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Abstract

This study investigates the use of the in situ passive sampling technique of diffusive

gradients in thin films (DGT) to measure trace metal contaminants in overlying

water and sediment porewater adjacent to a waste disposal site at the year-round

Australian Antarctic research base, Casey Station. Marine sediment in a bay

adjacent to the waste disposal site has been previously identified as having elevated

levels of trace metals, in particular Cd, Pb, Sn, Cu and Zn.

Further development of the DGT technique was investigated with the application

and testing of a new paper-based DGT sampler. These samplers were more cheaper,

robust and easier to assemble than the original gel-based model, and were less

affectedby pH and ionic strength. The paper-based DGT samplers had a lower than

expected uptake of metals compared to the gel-based samplers in a field trial, so

these samplers were not considered for Antarctic field work. Calibration of the gel-

based DGT samplers using the "DGT uptake method" at a temperature suitable for

Antarctic deployments resulted in diffusion coefficients 93 - 114% of the literature

values, indicating that the technique is suitable for use in Antarctic waters.

Deployment of DGT water samplers in Antarctic waters adjacent to the waste

disposal site and in pristine waters resulted in only Cd, Fe and Ni being measured,

with other metals being less than detection limits. The annual summer melt draining

through the tip did not appear to affect the concentrations of these metals in the

water. The use of Empore preconcentration disks resulted in the quantification of all

metals analysed, except Cr, and the comparison of results between Empore and DGT
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supports previous findings that metals in the marine environment are associated with

colloidal or particulate material.

The use of DGT sediment probes demonstrated elevated levels of Sn, Pb, Fe and As

in the sediment porewater, consistent with direct porewater measurements which

showed elevated levels of Sn, Pb, Mn and Fe compared to pristine locations.

Comparison of DGT sediment probe results to direct porewater measurements

showed that Sn and Fe were resupplied to the porewater from the solid phase.

Further sediment characterisation work was undertaken to investigate why some of

the metals (such as Cd, Cu and Zn) were present in low concnetraions in the

porewater. Very high levels of acid volatile sulfides, up to 1600 pg g"', were

detected in sediment adjacent to-the waste disposal site. The high concentration of

reactive sulfides in the sediment appears to be the main controlling factor of metal

availability in the porewater.
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Chapter 1

General introduction

1.1 Trace metal contamination in Antarctica

1.1.1 Antarctica

Antarctica is the fifth largest continent with an area of over 14 million square

kilometres [1]. During the Austral winter months the area of Antarctica almost

doubles in size when sea-ice surroimds the continent. Antarctica's landmass is

almost entirely covered by the East Antarctic ice sheet, leaving only about 0.4% of

the total area ice fi-ee [2], with the majority of these ice-fi^ee areas being exposed

mountain ranges. Of the total ice-ffee area of Antarctica, only about 0.05% is within

5 km of the coast.

1.1.2 Human occupation in Antarctica

The presence of a southern continent was confirmed in the 1820's with the

exploration of the Antarctic Peninsula region by British and American explorers.

Human occupation began in the 19'̂ century with the exploration and exploitation of

the continent. It was as early as 1899 when C.E. Borchgrevink and his party were

the first wintering group on the continent [1]. The International Geophysical Year

(IGY) in 1957 - 58 sparked the establishment of many Antarctic stations and

research and exploration of the continent. Nowadays there are approximately 45
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year round stations and an additional 37 summer stations [2] housing approximately

1000 expeditioners through the winter, increasing to almost 4000 during the summer

months, when the majority of scientific research and building programmes occur [2],

Australia has three permanent scientific stations on the Antarctic continent,

Mawson, Davis and Casey.

1.1.3 Contamination in Antarctica

Over 50 years of continuous human occupation in Antarctica has left a legacy of

localised contamination from past practices. Although the absolute amount of

contamination in Antarctica is small compared to other regions throughout the

world, contamination is spread unevenly around the continent and is coricentrated in

point sources in areas that are highly sensitive to changes in environmental

conditions [2]. Research stations, the primary location of activities in Antarctica,

are mainly situated on the coastal ice-free oases. Most biological activity, including

penguin rookeries, breeding and nesting sites for other birds, seal haul-out zones and

terrestrial vegetation are also located within these coastal ice-free areas [2-5]. Point

sources of contamination from research stations consist of atmospheric emissions

from station operations and vehicles, fuel spills, chemical waste, refuse from

mechanical workshops, domestic waste and sewage.

In the past, rubbish generated from Antarctic stations was disposed of into tips,

dumping it onto sea ice until it melted or drifted away (also known as sea-icing) or

by open burning [3]. These environmentally impacting waste disposal methods are

no longer practiced, and the majority of waste generated nowadays from Australian
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Antarctic stations is returned to Australia. These days, under Annex III of the

Protocol on Environmental Protection to the Antarctic Treaty, also known as the

Madrid Protocol, past and present work sites have to be cleaned up unless they are

designated a historic site, or if removal by any practical method would result in

greater environmental impact than leaving it in its existing location or condition.

1.1.4 Casey Station history

Casey is one of three Australian research stations located in Antarctica and is

situated in the Windmill Islands, Wilkes Land, East Antarctica at 66°17' S, 110°32'

E (Figure 1.1). The Windmill Islands is an ice-free area covering about 75 km^ and

is a location of breeding grounds for penguins, other birds and seals, diverse near-

shore benthic communities and lush moss and lichen beds [3]. The current Casey

Station is the third station located in the Windmill Islands, the others being Wilkes

and Old Casey Station. The original station, Wilkes, built in 1957 - 58 for the IGY

by the United States [3], is located on Clark Peninsula north of the current Casey

Station. Wilkes was occupied by the United States for one year then handed over to

Australia. Due to poor location, Wilkes became buried with drifting snow,

prompting the need for a new station. Work commenced on the replacement station

two kilometres south on the shores of Bailey Peninsula in 1964. This Old Casey

Station consisted of buildings elevated on stilts, joined on the windward side by a

corrugated iron tunnel. Old Casey was operational between 1969 and 1989 until the

current Casey Station, approximately 700 metres southwest of Old Casey, replaced

it.
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Figure 1.1 Casey Station region, showing the location of the current

Casey station and the Wilkes and Thala Valley (Old Casey)

tips. Map base supplied by theAustralia Antarctic Data Centre,

Australian Antarctic Division

1.1.5 Contamination sources near Casey Station

Several localised contamination sources are situated near Casey Station. Wilkes and

Old Casey Stations have waste dumps associated with the stations, each containing

"I ^

an estimated 25000 m and 1800 m of rubbish and contaminated sediment,

respectively [4, 6]. Rubbish dumped at both of these sites consists of chemical and

domestic waste and refuse from mechanical workshops [4, 7]. Previous work [3-5,

7, 8] has shown that sediments and water from the Old Casey tip (Thala Valley tip)

and sediment in the adjacent marine environment are elevated with trace metals and

hydrocarbons. Table 1.1 shows elevated concentrations of some trace metals
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(especially Cu, Pb and Zn) in sediment from Brown Bay compared to a number of

other sites in the region that have not received contaminant input [3, 5, 9].

Table 1.1 Previous work showing concentrations of metals in

sediments from Casey Station region (pg g"')

Fe Cd Cr Cu Ni Pb Zn

Duquesne and Liess (2003)°

Newcomb Bay ND"" ND 17.1 ± 1.0 13.5±2.1 14.0 ± 1.6 3.0 ±0.5 68.9 ± 5.4

O'Brien Bay ND 0.7 ±0.1 11.6 ±0.4 6.9 ± 0.3 14.1 ± 1.7 2.6 ± 0.2 68.0 ± 0.9

Brown Bay ND l.I ±0.1 17.9± 1.0 25.3 ± 1.1 16.6 ±2.1 44.7 ± 1.5 85.3 ±5.0

Snape,e/a/(1998)''

Newcomb Bay ND 0.5 3.4 2.1 2.8 1.2 25.4

Beall Island ND 0.7 2.3 2.7 2.1 nd° 16.9

O'Brien Bay ND 0.7 2.2 2.5 1.9 nd° 27.6

Brown Bay ND 0.8 5.4 26.6 3.0 77.1 72.8

Scouller (2004)°

O'Brien Bay N side 244 ±34 0.3 ±0.1
jf

0.7 ±0.1 0.7 ±0.1 0.4 ±<0.1 0.3 ±<0.1 6.9 ±0.5

O'Brien Bay NE comer 387 ± 97 0.5 ±0.5 1.0 ±0.3 1.0 ±0.7 0.6 ± 0.3 0.5 ± 0.2 7.4 ±3.7 .

O'Brien Bay SW comer 290 ± 63 0.1 ±<0.1 0.8 ± 0.2 0.6 ±0.2 0.6 ±0.1 0.4 ±0.1 4.8 ± 1.0

Sparkes Bay 527 ± 69 3.3 ±0.3 1.6 ±0.2 3.4 ±0.5 2.1 ±0.2 0.9 ±0.1 22.4 ±2.7

Brown Bay 1060 ±204 1.7 ±0.4 3.4 ±0.3 7.2 ± 1.4 3.0± 1.8 20.3 ±5.8 40.7 ±6.2

' [9] Near-total digest (HNO3, 18 hrs at room temp, 3 hrs at 90°C), [3]Partial extraction (24 hrs, 1 mol L"

HNO3), [5] Partial extraction (4hrs, 1mol L"' HCl), '* ND notdetermined,' ndnotdetected

The Thala Valley tip is located in a topographical valley approximately 600 metres

north east of the current Casey Station. Each summer as the snow and ice melts,

water flows into the valley and through the waste dump, dragging contaminants and

particulates out into the adjacent Brown Bay. The summer melt also coincides with

the loss of sea-ice, which exposes the marine biota to sunlight resulting in an

increase ofbiological activity.
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Thala Valley tip was operational between 1965 and 1986 where it was routinely

burned and bulldozed out onto the sea ice [4], In 1982 a hole was blasted through

the sea-ice, and approximately 20% of the tip was bulldozed into Brown Bay. After

1986, combustible material was bumt in an open pit at another location closer to the

site of the current Casey Station, whilst hazardous wastes were returned to Australia

and disposal into Thala Valley tip ceased [4],

Over the Austral summer of 1995 - 96 large items of rubbish were removed from

Thala Valley tip and retumed to Australia. Approximately 300 m^ of large rubbish

and associated contaminated soils were excavated and the remaining rubbish and

soil pushed into a stockpile [3]. Recently, in the Austral summer of 2003 - 04,

approximately 1000 tonnes of rubbish and soil was removed from Thala Valley in a

trial remediation study. Melt water from within storage containers of the excavated

waste and from tip melt ponds was treated through a water treatment plant to remove

particulates via flocculation, and dissolved metals through exchange with a chelating

resin prior to discharge into Brown Bay.

1.1.6 Biological effects of anthropogenic metals at Casey Station

It is believed that various human activities at Casey Station, including waste

disposal into Thala Valley tip, have affected the near shore benthic communities in

Brown Bay compared to pristine sites in the Windmill Islands [8]. Studies of Brown

Bay have shown that there is generally a lower number of taxa and lower diversity

in species of biota. Brown Bay is also dominated by opportunistic species known

for inhabiting polluted environments [8, 10]. Variations in soft-sediment
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assemblages and benthic diatom communities in Brown Bay have been shown to be

strongly correlated with concentrations of anthropogenic metals (for example, Cu,

Pb, Sn and Zn) in sediment [8, 11, 12].

1.1.7 Previous studies of the effect of human activities around Casey Station

A handful of work has focussed on the contaminated areas around Casey Station,

including studies concerning Thala Valley tip. Investigation of melt water flowing

through Thala Valley tip and Brown Bay marine waters showed that a high

percentage of metals were associated with the particulate fraction [3]. Many studies

investigating metal concentrations in water from Brown Bay have been hampered by

metals being present at concentrations less than detection limits. No speciation

work has been performed on marine water samples, other than the differentiation

between dissolved and particulate associated metals [3, 9].

Previous studies of the sediment in the Windmill Islands region have shown elevated

concentrations of metals including Sb, Cu, Pb, Sn As, Cr, Ni, Ag and Zn in Brown

Bay [3, 5, 13, 14]. Further speciation of contaminants in sediment, and especially

water, has been hindered by the difficulty in maintaining integrity of samples upon

transportation back to Australia.

1.2 Sampling trace metals

Any environmental cleanup procedure in Antarctica as required by the Madrid

Protocol has to be monitored to ensure that adverse environmental effects are not

being created. This requires the collection and subsequent analysis of environmental
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samples. Limited infrastructure at Antarctic stations, particularly analytical

instrumentation, means that bulky water or sediment samples have to be transported

back to Australia for analysis. Due to the isolation of Antarctica, samples may be

stored for longer than recommended holding times before analyses can be

performed. The extreme cold temperatures compound these problems making

conventional sampling logistically difficult compared with temperate climates, and

altemative techniques are required for water and sediment sampling.

1.2.1 Problems with environmental sampling for trace metal analysis

Obtaining a sample that is representative of the environmental study site can be one

of the biggest sources of errors. This first step in the process of environmental

analysis can often be the most neglected, even though the action of sampling can

severely affect the integrity of any subsequent laboratory results [15]. Sampling

bias and variance of beterogenous samples adds errors to those already created by

sample handling and preparation and the analytical method, and can often

dramatically reduce the reliability of the results [15, 16]. Samples can be deemed

useless if they do not represent the condition of the sampling site with respect to the

presence, absence or representative concentration of the analyte of interest.

Furthermore, analysis and interpretation of these samples can lead to incorrect or

unrepresentative conclusions, which may result in environmental or financial errors.

Other problems that can occur from point sampling is that the sampling timeframe is

very small and the sample only represents instantaneous conditions rather than being

representative of continuous conditions [17]. This may not reflect the average
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conditions of dynamic environments such as rivers and estuaries. For example, if

water or air samples are taken from an accurate location then compared to another

sample taken from the same location the next hour or day, the analytical results may

have changed by over 100% [18]. This problem can be overcome by one of two

methods, either by taking samples on a regular basis or by obtaining time-averaged

samples. Time-averaged sampling, as opposed to periodic sampling, is a more

financially viable approach to obtaining information about average concentrations.

Time-averaged sampling also removes the chance of sampling bias and errors from

only sampling on limited occasions, improving the chances of obtaining a sample

that is truly representative of the environment from where it was taken.

When a water or sediment sample is taken from the environment the distribution of

chemical species may change during sampling or subsequent storage [19]. The

speciation of a sample can change with light intensity, ionic strength, oxygen

content, temperature, pH, biological activity and pressure after it has been sampled

[20, 21]. Some of the specific processes that may change the speciation of the trace

metals in sediment and water samples include [20, 22-25]:

• Adsorption and desorption of trace metal to and from surfaces used during

sampling and sample handling (i.e. plastic or glass sampling or filtering

equipment)

• Exposure of anoxic samples to oxygen, causing oxidation of important

inorganic redox species such as Mn^^ and Fe^^ producing hydrous Mn and Fe

oxides with strong adsorptive properties towards other metals



1. Introduction

• Biological activity may cause changes in oxidation state of metals/metalloids

and may cause a pH change due to continued respiration or photosynthesis

• Sedimentation of coagulated colloidal matter

Ideally, samples should be maintained at the same equilibrium conditions as when

the sample was taken, but this is impossible if a sample is collected, transported and

stored for subsequent analysis [20]. Changing the temperature of a sample between

the time of sampling and analysis may affect the equilibrium concentrations of

certain species, which may also be a problem with Antarctic samples.

1.2.2 Biologically and environmentally significant metals

Metals are present in water and sediments in different forms or species. The

different species of metals do not possess the same toxic effect to biota as each

other. Species that are strongly complexed in either the water or sediment phase are

less likely to be released under normal conditions and hence are not able to be

assimilated by biota and are not environmentally mobile. Rather than determining

total metal concentrations in water and sediment, speciation analysis is an integral

requirement in many environmental guidelines [26]. Speciation measurements in

potentially contaminated water and sediment, such as in Brown Bay, are essential

for determining the effects of metals upon biological or geochemical cycles in the

natural environment.

10
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1.2.3 Sampling

1.2.3.1 Water Sampling

Water samples have generally been taken by submerging a storage container into the

water of interest, for example lake, river, ocean and estuary waters, or submerging a

sampler that can sample at a desired depth, then transferring the water to the storage

container [27]. In natural waters, metals are often present at trace levels and care

has to be taken to avoid possible contamination of the sample. In dynamic systems

this approach to sampling is not likely to capture the average conditions. Many

organisations such as Environment Australia (EA), US Environmental Protection

Authority (EPA) and International Organisation for Standardisation (ISO) issue

protocols for collecting and dealing with water samples to help eliminate the

variability and potential sources of contamination [28-31].

1.2.3.2 Sediment sampling

The deposition of sediments is a slow process, with sedimentation rates varying

fi:om 1mm y"' in costal marine water to 10-20 mm y"' in some riverine and estuarine

systems [26]. Sediments are a time-integrated deposition, so the sampling of

sediments is less affected by the time of sampling compared to water samples, but

they do suffer fi^om heterogeneity, so a sampling regime has to be planned to ensure

that what is being sampled is representative of overall environment. Sediments

generally contain higher concentrations of trace metals compared to water samples

so are generally less prone to contamination.

11
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Sediment samples are usually obtained with either a grab sampler or a corer to

obtain a surface sample or a core sample, respectively [32, 33]. Grab samplers

typically consist of a jaw that closes resulting in a surface sample being taken. It is

very difficult to control the depth of penetration into the sediment using a grab

sampler [32] and there is a risk of loss of the fine particulate material through

winnowing when it is removed fi-om the sediment bed [34]. Sediment corers are

constructed of a hollow pipe that is inserted into the sediment and withdraw an

imdisturbed sediment core [33]. Corers have the disadvantage of sampling only a

very small area of sediment and care must be taken to ensure it enters the sediment

perpendicular.

1.2.3.3 Porewater sampling

Porewater can be sampled by removing the water firom a core or grab sample by

centrifugation, vacuum filtration, squeezing of the sediment, or dialysis [33, 35-37].

Each of these techniques has their disadvantages: filtration does not provide enough

sample volume [37], dialysis suffers from incomplete/unrealistic equilibration [38],

while the squeezing or centrifugation of samples may cause the release of different

elements with the lysis and destruction of cells [33]. All of these techniques result

in poor depth resolution and samples can suffer from oxidation effects if anoxic

samples are exposed to the air [32, 39, 40].

1.2.4 In situ approaches for trace metal analysis in water

In situ techniques for the sampling and analysis of trace metals in various

environmental matrices are ideal as the sample does not have to be removed from

12
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the environment, thus avoiding the aforementioned issues with sample manipulation,

storage and speciation changes [41].

1.2.4.1 In situ analysis

The first in situ approach involves the actual analysis of the sample in situ. There

are very few methods that can reliably measure analytes in situ at the sensitivity

required in natural waters at such low concentrations (10"'̂ - 10"^ mol L"' [42, 43]).

Some of the techniques that are able to perform these measurements in situ use

electrochemical methods, such as anodic stripping voltammetry [19, 44, 45], ion

selective electrodes [46] or the use of automated flow injection systems coupled to

detection methods like chemiluminescence, kinetic spectrophotornetry or

fluorescence spectrometry [43].

1.2.4.2 In situ sampling

In situ analyses are not always possible due to the low concentrations of the target

analytes present in samples. Techniques that use in situ sampling are becoming

more popular for minimising some of the problems associated with traditional

sampling. Analytes are bound in a medium that resists further speciation changes

and contamination by isolating it from the sample matrix [47]. In situ sampling still

requires the quantification of the analyte in a laboratory. This approach to sampling

minihiises sample handling, and some of these techniques can also preconcentrate

the analyte to improve the sensitivity of the analytical method used for analysis.

13
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1.2.5 Passive sampling

Passive or diffuse sampling can be defined as the diffusive transport of analytes

from the sample matrix into a collecting medium as a result of a difference in

chemical potentials [47]. This is the technique that many in situ samplers are based

on. Quantitative passive sampling techniques for analytes in air have been available

since the early 1970's, for example, the determination of SO3 and NO2 [48, 49].

Passive sampling commonly involves either an establishment of equilibrium within

the sampler and the sampling environment or constant uptake until the sampling

window ceases. Methods that need the establishment of equilibrium do not depend

upon time once equilibration is reached, but often suffer from poor sensitivity [25]

or unrealistic equilibration times [38]. If the passive sampling is a cumulative

process (i.e. sampling continues until the sampling window is ceased), the amount of

analyte sampled depends upon the average concentration of the analyte in the

sample medium as well as the sampling time. These samplers can also act to

preconcentrate the analyte in the collecting medium.

The majority of techniques that use passive sampling involve the measurement of

non-polar organic species in water including: polychlorinated biphenyls, polycyclic

aromatic hydrocarbons, organochlorine compounds and chlorinated insecticides [50-

53]. Techniques have now been developed for the measurement of trace metals,

using passive sampling devices including: dialysis, diffusive equilibrium in thin

films (DET) and diffusive gradients in thin films (DGT) samplers [38, 54, 55].

These passive samplers have been used in a wide range of environments including

marine and fresh waters, storm-water effluents and sediment porewater [38, 55-57].

14
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1.2.6 Diffusive gradients in thin films

The technique of diffusive gradients in thin films (DGT) is a recently developed in

situ passive sampling technique for sampling trace metals in natural waters [38, 58].

DGT samplers work by allowing metals to diffuse thorough a permeable layer at a

known rate, and then the metals are subsequently boimd in a bindiiig phase. Unlike

dialysis, metals are preconcentrated making this technique ideal for the

measurements of trace metals.

The DGT technique samples metals that are small enough to pass through the pores

in the diffusion layer and are labile enough to react with, or chelate to, the binding

phase. While the species measured by DGT samplers has not been fully researched,

they will only sample certain species of metals; the more labile dissolved metals

rather than the total metals present. These species are potentially toxic and are more

mobile. The use of DGT samplers to measure metal concentrations in waters,

including porewater, can provide information about the potential availability and

mobility of the contaminants.

DGT samplers overcome problems with sampling bias and unrepresentative

samples, as they give a time averaged sample over the sampling window and thus

avoid problems associated by collecting samples that are not truly representative of

the sampled environment. Although the DGT technique does not provide

continuous measurements of the concentration of trace metals, it does provide an

average measurement for the duration of deployment period. Another advantage of

DGT samplers is that metals are boimd in an inert form in small samplers so the

15
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transportation of large water or sediment samples is not required and the sample is

not affected when extended sample holding times occur. These characteristics of

DGT samplers make them ideal for sampling metals in the Antarctic environment.

1.3 Thesis structure and objectives

DGT samplers are a usefial tool for the measurement of trace metals in Antarctic

waters, including sediment porewater, to assess the mobility and availability of the

trace metals. Once sampled by DGT the metals are hound in the samplers and the

transportation of bulky water and sediment samples is not required. Previous studies

of the overlying water in the Casey Station region have been hampered by metals

being less than the detection limit so the preconcentration ability of DGT samplers

will minimise sampling errors through contamination or loss of analyte.

The main objective of this study was to develop the application of DGT samplers for

deployment in the Antarctic environment to measure metals in overlying and

sediment porewater to assess the mobility and availability of trace metals. This is

the first time DGT samplers have been applied in Antarctic waters and sediments.

Chapter 2 is an introduction into the use of DGT samplers in water and porewater; it

gives a brief overview into speciation of metals in water and a detailed background

of DGT samplers. Further development of DGT samplers, including the use of

commercially available material as components within DGT samplers, is

investigated in Chapter 3. The aim was to make the samplers more robust and easier

to handle in Antarctic conditions. These new DGT samplers were trialled in a field

16
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study in the Derwent Estuary. The application of DGT samplers in Antarctic waters

was also investigated with the laboratory calibration of the samplers at -1°C.

Chapter 4 illustrates the use of DGT samplers as a technique for measuring trace

metals concentrations in Antarctic waters. Samplers were deployed in marine

waters near Casey Station, some of which are potentially impacted with runoff from

Thala Valley tip. Results from DGT water samplers were also compared to another

preconcentrating trace element sampling technique using solid phase extraction

disks and a biomonitoring technique using the ganunaridean amphipod Paramoera

walkeri.

Chapter 5 describes the application of DGT sediment samplers in contaminated

sediment in the Casey Station region to understand the mobility of metals in the

sediment porewater. The DGT measurements obtained were compared to porewater

concentrations extracted from sediment cores. This enabled a basic assessment of

the nature of the resupply of trace elements from the sediment phase to the

porewater. Further work was also required to characterise the nature of the metals in

the sediment, and this is described in Chapter 6.
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Chapter 2

Diffusive gradients in thin film samplers

2.1 Metals in water

One of the analytical methods to help ^sess water quality is the recently developed

passivesampling technique of diffusive gradients in thin films (DGT) [38]. This is a

technique for the in situ measurement of dissolved labile trace metals in natural

waters. The interest in fi-actionation measurements of trace metals is important for

vmderstanding the mobility and effect metals have on the environment. Not all

forms of metals have the same environmental effect and determining total metal

concentrations may overestimate or mask environmentally significant levels present.

Once a water sample is taken, it is difficult to maintain the integrity of the sample in

respect to the amount and form of metals present. As soon as a sample is removed

from its environment it changes fi-om what was originally sampled [59]. This is

particularly important for speciation measurements, so the best approach is to

perform measurements in situ. The recent drive towards in situ measurement to

provide continuous, real-time measurements of major, minor and trace components

in systems has helped to overcome some of the sampling and storage artefacts that

have hindered analyses in the past [59].

18
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DGT samplers accumulate metal cations and labile (in)organic metal complexes and

bind them in a chelating resin until they are eluted and measured. This avoids the

loss or contamination of any sample that may occur with traditional sampling

methods.

2.1.1 Speciation of metals in water

In marine waters, trace metals do not occur as a single entity but are present in a

wide range of species, in both the dissolved and particulate phases [21, 60]. Some

examples of these species are shown in Table 2.1, and include: free metal ions at

different valencies, particulate bound species, simple inorganic complexes and

complexes with organic macromolecules [21, 23, 44]. The speciation of metals will

be dependent upon the amount and composition of organic and inorganic ligands,

colloids and particles present, salinity, pH, Eh, temperature, and microbial activity

[61, 62]. Variation in the speciation of a metal in water will affect the

bioavailability, mobility and toxicity [23, 44, 63, 64].

The examples listed in Table 2.1 have varying sizes and physical states. Simple

ionic species, and inorganic and organic complexes have sizes. approximately < 5

nm, colloidal material is usually defined by size, ranging from 1 nm - 1 pm, whilst

particulate matter is classified as being greater than 0.5 pm [65].

19
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Table 2.1 Possible physico-chemical species of metals in natural

waters

Physico-chemical form Possible examples

Differing oxidation state As(III), As(V)

Simple ionic species Zn(H20)6^^(aq)

Inorganic complexes CdCP(aq), ZnC03(aq)

Organic complexes - fulvic acid(aq)

Simple organometallic species (CH3)2Hg

Adsorbed onto inorganic colloids Pb '̂̂ / Fe203(s)

Adsorbed ontoorganic colloids Cu^^/ humic acid

Paniculate Metals adsorbed onto clay particles or living

plant material

Adapted from Morrison [21] and Florence [44]

Of the species listed in Table 2.1, the most bioavailable metal species are the simple

ionic species, inorganic complexes and organic complexes, as these are the more

mobile and labile species [63].

2.1.2 Techniques for metal speciation in water

Determining the amount and composition of the actual species of metal in natural

systems is difficult, and it is often easier and more appropriate to separate the metal

into "operationally defined" fractions [66]. A common and simple technique relies

on size fractionation to discriminate between dissolved- and particulate- associated

metals by filtering a water sample through a 0.45 pm filter. However, the dissolved

fraction will contain filterable material including small colloids, which are not

strictly dissolved [67]. Many factors can influence the results of filtration, including

filter type, concentration of colloids and suspended material, and sample volume
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[66, 68-70], making it difficult to compare between samples fractionated by this

simple method. Other measurements of metals in natural waters have been made by

a variety of techniques, including electroanalysis, ion exchange, dialysis,

ultrafiltration, solvent extraction, gel filtration, chromatography, and computer

modelling [44, 64, 67, 71, 72]. Most, if not all of these techniques are an operational

processes rather than separating actual physical species.

2.2 Diffusive gradients in thin films

The technique of diffusive gradients in thin films quantifies free metals and labile

(in)organic metal complexes by accumulating them in a binding layer once they

have passed through a diffusion layer. Whereas the transport of metals to ion

exchange or chelating resins in other assemblies, such as bags or columns, can vary

with the hydrodynamics of the solution, mass transport in DGT is controlled by the

diffusion layer [38]. The rate of transport of metals between the sampled

environment and the binding layer in DGT samplers is controlled by diffusion

through a permeable layer at a predetermined and constant rate.

In remote locations, such as Antarctica, where there is limited analytical

instrumentation available and measurements have to be performed elsewhere, DGT

samplers offer a potentially convenient technique for sampling metals in water, and

also helps preserve the sample during storage and transport. By binding the analytes

in situ within small lightweight samplers there is no need to transport large aqueous

volumes, which is an important consideration when cargo weight is critical.
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2.2.1 DGT principle and theory

The components of a DGT sampler include a binding layer, typically containing a

resin fiinctionalised with an iminodiacetate functional group, impregnated into a

polyacrylamide hydrogel. The binding layer is separated from the aqueous solution

by a diffusion layer, which consists of a layer of polyacrylamide hydrogel of a

known and uniform thickness. These two layers are covered with a membrane filter

to protect the diffusion hydrogel jfrom small particles adhering to it and against

general mechanical damage [58].

DGT is a kinetic sampling technique and is not based on attainment of equilibrium,

and deployment times can vary from 1 hour to approximately 3 months, by which

time the resin is at risk of saturation in typical natural water concentrations [58].

The binding phase in DGT samplers preconcentrate the analyte over the duration of

the sampling window, which makes this technique ideal for the analysis of trace

metals in natural waters.

Metal species measured by DGT assemblies have to be sufficiently labile to react or

chelate with the resin once they have passed through the diffusion gel layer. The

typical time for a steady-state concentration gradient to develop within a diffusion

layer of 400 - 1000 pm is approximately 10^ - 10^ seconds, assuming a diffusion

C ^ 1 ^

coefficient of 10' cm s" [73, 74]. The thicker the diffusion layer, the greater the

time allowed for less labile species to dissociate and be bound by the binding phase

[38, 73]. This is the same concept for the analysis of labile species by anodic

stripping voltammetry (ASV), where the thickness of the diffusion layer is governed
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by the rate of rotation of a rotating disk electrode (RDE) or by the rate of solution

stirring when analysing with a hanging mercury drop electrode (HMDE) [45, 75].

