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PREFACE
This ship sourced pollution study originated from a research program conducted by the South-East Queensland
Regional Water Quality Management Strategy (SEQRWQMS), a multi-agency community/industry/government
partnership group. The first phase of the study produced a final report on ship-sourced pollution in the Brisbane
River and Moreton Bay (Warnken & Byrnes 2000). The Moreton Bay Waterways and Catchment Partnership
(commonly referred to Healthy Waterways Partnership), as the successor organisation to the SEQRWQMS and
BRMG, continued the association with the Sustainable Tourism CRC and funded further research into ship
sourced pollution.
This report summarises work for the second collaborative project jointly funded by the two bodies involved
in previous work. Results from previous studies and feedback from principal stakeholders such as Maritime
Safety Queensland (MSQ), prompted demand for a second study to investigate levels of trace metals at selected
popular anchorages in Eastern Moreton Bay (EMB). The principal aim of this study was to use novel timeintegrated sampling techniques to compare trace metal levels in the water column at popular anchor sites over
different spatial and temporal scales. These measurements were to be supported by data obtained from more
traditional approaches (grab samples and sediment analyses). The key outcomes of this study were knowledge
about overall background levels and some indication of speciation of Cu, Zn, Pb and Ni to allow comparison with
national guideline trigger values for ecosystem protection and to assess the risks of trace metal emissions from
recreational vessels using anchor sites in EMB.

ACKNOWLEDGEMENTS
The Sustainable Tourism Cooperative Research Centre, an Australian Government initiative, funded this
research in collaboration with the Moreton Bay Waterways and Catchments Partnership (the Healthy
Waterways).
Special thanks are extended to the following individuals who provided information on various aspects of
sample collection and analyses:
• Troy Byrnes (Griffith University)
• Kelly O’Halloran (Griffith University)
• Tim Stevens (Griffith University)
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SUMMARY
Recreational vessels large enough to provide the space and the facilities (a toilet, a sink and possibly a shower)
for a comfortable overnight stay at an anchorage are usually moored in wet berths and, therefore, their hulls are
covered with antifouling paints. The release of antifouling agents such as copper, algicides and, at some stage
tributyltin-based compounds was and still is of major concern to local communities and agencies responsible for
ecosystem health or ship sourced pollution of local waterways. Until recently, very little quantitative information
was available about trace metal emissions and concentrations associated with recreational vessels using popular
anchorage sites near major urban and tourism centres. This report is a first of its kind as it uses a range of
different monitoring techniques to determine trace metal levels in the water column in relation to vessel use
levels at a range of spatial and temporal scales.
Results from this study based on intensive sampling over several 24 hour periods and repeated timeintegrated measurements over three days and eight sites confirmed that the presence of recreational vessels can
have an effect on trace metal levels. Overall levels, however, rarely exceeded guideline trigger values to cause
concern or to warrant immediate further monitoring and management action.

Objectives of Study
The principal objective of this research was to investigate whether an accumulation of recreational vessels at
popular anchor sites would lead to an increase in copper and zinc levels in the water column and sediments.
More specifically, the aims of this study were to:
• quantify use levels of popular anchor sites;
• establish baseline data for the current level of boat use at these anchor sites; and
• determine the short-term effects (heavy metal levels in the water column) and long-term effects (heavy
metal levels in sediments) attributable to the use of recreational vessels at these sites.

Methodology
The contribution of copper and other trace metals from antifouling paints and sacrificial anodes of recreational
vessels moored at popular anchor sites was studied using two field-sampling programs at several sites in the
Moreton Bay and Gold Coast Broadwater region. Trace metals in the water column and sediments were
determined using standard analytical techniques for composite grab samples (water) and replicate sediment
samples. Fully time integrated samples of metal concentrations in the water column were obtained using
diffusive gradient in thin films (DGT) technique. Five anchor sites and three reference sites, all with different
geomorphologic characteristics, were sampled repeatedly (DGT and grab samples) over both wet and dry season
aspects. Additional studies included four hour DGT sampling intervals over 24 hours at six or eight sites over
two different occasions.

Key Findings
•

Overall, copper and other trace metal levels at anchor sites in the Moreton Bay and Gold Coast Broadwater
were low and mostly below the ANZECC and ARMCANZ guideline trigger values (GTV) for 95%
ecosystem projection (e.g. 1.5 µg L-1 for Cu and 15 µg L-1 for Zn).

•

Despite these low values, results from this study showed that for a spatially limited area (sites in the Gold
Coast Broadwater) and for time averaged vessel counts (measured every 4 hours over 24 hours), time
integrated copper concentrations correlated strongly with the number of vessels present over 24 hours.

•

The same relation was not observed for sampling over a spatially and temporally extended scale, i.e. three to
four day periods at five anchor and three reference sites in Moreton Bay and the Gold Coast Broadwater.
Next to other factors, the general presence of boats at anchor sites affected Cu concentrations to some
degree, but other factors (e.g. season) had a stronger influence.

•

Trace metal concentrations in sediments also indicated that Cu levels in bottom substrates could be affected
by ongoing use of popular anchor sites by members of the boating community. Overall, however, Cu
concentrations in sediments at all sites were very low, due to the low proportion of <0.63 µm particles in the
sediment substrate. Cu levels remained well below sediment trigger values (65 mg kg-1 dry wt.)
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(ANZECC/ARMCANZ 2000) in most cases. The proportion of sediment particles < 63 µm seemed to be the
main influence on the heavy metal levels at each location, including Cu. In this respect, it is fortunate that
the Moreton Bay and Broadwater sediments are dominated by sand, which is typical of sediments in shallow
waters behind barrier islands and which appears to have limited the accumulation of heavy metals at the
investigated anchor sites.
•

Overall, results from this study clearly demonstrated what was anticipated in light of previous studies
measuring in situ and ex situ release rates of Cu from antifouling paints. Larger numbers of smaller
recreational vessels do contribute significantly to Cu levels in the water column and in sediments even in a
dynamic and well flushed coastal estuary and lagoon system such as the southern Moreton Bay and Gold
Coast Broadwater.

Future Action
At present, it appears unlikely that Cu will be replaced as one of the major active constituents of antifouling
paints. With predictions of ongoing growth rates in the overall population of residents, visitors (tourists), and
recreational vessels, as well as a general ban of all tributyltin-based antifouling paints, ship sourced Cu
emissions will remain a major source and should be subject to ongoing monitoring.

vii
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Chapter 1

INTRODUCTION
Background and Justification of Aims
Results from previous studies published in the scientific literature (see below) indicated that the use of
antifouling paints and sacrificial anodes on recreational vessels can lead to elevated concentrations of heavy
metals in the water column or sediments. Most of these elevated levels were detected where concentrations of
boats are highest, e.g. in marinas (Manly Marina, Heape 1998) or commercial shipping ports. The same
processes, i.e. release of antifouling agents and zinc from sacrificial anodes, continue when boats are taken out to
sea or gather at popular anchor sites. In theory, popular anchor sites share similar characteristics with marinas:
they provide shelter and safe anchorage for overnight stays and, therefore, can attract a large number of
recreational boat users during weekends and holidays. Sheltered waters and safe anchorage usually excludes
exposure to strong winds and currents. As a result, hydrological features of anchor sites tend to resemble (to a
lesser extent) those in marinas, i.e. they are dominated by low flow velocities and reduced volume exchange
rates. Under these conditions, continuous use of these popular anchor sites may also lead to elevated levels of
heavy metals (mostly copper and zinc) in the water column and in sediments. Although it is unlikely that such
elevated metal concentrations will increase health risks for human activities involving direct contact with the
water (ANZECC/ARMCANZ guideline values for recreational purposes (swimming, diving) = 1000 µg L-1 of
total Cu), increased concentrations of heavy metals have the potential to add to existing stress levels and a
general deterioration of ecological health. Ultimately, increased levels of heavy metals can lead to
bioaccumulation in sessile filter feeders, particularly oysters growing in nearby oyster leases.
Approximately 85,000 recreational vessels (Murphy, J. 2003, pers. comm.) were registered in south-east
Queensland in 2003. The vast majority of these are likely to be used in waterways of Moreton Bay and the Gold
Coast Broadwater areas. Only a small proportion of these vessels require antifouling, yet their overall submerged
hull surface was estimated to be around 80,000 m2 (Warnken & Byrnes 2000). Prior to this study, little or no data
were collected about heavy metal concentrations associated with recreational boating activities outside of
marinas, boat ramps and other fixed mooring areas.
The goal of this study was to establish a first set of baseline data that illustrate relationships between heavy
metal concentrations and boating activities at popular anchor sites in Moreton Bay and the Gold Coast
Broadwater. The need for this type of research was identified as part of the SSP task, and commissioned by the
SEQRWQMS. Dr Jan Warnken and Dr Peter Teasdale from the Centre for Aquatic Processes and Pollution,
Griffith University Gold Coast Campus, a major partner in the Sustainable Tourism CRC, were appointed as
principal investigators to conduct the research for this project. Ryan Dunn also carried some of this research out
as part of an Honours research project at Griffith University. The interpretation of the data and statements made
in this report represent the views of the research team and not the views or policies of any of the principal
funding bodies.

General Aims
The principal objective of this research was to investigate whether an accumulation of recreational vessels at
popular anchor sites would lead to an increase in copper and zinc levels in the water column and sediments.
More specifically, the aims of this study were to:
• quantify use levels of popular anchor sites;
• establish baseline data for the current level of boat use at these anchor sites; and
• determine the short-term effects (heavy metal levels in the water column) and long-term effects (heavy
metal levels in sediments) attributable to the use of recreational vessels at these sites.

