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ABSTRACT 

An evaluation of the dissolution of sacrificial zinc anodes in the Hamble and its 

implications for estuarine management 

Aldous B. Rees 

Sacrificial zinc anodes have often been overlooked as a major zinc source to many 

estuarine environments. This study on the Hamble showed that zinc anodes are a major 

zinc source to estuaries with high boat densities, with a predicted zinc load of 6.23 -

7.11t/yr. Zinc water samples were analysed using cathodic stripping voltammetry (CSV), 

higher concentrations were observed in areas of greater boat density due to the large anode 

zinc load, with total dissolved zinc levels reaching 20-25µg/l. An estuary average 

concentration of 8.07µg/l was recorded across the sampling period, which exceeded the 

EQS (Environmental Quality Standard) of 7.9µg/l for zinc in marine waters. Anodes were 

by far the largest zinc source to the Hamble Estuary, with sewage works for example only 

contributing 0.12t/yr of zinc. Areas of lower boat densities or control samples from outside 

the estuary in Southampton Water achieved the EQS, identifying anodes as the major 

source. Management strategies including the use of aluminium anodes in brackish 

conditions of the upper Hamble and anode use advice to boat owners will reduce zinc loads 

to the estuary. The Generic Estuary Model for Contaminants (GEMCO) model predicted 

zinc levels similar to those observed within the estuary (8.07µg/l) and predicted that 200-

800 (out of 3000) vessels would need to use aluminium anodes for the EQS to be met.  

Anode corrosion rates on the Hamble were controlled by a number of factors including 

salinity and electrical stray currents. These corrosion rates determined the amount of zinc 

released into the estuary and often led to higher total, labile and free zinc concentrations 

being present within the Hamble estuary. Complexation of this zinc with Dissolved 

Organic Carbon (DOC) meant labile zinc and free zinc concentrations were generally 

relatively low, thus reducing any potential toxicity of the elevated total dissolved zinc 

levels within the estuary. However, in some areas of high boat density the complexation 

capacity of the DOC present in the estuary was reached. The BLM model (Biotic Ligand 

Model) site specific EQS predictions for Hamble freshwater sites were all higher than the 

observed zinc concentrations, further supporting freshwater as an insignificant zinc source. 

Zinc concentrations within sediments on the Hamble were comparably low, but 

comparisons with other metals suggested anodes to be the main source. Zinc levels within 

SPM (Suspended Particulate Matter) tended to be high, suggesting SPM could act as a 

vector for zinc released from anodes, with net export of zinc from the estuary rather than 

accumulation within the sediments.  
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CHAPTER 1 - INTRODUCTION  

1.1 INTRODUCTION  

Sacrificial anodes are used to protect metal components on vessels and other submerged 

structures such as wind turbines and pontoons from corrosion (Morgan, 1987; Bird et al., 

1996; Harris, 2008; ICCP, 2015). The anode corrodes to protect the cathode (boat hull or 

propeller in this case) from corrosion and in doing so releases zinc into the estuarine 

environment (Morgan, 1987). They can come in a range of sizes and shapes depending on 

their intended use and the size of the vessel or item they are protecting (Figure 1.1) 

(Harris, 2008). Zinc anodes are designed for use in seawater, aluminium in brackish waters 

and seawater and magnesium anodes in freshwater (Harris, 2008; Rousseau et al., 2009; 

Praktiskt Bätägande, 2010; Mao et al., 2011). It is recommended that sacrificial zinc 

anodes are replaced annually in the estuarine environment, generally half of the anode has 

corroded within this period (Harris, 2008).  

 

 

 

 

 

 

 

 

 

 

Figure 1.1: Examples of sacrificial zinc anodes on boat hulls, image A) hull anode 

mounted on the hull, image B) prop anode on the end of the prop shaft and also a shaft 

anode, image C) prop anode and hull anode (Images: Author, 2014) 

Zinc anodes release zinc as they corrode, which makes them a zinc source to the marine 

and estuarine environment. This zinc load from anodes can raise zinc concentrations in 

estuarine waters and sediments especially within the vicinity of marinas and boatyards 

(Bird et al., 1996; Boxall et al., 2000).  Anodes typically range from 0.8-5kg in weight 

when new, which shows the potential for them to be a significant source to the aquatic 

environment (MGDuff, 2013). A preliminary survey to boat owners on the Hamble (Rees 
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et al., 2017) and a previous study by Wood (2014) in the Plymouth region found vessels 

have an average of three anodes. Zinc anodes are one of a number of zinc sources to 

estuarine environments, which also includes antifouling paints, sewage works and road 

runoff (Bird et al., 1996; Boxall et al., 2000; Yebra et al., 2004). Anodes have, however, 

been overlooked as a major zinc source in many estuaries in the past, with very few studies 

looking at the zinc release from anodes and its impact on the estuarine environment (Bird 

et al., 1996; Boxall et al., 2000). An EQS (Environmental Quality Standards) of 7. 9µg/l 

has been set for total dissolved zinc in the UK marine waters, to which estuaries should 

comply (Maycock et al., 2012). The Hamble has 3000 vessels present which means the 

estuary has the potential to exceed this EQS for zinc with zinc from anodes being released 

from so many vessels.  

Anecdotal evidence suggested that sacrificial anodes corroded quicker on the Hamble 

estuary compared with elsewhere, with a number of hotspots for anode corrosion occurring 

in the vicinity of areas of high boat density. This could lead to a greater anode zinc load to 

the Hamble than in other estuaries, owing to the presence of around 3000 vessels within a 

relatively small estuary. A preliminary survey was sent out to boat owners on the Hamble 

to determine the perceived reasons for this anode corrosion rate and determine the general 

knowledge of cathodic protection and anode use among boat owners (Rees et al., 2017).  A 

number of reasons for a varied and quicker anode corrosion rate were suggested by boat 

owners on the Hamble these included salinity, stray currents (electrical), metal objects in 

the river, anode quality and the metal railway bridge at Bursledon (Rees et al., 2017). A 

general lack of awareness about anode use and cathodic protection was evident among boat 

owners, on the Hamble and beyond (Wood, 2014; Maringuiden, 2014; Maringuiden, 2015; 

Rees et al., 2017). This general lack of knowledge meant that in some cases vessels were 

using the wrong anode types (including magnesium in seawater, which will corrode in 

matter of months and has potential to corrode vessel) or using more anodes then they 

required, which will lead to a greater zinc release rate than necessary (Rees et al., 2017). 

Some of the suggested reasons for anode corrosion such as metal items in the river and the 

metal railway bridge are not electrochemically possible as the anode and cathode are not 

connected to one another (Morgan, 1987; Rees et al., 2017). This shows the physio-

chemical factors which cause different corrosion rates in sacrificial anodes are not always 

understood by boat owners (Morgan, 1987; Rees et al., 2017).  Factors such as salinity and 

stray electrical currents can affect the corrosion rates of anodes within the estuarine 

environment and therefore control zinc loads to the Hamble estuary (Rees et al., 2017). 
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1.2 RESEARCH AIM AND OBJECTIVES  

1.2.1 AIM 

 To evaluate the importance of sacrificial zinc anodes as a source of the metal to the 

Hamble estuary and its implications for management  

1.2.2 OBJECTIVES  

 To identify the zinc sources and loads to the Hamble estuary  

 To evaluate the main factors controlling anode corrosion rates on the Hamble  

 To determine the potential impact of elevated zinc concentrations by determining 

its chemical speciation, comparing observed concentrations with the Environmental 

Quality Standard and assessing the concentrations present within sediments and 

suspended particulate matter  

 To evaluate the implications for management and identify suitable mitigation 

strategies for the Hamble  

1.3 CONTRIBUTION TO KNOWLEDGE  

This research has added to the current understanding of factors controlling anode 

corrosion, shown anodes as a major zinc source to the estuarine environment, determined 

estuarine zinc speciation with total dissolved, labile and free zinc analysed; along with 

quantifying dissolved organic carbon (DOC) which is known to have mitigating effects on 

zinc toxicity. The DOC was further characterised by determination of humification indices 

(HIX), recent autochthonous contribution (BIX), as well humic and fulvic presence to 

establish the likely source of the DOC observed. This study has also added to the 

knowledge of source appointment modelling for estuarine environments, which highlighted 

zinc anodes as a major source to the Hamble.  

This study has confirmed that anodes are the largest zinc source to the Hamble estuary 

with loads from experiments within this study and the literature predicting up to 6.23 to 

7.11t/yr of zinc from anodes (Boxall et al., 2000). Sewage works effluents which often 

tends to the highest zinc source to freshwater environments was low at 0.12t/yr, for the 

Hamble. Anodes have been overlooked as a major zinc source in many other estuaries, 

with very few studies focusing on anodes as a zinc source. Other estuaries with high boat 

numbers will also have higher zinc loads from anodes than previously assumed and/or 

predicted. In light of this study anodes should be recognised as a major zinc source to the 

estuarine environment with high leisure boat density and further studies on other estuaries 

to build on the work of this study. Source apportionment modelling using the GEMCO 

model determined the magnitude and loads of zinc sources to the river Hamble, which 
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included anodes, antifouling paints, sewage works and road runoff. This validated the 

predicted zinc loads to the Hamble estuary and highlighted anodes as a major zinc source. 

Factors controlling anode corrosion rates were investigated on the Hamble, salinity and 

stray currents (electrical) were found to be influence anode corrosion.  Whilst other 

suggested theories from the preliminary survey, were disproved with scientific reasoning 

such as those for metal items and the railway bridge. The results from the survey have been 

fed back to boat owners on the Hamble, leading to a greater understanding of cathodic 

protection principles among some boat owners, as well as providing more reliable advice 

and information for them.  

A substantial zinc dataset for the Hamble has been collected and this has been compared 

with the zinc EQS set for marine waters of 7.9µg/l as an annual average for total dissolved 

zinc (Maycock et al., 2012), the Hamble exceeded the EQS at times with anodes being the 

major zinc source. Comparing labile zinc concentrations with the EQS showed 

exceedances at seven sites out of the thirty two sampled in October 2016 and November 

2016, all within areas of high boat density, and free ion concentrations (the most 

bioavailable, and hence most toxic form) was never above the EQS. There are few reports 

of zinc speciation in estuaries and so this data highlights the need for zinc speciation to be 

taken into account as part of the EQS setting process, as is the case in freshwater. The data 

showed the impact of boats on the total dissolved, labile and free zinc levels within the 

Hamble estuary over the course of several seasons and generally the variability was low for 

the Hamble. Very few free zinc datasets for marine waters exist for the estuarine 

environment, with fewer still for boating areas.  

The knowledge of DOC (Dissolved Organic Carbon) was enhanced with the DOC dataset 

collected for the Hamble and this was used to determine the complexation with zinc within 

the Hamble estuary. DOC as characterised by  humic and fulvic acid, HIX and BIX was 

determined, this is a relatively new research area with just DOC measured in most cases in 

the past, so very few estuarine datasets exist where there has been a characterisation of the 

DOC pool. For the Hamble the DOC levels generally remained consistently low 

throughout the estuary, which meant usually no correlation was observed with the DOC 

pool and metal speciation. Higher DOC levels were higher observed in the upper estuary. 

This was due to the salinity and mixing regime of the Hamble along with the small 

freshwater input. This highlights how different estuarine conditions can impact upon the 

DOC pool and metal complexation capacity of the estuary.  
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This study has also shown the estuarine dynamics of the Hamble estuary, which indicates 

most of the zinc released from anodes on the Hamble resides in the SPM (Suspended 

Particulate Matter) of the estuary compared with the sediments and water column. Other 

studies in the past have assumed the zinc mainly resided in the sediments on the estuary 

bed, not the SPM. 

1.4 LAYOUT OF THE THESIS  

This thesis is laid out using the following format. Chapter two introduces the main zinc 

sources to estuarine environments and explains anode corrosion and use on pleasure craft, 

along with exploring the fate and speciation of metals in the estuarine and marine 

environment. Chapter three focuses on the methodological techniques used within this 

study ranging from collection of water samples to in-situ and laboratory anode 

experiments, whilst chapter four presents’ results from the range of experiments carried 

out, the zinc levels within the Hamble estuary and the modelling results. Chapter five 

discusses the findings of this project and highlight the implications of these upon the 

estuarine and marine environment. Finally chapter six concludes this work and make 

recommendations for future studies. The Appendices for this study can be found in a 

separate volume (volume 2), in the appendices full datasets for the estuary samples can be 

found, along with full results from the anode experiments and modelling.  
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CHAPTER 2 - THE MAIN SOURCES, FATE, SPECIATION AND 

BEHAVIOUR OF METALS IN THE ESTUARINE ENVIRONMENT 

AND FACTORS AFFECTING ANODE CORROSION 

2.1 INTRODUCTION  

This chapter will focus on the main zinc sources to estuarine environments along with the 

Environmental Quality Standard (EQS) for marine waters and sediment standards 

regarding metals, whilst also determining the levels and effects of zinc on marine life and 

the environment. The effects of recreational craft on these metal levels will be discussed in 

detail. This chapter will also discuss anode corrosion and use on pleasure craft, to 

determine the effects these have on the anode zinc load.  

2.1 WATER AND SEDIMENT ENVIRONMENTAL STANDARDS   

Zinc can be toxic to marine organisms at elevated levels (EC, 2007), with 3,000 vessels 

present on the Hamble anodes are likely to cause the environmental standards on the 

Hamble to be exceeded. The preliminary survey to boat owners suggested a number of 

factors controlling the anode zinc load to the Hamble, which will determine if the zinc 

levels on the Hamble are above environmental standards.  Zinc has been included by the 

UK as a specific pollutant in the Water Framework Directive (WFD, 2000/60/EC) 

(Maycock et al., 2012; UKTAG, 2013). Zinc requires an Environmental Quality Standard 

(EQS) for fresh and marine waters under the WFD, if marine waters meet this standard 

they are classified as good under the WFD (Comber et al., 2013; Maycock et al., 2012; 

UKTAG, 2013). The EU WFD aims to deliver river basin management across Europe 

(Comber et al., 2008). The previous EQS for saline waters set under the Dangerous 

Substances Directive was 40µg/l, this, however, has been revised to 7.9µg/l (including a 

background concentration of 1.1µg/l) for the UK (Miller et al., 2000; Maycock et al., 

2012; UKTAG, 2013). The European commission have found freshwater aquatic natural 

backgrounds levels of zinc to vary between 3 – 12µg/l within Europe (EC, 2007; UKTAG, 

2013).  

Sediment standards for sediment being dredged and disposed of have been set guidelines 

by CEFAS, these guidelines have a number of criteria and set satisfactory levels for marine 

life. A low effect range which has a limited if any effect on marine life of 120µg/g has 

been set for zinc, whilst a median effect range where anything above the standard is likely 

to have some effects on marine life, has been set at 270µg/g (Table 3.1) (Rowlett and 

Ridgeway, 1997; Miller et al., 2000).  Levels above the median range are considered toxic 

to marine life. Canada has similar standards to the CEFAS standards, these guidelines are, 

however, for estuarine sediments in-situ. Under the Canadian standards a threshold effect 
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level of 124µg/g dry weight for zinc and a probable effect level of 271µg/g have been set, 

between these levels could have some effects to marine life and above the probable level 

effects are likely (Table 2.1). NOAA set standards of 120 and 270µg/g dry weight 

determined from the biological effects database. The lower NOAA levels are not expected 

to have any adverse effects on marine life and the upper limit, adverse biological effects 

frequently occur (Miller et al., 2000; CCME, 1999; CCME, 2002).  

Table 2.1: Sediment metal standards 

  Canadian sediment standards CEFAS dredged material guidelines 

Metal 
Threshold 

effect level µg/g 

Probable effect 

level µg/g 

Effect range low 

µg/g 

Effect range 

median µg/g 

Zinc 124 271 120 270 

Arsenic 7.24 41.6 -   - 

Cadmium 0.7 4.2 5 9 

Chromium 52.3 160 80 145 

Copper 18.7 108 70 390 

Lead 30.2 112 35 110 

Mercury 0.13 0.7 0.15 1.3 

Nickel -  -  30 50 

(Rowlett and Ridgeway, 1997; CCME, 2002) 

Aluminium is a metal which can be used for anodes in brackish waters and seawaters, but 

unlike zinc there are currently no standards set for concentrations in marine waters or 

sediments (Mao et al., 2011). 

2.2 ZINC (AND METAL) SOURCES TO ESTUARIES  

Metals within estuaries can come from a wide range of sources including anthropogenic 

sources, weathering of rocks within the catchment area of the estuary and river and 

materials carried into the estuary system by tides (Emmerson et al., 1997). Metals can 

either be supplied directly to estuaries from sources such as sewage works or boats within 

the estuary complex or are transported to estuaries via rivers (Wright and Mason, 1999).  

Sources of zinc into the marine environment include sacrificial anodes, mining, industrial 

processes, atmospheric inputs, sewage works, road runoff, urban runoff, animal excrement, 

animal feed, soil erosion, agriculture, traffic emissions, tyres, coal and oil combustion, 

domestic waste, landfill sites, ship breaking, leaching from microplastics and antifouling 

paints on boats and in extreme cases acid spills (Emmerson et al., 1997; Baeyens et al., 

1998; Matthiessen et al., 1999; Wright and Mason, 1999; Boxall et al., 2000; Pirrie et al., 

2003; Napier et al., 2008; Mighanetara et al., 2009; Cabon et al., 2010; Ytreberg et al., 

2010; Mottin et al.,  2010; Mottin et al., 2012; Comber et al., 2013; Turner et al., 2015; 

Rees et al., 2014; Beane, 2014; Beane et al., 2015; Brennecke et al, 2016; O’Shea et al., 

2018).  
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Source apportionment modelling can be carried out on a catchment area or on a regional 

basis to identify the main sources of these metals to rivers and estuaries, using a range of 

models including the GEMCO model (Comber et al., 2013; Comber et al., 2015). 

2.2.1 SACRIFICIAL ANODES  

Sacrificial zinc anodes are a known zinc source to the estuarine environment, studies in the 

past have, however, underestimated the quantity of zinc released from zinc sacrificial 

anodes annually (Bird et al., 1996; Boxall et al., 2000). Zinc sacrificial anodes are 

designed to corrode by about 50% each year, anodes are normally at least 1kg in size, so 

large amounts of zinc can be released from anodes (Harris, 2008; MGDuff, 2013).  

Harbour sediments and waters often have high concentrations of trace elements due to 

harbour activities and shipping movements, these sources include marine paints and 

sacrificial anodes (Briant et al., 2013). Sacrificial anodes are generally considered to be a 

localised and small source of zinc to most estuaries, the Hamble, however, is likely to be 

different due to the large boat numbers present within a relatively small estuary (3,000 

vessels) (Bird et al., 1996; Boxall et al., 2000).  

2.2.1.1 ANODES AS CONTAMINANTS - WATER COLUMN  

Zinc water levels can be particularly high in harbours due to large vessel numbers with 

zinc anodes and limited flushing of the harbours by the tides (Rousseau et al., 2009). Up to 

25µg/l has been observed in some tidal conditions (Bird et al., 1996; Rousseau et al., 

2009). Zinc concentrations in the open ocean are considerably lower around 0.5µg/l 

(Brown et al., 1989).  

In open marinas water levels are between 2 and 5µg/l, enclosed marinas 20µg/l (Bird et al., 

1996).  Bird et al., (1996) carried out research on the Orwell estuary and Poole harbour, 

these rivers were chosen due to large boat numbers, as well as areas with little boating 

activity (Table 2.2). Their study found zinc water concentrations of 13.7 and 10.7µg/l in 

two marinas at Poole harbour, whilst the control sites had levels of 2.3 and 2.0µg/l. On the 

Orwell a marina open to full estuarine tidal flows had a zinc concentration of 5.0µg/l, 

showing very little variation from the nearby control site (4.8µg/l). A semi enclosed marina 

had a concentration of 6.1µg/l, whilst a fully enclosed basin marina had levels of 13.1µg/l, 

a sample from directly outside the lock gate had concentration of 5.4µg/l (Bird et al., 

1996). 

Matthiessen et al., (1999) found the highest zinc water concentrations on the Orwell at 

Wolverstone Marina and Titchmarsh Marina on Hamford Water (110 - 211µg/l). Other 
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boating areas such as Fenn Creek and Battlesbridge on the Crouch also tended to have high 

zinc levels (50-72µg/l) (Table 2.2 and Table 2.3). A number of sites on the river Crouch 

and Roach exceeded 10µg/l, there are 18 moorings and marinas within these rivers, so 

vessels likely contribute to these zinc levels. Norton Creek, Brancaster has restricted boat 

access to dinghies and occasional sport cruisers, zinc concentrations were uniformly low 

(2.0 -8.7µg/l). This study provided evidence that zinc concentrations are raised by boats 

(Matthiessen et al., 1999). 

Studies by Wood (2014)  and Harrison (2015) in Sutton Harbour and Queen Anne’s 

Battery, Plymouth, found raised zinc concentrations from sacrificial anodes, with the 

locked marina at Sutton Harbour having the highest concentrations (9 to 47.79µg/l, 

average 17µg/l) (Table 2.2, Table 2.3). The average zinc load entering the marina ranged 

between 0.0004 and 0.0171kg/d. Queens Anne Battery had concentrations ranging between 

2 and 15µg/l with an average of 7µg/l and showed more consistent concentrations 

compared with Sutton Harbour.  

Sutton Harbour is an enclosed marina with limited water exchange only at high water, 

which raises the zinc levels (Table 2.2). Queens Anne Battery a semi enclosed marina had 

considerably lower zinc concentrations (Wood, 2014). These results proved similar to 

previous studies on the Orwell, Hamble and Poole Harbour (Bird et al., 1996). 

Higher salinities tended to have lower concentrations of total dissolved zinc, with salinity 

within Sutton Harbour being around 32 – 33 (Wood, 2014). High zinc levels within Sutton 

Harbour generally coincided with periods of heavy rainfall. The control sites within 

Plymouth Sound had concentrations of 2µg/l (Wood, 2014). It was estimated from a survey 

to boat owners in the Plymouth region and total dissolved zinc concentrations within 

Sutton Harbour that zinc loading for all boats was 2.90kg/d. The MAMPEC predicted the 

same or similar concentrations as observed samples for the Plymouth study by Wood 

(2014).  
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Table 2.2: Zinc water and sediment concentrations - different marina types 

Type of marina TDZn µg/l  Zn sediments µg/g Reference 

Concrete basin, enclosed marina, with lock 

– Orwell  
13.2 – 21.2  127 – 262 (Bird et al., 1996) 

Semi enclosed marina 1 – Poole Harbour  10.7 – 23.1  169 - 248  

Semi enclosed marina 2 – Poole Harbour  13.7 161 – 193  

Open marina 1 – Orwell  5 126 – 127  

Open marina 2 – Orwell  6.1 112 – 127  

Marina upstream – Hamble 

(Summer/Winter) 
9.18/ 7.99 - 

(Boxall et al., 

2000) 

Marina estuary mouth – Hamble 

(Summer/Winter) 
7.52/2.97 -  

Open marina – Orwell (Summer/Winter) 2.69/6.1 -  

Inlet marina – Orwell (Summer/Winter) 9.1/14.4 -  

Locked marina – Orwell (Summer/Winter) 10.49/19.9 -  

Locked marina -Sutton Harbour Plymouth  9-46 376 
(Wood, 2014; 

Harrison, 2015) 

Semi enclosed - Queens Anne Battery, 

Plymouth  
2-23.61 212.5  

Semi enclosed - Yacht Haven , Plymouth 
4.31 - 11.12 

(12.3) 
212.7 (Harrison, 2015) 

Semi enclosed - Mayflower Marina, 

Plymouth 

4.31 - 11.12 

(6.8) 
159  
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Table 2.3: Zinc water marina and estuary concentrations in boating areas 

Location/Marina Dissolved zinc (µg/l) Reference 

Wolverstone Marina Orwell Highest range 110-211 Matthiessen et al., 

(1999) 

Titchmarsh Marina  Hamford Water Highest range 110-211  

Fenn Creek and Battlesbridge, Crouch Highest concentration range 50 – 72 

(some samples were below 10) 

 

Bramble Creek, Hamford Water Highest concentration range 50 – 72  

Rowhedge, Colne Highest concentration range 50 - 72  

Baltic Wharf, Stour Highest concentration range 50 – 72  

Norton Creek, Brancaster (low boat 

density) 

2.0 - 8.7  

Sutton Harbour, Plymouth 9 - 46 Wood, (2014) 

Queens Anne Battery Plymouth 2 - 15  

Plymouth Sound (low boat density) 2  

Sutton Harbour, Plymouth 15.35 - 47.79 Harrison, (2015) 

Queens Anne Battery Plymouth 7.16 - 23.61  

Yacht Haven, Plymouth 6.12 - 22.73  

Mayflower Marina, Plymouth 4.31 - 11.12  

Poole Harbour Marinas  6 – 21  Bird et al., (1996) 

Orwell Marinas  2.69 – 19.9  Boxall et al., (2000) 

 

An equation can be used to estimate zinc concentrations released into estuaries from 

anodes (Equation 2.1) (Matthiessen et al 1999). Matthiessen et al (1999) found in Suffolk 

and Essex that individual docks accounted for an estimated zinc range of 60 – 540kg/yr, 

and marinas and moorings a range of 0.29- 320kg/yr. Felixstowe Docks was the largest 

source of each metal in the area. Copper levels were also raised from antifouling paints and 

were often higher than zinc (Matthiessen et al., 1999). It is hard to determine actual levels 

due to other sources and varying background levels. A more recent study by Harrison 

(2015) also found sacrificial zinc anodes to raise zinc concentrations in the vicinity of 

harbours in the Plymouth area.  

Equation to estimate zinc release rate from anodes (Matthiessen et al.,1999; Bird et al., 

1996; Gardner et al.,1995): 

Equation 2.1: Zinc anode leaching rates 

Anodes on a yacht = 1 x release rate      Release rate has a value of 0.29kg/yr 

Studies in Californian marinas found water samples raised with levels of copper and zinc 

from antifouling paints and anodes. Zinc use in antifouling paints in California is limited, 

so anodes are the largest source in this region. Levels of these two metals were always 

higher in marinas compared with areas outside of marinas. The larger saltwater marinas 

along the central and south coast had particularly high concentrations of zinc, brackish and 
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freshwater had lower concentrations as zinc anodes tends not to be used. Levels ranged 

from 1.9µg/l to 50µg/l. The median, however, was less than 8µg/l in 17 out of the 23 

marinas studied, including freshwater marinas (Singhasmanon et al., 2009). Zinc levels in 

the USA are set by the EPA (Environmental Protection Authority) and come under two 

criteria. Firstly, CMC (acute) which is 90μg/l this represents a short-term one hour average 

that should not be exceeded more than once every three years on average. The second is 

the zinc CCC (chronic) which is 81μg/l and represents a 4-day average which cannot be 

exceeded more than once every three years on average (EPA, 2016). These are the only 

standards set as such in the USA and mainly apply to marine life and toxic levels, all sites 

in California met these standards (Singhasmanon et al., 2009). 

Rousseau et al., (2009) conducted a series of laboratory experiments to evaluate the 

potential of zinc as a contaminant to sediments and seawater, using seawater over a 12 

month period. The experiment looked at the calcareous deposits that formed on steel 

structures with cathodic protection in place, structures were submerged in seawater and 

also buried in sediments. The first months of the experiment showed a quicker dissolution 

rate as the current demand is at its highest rate. Leleyter et al., (2007) however did not 

observe an increase in zinc dissolution after the first month, like Rousseau et al., (2009), it 

has been concluded that initial zinc contamination affected the impact of sacrificial anodes 

dissolution in seawater. Rousseau et al, (2009) found that zinc contamination became less 

after the first month, suggesting an equilibrium is achieved. This could be explained by a 

decrease in the current demand and also calcareous deposits limiting zinc dissolution, 

anodes were also removed from the tank at regular intervals which would reduce zinc 

levels and the water became diluted over time. Zinc levels increased during this experiment 

by six times from the initial value.  

Ballast tanks contain zinc anodes to stop corrosion, and so therefore ballast water can have 

raised zinc levels. Areas within ports where ballast tanks are emptied could become locally 

contaminated like marinas, this is however regulated in many countries (Jelmert and 

Leeuwen, 2000). Wagner et al. (1996) monitored zinc concentrations in ballast tanks 

containing zinc anodes on US Navy vessels, with ballast water zinc levels of 2597, 400 and 

200µg/l recorded.  

2.2.1.2 ANODES AS CONTAMINANTS - SEDIMENTS  

Bird et al., (1996) found zinc concentrations in marine sediments to be markedly higher 

than those collected at control sites on the river Orwell and Poole harbour (Table 2.2). 

Marinas were divided into open marinas with good tidal flushing, semi enclosed marinas 
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with limited tidal flushing and enclosed marinas which were open at high tide. Zinc 

sediment concentrations in two enclosed marinas one on the Orwell and one in Poole 

Harbour ranged from 200 – 300µg/g compared with 100µg/g at control sites. The zinc 

levels in the other types of marinas also tended to be higher within the marinas with 

concentrations ranging between 112 to 193µg/g.  Boxall et al, (2000) observed similar 

results to Bird et al, (1996) on the river Orwell and Hamble, with zinc in marinas on the 

Hamble being 200µg/g and 100µg/g in the estuary. The Orwell had marina levels of 150-

614µg/g whilst the estuary had 27-230µg/g. The Hamble varied less between the estuary 

and marinas, as boats are moored mid channel, making it easier for zinc to disperse (Boxall 

et al., 2000). In most cases the CEFAS and Canadian low range standard of 120/124µg/g 

was exceeded and in a few cases the high range of 270/271µg/g was exceeded. This means 

some effects are likely to be observed on marine life in areas of and surrounding high boat 

densities (Rowlett and Ridgeway, 1997; Miller et al., 2000). 

The French port of Camargue in the Mediterranean has raised trace elements due to marine 

paints and zinc anodes. The harbour has around 500 moorings and maintenance yards. Zinc 

ranged between 17 and 475µg/g within the Harbour. Zinc was enrichment by a factor of 9 

in areas of boat maintenance (Briant et al., 2013).  Similar observations were observed in 

Swedish boat harbours by Eklund et al., (2016) with sediment zinc concentrations ranging 

between 131-415µg/g. Sediment samples were collected from four natural harbours and 

eleven small boat harbours in the county of Västra Götaland on the west coast of Sweden 

for their metal content. The natural harbours were situated in remote areas of marine 

reserves as a comparison to high boat density areas and they tended to have lower metal 

levels (Eklund et al., 2016). Copper levels within sediments ranged between 6.68-42.1µg/g 

within the natural harbours and 33.3-301µg/g in the small boat harbours, suggesting a 

contribution from antifouling paints in harbour regions (Eklund et al., 2016). 

2.2.2  ANTIFOULING PAINTS  

Some antifouling paints are zinc based or contain zinc based compounds as biocides, these 

include zinc pyrithione, zineb and zinc acrylate copolymers, whilst copper based paints 

contain other metals including zinc, iron and titanium. Most antifouling paints within the 

UK are copper based such as International Cruiser Uno, they can still, however, contain 

zinc based compounds like zineb and zinc pyrithione as active biocides (Young et al., 

1979; Boxall et al., 2000; Yonehara et al., 2001; Yebra et al., 2004; Warnken et al., 2004; 

Maraldo and Dahllöf, 2004; Readman, 2006; Chambers et al., 2006; Turner et al., 2008; 

Singh and Turner, 2009; Briant et al., 2013; Rees et al., 2014; Eklund et al., 2016; Bighiu 
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et al., 2017). Within the UK currently around 95% of antifouling paints contain copper or 

cuprous oxide (CuO) as the active biocide (Beeson, 2016). Zinc based antifouling paints 

were relatively common in Sweden due to copper based paints being banned in freshwater 

and the Northern areas of the Baltic Sea (Eklund et al., 2016; Bighiu et al., 2017). The zinc 

based paints used were found to be more toxic than the copper based paints, a ban was 

proposed in 2011 which lead to many zinc based paints being withdrawn from the Swedish 

market (Intertek Nordic, 2009; Chemical watch, 2011). Biocide free paints have been 

proposed instead for Swedish waters, copper based paints currently remain the most 

common (Eklund et al., 2016; Bighiu et al., 2017).  

Booster biocides such as Igarol 1051, dichlofluanid, diuron and Sea Nine 211 were 

commonly used along with zinc pyrithione and zineb and up until 2000 when 

environmental concerns meant the UK Health and Safety Executive banned their use on 

vessels under 25 metres and only allowed the use of zinc pyrithione, zineb and 

dichlofluanid. Igarol 1051 on vessels above 25 metres in July 2003 (Hasan et al., 2014). 

The ban came in place for these compounds as it was suggested that they could have 

similar effects to TBT for the marine environment (Beeson, 2016; Hasan et al., 2014). TBT 

was banned on vessels under 25 metres in 1989 and vessels over 25 metres in 2003 as a 

result of the damage caused to the marine environment (Hasan et al., 2014). 

Zinc can also be used as a pigment in marine paints giving a yellow or white colour (Abel, 

1999; IPIC, 2012). Zinc oxide is used two regulate the dissolution of the paint film, 

stabilise the wet paint in the can and modify the dry film properties by absorbing UV light. 

Zinc oxide within paint determines the wear rate of the paint insuring strength and stability 

are achieved throughout the paints intended service life and enables it to set (IPPIC, 2012). 

A study by Turner (2010) showed paint fragments in recreational UK boatyards comprised 

of up to 15% zinc, and up to 35% copper.   

The two main types of antifouling paints are hard antifoul and self-polishing. Hard antifoul 

paints generally tend to have a copper biocide, which leaches out slower over time when in 

contact with seawater (works better when moving). The second type known as soft or self-

polishing antifouling paints erode yearly so a fresh layer of biocide is needed annually, 

copper is also normally the primary ingredient (Beeson, 2016), along with other biocides. 

Self-polishing paints work even when the vessel is moored and tend to consume the 

biocide present quicker than hard antifouling paints (Buskens et al., 2013; Beeson, 2016; 

Bighiu et al., 2017). Self-polishing copolymers are currently the most widely used type of 

antifouling paint (Buskens et al., 2013; Bighiu et al., 2017). In the preliminary survey on 
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the Hamble all vessels who responded to the survey were using copper based paints, as 

well those beyond the Hamble who responded (Table 2.4). International micron and 

Coppercoat were the most widely used paints. 

Table 2.4: Antifouling paints used on the Hamble from preliminary survey 

Beyond Hamble in brackets, some respondents did not fill in this section of the survey.  

Type of antifouling paint Main ingredient Number of vessels using 

Jotun Sea queen– Self 

polishing 

Copper Oxide 3  (1) 

Premier Cruising – self 

polishing 

Copper oxide 1 

International Cruiser Uno – 

self polishing 

Copper oxide 9  (1) 

International Micron/micron 

extra – self polishing  

Copper oxide 16   (5) 

International VC offshore Copper oxide 2 

Hempel Tiger extra Copper oxide 5  (1) 

Hempel Blakes classic Copper oxide 4 

Hempel hard racing Copper oxide 3 

Hempel Cruising Copper oxide 2 

Hempel Ocean performer  Copper oxide 2 

Nautix A88 Copper oxide 1 

Coppercoat Copper oxide 12 

Teamac bronze self-polishing  Copper oxide 1 

Flag cruiser – self polishing  Copper oxide  2 (1) 

Seajet Shogun Copper oxide 2 (1) 

Seajet Emperor Copper oxide 1 

Seajet samurai  Copper oxide (1) 

 

Ytreberg et al., (2010) concluded that concentrations of zinc and copper could exceed 

threshold toxic levels in water, in areas of high boat density. Antifouling paints are not 

only a source of metal contamination to the water column but also sediments and soils 

adjacent to harbours and marinas (Turner, 2010; Turner, 2013; Bighiu et al., 2017). Very 

high metal concentrations (Pb, Cd, Hg, Cu, Zn) and organic contaminants (TBT, PAHs and 

PCBs), were found to accumulate on the top layer of soil in boatyards due to boat 

maintenance activities (Eklund and Eklund 2014). 

Biofouling waste has not often been considered a source of metal contamination to the 

marine environment, but a recent study in Sweden by Bighiu et al., (2017) has shown 

biofouling waste to be a large source, with up to 28,000 mg copper/kg dw and 171,000 mg 

zinc/kg dw observed. Biofouling waste is any organisms and paint flakes washed off in the 

annual scrub and re-application of antifouling paint. This waste can often be disposed of in 
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boatyard soils, leading to increased metal contamination (Turner et al., 2009; Turner, 2010; 

Bighiu et al., 2017).  

2.2.3 INDUSTRIAL PROCESSES  

Industrial processes were once major sources of trace metals to UK estuarine 

environments, in the last few decade’s levels have decreased due to less industry occurring 

and clean-up operations (Emmerson et al., 1997; Schneider et al., 2015).  

Southampton Water has higher reported heavy metal and hydrocarbon levels around 

Fawley oil refinery with zinc levels of 38-171µg/g in the vicinity of the plant, elsewhere in 

the River Test and Southampton Water levels ranged between 18- 171µg/g (ABP, 2000; 

ABP, 2015).  Sharfi et al., (1991) found levels between 127-470µg/g within Southampton 

Water with highest two levels being 403 and 407µg/g nearest to Fawley. A sample site at 

the mouth of the Hamble had 127µg/g (Sharfi et al., 1991).  Zinc levels in sediment cores 

however declined from the 1970s to the 1990s (Croudace and Cundy, 1995). On the 

Hamble industry tends to be small and what does occur tends to be boat related, with a 

number of boatyards and maintenance facilities along its banks.   

On the Hamble a smelting works was situated at Warsash in the 19th century (Wright et al., 

2016). This has impacted on the foreshore with very high metal levels being observed, zinc 

levels as high as 3500µg/g were observed under XRF analysis of the sediments, whilst 

copper levels as high as 918µg/g and lead of 1937µg/g were observed (Wright et al., 

2016). Nickel remained relatively low at 152µg/g, which further highlights the degree to 

which the other metals contaminate the site. The slag and waste from this former smelting 

works was dumped on the foreshore to dispose of it and increase the height of the 

foreshore, hence the high metal levels observed (Wright et al., 2016). This is a local metal 

pollution source to the Hamble estuary, with the metals likely being remobilised into the 

water column with the sediments on each tidal cycle (appendix 31).  

2.2.4 DREDGING  

Dredging of sediments for shipping channels, etc. can mobilise metals within the sediments 

(ABP, 2000). The accumulation of heavy metals in dredged sediments is based on factors 

including the mineralogical texture of the sediment, natural background levels of heavy 

metals, recent and past anthropogenic sources, dredging activities and port development 

(Hamdoun et al., 2014).    
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2.2.5 SEWAGE WORKS  

Effluent from wastewater treatment works can be a source of metals into the riverine, 

estuarine and coastal environment (Emmerson et al., 1997; Gardner et al., 2013). Sewage 

effluents are one of the main metal sources to most UK estuaries (Jaffe and Walters, 1977). 

