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Abstract 

Sediments are complex environments that play an important role in the cycling of carbon, 

nutrients, and metals. Sediment biogeochemical processes are driven by microbial respiration 

and produce three major zones: the oxic zone, dominated by aerobic respiration and the presence 

of O2; the sub-oxic zone, dominated by anaerobic respiration and mildly reducing conditions 

with the presence of the reduced products of electron acceptors (NO2
-
, N2, Fe(II), Mn(II)); and 

the anoxic zone, dominated by strongly reducing conditions, such as sulfide in coastal sediments. 

The inherent vertical distribution of these biogeochemical zones is dramatically modified by the 

presence of burrowing macro- and micro-invertebrates and benthic plants, introducing 

considerable heterogeneity. Therefore, in metabolically active heterogeneous sediment, the 

distance between the oxic and anoxic sulfidic layers may be as short as a few millimetres with 

differing biogeochemical zones occurring at the same depth, but in laterally separated locations. 

Iron(II) and sulfide distributions are useful indicators for determining the redox zonation and 

understanding the dominant biogeochemical processes occurring within the sediment. The 

diffusive equilibration in thin films (DET) and the diffusive gradients in thin films (DGT) 

methods are in situ passive sampling methods. Combined colorimetric DET-DGT methods allow 

simultaneous measurement of iron(II) and sulfide in sediment pore waters and provide two-

dimensional (2D) distributions at high (mm) spatial resolution. In this thesis, the combined DET-

DGT techniques were applied in a range of coastal zone sediment habitats with high replication 

to investigate the influence of sediment heterogeneity on describing ‘typical’ biogeochemical 

distributions of iron(II) and sulfide. In this study, the degree of sediment heterogeneity was 

analysed quantitatively using texture analysis methods; gray level co-occurrence matrix (GLCM) 

with the use of 2D iron(II) and sulfide distributions. The degree of sediment heterogeneity was 

also compared among different coastal zone sediment habitats. These measures confirmed that 
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the benthic habitats were highly heterogeneous but were not able to provide much further 

distinction over qualitative analysis.  

The simplistic view of sediment biogeochemistry considered in conventional sediment pore 

water analysis is challenged by the complex heterogeneity of coastal zone sediment habitats. 

Traditional pore water sampling techniques require the removal and processing of sediment 

cores by slicing the collected cores at 0.5 cm or greater resolution and extraction of the pore 

waters by centrifugation or squeezing. This method mixes the pore water solutes and thus the 

measured concentrations represent an average of the sampled volume, at best. Therefore, these 

conventional pore water sampling and analysis methods simply cannot distinguish concentration 

changes over the small distances between oxic and anoxic microniches in the sediments. This 

thesis compares the capabilities and limitations of in situ passive sampling techniques (DET and 

DGT) and ex situ conventional sediment core sampling followed by centrifugation to measure 

iron(II), metal(loid)s, and sulfide concentrations in sediment pore waters.  

Ex situ conventional pore water analysis methods were not capable of reliably measuring redox–

active pore water solutes in heterogeneous sediments due to the mixing of porewater solutes 

during the extraction process and substantially underestimated both iron(II) and sulfide 

concentrations in comparison to the DET-DGT method. The DGT measured metal(loid) 

concentrations were generally lower than the metal(loid) concentrations obtained by 

centrifugation extracted pore waters (except Fe and Ni) due to two reasons: 1) The non-labile 

metal fraction in sediment pore water, which is not measured by DGT, and 2) limited resupply of 

metal(loid)s from the solid phase to the solution phase. However, metal(loid) 

mobilisation/sequestration mechanisms were informed well by high-resolution (2 mm) DGT 

measurements.   
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Mobilisation of metal(loid)s within aquatic sediments is associated with the biogeochemical 

processes of major redox active species present in marine sediments; iron(II), manganese(II) and 

sulfide. However, relating mobilisation of particular metal(loid)s to specific processes has been a 

challenge due to the limits of conventional methods. Simultaneous measurements of iron(II), 

metal(loid)s, and sulfide concentrations in sediment pore water at the same spatial location was 

facilitated by the use of triple layer combined DET-DGT probes. Mobilisation of metal(loid)s 

through the reductive mobilisation of Fe and Mn hydr(oxides) in the sub-oxic zone and 

sequestration of divalent metals with sulfide in anoxic deeper sediments were identified.  

The application of iron(II) DET and sulfide DGT methods in this and previous studies showed 

substantial overlaps between iron(II) and sulfide distributions. The simultaneous DET and DGT 

measurements may not be contemporary as DGT is a time-integrated technique and DET is an 

equilibration method that responds to the most recent conditions. A novel colorimetric 2D high-

resolution DET technique was developed for the measurement of dissolved sulfide distributions 

in sediment pore waters. This sulfide DET method limits the temporal averaging of sulfide 

measurements found with the sulfide DGT method and facilitates the contemporary 

measurement of sulfide co-distributions with other solutes such as iron(II). Field application of 

this method showed that the overlap between DET iron(II) and DET sulfide distributions was 

significantly lower than the average overlap between DET iron(II) and DGT sulfide.  
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Chapter 1. Introduction 
 

1.1. Sediment biogeochemistry and heterogeneity  

 

Sediments are layers of detrital material accumulating at the bottom of a water body due to 

the local hydrological conditions (Sheehan et al., 1985). According to Jönsson (2005), the 

majority of sediment materials are either of mineralogical origin (clay, silt, and sand) or 

organic matter produced by benthic and pelagic primary productivity or terrestrial and 

atmospheric inputs. Sediment is a complex, dynamic and diverse ecosystem with complex 

interactions developing between the catchment geology, water hydrodynamics and the 

sediment habitat in any given location. The sediment composition of the water bodies 

depends upon the biogeochemical processes occurring within the sediment and at the 

sediment-water interface (Fig. 1.1). Biogeochemical processes in aquatic sediments are 

influenced by the changing conditions of the overlying water column (Berner, 1980; Soetaert 

et al., 2000; Burdige, 2006). Within the sediment, interactions between benthic flora and 

fauna, microbiological and chemical processes, and diffusion mass transport processes 

contribute to the physicochemical conditions in each individual sediment ecosystem.  

 

Early diagenesis process occurring with the sediments playing an important role in the 

cycling of metals, nutrients, and carbon (Aller, 1982; Aller, 1984). Organic matter 

mineralisation in sediments is driven by the microbial respiration. Various microorganisms 

derive their energy from the decomposition of organic carbon via aerobic or anaerobic 

respiration, which is used for their growth and maintenance (Canfield, 1989). Aerobic 

bacteria utilise O2 for respiration and when the O2 is depleted, other electron acceptors, such 

as NO3
-
, Mn

4+
, Fe

3+
 and SO4

2-
 are utilised in order of the energy yield derived (Fenchel et al., 

1998). The reduced products of these anaerobic respirations (NO2
-
, N2, Fe

2+
, Mn

2+
 and S

2-
) 
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define the major biogeochemical processes and redox zones within sediment (Kristensen, 

2000). The zone that starts just below the lowest oxic (O2 present) zone in sediments is 

frequently denoted the 'sub-oxic zone', characterised by denitrification and dissimilatory 

nitrate reduction to ammonium (DNRA), and production of Fe
2+

 and Mn
2+

 by Fe
3+

- and 

Mn
4+

- reducing bacteria, respectively (Kristensen, 2000; Melton et al., 2014). The reduced 

zone extending below the sub-oxic zone in marine sediments is termed the anoxic zone and is 

characterised by sulfate reduction and the presence of sulfide (Kristensen, 2000) (Fig. 1.2). In 

freshwater this zone is usually dominated by methanogenesis due to the limited availability of 

sulfate to support sulfate reduction (Berner, 1984), although some brackish freshwaters may 

experience enough sulfide production to form pyrite (FeS2) (Howarth, 1979). 

 

 

Fig. 1.1. Interactions between different sediment zones and between sediment and water. Reproduced 

from 

http://www.sccwrp.org/ResearchAreas/Contaminants/SedimentQualityAssessment/BackgroundSedim

entProcesses.aspx. 
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Fig. 1.2. Schematic representation of redox zonation in marine sediment  

 

The inherent vertical distribution of these zones is disrupted by many bioturbation processes. 

The presence of burrowing macro- and micro-invertebrate populations and benthic plants can 

strongly alter local biotic and abiotic processes occurring in the sediment and dramatically 

modify biogeochemical zonation, introducing considerable heterogeneity into the distribution 

of respiratory end-products and nutrients in sediment pore waters (Aller, 1994; Kristensen, 

2000). Many benthic organisms, engage in bioturbation (burrowing) and bioirrigation 

processes. The formation of biogenic structures (Fig. 1.3) results in complex, three-

dimensional distributions of redox-active pore water solutes around those structures (Aller, 

1982; Robertson et al., 2009).  
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Fig. 1.3. Cross-sections through the sediment–water interface and amphipod burrows showing the 

oxic (thin brown layer), sub-oxic (light grey zone) and anoxic zones (dark grey-black). Reproduced 

from Robertson et al. (2009) and Batley and Simpson (2016).  

 

The way large sediment features affect sediment biogeochemistry can be predicted using 

Aller's models of heterogeneity (Fig. 1.4 a-c): (a) represents the vertical distribution of 

tertiary electron acceptors in unmodified sediment; (b) shows the electron acceptor 

distributions around a macrofauna burrow; and, (c) shows distributions around organic matter 

pellets (Aller, 1982; Robertson et al., 2009). 

 

This induced sediment heterogeneity may challenge the simplistic view of sediment 

chemistry which justifies conventional sediment analyses and their applications, where 

sediments are considered as homogeneous and in some instances are homogenised before 

investigation (Batley and Simpson, 2016). Therefore, an aim of this thesis will be to 

investigate the effect of sediment heterogeneity on the accuracy of conventional sediment 

analysis methods.  
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Fig. 1.4. Idealised tertiary electron acceptor distributions in (a) undisturbed sediment; (b) around a 

cylindrical microfauna burrow; and (c) around organic matter-rich pellets (modified from Robertson 

et al., 2009). 

 

Iron(II) and sulfide distributions are useful for (i) determining redox zonation and 

understanding the dominant biogeochemical processes occurring within the sediment, (ii) for 

identifying patterns of organic matter mineralisation, and (iii) identifying the effects of 

bioturbation (Robertson et al., 2008; Robertson et al., 2009). Sulfide produced from the 

reduction of sulfate can react with ferrous ions to form insoluble iron sulfides (Berner, 1984; 

Davison et al., 1999). Most divalent metals also form insoluble metal sulfides, preferentially 

to iron(II), which immobilises the metals decreasing their toxicity (Huerta-Diaz et al., 1998; 

Morse and Luther, 1999). Many trace metals also adsorb to iron(III) hydr(oxides) and are 

therefore mobilised with iron(III)-reduction. Iron(II) and sulfide are therefore key solutes for 

understanding the mobilisation of trace metals and the involvement of trace metals in 

biological and chemical processes in sediments (Belzile and Tessier, 1990; Allen et al., 

1993).  
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1.2. Metal(loid) contamination in aquatic sediments 

Human activities have resulted in widespread contamination of aquatic ecosystems by a wide 

range of inorganic substances, including numerous trace metals (including metalloids and 

non-metals with metal-like properties). Metal(loid) contamination in aquatic environments is 

a ubiquitous, persistent and complex problem, often with significant consequences for 

ecological and human health. Sources of metal(loid) contaminants can be natural (geogenic) 

or anthropogenic. However, anthropogenic inputs from activities including mineral resource 

extraction, fossil fuel combustion, industrial manufacturing and other non-point sources are 

overwhelmingly the primary cause of most metal contamination in aquatic ecosystems and 

have made metals much more bioavailable (Garrels et al., 1975; Kishe and Machiwa, 2003; 

Zan et al., 2011; Torres et al., 2013a). Unlike organic contaminants, inorganic metal(loid) 

contaminants do not decompose over time into less toxic substances, but accumulate and 

persist in a range of chemical forms (species) with varying biological availabilities and 

toxicities (Luoma and Rainbow, 2008; Stumm and Morgan, 2012). While some trace 

metal(loid)s have no positive biological role (e.g. Hg, Cd, Pb, As, U), many are essential 

micronutrients (e.g. Cu, Zn, Fe, Ni and Cr) with a significant role in metabolic pathways, are 

co-factors for many enzymes and have structural functions when associated with 

carbohydrates, nucleic acids and proteins (Nagajyothi et al., 2010). Organisms have therefore 

evolved to take up trace metals at typical background concentrations (Bohn, 1979) and many 

have developed complex biochemical pathways. However, at elevated metal(loid) 

concentrations or with high proportions of bioavailable species, many organisms find it 

difficult to adequately regulate their tissue levels and trace metal(loid)s become toxic (Luoma 

and Rainbow, 2008).   

 



 

 

 
7 

Metal(loid)s in aquatic systems have the tendency to bind to organic matter, or suspended 

particles, and thus accumulate within fine-grained sediments. However, with changing 

oxygen concentrations, redox conditions or pH, metal(loid)s can be remobilised into pore 

waters and the overlying water column, and/or accumulate within benthic organisms and the 

associated food webs (Salomons et al., 1987; Petersen et al., 1995). Therefore, sediments act 

as long-term sinks, but also as potential sources of metal(loid) contaminants in aquatic 

systems.  

 

1.2.1. Mobilisation mechanisms of metal(loid)s 

The environmental impact of sediment contamination depends not only on the total 

metal(loid) concentration present and the speciation of the metal(loid), but also on the 

mobility and bioavailability of the metal(loid) species (Di Palma and Mecozzi, 2007). 

Mobilisation/immobilisation of metal(loids)s depends upon the environmental conditions. 

Large scale mobilisation occurs due to a change in equilibrium conditions, resulting from a 

shift in pH, redox, salinity and/or other environmental conditions (De Groot, 1995).  

 

Aquatic sediments have a complex heterogeneous mix of geochemical phases, able to bind 

metals by means of precipitation, ionic exchange and absorption reactions (Birch and Taylor, 

2002). The redox status of sediment greatly influences how metal(loid)s concentrate into 

particulate fractions. In oxic sediments, metal(loid) ions associate with the surface of particles 

that have high surface area and cation exchange, such as iron oxides, manganese oxides and 

organic matter (org-C) (Yu et al., 2001). Any precipitation of Fe and Mn hydr(oxides) in 

sediment will influence the concentration of trace metal(loid)s due to increased adsorption of 

the metal(loid). Under anaerobic conditions, bacteria respire using Fe
3+ 

and/or Mn
4+

 as 
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electron acceptors. This mobilises metal(loid)s bound to these oxides as it results in the 

dissolution of solid phase Fe and Mn hydr(oxides). When the Fe and Mn hydr(oxides) have 

been depleted, sulfate reduction becomes dominant. Sulfate is reduced to sulfide under anoxic 

conditions during the decomposition of organic matter, and many metals can precipitate with 

metabolic end-product sulfide to form insoluble sulfide precipitates or co-occur within iron-

sulfide minerals (Cooper and Morse, 1998; Morse, 2002). As a result, many metals are 

concentrated in a highly stable form in anoxic sediment as metal sulfides. These reactions are 

reversible if oxic conditions begin to prevail. Reoxidation of the metal sulfides will 

remobilise the bound metal(loid)s, and oxidation of Fe
2+

and Mn
2+

 will regenerate Fe
3+ 

and 

Mn
4+

hydr(oxides), which in turn will sequester metals from the pore water. Consequently, 

shifts between oxic and anoxic conditions create complex metal(loid) cycling within the 

sediment that greatly influences exchanges between sediment particles, pore waters and the 

overlying water column (Fig. 1.5). 

 

To elucidate mechanistic interactions between metal(loid) mobilisation and the 

biogeochemical cycles of iron, manganese and sulfur, it is necessary to investigate whether 

the release of iron, manganese, sulfides and trace metal(loid)s are linked. To do that, the iron, 

manganese and sulfides with trace metal(loid)s must be measured at the same physical 

location in the sediment.  
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Fig. 1.5. A simplified conceptual model describing some of the processes that influence the 

partitioning of metal(loid)s within the aquatic environment. Where, M = metal(loid)s, DOM = 

dissolved organic matter, S = sulfide, OFe = iron oxide, OMn = manganese oxide, and OR = other 

oxides (modified from Luoma & Rainbow, 2008). 

 

The effects of metal(loid) contamination on sediment can be determined by biological and 

chemical approaches. Chemical analysis mainly focuses on determination of total 

concentrations, chemical speciation, and sometimes partitioning between solid and dissolved 

phases. However, these measurements do not confirm the bioavailability or toxicity of the 

contaminant. The dissolved contaminant concentration in pore water better represents the 

bioavailability and toxicity of trace metal(loid)s than the contaminant concentration in the 

bulk sediment (Calmano et al., 1993; Ankley et al., 1996; Chapman et al., 1998; Eggleton and 
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Thomas, 2004). Therefore, analysis of sediment pore water is useful for gaining an 

understanding of the biogeochemical behaviour and mobility of metal(loid)s in sediments. 

  

1.3. Sediment pore water analysis 

Sediments in aquatic systems are formed by sedimentation of particles from the overlying 

water column. During this process, water will be trapped and entrained between the sediment 

particles, forming sediment pore water (or interstitial water) (Batley and Giles, 1979). 

Aquatic sediments typically contain between 30-80% (v/v) of sediment pore water (Batley 

and Simpson, 2016) with fine grained silty sediments having higher pore water contents than 

sandy sediments. Sediment pore water also acts as a linking agent between the bottom 

sediments and the overlying water column. However, pore water composition may vary with 

changes in the surface water level which is driven by tidal action or water currents. Within 

the sediment system, chemical species will tend toward equilibrium between the pore water 

and solid phase (Batley and Giles, 1979).  

 

Sediment pore water analysis has become an important part of environmental quality 

assessment over recent decades (Adams et al., 1992; Leonard et al., 1996; ANZECC, 2000; 

Lang et al., 2015) and is particularly important for studying biogeochemical processes, e.g. 

the estimation of diffusive fluxes across the sediment-water interface, quantifying burial and 

mineralisation rates of organic matter (Seeberg-Elverfeldt et al., 2005; Laskov et al., 2007; 

Torres et al., 2013b) and assessing mobilisation or toxicity of contaminants (Bufflap and 

Allen, 1995a, 1995b). Sediment pore water is potentially the main exposure medium for 

benthic organisms and thus, accurate measurements of pore water solute concentrations 

would be useful for assessing the potential bioavailability of contaminants.  
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However, the sampling and analysis of pore waters can be challenging due to: 1) high 

sensitivity to changes in pressure, temperature, pH and redox conditions (Buffle & Horvai, 

2000); 2) the relatively small volumes able to be collected (Stockdale, Davison, & Zhang, 

2009); 3) sediment heterogeneity in which numerous biogeochemical processes occur over 

fine spatial scales, particularly in productive coastal sediments (Pagès et al., 2011; Robertson, 

Welsh, & Teasdale, 2009; Stockdale et al., 2009); and, 4) temporal changes due to flushing of 

faunal burrows or shifts in photosynthetic activity over diel cycles (Murphy & Reidenbach, 

2016; Pagès et al., 2011; Pagès et al., 2012; Welsh, 2003). Therefore, pore water sampling 

methods need to provide accurate and representative results for the purpose of the particular 

study; more than one method may be required to achieve this. 

 

1.3.1. Conventional pore water sampling techniques 

A wide variety of extraction methods have been developed to separate pore waters from 

sediments, including centrifuging, leaching, dilution-extraction, vacuum filtration, and 

squeezing methods (de Lange et al., 1992; Chapman et al., 2002). Conventional pore water 

sampling techniques involve the removal and processing of sediment cores ex situ with pore 

waters typically extracted from a core section by centrifugation (Edmunds and Bath, 1976; 

Batley and Giles, 1979; Lyons et al., 1979) or squeezing (Reeburgh, 1967; Kalil and 

Goldhaber, 1973; Patterson et al., 1978). Although both centrifugation and squeezing 

methods are used for extracting pore waters for chemical analyses, centrifugation is the most 

commonly used laboratory method, as it is relatively simple and allows rapid collection of 

pore waters.  
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Although these methods are well-established, they have limitations and the subsequently 

analysed samples may not accurately reflect the in situ concentrations. In heterogeneous 

sediments, biogeochemical zones (oxic, sub-oxic, anoxic) may transition both vertically and 

horizontally over millimetres (Frederiksen and Glud, 2006; Robertson et al., 2008; Robertson 

et al., 2009; Pagès et al., 2011; Pagès et al., 2012; Murphy and Reidenbach, 2016) and 

complex mosaics of biogeochemical zones can form over many centimetres (Aller, 1982; 

Frederiksen and Glud, 2006; Robertson et al., 2008). This feature of sediment can also 

produce artefacts with conventional pore water sampling methods due to the mixing of 

reactive species from different biogeochemical zones during pore water extraction; this 

changes the concentration and distribution of pore water analytes that readily undergo 

chemical reactions such as the redox and precipitation reactions that occur between iron(II) 

and sulfide (Berner, 1984; Brendel and Luther, 1995; Davison et al., 1999; Robertson et al., 

2008). As a result, the final measurement would substantially underestimate the concentration 

of redox-active species, especially iron(II) and sulfide, in the sample. Conventional methods 

are also subject to artefacts resulting from sample oxidation and changes in temperature 

(Bischoff et al., 1970; Carignan et al., 1985; Bufflap and Allen, 1995a). Even a short contact 

with a limited amount of oxygen can significantly disturb the original species composition of 

sediment pore water (Bufflap and Allen, 1995b; Kankanamge et al., 2017). For example, 

iron(II) and sulfide are very sensitive to oxidation to iron(III) and sulfate, respectively. 

However, this effect can be minimised by handling sediments in a nitrogen-filled glove bag 

or glove box (or anaerobic chamber). Finally, these procedures are time- and labour-

intensive, and typically only provide one-dimensional depth profiles of analytes at low (cm) 

resolution. Centimetre resolution has been shown to be inadequate for studying 

biogeochemical processes (Widerlund and Davison, 2007; Robertson et al., 2009; Stockdale 

et al., 2009) as any steep concentration gradients within a section, either vertical or 
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horizontal, will be averaged (Brendel and Luther, 1995; Stockdale et al., 2009). 

Consequently, an aim of this thesis will be to compare conventional pore water analysis 

methods with in situ passive sampling techniques to identify the advantages and limitations 

of both techniques. 

 

1.3.2. In situ measurements of pore water solute concentrations 

In situ sediment pore water analysis techniques were developed to either decrease the sample 

processing required to obtain pore water samples or to allow measurement of solutes at a 

higher spatial resolution than is permitted by ex situ measurements. They also minimise 

artefacts associated with sample handling, transport or storage. These methods are very cost-

effective and provide the possibility of real time analysis as well as measurements in less 

accessible locations (Chapman, 1996).  

 

Peepers (dialysis samplers) have been used for many decades as an alternative to core slicing 

and centrifugation or squeezing techniques (Carignan, 1984; Teasdale et al., 1995). However, 

spatial resolution was limited, due to the distance between cells and cell depth within the 

samplers, and equilibration was slow. This means that sampling artefacts still occurred, 

especially within dynamic sediments in which individual cells were exposed to shifting redox 

conditions.  

 

The understanding of sediment biogeochemistry was revolutionised by the introduction of in 

situ micro-electrode profilers that allow the direct measurement of sediment pore water 

composition (Viollier et al., 2003; Santner et al., 2015). There are micro- sensors 

(electrometric or optical) available for pH (Hulth et al., 2002; Zhu et al., 2005), O2 (Klimant 



 

 

 
14 

et al., 1995; Glud et al., 1996), H2S (Revsbech et al., 1983), pCO2 (Zhu et al., 2006) and 

oxidation-reduction potential (ORP) (Wang et al., 2013). Micro- sensors show high temporal 

and/or vertical resolution but, due to their small measurement scale, are limited with regards 

to understanding pore water solute distributions in heterogeneous sediment. 

 

Hydrogel-based passive samplers, such as diffusive equilibration in thin-films (DET) and 

diffusive gradients in thin-films (DGT), allow one- or two-dimensional measurements of pore 

water solutes at high-resolution (mm or sub-mm) and overcome some of these issues 

(Davison et al., 1997; Fones et al., 1998). In this approach, measurements are made exactly at 

the location of interest over relatively short time periods. Therefore, these gel-based 

techniques minimise most of the artefacts, not only those due to storage, but also those due to 

sampling such as changes in pressure or redox conditions (Buffle and Horvai, 2000). Some of 

these techniques have also been developed to allow colorimetric analysis of two-dimensional 

pore water solute distributions using various staining techniques coupled with computer 

imaging densitometry (CID) (Teasdale et al., 1999; Jézéquel et al., 2007; Robertson et al., 

2008; Pagès et al., 2011; Bennett et al., 2015).  

 

1.4. The diffusive gradients in thin-films (DGT) technique 

The diffusive gradients in thin-films (DGT) technique was first developed by Davison and 

Zhang (1994); it relies on accumulation of analytes by a selective resin or other material 

within a binding gel after diffusion across a diffusive gel layer of known thickness. The DGT 

technique is a well-established time-integrated, in situ, passive sampling technique that is 

commonly used to measure concentrations of various contaminants in water. The DGT 

technique has been used for the determination of a number of inorganic contaminants, 

including trace metals (Zhang and Davison, 1995; Denney et al., 1999; Shiva et al., 2017) and 
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nutrients (Zhang et al., 1998; Panther et al., 2010; Huang et al., 2016) in natural waters. In 

DGT water analysis, the concentration of the analyte in solution is determined using the DGT 

equation (equation 1) derived from Fick’s first law of diffusion (Davison and Zhang, 1994; 

Zhang and Davison, 1995).  

 

𝐶 =  
𝑀∆𝑔

𝐷𝑡𝐴
                                  (1) 

Where C is the concentration of solute in the bulk solution, D is the diffusion coefficient, M 

is the accumulated mass per area (A) per time (t) and Δg is the thickness of the diffusive 

layer.  

 

DGT devices have also been thoroughly characterised for use in sediments. However, the 

interpretation of DGT measurements is not as straightforward in sediments as in water. When 

a DGT probe is deployed in sediment, the equilibrium between the pore water and solid phase 

will be interrupted by the rapid diffusion of solutes from pore water to the binding gel and 

will increase solute flux from solid phase to pore water or from microbial production for the 

solutes which are parts of major biogeochemical cycles like Fe(II), Mn(II) and sulfide. For 

sediments in which the variations of interfacial concentration (Ci) is insignificant with time 

(pseudo steady-state), DGT solute concentration (CDGT) can be calculated using equation 1 

and CDGT will approach the pore water solute concentration (Cpw) (Harper et al., 1998; Harper 

et al., 1999; Zhang et al., 2002). By‐products of active microbial respiration are most likely to 

be fully sustained, particularly iron(II), Mn(II) (Zhang et al., 1995; Naylor et al., 2006) and 

sulfide (Motelica-Heino et al., 2003; Robertson et al., 2009). However, in general, the 

available pool of solutes adjacent to the DGT probe window may become depleted with time 

due to limited resupply from the sediment or slow diffusion of analyte solutes to the DGT 
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sampler (Zhang et al., 2002; Motelica-Heino et al., 2003). Therefore, the Ci will be lower 

than the bulk pore water concentration, and thus, CDGT will underestimate the pore water 

solute concentration.  

 

Three cases may arise with respect to the DGT measured interfacial concentration in the 

sediment (Fig. 1.6) (Zhang et al., 2002). 

i. Fully Sustained: Rapid diffusion of solutes from pore water to the binding gel 

is sustained by rapid resupply of pore water solutes from solid phase to the 

solution phase or rapid resupply from microbial production. In this case, CDGT 

equals the bulk pore water concentration, Cpw. 

ii. Partially Sustained: Resupply from the solid phase or from microbial 

production to the solution phase is insufficient to maintain the DGT demand. 

The interface concentration is locally depleted by the DGT probe, and 

therefore CDGT is less than Cpw, but greater than CDGT in the diffusion only 

case. 

iii. Diffusion Only: There is no resupply from the solid phase or from microbial 

production to solution phase, and solutes are supplied by diffusion only. Pore 

water solute concentration decreases during the deployment time.  
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Fig.1.6. Schematic representation of the concentration gradient in a DGT sediment probe in contact 

with pore water where the concentration is: (i) full resupply; (ii) partial resupply; or (iii) diffusion 

only, from the solid phase in sediments. CDGT indicates DGT measured pore water solute 

concentrations with the different resupply regimes. Modified from (Zhang et al., 2002). 

 

Under conditions other than fully sustained, the DGT measurement is most accurately 

reported as a flux into the sampler (Zhang et al., 1995; Davison et al., 2000). The flux of the 

target solute (F) from sediment pore water to the DGT probe is calculated using equation 2.  

  

    𝐹 =  𝑀 / 𝐴 ∗ 𝑡     (2) 

Where M is the accumulated mass of the solute, A is the surface area of the diffusive layer 

and t is the deployment time. 

 

This flux, which is induced by the DGT probe, can be interpreted in relation to the mean 

concentration, Ci, at the surface of the probe during deployment (equation 3). 
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     CDGT = F∆𝑔 /D    (3) 

 

1.4.1. DGT binding agents 

A number of different binding agents, including Chelex-100 (Zhang and Davison, 1995; 

Zhang et al., 1995) , ferrihydrite (Luo et al., 2010; Österlund et al., 2010), Metsorb [an 

adsorbent resin incorporating titanium dioxide (TiO2)], (Bennett et al., 2010; Panther et al., 

2010), and zirconium oxide (Ding et al., 2010; Sun et al., 2014; Guan et al., 2015), have been 

used for DGT measurements (Table 1.1).  