The pore size of the polyacrylamide diffusion layer also adds another operationally

defined speciation step for species measured by DGT, as it will only measure

species that are small enough to freely diffuse through the pores without hindrance

[58]. The pore size of the polyacrylamide diffusion layer is normally in the range of

2-9 nm [58, 76] and should exclude most colloidal material from measurements,

thus permitting only ions and small complexes to pass through [76]. DGT can

measure free metal ions and organic and inorganic metal complexes that will readily

dissociate during the diffusion timeframe, and have stability constants less than the

binding of the metal to the binding phase [25, 38, 58].

The theoretical principle of the DGT technique is based on Pick's First Law of

Diffusion [38, 58], which states, "that the flux of matter is proportional to the

concentration gradient" (Equation 2.1) [77]:

(2.1)
ax

where J is the molar flux, D is the diffusion coefficient, C is the concentration of the

compound, and x is the distance. dC/dx is the concentration gradient across distance

X.
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If the transport of analytes to the binding phase is governed purely by diffusion, the

flux of the metal through the diffusion gel layer is determined by Equation 2.2:

(2.2)

where Cb is the free concentration of the metal ion in the bulk solution, Ag the

thickness of the diffusion layer, and Cr the free concentration of the metal ion at the

binding layer.

If the binding phase is not saturated, the free metal ion is bound almost immediately

by the binding agent, hence C is effectively zero at the interface of the diffusion gel

and binding layer Equation 2.2 becomes:

J=̂ (2.3)
Ag

As flux is the measurement of the rate of diffusion, it can he expressed as the mass

of the diffusing substance passing through an area per unit time [78]:

(2.4)

where Mis the mass of metal diffusing through an area. A, during a given time, t. By

combining Equation 2.3 and 2.4, the mass of metal that has diffused through the

open face on a DGT device is given by:
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Thus the concentration of metals in the bulk solution can be easily determined from

the analytical assay ofmetal that are hound in the binding layer by eluting them with

an acid extraction, assuming the other parameters (t, Ag, A and D) are known:

MAg

DtA
(2.6)

Within minutes of deployment a concentration gradient is established through the

diffusion gel layer, between the solution and the binding layer [58], as shown in

Figure 2.1.
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Figure 2.1 Cross-section of a DGT device showing a steady state

concentration gradient through the diffusion gel and a

diffusive boundary layer. Adapted from Davison and Zhang [38]
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Between the diffusion gel and the bulk solution there is a diffusive boundary layer

(DEL, S) and through this DEL transport of ions is purely by molecular diffusion

[79], Generally in well mixed solutions, where 6 « Ag [38], any effect due to the

DEL can be ignored. If the thickness of the DEL is not negligible, the mass of

metal accumulated can be determined by the equation below [58]:

M = C^At
D D

g w

AgD^ + SD^
\ y

(2.7)

where, Dg and Dw are diffusion through the gel and water, respectively, and S is the

thickness of the diffusive boundary layer.

2.2.2 Theory of DGT in sediment

DOT samplers can be deployed in sediment to measure metal concentrations in

porewater or metal fluxes from the sediment to the porewater [80, 81]. As the

metals are chelated to individual beads of Chelex 100 resin, this can provide depth

profiles of the sediment as the metals are fixed spatially as soon as they bind to the

resin [82]. The use of DGT sediment probes will not assess any metal exposure by

biota from the ingestion of solid particles.

The lack of mixing of porewater in sediments causes porewater concentrations of

metals adjacent to the DGT sampler to become depleted after a period of time unless

metals are resupplied from the solid phase. This leads to an underestimation of

porewater concentration when applying the same theory of DGT that is applied to a
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well mixed solution, such as seawater, unless kinetic parameters of the sediment are

understood. Once the metals are depleted in the porewater adjacent to the DGT

sampler, a resupply of metals back into the porewater may occur by desorption from

the solid phase. With increasing deployment time, metals in the porewater may

become progressively depleted further away from the DGT probe, although the

resupply of metals hack into the porewater from the solid phase counteracts this

depletion [83]. With this in mind, there are three possible cases for the behaviour of

porewater with a DGT sampler depending upon the resupply kinetics of metals from

the solid phase [84]:

1. Fiilly sustained case: If the metals are resupplied from an exchangeable

fraction from the sediment faster than or equal to the rate of removal by the

DGT sampler, the porewater concentration does not decrease, hence the

accumulation of metals can be directly interpreted as concentration -

2. Partially sustained case: If the metals are being resupplied from the solid

phase of the sediment at a rate lower than the DGT induced flux, there is

some resupply but not enough to stop the depletion in the porewater. If DGT

results are interpreted as concentration, the results will be smaller than the

actual porewater concentrations

3. Unsustained case: If there is no resupply of metals from the solid phase to

the porewater, the supply of metals to the interface of the DGT sampler is by

diffusion of ions through the porewater only

The cross-sectional concentration profiles of metals in the DGT sampler and

sediment porewater for these three cases are shown graphically in Figure 2.2.
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Figure 2.2 Representation of DGT assembly in sediment showing (1)

fully sustained, (2) partially sustained and (3) unsustained

cases. C, represents the porewater concentration at the DGT-

sediment interface and C is the bulk porewater concentration.

Adapted from Harper et dl. [81]

The rate of resupply of metals from the solid phase dictates which of the above cases

occurs. If there is no resupply (Case 3) or resupply is not great enough to cope with

the flux demanded by the DGT sampler (Case 2), the zone of metal-depleted

porewater adjacent to the DGT will become progressively larger with time.

In a fully sustained case, the flux required by the DGT sampler is less than the

resupply flux from the solid phase (Figure 2.3), while in a partially sustained case,

the DGT sampler will measure the resupply flux and the diffusion flux, although the

desorption flux from the sediment is too slow to fully sustain porewater

concentrations. In an unsustained case, the flux measured by the DGT sampler is

only the flux of metals diffusing through the porewater.
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Exchangeable
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Figure 2.3 Interaction ofmetals in sediment adjacent to DGT sampler,

where Fwr is DGT diffusion flux from the porewater to the

resin, Fdp is the diffusion flux within the porewater, Fsw is the

desorption flux from the sediment to the porewater. Adapted

from Harper etal.[%\]

If there is sufficient resupply of the metals from the solid phase, the concentration of

porewater at the DGT sediment interface, C,, is equal to C, the bulk porewater

concentration. If C, is constant during the deployment time, C, can be calculated

from the mass of metal accumulated using the DGT equation based on Tick's First

Law of Diffusion, Equation 2.6. If C, varies with time, for example, and is hence

depleted over the sampling timeframe, the measured concentration determined by

DGT will be a time-integrated value of C,:

1 '
^DGT ~~ j^i i^i

/,=0

(2.8)

Even if porewater concentrations are depleted throughout deployment,

remobilisation fluxes from the sediment to the DGT sampler can be calculated from

the accumulated mass of metal per unit area. Ma, of binding phase and the

deployment time, t:
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M
F = ^ (2.9)

Zhang et al. [80] have shown with modelling that if no resupply occurs from the

solid phase the mean DGT uptake flux will be 6% of the steady state case in the

sediment (i.e. when rapid resupply maintains a constant porewater concentration)

after 24 hour deployment period, while 2D modelling hy Harper et al. [81] has

shown that this value is closer to 10%.

2.2.3 Components of DGT samplers

2.2.3.1 Diffusion layer

The diffusion layer in a DGT sampler is a thin layer {ca. 0.4 - 0.8 mm) of

polyacrylamide hydrogel cross-linked with agarose, consisting of approximately

95% v/v water when fully hydrated [58]. This polyacrylamide gel is similar to gels

used in electrophoresis for the separation of proteins. Polyacrylamide gels are

chemically inert, have imiform properties and able to be reproducibly prepared [85],

making them ideal for diffusion layers. By varying the chemistry and concentration

of the cross linking agent, it is possible to create gels that retard the diffusion of

organic complexes, but still allow the free diffusion of inorganic ions [86]. Figure

2.4 shows a schematic representation of a DGT water sampler.
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Resin impregnated binding layer

Open face for sampling

Diffusion layer

Figure 2.4 A schematic representation of a piston type DGT water

sampler

The preparation of the polyacrylamide hydrogel has been thoroughly described in

previous studies [58, 79, 87]. Agarose linked polyacrylamide is made by mixing

0.3% agarose crosslinker and 15% acrylamide solution, then polymerisation is

initiated by adding 70 pL of 10% ammonium persulfate solution and 20 pL of the

catalyst, A/,A,A',A'-tetramethylethylenediamine (TEMED). Gels are cast between

glass plates to obtain reproducible and uniform films, and are set at 42°C for 45 - 60

minutes. Once set, the gels are washed to remove excess TEMED and are

conditioned in 0.1 - 0.01 mol L"' NaNOs or NaCl.

2.2.3.2 Bindingphase

The binding phase in DGT samplers for metal sampling contains a layer of chelating

resin beads (200 - 400 mesh) impregnated along one of the surfaces of a thin film of

polyacrylamide hydrogel. It is prepared by adding Chelex 100 beads to the gel

solution, prolonging the setting process of the polyacrylamide gel by adding less
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initiator and catalyst to the solution, and letting the resin settle by gravity to one side

of the gel as it sets [58].

Chelex 100 (Bio-Rad) is a commercially available resin containing iminodiacetate

groups (see Figure 2.5), which act as chelating ligands toward polyvalent metal ions,

supported by a poly(styrenedivinylben2ene) backbone [88]. The iminodiacetate

groups co-ordinate metals through oxygen and nitrogen bonds, in a similar fashion

to ethylenediaminetetraacetic acid (EDTA) [89].

CH

H2

^CHzCOOH

IN

\
CHjCOOH

Figure 2.5 Structure of iminodiacetate (acid form) immobilised on a

styrene backbone. Adapted from Garg[90]

Chelex 100 has been widely used for the enrichment and separation of trace metals

in seawater [91-94]. It has a high preference for copper, iron and other heavy metals

over monovalent cations such as sodium and potassium, making it ideal for the

determination of trace heavy metals in a seawater matrix.
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The approximate order of selectivity of iminodiacetate groups for cations in a

chloride solution is shown in Figure 2.6 [88]:

> Ag^ >

> Fe^"" > »> Na^

Figure 2.6 The selectivity order of iminodiacetate groups

The metals are eluted from the Chelex 100 binding layer with a small volume of

dilute nitric acid. As the trace metals are removed from their original matrix such as

seawater, any matrix problems are also removed making subsequent instrumental

analysis simpler [79].

2.2.4 Applications of DGT samplers in water

DGT samplers have been used in a variety of natural waters, including marine,

fluvial and estuarine systems [58, 76, 95-99]. Application of the DGT technique has

also been extended to discriminate between organically and inorganically hound

metals in water [86].

There have been numerous applications of DGT samplers in water systems

throughout Australia and the rest of the world. Most work compared DGT

measurements to filterable water concentrations, although some work has compared

DGT measurements to other fractioriation techniques, such as voltametric analyses

[95,97].
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Munksgaard and Parry [98] investigated the use of DGT as a monitoring tool for

measuring labile metals in Darwin Harbour, Nortbem Territory, Australia. Tbey

found that DGT provided good accuracy and precision for monitoring near-pristine

levels of Mn, Co, Cu, Cd and Pb when deployed for three days, but Zn could not be

adequately determined due to high blank levels in unexposed resin layers. However,

whilst the ratio of DGT-labile to 0.45 pm filterable Co and Cd was close to unity it

ranged from 44 - 63% for Cu in the natural seawater measured.

DGT labile measurements in estuarine waters in Queensland, Australia were found

to be 27 ± 12% for Ni, 21 ± 2% for Cu, 28 ± 5% for Zn and 29 ± 11% for Pb of the

0.45 pm filterable measurements [96]. Significant correlations between DGT

samplers deployed for 24 hours and 0.45 pm filterable composite samples (grab

samples combined every four hours for 24 hours) were found for Zn, Ni and Cu,

although no significant correlation was found between 0.45 pm filterable grab

samples taken weekly and DGT measurements for 7-day deployments in the same

study.

The fraction of DGT labile metals in two Tasmanian river systems were

approximately 30 - 90% and 50 - 90% of the amount of 0.45 pm dissolved Cu and

Cd, respectively [99]. Other studies in freshwater rivers showed > 90% of total

dissolved Cd and Zn, 20 - 40% of total dissolved Co, Ni and Pb and 5% of

dissolved Cu was DGT labile [100].
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Odzak et al. [97] evaluated the application of the technique of DGT to determine

metal concentrations and speciation in hard water eutrophic lakes. The DGT-labile

amount of Cu and Ni was 15- 25% of the total dissolved concentrations. Speciation

by ligand exchange - cathodic stripping voltammetry showed that Cu and Ni were

predominantly complexed byorganic ligands. Zn (36 - < 90% DGT-labile) and Mn

(50 - 100% DGT-labile) were more weakly bound in organic complexes. DGT-

labile Pb and Cd were detected at very low levels in the lake, whereas total dissolved

concentrations of these two metals were occasionally above the detection limit.

When both techniques gave results above the detection limits, the fraction of DGT-

labile metals compared to total dissolved metals was approximately20% for Cd and

10%forPb.

The speciation of Cu in coastal marine water measured by DGT samplers on the east

and west coasts of America has shown that the DGT-labile Cu is a fraction (14 -

38%) of the total dissolved (< 0.2 pm) Cu [95]. A comparison of DGT results with

competitive ligand exchange - adsorptive cathodic stripping voltammetry (CLE-

ACSV) showed that approximately 10 to 35% of the organic Cu measured with

CLE-ACSV was DGT labile.,

2.2.5 Application of DGT samplers in sediment

Several studies have investigated the application of DGT samplers in sediments and

soils to measure fluxes and estimate porewater concentrations [80, 83, 101-105].

The comparison of altematively measured porewater concentrations to DGT

measurements can give an indication of the resupply of metals from the solid phase
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to the porewater. Also, DGT measurements in soils have been proposed as a

surrogate measure of metal concentration in soils that are available to plants [105,

106].

Other applications of DGT samplers in sediment use the modelling programme DGT

Induced Fluxes in Sediment (DIPS), developed by researchers at Lancaster

University, to provide quantitative interpretation of DGT measurements in

sediments in terms of kinetic and resupply parameters [107]. Determinations of

distribution coefficients of labile metals and rates of resupply from the solid to

solution phase using DIPS have been performed [83, 108, 109]. Emstberger et al.

[83] have measured the capability of DIPS to model DGT sampler uptake by

deploying samplers in homogeneous soils between 4 hours and 19.5 days and found

that DIPS was generally able to model the experimental results well.

2.2.6 Other applications of DGT samplers

The application of the DGT technique has also been extended to measure cesium

radionuclides in water using ammonium molybdophosphate as a binding agent

[110], and alkali and alkaline earth metals such as Cs and Sr using a general cation

exchange resin (AG50W-X8) as the binding agent [111]. Ca and Mg have also been

measured in fi-eshwater using the Chelex 100 binding phase [112]. The technique of

DGT has been developed to measure orthophosphates (Hx(P04)(3-x) - filterable

reactive phosphates) in natural waters by incorporating a binding layer containing

ferrihydrite [113]. Sulfide in porewaters has been measured by the reaction of

sulfide with Agl in the binding phase to form black Ag2S [114-118]. These sulfide
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probes have been developed one step further with the sulfide binding layer

integrated with the Chelex 100 binding layer to enable simultaneous measurement of

mobilised sulfide and metals at the same spatial location [114, 117, 118].

2.2.7 Limitations and problems with DGT samplers

Before DGT results can he interpreted as concentrations, the diffusion coefficients

have to he known for the species of interest. These can he determined by using a

diffusion cell to obtain the diffusion coefficient through the diffusion layer [87].

Another approach is to expose DGT samplers in a solution of known metal

concentration over various time periods and calculating the diffusion coefficient

from the relationship between metal uptake and time [119]. Diffusion coefficients

are dependent upon temperature so this has to he accurately known throughout the

deployment period for accurate interpretation of results.

2.2.7.1 pH

There is an optimal pH window for the measurement of metals by DGT samplers.

At the lower end of the scale, the operational limit for the technique, depending

upon metal, is about pH 4 - 5, where the competition of hydrogen ions for binding

sites becomes significant. This results in the Chelex 100 having a lower selectivity

for metals at a lower pH and may cause back diffusion of ions [119]. At the other

end of the scale, assuming the precipitation ofmetal hydroxides is not a problem, the

operational limit of the technique is approximately pH 10, where the structure of the

hydrogel starts to change, introducing uncertainties into the diffusion coefficient and

thickness of the diffusion layer.
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2.2.7.2 Ionic strength

For use as a routine monitoring tool, DGT samplers are ideal for use in natural

waters, both saline and fresh. Ideally with a technique like DGT, there should be no

difference in diffusion coefficients for analytes in a variety of natural sample

conditions, for example ionic strengths and composition. There is some discussion

of the effect of ionic strength on diffusion coefficients using DGT samplers with the

polyacrylamide diffusion layer and the Chelex 100 impregnated binding layer,

leading to ambiguous results if not interpreted correctly [76, 100, 120].

Zhang and Davison [87] have shown that the equilibration of Cd solutions in an

agarose cross-linked polyacrylamide gel was highly variable in ionic strengths less

than 10'̂ mol L"' NaNOs. In ionic strengths above 10'̂ mol L"' NaNOs, results were

less variable and the ratio of Cd in the gel to in the solution approached unity. This

irreproducible behaviour of the agarose cross-linked polyacrylamide gel was

explained by local charges on the gel surface and within the gel itself.

The problem with DGT samplers at low ionic strengths was further investigated by

Alfaro-De la Torre et al. [76] who found irregularities when DGT samplers were

used to measure metal concentrations in water with low major cation concentration

(S[cations] < 2 x 10"^ mol L"'). Concentrations of Cd and Ni in Lake Tantare (40

km north of Quebec City, Canada) measured by DGT were consistently higher than

those measured by in situ dialysis. They found that there was an increase in the

effective diffusion coefficient of Cd and Ni compared to those in a synthetic solution

containing 10"^ mol L"' NaNOs. Alfaro-De la Torre concluded that this increase in
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diffusion coefficients was due to a negative Na^ gradient across the diffusion gel at

low ionic strengths accelerating the diffusion of other cations through the gel.

Sangi et al. [100] exposed bisacrylamide cross-linked diffusion gels with no binding

layer to solutions of Cd in various ionic strengths of NaNOs and found that the

equilibrium concentrations of both Na and Cd in the gel were uniformly higher than

those in solution. Peters et al. [120] found that Cd and Cu DGT results were erratic

in ionic strengths of less than 0.1 mmol L'̂ CaCli compared to the direct analysis of

the solution byAAS. Above an ionic strength of 0.1 mmol L"* of CaCl2, the ratio of

the concentration measured by DGT samplers to direct analysis of the solution was

close to 1. There was also rio difference in behaviour between DGT samplers with

the Chelex 100 resin in the Na or Ca forms at these low ionic strengths.

2.2.7.3 Flow rate and diffusive boundary layers

If DGT units are deployed in quiescent waters or waters with very little flow, the

diffusive boundary layer may become significant, resulting in an underestimation of

the true concentration of the analyte [58, 121]. Uptake has been found to be

independent of flow rate above 0.02 m s"' for a 0.7 mm thick diffusion layer [121].

It has been shown that in quiescent solutions, DGT samplers with a diffusion layer

thickness of 0.8 mm only measure 50 - 60% of the true concentration [38, 58, 121].

The thickness of the diffusive boundary layer can be estimated by deployment of

two sets of DGT units with different diffusion layer thicknesses, according to the

relationship shown in Equation 2.10:
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(2.10)

where Mj and M2 are the masses of metals accumulated in samplers with diffusion

layers of thickness Agi and Ag2, respectively [113].

2.2.7.4 Biofilms

Long deployments in natural water may lead to the development of a biofilm on the

surface of the filter membrane. This will have two effects: it will extend the

thickness of the diffusion layer by an unknown amoimt, and secondly the diffusion

of metals through the biofilm may be interrupted by the uptake of metals by

organisms in the biofilm, resulting in them not being sampled by DGT. Webb and

Keough [122] foimd that a thicker membrane (0.8 mm) consistently estimated higher

concentrations in the water compared to a thinner diffusion layer (0.4 mm) when the

samplers were visibly biofouled on retrieval after 30 days. The variation in

concentration was explained by the formation of a biofilm, which was more

significant on the thinner diffusion layer.

2.3 Summary

DGT samplers are an in situ passive sampling technique for the measurement of

metal concentrations in natural waters. Although DGT samplers will not measure

the total dissolved metal levels, especially if ligands are present and are able to

strongly complex metals, this can be advantageous as the metals sampled may be the

potentially available species to biota. Using DGT samplers to assess metal
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concentrations in potentially contaminated waters can provide information about the

fraction of dissolved metals that may pose a risk to biota, rather than measuring the

concentrations of total metals present. Another advantage of DGT samplers is that

they store the sampled metals within the small DGT unit. This prevents any further

speciation change of the sample and avoids the need to collect bulky water samples.

This is ideal for use in remote areas, such as Antarctica, where it may be months

until samples can be transported to facilities and analysed, and the transportation of

large volumes of samples can also be problematic.

In situ sampling of porewaters using DGT sediment probes as a measure of metal

concentrations in the porewater removes some of the sampling artefacts that some of

the traditional porewater techniques are prone to. Depending upon the kinetics in

the sediment, DGT sediment measurements are either porewater concentrations or

sediment to porewater resupply fluxes and can give a good overview of the, available

metals in the sediment porewater, although from a biological perspective they will

not assess metal exposure from direct ingestion of the sediment particles.
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Chapter 3

Further development of the diffusive gradients

in thin film sampling technique

Diffusive gradients in thin films is a relatively recent technique for the measurement

of the concentrations of dissolved labile species of trace metals in natural waters.

The opportunity exists for further development of the technique and its application

in water sampling.

This Chapter investigates the development and application of alternative diffusion

and binding layers for DGT samplers and a comparison of these new generation

DGT samplers to original samplers in a field deployment in the Derwent Estuary,

Tasmania. It also investigates the calibration of DGT samplers for preparation for

use in Antarctic waters.

3.1 Introduction

The theory behind diffusive gradients in thin film technique and the relationship

between metal accumulation in the samplers and the concentration of metals in the

natural water sample, based on Pick's First Law of Diffusion, was discussed in

Chapter 2.2. Also covered in Chapter 2 were some of the limitations involved with

the DGT sampling technique, including pH and ionic strength. Other problems exist

with the physical properties of the binding phase and the diffusion layer; for
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example, the materials are difficult to prepare, fragile and the samplers problematic

to assemble. If these samplers are to be used as a routine monitoring tool,

particularly in Antarctica where experienced personnel are not always available,

then they have to be made more robust and easier to handle. The use of altemative

materials for binding and diffusion layers, rather than the polyacrylamide based

samplers, may lead to simpler, more robust samplers being developed.

3.1.1 Hydrogel-based diffusion and binding layers

The most commonly applied diffusion layer in most research using DGT samplers to

date is the polyacrylamide (PAM) hydrogel. They are prepared by casting the liquid

monomer solution in a thin film between two glass plates [87]. The pore size within

the polyaciylamide hydrogel is dependent upon the amount and type of cross-linker

used, and usually ranges from < 1 nm to > 20 nm [87]. The binding phase is

prepared similarly, but a small amount of Chelex 1GO resin is added to the monomer

solution and polymerisation is slowed by addition of less initiator and catalyst. This

prolongs the setting process and allows the resin particles to settle on one side of the

polyacrylamide hydrogel layer by gravity [58].

In addition to the difficulties associated with the handling of the polyacrylamide

layers, problems have been identified by Li et al. [123] regarding the interface

between the binding and diffusion layers. Within the Chelex 100 impregnated

binding layer, the preparation procedure prevents full surface coverage of the

binding agent, which may cause deviation from ideal and theoretical behaviour.

Also, the preparation of the binding layer can vary from batch to batch due to the
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physical mixing and settling of the Chelex 100. On a practical note, having the

binding material on one face of the binding layer leads to difficulties in determining

the side of the binding layer that has to be placed adjacent to the diffusion layer, and

this can subsequently lead to errors if assembled incorrectly [123].

Problems have also been identified with properties inherent to the diffusion layer,

such as thickness and pore size, which can vary during its preparation. The

thickness of the diffusion layer has to he controlled during casting of the

polyacrylamide layer, as this parameter has to be accurately known to determine the

concentration of analyte in the solution. In addition to the thickness, the diffusion

rate of the analyte is controlled by the pore size and the swelling properties of the

hydrogel and these in turn are controlled by the amount and type of cross-linker used

during polymerisation [87].

3.1.2 Alternative materials for DGT samplers

Little work has been undertaken on the investigation of alternate binding and

diffusion layers for use in DGT samplers. Most research to date has relied upon the

polyacrylamide hydrogel-hased samplers, although some research groups have

investigated the use of alternative material for binding phases [123-125].

3.1.2.1 Diffusion layers

Bjoerklund Persson et at. [126] and Bjoerklund Blom et al. [127] have investigated

the use of a Nafion impregnated cellulose acetate disk as a diffusion limiting

membrane for a passive sampler, while Davison and Zhang [38] have used cellulose
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nitrate membrane filters on their own to produce a thin diffusion layer in

experiments comparing diffusion through different thickness diffusion layers. Li et

at. [124] have used dialysis membranes as diffusion layers in samplers containing a

liquid binding phase.

3.1.2.2 Binding layers

The Chelex 100 impregnated polyacrylamide binding layer is the most widely used

material for binding trace metals, although a number of alternative binding agents

impregnated into the resin have been investigated. For example, a general cation

exchange resin (AG50W-X8) has been used for sampling Cs and Sr [111],

ammonium molybdophosphate has been applied for sampling radiocesium [110],

whilst a suspended particulate iminodiacetate resin, much smaller than Chelex 100

beads, has been used for sampling trace metals [128]. Other binding agents such as

Agl and Fe-oxide have been used for sulphides and phosphates respectively [113,

115]. Other binding phases such as cellulose phosphate ion exchange membranes

[123] and liquid binding phases including solutions of poly(4-styrenesulfonate)

[124] have been used for sampling metals using DGT samplers. Chemical

modification of polyacrylamide hydrogels with the introduction of functional groups

has also been tested for the measurement of Cu and Cd [125, 129]. These modified

polyacrylamide hydrogels were prepared by copolymerising 2-acrylamidoglycolic

acid with acrylamide monomer to produce a poly(acrylamidoglycolic acid-co-

acrylamide) gel, or by the controlled hydrolysis of polyacrylamide to produce a

polyacrylamide-polyacrylic acid copolymer to selectively bind analytes of interest

[125, 129].
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These liquid based and modified hydrogel based binding phases have the advantage

over the Cbelex 100 impregnated hydrogel of having the binding phase - diffusion

layer interface uniformly covered with binding sites, rather than discrete entities of

binding material, as in the case with Cbelex 100. However, they still require

complicated preparation and may be difficult to handle. Commercially available

materials have scope to be used as binding or diffusion layers, as the manufacturing

process should give uniform dimensions and properties between batches.

3.1.3 Commercially available binding and diffusion layers for DGT samplers

Possibly the best commercially available altemative binding layers are cation

exchange membranes. Ion exchange membranes have functional groups chemically

bound to a backbone, such as cellulose, which gives them strength and structure.

Phosphate ion exchange materials have been used for the separation and

preconcentration of metals fi^om aqueous solutions [130, 131] and have been tested

successfully in DGT samplers for the measurement of Cu and Cd by Li et at. [123].

Other ion exchange membranes such aS those containing carboxylic acid groups

may also be potential binding layers. Materials such as resin-loaded membranes

may also he used as binding layers in DGT samplers. One such membrane is the

solid phase extraction disk Empore, manufactured by the 3M Company (St Paul,

USA). Empore disks consist of a backbone of PTFE fibrils impregnated with

approximately 90% w/w sorbent particles, including C8 or C18 groups bonded to a

silica surface, or poly(styrenedivinylbenzene) copolymers functionalised with

sulfonic acid, quaternary ammonium groups or iminodiacetic acid [132]. The

iminodiacetate functionalised poly(styrenedivinylbenzene) Empore disks contain the
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same adsorptive particles as the Chelex 100 impregnated binding layers but have the

sorbent more uniformly spread throughout the support. They have been used for the.

solid phase extraction and preconcentration of trace metal ions [133, 134] and as

such are considered ideal for use in DGT samplers. Other Empore disks, such as the

silica sorbed C18, may have scope for diffusively measuring pesticides and

polychlorinated biphenyls.

Potential alternative diffusion layers include commercially available cellulose

chromatography paper, including Wha:tman grade 17 Chr and grade 3 MM Chr.

These papers are commonly used for chromatographic and electrophoretic

separations and thus may he suitable for use as a diffusion layer. An.additional

advantage of chromatography paper is that it is more robust and easier to handle

than polyacrylamide hydrogels, and is generally less expensive.

Any new DGT assemblies resulting from alternative binding phases or diffusion

layers have to be thoroughly tested before using them as a monitoring technique of

trace metals in natural environments. This also involves the calibration for the

environment they are going to be deployed in by determining the diffusion

coefficient through the diffusion layer. In particular, the use of DGT samplers in

polar environments, such as Antarctica, requires further investigation to see if the

DGT samplers behave according to the theory described in Section 2.2.1 when

deployed in freezing environments.
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3.1.4 Temperature effect on diffusion coefficients

For the application of this sampling technique in Antarctic and other polar waters,

the rate of diffusion of the analjde through the diffusion layer has to be known at the

temperature of which the samplers are deployed in. The temperature of polar waters

is approximately -1.8°C, so samplers have to he calibrated for this temperature.

Being a kinetically controlled process, uptake of metals will be slow if the

temperature is reduced, due to diffusion of the metals being proportional to absolute

temperature, as shown by the Stokes - Einstein equation [77], (Equation 3.1);

D=^ (3.1)
67trri

where D is the diffusion coefficient, T absolute temperature, rj viscosity of the

solution and r the size of the diffusing metal.