Sewage influent from 16 different sewage works from across the UK had a total zinc 

concentration average of 180µg/l, 23% of which was dissolved zinc (41µg/l). The 

coefficient of variation between wastewater treatment works (CoV) for metals was lowest 

for zinc (0.4) indicating consistent occurrence throughout the UK (Gardner et al., 2013). 

Dissolved zinc is not readily removed by the wastewater treatment facility, related to 

aspects of the metal complexation (Constantino 2012; Gardner et al., 2013; Constantino et 

al 2015). Gardner et al., (2013) observed removal of 0 to 70% of dissolved zinc from 

influent throughout the water treatment process and Santos et al., (2010) 30 to 79%. Zinc 

in sludge had a mean concentration of 493µg/g (Gardner et al., 2013). The dissolved zinc 

median reported in effluent from 160 sewage works across the UK was 24µg/l (Gardner et 

al., 2012). This will be diluted further once released into the water body of the estuary.  

Sewage effluent is regulated to prevent contamination, but few consents are applied for 

zinc in the UK. Crude sewage from thirty English sewage works had zinc levels between 

23.5 – 770µg/l, with a mean of 155.4µg/l (Rule et al., 2006). Averages for nine towns 

across the UK had varying zinc concentrations in effluent from domestic sources, trade and 

light industry. Trade effluent tended to have highest zinc concentrations (Table 2.5) 

(Comber et al., 2015). This therefore shows that trade and light industry provides more 

zinc to wastewater treatment works than domestic sources.  

The Hamble is a rural catchment with a low population density. There are two sewage 

works at Bursledon on the tidal Hamble and Bishop Waltham in the freshwater section. A 

third sewage works at Botley is currently just a storage facility with sewage pumped to 

Peel Common treatment works near Gosport. These are relatively small treatment works 

due to the small population size of the Hamble catchment. Other rural properties will have 

septic tanks which will also be a minor zinc source.  

Table 2.5: Sources of effluent from nine towns across the UK (Comber et al., 2015) 

Source Average zinc dissolved µg/l Average total zinc µg/l 

Runoff 68 185 

Trade 474 808 

Industry 153 535 

Domestic sources 39 156 

Town Centre 39 132 
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2.2.6  TYRES  

Tyres are also a reported source of zinc to the marine environment, with no set standards 

for tyre manufacture, the zinc concentration varies within tyres, where it is used as the 

oxide within the rubber matrix to improve strength and resistance to aging. Studies have 

found zinc concentrations in car tyres to range between 320 -23,000µg/g. Truck tyres can 

have almost double this zinc. Tyres can lose up to 10% through wear in their life onto road 

surfaces, this will be washed into rivers, estuaries and combined sewers (Smolders and 

Degryse, 2002; Hjortenkrans et al., 2007; Reddy et al., 2014; TDC Environmental, 2015). 

Brake pads are also a minor source of zinc into the environment (TDC Environmental, 

2015). The M27 motorway road runoff flows straight into the Hamble at Bursledon so it is 

likely to be a zinc source to the Hamble, as is the smaller A27 road running through 

Bursledon. There will also be a number of smaller rural roads which could provide runoff 

within the catchment.  

2.2.7 ABANDONED VESSELS  

Abandoned vessels whether wood, fibreglass or metal can become a metal pollution source 

to the estuarine environment. Many estuaries worldwide are littered with these sorts of 

wrecks, some are historically significant sites (Lord-Boring et al., 2004; Turner and Rees, 

2016; Stevenson, undated). Metal pollution can come from a range of sources such as 

antifouling paints, chains, rusting winches and fittings, appliances such as ovens and 

fridges and metal sheeting. Many of these vessels tend to be former houseboats so can have 

many items such as ovens left on board (Turner et al., 2015; Rees et al., 2014; Turner and 

Rees, 2016). There are a number of abandoned vessels on the Hamble estuary similar to 

those studied by Rees et al., (2014) so they are likely to be a similar localised metal source.  

2.3 CORROSION AND ANODE USE ON PLEASURE CRAFT  

Sacrificial zinc anodes are vital to protect vessels from corrosion but at the same time they 

release zinc into the estuarine environment, with elevated levels observed within sediments 

and the water column. Galvanic corrosion is the most common type of corrosion to occur 

on boats in the marine environment and anodes are used to protect vessels from this type of 

corrosion (Rothwell and Tullmin, 2000; Warren, 2006). 

2.3.1 GALVANIC CORROSION IN THE MARINE ENVIRONMENT  

Galvanic corrosion occurs when two or more dissimilar materials are in the presence of an 

electrolyte (Mattsson, 1996; Rothwell and Tullmin, 2000; Rajendran and Murugesan, 

2011) (Figure 2.1, Equation 2.2 and Equation 2.3). Electrons are transferred between the 

anode and cathode via the metallic surface whilst ions must be transferred through the 
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solution or corrosive environment for galvanic corrosion to occur (Kenfig and Mills, 

2017). The rate of corrosion can be controlled by chloride ion content, temperature and pH 

(Rajendran and Murugesan, 2011).  

 

Figure 2.1: Principles behind galvanic corrosion where the anode protects the cathode, 

they must be in contact for this to occur (Morgan, 1987). 

Equation 2.2: Cathodic Protection reaction in a cell 

𝑀𝑒𝑡𝑎𝑙 𝑖𝑜𝑛 + 𝑒𝑙𝑒𝑐𝑡𝑖𝑜𝑛 → 𝑀𝑒𝑡𝑎𝑙   𝑍𝑛 → 𝑍𝑛++ + 2𝑒 

The current flow between the cathode and anode can be calculated for a corrosion cell 

(Equation 2.3) (Morgan, 1987). 

Equation 2.3: Current flow in a corrosion cell using ohms law (Morgan, 1987) 

Ea = Potential associated with anode          Ec = Potential associated with cathode  

Rm = metal resistance    Ra = Resistance of anode   Rc = Resistance of cathode  

 (𝐸𝑎 − 𝐸𝑐) ÷ (𝑅𝑚 + 𝑅𝑎 + 𝑅𝑐) 

The galvanic series determines the order of corrosion for different metals (Table 2.6). This 

series is fundamental in preventing galvanic corrosion (Mattsson, 1996; Rothwell and 

Tullmin, 2000; Warren, 2006). The electrolyte has to be a good conductor of electricity. 

Seawater acts as an electrolyte allowing it to form a connection with the anode and the 

ship’s hull allowing a current to flow between them. The degree of conductivity affects the 

rate of corrosion and the salinity of the water will determine its conductivity (Von 

Baekmann et al., 1989; Warren, 2006). The temperature, salinity and velocity of the 

seawater can affect where metals are in the galvanic series as metals react differently to 

one another in certain environments (Warren, 2006; Mainier and Perassolli, 2014). This 
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results in metals corroding at different rates. Metals higher in the galvanic series are less 

reactive (noble) compared with metals lower in the series which are active (European 

Federation of Corrosion, 1990). Different metals are more effective in some water bodies 

than others, this led to magnesium being used in freshwater environments, aluminium in 

brackish and seawaters and zinc predominantly in seawater (Young et al., 1979; Bird et al., 

1996; Harris, 2008; Rousseau et al., 2009). 

Table 2.6: Galvanic series - seawater 

Galvanic series Corrosion Potential (Volts) 

Graphite +0.30 to +0.20 

Platinum +0.25 to +0.19 

Titanium  +0.06 to -0.05 

Alloy 825 0 to -0.12 

Stainless steel Types 316 -0.43 to -0.54 

Stainless steel Types 302, 304, 317, 321, 347 -0.05 to -0.10 

Silver 0.2 to -0.25 

Nickel 200 -0.1 to -0.2 

Alloy 600 -0.1 to – 0.15 

Nickel – Al Bronze -0.12 to -0.25 

70-30 copper-nickel -0.2 to -0.26 

Lead -0.19 to -0.25 

Stainless steel Type 430 -0.2 to -0.3 

90-10 copper – nickel -0.2 to -0.28 

Silicon bronze -0.26 to -0.29 

Manganese bronze  -0.25  to -0.35 

Aluminium brass -0.28 to -0.36 

Copper  -0.19 to -0.25 

Tin  -0.31 to -0.34 

Brasses -0.18 to -0.23 

Aluminium Bronze -0.3 to 00.4 

Mild Steel, Cast Iron -0.60 to -0.71 

Cadmium -0.67 to -0.72 

Aluminium alloys  -0.76 to -1.00 

Zinc  -1.60 to -1.63 

Magnesium  -1.60 to -1.63 

                   (Warren, 2006; Nordhaven, 2016) 

2.3.2 CATHODIC PROTECTION AND ANODE CHARACTERISTICS  

Cathodic protection is the name given to the method used to prevent galvanic corrosion. 

There are two main types of cathodic protection; sacrificial anode cathodic protection 

which is used on most pleasure craft and impressed current systems (Harris, 2008; Mainier 

and Perassolli, 2014; Kurniawan et al., 2016; Galvatest, 2017).  

Sacrificial anodes protect the cathode by forming an electrochemical cell (Figure 2.1, 

Equation 2.2) (Rousseau et al., 2009). The anode therefore provides sacrificial protection 



23 

 

for the cathode. For this process to remain effective the corroded anode has to be replaced 

with a fresh anode. The interval of this replacement depends on a number of factors and 

the rate of dissolution. One year is generally considered the norm and recommended by 

anode manufacturers (Figure 2.2) (Harris, 2008; Praktiskt Bätägande, 2010; Rees et al., 

2017). The most important parameter for cathodic protection is resistivity, this varies 

depending on the temperature and salinity of the water body. Seawater normally has a 

resistivity of between 16Ohm/cm and 40Ohm/cm. It contains dissolved oxygen in 

equilibrium with the air and will be present in a concentration of about 8mg/l (Morgan, 

1987).  

 

Figure 2.2: Anodes are connected to a vessel via the boat hull and a wire earthed to an 

item such as the engine block so a cathodic protection is maintained. The anode can be 

seen in the diagram above the propeller shaft (MGDuff, 2013) 

The dissolution rate of the anodes vary according to the protection steps taken and also the 

physico-chemical conditions within the estuary or marina (Rousseau et al., 2009). The 

anode dissolution is quicker when the anode is first installed due to the current demand, 

once the anode becomes covered in calcareous oxide deposits the current demand and 

dissolution rate decreases (Rousseau et al., 2009). During cathodic protection the anode 

undergoes oxidation and is released into the environment as ions and oxides (Shibli and 

George, 2007). As zinc anodes corrode they release zinc into the marine and estuarine 

environment, in the chemical form zinc (II) (Bird et al., 1996; Boxall et al., 2000; Mottin 

et al., 2012). In some areas these levels can be considered toxic to marine life (Rousseau et 

al., 2009).  

Aluminium anodes are an alternative to zinc anodes. Pure aluminium is not suitable for 

galvanic anodes because it is relatively noble in seawater, due to the formation of a passive 

oxide film upon its surface, hence alloys are used (Von Baekmann et al., 1989; De Rincon 

et al., 2003; Shibli et al., 2008; Caplat et al., 2010a). The aluminium anode alloy typically 
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has zinc present. A study by Shibli et al., (2004) showed that zinc is important for the 

activation of aluminium anodes, alloys with low zinc levels did not activate properly, 

whilst too much zinc resulted in stable pitting of the anode. 5% zinc was determined to be 

optimum (Shibli et al., 2004).  Aluminium anodes will not significantly increase the 

soluble aluminium concentration in seawater due to its chemical forms, with aluminium 

hydroxides predominantly being insoluble (Mao et al., 2011). Aluminium is above 

magnesium and zinc in the galvanic series (Table 2.6), so it tends to last 18 months in a 

seawater environment compared with one year for zinc (Morgan, 1987; Harris, 2008).  

The surface of zinc and aluminium anodes will develop a white crust of oxide over their 

surface if left in freshwater. This effectively seals the anode and stops it from working, 

even when returned to seawater (MGDuff, 2013). Consequently magnesium tends to be 

used in freshwater. Zinc anodes can suffer from a similar condition even in brackish 

conditions, whereas aluminium anodes will continue to operate in estuaries and other 

brackish water indefinitely. However, reports show that 90% of all anodes on sea going 

vessels are zinc (Von Baekmann et al., 1989; Bird et al., 1996).  

2.3.1 ZINC ANODE SPECIFICATIONS  

Zinc anodes should all comply with US military specifications, which sets a quality control 

for anode composition (Table 2.7). Zinc makes up 99% of the alloy and the other metals 

present within the alloy should not exceed the levels set under the standards. Metals not 

mentioned within the alloy compound should not exceed 0.1% of the total anode metal 

content (Harris, 2008; MGDuff, 2013; Solent anodes, 2017). 

Table 2.7: Zinc anodes military specifications   

Element US military Specification, metal 

% (max/min) by weight 

Zn 99 

Al 0.1-0.5 

Cd 0.025-0.07 

Pb 0.006 

Fe 0.005 

Other 0.1 

(MGDuff, 2013; Solent anodes, 2017) 

2.3.2 ZINC ANODES USE ON PLEASURE CRAFT 

Zinc anodes are the most common type used on pleasure boats (MGDuff, 2013; Morgan, 

1987). There are an estimated 382,000 marine leisure boats in the UK the majority of 

which will have some form of anode to protect metal fixings from corrosion, as well as 
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some zinc in antifouling paints (Comber et al., 2002; BMF et al, 2013). Leisure craft can 

have up to six to eight anodes on the hull depending on boat characteristics (Figure 2.3) 

(MGDuff, 2013). A study by Wood (2014) in the Plymouth region and the preliminary 

survey to boat owners on the Hamble showed that vessels had an average of three anodes 

per vessel. Anode sizes generally ranged from 0.8 - 5kg, it has been estimated by boat 

owners that between 20 and 60% of the zinc anode remain when replaced annually (Boxall 

et al., 2000; MGDuff, 2013; Wood, 2014; Rees et al., 2017). If a boat contains three 

anodes of 1kg and 40% of the zinc is leached in a boating season, each vessel can 

contribute up to 1.2kg/yr of zinc to the environment (Boxall et al., 2000).  

 

Figure 2.3: Typical formation of anodes on boat hulls, props tend to have anode also, 

hence the average of three per vessel (Anode outlet, 2012) 

The type and shape of anode used varies depending on its intended purpose and the area of 

the boat it is designed for e.g. the hull or propeller (MGDuff, 2003; NME Group, 2014). 

The size of the anode used is also important, if too small it will corrode quickly and the 

corrosion will then move to the next base metal and corrode that instead, i.e. the steel or 

stainless steel components of the vessel. A calculation of the size needed can be calculated 

using the length of the prop shaft, size and number of blades on propeller, material, rudder 

blade area, trim tab sizes and any other appendages which may be vulnerable (Table 2.8 

and Equation 2.4) (Harris, 2008, boatzinc, 2016). This will enable the vessel to be better 

protected and ensure the right number of anodes are chosen for the vessel. 

Equation 2.4: anode size needed for a vessel  

Anode Weight (kg) = [(Wetted Surface Area) x (Current Density) x (Immersion)] 

                                          [(Energy Content) x (1000 mA/Amp)] 
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Table 2.8: Specifications for calculating anode size requirements 

Wetted Surface Area (sq-ft): Actual or Estimated Wetted Surface of Metal 

Current Density (mA per sq-ft): 
1.5 – 5.0 for painted Steel hull / structure 

0.2 – 3.0 for painted aluminium hull / structure 

Immersion (hours): 
Number of hours in water per replacement 

interval (8766 hours per year) 

Energy Content (amp-hours per pound): 
368 for Mil-Spec zinc anodes 

1108 for Mil-Spec aluminium anodes 

 

2.3.2.1 OTHER ANODE USES 

Sacrificial anodes are used on a number of other submerged structures and appliances such 

as domestic water tanks, ship ballast tanks, offshore structures and platforms including 

wind turbines, oil and gas tanks, buoys, jetties and pontoons and underground pipes for gas 

and oil (Trotman, 1970; Morgan, 1987; Von Baekmann et al., 1989; Wagner et al., 1996; 

Mattsson, 1996; DeGiorgi et al., 1998; Jelmert and Van Leeuwen, 2000; Boxall et al., 

2000; Ahmed, 2006; Caplat et al., 2012; NME Group, 2014; ICCP, 2015). Aluminium 

anodes are commonly used by the renewable energy industry to protect wind turbines and 

other offshore renewable energy devices from corrosion as it protects steel structures better 

than zinc (Von Baekmann et al., 1989; Shibli and George, 2007). If structures like those 

listed above are present within estuarine environments they can also add to the anode zinc 

load along with that from vessels, if anodes are present upon them.  

2.3.3 FACTORS CONTROLLING ANODE CORROSION AND IT’S ZINC LOAD – 

PRELIMINARY SURVEY FINDINGS  

A preliminary survey sent out to boat owners on the Hamble indicated a number of factors 

which could affect the dissolution of anodes and cause a varied anode dissolution rate, 

these included salinity, electrical stray currents, metal objects and the metal railway bridge 

(Table 2.9) (Rees et al., 2017). The survey received 73 responses from the Hamble mainly 

from mid channel mooring holders (58 mid channel and 15 marinas) and 20 responses 

from beyond the Hamble, including the Itchen and Portsmouth within the Solent and 

further afield from the Medway in Kent, Tollesbury on the Blackwater in Essex and 

Antibes and Monaco in France. A number of the theories suggested such as metal items, 

pH, the metal railway bridge and power cables could easily and quickly be disproved by 

the scientific principles behind cathodic protection and a connection being needed between 

the anode and cathode and looking at parameters of the Hamble estuary (Morgan, 1987). 

Salinity, electrical stray currents and anode quality, however, appeared likely to influence 

anode corrosion rates so warranted further investigation (Table 2.9). Differing anode 

corrosion rates can control the anode zinc load released from the anode and in turn the 
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levels observed within the estuarine environment, it is therefore important they are 

understood for this purpose (Rees et al., 2017). Salinity was an important factor for anode 

corrosion as it determines whether zinc, aluminium or magnesium is used for the anode 

(Harris, 2008; MGDuff, 2013).  

Table 2.9: Theories for varied anode corrosion rates – Hamble boat owners  

Suggested reason for varied anode 

corrosion 

Does it influence corrosion?  

Salinity  Salinity does effect the rate at which anodes 

corrode, as the salinity of water indicates type of 

anode to use (Zn, Al or Mn) 

Electrical stray currents  Electrical stray currents are the portion of current 

flowing down path other than the intended path. 

They are likely to cause some corrosion, can be 

internal or external to vessel. External likely from 

power supplies as all vessels on supply earthed 

through common earth wire (ACE group, 2014) 

Anode quality This has a potential to effect corrosion, as could 

alter position of anode in galvanic series  

pH No significant variation on the Hamble within the 

range that would affect anode corrosion, with pH 

of 7.6-8.2 (EA data). Varied corrosion will not 

occur in a pH range of 4 to 10 for Zn or Al anodes 

(Pryor and Keir, 1957; Morgan, 1987) 

Metal items in river, including D-Day 

shells, wrecks, mooring chains, aluminium 

from Fairey aircraft factory and metal 

railway bridge  

No cathodic connection between anode and these 

items 

Electrification of train line No connection and will be earthed 

Power cables No evidence for these on Hamble and would be 

isolated 

Other vessels  Generally other vessels should not cause 

corrosion, but if connected via power supply 

could have an effect 

Table adapted from: Rees et al., 2017 

2.3.3.1 ELECTRICAL STRAY CURRENTS AND EFFECTS ON ANODE 

CORROSION 

Electrical stray currents in the marine industry are referred to as the portion of current that 

flows over a path other than the intended one (ACE Group, 2014). Stray current corrosion 

occurs where an outside power source flows into the vessels metal components and out 

through the water as a ground (Figure 2.4) (Corrosionpedia, 2015). These stray currents 

can be Direct Currents (DC) which generally cause corrosion to boat fittings and anodes, 

and Alternating Current (AC) which introduces high voltage current to areas surrounding 

boats, which can result in death of the person in contact with current, but does not cause 
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corrosion to vessel. This should not occur, however, owing to earthing and isolating of 

these currents at power supplies (ACE Group, 2014). Many marinas provide electrical 

hook ups powering lighting, power points and cookers on modern boats which are AC 

currents. When boat owners refer to stray currents affecting anode corrosion they are 

referring to DC stray currents. There are two main types of DC stray currents, external 

sources to the vessel from marina power supplies and other vessels using the same power 

supply and internal sources which could be an incorrectly wired appliance or an electrical 

accessory. Anodes act as an earth for static electricity for these appliances, through the 

engine negative terminal which in turn is connected to the anode (Newboatbuilders, 2015). 

The boat with the weaker earthing system is most likely to be affected. This could be due 

to the quality of the wiring, the earthing style, saltwater corrosion of fittings or type of 

electrical equipment on board. Many boats are wired by boat owners; or terrestrial 

electricians instead of marine ones; this can lead to grounding and fusing issues due to boat 

wiring requiring different techniques to terrestrial electrics. Boats in marinas are connected 

to power supplies and each other and the pontoon through a common earth wire, which 

allows these stray currents to affect more than one vessel. This can lead to corrosion on a 

vessel if it has no anodes, the anodes are not connected correctly or if all metal items are 

not protected by anodes. If the next boat is leaking a DC current the neighbouring boat can 

act as the DC ground through the marina power supply if both connected to this power 

source and the other vessel provides the path of least resistance to the ground 

(Corrosionpedia, 2015; Newboatbuilders, 2015; Rees et al., 2017). 

 

 
 

 

Figure 2.4: Stray current and galvanic corrosion can occur when vessels are connected 

through a common earth wire or with a wiring fault on another vessel (TB-Training, 2012) 
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Galvanic isolators break the circuit between vessels blocking the flow of low voltage 

galvanic (DC) currents whilst still maintaining the integrity of the earthing circuit 

(BoatU.S, 2016). About 50% of respondents from the preliminary survey on the Hamble 

had these on their vessels moored in marinas and mid channel. Boat owners with these did 

not however note lower corrosion rates. Galvanic isolators are not designed to prevent 

corrosion, but they will limit it and stop catastrophic corrosion issues if an electric fault 

occurs. Using power supplies only when on board and keeping the batteries isolated when 

not in use, will also reduce anode corrosion, as vessels are less liable to stray currents 

without power supplies (Practical boat owner, 2016). It is common for many vessels to be 

continually plugged into power supplies to maintain battery power etc. It has also been 

suggested that some marina pontoons are not cathodically protected themselves, protection 

to the pontoon structure is therefore provided by the anodes present on the vessels through 

the earth wire of the power supplies. A galvanic isolator will also prevent this as allows 

only one way current flow. 

Electrical stray currents were suggested as possible reasons for a varied and detrimental 

anode corrosion rate by boat owners on the Hamble, boat owners in Wood (2014) survey in 

the Plymouth region and by many boat owners on yachting forums. This has also been 

reported on yachting forums, regarding stray currents at Chatham in Kent and at 

Wolverstone Marina on the Orwell estuary (YBW, 2012; YBW, 2015). 

Electrical stray currents, along with salinity and the natural corrosion rate and design of 

anodes will release large amounts of zinc into the estuarine and marine environment each 

year and could therefore raise zinc levels within these environments. It is therefore 

important that zinc levels are monitored within the water column and sediments and 

compared with legalisation such as the Environmental Quality Standard (EQS) for zinc 

(Maycock et al., 2012), to determine the possible effects of these on the estuarine 

environment.  

2.4 ZINC AND METAL CONCENTRATIONS - BEHAVIOUR IN ESTUARIES 

AND HARBOURS 

Estuaries contain elevated levels of trace metals and dissolved organic matter due to 

riverine sources and recycling of anthropogenic sources through dredging, as well as 

modern anthropogenic sources such as anodes and antifouling paints (Laslett, 1995; 

Kozelka and Bruland, 1998; Pourabadehei and Mulligan, 2016; Rees et al., 2017). Zinc 

and other metals are often present in a number of species within estuarine environments.  
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2.4.1 SPECIES OF ZINC  

Zinc in estuaries comes in a number of forms, labile, total concentration, dissolved phase 

and bioavailable, the dissolved phase includes total dissolved (Table 2.10) (Kozelka and 

Bruland, 1998). The distribution and speciation of trace metals within estuaries are 

influenced by their total concentration and the metal complexing ligands present in the 

dissolved phase (Kozelka and Bruland, 1998). Within the dissolved phase trace metals 

exist in three forms the free hydrated ion, inorganic complexes and organic complexes 

(Donat and Bruland, 1990; Kozelka and Bruland, 1998; MacGillivray, 2002). The 

concentration of the total dissolved metal, the concentration of the metal binding ligand(s) 

and the conditional stability constant(s), combine to determine the distribution of chemical 

species for each element. Zinc is normally present in the zinc (II) oxidation state (Kozelka 

and Bruland, 1998). Labile zinc comprises of free metal ions and species weakly 

complexed with inorganic anions (e.g. chloride, hydroxide, sulphate, carbonate and 

sulphide), thus making it more bioavailable than organically complexed zinc (Kozelka and 

Bruland, 1998; Pearson, 2016). 

Organic complexation can influence the availability of a certain metal to biota, reduce or 

eliminate its toxicity, affect its transport and cycling by decreasing or potentially 

increasing its adsorption onto suspended particles (Donat and Bruland, 1990).  

Table 2.10: Zinc species definitions 

Zinc species  Definition  

Total Dissolved zinc 

(TDZn) 

Filtered through 0.4 or 0.45µm filter membrane and the total in the 

sample after this.  Species used for EQS.   

Total zinc (Zn) Total determined without sample filtration  

Labile zinc  Operationally defined parameter using typically voltammetry or 

using column sorption techniques. As a sub-set of the dissolved Zn 

present labile Zn is considered a combination of free metal ion and 

low molecular weight complexes, available for biological uptake 

and therefore more likely to represent the ecologically relevant 

fraction of Zn present 

Free zinc (Zn2+) Free zinc is the most toxic form of zinc, normally present as Zn2+  

 

2.5 ZINC CONCENTRATIONS IN THE WATER COLUMN  

In many estuaries metal partitioning occurs, with metals showing positive deviations or 

conservative mixing behaviour (Comber et al., 1995).  In the Humber and Mersey the 

removal of cadmium, copper, chromium and zinc occurs at the freshwater/saline interface 

and at low salinity regions (Comber et al., 1995). This will also occur in a number of other 

estuaries. Estuaries play a key role in transferring dissolved and particulate trace metals to 
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the coastal boundary zone and they often have the highest concentrations of trace metals 

(Millward et al., 1996). Seasonal differences in trace metal levels are often observed 

(Millward et al., 1996). Zinc in estuarine and interstitial waters can be organically 

complexed, the rate of this is however variable (Van Den Berg and Nimmo, 1987). There 

are a number of driving forces which affect the behaviour and distribution of trace metals. 

These factors are adsorption and desorption at the suspended particle surface, precipitation 

and dissolution, flocculation, aggregation and destabilisation of colloids, uptake and 

release via organisms and benthic inputs (Ackroyd et al., 1986; Chester, 1990; Fang, 

1995). Zinc often shows non-conservative behaviour within estuaries with the Tamar and 

Seine estuary being examples (Fang, 1995). 

The total dissolved zinc levels in estuaries tend to vary due to the sources of each area and 

the size and shape of the estuary. Total dissolved zinc levels on the Hamble tend to vary 

between 2.51 – 98.4µg/l (EA data 2000 – 2014), whilst on the Stour in Suffolk zinc levels 

tended to be lower with total dissolved levels of 0.4 – 34.7µg/l (EA data 2000 – 2017) 

(Table 2.11).  

Labile zinc concentrations on the Tamar varied between 0.65 to 3.60µg/l in a study by 

Pearson (2016), whilst in a study by Van den Berg (1991) on the Tamar labile zinc 

concentrations were as high as 9.81µg/l. Harrison (2015) found labile zinc concentrations 

on the Tamar and within Plymouth marinas of 0.58 – 32.35µg/l, which indicates marinas 

are likely to have high labile and potentially free zinc levels within them. Costa et al., 

(2013) found labile zinc concentrations of 0.54-18.39µg/l in the Patos Lagoon estuary in 

Southern Brazil. Studies of labile and free zinc levels in estuarine environments are 

comparable fewer than those looking at total dissolved zinc (Table 2.11). 

Free zinc generally had lower concentrations due to metal complexation within estuaries. 

In the Scheldt estuary free zinc ranged between 0.13-1.05µg/l (Van Den Berg et al., 1987), 

whilst on the Tamar, Pearson (2016) found free zinc concentrations of 0.14-1.70µg/l and in 

Cape Fear estuary North Carolina concentrations of 0.008-1.05µg/l was observed by 

Skrabel et al., (2006) (Table 2.11).  
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Table 2.11: Zinc concentrations in estuarine waters 

Estuary  Total dissolved zinc concentration µg/l References  

Beaulieu 5.65 (Holliday and Liss, 1976) 

Blackwater  0.4 – 72.4 (average 4.71) EA data (2000-2016) 

Clyde estuary 7.5 and 11.9 (Miller et al., 2000) 

Colne  0.52 – 31.9 (average 4.89) EA data (2000-2015) 

Crouch 1.94 – 40 (average 13.30) EA data (2000 – 2014) 

Deben 1.47 – 45.6 (average 8.70) EA data (2000-2007) 

Fal 2.41 – 44.8 (average 8.75) EA data (2000-2017) 

Hamble 2.51 – 98.4 (average 13.39) EA data (2003-2014) 

Itchen 2.16 – 51.5 (average 6.19) EA data (2000-2015) 

Mersey 8 – 27  (Comber et al., 1995) 

Medina 2.49 – 79 (average 7.77) EA data 2000-2010) 

Orwell 2.07 – 13.6 (average 6.33) EA data (2000-2017) 

Poole 0.6 – 14.2 (average 3.88) EA data 2000-2016) 

Roach  0.74 - 34.2 (average 4.92) EA data (2000-2015) 

Severn  1.61-17.5   and  10-23   (Apte et al., 1990: Morris, 1986) 

Southampton Water 1.49 – 67 (average 7.60) EA data (2000-2014) 

Stour, Suffolk 0.4 -34.7 (average 4.13)  EA data (2000-2017) 

Tamar 3.66 – 555 (average 139) EA data (2000-2017) 

Tamar 1.31 – 16.35 Pearson (2016) 

Tamar/Plymouth marinas 4.31 – 47.79 (Harrison 2015) 

Test  1.94 – 9.14 (average 3.54) EA data (2012-2014) 

Tyne 1991 0.6 - 22    1992 1.2 - 25  June and July  (Laslett, 1995) 

Wear 1991 0.5 – 6.1  1992 0.5 – 7.5 June and July (Laslett, 1995) 

 European estuaries zinc concentration µg/l  

Elbe  2-27  (Duinker et al., 1982b) 

Ems 3.6-28   (Duinker et al., 1985) 

Gota 0.5-6.0  (Danielsson et al., 1983) 

Rhine  5-70  

 

(Duinker and Nolting, 1977, 

1978) 

Scheldt, France 1 - 55 and 1-26 (Baeyens et al., 1998; Duinker et 

al., 1982a) 

Seine  1.37-19.9 (Boughriet et al., 1992) 

Weser 4-9  and   5-18   (Turner et al., 1992; Duinker et 

al., 1982c) 

 Labile zinc concentration µg/l  

 Patos Lagoon Estuary, 

Southern Brazil 

Labile dissolved fraction 0.54-18.39 

Labile particulate 4.29-19.12     

(Costa et al., 2013) 

Tamar 0.65 – 3.60, 9.81 (Pearson, 2016; Van den Berg, 

1991) 

Tamar/Plymouth marinas  0.58 – 32.35  (Harrison, 2015) 

 Free zinc concentrations µg/l  

Tamar 0.14 – 1.70 (Pearson 2016) 

Scheldt (France) 0.13 – 1.05  (Van Den Berg et al., 1987) 

Cape Fear 0.14 – 1.70  (Skrabel et al., 2006) 
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2.6 ZINC CONCENTRATIONS IN RIVERINE WATERS 

Rivers provide a transport route from land to sea of natural and man-made materials. 

Pollution present in rivers will be transported to the ocean (Fang, 1995). Estuaries are the 

intermediary phase and can often be highly contaminated due to this (Shiller and Boyle, 

1985). A summary by Maybeck (1988) calculated a world average zinc concentrations in 

freshwater rivers of 5.09 – 15.41µg/l.  

2.7 METALS IN ESTUARINE SEDIMENTS  

 Sediments in rivers and estuaries act as a sink for anthropogenic contaminants including 

trace metals, this can lead to raised levels in many areas (Pourabadehei and Mulligan, 

2016) (Figure 2.5). Sediments are exposed to significant amounts of contaminants from 

both land, riverine, estuarine and coastal sources (Huang et al., 2012; Pourabadehei and 

Mulligan, 2016).  

The distribution of sediment bound metals within an estuary can be affected by the source 

and form of primary inputs, the physical and chemical characteristics of the estuary system 

and the nature of the sediment (Emmerson et al., 1997). Seasonal changes have also been 

observed for metals within estuarine sediments with higher levels found in winter months 

than summer months, with sewage works being a major contributor. Due to storm, dilution, 

greater flow and high water events causing a greater discharge from these facilities during 

winter months (Wright and Mason, 1999). 

Previous studies on the Hamble by Bryan and Langston, (1992) and Grant, (2008) found 

zinc sediment levels of 105µg/g and 40 – 310µg/g, whilst copper had levels of 31µg/g and 

5 – 80µg/g.  Nickel ranged between 10 – 8µg/g and lead of 10 – 90µg/g (Grant, 2008).  

Estuaries such as the Gannel which are in former mining areas, had average zinc 

concentration of 940µg/g (Bryan and Langston, 1992), and Restronguet Creek also in 

Cornwall has even higher reported zinc levels of 2821µg/g from Bryan and Langston 

(1992) and 29800µg/g from Vivian and Massie (1977). Other metals such as lead were also 

elevated on the Gannel with levels of 2753µg/g (Vivian and Massie 1977). There are many 

estuaries that tend to have sediment concentrations far higher than those observed on the 

Hamble and these estuaries generally tend to be in former mining regions or larger 

estuaries in more urban areas (Brown, 1977; Pirrie et al., 2003; Beane et al., 2015). 

Smaller rural estuaries such as the Urr water (average 41.2µg/g) had lower zinc 

concentrations compared to previous studies on the Hamble, this is likely due to less 

sources being present (Bryan et al., 1980; Grant, 2008). Copper was also low on the Urr 
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with a range of 1.9-12.1µg/g, whilst lead was 11.5 – 34.1µg/g (Taylor, 1976) (Figure 2.5, 

appendix 15).



35 

 

 

 

Figure 2.5: Average zinc sediment data for a range of UK estuaries, data collected by the Environment Agency between 2000 and 2011. Canadian sediment 

standards of threshold effect and probable effect levels are also present on the graph  

The majority of estuaries fall between the Canadian threshold effect level and the probable effect level.  The exceptions to this are generally former-industry 

estuaries such as the Tyne which has high Zn/Pb levels in upper catchment or former mining areas such as the Fal or Helford.  Note the Test and Itchen 

which are just below or at the threshold effect level.
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Many estuaries globally have similar metal concentrations to those of the UK estuaries, 

with Tolo Harbour in Hong Kong having zinc concentrations of 90-135µg/g and the Tolka 

estuary Ireland zinc concentrations of 16 - 184µg/g and copper of 6 – 24µg/g and 20 - 

184µg/g respectively (Buggy and Tobin, 2007; Dahms et al., 2014). Whilst St Lawrence 

River in Canada had zinc levels of 110-563µg/g and copper of 40 – 219µg/g (Pourabadehei 

and Mulligan, 2016). Lead levels on the St Lawrence River were 19 - 134µg/g 

(Pourabadehei and Mulligan, 2016). The Rhine had particularly high zinc levels at 

2900µg/g (Emmerson et al., 1997).  

Coastal sediments often have lower metal concentrations than estuarine sites and are often 

used as control sites (appendix 15). Some sites can have sources nearby such as former 

mines, which can raise levels. Coastal sites in the Solent tend be relatively low with some 

exceptions around Fawley were an oil terminal is situated and at the Mouth of the Hamble 

estuary were a former metal smelting works raises metal levels (ABP, 2000; Wright et al., 

2016). Whilst zinc levels in Plymouth Sound sediments were 42µg/g and in the Wash 

17µg/g (Cave et al., 2005; Plymouth, 2013). Copper was also often lower at coastal sites 

than estuaries with 9µg/g at North Gare, Seaton Carew (Giusti, 2001) (appendix 15).  

2.8 ALUMINIUM LEVELS IN THE AQUATIC ENVIRONMENT  

Aluminium can be used as an alternative to zinc anodes and is suited to brackish conditions 

(Morgan, 1987; Harris, 2008). Aluminium makes up 8% of the mass of the earth’s crust 

and exists in a number of chemical forms, including aluminosilicates in marine sediments 

and inorganic and organic complexes (Mao et al., 2011). The inorganic complexes of 

aluminium are the species which are generally considered most toxic in the aquatic 

environment. Complexes with organic ligands are not considered to be toxic (Gardner and 

Comber, 2003). Speciation of aluminium is critical to its regulation in surface waters and 

the equilibrium of speciation is largely determined by the pH value of the water body 

(Gardner and Comber, 2003).   

Aluminium is not considered highly toxic in saline waters, so it is therefore not a priority 

substance in many management plans, but studies have shown marine life can accumulate 

aluminium in their soft tissues and glands. The glands of the mussel species M. edulis 

accumulated as much as 1700µg/g d/w of aluminium during a two week period (Mao et al., 

2011). Aluminium levels above 250µg/l had some effects on shell formation and filtering 

ability of the mussels. Quality standards of 200µg/l for drinking water have been proposed 

for aluminium, but these have not been implemented (Mao et al., 2011).  
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In the Blackwater estuary sediment concentrations of aluminium ranged between 5868 - 

41500µg/g. Concentrations tend to be higher within sediments than the water column, 

owing to the mineralogy of sediments comprising percentage levels of aluminium silicates 

(Emmerson et al., 1997).  

2.9 PARAMETERS AFFECTING TOXICITY OF METALS 

The toxicity of zinc like other heavy metals depends on its total concentration, mobility 

and reactivity with ecosystems constituents. Metals which are adsorbed onto solid particles 

are potentially available as they can be desorbed due to the physiochemical properties of 

the ambient environment, which include salinity, temperature, pH, DOC (Dissolved 

Organic Carbon), DOM (Dissolved Organic Matter) and redox conditions (Donat and 

Bruland, 1990; Wright and Mason, 1999; Rousseau et al., 2009; Park et al., 2014). As 

these properties change the amount of zinc in the estuarine water and environment also 

changes (Leleyter and Baraud, 2006). Exchange reactions between the sediment and water 

phase can occur as the labile fractions can liberate elements under changing 

physiochemical conditions (pH and redox potential variation). All trace metals toxicity are 

regulated by the biogeochemical environment in which they exist, with the metals physical 

form, kinetic lability (something constantly undergoing change) and oxidation state all 

mediating the metals bioavailability (SERDP, 2005).  