Literature Review: Pollution from antifouling paints and sacrificial anodes
The concept of small to medium recreational vessels having the potential to cause severe environmental impacts
was first demonstrated towards the end of the 1970s when the French oyster production in Arcachon Bay nearly
collapsed because of elevated concentrations of tributyltin (TBT) in its water column and sediments (Alzieu et
al. 1982; Alzieu 2000). The major reason for this drastic effect was the extreme toxicity of TBT, e.g. a LC50 of
several 100 ng L-1 (lugworms), growth reduction of oyster spats at less than 10 ng L-1 and the occurrence of
imposex in marine gastropods at levels of less than one ng L-1 (for review see Maguire 1987; Becker & Bringezu
1
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1992; Cardwell et al. 1999; Alzieu 2000). A second reason was the half-life of TBT in water and sediments,
ranging from several hours to almost a year, depending on the type of environment and the predominant mode of
degradation (Maguire 1987; Kawai et al. 1998). Some local conditions were also important: the bay of Arcachon
hosted about 7,800 pleasure craft in three close-by marinas, most of them located along one major access
channel to the Atlantic Ocean, which resulted in low tidal exchange at some locations (Alzieu 2000; Sarradin et
al. 1994 reported up to 15,000 pleasure craft visiting the area in summer). Although Arcachon might have been
an extreme example, similar discoveries were soon made in Great Britain (Waldock et al. 1987) and,
consequently, in many other parts of the world. As a result, the use of TBT-based antifouling paints on vessels <
25 m length overall (LOA) was banned in most developed nations (e.g. France, UK, USA, Australia) between
1982 and 1990.
Since the mid-1980s a wealth of data has been collected mapping the distribution of TBT in freshwater and
marine water, sediments, and practically any biota living in these environments. Monitoring of imposex in
female marine gastropods (e.g. dogwhelks Nucella lapillus, periwinkle Littorina littorea), a generally sensitive
biological indicator of elevated TBT levels, suggested that TBT concentrations decreased after the ban in many
areas (e.g. Evans et al. 1996; Smith 1996; Gibson & Wilson 2003).
However, sediment TBT concentrations remained elevated for years after the ban, indicating slow
degradation and continuing input (e.g. Huet et al. 1996, Harding et al. 1999; Evans & Nicholson 2000; Axiak et
al. 2003). As a result, the International Maritime Organization (IMO) has agreed to implement regulations to
phase out the use of TBT antifouling paints for all vessels by 2008 (IMO 2001).
Copper, the other principal component of antifouling paints, has received less attention. The form present in
the paints is usually Cu (I) oxide, which upon release is rapidly oxidised to Cu2+. The two main reasons for the
lesser attention are:
1. the higher concentrations of Cu2+ required to produce toxic effects (e.g. Ahsanulla & Williams 1991;
Claisse & Alzieu 1993); and
2. the ability of Cu2+ to bind strongly to organic matter which makes it less bioavailable (Hall & Anderson
1999; Voulvoulis et al. 1999).
Nevertheless, elevated levels of Cu2+ were commonly, but not always, found in sediments and waters of
marinas (Turner et al. 1997; Foerster et al. 1999; An & Kampbell 2003) and even in mooring places used by
tourist vessels in Australia (e.g. Cairns and Airlie Beach; Haynes & Loong 2002).
Recent measurements of in situ Cu release rates from antifouling paints used on pleasure craft suggest that
small to medium size vessels moored for release Cu2+ at 8 µg cm-2 day-1 for a range of paints aged between 13
to 712 days at the time of the measurements (Valkirs et al. 2003). A previous laboratory-based study had
measured release rates of 18-22 µg cm-2 day-1 from anti-fouling paints in constant motion through water
(Thomas et al. 1999). So far, there is only limited evidence of Cu accumulation in anchorages or waterways due
to boating activities (Preda & Cox 2002).
Zinc dissolution from sacrificial anodes can be substantial. Zn2+ is less toxic than Cu2+ but can also occur at
higher levels due to inputs from numerous sources. Elevated concentrations in the water and sediment have been
found for two marinas in the UK (Bird et al. 1996), but did not exceeding the local Environmental Quality
Standards (40 µg L-1).
The ban of TBT for all vessels (IMO 2001) could result in an increased use of copper based antifouling
paints, or an increase in the concentration of copper in antifouling paints to improve their performance. Together
with an anticipated general increase in registrations of recreational vessels, these trends could push copper levels
further towards, or even above, recommended guideline levels for marine or estuarine water quality. (e.g. above
the 95% ANZECC/ARMCANZ (2000) guideline trigger values (GTV) for ecosystem protection recommended
for moderately disturbed ecosystems).
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Chapter 2

SAMPLING AND METHODOLOGY
Overview of Sampling Approach
Monitoring of concentrations of heavy metals in estuarine waters is not straightforward, particularly when the
estuary is close to a major urban centre. The occurrence of regular cycles such as tides, irregular events such as
rainfall, and the release of effluents lead to the mixing of waters with varying metal levels and forms.
Furthermore, the generally non-conservative behaviour and complex speciation of heavy metals can lead to
considerable and rapid changes occurring at a given location (Dunn et al. 2003). It would be very costly and
time-consuming, to collect and analyse a sufficient number of grab samples to thoroughly characterise the
changing heavy metal concentrations in estuarine waters in order to relate to any variation in numbers of
recreational vessels (Dunn 2002). This study, therefore, uses the recently developed, in situ diffusive gradients in
a thin film (DGT) technique, which is the novel part of this project. With DGT, heavy metal species pass through
a layer (usually a hydrogel) that allows diffusion-only mass transport, under most conditions, before
accumulating in an underlaying binding layer. The amount of heavy metals accumulated is proportional to the
external concentration of reactive metal species, the deployment time, the surface area exposed to the solution
(the estuarine water), and the diffusion coefficient for the heavy metal in question and is inversely proportional
to the diffusive layer thickness.
A more detailed description of the DGT theory is given in Appendix A. DGT is a dynamic technique that
allows for a range of different deployment times and it provides a time-integrated measurement of the average
heavy metal concentrations (Davison & Zhang 1994; Davison et al. 2000). Other advantages of DGT include the
dilution of interfering matrix components (upon elution from the binding layer), and a measure of potentially
bioavailable metal concentrations (Hooda et al. 1999; Jordan 2003; Teasdale et al. 2003).

Boat Counts

Each time a sampling or reference site was visited, vessels at anchor, intending to anchor or in the process of
anchoring up were counted within limits of distinctive landmarks (e.g. channel markers, land marks). Open
tinnies, PWCs and tenders to larger vessels were not included during such counts. Where possible, all persons
on-board the research vessel were asked to count vessels while driving the research vessel slowly through the
study site. This did not apply to field study program 1 when only a single person was on board to collect
samples.

Methods and Materials
General Methods

Trace analysis cleaning and handling techniques were used throughout this study (Boutwell 1976; Sturgeon &
Berman 1987). All water used in this study for preparation of solutions and cleaning was deionised (Milli-Q). All
plastic ware and glassware (gel casting plates only) were acid-washed in 1:10 nitric acid (analytical grade)
followed by thorough rinsing with water. Suprapur nitric acid (Merck) was used for preserving samples and
standards and for eluting metals from the DGT binding layer. All cleaning, solution preparation and sample
handling was undertaken wearing disposable, powder-free gloves.

Diffusion Gradients in a Thin Film Preparation and Measurements

Sheets of polyacrylamide hydrogel were prepared as described previously (Davison & Zhang 1994; Zhang &
Davison 1995; Davison et al. 2000), using an agarose-derivative cross-linker, with 0.05 cm thick spacers. These
sheets were fully hydrated upon which they swelled to 0.07 cm thick and were stored in 0.01 M NaNO3. Disks of
2.5 cm diameter were cut from these sheets before being used as diffusion gels in DGT probes.
Sheets of polyacrylamide hydrogel impregnated with Chelex 100 (Bio-Rad) beads were prepared as
described previously (Davison & Zhang 1994; Zhang & Davison 1995; Davison et al. 2000) with 0.025 cm thick
spacers. These sheets were stored in water with 2.5 cm diameter disks cut from the sheets before being used in
DGT probes as the binding layer. Ultratrace handling techniques were used to minimise contamination of the
binding layer.
DGT probes were obtained from DGT Research Ltd (Lancaster, UK) and assembled as described previously
(Davison & Zhang 1994; Zhang & Davison 1995; Davison et al. 2000), with a 0.45 µm pore size nitrocellulose
3
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membrane (Millipore) of 0.01 cm thickness covering the diffusion hydrogel. The assembled probes had a surface
area interface (A) with the measured solution of 3.14 cm2 and a diffusive layer thickness (∆g) of 0.08 cm. For
each major deployment, five blank DGT probes were prepared and stored in plastic bags. The DGT probes were
assembled on a large polythene chopping board designated for this use and cleaned as described above.

