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Abstract 
A novel diffusive gradients in thin films (DGT) technique for the measurement of inorganic arsenic 

speciation in situ was developed and evaluated. In addition, a diffusive equilibration in thin films 

(DET) technique was optimized for the high-resolution, colorimetric measurement of iron(II) in 

sediment porewaters. These techniques were then utilized to investigate processes of arsenic 

mobilization in sediments and the effect of changing redox conditions on the cycling of arsenic in 

freshwater and marine sediments. 

 

A titanium dioxide-based adsorbent, Metsorb™, was evaluated as a DGT adsorbent for measuring 

total inorganic arsenic (AsIII and AsV), as well as selenite (SeIV). Performance characteristics such as 

diffusion coefficients, linear accumulation over time, the effect of pH and ionic strength, and the 

capacity of the adsorbent were tested and found to be acceptable. The method was also evaluated in 

the field and found to accurately and precisely measure environmentally relevant arsenic 

concentrations. 

 

The speciation of inorganic arsenic was achieved by developing a second DGT technique that 

selectively measured AsIII in the presence of AsV. This new technique utilized a mercaptopropyl-

functionalized silica gel as a selective adsorbent for AsIII, allowing the speciation of total inorganic 

arsenic to be calculated by deploying both sampler types simultaneously and calculating the AsV 

concentration by difference. This new approach to in situ arsenic speciation was successfully 

evaluated at a variety of pH levels and ionic strengths, and in the challenging matrix of seawater. 

 

The newly developed DGT techniques for arsenic speciation were applied to the investigation of 

arsenic mobility in sediments. To aid in this, a recently described colorimetric DET technique was 

optimized for the measurement of iron(II) concentrations in sediment porewater. The diffusive gel 

located at the front of the DGT samplers was utilized as the DET gel for colorimetric analysis of 

iron(II), enabling co-distributions of these analytes to be measured in situ. The combined DET – DGT 

approach was applied to freshwater, estuarine and marine sediment mesocosms to investigate the 

relationship between the reductive dissolution of iron(III) (hydr)oxide minerals and the release of 

arsenic to sediment porewaters. The effect of induced anoxia and subsequent reoxygenation on arsenic 

and iron cycling within freshwater and marine sediments was also investigated using sediment 

mesocosm incubations and the newly developed DET and DGT techniques. These techniques, used in 

conjunction with sediment mesocosms, proved to be a powerful new approach for the investigation of 

arsenic biogeochemistry and the mechanisms of arsenic mobilization in the environment. 
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1.0. Significance of Study 

Arsenic is a toxic trace element with global significance. The natural release of geogenic arsenic into 

drinking water has resulted in the largest mass poisoning in history, currently affecting 46 million 

people in Bangladesh and India. Groundwater tube wells used for potable water often exceed the 

World Health Organization’s guideline limit of 10 µg L-1 arsenic by up to 100-fold, resulting in severe 

health consequences for consumers of this contaminated water. Further complicating this issue is the 

redox speciation of inorganic arsenic (AsIII and AsV) that has considerable implications for the toxicity 

and mobility of arsenic in the environment. In order to manage this issue effectively it is imperative 

that sampling tools are developed that are capable of measuring arsenic speciation. These tools can 

then be applied to investigate the processes by which arsenic is mobilized in the environment so that 

mitigation of arsenic contamination is based on the best geochemical data possible. 

 

Many current sampling techniques are limited in their ability to provide representative measurements 

of arsenic in both water and sediments. Techniques that rely on the removal of a sample prior to 

analysis can suffer from problems associated with changes in redox speciation and often only 

represent concentrations on a limited temporal scale. Sediment sampling techniques have the 

additional challenge of representing distributions of arsenic and related porewater solutes on sufficient 

spatial scales to allow meaningful interpretation of results and identification of mechanistic linkages. 

Current sediment sampling techniques fail to fulfill these requirements. 

 

Diffusive sampling techniques, such as the diffusive gradients in thin films (DGT) technique, provide 

a unique sampling tool capable of highly representative measurements of aqueous concentrations and 

sediment porewater distributions. When coupled with a complementary technique such as diffusive 

equilibration in thin films (DET), it is possible to measure co-distributions of important analytes at the 

same location in the sediment on a fine spatial scale, facilitating the identification of mechanistic 

interactions between porewater solutes. This thesis reports the development of a novel DGT technique 

capable of measuring inorganic arsenic speciation in situ, as well as the optimization of a colorimetric 

DET technique for the high-resolution, two-dimensional measurement of iron(II). These newly 

developed methods allowed the investigation of arsenic speciation and mobilization in sediments – a 

key process controlling environmental arsenic contamination. 
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2.0. Literature Review 

2.1. Arsenic in the aquatic environment 

2.1.1. Sources and fate 

Arsenic is a trace metalloid broadly distributed within the environment. It is present in rocks, soils, 

sediments, seawater, surface and ground waters, the atmosphere and biota, and has a number of natural 

and anthropogenic sources.1 Information regarding the amount of arsenic entering the environment 

and the mechanism of introduction is varied in the literature. It has been reported that arsenic is 

typically present in rocks at concentrations between 0.5 mg kg-1 and 2.5 mg kg-1, although actual 

concentration ranges vary considerably for different rock types.2, 3 Mobilization via natural processes 

is the most widespread source of environmental problems associated with arsenic contamination,4 one 

of the most severe being the mass poisoning of millions of people in Bangladesh and India exposed to 

groundwater drinking supplies contaminated with high concentrations of naturally mobilized arsenic 

(up to 4.7 mg L-1 in some areas).5, 6 Recent research has suggested that a primary source of arsenic 

contamination in groundwater systems is the redox cycling of surface and near-surface sediments, 

resulting in the mobilization and subsequent transport of arsenic into the underlying groundwater.7-9 

Other natural mobilization processes include the weathering of rocks, volcanic activity and biological 

processes.1, 10, 11 

 

Anthropogenic sources of arsenic are also significant. Activities such as mining, the burning of fossil 

fuels, the past use of arsenic based pesticides and herbicides, the processing of ores and the use of 

arsenic for the preservation of timber products have all contributed to anthropogenic inputs of arsenic 

to the natural environment.10 Baird12 identifies arsenic, along with mercury, lead, and cadmium, as 

posing one of the greatest threats to the environment due to its toxicity, common use and large 

distribution. 

 

The most significant sources of arsenic contamination in the Australian environment are 

anthropogenic,13 with a diverse range of activities contributing to the elevation of arsenic beyond 

background concentrations. A recent review by Smith et al.13 identified the mining, agricultural, 

power generation, timber, transport, manufacturing and gas works industries as potential sources of 

arsenic contamination in Australia. Background concentrations of arsenic in uncontaminated waters 

are typically below 10 µg L-1.13 
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2.1.2. Speciation and bioavailability 

Until recently, most aqueous contaminants were monitored by the measurement of their total 

concentration, a measurement now shown to be inadequate to determine relevant environmental 

effects.14 Different oxidation states and chemical forms can impact enormously on the toxicity as well 

as the bioavailability of a particular contaminant and, therefore, it is important to measure the 

speciation of aquatic contaminants to ensure that both the environment is adequately protected and 

that resources are not being wasted on areas where contamination does not pose a threat. 

 

The inorganic species of arsenic, arsenate (AsV) and arsenite (AsIII), dominate in surface waters, with 

AsV being the most stable form in oxic fresh, estuarine and marine waters.1, 10, 15 AsIII dominates in 

anoxic conditions1, 10 but is also found in oxic surface waters as a minor species.15 It is present in oxic 

surface waters in greater amounts than thermodynamically predicted, most likely due to redox 

reactions mediated by bacteria and algae.1 Typical ratios of AsV: AsIII are between 10-100 for seawater 

but can be lower in areas of high primary productivity where micro-organisms can reduce AsV to 

AsIII.1, 10 In estuarine waters, the ratio of AsV: AsIII is more variable due to possible changes in redox 

with different depths, changes in salinity due to mixing, and the presence of various local arsenic 

inputs from industry and mining.10 Riedel16 found that arsenic in an estuary in Benedict, Maryland, 

experienced seasonal changes in concentration and speciation, with summer concentration maximums 

of AsV and spring AsIII maximums that could be explained by phytoplankton blooms during that time. 

Peterson and Carpenter17 found large variations in AsV to AsIII ratios in a Canadian fjord due to the 

effect of oxic and anoxic zonation. 