 

Table 1.1. Different types of DGT binding layers used to measure specific analytes 

Analyte Binding layer References 

Sulfide AgI Teasdale et al. (1999) 

Phosphate Ferrihydrite Zhang et al. (1998) 

Trace metals (Cu, Cd,  Zn, 

Ni, Mn) 

Chelex Zhang and Davison (1995) 

As, Se Metsorb Bennett et al. (2010) 

As, Se, V, Sb Ferrihydrite Luo et al. (2010) 

Hg Chelex Dočekalová and Diviš (2005) 

Methyl-Hg 3-mercaptopropyl 

functionalized silica gel 

Clarisse et al. (2009) 

Al  Chelex-Metsorb (MBL) Panther et al. (2012) 

Mn, Co, Ni, Cu, Cd, and Pb Chelex-Metsorb (MBL) Panther et al. (2013) 
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Oxyanions of V, As, Mo, Sb, 

W, and P 

As(III) Mercapto-silica  Bennett et al. (2011) 

Oxyanions of V, As, Mo, Sb, 

W, and P 

Zirconium oxide Ding et al. (2016) 

 

Chelex-100 is the most common binding agent, used for divalent and trivalent metal ions in 

the presence of high concentrations of group 1 and 2 metals in seawater (Garmo et al., 2003). 

Chelex-100 is a chelating resin with iminodiacetic acid as the functional group and its 

efficiency in binding metals depends on pH (Garmo et al., 2003). Some metals, however, do 

not exhibit a strong affinity for Chelex because of the formation of oxyanion species (e.g. Se, 

As, Mo). Alternative resins, which have the potential to adsorb any specific metal species, 

can be used as binding reagents.  

 

Ferrihydrite (iron oxide), has been used to measure specific anionic species of arsenic, 

selenium, vanadium and antimony (Luo et al., 2010). The measurement of dissolved 

phosphorus has also been described by Zhang et al. (1998) using ferrihydrite  as the binding 

agent. There are, however, problems associated with the ferrihydrite binding phase. It 

requires careful laboratory synthesis, which, if not adequately controlled, can produce a 

mixture of ferrihydrite, goethite and hematite with a progressive conversion of ferrihydrite to 

goethite, which results in inconsistent measurements and deteriorating uptake efficiency 

(Zhang et al., 1998). 

 

An agglomerated nano-crystalline titanium dioxide based adsorbent (Metsorb) has recently 

been validated as a DGT adsorbent for measurement of total inorganic arsenic and selenium 
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(IV) (Bennett et al., 2010). The application of Metsorb, has also been evaluated for measuring 

dissolved phosphorus (Panther et al., 2010), aluminium (Panther et al., 2012) and uranium 

(Hutchins et al., 2012). This titanium dioxide based adsorbent is a good alternative to the 

ferrihydrite adsorbents that have commonly been used for accumulating dissolved reactive 

phosphorus (Panther et al., 2011). Zirconium oxide binding agent has recently been validated 

as a DGT adsorbent for measurement of oxyanions and phosphorus (Ding et al., 2010; Ding 

et al., 2016)  

 

A high-resolution, 2D colorimetric sulfide DGT technique developed by using computer 

imaging densitometry (CID) to quantify the accumulated mass of sulfide (as Ag2S(s)) by an 

AgI(s)-based DGT binding layer (Teasdale et al., 1999; Robertson et al., 2008),  facilitated the 

imaging of very complex heterogeneous patterns of sulfide in sediments at relatively small 

scales. This initially pale yellow or white binding layer becomes grey-black when the AgI 

reacts with sulphide to form black silver sulfide (Ag2S) (Stockdale et al., 2009).  The 

technique used computer imaging densitometry (CID) to relate the density of the colour 

change in the gel layer to accumulated sulphide concentrations (Robertson et al., 2008).  

 

It has also been shown that different binding reagents can be mixed to form a mixed binding 

layer (MBL) which is capable of binding to wider range of metals. DGT techniques with 

mixed binding layers have been developed to allow the simultaneous measurement of 

cationic metals and oxyanions in water, sediment or soil (Mason et al., 2005; Huynh et al., 

2012; Panther et al., 2013; Xu et al., 2013). The use of a single binding layer to 

simultaneously measure cations and oxyanions can overcome problems arising with 

measurement comparability, particularly for sediment which is highly heterogeneous at very 

fine spatial scales. The DGT approach has many advantages that have encouraged scientists 
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to utilise the method for measuring metal(loid) concentration and speciation. This thesis will 

apply the Chelex-Metsorb mixed DGT binding layer, which was developed by Panther et al. 

(2013) to investigate the mobilisation mechanisms of metal(loid)s in sediments. 

 

1.4.2. Advantages of the DGT technique  

DGT is an in situ passive sampling technique developed to measure the concentration of 

labile analytes (metals, nutrients) in water, sediment and soil. This technique obviates many 

problems associated with the other methods of sediment and water sampling and analysis, so 

has excellent potential as a routine environmental monitoring tool. Some of the advantages of 

DGT application, especially in sediments are mentioned below.  

 DGT techniques allow the in situ determination of target solute concentration profiles 

in sediment pore waters and provide two-dimensional distributions at higher spatial 

resolution than is typically possible employing conventional techniques (Zhang et al., 

1995; Teasdale et al., 1999; Robertson et al., 2008). High-resolution measurements, 

based on the diffusion of analytes into these passive samplers, allow a much smaller 

volume of sediment pore water to be sampled compared with traditional core slicing 

techniques (Stockdale et al., 2009). This allows fine-scale features of sediment to be 

observed without averaging, thus facilitating the investigation of small scale 

distribution of biogeochemical processes and cycles within the sediment (Robertson et 

al., 2008; Stockdale et al., 2009).   

 The DGT technique uses an analyte-specific binding gel layer to accumulate analytes 

in situ and allows quantification using sensitive laboratory instrumentation. Therefore, 

changes in the sample due to transport, storage and preservation can be reduced 

(Davison et al., 1994; Buffle and Horvai, 2000; Dunn et al., 2007).  
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 Due to the fact that only dissolved labile species can pass through the DGT diffusive 

layer, the speciation of metals can be investigated by manipulating the pore size and 

thickness of the diffusive layer and varying the DGT components (Zhang and 

Davison, 2000; Gimpel et al., 2001; Batley et al., 2004). Therefore, DGT can 

selectively measure metal speciation.  

 DGT can concentrate the analyte of interest to much higher levels than the bulk 

solution concentration, because the analytes are accumulated within the binding gel 

layer. Therefore, DGT can be used to determine trace and ultra-trace concentrations of 

contaminants, some of which may not have been detectable via conventional methods 

(Davison and Zhang, 1994; Zhang and Davison, 1995; Gimpel et al., 2001).  

 In situ nature of the DGT technique limits inaccuracies caused by removal and 

processing of sediment, particularly when determining profiles of reduced species that 

may be rapidly oxidized in air  (Robertson et al., 2008; Stockdale et al., 2009).  

 This technique can return data within an hour of probe retrieval (with colorimetric 

methods) and allows detailed, fine-scale study of heterogeneous sediment features at 

relevant spatial scales and does not require expensive or sophisticated equipment 

(Teasdale et al., 1999; Robertson et al., 2008). 

 

1.4.3. Limitations of the DGT technique  

Although the DGT technique has several advantages, it also has some limitations relating to 

the sediment analysis, which are described below. This makes it necessary to consider all 

restrictions prior to deployment to gain more accurate results. However, most of these can be 

easily addressed by considering the characteristics of deployment environments.  
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 Deployment of the probe into the sediment can introduce oxygen and thus locally 

alter the redox conditions, although if the probes are thoroughly deoxygenated and 

care is taken to not disturb the sediment (especially making sure the probe is in good 

contact with the sediment), the impact on the measurement is minimal. 

 Sediment disturbance and smearing (where surface sediment is dragged deeper into 

the sediment) on insertion (Zhang et al., 1995; Stockdale et al., 2010) may occur and 

impact the measured distributions. 

 The uptake rates can be limited due to the restricted diffusion and slow contaminant 

release from sediments (Harper et al., 1998; Zhang et al., 2002).  Fe(II), Mn(II), and 

sulfide concentrations (CDGT) can be equal to or lower than actual pore water 

concentrations, depending on the degree to which the pore water concentrations are 

sustained by biogeochemical processes, such as production or dissolution of solid 

phases, in response to the perturbation induced by DGT uptake of the analyte (Zhang 

et al., 2002; Motelica-Heino et al., 2003). 

 

1.5. Diffusive equilibration in thin-films (DET) technique 

Diffusive equilibration in thin-films (DET) is a passive sampling technique that uses a thin 

film of polyacrylamide hydrogel, typically less than 1 mm thick, which contains ≈ 95% water 

by weight (Davison et al., 1991; Davison et al., 2000). The device allows dissolved species in 

the adjacent pore water to equilibrate with the water within the gel matrix so that 

concentrations in the gel and pore water become equal (Davison and Zhang, 1994; Harper et 

al., 1997; Davison et al., 2000). The gel is usually covered by a membrane to protect and 

minimise fouling of the gel surface and the two layers are placed in a plastic holder for 

deployment (Davison et al., 2000). There are two types of DET samplers used, viz. 
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unconstrained and constrained. In unconstrained DET, the hydrogel layer is continuous and 

the solutes must be fixed upon removal of the sediment probe by soaking immediately in 

NaOH. This causes iron and manganese hydr(oxides) to precipitate and solutes to adsorb to 

these newly formed phases. The gel must then be dried and analysed directly by beam 

techniques such as proton-induced x-ray emission (PIXE) (Davison et al., 1991) which permit 

two-dimensional analysis. Otherwise, the gel must be sliced at the desired spatial resolution 

immediately after retrieval of the probe from sediments to avoid diffusional relaxation, back-

equilibrated with an appropriate eluent (e.g. Milli Q water) and analysed by techniques such 

as inductively coupled plasma-mass spectrometry (ICP-MS) (Harper et al., 1997; Davison et 

al., 2000). Diffusional relaxation refers to the tendency of dissolved ions in the gel to move 

from high concentration areas to low concentration areas due to diffusion, which will happen 

when the sediment processes are no longer present to maintain the profile/distribution 

(Davison et al., 1991). These relaxation effects can be overcome using constrained DET 

samplers, where the gel is arranged in adjacent separated compartments that are not in 

diffusional contact (Fones et al., 1998). However, both types of DET samplers can produce 

mm-resolution measurements in freshwater, estuarine and marine sediments.  

 

The DET technique was first developed to measure dissolved iron in sediment pore water 

(Davison et al., 1991) and has since been applied to measure large varieties of major ions and 

trace metals, for example Mn
2+

 and Fe
2+

 (Davison et al., 1994),  NO3
−
, SO4

2−
 (Krom et al., 

1994), NH4
+
 and alkalinity (Mortimer et al., 1998). The interest in DET for metals in 

sediments resulted in the development of high resolution, 2‐dimensional measurements of 

pore water iron(II) (Shuttleworth et al., 1999) and other analytes. More recently, colorimetric 

DET techniques have been developed based on the computer-imaging densitometry (CID) 

method (Teasdale et al., 1999), where a hydrogel equilibrates with the sediment pore water 
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and is immediately stained upon retrieval with an analyte-specific colorimetric reagent, 

scanned and the analyte concentrations determined by CID (Jézéquel et al., 2007). To date, 

colorimetric DET methods have been developed for iron(II) (Jézéquel et al., 2007; Robertson 

et al., 2008; Bennett et al., 2012), dissolved reactive phosphorus (Pagès et al., 2011), 

alkalinity (Bennett et al., 2015) and nitrite (Metzger et al., 2016) (Table 1.2). These methods 

have been demonstrated to be an accurate, sensitive and representative approach to measuring 

2D porewater solute distributions.  

 

The response time of the DET technique depends on the thickness of the diffusive or DET gel 

layer and how this interacts with the sediment response to the measurement perturbation 

(Harper et al., 1997) (i.e. the extent to which the pore water concentrations, having been 

depleted by diffusion into the passive samplers, are sustained by resupply from the sediment 

vs. diffusion). The analytes measured with colorimetric DET tend to be part of 

biogeochemical cycles that mean pore water concentrations are more likely to be sustained 

somewhat, especially over shorter deployment times. An equilibrium response time of several 

hours or less is, therefore, a reasonable estimate for these DET methods (Harper et al., 1997). 
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Table 1.2. Different types of colorimetric Diffusive equilibration in thin-films (DET) 

methods 

Analyte Staining method References 

Iron(II) Ferrozine (3-(2-pyri- 

dyl)-5,6-diphenyl-1,2,4-triazine-p,p'-disulfonic 

acid) 

Jézéquel et al. (2007) 

Robertson et al. (2008) 

Bennett et al. (2012) 

Phosphate sulfuric acid solution, 

potassium antimonyl tartrate solution,  

ammonium heptamolybdate solution  

ascorbic acid 

Pagès et al. (2011) 

Alkalinity Bromophenol blue sodium salt,  

Formic acid 

An ionic strength buffer 

Bennett et al. (2015) 

Nitrite Griess method –  

sulfanilamide  

N-1-naphthylethylenediamine dihydrochloride 

(NEDD)  

HCl  

Metzger et al. (2016) 

 

 

An important process to consider with DET interpretations is lateral diffusional relaxation of 

the solute distributions (Harper et al., 1997). Minimum resolution is determined by the 

thickness of the gel due to lateral diffusion during the deployment (Harper et al., 1997; 

Davison et al., 2000; Robertson et al., 2008). There is a greater opportunity for lateral 

diffusion (i.e. relaxation of a feature) along the distance that solutes have to diffuse across in 
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DGT (or equilibrate within for DET) and this diffusion simply occurs in the opposite 

direction to a concentration gradient due to random movements. Further diffusional 

relaxation of solute distributions within the gel layer occurs after removal from the sediment. 

The latter term refers to the tendency of dissolved solutes within the gel to diffuse from high 

concentration areas to low concentration areas (Davison et al., 1991). The degree of this 

relaxation in the distribution(s) depends on the time between retrieval and the fixing and 

staining of the target solute (Robertson et al., 2008; Robertson et al., 2009).  

 

1.5.1. Combined DET-DET and DET-DGT for investigation of sediment 

biogeochemistry 

As multiple DET and/or DGT hydrogels can be combined within a single device, the use of 

combined DET-DGT and DET-DET techniques has been an important development allowing 

simultaneous measurement of solute co-distributions in the same sediment sample (Jézéquel 

et al., 2007; Robertson et al., 2008; Robertson et al., 2009; Pagès et al., 2011) (Fig. 1.7). Due 

to the heterogeneity of many sediments, this allows better interpretation of biogeochemical 

processes. This technique can return data within an hour of probe retrieval (with 

colourimetric methods), allows detailed, fine-scale study of heterogeneous sediment features 

at relevant spatial scales and does not require expensive or sophisticated equipment 

(Robertson et al., 2008; Pagès et al., 2011).  

 

Iron(II) and sulfide distributions are useful for determining sediment redox zonation and to 

understand the dominant biogeochemical processes occurring within the sediment. The 

combined DET-DGT technique integrates colourimetric iron(II) determination with sulfide 

DGT to enable simultaneous measurement of these two key species in two dimensions at high 
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resolution in the sediment, with the DET also serving as the diffusive layer for the underlying 

sulfide DGT (Robertson et al., 2008; Robertson et al., 2009; Pagès et al., 2011; Pagès et al., 

2012). Robertson et al. (2008) and Robertson et al. (2009) used combined DET-DGT 

technique to investigate the effect of benthic organisms on the co-distributions of iron(II) and 

sulfide in coastal sediments. Pagès et al. (2011) and Pagès et al. (2012) developed a 

colorimetric DET method for phosphate and applied it with iron(II) DET and sulfide DGT to 

obtain high-resolution, two-dimensional distributions of these solutes in a seagrass 

rhizosphere . Some of these studies showed that there were some sediment zones where both 

dissolved sulfide and iron(II) appeared to co-occur (Robertson et al., 2008; Robertson et al., 

2009; Pagès et al., 2011; Pagès et al., 2012), which is somewhat unlikely as these analytes 

readily react and precipitate (Luther, 1991). This could be due the different nature of the 

iron(II) DET and sulfide DGT techniques as DGT is a time-integrated method, which 

responds to all pore water concentrations encountered over the entire deployment period. In 

contrast, DET is an equilibration method that predominantly reflects conditions over a period 

of time prior to the probe retrieval. As a result, the simultaneous DET and DGT 

measurements may not be contemporary, which the frequent co-occurrence of sulfide and 

iron(II) at the same location on the gels suggests (Robertson et al., 2008; Robertson et al., 

2009; Pagès et al., 2011; Pagès et al., 2012). Therefore, an aim of this thesis will be to 

develop a DET technique for imaging the distribution of pore water sulfide that allows more 

contemporary measurements of co-distributions with other analytes. 

 

The study of the distributions of contaminated metals in sediment is a challenging and 

complex area due to sediment heterogeneity. Recent measurements of trace metals at fine 

spatial resolution have shown very small scale (approx. millimetre) sites of metal release, 

superimposed on systematic vertical changes associated with redox zones (Davison, 1991; 
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Shuttleworth et al., 1999; Taillefert et al., 2000; Fones et al., 2001). This new combined 

DET-DGT technique provides valuable insight into the distribution of pore water metals 

within heterogeneous sediment, and the mechanisms of metal mobilisation from microniches 

attributable to changing redox conditions (Motelica-Heino et al., 2003; Naylor et al., 2004). 
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Fig. 1.7. Two-dimensional distributions of (a) iron(II) and sulfide (Robertson et al., 2008), (b) iron(II) 

and phosphate (Pagès et al., 2011), and (c) iron(II) and alkalinity (Bennett et al., 2015) in sediment 

pore water. 
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1.6. Objectives  

The purpose of this study was to evaluate the capability of in situ DET and DGT passive 

samplers to investigate iron(II) and sulfide distributions (representing two major 

biogeochemical zones) and trace metal mobilisation processes within heterogeneous coastal 

sediments. The passive sampler results will be compared with results obtained using 

conventional ex situ sampling and analysis methods; the data obtained and artefacts 

associated with each measurement approach will be evaluated. More specially, the primary 

objectives of the study are to:  

 

1) Investigate the iron(II) and sulfide distributions in a range of coastal zone sediment 

habitats with greater replication than previous studies to establish whether a ‘typical’ 

biogeochemical distribution can be described and to quantify the degree of 

heterogeneity present (Chapter 2).  

 

2) Systematically compare the DET-DGT technique with conventional core sampling 

methods by measuring pore water iron(II), metal(loid)s, and sulfide concentrations in 

heterogeneous coastal sediment and evaluate the capabilities and limitations of each 

measurement approach (Chapters 3 and 4). 

 

3) Investigate the mobilisation/sequestration mechanisms of metals and oxyanions in 

contaminated marine sediment in relation to the distributions of the major redox 

active species present in marine sediments (iron(II), manganese(II) and sulfide) 

(Chapter 4).   
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4) Develop and evaluate a new colorimetric diffusive equilibration in thin films (DET) 

method for measuring dissolved sulfide concentrations in sediment pore waters to 

minimise the overlaps between iron(II) and sulfide co-distributions by measuring 

contemporary co-distributions with iron(II) DET (Chapter 5).  
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Chapter 2. Representative measurement of pore water solute 

distributions with colorimetric passive sampler techniques: 

improving our understanding of sediment heterogeneity and 

biogeochemical processes 
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Abstract 

Coastal zone sediments are very complex, dynamic and diverse ecosystems. They typically 

have high microbial productivity that is disturbed in some locations by the presence of 

burrowing macro- and micro-invertebrate populations and benthic plants, which induce 

heterogeneity. In metabolically active heterogeneous sediment, the distance between the oxic 

and anoxic sulfidic layers may be as short as a few millimeters or oxic and anoxic 

microniches may occur at the same depth, but in laterally separated zones. The DET 

(diffusive equilibration in a thin film) and DGT (diffusive gradients in a thin film) methods 

that measure two-dimensional, high-resolution distributions of pore water solutes have 

facilitated investigation of this fine-scale spatial heterogeneity within sediments and the role 

such heterogeneity plays in biogeochemical processes. Combined colorimetric DET-DGT 

techniques were used to measure the iron(II) and sulfide distributions in three coastal zone 

sediment habitats (seagrass meadow, mangrove, and estuarine mud-bank) with high 

replication to investigate the effect of heterogeneity on identifying a representative 

biogeochemical distribution. A typical distribution pattern was not deduced with respect to 

the iron(II) or sulfide from each sediment habitat due to the high degree of sediment 

heterogeneity present. The degree of heterogeneity was measured quantitatively using a 

texture analysis method (gray level co-occurrence matrix) and the results confirmed that the 

sediments of these three benthic habitats were highly heterogeneous but were not able to 

provide much further distinction over qualitative analysis.  

 

Keywords: diffusive equilibration in thin films; diffusive gradients in thin-films; sediment 

biogeochemistry; environmental variability; gray level co-occurrence matrix. 
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1. Introduction 

Sediments of coastal zone water bodies are highly complex and dynamic ecosystems. They 

typically have high microbial productivity in the surface sediment layer due to the 

accumulation of high organic matter content (van Duyl and Kop, 1994; Fenchel et al., 1998). 

Consequently, microbial respiration rates can be high near the sediment-water interface 

(SWI) and thus, the oxygen concentration can be quickly depleted. Organic matter 

mineralisation in sediments is driven by microbial respiration (Canfield, 1989), utilising 

various electron acceptors such as O2, NO3
-
, Mn(IV), Fe(III), and SO4

2-
 in order of energy 

yield derived (Fenchel et al., 1998; Melton et al., 2014). The reduced products of the 

anaerobic respirations (NO2
-
, N2, Fe(II), Mn(II) and S

2-
) define the major biogeochemical 

processes and zones within sediment (Kristensen, 2000). The vertical distribution of these 

biogeochemical zones is dramatically modified by the presence of burrowing macro- and 

micro-invertebrates and benthic plants, introducing considerable heterogeneity into the pore 

water solute distributions (Aller, 1994; Kristensen, 2000; Kristensen and Kostka, 2005). 

Many benthic organisms engage in bioturbation (burrowing) and bioirrigation processes. The 

formation of biogenic structures results in complex, three-dimensional distributions of redox-

active pore water solutes around those structures (Aller, 1982; Robertson et al., 2009). 

 

In metabolically active heterogeneous sediments, biogeochemical zones (oxic, sub-oxic, and 

anoxic) may transition both vertically and horizontally over millimetres (Frederiksen and 

Glud, 2006; Robertson et al., 2008; Robertson et al., 2009; Pagès et al., 2011; Pagès et al., 

2012; Murphy and Reidenbach, 2016) and complex mosaics of biogeochemical zones can 

form over many centimetres (Aller, 1982; Frederiksen and Glud, 2006; Robertson et al., 

2008). Conventional approaches to sediment sampling and measurement typically provide 

one-dimensional profiles of pore water solutes at resolutions ≥1 cm (Brendel and Luther, 
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1995; Stockdale et al., 2009). Therefore, in sediment with complex, three-dimensional 

heterogeneity (Aller, 1982), it can be extremely difficult to examine the fine-scale chemical 

distributions of important species such as O2, Fe(II), Mn(II) and S
2-

 using conventional 

measurements (Widerlund and Davison, 2007; Robertson et al., 2008; Robertson et al., 2009; 

Stockdale et al., 2009; Kankanamge et al., 2017). The investigation of such complex 

sediment processes would therefore, benefit from two-dimensional (2D), representative 

measurement techniques. 

 

Hydrogel-based passive sampling techniques, such as diffusive equilibration in thin-films 

(DET) and diffusive gradients in thin-films (DGT), allow one- or two-dimensional 

measurements of pore water solutes at high-resolution (mm or sub-mm) (Davison et al., 

1997; Fones et al., 1998; Shuttleworth et al., 1999). The DET technique makes use of a 

polyacrylamide hydrogel (~95% water), typically less than 1 mm thick (Davison et al., 1991; 

Davison et al., 2000), which equilibrates with pore water solutes during deployment (Davison 

and Zhang, 1994; Harper et al., 1997; Davison et al., 2000). There are two types of DET 

samplers used: i) unconstrained, where the hydrogel layer is continuous and the solutes must 

be fixed upon removal or the gel must be sectioned quickly to avoid diffusional relaxation 

(Davison et al., 1991; Harper et al., 1997; Davison et al., 2000), and ii) constrained, where the 

gel is arranged in adjacent separated compartments that are not in diffusional contact (Fones 

et al., 1998). Colorimetric (unconstrained) DET techniques have also been developed using 

the computer-imaging densitometry (CID) method (Teasdale et al., 1999), where a hydrogel 

equilibrates with the sediment pore water and is immediately stained upon retrieval with an 

analyte-specific colorimetric reagent, scanned and the analyte concentrations determined by 

use of a calibration curve (Jézéquel et al., 2007; Robertson et al., 2008). 
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The DGT technique relies on a  dynamic accumulation of analytes by a selective binding 

agent within a binding gel after diffusing across a diffusive gel layer of known thickness 

(Davison and Zhang, 1994). The time-integrated solute concentration (CDGT, see section 2.4) 

at the interface of the device can be determined from the accumulated analyte mass and the 

DGT equation, which is derived from Fick’s first law of diffusion (Zhang and Davison 1995). 

A high-resolution, 2D colourimetric sulfide DGT technique developed by using computer 

imaging densitometry (CID) to quantify the accumulated mass of sulfide (as Ag2S(s)) by an 

AgI(s)-based DGT binding layer (Teasdale et al., 1999; Robertson et al., 2008),  facilitated the 

imaging of very complex heterogeneous patterns of sulfide in sediments at relatively small 

scales.  

 

The application of combined colorimetric DET-DGT techniques that allow simultaneous 

measurements of iron(II)/phosphate and sulfide have been described previously for coastal 

sediments (Robertson et al., 2008; Robertson et al., 2009; Pagès et al., 2011; Pagès et al., 

2012) in which a high degree of heterogeneity is normally observed across replicate 

measurements. Previous studies have largely provided a qualitative description of the 2D 

solute distributions. This study has continued this approach with greater replication to 

establish whether a ‘typical’ biogeochemical distribution can be described and also aims to 

quantify the degree of heterogeneity present in a range of coastal zone sediment habitats 

(seagrass meadow, mangrove, and estuarine mud-bank) using texture analysis (gray level co-

occurrence matrix) of the 2D distributions of iron(II) and sulfide. 
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2. Materials and methods 

2.1. Description of study sites 

This study made measurements at three sites on the Gold Coast, Queensland, Australia that 

represent different shallow estuarine habitats: a seagrass meadow, a mangrove forest, and an 

estuarine mud-bank (Fig. S1). The first site was located in a moderately dense but patchy, 

shallow sub-tidal seagrass (Zostera muelleri) meadow near the mouth of Loders Creek in the 

Southport Broadwater (27
o 

57.412’S, 153
o
 24.104’E). Seagrass meadows, mainly Zostera 

muelleri, occupy approximately 304 ha of the intertidal and shallow sub-tidal zones of the 

Broadwater (McLennan and Sumpton, 2005). Seagrass beds are highly diverse, productive 

and dynamic ecosystems, and provide habitats and nursery grounds for different types of 

associated fauna, including molluscs, bristle worms, and nematodes (Orth et al., 1984; 

Emmett Duffy et al., 2003). The sediment was composed primarily of fine and medium 

sands, with a low silt content and was rich in both organic matter (33.5 ± 6.4% LOI550 (loss-

on-ignition at 550 °C)) and carbonates (Pagès et al., 2012). 

 

The second study site was a mangrove forest adjacent to the edge of the east shore of 

Coombabah Lake (27
o 

54.324’S, 153
o
 21.126’E), a semi-urbanised, sub-tropical, shallow, 

estuarine lake. Coombabah Lake is open for exchange with the Pacific Ocean via the 

Coomera River, the Broadwater and Moreton Bay (Dunn et al., 2007; Dunn et al., 2008). The 

lake catchment covers an area of ~44 km
2
, while the area of the lake is about 2 km

2
 (Dunn et 

al., 2008) with the fringe dominated by mangroves and salt marshes. This mangrove forest is 

dominated by a single species; Avicennia marina. The root system of A. marina consists of 

pneumatophores (pencil roots) coming up from the surface sediment layer. The sediment was 

composed of silt and clay with moderately high organic matter content (8.0 ± 0.42% LOI550) 

(Dunn et al., 2008).  

http://en.wikipedia.org/wiki/Ecosystem
http://en.wikipedia.org/wiki/Mollusk
http://en.wikipedia.org/wiki/Bristle_worm
http://en.wikipedia.org/wiki/Nematode
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The third site was an inter-tidal mud bank of Saltwater Creek (27
o 
53.517’S, 153

o
 20.222’E), 

a micro-tidal estuarine creek with an urbanised and modified freshwater catchment located 

within southern Moreton Bay (Australia) (Dunn et al., 2013). Saltwater Creek is 

approximately 17 km long, flowing from Nerang State Forest to the Coombabah Creek 

estuary confluence which connects to the Coomera River and the Gold Coast Broadwater. 