Within the Stokes - Einstein equation, the viscosity of the solution, t], is also

dependent upon temperature, with the viscosity of the water increasing with

decreasing temperature, due to water molecules having to break local intermolecular

interactions with other molecules, resulting in Arrhenius type behaviour [77, 135]:

(3.2)
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These two compounding behaviours with decreasing temperature result in lower

diffusion coefficients when the temperature of the solution is decreased. In the

technique of DGT, if the diffusion coefficients are reduced, the amount of metal

transported to the binding phase is also reduced. This will effect planned

deployment times, especially if a certain amount of metal needs to be accumulated

to be statistically greater than detection limits.

3.1.5 Outline of work presented in this chapter

This Chapter investigates the use of some commercially available materials that can

be used as alternative diffusion or binding layers in DGT samplers. These materials

may help to improve the technique and make the handling and preparation of the

samplers easier, especially in remote locations such as Antarctica. The performance

of the samplers were also tested at low ionic strengths to see if some of the problems

with amplified and erratic diffusion that have been observed with the hydrogel-

based samplers can be overcome. New paper-based DGT samplers were deployed

in a field trial in the Derwent Estuary, Tasmania, and results were compared to

polyacrylamide and Chelex 100 type DGT samplers. This Chapter also investigates

the use of complete DGT assemblies to determine diffusion coefficients in seawater

at -1°C for use in Antarctica, and at 20°C as a quality control 'measure of the

technique. No previous work has involved the application of DGT samplers in

Antarctic waters and this Chapter also investigates whether the technique is

theoretically sound at these sub-zero temperatures.
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3.2 Experimental

3.2.1 Reagents and materials

All reagents were of analytical grade or better and all solutions were prepared with

ultra pure water (Milli-Q, with resistance > 18 MQ cm"', Millipore, USA). DGT

poiyacrylamide hydrogel diffusion layers (0.80 or 0.76 mm thick), Chelex 100

impregnated poiyacrylamide binding phases (0.40 mm thick) and nylon piston type

DGT holders were purchased unassembled from DGT Research Ltd., UK. Sheets of

chromatography paper. Grades 1 Chr (0.18 mm dry thickness), 3 MM Chr (0.34 mm

dry thickness) and 17 Chr (0.92 mm dry thickness) and cellulose phosphate ion

exchange membranes (P81, 25 mm diameter and 0.2 mm thickness) were purchased

from Whatman International Ltd. Polyethylene solid phase extraction frits of 27

mm diameter, 2 mm thickness and 20 pm pore size were purchased from

Intemational Sorbent Technology Ltd. Cellulose acetate membranes (Membrane

Filter Supplies, 0.45 pm pore size, thickness of 130 pm, 25 mm diameter) or

polysulfone membranes (Pall Corporation, USA, 0.45 pm pore size, thickness of

145 pm, 25 mm diameter) were used as the covering membranes. Empore

iminodiacetate functionalised poly(styrenedivinylbenzene) resin disks 90 mm in

diameter were purchased from 3M (St Paul, MN, USA). Sheets of Biodyne C,

negatively charged nylon-6,6 Affinity membrane, 20 cm x 20 cm, were also

purchased from Pall Corporation.
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3.2.2 Chromatography paper and membrane pre-treatment

Chromatography paper diffusion layers were cut to 25 mm diameter disks from large

sheets and immersed in 1 mol L"' HNO3 for 24 hours before being thoroughly rinsed

with Milli-Q water until the pH approached 7, then preconditioned and stored in

0.01 mol L"' NaNOs until assembly, irrespective of the ionic strength of the test

solution. By storing the diffusion layers in NaN03 it served to pre-wet the

chromatography paper, which aided assembly and facilitated expansion of the paper.

The wet thicknesses of the chromatography papers were 1.23 mm, 0.46 mm and

0.25 mm for the 17 Chr, 3 MM Chr and 1 Chr grade paper, respectively.

Polyethylene frits (25 mm diameter) were cut from 27 mm diameter discs by

trimming the outer edge with a Teflon coated razor blade. Frits were then acid

washed, rinsed and stored similarly to the chromatography papers. Cellulose acetate

membrane filters were soaked in 1mol L"' HNO3 for 24hours and rinsed thoroughly

with Milli-Q water.

Chelex 100 impregnated binding phases and polyacrylamide diffusion layers were

used as received after being cut to 25 mm diameter from sheets with a 25 mm

diameter plastic pimch. Whatman P81 and Pall Affinity membranes were immersed

in 1mol L"' HNO3 for 24 hours, before being thoroughly rinsed and stored in Milli-

Q water imtil use. 25 mm Empore disks were prepared by cutting from larger disks.

They were acid washed in 3 mol L"' HNO3 for 2hours, rinsed thoroughly with Milli-

Q water, soaked in 0.1 mol L"' ammonium acetate, pH 5.4, for 24 hours and rinsed

and stored in Milli-Q water. Disks had to be re-cut to 25 mm diameter with the

plastic punch as they expanded during the preconditioning steps.
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3.2.3 Assembly of DGT samplers

DGT samplers were assembled in a nylon piston and cap assembly supplied by DGT

Research Ltd (Figure 2.4). DGT samplers with a diffusion layer made from the

thicker 17 Chr chromatography paper, polyacrylamide hydrogel or polyethylene frits

were assembled with the Chelex 100 side of the binding phase facing out and the

diffusion layer placed on top followed by a cellulose acetate outer membrane. DGT

samplers with the thinner diffusion layers, (3 MM Chr and 1 Chr), were assembled

with an extra layer of acid washed 3 MM Chr paper on the nylon piston to pad out

the assembly, followed by a cellulose acetate membrane filter, Chelex 100

impregnated binding phase then either the 3 MM Chr or 1 Chr chromatography

paper as a diffusion layer. Another cellulose acetate membrane filter was placed on

top of the diffusion layer as an outer layer and the nylon cap placed on to seal the

assembly. Samplers containing the alternative binding phases were prepared in the

same way as samplers containing the Chelex 100 impregnated hydrogel binding

layers were, although it did not matter which face of the alternative binding layer

was placed on the piston holder. All manipulations of the DGT assemblies were

performed in a laminar flow hood.

3.2.4 Elution of metals

Elution of metal ions from the Chelex 100 binding phase was carried out in 1.0 mL

of 1.0 mol L"' HL>J03 (Aristar, BDH) for 24 hours, in a 1.5 mL centrifuge tube

(Eppendorf AG, Germany), with gentle agitation on an orbital shaker at 60 rpm

(Orbital Shaker, Labline Instruments Inc, USA). Elution of metals from the P81,

Empore and Affinity membrane binding phase was carried out in 5.0 mL of either
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2.0, 3.0or 1.0 mol L"' HNO3 (Aristar, BDH), respectively, for 24 hours in a 70 mL

polypropylene sample jar (Sarstedt, Australia), with gentle agitation on an orbital

shaker at 60 rpm. Extracts were diluted appropriately with Milli-Q water and stored

at 4°C

3.2.5 Metal analysis

The elution extracts were diluted with Milli-Q water and analysed by GF-AAS

(SpectrAA 300, coupled to a GTA-96, Varian Inc., Australia) or magnetic sector

ICP-MS (Finnigan Element 1, Germany), when multi-metal analysis was required.

The concentrations of metals in the bulk solution were also measured at regular

intervals by GF-AAS or magnetic sector ICP-MS after preservation with 1% HNO3

(v/v, Aristar BDH). Magnetic sector ICP-MS has multiple resolution settings

available enabling many spectrally interfered isotopes (typically of low mass) to be

accurately measured interference free. Indium (100 pg L"') was employed as an

intemal standard. External calibration was performed using standards prepared from

100 pg mL'* multi element solutions (QCD Analysts - Environmental Science

Solutions, Spring Lake, USA). Calibration accuracy was verified by the regular

analysis of external reference material NIST SRM 1640 (Trace Elements in Natural

Water). Further details regarding the analytical methodology employed have been

presented-previously [136, 137]. ICP-MS analyses were performed by Dr. Ashley

Townsend, Central Science Laboratory, University of Tasmania. Analyses not

requiring multi-metal determination were performed using GF-AAS using standard

methods as prescribed by the manufacturer [138].
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3.2.6 Elution efficiencies

A number of the different binding phases were removed from their original extract

solutions and rinsed in Milli-Q water to remove any heavy metal containing acid

within or on the membrane, and then re-eluted with either 1.0 mL of 16 mol L"'

HNO3 (Chelex ICQ impregnated polyacrylamide), 5.0 mL of 2.0 mol L"' HNO3

(P81), 5.0 mL of 3.0 mol L"' HNO3 (Empore) or 5.0 mL of 1.0 mol L"' HNO3

(Affinity membrane), for 24 hours to remove any remaining metal from the binding

phase. The elution efficiency was then calculated as the percentage of metal eluted

by the first elution.

3.2.7 DGT uptake experiments

DGT exposure experiments were performed in a 25 L tank housed in a temperature

controlled ethylene glycol/water bath (Julabo F26, Julabo Labortechnik, Germany).

DGT devices were deployed in a well-stirred test solution containing 50 pg L"' Cd

and 250 pg L"' of Cu in solutions of ionic strengths of 5 x 10"' - 5 x 10"^ mol L"'

NaN03 and in Milli-Q water at pH 6.5 or 4.4. Solutions for multi-metal calibration

of paper-based diffusive samplers contained 50 pg L"' of each of Cd, Co, Cu, Mn,

Ni, Pb and Zn in 5 x 10"^ mol L"' NaN03. The volume of solution was sufficiently

large (20 L) to avoid significant depletion of metals. Stirring of the solution was

achieved by recirculating the solution using an aquarium pump (Rio 600, Rio,

Taiwan) at a rate of 12.6 L min"'. DGT samplers were held in solution parallel to

the flow of solution by placing them vertically in a purpose-built Plexiglas holder.

Triplicate DGT units were exposed to the test solution for 6, 12, 24, 36, 48 and 72

hours. All tests were performed at 20°C, except for the multi-metal calibration of
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the paper-based DGT samplers, which was performed at 14°C. After exposure,

assemblies were dismounted, thoroughly rinsed with Milli-Q water then stored in zip

lock bags at 4°C until disassembly and extraction.

3.2.8 Field deployment of paper-based DGT samplers

Paper- and gel-based DGT samplers were deployed in a field trial in the Derwent

Estuary, Tasmania, adjacent to a zinc refinery as a sub-program of the large scale

Zinifex/DPIWE aimual hiomonitoring study. DGT samplers were deployed one

metre below the surface, attached to a mooring, fi-om a boat with diver assistance on

March 19, 2005 and retrieved after 1, 2, 4 and 6 weeks.

3.2.9 DGT caUbratlon at 20"C and -1°C.

DGT samplers were calibrated at -1°C for Antarctic deployments and at 20°C for a

quality control check in estuarine water from the Derwent Estuary collected from

inlet pipes ducted to foreshore scrubbers at the Zinifex zinc refinery. A 20 L batch

of Derwent water was placed in a 25 L plastic tank and DGT samplers were

deployed as in Section 3.2.7.

To calibrate the DGT samplers the concentration of metals in the Derwent Estuary

water had to he measured. This was determined by preconcentration through

Empore filters, after filtration through 0.45 pm cellulose acetate membrane filter

(Advantec MFS, USA). Empore filters were acid washed and converted into the

ammonium form as per the technical notes: wetted with 20 mL Milli-Q water, acid

washed with 20 mL 3 mol L"' HNO3, rinsed with 3 x 50 mL Milli-Q water.
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converted to the ammonium form with 50 mL O-l mol L"' acetate buffer at pH 5.3,

then finally washed with 4x50 mL Milli-Q water. 1.00 L of calibration solution

was filtered thorough an Empore filter with the elution of metal from the filters

achieved with two extractions of 10.0 mL of 3.0 mol L"' HNO3 (Aristar, BDH)

followed by dilution by 1+1 with Milli-Q water and stored at 4°C until analysis.

3.2.10 Statistical analysis

Regression analysis was used to test for a relationship between metal uptake by

DGT samplers and deployment time. ANCOVA tests were used to test if metal

uptakes between different DOT assemblies were significantly different. For the

field based testing of paper-based DGT samplers, Pearson's con-elation analysis was

used to test for relationships between the metal uptake in DGTs and deployment

time. ANCOVA tests were used to compare the differences in metal uptake between

gel-based and paper-based DGT samplers. Comparisons between diffusion

coefficients measured by the DGT uptake method were statistically compared to

literature diffusion coefficients measured by diffusion cells using a one sample T-

test. Microsoft Excel or SPSS version 14 was used for all statistical analyses.
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3.3 Results and discussion

3.3.1 Elution efficiencies

Elution efficiencies for a suite of metals were determined for the Chelex 100

impregnated polyacrylamide binding layer after re-extraction of the binding phase,

with the second extraction assumed to remove any remaining bound metals.

Iminodiacetate functional groups have stability constants for alkaline earth metals

and common transition metals with the iminodiacetate group which are not

prohibitively high to require excessive strong eluents [139] whilst two elutions of

Empore disks, also containing iminodiacetate groups, will remove > 95% of metals

bound [140]. Results obtained for elution of metals from Chelex ICQ using 1.0 mL

of 1.0 mol L"' HNO3 for most metals ranged from 92 - 99% with standard

deviations of between <1 - 5%, as shown in Table 3.1.

Table 3.1 Extraction efficiencies of metals from Chelex 100

impregnated binding layers using 1.0 mL of 1.0 mol L'̂

HNO3

Average % RSD %

Cd 99 < 1

Pb 97 1

A1 92 3

• Mn 96 3

Fe 75 5

Co 100 1

Ni 92 3

Cu 95 1

Zn 95 3

n = 6
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Fe was extracted at a lower efficiency compared to other metals, with an efficiency

of 75%. Zhang and Davison [58] and Garmo et al. [119] also found that Fe was

extracted less efficiently than other metals. Extraction efficiency for Ni and Al were

slightly lower than the other metals, around 92% compared to 95 - 99%, which was

also found by Garmo [119]. Sangi et al. [100] has also shown quantitative (> 95%)

elution efficiencies from Chelex 100 under similar conditions to those used in this

work, with Sangi et al. showing no significant variation in elution efficiency over a

range of elution times, acid volumes and HNO3 concentrations. Twiss and Moffett

[95] also had near quantitative elution efficiencies, with Mn and Zn extracted at 92%

using 7.5 mL of 2 mol L"' HNO3.

Elution of metals from the alternative binding layers showed that a single extraction

was sufficient for quantitative recovery of all metals, with elution efficiencies > 96%

for Cd, Cu, Co, Mn, Ni, Pb and Zn from the FBI binding phase and > 99% for Cu

and Cd from Empore and affinity membrane binding layers. The elution efficiencies

for Cu and Cd from FBI are consistent with results obtained by Li et al. [123].

3.3.2 Evaluation of alternative materials for DGT diffusion layers

To evaluate the potential for a commercial chromatography paper to act as a

diffusion layer in DGT samplers, DGT samplers consisting of a chromatography

paper diffusion layer and a Chelex 100 impregnated polyacrylamide binding phase

were deployed in a Cd and Cu test solution for up to three days. The uptake of Cd

and Cu in the binding phase over the deployment time. Figure 3.1, shows excellent

correlation between Cd and Cu uptake and deployment time (all > 0.95, all /? <
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0.001) for all three chromatography papers tested, thus confirming their application

as a diffusion layer in DGT samplers.
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Figure3.1 Accumulated mass vs. exposure time for (a) 50 pg L"' Cd

and (b) 250 pg L"^ Cu, in 5 x 10"^ mol L"' NaNOs at 20°C,

pH 6.5, for DGT assemblies containing: (1) 1 Chr grade, (2)

3 MM Chr grade, (3) PAM, and (4) 17 Chr grade diffusion

layers, with Chelex 100 binding phase
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Diffusion layer thicknesses (Ag) were 0.93 mm, 0.38 mm, 0.59 mm, and 1.36 mm

for polyacrylamide, 1 Chr, 3 MM Chr and 17 Chr, respectively (including 0.45 pm

membrane). Diffusion coefficients for the polyacrylamide hydrogel and each of the

chromatography papers, as determined from metal uptake with time by the

rearrangement of Equation. 2.6, are shown in Table 3.2. Relative uncertainties

ranged between 5 to 13%.

Table 3.2 Diffusion coefficients of Cd and Cu through various

diffusion layers (x 10 cm s")

Diffusion layer Cd Cu

17 Chr ^ 5.08 ± 0.65 4.95 ±0.61

3 MM Chr 4.25 ±0.24 4.30 ±0.34

IChr 4.46 ±0.28 4.36 ±0.40

Polyacrylamide 5.41 ± 0.53 5.23 ± 0.75

The diffusion coefficients for Cd and Cu in the polyacrylamide diffusion layer are

consistent with the diffusion coefficients reported by DGT Research (5.30 x 10"^

9 1 f\ 0 \

cm s" and 5.42 x 10" cm s" , respectively) [141]. Porosity was measured in the

three chromatography papers with a P^ker Print Surface Porosity test at 1960 kPa

clamp pressure. Porosity for the papers were 6834 ± 1348 mL min"' for the 17 Chr

paper, 2913 ± 362 mL min"' for the 3 MM Chr paper and 4516 ± 524 mL min'* for

the 1 Chr paper. The greater porosity in the thicker 17 Chr paper may contribute to

the greater diffusion coefficients of Cd and Cu through this paper compared to the

thinner papers. The lower values for chromatography paper compared with

polyacrylamide hydrogel and water (6.24 x 10'̂ cm^ s"' and 6.38 x 10'® cm^ s"' for

Cd and Cu, respectively [82] ) are unlikely to be due to restrictions in mobility by
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the structure of the chromatography paper, which have pore sizes in the range 6-11

pm [142], but are more likely a result of the lower porosity and water content of the

chromatography papers {ca. 60%) compared with the polyacrylamide hydrogel (ca.

95%).

The uptake of Cd was tested using the polyethylene frits as a diffusion layer coupled

with a P81 binding layer. Although a linear uptake was observed with > 0.95 and

p < 0.001 (see Figure 3.2), diffusion appeared to be too slow through the frits for use

as a diffusion layer in this technique and preconcentration of the metals would not

occur to the extent that it does with the polyacrylamide or chromatography papers.

Precisioii was not as good as the other diffusion layers due to the smaller amount of

metal taken up by these samplers. The uptakerate was 22 and 13 times less than the

uptake rates through the polyacrylamide and 17 Chr diffusion layers, respectively.

This could not be accounted for due to the thickness (2 mm) and porosity {ca. 33%,

estimated by pore volume) of the fnts alone, and may he due to the hydrophobic

nature of the frits.

61



DGT development 3.3 Results and discussion

140

120 -

0 10 20 30 40 50 60 70 80

Time (hours)

Figure 3.2 Accumulated mass vs. exposure time ofPolyethylene frits

and P81 binding layer in 50 pg L"' Cdin 5 x 10"^ mol L"'

NaNOs at 20°C, pH 4.4

3.3.3 Evaluation of alternative materials for binding layers for DGT samplers

Potential alternative binding phases consisting of Whatman P81 membranes or

Empore chelating disks were tested in samplers containing either polyacrylamide

hydrogel or 17 Chr grade chromatography paper as diffusion layers by deployment

in a.Cd and Cu test solution for up to three days. Results for uptake of Cd and Cu

for the Empore and P81 binding phases, along with either the polyacrylamide or 17

Chr grade diffusion layers are shown in Figure 3.3. Uptake of metals was linearly

dependent upon deployment time, with all r'> 0.96 and all p < 0.001 confirming

that the Empore or P81 binding material can be used in DGT samplers as a binding

phase. Figure 3.4 shows there is no significant difference in uptake of Cd and Cu

when using either P81 or Chelex 100 binding phase when teamed up with either 17

Chr grade or PAM diffusion layer at pH 6.5 (ANCOVA, all p > 0.05).
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Figure 3.3 Accumulated mass vs. exposure time for (a) 50 |ag L"' Cd

and (b) 250 pg L"' Cu, in5x 10"^ mol L"' NaNOs at 20°C,

pH 4.4 for DGT assemblies containing; (1) PAM and P81,

(2) 17 Chr grade and P81, (3) PAM and Empore, and (4) 17

Cbr grade and Empore

63



DGT development 3.3 Results and discussion

2500 -

O)

S 2000
T3

O

w

TO 1000

500 -

0 10 20 30 40 50 60 70 80

Time (hours)

14000

12000

o) 10000

D

o

w
w
CO

0 10 20 30 40 50 60 70 80

Time (hours)

Figure3.4 Accumulated mass vs. exposure time for (a) 50pg L"'Cd and

(b) 250 pg L"' Cu, in5 X10'̂ mol L"' NaNOs at20°C atpH

6.5 for showing no difference in uptake between P81 and

Chelex 100 when using the same diffusion layer. DGT

assemblies containing: (1) PAM and Chelex 100, (2) PAM

and P81, (3) 17Chr and Chelex 100, and (4) 17 Chr and P81
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The P81 binding phase had the advantage over the Empore chelating binding phases

as it needed little preconditioning compared to the Empore phase. The Empore had

to be preconditioned with ammonium acetate, pH 5.4, similar to the preconditioning

of the disks for preconcentrating metals in water samples through filtration as

described in the technical notes of the disks [140], otherwise non-linear and lower

uptake was observed.

An advantage of Whatman P81 ion exchange paper as the binding phase is that

complete binding of Cd occurs within the pH range 4-9 [123] compared with pH

range of 5 - 10 for Chelex 100 resin [121]. The consequences of sampling at a pH

below 5 using Chelex 100 resin can be seen in Figme 3.5. Although the Cd uptake

with time using the Chelex 100 binding phase is linear, there is a 30% decrease in

uptake rate compared with that at pH 6.5 (see Figure 3.1). DGT samplers utilising

Whatman P81 binding phase on the other hand show no change in Cd uptake rate on

decreasing the pH fi-om 6.5 to 4.4 (ANCOVA, Fi^7 = 0.280, p = 0.601. for 17Chr

Grade diffiision layer and Fi,23 = 1-95, /» = 0.176 for PAM diffusion layer). There

was no significant difference in uptake of Cu in tests performed at a pH of 4.4 or 6.5

(ANCOVA Fi,9 = A.\, p = 0.074 for PAM diffusion layer), in agreement with

Gimpel et al. [121] who found that the optimum pH range for Cu uptake using the

Chelex 100 impregnated hydrogel was between pH 2-10.
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Figure 3.5 Accumulated mass vs. exposure time for (a) 50pg L'̂ Cd and

(b) 250 pg L"' Cu, in5X10"^ mol u' NaNOs at20°C atpH

4.4 for DGT assemblies containing: (1) PAM and P81, (2) 17

Chr and P81, (3) PAM and Chelex 100, and (4) 17 Chr and

Chelex 100
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The behaviour of the DGT devices utilising Chelex 100 binding phase at pH 4.4 is

interesting in that although binding of Cd by the Chelex 100 resin is not complete,

the device still functions effectively and can be calibrated at this lower pH. Zhang

and Davison [58] and Garmo et al. [119] have observed similar behaviour, and

Garmo et al. have concluded: "for elements for which the Chelex adsorbent has

lower selectivity, back-diffusion may be expected and the Ddgt value obtained will

be lower than what can be calculated or measured from diffusion cells".

Affinity membranes were also tested for use as binding phases in DGT samplers.

These membranes contain surface carboxyl groups. It can be seen from Figure 3.6

that the pH affects the uptake of metals into the Affinity, membrane binding layers.
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Figure 3.6 Accumulated mass vs. exposure time for 50 pg L" Cd in 5 x

10"^ mol L"' NaNOs at 20°C at pH: (1) 6.5, (2) 5.4 and (3)

4.4 for DGT samplers containing PAM diffixsion layers and

affinity membrane binding layers
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Figure 3.6 shows non-linear Cd uptake and a maximum uptake reached during the

72 hr test when using the Affinity membrane as a binding layer. Capacities of Cd

were measured by exposing the Affinity membrane to a solution of Cd and

maximum capacity between the narrow pH window of 7 and 8 was approximately 1

pg cm'̂ . This is very low compared to the maximum Cdcapacity of the Chelex 100

impregnated hydrogel (0.27 mg cm'̂ [58]) and ofP81 ion exchange membrane (0.34

mg cm"^ [123]).

The maximum uptake after 72 hours in the DGT exposure test at pH 6.5 corresponds

to approximately 200 ng cm"^, which is less than the maximum capacity of 800 ng

cm"^ at this pH. Rather than being limited by absolute capacity, the capacity is

limited by the equilibrium concentration of fi-ee metal ions at the interface between

the diffusion layer and the binding layer in this weakly acidic ion exchange

membrane. This would reduce the concentration gradient through the diffusion

layer until the concentration of free metal ion at the diffusion layer - binding layer

interface is equal to the bulk concentration in the solution, at which point no further

diffusion takes place. At lower pH the carboxylate groups combine with to form

undissociated COOH and cannot act as an exchanger [143], hence the lower uptake

at a lower pH. Sameulson [144] has reported that carhoxylic acid resins are

unsuitable for the quantitative uptake of cations. This behaviour of this weakly

acidic ion exchange membrane, plus its low capacity, prevented any further

investigation of this material for use as a binding phase in DGT samplers.
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3.3.4 Effect of ionic strength on diffusion coefficients in chromatography paper

In addition to the effect of pH on metal uptake rate by DGT samplers as noted

above, it has been shown that diffusion coefficients through the polyacrylamide

diffusion layer increase in low ionic strength waters (S[Cations] < 2 x 10"^ mol L"')

for Cd and Ni [76]. The diffusional characteristics of the 17 Chr chromatography

paper diffusion layer were tested at various ionic strengths ranging from 5 x 10"' - 5

X10'̂ mol L"' NaNOs and Milli-Q. the results in Figure 3.7, presented as the Gd or

Cu concentration measured by DGT relative to the actual Cd or Cu concentration

with the DGT samplers calibrated at 5 x 10'̂ mol L"' NaNOs, show an increase in

the rate of metal uptake by the samplers at ionic strengths < 5.0 x 10"^ mol L"'

NaNOs. These results are consistent with the results of Sangi et al. [ICQ] for

polyacrylamide, and caimot he simply explained by a change in chromatography

paper thickness or solution viscosity with changing ionic strength. Chromatography

paper thickness did not vary with ionic strength, and although solution viscosity is

expected to decrease with a decrease in ionic strength [145], this is unlikely to

account for any more than a 10% increase in metal uptake rate on decreasing the

ionic strength from 5 X10"'mol L"'NaNOs topure water.
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Figure 3.7 Relative (a) Cd and (b) Cu concentration measured by 17

Chr diffusion layer and Chelex 100 binding phase DGT

samplers at various ionic strengths of NaNOs at 20°C. DGT

samplers calibrated at 5x 10'̂ mol L"' NaNOs in 50 pg L"'

Cdor 250 pg L"' Cu
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Alfaro-De la Torre et al. [76] have proposed a mechanism whereby increased

diffusion coefficients are observed at low ionic strengths due to the outward

diffusion of Na"^ from the Chelex 100 binding phase and the need to maintain a

charge balance in the binding phase which results in accelerated diffusion of metal

ions across the diffusion layer.

An alternative mechanism has been put forward by Sangi et al. [100] who found that

polyacrylamide hydrogels exhibit a weak and non-selective binding of metal ions. It

was then proposed that as a consequence of this binding at low ionic strength there

is an increase in the apparent bulk metal concentration at the hydrogel - solution

interface and an "amplification" of the concentration gradient across the diffusion

layer.

To test the 17 Chr chromatography paper for weak binding of Cd and Cu, disks of

17 Chr grade chromatography paper were immersed in 50 pg L"' Cd or 500 pg L"'

Cu solutions of various ionic strengths for 24 hours. The exposed disks were

extracted in 16 mol L"' HNO3 for 24 hours and analysed with GF-AAS after

dilution. The results in Figure 3.8 show the equilibrium concentrations within the

17 Chr paper, and it is apparent that Cd is concentrated into the 17 Chr paper at ionic

strengths < 5 x 10"^ mol L"' NaNOs, consistent with the results obtained by Sangi et

al. [100] for polyacrylamide hydrogels.
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Results for Cu are different in that there is slight binding of Cu at the higher ionic

strengths, although this increases steeply at ionic strengths < 5 x 10"^ mol L"'

NaNOs- The difference in behaviour between Cd and Cu could be due to the affinity

Cu has for the organic cellulose. Despite the affinity Cu has for the diffusion layer,

there was no significant difference in the diffusion of Cu through the 17 Chr grade

paper at ionic strengths 5x 10"' - 5x 10"^ mol L"' NaNOs.

Whilst 17 Chr exhibits binding of Cd and Cu at low ionic strength, the cause of the

increase in diffusion coefficients with decreasing ionic strength is still not clear

since binding of the diffusing metal ions might also be expected to reduce the metal

mobility through the diffusion layer. For example, Peters et al. [120] have found

"erratic" results in low ionic strength solutions, and they suggest that local charged

sites on the gel may also lower the diffusion coefficient by preventing the metal

reaching the binding layer. Results for Cu show that this metal is weakly bound in

the diffusion layer at ionic strengths of5 x 10"^ - 5 x 10"^ mol L"' NaNOa, however,

no increase in diffusion rate is observed until an ionic strength < 5 x 10"^ mol L"',

suggesting competing effects may cancel at ionic strengths at > 5 x 10"^ mol L"'. It

can be thus concluded that further testing is required to understand the interactions

between metals and diffusion layers, but this phenomenon will not affect most

measurements performed by DGT samplers.