 

The different species of arsenic present in natural waters have varying degrees of toxicity. AsIII is 

considered the most toxic species, followed by AsV and the pentavalent methylated forms, 

monomethylarsonate and dimethylarsinate (MMAV & DMAV).18 The mechanism of arsenic toxicity in 

humans varies depending on speciation: AsIII exerts toxic effects through binding to sulfhydryl (thiol) 

groups in enzymes, potentially interfering with their biochemical function; whereas AsV is chemically 

similar to phosphate and interferes with in vitro ATP formation.18, 19 MMAV and DMAV toxicity is far 

less than the inorganic species, however, there has been some evidence of DMAV promoting tumor 

growth.18 MMAV and DMAV are found in aquatic systems16 although typically account for less than 

10% of total arsenic in surface waters; this can depend, however, on phytoplankton levels, as they are 

the primary source of methylated arsenic.1 

 

It was discovered recently that the trivalent species of methylated arsenic, monomethylarsonite 

(MMAIII), is considerably more toxic than AsIII, as demonstrated by its LC50 for Daphnia pulex of 0.12 

mg As L-1, compared to 2.6 mg As L-1 for AsIII.20 This is a recent finding and contradicts much of the 

previous literature that considered the methylation of arsenic to be a common detoxification 
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mechanism.18, 20 This is supported by other studies21-23 that have found MMAIII to be more cytotoxic to 

human cells than AsIII and have a lower LD50 to hamsters than AsIII. It has also been reported that 

DMAIII, although not as toxic as MMAIII, is at least as cytotoxic to various human cells as AsIII.22 In 

terms of environmental monitoring, the stability of the trivalent methylated arsenic species is 

important in determining whether or not monitoring is required. Shaw et al.20 suggest that there is a 

growing body of evidence indicating that MMAIII and DMAIII are stable in the environment, although 

not enough research has been performed to confirm this. To date, only one study24 has examined 

trivalent methylated arsenic species in surface waters and they reported very low concentrations (<0.3 

nmol L-1). Far more research is required to determine whether or not trivalent methylated arsenic 

species are toxicologically important in surface waters and hence, whether or not they should be 

routinely monitored.  

 

This research will focus on the inorganic arsenic species, AsIII and AsV, as they are the predominant 

species in natural waters and are responsible for the majority of toxic effects. 
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2.1.3. Current water quality guidelines 

The guidelines for arsenic concentrations in marine and freshwaters, as well as in drinking water, are 

presented in Table 2.1. 

 

Table 2.1 Guideline arsenic concentrations for drinking, fresh and marine waters. 

Source Arsenate Arsenite Total Arsenic Reference 

Drinking Water Guidelines 

Australian Drinking Water Guidelines - - 7 μg L-1 25 

USEPA National Primary Drinking Water 
Standards (USA) - - 10 μg L-1 26 

Guidelines for Canadian Drinking Water 
Quality - - 10 μg L-1 27 

World Health Organization Guidelines for 
Drinking-Water Quality - - 10 μg L-1 28 

Freshwater Guidelines 

Australian and New Zealand Guidelines for 
Fresh and Marine Water Quality 13 μg L-1 24 μg L-1 a - 29 

Canadian Water Quality Guidelines for the 
Protection of Aquatic Life - - 5 μg L-1 30 

USEPA National Recommended Water 
Quality Criteria (USA) - - 150 μg L-1 31 

Marine Water Guidelines 

Australian and New Zealand Guidelines for 
Fresh and Marine Water Quality 4.5 μg L-1 2.3 μg L-1 a - 29 

Canadian Water Quality Guidelines for the 
Protection of Aquatic Life - - 12.5 μg L-1 30 

USEPA National Recommended Water 
Quality Criteria (USA) - - 36 μg L-1 31 

a - Low reliability trigger values to be used only as an indicative interim working level. 

 

 

Drinking water guidelines for arsenic are very similar across different geographic regions, with both 

Canada and the United States adopting WHO’s recommended guideline of  

10 μg L-1. Australia’s guideline is lower still, at 7 µg L-1, due to the use of a slightly different guideline 

calculation.25  
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In contrast, the fresh and marine water quality guidelines for arsenic show a large disparity between 

different countries. For example, the USEPA guideline for arsenic in freshwaters is over four-fold 

greater than the Australian guideline and 30-fold greater than the Canadian guideline. There is a 

similar trend in the marine water guidelines; the USEPA guideline is five-fold greater than the 

Australian guideline and two-fold greater than the Canadian guideline. Additionally, the Australian 

guidelines are the only ones listed that have considered the speciation of arsenic and developed 

guidelines specific for the two inorganic species. This is an important consideration due to the 

difference in toxicity exhibited by the two inorganic species. 

 

Conventional analytical techniques are capable of detecting concentrations of arsenic relevant to these 

water quality guidelines; however, understanding the biogeochemistry and mobilization mechanisms 

of arsenic in the environment requires more sensitive techniques capable of trace and ultra-trace 

analysis. 

 

2.1.4. Traditional arsenic analysis techniques 

Total dissolved arsenic is typically analyzed by inductively coupled plasma – mass spectrometry (ICP-

MS), although the Standard Methods for the Examination of Water and Wastewater32 list 

electrothermal atomic absorption spectrometry (ET-AAS) and inductively coupled plasma – optical 

emission spectroscopy (ICP-OES) as suitable alternatives. The ET-AAS and ICP-OES methods, 

however, do not have sufficiently low detection limits for the determination of trace concentrations of 

arsenic in the environment, which is often important when studying biogeochemical cycling.32 The 

sub-microgram per liter detection limit of ICP-MS is sufficiently low to allow trace and ultra-trace 

determination of total dissolved arsenic, however, interference from the ArCl (m/z 75) polyatomic 

interference on arsenic (m/z 75) can complicate analysis in estuarine and marine systems where 

chloride is present in high concentrations.32 Advances in ICP-MS technology, such as the introduction 

of a collision-reaction cell, where H2 and/or He gas is used to eliminate interferences such as chloride, 

has increased the range of environmental samples capable of being analyzed by ICP-MS.33, 34 

 

The speciation analysis of arsenic in environmental samples requires the separation of AsIII and AsV as 

well as any organic arsenic species, such as MMAV and DMAV, that may require analysis. Hydride 

generation is a technique that has been extensively used for inorganic arsenic speciation (AsIII and 

AsV), where hydrides of each species are formed at different pH values to allow separate 

quantification.35 Hydride generation can be coupled to a number of detection methods, including flame 

atomic absorption spectrometry (F-AAS) and ICP-MS.35 More commonly, speciation is achieved by 

high-pressure liquid chromatography (HPLC) coupled to ICP-MS, which allows the separation and 

measurement of the inorganic species, as well as many of the organic species, in a single analytical 
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run.36 The HPLC-ICP-MS approach provides excellent detection limits and can be applied to a wide 

range of environmental samples.36 

 

All of these analytical techniques rely on sample integrity being maintained during collection, 

transport, processing and analysis. This is especially important for speciation analysis, where changes 

in speciation can occur rapidly upon removal of a sample from the environment. A comparison 

between traditional analysis methods and recently developed in situ techniques is presented in Section 

2.3. 

 

2.2. Arsenic sediment biogeochemistry 

2.2.1. Arsenic and iron 

Arsenic mobility is directly linked with sediment iron cycling. Iron(III) (hydr)oxide minerals present 

in the oxic zone of sediments, such as ferrihydrite, goethite and magnetite, are capable of adsorbing 

both AsIII and AsV via complexation.37 Iron(III) (hydr)oxides, therefore, are an important sink for 

arsenic in sediments and act as barrier to the flux of arsenic from the sediment to the overlying water. 

In contrast, under reducing conditions typically stimulated by organic matter inputs, these iron(III) 

minerals may act as a source of arsenic to the porewater and eventually, the overlying water. The 

following conceptual diagram summarizes the numerous processes that can lead to arsenic 

mobilization from iron(III) (hydr)oxide minerals under reducing conditions (Figure 2.1). 

 



 

24 

 

 
 

Figure 2.1 Conceptual diagram of the processes affecting arsenic mobilization from iron(III) 

(hydr)oxide in sediments under reducing conditions: a.) Reductive dissolution of iron(III) 

(hydr)oxide and concomitant release of AsV; b.) Reduction of AsV to AsIII in the aqueous phase; 

c.) Reduction of adsorbed AsV to AsIII; d.) Release of adsorbed AsIII produced via step c.); e.) 

Reductive dissolution of iron(III) (hydr)oxide and concomitant release of AsIII; f.) Increased 

aqueous carbonate as a product of organic matter remineralization via dissimilatory iron(III) 

(hydr)oxide reduction; g.) Competition for binding sites by carbonate, resulting in possible 

release of bound arsenic or the prevention of arsenic readsorption; h.) Formation of secondary 

iron mineral phases such as magnetite, temporarily enhancing the retention of arsenic. 

