately 5 times 

lower than the corrosion rate for copper and 1.6 times lower for zinc [He et al. 2002]. It is 

anticipated that the corrosion rate will equal the runoff rate after the patina has reached 

steady-state composition and thickness, a process that can take decades or longer depending 

on the metal and prevailing environmental conditions.  

Since different mechanisms govern the corrosion (electrochemical) and the runoff (chemical, 

erosion/wear) process, and large differences and variations are seen between different years of 

exposure, neither the corrosivity of the test site nor the corrosion rate can be used to estimate 

the annual runoff rate of a specific metal. 

 

In all, the metal runoff rate at a specific site cannot be estimated from the annual corrosion 

rate or the corrosivity of the test site. The runoff rate is significantly lower compared to the 

corrosion rate during one year of marine exposure. 

 

3.2  Does precipitation characteristics influence the runoff process? 

 

Any rain event results in time-dependent runoff processes with initially high runoff rates 

during the first rain portion that decrease to fairly constant rates during the remaining rain 

event. The magnitude of the first flush contribution depends primarily on rain pH, prevailing 

environmental conditions in terms of wet conditions and dry deposition of corrosive species 

in-between rain events (dry periods), rain intensity, which determine the residence time of 

rainwater on the surface, and surface morphology, which affects the effective surface area and 

enables the surface accumulation of water and corrosive species for longer time periods. The 

steady-state release rate is primarily governed by rain pH. The runoff rate increases with 

increasing rainfall quantity, decreasing rain pH, extended residence time for rainwater (low 

rain intensity), extended dry periods of high deposition rates of corrosive species, and humid 

conditions, and increasing porosity of the surface patina. The individual effect of these 

parameters has been thoroughly studied in laboratory investigations [He et al (2001a)]. In 

addition, the effect of surface inclination and orientation also has to be taken into account. 

[Odnevall-Wallinder et. al. (2000),  Lehmann (1995)]. 
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Long periods of dry deposition in between rain events have shown to largely influence the 

magnitude of the first flush runoff portion, whereas few, or short, dry periods result in a small 

first flush contribution and hence a runoff rate that primarily is governed by steady-state 

conditions, and vice versa. This is schematically illustrated in Figure 10.   
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Figure 10.   Schematic description of the importance of short and long dry periods in-between rain events on 

the first flush runoff contribution.  

 

Due to an integrated effect of different environmental, rain and material parameters on the 

runoff process, any individual effect of a single parameter is difficult to interpret at field 

conditions. However, the effect of dry periods is evident when comparing runoff rates 

measured at the marine site, characterized by significantly more wet conditions compared to 

similar measurements at an urban site, see section 3.8   

 

The fact that also other parameters except rainfall quantities govern the runoff process is 

evident when normalizing momentary runoff rates for individual sampling periods to the 

corresponding rainfall quantity during this period. This is illustrated in Figure 11 for zinc 

sheet and copper sheet, respectively. Despite sampling periods (filled symbols) of relatively 

constant rainfall pH (4.8±0.1), large variations (19-55%) in runoff rates were observed for 

both zinc and copper. This clearly shows that other parameters, except pH and annual 

precipitation volume, have a significant effect on the metal runoff rate. The effect is attributed 

to differences in rainfall intensities and dry periods.  
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Figure 11.  The runoff quantity normalized to the rainfall quantity for each sampling period during the one-

year marine exposure for zinc sheet (Zn), and copper sheet (Cu-new)-(left), and variations in 

precipitation pH during the same time period. Filled symbols denote sampling periods with a pH 

of 4.8±0.1.  
 

In all, the runoff rate depends on the integrated effect of prevailing environmental conditions, 

precipitation characteristics, and material parameters, including rainfall quantities, the 

duration of dry periods with dry deposition, rain pH and intensity, and patina morphology.  

 

3.3 Do changes in patina composition influence the runoff rate?  

(Papers I, II) 

 

The marine site is characterized by very high deposition rates of chlorides and sulphates, 

normally during October-December, with significantly lower deposition rates during the 

remaining part of the year. Monthly deposition rates can also vary significantly between 

different years of exposure. This was evident when comparing data compiled from the field 

exposure on copper materials staring in June 2004, with the exposure of zinc materials 

starting in December 2004. The average deposition rate of chlorides was approximately 7 

times higher during the summer period between June and August in 2004 (136-265 g m-2 yr-1) 

compared to summer period in 2005 (20-37 g m-2 yr-1) (Paper II).  