2.10 DOC AND METAL COMPLEXATION  

DOC (Dissolved Organic Carbon) is the fraction of the organic carbon pool which is 

dissolved within seawater or estuarine waters (Libes, 2009). DOC comes from a wide 

range of sources within the estuarine environment, including soils, rocks, riverine and 

estuarine phytoplankton, as well domestic, agricultural and industrial wastes (Meybeck, 

1993; Abril et al., 2002; Osterholz et al., 2016). Estuaries act as a pathway for this carbon 

to the coastal ocean, which is part of the global carbon cycle (Abril et al., 2002). 

DOC and DOM among other organic and inorganic ligands complex metals within rivers, 

estuaries and the oceans (Kozelka and Bruland, 1998; Lohan et al., 2005; Stockdale et al., 

2014). This organic complexation can influence the availability of a certain metal to biota 

by reducing or eliminating its toxicity by making it non-bioavailable for uptake, this can 

allow organisms to tolerate higher concentrations of these total metals (Van den Berg et 

al., 1987; Kozelka and Bruland, 1998; Pearson, 2016). Covalent bonds between ligands 

and metal ions is the predominant form of bonding in organic complexes which makes 

them less liable to dissociation, whereas inorganic complexes have defined chemical 

structures and are negatively charged which makes these bonds relatively weak. This 
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makes inorganic complexes more prone to dissociation, which in turn can increase their 

bioavailability (Van den Berg et al., 1987; Kozelka and Bruland, 1998; Pearson, 2016). 

Thus DOC and organic ligands are vital in controlling the metal levels which are 

bioavailable to marine life (Donat and Bruland, 1990; Guthrie et al., 2005). A number of 

models such the BLM and WHAM can be used to determine ion binding in freshwater and 

marine environments (Guthrie et al., 2005; Stockdale et al., 2014).  

The DOC and DOM (Dissolved Organic Matter) pool can be split further into the 

following subgroups of humic and fulvic acids and HIX and BIX.  Humic and fulvic acids 

are a dissolved organic matter and they both play a role along with humins (insoluble at all 

pH levels so not dissolved in estuarine waters) in the environmental biogeochemical 

processes which occur in; soils, sediments and the water column of estuaries, river and 

oceans (Libes, 2009; Schellekens et al., 2017; Luning Prak et al., 2017). Humic substances 

are organic compounds which have a varied composition are relatively inert and have a 

high molecular weight, comprising of a large fraction of the DOM content. Humic 

substances can be split into two fractions classes based on their solubility, humic and fulvic 

acids.  Humic substances are insoluble at acidic pH levels whilst fulvic humic substances 

are soluble at all pH levels (Libes, 2009).  

Whilst humification index (HIX) and recent autochthonous contribution (BIX) levels are 

indices based on fluorescence excitation ratios within the DOC fraction. The HIX index 

estimates the degree of maturation in DOM which suggests DOC is mainly terrestrial 

based (Zsolnay et al., 1999; Huguet et al., 2010), whilst the BIX index is based on the 

contribution of β fluorophore which is associated with recently produced organic matter 

through biological and bacterial growth within the estuary (Huguet et al., 2010; Pearson, 

2016). Humic, fulvic, HIX and BIX are normally analysed using fluorescence 

spectrophotometer, where humic and fulvic can be used as a surrogate for DOC (Huguet et 

al., 2010). 

2.11 BIOAVAILABILITY AND IMPORTANCE OF ZINC TO MARINE LIFE 

Zinc has the ability to bio-accumulate and bio-concentrate so is therefore able migrate up 

the food chain (Matthiessen et al., 1999; De Souza, 2011). Zinc however is an essential 

metal for all living organisms. Zinc has over 300 enzymes and plays an important role in 

immune responses, antoxidant defence systems, energetic metabolism, reproduction, cell 

division, and regulation of DNA transportation (Verriopoulos and Hardouvelis, 1988; De 

Souza, 2011; Mottin et al., 2010; Mottin et al., 2012; Dahms et al., 2014; Kafel et al., 

2014).  It has been suggested that zinc availability may limit phytoplankton growth in 
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some ocean waters, with iron being the main limiting factor (Anderson et al., 1978; Donat 

and Bruland, 1990; Crawford et al., 2003). Macrophages can also be affected by zinc 

deficiency, these are pivotal cells in many immunological functions such as intracellular 

killing, cytokine production and phagocytosis (Mottin et al., 2010).  

2.12 TOXICITY OF ZINC AND EFFECTS ON MARINE LIFE 

Zinc is a trace metal which can exert acute and chronic toxic effects to flora and fauna, in 

elevated concentrations and can lead to vomiting, diarrhoea, cramps and changes to the 

nervous system, as well as effecting growth, reproduction, fertility and metamorphosis of 

species (De Souza, 2011).  Zinc concentrations of between 10-70µg/l can exert chronic 

toxicity to some species of molluscs and crustaceans (Matthiessen et al., 1999). In many 

species sub-lethal doses of zinc can affect physiological functions as well as behaviour of 

marine organisms, but does not normally cause mortality (Verriopoulos and Hardouvelis, 

1988).  

A wide range of marine species can be effected by elevated zinc levels including algae, 

birds, molluscs, invertebrates and worm species (Bryan and Hummerstone 1973; Reish and 

Carr 1978; Weis, 1980; Chan 1988; Fernanda Leal et al., 1997; Wright and Mason, 1999; 

Nam et al., 2005; Ikemoto et al., 2005; Denton et al., 2009). Mussels are normally affected 

by excessive levels of trace metals, with zinc being one of these (Young et al., 1979; 

Miller et al., 2000; Dhams et al., 2014). Whilst fish generally appear to be less sensitive to 

acute exposure of zinc than invertebrates (Bodar, 2007). Species such as mussels, algae 

and invertebrates are often used as an indicator of metal concentrations and marine 

contamination due to their ability to accumulate heavy metals. The concentrations found 

within these organisms often mirror that of the environment (MacGillivray, 2002; Perez-

Lopez, 2003; Stengel et al., 2004; Mao et al., 2011; Mottin et al., 2012; Kwon et al., 

2012).   

 Predicted No Effect Concentration (PNEC) levels have been calculated in the EU zinc risk 

assessment for species to determine their zinc toxicity factors and this relates to the zinc 

EQS levels (Vos and Jansen, 2005, Bodar, 2007; Maycock et al., 2010). Different species 

of marine life can tolerant different amounts of dissolved zinc and often the levels tolerated 

depend on background parameters such as DOC and temperature (Maycock et al, 2010). 

The diatom species Chaetoceros compressum can tolerate 7.13µg/l of zinc, whilst the 

diatom species Asterionella japonica and brown algae species Ascophyllum nodosum can 

tolerate 29.14µg/l and 69.4µg/l respectively (Stromgren 1979; Fisher and Frood, 1980; 
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Fisher et al., 1981). The zinc marine Species Sensitivity Distribution (SSD) that are used to 

determine the PNEC levels are based on 54 tests with 36 species (Maycock et al., 2010). 

2.13 SPECIES DEVELOPING AND ADAPTING TO ZINC 

CONCENTRATIONS   

Research has shown that species can develop a tolerance to certain metals through constant 

exposure, thus allowing them to cope with higher concentrations (Wright and Mason, 

1999). Some bacteria species, cyanobacteria, algae, copepods and invertebrates have 

gained a tolerance to zinc (Williams and Mount, 1965; Warnick and Bell, 1969; Whitton, 

1970; Arnott and Ahsanullah, 1979; Fisher and Fabris, 1981; Fisher and Fabris, 1982; 

Verriopoulos and Hardouvelis, 1988; Filho et al., 1997; Liu et al., 1995; Wright and 

Mason, 1999; Jelmert and Van Leeuwen, 2000). It has been suggested that more species 

have a tolerance to zinc than copper due to its abundance in the environment. This 

therefore means species have developed mechanisms to regulate zinc. Metal tends to effect 

early life stages of organisms more than adult populations (Reichelt-Brushett and Harrison, 

1999).  

Fish have been proven to be relatively resistant to zinc at all life stages, meaning they have 

a tolerance to zinc and generally will not be affected by raised zinc levels (Mance, 1987; 

Reichelt-Brushett and Harrison, 1999; Somasundaram et al., 1984; Somasundaram et al., 

1985). Molluscs, crustaceans and bivalves tend to be more sensitive to zinc (Reichelt-

Brushett and Harrison, 1999), although the freshwater mollusc Ancylus fluviatilis has 

adapted to tolerate zinc concentrations of up to 100µg/l (Willis, 1998).  

2.14 SUMMARY  

There are a wide range of zinc and metal sources to the estuarine and marine environment 

such as sacrificial anodes, antifouling paints and road runoff (Rees et al., 2017; Beane et 

al., 2015; Yebra et al., 2004). These contribute to estuaries such as the Crouch and Hamble 

exceeding the EQS of 7.9µg/l set for estuarine waters (Maycock et al., 2012). These 

contaminants can also raise metal concentrations within sediments causing the Canadian 

sediment threshold effects to be exceeded in some cases (CCME, 2002). Research suggests 

that contaminants from sacrificial anodes and antifouling paints can be higher within the 

vicinity of boatyards and marinas (Eklund et al., 2016; Boxall et al., 2000; Bird et al., 

1996). Anodes have often been overlooked as a zinc source in many previous studies.  

Galvanic corrosion is the most common type of corrosion to occur in the marine 

environment on vessels, cathodic protection through the use of sacrificial anodes can 

prevent it occurring (Morgan, 1987). Anodes should all meet US Military specifications to 
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ensure their quality and a steady rate of corrosion (MGDuff, 2013; Solent anodes, 2017). 

Zinc anodes are designed for the seawater environment, aluminium brackish and seawater 

and magnesium freshwater (Harris, 2008; MGDuff, 2013). Anodes come in a range of 

sizes and shapes depending on the vessel and the size of the item they are to protect such as 

the hull or propeller (MGDuff, 2013). Anodes should ideally be replaced annually to 

ensure corrosion does not occur to the vessel (MGDuff, 2013).  

Aluminium is present within the earth crust in large concentrations, currently it does not 

have any environmental standards (Mao et al., 2011). Aluminium is however an alternative 

to zinc anodes in brackish waters so it is important aluminium effects are understood 

(Harris, 2008; Mao et al., 2011).  

DOC plays a vital role in complexing zinc and others metals within estuaries 

environments, thus making them less bioavailable, reducing their toxicity to marine life. 

Zinc is also an important element for marine life, as it is vital for responses such as 

reproduction (Mottin et al., 2010), it can however be toxic in elevated levels and effect 

growth and reproduction rates in some species. The species affected by elevated zinc 

concentrations include molluscs and algae’s (Maycock et al., 2010). These levels will vary 

for different taxa-monic groups and species depending on environmental factors (Wright 

and Mason, 1999). Zinc has the ability to bio-accumulate and bio-concentrate so is 

therefore able migrate up the food chain (Matthiessen et al., 1999; De Souza, 2011). A 

number of studies have shown species can develop a tolerance to certain metals through 

constant exposure, thus allowing them to cope with higher concentrations (Wright and 

Mason, 1999).  
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CHAPTER 3 - METHODOLOGY 

3.1 INTRODUCTION  

A range of methodological approaches were used as part of this research, from a 

preliminary survey to water and sediment sample collection and analyse, through to 

laboratory and in-situ anode experiments. Section 3.2 outlines the background to the 

Hamble and the sampling sites used within this study. Whilst section 3.3 focuses on the 

preliminary survey to boat owners and anode use on the Hamble. The main zinc sources to 

the Hamble were also determined using a range of calculations (section 3.4). Sections 3.5 

and 3.6 addresses the in-situ and laboratory anode experiments and sections 3.7 and 3.8 

focus on the current and XRF experiments on a range of anodes. Section 3.9 investigates 

the zinc load from an individual vessel. Whilst sections 3.10 to 3.12 deal with the 

collection, filtration and analysis of water and sediment samples for their zinc content. 

Whilst the parameters used in the MAMPEC, BLM and GEMCO model are outlined in 

sections 3.13, 3.14 and 3.15.  

3.2 SITE DESCRIPTION AND BACKGROUND TO HAMBLE ESTUARY  

The Hamble estuary is considered as one of the largest recreational boating rivers within 

the UK (McAuliffe et al., 2014), with an estimated 3,000 boat moorings (Table 3.1) 

(CEFAS, 2009). The Hamble has a number of marinas and boatyards along its length, 

including marinas at Port Hamble, Hamble Point, Mercury Marina and Swanwick Marina. 

There are also 600 mid channel mooring holders on the Hamble, mid channel moorings 

occur from Hamble le Rice to Bursledon bridge (A27 road) (Townend, 2008; Hamble 

Harbour Authority, 2011). Power boating and yachting activity reaches 4.5 -5km upstream 

from the river mouth, due to the M27 Motorway Bridge at Bursledon (Anon, 2000a). 
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Table 3.1: Marinas and berth numbers, Hamble estuary 

Hamble marinas Berths 

Mid channel 600 

Hamble point marina 230 

Harbour Board Mooring 10 

Royal Southern Yacht Club 110 

Port Hamble 340 

Mercury Marina 360 

Universal Marina 250 

Stone Pier Yard 67 

Elephant Boatyard 70 

Swanwick Marina 330 

Deacons Marina 160 

Cabin boatyard 73 

Riverside boatyard 100 

RK Marine - Swanwick 50 

Foulkes Boatyard 180 

Eastland’s Boatyard 70 

 

The Hamble is a ria estuary and is navigable 10km inland, with the tidal limits of the river 

being at Botley on the Hamble river tributary and Curbridge on the Curbridge Stream 

tributary (Dyer, 1973). The bedrock of the Hamble catchment area is formed from chalk 

sand, silt and clays (West, 1980; BGS, 2017), whilst the sediments generally comprise of 

fine silts and organic matter (Tubbs, 1980; Dyer, 1980). 

The tidal cycle of the Solent region of which the Hamble is part of is unique in the fact it 

has a double high water peak. There is normally only a short period of slack water during 

the tidal cycle. The currents which occur are almost symmetrical. The small changes that 

do occur in the tides can be significant for sedimentation patterns (Dyer, 1980). The tidal 

regime of the Solent is complicated due to a double peak on the flood tide and the double 

high water which occur on spring tides (Figure 3.1) (Dyer, 1980). This makes it an ideal 

area to keep a pleasure vessels due to the extended periods of high water.  

The flood tide in the Hamble can last 7.5 hours on a spring tide and high water can last 2 

hours, followed by the ebb which can be as short as 2.5 hours. Due to differences in the 

asymmetry of the tidal movement in and out of the estuary, stronger currents occur on the 

ebb cycle than on the flood (Figure 3.1) (Townend, 2008).  
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Figure 3.1: Typical tidal conditions on the Hamble at Bursledon, showing the double high 

tide (BBC, 2017) 

3.3 PRELIMINARY SURVEY TO BOAT OWNERS  

Anecdotal evidence suggested anodes corroded on the Hamble quicker than elsewhere, 

with a number of locations in the estuary having accelerated anode corrosion (YBW, 2012; 

YBW, 2015). A preliminary survey was sent out to boat owners on the Hamble via email 

and to the wider Solent and UK via yachting forums (YBW, 2015) to determine knowledge 

regarding anode corrosion rates and suggested reasons for anode corrosion and to identify 

if any hotspots for anode corrosion occurred (Rees et al., 2017; Wood, 2014). The survey 

was piloted by four boat owners, a question was added on galvanic isolators and minor re-

wording of questions was made before the survey was sent out to boat owners (appendices 

1 and 2). The survey questions focused on anode use with questions on type of cathodic 

protection (zinc, aluminium or magnesium anodes), the number of anodes present, where 

they were on the vessel, how often they were replaced, weight of the anode new and 

estimated corrosion percentage of the anode in a year. This enabled trends of anode 

corrosion to be determined and also suggested ideas which needed further research such as 

effects of salinity and stray currents on anode corrosion (appendices 1 and 2). The survey 

also allowed an anode annual zinc load for the Hamble to be calculated from the estimated 

survey corrosion rates.  

3.4 HAMBLE ZINC SOURCE CALCULATIONS  

The main zinc sources to the Hamble were determined and the zinc loads for these 

calculated using the equations outlined below. The main sources identified were anodes; 

sewage treatment works; riverine inputs; road runoff and, antifouling paints.  

3.4.1 ANODE CORROSION RATE CALCULATIONS  

A corrosion rate was determined from the known mass of a new anode and averages of the 

yearly anode corrosion rate from estimates by boat owners who completed the preliminary 
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survey. This enabled a zinc load from anodes to be predicted for the Hamble in t/yr based 

on the 3,000 vessels present (Matthiessen et al., 1999). A corrosion rate was calculated for 

mid channel (600 berths) and marina (2400 berths) berth holders, then added together for a 

total anode zinc load to the Hamble (Equation 3.1).  The corrosion rate was calculated for 

a vessel average of three anodes.  

Equation 3.1: Calculation anode zinc load 

𝑉𝑒𝑠𝑠𝑒𝑙 𝑧𝑖𝑛𝑐 𝑙𝑜𝑎𝑑  (𝑘𝑔/𝑦𝑟)

= 𝑐𝑜𝑟𝑟𝑜𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑒 𝑝𝑒𝑟 𝑣𝑒𝑠𝑠𝑒𝑙 (𝑘𝑔/𝑦𝑟) × 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑚𝑜𝑜𝑟𝑖𝑛𝑔𝑠 

3.4.2 SEWAGE WORKS  

Using predictions of the zinc median from 160 sewage effluents from Gardner et al., 

(2012) it was possible to estimate the zinc load from sewage works in the Hamble 

catchment in t/yr based on multiplying the mean effluent concentration by the mean 

effluent flow (Equation 3.2). There are two sewage works on the Hamble at Bursledon 

and Bishop Waltham.  

Equation 3.2: Calculation sewage treatment work zinc load 

𝑆𝑒𝑤𝑎𝑔𝑒 𝑡𝑟𝑒𝑎𝑡𝑚𝑒𝑎𝑛𝑡 𝑤𝑜𝑟𝑘𝑠 𝑧𝑖𝑛𝑐 𝑙𝑜𝑎𝑑 (𝑡/𝑦𝑟)  

= 𝑚𝑒𝑎𝑛 𝑒𝑓𝑓𝑙𝑢𝑒𝑛𝑡 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (µ𝑔/𝐿)

× 𝑚𝑒𝑎𝑛 𝑒𝑓𝑓𝑙𝑒𝑢𝑛𝑡 𝑓𝑙𝑜𝑤 (𝑚^3/𝑑) 

3.4.3 RIVER INPUT 

The zinc load from the riverine section of the Hamble was calculated using the annual 

average flow (0.49m3/s) and the Environment Agency (EA data, 2000-2015, sampling sites 

Maddoxford Bridge, Curbridge Stream, Durley and Botley stream at Broadoak) freshwater 

total dissolved zinc average of 7.7µg/l (Equation 3.3) (Matthiessen et al., 1999).  

Equation 3.3: Calculation riverine zinc load 

𝑅𝑖𝑣𝑒𝑟𝑖𝑛𝑒 𝑖𝑛𝑝𝑢𝑡 (𝑡/𝑦𝑟) = 𝐴𝑣𝑒𝑟𝑎𝑔𝑒 𝑓𝑙𝑜𝑤 𝑟𝑎𝑡𝑒 (𝑚3/𝑠) ×

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑍𝑛 𝑐𝑜𝑛𝑐𝑒𝑛𝑡𝑟𝑎𝑡𝑖𝑜𝑛 (µg/l) 

3.4.4 ANTIFOULING PAINTS  

An antifouling paint zinc load to the Hamble estuary was calculated using a zinc release 

rate of 3.91µg/cm2/d from Ytreberg et al., (2017), this release rate came from a range of 

paints some zinc based and others copper based with zinc present. The release rate 

calculated was an average release rate from five antifouling paints (Mille light, Biltema 

Baltic Sea, Cruiser One, Biltema West Coast and Mille Xtra) across five sites (Kiel, 
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Gothenburg, Simrishamn, Karlskrona and Stockholm) in Swedish harbours (Ytreberg et 

al., 2017) (Equation 3.4 and Equation 3.5).  

Equation 3.4: Calculation antifouling paint zinc load 

𝐴𝑛𝑡𝑖𝑓𝑜𝑢𝑙𝑖𝑛𝑔 𝑝𝑎𝑖𝑛𝑡 𝑙𝑜𝑎𝑑 (𝑡/𝑦𝑟) = 𝑛𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑣𝑒𝑠𝑠𝑒𝑙𝑠 × 𝑤𝑒𝑡𝑡𝑒𝑑 ℎ𝑢𝑙𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 ×

𝑍𝑛 𝑟𝑒𝑙𝑒𝑎𝑠𝑒 𝑟𝑎𝑡𝑒 (µg /cm2/d) 

For the calculation of antifouling paint load (Equation 3.4), the wetted hull surface area 

was required (Equation 3.5).  This was calculated using, length of the vessel (8m average), 

beam (assigned a value of 3m) and draft (assigned value of 1m) (Matthiessen et al., 1999). 

The assigned values for this equation were calculated from a survey of vessels by 

Matthiessen et al., (1999), it was assumed these boat characteristics would be the same on 

the Hamble vessels. 

Equation 3.5: Wetted hull surface area 

Where: L = length of vessel; B = beam (assumed 3m); D = draft (assumed 1m) 

𝑊𝑒𝑡𝑡𝑒𝑑 ℎ𝑢𝑙𝑙 𝑠𝑢𝑟𝑓𝑎𝑐𝑒 𝑎𝑟𝑒𝑎 = 𝐿 × (𝐵 + 𝐷) 

3.4.5 ROAD RUNOFF 

The road runoff zinc load was calculated for the M27 bridge for an estimated 122,000-

131,200 vehicles using the M27 road each day (Transport for South Hampshire, 2008) 

(Equation 3.6). The area of the M27 road which flows into the Hamble estuary was 

calculated using ordnance survey maps, using the contour lines and average lane width of 

motorways (3.65 metres) in the UK (M27 length running into Hamble 4000 metres, road 

width 30 metres) (Highway Agency, 1994). An average yearly rainfall of 909mm from the 

Southampton weather station was used for rainfall levels (Southampton Weather, 2017). 

The zinc load could then be calculated using zinc data from studies on road runoff. A value 

of 222µg/l was used for zinc runoff based on data obtained from Legret and Pagotto, 

(1999), Rowett, (2013) and Rowett et al., (2016). 

Equation 3.6: Calculation road runoff zinc load 

𝑅𝑜𝑎𝑑 𝑟𝑢𝑛𝑜𝑓𝑓 = 𝑍𝑛 𝑟𝑢𝑛𝑜𝑓𝑓 (µ𝑔/𝑙) × 𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝑦𝑒𝑎𝑟𝑙𝑦 𝑟𝑎𝑖𝑛𝑓𝑎𝑙𝑙 (𝑚𝑚) 

3.5 IN-SITU ANODE EXPERIMENT  

An in-situ anodes experiment was installed within the Hamble estuary, anodes were placed 

on nine metal piles to monitor corrosion rates of anodes within different regions of the 

estuary, over a yearly period. The experiment had a number of purposes to determine a 

measured zinc load for the Hamble as a comparison to the preliminary survey zinc load, 
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determine factors controlling anode corrosion and identify if some areas of the estuary had 

a greater anode corrosion rate.  

3.5.1 ANODE LOCATIONS  

The piles were chosen to give an even spread of anodes in the river (Figure 3.2, Table 

3.2). The piles chosen all contained metal fittings, so anodes had a good bond to the 

cathode (Bird et al., 1996). They were generally on the end of rows of boats to avoid the 

anode wires getting tangled in boat mooring gear, anchor chains or propellers. The anodes 

were placed on Crown Estate pile moorings controlled by the Hamble Harbour Board. The 

piles stretched from Hamble-Le-Rice up to Bursledon Bridge. 

Table 3.2: In-situ anode experiment pile numbers and location in river 

Pile  Location in river Type of pile 

A3 Between Hamble Le-Rice, Hamble Point Marina metal 

D9 Hamble-le-Rice village metal 

HP20 Between Port Hamble and Mercury marina metal 

G49 Upstream of Hamble marina  and before Mercury bend metal 

I42 Downstream mercury marina, before Mercury bend  metal 

TG On Mercury bend  Tide gauge-metal 

L25 Situated between Mercury marina and Swanwick marina metal 

V8 On Bursledon bend, before the Jolly Sailor Pub metal 

Z1 Downstream of Bursledon by A27 bridge wooden metal fittings  



49 

 

 

Figure 3.2: Location of anode sites for in-situ anode experiment 
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3.5.2 EXPERIMENT PREPARATION AND INSTALMENT  

The anodes were weighed to two decimal places before the experiment and again after the 

experiment to determine the dissolution rates at each site in the river. The anodes were 

analysed on the XRF to determine their metal content (section 3.8).  

Once the anodes were weighed and analysed on the XRF, anodes of similar weights were 

grouped in threes. The anodes were placed on the piles at different depths, to separate one 

another and to maximise the time anodes were in the water during the tidal cycle. Different 

colour cable ties (blue, green and red) were placed on each of three anodes so they could 

be told apart at the end of the experiment, allowing them to be weighed and analysed on 

the XRF. A rubber mooring doughnut was placed over the cables of the three anodes to act 

as a spacer and keep the anodes away from the piles as much as possible. The anodes were 

then connected to the piles via wire clips and wrapping the cables around the blocks 

welded to the side of the piles. Large cable ties were then placed at high and low water to 

keep the wire tight to the piles. This prevented them moving out with the tides and getting 

tangled in mooring gear. The boat owners moored next the piles were informed of the 

experiment by the Hamble Harbour Board.  

The anodes were installed in February 2016 and kept in place for a year period until 

February 2017, salinity profiling (section 3.5.3) and cleaning of the anodes occurred during 

this period.  

3.5.3 SALINITY PROFILING, MAINTENANCE OF ANODES AND REMOVAL  

Salinity profiling was carried out to determine the salinity variations in the estuary and 

used along with Environment Agency data to determine salinity regimes. This was carried 

out at each pile with anodes present at high and low tide on spring and neap tides in July 

and October 2016 (Table 3.3).  

The anodes were gently cleaned during salinity profiling, with a toothbrush to remove 

algae, mud, zinc hydroxide Zn(OH)2 and calcium build up on the anodes, but not to abrade 

the surface of the zinc anode. This occurred as the anodes were not moving through the 

water, like they do on a vessel. The anodes were also checked on other visits to the river to 

make sure they were not caught in moorings chains, etc.  
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Table 3.3: Salinity profiling sampling dates, tidal state, times and heights 

Sampling date Tide type Tide times and (heights)  

4th July 2016 Spring tide Warsash 

High 11.43 (4.5m) 

14.02 (4.5m) 

Low 17.18 (1m) 

Bursledon 

High 11.53 (4.6m) 

14.09 (4.5m) 

Low 17.26 (0.9m) 

15th July 2016 Neap tide Warsash 

High 8.24 (3.8m) 

10.26 (3.7m) 

Low 14.55 (2m) 

Bursledon 

High 8.29 (3.8m) 

10.34 (3.7m) 

Low 13.57 (2.1m) 

12th October 2016 Neap tide Warsash 

High 9.40 (4.2m) 

Low 14.22 (2m) 

Bursledon 

High 8.29 (3.8m) 

10.34 (3.7m) 

Low 13.57 (2.1m) 

21st October 2016 Spring Tide Warsash 

Low 8.43 (1.3m) 

High 15.57 (4.5m) 

17.43 (4.5m) 

Bursledon 

Low 8.51 (1.3m) 

High 16.00 (4.5m) 

17.44 (4.5m) 

 

Anodes were removed from the estuary in February 2017 after a one year deployment. 

Once back in the laboratory the three anodes were separated from one another, weeds and 

algae removed from anodes and wire rope. They were then left to dry for a couple of days 

and then weighed and analysed using the XRF like before deployment in the estuary.  

An anode release rate was calculated for the Hamble estuary from this experiment using 

the method used from the preliminary survey. This was done by using the weight of each 

anode new and the weight lost over the year of deployment. The release rate was again 

calculated in kg/yr and converted to kg/yr/vessel based on a three anode average.   
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3.6 LABORATORY ANODE EXPERIMENT   

3.6.1 EXPERIMENT INSTALLATION  

Anodes were placed in plastic tubs at varying salinities to determine the effect of salinity 

on anode corrosion. The experiment was designed to show how salinity effects anode 

corrosion. Salinities of 5, 15, 20, 25, 32 and freshwater were used, providing the typical 

range observed within the Hamble estuary, with freshwater being used as a control. The 

anodes were bolted onto a steel sheets and three placed in each salinity, along with a steel 

sheet without an anode as a control for corrosion levels. Water samples were collected in 

July 2016 and experiment was installed in August 2016. The salinities were mixed in the 

laboratory with water collected from the estuary, the salinities collected were freshwater, 

16, 31 and 32.  

3.6.2 EXPERIMENT DURATION AND COMPLETION 

A water sample was taken from each container after the correct salinity had been achieved 

to be analysed for its total dissolved zinc content on an ICP-OES. This was then repeated 

every few months to show the build-up of zinc in the container. Water samples were 

filtered using the same method used for the estuarine samples (section 4.5).  

The salinity was measured at the start of the experiment and throughout to monitor any 

changes over time. The temperature and pH was also noted, temperature however was 

determined by the temperature of the laboratory. This generally tended to be a few degrees 

higher than the estuary during the summer months.  

A multi-meter (ISO TECH –IDM 73) was used to measure the current and voltage between 

the anode and cathode at the start of this experiment. This however had limited success due 

to the water creating a current itself.  

Anodes in the laboratory experiment were also gently cleaned with a toothbrush to prevent 

a calcareous and zinc chloride build up on the anode, just like the in-situ experiment.  

The laboratory anode experiment was completed in March 2017, after a total of eight 

months deployment. Before removal a water sample was collected (section 4.9.1) and the 

salinity was checked. The anodes sheets were then removed and the anodes gently cleaned 

to remove any debris and left to dry. Once dry the anodes were removed from their steel 

sheets to be weighed and analysed for their metal content using the XRF.  

An anode release rate was calculated from the laboratory experiment using the method 

used from the preliminary survey. This was done by using the weight of each anode new 

and the weight lost over the year of deployment. The release rate was again calculated in 
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kg/yr and converted to kg/yr/vessel, based on the Hamble average of three anodes per 

vessel.  

3.7 ELECTRICAL EXPERIMENTS TO DETERMINE EFFECTS ON ANODE 

DECAY RATES  

Electrical experiments were carried out in the laboratory to determine the effects of 

electrical currents and electrical fields on anode corrosion. Two experimental methods 

were used, which are outlined below.  

3.7.1  CURRENT FLOW EXPERIMENT ONE  

An anode and a piece of steel was placed in a plastic tray and filled with water of different 

salinities (freshwater, 16 and 30), so the top of the anode and steel were exposed. A 

multimeter (ISO TECH –IDM 73) was then used to measure the current and voltage 

between the anode and cathode. The top of the anode and cathode were exposed so the 

water did not interfere with the results as water will create a current itself.  

3.7.2  CURRENT FLOW EXPERIMENT TWO  

An anode was placed in an aluminium container with different salinity waters (freshwater, 

16 and 30), to determine the flow between the anode and cathode. The steel tank acted as 

the cathode to the zinc anode. This created an electrical connection between the anode and 

cathode, which will give the current and voltage flow between them. The top of the anode 

was once again exposed. The readings were taken from the top of the anode and the side of 

the tank.  

3.8 XRF ANALYSES OF ANODES 

XRF analyses was carried out on a number of anodes used and new to determine their 

metal composition and to monitor the change in the anode metal composition over time.  

3.8.1 IN-SITU ANODE EXPERIMENT XRF ANALYSES  

XRF (Niton XL 3T Gold Plus) analyses was carried out on the anodes used for the in-situ 

experiment before and after deployment. This was done to determine the metal content and 

to see how this changed over the deployment period.  

3.8.2  LAB EXPERIMENT ANODES XRF ANALYSES  

XRF (Niton XL 3T Gold Plus) analyses was carried out on the anodes used for the 

laboratory experiment also before and after the experiment. This was once again done to 

determine the metal content present and to see how this changed over the course of the 

experiment.  
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The steel sheets which were used as the cathode in the laboratory experiment were also 

analysed on the XRF before and after the experiment.  

3.8.3  XRF ANALYSES OF NEW AND USED ANODES  

XRF (Niton XL 3T Gold Plus) analysis was carried out on a range of new and used anodes. 

The used anodes were a selection of anodes which were donated by CC Marine and boat 

owners. Some of the anodes have a known location whilst others do not. Photographs were 

taken of these used anodes with their new equivalent in the shop (appendix 29). The new 

anodes were either purchased or lent by boat owners for these tests.  

3.8.4 CRM – METAL XRF PRECISION 

CRM aluminium alloy AL6061 195-020C was run on the XRF (Niton XL 3T Gold Plus) 

using the same parameters for the XRF analyses of anodes (section 4.11.1 and 4.11.2 and 

Table 3.4). 

Table 3.4: XRF metal CRM 

XRF CRM - Aluminium alloy AL6061 195-020C 

Metal µg/g Al Si Ti Cr Mn Fe Cu Zn 

Max 98.5 0.8 0.2 0.2 0.5 0.5 0.4 0.06 

Min 96.5 0.4 0.0 0.03 0.0 0.10 0.2 0.0 

 

3.9 WEIGHING OF ANODES BEFORE AND AFTER DEPLOYMENT – BOAT 

OWNERS  

A boat owner on the Hamble had kept anodes from a 15 year period, for the same vessel, 

which he weighed to determine their corrosion rates. The corrosion rate for these anodes 

was estimated using the weight of the new anode installed on the vessel in 2016. From this 

data an anode release rate was calculated for the vessel, similar to that from the preliminary 

survey and anode experiments (In-situ and laboratory).  

3.10 WATER AND SEDIMENT SAMPLE COLLECTION  

Water samples were collected from the river Hamble estuary and analysed for their zinc 

and DOC concentrations to determine if the total dissolved zinc EQS of 7.9µ/l on the 

Hamble was being exceeded, due to the large boat numbers, as well as determining if they 

were higher in areas of higher boat density, along with the seasonal and spatial variation of 

zinc and its speciation within the estuary. Sediment samples were collected to determine 

sediment metal concentrations, within the Hamble and determine if they were higher in 

areas of greater boat density. Samples were collected at 20 sites along the Hamble 

including a detailed survey around five marinas. Two control sites at Netley and Lee on 
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Solent were used, a total of 22 samples were collected on each sampling session (Table 3.1 

and Figure 3.1).  The two control sites were chosen as representative of the areas in the 

immediate vicinity to the Hamble, with C1 being at Netley within Southampton Water of 

which the Hamble is part of the Southampton Water estuary complex, these control sites 

were chosen to determine if the Hamble had elevated zinc levels. Whilst C2 is at the mouth 

of Southampton Water and the Solent were the surroundings estuaries have less of an 

influence on the physical dynamics. Upstream saline water and two freshwater sampling 

sites above areas of boating activity on the Hamble were collected in July and August 2016 

to determine if zinc concentrations were higher in areas of high boat density ( Table 3.5, 

Table 3.6, Table 3.7, Figure 3.3, Figure 3.4, Figure 3.5 and appendices 3, 4 and 5). 

Water and sediment samples were also collected on the Test and Itchen estuaries in 

November 2016 as a comparison to concentrations observed on the Hamble (appendices 3, 

4 and 19). Two cross tidal studies were also carried out to determine the extent of which 

zinc anodes impacted upon the zinc levels of the Hamble estuary. Site MF (Manor Farm) at 

the last moorings and site W (Warsash) at the mouth of the river were chosen, to show the 

effect of Southampton Water and the riverine input compared to that of anodes. Samples 

were collected from low to high tide over one tidal cycle at each site.  

The above sampling strategy was chosen to focus on the part of the estuary with highest 

boat numbers and to determine if zinc levels were higher in the vicinity of moorings and 

marinas. The preliminary survey to boat owners suggested anodes to be a major zinc 

source, within this part of the estuary. The upstream samples outside the areas of boating 

activity, along with cross tidal studies at the limit of boating activity and the mouth of the 

river, were carried out to determine the riverine input and the extent to which zinc anodes 

were likely to contribute to and effect the zinc levels of the Hamble. The nature of the 

upper Hamble estuary also made water sampling beyond the moorings only possible on 

certain tidal conditions, due to shallow conditions. This limited the number of sampling 

sessions carried out in the upper estuary.  

The samples were also collected seasonally to determine if seasonal changes in zinc levels 

were observed. Previous studies have suggested vessels leave estuaries in large numbers in 

winter months for maintenance work, this would indicate lower zinc levels being present 

within these months (Bird et al., 1996; Boxall et al., 2000). This theory was tested on the 

Hamble to determine if the same trend occurred. 
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 Table 3.5: Sampling sites Hamble estuary  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3: Mid channel and Marina sampling sites - Hamble main estuary, C1 and C2 control sites in Southampton Water and Solent 

Site Site description 

10 Mouth of river Hamble inside of spit 

9 Mid channel between Hamble and Warsash villages 

8 Mid channel between Port Hamble and Hamble Point marina 

PM2 Port Hamble marina Downstream 

7 Mid channel Port Hamble Marina 

PM1 Port Hamble marina Upstream 

6 Mid channel between Port Hamble and Mercury Marina 

MM2 Mercury Marina Downstream 

5 Mid channel Mercury Marina  

MM1 Mercury Marina upstream  

UM2 Universal Marina downstream  

4 Mid channel Universal Marina 

UM1 Universal Marina upstream 

SM2 Swanwick Marina downstream 

3 Mid channel Swanwick Marina 

SM1 Swanwick Marina upstream 

2 Mid channel between A27 and railway bridge 

FB2 Foulkes Boatyard downstream between A27 and M27 

FB1 Foulkes Boatyard upstream between A27 and M27 

1 Mid channel beyond M27 bridge and moorings 

C1 Control site Netley, Royal Victoria Country Park chapel 

C2 Control site Lee on Solent, Channel Marker Buoy 
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Table 3.6: Sampling sites Hamble upstream – July 2016  

 

 

 

 

 

 

 

 

 

Figure 3.4: Hamble July 2016 upstream sampling sites, site 8 same as 

main estuary sampling 

 

  

Site Site description 

B1  Curbridge Stream tributary – Horse and Jockey pub  

B2 Hamble tributary – Fairthorne manor pontoon (1E mid channel) 

FR1 Freshwater One - Maddoxford Bridge, river Hamble, 

FR2 Freshwater Two - Maddoxford Bridge  

tributary of the river Hamble 
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Table 3.7: Sampling sites Hamble upstream – August 2016  

 

Figure 3.5: Hamble August 2016 upstream sampling sites, sites 10, 5 and 3 same as the main estuary

Site Site description 

1A Mid channel Manor Farm Pontoon – upstream of vessels 

1B Mid channel Manor Farm tributary/ creek (rural Hamble) 

1C 150 metres downstream confluence of Hamble and 

Curbridge Stream tributaries  

1D Curbridge Stream 1- narrow channel  

1E Mid channel Hamble tributary – Fairthorne manor 

1F Hamble tributary – Downstream Botley 

1G Curbridge Stream 2- upstream of 1D 
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3.10.1 PREPARATION OF EQUIPMENT FOR FIELDWORK 

To prevent contamination of samples all equipment including bottles, filter membranes, 

filtration units, etc. were acid washed prior to use, for details of the washing procedure see 

Table 3.8. Once equipment was acid washed it was labelled with site codes and dates.  