 

Reductive dissolution of the iron(III) (hydr)oxide solid-phase can release adsorbed AsIII (Fig. 2.1e.) 

and AsV (Fig. 2.1a.) to the sediment porewater.37-39 AsV may then be reduced to AsIII in the aqueous 

phase (Fig. 2.1b).39 This mobilization process is primary mechanism discussed in the literature, and 

while it is a significant mechanism of arsenic mobilization, there are additional factors to consider. 

 

The different oxidation states of arsenic affect mobilization processes significantly, although there is 

uncertainty in the scientific literature on the extent that oxidation state changes influence mobilization 

and sequestration of arsenic by iron(III) (hydr)oxides. Increased mobility from iron(III) (hydr)oxides 

of AsIII compared to AsV has been reported40, although other studies have shown that AsIII has a 

similar, and sometimes higher, binding capacity by ferrihydrite and goethite minerals, compared to 
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AsV.37 Tufano and Fendorf41 showed that even though adsorption of AsIII on ferrihydrite is greater than 

AsV, the desorption of AsIII is also greater, indicating that AsIII forms a higher proportion of weakly 

bound, outer-sphere complexes compared to AsV; these complexes are more labile than the inner-

sphere complexes formed between iron(III) (hydr)oxide and AsV, resulting in AsIII being more mobile 

than AsV. Zobrist and co-workers42 also showed that bacteria are capable of reducing adsorbed AsV to 

AsIII, which could further increase the mobility of arsenic from iron(III) (hydr)oxides (Fig 2.1c.). 

 

Recent work by Tufano and co-workers43 has made further important steps in understanding the effect 

of arsenic speciation on mobility. They utilized a bacteria, Shewanella sp., genetically modified to be 

capable of one of three processes: 1) iron(III) (hydr)oxide reduction, 2) AsV to AsIII reduction (Fig. 

2.1c.), or 3) both 1) and 2), to determine the effect of these processes on arsenic mobilization .43 The 

desorption of arsenic from iron(III) (hydr)oxides was highest for the treatment where only AsV to AsIII 

reduction was possible, and lowest where only iron(III) (hydr)oxide reduction occurred. The treatment 

where both processes occurred did not exhibit the highest rates of arsenic mobilization; the authors 

proposed that this was due to reprecipitation of iron(II) with iron(III) as magnetite, sequestering and 

preventing desorption of arsenic (Fig. 2.1h.).43 This is supported by Tufano and Fendorf41 who showed 

that formation of secondary iron phases, such as magnetite, temporarily enhanced AsIII retention; 

although eventually arsenic was released upon reductive dissolution of the more stable iron phases. 

 

Further adding to the complex interactions associated with arsenic mobilization from solid phase iron 

is the effect of other anions, such as carbonate, on the adsorption and desorption of arsenic. Field 

studies have reported strong correlations between dissolved arsenic and carbonate concentrations,44, 45 

indicative of a link between carbonate concentration and arsenic mobilization. This has been 

supported by research showing that carbonate competitively adsorbs to iron(III) (hydr)oxides, 

resulting in the mobilization of arsenic and the inhibition of arsenic readsorption (Fig. 2.1g.).46, 47 

Furthermore, the remineralization of carbon by dissimilatory bacterial iron reduction produces 

carbonate48 which, as suggested by Johnston and co-workers,45 could further enhance the mobilization 

of arsenic via competitive adsorption. 

 

Overall, the mobilization of arsenic from iron(III) (hydr)oxides is a complex process that involves a 

number of chemical processes. The mechanisms of mobilization displayed in Figure 2.1 will 

contribute to differing extents, depending on specific site characteristics and environmental conditions. 

The ability to assess these processes and determine the likelihood of arsenic mobilization from a 

particular site is important for the mitigation of the health consequences associated with contamination 

of potable water sources by naturally mobilized arsenic. The sampling of sediments and their 

porewaters, therefore, plays an important role in understanding and assessing this significant 

environmental issue. 
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2.2.2. Sediment porewater sampling techniques 

Sediments display highly heterogeneous distributions of porewater solutes. Redox gradients associated 

with depth lead to vastly different chemical distributions over relatively small spatial scales and the 

heterogeneous distribution of organic matter can result in spatially separated, randomly distributed 

microniches.49 This high degree of heterogeneity makes investigating sediment biogeochemistry 

difficult and subject to a number of problems.  

 

Traditional sediment sampling techniques typically involve the extraction of a sediment core, slicing 

of the core at desired depth resolution, and then centrifugation or squeezing to extract porewater for 

analysis.49-53 The resolution obtained by these traditional methods is usually low (centimeters), 

resulting in the averaging of heterogeneous chemical profiles. Recent research has shown the 

importance of performing porewater measurements on the millimeter scale, in order to account for the 

fine-scale spatial variability present in sediment porewaters (see Stockdale et al.49 for a detailed 

review). The extraction of porewater from core slices, typically on the order of milliliters, results in 

the averaging of chemical distributions from a large volume of sediment; considering that many 

processes occur on a millimeter scale,51, 52, 54 this method of porewater measurement can result in 

inaccurate interpretation of porewater chemistry.49, 50, 53, 55, 56 

 

The averaging of porewater extracted from a sediment core slice also introduces the possibility of 

interferences due to the mixing of redox-sensitive species. For example, iron(II) present in porewater 

from a reduced zone would be rapidly oxidized upon exposure to oxygen, which is possible even if 

precautions to avoid oxygen exposure during sampling and processing are taken, resulting in the 

precipitation of iron(III) (hydr)oxides and the adsorption of arsenic species.57 The mixture of iron(II) 

and dissolved sulfide in an averaged porewater sample could result in the precipitation of FeS(s) and 

thus confound the interpretation of the relationship between iron(II) and arsenic.56 These effects are 

not only due to the mixing of sediment porewater of different depths, which will have differing redox 

conditions and therefore different chemical species, but also from the homogenization of spatially 

separated microniches that produce highly localized zones of porewater solutes.54, 58, 59 

 

To avoid the problems associated with ex situ sediment sampling, in situ methods can be utilized to 

provide a more accurate measurement of porewater solute distributions. Diffusion based samplers such 

as dialysis peepers, diffusive gradients in thin films (DGT) and diffusive equilibration in thin films 

(DET) have been well studied and demonstrated to produce more representative measurements of 

porewater distributions of chemical species.49, 51, 52, 60, 61 An overview of these techniques for water 

sampling is given in the next section, followed by an evaluation of these techniques for sediment 

porewater sampling. 
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2.3. Sampling techniques 

2.3.1. Overview 

The number of techniques available to undertake monitoring in aquatic systems has increased 

considerably over the last decade. The efficacy of such techniques is integral to the maintenance of 

water quality and ecosystem health, and so the challenge to the environmental chemist lies in selecting 

the technique that meets both operational and financial requirements, whilst still maintaining a high 

level of data quality.  

 

The simplest and most widely used sampling technique in environmental monitoring is grab sampling. 

This involves the collection of a sample, which is then preserved, transported, stored and processed 

before analysis in a laboratory. Grab sampling is the most commonly utilized method for routine 

monitoring programs, as it is straightforward in its material requirements and the interpretation of 

results.62, 63 However, the measurement of grab samples has a number of limitations. Firstly, they only 

provide contaminant concentrations at a single point in time.63, 64 This is an issue when contaminant 

concentration changes over time periods much shorter than the sampling interval because the results 

can be unrepresentative of, or even miss completely, a contamination problem.62-64 Grab sampling is 

therefore considered inadequate in systems that are dynamic (e.g. tidal systems), systems where 

contaminant concentrations may change over time due to influences such as weather patterns, and in 

systems where a range of point and diffuse sources of contaminants may be the cause of spatial 

fluctuations.62, 65 Additionally, conventional grab sampling techniques may require significant sample 

clean up prior to analysis, and the speciation of the measured contaminants is also subject to potential 

changes during preservation, transportation and storage.64, 66 

 

In contrast, in situ monitoring involves either direct measurement of contaminants in the environment 

or direct accumulation of the contaminants in a stable form from the environment followed by 

laboratory analysis.66 These approaches either minimize sample changes associated with the transport 

and storage of the sample, or make it unnecessary.66 In situ monitoring also avoids changes in the 

sample, such as the alteration of analyte speciation associated with removal from the environment, 

because the analyte is measured within the sample matrix.66 Many analytes do not have in situ 

measurement techniques available, providing an opportunity for new methods to be developed and 

evaluated. 

