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Abstract 

The diffusion gradient technique in thin films (DGT) technique has over several 

years proven to he effective in measuring trace elements. It is an advantageous 

technique as it is a relatively simple method of studying the speciation of many trace 

elements in natural waters, whilst allowing in situ pre-concentration of the analyte 

and eliminating matrix effects. 

The labile fraction of copper obtained via DGT was compared to dissolved and total 

copper concentrations in Cullen Bay Marina seawater, and partitioning of copper 

between particulate, colloidal/organically complexed and labile phases was 

determined. Particulate copper was found to he 30-40% of total copper. Colloidal 

and organically complexed copper was 53% of dissolved copper and labile copper 

was 47%. These values indicated overlap between colloidal and organically 

complexed copper and DGT-labile copper resulting in lower colloidal/organically 

complexed copper than that generally reported in literature. 

All fractions measured in Cullen Bay, total (9.5tg/L). dissolved (6.4ig/L). DGT 

(3.0jtg/L) and ASV (4.2ig/L) were higher than the ANZECC 2000 guideline for 

95% species protection (I .4j.tg/L). Dissolved. DGT and ASV concentrations were 

also slightly higher in surface waters, which correlates to the lower DOC, TOC, TSS 

and turbidity values observed here. 

Sediment-water interactions were quite substantial in Cullen Bay Marina resulting in 

dissolved copper concentrations of up to 22ig/L at 10-1 Scm above the sediment 

surface. However DGT copper concentrations were lower at this depth than in the 

water column possibly dLle to high concentrations of organically complexed copper. 

Sediment copper concentrations were observed to he highest in surface sediments 

with copper in the 0-5cm section exceeding the effect-high guideline limit. Zinc was 

also highly concentrated at this depth generally exceeding the effect low-guideline 

and the effect high guideline at 0-1cm depth of one sediment core. Lead was also 

observed to exceed the effect-low guideline in Cullen Bay Marina sediment. The 
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bioavailable concentrations of these and other metals were also high and 

simultaneously extracted metal concentrations [SEM] greatly exceeded acid volatile 

sulfide concentrations [AyS], resulting in very low AVS/SEM ratios and indicating 

the potential for toxicity. However, porewater dissolved and DGT copper 

concentrations were very low, dissolved copper ranging from (0.22-0.75jig/L) 

possibly indicating the presence of insoluble covellite (CuS). Alternatively copper 

may be immohilised by adsorption to iron oxides or organic material, since TOC is 

very high in Cullen Bay Marina sediment (over 3% in surface sediment). 
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1 Introduction 

1.1 Cullen Bay Marina 

Cullen Bay Marina located close to the Central Business District of Darwin, is a busy 

and popular marina, attracting vessels from both the local and international 

community and is therefore sLisceptible to the introduction of marine pests. In 1999 

the exotic pest Mvtilops'is sallei (black striped mussel) was found in several Darwin 

marinas. It was suspected that it was introduced on the hull of a recreational yacht 

that had recently entered Australia from international waters. Mvtilopsis sal/el has 

been known to foul marine structures in Asia and is related to the zebra mussel 

(Dreissena polvmorpha) that was estimated to cause $18 million in damage in the US 

in 1995. It was therefore seen as a potential threat to Australias native species as 

well as commercial and recreational fisheries (Bax et al., 2001; Parry and 

Munksgaard, 2001). 

The eradication program began just 4 days after the discovery and identification of 

the mussel. Initial treatment was with sodium hypochiorite solution but was followed 

by treatment with copper sulfate after discovering that hypochlorite levels were 

difficult to maintain. After several treatments involving the dumping of copper 

sulfate powder into the marina at 5 locations with mixing via large aerators, tests 

confirmed the eradication of the pest mussel. Unfortunately the treatment resulted in 

elevated levels of copper in the water and sediment of the marina (Parry and 

Munksgaard, 2001). 

The marina is a sheltered location with little exchange with the external marine 

environment and thus offers a unique environment in which to study copper 

speciation. Eight months after the treatment studies showed levels of dissolved 

copper of l2tg/L in the water and 250mg/Kg in the sediment. Elevated levels of zinc 

were also detected. These concentrations are very high compared to background 

levels of dissolved copper in Darwin harbour seawater (0.3pg/L) (Munksgaard and 

Parry, 2001 Parry and Munksgaard, 2001). 
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Interestingly, samples sent to the USEPA (US Environmental Protection Agency) for 

toxicity testing have shown that Cullen Bay sediment has a sLirprisingly low toxicity. 

The four day static tests conducted with a henthic amphipod (Anipe/isca abdita) and 

a mysid (Ainericainvsis bahia) an epihenthic species, showed 90-100% survival for 

both species, indicating the sediments had no toxicity. Thus it appears that the 

bioavailahle/toxic copper in these tested samples must have been low (Parry and 

Munksgaard, 2001). 

This information teamed with the knowledge that metal toxicity is directly related to 

speciation has led to interest in the speciation chemistry of copper in Cullen Bay. 

1.2 Copper in the marine environment 

The speciation of copper has long been of interest and has been well studied by many 

groups using various methods, including ion-selective electrodes, competitive ligand 

techniques, size-fractionation methods, anodic stripping voltammetry, theoretical 

modelling, diffusive gradients in thin films, and various combinations of these 

techniques (Capodaglio et al., 1994; Zhang et al., 1995; Zirino et al., 1998h; Hunter 

et al., 1999: Rozan and Benoit, 1999; Apte et al., 2000: Bruland et al., 2000). One of 

the reasons for this interest is copper's significance to phytoplankton, as laboratory 

studies have shown a relationship exists between the concentration of free copper 

ions and growth inhibition in phytoplankton (Allen, 2000; Eriksen ci' al., 2001). 

Copper is a nutrient metal and has been found responsible for regulation of algae 

growth in marine systems. For example. the diatom Gon van/ax tamarensis is 

inhibited by copper ion activities lower than 10M and its motility is reduced by 

100% when the ionic activity is greater than 10 7M (Capodaglio et al., 1994). In 

addition to suppressing the metabolism of phytoplankton, elevated levels of copper 

can result in biochemical symptoms of stress in bivalve molluscs, and reduced 

growth of crab larvae (Muller, 1998). 

Copper is also becoming a potential concern in natural waters, such as urban rivers 

where it has frequently exceeded freshwater quality criteria, as a result of inflow of 

stormwater containing high copper concentrations (G1azewski and Morrison, 1996; 
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Lacey ci al., 2001). Sources of copper in urban runoff include corrosion of building 

materials and machinery. The hioavailahility and toxicity of this copper has yet to be 

determined, since much of it is bound to particulate or colloidal matter (Millward and 

Moore, 1982; Glazewski and Morrison, 1996). 

1.3 Copper speciation 

In the marine environment metals are found partitioned between the solid and 

solution phases. Metals form part of the solid phase when hound to particulate 

matter. Copper (II) has a high affinity for iron, aluminium and manganese 

oxyhydroxides, clay and carbonate minerals, insoluble organic matter and biotic 

surfaces, it may even be absorbed inside microorganisms (Buffle ci al., 1997; 

ANZECC, 2000; Apte ci cii.. 2000). While particle hound material is generally non-

toxic, and unable to cross biotic membranes, it can be involved in chemical reactions 

and become part of the dissolved phase. It is within the dissolved phase that toxic 

metal forms may be found (Gunderson ci al., 2001). 

1.3.1 Copper speciation in the water column 

To date dissolved copper and other metal concentrations have been determined after 

filtration through a 0.45tm pore size membrane. The filtrate is operationally defined 

as "dissolved." however it actually contains colloids and complexes as well as the 

kinetically labile, hioavailahle species (Chapman, 1998; Alfaro-De Ia Torre ci al., 

2000; Skrahal ci al., 2000). The several chemical forms of copper in the dissolved 

phase vary in both their toxicity and bioavailability. Recent studies indicate that in 

most natural waters over 80% and sometimes as much as 99% of all copper in the 

dissolved phase exists in the form of non-toxic organic complexes (Capodaglio ci al., 

1994: Donat ci cii., 1994) This high percentage may be explained by coppers' high 

atTinity for carboxylate, and the carhoxylic and phenolic functional groups of organic 

ligands (Paulson ci al., 1994; Breault ci al., 1996). Copper in the form of organic 

complexes is generally not hioavailahle to hiota and is thus deemed non-toxic, 

although there are several notable exceptions. It has been reported that lipid soluble 
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copper (TI) complexes are highly toxic to the marine diatom Nitzchia closterium and 

copper complexes with synthetic materials have been found to have some toxicity, 

although they are less toxic than the free aquo ion. Other groups have also noted that 

copper complexed to natural organic ligands contributes to toxicity. There is, 

however no unambiguous evidence for the uptake of organic copper complexes from 

natural waters (Allen, 2000; Eriksen et al., 2001). Generally, the organic 

complexation of metals reduces the hioavailability and toxicity of the metal (Bru land 

etal.. 2000). 

Organic ligands in aquatic environments may he natural, such as biogenic chelators 

produced by marine cyanobacteria in response to copper stress, or anthropogenic 

ligands such as ethylenediaminetetraacetic acid (EDTA). Humic and fulvic 

substances, are major organic ligands in natural waters. These decay products of 

natural organic matter have widely varying structures and occur ubiquitously in 

oceans, rivers, lakes and streams. They constitute 10-30% of DOC (dissolved organic 

carbon) in seawater, 70-90% of DOC in wetland water, 40-90% of DOC in streams 

and -50% of DOC in lakewaters (Xue and Sigg, 1999; Millero, 2001). Other organic 

acids, including tannic acids are also responsible for reducing the toxicities of metals 

in the aquatic environment. Natural waters may he toxic if the dissolved copper 

concentrations are greater than the complexing capacity of the dissolved organic 

matter in the water, and copper becomes potentially hioavailable (van den Berg et 

al., 1984: Xue and Sigg, 1993: ANZECC, 2000). 

It has been well established in recent years that the toxicity of copper, like most 

metals, is directly related to its free hydrated copper ion (Cu2 ) activity. Other toxic 

species of copper include small inorganic complexes for example the copper hydroxy 

species, especially (CuOH) and to a lesser degree IICu2(OH)2I2  (Muller, 1996; 

ANZECC, 2000: Skrahal et al., 2000). Different forms of metals are known to he 

absorbed by biota at different rates, the free metal ions and metal hydroxy species are 

known to readily penetrate biological membranes and lead to toxic responses 

(Gunderson et al., 2001). 

Toxicity and speciation are undoubtedly linked, hence determination of the total 

dissolved metal concentrations does not provide adequate information pertaining to 
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the toxicity of the sample. This is also confirmed by the new ANZECC Water 

Quality Guidelines, the introduction of which has increased pressure to develop a 

robust method (or methods) of determining free metal ion activity. ANZECC is a 

governmental organization responsible for, among other things, determining water 

and sediment quality guidelines. The recent shift to allow for speciation in the 

guidelines will allow toxicity levels to he determined in a step by step decision tree 

approach, with each decision dependent on the concentrations found in previous 

stages. That is if total metal concentrations are within set guideline limits, further 

steps need not he performed. This procedLire will no doubt require much more work 

and will he more time-consuming but will indicate toxicity with a greater degree of 

accuracy. 

To he able to quantify speciation one must first understand the complexity of the 

system involved. Many factors influence the speciation of metals in natural waters, 

including calcium concentrations, alkalinity, pH and available ligands. As already 

mentioned metals may not only he in the form of organic and inorganic complexes, 

but they may also be bound to surfaces, such as organism cell walls, inorganic 

colloids and particles (sorption), or alternatively absorbed inside microorganisms. All 

these metal species co-exist and Lindergo dynamic interactions not only within the 

water column but also with the sediment below. These interactions may or may not 

he in thermodynamic equilibrium (Buffle etal., 1997). 

1.3.2 Copper speciation in sediments 

Sediments act as both a source and sink for metals and organic ligands to the 

overlying water. After precipitation of metal and deposition in the sediment it may 

undergo chemical reactions and become part of the dissolved phase again. 

Alternatively it may he adsorbed onto particles of sediment and remain trapped in the 

particulate phase. 

Several processes are responsible for the cycling of metals and ligands between 

sediments and the water column. When hound to suspended particulate matter (SPM) 

in the water column, flocculation and sedimentation processes are responsible for 



transporting metals into sediments for temporary storage (Petersen et at., 1995). 

Another process introducing metals into sediments from overlying water includes 

direct adsorption onto sediment particles. Once in the sediment particles may 

undergo microbial degradation releasing bound metals or organic ligands (Salomons 

et at.. 1987). It is via this process that particulate metal, whilst generally considered 

non-toxic, may contribute to toxicity (Petersen et at., 1995). Free metals may then re-

enter the water column, become complexed to ligands in sediment or adsorb onto 

clays, iron and manganese oxides and biotic surfaces. Thus sediments act as a sink of 

metals and ligands, which may then he released back into the water column via the 

processes of particle degradation, desorption and dissolution. Sediments are also the 

major source of SPM to the water column via physical and chemical processes (Sigg, 

1992; Packman and Brooks. 1995). 

Figures 1.1 and 1.2 (redrawn from Buffle et at.. 1997) show some important 

reactions of the free metal ion and some of the signilicant components of the marine 

environment that interact with metal species. 

Small comriplexes , Living organisms 
egAlF2  

I\  
Complexes with Non-living 
Macnmo1ecules susp ended particles 
eg Fulvics eg 

JF 

Sorption Sedinientatioii 

Figure 1.1 Important reactions of the free metal ion 
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1.4 Speciation analysis 

1.4.1 Methods for seawater 

Traditional speciation methods are many and varied each with their own benefits and 

limitations. These methods can broadly he divided into two types, theoretical 

techniques and analytical techniques. 

Theoretical techniques involve thermodynamic modeling of ligands and cations in 

the study zone. This indirect technique determines speciation from total dissolved 

ligands and cation concentrations. The accuracy of this technique is dependent on the 

ability to identify and quantify all ligands present and on the quality of the 

thermodynamic database, unfortunately this is not an easy task (Alfaro-De Ia Torre et 

iii.. 2000). Alternatively analytical techniques require water samples to he brought 

hack to the laboratory where physical separation (eg ultrafiltration, dialysis or 

centrifugation), potentiometry (eg ion-selective electrode), polarography, 

voltammetry (eg anodic stripping voltammetry —ASV), ion-exchange, extraction of 

organic fractions on C- 18 cartridges and ligand competition methods may be used 

(Alfaro-De la Torre cial., 2000 ANZECC, 2000). 

The direct techniques, potentiornetry and voltammetry, on marine samples, are 

beneficial techniques as they may he used on fresh samples with minimal 

adulteration necessary before analysis. Potentiometry has the added benefit of 

directly measuring the free metal ion (Zirino et al.. I 998a). However. ASV is a direct 

measure of the labile electroactive metal forms, thus offers pertinent information 

about the toxicity of a sample (Donatei al., 1994; Lahuda diii.. 1996: Muller, 1998). 

The separation techniques, centrifugation, dialysis, ultrafiltration, ion-exchange and 

C-18 cartridge extraction, are relatively simple procedures and therefore offer useful 

information without the need for tedious manipulations. Ligand competition methods 

have also been beneficial in providing pertinent data on metal speciation in various 

aquatic media (Donat diii., 1994: Muller, 1998). 



Much useful information has been gained using traditional techniques, especially 

when several of these methods are used in combination. However there are several 

problems associated with these methods ranging from lack of sensitivity of the 

chosen technique to being limited in the metals that can he analysed to often tedious 

manipulations and ambiguous interpretations. Both the analytical and the theoretical 

methods have the added disadvantage that information obtained will he affected by 

sample collection, storage or treatment (Zhang ci al., 1998; Alfaro-De Ia Torre et al., 

2000). Natural waters are in a constant state of change, processes such as particle 

dissolLition, colloid formation and aggregation are continually occurring. Traditional 

sampling disturbs the dynamic interactions between particles, colloids and solutes in 

natural waters, thereby changing sample compositions and affecting the accuracy of 

the results obtained (Chang ci al., 1998). 

1.4.1.1 Difihisive gradients in thin ti/ins 

An alternative approach, which has become available in recent years is the diffusive 

gradients in thin films technique (DGT), being an in situ technique it overcomes the 

problems of sample collection and storage. 

During the in situ deployment analyte diffuses through a polyacrylamide gel of 

known thickness and reacts with an immobilizing binding agent incorporated in a 

second gel layer, behind the first. The polyacrylarnide gel cross-linked with agarose 

is known as the diffusive gel and the chelating resin (chelex 100) is the binding agent 

in the second gel (resin gel). Analyte ions may he selected by varying the pore-size 

and thickness of the diffusive gel (Chang ci al., 1998). 