Table 3.8: Acid washing equipment protocol and procedures 

Item of equipment  Washing procedures   

Metal water samples 

LDPE bottles (Nalgene)  

 

- 250 ml bottles  

- 500 and 60 ml bottles 

(spare) 

- 2 litre bottles (SPM) 
 

1. Rinse 3 – 5 times with Ultra High Purity (UHP) water  

2. Immerse bottles in 10% - 15% HCl acid 85-90% UHP 

water for 1 week  

3. Rinse 5 times with UHP water  

4. Place lids back on to avoid contamination  

5. Store in re-sealable polyethylene bag to prevent 

contamination until needed 

 

Polysulphonate Filtration Unit  
 

1. Remove all rubber O rings  

2. Rinse thoroughly 5 times with UHP water  

3. Immerse overnight in 10% v/v HCl  

4. Rinse 5 times with UHP water  

5. Store in re-sealable plastic bag  

 

Rubber O rings – from 

Polysulphonate Filtration Unit  

 

1. Rinse with UHP water  

2. Immerse overnight in 2% v/v HCl  

3. Rinse thoroughly with UHP water  

 

Ocean Test equipment water 

sampler  

1. Fill water sampler with 10%v/v HCL overnight  

2. Rinse 3-5 times with UHP water  

3. Store in plastic box until needed to avoid contamination  

 

Filter membranes 0.4µm metal 

analysis  

1. Immerse overnight in 30% v/v ROMIL HCl  

2. Rinse five times with, and store in, UHP water  

 

Quartz UV digestion vials  
 

1. Rinse 5 times with UHP water  

2. Immerse vials for 1 week 10% v/v HCl  

3. Rinse 5 times with UHP water  

4. Store in re-sealable polyethylene bag  

UV digestion vials lids 1. Thoroughly rinse with UHP water  

2. Immerse in 10% v/v HCl overnight  

3. Rinse thoroughly with UHP water, store in re-sealable bag  

DOC water samples 

DOC glass vials  

- 30 ml  

1. Rinse 3 - 5 times with UHP water  

2. Immerse in 10%v/v HCl for few days  

3. Rinse 3 – 5 with UHP water  

4. Store in re-sealable polythene bags until needed  

 

DOC - Whatman GF/F filter 

papers  

1. Immerse overnight in 10% v/v ROMIL super purity acid or 

muffle in furnace  

2. If acid washed rinse thoroughly 5 times with UHP water  

Sediment samples 

Plastic Tray  1. Rinsed with UHP water before use and with seawater 

between samples  

 

Plastic trowel  1. Rinsed with UHP water before use (acid damaging to 

plastic used)  

2. Store in re-sealable polythene bag  

 

Van Veen grab  1. Rinsed before use and between samples with seawater  
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3.10.2 COLLECTION OF WATER SAMPLES  

Water samples were collected and analysed for labile, total dissolved zinc and DOC 

concentrations.  

3.10.2.1 COLLECTION OF ZINC WATER SAMPLES  

Water samples were collected at every site using an ocean test equipment standard water 

sampler, this was lowered over the back of the boat at each site and activated using a 

weight (Table 3.8). Water samples were then poured off into pre acid washed 250ml 

LDPE bottles using the tap on the water sampler. Bottles were rinsed three times with the 

water sample before being filled with the sample.  

Temperature, Salinity, pH, DO (dissolved oxygen) and conductivity data was also 

collected at each site using an YSI 556 MPS probe (appendix 14).  

The January 2016 samples from above the bridges could not be collected by boat due to 

tide and wind conditions, so a pre acid washed 800ml plastic bottle was used with a 

bamboo cane from the bank. Salinity, temperature, etc. was collected using the above 

probe.  

3.10.2.2 UPSTREAM AND FRESHWATER WATER SAMPLING  

Water samples were collected and analysed for DOC and zinc content from the freshwater 

catchment and upper tidal reaches of the Hamble, using an acid washed bottle on a cane in 

July 2016 (Figure 3.4). The majority of these sites were not accessible by boat.  

The lower reaches off the upper estuary had water and sediment samples collected in 

August 2016 from a boat using the method outlined in section 3.10.2.1. Water samples 

were again analysed for their zinc and DOC content.  

3.10.2.3 COLLECTION OF DOC SAMPLES  

DOC samples were collected using a pre acid washed ocean test equipment standard water 

sampler. DOC samples were placed in acid washed glass bottles, pre rinsed in UHP water 

and rinsed three times with the collected water sample before being filled. DOC samples 

were collected at 12 sites during the June 2015 fieldtrip and all sites in October 2015, 

January, May July, August and November 2016. They were analysed for DOC content and 

also on the Fluorimeter (Hitachi F4500 Fluorescence Spectrophotometer) for fulvic, humic, 

humification index (HIX) and recent autochthonous contribution (BIX) (formed in present 

position) (Huguet et al., 2010). 
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3.10.2.4 CROSS TIDAL WATER SAMPLING  

Water samples were collected and analysed for DOC and zinc content from two cross tidal 

cycle sites on the Hamble, firstly Warsash Maritime Academy Pier at the mouth of the 

estuary and then Manor Farm Pontoon which is about a quarter of a mile above the last 

boat moorings on the estuary (Table 3.9). These experiments were carried out to determine 

the extent of which zinc anodes impacted upon the zinc levels of the Hamble estuary 

across a tidal cycle. An acid washed bottle on a cane was used to collect these samples. 

Salinity, temperature pH and conductivity were measured across the tidal cycle using an 

YSI 556 MPS probe (appendix 14). The two sites were sampled during the same week with 

a day in between for sample filtration.  

Table 3.9: Cross tidal sampling sites 

Sampling site  Site description GPS location Tide times (heights)  

CT WA (Warsash) 

18th July 2016 

On Warsash 

Maritime College 

Pontoon, at the 

mouth of the 

Hamble 

50°50'56.62"N 

1°18'25.82"W 

Warsash HT 

11.08 (4.3m) 

12.48 (4.2m) 

Warsash LT  

16.29 (1.53m) 

CT MF (Manor 

Farm) 20th July 2016 

On Manor Farm 

pontoon, which is 

just above all boat 

moorings, rural 

area either side of 

river   

50°53'36.80"N 

1°17'19.25"W 

Warsash HT 

12.17 (4.6m) 

14.21 (4.4m) 

Warsash LT  

17.50 (1.2m) 

Bursledon HT 

12.27 (4.4m) 

14.27 (4.4m) 

Bursledon LT 

17.59 (1.17m) 

 

3.10.2.5  SPM SAMPLING  

Water samples were collected during salinity profiling for the in-situ anode experiment 

(section 4.6.6 and 4.8) and analysed for their Suspended Particulate Matter (SPM) content 

and its metal content. The samples were collected and analysed for their metal content to 

determine whether zinc anodes impacted upon the levels observed. Five samples were 

collected at high and low tide on the same day at the same locations. The five samples 

ranged from the mouth of the Hamble estuary off Hamble le Rice village up to Bursledon 

Bridge. Samples were collected on spring and neap tides. Samples were collected in acid 

washed two litre HDPE plastic bottles (Table 3.8) and refrigerated for filtration at a later 

date.  
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3.10.3 COLLECTION OF SEDIMENT SAMPLES  

Sediment samples were collected at each site along with the water samples using a Van 

Veen grab. The samples were placed into a plastic tray and put into pre labelled sterile 

polythene sealable bags using a plastic trowel. Upstream sediment samples from Curbridge 

and a number of freshwater sites were collected with a plastic trowel and placed in sterile 

sample bags. Once back in the laboratory these were frozen ready for acid digestion with 

aqua regia and analysed on the ICP-OES.   

The January 2016 samples from above Bursledon Bridge did not have sediment samples 

collected, due to tidal and wind conditions not allowing boat access.  

3.11 WATER SAMPLE FILTRATION   

3.11.1 WATER METAL SAMPLES FILTRATION 

Water samples collected for metal determination were filtered through 0.4µm track etched 

polycarbonate filter membranes, which had been pre washed in 30% ROMIL high purity 

HCL acid to 70% UHP water (Table 3.8) (Pearson, 2014). A small amount of the sample 

was filtered through the filter membrane before being disposed of. The rest of the sample 

was then filtered, the LDPE bottles were rinsed with a small amount of sample and then 

poured back in to the pre-labelled bottles. They were refrigerated or frozen until being 

placed into a cool box for transportation to Plymouth for analysis. The filtering was carried 

out using a combination of a hand vacuum pump and an electric vacuum pump depending 

on the date of the fieldwork session and the availability of the vacuum pump.  

3.11.2 WATER DOC SAMPLES FILTRATION  

DOC samples were filtered through acid washed Whatmann GF/F filter paper and poured 

back into glass vials rinsed with the filtered sample. These were then refrigerated until 

analyses. Blanks were included by passing UHP water through acid washed filter papers.  

These were acidified with 50% v/v Romil acid (10µl per 10ml) and 10 ml was taken off for 

analysis using the fluorimeter before acidification, whilst the rest was saved for DOC 

determination.  

3.12 SAMPLE ANALYSIS  

3.12.1 CHEMICALS AND REAGENTS  

All the chemicals used for metal analysis were of analytical grade or higher and ultra-high 

purity water (UHP, 18.2MΩ-cm) was used for all of these applications. An element 

reference solution for zinc was prepared to a concentration of 10-6M. A 1M (238.3g/l) 
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stock solution of HEPES buffer was prepared from N-hydroxyethylpiperazine-N’-2’-

ethanesulphonic acid and the pH of this was adjusted to 7.8 using ammonium hydroxide 

solution (ROMILSpA). A stock solution of 0.1M (164.3g/l) APDC was also prepared 

using ammonium pyrrolidine dithiocarbamate. These were added to each samples at 

varying stages of the analysis processes (section 4.7.2.1) (Pearson et al., 2016).  

3.12.2 ZINC ANALYSIS USING VOLTAMMETRY  

The water samples were analysed for their total dissolved and labile zinc concentrations 

using cathodic stripping voltammetry (CSV) on a VA Computrace 797 Metrohm 

instrument. The voltammeter works by measuring the electrolysis of the water sample, 

there are three electrodes generally used. The working electrode often in the form of a 

hanging mercury drop electrode (HMDE), measures the response of the analyte (Thomas 

and Henze, 2001). This electrodes works by having a reservoir of mercury and releasing 

mercury drops at reproducible sizes. The second electrode is the reference electrode which 

serves two purposes, firstly to control the potential applied to the working electrode and to 

complete the circuit for the current produced by processes occurring at the mercury drop.  

This electrode forms an electrochemical equilibrium process that establishes a stable 

potential on the metal electrode in solution. Finally the auxiliary electrode which 

completes the current carrying circuit, the connection formed by this circuit measures the 

metal content of the sample from a known reference material (Thomas and Henze, 2001; 

Pearson, 2014; Pearson et al., 2016).  

3.12.2.1 LABILE AND TOTAL DISSOLVED ZINC ANALYSIS  

Labile zinc and total dissolved zinc concentrations were measured using the Metrohm 797 

VA Computrace voltammeter (Table 3.10). Water samples were brought up to room 

temperature before determination of labile zinc. Whilst for total dissolved zinc 30ml of 

each water sample was prepared for UV irradiation by acidifying with 60µl of 50/50 HCl 

and an addition of 90µl hydrogen peroxide (H2O2) in acid washed (10% HCl) UV glass 

tubes. The samples were then UV irradiated for 4 hours by a 400W medium pressure Hg 

lamp with Photochemical Reactors (Pearson et al., 2016).   

10ml of the sample, UV radiated for total dissolved or at room temperature for labile, was 

added to the voltammeter bowl with 100µl of HEPES, this acts as a buffer to set a pH of 

7.82.  25µl of 0.1M APDC which acts as a competing ligand was also added. The 

voltammeter was then started with the purge with argon gas (1 bar) for 180 seconds to 

remove dissolved oxygen from the sample and stirred by the voltammeter (Table 3.10). 

Standard additions of zinc were added to each sample using a 10M stock solution. The aim 
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was to try to double the concentration peak of the sample with each addition to ensure 

maximum precision. A total of two standard additions were added to each sample in order 

to generate a straight line with which to calculate dissolved and labile zinc concentrations 

and therefore calculate free zinc concentrations. Three replicates of each addition were 

determined.  

Each water sample was determined twice following the above steps. This gave an average 

metal concentration for the water samples. If the RSD values of the two runs were greater 

than 10% a third run of the sample was taken. This then gave a better representation of the 

metal concentrations present within the sample.  

Table 3.10: Parameters for analysis of zinc on voltammeter 

Parameter  Setting 

Initial Potential (V) -1.2 

End Potential (V) -0.1 

Amplitude (V) 0.025 

Deposition potential (V) -0.90 

Deposition time (S) 30 

Pulse Amp (V) 0.05 

Purge time (S) 180 

Scanning frequency (Hz) 50 

Equilibration time (S) 5 

Modulation  Differential pulse  

Number of reps  3 

Drop size  9 

Number of additions  2 

 

3.12.2.2 CRM’S AND REAGENT BLANKS ON VOLTAMMETER  

Two certified reference material CRM’s were run during this study to calibrate and 

determine the voltammeter accuracy. The two CRM’s chosen were BCR 505 an estuarine 

CRM (salinity 12.1) and SLRS 4 a riverine CRM (Table 3.11). Re-agent blanks were also 

run at regular intervals (APDC, HEPES and UHP water, see section 4.5.1), along with 

filter blanks to determine accuracy of measurements.  

Table 3.11: Voltammeter CRM zinc concentrations/results   

CRM CRM Zn range µg/l Measured Zn µg/l CSV 

BCR 505  10.53-11.96 10.59 

BCR 505  10.53-11.96 11.28 

BCR 505  10.53-11.96 10.78 

BCR 505  10.53-11.96 10.9 

BCR 505  10.53-11.96 10.6 

BCR 505  10.53-11.96 10.54 

SLRS 4 0.83-1.03 1.00 

SLRS 4 0.83-1.03 0.98 
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3.12.2.3 FREE ZINC CALCULATIONS  

The free zinc (Zn2+) of the samples was calculated using the total dissolved zinc and labile 

zinc (Equation 3.7 and Equation 3.8) (Van Den Berg, 1985; Pearson et al., 2016).  

Equation 3.7: Zn2+ calculation 

[𝑍𝑛2+] =
𝑇𝐷𝑍𝑛

(𝛼𝑍𝑛΄ + 𝛼𝑍𝑛𝐿ₓ)
 

Where: TDZn = Total Dissolved zinc 

αZn΄ = Inorganic ligands 

αZnLx= Natural organic ligands  

 

The αZn' (1.775) and αZnLx are alpha coefficients for the complexation of Zn2+ to 

inorganic ligands and natural organic ligands respectively. αZn' was calculated using a ion 

pairing model from Van Den Berg, (1985), based on the pH of the sample. The pH value 

was 7.82 based on the HEPES buffer used during voltammeter analyse. αZnLx was 

calculated using the following equation (Equation 3.8) (Pearson et al., 2016).  

 

Equation 3.8: alpha coefficients for the complexation of Zn2+ 

 

 

𝛼𝑍𝑛𝐿ₓ =
(𝛼𝑍𝑛𝐴𝑃𝐷𝐶 + 𝛼𝑍𝑛΄)(1 − 𝛸)

𝛸
 

 

Equation 3.8 is based on, αZnAPDC which is the alpha coefficient for the ZnAPDC 

complex, APDC is an natural ligand added in the analyse stage of the voltammeter, which 

equals the stability constant for ZnAPDC corrected for ionic strength (K'ZnAPDC) 

multiplied by the added APDC concentration (25µl) and X is the ratio of labile Zn to 

TDZn in the sample (Pearson et al., 2016). The Values for K'ZnAPDC were calculated for 

each sample based on the in-field salinity of the sample and constants calculated from Van 

Den Berg, (1985), with a higher K'ZnAPDC value occurring at lower salinities. Free zinc 

was calculated for each labile and total dissolved zinc rep (normally two reps).   

3.12.3 DOC ANALYSIS  

DOC samples were analysed for their DOC content to determine their metal complexing 

capacity, using high temperature catalytic oxidation, with a method similar to Badr et al., 
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(2003) used. Acidifying the samples with HCl to a pH ~2 drives off dissolved inorganic 

carbon as CO2 and this also slows down any biological activity. The DOC sample is 

sparged with C-free gas and a subsample of approximately 100µl is injected into a 

combustion column where the DOC is oxidised. The combusted gas is dried and purified, 

CO2 concentrations are then measured using a non-dispersive infra-red detector (NDIRD) 

(Badr et al., 2003; Pearson, 2014).    

DOC CRMs were run along with each sample batch, the CRMs run included low carbon 

water (LCW 1µm (0.001mg/l)) and deep seawater reference water (DSR Florida Strait 

700m 41-44µm  (0.041-0.044mg/l)).  

3.12.4 FLUORESCENCE ANALYSIS  

An aliquot (10ml) of the DOC sample was saved un-acidified for analysis on a 

fluorescence spectrophotometer (Hitachi F-4500) to determine the humic and fulvic, HIX 

and BIX character of the water samples (Table 3.12 and appendix 11) (Huguet et al., 

2010). This helps to determine the organic content present in the samples. 3D scans of the 

samples were completed to cover the whole spectrum.  

Humic levels were measured at two excitation peaks (A) with an excitation wavelength of 

λexc 230nm, an emission wavelength range of λem 400-500nm and at Peak C, an emission 

wavelength of λem 300-350nm (Carstea, 2000). Fulvic like humic peaks at peaks A and C, 

with an excitation wavelength range of λexc 240-260, emission wavelength of λem 380-

460nm and secondly an excitation wavelength range of λexc 320-360, emission wavelength 

of λem 420-460nm (Carstea, 2000; Cory et al., 2010). 

DOC and DOM (Dissolved Organic Matter) size fractions can be assessed further by 

determining the fluorescence indices which are the HIX index and the BIX index (Huguet 

et al., 2010). The HIX index estimates the degree of maturation in DOM, it is a ratio of 

H/L which are two spectral regions form the emission spectrum scanned with an excitation 

of 254nm. The two areas were calculated at the following wavelengths L 300 - 345nm and 

H 435 – 480nm (Zsolnay et al., 1999; Huguet et al., 2010). The BIX index is based on the 

contribution of β fluorophore which is associated with recently produced organic matter. 

BIX is calculated at an emission of λexc 310nm, by dividing the fluorescence intensity 

emitted at a spectrum of λem 380nm. This then corresponded to the maximum intensity of 

the β band when isolated, by the fluorescence intensity emitted at λem 430nm, which 

corresponded to the maximum emission of the band which has characteristics of a humic 

like material (Huguet et al., 2010). An increase in the BIX levels related to an increased 

concentration of β fluorophore in the water sample. The BIX levels therefore allow an 
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estimation of autochthonous biological activity in aquatic environments (Huguet et al., 

2009; Huguet et al., 2010). 

Table 3.12: Fluorimeter parameters for analysis 

Parameter  Setting 

Measurement  3D scan 

EX start (nm) 200 

EX end (nm) 450 

EM Start WL (nm) 200 

EM end WL (nm) 600 

Scan speed (s) 2400 

Processing interval (s) 10-5 

Save as  Text/ascii file  

 

3.12.5 SEDIMENT ANALYSIS 

Sediment samples were analysed by analysis on ICP-OES, the samples were first acid 

digested. Frozen sediment samples were defrosted and oven dried in pre-acid washed glass 

beakers for 16-18 hours at 80ºC for analyses on the ICP.  

3.12.5.1 SEDIMENT ANALYSIS ICP – DIGESTION OF SAMPLES  

Sediment samples were acid digested in aqua-regia made of three parts hydrochloric acid 

(HCl) to one part nitric acid (HNO3) (Singh and Turner, 2009a; Rees et al., 2014).  

1gram (+/- 0.05g) of the oven dried, ground sediment was added to 8ml of aqua-regia and 

gently boiled for 40-50 minutes (appendix 19). The beakers were pre acid washed and 

UHP rinsed. Three replicates of each sediment sample were digested (Singh and Turner, 

2009a, b). Once the samples had cooled they were poured into 50ml centrifuge tubes for 

analysis on the ICP-OES and made up to 50ml using UHP Water. The samples were then 

shaken and refrigerated until analysis at a later date using ICP-OES. 

3.12.5.2 SEDIMENT ANALYSIS ICP – CRM  

Two sediment CRM’s were run on the ICP-OES, Estuarine sediment BCR 277R and Lake 

sediment BCR 280R (Table 3.13).  
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Table 3.13: CRM’s ICP-OES 

CRM Zn Sn As Cd Cr Co Cu Hg Ni 

Estuarine 

sediment BCR 

277R 

178 

+/- 20 

6.5 

+/- 

1.8 

18.3 

+/- 1.8 

0.61 

+/- 

0.07 

188 

+/- 14 

22.5 

+/- 1.4 

63 

+/- 7 

0.128 

+/- 

0.017 

130 

+/- 8 

Lake sediment 

BCR 280R 

224 

+/- 25 

9.5 

+/- 

1.7 

33.4  

+/- 2.9 

0.85 

+/1 

0.1 

126 

+/- 7 

16.8 

+/- 0.9 

53  

+/- 6 

1.46 

+/- 

0.20 

69 

+/- 5 

 

3.12.5.3 SEDIMENT CRM RESULTS  

CRM BCR 277 generally had results within the standards for zinc, copper and arsenic, 

with one replicate for zinc and arsenic being below (Table 3.14). Chromium, cadmium, 

nickel and tin were below levels, chromium significantly. This likely due to the aqua regia 

extraction method used and some metals not being entirely recovered from the CRM 

(Ščanča et al., 2000). Results were adjusted for the moisture content analysis of the CRM. 

Table 3.14: Sediment CRM BCR 277 

 BCR 277 Estuarine sediment  

 Rep 

Zn (158-

198µg/g) 

Cu (56-

70µg/g) 

Sn (4.7-

8.3µg/g) 

Cd 0.54-

0.68µg/g) 

Cr 174-

202µg/g) 

As 16.5-

20.1µg/g) 

Ni 122-

138µg/g) 

1 158 67 0.51 0.30 87 16 104 

2 164 69 0.60 0.37 93 16 109 

3 159 68 0.78 0.37 89 17 104 

4 160 68 0.63 0.46 89 16 105 

5 161 69 0.005 0.32 86 10 105 

6 155 68 2.53 0.32 82 16 100 

7 163 69 1.99 0.39 87 17 105 

 

Results for BCR 280 like BCR 277 were adjusted for their moisture content, results were 

however generally just below the standards (Table 3.15), except for copper and arsenic 

which were within the CRM criteria. These are likely to be below partly due to moisture 

content of the CRM and the method of digestion and retrieval rates of some metals under 

aqua regia (Ščanča et al., 2000).  

Table 3.15: Sediment CRM BCR 280 

  BCR 280 Lake sediment 

Rep 
Zn (199-

249µg/g) 

Cu (47-

59µg/g) 

Sn (7.8-

11.2µg/g) 

Cd (0.75-

0.95µg/g) 

Cr (119-

133µg/g) 

As (30.5-

36.3µg/g) 

Ni (64-

74µg/g) 

1 194 61 4 0.41 63 32 59 

2 191 59 6 0.2 62 32 57 

3 189 59 4 0.28 61 35 57 

4 191 59 5 0.3 60 32 57 
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3.12.5.4 ICP-OES ANALYSIS OF SEDIMENT SAMPLES 

The acid digested sediment samples were analysed using inductively coupled plasma 

optical emission spectrometry (ICP-OES) (Table 3.16, appendices 17 and 19). The sample 

is introduced to the ICP plasma by argon gas and is atomised, the outer shell of electrons of 

individual elements are excited to higher levels and when they drop back to their ground 

state they emit light at specific wavelengths detectable using a photomultiplier. The 

intensity of each element is proportional to its initial concentration across a wide analytical 

range and can be quantified using external calibrants (Suleiman et al., 2009; Wheal et al., 

2011).  

Table 3.16: ICP-OES parameters 

Parameter  Setting UV Setting visible 

Exposure time (s) 2 2 

RF power (w)  1150 1150 

Nebulizer gas flow (L/min) 0.80 0.80 

Viewing height (mm)  12 12 

Capture full frame  no no 

Coolant gas flow (L/Min) 12 - 

Auxiliary gas flow (L/Min) 0.5 - 

Additional gas flow (L/Min) - - 

 

3.12.6 SPM SAMPLE ANALYSIS 

3.12.6.1 SPM FILTER PAPER PREPARATION  

GF/F 47mm filter papers were soaked in UHP water for two hours to remove any dust or 

loose particles. Individual filter papers were partially dried on an acid washed suction pad 

to remove excess water. Filter papers were then individually wrapped in foil envelopes, 

numbered on the foil envelope and oven dried at 80ºC for 14 hours. The foil envelopes 

containing filter papers were then all wrapped in foil and placed in muffle furnace at 450ºC 

for four hours and left to cool (Lysiak-Pastuszak and Krysell M, 2004; Ecasa toolbox, 

2004). Filter papers were left in foil and placed in plastic bag until use at a later date. Prior 

to filtration filter papers were placed back in oven at 80ºC for an hour to prevent moisture 

effecting results.  

3.12.6.2 SPM FILTRATION  

The two litre SPM samples were filtered using a vacuum pump through muffled filter 

papers (Lysiak-Pastuszak and Krysell M, 2004; Ecasa toolbox, 2004). The filter papers 

were weighed to five decimal places on an acid washed petri slide and placed onto the 
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filtration unit and filtered. 20ml of fresh UHP water was filtered to wash any salt crystals 

through and the filter unit edges were washed with UHP water. The pump unit was kept on 

during this processes. At least three blanks were used for each filter batch. The filter papers 

were placed on a baking sheet covered in tin foil and placed in the oven for two days at 

60ºC to dry. Once dry the filters were weighed for their TPM (Total Particulate Matter) 

content. The filter papers were then carefully wrapped in foil and placed in the muffle 

furnace at 450ºC for four hours and left to cool for 30 minutes and then weighed for PIM 

(Particulate Inorganic Matter) (Ecasa toolbox, 2004). The weighed filter papers were 

placed in labelled petri slides for acid digestion at a later date to determine the SPM metal 

content.   

3.12.6.3 SPM, TPM AND PIM ANALYSIS  

The filter paper weight was taken off the TPM and PIM results and results were adjusted 

for the filter blanks and to one litre. The blanks were plain filter blanks to account for 

changes in weight from moisture, scale differences and muffling of the filter papers.  

3.12.6.4 ACID DIGESTION OF SPM FILTER PAPERS  

The SPM filter papers were acid digested in aqua regia made of three parts hydrochloric 

acid (HCl) to one part nitric acid (HNO3) (Singh and Turner, 2009a; Rees et al., 2014), to 

determine the metal content of the suspended material in the estuary for the following 

elements; Zn, Cu, Cd, Pb, As and, Fe (appendix 18). These samples were then analysed 

using ICP-MS and ICP-OES for the zinc samples. 

ICP-MS analysis determines element concentrations in a diverse range of samples, based 

on their atomic mass. The sample was converted to an aerosol by the ICP-MS and 

introduced to the ICP plasma for ionisation, by argon gas. A Mass Spectrometer then 

determines the beam and count of each ion and the difference between ions based on their 

mass to charge ratio. Individual ions were counted by pulse counting; each ion was 

converted into a discrete electrical pulse. The number of pulses relate to the number of 

analyte ions present in the sample and were converted to an absolute concentration by 

comparing the signal from a calibrated reference sample (Linge and Jarvis, 2009). 

3.13 MAMPEC MODEL 

The MAMPEC model was used to model and determine an estimated value for zinc input 

from marinas and moorings on the Hamble into the estuarine environment. Ocean Village 

marina on the Itchen and Hythe Marina in Southampton Water were modelled as a 

comparison with the Hamble as they are enclosed and semi enclosed marinas, compared to 

the open marinas of the Hamble. The MAMPEC model was designed to predict 
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environmental concentrations of antifouling chemicals into the estuarine environment, it 

was adapted for the use of zinc anodes for this study (Deltares, 2016; Wood, 2014). The 

model being designed for modelling antifouling paints, meant that the user interface was 

easy to adapt for the use of anodes as most of the parameters needed were already present 

in the model design for paints, which made it ideal for this study.  

3.13.1 MAMPEC MODEL PARAMETERS  

The parameters for the model were adjusted depending on conditions at certain marinas, 

the MAMPEC model has a range of marina types, in this study Open Harbours was used, 

due to the marinas being open in nature. The marina type was also tried within this study. 

The basic parameters however remained the same (Table 3.17). A background riverine 

input of 7.46µg/l total dissolved zinc was used for the model, using averaged freshwater 

data collected by the Environment Agency (2000-2015) on the Hamble. A sediment 

background was used for each site using data collected within this study at the relevant 

marina sites.  
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Table 3.17: MAMPEC model parameters 

Parameter Setting References 

Environment 

Hydrodynamics 

Tidal period (hours) 12  

Tidal difference 2  

Tidal density  0.4  

Flow velocity  1m3/s SCOPAC, 2004 

Water characteristics  

SPM 27.73 mg/l Shi, 2000; Xiong, 2000 

POC 0.6 mg/l Model default 

DOC Varied per site This study 

Chlorophyll 6.22µg/l Shi, 2000; Xiong, 2000 

Salinity Varied per site This study and EA 

Temperature Varied per site This study and EA 

pH 8.0 This study and EA 

Layout (marina) 

Length  

Varied for each marina site 

 

OSmaps/google maps Width 

Depth 

Sediment 

Sediment – depth mixed layer 0.3m  

Sediment density (default) 1000 kg/m3 Default  

Nett sedimentation velocity 0.5 m/d Default 

Wind 

Wind – Average speed  3.11 m/s  

SOTONMET/BRAMBLEMET, 

2017 

Fraction of time wind 

perpendicular 

1 

Flush 

Flush (default) 0.1 m3/s Default  

Max density difference flush 0  

Submerged dam specification 

Height of dam metres  0m  

Width of dam Width of marina  

Depth harbour entrance Varied per marina   

Compound 

Compound name Zinc  

Molecular mass 65.38 g/mol  

Vapour pressure 0 pa  

Solubility at 20°C 0.1µg/l  

Metal Tab selected   

Kd 3, 5, 10, 30 l/g  

Emission  

Ships at berth Varies per marina Marina berth numbers 

Ships moving Varies depending on location in 

river 

This study/estimation 

Leaching rates  28 µg/cm2/d This study 
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3.14 BLM MODEL 

The BLM (or Biomet) model is used to determine an EQS for freshwater rivers based on 

calcium, pH and DOC concentrations (Peters et al., 2009). Using the metal concentrations 

for each site the bioavailable proportion of the metal was calculated. The BLM method 

calculates an EQS for Zn, Cu and Ni. Freshwater does not have a set standard like the 

estuarine environment, but varies depending on local factors (Bass et al., 2008; Peters et 

al., 2009). The BLM model was used to determine a freshwater zinc EQS for a number of 

sites on the Hamble River, using Environment Agency average data (2000-2015) 

(appendices 6 and 7).  

3.15 GEMCO MODEL   

The GEMCO model was used to model inputs of zinc into the Hamble using data and 

results from this study. The GEMCO model is a generic computer modelling system that 

was developed by Cefic LRI, the model was created to evaluate transport, fate and impact 

of contaminants in estuaries, in order to calculate the environmental concentrations of 

contaminants in an estuarine environment, food web uptake, and fluxes from estuaries to 

open waters (Cefic, 2014). The models was chosen for this study due to its ability to 

predict the fate and transport of contaminants within the estuarine environment. The 

models interface allowed specific sources at a number of locations to be inputted, which 

made it ideal to confirm the sources predicted in section 4.7 for the Hamble. 

3.15.1 GEMCO MODEL PARAMETERS  

The model output was created using parameters from the Hamble estuary (Table 3.18) to 

determine levels of zinc as a contaminant on the Hamble. To enable the model to run for 

the Hamble estuary, a compound list addition had to be made for zinc, an estuary list 

addition made for the Hamble and an emission list entry made for the contaminant (zinc) 

inputs (Table 3.18). 
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Table 3.18: GEMCO model parameters  

Compound list 

Type Metal 

Molecular mass Zn 65.38 

kd 1,3,5,10, 30 l/g  

Estuary list (reference) 

Dimensions and mixing 

Width estuary mouth (m) 500 

Width at X (m) 300 

Distance to X from mouth (km) 0.53 

Estuary length (km) 9 

Estuary depth (m) 8 

River flow (m3/s) 0.49 

Tidal range (m) (SCOPAC, 2004) 2.05 

Tidal period (h) 12.41 

Marine longshore current (default) (m/s) 0.05 

Temperature (ºC) 13.04 

Calculated hydraulic characteristics 

Convergence length (km) 1 

Salt intrusion length (km) 8.8 

Tidal excursion (km) 0.3 

Volume (m3) 4.15E+06 

Refresh time (days) 0.7 

Area (m2) 5.19E+05 

Tidal Prism (m3) 1.06E+06 

Estuary environmental properties 

Dispersion method Salinity (this study) 

Salinity at mouth 34 

Salinity, Distance from mouth (4km) 28 

Salinity, Distance from mouth (8.5km) 5 

Sedimentation velocity (m/d) (default) 0.1 

 Fresh<8 Intermediate 8 -20 Saline>20 Marine 

Suspended solids (mg/l) (Shi, 2000; Xiong, 2000) 24 24 24 19 

POC (mg/l) (default) 0.6 0.6 0.6 0.6 

DOC (mg/l) (marine default/this study) 3.88 2.18 1.91 1 

Fraction OC sediment (default) 0.02 0.02 0.02 0.02 

Mixed sediment layer thickness (m) (default) 0.1 0.1 0.1 0.1 

Chlorophyll (µg/l) (Shi, 2000; Xiong, 2000) 6.22 6.22 6.22 n/a 

Phytoplankton Biomass (µg/l) calculated from 

chlorophyll 

0.98 0.98 0.98 n/a 

Zooplankton Biomass (µg/l) calculated from 

chlorophyll 

1.17 1.17 1.17 n/a 

Dissolved O2 (mg/l) (EA data) 9.22 8.29 8.29 n/a 

Emission list 

Load location 4 (kg/yr) (this study) 12 

Load location 3 (kg/yr) (this study) 44 

Load location 2 (kg/yr) (this study) 3737 

Load location 1 (kg/yr) (this study) 3308 

Atmospheric (default) 1000 

Direct marine emission 12 (need altering) 

Concentration river (µg/l) (EA data) 7.07 

Concentration sea (µg/l) (EA data) 2.24 

Sediment concentration (µg/g) (this study) 165 
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CHAPTER 4 - RESULTS  

4.1 INTRODUCTION  

This chapter will present and analyse the results obtained within this study on anode 

corrosion rates through to zinc sources to the Hamble estuary and zinc concentrations 

observed in the water column and sediments, along with DOC and metal complexation. A 

range of models were also used to model the results obtained from this study, these were 

the; GEMCO, MAMPEC and BLM models.  

4.2 PRELIMINARY SURVEY TO BOAT OWNERS   

The preliminary survey received 73 responses from the Hamble mainly from mid channel 

mooring holders (58 mid channel and 15 marinas) and 20 responses from beyond the 

Hamble, including the Itchen and Portsmouth within the Solent and further afield from the 

Medway in Kent, Tollesbury on the Blackwater in Essex and Antibes and Monaco in 

France.  

4.2.1 ANODE REPLACEMENT TIMES – HAMBLE  

The anode replacement rates estimated by boat owners in the preliminary survey allowed 

an anode zinc load to be calculated. The majority of boat owners (59%) in mid channel and 

marina berths replaced their sacrificial anodes annually which is recommended, some 

however replaced under 1 year normally with high corrosion rates observed, whilst some 

left as long as 6 years on the Hamble (Figure 4.1). No correlation with the amount of time 

at a marina or mooring on the Hamble and the frequency of anode replacement was 

observed (Figure 4.2). 

 

Figure 4.1: Anode replacement frequency Hamble mid channel and marinas, error bars 

denote sd 



77 

 

The mean replacement in marinas of 1.3 years was slightly higher than the mean 

replacement rate of mid channel mooring holders at 1.2 years. A t-test was conducted to 

compare frequency of anode replacement between mid-channel (M = 1.19, SD = 0.47) and 

marina moorings (M = 1, 28, SD = 0.89), which indicated no significant difference in 

replacement frequency (t(72) = 0.40 p > 0.05).  

 

 

Figure 4.2: Mean replacement using midpoint frequency replacement in years, error bars 

denote sd  

4.2.2 ANODE REPLACEMENT TIMES – BEYOND THE HAMBLE 

The preliminary survey also received twenty responses from marinas outside of the 

Hamble estuary, including the Itchen, Tollesbury Marina, Essex, Hoo Marina Kent and 

Antibes and Monaco in France. Anodes were on a vessels for up to 12 years at Tollesbury. 

The majority of boat owners did replace anodes after one to two years like on the Hamble, 

with a mean replacement rate of 2 years, results were however skewed by a result from 

Tollesbury of 12 years, without this the replacement mean from areas outside of the 

Hamble was 1.5 years (Table 4.1). The rate at which boat owners replace anodes on their 

vessels control the zinc load to the Hamble estuary.  
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Table 4.1: Anode replacement times beyond Hamble estuary 

 Number of responses each estuary for frequency of replacement 

Marina/ estuary Under 1 year 1 year 1-2 years  2-3 years 3- 6 years  6-12 years  

Itchen - 4 - - - - 

Haslar, Portsmouth 1 3 - - - - 

Brighton - 1 - - - - 

Shotley, Orwell - 1 - - - - 

Tollesbury, Blackwater - - - - - 1 

Brightlingsea, Colne - - - 1 - - 

Hoo marina, Medway - - 1 - - - 

Port Medway, Medway - 1 - - - - 

Youngboats, Swale - - - 1 - - 

Glencoe, Scotland  - - 2 - - - 

Brixham Harbour, 

Devon - 1 - - - - 

Monaco - - - 1 - - 

Antibes, France - - 1 - - - 

 

4.3 ZINC SOURCES TO THE HAMBLE  

The main sources of zinc to the Hamble estuary were identified and from this the load from 

each source was calculated. The sources of zinc to the Hamble included zinc anodes, 

antifouling paints, sewage works, background riverine input and road runoff.  