Field Deployments

DGT devices were deployed in triplicate (n = 3) at each site and sampling occasion. A deployment apparatus was
specially designed for deploying up to nine DGT probes in estuarine waters. The underside of the DGT probes
were threaded and screwed onto a length of threaded, low-metal PVC pipe which was passed through a hole in a
0.6 × 0.6 × 0.01 m sheet of black acrylic (Figure 1). The DGT device faced toward the bottom of the water, and
was held in place by inserting a cable tie through a hole in the PVC pipe. The acrylic sheet was suspended from a
surface buoy to float at about 1 m depth. The apparatus was anchored to the bottom sediment with a concrete
block with sufficient rope to allow for increasing water depth with tide and wave action. DGT probes were easily
exchanged by lifting the acrylic sheet out of the water and cutting the cable tie. The probes were rinsed
thoroughly with water and placed in a sealed plastic bag. Upon return to the laboratory, the probes, including the
blanks, were dissembled, and the binding layer was placed in a micro-centrifuge tube. To exchange DGT devices
the entire perspex sheet-sampling device was removed from the water.
10
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Figure 1: Field sampler perspex sheet and DGT sampling units (side-on view)

Laboratory Analysis

The binding layers were eluted in 1 mL of 1 M HNO3 for 24 h. The eluent solution was diluted 3- or 4-fold with
water, ready for analysis by inductively coupled plasma mass spectrometry (ICP-MS). The ICP-MS instrument
detection limits were 0.057 µg L-1 for Cu, 0.098 µg L-1 for Pb, 1.00 µg L-1 for Zn, and 0.059 µg L-1 for Ni.
Replicate measurements usually had percent relative standard deviations (RSD) less than 10%. The mass of
accumulated metals and the DGT-reactive metal concentration in the waters were calculated as described
previously (Davison & Zhang 1994; Zhang & Davison 1995; Davison et al. 2000). The elution factor was
4
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assumed to be 0.8 for each metal (Zhang & Davison 1995), and diffusion coefficients for the average water
temperatures over the deployment period were used, as provided by DGT Research Ltd
(http://www.dgtresearch.com).
The mean and standard deviation (S) of the mass measured in binding layer blanks (n = 15) for each heavy
metal were found to be 0.63 ± 0.29 ng cm-2 for Cu, 0.07 ± 0.02 ng cm-2 for Pb, 72 ± 6.7 ng cm-2 for Zn
(suggesting some contamination of the Chelex 100 beads), and 2.6 ± 0.49 ng cm-2 for Ni. These values were
subtracted from the ng cm-2 measurement of the respective element for each DGT measurement before
conversion to the concentration value. For 24 h (86 400 s) deployments the method detection limits (3 × S) were
0.046 µg L-1 for Cu (D = 5.74 × 10-6 cm2 s-1), 0.002 µg L-1 for Pb (D = 7.40 × 10-6 cm2 s-1), 1.06 µg L-1 for Zn (D
= 5.60 × 10-6 cm2 s-1), and 0.081 µg L-1 for Ni (D = 5.32 × 10-6 cm2 s-1). One DGT-labile Ni measurement was
also excluded because of probable contamination. Also note that the concentrating effect of DGT allows the
DGT detection limit to be lower than the ICP-MS instrumental detection limit.

0.45-µm Filterable Concentration Measurements

Grab water samples were collected at a depth of about 1 m, in clean LDPE bottles (Nalgene). The sample
(125 mL) was filtered through a 0.45 µm pore-size membrane filter (nitrocellulose, Millipore) immediately,
using a field filtration apparatus and hand pump (Nalgene), and preserved by acidification with concentrated
HNO3 at 2 mL per litre of sample. A new membrane filter was used for each grab sample with the filtration unit
rinsed thoroughly with deionised water between each use.
The filter membrane for composite samples was not changed between samples at the same site, and the
filtration apparatus was rinsed thoroughly with water between each use. This procedure would have minimised
contamination of the composite samples. No composite sample 0.45-µm filterable measurements had to be
excluded from the analysis. Upon returning to the laboratory each sample was refrigerated (<4°C). Composite
samples were prepared by combining grab samples collected, filtered, and preserved in the same manner. Grab
and composite water samples collected in this manner were interpreted as 0.45-µm filterable metal
concentrations when analysed with a total elemental measurement.
The estuarine water samples were analysed by ICP-MS (Perkin-Elmer SCIEX ELAN 6100). A flow injection
chelation method with a column containing an iminodiacetic acid ion exchanger was employed (Willie et al.
1998; Hirata et al. 2001), which has been found to provide a total dissolved measurement (Willie et al. 1998).
This method has been thoroughly evaluated and found to have detection limits of 0.15 µg L-1 for Ni, 0.12 µg L-1
for Pb, 0.13 µg L-1 for Cu, and 0.47 µg L-1 for Zn. Recoveries on multi element spiked certified reference
materials (CASS 1) were 92% to 108% for Cu, Ni, and Pb and 117% for Zn.

Sediment Analyses: Grain size, total organic matter and heavy metal
concentrations.

Sediment cores (n=3) were collected using a hand corer made up of a 44 mm diameter, 300 mm length PVC core
tube attached to a support. Lengths of 1.2 m aluminium rods can be attached to the support and to one another to
allow sampling from water depths up to 4 m. The support creates a vacuum which holds the sediment in place
when the corer is removed from the water. A styrofoam bung was placed in the bottom of the core tube and both
ends were further sealed with made-to-fit caps. The cores were placed in a bin filled with ice, for the return trip
to the laboratory, where they were extruded and sectioned at a 1 cm resolution. Samples from the top 10 cm were
combined. The colour and texture of each section were noted. The homogenised sections were then divided for
total organic carbon and particle size fractionation.

Grain size analysis and total organic matter

Sub-samples of an estimated 20-30 g dry weight were oven dried (105ºC for 48h), sieved (7 sizes: > 2000, 1999500, 499-250, 249-180, 179-125, 124-63, <63 µm) and weighted for each replicate sample to characterise the
bottom substrate present at each location. Total organic matter (as percent of dry weight) was determined by loss
on ignition (500ºC for 3 h, ~ 3 g dry weight) for each replicate sediment sample.

Acid digestion and measurement of sediment heavy metal concentrations

Heavy metal concentrations in sediments were determined by microwave acid digestion (modified after Tam &
Yao 1999) and subsequent ICP-MS analysis. For each sample, triplicates of 400 mg dry weight were dissolved in
5:1 v/v conc. HNO3: conc. H2O2 and digested for 22 min. in a microwave oven at medium-low settings. After
appropriate dilution, samples were analysed using an Agilent 7500 inductively coupled plasma mass
spectrometer (ICP-MS).
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In Situ Monitoring of Physicochemical Parameters

During each sampling period water temperature, pH, dissolved oxygen, and specific conductance were measured
in situ and recorded with a multiprobe analyser at a depth of about 1 m (TPS 90-FLMV model, TPS Pty Ltd).
Turbidity was recorded on-site using a nephelometric turbidity meter (2100 Turbidimeter, HACH).
Climatological conditions and tidal levels were also recorded during each sampling event.

Field Sampling Design
General Site Descriptions

The location for this study, southern Moreton Bay and the Gold Coast Broadwater, is located in south-east
Queensland, Australia. The Broadwater is a predominantly shallow, microtidal, estuarine lagoon, characterised
by exposed sandbanks, mangrove systems, islands, and seagrass beds with two main entrances to the sea; the
seaway in the south, and Jumpinpin Bar to the north. Moreton Bay, while being bordered by sand barrier islands
to the east and containing the same range of habitats, is functionally a marine system, with the main connection
to the ocean being South Passage between Moreton Island and North Stradbroke Island in the north. Jumpinpin
Bar also provides a connection for the southern bay waters. Extensive residential canal and commercial
developments, including marinas, line most of the western and southern shorelines (Figure 2). These various
influences mean that circulation and flushing patterns in Moreton Bay and the Gold Coast Broadwater are very
complex.
Potential sources of heavy metals close to sampling and reference sites include:
• treated sewage effluent released with the outgoing tide at the Seaway (a channel connecting the
Broadwater with the ocean);
• urban stormwater runoff; and
• use of metal-based antifouling paints and sacrificial anodes on the many recreational and tourist vessels
moored in the region.
This study has investigated popular anchorages, and chose reference sites at which boats were unlikely to
anchor, but were still part of regular boating transit areas. Anchorage and reference sites were sampled during
and outside the peak tourism/holiday season. The location of all sampling sites used for this study is shown in
Figure 2.
This study consisted of two field programs designed to determine the effects of recreational boating
activities, outside of marinas and ports. These two programs are explained below:
1. The first was undertaken within the Gold Coast Broadwater using DGT heavy metal measurements,
analysis of composite 0.45 µm-filtered samples and boat counts. DGT deployments (n=3) were carried
out for 24 hour at six sites (Tipplers Passage, Marine Stadium, Wave Break Island, Ephraim Island,
Curtis Anchorage and Dux Anchorage) during November (outside of peak boating season) and for eight
sites (Tipplers Passage, Marine Stadium, Wave Break Island, Ephraim Island, Curtis Anchorage, Dux
Anchorage and two more sites near Paradise Point, during January (peak boating season). Boat numbers
were counted every 4 hour over the 24 DGT deployment periods. Grab water samples (0.45 µm-filtered
and acidified) and physico-chemical water quality data were also collected every 4 hour over the same
time period, with the grab samples being combined into a composite sample that would provide a timeaveraged measurement. Statistical relationships between the two Cu, Zn, Ni and Pb measurements and
the anti-fouled boat counts were investigated.
2. The second study was undertaken at Gold Coast Broadwater and southern Moreton Bay sites using
DGT heavy metal measurements, analysis of grab 0.45 µm-filtered samples, boat counts and
measurement of heavy metal concentrations in near-surface sediments. DGT deployments (n=3) were
carried out for three days at eight sites (Myora anchorage, One Mile anchorage, Horseshoe Bay,
Tipplers Passage, Marine Stadium, Wavebreak Island, Jumpinpin Bar and Banana Banks, as shown in
Figure 2) during September/October (off-peak season weekend and weekday) and December/January
(peak season weekend and weekday). Important characteristics of each site were noted at each visit. As
the sites were only visited twice over the three-day period, boat numbers were counted, grab 0.45 µmfiltered samples were collected and physico-chemical measurements were made when the DGT
samplers were deployed and retrieved only. Three sediment cores were collected from each site,
forming a triangular area randomly placed around the general location where DGT samplers were
deployed. Sediment was combined to produce a single integrated sample for each site. Sediment
analysis represents a long-term, integrated measurement of heavy metals. Statistical relationships
between the boat numbers and Cu, Zn, Ni and Pb DGT and sediment measurements, as well as time
(sampling season) were made.
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Myora
Myora
11 Mile
Mile