The devices are assembled by sandwiching the resin gel and the diffusive gel into the 

molded plastic assembly measuring 3.5 cm in diameter by 1cm deep. A cellulose 

nitrate membrane filter (0.45urn) is placed on top of the diffusive gel to protect the 

gel against fouling by particulate matter. Ideally the reaction with the binding agent 

will cause the rapid and irreversible removal of the analyte from solution, allowing a 

linear concentration gradient of ions to develop (Figure 1.3). 
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Figure 1.1 Linear concentration gradient across diffusive gel 
)suurce: (Windsor-ScientifIc. 998)) 

This gradient may be maintained over the deployment time as long as the binding 

capacity of the resin gel is not exceeded and the analyte concentration is constant in 

the sampled water (Teasdale et al., 1999; Alfaro-De Ia Torre ci' al., 2000). The ions 

are transported to the resin gel where mainly labile forms of metals are fixed and 

accumulate over the deployment time. The masses (M) of metal on the resin layer 

may be eluted, on retrieval, with acid and measured using ICP-MS. Ficks first law of 

diffusion can then be used to calculate the in situ concentration of the analyte in the 

sampled water, assuming that the thickness of the diffusive boundary layer 

(suggested to range between 0.1 and 0.01mm in fast moving waters) is negligible in 

comparison to the diffusive gel thickness (Ag). 

DC 
At Ag 

Where M is the mass per unit area, F is the flux integrated over the time (t) of 

deployment and C is the concentration. The diffusion coefficients D (cm2s) of given 

metal ions across the diffusive boundary layer and through the diffusive gel are 

effectively indistinguishable from those in water, thus may be calculated from the 

temperature of the sampled water (Davison et al., 1994; 1-lamilton-Taylor et al., 

1999). 



Concentration of each metal in the solution can be calculated using equation (2) 

rearranged from equation (1): 

C = MAg/( DAt) (2) 

1.4.2 Methods for sediments 

Traditional methods for determining sediment toxicity generally involve acid 

digestion of sediment either completely or partially, and as with water samples, total 

metal concentrations do not offer adequate information regarding toxicity of the 

sediment (Di Toro et al., 1990; Di Toro et al., 1992). Metals within sediments may 

he weakly or strongly hound, thus partial digestions, such as cold digestion with 

weak (1 N) hydrochloric acid is taken to reveal the concentrations of the bioavailable 

metal within the sediment. However, Di Toro ci al., (1992) and Ankley ci al., (1994) 

suggest that the relationship between extractions of solid phase sediments and 

hioavailahility remains elusive, and that determining metal concentrations in 

sediment porewater is a more promising measure of hioavailablity and organism 

response. 

1.4.2.1 Poreu'ater toxicity testing 

Porewater is a very sensitive indicator of the trace metal interactions with sediment 

and water, and, as described by Forstner and Salomans (199 1) the large surface area 

of sediment in contact with the small volume of entrapped porewater would ensure 

that even minor reactions with solid phases will he indicated by major changes in 

aqueous phase composition. Porewater metal concentrations are now widely used to 

determine sediment toxicity and potential for hioaccumulation in henthic fauna 

(Forstner and Salomons, 1991; Ankley et al., 1994; Lee ci al., 2000a; Lee ci al., 

2000h; Sundelin and Eriksson, 2000: Boothman ci' al., 2001; Millward etal., 2001). 
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Porewater metal concentrations may be determined after sampling via several 

methods, including centrifLigation and filtration of sediment (Lee et al., 2000b) and 

deployment of in situ samplers (Ugo ci al., 1998). In situ samplers such as the ones 

used in this project have the benefit of minimal adulteration of porewater samples, 

and are able to simultaneously sample porewater from different depths including oxic 

water directly overlying sediments. These samplers provide a direct measure of 

operationally dissolved metal in sediment porewaters as it must be capable of 

diffusing through a 0.45iim membrane for collection in sampling cells. Porewater 

dissolved metal concentrations can then be related to sediment metal concentrations 

and sediment water interactions may be investigated. 

1.4.2.2 Acid volatile su/fidests'imultaneouslv extracted metals 

Many factors influence metal bioavailabilty and toxicity in porewaters, one major 

factor in anoxic sediments is acid volatile sulfide (AVS) (Di Toro ci al., I 990: Di 

Toro ci at.. 1992) Sulfides in anoxic sediments are formed by the reduction of 

sulfute, during the decomposition of organic matter, by anaerobic bacteria (Wang and 

Chapman. 1999). Sulfide is a major binding phase of metal cations since at 

equilibrium the sulfide ion out competes other commonly present dissolved or 

particle-associated ligands for the metal ion to form insoluble metal sulfides. Metal 

hioavailahility and toxicity is therefore greatly reduced (Di Toro et at., 1992). 

Generally iron and manganese monosulfides, pyritic sulfides (Fe2S) and organic 

sitlfides are the dominant sulfide species in anoxic sediments. However, in polluted 

sediments metal sulfides are commonly present in environmentally significant 

concentrations (Simpson ci aL, 1997). Sulfides vary in reactivity and the acid volatile 

sulfide phase (AVS), extracted by cold digestion with weak hydrochloric acid, 

contains the iron and manganese monosulfides and metal sulfides with lower 

soluhility products than iron and manganese monosulfides and will exchange with 

them by: 

M2  + FeS - MS + Fe2 
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The AVS extraction procedure also extracts metals (Cd, Zn, Pb, Ni) and the sum of 

their molar quantities is defined as simultaneously extracted metals (SEM). An 

excess of AVS over SEM will ameliorate toxicity of the sediment due to these metals 

(Di Toro ci al., 1992; Simpson ci al., 1997). Thus AVS/SEM ratios are widely used 

as a means of predicting sediment toxicity. If the ratio of AVS to SEM is greater than 

1 (AVS/SEM >1), sediments are likely to be non-toxic, and porewater concentrations 

of certain metals should be low (Ankley etal., 1994). However, if ratios are less than 

one AVS concentrations could not be expected to negate toxicity and sediments, 

especially those low in other complexing agents, such as organic matter, will be 

potentially toxic. 

DGT devices may also be deployed in sediments to give a measure of the labile 

metal concentrations of porewater. The labile fraction obtained via this technique can 

then be compared with the 0.45 jim dissolved fraction and allow investigation of 

porewater metal speciation and bioavailahility. Comparison with traditional measures 

of hioavailahle metal in sediments would then enable toxicity of sediments to be 

investigated. 

1.5 Objectives 

This study investigates the effect of sediment/water interactions on copper speciation 

in a marine environment and the hiogeochemistry of copper speciation in marine 

sediments, via the use of a combination of in situ and laboratory techniques. This 

was accomplished by examination of seawater speciation and sediment metal 

concentrations, including comparisons of total and hioavailahle extractions and the 

interactions between seawater, porewater and sediment components of the marine 

environment. 

To achieve these objectives the DGT method in seawater was trialled extensively in 

the laboratory and in field deployment experiments. The DGT measured labile 

copper in the field experiments was also compared to anodic stripping voltammetry 

measured labile copper. The extensive trialling of the new DGT technique enabled 

recommendations to be made about the use of this technique in determining 

hioavailahle metal concentrations. Results from these trials also demonstrated the 
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benefits and limitations of DGT as a robust method to he used by industry to enable 

compliance with the ANZECC water quality guidelines. 
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2 Methods 

2.1 Sample sites 

Three sample sites were chosen within Cullen Bay for the each of the three field 

experiments (Figure 2. 1). Cullen Bay trials 1 and 3 were conducted at sites A and B 

respectively, whilst the trial 2 was conducted at site C off the marina pontoon. 

I. 

Figure 2.1 Cullen Bay Marina 

All equipment for Cullen Bay trial 3 at site B was deployed within an area of Sm in 

diameter. Within this area sediment cores were collected adjacent to peepers and 
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DGT pore-water samplers, whilst DGT water column apparatus were deployed in the 

water column directly overlying samplers. Water samples were also collected from 

the same area, above sediment samplers (Figure 2.2). 

 

Dump 

DGT 
water 
sample r 

DGT 
porewater 
samplers 

I 

iment 
Sediment core 

Figure 2.2 Co-located fie1d sampling 

2.2 Cleaning procedures for laboratory glassware and plasticware 

Several cleaning methods were employed during this project depending on necessity. 

Sediment methods employed Method 1. whilst DGT and seawater methods 

predominantly employed Method 2. Ultra trace work however, necessitated the use 

of Method 3. 

2.2.1 Method 1 cleaning procedure 
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Plasticware and glassware was rinsed briefly with reverse osmosis (RO) water prior 

to soaking in 1-2% Decon 90® for minimum 3 hrs, followed by thorough rinsing 

with high purity (HP) water and soaking in 5-10% HNO3, for minimum 6 hrs. All 

Plasticware and glassware was then thoroughly rinsed with HP water and dried 

(covered) in a 60°C oven. 

Method I was performed on both new and recycled plastic and glassware. 

2.2.2 Method 2 cleaning procedure 

Plasticware and glassware was rinsed with HP water prior to soaking in 5-10% 

HNO3  for a minimum of 6 hrs, followed by thorough rinsing with HP water and 

further soaking in 5-10% HCI. All glass and plasticware was then rinsed and dried as 

per Method 1. 

Method 2 was performed on all glassware and only on new p!asticware. 

2.2.3 Method 3 cleaning procedure 

Method 2 grade plastic and glassware was soaked or rinsed with 3% Aristar grade 

HNO, rinsed with HP water and dried where necessary. 

2.3 Seawater sampling 

Seawater samples were taken by either a grab sampling method or via a continuous 

flow sampling method. Grab sampling consisted of uncapping a sample bottle at the 

desired depth using gloved hands. Continuous flow sampling involved the use of a 

pump and tubing to deliver water into a sample bottle from the desired depth. 

Continuous flow sampling allowed in-line filtering and was thus most often used. 

When pumping samples, the shallowest samples were taken first and the deepest 

samples last, to avoid water mixing. Pump, tubing, and filter were all rinsed in situ, 
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by flushing apparatus for 5 minutes prior to first sample and 2 minutes between 

subsequent samples. 

As part of the sampling procedure selected unfiltered samples were spiked with 

l24pgIL iron and aluminium, 8pglL manganese, zinc and copper and 0.8ig/L lead, 

cadmium, cobalt and nickel. Filtered seawater (0.45tm) samples were spiked with 

6ig/L iron and aluminium 2pg/L manganese, zinc and copper and 0.2igIL lead, 

cadmium, cobalt and nickel. This involved the addition of a known concentration of 

metals into a duplicate sample. 

2.3.1 In-line Pumps 

Both a peristaltic action in-line pump (Cole Palmer® 7533-50) and a submersible in-

line pump (Niagra® LVM 114) were used for sampling. Both were 12V battery 

operated, however the higher throughput and smooth flow of the submersible pump 

was lound to he more appropriate for the task. 

Pump tubing (Nalgene® polyurethane) for field sampling was soaked in 5% HCI for 

a maximum time of 30 minutes before thorough flushing and attachment to pump. 

Pump and tubing where then sealed in polypropylene (PP) ziplock bags until 

required. 

A control sample was taken to test contamination from sampling apparatus. An acid 

washed 25 L LDPE carboy was filled with high pure water and 2 filtered and 2 

unfiltered samples were taken from it following the sampling procedure above. This 

test was performed for both types of pump. 

2.3.2 Sample Bottle Preparation 

Sample bottles were seawater dedicated low density polypropylene bottles (250m1 

Nalgene®). These were prepared by Method 2 cleaning procedure in a class 100 

clean room They were stored lilled with 0.1% HCI and double-bagged in PP zip-

lock bags until required. 



2.3.3 In situ filtration 

Gelman® ground water filter capsules (0.45tm) were used for in situ in-line 

filtration. Capsules were attached to tLlhing when desired depth was reached and 

flushed for 5 minutes prior to sample collection 

Filter capsules were cleaned by wetting through with HP water and allowing them to 

soak in 5% HCl (Aristar grade) for 1 hour before thorough flushing with HP water. 

Capsules were allowed to drain (covered with plastic wrap) in a class 100 laminar-

flow hood overnight, before being sealed in ziplock plastic bags and stored at 4°C 

until required. 

2.3.4 Labo ratory filtration 

Some seawater samples were filtered in the laboratory in a class 100 clean room. In 

this case filtering involved a SOmI syringe (Terumo®) and attached filter capsule 

(0.45tm (ielman®). All samples filtered this way were less than 50rn1 in total and 

were filtered immediately upon return to the lab. 

2.4 Solvent Extraction for metals in seawater 

Solvent extraction allows preconcentration of a sample and hence offers greater 

sensitivity. The method used in this project was developed especially for seawater 

samples by Batterharn, etal., (1997). 
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2.4.1 Reagents for Solvent extraction 
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The complexing agent used was a mixture of 0.5% ammonium 

pyrrolidinedithiocarbamate (APDC) and 0.5% sodium diethyldithiocarhamate 

(NaDDC) dissolved in HP water. Analytical grade (AR Grade) diisobutylketone 

(DIBK) was the extractant and the hack extraction solution used was either 100 or 

150rng/L mercury in HP water, acidified to 0.13% with Aristar grade HNO and 

containing internal standards (8JgIL Rhodium, Indium and Rhenium). All samples 

were buffered to a pH of 4.5 with ammonium acetate buffer (3M ammonia —2M 

acetic acid). 

2.4.2 Solvent extraction procedure- filtered and unfiltered seawater 

Filtered seawater (80m1s. 0.45 jim) was placed into 250rn1 polypropylene separating 

funnel (Nalgene®) held in an automatic multi-wrist shaker (Labline®). To this 

sample I O0tl of complexing agent and 5rn1 DIBK (extractant) was added. Samples 

were also adjusted to pH —4.5 using ammonium acetate buffer. 

Once reagents were added samples were shaken vigorously for 10 minutes, a settling 

time of 5 minutes followed, before 4.2 ml of the DIBK phase was pipetted into a 

screw —top vial (15m1 Sarstedt®). One ml of 100mg/L mercury back-extraction 

solution was then added and all samples hand shaken vigorously for 3 minutes. After 

a settling time of at least 5min the organic phase was removed to waste and aqueous 

samples analysed using ICP-MS. 

The procedure for unfiltered seawater followed the same procedure as above except 

250jil of complexing agent and 150ppm mercury back-extraction solution was used. 

In addition, samples containing greater than 10rng/L suspended particulate matter 

(SPM) were diluted with HP water and buffered accordingly. 

Each extraction run included a minimum of 3 blanks. Random spiking and 

duplication were also performed. All glassware and plastic ware was Method 3 

washed and dedicated for solvent extraction work. Separating funnels were further 

dedicated to either filtered or unfiltered samples. 
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2.4.3 JGP-MS Analysis of in etals from solvent extraction 

All samples analysed for metals on ICP-MS were analysed on a Pci-kin Elmer® Elan 

6000 ICP-MS instrument with an AS90 autosampler (Perkin Elmer®). For solvent 

extracted samples a microconcentric nehuliser was used and sample uptake tubing 

was replaced with small-bore capillary tubing. The instrument was operated in 

accordance with manufacturers specifications, an example of operating conditions 

are listed in Table 2. I. The nehuliser gas flow and ion lens voltage were optimised 

for maximum sensitivity prior to analysis. 

Table 2.1 Elan 6000 ICP-MS instrument conditions 

Power 1050W 
Argon plasma gas flow I 7L/min 
Argon aLixillary gas flow 1.2 L/min 
Argon nehuliser gas flow 0.7 L/rnin 
Sample rinse 20s at 48rpm 
Sample uptake 20s at 48rpm 
Scan mode 20s at I 6rpm 
Sweeps/reading 6 
Replicates 3 
Dwell time lOOms 

Standards were made up in the same matrix by the addition of a I00il metals spike 

(covering the range 30ig/L-3000pg/L Fe, 10pg/L-1000pg/L Mn, Cu, Zn and 1pg/L-

l00ig/L Pb Cd, Co. Ni) to 9.9m1 of mercury back-extraction solution. 

Table 2.2 shows the isotope masses analysed. These isotopes were chosen for several 

reasons, two iron isotopes are analysed as a quality control protocol, since significant 

differences in their isotopic ratio may indicate the presence of a contaminant. 

Rhodium was chosen as an internal standard element. All other isotopes were chosen 

either because they are the isotopes present in the calibration check solLition, because 

they are the most abundant isotope, or because of interferences on alternate isotopes. 

Iron 54. zinc 64 and cadmium 114 must he corrected for interferences (as indicated 

in the table) and lead values are total measurements. 