4.3.1 ZINC ANODE INPUTS TO THE HAMBLE  

A corrosion rate for anodes was calculated from the preliminary survey of boat owners on 

the Hamble (Equation 3.1). This enabled a zinc load to the Hamble estuary to be 

calculated based on an average of three anodes per vessel. A corrosion rate of 

1.62kg/yr/vessel was determined for mid channel moorings and 2.49kg/yr/vessel for 

Hamble marinas. A Hamble average corrosion rate of 2.37kg/yr/vessel was obtained from 

a study by Boxall et al., (2000). These corrosion rates estimated the anode zinc load to the 

Hamble from anodes of between 6.95 – 7.11 tonnes per year for the 3,000 vessels present 

(Table 4.2, Table 4.3, Figure 4.3 and Figure 4.6) (appendices 8, 9 and 10).  

Table 4.2: Hamble anode corrosion rate and load to estuary 

Release rate location Berths Corrosion rate 

(kg/yr/vessel) (3 anodes) 

Load to 

estuary (t/yr) 

Hamble Mid channel (MC) 600 1.62 0.97 

Hamble Marina 2400 2.49 5.98 

Hamble Total calculated from above  - 6.95 

Hamble (Boxall et al., 2000) 3000 2.37 7.11 
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Table 4.3: Hamble anode load, individual marinas and moorings 

Corrosion rate (kg/yr/vessel) 1.62 2.49 

Hamble estuary moorings  Berths  Zinc load (t/yr) 

Mid Channel  600 0.97  

Hamble Point Marina 230  0.57 

Harbour Board Mooring 10  0.02 

Royal Southern Yacht Club 110  0.27 

Port Hamble 340  0.85 

Mercury Marina 360  0.90 

Universal Marina 250  0.62 

Stone Pier Yard 67  0.17 

Elephant Boatyard 70  0.17 

Swanwick Marina 330  0.82 

Deacons Marina 160  0.40 

Cabin boatyard 73  0.18 

Riverside boatyard 100  0.25 

RK Marine 50  0.12 

Foulkes Boatyard 180  0.45 

Eastland’s Boatyard 70  0.12 

Total  0.97 5.98 

Hamble Total  6.95 

 

4.3.1.1 ANODE CORROSION RATE CALCULATION – BOAT OWNER  

A boat owner moored in a mid-channel mooring around Mercury marina on the Hamble 

since December 1998, had kept all the anodes from the vessel since that time. The vessel is 

in the water for seven months and dry stored ashore for 5 months a year. The anodes were 

weighed used from this time period, along with a new anode which was deployed in 2016, 

from this corrosion rate predictions were made using the weight of the new anode. This 

shows yearly trends and patterns in anode corrosion on the Hamble (Table 4.4). From this 

data an anode release rate was calculated in kg/yr and then a release rate for each vessel 

(average of 3 anodes) in kg/yr/vessel.  
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Table 4.4: Anode corrosion rate Hamble December 1998-April 2016 

Approx. 

year used 
Weight (g) 

Estimated* 

weight loss (g) 

Annual 

corrosion 

rate per 

anode kg/yr 

Annual 

corrosion rate 

3 anodes 

(average) 

kg/yr/vessel 

Zinc load 

t/yr 

Hamble 

(3000 

vessels) 

2016 1275 On vessel    

2015 995 280 0.24 0.72 2.16 

2014 - - - - - 

2013 1155 120 0.21 0.62 1.85 

2012 1158 117 0.20 0.60 1.81 

2011 1052 223 0.19 0.57 1.72 

2010 - - - - - 

2009 976 299 0.26 0.77 2.31 

2008 - - - - - 

2007 1140 135 0.23 0.69 2.08 

2006 1106 169 0.29 0.87 2.61 

2005 1061 214 0.37 1.10 3.30 

2004 950 325 0.56 1.67 5.01 

2003 978 297 0.51 1.53 4.58 

2002 771 504 0.86 2.59 7.78 

2001 574 701 1.20 3.61 10.82 

2000 833 442 0.38 1.14 3.41 

1999 833 - - - - 

Average   0.42 1.27 3.80 

       (Data provided: Steve Green, 2016) 

*Weight loss estimated for all years from the weight of new anode from 2016 

Where data entry is blank anode was present on vessel for two years 

The boat engine was replaced in 2005 from a steel engine to an aluminium Volvo engine 

and after this date anodes used on the vessel tended to show a lower and more consistent 

corrosion rate. After the vessel had a new engine fitted the anodes corroded at a similar 

rate each year, some variation was still however observed (Table 4.4). 

An anode corrosion rate was calculated for this vessel each year, along with an average 

corrosion rate of 1.27kg/yr/vessel. Based on the assumption that each vessel had three 

anodes as shown by the survey, a zinc load of 3.8 t/yr was calculated for the 3,000 vessels 

present on the Hamble.  

A significant correlation (Univariate, ANOVA) was observed between the corrosion rate of 

zinc anodes and the type of metal used for the engines construction. A greater rate of 

corrosion was observed on a Volvo steel engine replaced in 2005 compared to an 

aluminium engine (F = 11.35, df = 1, p > 0.05).  
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4.3.2 INPUTS OF ZINC TO THE HAMBLE SEWAGE WORKS  

The proportion of zinc from sewage works to the Hamble was calculated using output data 

from each sewage works (Equation 3.2). Sewage and wastewater treatment works are a 

small source of zinc to the Hamble compared with zinc anodes (Table 4.5 and Figure 4.3).  

Table 4.5: Hamble sewage works zinc load 

Sewage works Population m3/d discharge Zn in 

effluent 50 

percentile 

(µg/l) 

Zn in 

effluent 95 

percentile 

(µg/l) 

t/yr 50 

percentile  

t/yr 95 

percentile  

Bursledon 6723 1942 24 59 0.017 0.042 

Bishop Waltham 12674 3609 24 59 0.032 0.078 

Total 19397 5551 -  -  0.049 0.12 

4.3.3 INPUTS OF ZINC TO THE HAMBLE ANTIFOULING PAINTS  

The input of zinc to the Hamble from antifouling paints was estimated to be 0.014t/yr 

using a paint release rate of 3.91µg/cm2/d from Ytreberg et al., (2017), (Equation 3.4, 

Equation 3.5 and Figure 4.3). The actual zinc load to the Hamble is likely to be lower, as 

the calculated load was derived from an average release rate of both zinc and copper based 

paints and it was assumed zinc was present in all of the paints. This is therefore a worst 

case scenario zinc load for the Hamble.  

4.3.4 INPUTS OF ZINC HAMBLE RIVERINE AND ROAD RUNOFF  

The riverine input of zinc to the Hamble using a background of 7.70µg/l (EA data average) 

was estimated at 0.12t/yr (Equation 3.3, Figure 4.3). The road runoff input for the M27 

Bridge on the Hamble at Bursledon was 0.024t/yr (Equation 3.6, Figure 4.3).  

 

Figure 4.3: Main zinc sources to the Hamble estuary in tonnes per year 
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4.4 IN-SITU ESTUARY ANODE EXPERIMENT  

Anodes were placed in the estuary on nine metals piles to determine anode corrosion rates 

in different sections of the estuary. A3 was at the mouth of the Hamble between Warsash 

and Hamble le Rice and V8/Z1 were at Bursledon (Figure 3.2). Anodes were weighed 

before and after deployment, salinity profiles were also carried out. The experiment had a 

number of purposes, to determine anode corrosion rates in the Hamble and to determine 

the influence of salinity on anode corrosion  

4.4.1 IN–SITU ANODE SALINITY VARIATIONS AT PILE SITES 

Salinity profiles were measured at high and low tide on spring and neap tides in July and 

October 2016 to determine salinity variations at each pile site. This would allow the results 

to be compared with salinity within the estuary, to determine the effect it has on anode 

corrosion (Table 4.6, appendix 14, 20, 21).  

Salinity generally showed little variation during the sampling sessions at most sites 

between high and low tide and between monitoring sessions (Table 4.6). July 4th spring 

tide showed the greatest variation between high and low tide, due to rainfall in preceding 

days. On average a difference of 2 was observed at each site between high and low tide. 

There could however be periods where the salinity was lower than the ones experienced in 

the sampling sessions.  

July temperatures varied from 17-19°C, whilst in October temperatures varied between 12-

14°C (appendices 14, 20). 

Table 4.6: Salinity average in-situ experiment 

Salinity average high and low tide  

  

July 4th 2016 

Spring tide 

July 15th 2016  

Neap tide 

12th October 2016 

 Neap tide 

21st October 2016  

Spring tide Averages 

Pile high tide low tide high tide low tide high tide low tide high tide low tide high tide low tide  

A3 31.68 30.36 31.78 30.57 33.12 31.93 32.39 33.32 32.24 31.55 

D9 31.64 29.24 31.51 30.09 32.84 31.70 32.39 33.21 32.09 31.06 

HP20 31.51 28.00 31.20 29.51 32.55 31.19 32.02 33.30 31.82 30.50 

G49  31.40 26.77 30.84 29.13 32.44 30.98 31.73 33.32 31.60 30.05 

I42 30.78 25.64 30.59 28.99 32.35 30.97 31.61 32.91 31.33 29.63 

TG 30.92 24.36 30.51 28.66 31.98 30.68 31.53 33.22 31.23 29.23 

L25 29.88 22.70 29.66 27.80 31.49 30.10 31.02 32.94 30.51 28.39 

V8 28.45 21.61 29.03 27.08 31.22 29.65 30.31 31.80 29.75 27.54 

Z1 28.43 20.44 28.87 27.20 30.77 29.64 30.03 31.93 29.52 27.30 
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4.4.2 IN-SITU ANODE CORROSION RATES 

Two sets of scales were used to weigh the anodes before and after deployment due to a 

number of anodes having longer cables and being heavier than the scales limit, the two 

scales weighed to either a 0.1 or 0.5kg accuracy. Results shown below are for scales of 

0.1kg accuracy, as Z1, HP20 and TG which were too heavy for the scales and experienced 

connection issues, so they were discounted from the results (Figure 4.4, Table 4.7 and 

appendix 20 and 21 for 0.5kg results).  

Table 4.7: Anode weights before and after deployment – scales 0.1kg accuracy 

Pile number 

Anode 

number 

Weight 

new kg 

Weight 

1yr kg 

kg 

lost 

% 

lost 

kg per year 

vessel (3) 

t/yr 

Hamble 

A3 1 1.95 1.15 0.80 41 2.40 7.20 

A3 2 1.95 0.91 1.04 53 3.12 9.36 

A3 3 1.95 0.98 0.97 50 2.91 8.73 

A3 Average - 1.95 1.01 0.94 48 2.81 8.43 

D9 1 2.00 1.24 0.76 38 2.28 6.84 

D9 2 1.97 1.13 0.84 43 2.52 7.56 

D9 3 1.98 1.04 0.94 47 2.82 8.46 

D9 Average - 1.98 1.37 0.85 43 2.54 7.62 

G49 1 1.92 1.11 0.81 42 2.43 7.29 

G49 2 1.96 1.03 0.93 47 2.79 8.37 

G49 3 1.95 1.07 0.88 45 2.64 7.92 

G49 Average - 1.94 1.07 0.87 45 2.62 7.86 

I42 1 1.85 1.30 0.55 30 1.65 4.95 

I42 2 1.89 1.30 0.59 31 1.77 5.31 

I42 3 1.88 1.35 0.53 28 1.59 4.77 

I42 Average - 1.87 1.32 0.56 30 1.67 5.01 

L25 1 1.97 1.69 0.28 14 0.84 2.52 

L25 2 1.98 1.47 0.51 26 1.53 4.59 

L25 3 1.93 1.43 0.50 26 1.50 4.50 

L25 Average - 1.96 1.53 0.43 22 1.29 3.87 

V8 1 1.91 1.50 0.41 21 1.23 3.69 

V8 2 1.91 1.30 0.61 32 1.83 5.49 

V8 3 1.91 1.36 0.55 29 1.65 4.95 

V8 Average - 1.91 1.39 0.52 27 1.57 4.71 

Average - 1.93 1.23 0.69 36 2.08 6.25 
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Figure 4.4: Average zinc loads in-situ anode experiments versus average salinity, error 

bars denote sd 

A higher corrosion rate was observed at the estuary mouth at higher salinities than in the 

mid estuary (one way ANOVA F(2,3) = 17.39, p = 0.022). The zinc load from each anode 

shows that anodes in higher salinities release more zinc into the estuary environment each 

year (Table 4.7, Figure 4.4). The zinc loads for different salinities varied between 4.71t/yr 

at Bursledon to 8.43t/yr at the mouth, with an estuary average of 6.25t/yr. There is also 

significant correlation (Pearson, 2-tailed) for the rate of anode corrosion observed at piles 

A3 compared to V8 when associated with salinity variations between these sites (r=0.863, 

N = 6, p < 0.05).  

4.5 LABORATORY ANODE EXPERIMENT  

The laboratory anode experiment was designed to replicate the salinity regimes of the 

estuary and had tanks with salinities of freshwater, 5, 15, 20, 25 and 32. Anodes at higher 

salinities generally tended to corrode quicker (Table 4.8, Figure 4.5). Laboratory tests 

were carried out during the course of the experiment, this included salinity and temperature 

checks and the collection of water samples for metal analysis using ICP-OES (Table 4.9). 

The metal tests did not show a rise in dissolved zinc concentrations due to pH levels 

observed in the test tanks leading to precipitation of zinc hydroxides, see appendices 22 

and 23 for details of the results obtained from this.  

Higher salinities generally showed the greatest corrosion in the laboratory experiment like 

the in-situ experiment. This therefore meant at higher salinities a greater zinc load was 
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calculated for the 3,000 vessels on the Hamble. A salinity of 15 showed the most corrosion 

due to the pH observed in this tank (Table 4.8, Figure 4.5). Freshwater showed the least 

corrosion. The salinity of 32 had a lower zinc load then 25. Very little variation was seen 

between corrosion rates of the three anodes in the tanks (Table 4.8). The salinity changed 

during the experiment, with most salinities dropping except 25 which rose to 27.8 (Table 

4.9).  

Table 4.8: Laboratory anode average corrosion rates and zinc loads 

Salinity 

Avg weight 

new (g) 

Avg weight 

used (g) 

% 

corroded 

kg/yr 

anode 

kg/yr vessel 

(3 anodes) 

t/yr 

Hamble  

Freshwater 358 279 22 0.14 0.41 1.24 

5 352 245 30 0.18 0.55 1.65 

15 348 209 40 0.24 0.72 2.17 

20 359 243 32 0.20 0.60 1.79 

25 347 199 43 0.26 0.77 2.30 

32 356 229 36 0.22 0.66 1.97 

Avg - - 34 0.21 0.62 1.85 

Avg minus freshwater - - 36 0.22 0.66 1.98 

 

 

Figure 4.5: Laboratory anode experiment zinc load (3,000 vessels Hamble) at different 

salinities, error bars denote sd 
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Table 4.9: Salinity changes during duration of experiment 

 Salinity 

Date Freshwater 5 15 20 25 32 

10/08/2016 Freshwater 5.06 15.07 20 25.08 32 

17/01/2017 0.32 4.62 13.56 19.45 23.32 29.7 

13/03/2017 0.16 4.83 12.94 19.36 27.83 29.28 

 

The pH changed during the course of the experiment, which caused the metal to precipitate 

out of the water in some cases (Table 4.10). The pH of salinity 5 was the highest at the 

start of the experiment and remained high throughout the experiment, the sample at a 

salinity of 15 rose during the course the experiment more than the other tanks. All of the 

tanks experienced some change to the pH level.  

Table 4.10: pH changes during duration of experiment 

pH changes 

Salinity 10/8/2016 1/9/2016 16/1/2017 13/3/2017 

Fresh 8.73 9.54 8.18 7.60 

5 9.02 10.48 11.18 11.40 

15 8.69 8.78 9.46 10.51 

20 8.53 7.06 6.80 6.77 

25 8.27 6.96 7.30 9.14 

32 7.94 7.03 7.21 9.76 

4.6 ANODE ZINC LOADS – TOTALS  

Anode release rates were calculated for the Hamble from a number of sources including 

previous studies, the survey from this study, the in-situ and laboratory anode experiment 

and the corrosion of anodes from a Hamble mid channel mooring holder (Figure 4.6, 

orange represent this study, whilst blue other studies). These methods predicted a zinc load 

to the Hamble from anodes of 1.98-7.11t/yr. The wide range in the predicted zinc loads 

were generated owing to the method used and driven by the limitations and assumptions 

used for each method. The in-situ experiment (6.25t/yr), the anode survey (6.95t/yr) and a 

previous study by Boxall et al., (2000) (7.11t/yr) all carried out on the Hamble predicted 

similar results to one another (Figure 4.6).  
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Figure 4.6: Anode zinc loads Hamble tonnes per year, experiment comparison for the 

3,000 vessels on the Hamble, orange denotes this study, blue previous release rates used on 

the Hamble. Error bars denote sd of anode corrosion rates, this data was not always 

available for some previous studies 

4.7 XRF ANALYSIS OF ANODE METAL CONTENT  

Boat owners questioned the quality and metal content of some anodes in the preliminary 

survey. This therefore meant anodes from a range of sources were analysed for their metal 

content using XRF, to determine if anodes met the US Military standards and the metal 

variation between anodes. XRF CRM aluminium alloy Al 6061 195-020 was run with 

batches of the samples.  

4.7.1 NEW ANODES PURCHASED FROM CHANDLERS AND BOAT JUMBLES 

New anodes were either purchased, lent or obtained for experiments and analysed before 

use. Anodes from a range of manufacturers were analysed these included anodes from 

MGDuff, Solent Anodes, Piranha, Volvo Penta and a homemade anode by a boat owner on 

the Hamble. The anode manufacturers’ names have been removed in the graph below 

(Figure 4.7). New anodes of different makes showed a variation in the metal content 

present, aluminium had higher levels than those of the standards, as did the other 

impurities which had levels higher than those of 0.1% (Figure 4.7). For complete data runs 

and numbers of results see appendices 23, 24, 25, 26 and 27. 
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Figure 4.7: Metal composition of new anodes XRF analyse compared to anode standard, 

the degree of error is likely to vary with each anode. Note the Y axis starts at 95%  

4.7.2 IN-SITU ANODE EXPERIMENT  

The anodes used for the in-situ experiment were analysed by XRF for metal content before 

and after deployment to determine if standards were met and the metal content changed 

over time of use. The metal contents of the anodes did tend to change during the course of 

the experiment with zinc contents decreasing by over 10% in some cases. The proportion 

of other metals tended to increase (Figure 4.8), as the zinc corroded quicker than the other 

metals in the alloy. Lead was not detectable before the deployment in the anodes 

composition but was present in a number of anodes after deployment.  
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Figure 4.8: In-situ anode experiment anodes metal composition pre and post deployment, note the Y axis starts at 85%
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4.7.3 LABORATORY ANODE EXPERIMENT 

The anodes used for the laboratory experiment were once again analysed by XRF for metal 

content before deployment to determine if standards were met and the metal content 

changed over the course of the experiment (Figure 4.9) 

This batch of anodes had little impurity within them compared to some new anodes 

(Figure 4.7), but some impurities did still occur. Zinc levels are around 97-98% of the 

total. Lead was not present in any of the samples when new, whilst aluminium is in all 

apart from two. Once again only one rep was done at the start of the experiment and the 

anodes were cut in half after XRF analysis to get two anodes for the experiment.  

The zinc content of anodes unsurprisingly tended to be lower after deployment than before, 

with the zinc content dropping by as much as 5-7%, the other metals in the alloy tended to 

be proportionally higher (Figure 4.9). Freshwater anodes tended to have a similar zinc 

content before and after deployment, but these also showed the least corrosion during the 

course of the experiment as expected. XRF analysis of anodes post deployment in the 

laboratory experiment showed a lower zinc content.  

 

Figure 4.9: Anode metal composition laboratory experiment pre and post deployment, 

note the Y axis starts at 90% 

4.7.3.1 METAL SHEETS USED IN LABORATORY EXPERIMENT PRE AND 

POST DEPLOYMENT  

The anodes used for the laboratory experiment were connected to steel sheets, the sheets 

were analysed before and after deployment for their metal content also to determine 

change during the course of the experiment and to identify the type of steel being used, for 

further details see appendix 22. The metal content changed slightly during the course of the 
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experiment and a calcareous and zinc chloride build up was evident on the sheets from the 

corrosion of the anodes. The zinc content within the sheets was under 1%, but the 

calcareous/zinc chloride build up had a zinc percentage as high as 60-70%.  

4.7.4 USED ANODES 

Used anodes were acquired from a number of boat owners and marinas and analysed using 

XRF for their metal content. The anodes tended to show a similar trend to the laboratory 

and in-situ anode experiment after deployment with lower zinc levels (Figure 4.10). Due 

to the anodes not being analysed by XRF before use, the change cannot be seen. The full 

results for these anodes are provided in appendices 24, 25, 26 and 27. 

 

Figure 4.10: Metal composition of used anodes versus zinc standard, note the Y axis starts 

at 85% 

4.8 ANODE CURRENT EXPERIMENTS  

Anode current experiments were carried out to measure the flow of current between the 

anode and cathode and to determine variations with different anode types and cathode 

materials. The salinity was also varied to determine effects of different environments. 

Experiments were attempted on the laboratory experiment but due to the experiment layout 

with the anode under water results could not be obtained (Table 4.11 and appendix 21). 
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Table 4.11: Anode current experiment results 

Anode  mAmps (average) mVolts (average) 

Used anode 23 (prop) metal tray salinity 

Freshwater 

0.6, 0.1, 0.1 (0.26) 0.010, 0.004, 0.002 (0.004) 

New hull anode 

Metal tray salinity of Freshwater 

0.1, 0.1, 0.1 (0.1) 0.001, 0.001, 0.000 (0.0006) 

New homemade pear anode, metal tray 

salinity of Freshwater 

0.8, 0.1, 0.2 (0.36) 0.007, 0.002, 0.000 (0.002) 

New prop anode 1, metal tray salinity of 

Freshwater 

0.1, 0.5, 0.3 (0.3) 0.000, 0.000, 0.000 

New prop anode 2, metal tray salinity 

Freshwater 

9.6, 10.1, 6 (8.56) 0.522, 0.037, 0.006, 0.001 (0.14) 

   

Used anode 22 (prop), metal tray salinity 

Freshwater 

0.1, 0.1, 0.1 (0.01) 0.02, 0.003, 0.001 (0.008) 

Used anode 23 (prop) metal tray salinity 

Freshwater 

0.2, 0.3, 0.01 (0.17) 0.093, 0.000, 0.001 (0.031) 

New hull anode 

Metal tray salinity of 16 

43.1, 13.2, 19.4 (25.23) 0.265, 0.086, 0.085 (0.145) 

New homemade pear anode, metal tray 

salinity of 16 

3.8, 0.9, 1.2 (1.96) 0.004, 0.003, 0.001 (0.002) 

New prop anode 1, metal tray salinity of 16 1.8, 3.6, 3.3 (2.9) 0.004, 0.005, 0.001 (0.003) 

New prop anode 2, metal tray salinity 16 215, 202.7, 101.8 (173) 0.621, 0.324, 0.689 (0.544) 

Metal shackle (control) 16 0.1, 0.1, 0.1 (0.1) 0.001, 0.001, 0.000 (0.00006) 

Used anode 22 (prop), metal tray salinity 16 0.004, 0.004, 2.2 (0.736) 0.161, 0.021, 0.175 (0.119) 

Used anode 23 (prop) metal tray salinity 16 36.4, 9.5, 11.8 (19.23) 0.004, 0.093, 0.007 (0.034) 

Used anode 22, metal tray salinity 16, metal 

sheet 

No result with metal sheet 

added  

No result with metal sheet added 

New hull 

Metal tray salinity of 30 

8.2, 27.2, 21.4 (18.93) 0.019, 0.004, 0.004 (0.009) 

New homemade pear anode, metal tray 

salinity of 30 

0.2, 0.1, 0.1 (0.13) 0.002, 0.001, 0.000 (0.001) 

New prop anode 1, metal tray salinity of 30 0.1, 0.1, 0.1 (0.1) 0.004, 0.000, 0.001 (0.0016) 

New prop anode 2, metal tray salinity 30 116.9, 216.5, 211.1 (181.5) 0.422, 0.463, 0.489 (0.458) 

Metal shackle (control) 30 0.1, 0.1, 0.1 (0.1) 0.000, 0.000, 0.000 

Used anode 22 (prop), metal tray salinity 30 16.3, 9.1, 8.5 (11.3) 0.095, 0.001, 0.009 (0.035) 

Metal shackle (control) 30 0.1 0.0, 0.1 (0.06) 0.004, 0.001 0.013 (0.006) 

 

The current experiments showed mixed results, variation in mAmps and mVolts was 

observed among different anodes. Very little variation was observed among salinities, 

apart from freshwater where voltage and amps were lower compared with higher values in 

higher salinity water. Using a plastic tray and a metal sheet no results could be obtained, as 

a connection was easily lost.  

4.9 ZINC CONCENTRATIONS   

Water samples were collected seasonally (June, October 2015, January, May and 

November 2016 and samples beyond areas of boat density in July and August 2016) on the 

Hamble and analysed for total dissolved and labile zinc. Free zinc (Zn2+) was calculated 
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from this data (Figure 4.11, Figure 4.12, Figure 4.13 and Figure 4.14). The upstream 

samples from July and August 2016 were above areas of boat moorings to show the limit 

of the boat influence, whilst two Freshwater samples were collected in July 2016 (FR1 and 

FR2) to determine zinc concentrations in the riverine section of the Hamble catchment 

(Figure 3.5). 

In the seasonal sampling on the Hamble water samples were collected at a number of sites 

in the mid channel of the Hamble with sample 10 being at the mouth of the Hamble and 

sample 1 above the last moorings at Bursledon (Figure 3.3). Water samples were also 

collected at the upstream and downstream end of a number of marinas with, site PM1 and 

PM2 representing Port Hamble marina, MM1 and MM2 Mercury marina, UM1 and UM2 

Universal marina, SM1 and SM2 Swanwick marina and FB1 and FB2 Foulkes boatyard 

(Figure 3.3). The upstream samples in August went upstream from site 1 to Botley and 

Curbridge so were labelled from 1A to 1G (Figure 3.4). In July 2016 B1 was collected at 

the tidal limit of Curbridge Stream and two freshwater sites were also sampled (FR1 and 

FR2) at Maddoxford bridge were two tributaries of the Hamble were present (Figure 3.5). 

4.9.1 TOTAL DISSOLVED ZINC – HAMBLE ESTUARY  

Total dissolved zinc levels on the Hamble estuary varied along the estuary length, with 

concentrations ranging between 1.51-31.19µg/l throughout all the sampling sessions, the 

highest zinc levels occurred in areas of highest boat density (Mann Whitney U = 1015, p < 

0.01), around Bursledon and Swanwick (Figure 4.11). The EQS of 7.9 µg/l was exceeded 

at some sites. The Hamble average total dissolved zinc concentration for the 18 month 

period of data collection was 8.07µg/l, also above the zinc EQS. The highest 

concentrations tended to occur from Universal Marina to beyond the areas of high boat 

density at site 1B (Figure 4.11). Total dissolved zinc concentrations within this section of 

the estuary ranged between 1.51-29.09µg/l with an average of 10.02µg/l. In comparison 

the mouth of the estuary to Universal Marina had a total dissolved zinc range of 2.28 – 

31.19µg/l with an average of 6.35µg/l. In the upper estuary from site 1C upstream of the 

high boat density area to the tidal limit of the Hamble at Curbridge and Botley zinc ranged 

between 1.51 – 24.61µg/l, with an average of 7.13µg/l.  

Two control sites were used for the Hamble estuary samples C1 which was in 

Southampton Water at Netley and C2 which was off Lee on Solent at the confluence of 

Southampton Water and the Solent (Figure 4.11). Total dissolved zinc concentrations at 

C1 ranged between 3.23 – 7.16µg/l. The average total dissolved zinc for C1 was 6.36µg/l. 

Site C2 had a zinc range of 2.77 – 9.05µg/l, with an average of 6.17µg/l. The two 
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freshwater samples collected in July 2016 had total dissolved zinc levels of (FR1) 3.24µg/l 

and (FR2) 2.83µg/l.  

A Kruskal-Wallis test suggested some seasonal variation for total dissolved zinc levels on 

the Hamble (p < 0.01). Whilst a Dunns pairwise test carried out for each season showed 

seasonal variation for total dissolved zinc levels between summer and autumn (p < 0.05, 

adjusted using the Bonferroni correction). The highest total dissolved zinc concentrations 

were observed during the autumn months of October 2015 and November 2016 (Figure 

4.11). The other sampling months did not show any significant variation from one another. 

A Mann Whitney U test also suggested a seasonal difference occurred between total 

dissolved zinc levels for summer and autumn (Mann Whitney U = 1286, p < 0.005).  

All sampling sessions apart from May 2016 had higher zinc concentrations around 

Bursledon in areas of higher boat density. Samples from May showed more variation in 

zinc levels compared to other sampling months and EQS exceedances were seen at more 

sites along the estuary length compared to the other sampling months were the 

exceedances were generally confined to the mid estuary in the vicinity of Bursledon and 

Swanwick villages (Figure 4.11).  
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Figure 4.11: Total dissolved zinc concentrations Hamble catchment, error bars denote sd
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4.9.2 LABILE ZINC – HAMBLE ESTUARY 

Labile zinc is considered more bioavailable than total dissolved zinc, thus making it more 

available for biological uptake and therefore it is more likely to represent the ecologically 

relevant fraction of the zinc present (Table 2.10). Labile zinc like total dissolved zinc was 

generally higher in areas of high boat density (Figure 4.12) and ranged between 0.002-

9.01µg/l. These labile zinc concentrations were generally a quarter to a third of the 

observed total dissolved zinc concentrations (Figure 4.11 and Figure 4.12, appendix 13). 

Labile zinc generally tended to be higher where higher total dissolved zinc concentrations 

occurred, although this was not always the case. Labile zinc was not significantly higher 

within areas of high boat density (Mann Whitney U = 1724, p > 0.05), consistently high 

labile zinc levels were, however, found in areas of high boat density at sites FB1 and FB2.  

October 2015 and January 2016 had the highest labile zinc concentrations (1.04-12.69µg/l 

and 0.69-9.01µg/l), whilst June 2015 had the lowest labile zinc range (0.002-3.24µg/l) 

(Figure 4.12). Labile zinc in May 2016 ranged between 0.07-5.0µg/l, whilst November 

2016 had a labile range of 0.69-9.01µg/l which was between those observed in October 

2015 and January 2016. In the upper estuary labile zinc ranged between 0.04-8.28µg/l, the 

labile zinc levels decreased the further upstream the samples were collected as boat 

numbers had less of an influence. Some sites in the middle of the estuary exceeded the zinc 

EQS set for total dissolved zinc, which outlines the high labile zinc concentrations 

observed in some parts of the estuary. The two freshwater samples on the Hamble also 

tended to have low labile zinc concentrations of 0.53µg/l (FR1) and 0.22µg/l (FR2). 

A Kruskal-Wallis test showed seasonal variation occurred for labile zinc levels on the 

Hamble (p < 0.001). Whilst a Dunns pairwise test carried out for each season showed that 

autumn and winter were statistically higher than spring and summer zinc levels (p < 0.05, 

adjusted using the Bonferroni correction). Summer and spring, and winter and autumn 

were statistically similar to one another which confirms autumn and winter as having 

higher total dissolved zinc levels compared to spring and summer.  
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Figure 4.12: Labile zinc concentrations Hamble catchment, EQS present for reference only as applies to TDZn, error bars denote sd
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4.9.3 FREE ZINC – HAMBLE ESTUARY  

Free zinc concentrations on the Hamble ranged between 0.003-6.31µg/l (Figure 5.6). Site 

FB2 and FB1 in an area of high boat density consistently had the highest free zinc 

concentrations across the sampling period (Figure 4.13). June 2015 had the lowest free 

zinc concentrations with a range of 0.003-1.19µg/l, whilst January and November 2016 

had the highest (0.2-6.31µg/l and 0.1-2.77µg/l). Free zinc concentrations tended not vary 

significantly with boat densities (Mann Whitney U = 1569, p >0.05), but higher 

concentrations were consistently found at sites FB1 and FB2. Sites 1F and 1G in the upper 

estuary just downstream of the two tidal limits at Botley and Curbridge, tended to have 

lower concentrations than many areas in the lower estuary, at 0.29 and 0.33µg/l 

respectively. Free zinc concentrations in the two freshwater samples tended to very low, 

with concentrations of 0.09µg/l (FR1) and 0.05µg/l (FR2) (Figure 4.13).  

A Kruskal-Wallis test showed seasonal variation occurred for free zinc levels on the 

Hamble (p < 0.001). Whilst a Dunns pairwise test carried out for each season showed that 

autumn and winter zinc levels were statistically higher than those of spring and summer (p 

< 0.05, adjusted using the Bonferroni correction). Summer and spring, and winter and 

autumn were statistically similar to one another which confirms autumn and winter as 

having higher free zinc levels compared to spring and summer. Free zinc concentrations 

were higher in the winter and autumn months, due to higher labile and total dissolved zinc 

generally being present.  
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Figure 4.13:  Free zinc concentrations Hamble catchment, error bars denote sd
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4.9.4 TOTAL DISSOLVED ZINC, LABILE ZINC AND FREE ZINC HAMBLE 

AVERAGE  

Average zinc concentrations from the Hamble estuary show that generally all zinc species 

are higher in the middle of the estuary in areas of high boat density (Figure 4.14 and 

Figure 4.15). The average data shows the Hamble is exceeding the EQS at a number of 

sites, a Hamble average of 8.07µg/l was recorded across all sampling sites for total 

dissolved zinc. The free and labile average values were lower in the upper estuary 

compared to the middle and lower estuary.  

 

Figure 4.14: Hamble average total dissolved zinc, labile zinc and free zinc concentrations, 

error bars denote sd 
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Figure 4.15: Average free zinc concentrations, Hamble catchment, error bars denote sd 

4.9.5 HAMBLE ESTUARY AVERAGE ZINC CONCENTRATIONS AND BOAT 

DENSITY  

Research shows zinc anodes are the biggest zinc source to the Hamble, due to this higher 

total dissolved zinc concentrations are observed in areas of greater boat density (Mann 

Whitney U = 1015, p , 0.01) (Figure 4.16). The estuary was split into one km sections for 

Figure 4.16 from Botley at the freshwater interface to the mouth of the Hamble at 

Warsash, to demonstrate how zinc levels correspond with the areas of boat density. The 

samples were collected on a rising tide so zinc levels are offset from areas of highest boat 

density due to the contaminated water being pushed upstream, with higher zinc 

concentrations upstream of areas with most vessels. The zinc EQS is exceeded in the 

middle estuary in the areas of the highest boat density. At the mouth of the estuary the 

observed zinc levels do not tend to tally with the boat numbers present as well as other 

areas of the estuary, this could be dilution of the waterbody at the mouth of the estuary 

from water coming in on the tides from Southampton Water.  
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Figure 4.16: Hamble estuary averaged TDZn and boat density per kilometre of estuary, 

error bars denote sd 

4.9.6 CROSS TIDAL STUDIES  

Water samples were collected across a tidal cycle at two locations on the Hamble. At the 

mouth of the river at Warsash and above the boat moorings at Manor Farm pontoon. 

Higher zinc levels were expected at Warsash on a falling tide when influenced by boats 

and at Manor Farm on a rising tide as the water with high zinc levels leached from the 

vessels was pushed upstream on the rising tide (Figure 4.17 and Figure 4.18).  

4.9.6.1 CROSS TIDAL – WARSASH  

Very high total dissolved zinc levels were observed at Warsash (Figure 4.17). The EQS 

was exceeded at all tidal states apart from the low tide sample (Sample W8). The higher 

zinc levels were observed at periods of rising or falling tide and were lower at slack water 

and low tide (Figure 4.17). The labile and free zinc concentrations remained relatively 

constant and comparably low throughout the tidal cycle.  
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Figure 4.17: Cross tidal study Warsash Pier, zinc concentrations, error bars denote sd  

4.9.6.2 CROSS TIDAL – MANOR FARM  

The Manor Farm cross tidal study samples were collected across a tidal cycle above the 

last boat moorings on the Hamble (Figure 4.18) (Equivalent to site 1A in estuary samples, 

Figure 3.5). The highest zinc levels were observed on a rising tide as the water came up 

from the areas of high boat density and as the water came from the upper estuary on the 

ebb tide zinc levels decreased accordingly. The low tide sample (MF9) also had a high zinc 

concentration due to less dilution of the water from the estuary and the boats still having an 

influence on the zinc levels, hence the high salinity levels observed across the tidal cycle. 

The water was still seawater in nature with a salinity of 21 observed on the low tide 

sample. Labile zinc was generally a quarter of the total dissolved zinc and free zinc about a 

quarter of the labile zinc concentration. The labile and free zinc concentration remained 

relatively constant throughout the tidal cycle (Figure 4.18).  
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Figure 4.18: Cross tidal study Manor Farm pontoon, zinc concentrations, error bars denote 

sd 

4.10 DOC, HUMIC, FULVIC, HIX AND BIX CONCENTRATIONS HAMBLE 

DOC samples were collected and analysed for all water samples (June, October 2015, 

January, May, July, August and October 2016, as well as the cross tidal studies) 

(appendices 11 and 12). CRM’s were also run along with these samples.  

4.10.1 DOC HAMBLE   

DOC concentrations on the Hamble were statistically significantly higher in the upper 

estuary compared to the lower estuary (Mann Whitney U = 1099.500, p <0.001) (Figure 

4.19). DOC levels were, however, generally low on the Hamble. DOC showed some 

seasonal variation, but generally this variation was small on the Hamble. A Kruskal-Wallis 

test suggested some seasonal variation occurred in the DOC samples (p < 0.0001). Whilst a 

Dunns pairwise test carried out for each season showed the seasons that statically varied 

from one another were autumn and summer, autumn and winter and spring and winter (p < 

0.0001, adjusted using the Bonferroni correction). No one season was consistently higher 

than the others but generally autumn and winter tended to have higher DOC levels than 

summer and spring (Figure 4.20). 