Horseshoe
Horseshoe Bay
Bay

Moreton
Moreton Bay
Bay (South)
(South)

Jumpinpin
Jumpinpin

24 h intensive sampling

Tipplers
Tipplers

land
anchor sites
control sites

Total population
2,860,000 to 3,280,000
460,000 to 2,860,000
210,000 to 460,000
40,000 to 210,000
10,000 to
40,000
0 to
10,000

Wavebreak Island

0

6

kilometers

12
Marine
Marine Stadium
Stadium

Figure 2: Sampling locations for heavy metal analyses in Moreton Bay and the Broadwater
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Chapter 3

RESULTS
Field Study 1 – the Gold Coast Broadwater

0.45 µm-filterable Cu. (µg/L)

The main objective of this field study was to identify relationships between mean boat numbers and
measurements of copper and zinc, which are both used to maintain boat hulls. The study was designed to allow
analysis by correlation. Graphs comparing the composite 0.45 µm-filterable and DGT-labile Cu concentrations
with mean vessel numbers are shown in Figure 3. Results from this small scale but intensive study clearly
demonstrate a close relationship between vessel numbers and the concentration of copper, either as DGT-labile
(n = 14, r = 0.815, P <0.001) or 0.45 µm-filterable (n = 14, r = 0.699, P < 0.01) measurements. Because boat
numbers were counted every 4 hours over 24 hours, it was assumed that this variable was independent (with no
random variation) and could be used for regression analysis. Results from the regressions indicate that about
49% of the variation in the composite 0.45 µm-filterable Cu concentrations and about 66% of the DGT-labile Cu
concentrations could be explained by variation in vessel numbers. The stronger relationship with the DGT-labile
copper measurement is probably because this measurement is time-integrated, instead of time-averaged like that
of the composite sample measurement, and thus DGT measurements will be focused on.
These graphs also show the 95% and 99% guideline trigger values (GTV) for Cu (ANZECC/ARMCANZ
2000).

R2 = 0.4883

3
2.5
2
1.5
1
0.5
0

95% tv

0
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DGT-labile Cu (µg/L)

vessel numbers
R2 = 0.6636

0.5
0.4
0.3

99% tv

0.2
0.1
0
0

20

40

60

80

100

vessel numbers
Figure 3: Regression fits for measurements of composite 0.45 µm-filterable Cu and DGT-labile Cu against
mean vessel numbers over 24 hours
These results are the first to demonstrate a relationship between recreational boat numbers and water Cu
concentrations, so clearly. However, dynamic estuaries like the Broadwater also experience other changes in
8

SHIP SOURCED POLLUTANTS FROM SMALL TO MEDIUM RECREATIONAL & TOURIST VESSELS
conditions, such as tidal flushing and rainfall events, which may also influence copper concentrations. Thus a
multiple linear regression analysis was undertaken comparing measurements of physicochemical factors such as
turbidity, wind speed, water temperature, pH and specific conductance with DGT-labile Cu concentrations, to
determine whether these other factors could also have influenced the Cu measurements in some way (Table 1).
Results from this analysis reinforce observations made previously, that boat numbers had a significant effect on
the concentration of DGT-labile Cu measured during this study.
Table 1: Multiple linear regression for concentrations of DGT-labile Cu
Model Summary
Model
R
R Square
Adjusted R Square
Std. Error of the Estimate
1
.894
.799
.626
.04997
Predictors: (Constant), antifouled boats, pH, water temperature, specific conductivity, turbidity, wind speed
Coefficients

Unstandardised
Std. Error
Coefficients
B
1.326
3.265
-2.327E-03
.009
9.933E-03
.028
-1.790E-02
.033
-.200
.396
1.499E-02
.009

Model
1

(Constant)
Turbidity (NTU)
Wind (Beauforts)
Water temperature (ºC)
pH
Specific conductance
(mS cm-1)
Antifouled_vessels

2.377E-03

.001

Standardised
Coefficients
Beta

t

Sig.

-.064
.088
-.119
-.097
.353

.406
-.265
.354
-.543
-.504
1.614

.697
.798
.734
.604
.630
.151

.822

4.134

.004

Dependent Variable: DGT labile Cu

DGT-labile Zn (µg/L)

Figure 3 also compares the Cu measurements with the 95% and 99% guideline trigger values (GTV) for Cu
(ANZECC/ARMCANZ 2000). The 0.45 µm-filterable Cu concentrations were over the 95% GTV for all sites,
except one, with over 20 vessels present. The Australian water quality guidelines indicate that the 95% GTV is
to be applied in waters adjacent to urban centres. When the 95% trigger value is exceeded the guidelines indicate
that speciation measurements need to be undertaken. The DGT measurements can be considered to be a
speciation measurement, and the DGT-labile Cu concentrations are all well below the 95% GTV (1.3 µg L-1).
This indicates that, while the presence of boats did lead to higher concentration of Cu, there was a low risk of
harm to ecosystems at the levels measured during this study.
None of the other heavy metals (Ni, Pb, Zn) showed any significant correlation with boat numbers. Figure 4
shows the relationship between boat numbers and DGT-labile Zn concentrations. It was thought that a similar
dependence upon boat numbers may have been observed for Zn concentrations but these results indicate that
other unknown factors were more important.
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Figure 4: Regression fits for measurements of DGT-labile Zn against mean vessel numbers over 24 hours
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Field Study 2 – South Moreton Bay and the Gold Coast Broadwater
Characteristics of the Sites Used in This Study
All sites investigated in this study differed markedly in regard to their environmental settings and how they were
used by members of the recreational boating community. The following provides a detailed description for each
site where DGT and sediment trace metal concentrations were determined. A summary of this information is
provided in Table 2.

Myora

This anchor site is created by a rocky outcrop on the eastern site of Rainbow Channel, which forms a northpointing inlet with mangroves and mudflats along the shoreline of North Stradbroke Island. Oyster leases are
present around most of the mudflats of the inlet. The outcrop and mudflats are only exposed during low tide.
During high tide, water from the South Passage between Moreton Island and North Stradbroke Island can move
over the outcrop and into the main anchorage of an average depth of around three to four metres.
The bottom sediments are mostly sand with some organic matter and, occasionally, parts of mollusc shell
debris. Dense seagrass beds, interrupted by a few bare patches in between, cover the more shallow parts towards
the fringing mudflats and mangroves. Discarded beer bottles, aluminium cans and bottle caps were found
frequently during dives.
The number of vessels observed at this anchorage was generally low, i.e. rarely exceeding 10 vessels. Only
during weekends or holiday periods, and moderate to fresh south-easterly winds, did vessel numbers increase to
more than 30.

1 Mile

Also referred to as ‘Little Ships Club Anchorage’, this anchorage also forms a north facing inlet off the main
access channel to the Volunteer Marine Rescue Station on North Stradbroke Island. Several permanent swing
moorings are present, which are also used by a few commercial fishing trawlers. Overall, the anchorage is quite
shallow, particularly in its northern part where some vessels fall dry at low tide. The bottom substrate consists
mostly of sand with an organic matter content higher than Myora. Solid wastes (mostly beer bottles and
aluminium cans) were frequently scattered between swing moorings. Most of the bottom substrate was covered
by a dense layer of Caulerpa taxifolia and various seagrass species.
Most of the times, approximately 25 to 30 vessels were found using swing moorings around the anchor site.
At least two or three vessels were used as live-aboards. During rough weather with fresh winds from a southeasterly direction, more than 50 vessels used 1 Mile as a protective anchorage.

Horseshoe Bay

This anchorage is famous for its wide, sickle-shaped sandy beaches. These south facing beaches are exposed to
wind swells generated by southerly or south-easterly winds (the prevailing wind direction in this region) blowing
across the southern part of Moreton Bay. Overnight anchoring is only recommended in north-westerly to northeasterly winds. This anchorage is therefore predominantly used as a day-time or stopover anchorage. During
favourable conditions, i.e. northerly winds or generally calm weather, more than 150 vessels were observed
during holidays or long weekends. On other days, it was not uncommon to find this anchorage deserted. In other
terms, this anchorage is not heavily used most of the times but can be visited by a very large number of vessels
when weather conditions are right.
The bottom substrate contains more coarse sand and mollusc shell debris than any other site investigated in
this study. Patchy seagrass areas were common at a depth between 1 m and 3-4 m. The organic content was
lower than for the other two anchor sites in Moreton Bay.

Tipplers

Overall, Tipplers is probably the most frequently visited anchorage in the whole Moreton Bay and Broadwater
region. Every day, a number of day cruise tourist vessels carry visitors from the Gold Coast to Tipplers Island
Resort. To the south of the resort, a number of recreational boating clubs have established facilities (camp sites,
showers, toilets, etc.) for their members and their guests. The anchorage itself is basically a narrow channel
running in a north-east to south-west direction between the Never Fail Islands and South Stradbroke Island. As
such, the area provides protection against winds from most directions. Even during weekdays, about 15 to 30
vessels can be regularly observed anchoring at Tipplers. This spot is also very popular with holiday makers that
hire or own a houseboat.
Mangrove vegetation covers most of the Never Fail Islands while casuarinas and other coastal woodland
species grow along the beaches of South Stradbroke Island. Immediately to the north of Tipplers, an oyster lease
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separates this anchorage from Dux Anchorage.
The bottom substrate at Tipplers revealed the highest organic matter content of all sites investigated in this
study. A thin layer of fine organic material covered a layer of sandy substrate bare of any algae or seagrass. At
the average depth of about 3 m, the visibility at this site was usually less than 1 m, which probably prevented
growth of any larger marine flora.