Table 2.2 ICP-MS isotope masses analysed in seawater - solvent extraction analysis 
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isotope Mass 
Mg 25 
Fe 54 (-0.028226 x Cr52) 
Fe 57 
Co 59 
Ni 60 
Cu 63 
Zn 64 (-0.035313 x Ni60) 
Rh 103 
Cd 114 (-0.026826 x Sn! 18) 
Pb 208 (+Pb206 +Ph207) 

2.5 Anodic Stripping Voltammetry (ASV) for copper in 0.45p.m filtered 

seawater 

Acidified or unacidified sample (20m1) was placed in the glass sample cup of the 

Metrohm polarograph (663 VA stand with a 626 polarecord) and deaerated for 15 

mm. This was followed by a deposition time ranging from 5-30 mins (depending on 

the pre-concentration requirement) where sample was plated onto the hanging 

mercury drop electrode (HMDE). After the deposition time the deposited sample was 

quantified by applying a voltage sweep from —0.65V to OV. This range was chosen 

as it adequately covered both copper and lead. A new mercury drop was used for 

each sample and calibration was via a standard additions method. A baseline scan 

was also performed for each sample. 

Calibration was via addition of copper metal spike (12.5Jg/L) following the standard 

addition calibration method. A deaeration time of 2 mins occurred after each 

standard additions spike. 

2.6 Total organic carbon and dissolved organic carbon 

Filtered (0.45p.m) and unfiltered samples were collected as per sampling method for 

metals and frozen upon return to the laboratory. Frozen samples were packed in an 

esky and sent to the Freshwater Research Laboratory —Environmental Sciences. 
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Murdoch University for analysis. Analysis followed the non-purgable carbon 

combustion method. That is, all inorganic carbon was purged with acid and the 

remaining carbon quantified as organic carbon. 

2.7 Determination of Suspended Particulate Matter (SPM) in seawater 

Seawater samples were vacuum filtered through pre-weighed 0.45tni filter 

membranes (Gelman®), which had been dried in a microwave oven. Seawater (200-

1000m1) was filtered in small portions, portion size dependent on the speed of 

filtration. Filters were washed three times with HP water and dried in a microwave 

oven before final weighing. All weighing was performed to the nearest 0.0001 using 

a Sartorious® electronic balance. 

2.8 In situ physicochemical measurements 

Physicochemical parameters (pH, dissolved oxygen (DO), turbidity, salinity, 

temperature and conductivity) were measured using either a Hydro-lab datasonde 

and meter (surveyor 4) or pH, DO and Redox were measured with individual probes. 

All probes and associated meters were calibrated using standard solutions as per 

manufacturers instructions before being taken to the field. They were also checked 

using these same solutions upon return to the laboratory. All probes were allowed 

adequate equilibration time before measurements were taken. 

2.9 Porewater 

2.9.1 Sampling apparatus 
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Porewater was sampled using a dialysis pore-water sampler. The porewater samplers 

used in this project are referred to as peepers and are essentially rectangular acrylic 

blocks with grooves milled in, there are eleven such 'grooves' holding 19m1 of liquid 

each. See Figure 2.3: 

' 

tV 

.,... V 

Figure 2.1 Porewater sampler 

Peepers were prepared by filling the wells with deaerated HP water and covering 

with a polysulfone (Gelman —HT Tuffryn) filter membrane (0.45 jim). Care was taken 

to ensure no air was trapped under the membrane. A face plate made of the same 

material was screwed on top of the filter holding it in place. 

2.9.2 Sampling method 

Porewater samplers (also called peepers) were deployed by divers pushing the 

samplers into the sediment. Peepers were left to equilibrate in the sediment for 1-3 

weeks. Peepers were maintained in a nitrogen atmosphere from the time they were 

extracted from field sediment to the time they were sampled. This time was 

minimised as far as possible and was at most 4-6hrs. The samplers were rinsed 

briefly with HP water and porewater removed via Method 2 washed pipette tips. 

Each well required a fresh tip. 
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Redox and pH measurements were also taken after samples had been removed. 

Redox measurements used a redox microprobe (Lazar Laboratories). pH 

measurements used a redox/pH combination probe (Activon AEP53 1). All probes 

and associated meters were calibrated using standard solutions as per manufacturers 

instructions. 

2.9.3 Solvent extraction method of porewater 

Two methods were trialed for solvent extraction of porewaters, both are from 

(Batterham et al., 1997) The first method trialed an acid back extraction with 

concentrated nitric acid (Suprapur®), whilst the second method followed the 

unfiltered seawater extraction procedure (Section 2.4.2). 

For both methods sample volume was 8m1 instead of 80m] used in seawater solvent 

extraction and acetate buffer was scaled down accordingly. The extractions for all 

pore-water samples occurred in the dedicated unfiltered seawater-separating funnels 

to avoid contaminating the filtered seawater fLinnels with potentially high metal 

concentrations. 

For the acid back extracting method - 250pi of complexing agent was used and 

samples were back extracted with 50i.il (Suprapur®) nitric acid. In this case samples 

were made up to 2ni1 with HP water before the DIBK layer was removed. Volume of 

DIBK used was the same as for the seawater method. 

2.9.4 ICP-MS Analysis 

Porewater samples were also analysed by dilution analysis following the dilution 

analysis method: 

Table 2.3 shows isotope masses analysed for dilution analysis. These isotopes were 

chosen for the same reasons as previously mentioned (section 2.4.3) 
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Table 2.1 ICP-MS isotope masses analysed in seawater - dilution analysis 

Isotope Mass 
Al 27 
Cr 52 
Fe 54 (-0.028226 x Cr52) 
Fe 57 
Mn 55 
Co 59 
Ni 60 
Cu 63 
Zn 64 (-0.0353 13 x N160) 
Rh 103 
Cd 114 (-0.026826 x Sn! 18) 
Pb 208 (+Ph206 +Ph207) 

2.9.4.1 ICP-MS - Di/iitio,i anal vsis method 

Blanks and standards contained I ml NASS-5, 2m1 internal standard and metals spike 

(1.33p(,/L, 2.67pg/L or 5.33ig/L Cu, Zn, Cd. Pb) and were made up with 0.13% 

HNO, as per samples. 

Since NASS-5 reference seawater was used for matrix for blanks and standards all 

samples were salinity matched to the salinity of diluted NASS-5, (salinity of NASS-5 

diluted 1/15=2.03). 

Internal standard (2m1 - 80pg/L Rhodium, Indium and Rhenium) was added to Xml 

of sample (where X is determined by the salinity matching calculation) and made up 

to I Sm! with 0. 1301c Aristar grade HNO. 

Standards and samples were analysed on the Elan 6000 ICP-MS (Perkin Elmer®). 

Porewater samples subjected to solvent extraction were analysed via seawater 

solvent extraction lCP-MS method (Section 2.4.3). 

Those samples following the acid-extraction procedure did not contain Hg in their 

matrix, therefore standards were instead made up with a matrix containing internal 

standard, suprapur nitric acid and HP water 
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2.9.5 Sulfide analysis of porewater 

Sulfide analysis is dependent on the quantitative production of a blue pigment, 

methylene blue, when sulfide reacts with phenylene diamine. This pigment may he 

measured spectrophotometrically. The method detailed below is from Cline, (1969) 

with modifications from Fonselius, (1983). 

Porewater from sample wells (lml) was placed into glass HPLC vials containing 

30tl of sulfide reagent. The sulfide reagent was a 1:1 mixture of FeCl3.6H20 and 

N,N-dimethyl-p-phenylene diamine dihydrochloride in 6M UCI. 

Samples were allowed to react with sulfide reagent for -2 min before absorbance 

was measured at 670nm on a Hitachi UV/Vis (U 1100) spectrophotometer. Standards 

were made up in I Omi vials using 300tl of sulfide reagent and freshly prepared, 

nitrogen purged, sulfide stock solution (0.IM). 

2.9.6 Fe(II) Analysis method of porewater 

The iron (II) analysis method, from Greenberg etal., (1990) is a spectrophotometric 

method where the coloured solution obeys Beers law and is independent of pH 

between 3 and 9. A rapid colour reaction occurs between 2.9 and 3.5 in presence of 

excess phentanthroline. 

Samples (0.5m1) were taken as per sulfide analysis method and placed into glass 

HPLC vials containing 0.2m1 1,1 0-phenanthrol inc monohydrate (2000mg/L). To 

adjust sample pH to 3, 0.1 ml ammonium acetate buffer (6M) was also added. 

Samples were allowed to react with reagent for -2 min before absorhance was 

measured at 510nm on a Hitachi UV/Vis (U 1100) spectrophotometer. Standards 

were made up in lOmI vials from an Fe(lI) stock solution (200rng/L). 



2.10 Diffusive Gradients in Thin films (DGT) 

The piston type DGT devices (as described by Davidson and Zhang 1995) were 

obtained from DGT Research LTD, and were assembled in a class 100 clean room. 

2.10.1 Assembly Method 

DGT devices were assembled from separate sheets of diffusive gel and resin gel. The 

gels were cut using an acrylic punch (DGT Research LTD) to fit the piston (2.5cm 

diameter). This punch was also used to cut 0.45tm nitrocellulose filters (Gelman®) 

to the correct size. 

Mounting of DGT devices and all DGT work was performed in a class 100 laminar 

flow hood in a class 100 clean room. All DGT-reserved plasticware and glassware 

were of Method 2 clean standard. Nitrocellulose filters were soaked in 3% Aristar 

grade nitric acid overnight followed by soaking in HP water overnight before use. 

After several different cutting surfaces were trialed, including Method 2 washed 

polypropylene zip-lock bags and a Method 2 washed horosilicate glass petri dish in 

an attempt to minimise zinc contamination problems (see section 3.2) an acrylic 

cutting board was chosen. Chelex resin gel was cut with chelex facing upward using 

a push and turn action. Once the circle was cut, a corner was lifted using tweezers 

and the gel disc was slid up onto the piston, to minimise the number of surfaces 

contacting the chelex resin. A diffusive gel disc was then cut in the same manner and 

placed onto the resin gel, using a rolling action to eliminate trapped air bubbles. The 

filter paper was placed on top using a similar rolling action, then the piston ring was 

pushed firmly into place (Figure 2.4 DGT Device, redrawn from Davison and Zhang, 

1994). DGT devices were stored at 4°C in polypropylene sample jars with several 

drops of HP water on the filter membrane window to prevent gels drying out. 
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Figure 2.1 DGT Device 

2.10.2 DGT Laboratory experiments 

Two laboratory experiments were performed before DGT devices were used in the 

field. The first was a high concentration experiment in which five 4L polypropylene 

bottles were filled with filtered seawater having low/background metal 

concentrations. The first bottle was unspiked but subsequent bottles were spiked with 

12, 55, 111 or 232 ig/L of copper, cadmium, lead and zinc. Four DGT devices were 

placed in each bottle tied at intervals on Method 2 washed fishing line. The bottles 

also contained Method 2 washed magnetic stirrer bar. 

The 5 bottles were placed on magnetic stirring hotplates and allowed to stir gently 

throughout the experiment. A DGT device was removed from each bottle at set 

intervals. Bottles 3,4 and 5 being the highest concentrations had DGTs removed at 

lhr, 4hrs, 7hrs, and 23hrs. Bottles I and 2 being the lowest concentration had DGTs 

removed at 4hrs, 7hrs, 23hrs and 27.5hrs as indicated in Table 2.4: 
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Table 2.1 Exposure time of DGTs in laboratory experiment 1. 

Bottle No Concentration (Cu. Cd. Pb, Zn) (pg/L) DGT devices Time exposed (hrs) 

4 

2 7 
1and2 0 and 12 

3 23 

4 27.5 

1 

2 

1 

4 
3,4 and 5 55, 111 and 232 

3 7 

4 23 

DGT experiment 2 followed the same set-up but involved only 3 DGT devices per 

concentration and only 2 concentrations were used (Table 2.5). Bottle 1 was spiked 

with 0.54j.ig/L copper, cadmium, lead and zinc whilst bottle 2 was spiked with 

2.lig/L of these metals. Exposure times also varied (Table 2.4) and stirring rate was 

increased. 

Table 2.2 Exposure time of DGTs in laboratory experiment 2. 

Bottle No Concentration ((Y/L) DGT devices Time exposed (hrs) 

83-3 days 

1 and2 0.54 and 2.1 2 1074.5 days 

3 216-9days 

Temperature and pH were measured at each DGT removal time and in experiment 1 

a small sample of seawater was taken for metal analysis and measured via ICP-MS 

dilution method (Section 2.9.4. 1). Seawater from experiment 2 underwent solvent 

extraction after the final exposure time had elapsed (Section 2.4.2). 
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2.10.3 DGT field deployment apparatus in water column 

DGT devices were suspended in the water column via a weighted buoy apparatus. 

The apparatus consisted of 4 polypropylene bottles tied together with thick gauge 

fishing line. The uppermost bottle was a 2L float bottle filled with air. The second 

bottle, lm below the surface was a DGT holding bottle with holes cut in to secure 

DGTs in place. There were additional holes in this bottle to allow water flow. Two 

DGTs were press fitted into holes in this bottle with the sampling windows facing 

inwards to protect them from settling particulate matter. The next bottle in the series 

was another sampling bottle for sampling at .-2m below surface. The final bottle in 

the series was the weight bottle, a 2L bottle filled with sand and water. An additional 

weight was attached below this bottle to prevent drift of apparatus (Figure 2.5). 

Entire apparatus was acid washed, with sampling bottles cleaned to Method 2 

standard. Two of these apparatus were prepared and deployed. 

now 
Figure 2.1 DGT water column apparatus 

Deployment of the apparatus occurred in either of two ways. DGT devices were 

pressed into place, and the apparatus were lowered into the water from a boat, or the 

apparatus was deployed in the water column by a diver. 
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DGT devices were deployed for 4-9 days and DGTs removed in the field, rinsed 

briefly with HP water and replaced into polypropylene sample jars for transport back 

to the laboratory on ice. 

2.10.4 DGTfield deployment apparatus in sediment 

DGT devices were placed in sediment by scuba divers via high density polyethylene 

rectangular shaped stakes. The stake had four holes into which DGT devices were 

press fitted and stakes pushed into sediment (Figure 2.6). 

Figure 2.1 DGT porewater sampler 

Porewater DGT devices were deployed for 1-3 weeks and DGTs removed in the field 

as per water column method. 
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2.10.5 DGT resin extraction and metal elution method 

In a class 100 clean room the piston ring was levered off piston and filter and 

diffusive gel layer removed. Tweezers were then used to place the chelex resin into 

Method 2 cleaned centrifuge tubes. One ml, 1 M Aristar grade nitric acid was then 

added to each centrifuge tube and shaken at 200rpm in an environmental shaker 

(Labline®) at 25°C for 12 hrs. 

Resins of porewater DGT samplers were extracted as described above, however 

orientation of DGT devices were marked upon removal from sampler and resin disks 

were sliced in half horizontally while filters and diffusion gels were still attached and 

before being removed from piston. Slicing was performed to allow for greater 

resolution with sediment depth with a new stainless steel scalpel blade. Half resins 

were then eluted as above. 

2.10.6 ICP-MS analysis of DGT metals 

Two ml of internal standard solution (20tg/L Rhodium, Indium, Rhenium) and IrnI 

of HP water was added to 1 ml of DGT chelex extract. Tubes were then centrifuged at 

3000rpm for 5mm (Beckman® benchtop centrifuge TJ-6) to ensure resin was below 

ICP-MS uptake tube depth. Samples were then analysed on the ICP-MS for copper, 

cadmium, lead and zinc. 

Standards were made up in the same matrix of nitric acid and internal standard to 

concentrations of 10, 5 and 2.5Jg/L of copper, cadmium, lead and zinc. 

Table 2.6 shows chosen isotopes analysed in DGT resin eluate, these isotopes were 

chosen for the same reasons as previously listed. 



34 

Table 2.1 ICP-MS isotope masses analysed in seawater - DGT 

Isotope Mass 
Cu 63 
CLI 65 
Zn 64 (-0.035313 x N160) 
Zn 66 
Rh 103 
Cd 111 
Cd 114 (-0.026826 x Sn118) 
Ph 208 (+Ph206 +Ph207) 

2.11 Sediments 

2.11.1 Core collection method 

Cores were taken by scuba diving using a length of PVC pipe (10cm diameter), 

which was pushed into the sediment, caps were then placed on the ends of the pipe 

and the core brought to the surface. Cores were stored at —20°C. 

2.11.2 Core sectioning method 

Cores were sliced into sections after thawing overnight, using a length of fishing line 

and a guide apparatus. Slices of 1cm width were taken for the first —5-10cm of core 

and in 5cm widths thereafter. Each section was placed into pre-weighed trays and 

dried for several days at 60°C. Sediment was quite homogeneous and was 

homogenised before drying. 

2.11.3 Moisture content 

Moisture content was determined on all sediment slices from all sediment cores. 

Weight of sediment was measured before and after drying at 60°C, and the moisture 

loss determined. 
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2.11.4 Field redox and pH measurements 

Field redox and pH were measured on surface sediments collected with a stainless 

steel Van veen grab sampler. Redox and pH probes were plunged into the sediment 

at four locations in the sample and measurements recorded. This procedure was 

repeated with a second grab sample. 