The creek experiences a wide range of hydrodynamic conditions and sediment loadings 

according to inflow conditions, complicated by interactions with the Coomera River system 

(Webster and Lemckert, 2002). The intertidal zone of the upper estuary creek is typically 

turbid due to bioturbating organisms (Tomlinson et al., 2006). This site is downstream of the 

Helensvale Wastewater Treatment Plant, which was closed in year 2000. Sediment at this site 

was composed of silt and fine sand, with moderate organic matter (8.0 ± 2.2% LOI550).  

 

2.2. Preparation of DET and DGT gels, and assembly of combined DET-

DGT probes  

All solutions were prepared using ultra-pure deionised water (Milli-Q Element, Millipore, 

>18 MΩ•cm). All the equipment, including the plates used for gel casting and DET-DGT 

probe components, were cleaned by soaking in 10% (v/v) HNO3 (AR grade, Merck) acid for 

24 h, rinsed thoroughly with water and dried before each use.  

 

Bisacrylamide-cross linked polyacrylamide diffusive gels (also iron(II)-DET), DGT-sulfide 

binding gels and ferrozine staining gels for colorimetric iron(II) analysis (all of 0.8 mm final 

thickness) were prepared as previously described (Section S1 & S2) (Robertson et al., 2008). 

Gels were stored in deionised water, which was changed several times in the first 24 h, and 

refrigerated at ˂4°C until assembly.  
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The DET-DGT probes used to determine sulfide and iron(II) co-distributions were custom-

made from PVC with a 170 mm  × 80 mm exposure window (Robertson et al., 2008). 

Sediment DET-DGT sampling probes were assembled with the DGT-sulfide binding gel at 

the rear of the probe and overlain with a diffusive gel, which also served as a DET for 

iron(II), and a 0.45 µm pore size polysulfone filter (Supor; VWR Australia) of 0.1 mm 

thickness (Robertson et al., 2008; Robertson et al., 2009; Pagès et al., 2012). The combined 

thickness of the diffusive gel and membrane filter (0.09 cm) was used for all DGT 

calculations. Six large DET-DGT probes were prepared for each study site. 

 

2.3. Deployment of combined DET-DGT probes  

DET-DGT sediment probes were deoxygenated overnight in 0.7 M NaCl (Chem Supply, AR 

Grade) prior to all deployments, by sparging vigorously with high-purity nitrogen gas. This 

ensured oxygen was not introduced into the sediment upon deployment (Zhang et al., 2002; 

Leermakers et al., 2005). Field deployments of the six large DET-DGT sediment probes in 

seagrass meadows, mangrove forest, and estuarine mud-bank sites were conducted on 1, 17 

and 29 April 2014, respectively. The six probes were deployed within an area of 

approximately 1 m
2 

that was selected according to the site specification eg. a good seagrass 

patch was selected from the Loders Creek seagrass site. However, we can’t claim this 

selected 1 m
2 

to be representative of the site or habitat as a whole. All field deployments were 

for approximately 24 h (exact time recorded). DET-DGT probes were carefully deployed to 

minimise disturbance to the SWI and sediment translocation, with 2 - 3 cm of the probe 

window above the SWI. 
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2.4. Analysis of iron(II) and sulfide co-distributions 

Probes were immediately washed upon retrieval with deionised water to remove sediment. A 

new stainless steel scalpel was used to quickly cut the gel layers from the probe window. 

Colorimetric analysis of the iron(II) DET gel was done immediately, while the sulfide 

binding gel was stored in the dark at 4 °C until analysis. Determination of iron(II) 

concentration and distribution was performed using the method of Robertson et al. (2008), as 

modified by Bennett et al. (2012a). Upon removal, the diffusive gels were immediately 

transferred to a plastic transparency sheet and overlain with a hydrogel that had been 

equilibrated with ferrozine reagent (0.001 M Ferrozine and 0.1 M acetic acid (pH 2.87)) for 

12 h. A second transparency sheet was placed over the top to cover the staining gel. The 

characteristic magenta colour of ferrozine-iron(II) complex was allowed to develop for 10 

mins before the gels were scanned. 

 

Quantification of iron(II) distributions was done using the computer imaging densitometry 

(CID) method (Teasdale et al., 1999; Bennett et al., 2012b). The stained gel assembly was 

scanned with the sample gel face down on a conventional flat-bed scanner at 300 dpi 

(CanoScan LiDE 20) using GIMP software. The scanned image was converted to grayscale, 

using the red output channel, resised so that 1 pixel equalled 1 square millimetre and saved as 

a tagged image file format (TIFF). This image was imported into Image J software, and 

converted into grayscale intensity values as a text file. The grayscale values were corrected 

for the blank value by subtracting the lowest measured grayscale value, which was 

determined by averaging the grayscale values corresponding to the water layer. Then, the 

grayscale intensity values were converted to iron(II) concentrations using the appropriate 

grayscale versus concentration calibration curve (determined by staining and scanning small 

gel pieces equilibrated with calibration standards prepared at 0, 10, 20, 50, 75, 100, 200, 500, 
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1000, 2000 µmol L
-1

 iron(II)) (Robertson et al., 2008; Bennett et al., 2012a) and the final 2D 

profiles for iron(II) were produced using MATLAB software (Version R2012a). 

 

The sulfide binding gels were soaked in a 0.01 M solution of hydroxylamine hydrochloride 

for 12 h to remove colour from oxidised iron compounds before scanning. The gels were then 

scanned at a resolution of 300 dpi. The quantification of sulfide was done by computer 

imaging densitometry (CID) (Teasdale et al., 1999; Robertson et al., 2008; Bennett et al., 

2012a). Grayscale values were converted to the sulfide uptake values (US(II)) according to the 

calibration method described by Robertson et al. (2008) by using equation 1: 

 

where M is the mass of sulfide, A is the area of uptake and Ig is grayscale intensity. Sulfide 

concentrations were calculated (as CDGT) using a modified form (Teasdale et al., 1999; 

Robertson et al., 2008) of the DGT equation (equation 2) (Davison and Zhang, 1994; Zhang 

and Davison, 1995).  

 

                                      

 

where Δg is the diffusive path length (cm), D is the diffusion coefficient (cm
2
 s

–1
) for sulfide 

at the temperature of the deployment (Li and Gregory 1974), and t is time (s). Sulfide 

distributions were generated using MATLAB software (Version R2012a) as mm-resolution, 

2D filled contour plots. 

 

 

1. 

2. 
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2.5. Analysis of degree of heterogeneity using texture analysis 

The gray-level co-occurrence matrix (GLCM) (Marceau et al., 1990; Soh and Tsatsoulis, 

1999; Lloyd et al., 2017) texture analysis method was used to provide a quantitative analysis 

of heterogeneity and other features of the data obtained in this study. Texture represents the 

spatial properties of the images and can be simply defined as the relationships between grey 

level intensities in neighbouring pixels which contribute to the overall appearance of the 

image (Thomas, 1977; Marceau et al., 1990). This texture analysis builds upon the Haralick 

texture features, such as energy (angular second moment), contrast, correlation, homogeneity 

(inverse difference moment), and entropy, which describe specific textural characteristics of 

the image using statistics  (mathematical definitions are described in Section S3) (Haralick 

and Shanmugam, 1973; Haralick, 1979; Soh and Tsatsoulis, 1999). These textural features 

can be computed from the GLCM. This texture analysis was conducted in Image J software 

using the “GLCM plugin”. The TIFF images of the iron(II) and sulfide (described in section 

2.4) were used as the input for the Image J software and converted into an 8 bit image and 

then run with the GLCM plugin. The GLCM method requires some variables directly 

associated with it to run the software; the size of the moving step in pixel (1 pixel) and 

direction of the step (180
o
). GLCM analysis was conducted on all the images of the three 

study sites. 

 

2.5.1. Statistical analysis 

The textural parameters from GLCM analysis were statistically tested using a one-way 

ANOVA with post-hoc tests in SPSS (IBM SPSS Statistics 21). Prior to all statistical 

analyses, data were checked for normal distribution and homoscedasticity using Q-Q plots 

and Levene’s test.   
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3. Results and discussion 

3.1. Characterise the sediment habitats using two-dimensional co-

distributions of iron(II) and sulfide   

3.1.1. Deployments in seagrass sediment 

The 2D distributions of iron(II) and sulfide derived from five replicate probes (one replicate 

was not measurable) deployed in a seagrass meadow are shown in Fig. 1 and Fig. S2. To 

produce the best image of the heterogeneity, the scale of the 2D plots was optimised in 

MATLAB. Iron (II) and sulfide distributions of seagrass sediments exhibited a high degree of 

variability within the seagrass-rhizosphere, with many of the distributions being characterised 

by "hotspots" of varying concentrations and sizes.  

 

The iron(II) distribution of probe 1 (Fig. 1) which is an example from the five replicate 

probes deployed in the seagrass sediments shows a broadly dispersed, highly concentrated 

area of ~450 µmol L
-1 

between 30-100 mm depth. Most of the other regions had background 

concentrations of ~200 µmol L
-1 

with some regions <100 µmol L
-1

. Two small hot spots were 

apparent between 20-30 mm and 60-70 mm depth with the highest concentration around 950 

µmol L
-1

. Sulfide distribution is mostly prominent on the right-hand side of the probe with 

the concentration around 40 µmol L
-1

. A relatively large hot spot is apparent between 40-80 

mm depth and a relatively small hot spot is apparent between 10-20 mm, near to the SWI, 

with the maximum concentration of  105 µmol L
-1

.  
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Fig. 1. Two-dimensional co-distributions of iron(II) and sulfide from probe 1 in a Zostera muelleri 

seagrass bed in Loders Creek, Broadwater. Numbers indicate the location of the specific sediment 

features (marked with dashed lines) discussed in the text. Approximate position of the SWI is shown 

by the horizontal dotted line. 

 

Iron(II) was apparent in all five replicates from the seagrass sediment, with varied 

background concentrations of 100-150 µmol L
-1

 and varied maximum iron(II) concentrations 

of 350-950 µmol L
-1

. Small hotspots were observable in all five iron(II) distributions; 

possibly due to some decaying organic matter (Aller, 1982; Robertson et al., 2009). Two 

relatively small and prominent hot spots were apparent in the upper region of the iron(II) 

distribution of probe 2 with maximum iron(II) concentrations of ~800 µmol L
-1

 (Fig. S2). 

Small hotspots were apparent in the middle region of the iron(II) distribution of probe 3 with 

maximum iron(II) concentration of around 300 µmol L
-1

. The sulfide concentration was fairly 

high and variable (20-100 µmol L
-1

) in the seagrass sediments. Relatively large sulfide hot 
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spots were apparent in the distributions of probes 1 and 5 while other distributions exhibited 

relatively small sulfide hot spots.                         

 

Interesting vertical structures are apparent in the iron(II) distributions of probe 1 (structure 1 

and 2, Fig. 1) and probe 2 (structure A and B, Fig. S2) with very low or zero iron(II) 

concentration. These structures also appear in the sulfide distributions (clearly visible in 

scanned sulfide gels; Fig. S3) and are likely to be major roots of Zostera muelleri in contact 

with the DET-DGT probe window during the deployment (Robertson et al., 2009; Pagès et 

al., 2011; Holmer et al., 2017). A well-developed root system of Zostera muelleri with 

average length of 11.3 ± 5.6 cm (Campbell and McKenzie, 2004) has spread over the 

sediment system and binds with the sediment particles. Oxygen produced in the seagrass 

leaves is transported to their root system through a system of air-filled lacunae, which 

facilitates oxidation of the rhizosphere (Frederiksen and Glud, 2006; Borum et al., 2007; 

Pagès et al., 2012), and as a result, the iron(II) adjacent to the roots becomes depleted. 

 

All five replicate distributions of iron(II) and sulfide from the seagrass sediments differed, 

with iron(II) and sulfide found at different depth levels with varied concentrations. This 

variability in iron(II) and sulfide distributions appeared to be due to the activity of the 

seagrass roots and rhizomes (probes 1 and 2), associated macrofauna, and particulate organic 

matter, such as dead roots or faunal faecal pellets. Consequently, a typical distribution pattern 

was not found with respect to the depth of iron(II) or sulfide within the sediment.  

 

Some iron(II) distributions from Loders Creek seagrass sediments showed artefacts; brown or 

black colouration where iron(II) had come in contact with dissolved oxygen or sulfide, and 

precipitated as Iron(III) oxide or iron monosulfide, respectively. These artefacts relate to the 
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dynamic nature of this sediment. Oxygen is transported from seagrass leaves to their root 

system and therefore the rhizosphere experiences diel shifts in redox conditions, with 

increased oxygen during the day and increased sulfide at night (Pagès et al., 2012). The rust 

colouration on some samplers deployed at this site was likely due to the formation of iron(III) 

hydr(oxides) and the black deposit likely due to the formation of FeS; both indicate the 

presence of dissolved Fe(II) at some stage during the deployment (Kankanamge et al., 2017).  

 

3.1.2. Deployments in mangrove sediment 

The 2D distributions of iron(II) and sulfide derived from the five replicate DET-DGT probes 

deployed in the mangrove forest in the Coombabah Lake site are shown in Fig. 2 and Fig. S4. 

One probe was damaged during the gel scanning process and was not included in the 

analyses. There was an extraordinary degree of heterogeneity observed within both iron(II) 

and sulfide distributions in the mangrove sediments. 

 

The iron(II) distribution of probe 1 (Fig. 2) which is an example from the five replicate 

probes from mangrove sediments shows relatively high concentrations through the sampled 

area with background concentrations of about 400 µmol L
-1

 and regions of <200 µmol L
-1

. A 

large hotspot spread throughout the upper layer of the iron(II) distribution from near the SWI 

down to 40 mm depth with maximum iron(II) concentrations of >800 µmol L
-1

. The sulfide 

distribution shows maximum concentrations of ~60 µmol L
-1

 in two small hotspots in the 

bottom left corner of the probe with widespread background concentrations of 10-20 µmol L
-

1
.  
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Fig. 2. Two-dimensional co-distributions of iron(II) and sulfide from probe 1 in mangrove sediment at 

Coombabah Lake. A specific sediment feature discussed in the text is marked with black dashed lines. 

The approximate position of the SWI is shown by the horizontal dotted line. 

 

The replicate iron(II) distributions of the mangrove sediments were characterised by large 

and irregularly shaped hotspots at different sediment depths. The iron(II) distribution of 

probe 2 exhibited very obvious hotspots from the top to the bottom of the left-hand side of 

the probe while the iron(II) distribution of probe 3 also showed a large hotspot on the right-

hand side of the probe, near the SWI. The measured concentrations of iron(II) in these 

hotspots typically varied between 500-700 µmol L
-1

. Iron(II) distributions of probes 3, 4, and 

5 also showed some irregular shaped hotspots, spread throughout the area of the distributions 

with varied concentrations of 400-700 µmol L
-1

. Relatively high background concentrations 

appeared in large regions of iron(II) distributions (200-400 µmol L
-1

) while some areas 

appeared to have relatively low background concentrations (<200 µmol L
-1

). The sulfide 

concentration was relatively high and varied in the mangrove sediments. Sulfide was present 
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mostly in the lower part (deeper sediments) of the distributions, below 50 mm depth level, 

with the exception of probe 4. One or two small hotspots were apparent in each sulfide 

distribution with the highest sulfide concentration varying between 60-110 µmol L
-1

 and 

large regions with background concentrations of 10-40 µmol L
-1

. 

 

Some specific structures, such as animal burrows, were observed within the iron(II) 

distributions of probe 1, probe 3, and probe 5 (Fig. 2 and Fig. S4), near the SWI. There were 

numerous macrofaunal burrow openings near the probe deployments. Oxic water can intrude 

into sediment through the bioirrigation of macrofaunal burrows (Kristensen, 2000; 

Wenzhöfer and Glud, 2004) and thus, iron(II)  concentration  can be depleted by oxidation 

near the burrow walls. 

 

All five replicate distributions of iron(II) from mangrove sediment showed a high degree of 

vertical and lateral variability, with many of the distributions being characterised by the 

presence of "hotspots" of varying concentrations and sizes at different depth levels.
 
This 

variability in iron(II) distributions was proposed to be due to the mangrove roots, 

macrofaunal burrows and particulate organic matter such as dead roots, dead mangrove 

leaves or faunal faecal pellets. Sulfide was present mostly in the lower part of the 

distributions and not often found in shallower depths.  

 

3.1.3. Deployments in mud-bank sediment 

The two-dimensional distributions of iron(II) and sulfide derived from four replicate probes 

deployed in the mud-bank of the Saltwater Creek site are shown in Fig. 3 and Fig. S5. One 

probe was damaged during the deployment and one replicate was not analysed due to some 

artefacts appearing in the distributions.  

(c) (b) (a) 
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The iron(II) distribution of probe 1 which is an example from the five replicate probes from 

the mud-bank sediment (Fig. 3) showed relatively high background iron(II) concentrations 

(200-500 µmol L
-1

) from the SWI to the bottom of the probe with several small hotspots up to 

1000 µmol L
-1

 mostly located in the lower part of the probe. Sulfide concentration was 

generally low and localised in in the bottom left corner with a hotspot of concentration ~40 

µmol L
-1

. 

 

 

Fig. 3. Two-dimensional co-distributions of iron(II) and sulfide from probe 1 in a mud-bank sediment 

in Saltwater Creek. The approximate position of the SWI is shown by the horizontal dotted line. 

 

The iron(II) and sulfide distributions of the mud-bank sediments showed a fairly high degree 

of variability, with many of the distributions being characterised by "hotspots" of varying 

concentrations and sizes. Probes 2 and 4 (Fig. S5) showed moderately large hot spots in 

iron(II) distributions with concentrations between 500-1200 µmol L
-1

 while probe 3 showed 
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fairly small iron(II) hotspots in the lower part of the distribution, possibly associated with 

heterogeneously distributed decaying particulate organic matter (Aller, 1982; Robertson et 

al., 2009). Sulfide concentration was generally low in the mud-bank sediments and showed 

small hotspots, especially in probes 2 and 4, with the highest sulfide concentration around 50 

µmol L
-1

.  

 

Iron(II) and sulfide distributions of the mud-bank sediments were not characterised with any 

specific features, such as animal burrows, although several burrowing organisms have been 

reported in studies of Saltwater Creek sediments (Dunn et al., 2013).  Generally, sulfide 

concentration is low in Saltwater Creek sediments. However, these four replicate 

measurements of iron(II) and sulfide co-distributions differ from one another and show 

complex heterogeneity of the mud-bank sediments. 

 

3. 1. 4. Overlaps between iron(II) and sulfide co-distributions 

Most of the co-distributions of iron(II) and sulfide from all three sites showed some degree of 

overlap between iron(II) and sulfide distributions, as has previously been observed in studies 

(Robertson et al., 2008; Robertson et al., 2009; Pagès et al., 2011; Pagès et al., 2012). 

However, actually overlap in distributions is unlikely as these analytes readily react and 

precipitate, even at low concentrations (pKs = 19) (Davison et al., 1999).  Iron(II) and sulfide 

hotspots in probe 2 and 3 from seagrass sediment are mostly overlapped with each other. 

Iron(II) and sulfide distributions of the probe 3, 4, and 5 from the mangrove sediment also 

showed significant overlaps in some areas.  

 

The observed overlaps could be due to differences in how DET and DGT respond to changes 

in distributions over time and interact with sediment. DGT-sulfide concentrations are a time-
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integrated measurement over the entire deployment time, whereas DET-iron(II) 

concentrations more strongly represent conditions toward the end of the deployment period. 

As a result, coincident zones of co-occurring iron(II) and sulfide appeared, when it is more 

plausible that sulfide and iron(II) were present at different times during the deployment 

(Robertson et al., 2008; Robertson et al., 2009; Pagès et al., 2011; Pagès et al., 2012). 

 

 

3.2. Comparison of pore water iron(II) and sulfide distributions between 

different sediment habitats 

Two-dimensional iron(II) and sulfide distributions derived from DET-DGT replicate 

deployments in seagrass, mangrove, and estuarine mud-bank sediments showed highly 

variable distributions and thus, typical biogeochemical zones were generally not found with 

respect to the depth of iron(II) or sulfide within the sediment. Generally, the iron(II) 

dominant sub-oxic zone is found at shallower depths while the sulfide dominant anoxic zone 

occurs at comparatively deeper depths. To compare the iron(II) and sulfide distributions and 

concentrations between sediment habitats, mean depth profiles of iron(II) and sulfide were 

derived by laterally averaging the replicate 2D distributions to generate 1D profiles, which 

were then averaged to generate a mean depth profile for each of the three sediment habitats 

(Fig. 4). 

 

The comparison results showed that the laterally averaged iron(II) and sulfide concentrations 

in mangrove sediments are generally higher than those in seagrass and estuarine mud-bank 

sediments. The average iron(II) profile of mangrove sediments also defined the sub-oxic zone 

around 20 – 60 mm. The anoxic sulfidic zone started from ~40 mm and extended up to 120 

mm. However, the iron(II) and sulfide profiles of mangrove sediments exhibited higher 
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standard deviation , indicating highly variable distributions of iron(II) and sulfide in sediment 

pore waters. The average iron(II) profile of seagrass sediments showed the lowest iron(II) 

concentration and did not define an exact sub-oxic zone as the average concentration was 

stable from ~30 mm downwards. The average iron(II) profile of seagrass sediments also 

showed minimum standard deviation from the mean, indicating the relatively low variability 

of the iron(II) distribution. However, the sulfide concentration in the seagrass sediments is 

high around 60-80 mm depth and shows an irregular profile with higher standard deviation 

from the mean, indicating a highly variable distribution. The average iron(II) profile of mud-

bank sediments showed  elevated iron(II) concentrations from ~40 mm downwards. The 

average sulfide profile of mud-bank sediments showed the lowest sulfide concentration with 

a highly sulfidic zone starting from ~80 mm depth, however neither profile had a large 

standard deviation, reflecting relatively low sediment heterogeneity. 
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Fig. 4. Mean depth profile of iron(II) and sulfide from the average of laterally averaged 1D replicates 

of 2D distributions from the seagrass, mangrove, and estuarine mud-bank sediments (error bars 

indicate the standard deviation of replicate measurements at each depth; n = 5 (seagrass and mangrove 

sediments) or 4 (mud-bank sediments)).  

 

3.2. Evaluation of the degree of heterogeneity present in coastal zone 

sediment habitats 

All the 2D co-distributions of iron(II) and sulfide from seagrass, mangrove, and estuarine 

mud-bank sites were analysed with GLCM texture analysis to statistically evaluate the degree 

of heterogeneity of the each sediment habitat with respect to the iron(II) and sulfide 

distributions. Five textural parameters; energy, contrast, correlation, homogeneity, and 
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entropy were computed and the average of these parameters for iron(II) and sulfide 

distributions are presented in Table S1 and Table S2, respectively.  

 

Homogeneity is a measure of the overall smoothness of an image and ranges from zero to one 

with 1 being the maximum possible homogeneity (Chopra and Marfurt, 2007). In the GLCM 

analysis, textural uniformity of an image is measured as the ‘energy’ and it ranges from zero 

to one (Chopra and Marfurt, 2007). Therefore, from these five textural parameters, energy 

and homogeneity are measures of homogeneity (Marceau et al., 1990). Contrast is a measure 

of the local variation of an image. Homogeneity is the opposing parameter of contrast but not 

the inverse view. Entropy represents the disorder or complexity of an image. The images with 

uniform texture have the lowest entropy values. Therefore, contrast and entropy are actually 

the closest measures of “heterogeneity”. Correlation is a measure of how correlated a pixel is 

to its neighbour over the whole image, range from -1 to 1. Energy and correlation values of 

all the iron(II) and sulfide distributions were extremely low (Table S1 and Table S2) and 

thus, small differences between sediment habitats should not be over-interpreted. Therefore, 

the homogeneity, contrast, and entropy are the most important parameters to consider for this 

study to evaluate the degree of heterogeneity of each sediment. To determine whether these 

parameter measures from the three different sediment habitats are significantly different, 

GLCM outputs of homogeneity, contrast, and entropy of the iron(II) and sulfide distributions 

from seagrass, mangrove, and estuarine mud-bank habitats were statistically tested using a 

one-way ANOVA. Results of the analyses are presented in Table S3 – S8.  

 

Mangrove sediments showed the lowest average homogeneity for both iron(II) (0.293) and 

sulfide (0.305) distributions while mud-bank sediments showed the highest average 

homogeneity for both iron(II) (0.385) and sulfide (0.470) distributions (Table S1 and S2). 
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The homogeneity of iron(II) distributions shows a significant difference (p = 0.008, n = 5) 

between mangrove and estuarine mud-bank sediments (Table S3). The homogeneity of 

sulfide distributions shows the difference between mangrove and estuarine mud-bank 

sediments, however this difference was not significant (p = 0.052, n = 5, Table S6). There 

were no significant differences in contrast between three sediment habitats although they may 

make an interesting measure of average heterogeneity (Table S4 and S7). In contrast to the 

homogeneity, mangrove sediments showed the highest average entropy for both iron(II) 

(6.93) and sulfide (6.48) distributions (Table S1 and S2). The entropy parameter, which 

represents the heterogeneity, is significantly different between seagrass and mangrove 

sediments in relation to sulfide distributions (p = 0.016, n = 5, Table S8). Overall, the 

mangrove sediments showed a higher degree of heterogeneity than the seagrass and estuarine 

mud-bank sediments.  

 

The contrast and entropy, as the best two indicators of heterogeneity, can be used to further 

differentiate between these three sediment habitats. Contrast vs. entropy was plotted as an x-y 

scatterplot for iron(II) and sulfide distributions from seagrass, mangrove and estuarine mud-

bank sediments (Fig. 5). This contrast vs entropy plot for iron(II) distributions showed 

seagrass and mangrove as two separate clusters according to their sediment heterogeneity. 

However, mud-bank sediments were not clearly differentiated from other two sediment 

habitats. The contrast vs entropy plot for sulfide distributions did not show any separation 

between seagrass, mangrove, and estuarine mud-bank habitats.  
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Fig. 5. Scatter plots of the contrast vs entropy for iron(II) (A) and sulfide (B) distributions from the 

seagrass, mangrove, and estuarine mud-bank sediments. 

 

These GLCM analysis results were useful in evaluating the degree of heterogeneity in each 

sediment type to some extent, mostly using the homogeneity, contrast, and entropy variables, 

although they are not exhaustive enough to fully classify each sediment habitat.  
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5. Conclusion 

This study focused on investigating the influence of sediment heterogeneity on describing a 

‘typical’ biogeochemical distribution using the combined iron(II) DET and sulfide DGT 

techniques. Previous studies qualitatively described the sediment heterogeneity while this 

study aimed to quantify the degree of heterogeneity present in a range of coastal zone 

sediment habitats (seagrass meadow, mangrove, and estuarine mud-bank) using texture 

analysis (gray level co-occurrence matrix) of the 2D distributions of iron(II) and sulfide. All 

the iron(II) and sulfide replicates from each sediment habitat showed heterogeneous 

distributions with varied concentrations across vertical and lateral directions and thus were 

generally different from each other. Therefore, a typical distribution pattern was not found 

with respect to the depth of iron(II) or sulfide from each sediment habitat. Average 1D 

comparison profiles of iron(II) and sulfide showed that the iron(II) and sulfide concentrations 

in mangrove sediments are relatively higher than seagrass and estuarine mud-bank sediments. 

The 1D profiles of iron(II) and sulfide in mangrove sediments also showed the iron(II) and 

sulfide maxima, indicating the sub-oxic and anoxic zones in sediments, although there was 

considerable variability between replicates. Iron(II) and sulfide distributions of seagrass and 

estuarine mud-bank habitats did not show any discrete sub-oxic or anoxic zones. According 

to the results of the GLCM analysis of sediment heterogeneity, homogeneity showed the 

greatest difference between mangrove sediments and estuarine mud-bank sediments, while 

entropy showed the greatest difference between seagrass and mangrove sediments. Contrast 

and entropy are two key concepts in heterogeneity and were further evaluated to differentiate 

the sediment habitats according to the degree of heterogeneity. These measures confirmed 

that the benthic habitats were highly heterogeneous but were not able to provide much further 

distinction over qualitative analysis.  
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Figure S1: Map of the study sites 

 

Fig. S1. Map (a) Australia, showing (b) the Gold Coast region in southeast Queensland, and (c) 

sampling sites where: 1 – Loders Creek (27
o 
57.412’S, 153

o
 24.104’E), 2 – Coombabah Lake (27

o 

54.324’S, 153
o
 21.126’E), and 3 – Saltwater Creek (27

o 
54.324’S, 153

o
 21.126’E). 
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Section S1: Preparation of the diffusive gels 

A gel stock solution consisting of 40% acrylamide/bisacrylamide (Aldrich, electrophoresis 

grade) solution was prepared by dissolving acrylamide/bisacrylamide in chilled deionised 

water at 1:1 ratio. Diffusive gels were cast by mixing 100 L of 10% (m/v) ammonium 

persulphate (APS; Aldrich) solution and 4.5 L of N, N, N, N-tetramethylethylenediamine 

(TEMED; Bio-Rad) with every 10 mL of gel stock solution. The solution was briefly mixed 

before being pipetted into molds comprised of two slightly offset glass plates separated by a 

0.75 mm thick plastic spacer. Slides were clamped together and the gel allowed to set for 10-

15 min. Once set, the gels were carefully removed from the plates and stored in deionised 

water, which was changed three times in the first 24 h to ensure that unreacted reagents were 

leached from the gels. 