Marine Stadium

This anchorage was established in its current form, as was Wavebreak Island, at the time when the Gold Coast
Seaway was constructed (Figure 2). The shape of this inlet is an elongated ‘U’ with a 280 m wide opening facing
south. In 1999, part of the middle section of the inlet was dredged as part of the Gold Coast beach replenishing
program. In some parts the Marine Stadium is quite shallow. The middle section has an average depth of 2-3 m
and provides protection against wind from all directions. Even during normal weekdays, 10 or more vessels were
regularly observed at this anchorage. The highest numbers of vessels, i.e. more than 70, were counted during the
Christmas and Easter holidays. Such densities could only be achieved by mooring vessels in several rafts of one
to four vessels alongside a larger vessel.
The shores are mostly sandy beaches aligned with casuarinas and other foredune species planted as part of
the EPA’s beach erosion protection program. The bottom substrate at this location is mostly sand or coarse sand
with little organic matter. A few pockets of seagrass exist but most of the sediment is bare of any marine meioor macro-flora.

Banana Banks (Moreton Bay South)

This site was located between the northern tip of Banana Banks and another shallow area to the east. This
location was chosen as a reference site for a number of reasons:
• it was considered distant enough from land on the western side of the Bay to eliminate any direct effects
from land-based sources;
• the depth in this area was similar to those noted for anchor sites; and
• the bottom substrate was sand covered by a mix of algae and seagrass – again similar to what was found
at popular anchor sites.
The only recreational vessels observed at this site on one or two occasions were small open aluminum craft
with recreational fishermen aboard.

Squire Island (Jumpinpin Bar)

A second reference site was considered necessary to determine general background levels of heavy metals at the
node between Moreton Bay and the Broadwater, i.e. near Jumpinpin Bar. The overall water quality in this area
was considered to be the result of clean water coming across the bar during the incoming tide, and water moving
out of the southern parts of Canaipa Passage and along the northern tip of South Stradbroke Island during the
outgoing tide.
The only site in this area that was not regularly used as an anchor site or a fishing spot was a sand bank east
of Squire Island. Occasionally, small trailerable craft were observed in and around the area (Table 2). The
bottom substrate was again mostly sand with some patches of algae (some Caulerpa taxifolia) and seagrass.

Wavebreak Island

The third and last reference site was located at a sand bank south of Wavebreak Island near the Gold Coast
Seaway (Figure 2). This location was chosen to represent the mixing of water coming down the Nerang River
and past the Marina Mirage and SeaWorld complex during the outgoing tide, and clean ocean water moving in
through the Seaway during the incoming tide. Treated effluent discharged from the diffuser pipes of the Gold
Coast sewage discharge scheme was not regarded as having a major effect on heavy metal concentrations
because (a) effluent was only released with the outgoing tide, and (b) most heavy metals are taken up by bacteria
or bind to organic matter and settle into the sludge during the secondary phase of the effluent treatment process.
The bottom substrate was mostly coarse sand with little organic matter and no seagrass or algae cover. Closer
inspections on scuba revealed that strong currents in that location constantly moved parts of the top layer of the
bottom substrate. The only recreational vessels observed in this area were small tinnies used by recreational
fishermen to collect yabbies from the nearby sandbank.
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Table 2: General characteristics of anchor and reference sites
Area
[ha]

Depth
[m]

Entrance
width [m]

Bottom
substrate

Boat use patterns

Myora

~ 30

4-6

~ 150
(1100*)

Sand w/
some mud,
seagrass

protected in SE-winds, 0-10
vessels weekdays, < 30
vessels weekends

low

1 Mile

~ 25

1.5-2

~50
(900*)

Sand w/
some mud,
dense
seagrass
and algae

protected in SE-winds, 2030 vessels weekdays
(permanent swing
moorings), ~ 40 (50+) vessel
weekends

common

Horseshoe Bay

~ 85

1-6

~ 2200

Mostly
coarse
sand,
seagrass,
algae

protected in NE-NW winds,
0-20 vessels weekdays, < 80
(150+) vessels weekends

very low (only
few days w/ NENW winds)

Tipplers

~ 20

1-5

2 × 120
(400*)

Fine sand
and
organic
matter

protected in E, SE, E –
winds, 15-30 vessels
weekdays, < 120 (160+)
vessels weekends

common

Marine
Stadium

~ 25

1-4

~ 280

Mostly
coarse
sand

protected in all conditions,
5-10 vessels weekdays, < 50
(70) vessels weekends

common

Banana
Banks

n.a.

2-3

n.a.

Mostly
sand,
seagrass

occasionally used by 1-2
recreational fishermen

never

Squire
Island

n.a.

1-2

n.a.

Sand
w/some
mud,
sparse
seagrass

occasionally used by 1-5
recreational fishermen

extremely rare

Wavebreak
Island

n.a.

2-3

n.a.

Bare sand
(coarse)

occasionally boat anchored
in nearby channel

rare

Name

Frequency of
high boat no’s

0.45 µm-filterable Heavy Metal Concentration in Moreton Bay and the
Broadwater
Water samples taken each time when deploying and retrieving DGT-samplers at Myora, 1 Mile, Horseshoe Bay,
Banana Banks, Squire Island, Tipplers, Wavebreak Island and the Marine Stadium showed no correlation
between 0.45-µm filterable concentrations of Cu and any of the other metals. Neither was any correlation
between Cu or Zn and the number of recreational vessels observed at the time. This was expected as a previous
study had shown that grab samples do not detect the continual release of Cu from antifouling paints (Schleich
2001), unlike the continual DGT measurements as reported in this study and Dunn (2002).
Calculating the means over time for heavy metal concentrations at each site initially indicated that the levels
of Cu and Zn obtained for popular anchor sites were higher from those measured at reference sites (Table 3).
However, the same trend was apparent with Pb and Ni. Statistical analysis, using a repeated measures design
with reference vs. anchor sites as a between subjects factor (sphericity assumed = observations were
independent), did not find a difference between reference vs. anchor sites for any of the metals. This was because
of the degree of variation in the results obtained, e.g. Cu concentrations could increase by 90% or decrease by
50% at any given site, between the sample collections.
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Table 3: Mean concentrations of 0.45-µm filterable heavy metals in Moreton Bay and the Gold Coast
Broadwater
Location

n

Horseshoe Bay
Myora
One mile
Tipplers
Marine Stadium
Mean for all
anchorages

8
8
8
6
6

Banana Banks
Squire Island
Wavebreak
Mean for all
reference sites

8
6
6

Concentrations of 0.45 µm-filterable heavy metals, mean ± 1 s.e.
Cu [ppb]
Zn [ppb]
Pb [ppb]
Ni [ppb]
0.75 ± 0.14
30.5 ± 12.7
0.36 ± 0.08
0.30 ± 0.06
0.79 ± 0.18
23.1 ± 10.7
0.29 ± 0.08
0.20 ± 0.08
0.60 ± 0.06
11.9 ± 3.3
0.40 ± 0.08
0.17 ± 0.02
0.99 ± 0.09
11.1 ± 1.7
0.16 ± 0.01
0.35 ± 0.04
0.97 ± 0.08
10.8 ± 1.3
0.16 ± 0.03
0.28 ± 0.08
0.82

17.5

0.27

0.26

0.43 ± 0.05
0.36 ± 0.07
0.47 ± 0.07

5.7 ± 0.8
7.1 ± 0.7
8.2 ± 1.9

0.34 ± 0.07
0.11 ± 0.02
0.14 ± 0.07

0.20 ± 0.05
0.17 ± 0.09
0.10 ± 0.02

0.50

7.0

0.20

0.16

Overall, the mean concentration for Ni and Pb were well below the 99% GTV levels at all sites. The levels of
Cu were all above the 99% GTV value but below the 95% GTV value and highest at Tipplers and the Marine
Stadium. The mean concentrations of Zn, however, exceeded the 90% GTV for ecosystem protection at two
sites: Myora and Horseshoe Bay. In both cases, this was caused by only one sample showing a tenfold higher
concentration than all the other measurements obtained for each site. For Horseshoe Bay, such a massive
increase was supported by DGT measurements (see next section), but not for Myora. Disregarding these outliers,
Zn levels were mostly below the 95% GTV trigger value.