Although variations in diffusion coefficients with ionic strength can theoretically be

accounted for by calibrating the DGT sampler in a matrix similar to the sample

matrix, the fact that DGT samplers using polyacrylamide diffusion layers have
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displayed erratic results at low ionic strength (I < 10^ mol L'*) places a question

over the reproducibility of DGT samplers at low ionic strength [120]. DGT

samplers consisting of a 17 Chr chromatography paper diffusion layer with a P81

binding phase were deployed in a 50 pg L"* Cd and 250 pg L"' Cu solution with an

added ionic strength of 5 x 10'̂ mol L"^ NaN03 for comparison with DGT samplers

using a polyacrylamide diffusion layer. Figure 3.9 shows Cd and Cu uptake with

deployment time for the DGT samplers, and it can be clearly seen that the precision

of the DGT sampler with a 17 Chr diffusion layer is significantly better than the

DGT sampler with a polyacrylamide diffusion layer.
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3.3.5 Multi-metal calibration of paper-based DGT samplers

The performance of paper-based DGT samplers assembled from 17 Cbr grade

cbromatograpby paper and P81 binding phase were tested with a suite of metals to

investigate whether these paper-based sampling devices have potential for

application in sampling of metals in aquatic environments. Metal uptake with

deployment time is shown in Figure 3.10, with all metals showing a linear uptake of

metal with deployment time. Relative standard deviations ranged between 5 - 7%

for each data point with < 0.98 andp « 0.001.
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Figure3.10 Accumulated mass vs. exposure time for metal in 5 x 10"^

mol L"' NaNOs at 14°C and pH4.4 for DGT assemblies

containing 17 Chr diffusion layer and P81 binding phase, Ni

•, Cu o, Cd O, Zn-I-, Co X, Mn A, Pb X

Diffusion coefficients for the tested metals through 17 Chr cbromatograpby paper

with P81 bindingphase are shown in Table 3.3, with the values ranging from 80 to
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90% of measured polyacrylamide hydrogel diffusion coefficients [141] and 65 to

75% of diffusion coefficients in water [82],

Table 3.3 Diffusion coefficients ofmetals at 14°C in various media

(xlO'̂ cm^s'*)

17 Chr Polyacrylamide^ Water"

Cd 3.84 ±0.21 4.43 5.22

Cu 3.86±0.18 4.53 5.33

Mn 3.63 ±0.15 4.26 5.01

Co 3.57 ±0.20 4.32 5.09

Ni 3.37 ±0.19 4.20 4.94 •

Zn 3.47 ±0.24 4.42 5.20

Pb 5.16 ±0.21 5.85 6.88

n = 18. ° Polyacrylamide data taken from DGT Research [141]. Water data from Davison

era/. [82].

3.3.6 Field applications of paper-based DGT samplers

DGT samplers containing 17 Chr grade diffusion layer and PS1 binding layer were

tested in field trials in the Derwent Estuary, Tasmania, adjacent to a zinc refinery.

Diffusion coefficients for Cd, Pb, Mn, Co, Ni, Cu and Zn were taken from the

calibration at 14°C for the 17 Chr and P81 samplers in Section 3.3.5, while diffusion

coefficients for other metals were estimated at 85% of the value in polyacrylamide

atl4°C[141].

3.3.6.1 Metal uptake with deployment time

An initial comparison between deplojmient time and metal uptake was performed on

17 Chr chromatography paper - P81 and polyacrylamide - Chelex 100 DGT

samplers deployed for 1, 2, 4 and 6 weeks. If uptake follows the theoretical
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relationship defined in Equation 2.6, the amount ofmetal accumulated in the binding

layer should increase linearly with time, provided the resin does not become

saturated.

Graphs of uptakes over deployment time are shown in Figure 3.11 for the gel-based

samplers and Figure 3.12 for the paper-based samplers. Correlation analysis shows

strong relationships for Cd, Co, Zn, Cu, Al, Ni and As (p < 0.05) for the gel-based

samplers (Table 3.4). Cr, Pb, Mn and Fe showed no relationship with deployment

time ip > 0.05). Paper-based DGT samplers showed a significant relationship with

uptake for Al, Zn and Pb (all r > 0.650, all p < 0.05). Despite Co only being

detected in the samplers deployed for 4 and 6 weeks, the uptake was significant with

time (r = 0.616, p = 0.033). Whilst Cd had a significant result for the correlation (r

= -0.812,p = 0.001), uptake decreased with deployment time. Cr, Ni and Cu were

not detected in the paper-based samplers for all deployments while Fe and As were

only detected in the samplers deployed for 4 and 6 weeks, showing no significant

relationship with deployment time, along with Pb and Mn.
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Table 3.4 Relationship between trace metal uptake and time for gel-

and paper-based DGT samplers deployed in the Derwent

Estuary for up to 6 weeks

Paper-based Gel-based

r P r P

Cd -0.812 0.001* 0.962 < 0.001*

Pb 0.650 0.022* 0.351 0.263

A1 0.945 <0.001* 0.686 0.014*

Cr - - 0.428 0.189

Mn 0.422 0.172 0.233 0.467

Fe 0.524 0.080 0.556 0.060

Co 0.616 0.033* 0.985 <0.001*

Ni - • - 0.763 0.004*

Cu - - 0.773 0.003*

Zn 0.948 <0.001* 0.930 <0.001*

As, 0.491 0.105 0.650 0.022*

« = 12, * = significant a.ip< 0.05
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DGT samplers deployed adjacent to a zinc refinery
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Figure 3.12 Accumulated metals vs exposure time in paper-based

DGT samplers deployed adjacent to a zinc refinery

in the Derwent Estuary for up to 6 weeks
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While some of the metals produced a near linear uptake with deployment time,

uptake appeared to taper off with 6 weeks ofdeployment. All samplers deployed for

4 and 6 weeks had a biofilm on the filter membrane, which would increase the

diffusion path length and which may account for the decrease in uptake after 4

weeks.

3.3.6.2 Comparison ofgel andpaper based DGT samplers

For all detected metals, except Al, metal accumulation was greater in the gel-based

samplers compared to the paper-based samplers after taking into account the

different diffusion path len^h and diffusion coefficients of the two types of

samplers (ANCOVA, all p < 0.05). More Al was accumulated in the paper-based

samplers (ANCOVA, Fi,2i = 32.5, p < 0.001). The rate of diffusion through the

chromatography paper is only 80 - 90% of the diffusion through polyacrylamide,

and the total thickness is 45% greater than the polyacrylamide diffusion layer.

Together, these two effects would contribute to the gel-hased sampler

preconcentrating approximately 172% more metal than the paper-based samplers.

This was not the case for Zn, with almost 500% more Zn accumulated in the gel

samplers compared to the paper-based samplers, but conversely 200% more Al was

detected in the paper-based samplers.

The variation in uptake may possibly be due to the lower binding efficiency of the

P81, although lab trials using free metal species showed no difference in uptake

using the two binding layers (see Section 3.3.3) or the cellulose diffusion layer may

be more prone to biofouling than the polyacrylamide diffusion layer. This may
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retard metal diffusion or cause metal absorption by the biofilm resulting in a lower

uptake ofmetals by the binding layer.

3.3.7 Calibration of samplers at 20°C and -fC

Although paper-based DGT samplers prepared from 17 Chr chromatography paper

and P81 ion exchange membranes performed well under laboratory trials, field trials

in the Derwent Estuary, Tasm^a, showed unexpectedly different uptake compared

to the traditional polyacrylamide hydrogel-based samplers. For this reason, further

calibration and testing of DGT samplers for future deployment in Antarctica was

undertaken using the original polyacrylamide hydrogel and Chelex TOO components.

DGT uptake experiments were performed on seawater obtained from the Derwent

Estuary, Tasmania. The Cd accumulation in the Chelex 100 binding phase at 20°C

and-1°C are shown in Figure 3.13.
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Figure 3.13 Uptake of Cd at 20°C and -1°C over time for DGT

calibration using the DGT uptake method

Correlations for all metals tested at both temperatures showed significant linear

relationships (all > 0.89 and all p < 0.001) between mass of metal accumulated by

the DGT samplers and deployment time. Diffusion coefficients were measured for

Cd, Pb, Al, Mn, Co, Cu and Zn at 20°C and -1°C and are shown in Table 3.5. Also

shown in Table 3.5 are the diffusion coefficients calculated by Zhang et al. [141]

using a diffusion cell at 20°C and correcting for temperature using the derivation of

the Stokes-Einstein equation.
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Table 3.5 Diffusion coefficients of metals at 20°C and -1°C and

determined by the DGT uptake method (x 10"^ cm^ s ')

-rc 20°c

Ddgt Ddc Ddgt Ddc

Cd 2.99 2.63 5.27 5.30

Pb 3.59 3.47 7.07 6.99

Al 2.16 2.05 4.28 4.14

Mn 2.49 2.53 4.86 5.09

Co 2.53 2.57 5.13 5.17

Cu 2.56 2.69 5.03 5.42

Zn 2.85 2.63 5.56 5.29

Ddgt this work, Dix: Diffusion cell measurements [141]

The diffusion coefficients obtained in this study are approximately 93% to 114% of

the values determined by Zhang et al. [141], Comparison of Ddgt values to Ddc

using a one sample T-test showed there was no significant difference between the

two values for all metals at both temperatures (all p > 0.05). Generally accuracy

was better at 20°C compared to -1°C due to the greater amount of metal transported

to the resin binding layer at the higher temperature.

To determine diffusion coefficients by the exposure of DGT samplers to the testing

solution, the bulk concentration (C^) rnust be known. This concentration is the

concentration of metals that is DGT-labile, so a technique has to be used that is

comparable to what the DGT measures. The concentration of metals in the bulk

solution was determined by preconcentrating a sample of the test solution onto

Empore chelating filters. These filters are impregnated with a resin containing an

iminodiacetate (IDA) functionalised poly(styrenedivinylbenzene) backbone [132,

140], similar to the Chelex 100 binding phase. If the sample is filtered through a
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0.45 |am filter, the Empore filters should only measure dissolved labile metals

similar to a DGT sampler. The favourable comparison of diffusion coefficients

from this work to literature values by Zhang et al. confirms that concentrations of

metals measured from this sample of Derwent Estuary water by Empore

preconcentration are generally DGT-labile. Any small differences in Ddgt may be

due to a slight over- or under-estimation of Cb determined by the Empore technique,

but generally the concentrations measured by Empore were suitable to use for a

measurement for Q. Total metal concentrations were also measured on the

calibration solutions and some were greater than those measured by the Empore

preconcentration technique, again confirming Empore measurements as most

appropriate for calibrating DGT samplers.

Using whole DGT assemblies to measure diffusion coefficients, compared to using

only the diffusion layer in a diffusion cell, is a more appropriate way to measure

diffusion coefficients for field applications. The diffusion coefficient used in the

application of DGT samplers is not only dependent upon the diffusion layer, but also

depends upon the ability of the Chelex 100 to bind metals [119]. Diffusion of

metals through the diffusion layer in the presence of a binding layer may differ from

diffusion through an independent diffusion layer, such as in a diffusion cell. If the

metal is not bound strongly with the binding phase the amount of metal bound will

be less than theoretical and this will be interpreted as a reduced diffusion coefficient.

Garmo et al. found that the diffusion coefficients of some elements were less than

10% of the expected value due to low selectivity of the resin for the element [119].
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The linearity of the graphs of metal uptake over time also adds reassurance that the

theory behind this technique is being adhered to under the conditions of the

experiment. If the uptake of metals by DGT samplers over time is not linear the

mass of metal bound by the sampler cannot be interpreted as a concentration using

Equation 2.6. Also, measuring the diffusion coefficients by the DGT uptake method

using a real world solution will determine whether the metals will be quantitatively

taken up by the samplers under the particular conditions of the sampling

environment. For example, as shown in Section 3.3.4 and previous work [76, 100,

119], ionic strength and pH have caused the apparent diffusion coefficient to alter,

with low ionic strengths (I][cations] < 2 x 10"^ mdl L"') causing an increase in

diffusion coefficient whilst a lower pH causes a decrease in diffusion coefficient.

87



DGT development 3.4 Conclusion

3.4 Conclusion

This work has investigated the development and application of alternative diffusion

and binding layers for DGT samplers. Cellulose chromatography paper was

successfully used as a diffusion layer in DGT samplers. Diffusion coefficients were

slightly lower than in polyacrylamide diffusion layers due to the lower porosity of

the chromatography paper. Whatman P81, a phosphate ion exchange membrane,

and Empore disks containing 90% w/w poly(styrenedivinylben2ene) resin

fimctionalised with iminodiacetate chelating groups and paper were shown to be

effective binding layers in DGT samplers. The P81 paper was found to be superior,

as it required little preconditioning, where as the Empore disk had to be converted to

the ammonium form. The use of affinity membr^es, containing weakly acidic

smface carboxylate groups, was limited by the build-up of free metal ion at the

diffusion layer - binding layer interface, affecting the concentration gradient

through the diffusion layer.

Chromatography paper has also been successfully combined with Whatman P81

paper to produce an entirely paper-based DGT sampler made from commercially

available components. These new paper-based samplers performed well under

laboratory trial, and unlike the polyacrylamide hydrogel DGT samplers, the paper-

based DGT samplers were less affected by pH and ionic strength and were robust

and easy to assemble.

Field trials of paper-based DGT samplers were undertaken in the Derwent Estuary,

Tasmania for deployment times ranging from 1 to 6 weeks. Comparison of the
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paper- and gel-based DGT samplers showed that higher amounts of most metals

were accumulated in the gel-based DGT sampler, after taking into account the

difference in diffusion layer thickness and diffusion coefficients. Further work is

required to understand the different fractions of metals measured by the two

different types DGT samplers.

Due to the imexpectedly different uptake of metals by the paper-based DGT

samplers compared to the gel-based samplers, calibration for Antarctic sampling

was performed using the original gel-based samplers. Calibration of DGT samplers

was successftally performed at 20°C and -1°C using the DGT uptake method. Metal

uptake was linear over time at both temperatures, indicating that DGT samplers can

be used in Antarctic waters. Diffusion coefficients were measured by the DGT

uptake technique were not significantly different to literature diffusion coefficients

measured with a diffusion cell at 20°C with subsequent correction for the lower

temperature.
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Chapter 4

Evaluation of the diffusive gradients in thin film

sampling technique for the monitoring of trace

metals in Antarctic overlying waters

4.1 Introduction

Contamination located near Casey Station, Antarctica, is characterised by metal

laden runoff that flows into Brown Bay. Although the contaminants may become

diluted as they discharge into the marine environment^ the speed of dilution will

affect contamination levels in Brown Bay [3],

Limited previous work has beenperformed on metal concentrations in the overlying

water near Casey Station, with many concentrations of metals less than detection

limits of the techniques used [3], Using the diffusive gradients in thin films

technique, with its preconcentration ability may help overcome problems that have

hindered overlying water studies in the past. Due to the isolation and lack of

instrumentation at research stations in Antarctica, DGT is an ideal technique for

quantifying metals in waters as metals are stored in the binding layer until eluted.

Additionally, the DGT technique only measures dissolved labile metals, rather than

total concentrations and these dissolved labile metals are more likely to be

bioavailable and toxic to organisms, hence the interest in their concentrations from a

water quality perspective.
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This Chapter evaluates the use of DGT samplers as a sampling technique for the

measurement of trace metals in overlying marine waters near Casey Station,

Antarctica. This is the first time DGT samplers have been used to measure trace

metals in Antarctic waters. DGT measurements were also compared with two

alternative sampling techniques utilising Empore preconcentration disks and a

passive biomonitoring technique using the gammaridean amphipod Paramoera

walkeri.

Empore preconcentration disks are impregnated with iminodiacetate functional

groups on a poly(styrenedivinylbenzene) backbone, identical to the binding phase in

DGT samplers. The preconcentrating ability of Empore disks also allows

quantification of low levels of metals. Passive sampling using biomonitors is

another approach to assessing environmental conditions. Biomonitors give time-

integrated results, similar to DGT samplers, and they avoid issues with deciding

what fraction to measure as bioavailable [122].

DGT samplers were deployed in Antarctica for two field seasons, with the second

field season coinciding with a trial remediation study of Thala Valley tip. Empore

preconcentration measurements collected at weekly intervals over the four week

DGT deployment period were compared to DGT samplers. This is the first time

DGT field sampling measurements have been compared to results obtained by

Empore preconcentration disks. To monitor any detectable metal flux from the tip

during the remediation mesocosms containing the gammaridean amphipod

Paramoera walkeri wexQ deployed, as well as DGT samplers. This enabled a

comparison of DGT labile metals to the metals accumulated in the biomonitors.
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The overall aim of this Chapter is to investigate the application DGT samplers for

use as a monitoring technique of trace metals in Antarctic waters. DOT may prove

to be a useful monitoring tool for future monitoring of clean-ups and remediation as

required under the Madrid Protocol.
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4.2 Experimental

4.2.1 Preparation and elution of the DGT assemblies

DGT polyacrylamide hydrogel diffiision layers (0.80 mm thick in 2002 - 03, 0.76

mm thick in 2003 - 04), Chelex 100 impregnated polyacrylamide binding phases

(0.40 mm thick) and piston type nylon DGT holders were purchased unassembled

from DGT Research Ltd. UK. Cellulose acetate membranes (Membrane Filter

Supplies, 0.45 pm pore size, thickness 0.13 mm) of 25 mm diameter were used as

the covering membrane. DGT samplers were assembled with the Chelex 100

binding phase placed on the lower portion of the holder, with the Chelex 100 side

facing up, then covered with a layer of polyacrylamide hydrogel diffusion layer and

an acid washed cellulose acetate membrane filter and finally sealed with the face

plate (see Figure 2.4).

Elution of metals from the Chelex 100 binding phase was carried out in a 1.5 mL

acid washed centrifuge tube (Eppendorf AG, Germany) using 1.0 mL of 1.0mol L"'

HNO3 (BDH Ultrapure Aristar) with gentle shaking on an orbital shaker for 24

hours (Labline Orbital Shaker, Labline Instruments Inc, USA). All extracts were

diluted to 10 mL with Milli-Q water and stored in HDPE sample containers at 4°C

until analysis by magnetic sector ICP-MS (Firmigan, Germany), as described in

Section 3.2.5.

4.2.2 Field deployments

Due to the cost associated with undertaking Antarctic fieldwork only two sites were

sampled, with O'Brien Bay sampled as a single control site. Whilst the use of more
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than one control site would have added to the integrity of the statistical analyses,

previous work has shown that O'Brien Bay can be considered representative of other

control areas (for example see Table 1.1 and [3, 8, 10, 11, 14, 146]).

DGT water samplers were deployed before and during the Austral summer melt at

sites within Brown Bay and O'Brien Bay (see Figure 4.1) over two field seasons of

December 2002 - January 2003 (hereafter known as 2002 - 03 season) and

December 2003 - February 2004 (hereafter known as 2003 - 04 season). During the

2002 - 03 season, samplers were deployed at two sites in Brown Bay (inner and

middle) and two sites in O'Brien Bay (inner and outer) during early November

(premelt) and mid-January (during melt), with deployment for approximately 8 days

at each site.

In 2003 - 04 the same sites, with an additional site at Brown Bay outer were

sampled. Deployment was for 29 days during November/December (premelt) and

January (during melt). The inner site in Brown Bay was approximately 40 metres

from the tip face, while the middle and outer sites were approximately 150 and 250

metres from the tip respectively.

Samplers were deployed through the sea-ice at a depth of 1 m above the sea floor,

mid-depth, and 2 m below the bottom of the sea-ice at low tide, as shown in Table

4.1, with three samplers deployed at each depth.

94



DGT in Antarctic water

Windmill

Islands

Kilometres

Casey Station

4.2 Experimental

Wilkestip

Newcomb Bay

Brown Bav midd e

Brown Bay outer

Thala Valley tip ^Brown Bay inner

O Bnen Be

0 Brien Bay outer

O Bnen Bay inner

Figure 4.1 Casey Station region, in the Windmill Islands, showing

sampling sites and tip locations

Samplers were deployed through the sea-ice on a mooring arrangement (see Figure

4.2), although the break out of sea-ice at the Brown Bay outer site in the 2003 - 04

during melt deployment resulted in these samplers being deployed in open water.

Table 4.1 Depth of samplers within the water column

Sample site

BB inner

BB middle

BB outer

OBB inner

OBB outer

Depth from sea floor (m)

2002 - 03

Not sampled

1,2,4

2003-04

1,3,6

1,5,10
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Samplers had holes drilled in the nylon baseplate, prior to acid washing and

assembly, to accommodate small cable ties. These cable ties were used to attach the

samplers to the mooring at a fixed depth. Moorings were anchored to the seafloor

with a large weight consisting of a bag of rocks and had sufficient rope leading from

the upper, smaller weight to the attachment point on the surface to allow for

changing water depth resulting from tidal action. The moorings were also arranged

so that the surface attachment could be removed if the sea-ice was likely to break

out. This left the buoy approximately 1 m below the sea-ice where the mooring

could not be dragged away as the sea-ice broke out, but could be retrieved from the

surface with a boat hook.

Attachment point

Sea-ice

Weights

DGT samplers

Figure 4.2 Mooring arrangement for deploying DGT water samplers

through the sea-ice
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4.2.3 Empore preconcentration measurements

Water samples were taken from the middle depth, adjacent to the DGT water

samplers from all sites, except Brown Bay outer, during the 2003 - 04 during melt

deployment. Samples were taken with a Kemmerer Sampler on a weekly basis over

the 29 day deployment of the DGT samplers. If samples were not filtered upon

arrival in the laboratory, they were stored at 4''C. All samples were filtered within in

24 hours of collection. 4.00 L of seawater was filtered through Empore chelation

filters (3M, USA) after being directly filtered though a 0.45 pm cellulose acetate

membrane filter (Advantec MFS, USA). Empore filters were preconditioned by

wetting with 20 mL Milli-Q water, acid washed with 20 mL of 3 mol L"' HNO3,

rinsed with 3 x 50 mL Milli-Q water, converted to the ammonium form with 50 mL

0.1 mol L"' CH3COONH4 buffer at pH 5!3, then finally washed with 4 x 50 mL

Milli-Q water prior to use. Elution of metals from the Empore filters was achieved

with two extracts using 10mLof 3.0mol L"' HNO3 (Aristar BDH), and diluted 1+1

with Milli-Q water and stored at 4°C until analysis by magnetic sector ICP-MS (see

Section 3.2.5).

4.2.4 Paramoera walkeri mesocosm deployments

Paramoera walkeri is highly abundant benthic amphipod capable of omnivorous

opportunistic feeding, including filter feeding or grazing, therefore obtaining food

from either the dissolved or particle phase [147]. The species is easily caught and

identified and is tolerant of handling and changes of salinity and temperature.

Previous work has shown that P. walkeri is a known net accumulator of some

metals, including Cd, Cu, Pb and Zn [9, 148-150].
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Specimens of P. walkeri were collected from the intertidal zone at the northern side

of O'Brien Bay. Mesocosms consisted of two 20 L buckets perforated with large

holes containing 25 porous 120 mL sample jars, each containing five adult

redeployed P. walkeri specimens. Mesocosms were deployed throu^ the sea-ice in

Brown Bay inner ^d outer, O'Brien Bay and McGrady Cove on three occasions:

early to mid December, mid to late December and early to mid February. These 14

day deployments coincided with before, during and after the Austral summer melt.

Four DGT samplers, prepared according to Section 4.2.1 were attached to each

mesocosm. Upon completion of the deployment, P. walkeri were depurated for 24

hours in clean, filtered seawater, rinsed with Milli-Q water and frozen at -20°C. On

return to Australia, P. wa/A:er/ samples were thawed and dried in a vacuum oven at

50°C for 4 hours. 0.1 g of dried and ground sample was digested with 2 mL

concentrated HNO3 (Seastar), in a PTFE test tube for 24 hours, at room temperature

followed by 4 hours at 90°C. Gammarid digestions were performed by Dr. Anne

Palmer of the Australian Antarctic Division.

4.2.5 Statistical analysis

For between site comparison of metal concentrations in water measured by DGT

samplers and Empore disks, ANOVA tests were used with Tukey-Kramer post-hoc

tests. The ANOVA assumptions of normality and equal variance were verified

using standard residual analysis and P-P plots. When the assumptions of normality

and equal variance were not met, data was log(x+l) transformed. For transformed

data that also failed to meet the assumptions of normality and homoscedasticity, a

non-parametric Kruskal-Wallis test was used. Mann-Whitney U tests were used as
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non-pm-ametric post-hoc tests with Bonferroni correction applied for multiple

comparisons, where /Jcorrected was determined from p x n, where n is the number of

pair wise comparisons. T-tests were used to compare concentrations of metals

between pre-melt and during melt DGT deployments, or if data was non-normal

after transformation the non-parametric Mann-Whitney U tests were used.

For gammarid samples, re-deployed gammarids were initially compared to pre-

deployed gammarids using Dunnett's control test (if normally distributed) or Mann-

Whitney U test (with p adjusted for multiple comparisons) if not normally

distributed. If deployed gammarids had elevated metal concentrations compared to

pre-deployed gammarids, ANOVA (with Tukey-Kramer post-hoc test) or Kruskal-

Wallis tests (with Marm-Whitney U post-hoc tests) were used to determine where

the significant differences lie. Correlation analysis was used to test for relationships

between DGT measurements and either metals in P. walkeri samples or metals

measured with Empore disks. SPSS version 14 was used for all statistical analyses.
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4.3 Results and Discussion

4.3.1 Detection limits

In an accumulative passive sampling technique like DGT, detection limits are

inversely proportional to deployment time. Consequently, decreased detection

limits can be achieved by extending the deployment provMed the binding phase does

not become saturated with metals. While deployment for 24 hours may give

concentration factors as high as 300 in temperate waters, allowing extremely low

levels of metals to be measured (i.e. in the range of 4 pmol L"' [58]), the limiting

factor for achieving these low detection limits is the amount of metals in the resin of

unexposed blank DGT assemblies. Chelex 100 impregnated binding phases were

not acid washed and were used as received and high residual amounts of Al, Fe and

Zn were found in extracts of the unexposed resin. Whilst acid washing could reduce

these blank values, converting the resin back into the sodium form may risk

recontaminating the resin. Further testing of the procedure showed that the Chelex

100 impregnated binding phases were the greatest contributor to the blanks in all

metals, compared to reagents and container blanks. The average blank values of

metals from 8 blanks saimplers in unexposed binding layer for the two Antarctic

field seasons are show in Table 4.2.
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Table 4.2 Average blanks and mean detection limits (MDL) for DGT

samplers during 2002 - 03 and 2003 - 04 field seasons

2002 - 03 field season 2003 - 04 field season

Metal in unexposed MDL for 8 day Metal in unexposed MDL for 29 day

binding layer, ng cm"^ ^ deployment, pg L"' binding layer, ng cm'̂ ° deployment, pg L"'

Cd 0.2 ±<0.1 0.005 0.3 ±0.1 0.005

Sn 1.8 ±0.3 0.044 1.0 ±0.5 0.020

Pb 4.8 ±2.6 0.30 4.6 ± 1.9 0.058

Al 26 ±3 0.60 18±9 0.41

Cr 1.1 ±0.3 0.055 1.6 ±0.3 0.016

Mn 1.2 ±0.2 0.038 1.38 ±0.51 0.023

Fe 24 ±2 0.29 14 ± 2 0.076

Co 0.1 ±<0.1 0.003 0.08 ± 0.03 0.001

Ni 3.8 ±0.6 0.098 5.0 ±2.3 0.099

Cu 5.4 ±1.4 0.22 9.0 ±3.4 0.15

Zn 98 ± 20 2.8 130 ±47 1.8

As 0.4 ±0.3 0.040 0.3 ±0.2 0.006

®meani la, n = 8

It can be seen fi-om Table 4.2 that blank values vary fi-om batch to batch of Chelex

100 impregnated resin layers. There are high residual amounts of Pb, Al, Fe, Ni, Cu

and Zn, which adversely affects the low detection limits for these metals. Also

shown in Table .4.2 are the method detection limits for the 8 and 29 day deployments

in Antarctic waters. These detection limits were calculated based on 3 times the

standard deviation of field blanks that had imdergone the same procedural treatment

as the samplers. In the 2002 - 03 season the detection limits of all metals except Zn

were less than 1 p.g L"V In2003 - 04, the deployment was extended to 29 days in an

attempt to further reduce detection limits. The longer deployment time succeeded in

lowering the method detection limits of all metals except for Cd and Ni, which had
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detection limits similar to values in 2002 - 03. Table 4.3 shows blank values for

metals in DGT binding layers in previous studies [96, 98, 119].

Table 4.3 Metals in unexposed binding layers from previous DGT

research (ng cm"^)

Dunn et al. [96] Munksgaard and Parry [98] Garmo etal. [119]

Cd 0.017 ±0.005

Pb 0.07 ± 0.02 0.19 ±0.01 0.318 ±0.051

Al 4.20 ±0.605

Cr 0.509 ±0.153

Mn 0.07 ±0.01 0.11 ±0.035

Fe 5.57 ± 1.78

Co 0.01 ±0.003 0.032 ±0.061

Ni 2.6 ± 0.49 1.31 ±0.15

Cu 0.63 ± 0.29 0.63 ± 0.05 0.309 ± 0.083

Zn 72 ± 6.7 1.65 ±0.91 2.00 ± 0.70

Masses of metals in blanks from other workers are generally lower than values in

this work. Resin impregnated layers were obtained from the same source as this

workby Munksgaard and Parry [98] and Garmo et at. [119], while Dunn et al. [96]

prepared theirown resin impregnated gel layers using resin from the same supplier.

In this work, the mass of metals in the unexposed resins layer were from DGT

assemblies that had been taken out into the field and taken through the complete

sampling procedure, whereas blanks in other work were prepared and left in storage

only. This may account for the higher background levels of metals in this work.

Munksgaard and Parry [98] found that Zn could not be adequately determined in

their field deployments as it was less than the detection limit of 0.145 pg L"'.
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Olofsson et al. [151] have reported a reduction in blank levels by an acid elution

procedure followed by regeneration of the Cbelex 100 resin. Some metals such as

Mn, Fe, Co and Pb were reduced by more than 90%, while other metals such as Cr,

Zn and Cd were reduced by less than 10%. Sangi et al. [100] have mentioned that

they acid washed the resin gel layers in ultra clean 0.1 mol L"' HNO3, rinsed

thoroughly, and then converted into the ammonium form by soaking in 0.1 mol L"'

vapour distilled NH3, although they did not report blanks or detection limits.

4.3.2 Parameters of DGT technique

In field deployments, temperatures were measured with a temperature logger

(StowAway, TidBiT) attached to the moorings during the 2002 - 03 season.

Average temperatures ranged from -2.0 to -l.TC before the summer melt, with a

mean of-1.4 ± 0.2°C, whilst the summer melt average temperature ranged from -1.1

to -0.1 °C, with a mean of -0.49 ± 0.25°C. A temperature variation of ± 1°C will

result in an approximate ± 4% change in the diffusion coefficient and consequently a

similar uncertainty in results [141].

Diffusion coefficients used for the deployment in Antarctic waters were taken from

those determined from Section 3.3.7 or from literature values from the suppliers

[141], corrected to -1°C. Diffusion coefficient values for Sn and As were

6 2 1approximated at 3.0 x 10' cm s", based upon comparison of other metals, as

literature values do not currently exist for these metals.
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The pH of the seawater at all sample sites was measured at the middle depth and

ranged from 7.6 - 8.4. This is within the optimal pH range (5 - 9) for the use of

DGT samplers containing the Chelex 100 binding phase in water [121].