The freshwater DOC concentrations at sites FR1 and FR2 were also relatively low. The 

average DOC concentrations did not exceed 6mg/l, only one site exceeded 6mg/l and that 

was site 8 in January 2016 which had a DOC concentration of 12.6mg/l, the average for the 

estuary as a whole was 2.53mg/l (Figure 4.19).  
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Figure 4.19: Average DOC concentrations, Hamble catchment, error bars denote sd 

 

 

Figure 4.20: Hamble DOC all sites versus salinity 

4.10.2 HUMIC AND FULVIC HAMBLE  

Humic and fulvic levels within the Hamble were generally higher in the upper estuary in 

lower salinities, a statistically significant difference was observed in the estuary for this 

(humic, Mann Whitney U = 908, p < 0.001, fulvic Mann Whitney U = 813.500, p < 0.001) 

(Figure 4.21, Figure 4.22 and Figure 4.23). Humic levels were generally higher than 

fulvic levels, with a few exceptions in the upper estuary. The freshwater site FR1 had very 

high humic (522 florescence intensity) and fulvic (583 florescence intensity) values, whilst 
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freshwater site FR2 had lower levels with humic of 175(florescence intensity) and fulvic of 

187(florescence intensity) (Figure 4.21).  

Humic and fulvic showed some seasonal variation on the Hamble. A Kruskal-Wallis test 

provided strong evidence of a difference between humic seasonally (p < 0.0001). Whilst a 

Dunns pairwise test carried out for each season showed strong evidence of a difference 

between winter and the other seasons, with higher levels observed in winter (p < 0.001, 

adjusted using the Bonferroni correction). There was no evidence of a difference for humic 

levels between the other seasons sampled (spring, summer, autumn).  

A Kruskal-Wallis test also provided strong evidence of a difference between fulvic levels 

seasonally (p < 0.001).  Fulvic was higher in the winter months compared to the other 

seasons (Dunns pairwise test, p < 0.001, adjusted using the Bonferroni correction). There 

was no evidence of a difference for fulvic levels between the other seasons sampled 

(spring, summer, autumn). 

 

 

Figure 4.21: Humic and fulvic averages, Hamble catchment, error bars denote sd 
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Figure 4.22: Humic versus salinity, Hamble catchment  

 

Figure 4.23: Fulvic versus salinity, Hamble catchment  

4.10.3 HIX AND BIX HAMBLE 

HIX levels were statically significantly higher in the upper estuary compared to the lower 

estuary (Mann Whitney U = 1055.500, p < 0.001) (Figure 4.24), whilst BIX was 

statistically significantly lower in the upper estuary and higher in the lower estuary at 

higher salinities (Mann Whitney U = 2470.500, p <0.001) (Figure 4.26). HIX did not show 

much of a trend with salinity due to the small salinity range observed in most of the estuary 

(Figure 4.25). BIX showed a slight increase in the lower estuary compared to the upper 

estuary, which suggest algal blooms are greater within the more saline waters (Figure 
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4.27). HIX levels in general tended to be higher than BIX on the Hamble (Site 10 October 

2015 HIX 1.94 and BIX 0.83, site 1 HIX 3.9 and BIX 0.7).  

HIX and BIX showed some seasonal variation on the Hamble. A Kruskal-Wallis test 

provided strong evidence of a difference between HIX seasonally (p < 0.0001). Whilst a 

Dunns pairwise test carried out for each season showed strong evidence of a difference 

between winter and the other seasons (p < 0.0001, adjusted using the Bonferroni 

correction). There was no evidence of a difference for HIX levels between the other 

seasons sampled (spring, summer, autumn) (Figure 4.24).  

A Kruskal-Wallis test also provided strong evidence of a difference between BIX levels 

seasonally (p < 0.0001).  BIX was lower in the winter months compared to the other 

seasons (Dunns pairwise test, p < 0.0001, adjusted using the Bonferroni correction), with 

the summer months overall generally having the highest BIX levels (Figure 4.26).  

Site 10 had HIX levels of 1.94 and BIX of 0.83 in October 2015, whilst in January 2016 it 

had HIX of 6.91 and BIX of 0.64 and in May 2016 HIX was 2.09 and BIX 0.87. Site 1 

further upstream had HIX levels of 3.90 and BIX of 0.70 in October 2015, whilst in 

January 2016 it had HIX levels of 15.10 and BIX of 0.60 and in May 2016 HIX was 2.21 

and BIX 0.76.  

 

 

Figure 4.24: Average HIX levels, Hamble catchment, error bars denote sd 
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Figure 4.25: HIX versus salinity, Hamble all sites  

 

 

Figure 4.26: Average BIX levels, Hamble catchment, error bars denote sd  
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Figure 4.27: BIX versus salinity, Hamble all sites  

4.10.4 DOC WARSASH CROSS TIDAL 

In the Warsash cross tidal study, the DOC generally showed little change across the tidal 

cycle. Slightly higher DOC concentrations were seen on a rising tide and towards low 

water (Figure 4.28). The small changes observed in the DOC across the tidal cycle are due 

to the samples being of a saline nature and the limited influence from the upper estuary. 

Humic, fulvic, HIX and BIX also showed no trend with salinity or across the tidal cycle at 

Warsash.  

 

Figure 4.28: DOC concentrations Warsash cross tidal versus tidal height and salinity 
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4.10.5 DOC MANOR FARM CROSS TIDAL  

The cross tidal study at Manor Farm showed very little variation in the DOC 

concentrations across the tidal cycle. MF 7 had the highest DOC concentration on a falling 

tide and this was not significantly higher. The DOC and salinity levels remained consistent 

throughout the tidal cycle (Figure 4.29). Humic, fulvic, HIX and BIX also showed no 

trend with salinity or across the tidal cycle at Manor Farm. 

 

Figure 4.29: DOC versus tidal height and salinity Manor Farm cross tidal 

4.11 DOC, HIX, BIX, FULVIC, HUMIC AND METAL SPECIATION  

DOC affects the amount of metals which are present within a water column and is a source 

of ligands, which complexes the metal. DOC levels and metal levels generally correlated 

with one another, with metal complexation occurring (Figure 4.30).  

4.11.1 DOC AND METAL SPECIATION  

Metal complexation in the Hamble was occurring (Figure 4.30), through DOC within the 

estuary binding with the zinc and theoretically reducing the toxicity to biota. In areas of 

high total dissolved zinc concentrations the complexation capacity appears to have reached 

as shown by the higher labile zinc concentrations in these areas. These samples are from 

areas of high boat density where zinc concentrations could reach 25-30µg/l, hence more 

zinc is present within the estuary than can complex with the available ligands. Most of the 

metal complexation occurred in the DOC range of 2-3mg/l (Figure 4.30). Humic, fulvic, 

HIX and BIX showed similar trends to DOC with regards metal complexation.  
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Figure 4.30: Average zinc species versus average DOC, Hamble catchment  

4.12 SPM AND SPM METAL CONTENT HAMBLE 

SPM samples were collected at high and low tide on spring and neap tides on two 

occasions in July and October at the location of the in-situ anode experiment piles. The 

samples were analysed for TPM (Total Particulate Matter) and PIM (Particulate Inorganic 

Matter) concentrations (Figure 4.31 and Figure 4.32).  

SPM filter papers were acid digested and analysed for their metal content using an ICP-MS 

for the following elements copper, cadmium, arsenic, lead and iron and ICP-OES analysis 

for zinc as levels were too high for the ICP-MS (appendix 17 for results of cadmium and 

arsenic SPM levels). Missing data is due to analysis and equipment issues and in some 

cases metal being below limit of detection (LOD).  

4.12.1 TPM HAMBLE SPRING AND NEAP TIDES  

TPM (Total Particulate Matter) levels are generally higher on spring tides compared to 

neap tides. The low water samples also generally had higher TPM levels except for A3 and 

I42 in October which were higher at high tide (Figure 4.31).  



113 

 

 

Figure 4.31: TPM Hamble spring and neap tides July and October 2016 

4.12.2 PIM HAMBLE SPRING AND NEAP TIDES  

The PIM (Particulate Inorganic Matter) content was generally higher on spring tides 

compared to neap tides at high and low water compared to neap tides. Organic content 

generally only made up a small percentage of the TPM level (Figure 4.32). The organic 

percentage was higher on neap tides compared to spring tides. On the neap tide of the 15th 

of July the organic percentage range was 29-44%, whilst the neap of the 12th of October 

was 18-67%. The spring tides had percentages of 11-23% on July the 4th and 1-16% on 

October the 12th.   
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Figure 4.32: PIM Hamble spring and neap tides July and October 2016 

4.12.3 SPM ZINC CONCENTRATIONS 

SPM zinc concentrations on the Hamble were very high when above the filter blanks 

(Figure 4.33). Zinc levels were significantly higher on neap tides compared to spring tides 

for SPM zinc (Mann Whitney U = 110, p < 0.01). A number of samples were below the 

LOD due to high zinc levels in the filter papers, which means some samples do not have 

zinc data present. The zinc levels observed in the SPM samples are significantly higher 

than those observed within sediments on the Hamble.  
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Figure 4.33: Hamble SPM zinc, a) SPM zinc concentrations b) spring tide results only 
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4.12.4 SPM COPPER CONCENTRATION 

Copper concentrations were significantly higher on neap tides compared to spring tides 

(Mann Whitney U = 288, p < 0.01), with low water generally having higher copper levels 

than at high water (Figure 4.34).  

 

Figure 4.34: SPM copper content Hamble estuary 
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4.12.5 SPM IRON CONCENTRATION 

Iron levels were statically similar on spring and neap tides (Mann Whitney U = 2014, p > 

0.05). There were two samples which were, however, considerably higher than the other 

results (Figure 4.35). Iron was also similar between high and low tide.  

 

Figure 4.35: SPM iron content Hamble estuary  

4.12.6 SPM LEAD CONCENTRATION 

Lead levels within SPM were similar on spring and neaps tides (Mann Whitney U = 210, p 

> 0.05) (Figure 4.36).  

 

Figure 4.36: SPM lead content Hamble 
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4.13 METAL SEDIMENT CONCENTRATIONS  

Sediments were analysed using acid digestion for analysis on an ICP-OES. Eleven 

elements were analysed these were; Zn, Cu, Fe, Cd, Al, Ba, Pb, Mn, Ni, Cr and, Sn. 

Results for Cd, Ba, Mn, Cr and, Sn can be seen in appendices 16 and 18. Sediment samples 

were collected in June and October 2015 and January and May 2016 and a site average was 

determined. The sediments showed very little seasonal variation. The average sediment 

concentrations were compared with the Canadian sediment standards (Table 2.1). CRMs 

BCR 277 and BCR 280 were run with each batch of sediments (Table 3.14 and Table 

3.15). 

4.13.1 ZINC SEDIMENT CONCENTRATIONS  

Zinc concentrations showed a slight increase in areas of high boat density, but within this 

zone they were relatively uniform in the lower to mid estuary. Upstream of the vessels, 

zinc levels tended to be lower (Figure 4.37). All of the sampling sites were within the 

threshold and probable effect levels of the Canadian sediment standards, except for the two 

control sites and site 10 and most of the samples upstream of 1A where no vessels were 

present.  

 

Figure 4.37: Hamble zinc sediment concentration average, error bars denote sd 
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4.13.2 COPPER SEDIMENT CONCENTRATIONS  

The average copper concentrations in the lower to middle estuary were all between the 

threshold and probable effect levels of the Canadian Standards, whilst in the upper estuary 

a number of sites along with C2 the control site in the Solent were below the threshold 

effect level (Figure 4.38). The copper within freshwater sediments was very low. The 

copper concentrations showed a small amount of seasonal variation (appendix 16).  

 

Figure 4.38: Hamble copper concentration sediment average, error bars denote sd 
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4.13.3 NICKEL SEDIMENT CONCENTRATIONS 

Nickel concentrations were generally uniform within the Hamble catchment, slightly lower 

concentrations were observed under the motorway and railway bridges were sediments 

were more sandy and gravelly in nature (Figure 4.39). Nickel does not have standards 

under the Canadian sediment standards, but does under the CEFAS dredging guidelines. 

Nickel was below the CEFAS guidelines at all sites on the Hamble (Table 2.1).  

 

Figure 4.39: Hamble nickel concentration sediment average, error bars denote sd 
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4.13.4 LEAD SEDIMENT CONCENTRATION  

Lead levels were generally either below or between the threshold and probable effect 

levels of the Canadian sediment standards, except for two samples which had an average 

significantly above the probable effect. Lead was generally relatively uniform within the 

estuary, apart from a few some sites in the upper estuary having lower concentrations (and 

the two high sites) (Figure 4.40).  

 

Figure 4.40: Hamble lead concentration sediment average, error bars denote sd 
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4.13.5 IRON SEDIMENT CONCENTRATIONS  

Under Canadian standards for sediments iron currently does not have a standard for 

comparison like for zinc and copper. Iron levels generally did not vary significantly 

seasonally and remained relatively constant along the estuary length. Lower iron levels 

were observed in the freshwater samples and in sediments which were more sandy and 

pebbly in nature (Figure 4.41).  

 

Figure 4.41: Hamble iron concentration sediment average, error bars denote sd 
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4.13.6 ALUMINIUM SEDIMENT CONCENTRATIONS 

Aluminium was generally uniform with the Hamble estuary, with slightly lower levels 

observed under the motorway and railway bridges, where the sediments were sandy and 

gravelly in nature. The upper estuary also tended to be slightly lower than some sites in the 

mid estuary (Figure 4.42).  

 

Figure 4.42: Hamble aluminium concentrations sediment average, error bars denote sd  

4.13.7 ARSENIC SEDIMENT CONCENTRATIONS  

Arsenic concentrations on the Hamble were generally lower in the upper estuary, where 

they tended to be at or below the threshold effect level of the Canadian Standards. The 

other sites were between the probable and threshold effect levels (Figure 4.43). 

 

Figure 4.43: Hamble Arsenic concentrations sediment average, error bars denote sd  
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4.13.8 MANGANESE SEDIMENT CONCENTRATIONS  

Manganese has no standard under the Canadian Standards, it generally tended to be higher 

in the middle and upper estuary and at the two freshwater sites FR1 and FR2. Sites 1E to 

1G in the upper estuary were however exceptions to this (Figure 4.44).  

 

Figure 4.44: Hamble Manganese concentrations sediment average, error bars denote sd  

4.14  SEDIMENTS ANALYSIS USING CORRELATION MATRIX AND 

PRINCIPAL COMPONENT ANALYSIS TECHNIQUES  

4.14.1 CORRELATION MATRIX  

Table 4.12 shows the correlations between metals in the sediment data for the Hamble. 

Notable correlations include zinc and copper which have a strong positive correlation. The 

correlations for zinc with the other metals are positive but to a lesser extent than that of 

zinc and copper. Nickel has strong positive correlations with iron, copper and aluminium. 

Manganese shows very little correlation with any other metal.  

Table 4.12: Correlation matrix – metals within sediments  

  Zn Fe Cu Mn Pb Al As Ni 

Zn 1.000         

Fe 0.496 1.000        

Cu 0.822 0.593 1.000       

Mn 0.222 -0.172 -0.031 1.000      

Pb 0.629 0.074 0.333 0.351 1.000     

Al 0.506 0.754 0.794 -0.250 0.004 1.000    

As 0.586 0.699 0.638 0.033 0.330 0.627 1.000   

Ni 0.619 0.777 0.790 -0.204 0.136 0.950 0.585 1.000 
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4.14.2 PRINCIPAL COMPONENT ANALYSIS 

A principal component analysis (PCA) was carried out using the correlation matrix for the 

metal sediment data on the Hamble. A scatter plot for each element was used to identify 

any outliers and those samples were removed from the dataset. The output from the Kaiser-

Meyer-Olkin Measure of Sampling Adequacy was 0.69 indicating the dataset was 

adequate. The number of principal components chosen was three, as it meant 86% of the 

variance in the dataset was explained and the communalities increased to over 0.8 for each 

element apart from arsenic which had a communality of 0.69. Initially the PCA was run 

with the Direct-Oblimin rotation to establish if any significant correlations existed between 

the factors. The output reported low values for the factor correlations (<.3) so the PCA was 

run again with a Varimax rotation applied to generate the following rotated matrix (Table 

4.13).  

Table 4.13: Principal Component Analysis – metals within sediments  

 PC1 PC2 PC3 

%variance 56.7 21.6 7.8 

Al .931   

Ni .903   

Fe .896   

As .773   

Cu .773 .490  

Zn .562 .751  

Pb  .920  

Mn   .942 

 

The first principal component is loaded strongly by the majority of the metals, with zinc to 

a lesser extent than the other metals. The second principal component is loaded by copper, 

zinc and lead. The third principal component is only loaded by manganese (Table 4.13).  

4.15 SEDIMENT ORGANIC CONTENT AND CHARACTERISTICS 

The organic content of sediments on the Hamble was determined using a muffle furnace as 

a loss of ignition. The organic content varied depending on the sediment type and location 

within the estuary (Figure 4.45).  

Sediment characteristics were also noted, these included the makeup of the sediment and 

general grain size distribution, the sediment at the mouth and middle of the estuary tended 

to have a higher sand and shell content and the middle estuary more silt and clay (appendix 

16).  
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The organic content of the sediments was generally higher in the middle of the estuary. 

Site C2 a control site in the Solent was lower also. Mid estuary samples around FB1 and 

FB2 were lower due to a higher current flow under the Motorway Bridge washing away 

the finer particles and the nature of the sediment present. In the upper estuary organic 

content is generally low due to the sandy and stony nature of the sediments. Only near the 

freshwater interface around 1G and B1 on the Curbridge stream tributary does the organic 

content increase (Figure 4.45). The freshwater samples had a low organic content, results 

were not possible for FR1 due to a broken crucible.  

 

Figure 4.45: Average organic content of sediment samples Hamble, error bars denote sd 

4.16 MAMPEC MODEL  

The MAMPEC model was used to predict zinc water levels for marinas in the Hamble 

estuary and compared to observed zinc levels from water and sediment samples. 

Background data was used for water and sediments, water had a background of 7.46µg/l 

which was a EA freshwater average and sediment varied per site using data collected in 

this study (Table 4.14 and appendix 32).  

The MAMPEC model generally predicted lower zinc concentrations for areas of high boat 

density, but in areas of lower boat density predicted zinc levels were similar to those 

observed. On the Hamble all marinas influence one another due to good flushing of 

marinas. The model does not take into account effects of other nearby marinas on the 

Hamble, which are likely to affect zinc levels in other marinas. Sediment concentrations 

generally had lower concentrations after 5-10 years than the current values with 

partitioning coefficients (log Kd) of 3, 5, 10 l/g. A log Kd value of 30 l/g did increase the 

zinc levels within the sediments over the time period modelled. Log Kd values for the 
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Hamble are likely to be between 3-10 l/g, as these provided results similar to those 

observed on the Hamble, due to less exchange with sediments occurring at these log Kd 

values. Results for enclosed marinas at Hythe and Ocean Village were different with 

higher zinc water and sediment concentrations predicted (Table 4.14). 

Table 4.14: MAMPEC model results Hamble 

Marina/site Log 

Kd  

l/g 

Average 

TDZn 

µg/l  

Observed 

TDZn 

µg/l 

Sediment 

background 

µg/g  

Sediment 

1 year 

µg/g 

Sediment 

5 year 

µg/g 

Sediment 

10 year 

µg/g  

Hamble Point Marina 3 7.61  6.86 74.43 73.7 71 67.8 

Hamble Point Marina 5 7.3  6.86 74.43 73.9 71.9 69.6 

Hamble Point Marina 10 6.62  6.86 74.43 74.3 73.9 73.4  

Hamble Point Marina 30 4.83  6.86 74.43 75.4 78.3  81.9  

Stone Pier Marina  3 7.41  7.32 122 120 114 107 

Stone Pier Marina  5 7.05  7.32 122 121 115 109 

Stone Pier Marina  10 6.28  7.32 122 121 117 113 

Stone Pier Marina  30 4.38  7.32 122 122 123 123  

Mercury Marina 3 7.46  6.69 148 146 138 129 

Mercury Marina 5 7.10  6.69 148 146 139 131 

Mercury Marina 10 6.33  6.69 148 147 141 135 

Mercury Marina 30 4.41  6.69 148 148 147 146 

Swanwick Marina 3 7.46  8.69 150.25 148 140 130 

Swanwick Marina 5 7.06  8.69 150.25 148 141 132 

Swanwick Marina 10 6.38  8.69 150.25 149 143 137 

Swanwick Marina 30 4.45  8.69 150.25 150 149 148 

Cabin Boatyard 3 7.48  12.3 134 132 125 117 

Cabin Boatyard 5 7.12  12.3 134 132 126 119 

Cabin Boatyard 10 6.35  12.3 134 133 128 123 

Cabin Boatyard 30 4.42  12.3 134 134 134 134 

Foulkes Boatyard 3 7.42  13.16 134 132 125 117 

Foulkes Boatyard 5 7.16  13.16 134 132 126 119 

Foulkes Boatyard 10 6.38  13.16 134 133 128 123 

Foulkes Boatyard 30 4.45  13.16 134 134 134 134 

Combined marinas 3 7.98   140 138 131 122 

Combined marinas 5 7.59  140 138 132 124  

Combined marinas 10 6.77   140 139 134 129  

Combined marinas 30 4.72   140 140 140  140  

 

No data was available for Hythe marina sediment and water zinc concentrations, so 

7.46µg/l was used like on the Hamble for water and a sediment value of 142µg/g observed 

at Ocean Village Marina, for Ocean village sediment data was available from this study 

and a background water value of 7.46µg/l was used (Table 4.15). 
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Table 4.15: MAMPEC model results Southampton Water 

Marina/site Log 

Kd 

l/g 

TDZn 

µg/l  

Observed 

TDZn 

µg/l 

Sediment 

background 

µg/g  

Sediment 1 

year µg/g 

Sediment 5 

year µg/g 

(range) 

Sediment 10 

year µg/g 

(range) 

Hythe Marina 3 62.6 No data No data (142) 143  146  149 

Hythe Marina 5 57.6  No data No data (142) 144  154  165  

Hythe Marina 10 47.8  No data No data (142) 148 169  194  

Hythe Marina 30 28.6  No data No data (142) 154  200  253  

Ocean Village 

Marina 

3 12  19.22 142 140 133  126  

Ocean Village 

Marina 

5 11.4  19.22 142 141  135 129  

Ocean Village 

Marina 

10 10.1  19.22 142 141  138  135  

Ocean Village 

Marina 

30 7.06  19.22 142 143  147  152  

  

The MAMPEC model tends to under predict total dissolved zinc levels in areas of high 

boat density and over predict in areas of lower boat density for open marinas. Hythe 

Marina (enclosed) and Ocean Village (semi enclosed) on Southampton Water and the 

Itchen showed levels expected for enclosed marinas (Table 4.15). Zinc concentrations 

within sediments rose in Hythe enclosed marina at all selected log Kd partition 

coefficients, the sediments in areas outside of the marina were predicted to have levels 

significantly lower. Sediment predictions for Ocean village marina showed similar trends 

to the marinas on the Hamble, with metal concentrations decreasing at most log Kd 

partition coefficients. The model struggled to predict accurate sediment and water zinc 

levels at the same time. 
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4.17 BLM MODEL HAMBLE 

The BLM model predictions for the freshwater EQS show every site meets the local EQS 

on the Hamble (Table 4.16 and Figure 4.46) (appendix 6 for model inputs). The zinc data 

used in the figure below are from Environment Agency freshwater data.  

Table 4.16: BLM model Hamble results 

 

 

Figure 4.46: Hamble average freshwater zinc versus local EQS predictions BLM (EA 

data), error bars denote sd  

 

 

Hamble site names Zn local EQS µg/l Observed Zn  µg/l Bioavailable 

Zn µg/l 

Maddoxford Bridge 30.56 5.83 2.08 

Durley 24.75 5.75 2.05 

Curbridge Stream 20.79 9.76 5.12 

Botley Stream - Broadoak 23.69 15.85 7.29 

Ford lake 20.18 7.24 3.91 

Moor Stream 24.45 5.19 2.31 

Upstream Brooklands Farm 49.53 5.48 1.21 

Shawford Lake - Fairthorne manor 20.18 6.63 3.58 

Steeple Court stream 19.61 15.67 8.71 
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4.18 GEMCO 

The GEMCO contaminant model was used to predict zinc levels within the Hamble 

estuary with known zinc loads calculated within this study, (initial zinc load 7253kg/yr) 

(Table 4.17 and appendix 33). For the model parameters used see Table 3.18.  

Table 4.17: GEMCO model zinc outputs 

Log Kd g/l Average TDZn 

µg/l 

Sediment mean Zn 

µg/g d/w 

30 5.18 193 

5 8.07 165 

1 8.85 165 

3 8.44 165 

10 7.26 167 

TDZn = Total dissolved zinc, 

The GEMCO model predicted zinc levels on the Hamble similar to those observed in the 

estuary, when sources were added to the model. A range of log Kd partition coefficients 

were used to more accurately predict the results range observed on the Hamble estuary.  

4.18.1 USE OF THE GEMCO MODEL FOR LOAD PREDICTIONS REQUIRED 

TO MEET EQS  

The model was also used to predict how many vessels would have to use aluminium 

anodes or leave the estuary for the EQS to be achieved (Table 4.18). The model predicted 

that 200 – 800 vessels would have to either use aluminium anodes or be moved from the 

estuary for the EQS to be met on the Hamble.  
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Table 4.18: GEMCO model zinc outputs – less vessels present 

Log Kd 

g/l 

Zinc input 

kg/yr 

Vessels 

present 

Average 

TDZn µg/l 

Mean sediment Zn 

µg/g d/w 

1 6842 2800 8.63 165 

3 6842 2800 8.23 165 

5 6842 2800 7.87 165 

10 6842 2800 7.08 167 

1 6014 2450 8.20 165 

3 6014 2450 7.82 165 

5 6014 2450 7.47 165 

10 6014 2450 6.72 166 

1 4893 2000 7.75 165 

3 4893 2000 7.39 165 

5 4893 2000 7.06 165 

10 4893 2000 6.35 166 

1 4793 1500 6.15 165 

3 4793 1500 7.16 165 

5 4793 1500 6.84 165 

10 4793 1500 6.15 165 

1 3181 800 6.86 165 

3 3181 800 6.54 165 

5 3181 800 6.25 165 

10 3181 800 5.62 165 
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CHAPTER 5 - DISCUSSION  

5.1 INTRODUCTION  

This study has collected a substantial and varied data set on the main zinc sources to the 

Hamble including anodes, the factors effecting anode corrosion and zinc concentrations in 

the estuarine environment. This chapter will discuss the results from this study in the 

following sections, section 5.2 will outline the factors controlling anode corrosion, along 

with the results from the in-situ and laboratory anode experiments, as this underpins the 

corrosion rates of anodes and determines their zinc load to the Hamble. Section 5.3 will 

outline the main zinc sources to the Hamble estuary and investigate zinc anodes as a major 

zinc source, with results from modelling on the Hamble. Section 5.4 will discuss zinc 

speciation and concentrations for the Hamble samples, DOC levels and its effects on metal 

complexation and speciation, along with sediment and SPM concentrations. The final 

section of the discussion section 5.5 will outline mitigation and management strategies for 

the Hamble regarding anode use and the compliance of zinc with environmental standards 

and effects on marine life.  

5.2 FACTORS CONTROLLING ANODE CORROSION RATES  

Boat owners on the Hamble and anecdotal evidence suggested a number of theories which 

were thought to course a varied anode corrosion rate. A number of theories which could 

possibly course this were investigated with a number of experiments, the theories were 

salinity, anode quality and electrical stray currents. Whilst some theories such as metal 

items and the railway bridge were disproved (Table 2.9). It is important to understand the 

factors controlling anode corrosion rates, as these determine the rate at which anodes will 

corrode and the zinc load released to the estuary from anodes.  

5.2.1 ANODE REPLACEMENT RATES  

Results from the preliminary survey showed anodes on the Hamble were replaced on 

average every 1.2 years in marinas and every 1.3 in the mid channel, the replacement rate 

differences was not statistically significant (Figure 4.1 and Figure 4.2). The responses 

from outside of the Hamble had an average replacement rate of 1.5 years, fewer results 

from areas outside of the Hamble make it hard to draw conclusions from this about anode 

corrosion rates on the Hamble as boat owners who completed from outside the Hamble 

were generally having anode issues. A study in the Plymouth marinas by Wood (2014) 

used a similar questionnaire survey on 37 boat owners from Sutton Harbour and Queens 

Anne Battery marinas in Plymouth. Based on boat owner responses anode replacement 

rates were slightly less frequent than on the Hamble but not statistically so, with anodes 
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being replaced on average every 1.7 years. The replacement rates are also a good indicator 

of the zinc load released from anodes. The release rate on the Hamble of 1.2 years 

indicates anodes are generally corroding by 50% on the Hamble within a year, as designed 

too (MGDuff, 2013). This has implications for a large anode zinc load to the Hamble 

estuary.  

5.2.2 SUGGESTED THEORIES FOR VARIED ANODE CORROSION  

The preliminary survey indicated that knowledge and awareness surrounding anodes 

among some boat owners was often limited, with non-scientific theories being suggested 

for anode corrosion in some cases (Table 2.9). The theories suggested by boat owners 

included metal items in the river, salinity, stray currents, electrification of the train line, 

power cables, pH and the quality of anodes available. Only salinity, stray currents and 

anode quality are likely to influence corrosion rates and these were investigated in this 

study. The pH of the Hamble is unlikely to affect anode corrosion but adverse effects were 

noticed with the laboratory anode experiment as the conditions changed during the course 

of experiment.  

5.2.2.1 SALINITY  

Salinity is likely to be one of the main factors controlling anode corrosion rates in 

estuaries, responses to the preliminary survey suggested that salinity caused a varied 

corrosion rate on the Hamble and controlled the rate of anode corrosion, this in turn will 

control the zinc load from anodes. The yachting forums also highlighted salinity as an 

important driver of anode corrosion with marinas in the Solent, the Orwell estuary in 

Suffolk and Chatham marina in Kent all being suggested areas where salinity caused 

greater and varying corrosion rates to anodes (YBW, 2015, 2016).  

The in-situ and laboratory anode experiments also showed salinity to be a major factor in 

controlling anode corrosion (Table 4.6 and Table 4.7, Figure 4.4, Figure 4.5). A greater 

anode corrosion rate was generally seen in higher salinities in both experiments. Zinc 

anodes are created from an alloy to a US Military standard (Table 2.7) and are designed to 

allow a steady rate of corrosion in marine waters. These standards are created for seawater 

conditions with high salinities due to the driving voltage of zinc (-0.98 to -1.03V), being 

more suitable for these conditions (Morgan, 1987). This therefore meant that less corrosion 

occurred in the in-situ and laboratory anode experiments at lower salinities. Zinc anodes 

are less effective in brackish waters like those sometimes observed on the Hamble at 

Bursledon, where the salinity can vary between 17 and 31 (5 in extreme rainfall events) 

(data from this study and EA data).  
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The results from the in-situ anode experiment also suggested that potentially small salinity 

changes can have a relatively large impact on the corrosion rate of anodes, with measured 

salinity averages from depth profiling having a range of 27.3 to 32.34 from the Bursledon 

area of the estuary to the mouth of the Hamble at Warsash (Table 4.6). The salinity data 

was collected at high and low tide on four occasions, so during the course of the 

experiment salinities could have reached lower levels, due to the rainfall levels in 2016 it is 

unlikely salinity reached as low as seen at Bursledon in some previous years (Figure 5.1) 

(EA data). A higher corrosion rate was observed at the estuary mouth at higher salinities 

than in the mid estuary (one way ANOVA F(2,3) = 17.39, p = 0.022). There was also a 

significant difference in the rate of anode corrosion when associated with salinity between 

piles A3 at the mouth of the river and V8 (Pearson, 2-tailed, r=0.863, N = 6, p < 0.05). The 

anode experiments along with the driving potential of zinc anodes therefore supports 

salinity as a major factor behind anode corrosion rates.  

 

Figure 5.1: Rainfall data from Southampton weather station for month of sampling 

sessions (SOTONMET, 2017)  

Zinc anodes corrode very little in freshwater, due to the voltage potential of zinc, 

magnesium anodes are used for this reason. Zinc anodes in a freshwater environment will 

form a layer zinc hydroxide (Zn(OH)2), this will form to a lesser extent on zinc anodes in 

brackish waters which is also due to the voltage potential of the zinc in these conditions 

(Morgan, 1987; Wagner et al., 1996; Gavrila et al., 2000; Jelmert and Van Leeuwen, 2000; 

Harris, 2008). A calcareous and zinc hydroxide layer of this nature was observed on 

anodes in the in-situ and laboratory experiments (Figure 5.2). This calcareous build up has 

the potential to affect the rate and ability of the anode to corrode as the surface layer which 
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corrodes has a sealed layer upon it (Rousseau et al., 2009; Caplat et al., 2010). The 

freshwater anodes in the laboratory experiment had a noticeable zinc hydroxide layer upon 

them, which gave the anodes a dull like appearance, they did still however experience 

some corrosion. If zinc anodes are removed from the water they can also develop a layer of 

zinc hydroxide and calcium which prevents or slows their corrosion rates, this can occur if 

boats moorings dry out at low water (Gavrila et al., 2000) (Figure 5.2). Some of the 

anodes in the in-situ experiment were out of the water at spring low tides which suggests 

the rate of corrosion could have been slowed to some extent on these anodes by this 

(Figure 5.2).  

 

Figure 5.2: A zinc chloride and calcium layer formed on anodes during the in-situ 

experiment  

The laboratory anode experiment and the in-situ anode experiments did not specifically 

measure the effects of a varied salinity on the corrosion of anodes. But a varying salinity is 

likely to cause a varied anode corrosion rate with greater corrosion occurring when 

salinities are higher. If salinities reach levels of around 10 to 15 or below a calcareous 

build up upon the anode could affect corrosion rates even if high salinities again occur 

(Rousseau et al., 2009). The salinities observed within the laboratory experiment did 

change salinity over the experiment (Table 4.9), but not enough to notice a difference in 

corrosion rates.  

A boat owner on the Hamble has been moored at the same mid channel berth in the mid 

estuary around Mercury marina since 1999. After the boat engine was replaced in 2005 a 

steadier rate of corrosion has generally been observed each year to the anodes. This 

suggests that the salinity conditions are generally relatively constant in the Hamble or that 

a varying salinity does not have a significant impact on anode corrosion (Table 4.4). The 

anodes showed a similar amount of corrosion, to the anodes used in the in-situ experiment 

in this area of the estuary. This is likely due to the lower salinity conditions observed in 
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this part of the estuary, which cause less corrosion to occur than in areas at the mouth of 

the estuary with higher salinities.  

The experiments within this study and observations by boat owners have shown salinity is 

an important factor which determines the rate at which anodes corrode. Greater anode 

corrosion is generally observed in higher salinities, due to the driving potential of zinc. 

Salinity will be one of the main factors which controls the anode zinc load to an estuarine 

environment.  

5.2.2.2 STRAY CURRENTS AND POWER CABLES  

Electrical stray currents have been suggested by many boat owners as a factor controlling 

anode corrosion. These are likely to be cause a varied anode corrosion in places they occur, 

if vessels are connected to power supplies. Within this study no experiments were carried 

out directly on electrical stray currents and the effects they had on anode corrosion, due to 

the difficulty in measuring these small currents in-situ. This study did however measure the 

mAmps and mVolts between an anode and cathode in the laboratory to determine the 

connection between them. This experiment gave varied results with large variations 

observed between different anodes and replicates of these, the results therefore do not 

represent the true connection between the anode and cathode (Table 4.11). In freshwater 

the current and amps levels tended to be significantly lower than at salinities of 20 and 32, 

the corrosion potential of zinc (-1.60 to -1.63) and the characteristics of zinc as an 

electrode means in freshwater environments zinc does not establish a good electrical 

connection, which means an electrochemical cell is not formed between the anode and 

cathode (Warren, 2006; Rousseau et al., 2009; Nordhaven, 2016). Therefore very little 

corrosion of the anode will occur and a calcareous build up can occur on the anode 

(Rousseau et al., 2009). This therefore shows why a low amp and voltage was observed 

within this study for freshwater and again suggests salinity as a major factor controlling 

corrosion. A similar experiment carried out on the laboratory experiment also had mixed 

results due to the water levels in the tanks and a connection with the current meter not 

being sought (appendix 21).  

5.2.2.3 PH 

Although on the Hamble pH is unlikely to affect anode corrosion rates (no effect within pH 

range of 4-10), it does cause a varied anode corrosion rate to be observed within the 

laboratory anode experiment due to the conditions created (Pryor and Keir, 1957; Morgan, 

1987). The effect of pH on anode corrosion was potentially observed in the laboratory 

anode experiment in the tank with a salinity of 15, which experienced a higher corrosion 
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rates than those of 25 and 32. This tank had a higher pH than the other tanks at the start of 

the experiment and rose throughout. A rise in pH was observed in most tanks during the 

course of the experiment, which is likely due to the breakdown of organic matter within the 

water or the rise in metals in the water column from the corrosion of the anodes. The 

freshwater tank which showed the least corrosion did have lower pH values than those of 

the other tanks, at a salinity of 20 the pH also stayed more consistent which suggests both 

factors could play a part (Table 4.10). The varied anode corrosion rate observed within this 

experiment suggests the pH had an impact upon this (Pryor and Keir, 1957; Morgan, 

1987). The chemistry that occurred in the tanks was artificial compared with that of the 

estuary, as the water was not changed and the build-up of zinc was higher than the levels 

which could occur in the estuary. This is likely to have an impact on the pH levels 

observed in the tanks of the laboratory experiment. It does still however highlight the 

effects of pH on anode corrosion.  

As well as potentially effecting anode corrosion, the pH levels also effected the observed 

zinc levels within the tanks. During the course of the laboratory experiment, water samples 

were collected from each tank to be analysed for their zinc content on the ICP-OES. Due to 

the pH values observed in many of the tanks, the zinc precipitated out of the water column 

onto the metal sheets present within the tank, back on the anodes themselves. This process 

of metals precipitating out of the water is known as hydroxide precipitation and this meant 

the observed metal levels within the water column of the tanks was low (Figure 5.3) 

(Hoffland Environmental, 2017). This could also have impacted upon the corrosion rates 

observed in this experiment, which were lower than the rates observed within the in-situ 

experiment.  

Figure 5.3: Zinc and pH curve, zinc is not present within the water column at a pH range 

of 9 to 11 due to hydroxide precipitation (Hoffland Environmental, 2017) 
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5.2.2.4 ANODE QUALITY AND TYPE  

In some cases the anodes themselves were suggested as reasons for a varied anode 

corrosion rate by boat owners in the preliminary survey. This could only be the case if the 

anode did not meet the US Military standard (Table 2.2) (Harris, 2008; MGDuff, 2013; 

Solent anodes, 2017) and did not corrode themselves. XRF analysis was carried out on a 

range of anodes to investigate the anode properties further.  