2.11.5 Acid volatile sulfide/simultaneously extracted metals (A VS/SEM) 

determination 

Acid volatile sulfides (AVS) and simultaneously extracted metals (SEM) were 

determined for selected slices of sediment cores. Wet sediment (2g) was placed into 

a rubber sealed glass jar with 50m1 of IN hydrochloric acid. A stand containing lOrnI 

of 2M sodium hydroxide was also placed in the jar. The sulfides released by 

acidification dissolved in the NaOH whilst the HCI simultaneously extracted metals. 

Both the HCI and the NaOH contained a magnetic stirrer bar and were stirred 

throLighout extraction by a magnetic stirring hotplate. After lhr of digestion, samples 

were removed from both HCI and NaOH via a pipette (Method 1 washed pipette tip). 

NaOH samples were analysed for sulfides using the same method as that used for 

porewaters (Section 2.9.5), except that volumes of reagent and sample were scaled 

LIP to allow for greater dilution of sample in 50m1 centrifuge tubes (Sarstedt®). 

2.11.6 Nitric/perch loric acid digestion method 

Approximately 0.5g of dried sediment from each slice of core was weighed 

accurately to the nearest 0.0001g on a Sartorious® electronic balance and placed in a 

50m1 graduated digestion tube. Replicate samples, acid blanks, reference material 

(MESS-2) and sediment spiked with metals (2.65mg/Kg Fe, 0.05mg/Kg Mn, Cu and 

Zn. 0.005mg/Kg Co. Ni. Cd and Pb) were included in each batch of samples. 
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Concentrated AR grade nitric acid (lml) was added to each tube and allowed to react 

overnight in a fumehood. Concentrated AR grade (4m1) perchioric acid was then 

added to each tube and heated to 100°C for 30 minutes on a thermostatically 

controlled heating block in a fume hood. The temperature was then increased to 

130°C for 30 minutes, and finally increased to 200°C for 300 minutes to reduce the 

volume to 2m1. 

After cooling tubes were made up to 50m1 with HP water and agitated using a vortex 

mixer and allowed to settle overnight in a 4°C refrigerator. Fifteen ml was then 

decanted into a centrifuge tube (Sarstedi®) and stored at 4°C until analysis. 

2.11.7 ICP-MS analysis of acid digests 

Both types of acid digest (IN HCI and HNO1/1-1004) were analysed on a Perkin 

Elmer (Elan 6000) ICP-MS. 

Samples were prepared by diluting I ml of sample in 9m1 of internal standard solution 

(40ig/L Rhodium, Indium and Rhenium). Standards are made up in the same matrix 

as samples (either hydrochloric or perchloric acid) and also diluted 1:9 with internal 

standard. 

Table 2.7 shows isotopes chosen for sediment digests. Rhenium is chosen for this 

analysis as an internal standard correction for lead. 
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Table 2.1 ICP-MS isotope masses analysed in sediment digests 

Isotope Mass 
Fe 54 (-0.028226 x Cr52) 
Fe 57 
Mn 55 
Co 59 
Ni 58 
Ni 60 
Cu 63 
Cu 65 
Zn 64 (-0.0353 13 x Ni60) 
Zn 66 
Rh 103 
Cd ill 
Cd 114 (-0.026826 x Sn! 18) 
Re 187 
Pb 208 (+Pb206 +Ph207) 

2.11.8 Total organic carbon determination method 

This method is a modified version of(Heanes, 1984), is based on the reaction: 

20-207( aq)  + 1 2H (a11)  + 3C()  - 4Cr 3+
(al((  + 3CO2(g)  + 8H20(1)  

Approximately 0. 1 g of dried sediment from each slice of core was weighed to the 

nearest 0.0001g on a SartorioLls® electronic balance and placed in a 20m1 graduated 

digestion tube. Replicate samples, and acid blanks were also analysed, as was 

internal reference material (BUFF-4) and sediment spiked with sucrose, equivalent to 

0.6 mg/L organic carbon. 

Potassium dichromate (2m1 IN) was added to each tube and agitated carefully in a 

furnehood. Concentrated AR grade sulfuric acid (4m1) was then added to each tube. 

Further agitation is then followed by digestion at 135°C for 30 minutes on a 

thermostatically controlled heating block in a fume hood. 

After cooling tubes were made up to 20m1 with HP water and agitated using a vortex 

mixer and allowed to settle overnight in a furnehood. Fifteen ml was decanted into a 

centrifuge tube (Sarstedt®) centrifuged at 3000rpm for 15 minutes and absorbance 

measured at 600nrn on Hitachi UV/Vis spectrophotometer (U 1100). 
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Since sediment is from a marine environment a chloride correction is required to 

account for interferences. 

Chloride correction was performed by subtracting one twelfth of the chloride 

percentage of the sample: 

%TOC = %apparent TOC - 1/12 %CV 

Where chloride is determined using a chloride ion - selective electrode. 
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3 Results 

3.1 Quality Control 

Table 3.1 Reference materials, spike recoveries, blanks and detection limits for total acid 
extractable metals, solvent extraction, dilution analysis, DGT, ASV, TOC and AVS 

Sediment- total acid extractable metals -- 

(mg/Kg) Fe Mn Co Ni Cs Zn As Cd Pb TOC AVS 

MESS-2 certified - 365 13.8 49.3 39.3 172 20.7 0.24 21.9 - - 

typical recovery (n=2) - 100% 100% 100% 98% 95% 103% 1001- 102% - - 

typical spike recovery (n=6) 141% 101% 106% 98% 99% 90% 106% 98% 91% - - 

typical sampling blank <D.L. <D.L <DL <EL. <D.L. <DL. 1.958 <D.L <D.L - - 

typical detection limit (DL.) 22.3 0.196 0.006 0.360 0131 3.59 0.357 0.054 540 - - 

Seawater-solvent extraction )ig/L) 

SLEW-2 certified - - - - 1,62 - - 0.019 0027 - - 

typical recovery (n=2) - - - - 99% - - 99% 97% - - 

typical spike recovery - filtered (n=3) - - - - 1001. - - 95% 94% - - 

typical spike recovery - unfiltered (n=3) - - - 92% - - 91% 92% - - 

typical sampling blank - - - - <D.L - - <DL. 0.011 - - 

typical detection limit - - - - 0014 - - 0001 0.006 - - 

Seawater-dilation analysis )1i9/L) 

typical sampling blank - - - - 0.126 - - eD.L <D.L - - 

typical detection limit - - - - 0.943 - - 0.005 0.018 - - 

DGT )1i9/L) 

typical sampling blank - - - eD L - <D.L <D.L. - - 

typical detection limit - - - - 0.921 - - 0.236 0.161 - - 

ASV', TOC' and AVS 
- 

Reference material - - - - a - - - - 1,0 - 

typical recovery (s=5, 4) 
- - - - 931/. - - - - 113% - 

typical spike recovery (n=3. 5h=7  ri=3) - - - - 9 1. - - - - 72% 89% 

typical sampling blank - - - - 0.540 - - - - <D.L. <D.L 

typical detection limit - -. - - 0.184 - - - - 0.339 379 

( Li'iillcd i'ClCi'CiiL'L iii,iici iii ikuie nil l<cc ,iicli ( 'iuucil ('iiricli 

% liod Siiippine \ i,liaixincir (pu,'t ) <t <i_il ( )i'uiiiie ( .s hex I iiiu/I 

AusI Viiliiil< Siillidc I iiiu/Ku 

I5iL'i'Iiiil rcici'exc'c ixiiLriil aaalvsed hk Nlii iiic and I-i'elir'iici I iheiiiiii ic-X1iitdii<li I 'iiir Ui 

'1 ye iel'ervsce materials used 01''.148SW 1(ig t I and Qi 114)S\V ISfip I I (_(iiiiixieiiie 

Spikes, reference materials, blanks and detection limits for seawater and sediment are 

displayed in Table 3.1. Porewater detection limits are in Section 3.3.3.2. 
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3.2 DGT Laboratory Experiments 

Two laboratory experiments were performed to determine equilibration times and 

accuracy of DGT devices in seawater. For the first experiment four DGT devices 

were placed into each of five 4L bottles. The bottles contained (0.45im) filtered 

seawater spiked to nominal concentrations of 12, 55, 111 and 232gIL with copper 

cadmium lead and zinc, while the fifth bottle contained unspiked filtered seawater. 

The nominal concentrations and ICP-MS measured concentrations are displayed in 

Table 3.2. 

Table 3.1 Nominal compared to ICP-MS (dilution method) measured concentrations 

Nominal concentration ICP-MS measured conc. (JgIL) 
(Jg/L) Cu Cd Pb 
0 2.00 0.86 <DL. 
12.1 12.0 12.9 11.6 
55.1 52.7 55.4 53.8 
III 115 124 117 
232 224 235 232 

Each of the four DOT devices in the bottles was removed after different set periods 

of time, to give a measure of the accumulation of the spiked metals over time (see 

Methods section 2.10.2 and Table 2.4). 
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Figure 3.1 DGT measured concentration of copper in seawater over time 
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Figure 3.2 DGT measured concentration of copper in seawater compared with concentrations 

measured by ICP-MS (dilution method) 

From Figures 3-1 and 3-2 it is observed that the lower concentrations of copper 

(unspiked and 12pgIL) were more accurately measured using DGT at the shortest 

times and that only after lengthy equilibration did DGTs in higher concentrations 

(55, Ill and 232pgIL) reflect the actual seawater concentration. 

The 232ig/L copper experiment for example initially shows a DGT copper 

concentration of 300gIL, this value steadily decreased as the DGTs were given 

longer equilibration times, until at the longest time the result (200g/L) is lower than 

the measured concentration of the seawater (224pgIL) (Figures 3-1 and 3-2). This 

effect was particularly noticeable for lead. At the longest deployment time 177g/L 

lead was measured via DGT in the 232ig/L experiment whilst the ECP-MS measured 

concentration was 232ig/L (Table 3. 1, Figures 3-3 and 3-4). 
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Figure 3.3 DGT measured concentration of lead in seawater over time 

The lllpg/L copper experiment shows an almost 50% decrease in copper 

concentration from the shortest deployment time to the longest (176 - 91g/L) 

(Figure 3.1). A large variation in lead and cadmium concentrations between the 

longest and shortest deployment times in the 111 gIL experiment is also evident. 

Results for cadmium (Figures 3-5 and 3-6) showed the same decreasing 

concentrations with longer deployment as copper and lead. However the 

concentration obtained at the longest deployment time (227ig/L) is very close to the 

ICP-MS concentration of 232 jig/L. 
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Figure 3.4 DGT measured concentration of lead in seawater compared with concentrations 

measured by ICP-vIS 

Zinc results were considered unreliable due to contamination of the chelex resin. 

Throughout this project zinc blank levels were high and variable suggesting 

contamination. Several experiments were performed to uncover the contamination 

source and finally in an experiment performed by F. Foti and N. Munksgaard, the 

contamination source was found to be the gloves used throughout this project. 

Although these gloves were talc-free to avoid the introduction of zinc, levels of zinc 

in the latex was sufficient to contaminate the chelex resin. This finding has cast 

doubt on much of the zinc data obtained in this study and it will not be discussed 

further with respect to DGTs. 
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Figure 3.5 DGT measured concentration of cadmium in seawater over time 
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Figure 3.6 DGT measured concentration of cadmium in seawater compared with concentrations 

measured by ICP-MS 

A second experiment was set-up using lower metal concentrations and larger stirrer 

bars to enhance stirring. This experiment was on a smaller scale using only two 

nominal concentrations, 0.54 and 2. 1 igIL, and three DGTs per concentration. 
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Figure 3.8 DGT measured concentration of copper in 0.54 and 2.1ig/L spiked seawater 

compared with concentrations measured by solvent extraction 

The same trends were observed in these lower concentration experiments as was 

observed in the previous experiments. That is, the longest deployment time showed a 

value lower than expected and the shortest deployment time a value higher than 
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expected, although the variation between deployment times was substantially less 

(Figures 3.7 and 3.8). 

From these results it was concluded that longer deployment times should be chosen 

for the field experiment to increase the accuracy of DGT data. Although Cullen Bay 

Marina (CBM) metal concentrations were expected to he high, longer deployment 

times are still reqLlired to achieve low detection limits. 

33 Field Trials 

Three field trials were conducted in Cullen Bay Marina. The first was a trial of DGTs 

in the field, at site A (see Methods section 2.1.), DGTs and seawater samples 

(unfiltered and 0.45trn filtered) were obtained for solvent extraction analysis and 

comparison to DGT concentrations. The second was an experiment to compare DGT 

measurements of labile copper to labile copper measured by anodic stripping 

voltammetry (ASV).The third field trial was a larger scale trial to determine 

speciation in which, in addition to water-column DGTs and seawater samples, DGTs 

and porewater samplers were deployed in the sediment and sediment core samples 

were obtained (Section 2. I). 
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3.3.1 Guile:, Bay trial 1 (23/4/01 -2/5/01): DGTfield test 

Physicochemical parameters recorded in situ are summarised in Table 3.3: 

Table 3.1 In silt, phvsieochemical parameters and TSS, TOC and DOC of Cullen Bay Marina 
seawater at two depths averaged over three weeks# 

Depth 0.6 in 2 ni 

Temperature(°C) 30.7 3 1.2- 
pH 8.09 8.08 
DOY 96.7 96.8 
DO (m/L) 6.33 6.43 
Conductivity ( mS) 43.9 44.4 
Salinity 29.3 28.3 
Turbidity (ntu ) 0.6 1.8 
TSS t  (mg/L) 0.375 0.800 
l'( )C' (mg/L) 1.65 1.7 
DOC (mglL) 1.2 1.25 
Average of'-' measurements. Not measured in vito 

. I otal Suspended Solids. h 
 '1 otal Organic Carbon, Dissolved Organic Carbon 

The trial field experiment for DGTs was conducted using 8 DGT devices, 4 devices 

were suspended at 2m depth and 4 at 0.75m depth using 2 specially made water-

column DGT suspension apparatus (see Methods section 2.10.3), each apparatus held 

two DGTs at each of the chosen depths. One apparatus was removed at 4 days the 

other at 9 days. 

Table 3.4 compares DGT concentration results to ICP-MS measured concentrations 

(solvent extraction). 

Table 3.2 Copper, cadmium, and lead concentrations measured at two depths in Cullen Bay 
Marina via DCT devices deployed for 4 or 9 (lays compared to filtered (0.45pm) and unfiltered 

(total) seawater concentrations ol)tained via solvent extraction 

0.75 
Depth (iii) 

2 
DGT# Solvent extraction DGT#  Solvent extraction 

4 days 9 days filtered total 4 days 9 days filtered total 
Cu (pg/L) 3.78 3.26 7.63 10.7 2.51 2.96 6.71 10.2 
Cd (pg/L) <D.L. <D.L. 0.015 0.015 <D.L. <D.L. 0.013 0.014 
Ph (jg/L) <D.L. <D.L. 0.008 0.066 <D.L. <D.L. 0.008 0.07() 
'Average of 2 measurements. 
Average of'-' measurenients, water sampled at 0 and 9 days 
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The DGT data reveals considerable differences between surface copper 

concentrations and those at 2m, giving the appearance of stratification. The 

difference in copper concentration at the two depths decreases over the duration of 

the experiment. That is, the difference between 0.75m to 2m at 4days is 1.3Jg/L, 5 

days later the difference is much less at only 0.3pg/L. From this it may be observed 

that after the following five days the stratification effect' is lessening with a 

decrease in surface water copper and an increase in copper concentration at 2m. Thus 

this concentration difference may not represent true stratification, but he due to other 

factors. Solvent extraction results also show higher copper concentrations at the 

surface in filtered seawater, although the difference between total copper 

concentrations is negligible. 

The small difference between the solvent extraction data for cadmium and lead at the 

different depths is unsubstantial, and DGTs did not detect labile cadmium or lead. 

Both copper and lead exhibit the expected trend, with total metal concentrations 

higher than filtered metal concentrations and DGT metal concentrations 

approximately half that of dissolved metal (0.45tm filtered). 

Table 3.4 also reveals that average copper concentrations in solvent extracted Cullen 

Bay seawater, 7.15igIL for filtered and 10.5pgIL for unfiltered, are at levels of 

approximately 25 times higher than natural background levels (0.281j.tglL filtered 

and 0.439g/L unfiltered). All background concentrations are for solvent extracted 

Darwin Harbour seawater from Munksgaard and Parry (2001). 

Cadmium levels of Cullen Bay seawater (0.01 5ig/L both filtered and unfiltered) are 

approximately twice the background concentrations of 0.0058tg/L filtered and 

0.007tg/L unfiltered. 