 

Section S2: Preparation of the sulfide binding gels 

Sulphide binding gels were cast by adding 1.2 mL of 1 mol L
-1

 AgNO3 (AR Grade), and 28 

L of 10% ammonium persulfate solution with every 10 mL of gel stock solution. The mixed 

solution was immediately pipetted into molds comprised of two slightly offset glass plates 

separated by a 0.75 mm thick plastic spacer and clamped together. The gels were allowed to 

set for 10-15 min, carefully removed and soaked in a 0.2 mol L
-1

 potassium iodide (KI, AR 

Grade) bath overnight in the dark, to precipitate the silver within the gel as AgI. The prepared 

sulphide binding gels were stored in deionised water, which was changed three times in the 

first 24 h to ensure that unreacted reagents were leached from the gels.  
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Section S3: Mathematical definitions of Haralick texture features 

  

 

Where Ng is the number of gray-level values, pP(i, j) refers to the value at the (i, j)th position 

in a grey level co-occurrence matrix. 
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Figure S2: Two-dimensional co-distributions of iron(II) and sulfide from seagrass sediments 

 

Fig. S2. Two-dimensional co-distributions of iron(II) and sulfide of probes 2, 3, 4, and 5 in a Zostera muelleri seagrass bed in Loders Creek, Broadwater. A and B indicate 

the locations of the specific sediment features (marked with dashed lines) discussed in the text. The approximate position of the sediment-water-interface (SWI) is shown 

by the horizontal dotted line. 
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Figure S3: Scanned image of sulfide DGT of probe 1 from seagrass sediments 

 

Fig.S3. Scanned gray-scale image of sulfide DGT of probe 1 from seagrass sediments. 
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Figure S4: Two-dimensional co-distributions of iron(II) and sulfide from mangrove sediments 

 

Fig.S4. Two-dimensional co-distributions of iron(II) and sulfide from probes 2, 3, 4, and 5 in mangrove sediments in Coombabah Lake. Specific sediment features 

discussed in text are marked with dashed lines. The approximate position of the sediment-water-interface (SWI) is shown by the horizontal dotted line. 
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Fig.S5. Two-dimensional co-distributions of iron(II) and sulfide from probes 2, 3, and 4 in mud-bank sediment in Saltwater Creek. The approximate position of the 

sediment-water-interface (SWI) is shown by the horizontal dotted line. 

 

 

Figure S5: Two-dimensional co-distributions of iron(II) and sulfide from mud-bank sediments 
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Table S1. Average GLCM textural parameters of iron(II) distributions from the seagrass, 

mangrove, and estuarine mud-bank sediment habitats ± standard deviation (n = 4 or 5). 

Sediment 

habitat 

Energy Contrast Correlation Homogeneity   Entropy 

seagrass 0.005 ± 0.004 491.8 ± 23.0 0.0007±0.0002 0.326 ± 0.04 6.12 ± 0.46 

mangrove 0.001 ± 0.001 380.6 ± 34.9 0.001 ± 0.000 0.293 ± 0.04 6.93 ± 0.37 

mud-bank 0.002±0.0009 431.2 ± 49.2 0.0001±0.0001 0.385 ± 0.03 6.63 ± 0.25 

 

Table S2. Average GLCM textural parameters of sulfide distributions from the seagrass, 

mangrove, and estuarine mud-bank sediment habitats ± standard deviation (n = 4 or 5). 

Sediment 

habitat 

Energy Contrast Correlation Homogeneity Entropy 

seagrass 0.019 ± 0.014 567.7 ± 57.8 0.001±0.0002 0.443 ± 0.13 5.47 ± 0.81 

mangrove 0.009 ± 0.005 565.0 ± 72.1 0.001±0.0001 0.305 ± 0.04 6.48 ± 0.58 

mudbank 0.010 ± 0.004 540.9 ± 25.9 0.001±0.0002 0.470 ± 0.07 5.53 ± 0.70 

 

 Table S3.  Summary statistics (P values obtained from the statistical analysis) of the 

homogeneity of iron(II) distributions, P≤0.05 was considered as significantly different. 

Habitat Seagrass Mangrove Mud-bank 

Seagrass - 0.394 0.075 

Mangrove 0.394 - 0.008 

Mud-bank 0.075 0.008 - 

Table S4.  Summary statistics (P values obtained from the statistical analysis) of the contrast 

of iron(II) distributions, P≤0.05 considered as significantly different. 
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Habitat Seagrass Mangrove Mud-bank 

Seagrass - 0.142 0.840 

Mangrove 0.142 - 0.381 

Mud-bank 0.840 0.381 - 

 

Table S5.  Summary statistics (P values obtained from the statistical analysis) of the entropy 

of iron(II) distributions, P≤0.05 was considered as significantly different. 

Habitat Seagrass Mangrove Mud-bank 

Seagrass - 0.104 0.990 

Mangrove 0.104 - 0.159 

Mud-bank 0.990 0.159 - 

 

Table S6.  Summary statistics (P values obtained from the statistical analysis) of the 

homogeneity of sulfide distributions, P≤0.05 was considered as significantly different. 

 

Habitat Seagrass Mangrove Mud-bank 

Seagrass - 0.088 0.898 

Mangrove 0.088 - 0.052 

Mud-bank 0.898 0.052 - 

 

 

 

Table S7.  Summary statistics (P values obtained from the statistical analysis) of the contrast 

of sulfide distributions, P≤0.05 considered as significantly different. 
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Habitat Seagrass Mangrove Mud-bank 

Seagrass - 0.997 0.769 

Mangrove 0.997 - 0.809 

Mud-bank 0.769 0.809 - 

 

 

Table S8.  Summary statistics (P values obtained from the statistical analysis) of the entropy 

of sulfide distributions, P≤0.05 was considered as significantly different. 

 

Habitat Seagrass Mangrove Mud-bank 

Seagrass - 0.016 0.154 

Mangrove 0.016 - 0.509 

Mud-bank 0.154 0.509 - 
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h i g h l i g h t s

� A comparison between in situ colorimetric DET and DGT techniques and ex situ core slicing and centrifugation was conducted.
� Conventional pore water extraction methods substantially underestimated iron(II) and sulfide concentrations.
� Conventional pore water extraction methods are unreliable due to artefacts associated with sediment core processing.
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a b s t r a c t

In productive coastal sediments the separation between different biogeochemical zones (e.g. oxic,
iron(III)-reducing and sulfate-reducing) may be on the scale of millimetres. Conventional measurement
techniques simply cannot resolve changes in pore water solute concentrations over such small distances.
The diffusive equilibration in thin films (DET) and the diffusive gradients in thin films (DGT) techniques
allow in situ determination of pore water solute concentration profiles with one-dimensional profiles
and/or two-dimensional distributions on the millimetre scale. Here we compare measurements of pore
water iron(II) and sulfide using conventional core sampling (slicing and centrifugation) and colorimetric
DET-DGT techniques. DET-DGT samplers were deployed within replicate sediment cores from three
different sites, which were processed by slicing and centrifugation following retrieval of the samplers, so
that the measurements were approximately co-located. Iron(II) concentrations were determined by DET
at all three sites (0.3e262 mmol L�1), while dissolved sulfide was consistently measured by DGT at one
site only (0.003e112 mmol L�1). Pore water concentrations of iron(II) and sulfide determined conven-
tionally following pore water extraction (iron(II); 0.4e88 mmol L�1 and sulfide; 0.05e36 mmol L�1), were
systematically lower than the colorimetric DET and DGT measurements in the same sample. This un-
derestimation was most likely due to the mixing of sediment from different biogeochemical zones during
pore water extraction, which resulted in the precipitation of iron(II) and sulfide. This study shows that
conventional pore water extraction methods can be unreliable for the determination of redox-active
solutes due to artefacts associated with pore water mixing.

© 2017 Elsevier Ltd. All rights reserved.

1. Introduction

Analysis of sediment pore water has become an important part
of environmental quality assessment over recent decades (Adams

et al., 1992; Leonard et al., 1996; Anzecc, 2000; Lang et al., 2015)
and is particularly important for studying biogeochemical pro-
cesses (Seeberg-Elverfeldt et al., 2005; Laskov et al., 2007; Torres
et al., 2013) and assessing mobilization or toxicity of contami-
nants (Bufflap and Allen, 1995a, 1995b). However, the sampling and
analysis of pore waters can be challenging due to: 1) high sensi-
tivity to changes in pressure, temperature, pH and redox conditions
(Buffle and Horvai, 2000); 2) the relatively small volumes able to be

* Corresponding author.
E-mail address: d.welsh@griffith.edu.au (D.T. Welsh).

Contents lists available at ScienceDirect

Chemosphere

journal homepage: www.elsevier .com/locate/chemosphere

http://dx.doi.org/10.1016/j.chemosphere.2017.08.144
0045-6535/© 2017 Elsevier Ltd. All rights reserved.

Chemosphere 188 (2017) 119e129

98

mailto:d.welsh@griffith.edu.au
http://crossmark.crossref.org/dialog/?doi=10.1016/j.chemosphere.2017.08.144&domain=pdf
www.sciencedirect.com/science/journal/00456535
www.elsevier.com/locate/chemosphere
http://dx.doi.org/10.1016/j.chemosphere.2017.08.144
http://dx.doi.org/10.1016/j.chemosphere.2017.08.144
http://dx.doi.org/10.1016/j.chemosphere.2017.08.144


collected (Stockdale et al., 2009); 3) sediment heterogeneity in
which numerous biogeochemical processes occur over fine spatial
scales, particularly in productive coastal sediments (Robertson
et al., 2009; Stockdale et al., 2009; Pag�es et al., 2011); and, 4)
temporal changes due to flushing of faunal burrows or shifts in
photosynthetic activity over diel cycles (Welsh, 2003; Pag�es et al.,
2011, 2012; Murphy and Reidenbach, 2016). Therefore, pore water
sampling methods need to provide accurate and representative
results for the purpose of the particular study; more than one
method may be required in order to achieve this.

Conventional pore water sampling techniques involve the
removal and processing of sediment cores ex situ with pore waters
typically extracted from a core section by centrifugation (Edmunds
and Bath, 1976; Batley and Giles, 1979; Lyons et al., 1979) or
squeezing (Reeburgh, 1967; Kalil and Goldhaber, 1973; Patterson
et al., 1978). Although these methods are well-established they
have limitations and the subsequently analysed samples may not
accurately reflect the in situ concentrations. In heterogeneous
sediments, biogeochemical zones (oxic, sub-oxic, anoxic) may
transition both vertically and horizontally over millimetres
(Frederiksen and Glud, 2006; Robertson et al., 2008, 2009; Pag�es
et al., 2011; Pag�es et al., 2012; Murphy and Reidenbach, 2016) and
complex ‘mosaics of biogeochemical zones’ can form over many
centimetres (Aller, 1982; Frederiksen and Glud, 2006; Robertson
et al., 2008). This feature of sediment can also produce artefacts
with conventional pore water sampling methods due to the mixing
of reactive species fromdifferent biogeochemical zones during pore
water extraction; this changes the concentration and distribution
of porewater analytes that readily undergo chemical reactions such
as the redox and precipitation reactions that occur between iron(II)
and sulfide (Berner, 1984; Brendel and Luther, 1995; Davison et al.,
1999; Robertson et al., 2008). Conventional methods are also sub-
ject to artefacts resulting from sample oxidation and changes in
temperature (Bischoff et al., 1970; Carignan et al., 1985; Bufflap and
Allen, 1995a). Finally, these procedures are time- and labour-
intensive, and typically only provide depth profiles of analytes at
low (cm) resolution. Centimeter resolution has been shown to be
inadequate for studying biogeochemical processes (Widerlund and
Davison, 2007; Robertson et al., 2009; Stockdale et al., 2009) as any
steep concentration gradients within a section, either vertical or
horizontal, will be averaged (Brendel and Luther, 1995; Stockdale
et al., 2009).

In situ measurement techniques such as micro-electrodes, mi-
cro-sensors, planar optodes and hydrogel-based passive samplers
were developed in an attempt to overcome the problems associated
with conventional methods, and have proven to be powerful tools
for investigating certain analytes at high resolution (Santner et al.,
2015). There are micro-electrodes available for pH (Hulth et al.,
2002; Zhu et al., 2005) and micro-sensors available for O2
(Klimant et al., 1995; Glud et al., 1996), H2S (Revsbech et al., 1983),
pCO2 (Zhu et al., 2006) and oxidation-reduction potential (ORP)
(Wang et al., 2013). Micro-electrodes and micro-sensors show high
temporal and/or vertical resolution but, due to their small mea-
surement scale, are limited with regard to understanding pore
water solute distributions in heterogeneous sediment. Hydrogel-
based passive samplers such as diffusive equilibration in thin-
films (DET) and diffusive gradients in thin-films (DGT) allow one-
or two-dimensional measurements of pore water solutes at high-
resolution (mm or sub-mm) and overcome some of these issues
(Davison et al., 1997; Fones et al., 1998). Some of these techniques
have also been developed to allow colorimetric analysis of two-
dimensional pore water solute distributions using various stain-
ing techniques coupled with computer imaging densitometry (CID)
(Teasdale et al., 1999; J�ez�equel et al., 2007; Robertson et al., 2008;

Pag�es et al., 2011; Bennett et al., 2015). Additionally, as multiple
DET and/or DGT hydrogels can be combined within a single device,
the use of combined DET-DGT and DET-DET techniques have been
an important development that has allowed simultaneous mea-
surement of solute co-distributions in the same sediment sample
(J�ez�equel et al., 2007; Robertson et al., 2008, 2009; Pag�es et al.,
2011). These techniques facilitate the measurement of an accurate
and highly representative distribution of multiple pore water sol-
utes. A particularly informative colorimetric DET-DGT technique
combines iron(II) DET with sulfide DGT to enable simultaneous
measurement of these two key porewater solutes and overall redox
zonation in two dimensions at high resolution (Robertson et al.,
2008, 2009; Pag�es et al., 2011; Pag�es et al., 2012).

Several previous studies have compared conventional sediment
pore water analysis of trace metals with DET and DGT measure-
ments, but separate sediment cores were used for DET/DGT and
conventional analyses, and there was minimal replication
(Leermakers et al., 2005; Gao et al., 2006; Yang et al., 2013). This
study performed measurements of sediment pore water iron(II)
and sulfide profiles using conventional core sampling methods
(slicing and centrifugation) and colorimetric DET-DGT techniques
on sediment from three different study sites with considerable
replication. Importantly, DET-DGT measurements were made
within each core, prior to the conventional measurements, so the
measurements were co-located as much as possible. This approach
allowed a systematic comparison of these two porewater sampling
and analysis techniques in productive coastal sediments, where
sediment heterogeneity is likely to be an important factor.

2. Materials and methods

2.1. Site description, and sediment collection and maintenance

Replicate sediment cores (polyvinyl chloride, 10 cm internal
diameter, 30 cm height) were hand collected from three sites on the
Gold Coast, Queensland, Australia (Fig. S1). The first sampling site
was an inter-tidal sediment on the west shore of Coombabah Lake
composed of silt and clay, with a low organic matter content
(0.85 ± 0.42% LOI550) (Dunn et al., 2008). The second site was
located in a moderately dense but patchy, shallow sub-tidal sea-
grass (Zostera muelleri) meadow near the mouth of Loders Creek in
the Southport Broadwater. The sediment was composed primarily
of fine and medium sands, with a low silt content and was rich in
both organic matter (33.5 ± 6.4% LOI550) and carbonates (Pag�es
et al., 2012), typical of many near-shore seagrass meadows. The
third site was an inter-tidal mud bank of Saltwater creek (Dunn
et al., 2013) composed of silt and fine sand, with moderate
organic matter (8.0 ± 2.2% LOI550).

Eight sediment cores were collected just before low tide from
the Coombabah Lake, Loders Creek and Saltwater Creek sites in
April 2014, March 2015 and March 2016 respectively. All sediment
cores with overlying water were sealed with bungs at the top and
bottom to avoid disturbance during transport and brought to the
laboratory immediately. Cores weremaintained at a temperature of
26 �C in a constant temperature laboratory in containers filled with
aerated water from the sample site, and were allowed to stabilize
for at least 48 h before sampling.

2.2. Preparation and deployment of combined DET-DGT probes

Ultra-pure deionized water (Milli-Q Element, Millipore,
>18.2 MU cm) was used to prepare all solutions. All DGT and DET
probe components and glassware, including the plates used for gel
casting, were acid cleaned in 10% (v/v) HNO3 (AR Grade, Merck) for
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24 h, rinsed thoroughly with deionized water and dried prior to
use. Diffusive (iron(II)-DET) gels, DGT-sulfide binding gels and fer-
rozine staining gels were prepared as previously described
(Robertson et al., 2008) and combined DET-DGT samplers assem-
bled as described by the same authors. The combined thickness of
the diffusive gel andmembrane filter (0.09 cm)was used for all DGT
calculations.

DET-DGT sediment probes were deoxygenated overnight in
0.7 M NaCl prior to all deployments, by sparging vigorously with
high-purity nitrogen gas. This ensured oxygen was not introduced
into the sediment upon deployment (Zhang et al., 2002;
Leermakers et al., 2005). DET-DGT probes were deployed in the
centre of each sediment core with 2e3 cm of the probe above the
sediment/water interface (SWI), which was marked. DET-DGT
blanks were prepared and analysed in the same manner as the
deployed probes. All deployments were for approximately 24 h
(exact time recorded). Additionally, in two cores from Saltwater
Creek, DET-DGT probes were arranged back to back in a single as-
sembly. This was designed to provide replicate measurements of
DET iron(II) and DGT sulfide from a single deployment, to investi-
gate the influence of fine scale sediment heterogeneity on iron(II)
and sulfide distributions in adjacent sediment.

2.3. Analysis of iron(II) and sulfide co-distributions

At the end of the incubations, probes were carefully removed to
minimize disturbance to the sediment core, and thoroughly rinsed
with water to remove all particles. A new stainless steel scalpel was
used to cut the gel layers from the probe window. Colorimetric
analysis of the iron(II) DET gel was done immediately, whereas the
sulfide binding gel was stored at 4 �C until analysis.

Iron(II) DETgels were stained, scanned and the grey-scale values
converted to concentration values using a calibration curve
(determined by staining and scanning small gel pieces equilibrated
with calibration standards prepared at 0, 10, 20, 50, 75, 100, 200,
500, 1000, 2000 mmol L�1 iron(II)) as described by (Robertson et al.,
2008) and modified by (Bennett et al., 2012). The sulfide-binding
layers were stored in the dark, and scanned within a few days,
and grey-scale values converted to the sulfide uptake values using a
calibration curve as described by (Robertson et al., 2008). Sulfide
concentrations were calculated (as CDGT) using a modified form
(Teasdale et al., 1999; Robertson et al., 2008) of the DGT equation
(Davison and Zhang, 1994; Zhang and Davison, 1995). In both cases
the quantification of iron(II) and sulfide was done by computer
imaging densitometry (CID) (Teasdale et al., 1999; Robertson et al.,
2008; Bennett et al., 2012).

Iron(II) and sulfide distributions were generated using MATLAB
software (Version R2012a) as mm-resolution, two-dimensional
filled contour plots. For the purpose of comparison with conven-
tional pore water profiles iron(II) and sulfide concentrations were
horizontally averaged across the probe width to one-dimensional
depth profiles with standard errors. Blank gels were analysed in
the same way as sample gels and blank grayscale values were
subtracted from the sample values.

2.4. Processing and analysis of sediment pore waters

After retrieval of DET-DGT probes, sediment cores were
extruded and sectioned (1 cm) in preparation for extraction of pore
water by centrifugation, with exposure to the atmosphere limited.
A plastic glove bag (Sigma-Aldrich) purged with high-purity ni-
trogen gas was used initially (Coombabah Lake and Loders Creek
sites), which represents an approach potentially used in the field.
For the Saltwater Creek site a more sophisticated laboratory
anaerobic chamber (Coy Laboratory Products; 5% H2 in N2, <10 ppm

O2) was available, which provided a useful comparison between
these two approaches. In the glove bag/anaerobic chamber core
sections were quickly homogenized with a plastic spatula, trans-
ferred into polyethylene centrifuge tubes and sealed under the
nitrogen atmosphere. Sediment sections were then centrifuged at
3130 relative centrifugal force (RCF) for 15 min to separate out the
pore waters. Pore waters were filtered (0.45 mm cellulose acetate
syringe filters) and reagents for iron(II) and sulfide analysis were
added in the glove bag/anaerobic chamber.

Iron(II) concentrations were measured by the standard spec-
trophotometric ferrozine method (Stookey, 1970; Viollier et al.,
2000). Iron(II) concentrations were calculated from a calibration
curve with standards of 0, 5, 10, 20, 40, 60, 80 mmol L�1 prepared
from a solution of iron(II) ammonium sulphate (AR grade, Merck) in
0.01 mol L�1 hydroxylamine hydrochloride (ACS grade, Alfa Aesar).
A 50 mmol L�1 iron(II) quality control standard, prepared from a
NIST-certified 1000 mg L�1 iron standard solution (High Purity
Standards, Charleston) reduced to iron(II) by the addition of hy-
droxylamine hydrochloride, was also analysed to investigate the
accuracy and reproducibility of the technique. The measured re-
covery of iron(II) was 102 ± 0.6% (n ¼ 10).

Sulfide was measured spectrophotometrically using the colori-
metric methylene blue method of Cline (1969). Sulfide calibration
standards (at 0, 5, 10, 15, 20, 25, 30, 35, and 40 mmol L�1) were
prepared from a 100 mmol L�1 sulfide stock solution, which was
prepared immediately before use from sodium sulfide (Na2S$9H20)
(Sigma-Aldrich, AR grade) and standardized by iodometric titration
(Budd and Bewick, 1952). A 25 mmol L�1 analytical quality control
was prepared from a commercially available certified sulfide
(Sigma, Aldrich) stock solution (1000 mg L�1) and analysed to
ensure the accuracy and reproducibility of the technique. The
measured recovery of sulfide was 98 ± 0.8% (n ¼ 10).

3. Results

3.1. Comparison of pore water iron(II) profiles

DET-DGT probes were deployed in eight sediment cores from
Coombabah Lake. Typical iron(II) concentration profiles obtained
by colorimetric DET and conventional methods are compared in
Fig. 1 (a, b & c) with all profiles shown in Fig. S2. Mean profiles are
compared in Fig.1d. Replicate profiles showconsiderable variability
in iron(II) concentrations with depth, as expected due to various
factors that contribute to heterogeneity in coastal sediments
(Robertson et al., 2009; Pag�es et al., 2011). However, comparison of
the iron(II) profiles obtainedwith eachmethod clearly demonstrate
a systematic difference between the techniques. DET measured
concentrations are consistently higher than those measured in the
extracted pore waters (Fig. 1 & Fig. S2).

The highest measured concentration of iron(II) varies between
60 and 80 mmol L�1 for DET and 5e20 mmol L�1 for the conventional
measurement technique. This difference is unlikely to be due to
heterogeneity but indicates an artefact with the conventional
methods that systematically removes iron(II) from solution (see
Section 4.1 for a detailed discussion). The average profile shows that
the maximum iron(II) concentrations appeared from 10 to 60 mm
below the sediment water interface (SWI), below which the con-
centrations gradually decreased. This pattern was apparent in both
measurements despite the very different concentrations.

Sediment from the Loders Creek seagrass site had issues with
the iron(II) distributions due to the presence of coloured artefacts;
brown and black colorationwhere iron(II) had come in contact with
dissolved oxygen and sulfide, respectively, and precipitated
(Fig. S3). These arise due to the highly dynamic biogeochemistry of
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seagrass sediment (Pag�es et al., 2011, 2012) and are discussed in
Section 4.1. Therefore, DET and conventional pore water iron(II)
comparison profiles (Fig. S4) were not compared directly as in Fig.1.
However, comparisons can still be made between the data in Fig. S4
and sections of the DET probes that were unaffected and which
occur at various depths on each of the replicate probes. The highest
measured concentration of iron(II) typically varied between 60 and
70 mmol L�1 (except one probe, which had a maximum iron(II)
concentration of 150 mmol L�1) for DET. On the other hand iron
concentrations were about 3e12 mmol L�1 for the conventional
measurement technique. Therefore, even though a detailed com-
parison was not done the conventional measurement once again
systematically reported much lower concentrations.

In order to improve the outcomes of conventional measure-
ments, the investigation was repeated with sediment collected
from Saltwater Creek in an anaerobic chamber, which actively
removes oxygen via reaction with H2 gas and a palladium catalyst.
Typical and mean iron(II) concentration profiles obtained by
colorimetric DET and conventional pore water analysis are
compared in Fig. 2 with all replicate profiles compared in Fig. S3.

Variability was still apparent in replicate measurements but less

than observed at Coombabah Lake. The steep increase in iron(II)
concentrations (apparent in the DET measurements only) generally
occurred within 0e20 mm depth. The pore water iron(II) concen-
trations measured by both methods at this site were much higher
than those determined for Coombabah Lake, with maximum con-
centrations of 100e250 mmol L�1 and 50e100 mmol L�1 determined
by colorimetric DET and conventional methods, respectively. There
was somewhat better agreement between the pore water iron(II)
concentrations measured by the DET and pore water extraction
methods for Saltwater Creek sediment; the concentrations
measured by pore water extraction were about 33% of the average
values measured by the DET technique over the same depth in-
terval, compared to 15% for Coombabah Lake sediment. Therefore,
despite the use of a laboratory anaerobic chamber, the pore water
extraction method substantially underestimated iron(II) concen-
trations at all sediment depths below 1 cm in both sediments. In
contrast, in the upper centimetre of Saltwater Creek sediment the
pore water iron(II) concentrations measured in the extracted pore
waters tended to overestimate the concentrations measured by the
colorimetric DET method (Fig. 2 & Fig. S3). These results are dis-
cussed in detail in Section 4.1.

Fig. 1. Typical paired iron(II) concentration depth profiles (a, b and c) in Coombabah Lake sediment measured by colorimetric DET (black lines; data points represent the laterally
averaged concentration across the probe width, and error bars the standard deviation of laterally averaged values) and analysis of extracted pore water (grey bars). The mean depth
profile (d) from all cores measured by each technique (error bars indicate the standard deviation of replicate measurements at each depth; n ¼ 8).
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3.2. Comparison of pore water sulfide profiles

Sediment from the Coombabah Lake and Saltwater Creek sites
had very low or zero sulfide CDGT concentrations with only two DGT
replicates showing significant sulfide concentrations at any depth.
However, sulfide was readily determined in sediment cores
collected from the seagrassmeadowat Loders Creek; seagrasses are
known to promote rates of sulfate reduction within their rhizo-
sphere (Pollard and Moriarty, 1991; Isaksen and Finster, 1996;
Welsh et al., 1996). The presence of seagrass roots and rhizomes
made slicing of the cores for porewater extraction difficult and only
four could be sliced with sufficient accuracy to allow analysis of the
extracted pore water for comparison of the concentration profiles
with sulfide DGT measurements (Fig. 3). Average profiles are not
shown because no discernible pattern was apparent for either
method.

Replicate sulfide DGT profiles showed a high degree of vari-
ability of the sulfide distributions, with concentrations starting to
increase at depths varying between 10 and 70 mm and attaining
peak concentrations of approximately 50e100 mmol L�1. Depth
profiles obtained by porewater extractionwere patchy, with sulfide
often present at particular depths, but absent at depths in-between

(Fig. 3). In general, when both techniques measured sulfide in the
same depth zone, the pore water extraction method under-
estimated the concentration determined by the colorimetric DGT
method. Occasionally, the sulfide concentration measured in the
extracted pore waters was higher than that measured in situ by
DGT, for example in the 20e30 mm and 60e70 mm zones of probe
(a) and the 100e110mm zone of probe (c). This is likely to be due to
the different scales of measurement of the two approaches and the
high degree of heterogeneity within the sediment. For instance, the
result in (a) at 20e30 mm can be interpreted as the sulfide hotspot
being located close enough to the DGT probe to produce a mea-
surement (as opposed to 100e110 mm in (c)), but sufficiently far
away so the concentration determined is much lower
(Sochaczewski et al., 2008).

3.3. Two-dimensional co-distributions of iron(II) and sulfide

The combined colorimetric DET-DGT probes provide two-
dimensional co-distributions of pore water sulfide and iron(II)
concentrations over the area of the probe window. This provides a
more representative view of the actual iron(II) and sulfide distri-
butions, allowing interactions between these two reactive species

Fig. 2. Typical paired iron(II) concentration depth profiles (a, b and c) in Saltwater Creek sediment measured by colorimetric DET (black lines; data points represent the laterally
averaged concentration across the probe width, and error bars the standard deviation of laterally averaged values) and analysis of extracted pore water (grey bars). The mean depth
profile (d) from all cores measured by each technique (error bars indicate the standard deviation of replicate measurements at each depth; n ¼ 8).
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to be investigated (Robertson et al., 2008, 2009; Pag�es et al., 2012;
Pages et al., 2014). A high degree of heterogeneity is evident in the
two-dimensional distributions of both iron(II) and sulfide in
selected probes from all three sites (Fig. 4).