A number of new and used anodes and anodes used in the in-situ and laboratory anode 

experiments pre and post deployment were analysed using XRF analysis to investigate 

their metal content and to see how this related to the standard. The new anodes analysed 

were from a range of anode manufacturers and they all showed a considerable amount of 

difference in their metal composition (Figure 4.7), the anodes used in the in-situ and 

laboratory experiments were both from different manufacturers but from the same batch of 

anodes for each experiment (Figure 4.8 and Figure 4.9). The anodes within these batches 

also showed significant variation. Variations within a batch of anodes could occur due the 

metals have different melting points and the pouring and other processes used in anode 

manufacturing which could influence the anode composition. All of the anodes analysed 

had zinc levels below the standard with other metals making up the rest of the composition 

in varying amounts. Metals not within the standard should not add up to more than 0.1%, 

in many anodes these reached as much as 3-4% of the composition. It has been suggested 

by anode manufacturers that a zinc composition of 2-3% lower than the standard is within 

the allowed limits. This therefore means most anodes are within what is deemed the 

industry norm. It is also worth noting that all XRF analysis was carried out on the anode 

surface, the internal composition could vary from the external surface. The concentrations 

of each metal within each XRF analysis replicate also varied significantly for some anodes 

(appendices 24, 25 and 26), which along with the fact the samples are only surface results, 

suggests XRF analysis is not the most suitable analysis method for anode metal content 

analysis. It does however show the trends and variations that occur within different anodes.  

Lead is present within the anode standard at small levels (Solent anodes, 2017), but within 

the XRF results of all new anodes it was not detectable in any of the anodes. It was 

however present in a number of anodes just analysed used and most of the anodes analysed 

after deployment in the laboratory and in-situ anode experiments (Figure 4.8, Figure 4.9 

and Figure 4.10).  This suggests that the levels of lead were below the limit of detection 

when the anodes were new. But as the other metals corroding the zinc proportion became 
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greater, due to lead’s position in the galvanic series it would be one of the last metals to 

corrode, so it proportion was therefore higher after the anodes had been used.  

The composition of used anodes tended to vary from new anodes in other ways with the 

zinc content generally being lower also, with the proportion of other metals increasing. 

Zinc is lower in the galvanic series than many other metals present within the alloy 

meaning it corrodes at a greater level than the other metals (Morgan, 1987). In the 

laboratory experiment high zinc values were seen in the freshwater tank after deployment 

(99.03%), this tank showed the least corrosion which supports the theory of zinc corroding 

first over the other metals in the alloy. Zinc anodes will form a calcareous build up in 

freshwater which further slows corrosion, which could suggest why the zinc metal content 

remained higher in the freshwater experiment (Harris, 2008; Rousseau et al., 2009).  

The XRF analysis of anode composition has shown that variation occurs within all anodes, 

but due to the fact that XRF only analyses the anode surface it is not the most reliable 

analysis method for anode composition. It does show the sort of metal present within the 

alloy though. For accurate composition data on anodes acid digestion analysis or mass 

spectrometry analysis would need to be carried out. The anodes used within the laboratory 

and in-situ anode experiments all had a slightly different composition to one another, the 

results obtained from this experiment showed that this did not affect the corrosion rates of 

the anodes. This therefore suggests that the anodes compositions does not cause a varied 

anode corrosion rate and it appears unlikely to significantly impact upon the zinc load from 

anodes. As most of the anodes analysed and measured used showed a steady corrosion rate.  

5.3 ZINC LOADS AND SOURCES TO THE HAMBLE ESTUARY  

A number of zinc sources were identified for the Hamble Estuary, these included zinc 

anodes, antifouling paints, road runoff and the riverine input. Zinc anodes have often been 

overlooked as a major zinc source to estuaries, but results from this study suggest them to 

be a major zinc source. Anodes were by far the largest zinc source to the Hamble estuary 

and their zinc load was controlled by salinity and electrical stray currents.  

5.3.1 ANODE RELEASE RATES AND ESTUARINE ZINC LOAD  

Anode corrosion rates have been calculated from a number of means within this study, 

including the preliminary survey to boat owners on the Hamble, the in-situ and laboratory 

anode experiments. Also the anodes of a boat owner on the Hamble from the timeframe of 

1999-2016 and a number of release rates available in the literature including that of Boxall 

et al., (2000) calculated for the Hamble and Matthiessen et al., (1999) calculated from the 
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Orwell and East Anglia and Wood (2014), Cathery (2014) and Harrison (2015) from the 

Plymouth region. These release rates were all used for the 3,000 vessels on the Hamble to 

calculate anode zinc loads, based on an average of three anodes per vessel find in this 

study and the study by Wood (2014) in the Plymouth region. The anode zinc loads between 

release rates were generally in good agreement with one another (Figure 4.6).  

The corrosion rates from the preliminary survey in this study indicates that zinc anodes 

corrode quicker in marinas compared with mid channel moorings, with the Hamble mid 

channel corrosion rate of 1.62kg/yr/vessel being lower than the Hamble marinas release 

rate 2.49kg/yr/vessel (based on three anodes). On the Hamble there are 600 mid channel 

moorings and 2,400 vessels in marinas. These release rates predicted a zinc load to the 

Hamble of 6.95t/yr (Table 4.2 and Table 4.3, Figure 5.38 and 5.41) (Rees et al., 2017). 

The release rate calculated from the in-situ experiment was in good agreement with the 

survey when calculated for the 3,000 vessels (not split into mid channel and marina, as on 

mid channel piles) of the Hamble with a zinc load of 6.25t/yr (Figure 4.4 and Figure 4.6). 

A release rate calculated by Boxall et al., (2000) for the Hamble estuary predicted a zinc 

load of 7.11t/yr. A further release rate was calculated for the Hamble from a vessel moored 

mid channel near Mercury marina over a 17 year period. An average release rate from this 

time period predicted a zinc load of 3.8t/yr to the Hamble for the 3,000 vessels (Table 4.4 

and Figure 4.6). This is slightly lower than other release rates such as from the preliminary 

survey and the in-situ experiment due to the vessel being moored in slightly lower salinity 

conditions (typically salinity 25 to 30) and each vessel having a different anode corrosion 

rate due to fixture and fittings aboard the vessel. The zinc load predicted from this source 

is still high and shows the zinc load which could be expected in lower salinity conditions. 

The release rates calculated for the Hamble were relatively close to one another suggesting 

these are an accurate anode zinc load to the Hamble (Figure 4.6).  

The release rates calculated from the laboratory experiment without the freshwater tank 

predicted a zinc load of 1.98t/yr to the Hamble (Figure 4.5 and Figure 4.6). This was 

lower than the predicted release rates from the survey, in-situ experiment and the literature 

for the Hamble. This could in part be due to the larger salinity range encountered within 

the experiment compared with the Hamble estuary itself. Another possibility could be 

related to the limitations of the experiment and the anodes not corroding as quickly as 

those within the estuary itself owing to the adverse chemistry observed and the water not 

being changed during the course of the experiment. The experiment did generally show the 

expected corrosion trends at each salinity however. A salinity of 25 had the highest 
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individual release rate of 2.30t/yr followed by a salinity of 15 having a zinc load of 

2.17t/yr, a salinity of 32 was lower than expected at 1.97t/yr (Figure 4.5).  

The release rates available in the literature calculated for areas outside of the Hamble 

generally predicted zinc loads from anodes lower than the release rates calculated 

specifically for the Hamble, with zinc loads ranging from 2.43-4.05t/yr (Matthiessen et al., 

1999; Wood 2014; Cathery 2014 and Harrison 2015). This is likely due to the salinity and 

different conditions within the marinas of the Plymouth and East Anglia regions in the 

studies by Matthiessen et al., (1999) and Wood (2014) and the method of calculation and 

conditions of marinas of those in Cathery (2014) and Harrison (2015). The release rates 

could also be lower due to the size of the datasets used and the fact that boat owners 

estimated corrosion rates like for the survey in this study, this will always bring a degree of 

error to the results. The release rates calculated specifically for the Hamble are likely to be 

most accurate for the Hamble. This suggests that to get accurate release rates for an 

estuary, the anode zinc load needs to be calculated for each estuary. The release rates 

calculated for the Hamble and Plymouth region can still, however, give an estimate for 

anode zinc loads from other estuaries.  

The GEMCO model also showed the anode zinc load and other the sources zinc loads 

predicted to be an accurate account of the total zinc loads to the Hamble estuary, with 

predicted zinc levels being similar to those observed within the estuary (8.07µg/l on model 

and observed within estuary) (Figure 4.3, Table 4.17, Table 4.18). Zinc anodes are by far 

the largest zinc source to the Hamble estuary, this was reflected in the anode zinc loads 

from all experiments and also the GEMCO model predictions. The MAMPEC model 

however under predicted the anode zinc levels in the water column in areas of high boat 

density, so it therefore did not support the results of the GEMCO model and experiment 

anode zinc loads. The model was accurate at predicting water levels were other marinas 

had no influence or enclosed marinas occurred, which suggest limitations to the model 

functions when marinas are in close proximity to one another (Table 4.14, Table 4.15). 

The Hamble is almost unique in the fact there are so many marinas in close proximity to 

one another, which influence the zinc levels in other marinas. A study by Wood, (2014) in 

a semi enclosed marina and an enclosed marina in the Plymouth region used the model to 

predict zinc levels similar to those observed in marinas, these marinas had no influence 

from other marinas nearby. This further supports the findings for the Hamble from the 

MAMPEC model.  
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The release rates from the preliminary survey were used to predict the zinc loads from 

individual marinas on the Hamble, these ranged between 0.12t/yr at RK Marine to 0.90t/yr 

at Mercury Marina (Table 4.3) (Rees et al., 2017). Using a release rate of 2.34kg/yr/vessel 

which was calculated from all the responses to the survey in the Solent region including 

the Hamble, for the Test estuary and its 508 moorings a zinc load of 1.19t/yr is predicted, 

whilst the Itchen for 1,421 moorings 3.33t/yr (appendices 9 and 10). The observed release 

rates on the Test and Itchen from the survey responses were similar to those of the Hamble. 

Using this release rate for the estimated 24,000 moorings in the Solent as a whole an 

estimated 56.16t/yr of zinc are released from anodes into the Solent region. This is likely to 

be one of the largest zinc sources to the Solent region.  

Using the estimated release rate for the Hamble estuary, release rates can be calculated for 

other estuaries assuming release rates are similar, but as shown by those in Plymouth some 

variation can be seen between release rates from different areas (Wood 2014: Cathery, 

2014 and Harrison, 2015). The Orwell (1,919 moorings) and Blackwater (1,860 moorings) 

estuaries have vessels numbers closer to the Hamble estuary, and zinc loads to these 

estuaries using the Hamble release rate of 2.37kg/yr/vessel zinc loads of 4.55t/yr and  

4.41t.yr (appendices 8, 9 and 10). This shows zinc anodes are a relatively large zinc source 

to any estuary with 500 or more moorings. This therefore suggest that anodes could be one 

of the largest, if not the largest zinc source to many estuaries like on the Hamble. This 

shows the importance in predicting anode zinc loads for estuaries.  

5.3.2 ZINC LOAD ANTIFOULING PAINTS  

Antifouling paints contribute small amounts of zinc to the Hamble estuary each year with 

an estimated 0.014t/yr of zinc being released (release rate 3.91µg/cm2/d), which is based 

on an average zinc release rate in Swedish waters calculated from Ytreberg et al., (2017) 

(Figure 4.3, Table 5.1). Many of the vessels on the Hamble use copper based paints, 

which makes the contribution of zinc from antifouling paints negligible compared to other 

zinc sources such as zinc anodes (Table 2.4) (Rees et al., 2017). In comparison an average 

zinc release rate of 3.66µg/cm2/d from Ytreberg et al., (2010) gave a zinc load from 

antifouling paints of 0.013t/yr. The average was determined from a number of paints, 

which all had a different release rate for copper and zinc depending on the metal content of 

the antifouling paint (Table 5.1).  

A copper release rate of 6.24µg/cm2/d from Matthiessen et al., (1999) predicts a copper 

load to the Hamble from antifouling paints to be 0.022t/yr, which is not significantly 

higher than the zinc released from paints using the zinc release rate from the study by 
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Ytreberg et al., (2017). A copper release rate from Ytreberg et al., (2017) of 3.98µg/cm2/d 

predicted a copper load of 0.014t/yr which is the same as that for zinc (Table 5.1). 

Ytreberg et al., (2010) had copper release rate of 2.63µg/cm2/d predicting a copper load of 

0.009t/yr.  It is likely the zinc release rates from Ytreberg et al., (2010, 2017) for Swedish 

waters is slightly higher than those observed in the UK for zinc, as it is thought that 

Swedish paints contain more zinc than many UK paints (Table 5.1) (Eklund et al., 2016; 

Beeson, 2016; Bighiu et al., 2017). Zinc based paints were also common in Sweden until 

the 2011 ban, some of the paints tested appear to be pre the 2011 ban, which could lead to 

the higher zinc release rates (Chemical watch, 2011; Ytreberg et al., 2017). This does, 

however, still show that the zinc load from antifouling paints within the Hamble is low 

compared to that of anodes, with release rates varying slightly for the different paints used 

within these studies. 

Table 5.1: Zinc and copper release rates different antifouling paints 

Antifouling paint Release rate 

Zn (µg/cm2/d) 

Release rate 

Cu (µg/cm2/d) 

Zn load 

(t/yr) 

Cu load 

(t/yr) 

Reference  

Mille light 2.30 3.12 0.008 0.011 Ytreberg et al., (2017) 

Biltema Baltic sea 5.81 2.39 0.02 0.008 Ytreberg et al., (2017)  

Cruiser One 4.06 2.38 0.014 0.008 Ytreberg et al., (2017)  

Biltema West Coast 4.59 4.40 0.016 0.015 Ytreberg et al., (2017)  

Mille Xtra 2.82 7.61 0.01 0.027 Ytreberg et al., (2017)  

Oylmpic 86951 2.0 3.6 0.007 0.013 Ytreberg et al., (2010) 

Interspeed 617 0.7 3.2 0.002 0.011 Ytreberg et al., (2010) 

Fabi 3.0 1.1 0.011 0.004 Ytreberg et al., (2010) 

Micron Eco 4.4 0 0.015 - Ytreberg et al., (2010) 

Mille light 8.2 0 0.029 - Ytreberg et al., (2010) 

 

5.3.3 ZINC LOADS ROAD RUNOFF, SEWAGE WORKS AND RIVERINE INPUT  

Zinc anodes in many estuaries are not normally the largest zinc source with sewage works 

being one of the usual largest sources (Rule et al., 2006: Gardner et al., 2012). On the 

Hamble, sewage works only contributed 0.12t/yr of zinc, a fraction of that of anodes 

(Figure 4.3). The Hamble only has two sewage works one at Bursledon and one in the 

freshwater section of the river at Bishop Waltham. Zinc anodes are the largest source to the 

Hamble for a number of reasons including the large number of vessels on the Hamble 

(3,000), which has one of the highest, if not the highest boat densities in the UK. The 

dilution of the water in the estuary is also small due to the Hamble being a small ria estuary 

of only 7-8km with a relatively small freshwater input. This means water in the estuary is 

not influenced as much by riverine or marine sources as larger deeper estuaries such as the 

Orwell or Thames. Essentially the Hamble estuary is one large marina. The small 



145 

 

freshwater input into the estuary and relatively low water flow (0.49m3/s), which means 

the riverine input into the estuary is also comparably low at 0.12t/yr (Figure 4.3) 

(Matthiessen et al., 1999). The riverine input calculation will also take into account 

agricultural runoff, road runoff and any other zinc sources from the freshwater catchment 

within this zinc load, as calculated from the zinc concentration of the freshwater 

catchment. The Hamble estuary catchment is mainly wooded in nature with very little 

agriculture so this zinc load was not calculated for the estuary itself. The GEMCO model 

results suggest this is a very small source to the estuary if it does occur, as predictions 

without agricultural inputs were similar to observed zinc levels on the Hamble estuary 

(Table 4.17).  

Road runoff from the M27 motorway bridge contributed 0.04t/yr of zinc to the Hamble 

estuary (Figure 4.3). Zinc will come from a number of sources which include tyres and 

brake pads, which will be washed off the road surface into rivers and estuaries with rainfall 

(Figure 5.1) (Smolders and Degryse, 2002; Hjortenkrans et al., 2007; Rowett, 2013; TDC 

Environmental, 2015). Once again, this was a relatively small zinc source to the Hamble 

estuary compared to anodes. 

5.3.4 SHOULD ZINC ANODES BE CONSIDERED AS A MAJOR ESTUARINE 

ZINC SOURCE?  

The source apportionment calculations suggests anodes are by far the largest zinc source to 

the Hamble estuary, anodes have often been overlooked as a zinc source in other estuaries 

and are often not included in estuary plans (Figure 4.3, Figure 4.6) (Boxall et al., 2000; 

Rees et al., 2017). The Hamble will not be the only estuary with high anode zinc loads. 

This has been shown to some extent by zinc load calculations for the Test and Itchen with 

the Solent release rate and also using these release rates on the Orwell and Blackwater 

estuaries. Even though these will not be as accurate as release rates specifically for those 

estuaries, they still show anodes as a major zinc source. It is likely that any estuary with 

vessels numbers over 500 will have anodes as a major zinc load. In most estuaries with 

marinas more spread out than those on the Hamble, anodes have often been considered a 

more local source or small source (Bird et al., 1996; Boxall et al., 2000). But with more 

accurate release rates for many of these estuaries this may not be deemed the case, more 

studies are needed on these sort of estuaries to determine the anode zinc loads for them 

(Rees et al., 2017).  

Due to this study identifying anodes as a major estuarine zinc source they need to be 

included in estuarine plans. As the zinc anode loads are likely to be far higher in many 
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cases, the observed zinc levels with the estuaries could have a knock on effects to marine 

life within the estuaries (Rousseau et al., 2009).  

5.4 ZINC CONCENTRATIONS, SPECIATION, COMPLEXATION AND 

COMPLAINCE TO ENVRIONMENTAL STANDARDS ON THE HAMBLE  

The water samples collected on the Hamble were analysed using CSV methodology for 

their total dissolved zinc and labile zinc content. From these results the free zinc 

concentrations to the Hamble were calculated for each sampling site. CRMs BCR 505 and 

SLRS 4 were run with batches of the samples. 

DOC (Dissolved Organic Carbon) data was collected for the Hamble water samples to 

determine DOC concentrations and their potential to complex with zinc concentrations 

within the estuary. The samples collected for DOC were also analysed on a fluorimeter for 

their humic, fulvic, HIX and BIX levels, which all make up part of the DOC pool. DOC 

plays are vital role in metal complexation within the estuary, so determining the DOC 

levels allows the complexation capacity of the estuary to be determined.  

Water and sediment samples were collected on the Hamble to determine zinc 

concentrations. These were then compared to the zinc EQS of 7.9µg/l for marine waters, 

along with the BLM model predictions for local EQS levels for the freshwater section of 

the estuary (Maycock et al., 2012).  

The sediment samples on the Hamble were analysed for their metal content (appendix 16). 

The metal levels were then compared with the CEFAS dredging disposal guidelines and 

the Canadian sediment standards to determine the levels of zinc present within the 

sediments (Rowlett and Ridgeway, 1997; CCME, 2002). SPM data was collected and this 

was compared to the levels found within the sediments and water column (appendix 17).  

5.4.1 TOTAL DISSOLVED ZINC LEVELS AND EQS COMPLIANCE – HAMBLE  

Total dissolved zinc levels on the Hamble ranged between 1.51 to 31.19µg/l (Figure 4.11 

and Figure 4.15), with the highest zinc levels observed in areas of high boat density (Mann 

Whitney U = 1015, p < 0.01). Total dissolved zinc concentrations on the Hamble exceed 

the EQS of 7.9µg/l for marine waters, (Maycock et al., 2012) with a Hamble average total 

dissolved zinc concentration across the sampling period of 8.07µg/l. The Hamble is, 

however, classified under WFD regulations within Southampton Water as a whole along 

with the Test and Itchen, which means the zinc EQS is for the whole catchment. Under 

these regulations the EQS is not exceeded within Southampton Water (EA Data). With 
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large water bodies such as Southampton Water being classified as one entity it does not 

take into account levels in smaller tributary estuaries.  

The EQS covers estuaries or water bodies as a whole, but exceedances of the EQS at 

individual sites on the Hamble were far higher than the average of 8.07µg/l, with 

concentrations reaching as high as 25-31µg/l in some sampling sessions (Figure 4.11). The 

areas of the estuary which exceeded the EQS on the most regularly basis (in all sampling 

sessions apart from May 2016) was the area around Bursledon at sites FB1 and FB2 which 

are in an area of high boat density (Figure 3.3). With the anode release rates for the 

Hamble predicting up to  6.95- 7.11t/yr of zinc it is not surprising these areas of the estuary 

are exceeding the zinc EQS. On some occasions in areas of high boat density the labile 

zinc concentrations even exceeded the EQS level (Figure 4.12), which has a number of 

implications for marine life in these areas and the wider Hamble environment (Maycock et 

al., 2012). In areas upstream of the high boat density, where the rising tides did not 

influence the zinc water levels from the areas of high boat density, zinc levels were 

generally below the EQS (Figure 4.11). This was not the case in the Manor Farm cross 

tidal study in this area of the estuary, where the EQS was exceeded across the tidal cycle 

(Figure 4.18). The EQS exceedance in this study is likely due to low rainfall and the 

changes conditions on each tidal cycle. These studies along with the Environment Agency 

freshwater data and freshwater data from this study suggests the main zinc sources are 

from the boat section of the estuary and zinc anodes in particular (Figure 4.46). The 

majority of freshwater sites at which the Environment Agency collected zinc data had 

levels of 6µg/l or below, with an average of 7.46µg/l across all sites (EA data 2000-2015).  

The BLM model predictions for local EQS levels on the Hamble, had zinc levels within the 

standards for each site (Table 4.16, Figure 4.46). The high DOC and calcium levels 

present within the freshwater section of the estuary were high compared to the metal levels 

which meant the metal complexing capacity of the estuary was high in these areas, this 

meant high EQS levels could be predicted. The results from the BLM model and the low 

zinc levels observed are further confirmation of boats being the main zinc source within 

the Hamble.  

The EQS for marine waters unlike the freshwater EQS calculated for each site using the 

BLM has a fixed value. Even though the marine EQS has a background concentration of 

1.1µg/l worked out from average background zinc levels within it and has been calculated 

using average DOC data (Maycock et al., 2012), it does not properly take into account the 

natural variations within many estuaries. In many estuaries the complexing capacity of the 

DOC might accommodate the zinc levels observed which will lower the toxicity levels for 
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these metals for many species of marine life. Having a BLM model equivalent for marine 

waters could determine a more accurate EQS based on local factors.  

The total dissolved zinc levels observed at the two control sites at Netley (C1) and Lee on 

Solent (C2) remained relatively high, despite generally being lower than those on the 

Hamble, due to them being within the busy shipping lane of Southampton Water (Figure 

4.11). This is likely to have influenced the zinc levels, along with contaminated water 

flowing out of the Hamble, Test and Itchen estuaries. They were however lower than areas 

on the Hamble with high boat densities and below the zinc EQS, which further suggests 

anodes as the main zinc source on the Hamble.  

The Hamble is a small ria estuary with a limited freshwater supply which could be a 

contributing factor for the zinc levels being higher as less dilution of the water column 

from tidal and freshwater sources occur (Anon, 2000a; Hamble Estuary Partnership, 2013). 

The Hamble for its size and length and the small number of sources in the freshwater 

catchment has high total dissolved zinc levels compared to many other estuaries due to the 

large number of vessels present and zinc anodes being a major zinc source on the Hamble 

(Table 2.11, Figure 4.11). Total dissolved zinc levels in the freshwater catchment of the 

Hamble are generally low at around 2-3µg/l (Figure 4.11 and Figure 4.15).  

The water samples on the Hamble were collected on a flood tide so the zinc levels are 

slightly offset from the areas of high boat density as water was pushed upstream into the 

upper estuary on the rising tide, increasing the zinc levels observed upstream of this 

(Figure 4.16). The total dissolved zinc average at the mouth of the estuary in Figure 4.16 

is likely to have lower zinc levels when compared to boat density, due to the dilution of the 

water from Southampton Water on the flood tide. The trend with higher zinc 

concentrations within and just upstream of areas of high boat density was seen in all the 

sampling sessions’ apart from May 2016 where zinc levels varied more across the estuary 

length. This trend was also seen in the Manor Farm cross tidal study where water zinc 

levels rise as the water came from areas of high boat density on the flood tide (Figure 

4.18), but not at Warsash were the results were influenced by a former smelting works on 

the foreshore (Figure 4.17) (Wright et al., 2016). The different results observed in May 

2016 could be due to the water starting to fall during the sampling period and the zinc 

contaminated water from the areas of high boat density being flushed downstream on the 

ebb tide. The areas of the estuary with the high boat density around Bursledon could then 

have had lower zinc levels due to water from the upper estuary diluting the zinc levels 

present.  
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The trend of areas of high boat density having higher zinc concentrations has been found in 

many other studies outside the Hamble. Wood (2014) found marinas in the Plymouth 

region had total dissolved zinc concentrations between 2-15μg/l and Harrison (2015) 

reported concentrations of 9- 48μg/l in the same area, which were above concentrations in 

areas surrounding the marinas and the zinc EQS. This was also observed by Bird (1996) 

and Boxall (2000) with concentrations on the Hamble of 2.97-9.18μg/l and Poole Harbour 

and the Orwell 2.16-19.9μg/l respectively (Table 2.11). Enclosed marinas with limited 

tidal flushing and therefore greater water residence times allow a build-up of zinc in the 

water and were found to have higher zinc concentrations than open and semi enclosed 

marinas (Bird et al., 1996; Boxall et al., 2000; Wood 2014; Harrison 2015). Marinas on the 

Hamble tend to be open or semi enclosed, allowing regular and significantly more tidal 

flushing of the water. The zinc levels in the Hamble tend to be of the same magnitude as 

those reported in open and semi enclosed marinas within other estuaries (Bird et al., 1996; 

Boxall et al., 2000; Singhasemanon et al., 2009; Wood, 2014). The predictions of the 

MAMPEC model on the Hamble, were affected by the marina types present and the 

flushing of the marinas into one another (Table 4.14, Table 4.15). The marinas and mid 

channel on the Hamble tended to have similar zinc levels due to the large number of boats 

moored mid channel and the good tidal flushing of the marinas occurring. This is a trend 

not seen in other studies in larger estuaries, were greater volumes of water and less boats in 

close proximity dilute the zinc levels observed (Bird et al., 1996; Matthiessen et al., 1999; 

Boxall et al., 2000).   

Anodes were also thought to be the largest zinc sources to Californian marinas and its 

vicinity, which is similar to observations observed within this study on the Hamble 

(Singhasemanon et al., 2009). Total dissolved zinc concentrations within marinas in 

California ranged from 1.9µg/l to 50µg/l. Loch Lomond marina and Almatio marina zinc 

levels were similar to those observed in areas of the Hamble with a lower boat density. 

Whilst, Santa Cruz Harbour (14.3µg/l), Monterey Harbour (18.5µg/l) and Santa Barbara 

Harbour (13.9µg/l) all had zinc concentrations similar to those observed in areas of high 

boat density on the Hamble at Bursledon (Singhasemanon et al., 2009). This once again 

shows the high zinc concentrations which can be observed in marinas and estuaries with 

large boat numbers, with anodes the largest zinc sources to these regions like on the 

Hamble (Rees et al., 2017).   

Zinc concentrations on the Hamble estuary showed some seasonal variation (Dunns 

pairwise, p < 0.05, adjusted using the Bonferroni correction and Mann Whitney U= 1286, 

p < 0.005). The highest total dissolved zinc concentrations were observed during the 
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autumn months of October 2015 and November 2016. During the sampling period and at 

time of sampling, apart from in January 2016, rainfall was generally relatively low, which 

could influence the seasonal variation observed in the zinc levels due to less dilution from 

freshwater sources (Figure 5.1). The highest total dissolved zinc concentrations were 

observed during the October 2015 and November 2016 sampling sessions. All sampling 

sessions apart from May 2016 had higher zinc concentrations around Bursledon in areas of 

higher boat density, the tidal conditions in this sampling session are likely to have 

influenced these levels, with the tide appearing to be ebbing during sampling. Other studies 

have previously found that zinc levels in areas of high boat density are generally higher in 

the summer months when more vessels are present (Bird et al., 1996; Boxall et al., 2000). 

On the Hamble higher zinc levels were generally observed in the autumn to winter months, 

with so many vessels being present on the Hamble and very few leaving the estuary at one 

time for winter maintenance work, the zinc release from anodes does not change 

considerably across the year. It is likely that other sources such as road runoff and sewage 

effluent levels increase in autumn and winter months due to more rainfall, this therefore 

means higher levels are observed within these sampling months.  

Average total dissolved zinc concentrations on the Hamble (8.07µg/l) tended to be similar 

to other UK estuaries with relatively large numbers of boat moorings (Table 2.11). The 

Crouch and Deben in East Anglia had average zinc concentrations of 13.3µg/l and 8.7µg/l, 

both of which are above the EQS (EA data 2000-2015; Matthiessen et al., 1999). This 

suggests that the Hamble might not be the only estuary where high boat numbers causes 

the EQS to be exceeded. Environment Agency data from the same time period (2000-2015) 

on the Hamble suggests an average total dissolved zinc concentration of 13.39µg/l (Table 

2.11). The Test (3.54µg/l) and Itchen (6.19µg/l) however achieve the EQS despite having 

relatively large boat numbers and a container port, as a whole under the WFD 

classification Southampton Water estuary complex (Hamble, Test and Itchen) achieves the 

zinc EQS. The Orwell and Blackwater even though they have large numbers of vessels 

present also achieved the zinc EQS under Environment Agency data, with zinc 

concentrations of 6.33µg/l and 4.71µg/l (EA, data). This shows that many other estuaries 

with high boat numbers can exceed the zinc EQS such as the Deben and Crouch, 

suggesting anodes are a contributing source on these estuaries also, in the past anodes have 

not been seen as a major zinc source to many estuarine environments (Rees et al., 2017). 

The Orwell and Blackwater, however, show that if an estuary has large vessels numbers it 

does not necessarily exceed the EQS.  
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5.4.2 LABILE ZINC LEVELS – HAMBLE  

The labile zinc concentrations on the Hamble ranged between 0.002 to 9.01µg/l (Figure 

4.12 and Figure 4.15). Labile zinc levels were not significantly higher within areas of high 

boat density (Mann Whitney U = 1724, p > 0.05), but consistently high labile zinc levels 

were found in areas of high boat density at sites FB1 and FB2. The labile zinc levels of the 

estuary not correlating with areas of high boat density is likely due to metal complexation 

occurring in the estuary. Sites FB1 and FB2 often has the highest total dissolved zinc levels 

so it is likely the complexation capacity of the estuary was reached in these areas, hence 

the higher labile zinc concentrations observed.  

Other studies have measured labile zinc concentrations within estuarine environments, but 

only a few other studies have measured labile zinc in areas of high boat density where zinc 

anodes are likely to be the main zinc source (Harrison, 2015). Harrison, (2015) found 

labile zinc concentrations in Plymouth marinas of 1.55 – 32.35µg/l, with the highest 

concentrations being in Sutton Harbour an enclosed marina with a lock gate. 

Concentrations of 9.65 and 16.9µg/l were recorded in Plymouth Yacht Haven, which are 

similar to concentrations observed around Bursledon in the area of highest boat density on 

the Hamble (Harrison, 2015). This therefore suggests that in areas of high boat density 

labile zinc concentrations tend to be higher, suggesting the complexation capacity in 

marinas can be reached, which could be due to the DOC concentrations present.  

Other studies in estuaries with lower boat numbers and outside of marinas found 

concentrations lower than those on the Hamble. Pearson (2016) found labile zinc 

concentrations on the Tamar estuary of 0.65 to 3.60µg/l which were generally to the lower 

range of the concentrations observed on the Hamble, which could suggest a higher 

complexation capacity on the Tamar compared to the Hamble. The labile zinc levels on the 

Tamar in the study by Pearson (2016) were generally similar to areas of low boat density 

on the Hamble. A study by Van den Berg (1991) on the Tamar found labile zinc 

concentrations as high as 9.81µg/l, with the highest labile concentrations observed at 

intermediate salinities. Results from the study by Van den Berg (1991) on the Tamar were 

similar to those observed in areas of high boat density on the Hamble (Figure 4.12 and 

Figure 4.15).  

A Dunns pairwise test carried out for labile zinc concentrations in each season showed that 

autumn and winter had statistically higher labile zinc than spring and summer (p < 0.05, 

adjusted using the Bonferroni correction). The variations in labile zinc seasonally is likely 

due to the variation observed in the total dissolved zinc levels, with highest total dissolved 
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zinc observed in the autumn months and the amount of DOC available for the zinc to 

complex with. The DOC generally remained at a similar level seasonally, which means in 

some seasons with higher zinc levels, less complexing will occur. This can lead to higher 

labile and free zinc levels being observed.  Harrison, (2015) found higher labile zinc in 

summer compared to the winter in Plymouth marinas, this is likely due to more vessels 

being present in the marinas in the summer. On the Hamble due to the number of boats 

present less leave the river at one time, hence the higher levels in the winter. Other sources 

such as sewage works and road runoff are likely to contribute more in the winter months 

on the Hamble, due to rainfall levels being higher.  

The BLM model was used to predict the bioavailable zinc concentrations in the freshwater 

catchment along with a local EQS level for each site. Bioavailable zinc in the BLM model 

is equivalent to labile zinc levels within this study, the bioavailable zinc levels predicted 

were generally half the observed total dissolved concentration or lower, which suggest 

strong ligands are generally present on the Hamble. Labile zinc levels within this study 

were usually a similar proportion of the total dissolved zinc as predicated by the BLM 

model for the Hamble freshwater sites (Figure 4.12 and Table 4.16). A similar trend is 

therefore predicted by the BLM model to those observed within the estuary. The strong 

complexation capacity of the Hamble predicted by the BLM model is also seen within the 

labile and free zinc concentrations observed within the Hamble, which are generally low 

compared to the total dissolved zinc levels.  

5.4.3 FREE ZINC LEVELS – HAMBLE 

Free zinc (Zn2+) is the most toxic form of zinc (Table 2.10) and was calculated from the 

total dissolved and labile zinc using a method from Van Den Berg (1985) and Pearson 

(2016). Free zinc concentrations on the Hamble ranged between 0.003-6.31µg/l (Figure 

4.13, Figure 4.14 and Figure 4.15). Free zinc levels like total dissolved and labile zinc 

were higher in areas of high boat density around Bursledon (sites SM1 to 1) (Figure 4.13 

and Figure 4.15). Free zinc levels were generally low in both of the cross tidal studies, this 

is likely due to their location in the estuary and the mixing of the estuary (Figure 4.17, 

Figure 4.18). The Hamble is generally a well-mixed estuary (Dyer 1973; Webber 1980).  

Free zinc concentrations in the other estuaries tended to be lower than those observed on 

the Hamble. The Scheldt estuary for example having free zinc concentrations between 

0.13-1.05µg/l (Van Den Berg et al., 1987), whilst on the Tamar, Pearson (2016) measured 

free zinc concentrations of 0.14-1.70µg/l and in Cape Fear estuary North Carolina 

concentrations of 0.008-1.05µg/l was observed by Skrabel et al., (2006). In the Gulf of 
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Thailand concentrations tended to be slightly higher than those observed within the other 

estuaries but still lower than on the Hamble, with concentrations of 0.04-2.57µg/l (Van den 

Berg and Dharmvanij, 1984). The higher levels observed on the Hamble suggests the high 

zinc load from anodes has raised zinc levels above the complexation capacity of the 

estuary in some areas, hence the higher free zinc levels observed.  

5.4.4 CROSS TIDAL STUDIES ZINC CONCENTRATIONS  

Two cross tidal studies (from high to low tide) were carried out on the Hamble in July 

2016, in what was a dry and hot month (Figure 5.1). The studies were carried out at 

Warsash Maritime Academy Pier at the mouth of the Hamble and Manor Farm pontoon 

about 0.3 miles upstream of boat moorings on the Hamble. The studies were designed to 

determine the influence of boats and anodes on zinc concentrations. The hypothesis for this 

study was that zinc levels would be low on the flood tide at Warsash and then they would 

be higher on the falling tide after the water had flowed through areas highly populated with 

vessels. At Manor Farm zinc levels would rise on the rising tide as the water from areas of 

high boat density was pushed upstream with the tide and then zinc levels would then fall as 

the tide ebbed leading to the river having more of an influence on the zinc concentrations.  

The results of this study showed mixed results with zinc concentrations at Warsash likely 

being influenced by localised sediment metal contamination from a former smelting works 

underlying the site (Wright et al., 2016). At Manor Farm zinc levels were influenced by the 

large boat numbers on the Hamble as expected with a zinc range of 8.56 – 28.16µg/l 

(Figure 4.17 and Figure 4.18 and appendix 31). The zinc EQS was exceeded at all times 

across both tidal cycles, apart from low tide at Warsash. The Manor Farm study therefore 

further supports zinc anodes as a major zinc source to the Hamble (Figure 4.11, Figure 

4.18 and Figure 4.6) (Bird et al., 1996; Boxall et al., 2000). 

The Warsash cross tidal study zinc concentrations were very high and higher than any 

other samples collected on the Hamble across all of the sampling sessions (Figure 4.17). 

The high zinc levels observed are likely due to a former smelting works where the slag and 

waste from this was dumped on the Warsash foreshore. These have locally contaminated 

the sediments on the mudflats, with zinc levels as high as 3500µg/g observed (appendix 

31) (Wright et al., 2016). The higher zinc levels were observed at periods of rising or 

falling tide and lower at slack water and low tide; this indicates metals are being disturbed 

from the sediment bed and are causing a local exceedance of the zinc EQS at this site 

(Figure 4.17). This study showed effect of another localised zinc source to the Hamble and 

not the effects on anodes as was intended with study. Labile and free zinc in comparison 
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are very low compared with total dissolved zinc concentrations, with labile and free zinc 

being more in line with other estuarine zinc samples with lower concentrations. The lower 

labile and free zinc levels are due to the nature of the zinc released from the sediments, 

which is bound to organic matter within the sediments so therefore not as toxic and within 

the total dissolved phase.  