 

One year of unsheltered marine exposure resulted in a patina primarily composed of 

hydrozincite (Zn5(CO3)2(OH)6) and cuprite (Cu2O), for the high purity zinc materials (zinc 
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sheet, hot dipped galvanized steel) and copper sheet, respectively.  The presence of these 

phases is in agreement with findings in urban and rural environments [He et. al. (2001b)]. 

High deposition rates of chlorides in October 2004 resulted in an extensive formation of 

paratacamite (Cu2Cl(OH)3) on copper. On the other hand, scarce formation of chloride and/or 

sulphate rich phases was observed on the high purity zinc materials from which followed that 

the runoff rate remained relatively constant.  Due to a substantial local deterioration of the 

chromate layer of continuous galvanized steel, these phases were more abundant on this 

material. The extensive formation of paratacamite on copper resulted in a somewhat increased 

runoff rate from 1.1g m-2 yr-1 with cuprite as the main patina component to 1.4 g m-2 yr-1. For 

zinc, the runoff rate remained relatively unchanged. A schematic description of changes in 

patina composition and corresponding changes in runoff rates are given in Figure 12 for 

copper and zinc, respectively 

  

 

Figure 12.  Schematic description of corrosion product formation and corresponding changes in runoff 

rates for bare copper sheet (left) and zinc sheet (right) exposed at unsheltered conditions 

during one year at the marine site. 
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In all, the marine exposure resulted in the initial formation of cuprite on copper. High 

deposition rates of chlorides gave an extensive formation of paratacamite with somewhat 

increased runoff rates as a result. Due to wet conditions and high removal rates of deposited 

sulphates and chlorides on the zinc rich materials, the thin patina was predominantly 

composed of hydrozincite and  a relatively constant runoff rate during the time of exposure.   

 

3.4 Do surface treatments and coatings influence the runoff rate? 

 (Papers I, II) 

 

Annual runoff rates are compiled in Figure 13 for all zinc- and copper based materials 

exposed during one year in the marine environment (Brest, France). The total annual rainfall 

quantities impinging the panels were 740 and 700 mm yr-1 for copper- and zinc-based 

materials, respectively. Differences in annual rainfall quantities are due to different starting 

periods, June for copper and December for zinc 
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Figure 13. Annual runoff rates of zinc and copper from zinc-based, left, and copper-based, right, 

materials exposed at unsheltered conditions during one year at the marine site. The studies 

comprise bare materials (Hot dipped galvanized steel, HD-galv; Zinc sheet, Zn; Galfan;  

Galvalume, Cu sheet, Cu; 200 year old copper sheet, Cu-200y; Nordic Brown artificial patina, 

NB; Nordic Green artificial patina, NG), and materials with surface treatments, 0.02-20 µm 

thick (Chromated continuously Galvanized steel, galv; Pre-weathered zinc, PW Zn; Nordic 

Green artificial patina, NG1U, NG2, NG2P), and organic coatings of various thickness, 1-150 

µm (Pre-weathered zinc, PW Zn A, PW Zn B;Hot dipped galvanized steel,  HD-galv D, HD-

galv CD; continuously galvanized steel, Galv E) 
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The presence of a surface treatment on pre-patinated copper, aimed for anti-graffiti protection, 

decreases the runoff rates with 56-87% compared to bare pre-patinated copper. However, the 

beneficial barrier properties were in some cases reduced with time. The presence of a thin 

layer of chromate (0.02 µm) on continuously galvanized steel, aimed for temporary 

protection, reduced the runoff rate with 35% compared to bare zinc sheet. However, the 

chromate layer became locally deteriorated already within weeks of exposure, with a reduced 

corrosion resistance, an increased runoff rate, and the formation of chloride and sulphate rich 

corrosion products protruding the surface as a result. This is contradictory to previous 

findings in urban environments showing lower runoff rates of zinc from continuously 

galvanized steel with chromate up to 5 years of unsheltered exposure [Bertling et. al. 

(2006b)]. 

 

As seen in Figure 13, the presence of organic coatings of varying thickness and composition, 

on zinc-based materials, improved the corrosion resistance and reduced runoff rates of zinc 

significantly (95-99%), compared to bare zinc sheet. The reduction was related to the coating 

thickness, probably as a result of reduced numbers of defects and a longer penetration 

distance for water to reach the metal substrate. No deterioration of any organic coating or 

significant change in runoff rates was observed during the first year of exposure to the marine 

environment.  