To avoid any problems with changes in ionic strength due to melting sea-ice [152],

the shallowest samplers were placed at least 1 metre below the underside of the sea-

ice. Previous work around the Casey Station region has involved the measurement

of major cations in the water column under the sea-ice at the peak of the summer

melt (unpublished data, Australian Antarctic Division).

Table 4.4 Concentration ofmajor cations at depth through the water

column from Brown Bay and O'Brien Bay (mg L"')

Depth (m) Brown Bay O'Brien Bay

Surface 2326 10580

1-1.5 9560 rim°

2-2.5 11490 hm

3-3.5 11770 10510

4-4.5 11750 nm

5-5.5 nm 11810

7-7.5 mn 11330

nm not measured

Results show that the seawater is diluted at the surface, and this extends for 1 - 1.5

metres below the surface in Brown Bay, although beyond this the water is well

mixed. The water in O'Brien Bay appears well mixed through the water column.

Although the concentration of major cations in the surface in Brown Bay water is

20% of that at deeper water, it is still approximately 500 times greater that the
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threshold value of 2 x 10^ mol L"' of cations needed to avoid accelerated diffusion

within the DGT diffusion layer (see Section 3.3.4).

Water currents have been measured during the summer of 1997 - 98 with

InterOcean S4 current moorings [153]. Two current meters were placed at the edge

of Brown Bay in water 15 metres deep, at a height of 5 metres from the sea floor.

Average currents for the two meters were 15.2 and 2.5 cm s '. Additional current

meters were deployed at two sites in Shannon Bay (a small bay off Newcomb Bay)

where similar results were obtained. These were deployed prior to the summer melt

and additional mixing would result from the flow of melt water into these bays

during the melt. These currents were above the threshold flow velocities measured

by Gimpel et al. [121], of 2 cm s"' for a 0.70 mm thick diffusion layer, needed to

reduce the diffusive boundary layer to a thickness that is not significant compared to

the diffusion layer thickness.

4.3.3 DGT water samplers

4.3.3.1 2002 - 03 field season

DGT samplers were deployed in triplicate for 8 days in the 2002 - 03 field season

both before and dxiring the summer melt. DGT labile metal results for the two

deployments are shown in Figure 4.3 and 4.4. Also shown on the graphs is the

detection limits, represented by a horizontal line and the graphs are scaled to the

same axis for comparison. Full 2002 - 03 DGT water sampler results are located in

Appendix B.
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Average concentrations greater than the MDL measured by the samplers are shown,

along with the maximum and minimum values. If one of the triplicate samplers was

less than the detection limit, this is shown with the minimum equal to 0. Where only

one of the triplicate samplers detected metals, the value is shown with no error bars.
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The concentration of most metals, except Cd, Fe and Ni, were found to be below

detection limits. Quite often, only one of the triplicate samplers detected other

metals above the detection limits. Cd concentrations ranged from 0.044 - 0.072 pg

L"' before the melt and 0.051 - 0.059 pg L"' during the melt. Apart from the

concentration of Cd in O'Brien Bay being significantly greater than Cd

concentrations in Brown Bay inner (ANOVA, with Tukey-Kramer post-hoc test, p =

0.037), there was no difference in Cd concentrations between the other sites. The

concentration of Cd in Brown Bay inner was significantly greater during the melt

compared to before the melt (T-test, Fije = 6.538, p = 0.021), although no

significant difference for other sites (T-test or Mann-Whitney U test, p < 0.05). Fe

was detected at all sites in most triplicate samplers during both deployment periods,

with concentrations 0.405 - 1.32 pg L"' before the melt to 1.74 - 7.91 pg L"' during

the melt. Fe concentrations were significantly greater at all four sites during the

melt compared to before the melt (T-test or Mann-Whitney U test, p < 0.05).

Concentrations of Ni ranged from 0.17 - 0.25 pg L"' in Brown Bay and 0.46 - 2.11

pg L"' in O'Brien Bay prior to the melt. Prior to the melt, O'Brien Bay inner had

significantly higher concentrations of Ni than Brown Bay inner (Mann-Whitney U

test, t/ij6 = 4.000,/Jcorrected = 0.0083) and outer (Mann-Whitney U test, U\^\(, = 4.000,

/^corrected = 0.0083). O'Brien Bay outer also had significantly higher concentrations

of Ni before the melt compared to Brown Bay inner (Mann-Whitney U test, =

0.000, /^corrected < 0.0083) and outer (Mann-Whitney U test, U\^\(, = 0.000, jOcorrected <

0.0083). During the melt, concentrations of Ni were significantly lower in O'Brien

Bay outer compared to Brown Bay inner (Tukey-Kramer post-hoc, p = 0.049) and

Brown Bay outer (Tukey-Kramer post-hoc, p = 0.005).

109



DGT in Antarctic water 4.3 Results and Discussion

4.3.3.2 2003 —04field season

Deployment times during the 2003 - 04 season were extended to 29 days in an

attempt to reduce detection limits. Again, only Cd, Fe and Ni were consistently

found above their detection limits. Concentrations of metals in water in Brown Bay

and O'Brien Bay are shown in Figures 4.5 and 4.6, with full 2003 - 04 results

shown in Appendix B. One set of samplers, the Brown Bay outer, top depth,

deployedduring the melt, were lost and hence no results are available for this depth.
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Concentrations of Cdranged from 0.038 - 0.053 \ig L"' in Brown Bay and O'Brien

Baybefore themelt, and 0.031 - 0.045 j^g L"' during themelt. Cd concentrations in

Brown Bay middle and outer were greater than both O'Brien Bay sites (Tukey-

Kramer post-hoc test, p < 0.05), whilst Brown Bay iimer had higher Cd

concentrations than O'Brien Bay inner (Tukey-Kramer post-hoc test, p < 0.05). Cd

concentrations were significantly lower during the melt compared to before the melt

at all five sites (T-test or Mann-WhitneyU test,p < 0.05). Fe concentrations ranged

from 0.09 - 0.84 |ag L"' before the melt and 0.11 - 0.88 pg L"' during the melt.

Post-hoc tests showed the during melt concentrations of Fe in O'Brien Bay inner

were significantly lower than the other four sites (Brown Bay inner: Mann-Whitney

U test, C/i,i6 = 0.000, j^corrected = 0.01; Brown Bay middle: Mann-Whitney U test,

C/i,i6 = 0.000, Pconected < 0.01; Brown Bay outer: Mann-Whitney U test, =

0.000, jCcorrected = 0.01; O'Brien Bay outer: Mann-Whitney U test, Ui^is = 7.000,

Pconected = 0.02), with no significant differences between other sites once corrected

for multiple comparisons. Concentrations of Fe at all three Brown Bay sampling

sites were higher during the melt compared to before the melt (T-test or Mann-

Whitney U test, p < 0.05). Concentrations of Ni were not significantly different

between the five sites, before the melt (Kniskal-Wallis, H •= 4.147, p = 0.386).

During the melt concentrations of Ni in Brown Bay middle were significantly less

than O'Brien Bay inner (Marm-Whitney U test, t/i,i6 = 7.000, Pcorrected = 0.03) and

O'Brien Bay outer (Maim-Whitney U test, f/i,i6 = 9.000, pcorrected = 0.05). Except

for O'Brien Bay inner (T-test, Pi i6 = 6.330, p = 0.023), there was no significant

difference in Ni between the two deployment times (T-test or Mann-Whitney U test.
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p > 0.05), with concentrations ranging from 0.16 - 0.29 |rg L"' before the melt and

0.16 - 0.39 |J,g L"' during the melt.

There appeared to be contamination in two samplers deployed in O'Brien Bay outer

site, at the top depth, before the summer melt. These two samplers contained high

amoimts of Mn, Co, Cu and Zn, while the rest of the samplers were below detection

limits. These samplers may have contributed to the higher amounts of Fe and Ni at

this sample site.

The percentage relative standard deviation range and mean measurements

determined from the 10 sets of three replicate samplers in the 2003 - 04 field season

ranged from 0.9 - 27.2% (average 6.7%), 1.7 - 79.4% (28.7%) and 2.2 - 84.1%

(14.4%) for Cd, Fe and Ni, respectively.. These are similar to the precisions from the

2002 - 03 field season of 1.0 - 15.4% (9.5%), 5.4 - 109% (38.7%) and 3.1 - 131%

(37.6%) for Cd, Fe and Ni, respectively. Precisions of less than 10% have been

reported for the DGT technique in seawater by Zhang et al. [58], around 13% for Ni,

Pb, Cu and Zn in estuarine water [96], and 9 - 16% for Cd, Cu and Mn in river

water [99]. Precisions for Cd in this work were similar to previous work, although

precisions of Ni and Fe were higher.

4.3.4 Effect of the summer melt

The deployment periods were timed to see if the annual summer melt had any

influence on the concentrations of metals. The influx of summer melt water would

result in a pulse of contaminants into Brown Bay from Thala Valley tip [3], The
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melt also causes a dilution effect, with the influx of fresh water arising from melt

streams and also from the decaying sea-ice. For both sampling seasons, the

deployment during the summer melt period also coincided with the annual

phytoplankton hloom [154],

In the 2002 - 03 field season, Fe was elevated in both Brown and O'Brien Bay

during the melt (T-test or Mann-Whitney U test, p < 0.05). Fe was also elevated

during the melt in Brown Bay during 2003 - 04 (T-test or Mann-Whitney U test, p <

0.05), possibly indicating a flux of Fe from the tip. However the increase in Fe in

O'Brien Bay suggests the tip may not be the only source, with the possibility of Fe

being mobilised from sediments. Although Ni concentrations in O'Brien Bay were

significantly greater prior to the onset of the melt in 2002 - 03 (Mann-Whitney U

test,/? < 0.05), a similar effect was only apparent for O'Brien Bay inner (T-test, Fije

= 6.330, p = 0.023) during 2003 - 04. Cd was elevated before the melt for all sites

in 0304 (T-test or Marm-Whitney U test, p < 0.05), although in 2002 - 03 the

converse was true in Brown Bay inner (T-test, Fi_i6 = 6.538, p = 0.021). For many

metals there was no apparent change between results before and during the melt,

demonstrating dilution does not appear to effect results, nor is there any major effect

from mobilised contaminants from the tip.

4.3.5 Empore preconcentrations

As a comparison to concentrations determined by DGT, Empore preconcentration

disks were used to measure concentrations of metals from the middle water column

depth at four sites in the 2003 - 04 season. Samples were collected weekly for four
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weeks over the same duration that the DGT samplers were deployed during the

summer melt. Empore chelating disks are solid phase extraction disks containing

iminodiacetate groups [132], the same as used in the Chelex 100 binding phase of

the DGT samplers. Preconcentration is achieved hy filtering a large volume of

sample through the chelating disk and eluting with a small volume of HNO3.

Detection limits for the Empore preconcentration method depend on the volume of

sample passed through the filter, in a similar way that detection limits in DGT

samplers are related to the deployment time. Detection limits are reported in Table

4.5, calculated from three times the standard deviation of extracts from blank disks

based on a sample volume of 4 L.

Table 4.5 Detection limits (DL) for Empore preconcentration disks ,

Metal in unexposed

Empore filters, ngcm"^ ^

DL based on filtration

of4 L of sample, pg L"'

Cd 0.2 ±0.1 0.002

Sn 0.2 ± 0.1 0.001

Pb 1.6 ±0.7 0.010

A1 21 ±7 0.092

Cr 0.7 ±0.1 0.001

Mn 0.9 ±0.7 0.010

Fe 24 ±5 0.059

Co 0.1 ±0.1 0.002

Ni 4.9 ± 1.6 0.021

Cu 3.8 ±3.0 0.039

Zn 10±2 0.030

As 0.03 ± 0.04 0.0004

' mean± la, « = 2
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The large preconcentration factor used (200 times) aids in reducing the detection

limit, as does the initial acid washing step in the procedure, which lowers the

amount ofmetals in the unexposed disks. Detection limits are less than 0.1 pg L"'

for all metals measured. These detection limits are lower than those for the DGT

samplers deployed in 2003 - 04, by up to a factor of almost 100, except for Co.

DGT samplers deployed for 29 days only sample approximately 200 mL, compared

to 4 L for the Empore filters. Results for the Empore preconcentration of metals in

water fi-om Brown Bay and O'Brien Bay are shown in Figure 4.7. Detection limits

are shown on the Figures as a horizontal line.
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BB Inner BB middle OBB inner OBB outer BB inner BB middle OBB inner OBB outer

BB inner BB middle OBB inner OBB outer BB inner BB middle OBB inner OBB outer

Figure 4.7 Concentrations ofmetals at mid depth of overlying

water in Casey Station region, measured by Empore

preconcentration disks, 2003 - 04, during melt
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All metals, except for Cr at the O'Brien Bay outer and Brown Bay middle site, were

detected above the Empore detection limit. It has been noted that Cr may be

difficult to elute particularly if left on the membrane for several hours [140],

resulting in a low recovery as reportedby Takano et al. [155]. Although elutionwas

performed immediately after filtration of the sample, the whole process of filtration

took several hours due to the slow filtration rate caused by the high particulate load.

Concentrations of Al (ANOVA, = 4.190, p = 0.030), Mn (ANOVA, =

8.742, p < 0.020) and Fe (ANOVA, = 3.749, p = 0.041) were significantly

different between sites. Post-hoc tests showed Al in Brown Bay middle

significantly greater than O'Brieh Bay outer (Tukey-Kramer post-hoc test, p =

0.031), while Fe in Brown Bay inner significantly greater than O'Brien. Bay outer

(Tukey-Kramer post-hoc test, p = 0.031). Mn concentrations in Brown Bay inner

were significantly greater than the other three sites (Tukey-Kramerpost-hoc test,p <

0.05). Concentrations of Cd, Sn, Pb, Cr, Co, Ni, Cu, Zn and As showed no

differences between the sites (ANOVA or Kruskal-Wallis test p > 0.05).

4.3.6 Comparison between DGT and Empore results

Cd concentrations rneasured with Empore preconcentration ranged from 2.0 - 2.6

times the concentration measured with DGT samplers, while Ni was just imder 2

times the measured concentration with DGT samplers. Fe was more varied with

concentrations measured by Empore preconcentrations ranging from 0.4 - 2.8 times

the concentration measured by DGT samplers. Correlation analysis of

concentrations of Cd (r = -0.732, p - 0.268), Fe {r = 0.065, p = 0.935) and Ni (r =

0.906, p = 0.094) showed no relationship between DGT samplers and Empore
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preconcentration techniques. Concentrations of Sn, As and Cr measured by Empore

preconcentration were less thanthedetection limit of the DGT samplers. For the six

other metals (Pb, Al, Mn, Co, Cu and Zn) that were not consistently detected with

DGT samplers, Empore concentrations were greater than the DGT detection limit

indicating that the Empore preconcentration technique measured a larger

concentration of metals compared to the DGT samplers. Generally, concentrations

measured for most metals using Empore preconcentration technique were greater

than DGT labile concentrations when the metals were detected with DGT samplers,

or greater than theDGT detection limits for metals not detected by DGT samplers.

Factors controlling uptake in DGT samplers include diffusion coefficients, lability

and size. The slower the diffusion coefficient of a particular species the lower

amount of that species transferred to thebinding phase. The concentration of metals

were calculated using the diffusion coefficient of free metal ions. If larger, more

slowly diffusing complexes are present, this will result in an underestimation of the

metal concentration [86]. Metal complexes have to dissociate before the inetal can

bind with the Chelex 100, and if complexes are too inert to dissociate within the

time it takes to pass through the diffusion layer they will not be measured. Likewise

if metals are associated with large organic complexes that are too large to pass

though thepolyacrylamide diffusion layer theycannot he measured.

Empore preconcentration disks were also used for calibration of the DGT samplers

using Derwent Estuary water in Section 3.3.7. The comparison of the diffusion

coefficients obtained by the DGT uptake method compared to literature values using

a diffusion cell were not significantly different, indicating that the CEmpore/CoGT was
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approximately 1 for these samples. The filtration rate for Empore preconcentration

measurements in the Derwent samples was 0.5 L min ' compared to about 0.02 L

min"' for the Antarctic water samples and wasprimarily due to the higher particulate

loading in the Antarctic samples. Also, the slower Empore filtration rate in the

Antarctic samples would have allowed a greater time for less labile species to

dissociate when compared to the Derwent samples, which would also contribute to

CEmpore > Cdgt in Antarctic samples.

DGT samplers have a limiting pore size of 2 - 5 nm imposed by thediffusion layer,

while Empore disks are limited by the membrane filter pore sizeof 0.45 pm, as the

average distance between sorbent particles in the Empore disks is 4 pm [156].

Although the samples were filtered through a 0.45 pm membrane prior to passing

through the Empore disks, it is likely that some particulate bound and colloidal

species were able to pass through the 0.45 pm membrane filter and become

entrapped in the Empore chelating disks. The resin particles in the Empore

chelating disks create a tortuous path through the disk [132], and consequently it

would itself act as a depth filter, with particulate matter and colloids becoming

entrappedby impaction against the resin particles.

Filtration of the sample before preconcentration on the Empore diskswas performed

in the laboratory at Casey Station within 24 hours of sampling, where the water

samples were stored at 4°C after sampling but prior to filtration. Filtration was

performed at room temperature. This increase in temperature of the sample from in

situ Antarctic waters, to refrigeration temperature and finally to room temperature
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during the filtration procedure may have caused dissociation of less labile species

resulting in them being more available for binding to the iminodiacetate in the

Empore disks. This would result in the Empore technique detecting a greater

amount of less labile species that are inert to the Chelex 100 in DGT samplers

placed m in waters of—1°C.

4.3.7 Comparison between biomonitoring and DGT results

As a comparison of the passive uptake by the DGT technique, extra samplers were

attached to mesocosoms containing the amphipod Paramoera walkeri (gammarids),

which were deployed during the 2003 - 04 season. The mesocosoms were deployed

on three occasions, before, during and after the summer melt for approximately 14

days at Brown Bay inner (BB inn) and outer (BB out), O'Brien Bay (OBB) and

McGrady Cove (MC). During the third deployment the mesocosom from O'Brien

Bay was lost, and only halfof the mesocosom was recovered from McGrady Cove.

Results are shown in Figure 4.8 - 4.10 with DGT results and detection limits

represented by a histogram and horizontal line, respectively, and gammarid results

by filled circles. Control samples were a measure of background metals in

gammarids and consisted of gammarids that were not redeployed inmesocosoms.

As in the 29 day deployment in 2003 - 04, only Cd, Fe and Ni were detected in

DGT samplers in all deployments, although Mn was detected in all replicate

samplers in Brown Bay inner during the melt deployment. ANOVA showed

differences between Cd concentrations measured by DGT in the first deployment,

and Tukey-Kramer post-hoc test indicated that Brown Bay inner concentrations

122



DGT in Antarctic water 4.3 Results and Discussion

were significantly greater than McGrady Cove {p = 0.005) and O'Brien Bay {p =

0.005). There was a significant difference in Fe concentrations measured DGT

samplers in the first (ANOVA, ^3,12 = 34.186,/? < 0.001) and second run (ANOVA,

^3,12 = 5.910, p = 0.010), but not the third (Kruskal-Wallis, H = 6.27, p = 0.731).

Tukey-Kramer post-hoc analysis indicated that Fe concentrations in the first

deployment fi"om Brown Bay inner were significantly different to the other sites

(Tukey-Kramer post-hoc test, p < 0.05) as was Brown Bay outer (Tukey-Kramer

post-hoc test, p < 0.05). In the second deployment, post-hoc analysis showed Fe

concentrations measured by DGT samplers at both Brown Bay sites were

significantly greater than McGrady Cove (Tukey-Kramer post-hoc test, p < 0.05).

There was no significant difference in Ni concentrations measured by DGT samplers

between site for all three deployments (ANOVA or Kruskal-Wallis,/? > 0.05).

Concentrations of metals in deployed gammarids were compared to concentrations

in pre-deployed gammarids by using either Dunnett's control test or Mann-Whitney

U test (with p adjusted for multiple comparisons) if the assumptions of normality

and homoscedasticity were not met. If metal concentrations in deployed gammarids

were significantly greater than the pre-deployed gammarids, analysis of variance

was used to compare between the four sample sites. Concentrations of Fe in Brown

Bay inner and outer gammarids in the first deployment (Tukey-Kramer post-hoc p <

0.05) and Brown Bay inner gammarids in the second deployment (Tukey-Kramer

post-hoc, p < 0.05) were significantly different to gammarids fi^om the control sites,

as was Cu fi"om Brown Bay inner for the second and third run (Tukey-Kramer post-

hoc, p < 0.05) and Brown Bay outer for the third run (Tukey-Kramer, p < 0.05) and

Cd in Brown Bay inner for the second deployment (Tukey-Kramer, p < 0.05).
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Figure 4.8 Concentrations of metals in water column measured

by DGTs (eolumns) and in gammarid samples (•),

Casey Station region, 2003 - 04, premelt
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Figure 4.9 Concentrations of metals in water column measured

by DGTs (columns) and in gammarid samples (•),

Casey Station region, 2003 - 04, during melt



DGT in Antarctic water

Cont BB inn BB out MC OBB

Cont BB irm BB out MC OBB

Cont BB inn BBout MC OBB

10 1.0

8 0.8
'o»

6

c»
3.

2

Li

^0.6

4

•D

%
c

^ 0.4
c

g 8
2 0 0.2

0 0.0

4.3 Results and Discussion

Cent BB inn BB out MC OBB

Cont BB inn 66 out MC OBB

Cont BB inn BB out MC OBB

Figure 4.10 Concentrations of metals in water column measured

by DGTs (columns) and in gammaridsamples (•),

Casey Stationregion, 2003 - 04, post melt
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Pearson's correlation analysis was used to test for a relationship between the

concentration of metals measured by DGT samplers and metals accumulated in

gammarid samples. There was a positive correlation between Fe in the first

deployment (r = 0.985, p = 0.014) and Ni in the third deployment (r = 1.000, p =

0.001) as shown in Table 4.6.

Table 4.6 Relationship ofmetal concentration measured by DGT

samplers and metal uptake in gammarids

Deployment 1 Deployment 2 Deployment 3

r P r P r P

Cd -0.784 0.216 -0.565 0.435 -0.414 0.729

Fe 0.985 0.015* 0.916 0.084 0.895 0.294

. Ni -0.705 0.295 0.390 0.610 1.000 0.001*

n = 4, based on means *significant atp < 0.05
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4.4 Conclusion

This work has, for the first time, applied DGT samplers in Antarctic waters to

measure DGT-labile metals. The pH range of the water was within the optimum

range of 5 - 9 for complete binding of metals to Chelex 100, and current velocities

were above the minimum threshold of 2 cm s'̂ required to reduce the diffusive

boundary layer to an insignificant thickness. A surprising outcome of this work is

the very low levels of DGT-labile metals in Brown Bay despite the input of heavily

contaminated melt water fi'om Thala Valley tip. Only Cd, Ni and Fe were

consistently detected above the detection limits for the two deployments over two

field seasons.

Comparison of DGT measurements with Empore preconcentration measurements

showed that the Empore technique generally measured higher concentrations of

metals compared to DGT samplers. This was probably due to the different limiting

pore size of the different techniques; 2 —9 nm for DGT samplers and 0.45 pm for

Empore, with the Empore disks also acting as a depth filter resulting in the

measurement of small particulate matter and colloids, which are excluded by the

DGT technique. Despite the lower detection limits with Empore preconcentration

no significant differences was apparent for most metals between Brown Bay and

O'Brien Bay, consistent with DGT sampling results.

Mesocosms containing the gammaridean amphipod Paramoera walkeri were also

deployed in Brown Bay and O'Brien Bay to assess contaminant levels with DGT

samplers deployed in parallel. Assessing metal contamination using biomonitors
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may give better idea of the interaction of particulate metals have with biota

compared to the DGT or Empore techniques. The high level of metals in pre-

deployed gammarids masked any differences in assimilation of metals by P. walkeri

between the sites for many of the metals. DGT samplers and gammarids both

showed elevated Fe in Brown Bay compared to control sites for the first and second

deployment, where as Cu was elevated in gammarids in Brown Bay irmer although

not consistently detected in the DGT samplers. This may be due to gammarids

assimilating colloidal or particulate associated metals that are unavailable for

measurement by DGT samplers.

Results firom the three techniques assessed in this Chapter, DGT, Empore and

gammarids are consistent in that they show low labile levels of metals in the water.

This suggests that contaminant metals are either bound to particulates or are strongly

complexed by ligands, the former being consistent with the conclusion of Snape et

al. [3] that the primary transfer mechanism of contaminants from the Thala Valley

tip to Brown Bay is via particle entrainment or sorption onto particles. If metals are

bound to particulates, the majority of the metals would accumulate in the sediment

and this is investigated in later chapters.
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Chapter 5

Evaluation of the diffusive gradients in thin film

sampling technique for the measurement of trace

metals in porewater in contaminated Antarctic

sediments

5.1 Introduction

Previous work has show that the sediment in Brown Bay is enriched with metals and

that the benthic communities are vastly different compared to other sites near Casey

Station [8, 10, 13, 14, 157]. Although the general conclusion from these studies is

the causal relationship between metal contamination and biological effects, there is

still a lack of understanding of the precise cause of these effects. Investigation of

the chemistry of metals in the porewater is usually one of the next steps for

assessing contaminated sediments according to sediment quality guidelines if the

porewater is believed to be an important exposure route of benthic biota to metals

[26]. Measurement of metal concentrations with DGT sediment probes does not

take into account biological exposure through uptake/ingestion of sediment particles.

Deployment of DOT samplers at the impacted Brown Bay and a control site,

O'Brien Bay, was thus undertaken during the summers of 2002 - 03 and 2003 - 04
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in an attempt to further understand contaminant levels and mobility in the

contaminated Brown Bay.

Depending upon the kinetics of metals in the sediment, DGT sediment probes can

give either high-resolution porewater concentration or flux profiles [80, 81]. DGT

sediment probes have the advantage over conventional porewater sampling

techniques in that they sample a small volume of sediment, producing potentially

high resolution depth profiles and the isolation of the metals in the binding layer

avoids problems with saline matrices during subsequent analysis.

Even though DGT sediment probes have been used for high-resolution porewater

and flux profiles [80, 102], the aini of work presented in this Chapter was to use

DGT sediment probes for the assessment of the overall quality of the sediment,

rather than investigating localised iremobilisation of metals on a micro-scale. This

Chapter presents the use of DGT sediment probes in human affected and control

Antarctic marine sediment to measure the concentrations of metals in the porewater,

which may be potentially available to biota residing in the sediment. These

measurements are also compared to concentrations of metals from extracted

porewater taken from cores adjacent to the DGT probe deployment sites. This will

enable investigation of the kinetics of solid phase resupply to the porewater.
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5.2 Experimental

5.2.1 Preparation of the DGT assemblies

DOT polyacrylamide hydrogel diffusion layers (0.8 mm thick in 2002 - 03, 0.76

mm thick in 2003 - 04), Chelex 100 impregnated polyacrylamide binding phases

(0.40mm thick) and nylonDOT sediment probes werepurchased unassembled from

DGT Research Ltd. UK. Acid washed filters cut from a larger sheet of cellulose

acetate filter membrane (Membrane Filter Supplies, 0.45 pm pore size, thickness

0.13 mm, 33 cm x 10 m) were used as the covering membrane on sediment probes.

DGT assemblies were assembled with the binding phase placed on the lower portion

of the holder, with the Chelex 100 side facing up, covered with the polyacrylamide

hydrogel diffusion layer, then with cellulose acetate membrane filter and finally

sealed with the face plate. Electrical tape was placed over the joins of the faceplate

on the sediment probes for extra strength and to hold the faceplate on securely.

Sediment probes were carefully assembled to ayoid air bubbles being trapped

between the gel and filter layers. The completed sediment assemblies were

deoxygenated by placing them in asealable plastic container containing 0.05 mol L"'

Chelex lOO-treated NaCl and vigorously bubbled with insfrumental grade N2 for 16

hours prior to deployment. The sediment probes were kept in the deoxygenated

solutionuntil theywere deployedin the sediment by surface-airsupplied divers.

5.2.2 Extraction of DGT probes

After retrieval, probes were rinsed with Milli-Q water and stored in ziplock bags at

4°C during transportation back to Australia, where they were disassembled in a

laminar flowhood. The membrane filter, polyacrylamide diffusion layer and Chelex
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100 impregnated binding phase were removed from the DGT sediment probe by

cutting with a PTFE coated razor blade (GEM, USA). The diffusion layer and filter

membrane were discarded and the binding layer was cut into 5 mm horizontal strips.

These strips were placed in 1.5mL centrifuge containers (Eppendorf AG, Germany),

containing 0.50 mL of 1.0 mol L"* HNO3 (Aristar, BDH), and gently shaken on an

orbital shaker for 24 hours. All extract solutions were diluted to 10 mL by Milli-Q

water and stored in HDPE sample container at 4''C. Analysis was performed on the

extract of every second 5 mm slice for probes deployed in 2002 - 03 and on every

fourth slice on probes deployed in 2003 —04 by an Element sector field ICP-MS

(Finnigan, Germany) as described in Section 3.2.5.

5.2.3 Field deployment

5.2.3.1 2002 - 03field season

During the 2002 - 03 sampling season, sediment probes were deployed both before

and during the Antarctic summer melt at Brown Bay inner and O'Brien Bay inner,

shown in Figure 4.1 in Section 4.2; For the deployments before the melt, probes

were deployed in late-November/early-December with three plots of five probes at

each sample site. One probe was removed from each of the three plots after 5, 10,

15, 21 and 28 days in O'Brien Bay, and after 7, 12, 15, 21 and 29 days in Brown

Bay. Probes deployed during the melt were deployed in early-January in three plots

of two probes in Brown Bay and two plots of two probes in O'Brien Bay. One

probe was removed from each plot after 6 and 21 days at both sites.
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5.2.3.2 2003 - 04 field season

Only one deployment of sediment probes was made during the 2003 - 04 season,

withprobes deployed in early-December 2003 for 34 days. Probes were deployed in

two sites in Brown Bay (inner and outer) and two sites in O'Brien Bay (inner and

outer) as shown in Figure 4.1 in Section 4.2. At each site, probes were deployed in

back-to-back pairs in triplicate.

Due to the cost associated with imdertaking Antarctic fieldwork, especially sampling

that requires the use of divers only two sites were sampled, with O'Brien Bay

sampled as a single control site. Previous work quantifying metals in sediments

from other control sites in the Casey Station region have shown concentrations of

metals to be more similar to O'Brien Bay (see Table 1.1) [3, 5, 8, 9], thus O'Brien

Bay can be considered representative of other control areas.