 

In situ sampling can be categorized as continuous, discrete, or time-integrated.67 A hypothetical 

example of how these three in situ techniques may represent contaminant concentration on a temporal 

scale, in a system where analyte concentration is subject to considerable variation,  
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Figure 2.2 Hypothetical concentration measurements made over time by: continuous in situ 

sampling (solid line), discrete in situ sampling (•••••), time-integrated in situ sampling (- - -) and 

grab sampling followed by lab analysis () (Modified from: Dunn et al.67). 

 

is shown in Figure 2.2. Typical results for each of these techniques are compared with grab sample 

collection and analysis. 

 

It is clear that continuous in situ sampling would be the ideal method for all applications because of its 

ability to obtain a real-time representation of analyte concentration.66 However, techniques with 

appropriate sensitivities are not available for most analytes and the techniques that do exist are often 

expensive and fragile.62, 67 The discrete in situ measurement technique appears to give a good 

representation of contaminant concentration; however, it is important to note that there is no 

information about the variation in contaminant concentration between these data points.67 

 

The time-integrated in situ measurements (also called passive sampling) provide the average 

contaminant concentration over the deployment time, although the extent of the variation over this 

period is not provided.67 Because the time-integrated in situ measurement responds to the variation in 

contaminant concentration over the deployment time, it provides a more representative sample 

compared to discrete techniques.68 

 

The quality of data from both the discrete and time-integrated techniques could be improved by simply 

increasing the frequency of sampling in order to achieve the necessary resolution.67 However, both 

techniques will have a minimum measurement frequency, particularly time-integrated measurements, 

due to the requirement of the sampler to accumulate sufficient amounts of analyte to allow an accurate 
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calculation of its concentration.67 The grab sample is the least optimal technique, only representing the 

concentration at a single point in time and therefore giving no indication of temporal variation. A 

comparison between the quality of data and related uncertainty of a variety of measurement techniques 

has recently been published by Allan and co-workers69 and is summarized in Table 2.2. 

 

Table 2.2 Data quality and related uncertainty for spot, continuous and passive sampling 

techniques (modified from Allan et al.69). 

Validation Category Spot sample and 
chemical analysis 

On-site Continuous 
monitoring 

Passive  
sampling 

Sampling Type Batch Continuous Time Integrated 

Representativeness Very low High Very High 

Level of Uncertainty    

Sample collection Low Low/Medium High 

Storage and transport Low - Low 

Sample preparation Low Low Low 

Sample extraction Low Low Low 

Analytical 
determination Low Low Low 

 

In terms of the representativeness of the various sampling techniques, passive sampling is clearly the 

preferred option when compared to both spot and continuous sampling.69 However, Allan and co-

workers69 highlight that the sample collection stage can result in a high level of uncertainty compared 

to the other techniques because the fraction of analyte measured by passive samplers can vary 

depending on its speciation and lability. Progress has been made in recent years in characterizing the 

speciation capabilities of passive samplers and investigating the lability of various species. This is 

discussed in more detail in Section 2.3.2.5. 

 

An example of a time-integrated technique commonly used for the measurement of a variety of 

contaminants in water is the diffusive gradients in thin films (DGT) technique. This passive sampling 

technique has been developed for a number of inorganic contaminants and has been evaluated for both 

research and monitoring applications. A closely related technique, diffusive equilibration in thin films 

(DET), is an in situ technique typically used for profiling porewater solute distributions that relies on 

equilibration with the analyte, rather than actively accumulating it. 
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2.3.2. Diffusive gradients in thin films (DGT) 

2.3.2.1. Theory 

The DGT technique is an in situ, passive sampling technique, relying on the diffusion of analytes 

through a hydrogel of known thickness into a second hydrogel containing an analyte-specific binding 

agent.70, 71 An expanded view of the DGT probe commonly used for the sampling of aquatic 

contaminants is shown in Figure 2.3. 

 

 
Figure 2.3 Diagram showing the design of the standard DGT water-sampling probe. 

 

By introducing a diffusive layer (which includes the diffusive gel and the filter membrane) of known 

thickness (Δg), between the bulk solution and the binding phase, mass transport is restricted solely to 

molecular diffusion.70, 71 A diffusive boundary layer (DBL) of thickness δ, in which mass transport is 

also restricted to molecular diffusion, exists between the diffusive layer and the sampled solution.70, 71 

The DBL is strongly influenced by the flow rate of the bulk solution, but becomes negligible relative 

to Δg above a flow velocity of 0.02 m s-1.72 Hence, as long as the diffusive layer is of sufficient 

thickness and the flow rate is adequate, the influence of the solution hydrodynamics on the diffusion 

of the analyte into the probe is insignificant.70, 71 Solutes must therefore diffuse through the DBL and 

the diffusive gel before being immobilized by the binding agent within the binding phase. Figure 2.4 

shows a graphical representation of the linear diffusion gradient that is established within a DGT 

device during in situ deployment. 
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Figure 2.4 Graphical representation of the diffusion gradient established within a DGT probe in 

contact with solution (Modified from Davison & Zhang70). 

 

If the flow rate of the bulk solution is adequate and hence, δ is sufficiently small compared to Δg, the 

concentration of the analyte in solution can be determined using equations derived from Fick’s first 

law of diffusion. The flux (F) of solute ions from the bulk solution to the binding phase can be 

expressed as:70, 71 

 

 gCCDF ∆−= /)'(  (1) 

 

where D is the diffusion coefficient of the solute in the gel, C is the concentration of solute in the bulk 

solution, Δg is the thickness of the diffusive gel layer and filter membrane, and C’ is the concentration 

of solute in the binding gel layer.70, 71 We note that this expression of Fick’s first law, as presented in 

the DGT literature, is different to the traditional format of this equation. An important assumption of 

the DGT technique is that C’ should be zero, which occurs if the solute is in rapid equilibrium with the 

binding agent, the capacity of the binding agent has not yet been reached and the binding agent has a 

high affinity for the solute.70, 71 If C’ is zero, Equation 1 can be simplified to:70, 71 

 

 DgFC /∆=  (2) 
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Taking into account that F = M/At, where F is the flux of the solute, M is the mass of solute 

accumulated by the binding phase, A is the area of gel exposed to the solution, and t is exposure time, 

the concentration of solute in the bulk solution can be expressed as: 

 

 
DtA

gMC ∆
=  (3) 

 

The mass of the analyte in the binding layer (M) can be determined through elution of the analyte from 

the binding gel layer and analysis of the concentration of the solute in the known volume of eluent.70, 71 

Equation (3) can then be solved for C, resulting in a time-integrated measure of the analyte 

concentration in the bulk solution. 

 

In waters with insufficient flow to ensure a negligible DBL, multiple samplers of various diffusive 

layer thicknesses can be deployed and an equation applied to the data to estimate the DBL.73-75 This 

calculated estimate of the DBL allows the correction of the DGT-measured bulk solution 

concentration, thus allowing the accurate application of DGT to low flowing systems. Equation (4) 

describes the relationship between the accumulated mass of the DGT samplers and the diffusive layer 

thickness:75 

 

 AtDCAtDC
g

M DGTDGT

1 δ
+

∆
=  (4) 

 

A plot of 1/M versus ∆g is a straight line with a slope (m) of 1/(DCDGTAt) and intercept (b) of 

δ/(DCDGTAt). Therefore, the DBL (δ) and the DBL-corrected solution concentration (CDGT) can be 

calculated (eq. 5 and 6): 

 

 
m
b

=δ  (5) 

 

 





=

mDAt
C 1

DGT  (6) 

 

2.3.2.2. Binding agents 

A number of different binding agents have been utilized for DGT measurements in the past, the most 

common being Chelex 100, a chelating resin selective for divalent and trivalent metal ions.76 Other 

binding agents have included silver iodide for the measurement of dissolved sulphide in sediments,77 a 
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general cation exchange resin for the measurement of caesium and strontium78 and ferrihydrite (an 

iron(III) (hydr)oxide mineral) for the measurement of phosphorus,75 arsenic, selenium, vanadium, 

molybdenum, antimony, tungsten and uranium.79-81 

 

The ferrihydrite binding agent has also been recently used by Panther and co-workers to measure total 

inorganic arsenic82 as well as to speciate arsenate and arsenite in situ by the addition of a negatively 

charged perflurosulfonated ionomer membrane (Nafion) that retards the diffusion of arsenate through 

the probe but allows arsenite to diffuse virtually unrestricted.83 This method, due to its reliance on the 

charge of the Nafion membrane, would be subject to interferences in higher ionic strength waters 

where charged sites on the membrane would become screened by ions in solution and increase the 

arsenate diffusion coefficient. Additionally, there have been some issues noted with the ferrihydrite 

binding phase associated with mineralogical transformation to the more stable but less reactive 

iron(III) (hydr)oxides such as goethite.79, 80 The suitability of ferrihydrite as an arsenic binding phase 

for DGT is examined and discussed further in Chapter 4, where it is compared to a newly developed 

titanium dioxide binding phase. 