Contrastingly lead is slightly lower than background levels for Darwin Harbour 

filtered seawater 0.068jtg/L compared to 0.277ig/L, whilst filtered seawater was 

very close to background 0.008p.g/L compared to 0.0086p.g/L. 
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3.3.2 Cullen Bay trial 2 (17/8/01 - 27/8/01): Comparison of DGT-copper 

and ASV labile copper in Cullen Bay Marina seawater 

The DGT water column device was deployed a second time in Cullen Bay Marina at 

site C (Figure 2.1) with simultaneous sampling for anodic stripping voltammetry. 

Physicochemical parameters taken at site C are shown in Table 3.5. 

Table 3.1 In sit:, phvsicochemical parameters of Cullen Bay Marina seawater at two depths 
averaged over 10 days# 

jpth 0.5m 3.1 in 
lemperature (°C) 26.5 26.5 
pH 7.98 7.98 
D( )Y 100 100 
DO (me!L) 6.46 6.48 
Conductivity (mS) 53.2 53.1 
Salinity 35.3 35.1 
Turbidity ( ntu) 0.20 0.90 

#Avcrage of 2 nleasurenlents 

Copper in this location does not show distinct stratification observed at sites A and 

B. These DGT measurements were taken specifically for comparison to ASV 

measurements of labile copper. Table 3.6 summarises this comparison. 

Table 3.2 Copper concentrations measured at two depths via DGT and ASV 

Copper concentration (ug/L) 

0.75 iii depth 2m (leptll 
0 days I 0days 0 days 10 days 

Acidified ASV 8.91 7.53 NS 7.42 
Unacidified ASV 4.86 4.51 NS 3.71 
DGT NS 3.02 NS 2.84 

'Averazes of two replicates NS- no sample 

The acidified ASV data represents acid digestion of the sample to release hound 

metals and hence gives Naher metal concentrations than unacidified ASV and DGT. 

Unacidified ASV labile copper concentrations were higher than the DGT-copper 

concentrations. 

Some difference between the two depths is evident via ASV and DGT (Table 3.5). 

DGT copper, unacidified and acidified ASV labile copper concentrations were all 
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shown to he higher in surface seawater than at 2m depth. This agrees with data 

obtained from both solvent extraction and DGTs in previous field studies. 

3.3.3 Cu/len Bay trial 3 (13/6/0 1 - 9/7/01 ): Determining metal speciation 

3.3.3.1 Water column data 

Physicochemical parameters were measured in situ and samples were analysed in the 

laboratory for total suspended solids and total and dissolved organic carbon, the 

results of these measurements are in Table 3.7. 

Table 3.1 in situ phvsicochemical parameters and TSS, TOC and DOC of Cullen Bay Marina 
seawater at three depths averaged over four weeks# 

Depth 0.5m 2.0-2.2,ii 3.1-3.5m 
Temperature ('C) 27.0 27.0 27.1 
pH 8.08 8.06 8.03 
DOY 95.7 92.3 87.1 
DC) (in(,/L) 6.25 6.07 5.71 
Conductivity (mS) 50.16 50.46 50.53 
Salinity 33.0 33.2 33.3 
Turbidity (ntu) 1.90 2.20 4.75 
TSS'' (m/L) 5.39 NS 6.41 
TOC' (iiig/L) 1.8 NS 2.1 
DOCL* (mg/L) 1.4 NS 1 1.5 

"Average ol4 measurements. *Not nieasurcd in situ. NS- no sample 
"Total Suspended Solids. It! Organic Carbon. Disso!ved Organic Carbon. 

During this experiment only one of the two DGT water column apparatus was 

retrieved, as despite intensive searching, the other sampler was not found, thus 

results are only available for one deployment time. The depths used during this trial 

were 1 .75m and 3m. Table 3.7 summarises the copper cadmium and lead results. 
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Table 3.2 Copper, cadmium and lead concentrations measured at two depths in Cullen Bay 
Marina via DGT devices deployed for 7 days compared to seawater concentrations obtained by 

ICP-MS (solvent extraction) 

Depth (ni) 
1.75 3 

DGT# Sol velit extraction DGT# Solvent extraction 

Filtered Total Filtered Total 
Cu (u(T!L) 3.14 6.38 8.60 2.44 4.84 8.37 
Cd (pg/L) <DL. 0.015 0.017 <DL. 0.013 0.015 
Ph (u/L) <DL. 0.009 0.114 <DL. 0.013 0.175 

of'? measurements, 
Averae of"' measurements, waler sampled at 0 and 7 days. 

The copper concentrations from this deployment reflect those from the eai'lier field 

experiment (Section 3.3. 1). Differences in concentrations at the two depths are still 

evident in both the DGT data and in the solvent extraction data, but to a lesser extent 

for total metal. This indicates that the copper concentration at I .75m is higher than 

that deeper in the water column. Both total metal and dissolved metal concentrations 

were lower in this ti'ial than in the previous experiment, however, DGT data does not 

display a marked decrease in labile copper concentrations. Copper data again 

displays a high concentration of particulate (total ICul - dissolved [Cu]) and 

colloidal/organically complexed (dissolved [Cu] - DGT[Cu]) phases. 

CadmiLim and lead solvent extraction again showed only small differences between 

concentrations at the two depths. While labile cadmium and lead were again below 

detection limits of DGT. 

Copper data still shows the expected trend, with DGT metal approximately half the 

concentration of dissolved (0.45tm filtered) and total copper having the highest 

concentration. Cadmium and lead seawater extraction data at 3m also show the 

expected trend, with dissolved concentrations lower than total concentrations. 

Both average dissolved and total copper concentrations for this Cullen Bay trial (5.61 

and 8.49ig/L) are approximately 20 times higher than background levels for Darwin 

Harbour of 0.28 ljig/L and 0.439ig/L respectively. Cadmium concentrations, both 

dissolved and total, are again twice background levels. Dissolved lead concentrations 

were still low (0.01 lig/L) though slightly higher than background (0.0087pg/L), 
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whilst total lead concentration (0.145igIL) was half the background level 

(0.277Jg/L) (Munksgaard and Parry, 2001). 

3.3.3.2 Copper in porewater 

Roth 0.45im filtered (via peepers) and I1XIiT labile metal (via sediment DGT 

devices) were measured in sediment porewater of Cullen Bay Marina over 

approximately 3 weeks (13/6/01 - 9/7/01). 

There were 4 peepers (P1, P2, P3 and P4) and 4 DGT porewater samplers (DGTpw1, 

DGTpw2, DGTpw3 and DGTpw4). Two DGT samplers (I and 2) and two peepers (1 

and 2) were removed after I week, the rest after 3 weeks. 

Porewater samples from peepers were analysed by both ICP-MS dilution analysis 

(Figure 3.9) and ICP-MS solvent extraction (Figure 3.10), a comparison of these two 

methods is displayed in Figures 3.11 and 3.12. 

200 

Figure 3.1 Concentration of copper in porewater of surface sediments and overlying water by 

ICP-MS dilution analysis 
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Figure 3.3 Porewater from peepers I and 2 allowed to equilibrate in sediment for I week 
analysed by dilution method compared to peeper I solvent extraction analysis 

Coniparing the two ICP-MS methods dilution and solvent extraction, it is observed 
that results obtained are similar for both methods. Solvent extraction shows greater 
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similarity between the peepers than dilution method and has a much lower detection 

limit (typically 0.076igIL). Peeper 2 solvent extraction results were discarded due to 

uncertainty in the effectiveness of the extraction. All porewater concentrations were 

below detection limit of the dilution analysis method (1.94jtg/L for P1 and P2 and 

I .53jig/L for P3 and P4). 

Equilibration of peepers I and 2 with CBM porewater was also suspected of being 

incomplete. Dilution analysis of Pt and P2 showed highly variable magnesium 

concentrations compared to seawater, which is indicative of variable salt 

concentrations. If equilibration of salt was incomplete it is conceivable that metal 

equilibration was also incomplete, however copper concentrations were similar to 

peepers 3 and 4. 

200 

Figure 3.4 Porewater from peepers 3 and 4 allowed to equilibrate in sediment for 3 weeks 

analysed by both dilution and solvent extraction methods 

Comparing the two methods used on peepers 1 and 2 (1 week equilibration) to 

peepers 3 and 4 (3 weeks equilibration) it is observed that the methods were in 

agreement. Peepers 3 and 4 results were almost identical indicating a more complete 

equilibration after 3 weeks. Magnesium concentrations did not vary greatly for P3 

and P4, confirming equilibration completion. 
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All peepers indicate that highest copper concentration may be found between 50 and 

150mm above the sediment. In this region peeper 3 shows copper concentration in 

the water column of between 10 and 20igIL (Figure 3.12). All water column 

samples (from above 50mm) from all peepers show copper concentrations higher 

than those found in filtered seawater at 3m depth, approximately I m above sediment 

surface, of4.84pgIL. 

Sediment DGT samplers show a much lower copper concentration in seawater 

overlying sediment. Figure 3-13 shows copper concentration of approximately 2pglL 

in overlying water but concentration drops below detection limit upon entry into the 

sediment. That is, concentration of <0.256g/L was measured in sediment porewater, 

except for sampler 2 which showed measurable copper (1 .93-2.88ig/L) evident at 20 

- 40mm into the sediment and sampler 4, which showed 1 .47Jg/L at 70mm depth. 
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Figures 3.14 to 3.17 compare the DGT copper concentrations to dissolved copper 

concentrations in porewater and overlying seawater from both solvent extraction and 

dilution analysis (except P2ext). 

200 

150 

E 
E 

100 

50

50 

 

0 

-100 

—I'--Pl(dil) 
---P1ex1 
—G—DGTPWI 

0.00 200 4.00 600 8.00 1000 1200 1400 1600 
Copper concentration (uglL) 

Figure 3.6 Comparison of DGT-copper to dissolved copper in porewater obtained from both 

dilution and solvent extraction ICP-MS methods, for DGTpw1 and P1 

200 

Figure 3.7 Comparison of DGT-copper to dissolved copper in porewater obtained from dilution 

ICP-MS method, for the DGTpw2 and P2 
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From these figures the general trend observed is that the disso!ved copper in 

overlying water from both of the ICP-MS methods is higher than DGT copper, and 

that copper in porewater is at levels be!ow the detection limits of both DGT 

(0.256j.iglL) and dilution methods (1.5311.94jigJL). The actual dissolved copper 

porewater concentration was an average of 0.373jg/L, several orders of magnitude 

lower than the concentration in the overlying water. 

3.3.3.3 Fe (II) and Sulfide in porewater 

Porewater from peepers was also analysed for iron (II) and sulfides. Iron (II) 

concentrations were negligible in seawater overlying sediment but were observed to 

increase with depth, in porewaters (Figure 3-18). 
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Figure 3.1 Iron (II) concentration in porewater of surface sediments of CBM and overlying 

water 

Dissolved sulfide concentration was found to be very low, the highest sulfide 

concentration obtained was 2.2 x 106  M. Sulfide concentration was low in the water 

column but was observed to increase in porewaters, this trend was especially 
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noticeable for peepers 3 and 4 and occurred to a lesser extent in peepers 1 and 2. All 

peepers revealed the highest dissolved sulfide in porewaters occurred at the sediment 

water interface. (see Appendix I for raw data). 

3.3.3.4 Sediment charucterisatwn 

Surface sediment redox measurements revealed the anoxic properties of the 

sediment. Eh values ranged from —85mV to —125mV and pH ranged from 7.16 to 

7.04. 

Acid extractable metals determined by nitric/perchloric acid digestion in sections of 

cores are displayed in Figures 3.19, 3.20 and 3.21. 
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Figure 3.3 Total acid extractable copper manganese, zinc and lead concentrations in sediment 

core C 

The data from all three sediment cores shows the highest copper in the surface (0-

5cm), with decreasing copper levels with increasing depth. 
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Zinc concentrations were also high and were at concentrations greater than copper at 

5cm and below, (cores A, B and Q. All three cores showed zinc levels almost double 

those of copper in the deepest sediment segment. 

Lead concentrations were low in all cores and showed a decrease in concentration 

with increasing sediment depth, as did cobalt, nickel and cadmium (Appendices 2 4). 

Manganese and arsenic (in sediment cores A and B) (refer Appendices 2-4) both 

remained at relatively constant concentrations throughout the sediment with only 

slight decreases in concentration observed with increasing sediment depth. 

Manganese is the dominant metal in sediment core C, from 2cm depth. 

Concentrations of arsenic (in core C sediment) and iron, in all cores, showed the 

opposite trend to that of the other metals, where their concentrations increased with 

sediment depth. 

Sediment from core C, although collected within 2-3m of sediment cores A and B 

contained much lower concentrations of both copper and zinc. In fact copper 

concentrations in core C sediment were almost half of those observed in core A 

sediment. 

The weakly hound metal fraction, which represents the maximum hioavailable 

fraction was extracted by IN HCI. This extraction showed the same trend in all three 

cores. (Figures 3-22 to 3-24). All 3 cores indicate that zinc has the highest 

hioavailahle metal concentration in Cullen Bay Marina sediment, despite the fact that 

total acid extractable copper concentration was highest in the surface 5cm. Since CuS 

is not soluble in IN HCI it is likely that bioavailable copper was extracted from 

different sources. 
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Figure 3.4 Bioavailable copper, manganese, lead and zinc concentrations in sediment core A 

Figure 3.5 Bioavailable copper, manganese, lead and zinc concentrations in sediment core B 
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Figure 3.6 Bioavailable copper, manganese, lead and zinc concentrations in sediment core C 

Copper was the next most bioavailable metal, its concentration was highest at the 

sediment surface and a steep decrease in concentration was observed with increasing 

sediment depth. Considering the insolubility of CuS in I N HCI there is a substantial 

concentration of bioavailable copper in CBM sediment, presumably from sources 

other than CuS. The most notable trend is the dominance of zinc in the bioavailable 

metal fraction of Cullen Bay Marina sediment. 

Bioavailable lead concentrations decreased with increasing depth as did all other 

metals except manganese, which remained relatively stable (at approximately 

60ppm), and only decreased slightly with increasing sediment depth. 

All bioavailable metal concentrations were lower than their total acid extractable 

concentrations. Figures 3.25 to 3.27 show bioavailable metal as a percentage of total 

acid extractable metal for all sediment cores. 
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Figure 3.9 Percent bioavailable manganese, copper, zinc cadmium and lead in core C 

Percentages of bioavailable copper and lead showed no general trend with increasing 

sediment depth whilst arsenic and iron percentages (see Appendices 2-4) decreased 

with increasing depth. Percentage bioavailable cadmium, nickel and cobalt remain 

relatively stable in all three cores. Manganese has a higher bioavailable fraction in 

the mid depth of cores A and B, whereas the lower section of core C has higher 

bioavailable manganese. Zinc is the metal with the highest bioavailable fraction but 

trends with depth vary from core to core. In core A bioavailable zinc is highest at the 

surface, however the opposite is observed in core C with a greater bioavailable 

fraction near the bottom. Core B, in contrast, shows a consistent bioavailable zinc 

percentage throughout all depths. Table 3.9 below shows the bioavailable percentage 

ranges for each metal in cores A, B and C. 

Table 3.1 Percentage bioavailable metal ranges in sediment cores A, B and C 

- Percent bioavailable metal (%)  
Metal Core A 

-- 
Core B Core C  

Zinc 32-67 23-33 34-55 
Manganese 16-34 20-32 27-41 
Cadmium 18-23 17-25 24-34 
Lead 11-27 10-21 10-21 
Copper 9 -16 9-20 9 -28 
Cobalt 5-9 6-10 9-11 
Iron 2-9 2-12 3-5 
Arsenic 3 -6 3-8 3 -6 
Nickel 2-4 2-4 3 -5 
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From Table 3.9 it is observable that cadmium has quite a high percentage 

bioavailable, indicating that even though its actual sediment concentrations are low 

compared to copper, it is found in a more easily extractable form than copper. 

3.3.3.5 Total Organic Carbon (TOC) 

The surface sediment does not only contain the highest metal concentrations it also 

contains the greatest percentage of total organic carbon (Figures 3.28 - 3.30). 
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Figure 3.3 Total organic carbon (TOC) sediment core C 

The first 5cm of sediment contains the most organic carbon (2% or more), core B 

contains the highest TOC (over 3%) at 0 - 2.5cm. This top fraction of sediment also 

contains the highest metal concentration. 

Despite the varying lengths of the sediment cores taken all 3 cores show similar TOC 

values. Total organic carbon was shown to decrease gradually in all cores with 

increasing sediment depth until the deepest segment contains less than 1 % TOC. 
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Figure 3.6 TOC compared to total copper, zinc and lead concentrations for sediment core C 

Figures 3.31, 3.32 and 3.33 show the relationship between TOC and total metal 

concentration. The general trend observed for all metals is the occurrence of the 

highest TOC where the highest metal concentrations are found and the lowest TOC 

where the lowest metal concentrations are found. Zinc and lead are linearly related to 

TOC, except in core A sediment, where zinc concentration appears to be 

exponentially related to TOC in all cores. Contrastingly, copper has an exponential 



relationship to TOC, where the differences between the highest concentrations of 

copper are greater than the differences between the highest TOC. 