An example from Coombabah Lake sediment (Fig. 4a) shows
relatively high concentrations of iron(II) (80e100 mmol L�1)
distributed throughout the upper 10 cmwith several small hotspots
up to 120 mmol L�1. Sulfide concentrations were generally low
(10 mmol L�1) and deeper (115e145 mm depth) apart from a small
hotspot close to the SWI of 25 mmol L�1, which seemed to overlap
with the iron(II). The example from Loders Creek sediment (Fig. 4b)
shows a high degree of heterogeneity within the seagrass rhizo-
sphere. Iron(II) distribution was limited to near the SWI to 40 mm
depth with a large hotspot with a high concentration of
~200 mmol L�1. The sulfide concentration was high and variable
(60e120 mmol L�1) in the seagrass sediment and sulfide was pre-
sent everywhere below 50 mm depth. Burrow-like features
apparent in the sulfide distribution are likely to be Zostera roots
which act to decrease local sulfide concentrations (Robertson et al.,
2009). Almost all distributions from Saltwater Creek, including that
shown in Fig. 4c, showed a high degree of vertical and lateral
variability in iron(II) concentrations, with many of the distributions

being characterised by the presence of what appeared to be animal
burrows and “hotspots” of varying concentrations and sizes. Sulfide
was generally very low to absent in Saltwater Creek sediment, but a
single hotspot several millimetres in diameter with a high peak
concentration of 80 mmol L�1 was present at ~140 mm depth.

3.4. Variability of adjacent iron(II) profiles

To further investigate inherent variability in iron(II) depth pro-
files, back-to-back DET-DGT probes were deployed in two sediment
cores from Saltwater creek (Fig. 5). This would result in the probes
transecting the same redox zones and sampling sediment that was
initially adjacent. Visual comparison shows that these “back-to-
back” iron(II) profiles were generally more similar to each other in
terms of mean concentration and standard deviation than those
obtained from different cores (Fig. S2 & S3), however, there were
still notable differences between the paired profiles. For example,
the gradients of increasing concentration from the SWI differed
considerably in probe (a), as did the depth of the iron(II) maxima.
Also the high variability of the iron(II) concentration with depth in
the “front” profile of probe (b) was not apparent in the corre-
sponding “back” profile. These findings are consistent with the

Fig. 3. Sulfide concentration depth profiles (a, b, c and d) in Loders Creek sediment measured by DGT (black lines; data points represent the laterally averaged concentration across
the probe width, and error bars the standard deviation of laterally averaged values) and conventional analysis of extracted pore water (grey bars).
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degree of fine-scale heterogeneity apparent from Fig. 4. Nonethe-
less, this approach is likely to provide more similar replicate pro-
files, but such replicates are less likely to represent the range of
conditions present within a sample location. Therefore, whether
this is a useful approach depends upon the purpose of the study.

4. Discussion

4.1. Comparison of DET-DGT and conventional measurements

The results presented here, from three different estuarine hab-
itats and with differing procedures, allow useful comparisons be-
tween in situ colorimetric DET-DGT measurements and ex situ
conventional pore water processing and analysis for iron(II) and
sulfide. The colorimetric DET-DGT technique gave substantially
different results compared with the conventional core slicing and
centrifugation method, using either the glove bag or anaerobic
chamber to process sediment cores. For iron(II) results from
Coombabah Lake (glove bag), DET measurements were about an
order of magnitude higher than the centrifugation-extracted pore
water measurements over the entire depth profile for each of the
replicate cores. For Saltwater Creek sediment (anaerobic chamber)
the results were less different, but still in virtually all instances
(except the samples immediately beneath the SWI in Fig. 2) the DET
measurements were systematically higher. Similar results have
been reported previously in several studies (Leermakers et al.,
2005; Gao et al., 2006; Yang et al., 2013), which compared several

metal profiles obtained with DET/DGT and conventional centrifu-
gation techniques, although separate cores were used for DET/DGT
analysis and centrifugation with fewer replicates.

To be clear, the iron(II) or sulfide profiles from DET-DGT and
conventional pore water analysis methods are not expected to be
the same; DET and DGT probes sample only a small volume of pore
water adjacent to the probe window (Harper et al., 2000; Stockdale
et al., 2009) while centrifugation extracts pore water from the
entire core section. However, if sediment heterogeneity was the
main reason for differences between the two methods then each
method would provide results both higher and lower quite
frequently, and averages would be expected to be similar. This is
clearly not observed, so systematic bias in one of the methods ap-
pears to be a more likely scenario.

The different results between samples processed in a glove bag
(Coombabah Lake and Loders Creek) and an anaerobic chamber
(Saltwater Creek) provide a possible insight into the observed dif-
ferences. Iron(II) oxidizes very quickly when exposed to O2, espe-
cially at the pH values likely to be present in estuarine sediment
(Davison and De Vitre, 1992). A plausible explanation for the
differing results is that some O2 was present in the glove bag during
sample processing and caused some oxidation and precipitation of
iron(II) as iron(III) hydr(oxide), whereas there is effectively no ox-
ygen in the anaerobic chamber. However, the iron(II) concentra-
tions at Coombabah Lake were also only 30e50% of those at
Saltwater Creek (comparing the DET measurements) so any O2
concentrations present (or other factors) would also have had a

Fig. 4. Two-dimensional co-distributions of iron(II) and sulfide from a) Coombabah Lake sediment, b) Loders Creek sediment and c) Saltwater Creek sediment.

N. Rathnayake Kankanamge et al. / Chemosphere 188 (2017) 119e129 125

104



proportionally larger effect in the Coombabah sediment. This is
only a partial explanation, however, as the profiles from the two
methods for Saltwater Creek sediment, under otherwise ideal
conditions, are still quite different from conventional measure-
ments and still substantially underestimate the iron(II)
concentrations.

A critical issue with conventional methods, especially for het-
erogeneous sediments, is that they result in the mixing of pore
water solutes from different biogeochemical zones within a core
section. This can produce chemical reactions between solutes that
otherwise only occur at the boundaries between redox zones
(Brendel and Luther, 1995; Robertson et al., 2008; Stockdale et al.,
2009) often resulting in the formation of new precipitates (e.g.,
iron(III) hydr(oxides) or iron(II) sulphides). As a result, the final
measurement would substantially underestimate the concentra-
tion of redox-active species, especially iron(II) and sulfide, in the
sample. As shown in two-dimensional distributions in this and
other studies (Robertson et al., 2008, 2009; Pag�es et al., 2011), pore
waters with highly varied, heterogeneous distributions are com-
mon in coastal sediments, so this problem will be encountered
frequently. This is likely to be the major factor causing the gross
under-estimation of pore water sulfide and iron(II) by the con-
ventional measurements, as these solutes readily react to form
solid iron monosulfides (Azzoni et al., 2001).

The instance of conventional measurements of iron(II) appear-
ing to be higher than DET measurements in the 0e1 cm sediment
depth horizon of Saltwater Creek sediments is also observed too

consistently to be explained by heterogeneity. The distribution of
pore water iron(II) in sediments is the net result of the dynamic
equilibrium between local production by iron-reducing bacteria,
diffusive exchange, precipitation by sulfide and biological and
chemical oxidation. However, when the sediment cores were
transferred to the anaerobic chamber, any oxygen in the surficial
sediment would be rapidly depleted and iron(II) would continue to
diffuse towards the sediment water interface due to its steep con-
centration gradient and to be produced via microbial respiration,
indeed microbial production could increase due to shifts in mi-
crobial metabolism in the absence of oxygen. Consequently, in the
absence of oxygen and therefore chemical and biological iron
oxidation, the shift in this dynamic equilibrium would favour
iron(II) accumulation in the surficial sediment layer during core
processing. As effectively the iron(II) profile recorded by the DET
technique would move towards the sediment surface until the core
was sliced, and microbial production would continue until the
sediment was centrifuged and the pore water sampled. The same
shifts in physical, biological and chemical processes would also
have favoured iron(II) accumulation in the surficial layer of the
Coombabah Lake sediment, but the lower overall metabolic rate of
these sediments compared to those of Saltwater Creek (Dunn et al.,
2012, 2013), the consequent lower diffusive gradient for iron(II) and
the previously discussed artefacts, may have resulted in this accu-
mulation being insufficient for the measured concentration in the
extracted pore water to exceed that measured by the DET tech-
nique. These results highlight that any delay in sample processing

Fig. 5. Dissolved iron (II) profiles from the deployment of back-to-back probes in sediment cores from Saltwater Creek.
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may lead to artefacts when using conventional porewater sampling
and analysis approaches.

4.2. Advantages and limitations of DET-DGT methods

Colorimetric DET and DGT techniques allow determination of
two-dimensional distributions of pore water sulfide and iron(II)
over the area of the probe window at higher resolution (mm) than
is typically possible employing conventional techniques (cm). Two-
dimensional data have the advantage of providing information
about biogeochemical processes occurring in both the horizontal
and vertical planes simultaneously, allowing direct measurement
of the dimensions of a feature where the chemical component
beingmeasured differs from its background (Stockdale et al., 2009).
The computer imaging densitometry (CID) method used with
colorimetric DET and DGT to produce two-dimensional images
enables spatially accurate quantitative imaging of iron(II) and sul-
fide distributions in heterogeneous environments. This is a simple
and quickmethod able to facilitate the collection of large quantities
of data without costly, specialized equipment. As shown by the
two-dimensional distributions reported in this study, significant
fine-scale heterogeneity exists on the millimetre scale, and con-
ventional pore water measurements, at best, can only reflect the
average concentration, but may often result in over or underesti-
mation of the actual concentration, especially in heterogeneous
sediments. The two-dimensional solute distributions determined
by DET/DGT provide a high degree of representativeness of the
studied system and can be easily converted into one-dimensional
profiles if required (as for the comparison with conventional
measurements in this study).

It is, however, also important to consider limitations of the DET-
DGT approach. Sediment disturbance and smearing (where surface
sediment is dragged deeper into the sediment) on insertion (Zhang
et al., 1995; Stockdale et al., 2010) may occur and impact the
measured distributions. For instance, if surface sediment rich in
iron(III) were smeared to deeper zones, this could be reduced to
iron(II) and create ‘hotspot’ features. Although it is important to
note that this effect could occur for many sediment analysis tech-
niques, including the collection of cores.

The artefacts in the results from the Loders Creek site relate to
the dynamic nature of this sediment (even under laboratory con-
ditions). Seagrasses transport oxygen to their root system from
their leaves and therefore the rhizosphere experiences diel shifts in
redox conditions, with increased oxygen during the day and
increased sulfide at night (Pag�es et al., 2012). The rust coloration on
some samplers deployed at this site was likely due to the formation
of iron(III) hydr(oxides) and the black deposit likely due to the
formation of FeS; both indicate the presence of dissolved Fe(II) at
some stage during the deployment. This was likely due to the 24 h
deployment time, which would result in the samplers being
deployed during large shifts in pore water chemistry. These arte-
facts can be minimised by only deploying during the day or night,
so as to avoid the samplers being exposed to large shifts in pore
water chemistry (Pag�es et al., 2012).

Sulfide concentrations (CDGT) can be equal to or lower than
actual pore water sulfide concentrations, depending on the degree
to which the pore water concentrations are sustained by biogeo-
chemical processes, such as production or dissolution of solid
phases, in response to the perturbation induced by DGT uptake of
the analyte (Zhang et al., 2002; Motelica-Heino et al., 2003). In
situations where concentration variations at the sediment-DGT
interface are insignificant with time (pseudo steady-state), DGT
measurements can be presented as the time averaged fluxes or CDGT
(Harper et al., 1998, 1999; Zhang et al., 2002). Since sulfate

reduction is a major biogeochemical process that often occurs at
high rates in sediment and measured sulfide concentrations are
often high, it is likely that interfacial concentrations are at or near to
steady state. However, in transition zones where sulfide concen-
trations are lower, the pool of sulfide adjacent to the DGT probe
window may become depleted over time due to the limited
resupply from the sediment and CDGT would lower than the pore
water sulfide concentration. Therefore, the DGT determined sulfide
concentrations reported in this study should be considered as
minimum values due to the tendency of CDGT to underestimate
actual pore water concentrations.

5. Conclusion

Comparison of the iron(II) and sulfide results obtained by the
pore water extraction and DET-DGT techniques clearly showed that
the conventional pore water extraction method generally sub-
stantially underestimated iron(II) and sulfide concentrations, even
when sample processing was done in an oxygen-free environment.
Conventional pore water extraction methods are likely to be un-
reliable in heterogeneous sediments due to disturbance of condi-
tions during core processing and artefacts associated with
inevitable mixing of solutes during porewater extraction, especially
for redoxeactive solutes, as demonstrated in this study for iron(II)
and sulfide. For such analytes the DET and DGT methods are more
suitable. The DET and DGT techniques allow the in situ determi-
nation of pore water solute concentration profiles, and two-
dimensional distributions, at higher spatial resolution than is
possible employing conventional techniques, which also makes
these techniques more representative. However, DET and DGT
methods sample only a small volume of pore water close to the
probe window and therefore need a degree of replication in order
to evaluate general biogeochemical patterns at a site. The question
of howmany DET or DGT measurements are required to provide an
understanding of biogeochemical processes at a site will be
addressed in future research.
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Figure S1: Map of the sampling locations 

 

Fig.S1. Map (a) Australia, showing (b) the Gold Coast region in south east Queensland (c) sampling 

sites. 
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Figure S2: iron(II) concentration profiles from Coombabah Lake sediments 

 

Fig.S2. Typical paired iron(II) concentration depth profiles  in Coombabah Lake sediments measured by 

colorimetric DET (black lines; data points represent the laterally averaged concentration across the probe width, 

and error bars the standard deviation of laterally averaged values) and analysis of extracted pore water (grey 

bars). 
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Figure S3: Scanned color image of iron(II) DET from Loders Creek sediments 

 

Fig.S3. Scanned color image of iron(II) DET from Loders Creek sediments (1 pixei = 1 mm
2
) 
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Figure S4: Conventional pore water iron(II) concentration profiles from Loders Creek 

sediments 

 

Fig.S4. Iron(II) concentration depth profiles  in Loders Creek sediments measured by analysis of extracted pore 

water. 
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Figure S5: iron(II) concentration profiles from Saltwater Creek sediments 

 

Fig.S5. Typical paired iron(II) concentration depth profiles in Saltwater Creek sediments measured by 

colorimetric DET (black lines; data points represent the laterally averaged concentration across the probe width, 

and error bars the standard deviation of laterally averaged values) and analysis of extracted pore water (grey 

bars). 
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Abstract 

Sediments are the main repository of metal(loid) contaminants in aquatic systems. They are 

also an ongoing metal(loid) source through mobilisation to pore waters and overlying waters. 

Fe(II) and sulfide are key solutes for understanding the mobilisation or sequestration of trace 

metals in sediment. To effectively investigate these processes, Fe(II) and sulfide with trace 

metals must be measured at the same physical location and with a range of pore water 

measurements. Combined DET-DGT probes with Fe(II) diffusive layer, and AgI and Chelex-

Metsorb (MBL) binding layers can be used to measure Fe(II), metal(loid)s (Mn, Fe, Co, Ni, 

Cu, Pb, Zn, Cd, Cr, Al, V, As, Mo, V, U, W, and Se) and sulfide concentrations 

simultaneously. The DET-DGT probes were deployed within the sediment cores (2 mm-

resolution profiles) and the resulting metal(loid) concentrations compared with those of 

conventional methods (analysis of centrifuged core sections at cm-resolution). Metal(loid) 

concentrations obtained by conventional methods were usually higher than those obtained 

with DET-DGT. The high-resolution DGT profiles allowed correlations between metal(loid)s 

to be determined, providing information on likely mobilisation mechanisms. Good 

correlations were found among four groups of metal(loid)s: 1) Fe, As, and Mn; 2) Cu, Pb, Zn, 

and Cd; 3) Ni and Cr; and, 4) Mo, V, and U. Mobilisation of metal(loid)s occurred through 

reductive mobilisation of Fe and Mn hydr(oxides) and sequestration of some metals as 

sulfidic precipitates in deeper sediment. 

 

Keywords: diffusive gradients in thin films (DGT); diffusive equilibration in thin films 

(DET); analysis of ex situ centrifuged pore water; sediment biogeochemistry; mixed binding 

layer (Chelex-Metsorb).  
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1. Introduction 

Trace metal and metalloid (metal(loid)) pollution in aquatic systems is both a historic and 

ongoing issue leading to potential threats to ecological and human health (Luoma and 

Rainbow, 2008). Sources of metal(loid) contaminants can be natural (geogenic) or 

anthropogenic. However, anthropogenic inputs from activities including mineral resource 

extraction (Torres et al., 2013), fossil fuel combustion (Bertine and Goldberg, 1971), 

industrial manufacturing (Kishe and Machiwa, 2003) and other non-point sources (Garrels et 

al., 1975; Kishe and Machiwa, 2003; Zan et al., 2011) are overwhelmingly the primary cause 

of most metal(loid) contamination and have led to higher metal(loid) concentrations within 

aquatic organisms. Most metal(loids) in aquatic systems have a strong tendency to bind to 

organic matter or particles (especially fine-grained) and thus tend to accumulate within the 

sediment. However, metal(loid)s can be remobilised into pore waters and overlying water 

column with changing redox (Kelderman and Osman, 2007; De Jonge et al., 2012) or pH 

conditions (Teasdale et al., 2003) or through biological activity (Salomons et al., 1987; 

Petersen et al., 1995). Therefore, sediments act as both long-term sinks and potential sources 

of metal(loid) contaminants in aquatic systems. 

 

Mobilisation or sequestration of metal(loid)s depends mainly upon the early diagenesis 

process (Petersen et al., 1995; Petersen et al., 1996). Decomposition of organic carbon may 

utilize various electron acceptors like O2, NO3
-
, Mn(IV), Fe(III) and SO4

2-
 (Tessier, 1992; 

Zhang et al., 1995; Fenchel et al., 1998) and the reduced products of the anaerobic 

respirations (NO2
-
, N2, Fe(II), Mn(II) and S

2-
) define the major biogeochemical processes and 

zones within the sediment (Froelich et al., 1979; Kristensen, 2000). Oxidised Fe and Mn 

hydr(oxides) scavenge metal(loids) from pore water and reductive dissolution of these oxides 
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via early diagenesis may subsequently release adsorbed metal(loids) to the sediment pore 

water (Tessier, 1992; Sundby, 2006).  

 

Sequestration and mobilisation of As, in sediments are interrelated with Fe biogeochemistry 

(Maher and Butler, 1988; Bose and Sharma, 2002; Bennett et al., 2012a; Bennett et al., 

2012c). Under oxic conditions, As adsorbs to the hydrous iron oxides (HFO) and iron oxide 

minerals like goethite and magnetite (Dixit and Hering, 2003; Bennett et al., 2012a). 

Reductive dissolution of these iron oxide minerals under anaerobic conditions  may release 

bound As(III) and As(V) into the sediment pore water (Dixit and Hering, 2003; O'Day et al., 

2004). Mobilisation mechanisms of other oxyanions are less well known as they are rarely 

addressed in the literature (Vinson et al., 2011; Rango et al., 2013).  

 

The anoxic zone in marine sediments is characterised by sulfate reduction and the presence of 

dissolved sulfides (Jørgensen, 1977; Jørgensen and Bak, 1991; Kristensen, 2000) that react 

with iron and most divalent metals (e.g.  Zn, Cu, Pb or Cd) to form insoluble sulfides (Berner, 

1984; Davison et al., 1999), which decrease their mobility and toxicity (Huerta-Diaz et al., 

1998; Morse and Luther, 1999). However, these reactions are reversible if exposed to oxic 

conditions. Thus, knowledge of the redox conditions of sediment and distributions of Fe(II), 

Mn(II) and sulfide in sediment are essential to understanding metal(loid) behaviour and the 

toxicity of metal(loid)s that also varies with oxidation state. 

 

Conventional methods to extract sediment pore water to measure dissolved metal 

concentrations typically involve ex situ slicing of sediment cores followed by centrifugation 

(Edmunds and Bath, 1976; Batley and Giles, 1979; Lyons et al., 1979) or squeezing 

(Reeburgh, 1967; Kalil and Goldhaber, 1973; Patterson et al., 1978) to collect the pore water. 
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These methods can be subject to artefacts, however, due to the mixing of reactive species 

from different biogeochemical zones during pore water extraction and/or oxidation of redox-

active species like Fe(II) and sulfide during sample processing  (Brendel and Luther, 1995; 

Stockdale et al., 2009; Kankanamge et al., 2017). Additionally, these methods only achieve a 

relatively low spatial resolution (cm-scale), which is inadequate for studying fine-scale metal 

mobilisation/sequestration processes in sediments (Stockdale et al., 2009). The development 

of hydrogel-based passive samplers such as diffusive equilibrium in thin films (DET) and 

diffusive gradients in thin films (DGT) techniques, has allowed high-resolution metal 

distributions in sediment pore water to be assessed on a scale of millimetres or less (Zhang et 

al., 1995; Zhang et al., 2002b; Gao et al., 2006). These techniques also minimise the artefacts 

related to sample processing such as changes in pressure, redox or other conditions (Buffle 

and Horvai, 2000; Leermakers et al., 2005; Gao et al., 2006). 

 

DGT probes contain a protective filter membrane, overlying a diffusive hydrogel and a 

binding layer, usually another hydrogel containing an analyte-specific binding agent 

(Davison and Zhang, 1994; Zhang and Davison, 1995). When a DGT probe is deployed in 

sediment, dissolved metal(loid) species diffuse through the diffusive gel layer and are 

accumulated by the binding agent in the binding layer (Zhang et al., 1995; Davison et al., 

2000; Zhang and Davison, 2000). Upon retrieval of the DGT probe, the binding gel is 

removed from the probe body, sliced at the desired spatial resolution, and each slice is eluted, 

analysed and quantified using the DGT equation (Section 2.5) (Zhang and Davison, 1995; 

Davison et al., 2000). In sediment the available pore water pool of metal(loid)s adjacent to the 

DGT probe window may become depleted over time due either partial or no resupply from 

the sediment, resulting in an underestimation of pore water concentrations (Harper et al., 

1998; Harper et al., 1999), but providing some insight into mobilisation processes. The 
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concentration measured (CDGT) therefore represents a time-weighted average between the 

initial pore water concentrations and the final pore water concentration adjacent to the DGT 

probe. 

 

Several DGT methods employing different binding agents have been developed to determine 

metal(loid)s in waters, sediments, and soils. Chelex-100, a chelating resin with iminodiacetic 

acid functional groups (Garmo et al., 2003) is the most commonly used binding agent for 

DGT measurements of trace metal cations (Zhang and Davison, 1995; Zhang et al., 1995; 

Zhang et al., 2002b), whereas ferrihydrite (Zhang et al., 1998; Luo et al., 2010; Österlund et 

al., 2010), Metsorb (an agglomerated nano-crystalline titanium dioxide based adsorbent) 

(Bennett et al., 2010; Panther et al., 2010), and zirconium oxide (Ding et al., 2010; Sun et al., 

2014; Guan et al., 2015) have been extensively used for measuring oxyanion species. DGT 

techniques employing mixed binding layers (MBL, combining different binding materials) 

have been developed that allow simultaneous measurement of both cationic metals and 

oxyanions (Mason et al., 2005; Huynh et al., 2012; Panther et al., 2013; Xu et al., 2013). 

Panther et al. (2013) developed a Chelex-Metsorb MBL for the simultaneous measurement of 

a wide range of trace metals (Mn, Fe, Co, Ni, Cu, Zn, Pb, and Cd) and oxyanions (As, Mo, V, 

U, and W) in freshwater and seawater (with the exception of Mo). Use of a single binding 

layer to measure both cations and oxyanions allows metal(loid) co-distributions to be 

determined on the same sediment section, allowing  better interpretation of the distribution of 

metal(loid)s that exhibit interactions, such as Fe and As (Bennett et al., 2012c), particularly 

for sediments which are heterogeneous at very fine spatial scales (Stockdale et al., 2009). 

  

The aim of this study was to investigate the mobilisation/sequestration of trace metals and 

oxyanions (metal(loids)) in a contaminated sediment, in relation to the distributions (or 
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profiles) of the major redox active species present in marine sediments (Fe(II) and sulfide) to 

investigate how these influenced metal(loid) mobilisation or scavenging. This was achieved 

primarily by simultaneously measuring distributions of Fe(II) and sulfide, and profiles of 

metal(loid)s (Mn, Fe, Co, Ni, Cu, Pb, Zn, Cd, Cr, Al, V, As, Mo, V, U, W, and Se) at the 

same spatial location using a triple layer of combined DET-DGT probes; Fe(II) was 

measured in the diffusive layer, Chelex-Metsorb MBL measured metal(loids) and the AgI 

binding layer measured dissolved sulfides. These results were compared with metal(loid) 

concentration profiles obtained by analysis of a pore water sample centrifuged from a 

sediment core section. The DET-DGT probes were deployed within the sediment cores to be 

conventionally sampled, so the measurements were co-located as much as possible (although 

on different spatial scales) (Stockdale et al., 2009). 

 

2. Materials and methods 

2.1. Site description, sediment core collection and maintenance 

The Broadwater is a semi-enclosed lagoon located at the north side of the City of Gold Coast 

in southeast Queensland, Australia. Water quality in the Broadwater is affected by 

urbanisation and boating activities due to several large marinas and extensive canal systems. 

Storm water runoff from urbanised areas, marina activities, and industrial and municipal 

discharges are the major metal contaminant sources that enter this marine system (Burton et 

al., 2004; Warnken et al., 2004; Burton et al., 2005; Dunn et al., 2007). According to previous 

studies, sediments from the southern part of the Broadwater are heavily contaminated with 

trace metals (Burton et al., 2004, 2005), especially around the Southport marina complex. 

Therefore, sediment for this study was collected from this site (Fig. S1). 
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The water depth of the sampled area was around 5 - 6 m and the sediment was fine-grained 

with 30% mud (Burton et al., 2004). Temperature, dissolved oxygen concentration, pH and 

salinity of the water column were measured at the time of sediment sampling using a 

calibrated multi-parameter probe (YSI, Professional Plus) and found to be 22
o
C, 89.3% 

saturation, 7.90 and 36.0 (Sp), respectively. 

 

Sediment sampling was done on 15 October 2016 at location (27
o 

58.205’S, 153
o
 25.385’E). 

Four replicate sediment cores (plexiglass tubes, 5 cm internal diameter, 40 cm height) were 

collected with overlying water using a pole corer (universal core head sediment sampler kit, 

Envco). All sediment cores with overlying water were sealed with bungs at the top and 

bottom, kept upright to minimise disturbance and returned to the laboratory within 1 h of 

sampling. Cores were maintained in a constant temperature room at 22
°
C, submerged in a 

container filled with constantly-aerated water from the sample site. Cores were equilibrated 

for 48 h before deployment of the combined DET-DGT probes. 

 

2.2. General procedures 

All standard, elution and cleaning solutions were prepared using deionised water (Milli-Q 

Element, Millipore, >18 MΩ•cm). All the equipment, including the plates used for gel casting 

and DET-DGT probe components, were cleaned by soaking in 10% (v/v) HNO3 (AR grade, 

Merck) acid for 24 h, rinsed thoroughly with water and dried before each use. Preparation of 

metal(loid) standards, assembly of DET-DGT probes and elution of DGT binding layers were 

done in an ISO Class 5 laminar flow cabinet (ISO 14644-1) within an ISO class 6 clean room, 

where the metal analysis was done. Sediment core processing and pore water extraction for 

metal(loid), Fe(II) and sulfide analyses were conducted under strictly anaerobic conditions in 

a laboratory anaerobic chamber (Coy Laboratory Products; 5% H2 in N2, <10 ppm O2).  
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2.3. Preparation of combined DET-DGT probes 

Bisacrylamide-cross linked polyacrylamide diffusive (Fe(II)-DET) gels (0.4 mm thickness), 

DGT-sulfide binding gels (0.4 mm thickness) and ferrozine staining gels (0.8 mm thickness) 

for colorimetric Fe(II) analysis were prepared as previously described (Robertson et al., 

2008). Chelex-Metsorb mixed binding layer (MBL) was prepared according to the Panther et 

al. (2013) (Section S1). Metsorb was cleaned prior to use to minimise the blank value for Al 

(Panther et al., 2012). Gels were stored in deionised water, which was changed several times 

in the first 24 h and refrigerated at ˂4°C until assembly. 

 

DGT probes with an 18 × 150 mm exposure window were purchased from DGT Research 

Ltd. (Lancaster, UK). Triple layer combined DET-DGT sediment probes were assembled, 

with a AgI binding gel at the rear of the probe overlain by a MBL binding gel, a diffusive gel 

layer, which also served as a DET for colorimetric iron(II) determination, and a protective 

0.45 µm membrane as shown in Fig. S2. DET-DGT blanks were prepared in the same way as 

the DET-DGT sample probes and subjected to all procedures except for deployment. 

  

2.4. Deployment and retrieval of combined DET-DGT probes 

DET-DGT sediment probes were deoxygenated for 12 h in 0.7 mol L
-1

 NaCl (Chem Supply, 

AR Grade) prior to all deployments, by bubbling vigorously with high-purity nitrogen gas to 

ensure oxygen was not introduced to the sediment by the sampling apparatus. DET-DGT 

probes were carefully deployed in the centre of each sediment core with 2 cm of the probe 

above the sediment/water interface (SWI), with the exact location of the SWI marked. All 

deployments were for approximately 24 h (exact time recorded). 
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At the end of the incubations, probes were carefully removed to minimise disturbance to the 

sediment core and briefly rinsed with deionised water to remove particles. A new stainless 

steel scalpel was used to cut each gel layer from the probe window. Colorimetric analysis of 

Fe(II) DET was done immediately, while the DGT MBL gels were rinsed by immersion in 50 

mL deionised water for 1 h to remove unbound salts from the gel. The DGT sulfide binding 

layers were stored at 4 °C until analysed. 