 

2.3.2.3. Validation of the DGT technique 

A number of independent studies have validated DGT both in the laboratory and in the field. The first 

of these studies were performed by Davison & Zhang70, 71 and involved testing the theoretical 

principles of the DGT technique. This was done by evaluating the DGT uptake (accumulated mass of 

analyte) versus both time and diffusive layer thickness (Δg).70, 71 The theoretical basis of DGT, Fick’s 

first law of diffusion, implies that DGT uptake should increase linearly with time and should be 

inversely proportional to the diffusive layer thickness (Δg) (Figure 2.5 a) and b)).70, 71 
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Figure 2.5 Measured mass of Cd (ng) in DGT binding phase for: a) increasing deployment time; 

b) the inverse of the diffusive layer thickness; c) pH 2-8; and d) ionic strength 10 nmol L-1 to 1 

mol L-1 (Modified from: Davison & Zhang71). 

 

Additional variables such as pH and ionic strength were evaluated for their effect on the performance 

of the DGT technique (Figure 2.5 c) and d)). Zhang and Davison71 also reported the first field 

deployments of the DGT technique, which showed no apparent interferences and resulted in 

reproducible measurements of Zn, Mn, Fe and Cu. Since these initial experiments, a large body of 

research has been published on DGT theory. Researchers have examined the effect of metals binding 

to the filter membrane and diffusive hydrogel,84, 85 the estimation of the diffusive boundary layer 

(DBL),73 and accuracy considerations associated with the DBL and the effective sampling area.74 This 

fundamental research ensures that both existing and newly developed DGT techniques can be utilized 

to provide accurate and precise measurements of analytes in the environment over a wide range of 

conditions. 
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In addition to the initial laboratory based evaluations of the DGT technique, other studies have 

validated DGT for use in the field as both a research and a monitoring tool. Dunn and co-workers86 

showed significant correlations between DGT determined trace metal concentrations and 0.45μm-

filterable composite samples at a number of estuarine sites on the Gold Coast, Australia (Figure 2.6).  

 

 
Figure 2.6 Correlations between DGT determined concentrations and concentrations measured 

from 0.45 μm-filtered composite samples for Ni, Pb, Cu and Zn (Source: Dunn et al.86). 

 

Their study showed that the DGT technique measured a consistent proportion of trace metal 

concentration when compared to concentrations determined by combining six grab samples over the 

same 24 h deployment time.86 The variation visible in the data was most likely due to the fact that 

these composite samples failed to record fluctuations in contaminant concentrations in the tidal waters, 

whereas the DGT measurements were able to do so. 

 

Dunn and co-workers67 also demonstrated the usefulness of the DGT technique for investigating the 

variation in trace metal concentrations due to various natural and anthropogenic events. For example, 

concentrations of copper, zinc and nickel measured with DGT were found to increase during the tidal 

flood phase, attributable to the various point sources of pollution passed by the incoming tide.67 

Additionally, DGT-measured concentrations of copper and zinc were found to increase significantly 

after a 24 mm rainfall event and copper concentrations were found to increase significantly during 
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periods of high boat activity, attributable to an increase in the number of boats with copper based 

antifouling paints.67 

 

Validations of the trace metal DGT technique, both in the field and in the laboratory, have 

demonstrated its efficacy for both monitoring and research applications, and hence provided a firm 

basis for the application of DGT to a broader range of analytes. Novel techniques would require 

evaluation experiments, similar to those described, in order to validate them for use in monitoring and 

research applications. 

 

2.3.2.4. Advantages of DGT as a monitoring tool 

The DGT technique possesses a number of advantages as a monitoring tool. Firstly, the DGT 

technique belongs to the in situ category of water sampling techniques, whose advantages have been 

discussed in Section 2.3.3. Essentially, measurements are made within the sample matrix and changes 

in the sample (such as speciation) due to transport, storage and preservation are avoided.66, 67, 70, 75, 87-92  

This is especially important for the measurement of arsenic and selenium because their toxicity 

strongly depends on their speciation, meaning that accurate speciation measurements are essential for 

the monitoring and management of these contaminants. Furthermore, because DGT is a passive 

sampling technique, analytes passively accumulate within the sampling device over a given 

deployment time and provide a time-averaged concentration measurement.70, 71, 93-97 Time-averaged 

measurements are superior to discrete measurements because they incorporate the variation of 

contaminant concentration in the averaged response and therefore provide a more representative 

measurement.64 

 

By accumulating analytes within the binding gel layer, DGT is capable (depending on the deployment 

time) of concentrating the analyte of interest to higher levels compared to the bulk solution and, 

therefore, can allow analysis of trace and ultra-trace concentrations of contaminants, some of which 

may not have been detectable via conventional methods.70-72, 86, 92, 95, 96, 98, 99 An additional benefit of 

concentrating the analyte within the binding gel layer is that, upon elution of the analyte from the 

binding phase, matrix interferences (e.g. chloride in seawater) can be diluted to concentrations that do 

not interfere with analysis, which is especially important for arsenic analysis as it is susceptible to 

ArCl interference when measured with ICP-MS.86, 98 Furthermore, the large concentration differences 

between the binding phase of the DGT probe and the bulk solution means that contamination problems 

are considerably reduced compared to conventional grab sampling techniques.70, 72, 95 

 

Finally, due to the diffusion-based nature of the DGT technique, only dissolved labile species that are 

able to pass through the pores of the diffusive hydrogel are measured.72, 97 The DGT technique, 
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therefore, provides a simple method for the investigation of the speciation of particular analytes.72, 93, 

95, 97, 100, 101 It is assumed that the trace metal DGT binding phase (Chelex 100) only binds free metal 

ions and so metal complexes can only be measured if they are able to dissociate within the 

measurement time (determined by how long the species remain within the diffusive layer).97 DGT can 

also investigate speciation through manipulation of the diffusive gel pore size, which can be 

manipulated by altering their chemical composition, allowing discrimination between inorganic and 

organically complexed species.93, 97, 99, 100 Recent research has made considerable progress in further 

characterizing the DGT technique in the context of speciation measurements; researchers have 

examined the speciation of heterogeneous complexes by DGT102; compared DGT measurements and 

acute biological toxicity measurements to examine speciation in an ecotoxicological context103; 

evaluated DGT measurements of organic and inorganically complexed trace metals through use of 

different diffusive gel types and thicknesses104; characterized the contribution of colloidal species to 

the DGT measurement105; and investigated the effect of the thickness of the DGT binding layer on the 

lability of complexes measured by DGT.106, 107 Continued research in this area will ensure increasing 

certainty in the interpretation of speciation measurements made by the DGT technique. 

 

2.3.2.5. Limitations of the DGT technique 

DGT has a number of limitations that impact on the conditions under which it can be effectively used. 

These limitations are related to environmental conditions in which DGT is deployed, such as the 

presence of competing ions and the solution hydrodynamics, and hence pose restrictions on the 

location and duration of DGT deployment. 

 

One of the first potential limitations recognized during the development of the DGT technique by 

Davison & Zhang70 was related to the biofouling of the exposed surface of the probe. Biofilms may 

develop on DGT probes as a result of algal and bacterial growth or suspended particulates adhering to 

the exposed surface.108 Additionally, the suspended particles can contain micro-organisms that may 

promote algal growth on the surface of the probe.108 The problem of biofouling is most prevalent in 

waters with high nutrient and suspended particulate levels and hence deployment of DGT probes 

under those conditions is somewhat limited.108 The limitation imposed by the formation of biofilms is 

a decrease in the feasible deployment time, which means that some long-term monitoring programs 

may be restricted to conditions where biofouling is unlikely to occur.70, 108 Deployment time is limited 

because the presence of a biofilm on a DGT probe can increase the diffusion path length and, 

therefore, lead to inaccurate results. In addition, biofilms have also been shown to accumulate metals, 

potentially leading to a reduced uptake of metals by the binding agent and consequently, an 

underestimation of their concentration.109 Pichette and co-workers108 trialed a number of agents to 

prevent the formation of biofilms on DGT probes and found that treatment of the filter membrane with 
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metals such as copper and silver could aid in the prevention of biofilms when sampling phosphate. 

This approach should be evaluated for measuring other analytes with DGT, such as trace metals, to 

determine the potential for applying this biofilm preventative to a wide range of DGT measurements. 