 

In all, the application of a surface treatment or an organic coating reduces the metal runoff 

significantly. Important factors that determine this protective behaviour are coating thickness 

and porosity. Surface treatments with chromate are not beneficial for marine-exposed 

materials due to a local deterioration, concomitant accumulation of corrosive species, 

formation of chlorine- and sulphate zinc-rich corrosion products and hence  

 

3.5 Do changes in alloy composition influence the runoff rate? 

 (Paper II) 

 

The metal runoff process is predominantly governed by chemical processes, and to a certain 

extent also by erosive processes. The influence of patina characteristics is assumed to be small 

for the high purity zinc materials due to a limited patina formation, whereas its effect on 

copper is more pronounced due to the formation of voluminous, and poorly adhesive 
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corrosion products. The chemical composition and dissolution properties of corrosion 

products formed within the patina depends on prevailing environmental conditions and the 

possibility for corrosive species such as chlorides and sulphates to accumulate and precipitate 

on the surface.   

 

The degree of metal runoff depends on whether the metal is in its pure form or in an alloy. 

Differences in microstructure and surface coverage of phases composed of different alloy 

constituents in the bulk material result in the formation of corrosion products of varying 

composition and surface coverage. The metal runoff process can, hence, not be estimated 

based on the nominal alloy composition. This is illustrated in Figure 14 for zinc-aluminum- 

based alloys (Galfan and Galvalume) and bare zinc rich materials (zinc sheet and hot dipped 

galvanized steel). Although a trend can be discerned, no linear relation can be established 

between the bulk metal content and the annual metal runoff quantity. Since the one-year 

exposure in the marine environment (Paper II) resulted in a very slow formation rate of 

corrosion products in the patina, differences in annual runoff quantities can be explained by 

the microstructure. Galfan, with an eutectic microstructure (two phase system), has one 

aluminum rich phase (~99% Zn, ~1% Al) covering approximately 75% of the exposed area 

and another phase of higher aluminum content (85% Zn, ~16% Al). Even though 75% of the 

exposed surface area primarily contains zinc, the runoff rate was 1.6 times lower  

(1.2 g m-2 yr-1) compared to zinc sheet (2.6 g m-2 yr-1). The reason is the formation of less 

soluble aluminum-containing zinc rich corrosion products in both phases of Galfan. 

Galvalume behaves in a similar way with zinc-rich interdendritic areas composed of 99%Zn 

and ~1%Al (33 % of the surface area) and aluminum-rich dendrite branches containing more 

than 15 wt% Al (66 % of the surface area). Due to a larger surface area of zinc-rich phases on 

Galfan, compared to Galvalume, higher annual runoff rates were obtained from the former.  
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Figure 14.  Annual runoff rates of zinc from zinc-aluminum based alloys (Galfan and Galvalume) and zinc 

rich materials (zinc sheet and hot dipped galvanized steel) compared to the nominal bulk 

composition when exposed at unsheltered conditions during one year in a marine environment.  

 

In all, the nominal bulk alloy composition cannot be used to predict metal runoff rates of 

metals from metal alloys.  

 

3.6 Do copper compounds of anti-fouling paints influence the copper release 

rate? (Paper III) 

 

Anti-fouling paints are used to prevent fouling on the hull of ships and pleasure crafts, which 

will increase fuel consumption significantly if present. Different types of anti-fouling paints 

are available on the market. Copper has beneficial anti-fouling properties and is therefore 

often used in various compounds such as copper oxides and copper thiocyanate, in 

combination with organic biocides. Release studies of metals other than copper from some 

copper-containing paint matrices show significantly higher released concentrations of zinc, 

nickel and iron compared to copper. These results imply the importance of assessing the 

ecotoxic response of anti-fouling paints due to an integrated effect of not only copper, but also 

of other paint matrix constituents released, including organic species, and other metals. It has 

also recently been shown that newly developed, so-called "toxic free", anti-fouling paints that 

do not contain e.g. copper, still are toxic towards marine organisms [Karlsson and Eklund, 

2004].   
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Measured release rates of total copper from anti-fouling paints of different active copper 

compounds, copper oxides (CuOX), copper thiocyanates (Cu(NCS)X or metallic copper 

flakes combined with copper oxides (FlakeX), are presented in Figure 15 together with the 

corresponding nominal copper content of the different paint matrices.  
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Figure 15.  Release rates of total copper from anti-fouling paints of different active copper compound 

(copper oxides-CuOX, copper thiocyanates-Cu(NCS)X and metallic copper flakes with copper 

oxide-FlakeX) after 14 days of exposure in artificial seawater compared to the nominal copper 

content of the different paint matrices.  