 

Diffusive gels were stained (as for a Fe(II) DET, but are only qualitative due to the uptake of 

Fe by the MBL which will be discussed in section 3.3), scanned and grey-scale values 

converted to concentration values using a calibration curve as described by (Robertson et al., 

2008) and modified by (Bennett et al., 2012b). DGT sulfide-binding layers were scanned, and 

grey-scale values converted to concentration values using a calibration curve as described by 

(Robertson et al., 2008) within a few days. In both cases, the quantification of Fe(II) and 

sulfide were done by computer imaging densitometry (CID) (Teasdale et al., 1999; Robertson 

et al., 2008; Bennett et al., 2012b). 

 

Two-dimensional Fe(II) and sulfide distributions were generated using Image J software and 

converted to one-dimensional depth profiles by horizontally averaging concentrations across 

the probe width for each 1 mm depth interval. Blank gels were analysed in the same way with 

blank grayscale values subtracted from the sample values prior to calculation of 

concentrations. 

 

2.5. Analysis of MBL and DGT calculations 

Retrieved MBL gels were laid on a clean Perspex sheet and sliced using a PVC gel cutter at 2 

mm intervals. The elution process for MBL gel slices was carried out in two steps. Firstly, 
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each gel slice was eluted in 300 µL of 1 mol L
-1

 HNO3 for 24 h with a 200 µL aliquot of the 

eluent transferred into a 10 mL tube. Then, MBL slices were eluted again in 300 µL of 1 mol 

L
-1

 NaOH for 24 h with 200 µL of that eluent transferred into same 10 mL tube. Prior to 

analysis, the pooled eluents were diluted 10-fold with 2% HNO3 (Baseline, Seastar) acid. 

Blank gels were sliced and eluted in the same way as described here. 

 

All samples and blanks were analysed for metal(loid)s using an inductively coupled plasma 

mass spectrometer (ICP-MS, Agilent 7500a). During analytical runs, quality control blanks 

(QCB) and 10 µg L
-1 

reference standards (QC, High Purity Standards) were analysed every 

15 samples to ensure the accuracy and sensitivity of the ICP-MS process. All the analytical 

recoveries of standards were in the range of 93 to 106%. 

 

DGT metal(loid) concentrations (CDGT) (µg L
-1

) were calculated from the accumulated metal 

mass (M) using the DGT equation (Davison and Zhang, 1994; Zhang and Davison, 1995), 

which is derived from Fick’s first law of diffusion: 

 

𝐶DGT =  
𝑀∆𝑔

𝐷𝑡𝐴
 

 

where M is the accumulated mass of analyte (ng), ∆g is the thickness of the diffusive layer 

including the membrane layer (cm), D is the diffusion coefficient of the metal (cm
2
 s

-1
), t is 

the deployment time (s), and A is the area of exposure (cm
2
). The diffusion coefficient values 

of metal(loids)s (restricted diffusive gels, pH 7) were taken from Shiva et al. (2015), 

corrected for the incubation temperature using the Stokes–Einstein equation (Zhang and 

Davison, 1995) and for the viscosity of seawater, by multiplying by values by 0.9 (Davison et 

al., 2000). The mass of each metal(loid) accumulated was calculated from eluent 
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concentrations using the total volume of the eluents (0.6 mL), the volume of the gel (0.0136 

mL), dilution factor (10) and the elution efficiency of each metal(loid) (Panther et al., 2013). 

 

DET-DGT operational blanks were prepared and analysed in the same manner as the 

deployed probes except for the deployment step, to account for any contamination during the 

probe preparation and handling. Prior to calculating metal concentrations, a blank correction 

was done by subtracting the average of the DGT blank mass readings from the accumulated 

mass of each sample. Method detection limits (MDL) for each metal were calculated based 

on the standard deviation of the procedural blank (3σ) (Mason et al., 2005; Panther et al., 

2013). 

 

2.6. Processing and analysis of sediment pore waters 

After retrieval of DET-DGT probes, sediment cores were transferred to an anaerobic chamber 

(Coy Laboratory Products), extruded and sectioned into 1 cm depth horizons in preparation 

for extraction of pore water by centrifugation under an atmosphere of 5% H2 in N2, <10ppm 

O2. In the anaerobic chamber, the core sections were quickly homogenised using a plastic 

spatula and transferred into polyethylene centrifuge tubes, which were sealed within the 

cabinet. A sediment sub-sample of 3-5 g was taken from each homogenised slice to measure 

porosity and total organic carbon (TOC) (see the end of this section). Sediment samples were 

centrifuged at 3130 relative centrifugal force (RCF) for 15 min to separate out the pore 

waters. Pore waters were filtered (0.45 µm cellulose acetate disposable filters) with 2 mL and 

2.5 mL of the filtrate mixed with reagents for Fe(II) and sulfide analysis, respectively, in the 

anaerobic chamber. Another 0.5 mL of sample was preserved with 4.5 mL of 2% HNO3 

(Baseline, Seastar) acid for the pore water metal(loid) analysis. 
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Trace metal(loid) concentrations in pore water samples were measured using an inductively 

coupled plasma mass spectrometer (ICP-MS, Agilent 7500a) as for the DGT metal analysis, 

described in section 2.5. Triplicate acid blanks were also analysed (Table S1) and the average 

blank concentration of each metal(loid) was subtracted from pore water sample 

concentrations. 

 

Pore water Fe(II) concentrations were measured using the standard spectrophotometric 

ferrozine method (Stookey, 1970; Viollier et al., 2000) at 562 nm wavelength. A calibration 

curve with standards of 0, 5, 10, 20, 40, 60, 80 µmol L
−1

 was used to calculate Fe(II) 

concentrations (Kankanamge et al., 2017). A Fe(II) 50 µmol L
-1 

quality control standard 

prepared from a separate, NIST-certified 1000 mg L
−1

 iron standard solution (High Purity 

Standards, Charleston) reduced to Fe(II) by addition of hydroxylamine hydrochloride was 

also analysed to investigate the accuracy and reproducibility of the technique. The measured 

recovery of Fe(II) was 103 ± 0.8% (n = 4). 

 

Pore water sulfide concentrations were measured spectrophotometrically using the 

colorimetric methylene blue method (Cline, 1969). A sulfide calibration curve with standards 

of 0, 5, 10, 15, 20, 25, 30, 35, and 40 µmol L
−1

 was used to determine the sulfide 

concentrations. A 25 µmol L
−1 

analytical quality control was prepared from 100 µmol L
−1

 

sulfide stock solution which was prepared immediately prior to use from sodium sulfide 

(Na2S.9H2O) (Sigma-Aldrich, AR grade) standardized by iodometric titration (Budd and 

Bewick, 1952) and analysed to ensure the accuracy and reproducibility of the technique. The 

measured recovery of sulfide was 96 ± 0.8% (n = 4). 
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A sediment sub-sample of 3-5 g was taken from each homogenised slice to measure porosity 

and total organic carbon (TOC) as loss-on-ignition at 550 °C (LOI550). Porosity was 

determined as loss of wet weight following drying at 105
o
C for 24 h. Total organic carbon 

content was measured by high-temperature combustion of pre-weighed, dry sediment 

samples in a muffle furnace for 4 h at 550
 o
C. 

 

2.7. Statistical analyses 

To determine the interrelationships among metal(loid)s, separate Pearson's product-moment 

correlation analyses were conducted with the DGT and centrifugation measured metal(loid) 

concentrations using the statistical program SPSS (IBM SPSS Statistics 21). 

 

3. Results and discussion 

3.1. DGT-MBL method detection limits (MDL) 

The calculated mean blank values (µg L
-1

) and method detection limits (MDL, µg L
-1

) for 

DGT-MBL are given in Table 1. Most of the metal(loid)s exhibited low blank (< 0.83 µg L
-1

) 

and MDL values (< 0.26 µg L
-1

). However, Fe, Al, and Zn had higher concentrations in the 

blanks as observed previously (Shiva et al., 2016; Shiva et al., 2017). The method detection 

limits of DGT-MBL presented here are mostly similar to the MDL values reported in 

previous publications for DGT-MBL with the restricted diffusive layer (Shiva et al., 2015; 

Shiva et al., 2016). DGT concentrations determined in this study were above the MDL for 

most metal(loid)s, although 60 – 80% of Pb, Zn, Cd, V, Al and Se samples were below the 

MDL. However, these concentrations below the detection limits were included in depth 

profiles in order to allow the overall patterns to be understood. 
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Table 1. DGT-MBL average blank values and method detection limits (MDL). Conditions: 

Δg = 0.05 cm; t = 24 h; A = 0.34 cm
2
; T = 22 °C. ± values indicate the standard deviation of 

the blank values from mean (n = 60). 

Metal(loid) Mean blank mass / ng Mean MBL blank / µg L
-1

 MDL / µg L
-1

 

Mn 1.21 ± 0.13 0.56 ± 0.06 0.18 

Fe 24.10 ± 1.69 7.87 ± 0.55 1.65 

As 0.28 ± 0.05 0.14 ± 0.02 0.07 

Co 0.07 ± 0.02 0.03 ± 0.008 0.02 

Mo 0.54 ± 0.15 0.23 ± 0.06 0.19 

V 2.73 ± 0.29 0.83 ± 0.09 0.26 

U 0.01 ± 0.004 0.01 ± 0.003 0.01 

Zn 32.53 ± 5.00 13.1 ± 2.00 6.02 

Cu 0.88 ± 0.09 0.36 ± 0.03 0.1 

Pb 0.98 ± 0.13 0.32 ± 0.04 0.12 

Cr 1.10 ± 0.11 0.44 ± 0.04 0.13 

Ni 9.13 ± 0.68 0.37 ± 0.27 0.82 

Cd 0.007 ± 0.003 0.003 ± 0.001 0.003 

W 0.19 ± 0.04 0.09 ± 0.02 0.05 

Se 0.31 ± 0.10 0.07 ± 0.02 0.06 

Al 96.99 ± 6.68 45.7 ± 3.15 9.45 

 

 

3.2. Sediment physical and biogeochemical characteristics 

Southport Marina sediment is composed primarily of silt, clay and fine sand. Average 

porosity of the sediment is 48.4 ± 3.2%. Sediment organic matter content, measured as LOI, 
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varied between 6.82 and 8.62% (mean 7.5 ± 0.8%) over the depth profile, but showed no 

consistent trend with depth (Fig. S3). 

 

In this study, triple layer combined DET-DGT probes composed of an AgI binding gel at the 

rear of the probe overlain by a MBL gel and a diffusive gel layer (Fe(II) DET) were used to 

simultaneously measure pore water Fe(II), metals and sulfide, at the same spatial location. 

Naylor et al. (2004) have previously assessed this probe configuration and clearly 

demonstrated that the metal binding layer does not impede the diffusion of sulfide to the 

underlying AgI binding layer. However, the diffusive layer does not act as a typical Fe(II) 

DET due to the presence of metal binding layer. We have assumed the actual Fe(II) pore 

water concentrations were about double those measured (due to there being a concentration 

gradient instead of equilibration in the layer used for DET), but in this study the Fe(II) and 

sulfide distributions are mainly being used for qualitative purposes. 

 

Two-dimensional (2D) pore water distributions of Fe(II) and sulfide were determined to 

assess the degree of heterogeneity in the distribution of major biogeochemical zones within 

the sediment, as redox zonation is typically heterogeneous in coastal marine sediments 

(Robertson et al., 2008; Pagès et al., 2011). Fe(II) distributions (n = 4) and an overall average 

one-dimensional Fe(II) profile with standard deviations are shown in Fig. 1. Fe(II) had 

relatively high concentrations in the upper 5 cm in three replicate distributions, but not in 

probe 2, with some of the distributions being characterised by the presence of "hotspots" of 

varying concentrations and sizes. The Fe(II) distribution of Probe 1 shows a hotspot with the 

relatively high concentration of ~1500 µg L
-1 

near to the SWI. Probe 2 exhibited fairly low 

concentrations of Fe(II) distribution down to 5 cm depth with a hotspot between 11 – 12 cm 

depth. Probe 3 also showed a relatively large Fe(II) hotspot of ~1400 µg L
-1 

from the SWI 
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down to 2 cm depth. Probe 4 showed a hot spot between 2 – 3 cm depth with Fe(II) 

concentration of ~1500 µg L
-1

. Considering all the heterogeneity present in the individual 

probes, the 1D Fe(II) profile is fairly smooth, showing an Fe(II) maximum (at an average 

concentration of 1110 µg L
-1

) at 1-3 cm depth and a Fe(II) minimum of about 250 µg L
-1

 at 9 

cm depth. This profile shape is consistent with Fe(II) being depleted by precipitation with 

sulfide but still being in overall excess (Robertson et al., 2008). 

 

The sulfide distributions (Figure S4) showed a few hotspots that were small and with low 

concentration. Generally, sulfide concentrations are close to zero throughout most 

distributions although the average sulfide profile has low concentrations at most depths below 

2 cm. Colorimetric sulfide analysis of extracted sediment pore water also gave zero sulfide 

concentrations, although that was expected given the difficulties observed with centrifugation  

(Kankanamge et al., 2017). These results confirm that sulfide is being produced, as expected, 

but DGT only measures free sulfide, so most of the sulfide is present as precipitates with 

Fe(II) or other metals with a lower solubility product. This has implications for interpreting 

the metal profiles in Section 3.5.2. 
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Fig.1. Two-dimensional distributions of Fe(II) from four DET-DGT deployments (1, 2, 3 and 4) and 

mean depth profile of Fe(II) from the average of laterally averaged one-dimensional replicates of 

distributions 1, 2, 3, and 4 (error bars indicate the standard deviation of replicate measurements at 

each depth; n = 4). Approximate position of the sediment-water-interface (SWI) is shown by the 

horizontal lines. The pattern in the top left of probe 3 could be due to the folding of the gel.  
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3.4. Comparison of pore water metal profiles 

Average (n = 4) metal(loid) concentration profiles obtained by DGT measurements (2-mm 

resolution) and conventional measurement of centrifuged pore waters (cm-resolution) are 

compared in Figure 2 and Figure S5. The metal(loid) concentration profiles from DGT and 

conventional pore water analysis methods are not expected to be the same as DGT probes 

sample only a small volume of pore water adjacent to the probe window (interfacial 

concentration), while centrifugation extracts pore water from the entire core section (Harper 

et al., 1998; Harper et al., 1999; Stockdale et al., 2009). Therefore, the comparison between 

the conventional method and the DGT technique should be carried out with caution (Gao et 

al., 2006). However, in this study, DET-DGT measurements were made within each core, 

prior to the conventional measurements, so the measurements were co-located as much as 

they could be. Furthermore, the use of four replicates to obtain the data in Figure 2 should act 

to ameliorate major differences due to spatial heterogeneity and the different scales of 

measurement. 

 

A starting point for this comparison will be to look for pore water concentrations (CPW) that 

are substantially less than the CDGT concentrations, such as Fe and Ni in Figure 2, which 

indicate a measurement artefact. Fe(II) concentrations have been established to be under-

estimated (Leermakers et al., 2005; Gao et al., 2006; Kankanamge et al., 2017) using 

conventional measurements (CDGT:CPW = 2.71 ± 1.64), which was observed in this study. 

However, a CPW value for Fe can be obtained from the DET measurements (laterally 

averaged for each depth and multiplied by two, for reasons explained in Section 3.2); 

CDGT:CPW = 0.32 ± 0.13.  The average DGT-Fe has a more significant drop in concentration 

below the peak Fe(II) mobilisation compared with the average DET-Fe(II). The ratio of 

CDGT:CPW for Ni is 6.15 ± 2.58; this strongly suggests that Ni is being removed from solution 
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by the conventional pore water processing. The obvious explanation is that Ni has adsorbed 

to Fe(III) hydr(oxides) (Boujelben et al., 2009), however, there is little evidence in the 

literature for Ni being more likely to do this than other trace metals. On the other hand, Ni is 

often associated with MnO2 in the literature (Larsen and Postma, 1997; Kay et al., 2001) 

rather than FeO(OH). The Mn pore water concentration determined by conventional methods 

was not adversely affected, unlike Fe concentration, which is consistent with the fact that Mn 

is well known to oxidise more slowly and that Fe(II) will tend to reduce MnO2 (Melton et al., 

2014). Nonetheless, we speculate that some MnO2 precipitate may have formed during the 

sample processing which may have selectively adsorbed a fraction of the pore water Ni. This 

observation is interesting but requires considerable further investigation to obtain direct 

evidence for the mechanism of Ni sequestering. 

 

For all other metal(loid)s, DGT measured metal(loid) concentrations (CDGT) were lower than 

the metal(loid) concentrations measured by conventional pore water analysis followed by 

centrifugation (CPW) (Figure 2), as expected. The ratio of the DGT measured metal(loid) 

concentration to the bulk pore water concentration (CDGT/CPW = R) can therefore be measured 

for all these metals; R can vary between 0 and 1 (Harper et al., 1998). The R values were 

calculated for each metal(loid) from the average depth distribution values of four replicates 

(average metal concentration in 1-cm intervals from DGT divided by the metal concentration 

in 1-cm intervals from centrifugation) and are presented in Table 2 in descending order. The 

implications of these ratios are discussed below. 
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Fig. 2. The mean concentration depth profiles of Fe, Mn, Co, Ni, Cu, Pb, Zn, Cd, As, Mo, V, and U in 

pore water obtained by DGT (CDGT) and centrifugation (CPW). Data points represent the averaged 

concentration of the four replicates and error bars the standard deviation of these averaged values. 

Red line indicates the detection limits of the metal(loid)s with 60 – 80% of sample concentrations 

below the detection limit. 
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Table 2. R values (the ratio of CDGT/Ccentrifugation) obtained from the average of four replicates 

Metal(loid) Average concentration 

DGT / µg L
-1

  

Average concentration 

centrifugation / µg L
-1

 

R value 

Mo 9.57 

 

13.06 

 

0.75 ± 0.45 

Co 0.06 

 

0.10 

 

0.74 ± 0.47 

Mn 89.38 

 

187.04 

 

0.51 ± 0.17 

Cu 0.34 

 

0.98 

 

0.44 ± 0.32 

As 3.00 

 

7.21 

 

0.41 ± 0.19 

Cr 0.31 

 

0.84 

 

0.38 ± 0.09 

U 0.46 2.72 0.23 ± 0.39 

W 0.14 

 

0.74 

 

0.20 ± 0.04 

V 0.13 1.50 0.12 ± 0.20 

Zn 3.79 

 

33.02 0.11 ± 0.04 

Al 3.15 31.08 0.11 ± 0.05 

Pb 0.02 

 

0.31 

 

0.08 ± 0.05 

Cd 0.01 

 

0.32 

 

0.05 ± 0.08 

Se 0.04 

 

2.39 

 

0.02 ± 0.004 

 

The differences between CDGT and CPW could be due to differences in the selectivity of the 

measurements. DGT measures the labile metal fraction of the pore water while centrifuged 

pore water may include dissolved organic matter including non-labile complexes of 

metal(loid)s (Lehto et al., 2006; Gao et al., 2009; Roulier et al., 2010) and colloidal material. 

Furthermore, even labile organic complexes will contribute less to a DGT measurement 

because of the lower diffusion coefficients. Within the sediment system, trace metal(loid)s 
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will tend toward equilibrium between the pore water and solid phase (Batley and Giles, 

1979). However, the major influence is that the available pool of metal(loid)s adjacent to the 

DGT probe window may become depleted over time due to the limited resupply from the 

sediment. Therefore, the interfacial concentration will be lower than the bulk pore water 

concentration, and thus, CDGT will be lower than the CPW (Harper et al., 1998; Zhang et al., 

2002a; Gao et al., 2006). The R ratio was first used to describe how well-sustained pore water 

analyte concentrations were by desorption or dissolution from the solid phase (Harper et al., 

1998). An R value above 0.8 is considered fully sustained, a value between 0.8 and 0.2 is 

partially sustained, and values <0.2 are unsustained with resupply mostly by diffusion 

(although these boundaries are somewhat arbitrary). 

The R values of Co and Mo are close to 0.8 (sustain case), indicating higher resupply from 

the solid phase to solution phase and show a good agreement between the DGT and 

centrifugation techniques. However, most of the literature on DGT metal analysis in sediment 

compared with the centrifugation technique reports low R values for Co (Gao et al., 2006; 

Yang et al., 2013) while some literature shows relatively high R values for Co (Xu et al., 

2017). Mn, Cu, As, and Cr showed partial resupply from sediment to pore water with 

relatively high R values. Mn generally shows a weak tendency to form organic complexes 

(Forsberg et al., 2006) and is thus highly labile towards the DGT measurements. Other 

literature reports similarly high R values for Mn (Gao et al., 2006; Yang et al., 2013) and Cu 

(Gao et al., 2006). Cu showed moderately high R values, indicating high mobility and 

lability, although Cu is considered to have lower lability (Huo et al., 2015) than Zn, Pb, and 

Cd (Licht, 1988; Lewis, 2010).The R values of Mo and As are relatively high as these 

oxyanion forming metal(loid)s have a lower tendency to form organic complexes and thus are 

more labile than other metal(loid)s (Hierro et al., 2014). 
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The R values of the rest of the measured metal(loid)s (U, W, V, Zn, Al, Pb, Cd, and Se) are 

fairly low and most of them are <0.2, indicating that there was no resupply from sediments to 

pore water (diffusion only). Zn, Cd, and Pb can be strongly bound in small nonlabile organic 

complexes (Odzak et al., 2002) and thus, have relatively low DGT concentrations. However, 

the measured concentrations, especially for Pb, Zn, Cd, V, Al and Se, were close to the 

detection limit for 60 – 80% of samples, which must be taken into consideration. A closer 

inspection of variation in R value for certain metal(loid)s is also interesting. Some 

metal(loid)s, like Mo, V, U, Zn, Cd, and Cu, have different processes in the top 2 cm (near to 

the SWI) and show high dissolution peaks in this level compared to other sediment depths. 

Sometimes CPW is higher and sometimes CDGT is higher. However, as a result the R value of 

these metal(loid)s at this depth is greater than at other depths. 

 

3.5. Correlation analysis of metal(loid)s profiles generated by each method 

Separate Pearson's product-moment correlation analyses were conducted with the 1D profiles 

obtained using data from the DGT (2 mm-resolution) and centrifugation (10-mm resolution) 

methods. The results are presented in Table 3 and Table S2. Strong correlations were 

observed within several group of metal(loid)s and those correlated metal(loid)s were plotted 

to identify the distribution patterns and small-scale mobilisation peaks (Fig. 3 and Fig. S6). 

The metal(loid) concentrations were plotted from 1 cm above the SWI (marked with dashed 

line) to identify the metal(loid) mobilisation through the SWI. The correlations of 

metal(loids) concentrations derived by DGT and conventional pore water analysis with 

centrifugation are often similar. However, DGT measured meta(loid) distributions clearly 

exhibit small scale mobilisation patterns of correlated metal(loid) better than centrifugation 

measured metal(loid) distributions. The DGT measurements are also influenced more 
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strongly by mobilisation processes. Therefore, the DGT data will be the major focus of this 

discussion. 

 

3.5.1. Iron, Arsenic, and Manganese 

DGT profiles of Fe and As (Fig. 3a) clearly show a strong correlation between pore water As 

and Fe concentrations throughout the whole sediment depth (12 cm). The results from 

Pearson's Product-moment correlation for Fe and As also confirmed the relationship with a 

highly significant correlation (r = 0.945, p < 0.01, n = 66). Sequestration and mobilisation of 

As in sediments are interrelated with Fe biogeochemistry (Maher and Butler, 1988; Bose and 

Sharma, 2002; Bennett et al., 2012c). In oxic conditions, As adsorbs to the hydrous iron 

oxides (HFO) and iron oxide minerals like goethite and magnetite (Dixit and Hering, 2003). 

Reductive dissolution of these iron oxide minerals in sub-oxic or anoxic conditions may 

release bound As into the sediment pore water (Dixit and Hering, 2003; O'Day et al., 2004). 

DGT measured meta(loid) distributions clearly exhibit small scale mobilisation patterns of Fe 

and As. Very low concentrations of Fe and As were measured in the water column and first 1 

cm of the sediment from the SWI. These metal(loid) concentrations gradually increased and 

reached a peak (Fe = 1350 µg L
-1

, and As = 7 µg L
-1

) at around the 2 cm depth. They then 

decreased to Fe = 492 µg L
-1

, and As = 3.5 µg L
-1

 at 2.5 cm depth with sub peaks appearing 

around 3.5 - 4 cm depth. Fe and As concentrations then gradually decreased to steady low 

concentrations around 8-9 cm depth and became relatively stable in deep layers. 

 

Mn and Fe were well correlated (r = 0.721, p < 0.01, n = 66) in the upper sediment layer 

below the SWI as the Fe(III)- and Mn(IV)-oxide reduction zones overlap very strongly in 

coastal zone sediments and interact slightly (Gao et al., 2006; Yang et al., 2013; Wu et al., 

2016; Wang and Wang, 2017). In the sub-oxic zone, which starts just below the lower-most 
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oxic zone in sediments, bacteria-mediated diagenesis processes utilise Fe(III) and Mn(IV) (Fe 

and Mn hydr(oxides)) as electron accepters. Thus, reduced soluble forms of Mn(II) and Fe(II) 

become dominant in sediment pore water (Balistrieri et al., 1994; Kristensen, 2000), and may 

release trace metals bound to these oxides (Tessier, 1992). The Fe(II) concentration shows a 

systematic decrease from 4.5 cm to 7.4 cm depth (concentration decrease from 580 µg L
-1 

to 

180 µg L
-
1), which may be due to the formation of iron monosulfides and pyrite through 

reaction with dissolved sulfide in the upper sulphate reduction zone (Krom et al., 2002; 

Zhang et al., 2002a). From the 7.4 cm depth, Fe(II) concentration decreases to a steady state. 

This may indicate the beginning of an anoxic zone with sulfate reduction and 2D and 1D 

distributions of sulfide DGT (Fig. S4) also indicating anoxic conditions at this depth level. 

The 2D and 1D distributions of Fe(II) DET (Fig. 1) show the same distribution pattern. Due 

to this iron sulfide formation, Fe(II) disappeared from the pore water before Mn and Mn(II) 

showed a broad peak between 3-9 cm depth. Consequently, Mn and Fe are less correlated in 

this bottom sediment layer. Mn shows a strong negative correlation with oxyanions like Mo, 

V and U (Table 3), which are supported somewhat by the pore water correlations. Fe also 

shows a negative correlation with these oxyanions, however, the correlations are stronger for 

Mn.  
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Table 3 Pearson's Product-moment Correlation between DGT measured trace metals (n = 66) 1 

2 
Metals Mn Fe Co As Ni Cr Cu Pb Zn Cd Mo V U 

Mn 1 0.721** 0.239 0.837** 0.313* 0.391** -0.366** 0.193 -0.545** -0.221 -0.670** -0.792** -0.794** 

              Fe 

 

1 -0.044 0.945** 0.129 0.191 -0.222 -0.031 -0.246* -0.197 -0.331** -0.471** -0.444** 

              Co 

  

1 0.196 -0.158 -0.033 0.168 0.257* 0.017 0.038 0.039 0.011 0.027 

              As 

   

1 0.1 0.217 -0.248* 0.032 -0.289* -0.193 -0.341** -0.515** -0.476** 

              Ni 

    

1 0.732** -0.031 0.216 -0.196 -0.072 -0.382** -0.319** -0.390** 

              Cr 

     

1 -0.096 0.236 -0.171 -0.109 -0.308* -0.277* -0.340** 

              Cu 

      

1 0.510** 0.380** 0.042 0.385** 0.434** 0.365** 

              Pb 

       

1 -0.077 -0.077 -0.18 -0.039 -0.187 

              Zn 

        

1 0.211 0.713** 0.763** 0.744** 

              Cd 

         

1 0.157 0.194 0.198 

              Mo 

          

1 0.922** 0.951** 

              V 

           

1 0.973** 

              U 

            

1 

 

             

** Correlation is significant at the 0.01 level (2-tailed).     

* Correlation is significant at the 0.05 level (2-tailed). 
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Fig. 3. Vertical distributions of metal(loid)s Fe, Mn, As (a), Cu, Zn, Pb, Cd (b), Ni, Cr (c), and Mo, U, 

V (d) (clustered as metal(loid)s with similar distribution patterns) derived from DGT measurements. 

Concentrations of some metal(loid)s have been multiplied by 0.01, 0.1, 10 or 100 to assist visual 

comparison of trends and need to multiplied by 100, 10, 0.1 or 0.01 as indicated to obtain the actual 

values..  
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3.5.2. Copper, Lead and Zinc 

According to the correlation analysis of DGT measurements, Cu shows a strong correlation 

with Pb, and Zn (r ≥ 0.380, p < 0.01, n = 66). Correlation analysis of conventional 

measurements shows a significant correlation between Cu and Pb (r = 0.617, p < 0.05, n = 

13). However, the correlation analysis of conventional measurements also shows a strong 

correlation in between Zn and Cd (r = 0.745, p < 0.05, n = 13). Vertical profiles of Cu, Pb, 

Cd, and Zn derived from the DGT method (Fig. 3b) showed some similarities in releasing 

and scavenging pathways, reflecting their similar biogeochemical behaviour (Wang et al., 

2017). However, good correspondence was not observed with the vertical profiles of Cu, Pb, 

Cd, and Zn derived from the centrifugation method (Fig. S6b). They were characterised by 

many individual and specific dissolution peaks, especially for Zn. Relatively high labile 

concentrations of Zn (0.46-21.85 µg L
-1

) and Cu (0.07-2.37 µg L
-1

) were detected compared 

to the DGT measured Cd and Pb concentrations. The DGT profiles of Zn, Cu, and Cd also 

showed some elevated concentrations in the water column (average Zn concentration = 14.31 

µg L
-1

, average Cu concentration = 0.56 µg L
-1

 and average Cd concentration = 0.04 µg L
-1

) 

and near the SWI, indicating the diffusion of these metals from pore water to the overlying 

water column. Zn, Cu, and Cd displayed these surface maxima may be due to the release 

from aerobic mineralisation of organic matter
 
or reductive dissolution of Fe and Mn 

hydr(oxides) (Naylor et al., 2004).  