 

Another limitation recognized during the development and evaluation of the DGT technique by 

Davison & Zhang70 were the sampling issues associated with the diffusive boundary layer (DBL). The 

DBL, of thickness δ, forms at the surface of the deployed DGT probe and separates the exposed 

surface from the bulk solution.71 Within this thin layer the transport of solutes is controlled solely by 

molecular diffusion, essentially increasing the distance that solutes must diffuse to reach the binding 

layer and therefore affecting estimates of solution concentration.71 Gimpel and co-workers72 found that 

at a flow rate of 0.02 m s-1 and above and with a diffusive gel thickness greater than 0.7 mm, the size 

of the DBL is insignificant and can essentially be ignored (Figure 2.7).  

 

 

 
Figure 2.7 The ratio of DGT determined Cd in solution to ASV (anodic stripping voltammetry) 

measured Cd versus flow velocity of the deployment solution, for two DGT holder designs: 

standard () and fluted  () (Source: Gimpel et al.72). 

 

The flow rate of most rivers and streams is well above 0.02 m s-1 and there is sufficient natural 

convection in most lakes and oceans, meaning that DGT can be effectively used in most systems71, 72, 

110 However, the use of DGT in stationary water bodies such as poorly mixed lakes and ponds may 

require the deployment of DGT probes with several different diffusive layer thicknesses, which would 

allow for the calculation of the DBL thickness and the subsequent correction for its influence on the 

estimate of solute concentration (see Section 2.3.2.1).72, 110 
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The effect of low ionic strength on the DGT technique has been the subject of a number of studies. 

Torre and co-workers99 obtained unexpected and inaccurate results after deploying DGT probes in lake 

water of very low ionic strength (total major cation concentration ≤ 2 x 10 -4 mol L-1) and proposed 

they were due to an increase in the diffusion coefficients of cations entering the probe as a result of the 

decrease in the diffusion coefficient of sodium ions exiting the probe. However, a later study by Peters 

and co-workers92 showed that DGT measurements agreed well with direct solution measurements at 

ionic strengths greater than 1 x 10-4 mol L-1. Below that concentration the results were indeed 

inaccurate, but were not elevated as was predicted by Torre et al.92, 99 This finding contradicts the 

theory put forward by Torre et al. that diffusion coefficients of solutes are increased in low ionic 

strength waters, with Peters et al.92 suggesting instead that an interaction between the metal ions and 

the diffusive gel in low ionic strength conditions could be causing the inaccurate results. Warnken and 

co-workers111 recently investigated the effect of low ionic strengths on the accuracy of the DGT 

technique in order to address these inconsistent results reported in the literature; they found that 

thorough washing of the diffusive gels, so that the pH of the wash solution was equal to the original 

pH of the deionized water, resulted in accurate and precise DGT measurements of trace metals at ionic 

strengths as low as 1 x 10-4 mol L-1. This indicated that previously reported inaccuracies at low ionic 

strengths could be due to inadequate washing procedures, which results in a negative charge within the 

gel due to residual reaction products and consequent enhancement of diffusion in low ionic 

strengths.111 

 

It is evident that there are some limitations associated with the DGT technique requiring consideration 

prior to deployment. However, the environmental conditions that impose such restrictions on the use 

of DGT are well understood and hence do not negate the usefulness of the technique for routine 

monitoring and research applications. 

 

2.3.3. Diffusive equilibration in thin films (DET) 

The DET technique is an in situ, passive sampling technique relying on the equilibration of analytes 

with a polyacrylamide hydrogel, which can then be sliced at the desired resolution, back-equilibrated 

and analyzed by techniques such as inductively coupled plasma – mass spectrometry (ICP-MS).51, 112 

Alternatively, DET gels can be analyzed directly by beam techniques such as proton induced x-ray 

emission (PIXE),51 which can permit two-dimensional analysis. This technique has the most 

significant application in sediments where analyte concentrations are typically higher than in the water 

column, and where hydrogels can be sliced at fine resolution to permit the measurement of depth 

concentration profiles. 
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The resolution obtained by DET is limited to the thickness of the diffusive gel, as solutes can diffuse 

laterally within the gel during deployment, thus degrading the measured profiles compared to the 

actual profiles present in the porewater.61, 112 Additionally, the resolution at which gels are sliced or 

analysed by beam techniques can limit the maximum resolution of the technique.61 A detailed 

explanation of DET performance characteristics can be found in Harper et al.61 

 

To date, DET techniques have been used to investigate a number of analytes and processes in 

sediment porewaters including: iron and manganese cycling,56, 113, 114 trace metal remobilization,115-117 

sediment heterogeneity,56, 59 two-dimensional phosphate distributions,58 and bioturbation.59 In many 

cases, DET is combined with DGT, which enables co-distributions of porewater solutes to be 

measured at the same location in the sediment. 

 

2.3.4. DGT and DET for the investigation of sediment biogeochemistry 

2.3.4.1. Advantages 

Since the development of DET and DGT sampling techniques they have been utilized for a number of 

research applications in the field of sediment biogeochemistry and have contributed to a greater 

understanding of the complex interactions that occur in sediment systems. Unlike traditional sediment 

sampling techniques, the limitations of which are discussed in Section 2.2.2, diffusive sampling 

techniques provide representative measurements of solute distributions on a useful spatial scale while 

avoiding many of the sampling artefacts and interferences associated with traditional techniques. The 

advantages of this approach to investigating sediment biogeochemistry are: 

 

1. DET and DGT are in situ samplers that equilibrate or accumulate porewater solutes during 

deployment. This approach avoids many of the issues associated with removal of samples 

from the environment, such as changes in speciation and disturbance of natural concentration 

profiles and distributions.50, 51 Furthermore, depth profiles are obtained by slicing and 

analysing the DET or DGT gels at the desired resolution, avoiding interferences associated 

with sectioning and mixing sediment cores such as reactions between redox sensitive species 

like iron(II) and sulfide49, 53, 55, 56 (for more details on these interferences, see Section 2.2.2). 

 

2. The spatial measurement resolution of DET and DGT techniques is much greater than 

traditional techniques. Slicing of gels can feasibly be done at 1 mm resolution, while beam 

techniques such as PIXE and LA-ICP-MS can typically analyse gels at 100 µm resolution and 

in two-dimensions.49 Recently developed colorimetric DET techniques are capable of two-

dimensional analysis at 1 mm2 resolution with rapid data acquisition times of a couple of 
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minutes.56, 58, 118 This is compared to traditional slicing or squeezing techniques that are 

typically done on the centimetre scale and take significantly longer. Recent work54, 60, 119 

suggests that high-resolution analysis is essential in order to detect fine-scale features that may 

contribute significantly to sediment biogeochemical processes, but that may be missed by 

traditional techniques with relatively coarse horizontal and vertical resolution. 

 

3. The volumetric resolution of DET and DGT techniques also improves their ability to 

investigate mechanistic interactions between porewater solutes. Traditional techniques rely on 

the extraction of relatively large volumes of sediment porewater, typically on the order of 

millilitres.49, 50 Conversely, diffusive sampling techniques only sample a very small volume of 

porewater adjacent to the sampler.61, 120 For sediments where there is complete or partial 

resupply of solutes from the solid phase to the samplers, the porewater depletion distance 

would rarely extend beyond 1 mm, resulting in a sampled sediment volume of 1 µL for a gel 

analysed at 1 mm2 resolution.54, 61 In the unlikely case that there is no resupply of solute from 

the solid phase so that diffusion is the only method of resupply, the depletion distance could 

be up to 10 mm, resulting in a sampled volume of 10 µL.61 In both cases, these sampled 

volumes are orders of magnitude less than traditional techniques, providing extremely high 

volumetric resolution that minimizes confounding factors associated with the averaging of 

large porewater volumes and facilitates the identification of mechanistic interactions between 

porewater solutes.54, 114 

 

4. The DET and DGT techniques can also be combined into a single probe where the diffusive 

gel of the DGT method functions as a DET layer. This approach allows the measurement of 

co-distributions of porewater solutes from exactly the same location in the sediment, which 

also allows mechanistic interactions to be observed and interpreted. This has been previously 

done for iron(II) and sulfide in marine sediments,56, 59 and revealed fine-scale heterogeneous 

co-distributions of these analytes. Samplers consisting of multiple DET layers provide the 

same benefits and have been applied to measuring phosphate and iron(II) co-distributions in 

marine sediments.58 

 

2.3.4.2. Applications 

The first study to utilize the DET technique was by Davison and co-workers,112 which measured the 

distribution of dissolved iron in cores of lake sediments at high-resolution (< 1 mm), using proton 

induced x-ray emission analysis (PIXE). They found steep concentration gradients indicative of 

localized reductive dissolution of solid phase iron. The first application of the DGT technique to the in 

situ measurement of porewater solutes was by Zhang and co-workers,121 where Chelex-100 DGT was 
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used to measure nickel, copper, iron, manganese, cadmium and zinc porewater distributions at 1.25 

mm resolution in a freshwater lake sediment. DGT porewater profiles revealed zones of localized trace 

metal remobilization most likely associated with organic matter remineralization.121 Davison and co-

workers122 also utilized Chelex-100 DGT to measure two-dimensional distributions of zinc, 

manganese, iron and arsenic in freshwater sediment and a naturally occurring microbial mat at a very 

high resolution of 100 µm. Their results revealed sub-millimetre zones of metal remobilization on 

both horizontal and vertical scales. 