3.3.3.6 Acid Volatile Sultldes: Sinuiltaneouslv Extracted Metals 

(A VS:SEM) 

AVS:SEM ratios for all segments of sediment cores were shown to he extremely low 

indicating that hioavailahle metals were greatly in excess of sulfides (Table 3.10). 

This was an expected result considering the low sulfide concentrations in both 

sediment and porewater. For sediment cores A and B the highest ratios occur at 

-2cm depth. This is the depth where metal concentrations have decreased slightly, 

and sulfide concentrations have decreased only slightly. The lowest ratios for cores A 

and B occur in the surface sediment where metals are extremely high in 

concentration and at the greatest depth where sulfides are extremely low in 

concentration. Core C ratios show very little variability and there are no obvious 

trends. 

Table 3.1 Ratios of acid volatile sulfide to simultaneously extracted metals (AVS:SEM) for cores 
A, B and C 

AVS:SEM ratio 

Depth (cm) Core A Depth (cm) Core B Depth (cm) Core C 
0.0 - 1.0 0.007 0.0 - 2.5 0.006 0.0 - I .0 0.005 
I .0 - 2.5 0.014 - - 1 .0 - 2.5 0.004 
2.5 - 3.5 0.016 2.5 - 3.5 0.015 2.5 - 3.5 0.006 
5.0 - 6.() 0.012 5.5 - 6.5 0.009 4.0 - 5.0 0.004 
9.5 - 13.0 0.004 6.5 - 7.5 0.008 5.0 - 10.0 0.007 
13.0 - 18.0 0.000 11.5 - 16.5 0.005 - - 
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4 Discussion 

4.1 Quality Control 

Analysis of blanks, standard reference materials and spiked samples were performed 

for quality control purposes (Table 3.1). MESS-2 standard reference material for 

sediment was analysed for metals via nitric/perchioric acid extraction, all metal 

recoveries obtained were 95% or greater. Spike recoveries of these same metals via 

nitric/perchioric acid extraction showed recoveries of greater than 90%. Thus the 

extraction method used was effective. 

Excellent recoveries were also obtained for solvent extraction, standard reference 

material SLEW-2 was recovered to 97% or greater, whilst solvent extraction of 

spiked seawater, had recoveries of 9417c and above for filtered samples and 91 % or 

above for unfiltered samples. 

Anodic stripping voltammetry had acceptable recoveries of 93% or greater for 

reference materials (QTMSW38 and QTMSW39). The acid volatile sulfide 

extraction method, also had acceptable recoveries of 89% for spiked samples. 

However, total organic carbon spike recoveries were only 72%, indicating that the 

method may slightly underestimate TOC in Cullen Bay Marina sediments, although 

TOC internal reference material had a recovery of over 100%. 

4.2 Method Evaluation: Use of DGT for determining copper speciation 

in seawater 

4.2.1 DGT laboratory experiments 

Diffusive gradients in thin films were shown to have great potential for determining 

copper speciation in seawater. Whilst initial laboratory experiments were not as 

promising as was first expected some of the inconsistencies in the data may be 

explainable by the experimental set-up. Furthermore, accuracy was shown to 

improve with longer deployment times. 
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The highest DGT-measured metal concentrations were observed at the shortest 

deployment times in all test solLitions. The ti-ends observed indicated that increasing 

DGT deployment times resulted in lower DGT-measured metal concentrations 

(Figures 3.1, 3.3 and 3.5). Shortest deployment times actually resulted in DGT-

measured concentrations with greater than 100% recovery for all metals in all test 

solutions. This discrepancy was greatest at the highest metal concentrations (55, 111 

and 232igIL). In the 232pg/L test solution DGT devices measured copper 

concentrations of 301pgIL, after 1 hour deployment, 75ig/L greater than the ICP-

MS measured concentration of 224pgIL. Contrastingly after the longest deployment 

time (23 hours) concentrations measured via DGT were 23ig/L lower than the ICP-

MS concentration. Thus the DGT-copper concentrations in the 232JgIL experiment 

ranged from 301ig/L after 1 hour to 201pg/L after 23 hours. 

Lead showed the same ti-ends as copper in the 234tglL experiment ranging from 

235-l77ig/L, the ICP-MS measured concentration was 232JgIL (Figure 3.3 and 

3.4). Although cadmium also showed decreasing concentrations with increasing 

deployment times, ranging from 292-227JgIL, the final concentration obtained, 

227tg/L was very close to the ICP-MS measured concentration of 235 jig/L (Figures 

3.5 and 3.6). 

The 11 lJg/L and 55Jg/L experiments also showed an obvious decreasing 

concentration trend with increasing deployment times. However, the lower 

concentration experiments also demonstrated the trend. The first DGT removed from 

the l2ig/L test solution (12.0igIL ICP-MS-measured) measured 14.7ig/L copper 

whilst the last DGT removed measured just 4.50ig/L. 

These results were unexpected and no single explanation can be found to account for 

both the higher than 100% recoveries and lower than 100% recoveries in the same 

test solutions with increasing exposure times. The lower than nominal concentration 

values may be explained by adsorption to colloids (smaller than 0.45iirn). or to the 

plastic bottle and by organic complexation of metals. Complexation becomes an even 

more reasonable explanation for loss of DGT-lahile forms when comparing the 

effects between the metals tested. Copper, cadmium and lead have very different 
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affinities for ligands in seawater. Generally, lead is very strongly bound whilst 

cadmium is weakly hound and copper is only moderately hound in seawater (Muller, 

1998: Wen et al., 1999; XLIe and Sigg, 1999). With this in mind a trend may be 

observed in the longest deployment concentrations for the 232pgIL experiment. Lead 

has the lowest DGT concentration of 177pg/L whilst cadmium has the highest 

(228Jg/L). The copper DGT value (201jig/L) falls between these two values. This 

observation lends some weight to the argument that metals have been complexed or 

adsorbed to colloidal ligands. Zhang and Davidson (1999) reported that only 16% of 

the smaller organic complexes are able to penetrate the diffusive gel. Although 

colloidal hound metal and non-lahile organically complexed metal would have been 

quantified by ICP-MS since samples collected for analysis were acidified. A small 

loss of metal was expected due to complexation and adsorption, yet the differences 

between ICP-MS measured concentrations and DGT concentrations observed in this 

experiment were quite substantial for copper and lead. 

Apart from differing in their deployment times and their relative positions in the test 

solutions, each set of DGTs were exposed to the same solutions under the same 

conditions. One other possible explanation considered, based on the different 

positions of the DGTs, was uneven stirring of the test solutions. Possibly resulting in 

DGTs in different positions being exposed to different concentrations. Uneven 

stirring may account for the concentration differences between the DGTs deployed at 

different times. Small stirrer bars with a low stirring rate were used in the first 

laboratory experiments to avoid creating a vortex. This stirring rate was thought to be 

sufficient after a test indicated that several drops of food dye were distributed evenly 

throughout the 4L vessel after 30 seconds. However, stirring may still have been 

insufficient to homogenise test solutions during the experiments. 

In a non-stirred solution, or in a solution with very slow movement, it is possible that 

DGTs would measure concentrations lower than actual concentrations. The solution 

in front of the DGT window may be depleted in such a solution, considering that 

labile metal forms should diffuse into the gel and accumulate in the resin layer, thus 

exposing the DGT device to a lower concentration than the hulk solution. This 

suggests that DGTs set higher up in the container. furthest away from the stirrer bar, 

may have been exposed to depleted solution resulting in lower than nominal 
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concentrations. In fact recoveries of only 60% were reported for DGTs in unstirred 

solutions by Davidson and Zhang (1994), thus indicating that the diffusion boundary 

layer (DBL) limits mass transport. The DBL present between the filter and the bulk 

solution is assumed to be small relative to the diffusive gel thickness (Ag) in fast 

moving waters (Alfaro-De Ia Torre ci al., 2000). However if no stirring occurs the 

DBL will be larger, it is estimated at 0.1 —0.01mm in fast moving water and —1mm at 

the sediment water interface in stratified lakes. The diffusive gel used in these 

experiments was 0.8mm in thickness, thei-efore if the DBL was sufficiently close to 

0.8mm an effect would be observed in DGT recoveries (Davison ci al., 1994; Zhang 

and Davison, 1999). 

Whilst the lower than expected concentrations may be explained as a result of natural 

processes or non-homogeneous solution, the higher than expected concentrations 

obtained via DGT are much harder to explain. It is unfathomable that DGTs after 

deployment times of only 1 or 4 hours should measure far higher concentrations, 

(almost 1007 higher in some cases) than the nominal solution concentrations. The 

recoveries of DGT devices, in terms of concentrations, have not been discussed in 

previous laboratory studies. Whether other researchers have observed these 

inconsistent recoveries has yet to be determined, meanwhile the only conceivable 

explanation is the occurrence of an initial disequilibrium - Alternatively DGT devices 

are known to be affected by ionic strengths. Chang etal., (1998) suggests that DGTs 

should be restricted to use in low-ionic strength solutions, reporting 100% recoveries 

for all experiments in solutions of ionic strengths less than lmmol/L. It has also been 

demonstrated that diffusion into DGT samplers is not simple as it can be affected by 

co-diffusion of other cations in low ionic strength lakewater, and thus alter the 

diffusion coefficient (Alfaro Dc Ia Torre ci al., 2000). It is possible that the diffusive 

transport observed at short deployment times in this study are affected by ionic 

strength or other electrical contributions, and therefore require different diffusion 

coefficients to account for these intel-actions. 

The second DGT experiment also showed some unexpected ti-ends, despite enhanced 

stirring and increased deployment times. The 2.lig/L experiment showed generally 

the same trend as that observed in the first experiment, where the highest DGT 

concentrations for all metals occurred at the shortest deployment times and the 
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lowest concentration occurred at the longest deployment time (Figure 3.7). Although 

in this case recoveries were generally less than 10011'o except for cadmium (108%) for 

the shortest deployment time in the 2.lig/L experiment. The variation between 

deployment times in the 2.1 and 0.54pgIL experiments was substantially less than 

that occurring in the first experiment. Furthermore the anomalous greater than 100% 

recoveries were not observed, most likely as a result of increased deployment times, 

enhanced stirring and lower test solution concentrations. 

These experiments demonstrated the need for adequate mixing and deployment time. 

To further improve accuracy and metal recoveries loss of free metal ions via 

adsorption and complexation must he minimised. This may he done via improvement 

of the experimental set-up such as use of ultrafiltered seawater to minimise organic 

material. Increasing the volume of test solution and an alternative means of 

homogenising test solutions may also improve results. Since non-homogeneous 

solLitions and loss of spiked metals are not of concern in most field locations, the 

anomalies occurring in these laboratory experiments should not affect field DGT 

deployment. Thus testing effectiveness of DGTs in the field requires the employment 

of a comparable technique, such as anodic stripping voltammetry (ASV). 

4.2.2 Comparison of DGT and ASV 

Anodic stripping voltammetry is known to measure mostly labile metals and a small 

fraction of organically complexed metal (Capodaglio 1994, Buffle 1988, Muller 

1996). It has also been reported to measure a similar labile fraction to that of DGT 

(Zhang and Davidson 2000) and was thus used as a comparison to verify the labile 

fraction measured by DGT. 

Unacidified ASV analysis of seawater from field site C measured a substantial 

difference in concentrations at 2m compared with those in surface water. Surface 

water was 1ound to contain more 'hioavailahle' metals with an average concentration 

of 4.7g/L compared to that at 2m depth, 3.7ig/L (Table 3.6). This marked 

difference is most likely due to increased turbidity and organic carbon concentrations 

at greater depth, since the difference observed did not occur in acidified water 
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(equivalent to 0.45tm dissolved concentrations of solvent extracted seawater) (Table 

3.12). Whilst TSS. TOC and DOC concentrations were not measured at site C 

turbidity did show the same trend as sites A and B, where turbidity increased with 

depth. The very low turbidity measurements at site C compared with those from sites 

A and B do not appear to indicate greater sediment disturbance, however this was a 

single measurement made when traffic was low. This site is likely to be affected by 

sediment disturbance since it is subjected to much heavier marina traffic, thus having 

an increased particLilate load, and resulting in the observed lower DGT and ASV 

labile concentrations at greater depths. 

Whilst DGT results were lower than the average DGT concentration from sites A and 

B ASV results were unexpectedly high compared to DGT. The results obtained via 

ASV indicate a higher labile fraction, with an average of 4.4pgIL, than that measured 

by DGT (average of 3.0pglL). This result showing a ratio of DGT to ASV of 0.68 is 

comparable to results reported by Zhang and Davidson (2000) who found 

(DGT/ASV = 0.9-0.96). These researchers, the developers of the DGT technique, 

ascribe the difference between ASV and DGT results to differences in diffusion 

times of labile metals via the two techniqLles. DGT has a much slower diffusion time 

dLle to the restrictive diffusive gel, thus retarding diffusion of many organic 

complexes. Humic acids for example are somewhat restricted by the diffusive gel but 

are still able to diffuse slowly through the gel to react with the chelex. Thus some 

humics and fulvics are quantified in the DGT-labile fraction. ASV has a much 

shorter diffusion time since it uses an aqueous diffusion layer of only approximately 

I0iim thus quantification of hurnic and fulvic bound copper is greater. 

This study found neither DGT nor ASV measured only free copper ions and 

inorganic copper species although, DGT measures a smaller fraction of labile organic 

species as well as inorganic species than ASV. DGT has so far proven to he a robust 

and feasible method of measuring speciation, however more research into the 

fraction measured by DGT is required. Alternatively future development of an even 

more selective diffusive gel to exclude organics would he very beneficial. A logical 

next step in this research might involve comparisons of DGT with other methods, 

such as equilibrium dialysis methods for measuring labile species similar to those 

performed by Jansen ci al., (2001). 
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4.3 Speciation in seawater 

DGT devices deployed in Cullen Bay seawater detected labile copper concentrations 

of approximately 3pgIL while cadmium and lead concentrations were undetectable 

by DGT. Copper concentrations by DGT were twice the ANZECC 2000 guideline 

level of I .4ig/L which protects 95% of species according to a risk —based statistical 

analysis. The value is also higher than laboratory DGT measurements of background 

water from Darwin Harbour (0.17jig/L). Average total and dissolved copper 

concentrations measured in seawater were also much higher than those of 

background Darwin Harbour levels, as well as significantly higher than the 

ANZECC 2000 trigger value for 95% protection (Table 4.1) (ANZECC 2000, 

MLlnksgaard and Parry 2001, Parry and Munksgaard, 2001). 

All field DGT-experiments also showed that concentrations of labile forms of copper 

were higher in surface waters (0.75-1.5m) than at 2-3m depth (Tables 3.4, 3.6 and 

3.8). Table 4.1 demonstrates this difference using average concentrations, from all 

field experiments. 

Table 4.1 Comparison of average DGT copper to average dissolved copper and average total 

copper concentrations at two depths 

Copper (ug/L) 

0.75-I Sm 2-3m ANZECC lrigger* 

Av DGT-Cu 3.30 2.69 

Av dissolved-Cu 7.01 5.78 1.4 

Av total-Cu 9.65 9.29 

* For 95Yr protection 

The difference in concentrations at the two depths is also observed in the dissolved 

copper concentrations, but is not as obvious in the total copper concentrations, 

possibly indicating differences in particulate load at the two depths. Turbidity and 

TSS were consistently higher at 2-3m compared to surface waters (Tables 3.3. 3.5 

and 3.7) Therefore copper woLild he bound to particles and excluded from the 

0.45iim dissolved, and DGT-labile phases, resulting in lower dissolved copper and 

lower DGT-labile copper concentrations. An increased particulate load at depth 
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would not cause great differences in the total concentrations since the whole sample 

including the particulate hound metals is digested and analysed. 

The higher TSS, TOC and DOC values found at 2-3m depth reinforce this 

explanation. Copper is known to have a high affinity for adsorption to particulate 

matter and organic matter (Wen et al., 1999, Xue and Sigg 2000, Voelker and Kogut 

2001). Thus higher particulate loads would he expected to increase particulate hound 

copper at the expense of dissolved and kinetically labile copper. According to the 

average concentrations in Table 4.1, average particulate-hound copper (total [Cul - 

dissolved [Cu]) at 2-3 in is 3.5 1pg/L whilst in surface waters it is less at 2.64igIL. 

The difference is even more noticeable when comparing the percent particulate for 

the two depths, at 2-3m 38% of copper is particulate hound compared to only 27% in 

surface waters. These results are comparable to the 30-70% particulate and colloidal 

fraction measured in seawater by Muller (1996) via ASV and competitive ligand 

tec hn iq LICS. 