5.2.4 Porewater metal concentrations

Direct porewater metal concentrations were measured by extracting the porewater

from sediment cores collected in the 2003 - 04 season. Cores were collected by

surface supplied divers using a polycarbonate corer in undisturbed sediment adjacent

to the location of the sediment probes. Cores were collected when the probes were

removed from the sediment. Cores were frozen at -20°C for transport from

Antarctica. Cores were cut to a resolution of 1 cm vmder deoxygenated conditions in

a glove bag that had been purged three times with N2. Extraction of porewater was

performed by centrifugation of a sub-sample of the cores; 2 - 3 g of sample was

transferred to 10 mL polyethylene centrifugetubes within the glove bag and samples
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were centrifuged for 30 minutes at 5000 rpm (Christ, Heraus). Samples were

transferred back into the glove bag where they were transferred to a 3 mL

polyethylene syringe and filtered through 13 mm 0.45 pm nylon syringe filters

(Gelman, USA, acid washed and Milli-Q water rinsed). Samples were diluted 1+9

to reduce matrix effects, acidified, and stored at 4°C until analysis by ICP-MS as per

Section 3.2.5.

5.2.5 Statistical analysis

As metal concentrations in the sediment slices are not expected to be normally

distributed throughout the sediment profile the non-parametric Kruskal-Wallis test

was used to compare between concentrations of metals between sites in sediment

probes or direct porewater measurements. If a significant result was found, Mann-

.Whitney U tests were used as non-parametric post-hoc tests with Bonferroni

correction applied for multiple comparisons, where /^corrected was determined from p x

n, where n is the number of pair wise comparisons. The comparison of metal

accumulation in back-to-back sediment probes was performed with a paired T-test.

Comparison between metal concentrations in porewater measured by DGT sediment

probes and direct porewater measurements were tested with a Mann-Whitney U test.

SPSS version 14 was used for all statistical analyses.
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5.3 Results and Discussion

5.3.1 Detection limits of sediment probes

Detection limits for the DGT sediment probes were determined from extraction of

multiple slices from probes that had undergone all preparation procedures identical

to the deployed probes but withoutbeing inserted into the sediment. The detection

limits of the DGT samplers were calculated from three times the standard deviation

of the blank concentrations (Table 5.1).

Table 5.1 Blanks values and resulting detection limits (assuming full

resupply) from procedural blank sediment probes during the

2002 - 03 and 2003 - 04 field seasons

2002 - 03 field season 2003 - 04 field season

Metal in unexposed DL for 5 day Metal in unexposed DL for 34 day

binding layer, ngcm"^ deployment, pg L"' binding layer, ngcm'^' deployment, pg L"'

Cd 0.83 ±0.58 0.13 0.36 ±0.06 0.002

Sn 1.1 ±0.2 0.04 9.7 ±0.5 0.02

Pb 2.3 ±1.2 0.22 2.0 ±0.5 0.01

Al 35± 10 3.0 28 ±3 0.14

Cr 0.81 ±0.21 0.06 0.52 ±0.18 0.01

Mn 1.2 ±0.1 0.04 2.1 ±0.3 0.01

Fe 43± 17 4.0 • 39 ±34 1.2

Co 0.11 ±0.07 0.02 . 0.06 ±0.04 0.001

Ni 9.6 ±6.3 1.6 5.0±0.3 0.01

Cu 7.2 ±2.4 0.60 4.1 ± 1.0 0.04

Zn 96 ± 24 5-4 130±21 0.71

As 1.2± 1.1 0.24 0.23 ± 0.45 0.01

'mean± lo, n = 8

Zhang et al. [103] have also reported blank metal concentrations in sediment probes

exposed to all processes except deployment. The accumulated masses in the blank
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assemblies in their work were as follows: Mn 0.98 ng cm" , Fe 2.65 ng cm" , Co 0.01

ng cm"^ and Ni 0.34 ng cm"^. Naylor et al. [117] also reported mass of metals in

blank assemblies: Mn 1.3 ± 0.3 ng cm"^, Fe 12 ± 7 ng cm"^, Ni 3.0 ± 0.5 ng cm ^and

Zn 8.7 ± 1.7 ng cm"^. Blanks for some metals (especially the ubiquitous Fe and Zn)

from the two field seasons were substantially larger than reported blanks in other

work, while others (Mn, Co and Ni) were only slightly larger. Although DGT

probes were assembled and handled under clean conditions, for example using acid

washed plastic tweezers and elution performed with ultra-pure acid, assembly of the

probes was not carried out under ultra-clean conditions, due to the lack of

infrastructure at Casey Station. This may have contributed to the residual blaiik

levels in the samplers.

Also listed in Table 5.1 are detection limits of metals in porewaters for the

deployment time of either 5 or 34 days at -rC, assuming there is ample resupply

from the solid phase and depletion of porewater does not occur. For the 2002 - 03

season, the detection limit ofmost metals isunder 1 pgL"', except for Al, Fe, Ni and

Zn, which are under 6 pg L"'. The longer deployment in 2003 - 04 succeeded in

reducing the detection limits further with the detection limit of all metals below 1.2

pg L"'. These detection limits would rival traditional porewater extraction

techniques, considering sample treatment and the dilution required to increase

sample volume and to reduce matrix interferences during analysis. Acid washingof

Chelex 100 impregnated bindinglayers may remove some of the metals contributing

to the blanks, although the conversion back to Na form using NaOH recommended

by the Chelex 100 manufacturers may reintroduce contamination back into the resin.
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5.3.2 DGT field deployments

5.3.2.1 2002 - 03 field season

In an attempt to measure porewater concentrations and understand the potential for

sediments to resupply contaminants to the porewater, DGT sediment samplers were

deployed at Brown Bay inner and O'Brien Bay inner for a range of deployment

times between 5 and 29 days in the 2002 - 03 season, both before and during the

summer melt. There was no difference in the uptake of metals from the two

deployment periods (before or during themelt) so all results are considered together.

On analysis of the sediment samplers it became apparent that Mn, Fe and As were

the only elements detected for all deployment times at both sites, with othermetals

(Cd, Sn, Pb, Al, Cr, Co, Ni, Cu, Zn) generally only detected after 2 weeks, if

detected at all. This indicated that porewater concentrations of elements other than

those detected were extremely low and could not be quantified with certainty.

Theoretically, if metals are resupplied back to the porewater from the solid phase at

a rate equal to the removal by the DGT sampler, it is expected that the mass of metal

taken up by the probes will increase with increasing time. If the porewater is

depleted and resupplied at a rate that cannot cope with the flux demanded from the

sampler probe, then a non-linear relationship will be produced of a plot of metal

uptake vs. time. Maximum masses of Fe, Mn and As uptake in probes from Brown

Bay and O'Brien Baywere plotted overdeployment time shown in Figure 5.1. Full

2002 - 03 sediment probe results are shown in Appendix C.
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Significantly greater amounts of Fe (Mann-Whitney U test, t/1,25 = 15.000, p <

0.001) and As (Mann-Whitney U test, 1/1,25 = 0.000,7? < 0.001) were accumulated in

DGT sedimentprobes deployed in Brown Bay inner compared to O'Brien Bay inner

and although there appeared to be a trend of increasing uptake with time for the

three elements, the variability in resultsmade it impossible to model the relationship

between time and accumulated mass. Amounts of Mn accumulated in sediment

probes werehot significantly different between the two sites (Mann-Whitney U test,

U\,25 = 66.000, p = 0.242). It is likely that sediment heterogeneity, particularly in

Brown Bay, was the primary reason for the variability in results. The consequences

of sediment heterogeneity could be seen at bothlocations, with some metals (i.e. Pb,

Cr and Zn), detected in most slices in one probe but not detected in most slices in

another replicate probe (see Appendix C).

Deployment for a long period of time in sediment, such as 28 days, may saturate the

binding of the Chelex 100 resin. Saturation of the resin will result in metals not

being chelated by the resin, resulting in an underestimation of porewater

concentrations or solution to sampler fluxes. Zhang and Davidson [58] have

reported capacities of approximately 0.274 mg Cd cm"^ of resin impregnated

polyacrylamide hydrogel, which equates to 2.44 pmol divalent ion cm" . The

capacity of the Chelex resin, even of the longest deployment times in 2002 - 03

within the impacted sites, was not exceeded for any analysed slices.
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5.3.2.2 2003 - 04field season

For the following field season, the deployment time of the probes was extended to

34 days to reduce detection limits further and increase metal accumulation into the

probes. Probes were arranged back-to-back, in a triangular formation of

approximately 1 m across to gauge the reproducibility of the probes and the

heterogeneity of the sediment on a centimetre and metre scale. Again, the capacity

of the Chelex 100 was not exceeded after this long deployment time of 34 days. The

results for the 2003 - 04 DGT sediment sampling are shown in Figures 5.2 - 5.5

with open and closed symbols of the same shape corresponding to back-to-back

pairs (centimetre scale), where the three shapes correspond to triplicate pairs (metre

scale). Detection limits are shown by a vertical line. The results for Cd, A1 and Cu

showed there was no significant difference between samplers deployed in Brown

Bay compared with the control site, O'Brien Bay (Kruskal-Wallis, p > 0.05).

However, the DGT samplers deployed in Brown Bay inner showed consistently

higher levels of Pb, Mn, Co, As and Cr compared with the samplers deployed at one

or both O'Brien Bay sites (Mann-Whitney U test, j^corrected < 0.05). Although there

was no significant difference between Fe concentrations between the four sites for

the whole sediment profile (Kruskal-Wallis test, H = 5.\\5,p = 0.164), this appears

due to the low concentrations of Fe in the deeper section of the profiles from all

sites, whereas the upper slicesappearelevatedin Brown Bay inner. Consideringthe

upper 6.25 cm, the more recent sediment, shows that Fe in Brown Bay inner

sediments are significantly elevated compared to O'Brien Bay inner (Mann-Whitney

U test, 17i,45 = 134.000, Pcoirected = 0.012) and O'Brien Bay outer (Mann-Whitney U

test, [/i,45 = 166.000, ^corrected = 0.048) sediments. The DGT samplers also revealed
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that whilst Sn and Zn were not detected in O'Brien Bay or Brown Bay outer, both of

these metals were above detection limits in Brown Bay inner, although in the case of

Zn, where high backgroimd concentrations of Zn were experienced (see Table 5.1),

the lack of consistent detection suggests this is most likely contamination prior to or

during sampling. The interpretation of the Zn results is similar to that used by

Zhang et al. [103] who restricted their interpretation of DGT sediment probes to

systematic trends in several data points, rather than relying on results given by a

single data point.

142



DGT in Antarctic sediment 5.3 Results and discussion

Max porewaterconc (pg L*')
1.1 2.2

0 50 100 150 200 250

45950 91900

Max porewater cone (pg L )
14.1 28.2

10 20 30 40 50

0.9 1.8

^

1 , A Ok

1 A

1 omt^ A

1 A • <&

• ^ A

AA

Cr

0.0 0.5 1.0 1.5 2.0 2.5

0.5 . 1.0

OA • A •

• A A

a

K> A A

• (m A

•(A A

Co

0.5 1.0

73.5

1.5.

147 •

0 50000 100000 150000

8.2 16.4
i i 1 J 1 1

u 1 A Al 0 0 1 A U •

2l I 3A 2 1 1

4l I 4 ]

6 1I 0 6 1I A

£

s Si 0 • 81 I

10 0 10 ; •

12 12 ;

Cu Zn

14 till 14 • (- 1 1 1

0 5 10 15 20 25

Mass{ng em*^)
50 100 1 50 200 250

Mass(ngcm"^)

Max porewater cone (pg L'̂ )
23.4 46.8

0 20 40 60 80 100

27.0 54.0

[ 1 • 6 A*

• • A>A

1 • • AO A

B • 0

jm • 0 A A

• 0 AA

A A

Mn

20 40- 60 . 80

32.4 64.8

t- LB M3 —b—
I

2 • ma QVk A

4 ; D • A

6 1

8 1

k •

10 ;

12 • k

As

14 • , , 1

0 100 200 300 400 500

Mass (ngcm'̂ )

Figure 5.2 Vertical profile of metal uptake in 6 DGT sediment probes

from Brown Bay inner, 2003-04. Open and closed symbols

correspond to back-to-back pairs. Pair 1 • ,A, Pair 2 *,0,

Pair 3 143



DGT in Antarctic sediment 5.3 Results and discussion

Max porewater cone (pg L )
2.25 4.5

Max porewater cone(pg L"^)
2.8 5.6

Max porewatercone (pg L'̂ )
4.7 9.4

0 -
1 1 1

iB • 0 , 0 , 0 idj • '

2 • • 0 A 2 1 2 ; • • 0

<
•

<

4 ! AA 4] 1 4 1 1 A OA

1. 6 1
S
Q. ^

1

61

8,

1

1

6 1

81

I

1

A 0

0

10, 10, 1 10, 1 0

12]

14 •

Cd

12,

14 •

1

Sn

'-I- 1 1 1

12]

14 •

1

Pb

1

0

2

4

I ®
£

9 8
o

10

12

14

0_

2

4

I®
£

9 8
Q

10

12

14

2 4

38.9

id

6 8

77.8

25 50 75 100

15400 30800
1 1 1

•
•

A • CO 2 ,

• • OO A6 4,

ODB AA 6 1

om 8 1

m 0 10 ,

• - 12 ,

Fe
. , . II... — 14 •

25000

8.25

50000

16.5

0 , rr-i-m ' ' — 0

2 , £> 0 .2

4, I 0 4

§6, 0 • 6

£

9 8 ,
0

• 8

10, 1 • 10

12 11
12

14 -
Cu

14

5 10 15 20 25

Mass (ng cm*^)

2 4 6 8 10

0.95 1.9

2 4 6 8 10

Mass (ngcm*^)

0 5 10 15 20

27.15 54.3
..1 1 1 1

g W

^90 0 0

^A CB • •

6 - <2A • • •

8 - •

10 - • •

12 - m

Mn

14 • , —1

20 40 60 80

m nAo •

10 20 30 40 50

70.5 141

50 100 150 200 250

Mass(ngcm"^)

Figure 5.3 Vertical profile of metal uptake in 6 DGT sedimentprobes
from Brown Bay outer, 2003-04. Open and closed symbols

correspond to back-to-back pairs. Pair 1 A, A, Pair 2 *,0,

Pair 3
144



DGT in Antarctic sediment 5.3 Results and discussion

Max porewater cone (^g L'̂ )
2.25 4.5

Max porewatercone (^g L'̂ )
2.8 5.6

Max porewater cone(^g L'̂ )
4.7 9.4

1 1 1 n J t . • 1 1 0 J 1 1 1

0 - A LV i U {

2 ^ ftO • • 2 1 2] L A

"i
•

4 i I

J.® 1 6 ] 6 1 1 A

£

08 1
Q '

81 t 81 1 • A

10, 10, 1
10,

I

12] 12 ] 12] I

Cd Sn Pb

14 • ^ 1 1 1 14 - ' 1 '•! 1 \ 14 1 1 1

0 50 100 150

15350 • 30700

25000 50000

0 10 20 30 _ 40 50
Mass (ng cm

0 2 4 6 8 10

0.95 1.9

5 10 15 20

13.5 27.0
1 1 1 0 "

1 I t

1
2 • MZhB

r A
4 -

1 1 A 6^ D «

8 ; m £m

11 • 10 - ' ^ QUO

1L •
12 - A Oft

Cr Mn

.

1 1 , 14 • —i 1 1

0 -10 20 30 40

65 130

0.0 0.5 1.0 1,5 2.0. 2.5

0.5 1.0
1 1 1 0 H1,^.1 —1- 1 1

JIA < Cftk A

It •' Aft
2 - OftCS A

a ft
4 • .A

•
6

ft , -
8 tm - A

ft
10 m A

12 • A

Co Ni

r - 14 - ^—1 1 1

50 100 150

Mass (ng cm'^)

0 50 100 150 200

14.0 28.0

0

2

4

6

8

10.

12

14

ir

o

4 ^ • D

ft o •

o • ^ ftl

_! L_

As

0 10 20 30 40 50

Mass (ng cm*^)

Figure 5.4 Vertical profile of metal uptake in 6 DGTsediment probes
from O'Brien Bay inner, 2003-04. Open and closed
symbols correspond to back-to-back pairs. Pair 1 A, A,

Pair 2 *,0, Pair 3
145



DGT in Antarctic sediment 5.3 Results and discussion

Max porewater cone (pg L Max porewatercorx:(pg L'̂ )
2.8 5.6

Max porewater cone(pg L'̂ )
4.7 9.4

0 i
1 1 1

2l :

1

®\ 1

• 8 i

10 i

12 •

Sn

2 4 6

0.95

a 10

1.9

0 { 1 1 1

• 0 • 0 -

2 j •
2 -

4 i • •
4 • • ft*

8 1 • • 6 - (AS

8 ] • 8 -

10 i 10 - • 0

Cr Mn

12 • r
1 1 1 12 • ' 1 1 1

50 100 150

15400 30800

0.0 0.5 1.0 1.5 .2.0 2.5

0.5 1.0

10 20 30 40

16.3 32.6

11^ o • •

OM D m

•

mm ^

• • • 0

• 0

Ni

0 ir-a

25000

25 50 75

Mass (ng cm*^]

50000

100

Zn

2 4 6 8 10

Mass(ng cm"^)

0 10 20 30 40 50

14.1 28.2

As

0 10 20 30 40 50

Mass(ng cm*^)

Figure 5.5 Vertical profile of metal uptake in 6 DGT sediment probes
fi-om O'Brien Bay outer, 2003-04. Open and closed

symbols correspond to back-to-back pairs. Pair 1 A, A,

Pair 2 *,0, Pair 3
146



DGT in Antarctic sediment 5.3 Results and discussion

The reproducibility of the DGT sedimentprobes can also be gauged from the graphs

of metal uptake in Figures 5.2-5.5. In theory, the back-to-back pairs should be

sampling the same sediment although micro-niches may be partitionedto one side of

the pair on insertion, which would result in metals in the niche only measured by

one of the probes in the pair [103]. In water, variations of less than 16% have been

reported for field deployments of DGT samplers [58, 96, 99], and as sediment is

more heterogeneous than water it is expected that variation of DGT measurements

would be greater.

Comparison of the sum of the metals accumulated in the probes in slices of equal

depth was a way of assessing the variability in results of Mn and Fe. In O'Brien

Bay variations were less than 11% for all of the pairs for the inner and outer site,

except for one pair of Fe measurements of 38%. The variation of Fe in Brown Bay

was less than 6% for three of the pairs and between 36 - 69% for the other three

pairs. Variation in the sum of Mn in probes ranges from 4.3 - 58% in Brown Bay.

Generally precision was better in O'Brien Bay, again indicating the sediments were

more homogenous than Brown Bay. Paired T-tests were also applied to show

whether concentrations of Ni, Mn and Fe in paired sediment probes were

significantly different or not. Generally, most pairs of probes were not significantly

different from each other (paired T-test, p > 0.05). Out of 12 pairs from all sites, 3

pairs had significantly different Ni concentrations and 1 pair had significantly

different Fe and Mn concentrations (paired T-test,/? < 0.05).
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5.3.3 Interpreting DGT measurements as porewater concentrations

The relationship between the mass of metal accumulated in the DGT sediment

probes and porewater concentration depends on the extent metals are resupplied

from the solid phase (see Section 2.2.2). If metals are rapidly resupplied to the

porewater from the solid phase, such that the porewater concentration remains

constant throughout the deployment time, then the interfacial porewater

concentration can be calculated directly using Equation 2.6. However, if limited or

no resupply occurs, then the porewater concentration will continue to decrease over

time.

Modelling has predicted that the mean DGT uptake flux after 24 hours will be

approximately 10% of the steady state case (i.e. when rapid resupply maintains a

constant porewater concentration) [80, 81]. Further modelling has shown that this

valuewill only be approximately 2% of the steady state case after 7 days [80]. The

model used for these calculations was based on a diffusion layer thickness of 0.4

mm and diffusion coefficient of 5 x 10'̂ cm^ s ', but for the DGT sediment probes

deployed in 2003 - 04 the diffusion layer thickness was 0.89 mm and diffusion

coefficients under Antarctic conditions are approximately 50% of those under

temperate conditions. Thus the DGT uptake fluxes (flux oc D x 1/AG) under

Antarctic conditions can be estimated to be approximately 22% of those used in

Zhang et al.'s model, and consequently the mean DGT uptake flux will be

approximately 2% of the steady state case after five weeks deployment if no

resupply occurs from the solid phase.
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Comparison of the maximum DGT calculated porewater concentration (based on no

resupply) with the actual porewater concentration provides an indication of whether

or not resupply occurs from the solid phase to the porewater (i.e. if the DGT

concentration is similar or less than the actual concentration no resupply occurs, but

if the DGT concentration is greater than the actual porewater concentration resupply

occurs).

Porewater profiles from sediment cores adjacent to the 2003 - 04 DGT sediment

sampler deployment sites, Brown Bay inner and outer, and O'Brien Bay inner and

outer, are . shown in Figures 5.6 - 5.8. Profiles shown are total dissolved

concentrations measured by extracting the porewater from a slice of sediment core.
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Porewater concentrations of Cd, Al, Mn, Cu and Zn were not significantly different

between the four sites (Kruskal-Wallis test, p > 0.05). Pb and Sn had significantly

different concentrations between the sites and further investigation showed

porewater from both Brown Bay sites containing higher concentrations of these

metals compared with the O'Brien Bay sites (Mann-Whitney U test,/^corrected < 0.05).

Concentrations of Fe in the porewater in Brown Bay inner were significantly greater

than porewater concentrations of O'Brien Bay inner (Mann-Whitney U test, C/1,19 =

3.000, /'corrected = 0.008) and O'Brien Bay outer (Mann-Whitney U test, C/i^i =

5.000,/'coirected = 0.004). Where Mann-Whitney tests showed significant differences

in concentrations of Cr, Co, Ni and As between Brown Bay and O'Brien Bay

(Mann-Whitney U test, /^corrected < 0.05), concentrations of these metals were higher

in O'Brien Bay porewater. Again the interpretation of some of the metals is similar

to that used by Zhang et al. [103] who restricted interpretation to trends in several

data points in the sediment profile, rather than relying on results given by a single

data point.

To see whether resupply was occurring or not, direct porewater concentrations were

compared to DGT maximum concentrations (shown on the upper x-axis on Figures

5.2 - 5.5), which assumes the DGT sampler is only measuring approximately 2% of

the steady state concentration. DGT maximum concentrations of Cd, Pb, Al, Mn,

Co, Ni, Cu, Zn and As were either not significantly different (Mann-Whitney U test

p > 0.05) or were significantly lower (Mann-Whitney U test p < 0.05) than direct

porewater concentrations for all sites. This is not unreasonable in view of the fact

that porewater analysis will measure total dissolved metals, whereas DGT measures

only dissolved labile metals. DGT sediment probe concentrations for Al, Cr, Mn
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and As were significantly lower than the porewater concentrations, suggesting that a

large percentage of these elements is not DGT labile. The low amounts of Cd, Pb,

Al, Cr, Mn, Co, Ni, Cu, Zn and As accumulated by the DGT sediment samplers

indicates that there is limited resupply of these elements to porewater fi-om the solid

phase.

In the case of Fe at all sites the porewater concentrations calculated fi-om the DGT

sediment probes basedon no resupply fiom thesolid phaseweresignificantly higher

than the actual porewater concentrations (Mann-Whitney U test, p < 0-05),

suggesting that resupply of Fe was occurring. In the four probes that detected Sn in

Brown Bayinner, maximum porewater concentrations werealso significantly higher

than the porewater concentrations (Maim-Whitney U test, C/1,35 = 87.000, p = 0.011),

indicating resupply of Sn in Brown Bay inneris occurring. Furthermore, in the case

of Fe, the DGT calculated concentration was more than 10 times the actual

porewater concentration, indicating substantial resupply of Fe fiom the solid phase

occurs in both Bays.

Despite previous work showing high concentrations of some metals in the sediment

in Brown Bay compared to O'Brien Bay [8, 14, 158], in this study DGT samplers

detected generally low levels of metals in the porewater within Brown Bay. Of

particular importance, Cu and Zn, some of themost elevated metals in the sediment

[13], were in low concentrations in the porewater and appear to be strongly bound

without a large labile pool of these metals for resupply. Although Pb was elevated

in Brown Bay porewater, it is not resupplied fiom the solid phase. Sn is also

elevated in porewater in Brown Bay inner compared to the O'Brien Bay sites and
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appears to be resupplied from the solid phase to a large extent. Elevated Sn

concentrations in the porewater is consistent with the conclusion of Cunningham et

al. [12], who found that sediment Sn concentrations were strongly correlated with

composition of benthic diatom communities. However, because Sn concentrations

in the sediment strongly co-varied with other metals such ^ Cu, Pb and Zn,

Cunningham et al. were unable to precisely identify which of these metals

contaminants were exerting the toxic effect in Brown Bay. Based upon results from

DGT sediment probes, it appears Sn, and to a lesser extent Pb, are the critical

porewater contaminants in Brown Bay.
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5.4 Conclusion

This work demonstrates, for the first time, the application of DGT sediment probes

for sampling sediment porewater in Antarctica. Sediment probes were deployed for

a range of time intervals in an attempt to model the relationship between time and

accumulated mass, which would give an insight into porewater concentrations and

resupply kinetics ofmetals in the sediment.

A surprising outcome of this work was the low concentrations of many metals

accumulated into the sediment probes deployed in Brown Bay, even though this site

is known to have received inputs of heavy metals fi"om Thala Valley tip, with the

sediment highly enriched with metals including Cu, Pb, Zn and Sn [5]. DGT

samplers deployed for 34 days showed elevated levels of Pb from both Brown Bay

sites and Sn, Mn, As and Fe in Brown Bay inner compared to O'Brien Bay, whilst

other metals showed no significant difference. Porewater profiles of metals showed

Pb and Sn elevated in both Brown Bay sites and Fe in Brown Bay inner compared

with O'Brien Bay. Despite As being elevated in DGT probes deployed in Brown

Bay irmer, there was no difference in direct porewater concentrations between the

impacted and control location. Comparison of DGT sediment probe measurements

to direct porewater concentrations showed that Cd, Pb, Al, Cr, Mn, Co, Ni, Cu, Zn

and As had limited resupply from the solid phase, while Fe from all sites and Sn

from Brown Bay inner were resupplied to some extent, with Fe somewhat

substantially resupplied.

156



DGT in Antarctic sediment 5.4 Conclusion

Whilst it can be generally concluded from the DGTmeasurements that many metals

present in Brown Bay are not readily available for uptake by biological organisms

through exposure via the porewater, Sn and Pb are elevated in the porewaters.

However, as a result of the DGT porewater sampling it is apparent that further work

is required to fully characterise the nature contaminant metals in these sediments,

especially the influence of geochemical phases such as sulfides, hydrous Mn and Fe

oxides and organic matter have on the control of metal availability. This is covered

in detail in Chapter 6. Other further work that maybe pursued that is outside the

scope of this project includes toxicity testing of the sediment as recommended in the

decision-tree approachof the ANZECC/ARMCANZ guidelines [26].
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Chapter 6

Sediment core characterisation

6.1 Introduction

Although previous work has revealed that Brown Bay sediments are contaminated

with elevated amoimts of some trace metals compared to control sites, porewaters

sampled with DGT sediment probes, covered in Chapter 5, did not detect significant

quantities of these trace metals in the porewaters, with the exception of Fe, Pb and

Sn. The lack of dissolved labile metals in the sediment porewater suggests that the

metals are boimd to components of the sediment converting them into a form that is

unlikely to be released into the porewater. To further understand the potential

availability of metals in contaminated Brown Bay, characterisation of the sediment

was considered necessary.

Under the ANZECC/ARMCANZ risk-based approach [26], if a total metal analysis

on a sediment sample exceeds the sediment guidelinevalue, further testing needs to

be undertaken to measure the factors controlling bioavailability of the contaminant

metal. For example, certain geochemical phases in sediment Can reduce the

availability of the metals in the sediment porewater by binding the metal in a less

available form. For any contaminated sediment assessment, the quantification of

metals should not be without a sediment characterisation study, as these

characteristics influence the mobility and bioavailability of metals in the sediment.
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Some commonly applied sediment characterisation methods include particle sizing,

measurement of organic matter and the determination of sulfide content. The grain

size effect has to be considered when comparing potentially contaminated sites with

background sites, as sediment with large silt content is more likelyto preconcentrate

metals. Partial metal extractions and sequential extraction schemes can also help

elucidate the nature of the metals in the sediment by discriminating the more readily

available labile metals from residual metals. These residual metals are unlikely to

cause any environmental harm, especially towards biota.

Methods such as grain size analysis using laser diffiaction particle sizing and

measurement of organic matter by loss on ignition are suitable techniques for

sediment characterisation. The measurement of acid volatile sulfides (AVS) using

the diffusion method is also a suitable technique for the quantification of reactive

sulfides in sediments. These three characterisation techniques are ideal for a large

number of samples as they can be performed quickly in a batch process. The

relationship between and simultaneous extractable metals (SEM) is another

assessment of the possible toxicity of metals in sediment as sulfides have been

shown to control the toxicity of certain heavy metals in sediments [159, 160]. The

application of the BCR sequential extraction scheme on sediments is another

suitable technique to investigate the distribution of metals between different phases

of the sediment.

The aim of this Chapter was to characterise the sediment from Brown Bay and

O'Brien Bay, using these previously mentioned and other methods, to assess the

factors controlling availability of metals in the sediment. The results used will then
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be used to explain why some of the metals (such as Cu, Zn, Cd, etc) were in such

low concentrations in the sediment porewater and hence not available to be

measured by the DGT sediment probes.
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6.2 Experimental

6.2.1 Core collection

Sediment cores were taken adjacent to DGT sediment probes deployed in Brown

Bay inner and outer, and O'Brien Bay inner and outer in 2003 - 04 by divers using

an acid washed polycarbonate corer, 55 mrn diameter, 150 mm long, pushed into the

sediment by hand, capped then removed. Duplicate cores were obtained from both

Brown Bay sites but only one core from each of the O'Brien Bay sites was collected

(see Figure 4.1 in Section 4.2.2 for sampling locations). Bottom water remained

above the sediment in the corer. Cores were kept vertical and frozen at -20°C, after

whichthey were removed from the corer by slightly thawing the outer surfaceof the

core then triple bagged in plastic zip lock bags and placed back in a freezer at -20°C

for transport back to Australia.