 

The total copper release rate cannot directly be related to the nominal copper content of the 

paint matrix. This implies that other parameters, such as the dissolution properties of the 

active copper compound, morphology and other properties of the paint matrix, strongly 

influence the copper release process.   

 

In all, the release rate of total copper from anti-fouling paints cannot solely be explained by 

the active copper compound concentration. Paint matrix properties, the chemical form of 

copper, as well as the release of other paint constituents including organic species and other 

metals are also of importance. 
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3.7 How bioavailable is released copper in marine environments?  

(Paper I, III) 

 

Corrosion-induced copper runoff from construction materials constitutes one source of the 

diffuse emission of copper in the society. Other sources with significantly higher 

contributions are traffic, tap water systems and aerial lines [Bergbäck et. al. (2001)]. As 

shown earlier, the environmental effect of dispersed copper depends on the chemical form of 

released copper, which determines the bioavailability (potential uptake by organisms). The 

total copper concentration is not a valid measure of any potential hazard. Parameters such as 

pH and organic matter largely affect the chemical form of released metal, where an increase 

of both parameters generally reduces the bioavailability of copper. The presence of organic 

matter reduces the bioavailability by forming strongly bonded copper-organic complexes and 

an increased pH results in the formation of inorganic or organic complexes of higher stability. 

 

The chemical speciation of copper in runoff water collected from naturally patinated copper 

exposed during one year at the marine test site was predicted with the Minteq A2 water ligand 

model. Since no measurements were made on the amount of organic matter in the runoff 

water, the model predicted the free cupric ion concentration to approximately 60 to 70% of 

the total copper concentration during periods of high deposition rates of chlorides and 

sulphates. However, the presence of organic matter reduces the bioavailable fraction 

considerably. The bioavailability of copper in the runoff water was therefore determined with 

a copper-specific bacterial strain at the immediate release situation (Paper I), Figure 16. The 

bacteria are genetically modified to react to bioavailable copper, primarily the free cupric ion, 

and will not react to copper in inorganic or organic complexes. 

 

The bioavailable fraction varied between 14 and 54% of the total copper content in the runoff 

water. During the period with very high deposition rates of chlorides and sulphates (172 days) 

only 14% was measured as bioavailable, i.e. substantially lower compared to the model 

prediction (60-70%). The reason is most probably related to the interaction of seawater 

aerosols containing different amounts of inorganic and organic species that form complexes 

with copper and thereby reduce the bioavailability. The results imply the importance of 

evaluating other parameters such as organic matter present in the runoff water when assessing 

the bioavailability, or the potential environmental effect of corrosion-induced copper release 

from construction materials. More details are given in Paper I. 
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Figure 16.  The bioavailable fraction of the total copper concentration in runoff water immediately after 

release from naturally patinated copper sheet exposed during one year at unsheltered conditions 

in a marine environment (Paper I). The fraction is determined by means of a copper-specific 

bacterial biosensor (MC1061(pSLcueR/pDNPcopAluc)) 
 

Recent investigations have shown copper containing runoff water to interact with natural 

and/or man-made surfaces in the near vicinity of buildings in urban environments.  

Investigated surfaces include concrete, limestone and soil systems [Bertling et. al. (2002)]. 

According to these studies, soil systems have a high capacity to retain copper in runoff water 

(> 98%), showing breakthrough capacities ranging from 170 to 8000 years, depending on soil 

systems. The investigations with soil and limestone showed a substantial reduction of the total 

and the bioavailable fraction of copper during runoff water interaction.[Bertling et. al. 

(2006a)]  

 

If copper containing runoff water directly would be transported into seawater in a marine 

environment, the bioavailable fraction of released copper would react with natural organic 

matter and inorganic ligands forming strong complexes, thereby reducing the bioavailability 

even further. Copper specific bacterial tests on copper released from pure copper sheet 

exposed to artificial seawater, without any organic matter, showed the fraction of free cupric 

ions to be less than 2% at comparable total copper concentrations, i.e. substantially lower 

compared to the bioavailable fraction in runoff water collected at the immediate release 

situation (14-54%). Bioassay testing with yeast predicted a bioavailable fraction below 8%, in 
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good agreement with the MinteqA2 model predictions, showing 6% of total copper to be 

present as free cupric ions for similar copper concentrations. The presence of natural organic 

matter in seawater would reduce the bioavailability even further by forming strong complexes 

with copper. More details are given in Paper III. 

 

In all, the total copper concentration at the immediate release situation does not equal the 

bioavailable copper fraction, which depends on the chemical form of released copper and 

parameters such as pH precipitation and presence of organic matter. The bioavailable 

fraction, measured with copper specific bacterial bioassays, showed values between 14 and 

54% at the immediate release situation. This fraction would be significantly reduced in 

contact with seawater by forming strong complexes with natural organic matter and  

inorganic ligands. 