 

Since these initial studies, DET and DGT techniques have been widely used in the field of 

biogeochemistry to study numerous analytes and sediment types. Shuttleworth and co-workers123 used 

DET to study high-resolution (1 mm) distributions of iron and manganese in both homogenized and 

undisturbed freshwater sediment, revealing significant fine-scale heterogeneity in the undisturbed 

sediment compared to the homogenized sediment. This fine-scale heterogeneous distribution of 

porewater solutes has been supported by numerous studies utilizing DGT and/or DET, including for: 

iron, manganese, cobalt, nickel, copper and cadmium in marine sediments;117 sulfide in a productive 

freshwater wetland;124 and phosphorus, vanadium, arsenic and sulfide in a lake sediment.80 These 

techniques have also been used to study important sediment processes such as: remobilization of 

calcium, magnesium, potassium, sulfate, iron and manganese during reoxygenation of a seasonally 

anoxic lake;115 the simultaneous release of trace metals and sulfide in both freshwater125 and marine 

sediments;126 the biogeochemical cycling of iron in an acidic mining lake;127 the mobilization of 

mercury from estuarine sediments;128 and the rates of dissolved iron production in marine 

sediments.129 These studies have highlighted the advantages of using diffusive sampling techniques, 

which provide data at a much higher resolution than conventional techniques, and have improved the 

understanding of the biogeochemistry of important sediment solutes. 

 

Recently developed densitometric DET techniques have simplified the process of obtaining high-

resolution porewater distributions in two-dimensions; they utilize conventional colorimetric reagents 

and are analyzed by computer imaging densitometry, which is capable of rapidly generating high-

resolution, two-dimensional data (1 mm2). Densitometric DET techniques have been developed for 

iron(II)56, 130 and dissolved reactive phosphate,58 which when combined with the densitometric DGT 

technique for dissolved sulfide, can provide a valuable tool for investigating co-distributions of these 

solutes over larger spatial scales than previously attainable. Robertson and co-workers59 used 

combined densitometric iron(II) DET and sulfide DGT probes to investigate sources of heterogeneity 

in coastal sediments. They examined the effect of macrophyte roots, macrofaunal burrows and 

particulate organic matter on the co-distributions of iron(II) and sulfide, revealing significant 

heterogeneity and unexpected overlaps of porewater iron(II) and sulfide.59 Pages and co-workers58 

developed a new densitometric phosphate DET technique and utilized it in conjunction with the 
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iron(II) and sulfide techniques to obtain high-resolution, two-dimensional distributions of these solutes 

in a seagrass rhizosphere. This approach to diffusive sampling provides rapid data acquisition of 

chemical distributions in one or two dimensions at high-resolution, and has the potential to be used for 

many applications in the field of sediment biogeochemistry. 

 

2.3.4.3. Measurement interpretation 

The interpretation of data obtained from diffusive sampling techniques is often more complicated than 

for traditional porewater sampling techniques that simply report a bulk porewater solute concentration. 

Both DET and DGT are affected by the rate of solute resupply from the solid phase to the porewater, 

which can impact upon the measurements and how accurately they reflect bulk porewater 

concentrations. 

 

The DET technique equilibrates with the bulk porewater so that concentrations measured in the DET 

gel should be equal to the actual porewater concentrations. The equilibration time may vary depending 

upon the rate of solute resupply from the solid phase to the porewater, so it is important that 

deployment times are sufficient to ensure equilibration has been attained. Harper and co-workers61 

modeled the equilibration times for a typical DET sampler and found that even where resupply is 

solely by diffusion, equilibration to 95% of the bulk porewater concentration should be reached in less 

than 24 h. Equilibration will be attained much faster (<1 h) where solute resupply from the solid to 

solution phase is partially or fully sustained.61  

 

Another consideration for the interpretation of DET data is the fidelity of porewater profiles. Due to 

diffusive relaxation of solute concentration gradients within the DET gel, measured concentration 

peaks will not completely represent the actual profile present in the porewater.61 The underestimation 

of peak concentrations will increase as the diffusive layer thickness increases, so the resolution of the 

DET technique is essentially limited by the diffusive layer thickness and the resolution at which the 

gels are analyzed.61 Harper and co-workers61 provide details on the interpretation of DET profiles and 

the effect of various parameters on profile fidelity. These limitations are less of a concern for 

investigating mechanistic interactions between porewater solutes because the general profile shape is 

of more explanatory use than are individual, fine-scale peak heights. 

 

Interpretation of porewater profiles measured by DGT is very different than for DET. The DGT 

technique introduces a sink for porewater solutes, which depletes the solute from the porewater 

immediately adjacent to the sampler surface. The sediment system responds to this depletion in one of 

three ways (Figure 2.8).54 
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Figure 2.8 Schematic diagram showing full resupply (i), partial resupply (ii), and diffusive 

resupply (iii) of porewater solute to a DGT sediment sampler. CDGT indicates DGT measured 

porewater solute concentrations for the different resupply scenarios. Modified from Zhang et 

al.54 

 

i.) Resupply of porewater solutes from the solid to the solution phase is rapid enough to 

maintain the maximum diffusive flux through the diffusive layer. This means that the 

porewater concentration measured by DGT (CDGT-i) is equal to the bulk porewater 

concentration.54 The rapid resupply in this case is analogous to a DGT sampler deployed 

in a solution where a sufficient level of mixing ensures resupply of the solutes to the 

surface of the probe, allowing DGT concentrations to be interpreted as bulk solution 

concentrations.54 

 

ii.) Partial resupply of solutes from the solid to solution phase. The supply of solutes to the 

sampler is insufficient to maintain the maximum diffusive flux through the diffusive layer, 

and some depletion of the porewater solute occurs adjacent to the sampler.54 The DGT-

measured porewater concentration (CDGT-ii) is somewhere between the concentration 

measured in the full resupply case (CDGT-i) and the diffusive resupply case (CDGT-iii).54 

 

iii.) No resupply of solutes from the solid to solution phase. The DGT sampler is supplied with 

solutes via diffusion only and the porewater concentration of the solute decreases during 

the deployment time as it is depleted by the sampler.54 The DGT-measured porewater 

concentration (CDGT-iii) is equal to a small fraction of the initial porewater concentration.54 
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These different scenarios can be investigated by deploying samplers of different diffusive layer 

thickness in the same sediment for the same period of time.54 The ratio between the concentrations 

measured from samplers with varying diffusive layer thickness will indicate the extent of resupply to 

the sampler: if there is full resupply (i) then DGT measured concentrations should agree regardless of 

diffusive layer thickness; partial resupply (ii) will result in a higher concentration measured by the 

sampler with the thicker diffusive layer due to slower porewater depletion; and diffusive resupply (iii) 

only will result in an even larger disparity between samplers with different diffusive layer thickness.54 

 

The DGT technique, when applied to sampling sediment porewaters, indicates the ability of the 

sediment to resupply solutes from the solid to the solution phase.54, 120 In some cases, it will accurately 

represent porewater concentrations, whereas in others it may result in varying levels of 

underestimation and should be interpreted as a flux. Regardless of this, the DGT technique, owing to 

its high spatial and volumetric resolution and the capability to measure co-distributions of porewater 

solutes, is a far more powerful tool for investigating mechanistic biogeochemical relationships 

compared to traditional sediment sampling techniques.54, 131 The combination of DET and DGT 

techniques for iron(II) and inorganic arsenic speciation, respectively, should provide a valuable tool 

for the investigation of arsenic and iron biogeochemistry and their interactions in sediment systems. 
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2.4. Objectives 

This research aims to develop new DGT techniques for the measurement of inorganic arsenic 

speciation in waters and sediments. To complement the newly developed DGT techniques, a DET 

technique for measuring iron(II) in sediment porewaters will be optimized, facilitating the 

investigation of the link between arsenic and iron cycling in sediments. These new analytical 

techniques will provide significant advances in their own right and have potential applications ranging 

from routine water quality monitoring to investigating the association of other elements with iron 

cycling in sediments. In this thesis, however, they will be applied for the first time to examining the 

relationship between the reductive dissolution of iron(III) minerals and the release of inorganic 

arsenic, as well as the effect of induced anoxia on the mobilization of arsenic from the sediment to the 

water-column. In summary, the primary objectives of this research are to: 

 

 

1. Develop and evaluate diffusive gradients in thin films (DGT) techniques capable of measuring 

total inorganic arsenic and inorganic arsenic speciation (AsIII and AsV). 