DGT-labile Heavy Metal Concentrations in Moreton Bay and the Broadwater

Time integrated measurements of heavy metal concentrations obtained by deploying DGT samplers over three or
four days revealed no direct correlation between concentrations of Cu and any of the other heavy metals.
Calculating the means for each location suggested that Cu and Zn concentrations were on average higher at
anchorage sites and lower at reference sites (Table 4). It has been noted that on one occasion (October 2002)
DGT-labile as well 0.45-µm filterable Zn concentrations at Horseshoe Bay were unusually high (Tables 3 and
4), which had a large influence on the Zn results. However, there were no significant correlations between any of
the heavy metals and vessel numbers. A multiple linear regression analysis using the average of values for pH,
water temperature, specific conductivity, turbidity, wind speed, and vessel numbers, taken at the time of
deployment and time of collection, as independent variables, and DGT-labile Cu concentrations, as the
dependent variable, showed no significant effect of vessel numbers on the DGT-labile Cu concentrations. The
same was true for DGT-labile Zn, Ni and Pb concentrations. The authors of this report are well aware that these
results should be treated with care, as none of the independent variables used for these analyses represent time
integrated measures.
Table 4: Mean concentrations of DGT-labile heavy metals in Moreton Bay and the Gold Coast
Broadwater
Location

n

Horseshoe Bay
Myora
One mile
Tipplers
Marine Stadium
Mean for all anchorages
Banana Banks
Squire Island
Wavebreak Island
Mean for all reference sites

5
5
5
4
3
5
4
3

DGT labile concentrations of heavy metals, mean ± 1 s.e.
Cu [ppb]
Zn [ppb]
Pb [ppb]
Ni [ppb]
0.31 ± 0.07
38.4 ± 31.3
0.017 ± 0.004
0.16 ± 0.05
0.38 ± 0.08
9.2 ± 3.0
0.015 ± 0.004
0.13 ± 0.03
0.35 ± 0.07
12.3 ± 4.2
0.155 ± 0.125
0.17 ± 0.06
0.45 ± 0.08
3.8 ± 0.6
0.053 ± 0.018
0.26 ± 0.07
0.45 ± 0.09
7.3 ± 0.1
0.032 ± 0.003
0.12 ± 0.01
0.39
12.4
0.054
0.17
0.36 ± 0.07
8.0 ± 2.3
0.015 ± 0.004
0.17 ± 0.05
0.30 ± 0.05
5.1 ± 1.5
0.137 ± 0.081
0.15 ± 0.07
0.22 ± 0.04
3.3 ± 0.4
0.028 ± 0.008
0.17 ± 0.04
0.29
5.5
0.060
0.16
13
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The main reason for the lack of significant relationship between DGT-labile Cu and boat numbers was
probably the very high variation in Cu levels between each sampling trip. Therefore, a multifactorial ANOVA
with ‘season’ and ‘sites with vessels vs. sites without vessels’ was carried out. The sampling events at each site,
to represent different seasons, were far enough apart to allow for an almost complete exchange of the water at
that site. Therefore ‘season’ was treated as a fixed factor with four levels in the ANOVA:
1. off-peak season, mostly weekend,
2. off-peak season, mostly weekday,
3. peak holiday season, weekend,
4. peak holiday season, weekday.
The results of the multifactorial ANOVA are shown in Table 5 and reveal that the presence of recreational
boats had a significant effect on the means of DGT-labile Cu concentrations in the water column, only at α =0.10
(P = 0.077). The results in Table 5 suggest that this difference is the result of mostly lower DGT-labile Cu levels
at the reference sites. Furthermore, the season during which measurements were made also significantly affected
(α =0.05, P = 0.020) the levels of DGT-labile Cu. However, there was a significant interaction between these two
factors (see discussions following). Other parameters such as pH, conductivity, turbidity, etc. were not included
in this analysis because they did not represent time-integrated measurements. None of the other heavy metals
measured showed an effect of ‘sites with vessels as opposed to sites without vessels’.
Table 5: Multifactorial ANOVA Tests of Between-Subjects Effects Dependent Variable: DGT-labile Cu
Source
Corrected Model
Intercept
Sites with vessels vs.
sites without
season
Sites with vessels
vs. sites without
and season
Error
Total
Corrected Total

Type III
Sum of Squares
.370
3.518
4.246E-02
.148
.134

df

Mean Square

F

Sig.

7
1
1

5.286E-02
3.518
4.246E-02

4.250
282.884
3.414

.004
.000
.077

3
3

4.923E-02
4.467E-02

3.958
3.592

.020
.028

.299
20
1.244E-02
4.694
28
.669
27
R Squared = .554 (Adjusted R Squared = .423)

Tukeys-B post-hoc analysis for main effects (‘time’ only) revealed that, in general, DGT-labile Cu
concentrations were similar for the two ‘off season’ scenarios and the holiday weekday scenario. Only the DGTlabile Cu levels during peak holiday season weekend were different. This probably explains the p level of 0.077
for sites with vessels (anchor sites) as opposed to sites without vessels.
In more detail, situations at each location during the peak holiday season were as follows: the samplers at
Myora were lost (destroyed by a boat propeller), Cu concentrations at Marine Stadium were approximately three
times higher than the nearest reference site (Wavebreak Island), and values for Tipplers were the highest ever
recorded (0.47 ppb) while its nearest reference (Squire Island) had the lowest values (0.27 ppb) for the entire
sampling period.

Sediment Heavy Metal Concentrations in Moreton Bay and the Broadwater

The sediment at anchorages can also influence or be influenced by the trace metal concentrations in the water
column and, as such, adversely affect sediment or bottom dwelling organisms. Sediments act as a sink for heavy
metals, but can also be a source if disturbed, e.g. through the actions of boat propellers or anchors (Liddle &
Scorgie 1980; Smart et al. 1985; Schoellhammer 1996). The long-term effects of intermittent inputs of Cu, Zn
and other heavy metals associated with recreational vessels using popular anchor sites were investigated by
measuring the concentration of heavy metals in sediments. The sediment concentrations are summarised in
Table 6 along with the total organic carbon and the proportion of <63 µm particles in the sediment. In general,
the overall levels of the four heavy metals (Cu, Zn, Pb, and Ni) were very low compared with the results from
previous studies undertaken in the region (Preda & Cox 2002). This was probably due to the low levels of TOM
and, even more so, due to the low <63 µm sediment fraction. While the mean concentrations of Cu and Zn were
higher at the anchorage sites than at the reference sites, so were the levels of Pb and Ni. Furthermore, the Cu
concentrations were not particularly higher than the Pb and Ni levels, which are not necessarily related to
boating activities. Figure 5 illustrates the relationship between Z, Ni and Pb against Cu sediment concentrations
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at all sites. All comparisons were found to correlate significantly (Zn, n = 24, r = 0.913, P<0.001; Ni, n = 24, r =
0.961, P<0.001; Pb, n = 24, r = 0.936, P<0.001). This result suggested that mineralogical factors are important,
possibly more so than boat numbers, to the accumulation of Cu in the sediment of the anchorages studied.
Table 6: Heavy metal levels, total organic matter and clay content in sediments in Moreton Bay and the
Gold Coast Broadwater
Total organic Grain size <
Concentrations of heavy metals in sediments, mean
carbon (% dry 63 µm (% of
± 1 s.e. [mg/kg dry weight]
weight)
total weight)
Cu
Zn
Pb
Ni
Horseshoe Bay
0.29 ± 0.07 0.81 ± 0.34 0.23 ± 0.01 0.21 ± 0.00
1.05 ± 0.15
0.03 ± 0.01
Myora
0.50 ± 0.05 1.67 ± 0.17 0.68 ± 0.01 0.66 ± 0.07
1.59 ± 0.29
0.68 ± 0.03
One Mile
1.52 ± 0.21 3.69 ± 0.48 1.51 ± 0.21 1.37 ± 0.17
2.54 ± 0.23
3.26 ± 0.11
Tipplers Passage 3.26 ± 0.54 11.91 ± 2.02 3.56 ± 0.72 5.69 ± 0.58
5.39 ± 0.45
3.31 ± 0.75
Marine Stadium 0.60 ± 0.03 4.14 ± 0.73 0.84 ± 0.01 1.56 ± 0.07
0
0.83 ± 0.14
Mean for all
1.23
4.44
1.37
1.50
anchorages
Location

Banana Banks
Jumpinpin Bar
Wavebreak
Island
Mean for all
reference sites

0.86 ± 0.03
0.76 ± 0.28

4.65 ± 0.37
2.72 ± 1.08

1.13 ± 0.08 2.29 ± 0.20
0.74 ± 0.28 1.32 ± 0.50

4.26 ± 0.33
2.80 ± 1.00

1.62 ± 0.05
0

0.11 ± 0.01

1.81 ± 0.53

0.17 ± 0.01 0.23 ± 0.00

0.82 ± 0.11

0

0.57

3.06

0.68

1.28

While the whole sediment metal concentrations were very low, the metal concentrations could also be
calculated for just the 63-µm sediment fraction, which is the fraction that heavy metals adsorb to preferentially
(being predominantly silts, clays and particulate organic matter). Queensland Department of Environment
researchers (Moss & Costanzo 1998) prepared a report on heavy metals in Queensland coastal waters where the
metal concentrations were presented as the 63-µm fraction and reference concentration ranges were determined
for metals in freshwater, estuarine and marine sediments. By assuming all of the metals are associated with the
0.63-µm fraction measured, it was found that the reference ranges were exceeded for all metals at all sites, which
suggests that this approach may not be appropriate, for sediment with such low 0.63-µm fractions. Using all
sediment fractions, none of the sediments analysed showed any levels of heavy metals above low trigger values
as defined in the interim sediment quality guidelines (ISQG) (ANZECC/ARMCANZ 2000).
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Figure 5: Linear regression models for Cu concentrations in sediments against concentrations of Zn, Pb
and Ni
The effect of recreational vessels on Cu, Zn, Pb and Ni concentrations in sediments of anchor and reference
sites was further tested using a nested ANOVA where ‘locations’ were nested within ‘reference versus anchor
sites’ with ‘total organic matter’ and the ‘fraction of sediment smaller than 63 µm particle size’ added as
covariates. Results from this test (Table 7) confirmed that the fraction of <63 µm material had a significant
influence on the sediment Cu concentration. Including this variable in the nested ANOVA accounts for the
influence of this variable and allows further comparison between other factors. A significant difference was thus
observed for Cu concentrations in sediments between anchor and reference sites. Finally, the location where the
sample was collected added another significant level of variation to the data set, meaning that all locations had
significantly different characteristics. The same pattern was observed for Pb but not for Ni or Zn. The result for
Pb was interesting and could be related to past use of leaded petrol or some other vessel-related factor.
Table 7: Nested ANOVA Location nested within anchor versus reference sites with total organic matter
and <63 µm as covariates
Tests of Between-Subjects Effects
Dependent Variable: Cu concentration in sediments
Type III Sum of
Source
df
Mean Square
Squares
Intercept
Hypothesis
1.756
1
1.756
Error
2.135
19.998
.107
1.309
1
1.309
Fraction of <63 µm particle size (clay) Hypothesis
Error
1.094
14
7.812E-02
Total organic matter
Hypothesis
4.413E-03
1
4.413E-03
Error
1.094
14
7.812E-02
Anchor vs. reference sites
Hypothesis
3.714
1
3.714
Error
3.513
6.894
.510
Location (anchor vs. reference sites)
Hypothesis
5.128
6
.855
Error
1.094
14
7.812E-02
16

F

Sig.