5.4.5 DOC CONCENTRATIONS – HAMBLE  

5.4.5.1 DOC  

DOC is the fraction of the organic carbon pool which is dissolved within seawater or 

estuarine waters (Libes, 2009). The main DOC sources to the Hamble estuary are likely to 

be soils, plankton blooms and to a lesser extent domestic, agricultural and geological 

sources. The small size of the Hamble catchment area and the low population size limits 

the contribution of some of these sources, with DOC generally low compared to some 

other estuaries (Meybeck, 1993; Abril et al., 2002; Osterholz et al., 2016). DOC 

concentrations within the Hamble ranged between 0.86 - 6.72mg/l, with a high value of 

12.21mg/l at site 8 in January 2016, which is likely to do with a localised event, such as an 

algae bloom or contaminant (Figure 4.19, Figure 4.20). The average DOC concentration 

range on the Hamble was 1.75-3.52mg/l.  

The DOC showed some seasonal variation on the Hamble estuary, but no one season was 

consistently higher (Dunns pairwise, p < 0.0001, adjusted using the Bonferroni correction) 

(appendix 11). The average DOC concentrations for the Hamble showed a small 

conservative trend with salinity, this suggests most of the DOC on the Hamble derives 

from the riverine section of the Hamble catchment. It could also suggest that simultaneous 

sources and sinks of DOC occur within the estuary, which cause a conservative like 

behaviour to occur (Raymond and Bauer et al., 2000; Abril et al., 2002). But with DOC 

concentrations from the two freshwater samples within this study (3.99mg/l and 2.41mg/l) 

and Environment Agency data (2000-2015) having a freshwater DOC range of 1.47-

10.8mg/l (average range between sites of 4.05-8.04mg/l, Figure 6.5) higher than the lower 

estuary and the DOC concentrations being statistically higher in the upper estuary 

compared to the lower estuary (Mann Whitney U = 1099.500, p <0.001). This suggests the 

main DOC sources derive from the riverine catchment (Figure 5.4). Average DOC 

concentrations on the Thames and Scheldt were 5.8mg/l and 6.8mg/l, whilst the Rhine had 

a lower DOC average at 2.9mg/l (Abril et al., 2000; Abril et al., 2002), the overall Hamble 

average DOC was 2.53mg/l which was similar to the concentrations observed on the Rhine 

and the levels on the Sado and Douro estuaries of 2.3mg/l and 2.5mg/l (Abril et al., 2002). 
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This suggests DOC levels on the Hamble are generally quite low, this is likely due to the 

catchment size and source types present. A DOC concentration of 4.6mg/l observed at a 

salinity of 5.2 on the Charlestown estuary in the USA is also similar to upstream DOC 

concentrations observed on the Hamble (Luning Prak et al., 2017). The DOC 

concentrations showed very little variation across the tidal cycle studies due to the small 

salinity changes observed in the sampling period (Figure 4.28, Figure 4.29). 

Conservative relationships with DOC have been observed on many other estuaries, in 

many cases with stronger trends than those observed on the Hamble, including the Scheldt, 

Severn, York estuary Chesapeake Bay, Delaware and Hampyeong Bay South Korea. 

Estuaries such at the Gironde and Ems had a number of lateral and internal inputs of DOC 

to the estuary which made this conservative behaviour less clear and in some cases non-

conservative behaviour was observed on these estuaries (Mantoura and Woodward, 1983; 

Raymond and Bauer, 2000; Abril et al., 2002; Kim et al., 2012; Kim et al., 2013; 

Osterholz et al., 2016). The Hamble did not show a strong trend due to the small salinity 

range observed within sampling on the estuary. 

 

Figure 5.4: Hamble freshwater DOC concentrations site averages (EA data 2000-2015), 

error bars denote sd 

DOC along with other organic and inorganic ligands complexes metals within the estuary 

or oceans (Kozelka and Bruland, 1998; Lohan et al., 2005), this organic complexation can 

influence the availability of a certain metals to biota by reducing or eliminating their 

toxicity making them vital within the estuarine environment (Donat and Bruland, 1990). 

The BLM model predictions for the Hamble in this study also showed the ability of DOC 

and ligands within the water to complex the zinc, reducing the labile and free zinc fraction. 
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5.4.5.2 HUMIC AND FULVIC  

Humic and fulvic content of the sample can be used as a surrogate for DOC (Huguet et al., 

2010). Humic substances can be split into two fractions classes based on their solubility 

which are humic and fulvic acids. Humic substances are insoluble at acidic pH levels 

whilst fulvic humic substances are soluble at all pH levels (Libes, 2009). Humic and fulvic 

acids along with other species within the DOC pool are important for metal complexation 

within the estuarine environments, but on the Hamble due to the small salinity range clear 

metal complexation trends were not seen (Huguet et al., 2010; Pearson, 2016). Humic and 

fulvic levels on the Hamble estuary were similar to one another with a general conservative 

trend observed (Figure 4.21, Figure 4.22 and Figure 4.23). Humic and fulvic were both 

statistically higher in the upper estuary at lower salinities compared to the lower estuary 

with higher salinities (humic, Mann Whitney U = 908, p < 0.001, fulvic Mann Whitney U 

= 813.500, p < 0.001), which suggests the humic and fulvic derives from terrestrial and 

riverine sources, likely from soils and sediments mainly comprised of humic and fulvic 

acids (Libes, 2009). A trend which was also noted on the Tamar by Pearson (2016) and the 

Aulne estuary in France for fulvic by Marie et al., (2017). The study by Pearson (2016) on 

the Tamar also found humic and fulvic levels higher at lower salinities in the upper 

estuary, like the Hamble.  

Humic and fulvic showed some seasonal variation on the Hamble with higher levels 

observed for both higher in winter months compared to the other seasons (Dunns Pairwise, 

p < 0.001, adjusted using the Bonferroni correction). This would suggest more organic 

matter and heavier rainfall in the winter months contributed to the higher levels observed 

in the estuary (Figure 5.1).  

5.4.5.3 HIX AND BIX INDEXES  

The HIX index estimates the degree of maturation in Dissolved Organic Matter (DOM) 

which suggests DOC is mainly terrestrial based (Zsolnay et al., 1999; Huguet et al., 2010), 

whilst the BIX index is based on the contribution of β fluorophore which is associated with 

recently produced organic matter through biological and bacterial growth within the 

estuary (Huguet et al., 2010; Pearson, 2016). On the Hamble HIX levels were statistically 

significantly higher in the upper estuary compared to the more saline lower estuary which 

suggests the DOC is of a terrestrial nature and enters the estuary through the freshwater 

catchment (Mann Whitney U = 1055.500, p < 0.001)  (Zsolnay et al., 1999; Huguet et al., 

2010) (Figure 4.24 and Figure 4.25), whilst BIX tended to be slightly lower in the upper 

estuary were less bacterial and plankton growth occurred (Figure 4.26 and Figure 4.27). 

This suggests the DOC and DOM in the Hamble mainly consists of terrestrial based humic 
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and fulvic acids. HIX and BIX data from the Tamar also suggested the DOC was mainly 

terrestrial based humic and fulvic acids (Pearson, 2016). In winter months higher HIX 

levels were observed compare to the other seasons (Dunns pairwise, p < 0.0001, adjusted 

using the Bonferroni correction), this is likely due to higher rainfall and more organic 

matter being present in the riverine catchment. 

The lowest BIX levels were observed in the winter months (Dunns pairwise test, p < 

0.0001, adjusted using the Bonferroni correction) due to less biological activity occurring 

in the estuary in this season.  In the summer and autumn the highest BIX levels were 

observed due to in-situ biological or bacterial activity within the estuary, most likely from 

plankton blooms (Figure 4.26 and Figure 4.27, appendix 11). Plankton blooms within 

Southampton Water of which the Hamble joins are regularly occurrences with higher 

chlorophyll and plankton levels present from spring until late summer, hence the higher 

BIX levels generally seen within the summer months on the Hamble (Kifle, 1992; Shi, 

2000; Xiong, 2000; Ali, 2003; Levassuer, 2008). BIX levels were statistically higher in the 

lower estuary compared to the upper estuary due to less plankton growth occurring in the 

lower salinity upper regions of the estuary (Mann Whitney U = 2470.500, p <0.001). A 

study by Pearson (2016) on the Tamar estuary also observed higher BIX levels in the lower 

estuary in summer months when plankton blooms were more common. HIX levels on the 

Tamar had similar levels to those on the Hamble with a range of 4 to 19 and lower levels at 

the mouth of the estuary. Higher HIX levels were generally seen in the winter months on 

the Tamar (Pearson, 2016). Whilst BIX had a range of 0.5 to 0.95 on the Hamble, with 

higher concentrations observed at the estuary mouth where plankton blooms were greater 

(Pearson, 2016). On the Gironde and Seine BIX levels between 0.6 to 0.92 and 0.69 to 0.73 

were observed with higher levels at the estuarine mouth like on the Tamar and Hamble, 

this suggests recent DOM is being produced in the lower estuary in all of these estuaries 

through plankton blooms (Huguet et al., 2010). HIX levels on the Seine had a range of 5.5 

to 7.7, whilst on the Gironde levels of 9.6 to 15.8 were observed, which were similar to 

those on the Hamble were average HIX levels had a range of 2 to 14 (Huguet et al., 2010). 

5.4.6 ZINC COMPLEXATION – HAMBLE  

The total dissolved and labile zinc levels generally remained proportionally similar to one 

another on the Hamble due to metal complexation through the DOC and other natural 

ligands within the water which reduced the toxicity of the zinc on the Hamble (Figure 

4.30) (Donat and Bruland, 1990). Free zinc concentrations also tended not vary 

significantly with boat densities (Mann Whitney U = 1569, p >0.05). Total dissolved zinc 
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showed non-conservative behaviour with DOC whilst labile and free zinc generally 

showed conservative behaviour which was likely due to the metal complexation which 

occurred within the Hamble (Figure 4.30). In the areas of estuary with the higher labile 

zinc levels, the DOC levels remained consistent which suggests that the complexation 

capacity of the estuary has been reached in these areas, hence the higher labile and free 

zinc concentrations observed in areas of high boat density (Figure 4.30). Humic, fulvic, 

HIX and BIX all showed similar complexation ability and capacity to DOC itself on the 

Hamble. The lower levels of free zinc observed in most of the samples indicates a high 

zinc complexing capacity generally occurs on the Hamble. This trend was also observed on 

the Tamar estuary by Pearson (2016), where lower free zinc levels were observed in the 

upper and lower reaches of the Tamar.  

5.4.7 SEDIMENT METAL COMPLIANCE WITH STANDARDS, SPM 

CONCENTRATIONS AND METAL SOURCES  

5.4.7.1 METALS COMPLIANCE WITH SEDIMENT STANDARDS 

Zinc sediment concentrations on the Hamble estuary generally tended to be between the 

threshold effect (124µg/g) and probable effect (271µg/g) levels of the Canadian sediment 

standards also the lower (120µg/g) and median (270µg/g) effect levels of the CEFAS 

dredging disposal guidelines and the NOAA sediment standards (Table 2.1, Figure 4.37) 

(Rowlett and Ridgeway, 1997; CCME, 1999; Miller et al., 2000; CCME, 2002). This 

suggest some species of marine life could be effected by the observed zinc levels on the 

Hamble.  

Whilst copper concentrations on the Hamble estuary were generally towards the mid to 

high range of the threshold effect (18.7µg/g) and probable effect (108µg/g) of the 

Canadian sediment standards (CCME, 2002). But on the CEFAS dredging disposal 

guidelines copper was below the low effect level at many sites and only exceeded this at a 

small number of sites in areas of high boat density, these guidelines were higher than those 

of the Canadian standards with a low effect level of 70µg/g and a median effect level of 

370µg/g (Table 2.1, Figure 4.38 and appendix 16) (Rowlett and Ridgeway, 1997).  

Lead levels tended to be between the Canadian standards with a low effect level of 

30.2µg/g and a median effect level of 112µg/g, except for two sites which were 

significantly higher. Under the CEFAS (low effect 35µg/g and median effect 110µg/g) 

dumping guidelines lead also showed the same trend as the Canadian standards (Figure 

4.40). This suggests some areas of the estuary has elevated lead levels which could affect 

marine life. 
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Nickel does not have a standard under the Canadian standards but it does under the CEFAS 

dumping guidelines. Under the CEFAS guidelines a low effect rang of 30µg/g and a 

median effect range of 50µg/g are set, the nickel levels on the Hamble were all below the 

low effect range (Figure 4.39). This suggest nickel levels are low and not a contamination 

source on the Hamble.  

Arsenic was higher in the middle and lower estuary and generally between threshold 

(7.24µg/g) and probable effect (41.6µg/g) levels under the Canadian standards, this is 

likely to the geological nature of the arsenic and estuarine mixing (Figure 4.43).  

Iron, manganese and aluminium currently do not have a sediment standards under either 

standard, at they are considered less toxic and generally reflect the geological nature of the 

estuary. Manganese appears to have been influenced by estuarine processes to a greater 

extent than some of the other metals present (Figure 4.41, Figure 4.42 and Figure 4.44). 

Manganese levels were higher in sediments that were generally shelly and pebbly in 

nature, which suggests these sediment types have higher manganese levels due to their 

geological makeup (appendix 16).   

5.4.7.2 SEDIMENT METAL SOURCES, HAMBLE  

The correlation matrix showed that the majority of metals analysed had moderate to strong 

positive correlations with each other (Table 4.12). Manganese and lead were exceptions to 

this trend.  

Principal Component Analysis (PCA) was run on the correlation matrix to determine if 

some of the metals present within the sediments had originated from different sources to 

one another (Table 4.12, Table 4.13). The first factor within the PCA had the biggest 

loadings for aluminium, nickel, iron, copper and, to a lesser extent, zinc. This first factor is 

likely to represent the natural background of these metals within the estuary.  

For the second factor the main loadings were for copper, zinc and lead. This is likely due 

to anthropogenic sources raising these metals above the natural levels present within the 

estuary (Table 4.13) (Reid and Spencer, 2009). The main source for zinc, copper and, to 

some extent, for lead is likely to be boats in the form of anodes and antifouling paints. This 

was indicated by the source apportionment calculations and anode experiments carried out 

within this study, where up to 6.95 - 7.11t/yr of zinc was predicted to be released from 

anodes (Figure 4.3, Figure 4.6). The modelling completed on the GEMCO model, along 

with the zinc water quality data where the highest zinc concentrations were observed in 

areas of highest boat density, also supports zinc anodes as the main source of zinc to the 
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estuary (Table 4.17, Figure 4.11). Antifouling paints contain copper and zinc levels in 

varying amounts; these are also likely to be a source and the metals would have built up in 

the sediments overtime as they leach from the vessels. The elevated lead levels within the 

estuary are likely in part due to anodes as lead is present in small levels within the anode 

alloy (Solent anodes, 2017).  Lead has also historically been used within antifouling paints, 

therefore some of the observed lead levels could be from this source (Rees et al., 2014).  

The highest zinc and copper sediment concentrations were generally observed in the 

middle to upper estuary in areas of greatest boat density between Bursledon (Swanwick 

marina) and Mercury marina (Figure 4.37, Figure 4.38); with the highest zinc levels 

observed at Swanwick marina (SM2 199µg/g) to Foulkes boatyard (FB2 230µg/g and FB1 

185µg/g). This further supports the conclusion drawn from the PCA that boating activity is 

the main anthropogenic zinc and copper source to the estuary. The Hamble is a well-mixed 

estuary with strong tidal currents due to the double high tide, resulting in the marinas 

having good flushing rates. The hydrodynamics of the estuary have therefore influenced 

the distribution of these metals, once they have been released from anodes and antifouling 

paints. The highest levels were still seen in areas of highest boat density and generally in 

areas where the water quality data also had the highest zinc levels. This therefore further 

suggests anodes are the largest zinc source in these areas.  

Other anthropogenic sources in the form of sewage treatment works, road runoff and past 

industrial activity are also likely to have contributed to the zinc, copper and lead loading 

within the second factor on the Hamble. However, as indicated by the modelling, anode 

experiments and source apportionment calculations, these sources are significantly smaller 

compared to the zinc load released from anodes (Figure 4.3). Past industrial activity within 

the Hamble estuary in the form of smelting works and industrial practises often related to 

shipping activity has occurred. This can be a major source of metal contamination in these 

localised areas, such as on the Warsash foreshore (Wright et al., 2016).  

For the third factor of the PCA, manganese has a very strong loading; this is suggestive of 

a different source for manganese (Table 4.13). The highest manganese levels generally 

tended to occur in shelly and pebbly sediments; in the Hamble the sediments mainly tended 

to be sandy and silty in nature (appendix 16). The difference in manganese to the rest of 

the metals within the Hamble could also be related to the salinity of the estuary and the 

mixing dynamics. Salinity was also noted as a potential reason for this in the Medway 

estuary by Reid and Spencer (2009).   
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5.4.7.3 SPM METAL LEVELS  

SPM metal levels within the Hamble were generally similar to those observed within the 

sediments for copper, iron and lead, whilst zinc had SPM levels significantly higher than 

those observed within sediments.  

The SPM zinc concentrations were significantly elevated with levels ranging from 2705-

260125µg/g, this suggests that SPM could act as a vector for the zinc released from anodes 

and much of this does not settle to the sediments. The SPM particles within the Hamble 

either remain in suspension or leave the estuary on each tidal cycle (Figure 4.33), this also 

shows were the remaining zinc released from anodes each year is likely to reside, as the 

amount in the sediments and water column does not equate for the annual anode zinc load. 

The SPM currently does not have guidelines for metal levels, but the levels on the Hamble 

show the importance of monitoring the metal levels in SPM samples, as the effects they 

could have on some marine species and the environment is high. Changing conditions in 

the Hamble estuary could cause the SPM to settle to the estuary bed and raise the zinc 

concentrations within the sediments or release it back into the water column, this therefore 

shows the importance of monitoring and implementing management strategies for this. 

Zinc concentrations within SPM samples from the Humber and Mersey estuary were much 

lower than those observed on the Hamble, with zinc being similar to concentrations 

normally observed within estuarine sediments (Comber et al., 1995). Reducible (can be 

mobilised under anoxic conditions) zinc within the SPM on the Humber ranged between 

90-170µg/g, whilst on the Mersey it was 140-295µg/g, on the Hamble only the total 

content was measured. Within the Mersey zinc tended to have higher concentrations at 

mid-range salinities, on the Hamble no clear trend was present due to the sample locations 

and the high levels observed. The Ouse a tributary of the Humber had concentrations as 

high as 420µg/g, but this is still lower than those observed on the Hamble (Comber et al., 

1995). This indicates anodes in the Hamble estuary are significantly rising zinc levels 

within the SPM, mobilisation of which into the water column could make it bioavailable.  

A variation in the zinc levels present was also seen on spring and neap tides, with 

significantly higher SPM levels found on spring tides compared to neap tides (Mann 

Whitney U = 110, p < 0.01), this is likely due to the tidal currents and river water flow re-

suspending more sediment from the estuary bed combined with the case that at low water 

there is less dilution available in the estuary hence the high levels of particulate matter.  

The copper SPM concentrations were similar to those observed within the Hamble 

sediments, unlike zinc which were highly elevated (Figure 4.34). This suggests antifouling 
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paints are contributing to the levels observed in the SPM and the sediments (Rees et al., 

2014; Beeson, 2016; Bighiu et al., 2017). The SPM copper within the Humber and Mersey 

estuaries tended to be lower than those observed on the Hamble (Comber et al., 1995), 

with a range of 11 to 22µg/g on the Humber and 15-40µg/g on the Mersey (Comber et al., 

1995), these marinas had less vessels than the Hamble. This suggests copper from 

antifouling paints is a contributing factor to the higher levels observed on the Hamble. 

Copper concentrations were statistically significantly higher on neap tides compared to 

spring tides (Mann Whitney U = 288, p < 0.01), which was the opposite of zinc. This could 

be due to less dilution of the water occurring on neap tides and the constant leaching of 

copper of from antifouling paints. Copper was higher in the SPM on the Hamble compared 

to the Mersey and Humber, where less vessels were present (Comber et al., 1995).  

The iron levels observed within the sediments and SPM on the Hamble were generally 

similar to one another suggesting they both reflect the geological nature of the estuary 

(Figure 4.35 and Figure 4.41). Iron levels were also statically similar within the SPM 

samples on spring and neap tides (Mann Whitney U = 2014, p > 0.05), which further 

supports the geological influence.   

Lead levels within SPM were similar to the levels observed within the sediments and 

between spring and neaps tides (Mann Whitney U = 210, p > 0.05). The high localised lead 

sources were not observed within the SPM results. This suggest that there are a number of 

localised lead sources within the estuary which have a small effect on the estuary and it is 

possible this lead remains complexed within the sediments.  

5.5 MITIGATION AND MANAGEMENT STRATEGIES – HAMBLE  

5.5.1 HOW THE HAMBLE CAN ACHIEVE THE ZINC EQS 

A number of steps and management strategies can be undertaken on the Hamble, which 

will help the zinc EQS to be met in the Hamble. These include reducing the zinc loads 

from anodes and antifouling paints and implementing a number of monitoring 

programmes.  

5.5.1.1 REDUCING THE ANODE ZINC LOAD TO THE HAMBLE 

The Hamble estuary exceeds the EQS 7.9µg/l (Maycock et al., 2012), with an average of 

8.07µg/l within this study. As the results showed certain areas of the Hamble in areas of 

high boat density had zinc levels as high as 25-31µg/l, with zinc anodes the main source of 

this zinc. This therefore suggests a strategy and management plan needs to be put in place 

for the Hamble so it can better achieve this EQS, this will reduce zinc levels within the 

Southampton Water estuary complex also and lower the EQS under the WFD for these 
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estuaries. This management plan should focus on lowering zinc levels where possible and 

working with boat owners to get the best results for both parties.  

Providing education to boat owners about anode use and good practise, will help reduce 

the anode zinc load. Some vessels had as many as six to eight anodes present on the hull 

which all showed 50% corrosion within a year of deployment, some of the vessels using 

this number of anodes did not need this many, but it was done as a precaution (results 

preliminary survey, appendix 2). In some of these circumstances two or four anodes would 

be just as effective. In other cases some boat owners placed numerous anodes over the 

vessel, in these cases having fewer anodes placed correctly will be just as effective (Harris, 

2008). Anode companies provide advice and calculations which enable the number and 

types of anodes best for the vessel to be calculated (Equation 2.4), if boat owners use this 

equation for their vessel it will determine what number of anodes to use. This is turn could 

lead to a lower anode zinc load and the zinc levels being reduced in areas of high boat 

density on the Hamble.  

The preliminary survey on the Hamble showed that very few boat owners were using 

aluminium anodes. With much of the Hamble being of brackish conditions some boat 

owners might benefit from using aluminium instead of zinc as suited to both environments. 

The GEMCO model predictions for the Hamble showed that if 200-800 vessels on the 

Hamble used aluminium anodes zinc levels would be reduced significantly (Table 4.18). 

This would potentially lead to environmental benefits to the Hamble estuary, with a lower 

zinc load from anodes being released each year. Aluminium currently does not have an 

EQS level set as is considered less toxic than zinc (Mao et al., 2011). In Sweden zinc 

anodes were also the most commonly used despite waters being brackish in many cases, 

which suggest the trend of zinc being more commonly used extends beyond the UK 

(Maringuiden, 2014, 2015).  

Management strategies for reducing zinc loads from anodes will not only be of benefit to 

the Hamble but other estuaries such as the Crouch estuary in East Anglia which has around 

950 boat moorings and total dissolved zinc concentration average of 13.3µg/l (EA data 

2000-2014) (Table 2.11), it is likely anodes are contributing to the EQS being exceeded on 

the Crouch. Therefore educating boat owners on anode use and suggesting vessels in 

brackish conditions such as those likely to occur at Battlesbridge use aluminium could help 

the Crouch achieve the zinc EQS of 7.9µg/l (Maycock et al., 2012). Estuaries such as the 

Blackwater and Orwell currently meet the EQS according to EA data, but applying this 

same advice and good practise to these estuaries which have large boat numbers could 
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further reduce the observed zinc levels (Table 2.11).  Estuaries such as the Itchen, 

Lymington and Portsmouth Harbour within the wider Solent with relatively large boat 

numbers would also benefit from this anode advice and management of using aluminium 

anodes in some areas.  

5.5.1.2 REDUCING OTHER ZINC SOURCES TO THE HAMBLE 

Even though zinc anodes are the largest zinc source to the Hamble, the other zinc sources 

loads could also be reduced. The GEMCO model showed that reducing the zinc load from 

sewage works and changing antifouling paints use also reduced the zinc load and levels 

within the Hamble (Table 4.18).   

The zinc and copper load from antifouling paints can be further reduced on the Hamble 

and other estuaries being encouraging and enforcing the good management guidelines for 

marine paints among boat owners and maintenance facilities within marinas and boatyards, 

which ensure environmentally safe methods are deployed (Srinivasan and Swain, 2007; 

Carson et al., 2009; Turner 2010). Introducing and enforcing these guidelines will reduce 

the toxicity to marine life and lower water and sediment levels of copper and zinc (Turner 

et al., 2008). These guidelines are currently voluntary and are advised for the UK and 

Australasia they include: placing tarpaulins under boats during cleaning and safely 

disposing of paint waste according to local authority protocol (Scammell and Baker, 1997; 

British Marine Federation, 2005; Turner, 2010). The use of permits for cleaning of boats 

containing copper has been suggested in some countries (Turner, 2010).  Many boatyards 

across the UK still have paint chips present on the ground under vessels as they are not 

actively enforced and hard to enforce, it is also not always easy to follow the protocol 

(Thomas et al., 2003; Turner, 2010; Turner et al., 2015). The release of paint chips into the 

estuarine and marine environment can further add to the metal leaching rates from paints 

(Turner, 2008; Rees et al., 2014). If these guidelines were implemented on the Hamble, 

this could also lower the copper and zinc release from paints. A long term plan could be to 

phase out copper and zinc based paints for silicon and epoxy based paints, similar plans are 

in place for Swedish waters (Carson et al., 2009; Park et al., 2010; Eklund et al., 2016; 

Bighiu et al., 2017). In San Diego Bay a user fee on copper based paints has even been 

suggested, but at this stage this should not be an option for the Hamble (Carson et al., 

2009). If the zinc load from paints could be lowered on the Hamble this will also help the 

zinc EQS be met.  

Management plans and strategies could also reduce the zinc load from sewage works and 

road runoff on the Hamble. These sources are small compared to zinc anodes, but could 
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still reduce the zinc load to the Hamble which will help the EQS to be met. The road runoff 

on the Hamble from the M27 Motorway Bridge currently flows straight into the river 

Hamble. The sort of pollutants within the runoff have not been tested within this study, but 

research suggests that heavy metals including zinc, hydrocarbons and nutrients can be 

washed off roads via this source (Napier et al., 2008; Reddy et al., 2014). This therefore 

shows the benefits from potentially managing the runoff. Filtering options such as calcite 

filters could work on a small scale (Reddy et al., 2014). Another option could be the use of 

a subsurface flow constructed wetland or the use of a vegetated balancing pond system on 

the edge of the estuary which would trap some of the heavy metals present. These have 

been found to have a good removal rate on many roads within the UK, with up to 60% of 

the zinc removed (Shutes et al., 2001). These options have environmental implications in 

their own right and would also be expensive to install, so may not be of benefit to the 

Hamble ecosystem. It is therefore suggested that the runoff load is monitored as a zinc 

source but not actively managed on the Hamble currently and work is done to reduce the 

number of zinc anodes in the Hamble, along with good practise on paint waste which is a 

lot more achievable at a lower cost.  

5.5.2 MONITORING PROGRAMMES ON THE HAMBLE  

The Hamble estuary would benefit from having a number of monitoring programmes in 

place to monitor the zinc load to the Hamble and the effects of this on marine life. These 

monitoring programmes could also monitor if the zinc levels decreased as more aluminium 

anodes are used.  

5.5.2.1 WATER BODY ZINC LEVELS  

Monitoring is currently carried out on the Hamble estuary by the Environment Agency as 

part of the WFD, but this monitoring only focuses on two main areas of the estuary at Port 

Hamble near the mouth and Bursledon Bridge within the main estuary. These sampling 

sites whilst in the areas of boating activity on the Hamble, do not encompass the full anode 

range or the sites upstream of high boat density. It is therefore recommended that the 

number of monitoring sites on the Hamble are increased to allow the effects of anodes on 

zinc load to be monitored over time. The Environment Agency in the past have monitored 

at Mercury marina, it is suggested that a site at Mercury Marina, a site between the two 

road bridges were zinc level tended to be higher and in the upper catchment were zinc 

levels are lower are also monitored. This will then give a more accurate picture of the zinc 

levels within the Hamble estuary and better determine if the EQS is being met within the 

Southampton Water estuary complex. DOC samples should also be collected for all 
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samples as this shows the metal complexing capacity at each site and the likely effects of 

this zinc on the estuarine environment.  

5.5.2.2 ANODES  

This study has suggested that some boat owners on the Hamble replace their zinc anodes 

with aluminium anodes. It could be beneficial to try to keep track of how many vessels use 

these on the Hamble this would show if improvements are being made and the zinc load 

being reduced, which will also show in the zinc monitoring programme. This could be 

done by a yearly short survey to boat owners on anode use and type. The boat owners 

should be involved in the progress and help with the management of the estuary as will feel 

engaged in the processes, the project will then more likely be a success.  

The zinc monitoring above could also show trends between the number of aluminium 

anodes being used and the zinc levels present, which should decrease as more vessels use 

aluminium.  

5.5.2.3 SPM 

SPM metal data on the Hamble suggested that zinc levels within the SPM were very high, 

further monitoring of this is needed to see if this is the case and to determine how this can 

be managed and if any actions need to be taken for this. Less vessels using zinc anodes will 

lower the zinc levels within the SPM.  

5.5.3 BENEFITS TO MARINE LIFE OF LOWER ZINC LEVELS  

A number of marine life species present on the Hamble are likely to be effected by the zinc 

levels observed, if the mitigation and management strategies are implemented then it will 

create a better environment for a number of marine species. The majority of species within 

the Hamble are unlikely to be affected by the zinc levels present, as their tolerances to zinc 

are likely to be higher than the levels observed within the Hamble. The significantly raised 

zinc within the water column which is most expected to impact upon marine life is mainly 

localised to the Bursledon area of the estuary, which could limit the impact further. The 

Hamble estuary has a wide range of sensitive species including saltmarsh species, birds, 

fish and gastropods (Table 2.9). Some of these species could, however, show effects of 

zinc, potentially including effects to the nervous system and reproduction (Maycock et al., 

2010; Kafel et al., 2014).  
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CHAPTER 6 - CONCLUSION AND RECOMMENDATIONS 

6.1  CONCLUSIONS 

This study indicates anodes are the largest zinc source to the Hamble estuarine 

environment. Anodes have often been overlooked in many estuaries as a major zinc source 

in the past. This study has, however, shown that anodes need to be recognised as a major 

estuarine zinc source. On the Hamble, up to 6.95-7.11t/yr of zinc is released from the 3,000 

vessels present. The PCA on the sediment data supports zinc anodes as a major source to 

the Hamble, as it suggested zinc has an anthropogenic source within the estuary which is 

different from many of the other metals analysed. The water quality data on the Hamble 

also showed the effects of zinc anodes, with the zinc marine EQS of 7.9µg/l for the 

Hamble being exceeded with an average of 8.07µg/l. The highest zinc levels were seen in 

areas of high boat density, with concentrations around Bursledon reaching as high as 20-

25µg/l. The GEMCO model also supports zinc anodes as the major zinc source to the 

Hamble estuary, with a predicted zinc water quality level of 8.07µg/l similar to that 

observed within the collected water quality data of the Hamble. The collected sediment and 

water quality data, the predicted source calculations and the modelling therefore strongly 

suggest zinc anodes are the largest zinc source to the Hamble estuary.  

The zinc levels were lower within the sediments and water samples in the upper estuary, in 

areas outside of high boat density. Low zinc levels were also observed within the two 

freshwater samples. The BLM model was used to predict local freshwater EQS levels for a 

number of riverine sites which all achieved the EQS level set for them, due to the lower 

zinc levels observed. The source apportionment calculation for the riverine section was 

also significantly lower compared to that of anodes. This therefore indicates that the 

riverine section of the Hamble has comparably few metal sources, compared to that of the 

estuary. This suggests the largest zinc source to the Hamble is from within the estuary 

itself. 

Despite the elevated zinc and copper levels within the sediment samples in areas of high 

boat density due to anodes and antifouling paints, the metals were still between the 

threshold and probable effect levels in the Canadian standards and the low and median 

effect levels of the CEFAS dredging guidelines. Lead had a number of localised sources 

within the estuary, which meant fewer trends were observed with the other metals, this is 

likely due to lead’s past use in antifouling paints and historic localised industrial sources. 

The other metals analysed generally reflected the geological background of the area. The 

SPM metal concentrations for zinc were far higher than those observed within the 
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sediments, which suggests the SPM could also act as a vector for the zinc released from 

anodes, before it is flushed from the estuary on each tidal cycle. This suggests only a 

relatively small proportion of the zinc released from anodes reaches the sediments. The 

copper levels within the SPM samples were lower than those of zinc and reflected the 

copper concentrations found within the sediments. Iron concentrations were similar within 

the sediment and SPM samples and therefore reflected the geological nature of the 

catchment, highlighting the higher levels of zinc and copper observed. A number of 

species within the Hamble could be affected by the observed zinc levels across the 

estuarine system, including mollusc and algae species. 

A number of theories were suggested for a varied anode corrosion rate in the preliminary 

survey; metal items within the river, electricity cables running under the estuary and the 

railway bridge were disproved due to an electrochemical cell not being formed with these 

items or isolation of the power cables. Salinity, stray currents were found to influence 

anode corrosion rates, whilst anode quality were not found to effect corrosion rates.  

Salinity was found to be one of the main factors controlling anode corrosion on the 

Hamble, which in turn will control the zinc load released from anodes. Observations by 

boat owners, the in-situ and laboratory anode experiments all showed that salinity can 

cause a varied corrosion rate with the greatest amount of corrosion occurring in higher 

salinities. Further research is still needed to determine the full extent of stray currents on 

anode corrosion and the issues it causes to vessels, as this data was not fully obtained 

within this study. Evidence does suggest they are likely to influence anode corrosion rates. 

Whilst, XRF analysis of anodes within this study has shown that the anode composition or 

quality does not cause a varied corrosion rate or effect the corrosion of anodes. The in-situ 

experiment anodes had a varied composition and showed a steady rate of corrosion. Some 

of the anodes used in this experiment and the laboratory experiment did have zinc levels 

below the US Military specifications.  

It is recommended that boat owners are encouraged to use aluminium in the upper estuary 

around Bursledon, where they might corrode at a better rate than zinc and also reduce the 

amount of zinc released into the Hamble annually. The GEMCO model predicted that 

between 200-800 vessels would need to use aluminium anodes for the EQS to be met more 

consistently within the estuary.  

The DOC concentrations were slightly higher in the upper estuary suggesting a riverine 

source of DOC. DOC, humic, fulvic HIX and BIX all generally showed similar 

complexing capacity of zinc to one another. The complexation capacity of the Hamble was 
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good with the labile and free zinc levels generally relatively low compared to total 

dissolved. In a number of cases in areas of high boat density the complexing capacity of 

the DOC was, however, reached. Labile zinc was generally a quarter to two thirds of the 

total dissolved zinc concentrations. The free zinc on the Hamble ranged between 0.003-

6.31µg/l, the highest concentrations consistently occurred at sites upstream of Bursledon in 

areas of high boat density. This therefore suggests zinc anodes determine the free and 

labile zinc levels present within the Hamble estuary.   

This study has shown that zinc anodes are a major zinc source to the Hamble estuary and 

that they influence the zinc concentrations observed within the water column, sediments 

and SPM. A number of models and the PCA have been used to suggest anodes are the 

largest zinc source to the Hamble. The complexing capacity of the Hamble reduced the 

toxicity of the zinc within the water column in some cases. Free and labile zinc is, 

however, still present within the estuary and in some areas high levels are observed, 

particularly in areas of high boat density around Bursledon. This study has also examined 

some of the steps needed for the Hamble alone to meet the EQS for zinc, which is currently 

being exceeded on the Hamble.  

6.2 RECOMMENDATIONS  

This project has shown the scope for a range of future work which could be carried out on 

the Hamble estuary and estuaries in the UK and globally on anode use and effects on zinc 

concentrations and SPM metal concentrations through to effects on marine life of these 

zinc levels.  

The cross tidal study at Warsash indicated that the former smelting works was a localised 

zinc and metal source to the water column of the Hamble. This study has therefore 

highlighted a potential source unrelated to zinc anodes which merits further investigation. 

To confirm if this is a major source it would be beneficial to carry out further cross tidal 

studies at this site. To further determine if this is a source water samples could be collected 

at different depths. The analysis of the SPM content of these water samples would also 

determine the metal levels within these. Studies could also be carried out in areas near to 

this site to find out how bigger area of the estuary is influenced. Other result from this 

study indicate this is small. A number of studies have already looked at metals levels in 

sediments on the foreshore, with a current one looking at sediment cores, so the work from 

all these studies could be linked to determine the overall picture of the effects to the 

Hamble.  
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A number of other sites on the Hamble could also be chosen for cross tidal studies to 

determine the impacts of vessels and what state of tide zinc levels are highest from anodes 

and replicates of these completed to determine seasonal trends and patterns in these 

studies. Ideally the further sites would be within the middle of the estuary and a control 

would be carried out upstream where boat are less likely to influence zinc levels.  

This study focused on zinc anodes and their corrosion rates and effects, aluminium is an 

alternative to zinc for parts of the Hamble. It therefore would be beneficial to carry out 

experiments with aluminium anodes on the Hamble to determine if these are better for 

some boat owners in brackish waters as the limited past research in other harbours and 

estuaries suggest they could be. The aluminium levels within the water column could be 

monitored also to determine effects of anodes. If aluminium levels were measured before 

and after anodes were used on Hamble they could act as a baseline for effects of anodes.  

This research has suggested stray current are a cause of a varied anode corrosion, 

experiments to monitor the effects of these would be beneficial, to determine how much of 

an impact they have on anode corrosion rates.  

With observed zinc levels on the Hamble often exceeding the zinc EQS and high levels 

observed within SPM samples and some sediment samples, it is likely a range of marine 

life could be affected by this. Eco-toxicological work on the Hamble would determine 

which species are effected if any and mitigation steps can be sort, with further work into 

this. It is therefore recommended further investigations into this are carried out.  

The MAMPEC model had mixed results for estuaries on the Hamble, partially due to the 

marinas being open in nature. This therefore shows the potential for more work on 

adapting the MAMPEC model for anodes, this can be done being trying it for further 

marinas and also by using a wider range of parameters. This further work will allow the 

model to accurately predict marina zinc loads and could lead to better environmental 

management.  

The anode experiments carried out on the Hamble, along with the zinc monitoring data 

collection and surveys to boat owners about anode use could be carried out in many other 

estuaries with high boat densities. This would help determine trends between estuaries and 

further the research started within this project. This could then lead to better management 

strategies for the zinc release from anodes.  
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