Colloidal and organically complexed copper also make up a significant fraction of 

CBM seawater. Colloidal or organically complexed copper (dissolved[Cu] - 

DGT[CuJ) represents 53% of dissolved copper in surface water (3.71!g/L of 

7.0lpg/L total), at 2-3m depth the fraction is the same with 3.09ig/L also 

representing 5317c. The DGT fraction of dissolved copper also represents the same 

fraction at both depths, 47%. 

This fraction of organically complexed and colloidal copper is somewhat less than 

that reported in literature. Muller (1998) reports typical percentages of 76-96% for 

copper in inshore marine water and most recent measurements indicate greater than 

95% of dissolved copper in coastal waters is organically complexed (ANZECC 2000, 

Apte ci al., 2000). These numbers are substantially higher than the 5301c observed in 

CBM, suggesting that the labile concentration measured by DGTs may include a 

significant proportion of organically complexed copper or colloidal bound copper. 

This is comparable to results obtained by Twiss and Moffet (2001), which indicate 

overestimation of labile copper by DGT. Although the results obtained for CBM do 

relate more closely to the percentage of l-10nm size colloidal hound copper in 
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Galveston Bay of 55 ±4% however there is still an indication of overlap between 

measured fractions (Wen el at., 1999). 

The percentage of copper in each fraction is shown Figure 4.1 below. 

Total 

(100%) 

:7~ 
-73%) Particulate (27-38%) 

DGT# (47%) Colloidal + comp1exed (53%) 

Figure 4.1 Copper speciation in CBM seawater 

# Includes some labile orianic complexes 

Note  this is a minimum value, some labile organic complexes are included in the DCI fraction 

4.3.1 Speciation in porewater 

Porewater of CBM was found to have anoxic/reducing conditions resulting in the 

presence of iron (II) in porewaters. Porewater samplers showed negligible levels of 

iron (II) in oxic waters overlying sediment but a steep increase in concentration was 

observed in porewaters (Figure 3.18). Aller observations of the black surface layer 

and sulfidic odour of CBM sediments and with the knowledge of the reducing 

properties of sediment porewaters, analysis of porewaters was expected to show 

significant levels of dissolved sulfides. This expectation proved false, as sulfide 

levels of both porewater and sediment in CBM were quite low, the highest 

concentration in porewaters being only 2.0tM. 
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Metal concentration of porewaters was analysed via two methods, dilution ICP-MS 

analysis and solvent extraction ICP-MS analysis. Solvent extraction was used for its 

high sensitivity and low detection limits (0.054-0.1 l7jig/L) compared to dilution 

analysis (1.53-1.94jj.g/L). Nonetheless dilution analysis was performed since it is a 

less complex procedure and porewaters of CBM were expected to have higher 

concentrations of metals than those of background waters. 

The copper concentrations obtained via the two methods were similar, both methods 

showed significant dissolved copper in overlying waters while levels in porewaters 

were near or below detection limits (Figures 3.9 and 3.10). The low levels of 

dissolved copper in porewaters (0.22 —0.75i(,/L) are comparable to results obtained 

by Skrabal el al., (2000). These researchers reported non-detectable levels of 

dissolved copper (<0.006tg/L) below depths of4crn. but dissolved sulfide in these 

porewaters approached >1mM, thus low dissolved copper was most likely due to 

sulfide precipitation. Whilst excess sulfide was not observed at substantial levels in 

CBM porewater, copper sulfide may still he partially responsible for the low 

dissolved copper observed. 

DGT-copper concentrations of porewater were also near or below detection limits 

(0.25.tg/L) despite the presence of approximately 2j.tg/L  DGT-copper at 10-15cm 

above the sediment (Figure 3.13). This value is less than the concentration of DGT 

copper (approximately 2.7pg/L) at 2-3m depth in the water column, equivalent to I-

2m above sediment surface, and is much less than dissolved copper concentrations 

(ranging between 10 and 20pg/L) at the same depth (Figures 3.14-3.17). DGT-

copper concentrations of porewater were also consistent with dissolved copper 

concentrations of 0.22-0.75 jig/L, indicating that dissolved and DGT-labile copper in 

porewaters is low and is likely to he strongly adsorbed to particulate matter or 

imniobilised as sulfide complexes. Moreover if 0.22-0.75tg/L is the dissolved 

copper concentration and the hioavailahle concentration is a fraction of this 

concentration then the labile copper concentrations should he well below the 

ANZECC guideline for 99% species protection (0.3jt(,/L). Thus demonstrating that 

CBM porewater has very low toxicity to the henthic fauna of the marina. 
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This finding showed that an elevated dissolved copper concentration did not 

necessarily coincide with an increased DGT-copper concentration. In fact since DGT 

concentrations in the water column did not increase it can he assumed that the 

increase in dissolved copper was due to an increase in either colloidal or organically 

complexed copper or both, and thus did not affect the fraction measured by DGT and 

is potentially not bioavailable. 

One possible cause of this high colloidal or organically complexed copper 

concentration is interactions of overlying water with surface sediment causing 

dissolution of copper directly from surface sediments. This would explain the higher 

dissolved copper concentration, however, one would also expect porewater copper to 

he affected by the sanie processes. As discussed in the following section (4.3.2), 

sediment copper concentrations were extremely high in the first 0-4 cm and 

decreased steeply thereafter. Thus surface sediment is potentially a major source of 

copper, interacting directly with overlying water. Porewater on the other hand 

interacts with sediment containing steeply decreasing copper concentrations. 

Concurrently, copper in the first 0-4cm has a larger percentage of bioavailable 

copper than that deeper into the sediment, and thLls is more likely to be available for 

dissolution. 

Porewater samplers used in the study did not have a cell in the top 0-3cm of 

sediment, which is the section of sediment containing the highest total and 

hioavailable metal concentrations and therefore may contain significant 

concentrations of dissolved organic-Cu complexes. The presence of elevated 

concentrations organic-Cu complexes in surface sediments is further reinforced by 

the presence of very high TOC concentrations in the 0-3cm section surface sediments 

(Figures 3.28-3.30). Furthermore, when copper concentrations were compared to 

TOC concentrations, highest total copper concentrations were observed to occur 

where the highest carbon concentrations exist. ThUs indicating a great potential for 

the organic complexation of copper in surface sediments, and may therefore result in 

elevated concentrations of dissolved copper at the sediment-water interface. 

Low copper concentrations in porewater compared to overlying water may also he 

explained by what Petersen et al., (1995)   describes as an enrichment of metals in the 



oxic zone of sediments. This enrichment zone exists at the oxic-anoxic interface of 

sediments, where metals are hound to iron oxides and particulate organic substances 

produced by henthic organisms. Most anoxic sediments have a very small oxic zone 

of only millimetres in depth (Petersen et at., observed a —3mm oxic zone) thus the 

described enrichment occurs very close to the overlying water. Salomans et (1!. 

(1987) also describes this enrichment zone, reporting that a barrier is formed at the 

oxic, anoxic interface, where freshly formed iron oxides react with metals 

immohilising them and preventing upward or downward diffusion. The metals bound 

to iron oxides or organic material at the oxic/anoxic interface metals may then be 

remobilised by microbial activity, leading to release of metal hack into the water 

column. This may explain the observation of high dissolved copper concentrations in 

the overlying water and low dissolved copper concentrations in the porewater of 

CBM (Salomans et al., 1987, Forstner and Salomans 1991, Petersen et al., 1995). 

4.3.2 Sediments 

Sediment of CBM was found to he quite heterogenous. Sediment cores A l  B and C 

were collected within 2 - 3m of each other and whilst they generally showed the 

same characteristics, notable differences in concentrations were observed. Sediment 

cot-c C for example was shown to have much lower metal concentrations than that of 

cores A and B. All three sediment cores showed very high iron concentrations, which 

increase with increasing depth. In fact, observation of deeper slices of sediment cores 

indicated the presence of what appeared to he iron rich clays because of their 

characteristic reddish colouration. 

All cores showed highest copper concentrations in the first 0— 5cm (Figures 3.19 to 

3.2 1). This is most likely due to precipitation events after the copper treatment and 

subsequent reactions within the water column. In this region, for cores A and B 

copper concentrations range from —90mg/Kg to —650mg/Kg which, according to 

ANZECC 2000 sediment guidelines has an intermediate to high affect on organisms. 

ANZECC 2000 sediment guidelines consist of a high guideline number (TSQG-High; 

270mg/Kg for copper. 410mg/Kg for zinc and 220mg/Kg for lead), called effect high 

and a low guideline number (lSQG-Low, 65mg/Kg for Copper, 200mg/kg for zinc 
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and 50mg/Kg for lead) called effect low. Concentrations below the low guideline are 

considered low impact concentrations, those falling between the two guidelines are 

considered intermediate and those concentrations higher than the high guideline are 

considered high impact concentrations. Table 4.2 compares total acid extractable 

metals and hioavailahle copper and zinc averaged over the 0-2.5cm and 0-5cm 

segments to the ANZECC guidelines for cores A, B and C. 

Table 4.1 Comparison of total extractable and bioavailable copper and zinc to ANZECC 
guideline values 

Total extractable Bioavailahle ISQG - High ISQG - Low 

Depth (cm) Cu Zn Cu Zn Cu Zn Cu Zn 

0- 1.0 641 461 137 308 

Core A 1-2.5 543 361 107 116 

2.5-5.0 450 296 24.0 90.6 

0 - 2.5 487 335 67.5 98.1 
Core 13 270 410 65 200 

2.55.5i 94.8 178 24.8 69.0 

0 - 1.0 368 301 82.8 110 

Core C 1.0-2.0 161 192 44.8 74.8 

2.0-5A) 101 163 11.7 59.0 

Average concentrations for chosen interval-see Figures3. 19-3.2! or Appendices 2-4 for details 

Copper in cot-c C in the first 0-5 cm has an intermediate affect except for 0-I where 

-370mg/Kg has a potentially high impact (Table 4.2). Zinc concentrations were also 

high and actually exceeded copper concentrations at 5cm and below, after which 

copper has either a low effect or an intermediate effect (Core A 5-8cm) (Figure 

3.19). In the 0-5cm fraction, zinc was between the high and low guideline values for 

all cores except for the 0-1cm segment of cot-c A where a high impact would be 

expected (460 is 60mg/K(,  above the effect-high guideline of 400mg/Kg). Zinc is 

also observed to he double copper concentrations in the deepest sediment segment of 

all sediment cores. Although these concentrations are thought to have a low impact 

on organisms they do indicate a zinc contaminant load from the beginning of 

sedimentation in the marina. This is not surprising considering the heavy use of zinc 

in marine structures and vessels, and in construction. Lead had low impact 

concentrations (below 50mg/Kg) in all cores except for 0-3.5cm of cores A and B 

where it is thought to have an intermediate effect (Figures 3.19-3.21). 
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When considering the hioavailahility of zinc it may actually pose a greater risk to 

henthic organisms than copper. Zinc dominates the hioavailahle metals extracted 

with IN hydrochloric acid having the highest hioavailahle concentration at 3.5cm 

and below (Figures 3.22-3.24). Its percentage hioavailahle was also generally higher 

than the percentage bioavailable of all other metals (Table 3.9). However, according 

to the ANZECC Guideline values zinc has a low impact in all segments except the 0-

1cm section of Core A, where it has an intermediate impact, whilst copper has an 

intermediate impact in the first segment of all cores and a low impact thereafter. 

Thus both hioavailahle copper and zinc in CBM exist at levels that may cause an 

intermediate to low impact on henthic organisms. 

Another indicator of metal toxicity in sediments is the presence of sulfide. Sulfides, 

formed by hiotic processes in anoxic sediments (Wang and Chapman 1999), are 

significant since they react with metals to form insoluble metal sulfide precipitates 

and are thus responsible for the removal of metals from the dissolved phase. Sulfide 

and metal concentrations extracted from sediment with cold hydrochloric acid 

strongly influence sediment toxicity to henthic organisms and can thus be used to 

predict sediment toxicity (Ankley et al., 1994, Lee et al., 2000a, Boothman ci ci!., 

2001). The extracted sulfide fraction is termed acid volatile sulfide (AVS), whilst the 

metal concentration simultaneously extracted is referred to as simultaneously 

extracted metals (SEM). Where AVS concentrations exceed SEM concentrations 

(AVS/SEM > 1) and AVS is able to complex all the SEM in sediments, toxicity of 

sediment due to these metals is likely to be negated (Di Toro ci al., 1990, Ankley et 

cii., 1994, Lee ci al., 2000a). However, AVS/SEM ratios less than one indicate SEM 

concentrations exceed AVS concentrations and toxicity could not be expected to be 

negated by sulfides, as is the case in CBM sediments (Di Toro ci aL, 1990, 1992, Lee 

ci al., 2000h). 

Very low sulfide concentrations coupled with excessively high metal concentrations 

in CBM sediments have resulted in very low AVS/SEM ratios, the highest of which 

was 0.0 16 for the 2.5 - 3.5cm section of core A (Table 3.10). Highest AVS/SEM 

ratios were observed at approximately 2cm depth, since this is the depth where metal 

concentrations have decreased slightly and sulfide concentrations have decreased 

only slightly. Therefore it appears that sulfides do not play a primary role in 



ameliorating metal toxicity in CBM sediments. Whilst these sediments are anoxic 

they are not particularly sulfidic, and a large excess of SEM exists. The weak 

extraction of sediments with cold hydrochloric acid is thus allowing the release of 

metals bound to ligands other than sulfides in the solid phase such as organic carbon 

present in sediment. One would expect in anoxic sediments with high organic 

carbon, and low dissolved metals in porewater, that sulfides would play a major role 

in negating toxicity and likely to he in excess since anaerobic microbes have both 

anoxic conditions and a large organic carbon source. 

However, it should be noted that whilst sulfides are not in excess in CBM sediments 

they may still exist as covellite (CuS). Since CuS is insoluble in IN HC1, and the 

average hioavailahle copper fraction is only 10-20% compared to zinc (30-50%) it is 

possible that a significant proportion of sulfide in CBM sediments exists as CuS. 

Considering the insolubility of CuS, copper was not included in SEM calculations. 

Other metal sulfides thought to have low soluhilities in IN HCI include NiS and CoS 

(Simpson et al.. 1997), however, these metals were included in calculations since 

their concentrations in CBM sediments are not significant relative to zinc and 

exclusion from SEM calculations contributed very little difference to the overall 

ratios. Many studies demonstrate that low porewater toxicities are linked to high 

AVS/SEM ratios and low hioaccumulation. Lee ci al., (2000a) actually showed a 

linear increase in bioaccumulation with increasing [SEM] (Di Toro ci cii., 1990, 

1992. Ankley c/ct!., 1994. Boothman diii., 2001). 

In addition to sulfide, organic carbon in sediments may also reduce sediment 

toxicity. Total organic carbon was found to he highest in surface sediments (0 - 

5cm), and was found to decrease with depth. Percent TOC ranged from 2.47 - 3.6 in 

the first 2.5cm of sediment and fell to just 0.5 1 - 0.78% at the greatest depth. 

When comparing TOC to copper lead and zinc concentrations (Figures 3.3 1-3.33) it 

is obvious in all three cores that highest organic carbon values occur where the 

highest metal concentrations are found. As previously discussed this correlation 

reveals a great potential for metals to he complexed by the organic ligands present, 

and thus result in reduced toxicity. 



These comparison figures also indicate an exponential relationship between TOC and 

copper concentrations, which is indicative of the large, sudden anthropogenic input 

of copper. This is demonstrated by the presence of a cluster of high copper 

concentrations in the upper right-hand corner of figures 3.3 1-3.33, these values are 

almost twice the concentration of the copper deeper into the sediment. The lower 

copper concentrations, occurring deeper into the sediment where the TOC is also low 

have an almost linear relationship, demonstrating a gradual increase in copper inputs 

over time. Lead shows a similar linear relationship in all three cores as does zinc 

except in core A where it has an exponential relationship. This exponential 

relationship is not surprising considering the likely anthropogenic inputs of zinc in 

the marina including sacrificial anodes and runoff from the many new construction 

sites located around the marina (Parry and Munksgaard 2001). 

The relatively high TOC levels found reveal that CBM sediment is relatively rich in 

organic material that may serve as sources of organic ligands, since organic matter 

content of sediments control the adsorption of trace metals especially copper and 

lead. When examining particulate hound metal, it is also observed that heavy metal 

concentrations increase with increasing organic content of the particles, due to 

adsorption of metal. Thus generally organic rich sediments, where metals are 

adsorbed and immobile, are less toxic than sediments low in organic material, 

however the high metal concentrations observed in CBM sediment may exhaust even 

this relatively large source of organic ligands (ANZECC 2000, Forsiner and 

Salomans 1991, Petersen et al., 1995, Lacey et al., 2001). 