16.454 .001
16.749 .001
.056

.816

7.288

.031

10.941 .000
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DISCUSSION
Trace Metal Concentrations and Vessel Numbers
This study has determined, for the first time, a statistically significant influence of vessel numbers on the Cu
concentrations in both water and sediment. The key to this achievement was the use of time-integrated, DGTlabile Cu measurements for the water measurements. Sediments can also integrate heavy metal levels over time,
although other factors such as the fraction of <63-µm sediment particles were found to have a stronger influence.
The measurement of 0.45 µm-filterable Cu was only useful to determine heavy metals for comparison against
the ANZECC/ARMCANZ (2000) water quality guidelines. However, DGT measurements can also allow such a
comparison.
The Broadwater study (Field Study 1) gave the most significant relationship, by calculating product-moment
correlation coefficients, between anti-fouled vessel numbers at anchorages and DGT-labile Cu concentrations in
the water column (n = 14, r = 0.815, P <0.001). This study used 24 hours DGT deployments during which boat
numbers were counted every 4 hours. This thorough approach enabled an accurate measurement of the means of
each parameter and produced a very strong correlation. This study was, however, highly labour-intensive and
could not be repeated at the scale for Field Study 2, which included eight sites in Moreton Bay. Regression
analysis using the line of best fit indicated that 66% of the variation in the DGT-labile Cu concentrations at
anchorages was explained due to variation in the mean boat numbers. Similar values were obtained from
multiple linear regression analysis, which also indicated that there were no significant relationships with general
water quality parameters measured during this study. Significant correlations were not observed for Zn, Pb and
Ni.
This means that in specific locations for short periods (i.e. one day) the Cu emitted from antifouling paints on
boat hulls is a likely to be an important source of Cu, compared with Cu coming from other sources, including
nearby anchorages and marinas, or other changes in water quality. A previous study (Schleich 2001), in which
DGT measurements were carried out over a week and in which boat numbers were carried out three times each
week, did not produce any significant correlations. The time over which the measurements are made, therefore,
appears to be critical, with short deployment times more likely to produce better results. This is partly due to the
capability of making other measurements (such as counting boat numbers) more regularly over short times, but
also possibly due to the fact that various events (e.g. a local shower not recorded elsewhere) may occur during
longer deployments that decrease the influence of one parameter.
The deployment/measurement time for each site in Field Study 2 was three days. This was a compromise
between the logistics of undertaking field work in Moreton Bay, including some sites on North Stradbroke
Island, and the seeming importance of using short deployment times (as discussed previously). No significant
correlation was obtained between boat numbers and DGT-labile Cu. This is probably because boat numbers
could only be counted twice over the three days, upon deploying and then retrieving the DGT devices, making
the mean boat number estimate less accurate. However, the more marine nature of the waters at the Moreton Bay
sites may also have had an influence.
By using a more sophisticated statistical method, the importance of boat numbers on DGT-labile Cu
concentrations in the water column, was further demonstrated. Multifactorial ANOVA tests of between subject
effects, with the dependent variable being DGT-labile Cu, demonstrated a slightly significant effect of
anchorages versus reference sites at α = 0.1 (P = 0.077). ‘Season’ had a more significant effect (P = 0.020) on
DGT-labile Cu although there was interaction between both these parameters. This interaction largely came
about because, against our expectations, the season in which the highest boat numbers were recorded actually
gave the lowest Cu concentrations at many of the sites. We currently have no feasible explanation for this result.
The results of the second field study again emphasised that (a) getting accurate estimates of the mean numbers of
boats present during sampling is very important, and (b) significant relationships were more likely to be
observed during short term measurements.
Comparison of sediment concentrations at the anchorage and reference sites, using a nested ANOVA
(location nested within anchor vs. reference sites with total organic matter and <0.63-µm fraction as covariates)
also found a significant difference (increase, from a comparison of the means) in Cu concentrations (P = 0.031).
Location was even more significant as an influence on Cu levels (P = 0.000). Overall, however, the whole of
sediment Cu concentrations at all sites were very low, due to the low proportion of <0.63 µm particles in the
sediment, and do not remotely approach the sediment trigger values (65 mg kg-1 dry wt.) (ANZECC/ARMCANZ
2000). In fact, this factor seemed to be the main influence on the heavy metal levels at each location, including
Cu (P = 0.001). It is fortunate that the Moreton Bay and Broadwater sediments are dominated by sand, being
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typical of sediment in shallow waters behind barrier islands, as this appears to have limited the accumulation of
trace metals at the anchorage sites.
The anticipated effect of recreational boats on Zn concentrations was not apparent. This does not mean that
the use of Zn sacrificial anodes does not contribute to Zn levels in the waters of anchorages, just that the effects
were not apparent during this study. For this reason the rest of this discussion deals only with Cu contamination
from vessels.

Evaluation of Cu Concentrations Against Water Quality Guidelines
This study strongly indicates that the presence of numerous boats, with hulls covered by Cu-containing
antifouling paints, does have an influence on the Cu concentrations in the water column at the anchor sites used
by these vessels. In order to determine whether these increased Cu concentrations can lead to adverse ecological
effects, the results from this study are compared with the ANZECC/ARMCANZ (2000) water quality guidelines,
which define trigger values for common toxicants. These trigger values were determined from results of
toxicological studies and are designed to protect a given proportion of aquatic species within an ecosystem. This
may not include species with high sensitivities to particular toxicants. Heavily disturbed waterways in
industrialised areas are often assigned the lowest level of protection, with trigger values designed to protect 80%
of species, whereas pristine environments (such as National Parks) are commonly assigned the highest level of
protection at 99% of species (ANZECC/ARMCANZ 2000), although this is unlikely to be applicable to Moreton
Bay Marine Park because of its proximity to Brisbane. Most waterways adjacent to urban populations and used
for recreational activity, such as the Gold Coast Broadwater, are considered to be slightly to moderately
disturbed ecosystems and are assigned the 95% level of protection (ANZECC/ARMCANZ 2000). However,
serious contaminants such as Cd and organic contaminants that may biomagnify down the food chain, are
automatically assigned the 99% protection level (ANZECC/ARMCANZ 2000).
Should the total metal concentration exceed the specified trigger value, a hierarchical decision tree has been
developed to direct the analyst towards further action. Measured first are 0.45 µm-filterable heavy metals and
then further metal speciation measurements or modelling and even bioavailability studies may be required,
should the trigger values continue to be exceeded (Figure 6). Typically these forms of analysis are costly, require
experienced analysts, and are often not practical for routine monitoring. The DGT measurement does represent a
speciation measurement (Davison et al. 2000) and has also been demonstrated to be indicative of bioavailable
metal concentrations (Hooda et al. 1999; Jordan 2003; Teasdale et al. 2003).
The 0.45 µm-filterable Cu concentrations measured in Field Study 1 exceeded the 95% trigger values (1.3 µg
L-1) at six out of seven sites where the boat numbers were above 20. However, only one measurement in Field
Study 2 exceeded this value (at Myora Anchorage on 5/1/03). For the DGT-labile speciation measurements, no
Cu concentrations exceeded, or were above half of, the 95% trigger value in either study. The 99% trigger value
(0.3 µg L-1) for Cu was exceeded at three sites (with boat numbers >40) for the first study and for more than half
of the measurements during the second study. The water quality guidelines recommend interpretation of a
continual data set covering at least 24 months. Whilst this has not been undertaken here, the results do indicate
that while there is an increase in Cu due to high numbers of antifouled boats, the increased Cu are unlikely to
cause widespread ecological harm. It is up to the managers of the Moreton Bay Marine Park to ultimately
determine whether the 95% or 99% trigger value should be used as the basis for water quality objectives for the
Bay.
Whether these results warrant management action and/or further investigation depends largely on the level of
ecosystem protection and the long-term conservation objectives assigned to the anchor sites in question and their
surrounding areas. Myora and Horseshoe Bay are included in the ‘Conservation Zone’ of the Moreton Bay
Marine Park, whereas One Mile and Tipplers are included in the Park’s ‘Habitat Zone’. Only the Marine
Stadium is outside the marine park boundaries.
The management objectives for the two relevant marine park zones are:
• Habitat zone: to provide areas for reasonable use and enjoyment while maintaining productivity of the
natural communities by excluding activities such as shipping operations and mining.
• Conservation zones: to conserve the natural condition to the greatest possible extent and provide for
recreational activities free from commercial trawling (summarised from s. 16, 19 Marine Parks
(Moreton Bay) Zoning Plan 1997).
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(Modified from ANZECC/ARMCANZ 2000)

Figure 6: Hierarchical decision tree outlining the application of analytical procedures after heavy metal
trigger values are exceeded
None of the more detailed objectives for these two zones contain explicit statements in regard to their
‘undisturbed nature’−a term used under s. 29 ‘protection zone’, Marine Parks (Moreton Bay) Zoning Plan 1997.
It therefore appears permissible to consider all five anchorages investigated in this study as part of a slightly
disturbed ecosystem and, in the absence of any local guideline values, the 95% GTV for a condition 2
ecosystems should apply (ANZECC/ARMCANZ 2000 Vol 1 Table 3.1.2). Under these circumstances, no further
management actions are required at this stage. Monitoring of Cu levels and vessel numbers should, however, be
continued to collect sufficient baseline data for developing local water quality objectives for popular anchor sites
in Moreton Bay and the Gold Coast Broadwater − particularly in light of the continuously increasing number of
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vessels registered in south-east Queensland.