 

3.8 Is the runoff rate different in a marine compared to an urban environment? 

(Papers I, II) 

 

The metal runoff process is complex since it is governed by a combination of environmental 

and material parameters. Detailed studies in urban and rural environments have shown the 

annual rainfall quantity, rain pH and intensity and environmental conditions and deposition of 

corrosive species in between rain events to largely influence the runoff rate [Odnevall-

Wallinder et. al. (1998), He et. al. (2000), He et. al. (2001a), Matthes et. al. (2003), Faller et. 

al. (2005)]. In order to enable a comparison of the runoff process in a marine and an urban 

environment, it is important to understand the influence of these parameters on the runoff 

process.  

 

Both sites within this comparison show a similar rain pH (~5.6), typical rainfall intensities 

less than 4 mm hr-1, and a low gaseous pollutant level of SO2 (< 5 µg m-3). The main 

difference between the sites is higher relative humidities, a higher annual precipitation 

quantity and significantly higher dry and wet deposition rates of anions including chlorides 

and sulphates from seawater at the marine site. More details are given in Papers I and II. 

 

The annual runoff rate normalized against the annual rainfall quantity impinging on high 

purity zinc materials (hot dipped galvanized steel, zinc sheet, continuously galvanized steel 
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with a chromate layer) and naturally patinated copper sheet exposed unsheltered during one 

year in the marine (Brest) and the urban (Stockholm) environment, is illustrated in Figure 17. 

The normalization eliminates the effect of differences in annual rainfall quantities between the 

sites (Brest: 700 mm yr-1, Stockholm: 350 mm yr-1).  
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Figure 17.  Annual runoff rates normalized to the annual rainfall quantity at a marine and an urban site 

for high purity zinc materials including hot dipped galvanized steel (HD-galv), zinc sheet (Zn), 

and continuous galvanized steel with a chromate layer (Galv) (left), and copper materials 

including new copper sheet (Cu-new) and 200 years old copper sheet (Cu-200y) (right). All 

materials have been exposed at unsheltered conditions during one year. Runoff rate 

differences at comparable rainfall quantities are presented in each graph.  

 

Despite a more corrosive environment with significantly higher deposition of chlorides, the 

marine site shows lower runoff rates at comparable rainfall quantities. The effect is more 

pronounced for copper, compared to zinc. One exception is bare zinc sheet (Zn) with similar 

runoff rates at both exposure sites. The reason is unknown but may be related to a small first 

flush effect and a low effect of dry and wet deposition in-between rain events on low-

corroded bare zinc sheet  [He et. al. (2001a)].  

 

Higher runoff rates at comparable rainfall quantities at the marine site compared to the urban 

site are primarily the result of prevailing environmental conditions with higher relative 

humidities and rainfall quantities resulting in longer periods of wet conditions on the surface 

that dilute and disable deposited species to precipitate on the metal surface. In addition, the 

presence of different sea-salts lowers the point of deliquescence, and prolongs the wet surface 

conditions [Winkler and Junge (1972)]. Runoff rate measurements of chlorides and sulphates 

from the exposed surfaces showed the majority of deposited species to be washed from the 
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surface on both zinc and copper. Long periods of wet conditions result in a small first flush 

contribution at the marine site compared to the urban site with more dry and wet periods 

enabling deposited species to accumulate and precipitate into corrosion products.  

 

In all, lower runoff rates at comparable rainfall quantities at the corrosive marine site, 

compared to the more benign urban site, are attributed to higher surface wetting and 

concomitant higher removal rates of deposited chloride and sulphate species from the 

marine-exposed surfaces. 
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4.  Main conclusions 

 

Corrosion-induced metal runoff studies of zinc and copper have been conducted in a marine 

environment during one year for different zinc and copper materials with, and without, 

surface treatments and organic coatings. The main focus has been on outdoor constructions. 

Changes in patina formation, corrosion rates, barrier properties and runoff rates of copper and 

zinc have been investigated through a multi-analytical approach, chemical speciation and 

bioavailability monitoring, and correlated to changes in prevailing environmental conditions 

and deposition of seawater aerosols. Main conclusions drawn from this investigation are 

illustrated in Figure 18.  Detailed results are provided in Papers I-II. 
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Figure 18 Main conclusions from the multi-analytical research project on metal runoff rates of zinc and 

copper in marine environments. 
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