 

2. Optimize the diffusive equilibration in thin films (DET) technique for the colorimetric 

determination of iron(II) in sediment porewaters that will be combined with the developed 

DGT techniques to measure co-distributions of arsenic and iron(II). 

 

3. Investigate the relationship between the reductive dissolution of iron(III) (hydr)oxide minerals 

and the release of arsenic to sediment porewater, utilizing the techniques developed and 

evaluated in the previous objectives. 

 

4. Investigate the effect of induced anoxia and subsequent reoxygenation on the benthic fluxes 

and porewater profiles of iron(II) and arsenic in freshwater and marine sediments. 
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8.0. Conclusion 

The research presented in this thesis described the development and evaluation of novel diffusive 

sampling techniques and their application to the investigation of arsenic sediment biogeochemistry. 

The results successfully fulfilled all primary research objectives – the details of which are described 

below. 
 

Chapters 3 and 4 described the development of two novel DGT techniques capable of measuring 

arsenic speciation. The Metsorb DGT technique was shown to accurately and precisely measure total 

inorganic arsenic (AsIII and AsV), while the mercapto-silica DGT technique was capable of selective 

measurement of AsIII; AsV could then be calculated by difference to allow the quantification of both 

oxidation states. The Metsorb DGT technique was also shown to quantitatively measure SeIV, 

providing a novel speciation technique for this important environmental analyte. These new 

techniques provide a simple, cost-effective and more representative alternative to traditional methods 

of arsenic speciation analysis, as well as permitting ultra-trace concentrations to be measured in 

complex matrices. 
 

Chapter 5 described the optimization of a DET technique for the colorimetric, high-resolution, two-

dimensional measurement of iron(II) in sediment porewaters. The optimized technique was applicable 

to a large range of iron(II) concentrations (4.1 – 2000 µmol L-1), making it suitable for measuring 

iron(II) distributions in freshwater and marine sediments. The effects of temperature and ionic strength 

were also evaluated and shown to have a negligible effect on the measurement for conditions typical 

of a wide range of natural systems. This technique had the added benefit of being able to be applied to 

the diffusive layer of a DGT sampler, permitting the measurement of co-distributions of iron(II) and 

arsenic in sediment porewaters. 
 

Chapter 6 utilized the Metsorb DGT and colorimetric DET techniques developed in the previous 

chapters to investigate co-distributions of iron(II) and arsenic in mesocosms of fresh, estuarine and 

marine sediment. The application of these techniques allowed analysis of arsenic mobilization 

associated with reductive dissolution of iron(III) (hydr)oxides at high resolution. Coupling of iron(III) 

reduction with arsenic release was observed in all sediment types, confirming that this is an important 

mechanism of arsenic mobilization. This work also highlighted the clear benefits of in situ 

measurements using diffusive sampling techniques and the advantages of using homogenized 

sediment mesocosms to investigate mechanistic interactions between iron and arsenic. 
 

Finally, Chapter 7 applied the newly developed diffusive sampling techniques to investigate the effect 

of induced anoxia and subsequent reoxygenation on benthic fluxes and porewater profiles of iron(II), 
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AsIII and total inorganic arsenic in freshwater and marine sediment mesocosms. Anoxia induced fluxes 

of iron(II) and AsIII from the sediment to the water column, consistent with reductive dissolution of 

iron(III) (hydr)oxides and release of adsorbed/co-precipitated arsenic. Porewater profiles measured 

with DGT and DET techniques supported this, showing tightly coupled zones of AsIII and iron(II) 

release from the solid to solution phase. AsIII was the predominant species mobilized to both the 

porewater and water column, supporting the higher mobility of this species reported in the literature. 

Understanding these processes of arsenic mobilization is integral to the mitigation of environmental 

arsenic contamination; a human-health disaster affecting millions of people. This study showed the 

benefits of using in situ techniques capable of speciation measurements to ensure that speciation is 

measured accurately; this is difficult with traditional techniques that rely on ex situ sampling and 

extensive sample preparation. 

 

This thesis described the successful development and evaluation of novel DGT techniques for the 

measurement of inorganic arsenic speciation and a novel colorimetric DET technique for the high-

resolution, two-dimensional measurement of iron(II). These techniques were then applied to the 

investigation of arsenic and iron(II) biogeochemistry in sediments; this demonstrated the advantages 

of diffusive sampling techniques for identifying mechanistic interactions between porewater solutes 

and showed the relationship between iron cycling and arsenic mobility at higher spatial resolution than 

previously obtained. The newly developed techniques also facilitated the investigation of the effect of 

induced anoxia on the mobilization of arsenic and iron(II) and, due to the capability of the new DGT 

techniques to measure inorganic arsenic speciation, revealed the importance of AsIII in arsenic 

mobilization. Application of these new techniques to further investigating arsenic mobilization in the 

environment should permit the collection of high-quality data that will aid in the understanding and 

management of environmental arsenic contamination. 
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9.0. Future Research 

A number of areas for future research were identified from this thesis: 

 

1. The Metsorb and mercapto-silica DGT techniques developed in Chapter 3 and 4 could be 

modified to allow the speciation of AsIII and AsV at the same location in the sediment, by 

using a dual-layer approach. A Metsorb binding gel would be covered with a mercapto-silica 

binding gel, followed by a diffusive gel, so that AsIII would be immobilized in the first binding 

layer and AsV would diffuse unaffected and be immobilized in the second binding layer. This 

approach could address issues associated with spatial separation of DGT probes for arsenic 

speciation, especially in sediments where large changes in chemical distributions occur on a 

small spatial scale. Additionally, this approach could potentially be applied for the speciation 

of antimony, an emerging environmental contaminant, which exhibits very similar speciation 

to arsenic and therefore may bind similarly to the adsorbents used for arsenic speciation. 

 

2. Future research should also focus on the development and evaluation of novel colorimetric 

DET techniques for analytes of significance to arsenic and iron biogeochemistry. In particular, 

the measurement of carbonate via a colorimetric alkalinity reagent could provide an important 

tool for assessing the role of carbonate in the mobilization of arsenic in sediments. Carbonate 

exhibits competitive adsorption to iron(III) (hydr)oxides and has been shown to mobilize 

arsenic and prevent readsorption to iron(III) minerals. The application of a diffusive sampling 

technique capable of quantifying carbonate, combined with the iron(II) and arsenic techniques 

described in this thesis, could provide new insight into the processes responsible for arsenic 

mobilization in sediments. 

 

3. Finally, the new techniques developed in this thesis should be applied to assessing plant 

uptake of arsenic in systems contaminated by arsenic. One such area of global importance is 

the accumulation of arsenic by rice plants in South-East Asia, where rice paddies are often 

irrigated with arsenic contaminated groundwater. DGT has been successfully applied to 

predicting plant uptake of phosphate and selected trace elements, indicating that it is a useful 

technique for this purpose. The speciation of arsenic can play a large role in its mobility and 

its uptake by plants, so the application of a DGT technique capable of arsenic speciation could 

provide valuable insight into the processes of arsenic accumulation by rice. 
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10.0. Appendix 1  

The following appendix is the published Supporting Information for the research article included as 

Chapter 3 of this thesis: 

 

Bennett, W. W., Teasdale, P. R., Panther, J. G., Welsh, D. T., & Jolley, D. F. (2010). New Diffusive 

Gradients in a Thin Film Technique for Measuring Inorganic Arsenic and Selenium(IV) Using a 

Titanium Dioxide Based Adsorbent. Analytical Chemistry, 82(17), 7401-7407 
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11.0. Appendix 2 

The following appendix is the published Supporting Information for the research article included as 

Chapter 7 of this thesis: 

 

Bennett, W. W., Teasdale, P. R., Panther, J. G., Welsh, D. T., Zhao, H., & Jolley, D. F. (2012). 

Investigating Arsenic Speciation and Mobilization in Sediments with DGT and DET: A Mesocosm 

Evaluation of Oxic-Anoxic Transitions. Environmental Science & Technology, 46, 3981-3989 
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