6.2.2 Slicing of cores

Cores were removed from the freezer and allowed to thaw under anaerobic

conditions in a glove bag, whichhad been evacuated and filled with N2 three times.

After 1 hour, the oliter edge of the core was thawed enough to get the core back into

the coring tube. The frozen bottom water was easily removed from the sedimentby

cutting and shaving off with a scalpel. The core was then placed vertically in a

holder containinga piston and allowed to thaw completely (approximately 3 hours).

A 1 cm piece of polycarbonate tube was used as a guide to slice the core to this

resolution. The core was sliced with a thin layer of acid washed polypropylene

inserted between the corer and the guide. Each slice was placed in a 70 mL
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polypropylene samplejar and thoroughly homogenised with a plastic spatula. A 4 g

sub-sample of each slice of sediment was placed in a pre-weighed 30 mL

polycarbonate container for subsequent AVS/SEM analysis, and a further 2 g sub-

sample placed in a pre-weighed 50 mL polypropylene centrifuge tube for the BCR

sequential extraction procedure. Slicing and sub-sampling were performed in the

glove bag, under anaerobic conditions. Onremoval from the glove bag, sample jars

were covered with paraffin film (Parafilm M, Ameri-Can National), double bagged

in zip lock bags, which were purged with N2, and stored at 4°C until required.

6.2.3 Moisture content and loss on ignition

The estimation of organic matter by loss on ignition was based on a method

suggested by Heiri et al. [161], performed on a sub-sample of sediment of all slices

in all cores. 2.0 ± 0.2 g of wet sedimentwas transferred into a pre-weighed ceramic

crucible and placed in a drying oven at 105°C for 24 hours and dried to constant

weight after cooling to calculate moisture content. Crucibles containing dried

sediment were then placed in a muffle fumace (Modutemp, Prochem Labware),

preheated to 550°C, for 4 hours then reweighed after cooling to room temperature in

a desiccator. Crucibles were handled with metallic tongs at all times.

6.2.4 Particle sizing

Sediment grain size was analysedusing a Satum DigiSizer 5200 laser diffractometer

particle sizer. Sub-samples of sediment were initially wet sieved through a 1 mm

brass sieve (Endecotts, London). An aliquot of sample was introduced into the auto

sampler via pasture pipette, where it was suspended in 0.1 w/v% sodium
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hexametaphosphate. The obscuration was set at 10% and Mie diffraction model was

applied, using refractive indices of nreai = 1.520 and nimaginary = 0.1 [162, 163].

6.2.5 Aqua regia digestion

This method was performed according to Australia Standard 4479.2 (1997), aqua

regia hotplate digestion method [164]. Approximately 2 g of moist sediment was

placed in a 150 mL conical flask and 2.5 mL of HNO3 (Aristar, BDH) and 7.5 mL of

HCl (Aristar, BDH) were added directly to the flask. The flasks were immediately

covered with a watchglass and left to stand for 16 hours at room temperature. Flasks

were then transferred to a hotplate where they were heated for 2 hours under a gentle

reflux. The watchglass was rinsed with 1% HNO3 and the washings collected in the

reaction vessel and the contents were filtered through acid washed Whatman 540

filter paper into a 100 mL volumetric flask. The flask was rinsed three times with

1% HNO3, whilst the filter residue was rinsed twice. Finally the solution was made

up to 100 mL with 1% HNO3. Concentrations were converted to a dry weight basis

with the correction of sediment moisture content. i

6.2.6 Acid volatile sulfide / simultaneous extractable metals

AVS/SEM measurements were undertaken by Dr. Anne Palmer of the Australian

Antarctic Division, (Kingston, Tasmania) using a diffusion technique based on a

method described by van Griethuysen et al. [165]. The reaction took place in a 500

mL glass container with a small 70mL HDPE vial glued to the inner wall of the

glass container. 10 mL of sulfide anti-oxidant buffer (SAOB) was pipetted into the

inner vial and ca. 5 g sub-sample of wet sediment was transferred to the 500 mL
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glass container with the aid of 25 mL of deoxygenated Milli-Q H2O, and 25 mL of

deoxygenated 2 mol L'* HCl was added. Containers were sealed with paraffin film

and placed on a shaker table for 4 hours at 100 rpm. The SAOB was removed fi-om

the inner vial and the sulfide concentration measured with a sulfide electrode (Orion

96-16), calibrated with solutions of Na2S. The detection limit for the AVS

technique using a sulfide ISE was 0.01 pmol g'^ and the recovery of the AVS

ranged fi-om 80 - 110% based upon a standardised solution of sodium sulfide. The

acid extract was removed by means of a syringe and filtered using 26 mm diameter

0.45 pm cellulose acetate membrane filter (Minisart, Sartorius), and analysed using

ICP-MS.

6.2.7 BCR Sequential extraction procedure

6.2.7.1 Step 1 - Acid extractable

Approximately 2 g of wet sediment was placed in a 50 mL polypropylene centrifuge

tube inside the anaerobic glove bag. 40 mL of deoxygenated 0.11 mol L"'

CH3COOH was placed into the tube via an Eppendorf Multipette Plus (Eppendorf

AG, Germany). Centrifuge tubes were tightly capped then removed fi-om the glove

bag and placed on a mechanical orbital shaker for 16 hours at room temperatm-e

(Lab Line, Orbit Shaker). The extract was separated fi-om the residue by

centrifugation for 30 minutes (including start up and stopping) at 3000 g (MSB

Super Minor Centrifuge, UK). The extract was carefully decanted from the tube and

stored in 70 mL poljqjropylene jars at 4°C. The residue was washed with 20 mL of

deoxygenated Milli-Q water and shaken for 15 minutes and centrifuged again for 30
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minutes. The rinse was decanted and discarded and the residue kept at 4°C until

required for the next step.

6.2.7.2 Step 2 - Reducible

40 mL ofdeoxygenated 0.5 mol L"' NH2OH.HCI (acidified with 2.5% v/v 2 mol L'

HNO3), prepared fi-esh on the day of extraction, was added to the residue from Step

1 within the glove bag. The solutionwas shaken to resuspend the residue and placed

on a mechanical shaker for 16 hours. The extract was separated and rinsed as in

Step 1.

6.2.7.3 Step 3 - Oxidisable

10 mL of 30% H2O2 was added to the residue from Step 2. The tube was loosely

capped and allowed to digest at room temperature for 1 hour, with occasional

manual shaking for the first half hour. Further digestion was then carried out for a

further hour in a waterbath at 85°C, with occasional manual shaking for the first half

hour. The lid was removed for 1.5 hours and the volume reduced to less than 3 mL.

A further 10 mL aliquot of H2O2 was added, the lid was loosely capped, and the

sediment allowed to digest for 1 hour at 85"C with occasional manual shaking for

the first half hour. The peroxide was evaporated to less than 1 mL by removing the

lid for 2.5 hours. 50 mL of 1 mol L"' NH4COOCH3 (pH 2) was added to the tube

and the solution placed on an orbital shaker for 16 hours. The extract was separated

and rinsed as in Step 1.

165



Sediment core characterisation 6.2 Experimental

6.2.7.4 Step 4 —Residual

The method used was nearly identical to the aqua regia digest performed in Section

7.2.5 using Australia Standard 4479.2 (1997), aqua regia hotplate digestion method

[164]. The residue from Step 3 was transferred from the centrifuge tube to a 150

mL conical flask with three 2 mL aliquots of Milli-Q water. Most of the water was

evaporated from the flask by placing in an oven at 60°C. 2.5 mL of HNO3 (Aristar,

BDH) and 7.5 mL of HCl (Analar, BDH) were added to the centrifuge tubes and

shaken as a final rinse and then transferred to the conical flask. The rest of the

procedure was identical to the aqua regia digestion described above.

6.2.8 Quality control of aqua regia and BCR sequential extraction schemes

The accuracy of the aqua regia digest and sequential extraction procedure was

measured using National Institute of Science and Technology Standard Reference

Material (SRM) 2711. The NIST 2711 is a moderately contaminated soil, which

was air-dried and sieved to 2 mm and ground to 74 pm [166]. Certified values are

provided for total analyses of a number of metals and non-certified values for others.

Also provided are non-certified leachable concentrations using US EPA method

3050, which is a hot HNO3 digestion method. No certified values are provided for

the petitioning of metals using the BCR sequential extraction scheme, although

results for Pb, Al, Mn, Fe, Cd, Cu and Zn have been previously published [167-169].
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6.2.9 ICP-MS analysis

All metal analyses were undertakenby Dr. Ashley Townsend at the Central Science

Laboratory, University of Tasmania, Hobart, using a magnetic sector ICP-MS

(Finnigan Element 1, Germany) as described in Section 3.2.5.

6.2.10 Statistical analyses

As concentrations of metals and other characteristics in the sediment slices are not

expected to be normally distributed throughout the sediment profile the non-

parametric Kruskal-Wallis testwas used to compare metal concentrations, AVS, loss

on ignition and SEM between sites. If a significant result was found, Mann-

Whitney U tests were used as non-parametric post-hoc tests with Bonferroni

correction applied for multiple comparisons, where /Jcorrected was determined from p x

n, where n is the number of pair wise comparisons. Principle component analysis

was performed on log(x+l) transformed BCR sequential results. SPSS version 14

was used for all statistical analyses.
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6.3 Results and discussion

6.3.1 Sediment properties

Brown Bay sediment cores were dark coloured with a muddy consistency and had a

strong H2S odour indicating the possible presence of sulfide. The O'Brien Bay

cores were brown in colour, did not have an H2S odour and were sandier, especially

the O'Brien Bay inner core. The moisture content also varied between the sites,

with maximum moisture contents of 83% and 84% for Brown Bay inner and outer,

respectively, and 42% and 64% for O'Brien Bay inner and outer, respectively

(Appendix Table Dl). Generally, moisture content decreased with increasing

sediment depth presumably the result of compaction.

6.3.2 Particle sizing

Size fractions of sediment were grouped into classifications based on Wentworth

size classes [170] shown in Figure 6.1. Silt (2 - 63 pm) generally dominated the

sediment of Brown Bay inner and outer and O'Brien Bay outer, while the dominant

size fraction of O'Brien Bay inner sediment was mostly very fine and fine sand (63

- 125 pm, 125 - 250 pm). Similar grain size distribution in sediment from O'Brien

Bay outer makes this site a comparable background site to the Brown Bay sites. The

different grain size distribution in O'Brien Bay inner has to be considered when

comparing metal concentrations between the sediments as its lower silt content may

result in lower amounts of metal. Metals in sediment with high silt content, such as

both of the Brown Bay sites and O'Brien Bay outer, may potentially be less

bioavailable due to the higher amounts of metal preconcentrating phases in the < 63

pm fraction.
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Figure 6.1 Particle size distribution according to Wentworth size

classification, (a) Brown Bay inner, (b) Brown Bay outer,

(c) O'Brien Bay inner, (d) O'Brien Bay outer

Clay content (< 2 |rm) was low for all four sites, with values less than 2.5%, while

material larger than coarse sand (> 1 mm), including very coarse sand and granule

material, was found in all cores at various depths and accounted for up to 17% of the

sediment.

6.3.3 Loss on ignition

Organic matter content, estimated by loss on ignition range fi-om 2 - 15% in Brown

Bay inner sediment, 5 - 13% in Brown Bay outer and 1 - 4% in O'Brien Bay irmer
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and 4 - 10% in O'Brien Bay outer. Loss on ignition results are presented in Figure

6.2. The low clay content in the sediment suggests that loss on ignition is a valid

proxy for determination of organic matter, as interference from structural water of

clays will be minimal [171]. Both Brown Bay sediments had a higher organic

matter content measured by loss on ignition than O'Brien Bay inner sediments

(Mann-Whitney U test,/Jcon-ected < 0.05).

5 10

Loss on ignition (%)

5 10

Loss on ignition (%)

5 10 15

Loss on ignition (%)

5 10 15

Loss on igntion (%)

Figure 6.2 Loss on ignition results from (a) Brown Bay inner, showing

two replicate cores, (b) Brown Bay outer, showing replicate

cores, (c) O'Brien Bay inner and (d) O'Brien Bay outer
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Quite often lower loss on ignition values in the profiles can be associated with a

larger proportion of very coarse sand and gravel material (> 1 mm) in the slices,

especially for the O'Brien Bay inner core, which had a greater percentage of sand

compared to the other cores.

Total petroleum hydrocarbons (TPH) have been detected in sediments in Brown Bay

in the range of 40 - 200 pg g"\ although not detected in O'Brien Bay [3]. At most

this level of TPH would only account for 0.02% loss on ignition. Sub-samples of

selected slices from all cores were analysed for TPH by GC - FID and there was no

evidence ofheavier fiiel or hydrocarbon based lubricants in any of the samples.

The main source of organic matter in Antarctic marine sediments is from decaying

algal blooms [172]. Algal blooms are prominent during the Austral summer when

the sea-ice retreats exposing the water column to sunlight causing an increase in

biological activity [154]. Sea-ice generally breaks out earlier at outer sites

compared to inner sites so it is not surprising to see higher organic matter at the

outer site due to a longer algal bloom. This is consistent with results from O'Brien

Bay with loss on ignition < 4% at the inner site compared to outer site > 4%.

However, in Brown Bay organic matter at the inner site is slightly higher than the

outer site, even though the outer site breaks out approximately 1 to 2 months earlier

than the inner site. Runoff from Thala Valley tip may be causing eutrophication in

Brown Bay inner, resulting in a more intense algal bloom and subsequently resulting

in slightly more organic matter content in the sediment than the outer site. An
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estimated 8 of tip and contaminated sediment material is deposited in to Brown

Bay during the annual summer melt [173].

I

6.3.4 Aqua regia digestion

Pseudo-total metal concentrations in sediments from Brown Bay and O'Brien Bay

were measured with an aqua regia digestion as an assessment of the concentrations

of metals in the sediments. Initially, the extraction efficiency of the aqua regia

digestion technique was assessed using the NIST SRM 2711 for quality assurance.

The aqua regia digest results and recoveries of the SRM are shown in Table 6.1.

Table 6.1 Aqua regia digestion results ofSRM NIST 2711 (pg g"')

Aqua regia'
NIST total

certified"

NIST leachable

indicative"

Total

reccvery*^

Leachable

, recovery®

Cd 40.68 ± 0.59 41.70 ±0.25 32-46(40) 98% 102%

Sn" 2.96 ±0.28 - - - -

Sb 18.5 ±0.4 19.4 ±1.8 (<10) 95% >185%

Pb 1067 ±31 1162±31 930-1500(1100) 92% 97%

Al" 2.53 ± 0.76 6.53 ± 0.09 1.2-2.3(1.8) 39% 141%

Or 27 ± 1 (47)" 15-25 (20) 57% 135%

Mn 544 ±6 638 ± 28 400-620 (490) 85% 111%

Fe" 2.45 ± 0.44 2.89 ±0.06 1.7-2.6(2.2) 85% 111%

Co 9±0.1 (10)" 7-12(8.2) 90% 110%

Ni 17.7 ±0.2 20.6 ±1.1 14-20(16) 86% 111%

Cu 111 ±0.2 114±2 91-110(100) 97% 111%

Zn 334.0 ±2.6 350.4 ±4.8 290-340 (310) 95% 108%

As 104 ± 1 105 ±8 88- 110(90) 99% 116%

Certified NIST 2711 total values [166],''Non-certified NIST2711 total values [166], °NIST

leachable concentration ranges (median) based on US EPA Method 3050 [166], '̂ Total recovery

based on NIST 2711 certified and non-certified total values, Leachable recovery based on NIST

2711 leachable concentrations,''No certified for indicative values for Sn.
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Generally, aqua regia recoveries ranged from 39 - 99% based on the total values of

metals, with most values greater than 85%, with variability less than 3% for all

metals. Low recoveries of A1 and Cr (39% and 57%, respectively) were not

imexpected, as the aqua regia digest is not sufficiently strong to completely dissolve

siliceous and refractory minerals. Recoveries ranged from 97 - 141% based on the

non-certified NIST 2711 leachable concentrations obtained using a hot HNO3-H2O2-

(HCl) digest. These leachable indicative concentrations were determined by a

number of co-operating laboratories, with some variation in the methodology [166].

Leachable recoveries greater than 100% are to be expected, as the AS 4479.2 aqua

regia digest is a stronger digest than the EPA Method 3050 hot HNO3 digest due to

the length of extraction time and relative strength of reagents employed.

The variability of the aqua regia digestion on Antarctic sediment was estimated with

the triplication of one slice per sediment core. Variability was good for the aqua

regia digests on sediment samples, with all average standard deviations under 20%,

and half the metals below 10% (Table 6.2).
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Table 6.2 Average relative standard deviation (range) ofaqua regia

digest on Antarctic sediment samples

Variability (%)

Cd 10(3-19)

Sn 15(1-54)

Sb 11 (6-16)

Pb 6(0-16)

A1 8 (4 - 14)

Cr 4(0-11)

Mn 9(4-19)

Fe 3(1-11)

Co 19(2-70)

Ni 11 (2-25)

Cu 15 (5 - 36)

Zn 8(3-15)

As 13 (9-24)

Variability was higher in the Antarctic sediment samples compared to the SRM,

although this is not surprising as the digests were performed on moist sediment

homogenised by hand compared to the SRM which was dried and ground. Good

precision with a pseudo-total analysis, such as an aqua regia digest, is to be

expected as the digest is straightforward, and has few manipulation steps and aqua

regia in excess.

A summary of the aqua regia pseudo-total metal results for Antarctic cores is shown

in Table 6.3, with full results presented in Tables D2 - D7 in the Appendix. Data

was normalised to 60% silt + clay [174].
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Table 6.3 Aqua regia digest results from sediment cores, normalised to

60% silt+ clay (range, M-g g"')

BB inner BB outer OBB inner OBB outer

Cd 1.22-3.49 0.73-1.96 0.18-0.89 0.15-0.43

Sn 30.0-76.2 2.58-77.9 0.56-4.03 0.56-0.78

Sb 1.13-6.35 0.23-2.93 0.13-0.30 0.16-0.26

Pb 128-386 8.29-113 2.94-8.94 2.86-9.00

A1 6270 - 9330 4100-7350 6000- 15400 6200 - 8460

Cr 21.9-33.1 12.8-25.3 17.0-57.8 15.6-26.8

Mn 170-266 115-255 220 - 605 208-301

Fe 17500-39500 10700-17100 12500-42900 10800 -17400

Co 3.56-8.40 2.21-5.90 3.26-8,84 3.15-4.51

Ni 9.74-19.7 6.87-12.1 7.09-20.5 7.92-11.9

Cu 71.6-171 10.9-80.1 8.65-18.4 8.19-12.6

Zn 106-207 59.2-104 27.8-65.5 32.2-50.6

As 10.9-107 17.2-105 2.06-19.2 4.56-23.4

Concentrations of Cd, Sn, Sb, Pb, Cu, Zn and As in both Brown Bay sites were

significantly elevated compared to O'Brien Bay sites (Mann-Whitney U test,/Jcorrected

< 0.05) while concentrations of Fe in Brown Bay inner were greater than O'Brien

Bay outer (Marm-Whitney U test, = 21.000, /^corrected = 0.012). Within Brown

Bay, all metals that were elevated compared to O'Brien Bay, except for As were

present in higher concentrations at the inner site compared to the outer site (Mann-

Whitney U test, jCcorrected < 0.05), reflecting the spatial proximity of the inner and

outer sites from the Thala Valley tip (~ 40 m and ~250 m, respectively).

These results are similar to Scouller [5] who found elevated levels of Sb, Cu, Pb, Sn,

As, Cr, Ni, Ag and Zn within Brown Bay sediment compared to O'Brien Bay in the

< 2 mm size fraction, when using an HF-HCI-HNO3 total digestion.
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6.3.5 Partial metal extractions

Partial metal extraction was performed on the sediment to assess the potentially

bioavailable fraction of metals in Brown Bay and O'Brien Bay. Partial extraction

results for Brown Bay and O'Brien Bay sediment cores are summarised in Table

6.4, with full results shown in Appendix Tables D8 - D13. Data was normalised to

60% silt + clay [174]. The partial extraction methodology was performed on a sub-

sample of sediment using a method used by Snape et at, after their investigations of

a kinetic study using 1 mol L'* HGl [14]. Their study onmarine sediments from the

Casey Station area showed that a 4 hour 1 mol L"' HCl extraction provided the best

correlation with biological data, clearly identified sediments contaminated by run off

from Thala Valley tip, and provided better sensitivity for distinguishing between low

and moderately contaminated sites [14,157].

Table 6.4 Partial extractions from sediment cores using 1mol L"' HCl

for 4 hours, normalised to 60% silt+ clay (range, pg g"')

BB inner BB outer OBB inner OBB outer

Cd 1.11-2.61 0.46-1.45 0.07-0.33 0.02-0.62

Sn 10.5-47.0 0.71 -16.2 <0.037 < 0.037

Sb 0.05-0.91 0.02-0.26 0.02-0.08 0.04 - 0.08

Pb 108-317 5.37-96.3 0.91-2.08 0.60-1.57

At 1170-2050 639 - 1230 714-1470 487- 1200

Cr 5.74-11.9 2.06-9.50 1.49-3.71 1.41-3.02

Mn 16.9-32.4 9.15-17.6 17.1-38.6 9.79-27.6

Fe 6630-27100 972 - 6990 670-2180 855- 1300

Co 0.35-0.77 0.24-0.43 0.34-0.68 0.19-0.63

Ni 2.94-9.33 1.74-4.11 1.43-3.20 1.27-3.42

Cu 6.34 - 104 4.19-56.2 3.75-5.76 1.96-5.58

Zn 62.4-19.1 31.0-78.0 9.92-20.3 9.12-25.6

As 0.99 - 69.7 9.03 -109 0.84-18.7 2.22-16.4
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Concentrations of Cd, Sn, Pb, Cr, Fe, Cu and Zn were elevated in both Brown Bay

sites compared to the O'Brien Bay control sites (Mann-Whitney U test, /»coiTected <

0.05), whilst Ni and Cr were elevated in Brown Bay inner only (Mann-Whitney U

test, /^corrected < 0.05). Concentrations of As in sediment from Brown Bay outer was

significantly greater than both O'Brien Bay sites (Mann-Whitney U test, /Jcorrected <

0.05). Concentrations of As in the surficial slice of Brown Bay cores were

approximately 10 times the concentration in the subsurface slices (see Appendix D).

Scouller [5] also used a 4 hour 1 mol L'VhCI partial digestion to investigate labile

metals bound to sediments in the Casey Station region, including similarly located

sites within Brown Bay and O'Brien Bay. Scouller found the concentration of Fe in

Brown Bay ranged between 464 - 6309 pg g"', compared to 4830 - 31600 pg g"' in

this work (both sets of data non-normalised). Acknowledging that this may be due

to spatial difference and heterogeneity in the sediment, this lower amount of

partially extractable Fe in the earlier work is more likely due to the drying procedure

of the sediment performed by Scouller, reducing the amount of extractahle Fe.

Billion et at. [175] have shown that in anoxic sediments AVS is converted to

chromium reducible sulfides, CRS (possibly pyrite, FeS2) which is not extracted

with 1 mol L"' HCl [175]. Oxic sediment is not immune from speciation changes, as

drying of these sediment may cause an aging effect on the sediment which increases

the crystallinity of oxides, making them less extractable in reagents like 1 mol L"'

HCl [176].
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6.3.6 Acid volatile sulfide

Acid volatile sulfide (AVS) was measured using a method based on the diffusion

method proposed by van Griethuysen et al. [165]. Results for Brown Bay showed

high AVS levels in the sediment (Table 6.5), while results for O'Brien Bay showed

very little AVS in the sediment with most values less than 0.05 pmol g"' for both

cores (O'Brien Bay results presented in Table D14 in the Appendix). Both Brown

Bay sites had significantly higher AVS levels than O'Brien Bay (Mann-Whitney U

test, /?coiTected < 0.05). Due to the high values of AVS, some duplicate samples were

also analysed by another laboratory (CSIRO Centre for Environmental

Contaminants Research, Sydney) using a procedure described by Simpson [177].

Results showed good agreement between the two laboratories, with AVS values

within 15% (see Appendix Table D15). The high AVS levels in the Brown Bay

cores measured almost 12 months after collection shows that the anoxic conditions

were preserved with triple baggingof coreand storageat -20°C.
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Table 6.5 AVS, SEM and SEM/AVS results for Brown Bay

Depth AVS (pmolg dw!') SEM (|imolg dw"') SEM/AVS

Brown Bay inner core 1

0.5 3.55 4.54 1.28

1.5 235 4.43 0.02

2.5 351 3.97 0.01

3.5 555 4.05 0.01

4.5 1670 4.59 <0.01

5.5 443 6.16 0.01

6.5 343 6.44 0.02

7.5 253 4.34 0.02

8.5 103 i.38 0.01

9.5 5.76 0.48 o!o8

10.5 59.3 1.96 0.03

Brown Bay inner core 2

0.5 15.6 2.92 0.19

1.5 72.6 1.33 0.02

2.5 95.0 1.46 0.02

3.5 235 2.28 0.01

4.5 395 2.12 0.01

5.5 546 3.04 0.01

6.5 669 2.93 <0.01

7.5 440 3.45 0.01

8.5 124 3.35 0.03

Brown Bay outer core 1

0.5 5.83 2.35 0.40

1.5 3.50 1.40 0.40

2.5 51.3 1.19 0.02

3.5 55.3 1.67 0.03

4.5 47.3 2.19 0.05

5.5 14.6 1.19 0.08

6.5 1.25 0.46 0.37

7.5 3.26 0.69 0.21

Brown Bay outer core 2

0.5 7.34 2.41 0.33

1.5 24.6 1.61 0.07

2.5 50.3 1.58 0.03

3.5 82.6 1.71 0.02

4.5 63.6 1.69 0.03
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These high sulfide levels in the sediment in Brown Bay appear to be the main

controlling factor of the partitioning of metals between the porewater and solid

phase. The precipitation of metal sulfides may remove the metals from the

porewater, resulting in low levels of available metals in the sediment porewater

despite the high metal content in the solid phase measured by aqua regia and p^ial

digests.

The comparison of acid volatile sulfides (AVS) to the molar sum of the

simultaneous extractable metal (SEM) has been proposed as a predictor for the

potential bioavailability of metals in sediments. If AVS > SEM there is ample

sulfide to react with the metals, removing them from the porewater. However, if

SEM > AVS the sediments cannot be assumed to be toxic as the ratio only predicts

the absence of toxicity and other factors may be controlling toxicity [178]. In most

slices of the cores from Brown Bay, the AVS greatly exceeded the SEM indicating

an absence of toxicity, despite its highly affected ecology. This indicates that

porewater is not the important exposure route of metal uptake. If this ratio is used in

O'Brien Bay (see Appendix D), the sediment appears potentially toxic, despite the

absence of anthropogenic metals. The low AVS signifies that the AVS:SEM ratio is

not valid for this sediment and other factors would be controlling the availability of

metals in sediment in O'Brien Bay.

The AVS levels in Brown Bay are considerably elevated; other sites elevated with

high AVS levels include Iron Cove in Sydney Harbour, and in Keamy Marsh, New

Jersey, a wetland in a highly urbanised area, with AVS levels up to 300 and 500

pmol g"', respectively [179, ISO]. Sediments under commercial fish farm cages
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have been noted to be moderately elevated with AVS levels and these conditions

were produced by large amounts of organic waste in the form of unconsumed feed

and faecal matter, which caused benthic enrichment [181-183]. AVS is produced by

the bacterial reduction of sulfates accompanied by organic matter decomposition

[184], Althotigh the loss on ignition content in sediments in Brown Bay was slightly

higher than O'Brien Bay, it is not known if this difference is significant or not to

influence the production of sulfide in the sediments.

6.3.7 BCR sequential extraction

Further characterisation of the metals in sediment from Brown Bay and O'Brien Bay

was examined with the application of the BCR sequential extraction scheme. The

extraction efficiency of the BCR sequential extraction scheme was tested using the .

NIST SRM 2711. Although no certified values are provided for metal partitioning

using the BCR scheme. Table 6.6 shows extraction results for NIST 2711 for

various researchers using the optimised BCR or original sequential extraction

schemes [167-169, 185].
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Table 6.6 Overview of BCR partitioning of SRM NIST 2711 (pg g'*)

Acid

Extractable
Reducible Oxidisable Residual Sum

Independent

aqua regia

Cd This work" 36.3 ±0.6 10.5 ±0.4 1.37 ±0.04 0.95 ± 0.08 49.1 ±0.5 40.7 ± 0.6

Ho et al.^ 28.6± 1.1 9.3 ±0.6 2.4 ±0.9 <1 40.2 ±0.8

Pb This work 308 ±6 772 ± 26 54.4 ± 0.8 41.0 ±0.2 1175 ±24 1067 ±31

Sutherland et al."^ 280 ±4 774 ±7 108 ±3 51 ± 1 1213±34

Kubova et al.^ • 279 ± 1 771 ±7 70±3 48 ± 1 1168 ±8

Ho et al. 302 ± 27 349 ± 32 356 ±85 97.9 ± 19.7 1100±100

Cu This work 5.66 ± 0..14 38.3 ±0.4 7.47 ± 0.04 57.4 ± 0.4 109 ± 1 111 ± 0.2

Sutherland et al. 5 ±0.3 27 ± 0.4 11 ± 0.2 63 ± 0.5 106±6

Kubova et al. 5 ±0.04 38 ± 1 10 ±0.7 58 ± 0.6 111 ± 1

Ho et al. 6.1 ±1.6 . 12.4 ± 10.0 13.8 ±7.2 90.8 ± 17.4 123 ± 18

Zn This work 54.6 ±2.8 99.9 ±3.8 34.3 ± 2.2 161 ±3 350 ± 1 334±3

Sutherland et al. 38 ± 1 78 ± 1 40 ± 0.4 172 ±2 328 ±9

Kubova et al. 37 ± 0.2 87 ± 0.6 38 ±2.2 176± 1.5 338 ±2.7

Ho et al. 41.8 ± 1.2 62.2 ±7.1 37.1 ± 13.3 206 ± 33 347.±34.