5 Conclusion 

Diffusion gradients in thin films have proven to he a technique with great potential 

for determining metal speciation, considering this technique measures inorganic 

species and a smaller fraction of labile organic species than ASV. Thus allowing 

investigation into the toxicity of natural waters due to free metal ions and labile 

metal complexes. 

Comparing DGT measured copper concentrations to those obtained by solvent 

extraction of filtered and unfiltered Cullen Bay Marina seawater, has allowed the 

quantification of copper partitioned between three phases particulate, 

colloidal/organically complexed and labile. By subtracting filtered seawater copper 

concentrations from total copper, particulate copper was quantified and found to 

represent 30-40% of total copper. Colloidal and organically complexed copper was 

quantified by subtraction of the DGT-labile concentrations from the operationally 

defined dissolved concentrations. Thus colloidal and organically complexed copper 

was found to represent 53% of dissolved copper, a value lower than that generally 

reported in literature. The fraction of copper obtained via DGT and taken to be a 

measure of the maximum hioavailahle fraction, represented 47% of dissolved copper 

and is therefore likely to contain a significant proportion of labile organic complexes. 

This may explain the relatively low percentage of colloidal and organically 

complexed copper observed and highlights the need for greater understanding of the 

"labile" fraction measured by DGT and its potential toxicity. 

This study showed an average DGT-labile copper concentration in CBM of 3tg/L 

representing approximately 1/2 of the average dissolved copper fraction in Cullen 

Bay Marina seawater. This value is quite significant and is more than twice the 

ANZECC 2000 guideline for 95% protection of species (I .4.tg/L). All fractions 

measured in Cullen Bay Total, dissolved, DGT and ASV were higher than this 

guideline limit. 

Dissolved. DGT and ASV concentrations were all affected by depth, having slightly 

higher concentrations in surface waters, which correlates to the lower DOC, TOC, 



TSS and turbidity values observed. At greater depth where particulate copper was 

observed to represent a slightly higher fraction, 40% compared to 30% in surface 

waters, dissolved, DGT and ASV concentrations were lower. However, the DGT 

copper and the organically complexed plus colloidal copper in seawater represented 

the same fraction of dissolved copper at both depths. 

Highest dissolved copper concentrations of up to 22tg/L were observed at 10-1 5cm 

above the sediment surface, indicating the presence of substantial interactions with 

copper in the sediment. DGT copper concentrations were lower at this depth than in 

the overlying water column, thus the colloidal and organically complexed copper 

represents a much larger fraction of dissolved copper 10-15cm above the sediment. 

Whilst sediment-water interactions increased dissolved copper above the sediments, 

this was not the case in porewater. 

Porewater measurements indicated low dissolved copper ranging from 0.22 to 

0.75ig/L. which is very close to the ANZECC guideline for 99% protection of 

species (0.3ji(/L). Low DGT copper concentrations were also observed in porewater 

(below detection limits of 0.26), which may be due to the presence of insoluble CuS, 

despite the very low dissolved sulfide and AVS concentrations. Copper may also be 

bound to iron oxides or organic matter in the sediment, thus reducing the dissolved 

copper fraction. 

Low porewater concentrations of dissolved and DGT copper coupled with high 

dissolved copper overlying sediment suggested the presence of a metal enrichment 

zone at the oxic/anoxic interface, which forms a barrier for metal mobilisation in 

porewater. Studies to have a peeper sampling window directly at the oxic/anoxic 

interface are required to confirm the presence of this enrichment zone. 

Like seawater, Cullen Bay sediments showed elevated copper concentrations. Copper 

concentrations in Cullen Bay Marina sediments exceeded either one or both of the 

ANZECC guideline values for the first 0-Scm of sediment whilst zinc levels 

generally exceeded the effect-low guideline value in the same region. Lead values 

were also significant in Cullen Bay sediment, exceeding the effect low value for the 

uppermost sections of sediment (0-3cm). Bioavailahle copper extracted from 



iIi] 

sediment represented 10-20% of total copper whilst the zinc bioavailable fraction 

represented 30-50% of total, and actually exceeded copper concentrations at 5cm and 

below. Sulfide concentrations were low in sediment resulting in low AVS/SEM 

ratios, which indicated the potential for toxicity. 

Some of this toxicity may he alleviated by the presence of organic carbon in the 

sediment. Total organic carbon was very high in Cullen Bay sediments representing 

over 3% in the surface layers. 

This study has demonstrated that Cullen Bay Marina sediment was both a source and 

sink of metals and ligands. Porewater and sediment copper concentrations indicate 

that sediments have immobilised copper leading to low porewater concentrations. 

Significant interactions were observed to occur at the sediment-water interface 

giving rise to high dissolved copper overlying sediment and maintaining relatively 

high copper concentrations homogenously throughout Cullen Bay seawater. Only 

slight differences in concentrations were observed with depth due to higher 

particulate matter and organic ligands at depth, provided by the sediment, a 

temporary storage for these ligands. 
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Appendix 1 

Table 1. Dissolved sulfide and Iron (II) concentrations in Cullen Bay Marina porewater 

Dissoled sulfides (p.M) 
- - - 

Dissohed Fe(tI) (ppm) 
- - - - 

Depth (mm) Wells P1 P2 P3 P4 Depth (mm) Wells P1 P2 P3 P4 
165 I <D.L. <D.L. 0.360 0.475 165 I <D.L. <D.L. <D.L. <D.L. 
lOS 4 <D.L. 1.43 0.475 0.475 lOS 4 <D.L. <D.L. <D.L. <D.L. 
95 5 1.43 <DL. 0.532 0.418 95 5 <D.L. <D.L. 0.009 0.012 
75 6 2.23 <D.L. 0.532 0.589 75 6 <D.L. <D.L. <D.L. 0.012 
45 7 <D.L. <D.L. 0.704 0.475 45 7 <D.L. <D.L. <D.L. <D.L,. 
IS 8 <D.L. 0.619 0.475 0.475 IS 8 <D.L. <D.L. <D.L. <D.L. 

-IS 9 1.97 1.43 0.475 1.39 -IS 9 0.131 0.027 <D.L. 0.231 
-55 10 1.97 0.888 0.875 0.990 -55 10 0.061 0.049 0.183 0.225 
-95 II 1.70 1.43 0.532 0.990 -95 II 0.127 

- 
0.067 

- 
0.257 0.880 

DL. 1.23 1.23 0.262 0.262 D.L.-  0.002 0.002 0.006 0.006 
DL nuplic detection Ii lilt (3 x standard (les at ion of blank) 

Table 2. Copper concentrations in Cullen Bay Marina porewater by dilution and solvent extraction analysis 

[Cu] dilution analysis (igIL) [Cul sohent extraction analysis (p.gIL) 
Depth (mm) Wells P1 P2 P3 P4 Depth (mm) Wells P1 P2* P3 P4 

165 I 12.7 11.6 62.2 8.30 165 1 10.3 0.198 21.2 8.13 
145 2 14.3 10.1 19.6 7.13 145 2 10.3 1.84 
125 3 6.68 9.96 18.3 7.18 125 3 7.60 0.333 16.2 8.98 
lOS 4 4.25 7.08 18.5 9.43 lOS 4 7.69 0.369 
95 5 3.67 5.36 16.3 10.2 95 5 10.1 
75 6 5.29 5.63 10.9 8.16 75 6 8.01 8.29 
45 7 6.59 1.94 8.35 7.53 45 7 8.62 0.130 
15 8 5.58 3.53 7.54 5.87 15 8 6.39 6.88 

-15 9 < D.L. < D.L. 7.29 < D.L. -15 9 0.750 1.054 6.06 0.399 
-55 10 <D.L. <D.L. <D.L. <D.L. -55 Ii 0.236 0.249 
-95 II < D.L. < D.L. < D.L. 2.24 -95 II 0.375 

- 
0.139 0.221 4.984 

1). 1'. 1.94 1.94 1.53 
- 

1.51 DL 0082 0072 
- 

0211 
- 

- 0076 
Results reectcd as solvent c'stractlon \sas doubtful: 1)1.. iniplics detection limit (3 x standard des atloms of blank) 

95 



Table 3. DGT-Copper concentrations of CuHen Bay Marina Porewater 

ICul DCT (jtg/L) 
I)epth (mm) DGTs D(;TP1 DGTP2 D(;71'P3 E)GTP4 

84 DGTI 2.46 2.28 2.14 1.43 
72 2.32 2.40 1.36 2.04 
32 D G T 2 1.83 2.39 2.78 1.57 
2) 2.55 2.41 3.94 1.69 

-20 DGT3 1.41 2.88 <DL. <DL. 
-32 <D.L. 1.93 <DL. 1.47 
-72 DGT4 <D.L. 0.326 <D.L. <DL. 
-84 <D.L. <D.L. <DL. <D.L. - 

D.L. 0.256 0.256 0.256 0.256 
DL. impl es detection limit (3 x standard deviation of hlank) 

96 



Appendix 2 

Table 4 Total metal concentrations, bioavailable metal concentrations and percent bioavailable metals for Core A 

Total metal concentrations (mg/Kg dry wit)  

I)epth(cm) Fe54 
- 

Fe57 Mn Co Ni -- Zn As ç_ Pb 
0- I 36971 35934 241 10.4 25.0 641 461 30.1 0.32z 59.6 
- 2.5 31019 30462 189 8.53 22.3 543 361 29.2 0.24 52.1 

2.5 - 3.5 29594 28551 186 7.65 22.1 252 273 31.2 0.22( 47.3 
3.5-5 28971 29114 189 7.86 22.0 648 320 28.7 0.24 49.9 
5-6 31331 32066 188 7.17 22.0 141 209 35.2 0.19 40.9 
6-7 31363 30737 162 6.67 20.7 92.0 151 31.3 (). I V, 32.4 
7-8 28493 28677 144 5.88 19.8 74.9 117 31.1 0.10 27.0 

8-9.5 34549 34651 168 5.58 20.0 38.4 84.8 31.6 0.10t 25.4 
9.5- 13 41679 41913 175 5.37 21.6 29.8 57.2 32.1 0.08- 19.4 
13- 18 48155 48337 170 4.71 21.4 21.9 45.2 30.9 0.07 14.7 

llioavailable metal concentrations (mg/Kg dry wit) 
Depth(cm) Fe54 

-- 
Fe57 Mn Co Ni As Cd P1) 

0 - I 2995 3139 38.7 0.778 1.05 137 308 1.64 0.059 11.7 
I - 2.5 2800 2847 38.2 0.672 ((.921 107 116 1.36 0.057 12.7 

2.5 - 3.5 2589 2592 51.2 0.532 0.762 2 6. 7 96.0 1.19 0.049 10.6 
5-6 2627 2702 63.6 0.616 0.890 21.2 85.1 1.18 0.045 11.2 

9.5 - 13 952 1003 32.4 0.283 0.723 2.52 18.1 0.851 0.018 3.39 
13- 18 925 1017 29.4 0.303 0.472 3.36 14.8 1.05 0.015 1.63 

Percent bioavailable metal concentrations (%) 
Depth(crn) Fe54 

- 
Fe57 

- - 
n Co 

- - 
Ni 

- 
Cu Zn 

- 
s Cd 

- 
Pb 

- - 

()- I 817( 97 167 817( 47 214 67Y( 5Y I81/( 201( 
I - 2.5 94 97 207 84 4Yr 20Y 32Y 5 237( 24% 

2.5 - 3.5 9% 9(7 28(7 7% 3(7 II (7 35(7 4(7 22% 22% 
5-6 8(7 8(7 34(7 9(7 4% 15(7 41(7 31/-(,  23(7 27% 

9.5W 13 2(7 2(7 91/( 5(7 31/- 8(7 32(7 3(7 22(7 17(7 
13-18 2(7 

- 
217( 17(7 6(7 2(7 15(7 331/( 3(7 21% 11% 

97 



Appendix 3 

Table 5. Total metal concentrations, bioavailable metal concentrations and percent bioavailable metals for Core B 

- - - - - 
Total metal concentrations (mg/Kg dry sst) 

- - - - - - 

Depth(cm) - -- 
Fe54 Fe57 Mn Co Ni Cu Zn -- Cd Pb 

0 - 2.5 32057 30963 287 9.62 23.3 453 395 26.6 0.281 51.7 
2.5 - 3.5 28643 28033 228 7.90 21.7 521 274 29.9 0.230 53.6 
3.5 -4.5 31802 30313 210 7.10 21.6 114 188 35.1 0.177 41.7 
4.5-5.5 32882 32196 185 6.98 21.2 75.6 167 37.1 0.45 40.5 
5.5 -6.5 15817 15597 94.1 3.69 11.1 33.1 73.5 18.1 0.077 19.7 
6.5 -7.5 31640 31370 175 6.78 21.2 50.6 123 35.1 0.199 38.2 
7.5 - 11.5 28823 27908 137 4.85 19.4 23.6 68.4 30.7 0.089 31.2 
11.5 - 16.5 26406 25997 94.7 4.48 20.9 18.5 45.5 27.7 0.068 24.1 

- 
Bioavailable metal concentrations (mg/Kg dry vt) 

Depth(cni) 
- 

Fe54 Fe57 Mn 
- 

Co Ni 
- 

Cu Zn 
- 

As Cd 
- 

Pb 
0- 2.5 3566 3787 58.5 0.712 1.00 88.8 116 1.71 0.057 10.9 

2.5 -3.5 2384 2433 47.3 0.480 0.875 46.2 80.0 2.27 0.055 10.7 
5.5 -6.5 1601 1660 54.2 0.520 0.734 10.7 41.4 1.19 0.038 7.21 
6.5 -7.5 1516 1622 55.9 0.473 0.723 7.22 40.6 1.21 0.034 7.11 

1 1.5 - 16.5 622 640 19.1 0.434 0.423 1.83 10.4 1.06 0.017 2.34 

Percent bioavailable metal concentrations (%) 
E)epth (cm) Fe M Fe 57 Mn Co Ni Cu Zn As Cd Pb 

0-2.5 1 I I 2Y 20Y 71/( 4c/ 207 29Y 6% 204 21 / 
2.5 -3.5 8Y 9 2 I 67 4Y 97- 297 8c/ 24% 207 
5.5 -6.5 511( 511( 32Y 71/( 31/( 14Y 33(4 31/( 17(4 19(4 
6.5 -7.5 511( 5(4 32(4 711c 3(4 14(4 33(4 31/( 1711c 19% 

1 1.5-16.5 2(4 
- - - 

2(4 20(4 10(4 2(4 
- 

10(4 23(4 
- 

4(4 25(4 
- - - 

1017( 
- - - 



Appendix 4 

Table 6.Total metal concentrations, bioavailable metal concentrations and percent bioavailable metals for Core C 

Total metal concentrations (mg/Kg dry wt) 
I)epth(crn) Fe54 Fe57Mn Co Ni Cu Zn As Cd Pb 

0- I 31046 30297 229 8.18 23.2 368 301 31.4 0.178 49.0 
I - 2 32105 32700 195 7.35 22.2 161 192 36.2 0.132 44.3 

2 -3.5  32435 33006 205 7.50 22.4 157 195 36.2 0.122 45.1 
3.5-4 32643 32629 196 7.16 22.3 89.0 164 37.6 0.104 42.2 
4-5 31089 30851 177 6.73 20.5 57.6 129 38.0 0.089 40.9 

5 -  10 32834 33240 162 5.59 19.6 36.2 90.1 41.2 0.080 41.7 

- 

- Bioavailable metal concentrations (mg/Kg dry wt) - - - - - 

Depth(cm) 
- 

Fe4 Fe57 Nm Co 
- 

Ni Cu Zn As Cd Pb 
0- I 2419 2622 61.5 0.722 0.865 82.8 110 1.81 0.043 11.4 
I - 2 1979 2154 59.6 0.683 0.946 44.8 74.8 1.62  0.036 9.75 

2 - 3.5 1833 2011 59.2 0.546 0.723 20.8 65.9 1.16 0.031 8.56 
4-5 1943 2114 63.5 0.626 0.879 14.9 51.7 1.34 0.03() 7.93 
5- 10 1135 1244 41.4 0.296 0.510 4.21 27.9 1.01 0.017 5.52 

- 
Percent bioavailable metal concentrations (%) - 

Depth (cm) Fe 54 Fe 57 Mn Co Ni Cu Zn As Cd 
- 

Pb 
0- I 8Y 94 27 9y 47 23Y 37c% 64 24Y 234 

I - 2 67 7r/ 304 9% 4C/(  28% 39% 417( 27% 2217( 
2 - 3.5 6% 6% 29% 7% 3% I 3% 34% 3% 26% 19% 
4-5 6% 7% 36% 9% 4% 26% 40% 4% 34% 191/r 
5- 10 

- 
3% 

- - 
4% 

- 
26% 

- - 
5 

- - - 
3 12% 31% 

- - 
2% 

- - -- 
22% 

- - - 
13% 

99 
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