Conceptual Model of Cu Contamination from Antifouled Boats
Based on the data collected for this study, the following conceptual model can be hypothesised for inputs of
heavy metals relating to the use of recreational vessels at anchor sites in Moreton Bay and the Gold Coast
Broadwater. During their stay at an anchorage, antifouled vessels release Cu from their submerged hull area and
zinc cations from sacrificial anodes or, in some cases, from antifouling paints if added as a co-biocide to cuprous
oxide. As for most heavy metals, the free ionic forms of Cu and Zn can readily form complexes with natural
organic matter (NOM) or adsorb to particulate matter. The resulting fraction of free Cu or Zn to complex-bound
or adsorbed Cu and Zn depends on the relative levels of NOM, particulate matter and free metal ions. In Moreton
Bay, as in many other estuarine systems in Australia, naturally occurring Zn levels in the water column and in
sediments are generally much higher than Cu levels (Tables 3, 4, 5). The amount of Zn that can be released from
recreational vessels is likely to be too small to have any significant effect on natural fluctuations in the water
column and in sediments.
Naturally occurring Cu levels are much lower than Zn levels and, after the ban of tributyltin (TBT) for
vessels less than 25 m in length overall, copper compounds have become the biocide of choice. Cuprous oxide
(Cu2O), cuprous thiocyanate (CuSCN) or metallic copper are bound into the paint matrix and released either
through gradual diffusion (contact leaching paints), breakdown of a soluble matrix (ablative paint) or hydrolysis
at the paint seawater interface (self-polishing copolymer paints). The precursor biocide, either Cu+ or Cu0 is
rapidly oxidised to Cu2+ (the active biocide) after leaching from the paint matrix. Once in the water, a large
fraction of free Cu2+ will form complexes with NOM or, probably to a lesser extent, become adsorbed to
particular matter. If present in larger numbers, recreational vessels can therefore increase the levels of 0.45µmfilterable and DGT-labile Cu species in the water column. This, however, may not always happen. Hydrological
and other physico-chemical factors can generate conditions that rapidly dilute, or bind/adsorb and then rapidly
disperse such Cu inputs from recreational vessels. Under these conditions changes to ambient Cu levels at a site
in question remain minimal.
The low levels of Cu concentrations in bottom sediments at popular anchor sites in Moreton Bay and the
Broadwater indicate that so far dilution and dispersal together with low binding capacities of the predominantly
sandy substrates seemed to have prevented any long-term build up of Cu levels released from recreational
vessels. First, most anchor sites and large parts of this estuarine system are quite shallow. The average tidal
range in these areas equals to about half or more than half of the water depth at low tide. Most anchorages used
by members of the recreational boating community are also quite open (particularly at high tide), i.e. they lack a
narrow entrance that could restrict tidal flows. Results from the ecosystem health-monitoring program under the
Moreton Bay Waterways and Catchments Partnership also indicate that the water quality in the eastern parts of
the Bay is good or even high. It is therefore legitimate to assume that most anchor sites are well flushed with
mostly unpolluted water.
Second, only a few anchor sites are visited or used continuously by a large number of vessels. More
commonly, only five to 15 vessels use anchor sites during the week and numbers double or triple during
weekends, particularly long weekends or holidays. During periods of prolonged rain, e.g. during the wet season,
or during rough weather, some anchor sites may not be used at all, while others (e.g. the Marine Stadium) are
used as a refuge by a number of vessels larger than normal. In other terms, intensive use of popular anchor sites
is the exception rather than the rule.
A third important aspect of anchor sites investigated in this study appeared to be their dynamic nature. Visual
inspection of bottom substrates revealed that, at some sites, the upper sediment layer was moved by currents
(Banana Banks, Horseshoe Bay, Jumpinpin Bar, Wavebreak Island) while other sites showed signs of active
bioturbation (grey sediment around crab burrows, polychaetes). Only at Tipplers, sediments were quite different:
an approximately two to five centimetre thick layer of fine organic material covered the inorganic, sandy bottom
substrate. Inspection on scuba revealed that this organic layer was easily disturbed and probably not all collected
with the standard sediment corers used for sediment collection. It was easily disturbed by propeller jets and
dragging anchor chains. Under these conditions, heavy metals bound to NOM or very fine particulate matter are
likely to be re-suspended into the water column and carried away by currents.
In summary, natural processes such as flushing, rapid speciation and bioturbation have so far prevented any
noticeable long-term build up of any of the four heavy metals in bottom substrates at popular anchor sites.
Periods of high inputs of vessel-related Cu during times of high use are short-lived compared to periods of low
vessel use. Biological and physicochemical processes during periods of low use and the generally good or even
high water quality in the eastern parts of the Moreton Bay and Broadwater embayment system dominate, at this
stage, over intermittent heavy metal inputs associated with the use of recreational vessels in these areas.
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CONCLUSIONS
Results from this study clearly demonstrate what was anticipated in light of previous studies measuring in situ
and ex situ release rates of Cu from antifouling paints. Even smaller recreational vessels, if they occur in larger
numbers, do contribute significantly to Cu levels in the water column and in sediments even in a dynamic and
well flushed coastal estuary and lagoon system such as the southern Moreton Bay and Gold Coast Broadwater.
At present, it appears unlikely that Cu will be replaced as one of the major active constituents of antifouling
paints. Even though Cu concentrations in the water column and sediments in eastern Moreton Bay remained low,
the anticipated growth in both the overall population of residents, visitors (tourists) and recreational vessels in
this area, and a general ban of all TBT-based antifouling paints, is likely to result in increasing ship-sourced Cu
emissions, which should be subject to further monitoring in a few years time.
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APPENDIX A: THEORETICAL PRINCIPLES OF DGT
The binding gel is separated from the bulk solution by the ion-permeable diffusive layer of thickness ∆g, which
incorporates a diffusive gel and a 0.45 µm membrane filter. A diffusive boundary layer (DBL) of thickness δ,
exists between the diffusive gel and the bulk solution, whereby transport of DGT labile species is solely via
molecular diffusion. Within minutes of deployment, a concentration gradient is established between the solution
metal concentration and the interface with the binding gel, where the concentration is zero (figure below).
Conceptual representation of the steady state concentration gradient of a solute in bulk solution through a
DGT assembly

C

DBL

(Binding gel)

Resin gel

Concentration

Diffusive
gel

∆g

Bulk
solution

δ

Thickness
(modified from Davison et al. 2000)

[Where C represents the solution concentration, δ represents the diffusive boundary layer thickness and ∆g denotes the
thickness of the diffusive gel.]

The theoretical principles of DGT are modified from Davison et al. (2000). The flux J (mol cm-2 s-1) of an ion (or
labile species) through the diffusive gel is given by Fick’s first law of diffusion (Equation A.1), where D is the
diffusion coefficient (cm2 s-1) and dC/dx (mol cm-4) is the concentration gradient.
J = - D dC / dx

(A.1)

If the diffusive gel allows free diffusion of ions at the same rate as within the bulk solution, i.e. the diffusion
coefficients are equal, the flux is given by Equation (A.2), where C is the bulk concentration of an ion and C’ is
the boundary concentration between the binding and diffusive gels.
J = - D (C – C’) / (∆g + δ)

(A.2)

If the free metal ions and labile species are in rapid equilibrium with the binding agent, with a large binding
constant, C’ is effectively zero, providing the binding agent is not saturated, which should not occur even over
extended deployment times of several months. The boundary layer thickness is negligibly small compared with
the thickness of the diffusive layer (∆g ~ 1 mm) in well-stirred solutions such as the Broadwater and can
therefore be disregarded. Equation (A.2) then simplifies to Equation (A.3):
J = DC / ∆g

(A.3)

In practice, the DGT unit is deployed for a known time, t. Upon retrieval, the binding gel is collected and the
mass of accumulated labile species is measured. Commonly, labile species in the binding layer are eluted with a
known volume, Ve, of solution. Typically, 1 or 2 M HNO3 is used to elute metals from Chelex resin. The
concentration of labile species in the eluent, Ce, may then be measured using any suitable analytical technique.
Only a fraction of the bound labile species are retrieved following elution, this ratio of eluted to bound metal is
known as the elution factor, Fe. The elution factor has been reported at 0.8 for Zn, Cd, Cu, Ni and Mn.
Accounting for the elution factor, the accumulated mass (M) of labile species in the binding layer may be
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calculated using Equation (A.4), where Vg represents the volume of gel in the binding layer:
M = Ce (Vg + Ve) / fe

(A.4)

The flux through the known area, A, of the exposed diffusive layer can then be calculated using M (Equation
A.5):
J = M / At

(A.5)

Combining and rearranging Equations (A.3) and (A.5) gives Equation (A.6), the DGT equation demonstrates
that the bulk solution concentration can be determined from the known values of ∆g, D and A, the measured
deployment time, t and the accumulated mass, M:
C = M ∆g / DtA

(A.6)

Individual calibration of DGT devices in different media is not necessary, as the concentration measurement is
not dependent upon the concentration of other components in the solution. Rather the relationship of external
concentration to measured mass is determined by the simple, fixed geometric quantities ∆g and A the diffusion
coefficient in the gel, which can be measured for each temperature.
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