 

The DGT measured concentrations of Cu, Pb, Cd, and Zn decreased in the sediment pore 

water with increasing sediment depth. The anoxic zone extending below the sub-oxic zone in 

marine sediments is characterised by sulfate reduction, and the production of sulfide 

(Jørgensen, 1977; Jørgensen and Bak, 1991; Kristensen, 2000) that can react with reactive 

iron compounds to form insoluble iron sulfides (Berner, 1984; Davison et al., 1999). Most 
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divalent metals like Zn, Cu, Pb or Cd also form insoluble sulfides, preferentially to Fe(II) 

(have lower solubility than FeS), which immobilises the metals and decreases their toxicity 

(Huerta-Diaz et al., 1998; Simpson et al., 1998; Morse and Luther, 1999). Below 2 cm depth, 

these metals show some localised remobilisation peaks, but in general, the concentrations are 

very low in deeper sediment layers. DGT sulfide analysis with AgI impregnated binding gels 

showed very low or zero sulfide concentrations, which may be due to the binding of these 

divalent metals with dissolved sulfide.  

 

3.3.3. Nickel and Chromium(III) 

A strong correlation was observed within Cr and Ni distributions from both DGT (r = 0.732, 

p < 0.01, n = 66) and centrifugation (r = 0.721, p < 0.01, n = 13) methods (Hu et al., 2013). 

Considerably high concentrations of Cr and Ni were measured in the water column with the 

DGT method with peak concentrations of 0.4 µg L
-1

 and 9 µg L
-1

 respectively, showing the 

release of these metals from sediment pore water to the overlying water column. Pore water 

profiles of Ni in sediments have not shown clear-cut behaviour (Shaw et al., 1990). Ni and Cr 

distributions from the DGT method show a significant correlation with Mn distributions. Ni 

is often associated with MnO2  (Larsen and Postma, 1997; Kay et al., 2001) and sometimes 

can be adsorbed to Fe(III) hydr(oxides) (Boujelben et al., 2009). 

 

3.5.4. Molybdenum, Uranium and Vanadium  

Mo, U, and V distributions derived from the DGT-MBL method showed very strong positive 

correlations (r ≥ 0.922, p < 0.01, n = 66). Centrifugation analysis shows a strong positive 

correlation between Mo and U (r = 0.715, p < 0.01, n = 13) and V and U (r = 0.866, p < 0.01, 

n = 13) only. The results of the correlation analysis (Table 3) show that these elements are 

very strongly negatively correlated with Mn, and Fe, which suggests they are not bound with 
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Fe and Mn hydr(oxides) in the sediment. These negative correlations with Fe and Mn are 

influenced by the distribution changes across the SWI. Depth distributions of Mo, U, and V 

derived from DGT-MBL measurements (Fig. 4d) showed similar distribution patterns with 

sediment depth, reflecting their similar biogeochemical behaviour as metalloids. The DGT 

profiles of Mo, U, and V showed pronounced maxima at the sediment surface, indicating the 

diffusion of these metals from sediment pore water to the overlying water column. This 

behaviour is likely due to a change in oxidation state in the oxic layer of the sediment and 

resulting in a change in solubility. All elements of this group showed an ongoing decrease in 

concentration from 1.4 cm depth while small sub peaks appear between 2-3 cm depth level. U 

and V distributions from conventional pore water analysis show profile shape fidelity with 

DGT measured U and V distributions. In contrast, the conventional pore water profile of Mo 

shows a more homogenous distribution over the entire profile (Fig. 2) (Schroeder et al., 

2017). Zn shows a strong correlation with oxyanions like Mo, V and U (Table 3). Cu also 

shows a strong correlation with V (Table 3 and Table S2). These correlations could be due to 

the good correspondence of Zn and Cu distribution data from the overlaying water column to 

about 2 cm depth with Mo, V, and U distributions.  
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5. Conclusion 

In this study, Fe(II) and sulfide distributions, and profiles of metal(loid)s (Mn, Fe, Co, Ni, 

Cu, Pb, Zn, Cd, Cr, Al, V, As, Mo, V, U, W, and Se) were simultaneously measured at the 

same spatial location using a triple layer of combined DET-DGT probes. Comparison of the 

metal(loid) concentrations obtained by the pore water extraction method, and the DET-DGT 

technique showed that the DGT measured metal(loid) concentrations—except Fe and Ni—

were generally lower than the metal(loid) concentrations obtained by centrifugation of 

extracted pore waters. However, DGT measured metal(loid) distributions show high-

resolution (2 mm) distributions while pore water metal(loid) distributions show very low 

resolution (1 cm) and thus, prominent metal(loid) correlations provide information on likely 

mobilisation mechanisms. Good correlations were found among four groups of metal(loid)s: 

1) Fe, As, and Mn; 2) Cu, Pb, Zn, and Cd; 3) Ni and Cr; and, 4) Mo, V, and U, although these 

correlations were clearer for DGT measured metal(loid)s than for pore water data. 

Mobilisation of metal(loid)s through reductive mobilisation of Fe and Mn hydr(oxides) and 

sequestration of some metals as sulfidic precipitates in deeper sediment were identified. The 

elevated concentrations of metal(loid)s at the SWI at mm resolution show the importance of 

high-resolution measurements to identify the benthic fluxes from sediment to overlying water 

column.  
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Figure S1: Map of the sediment sampling location 

 

Fig. S1. Map showing (a) the location in Australia of b) the northern end of the City of Gold Coast in 

southeast Queensland and (c) the sampling site. 
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Section S1:   Preparation of Chelex-Metsorb mixed binding layer 

The Chelex-Metsorb mixed binding layer (MBL) was prepared by mixing 2 g of Chelex-100 

with 1 g of cleaned Metsorb in 10 mL of  bisacrylamide stock solution (Panther et al., 2013). 

60 L of 10% (m/v) ammonium persulphate (APS; Aldrich) solution and 20 L of N, N, N, 

N-tetramethylethylenediamine (TEMED; Bio-Rad) were added into the gel solution while 

stirring. The gel solution was immediately pipetted into molds comprised of two slightly 

offset glass plates separated by 0.5 mm thick plastic spacers, clamped together and allowed to 

set for 10-15 min. Once set, the gels were carefully removed from the plates and stored in 

deionized water, which was changed several times in the first 24 h and refrigerated at ˂4°C 

until assembly.  

 

Figure S2: Schematic representation of a combined DET-DGT probe 

 

 

Fig. S2. Schematic representation of a combined DET-DGT probe with the labels signifying: 1) top 

sampler plate with window; 2) filter membrane; 3) diffusive layer (also iron(II)-DET); 4) MBL 

binding layer; 5) AgI binding layer; and, 6) sampler backing plate. 
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Table S1. Average sample blank concentrations of metal(loid)s for centrifugation method. ± 

Values indicate the standard deviation of the blank values from mean (n = 3). 

 

Metal(loid) Mean blank / µg L
-1

 

Mn 0.001 ± 0.0005 

Fe 0.003 ± 0.003 

As 0.003 ± 0.0001 

Co 0.0009 ± 0.0003 

Mo 0.05 ± 0.006 

V 0.001 ± 0.0006 

U 0.0008 ± 0.0002 

Zn 0.09 ± 0.01 

Cu 0.003 ± 0.0003 

Pb 0.001± 0.0004 

Cr 0.006 ± 0.0005 

Ni 0.02 ± 0.01 

Cd 0.001 ± 0.0006 

W 0.05 ± 0.005 

Se 0.04 ± 0.03 

Al 0.05 ± 0.03 
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Figure S3: Total organic carbon distribution in the sediment 

 

Fig. S3. The total organic carbon (TOC – loss on ignition) (See section 2.6) concentrations with 

sediment depth (black lines; data points represent the averaged TOC from four replicates cores, and 

error bars the standard deviation of averaged values). 
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Figure S4: Porewater sulfide distributions  

 

Fig.S4. Two-dimensional distributions of sulfide from four DET-DGT deployments (1, 2, 3 and 4) 

and mean depth profile of sulfide from the average of laterally averaged one-dimensional replicates of 

distributions 1, 2, 3, and 4 (error bars indicate the standard deviation of replicate measurements at 

each depth; n = 4). Approximate position of the sediment-water-interface (SWI) is shown by the 

horizontal dashed line. 
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Figure S5: Comparison of porewater metal(loid) distributions derived from DGT and 

conventional pore water analysis with centrifugation 

 

Fig. S5. The mean concentration depth profiles of Cr, Al, W, and Se in pore water obtained by DGT 

(CDGT) and centrifugation (CPW). Data points represent the averaged concentration of the four 

replicates, and error bars the standard deviation of averaged values. Red line indicates the detection 

limit of the metal(loid)s. 
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Metals Mn Fe Co As Ni Cr Cu Pb Zn Cd Mo V U 

Mn 1 .949** 0.374 .864** -0.491 -0.517 -0.099 -0.422 0 0.359 -0.445 -.734** -.789** 

  

             Fe 

 

1 0.302 .877** -0.476 -0.473 -0.124 -0.408 0.005 0.238 -0.243 -.684** -.716** 

  

             Co 

  

1 -0.008 0.303 0.363 .752** 0.097 0.4 0.503 -0.014 0.21 0.057 

  

             As 

   

1 -0.548 -0.535 -0.287 -0.361 -0.2 0.077 -0.314 -.742** -.763** 

  

             Ni 

    

1 .721** .614* 0.212 0.2 -0.007 .609* .883** .658* 

  

             Cr 

     

1 .796** .690** 0.239 0.102 0.481 .896** .760** 

  

             Cu 

      

1 .617* 0.172 0.173 0.239 .660* 0.451 

  

             Pb 

       

1 -0.123 -0.091 0.189 0.526       .576* 

  

             Zn 

        

1 .745** 0.126 0.241 0.328 

  

             Cd 

         

1 -0.218 -0.03 0.029 

  

             Mo 

          

1 .604* .715** 

  

             V 

           

1 .866** 

  

             U 

            

1 

Table S2. Pearson's Product-moment Correlation between centrifugation measured trace metals (n = 13) 

  

** Correlation is significant at the 0.01 level (2-tailed).     

* Correlation is significant at the 0.05 level (2-tailed). 
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Figure S6: Porewater metal(loid) distributions derived from conventional pore water 

analysis with centrifugation 

 

Fig. S6. Vertical distributions of metal(loid)s Fe, Mn, As (a), Cu, Zn, Pb, Cd (b), Ni, Cr (c), and Mo, 

U, V (d) (clustered as metal(loid)s with same distribution pattern) derived from conventional pore 

water analysis. Concentrations of some metal(loid)s were multiplied by 10 or 100 to assist with visual 

comparison of trends. The sediment-water interface (SWI) is marked with a dashed line. 
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Chapter 5. A colorimetric DET technique for high-resolution 

imaging of dissolved sulfide in marine sediment pore waters 

 

 

This chapter is being prepared for submission to Chemosphere and has been formatted to that 

journal style.  
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Abstract 

The measurement of sulfide in sediment pore waters is critical for understanding the 

dominant biogeochemical processes occurring within aquatic sediments. Here we report the 

development of a new two-dimensional, high-resolution, colorimetric diffusive equilibration 

in thin films (DET) technique for the measurement of dissolved sulfide in sediment pore 

waters. This sulfide DET method was based on the standard spectrophotometric methylene 

blue assay, but modified to allow quantitation of sulfide by computer imaging densitometry 

(CID) and thus allow imaging in two-dimensions (2D) at high-resolution (< 1 mm
2
). The 

method detection limit and the effective upper measurement limit of the optimised technique 

were 0.8 µmol L
−1 

and 1000 µmol L
−1

,
 
respectively. The optimised sulfide DET method was 

combined with the colorimetric iron(II) DET method to obtain high resolution 2D 

measurements of sulfide and iron(II) co-distributions in coastal seagrass (Zostera muelleri) 

colonised sediment under light and dark conditions. Co-distributions were compared with 

those obtained using the existing DET-DGT method for measuring iron(II) and sulfide co-

distributions. The field application revealed that this new sulfide DET method can overcome 

the temporal averaging of sulfide measurements from using the sulfide DGT method due to 

the temporally discrete measurements and contemporary co-distributions with iron(II) DET. 

This new method therefore minimises the overlap between iron(II) and sulfide co-

distributions.  

 

Keywords: diffusive equilibration in thin films; diffusive gradients in thin films; high-

resolution; computer imaging densitometry; environmental variability, iron and sulfur 

biogeochemistry. 
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1. Introduction 

During early diagenesis in aquatic sediments, a portion of organic matter is oxidised in 

anaerobic zones by bacteria utilising sulfate as a terminal electron acceptor, generating 

sulfide as the reduced respiratory end-product (Fenchel et al., 1998). In freshwaters, this 

process is generally limited due to the low sulfate concentration (Berner, 1984). In saline, 

marine and estuarine sediments, however, sulfate reduction can be the dominant pathway for 

carbon oxidation (Nealson and Stahl, 1997). Pore water sulfide (predominantly HS
-
) is 

therefore important for interpreting biogeochemical processes in sediments (Kühl and 

Steuckart, 2000). Sulfide can also control trace metal bioavailability by reacting with divalent 

metals (e.g. Cd, Cu, Pb, Hg, Zn) to form insoluble precipitates (Di Toro et al., 1992; Ankley 

et al., 1996; Cooper and Morse, 1998). Sulfide is also a potential toxicant for benthic infauna 

and rooted plants and can influence the distribution of these organisms in marine habitats 

(Wang and Chapman, 1999). In turn, many organisms act to modify their immediate 

environment by enhancing oxygen transfer to the sediment, to limit sulfide accumulation 

(Welsh, 2003; Frederiksen and Glud, 2006; Pagès et al., 2012; Welsh et al., 2015). These 

various processes and interactions often lead to a highly heterogeneous sulfide distribution 

(Aller, 1980; Berner and Westrich, 1985). 

 

Accurate and representative determination of sulfide in sediment pore waters is limited due to 

many sampling methods being unable to facilitate measurement of sulfide at a sufficiently 

fine spatial scale. Several types of ex situ and in situ spectrophotometric, chromatographic 

and electrochemical techniques have been developed to measure dissolved sulfide. The 

classic methylene blue/Cline method is the most widely used spectrophotometric method, 

exploiting the reaction between sulfide and N,N-dimethyl-p-phenylenediamine (Cline, 1969). 
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Since this is an ex situ method, however, it is necessary to extract the pore water for 

colorimetric analysis (typically by centrifugation or squeezing), which limits the attainable 

spatial resolution of this approach to the centimetre scale, usually as part of one-dimensional 

(1D) vertical profiles. Furthermore, this conventional pore water analysis method will change 

the sulfide concentration due to the mixing of reactive species (e.g. Fe(II) and oxygen) from 

different biogeochemical zones (Berner, 1984; Brendel and Luther, 1995; Davison et al., 

1999; Robertson et al., 2008; Kankanamge et al., 2017). In situ electrochemical analysis of 

dissolved sulfide in aquatic sediments at very high spatial resolution (100 µm) can be 

performed by amperometry, potentiometry, or voltammetry using micro-sensors (Kühl et al., 

1998; Luther et al., 1998; Kühl and Steuckart, 2000), but their applications are limited to 1D 

vertical profiling. Planar fluorescence sensors have been developed for measuring high-

resolution, two-dimensional (2D) distributions of hydrogen sulfide (H2S) in marine 

sediments, however, these sensors require imaging equipment that is often impractical for in 

situ measurements (Zhu and Aller, 2013). 

 

The in situ diffusive gradients in thin films (DGT) technique (Zhang and Davison, 1995) for 

sulfide (Teasdale et al., 1999) uses a white reactive AgI(s)-impregnated binding layer and 

facilitates high (mm)-resolution and 2D measurements. Many highly heterogeneous patterns 

of sulfide distribution in sediment pore waters have been described (Motelica-Heino et al., 

2003; Robertson et al., 2008; Robertson et al., 2009) using this method. This technique makes 

use of computer-imaging densitometry (CID) to measure grayscale intensity changes in the 

gel layer, which are related to the amount of sulfide accumulated as black AgHS(s) or Ag2S(s) 

by a non-linear function (Teasdale et al., 1999). This approach has been extended to develop 

colorimetric diffusive equilibration in thin films (DET) techniques, where a hydrogel 
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equilibrates with the sediment pore water and is immediately stained upon retrieval with an 

analyte-specific colorimetric reagent, scanned and the analyte concentrations determined by 

CID  (Jézéquel et al., 2007; Robertson et al., 2008). To date, colorimetric DET methods  have 

been developed for iron(II) (Jézéquel et al., 2007; Robertson et al., 2008; Bennett et al., 

2012), dissolved reactive phosphorus (Pagès et al., 2011), alkalinity (Bennett et al., 2015) and 

nitrite (Metzger et al., 2016). These methods have been demonstrated to be an accurate, 

sensitive and representative approach to measuring 2D pore water solute distributions. 

 

Several studies have utilised combined sulfide DGT and colorimetric iron(II) and/or 

phosphate DET techniques to investigate the biogeochemical interactions between these 

solutes (Robertson et al., 2008; Robertson et al., 2009; Pagès et al., 2011; Pagès et al., 2012). 

Some of these studies showed significant overlap between dissolved sulfide and iron(II) 

distributions (Robertson et al., 2008; Robertson et al., 2009; Pagès et al., 2011; Pagès et al., 

2012), which is somewhat unlikely as these analytes readily react and precipitate, even at low 

concentrations (Ksp = 8×10
-19 

at 25
o
C) (Luther, 1991; Rickard and Luther, 2007). The 

observed overlap, however, could be due to differences in how DET and DGT respond to 

changes in analyte distributions over time and interact with the sediment.  

 

A simplified description of DGT is that it is a time-integrated method that responds to all 

pore water concentrations encountered over the entire deployment period. A simplified 

description of DET is that it is an equilibration method that predominantly reflects conditions 

over a period of time prior to the probe retrieval. The responses of both techniques depend on 

the thickness of the diffusive or DET gel layer, respectively, and how this interacts with the 

sediment response to the measurement perturbation (Harper et al., 1997) (i.e. the extent to 
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which the pore water concentrations, having been depleted by diffusion into the passive 

samplers, are sustained by resupply from the sediment). DGT measurements cause more 

substantial perturbation (accumulating a greater mass of analyte, which can lead to less 

effective resupply and a greater volume of pore water being included in the measurement) 

compared to a DET measurement with the same thickness gel and deployment time in the 

same sediment. The analytes measured with colorimetric DET tend to be part of major 

biogeochemical cycles and pore water concentrations are likely to be sustained somewhat by 

biological production, especially over shorter deployment times. An equilibrium response 

time of several hours or less is, therefore, a reasonable estimate for these DET methods 

(Harper et al., 1997). As a result, the simultaneous DET and DGT measurements may not be 

contemporary, which is supported by the frequent co-occurrence of sulfide and iron(II) at the 

same location on the gels (Robertson et al., 2008; Robertson et al., 2009; Pagès et al., 2011; 

Pagès et al., 2012). There is a need, therefore, to develop a DET technique for imaging the 

distribution of pore water sulfide that allows more contemporary measurements of co-

distributions with other analytes, like iron(II) and phosphate, which are essential for correct 

interpretation of co-distributions and the elucidation of biogeochemical interactions. 

 

Here we describe the development of a new colorimetric DET method for measuring 

dissolved sulfide concentrations in sediment pore waters. This new method was combined 

with the existing colorimetric iron(II) DET technique to measure co-distributions of pore 

water iron(II) and sulfide in a coastal seagrass (Zostera muelleri) meadow. The 2D DET 

techniques facilitated an improved measurement of iron(II) and sulfide co-distributions in the 

pore water of a highly heterogeneous coastal sediment, thus providing an opportunity to 

examine the dynamics of these critical biogeochemical parameters. Importantly, this study 
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has facilitated a comparison between paired DET-DET and DET-DGT techniques in relation 

to the degree of overlap between 2D iron(II) and sulfide distributions.  

 

2. Experimental Section 

2.1. Reagents, materials and solutions 

Ultra-pure deionised water (Milli-Q Element, Millipore, >18.2 MΩ•cm) was used to prepare 

all solutions. All glassware, including the plates used for gel casting and DET probe 

components, were cleaned in 10% (v/v) HNO3 (AR grade, Merck) for 24 h, rinsed thoroughly 

with deionised water and dried prior to each use. Bisacrylamide-crosslinked polyacrylamide 

diffusive gels (0.8 mm final thickness) for iron(II) and sulfide DETs, DGT-sulfide binding 

gels and staining gels for colorimetric sulfide and iron(II) determination were prepared, cast 

and stored as described previously (Robertson et al., 2008).  

 

A 1000 µmol L
-1

 sulfide stock solution was prepared from sodium sulfide (Na2S.9H20) 

(Sigma-Aldrich, AR grade) dissolved in deoxygenated (sparged with high-purity N2 gas) 

synthetic sea water (35 g L
-1

 sodium chloride (Chem Supply, AR Grade)) and 0.5 g L
-1

 of 

sodium bicarbonate (Chem Supply, AR Grade). Prior to weighing, sodium sulfide crystals 

were rinsed with deoxygenated water and dried with a cellulose tissue to remove oxidised 

sulfate products from the crystal surface. The freshly prepared sulfide stock solution was 

standardised iodometrically using a 0.1 N iodine solution (Chem Supply, AR Grade) and a 

0.1 N sodium thiosulfate (Na2S2O3) (Merck, AR grade) secondary standard, that was 

standardised with potassium dichromate (K2Cr2O7) (Merck, AR grade) (Cline, 1969; Lindsay 

and Baedecker, 1988; Reese et al., 2011). 
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The colorimetric sulfide reagent (mixed diamine reagent (MDR)) was prepared based on 

Cline (1969) and Reese et al. (2011) by dissolving 2 g of diamine (N,N-dimethyl-ρ-

phenylenediamine sulfate, Sigma-Aldrich, AR grade) and 3 g of ferric chloride (Chem 

Supply, AR Grade) in 500 mL of 6 mol L
-1

 (50% v/v) reagent-grade HCl (RCI Labscan). The 

colorimetric iron(II) DET reagent, 0.01 mol L
−1

 ferrozine (3-(2-pyridyl)-5,6-diphenyl-1,2,4-

triazine-4’,4”-disulfonic acid sodium salt, Sigma-Aldrich, AR grade) was prepared in an 

acetate buffer consisting of 0.10 mol L
−1

 acetic acid (Merck, AR grade) and 0.10 mol L
−1

 

sodium acetate (Chem Supply, AR grade), as previously described (Bennett et al., 2012).  

 

The probes used to determine sulfide and iron(II) co-distributions were custom-made from 

PVC with a 150 mm × 80 mm exposure window (Robertson et al., 2008). The DET-DET 

probes contained two 0.8 mm-thick bisacrylamide-crosslinked polyacrylamide hydrogels and 

the DET-DGT probes contained 0.8 mm-thick bisacrylamide-crosslinked polyacrylamide 

diffusive gel, which also served as an iron(II) DET, overlying the AgI impregnated binding 

gel. Probes were assembled as described by Robertson et al. (2008). Prior to field 

deployments, DET-DET and DET-DGT sediment probes were deoxygenated for 12 h in 0.7 

mol L
-1

 NaCl (Chem Supply, AR Grade) sparged with high-purity nitrogen gas. 

 

2.2. Calibration procedure for colorimetric sulfide DET 

Sulfide standards (0, 5, 10, 20, 40, 60, 80, 100, 200, 400, 600, 800 and 1000 µmol L
-1

) were 

prepared from a 1000 µmol L
-1

 stock solution in a laboratory anaerobic chamber (Coy 

Laboratory Products; 5% H2 in N2, <10 ppm O2). DET gel discs (n = 3 for each calibration 

standard) were equilibrated by immersion in 50 mL of the standard solutions for at least 2 h 
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on an orbital shaker. Staining hydrogel sheets were equilibrated for 12 h in undiluted MDR 

before use. Upon removal from the staining solution, staining gel sheets were kept vertical to 

allow excess solution to drain and then transferred onto a transparent polypropylene sheet 

(170 µm thick). Excess reagent solution was wiped from the gel surface using a thin plastic 

strip. The calibration gels were removed from their respective solutions, placed onto a 

transparent polypropylene sheet and immediately covered with the staining gel. A second 

transparent polypropylene sheet was placed over the top to cover the staining gel. After 10 

min of staining (optimal time discussed in Section 3.1) the assembly was scanned with the 

sample gel face down on a conventional flat-bed scanner at 300 dpi resolution (CanoScan 

LiDE 210) using GIMP imaging software (Ver. 2.8, available for free from 

http://www.gimp.org).  

 

2.3. Computer imaging densitometry 

The quantification of iron(II) and sulfide was done by the CID method (Teasdale et al., 1999; 

Robertson et al., 2008; Bennett et al., 2012). The sulfide DET method was optimised using 

the channel mixer function in the GIMP software by converting images to grayscale using a 

red, green or blue colour filter, or a combination of these. The optimisation step is discussed 

in Section 3.1. The scanned image was converted to grayscale, using the appropriate colour 

channel, and saved as a tagged image file format (TIFF). The calibration curve was 

developed by measuring the average grayscale intensity of a selected 100-pixel area from 

each calibration standard image, and fitting the data points with a quadratic equation. Sample 

images were imported into Image J and the grayscale intensity values were converted to 

sulfide or iron(II) concentrations using the quadratic equation of the relevant, optimised 

calibration curve. Two-dimensional false-colour images of sulfide and iron(II) were 
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generated using Image J and the image processing and graphing procedures are described in 

the Supporting Information in Section S1. 

 

2.4. Performance characteristics 

Method detection limit (MDL) was calculated based on the standard deviation of the 

grayscale intensity of the calibration blank gel (3σ), analysed at the original resolution using 

Image J software. A 100 µmol L
-1 

standard sulfide solution prepared from sodium sulfide 

crystals (Na2S.9H20) (Sigma-Aldrich, AR grade), independent of the calibration standards, 

was analysed to investigate the accuracy and reproducibility of the technique. Replicate gel 

discs (n = 3) were equilibrated with this quality control standard solution and analysed as 

described in 2.3. These analytical data are discussed in section 3.1. 

  

2.5. Field evaluation 

Sulfide and iron(II) co-distributions were determined under both light and dark conditions in 

a shallow sub-tidal seagrass (Zostera muelleri) meadow growing on sandy sediment with a 

high organic matter content (33.5 ± 6.4% LOI550 (loss-on-ignition)) (Pagès et al., 2012). The 

meadow was located at the mouth of Loders Creek, Southport Broadwater, a semi-enclosed 

lagoon on the Gold Coast, Queensland, Australia (Pagès et al., 2012). Field deployments 

were completed in February 2017. Two replicate DET-DET probes and DET-DGT probes 

were deployed in the early morning at low tide and retrieved at the low tide in the afternoon 

(approx. 3 am to 3 pm, light incubation) and another two replicate DET-DET and DET-DGT 

probes were deployed in late afternoon and retrieved at low tide the following morning 

(approx. 4 pm to 4 am, dark incubation). Although these deployments did not correspond 

exactly to light and dark periods, due to the logistics of completing measurements in the field, 
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they were timed to ensure that the DET measurements were completely representative of the 

respective conditions. 

 

At the end of the deployments, probes were carefully removed from the sediment and 

thoroughly but quickly rinsed with deionised water to remove any sediment particles and 

organic matter. The DET gels were then immediately cut from the probe window using a new 

scalpel, placed on two plastic polypropylene transparency sheets separately and overlain with 

staining gels equilibrated with the iron(II) and sulfide staining reagents; iron(II) DET was the 

top layer and sulfide the bottom. A second transparent polypropylene sheet was placed on top 

of each staining gel and gels allowed to stain for 10 min for both iron(II) and sulfide. 

Following staining, the gels were scanned using a Cannon LiDE 210 and the images 

processed as described in section 2.3 for sulfide and Bennett et al. (2012) for iron(II). The 

DGT sulfide-binding layers were stored in the dark and scanned within a few days with the 

sulfide concentrations calculated using a calibration curve as described by Robertson et al. 

(2008). 