Mn This work 356 ±7 97.7 ±3.9 18.0 ±0.1 139±6 610± 13 554 ±6

Sutherland et al. 269 ± 1 95 ± 1 20 ± 1 148 ± 3 532 ± 26

Kubova et al. 246 ± 1 87 ±2 19± 1 277 ±6 629 ±6

Fe This work 28.2 ±3.1 1650 ±97 242 ± 16 21700 ±573 23600 ±633 24500 ± 4400

Sutherland et al. 19±1 1390 ±29 298 ±8 26200 ± 430 27907 ±1469

Kubova et al. 17± 1 1617±9 279 ± 1.0 24845 ±431 26758 ±431

A1 This work 126 ±8 2260 ± 36 915 ±37 18800±1123 22100±1142 25300 ±7600

Sutherland et al. 124 ±4 1540 ±25 845 ± 23 19900 ±300 22409 ± 723

Kubovi et al. 124 ±4 2011±11 186 ±77 59040 ± 392 61332 ±400

'' Original BCR procedure [168], with the inclusion ofanHF-HNO3-HCIO4 total digest forStep 4

Optimised BCR procedure [167], original results for Mn were incorrectly published and revised results

are shown [186] Optimised BCR procedure [169], with the inclusion of an HF-HNO3-HCIO4 total digest

for Step 4

Variability within results was less than 11% for the seven elements, with the

majority of variation less than 5%. The sum of the four fractions of the BCR

procedure is in good agreement with the independent aqua regia results, ranging

from 87 - 121% for the seven metals. For a procedure that has multiple

manipulations these results are surprisingly good, although again these results
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emphasise the excellent homogeneity of the dried, well-grovmd and mixed SRM.

The comparison of the BCR partitioning in this work to the previous work [167-

169], indicates that the method is satisfactory although results suggest an over

extraction of some metals in Step 1 in this work. Greater A1 and Mn concentrations

reported by Kubova et al. are due to the use of HF-HNO3-HCIO4 for the residual

digest, as opposed to an aqua regia residual digest as prescribed for the optimised

BCR procedure. Comparison of these results to partitioning determined by Ho et al.

[168], who used the original BCR scheme, shows the effect of increasing the:

concentration of the reducing agent in Step 2 of the optimisied BCR procedure and

can clearly be seen from the notably lower concentrations of Pb, Cu and Zn

extracted in Step 2 using the original BCR procedure.

The precision of the BCR extractions applied to Antarctic sediment samples was

investigated with the triplicate extraction of one slice from each core (Table 6.7).

The overall precision was good for these samples considering they were field moist

and had only been homogenised by hand. Precision varied for different metals and

was often dependent upon the concentration levels of metals in the samples and

higher variabilitywas frequently due to metalsbeing presentin low concentrations.
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Table 6.7 Average relative standard deviation (range) of BCR

extractions on Antarctic sediment, %

Acid Extractable Reducible Oxidisable Residual

Cd 51 (9-120) 19(6-44) 29 (1 - 107) 103 (24- 173)

Sn 66 (21-111) 32 (31 -33) 43 (6 - 86) 18 (9-24)

Sb 41 (3-87) 61 (22- 128) Nd 24 (2 - 83)

Pb 25 (1 - 90) 9 (2 - 27) 28 (2-116) 19(2-65)

A1 15(3-33) 7(3-13) 12(3-22) 10(3-23)

Cr 12 (5-25) 13 (4-29) 8 (2 -14) 9(4-16)

Mn 10 (1 - 19) 6 (3 -10) 9 (1 - 16) 11 (1-24)

Fe 13(2-38) 16(5-58) 9 (5 - 14) 10(3-19)

Co 12(5-19) 9(2-13) 8(3-13) 10,(2-19)

Ni 14(5-32) 20 (5-41) 24 (6 - 63) 10(1-21)

Cu 79 (25 - 163) 41(7-90) 27 (2-46) 13 (3-34)

Zn 26 (5 - 62) 19(3-72) 26(4-48) 10(3-21)

As . 10(2-23) 51 (1-156) 27 (4 -105) 38 (7-87)

Nd not detected

Certain metals seemed to have poorer precision for some fractions, including Cd,

Sn, Sb, Pb, Cu and As. Cd, Sn and Sb were not detected or at very low

concentration in some fractions of some samples, while the concentrations of Pb in

the acid extractable and oxidisable fraction and Cu in the acid extractable fraction

were low in control samples where overall concentrations were low.

As another quality assurance measure on the BCR sequential extraction scheme, an

independent aqua regia digest was compared to the sum of the four steps in the

BCR procedure performed on Antarctic sediment samples. These results are

tabulated in Table 6.8.
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Table 6.8 Percentage of metals extracted with the BCR scheme

compared to independent aqua regia digest (%)

"ZBCRJaqua regia

Cd . 88 ±26

Sb 71 ±23

Pb 104 ± 38

A1 81 ± 15

Cr 74 ± 12

Mn 87± 16

Fe 78 ±12

Co 72 ± 14

• Ni 83 ±27

Cu 79 ±18

Zn 88 ±18

As 88 ±30

The BGR method appeared to extract lower amounts of metals than the independent

aqua regia digest, with the BCR extracting 71 - 104% of the concentration of

metals determined by the independent aqua regia. This could he due to small losses,

of sediment during the extraction or rinsing steps or in the final transfer of sediment

from the centrifuge tube to the conical flaks prior to the residual digest.

Nevertheless, these results show that the BCR method was satisfactory.

Results of BCR fractionation of Brown Bay and O'Brien Bay sediments are

summarised in Figure 6.3 - 6.7, whilst full results are presented in the Appendix in

Tables D16-D41.
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20% 40%

20% 40% 60% 80% 100%

Figure 6.3 BCR partitioning of (a) Sb, (b) Al, (c) Mn, (d) Co and (e) Ni

in Brown Bay inner. • Acid extractable, • Reducible, •

Oxidisable, • Residual
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40% 60% 80% 100% 10% 20% 40% 60% 80% 100%

•1

Figure 6.4 BCR partitioning of Cd in (a) Brown Bay inner, (b) Brown

Bay outer, (c) O'Brien Bay inner and (d) O'Brien Bay outer.

Partitioning of Pb in (e) Brown Bay inner, (f) Brown Bay

outer, (g) O'Brien Bay inner and (h) O'Brien Bay outer. •

Acid extractable, H Reducible, B Oxidisable, • Residual
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I.

Figure 6.5 BCR partitioning of Cu in (a) Brown Bay inner, (b) Brown

Bay outer, (e) O'Brien Bay inner and (d) O'Brien Bay outer.

Partitioning of Zn in (e) Brown Bay inner, (f) Brown Bay

outer, (g) O'Brien Bay inner and (h) O'Brien Bay outer. •

Acid extractable, • Reducible, • Oxidisable, • Residual
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|0% 20% 40% 60% 80% 100% I 0% 20% 40% 60% 80% 100%

Figure 6.6 BCR partitioning of Sn in (a) Brown Bay inner, (b) Brown

Bay outer, (c) O'Brien Bay inner and (d) O'Brien Bay outer.

Partitioning of Cr in (e) Brown Bay inner, (f) Brown Bay

outer, (g) O'Brien Bay inner and (h) O'Brien Bay outer. •

Acid extractable, • Reducible, 11 Oxidisable, • Residual
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Figure 6.7 BCR partitioning of As in (a) Brown Bay inner, (b) Brown

Bay outer, (c) O'Brien Bay inner and (d) O'Brien Bay outer.

Partitioning of Fe in (e) Brown Bay inner, (f) Brown Bay

outer, (g) O'Brien Bay inner and (h) O'Brien Bay outer. •

Acid extractable, H Reducible, • Oxidisable, • Residual
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Partitioning patterns of Sb, Al, Mn, Co and Ni between all the sites in O'Brien and

Brown Bays were not overly different and these metals were primarily partitioned in

the residual phase (Figure 6.3).

With the exception of Cd, Sn and As metals were mainly partitioned into the

residual phase in O'Brien Bay, which is to be expected as there is negligible

anthropogenic input of metal and the majority of the metal would be of lithogenic

origin. Furthermore, for some metals (Pb, Cr, Cu, Zn and Fe) a slightly greater

relative amount of these metals were partitioned into the residual phase at the inner

O'Brien Bay site compared to the outer site. The inner site had a greater percentage

of sand compared to the outer site, hence the greater proportion of these lithogenic

metals in the residual fraction.

Principle Component Analysis was used to help interpret the BCR results of metals

in Brown Bay and O'Brien Bay sediments. Due to the amoimt of information

sequential extractions generate (nmetais x nfractiom x nobservauons) PCA was initially

performed regardless of the fraction {rimetais x nobservauons, for example each sediment

slice had four results for each metal, Frl - Fr4) although this may lose information

as each set of 4 variables were reduced to a single variable.

This approach explained 80% of the variation and separated the metals into two

distinct groups, with the first group having a higher loading on PCI (49% explained)

(Al, Fe, Mn, Sn, Co, Ni and Sb), see Table 6.9 or Table E.l in the Appendix for a

graphical representation. PC2 explained 23% of the variation and was aligned with

Cu, Zn, Cd and Pb. PC3 (8%) was important for As.
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Table 6.9 Varimax rotated scores ofprinciple component analysis of

BCR sequential extractions in combined fractions in

sediment from Casey Station region

Component

1 2 3

Cd -0.28 0.87 0.12

Sn 0.83 -0.06 0.30

Sb 0.84 -0.10 0.34

Pb 0.04 0.89 0.18

Al 0.89 0.27 -0.25

Cr 0.77 0.46 -0.29

Mn 0.95 0.06 -0.22

Fe 0.68 0.18 0.17

Co 0.96 0.03 -0.14

Ni 0.82 0.13 0.09

Cu 0.32 0.66 -0.01

Zn 0.27 0.81 0.11

As 0.03 0.44 0.82

Variance explained 49% 23% 8%

The ordination clearly separated the residual fraction from the other three fractions

and Brown Bay sediments from O'Brien Bay sediments (Figure 6.8). The plot of

the factor scores show that fraction 4 metals have.a high loading on PCI and most

metals contributing to PCI (Al, Mn, Co, Ni and Sb) were partitioned into the

residual fraction in both Brown Bay and O'Brien Bay (Figure 6.3) and the majority

of Fe and Sn were partitioned into the residual fraction in O'Brien Bay and Brown

Bay, respectively. The plot of factor scores shows PC2 is generally associated with

the oxidisable and reducible fractions of Brown Bay sediment as these sites had a

high proportion of Cd, Pb, Cu and Zn in the oxidisable and reducible fractions.

There was little correlation between Cd, Pb, Cu and Zn and fraction 4 extracts as the
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majority of these anthropogenic metals would have been largely extracted prior to

the final step.
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Figure 6.8 Factor scoresof metal concentrations from BCR extractions

of sediment from Casey Station

For PCA on the separate fractions, three PCs were extracted that contributed to 85%

of the total vai'iance of the acid extractable fraction; PCI (49%) .is dominated by

metals that are elevated in Brown Bay, while PC2 (28%) was explained by Sn, Cr,

Fe and Ni (Table 6.10 or Table E.2 in the Appendix for a graphical representation).

PC3 (8%) was important for Al, Co and Mn. The reducible fraction has three PCs

extracted contributing to 86% of the variance and was separated into two main

groups based on the loadings onto either PCI (52%) or PC2 (21%). PC2 had a high

association with anthropogenic metals whilst Fe and Cr had equal loadings on PCI
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and PC2. Only two components were extracted in the oxidisable fraction explaining

89% of the variance. PCI (76%) was mainly related to the anthropogenic metals.

The two components extracted in residual fraction accounted for 84% of the

variance; PCI (54%) was explained by metals that are associated with minerals for

example Al, Cr, Mn, Fe, Co and Ni whilst anthropogenic metals contributed to PC2

(30%). Cd and Zn were explained equally by PCI and PC2.

Table 6.10 Varimax rotated scores ofprinciple component analysis of

BCR sequential extractions in separate fractions in sediment

from Casey Station region

Frl Component Fr2 Component Fr3 Component Fr4 Component

1 1 1 1

Cd 0.88 -0.24 0.16 . 0.04 0.79 0.12 0.94 0.02 0.25 0.39

Sn -0.15 0.81 0.21 0.01 0.62 0.33 -0.21 0.70 -0.18 0.96

Sb 0.86 -0.04 0.25 0.23 0.13 0.86 - .- 0.16 0.92

Pb 0.89 0.31 -0.16 0.26 0.92 0.18 0.94 0.15 0.09 0.91

Al 0.33 0.36 0.83 0.84 0.48 0.05 0.58 0.75 0.93 0.30

Cr -0.03 0.84 0.50 0.67 0.64 0.32 0.74 0.65 0.98 -0.06

Mn 0.14 0.27 0.89 0.92 -0.12 0.03 0.51 0.80 0.97 0.01

Fe 0.05 0.90 0.21 0.65 0.63 0.31 0.60 0.75 0.95 -0.05

Co 0.13 0.51 0.77 0.95 0.10 0.08 0.73 0.63 0.95 0.25

Ni 0.53 0.67 0.38 0.82 0.43 -0.13 0.21 0.61 0.85 0.41

Cu 0.79 -0.12 0.38 -0.09 0.02 0.93 0.92 0.33 0.35 0.91

Zn 0.92 -0.03 0.05 0.49 0.83 -0.20 0.92 0.33 0.53 0.56

As 0.79 0.32 0.17 0.01 0.28 0.89 0.91 0.32 0.01 0.95

Variance
49% 28% 8% 52% 21% 13% 76% 13% 54% 30%

explained

The plots of the loading scores (Figure 6.9) shows well defined separation between

Brown Bay and O'Brien Bay samples, especially for the first three fractions. The

grouping of O'Brien Bay samples are a lot tighter than for Brown Bay samples
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indicating less variability in the extraction. For the four fractions O'Brien Bay

samples had negative values for the components highly associated with Cd, Cu, Pb

and Zn, for example PC2 for the reducible fraction, PCI for the oxidisable fraction

and PC2 for the residual fraction.
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Figure 6.9 Factor scores ofmetal concentrations from BCR extractions

of sediment from Casey Station from individual fractions, (a)

acid extractable, (b) reducible, (c) oxidisable, (d) residual.
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Low relative amounts of Cd, Pb, Cu and Zn were partitioned into the acid

extractable fraction in Brown Bay inner (Figures 6.4 and 6.5), whilst high amounts

of these metals in the oxidisable fraction are consistent with the metals being

predominantly in the sulfide form. The relative amount of oxidisable associated Cd

and Pb increased with depth at Brown Bay inner reflecting the increasing sulfide

content in the cores. In the oxic surface slice of the Brown Bay inner cores, the

amount of Cd, Cu and Zn partitioned into the acid extractable phase is greater than

the rest of the core, with these metals showing potentially greater mobility in oxic

sediments. Concentrations of these metals in porewater are known to be controlled

by sulfides [160], although Pb was elevated in Brown Bay porewater (see Section

5.3.2) despite the high sulfides present.

Results from DGT sediment probes identified Sn as being elevated in the porewater

and with a high resupply flux from the sediment in Brown Bay. Despite this, the

majority of Sn was partitioned into the residual fraction in Brown Bay (Figure 6.6 a

- d). The amount of non-residual (i.e. labile, S Fractions 1 - 3) Sn was nearly

constant for all sites, but in Brown Bay the pseudo-total amount (E Fractions 1-4)

of Sn ranged between 20-100 times greater than the concentration of Sn in O'Brien

Bay. Partial metal extractions of Sn in Brown Bay using 1 mol L"' HCl removed

approximately 50% of the Sn, whilst the BCR only partitioned 10% of the Sn in

labile fractions. Sn is not normally associated with being controlled by AVS,

despite SnS being highly insoluble.
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Sn and Pb were the highest enriched metals in Brown Bay sediments, with 50-100

times greater pseudo-total concentrations in the sediments compared to O'Brien Bay

(see Appendix D), whilst enrichment factors were even greater still when comparing

metals extracted with the 1 mol L"' HCl partial extraction (see Appendix D).

Enrichment factors for other metals, such as Cd, Cu and Zn, in Brown Bay were

approximately 10-20 times levels in O'Brien Bay, as determined from partial

extractions (see Appendix D). The high enrichment factors of Sn and Pb in Brown

Bay may result in some of the metals being partitioned into the porewater phase,

despite the presence ofhigh levels of sulfides.

In the case of Cr, (Figure 6.6 e - h) there was no significant difference in the sum of

pseudo-total Cr in the four fractions between O'Brien Bay and Brown Bay. Despite

this, the pattern of partitioning varied between the contaminated and control sites

with more oxidisable Cr in Brown Bay, possibly influenced by the different sulfide

and organic matter levels in Brown Bay.

As and Fe were present in the acid extractable form in Brown Bay inner, although

oxidisableassociated As was presentas well. In the oxic surface slice of Brown Bay

inner the majority of Fe and As was in the reducible fraction, showing the affinity

As has for hydrous Fe oxides. The presence of Fe hydrous oxides in the surface

slice of sediment was confirmed by the deposition of a light brown rusty mark just

below the sediment-water interface on the covering membrane of the DOT sediment

probes. High amounts of acid extractable Fe in Brown Bay inner could be caused by

free Fe displaced from sulfides with the precipitation of the more insoluble metal

sulfides. This may be occurring in situ or may be an artefact of the extraction
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process [187], although the DGT-lahile Fe concentrations in the porewater suggest it

is occurring within the sediment.

High concentrations of acid extractahle Fe in Brown Bay and As in both Brown Bay

and O'Brien Bay may reflect the high amount of these metals in the porewaters. In

the case ofAs, the concentration inthe porewater ranged from 2000 - 3000 pg L'* in

both Brown Bay and O'Brien Bay (see Section 5.3.3) and this accoimted for all the

acid extractahle As predicted from the BCR sequential extraction scheme. In the

case of Fe in Brown Bay inner, although the amount of Fe in the porewater was a

negligible component of the acid extractahle fraction it is not surprising to see high

porewater concentrations when there is a large concentration of acid extractahle Fe.

The acid extractahle fraction contains the most labile forms of metals and these will

he partitioned into the porewater. Relationships between concentrationsofmetals in

porewater and acid extractahle metals were tested with correlation analysis. Sn and

Ph were highly correlated in Brown Bay inner (Sn: r = 0.860, p = 0.003; Pb: r =

0.792,p = 0.011), as was concentrations of As in the porewater and acid extractahle

fraction frorh Brown Bay outer (r = 0.820,p = 0.024). Cu in O'Brien Bay outer also

has a significant relationship (r = 0.946, p = 0.004).

Despite the high AVS levels in the sediment in Brown Bay, less than 5% of Fe is

removed in the oxidisahle step of the BCR sequential extraction, and this accounted

for, at most, 1000 pg g"' of Fe. Assuming the AVS is from FeS only, which is not

unreasonable due to the high Fe concentrations in the sediment, AVS levels are at

least 10 times greater than the Fe extracted into the oxidisahle fraction of the BCR

198



Sediment core characterisation 6.3 Results and discussion

technique and this may be further underestimated if there is organic associated Fe.

Oxidisable Fe appears to be extracted prior to Step 3 using the BCR technique and

this has also been shown in previous work [188, 189]. This highlights that caution

must be used when interpreting sequential extraction results without supporting

sediment characterisation.
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6.4 Conclusion

The deployment of DGT samplers and direct porewater measurements in Brown

Bay showed low levels of most metals in the porewater, except for Pb, Sn and Fe,

despite previous results showing that sediments were elevated with other metals.

Sediment characterisation was undertaken to investigate the nature of the metals in

Brown Bay and O'Brien Bay sediment, initially using grainsize analysis, pseudo-

total metal and partial metal content, organic matter content and acid volatile

sulfides. Aqua regia digestions of sediment showed that Cd, Sn, Sh, Pb, Fe, Cu, Zn

and As were elevated in Brown Bay, whilst a 1 mol L"' partial extraction identified

these metals plus Al, Cr, and Ni, as being elevated in Brown Bay.

Concentrations of Cd, Cu and Zn in the porewater in Brown Bay appear to be

controlled by the very high sulfide concentration in the sediment, where they are

most likely reacting with the sulfides and forming insoluble metal sulfides. Metals

that have low metal-sulfide solubility such as Cu, Cd, Ni and Co were found to be

present in higher concentrations in the porewater in O'Brien Bay, which was very

low in AVS, compared to Brown Bay.

Deeper sediment from the longer Brown Bay inner core (> 8.5 cm, shown with open

circles in Figure 6.2) has a loss on ignition content similar to O'Brien Bay inner

indicating similar organic matter at these inner sites in the past, possibly before the

influence of the tip. Partial and pseudo metal levels are also lower in these slices,

confirming pre-contaminated sediment. A possible explanation is that material from

the tip entering Brown Bay may be causing eutrophication and causing a more
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intense algal bloom resulting in higher organic matter in the upper layers of

sediment. The organic matter in Brown Bay may also be reducing the availability

by binding metals and also removing them from the porewater. Further work is

required to determine the source of the high sulfide and whether the organic matter

or other factors have influenced sulfide production (for example microbiological

effects).

The surface sediments of Brown Bay contained a lower amount of AVS, potentially

increasing the availability of metals in porewater, although the presence of Fe and

Mn hydroxides in oxic sediment would control the availability of these metals.

Partial extractions of many metals, including Cd, Sb, Cr, Cu and As, indicated they

were elevated in the surface slice of sediment in Brown Bay compared to the rest of

the core, demonstrating that these metals may be more available in the surface, oxic

sediment. Bioturbation and burrowing may also expose anoxic sediment to oxic

overlying water causing the mobilisation of sulfidic-associated metals.

Further characterisation of the metals in the sediment was performed with the BCR

sequential extraction technique. Principle Component Analysis of the separate

fractions showed separation of Brown Bay and O'Brien Bay samples, with the

tightly grouped O'Brien Bay samples showing less variation between the samples.

Metals that were elevated in the sediment in Brown Bay were largely explained by a

single factor. Low amounts of Cd, Pb, Zn and Cu were partitioned into the acid

extractable phase, while high amounts of these metals were partitioned into the

oxidisable fraction, consistent with sulfides being the dominant controller of metal

availability. High amounts of Fe were found in the acid extractable fraction,
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consistent with Fe being displaced by other metals in sulfides. High concentrations

of As and Fe in the acid extractable fraction reflected the high concentration of these

metals in the porewater, although As in the porewater accounted for most of the acid

extractable fraction. Despite the high sulfide levels, the BCR sequential extraction

scheme partitionedlow amounts of Fe into the oxidisable fraction and it appeared Fe

was prematurely extracted in the reducible fraction.

Although the availabilityof metals such as Cd, Cu and Zn appear to be controlled by

the large amount of reactive sulfide, sediment characterisation studies do not take

into account other methods of exposure of biota to contaminants, such as ingestion

of sediment. This may mobilise other metals that were identified as being in low

concentrations in the porewater. Other factors such as the highly anoxic sulfidic

environment may also be compounding with the presence of Sh and Pb in the

porewater causing a detrimental effect on the biota in Brown Bay
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Chapter 7

Conclusions and further research

This work has applied the diffiisive gradients in thin films (DGT) sampling

technique to measure trace metals in Antarctic waters and sediment porewater

contaminatedby runoff from a waste disposal site near the Australian research base,

Casey Station. Sediment in Brown Bay, adjacent to the waste disposal site Thala

Valley tip, has been previously identified with elevated levels of metals, including

Cu, Pb, Zn and Sn. Additionally, the ecology in Brown Bay is highly contaminated

compared to other pristine locations in the vicinity. This work was directed to

further quantify the availability of metals in the water and sediment porewater in

Brown Bay using the technique ofDGT.

Prior to applying the DGT technique in Antarctic conditions, further development of

the samplers was required to make robust samplers that were easier to prepare and

handle. New paper-based DGT assemblies consisting of a phosphate ion-exchange

paper as a binding phase and chromatography paper as a diffusion layer were

developed and tested. These samplers were easier to handle and prepare compared

to their gel-based counterparts, and were less effected by pH and ionic strength

compared to the original samplers. Laboratorybased testing of the samplers showed

a linear uptake of metals when deployed in test solutions, with diffusion coefficients

of metals approximately 80 - 90% of the values in the polyacrylamide diffusion
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layers. Field deployments of the paper- and gel-based samplers in the Derwent

Estuary showed that the new samplers different uptake of the metals present

compared to the gel-based samplers. Although they showed promise for further

work and development, the application of the paper-based samplers for Antarctic

sampling was abandoned. Gel-based DOT samplers were calibrated using the DOT

uptake method at -1°C and showed a linear uptake over time for all metals tested,

with diffusion coefficients 93 - 114% of literature values.

DOT water samplers were deployed in Antarctica for two field seasons in 2002 - 03

and 2003 - 04. Only Cd, Ni and Fe were consistently detected by the DOT

technique in marine waters in Brown Bay and O'Brien Bay over both seasons. Fe

was elevated during the melt in Brown Bay, compared to before the melt, possibly

indicating a flux fi-om the tip. An increase in Fe in O'Brien Bay with the onset of

the summer melt suggests that the tip is not the only source and Fe may also be

remobilised fi"om the sediment. Further quantification of metals in the marine

waters during the melt was achieved using Empore preconcentration disks. Due to

the large preconcentration factor, all metals (Cd, Sn, Pb, Al, Mn, Fe, Co, Ni, Cu, Zn

and As), except Cr were quantified. Concentrations measured by Empore disks

were generally greater than DOT measurements or detection limits when metals

could not be quantified by DOT samplers. This suggests that the Empore technique

was able to measure colloidal and particulate bound metals, which were excluded

fi-om measurement by the DOT technique.

The low levels DGT-labile metals in the water in Brown Bay suggests that the

metals are bound to colloidal or particulates or are strongly complexed and hence
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cannot be measured by DGT samplers. The Empore results are consistent with

metals being bound to particulates, consistent with a previously proposed hypothesis

that contaminants are transferred from Thala Valley tip to Brown Bay via particle

entrainment or sorption to particles. Further work is required to further characterise

the metals in the marine water around Casey Station by analysing for total and non-

filterable metals, or by using other speciation techniques such as flow field-flow

fractionation (FIFFF) or voltametric techniques.

DGT samplers were deployed in parallel with a biomonitoring technique using the

amphipod Paramoera walkeri. For most metals, gammarids deployed in O'Brien

Bay and control specimens were not significantly different to specimens deployed in

Brown Bay. Biomonitors such as these demonstrate a better interaction with metals

associated with the particulate matter, which are not measured by DGT samplers.

Further biomonitoring work using more suitable accumulators of metals such as

filter feeding Antarctic bivalves, including the clam Laternula elliptica and the

scallop Adamussium colbecki, may be a better indicator of bioavailable metals in

Brown Bay.

DGT sediment probes were deployed in sediments in Brown Bay and O'Brien Bay

for two field seasons. In the initial field season of 2002 - 03 sediment probes were

deployed for a range of times. Metal uptakes by the DGT probes were lower than

expected considering previously reported total and 1 mol L"' HCl extractable

concentrations of metals in the sediment. The heterogeneity of the sediment

prevented the interpretation of resupply from the solid phase to porewater from DGT

samplers deployed for a range of times between 5 and 29 days. The following
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season deployment was extended to increase metal accumulation by the probes,

where elevated levels of Sn, Pb, Mn, Fe and As were detected in Brown Bay

compared to O'Brien Bay. Direct measurements of extracted porewater showed that

Sn, Pb, Mn and Fe were elevated in Brown Bay compared to O'Brien Bay,

consistent with DOT measurements. From this work it appears Sn, and to a lesser

extent Pb, are the main contaminants in Brown Bay. This supports previous work

which showed that sediment concentrations of Sn and possibly Cu, Pb or Zn were

correlated with the disturbance ofbenthic diatom assemblages. Comparison of DOT

measured porewater concentrations and direct porewater measurements showed that

Fe at all sites and Sn in Brown Bay inner were substantially resupplied from the

solid phase to the porewater, while other metals had little resupply from the solid

phase. Further toxicity testing of Sn and Pb should be undertaken to investigate the

effect these metals have on Antarctic biota and further work investigating whether

metals in the porewater or bound to the sedirnent are exerting the toxic effect.

Due to the unexpectedly low concentrations of some metals in the porewater in

Brown Bay sediment a full sediment characterisation study was undertaken to help

determine the nature of the contaminant metals and sediment. Initial

characterisation included particle sizing, pseudo-total and dilute acid extractable

metal content, estimation of organic matter hy loss on ignition and measurement of

sulfide byAVS. Very high levels ofsulfides, up to 1600 pmol g ^ were detected in

Brown Bay sediments, whilst AVS levels were less than 0.05 pmol g"' in O'Brien

Bay. These high sulfides in Brown Bay would accovmt for the low levels of some

metals in the porewater due to the formation of insoluble precipitates. Estimation of
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toxicity by applying the AVS/SEM ratio approach showed that sediments were not

likely to be toxic in Brown Bay due to the very high sulfide levels. Further work is

required to investigate the source of these high sulfides and whether levels vary

throughout the year. Additionally, investigation of AVS levels in Sparkes Bay, a

pristine bay south of O'Brien Bay which has high organic carbon content, finer

sediment, and elevated levels of some metals would provide a better understanding

of the influence of the tip on the AVS levels.

Further characterisation of the sediment was accomplished with BCR sequential

extraction fractionation. The BCR scheme partitioned low levels of the metals,

except Fe and As, into the acid extractable fractions in Brown Bay. This is

consistent with Fe being displaced from FeS by other metals, increasing the amount

of easily extractable Fe whilst reducing the amount of other easily extractable

metals. Despite high sulfide levels in sediments, the BCR scheme showed low

amounts of Fe partitioned into the oxidisable fraction, suggesting that the BCR is

prematurely extracting Fe into the reducible fraction. This shows that caution has to

be followed when interpreting BCR results without supporting sediment

characterisation measurements. Comparison of labile metals released with the BCR

sequential extraction and partial extraction gave contradicting results for labile Sn.

Further work should be undertaken to understand the relationship between labile

phases liberated by the BCR and dilute HCl partial extraction techniques.

This study has shown that DOT samplers can be a useful tool for the assessment of

the mobility of trace metals in Antarctic waters and sediment. Even though lower

than expected DGT-labile concentrations of some available metals were foimd in the
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water and sediment porewater in Brown Bay, this study has identified the

problematic contaminants in the sediment. It has also examined some of the

geochemical factors affecting the availability of metals in the sediments. Results of

this work will also aid in the development of future remediation methods of Thala

Valley and Brown Bay, as required by the Madrid Protocol, and for the Australian

Antarctic Division's long-term goal of the development of standardised sediment

and water quality guidelines for Antarctica.
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