 

2.6. Analysis of overlaps in iron(II) and sulfide co-distributions 

To investigate the degree of overlap, the entire 2D iron(II) and sulfide distributions from 

paired DET-DET and DET-DGT were re-analysed for overlap in Image J. Firstly, 5 µmol L
-1

 

was set as
 
the lower threshold level for both iron(II) and sulfide and all pixels above this level 

were assigned a grayscale value of 255 and all pixels below this level a grayscale value of 0 

(white). We used 5 µmol L
-1

 as the lower threshold level to get a conservative measure of 

overlap as 5 µmol L
-1

 is the lowest calibration standard for both iron(II) and sulfide DET 

calibrations. The pixel values from the aligned paired images were then summed using the 

"image calculator" function to create a third image where a pixel value of 0 indicates the 
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absence of both iron(II) and sulfide, 255 indicates that either iron(II) or sulfide concentrations 

were above their lower threshold level (5 µmol L
-1

), and a value of 510 indicates that both 

iron(II) and sulfide concentrations were above 5 µmol L
-1

. A second threshold was applied to 

this image so that pixels with a value of 510 were shown as black, and all other pixels as 

white. The total area of overlap was then calculated using the "Measure" function, after 

selecting the "Limit to Threshold" in the "Set Measurements" menu. This area was converted 

to the percentage of the total image area, and compared between the two different 

measurement approaches (DET-DET and DET-DGT).  

 

2.6.1. Statistical analysis 

The overlap values from the DET-DET and DET-DGT methods were statistically compared 

using a 2-way ANOVA in SPSS (IBM SPSS Statistics 21). Prior to all statistical analyses, 

overlap percentages from light and dark deployments for both methods were checked for 

normal distribution and homoscedasticity using Q-Q plots and Levene’s test.   

 

3. Results and discussion 

3.1. Development and characterisation of staining method 

Upon exposure of the mixed diamine reagent (MDR)-equilibrated staining gel to a sample gel 

containing dissolved sulfide, an intense (methylene) blue colour formed, the intensity of 

which was proportional to the sulfide concentration. The sulfide DET method was optimised 

using the channel mixer function of GIMP software by converting images of the calibration 

standards to grayscale values using a red, green or blue colour filter, or a combination of 

these. The most suitable colour channel filter was selected according to the sensitivity and 

upper and lower measurement limits obtained (Fig.S1). Calibration with the blue channel 
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produced some results with very poor sensitivity (high concentration standards had very low 

intensity), and calibration with the green channel resulted in very low sensitivity. Calibration 

with the red channel produced a calibration curve that was suitable for sulfide concentrations 

up to 1000 µmol L−
1
 but gave a relatively high grayscale intensity value for the blank gels due 

to the yellow colour of the unreacted MDR. This was addressed by reducing the blue channel 

contribution to -50% and increasing the red channel contribution to 150% to maintain the 

same image brightness. This resulted in the optimal analytical signal sensitivity for the 0-

1000 µmol L−
1
 range.  

 

According to Cline (1969) and Reese et al. (2011), the colour development time of the 

methylene blue method is 20–30 min (Cline, 1969; Reese et al., 2011). However, the staining 

time investigation indicated that the grayscale intensity of the 200 µmol L
-1

 calibration 

standard after 10 min of staining was 73% of the value after 30 min. Therefore, a 10 min 

staining time was selected for the sulfide DET method considering both sensitivity and to 

limit any diffusional relaxation of distributions during staining, as previously recommended 

for other DET techniques (Robertson et al., 2008; Bennett et al., 2012; Bennett et al., 2015).  

 

The optimised colour channel selections and staining time were then used to generate a final 

calibration curve by equilibrating triplicate gel discs in standard sulfide solutions, staining 

with staining gels, scanning with a conventional flat-bed scanner at 300 dpi resolution and 

converting into grayscale using CID. The average grayscale value of the blanks was 

subtracted from the grayscale values of the calibration standards, and the corrected grayscale 

values plotted against sulfide concentration. A second order polynomial function fitted the 

calibration data well (R
2
 = 0.9989) (Fig. 1). The quadratic equation, Equation 1, which is 

derived from the second order polynomial function, was used to calculate the sulfide 
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concentrations (x) using measured grayscale intensities (y) for each pixel for all field 

deployments. 

 

𝑥 =
−0.442+√0.4422−(4×−0.0002 ×(0.0797−𝑦))

2 × −0.0002
             (1) 

 

The method detection limit (MDL) was calculated as three times the standard deviation of the 

grayscale intensity of the calibration blank gel (3σ). The method detection limit of this 

technique is 0.8 µmol L
−1

 with the maximum measurable sulfide concentration of 1000 µmol 

L
−1 

(Fig. 1). However, we recommend caution when reporting concentrations less than the 

lowest calibration standard concentration (5 µmol L
−1

). The measured recovery of the 100 

µmol L
-1

 quality control standard was 95 ± 2.8% (n = 3). The calibration curve shown in Fig. 

1 was obtained using a 10 min staining time and this staining time was used for all the field 

applications presented in this paper.  

 

 

Fig.1. Calibration curve for the sulfide DET method with red (150)/blue (-50) colour channels after 10 

min of staining time. Error bars represent standard deviation of the mean (n = 3).  
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3.2. Field deployments in seagrass-colonised sediment 

The performance of the optimised sulfide DET method was assessed by applying it in 

sediments of a shallow sub-tidal Zostera muelleri meadow. Previous work at this site showed 

the sediment consists primarily of fine and medium sands and is rich in organic matter (33.5 

± 6.4% LOI550) (Pagès et al., 2012).  

 

3.2.1. DET-iron(II) and DET-sulfide distributions 

The sulfide and iron(II) co-distributions in sediment pore water were obtained using dual-

layer sulfide-DET/iron(II)-DET probes (n = 2) under both light (Fig. 2) and dark (Fig. 3) 

conditions. Sulfide and iron(II) in the seagrass sediment exhibited heterogeneous 

distributions over fine spatial scales (mm) during both light and dark deployments, likely due 

to the presence of seagrass roots (Robertson et al., 2009; Pagès et al., 2012), which are 

sources of both oxygen (Frederiksen and Glud, 2006; Pagès et al., 2012) and dissolved 

organic matter for sediment bacteria (Moriarty et al., 1986; Welsh et al., 1997). Seagrass 

roots are small, numerous and well-dispersed. Animal burrows and decaying particulate 

organic matter (e.g. dead roots and leaves, animal faecal pellets) may also increase the 

heterogeneity within seagrass sediments (Aller, 1980; Welsh, 2003; Robertson et al., 2009).  

 

Distributions of probe 1 and 2 in the light deployment (Fig. 2) revealed iron(II) 

concentrations up to around 50 µmol L
−1

 over most of the distributions, although there were 

some areas with higher iron(II) concentration around 150 µmol L
−1

, apparent on the upper 

and lower parts of distribution (b). There were some areas with low sulfide concentrations of 

around 50 µmol L
−1

 in the upper area of the distribution (a) and the middle area of the 

distribution (b), and some small hot spots with peak concentrations of 100-150 µmol L
−1

 (b).  
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Fig. 2. False-colour images of two-dimensional co-distributions (a and b) of iron(II) and sulfide of 

probe 1 and 2 in the sediment pore water of a Zostera muelleri seagrass meadow during the day (light 

deployment). Black and white images show overlap of iron(II) and sulfide distributions. Numbers on 

the right-hand panel indicate the location of overlaps referred to in the text. The sediment-water 

interface (SWI) fitted closely with the upper extent of measured iron (II) distributions.  
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Fig. 3. False-colour images of two-dimensional co-distributions (c and d) of iron(II) and sulfide of 

probe 2 and 3  in the sediment pore water of a Zostera muelleri seagrass meadow during the night 

(dark deployment). Black and white images show overlap of iron(II) and sulfide distributions. 

Numbers on the right-hand panel indicate the location of overlaps referred to in the text. The 

sediment-water interface (SWI) was at the upper extent of measured iron (II) distribution, except for 

distribution‘d’ where SWI is marked with a white dashed line. Data could not be calculated for the 

black circle in the upper part of the iron(II) gel in distribution ‘c’ due to the presence of an air bubble 

during scanning. 
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Distribution (c) in the dark deployment showed relatively high concentrations of sulfide (100-

120 µmol L
-1

), distributed throughout the left side of the probe with a hotspot up to 200 µmol 

L
-1

. In contrast, iron(II) was primarily distributed on the right side of the probe, with two 

large hotspots with concentrations of ~150 µmol L
-1

. Distribution (d) shows high sulfide 

concentrations distributed throughout the lower section of the probe with a hotspot up to 300-

350 µmol L
-1

. Iron(II) was distributed throughout the upper part of the probe, with a large 

hotspot of 120 µmol L
-1

.  

 

Iron(II) and sulfide co-distributions allow the major biogeochemical zones to be observed 

readily within the seagrass sediment (Hargrave et al., 2008; Robertson et al., 2009; Pagès et 

al., 2011). In the dark, seagrass sediments showed more reduced conditions with large areas 

dominated by high iron(II) or sulfide. Seagrass sediment was more oxidise in light compared 

to dark. Seagrasses transport oxygen from their leaves to their roots via a system of air-filled 

lacunae, which facilitates oxidation of the rhizosphere; as a result, the rhizosphere can 

experience diel shifts in redox conditions (Frederiksen and Glud, 2006; Borum et al., 2007; 

Pagès et al., 2012). This is due to the radial loss of oxygen from the seagrass roots occurring 

at much higher rates during the day, due to photosynthetic oxygen production, than the night 

(Pedersen et al., 1998; Connell et al., 1999; Jensen et al., 2005; Frederiksen and Glud, 2006). 

Lower iron(II) and sulfide concentrations observed in the light deployments (Fig. 2) can be 

explained by chemical and microbiological oxidation of sulfides and iron(II) associated with 

oxygen released from the seagrass roots. Microniches, with high iron(II) concentrations 

during the day, likely correspond to zones further away from the seagrass roots or with higher 

amounts of labile organic matter (e.g. faecal pellets) (Robertson et al., 2009; Pagès et al., 

2011). 
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The occurrence of sulfide at shallow depths during the light deployments, especially in 

distribution (a) (Fig. 2), is likely due to the presence of the seagrass roots and rhizomes. 

Usually, only the root tips release oxygen to the contacted sediment and older parts of the 

roots/rhizomes are impermeable to the oxygen due to changes during maturation. Therefore, 

seagrass roots and rhizomes enhance the sediment heterogeneity by creating zones of more 

oxic and/or more anoxic conditions than the surrounding sediment. Furthermore, seagrasses 

form mutualistic relationships with nitrogen-fixing, sulfate-reducing bacteria, which 

preferentially colonise the seagrass roots and rhizomes. The rates of sulfate-reduction and 

nitrogen fixation associated with roots and rhizomes are very much greater than those in the 

bulk sediment (Welsh, 2000; Nielsen et al., 2001). 

 

At night, in the absence of photosynthesis, oxygen supply from the seagrass leaves depends 

on diffusion from the water column and is greatly decreased (Frederiksen and Glud, 2006). 

Therefore, the rate of oxygen loss from roots and the volume of aerobic sediment surrounding 

the roots is also decreased (Pedersen et al., 1998; Jensen et al., 2005; Frederiksen and Glud, 

2006). Thus, the seagrass rhizosphere would experience more reduced conditions during the 

night, favouring anaerobic respirations and the reduction of sulfate and iron(III) hydr(oxides) 

to sulfide and iron(II) (Fenchel et al., 1998). This would result in more extensive sediment 

zones dominated by accumulation of either pore water sulfide or iron(II), and a tendency for 

pore water sulfide and iron(II) concentrations within these zones to be higher during dark 

deployments (Fig. 3). Burrow-like features are apparent in both iron(II) and sulfide 

distributions of probe 4 with high iron(II) concentration as metabolic rates in burrow walls 

are greater than in general sediment, which decreases sulfide concentrations (Robertson et al., 

2009).  
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3.2.2. Comparison of degree of overlap in distributions of iron(II) and sulfide 

determined using combined DET-DET and DET-DGT methods. 

Recent studies have combined the sulfide DGT technique with colorimetric DET techniques 

to investigate the biogeochemical interactions between sulfide and iron(II) (Robertson et al., 

2008; Robertson et al., 2009; Pagès et al., 2011; Pagès et al., 2012). However, co-distribution 

studies are somewhat limited by the nature of the two measurements, applying even the 

simplified understanding of DET and DGT measurements. DGT-sulfide concentrations are a 

time-integrated measurement over the entire deployment time, whereas DET-iron(II) 

concentrations more strongly represent conditions toward the end of the deployment period. 

As a result, some of these studies showed coincident zones of co-occurring iron(II) and 

sulfide, when it is more plausible that sulfide and iron(II) were present at different times 

during the deployment. This observation is hypothesised to be due to the time-integrated 

nature of the sulfide DGT measurement (Robertson et al., 2008; Robertson et al., 2009; Pagès 

et al., 2011; Pagès et al., 2012). 

 

The development of this sulfide DET method facilitates more representative measurement of 

sulfide and iron(II) co-distributions for particular deployment periods using DET-DET 

probes, where both measurements respond on similar time scales to changes in pore water 

concentrations. The 2D iron(II) and sulfide distributions in Figures 2 and 3 support this, as 

the iron(II) and sulfide co-distributions appear to be distinct, since iron(II) and sulfide co-

precipitate at low concentration (Luther, 1991). However, some overlap of sulfide and 

iron(II) distributions can be detected. To investigate the actual degree of overlap, iron(II) and 

sulfide distributions in the light and dark 2D images in Figures 2 and 3, and light and dark 

distributions from parallel deployments of combined iron(II) DET – sulfide DGT probes were 
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analysed as described in Section 2.6 to provide a conservative estimate of zones where both 

solutes occur at concentrations above 5 µmol L
-1

. 

 

The resulting images of where iron(II) and sulfide co-occur above 5 µmol L
-1

 in the co-

distributions (a), (b), (c), and (d) are shown in Figures 2 and 3. Area of the overlaps and 

percentage of the overlaps of each co-distribution are presented in Table S1. Areas of overlap 

were evident in the co-distributions from the light deployments (Fig. 2). The overlap image of 

probe 1 shows two wider overlap areas; overlap 1 (around 10 – 15 mm) and overlap 2 

(around 25 mm) below the SWI in the upper part of the image, and some other small overlap 

areas (~10 mm) in the middle part of the image. These wider zones of overlap correspond to 

the sulfidic zones in the shallower depths of co-distribution (a) (Fig. 2) that were associated 

with the presence of seagrass roots and rhizomes. The overlap image of probe 2 shows some 

overlaps as small patches of ~10 mm maximum width. Overall, the degree overlap for the 

light deployments was around 8% of the total area for both co-distributions.   

 

During the dark deployments, the degree of overlap between iron and sulfide was more 

variable (Fig. 3). The overlap image of probe 3 shows several overlap zones of up to ~10 mm 

width, which account for ~3% of the total area. In contrast, the overlap image of probe 4 

shows a relatively high percentage of overlap (13%) with much wider overlap areas. The 

overlap area 3 in the upper section of the overlap image of co-distribution (d) is around 20 

mm wide and overlap 4 in the lower section is narrow and elongated. The large area of 

overlap 4 may be due to a burrow (Fig. 3) in which dynamic processes occur over time scales 

shorter than light or dark periods, especially if the burrow is actively being bioirrigated 

(Kristensen, 2000). 
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The sulfide and iron(II) co-distributions of sediment pore water obtained using sulfide-

DGT/iron(II)-DET probes and images of the estimated overlap in each co-distribution are 

shown in Fig. 4 and Fig. S2 (probes 5 and 6 under light condition and probes 7 and 8 under 

dark conditions). Area of the overlaps and percentage of the overlaps of each co-distribution 

are presented in Table S2. Generally, the overlaps between DET iron(II) and DGT sulfide are 

wider and denser. The overlap image from probe 5 shows a very dense and wide overlap area 

in the upper left side of the image (around 2-3 cm) and a much wider and less dense overlap 

area (around 5 cm) in the lower section of the image. The overall overlap percentage of co-

distribution (e) is 13 %. Co-distribution (f) shows a high degree of overlap (25%) and it is 

much denser in the right-hand side of the image. The overlap image from co-distribution (g) 

exhibits a wider, less dense overlap area in the upper section of the image and the percentage 

of overlap is around 19%. Finally, the co-distribution (h) shows some overlaps in the upper 

and lower parts of the image (20%) which are much denser in the upper-left area and the 

lower-middle area. 

 

The average overlap between DET iron(II) and DET sulfide distributions is around 8.3 ± 4.4 

% and average overlap between DET iron(II) and DGT sulfide is around 19.4 ± 5.0 %. To 

determine whether these overlap values from the two different methods (in light and dark 

deployments ) are significantly different, overlap percentages of the DET-DET and DET-

DGT methods were statistically tested using a 2-way ANOVA statistical analysis. Results of 

the analysis are presented in Table S3. The results indicate that overlap percentages from the 

DET-DET and DET-DGT methods were significantly different (p = 0.028, n = 8) while those 

from the light and dark deployments were not significantly different (p = 0.349, n = 4). 
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Fig. 4. False-colour images of two-dimensional co-distributions of pore water iron(II) and sulfide 

from DET-DGT probe deployments in a Zostera muelleri seagrass meadow during the day (light 

deployment) (e) and night (dark deployment) (f). Black and white images show overlap of iron(II) and 

sulfide distributions. The sediment-water interface (SWI) fitted closely with the upper extent of 

measured iron (II). 
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Lateral diffusional relaxation (Harper et al., 1997) and diffusion of analytes during the 

staining process (Robertson et al., 2008; Robertson et al., 2009; Pagès et al., 2011) could, to 

some extent, contribute to these overlaps between DET iron(II) and DET sulfide co-

distributions. Lateral diffusional relaxation of distributions during deployments of DETs is 

estimated to be approximately equivalent to the thickness of the diffusive gel (Harper et al., 

1997; Davison et al., 2000; Robertson et al., 2008). Therefore, the loss of resolution of 

iron(II) from real distributions due to diffusional relaxation could be estimated as 0.8 mm and 

that of DET sulfide estimated as 1.6 mm. Thus, diffusional relaxation of the distributions 

within the DET layers during deployment, could explain a maximum overlap of up to 2.4 mm 

in the co-distributions.  

 

However, further diffusion of solute distributions within the gel layer also occurs after 

removal from the sediment and during the staining process, as solutes would diffuse down 

concentration gradients established within the gel layers during the deployment. The degree 

to which this diffusion reduces the resolution of distribution(s) depends on the time between 

retrieval and the fixing of the target solute by the staining reagent, as the large size of the 

analyte-reagent complex effectively prevents further diffusion (Santner et al., 2015). Because 

of the complexity in quantifying this loss of resolution during the staining time, Robertson et 

al. (2008) proposed that a distance of double the thickness of the diffusive layer is used as the 

maximum possible loss of resolution from the true distribution at the time of probe retrieval. 

Therefore, the maximum loss of resolution of iron(II) from real distributions could be 

estimated as 1.6 mm and that of DET sulfide as 3.2 mm. Thus, total loss of resolution of the 

distributions within the DET layers, could explain a maximum overlap of up to 4.8 mm wide.  
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The maximum loss of resolution of iron(II) DET from real distributions (1.6 mm) is the same 

as for the iron(II) distributions from DET-DGT deployments. Lateral diffusional relaxation of 

DGT sulfide is limited to the thickness of the diffusive gel layer (0.8 mm) as sulfide is 

assumed to be fixed upon contact with the binding agent in the binding layer (Davison et al., 

2000; Robertson et al., 2009). Consequently, total loss of resolution of the distributions could 

explain maximum overlaps of up to 2.4 mm wide, and is half of the value of maximum 

overlap explained by the iron(II) and sulfide co-distributions of the DET-DET deployments. 

However, the results of the overlap analysis show that co-distributions of DET iron(II) and 

DGT sulfide have much wider overlap areas than co-distributions of DET iron(II) and DET 

sulfide. Therefore, the major reason for these wider overlaps between DET iron(II) and DGT 

sulfide co-distributions could be the temporal variation of sulfide distributions during the 

deployment time due to the temporally discrete measurements and contemporary co-

distributions with iron(II) DET (Robertson et al., 2008; Robertson et al., 2009; Pagès et al., 

2011). 

 

Some DET iron(II) and DET sulfide overlaps are relatively larger than the expected range of 

overlap width (4.8 mm) and this could be due to the kinetic or speciation effects. As both 

sulfide and iron(II) are being supplied by production and diffusion, if the precipitation 

reaction rate or rates of interchange between S
2-

, HS
-
 and H2S are slow then porewater 

concentrations can be much higher than the KSp. The lowest threshold level of 5 µmol L
-1

 for 

iron(II) and sulfide used in the overlap analysis would result in precipitation of FeS assuming 

equilibrium conditions. Consequently, the iron(II) and sulfide concentrations corresponding 

to these overlaps could greatly exceed the solubility product of FeS and precipitate as FeS. 

However, these equilibrium conditions can change with varying temperature and pH of the 

sediment micro environments (Davison et al., 1999). Consequently, these natural sediment 
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systems are often not at thermodynamic equilibrium and hence, it is possible to have both 

iron(II) and sulfide species present simultaneously in the pore water. 

 

4. Conclusion 

The colorimetric DET technique presented in this paper provides an effective tool to measure 

2D sulfide distributions in sediment pore water at millimetre resolution. With the optimised 

detection limits, this technique can be used to measure both high and low sulfide 

concentrations. An important application of this sulfide DET technique is to combine with 

other complimentary DET techniques and simultaneously acquire two or more different 

measurements in the exact same location in the sediment with a similar temporal response to 

sediment conditions. Field application of this method showed that the overlap between DET 

iron(II) and DET sulfide distributions (8.3 ± 4.4 %) is significantly lower than the average 

overlap between DET iron(II) and DGT sulfide (19.4 ± 5.0 %). These results show that 

development of the sulfide DET method can decrease the effect of temporal averaging of 

sulfide measurements from using sulfide DGT methods and minimize the overlaps between 

iron(II) and sulfide co-distributions. Furthermore, field application of this method 

demonstrated that the sulfide DET method can produce more contemporary measurements of 

co-distributions with other analytes, such as iron(II), which are essential for correct 

interpretation of co-distributions and the elucidation of biogeochemical interactions. Finally, 

this new sulfide DET method will be useful for further investigating biogeochemical 

processes, distributions and pore water solute interactions occurring within coastal sediments. 
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Section S1: image processing and graphing procedure 

Image Processing 

1. Open the scanned and saved colour image in GIMP.  

2. Select the area of the gel to be analysed by using the ‘Rectangle Select Tool’ and 

then open the ‘Image’ menu and select ‘Crop to Selection’. This should result in a 

nicely cropped rectangle of the area of the gel you want to analyse. 

3. Select Colours > Components > Channel Mixer. 

4. Select the Monochrome box and then select desired colour channel filter (for sulfide 

analysis: Red 150, Green 0, Blue −50) by moving colour channel sliders and then 

click ‘OK’. 

5. Export the image as a TIFF by opening the File > Export, changing the dropdown 

box on the lower right to TIFF image and then naming the file with a “.tif” at the 

end. A dialogue box will appear for selecting the desired compression (we 

recommend LZW). Select Export. 

 

Graphing 

1. Open the TIFF file in FIJI (Image J) software. 

2. Go to the ‘Image’ menu and change the ‘Type’ to ‘8-bit’. 

3. To get the intensity value of the each pixel of the image, Select Edit > Invert and 

then Select Image > Lookup tables > Invert LUT. 

4. Subtract the blank value (measured separately or from overlying water with no O2) 

from whole image using Process > Math > Subtract. 

5. Convert the image again to the 32-bit by selecting Image > Type > 32-bit. 
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6. To calculate the intensity values in to the concentrations, select Process > Math > 

Macro and then enter v=”equation” (quadratic equation derived from the calibration 

curve) and click OK. 

7. Select Image > Adjust > Brightness/Contrast, click Set and enter zero for the 

“min”, and desired upper range for “max” (never click “Apply”, just exit the 

Brightness/Contrast window). 

8. Convert the grayscale image in to a colour image by selecting Image > Lookup 

Tables > Select desired LUT (colour-map). 

9. Smooth speckled images using a Median filter by selecting Process> Filters > 

Median (< 5 pixels is more suitable). 

10. Select Analyse > Tools > Calibration Bar to add the calibration bar in to the figure.  

11. Select Analyse > Set Scale, select Distance in pixels = 300 (for 300dpi images), 

change the Known distance = 2.54 (cm in an inch) and Unit of length = cm and 

click OK. 

12. Select Analyse > Tools > Scale Bar to include the scale bar in to the figure. 

13. To save the figure, select File > Save As and save as the PNG image. 
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Figure S1: Calibration curves derived from different colour channel filters 

 

Fig.S1. Calibration curves on green (▲), red (●) or red (150)/blue(-50) (■) colour channels for the 

colorimetric sulfide DET technique after 10 min of staining time.  

 

Table S1. Area of the overlap, total area, and the percentage of overlap of iron(II) DET and sulfide 

DET co-distributions 

Probe Total area / cm
2
 Overlap area / cm

2
 Percentage overlap 

a 101.27 8.14 8.04 

b 120.81 9.75 8.07 

c 101.97 3.17 3.11 

d 85.67 11.91 13.91 
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Figure S2: Co-distributions of Iron(II) and sulfide derived from DET-DGT 

deployments and their overlap 

  

Fig. S2. False-colour images of two-dimensional co-distributions of iron(II) and sulfide from DET-

DGT deployments in the sediment porewater of a Zostera muelleri seagrass meadow during the day 

(light deployment) (g) and night (dark deployment) (h). Black and white images show overlaps 

between iron(II) and sulfide distributions. The sediment-water interface (SWI) fitted closely with the 

upper extent of measured iron (II). 
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Table S2. Area of the overlap, total area, and the percentage of overlap of iron(II) DET and sulfide 

DGT co-distributions 

Probe Total area / cm
2
 Overlap area / cm

2
 Percentage overlap 

e 110.23 14.38 13.04 

g 113.53 21.83 19.23 

f 100.92 25.33 25.09 

h 113.60 23.14 20.37 

 

 

Table S3.  Summary of the statistical results of overlap analysis 

Source df F Sig. 

Light/Dark 1 1.124 0.349 

Method (DET-DET/DET-DGT) 1 11.245 < 0.05 

Interaction: method × light/dark 1 0.851 0.408 
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Chapter 6. Conclusions and future research opportunities 

 
The research presented in this thesis involved a detailed investigation of iron, sulfide, and 

trace metal biogeochemistry in heterogeneous coastal sediments using in situ diffusion-based 

samplers. The primary objectives of the research were addressed in four studies and the major 

research outcomes are summarised below. 

 

6.1 Results summary 

Chapter 2 describes a detailed investigation of sediment heterogeneity and the influence of 

heterogeneity on describing a ‘typical’ biogeochemical distribution. The combined DET-

DGT method with iron(II) DET and sulfide DGT was applied with greater replication than 

previously utilised in three different coastal zone habitats (seagrass meadow, mangrove and 

estuarine mud-bank). Previous studies described the sediment heterogeneity using only 

qualitative analyses and thus, this study aimed to quantify the degree of heterogeneity using 

texture analysis (gray level co-occurrence matrix) of the two-dimensional (2D) distributions 

of iron(II) and sulfide. All the 2D iron(II) and sulfide replicates from each sediment habitat 

showed highly heterogeneous distributions with varied concentrations across the sediment 

depth and width and thus, the replicates differed from each other. Therefore, a typical 

distribution pattern was not found with respect to the depth of iron(II) or sulfide in each 

sediment habitat. The average 1D profiles of iron(II) and sulfide, however, showed the sub-

oxic and anoxic depth zones of each sediment habitat. Five textural parameters; energy, 

contrast, correlation, homogeneity, and entropy were measured in the GLCM texture 

analysis. Contrast is self-explanatory and refers to the accumulated difference between 

concentrations. Homogeneity is the opposing parameter of contrast but not the inverse view. 

Entropy relates to the orderliness of data. Contrast and entropy are two key concepts in 

heterogeneity. The degree of heterogeneity of sediment habitats was evaluated according to 
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these parameters. Homogeneity showed the greatest difference between mangrove sediments 

and estuarine mud-bank sediments, while entropy showed the greatest difference between 

seagrass and mangrove sediments. Contrast and entropy were further evaluated to 

differentiate sediment habitats according to the degree of heterogeneity and results indicate 

that all three sites experienced a high degree of heterogeneity based on the iron(II) and 

sulfide distributions. 

 

Chapters 3 and 4 investigated and compared the capabilities and limitations of in situ passive 

sampler techniques (DET and DGT) and an ex situ conventional sediment core sampling 

method followed by centrifugation to measure solute concentrations in sediment pore water. 

This analysis was done as a systematic comparison between the techniques with replication 

by measuring iron(II), sulfide, and metal(loid) profiles in heterogeneous coastal sediments. In 

Chapter 3, redox–active solutes in sediment pore waters, iron(II) and sulfide were analysed 

using colorimetric DET-DGT techniques and a conventional pore water extraction (core-

slicing and centrifugation) technique. The results showed that the ex situ conventional pore 

water analysis method substantially underestimated both iron(II) and sulfide concentrations in 

comparison to the DET-DGT measured iron(II) and sulfide concentrations. This study 

demonstrated that the conventional pore water extraction method was not capable of reliably 

measuring redox–active pore water solutes in heterogeneous sediments due to the mixing of 

pore water solutes during the extraction process. In metabolically active heterogeneous 

sediments, iron(II) and sulfide dominated microniches may transition both vertically and 

horizontally over millimetres, and with mixing tend to react with each other and precipitate 

out of solution. The mixing of sediment pore water of different biogeochemical zones is 

particularly problematic and induces bias, which makes conventional measurements 

inherently inaccurate and unrepresentative of the field conditions. The colorimetric DET and 
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DGT techniques allow the in situ determination of pore water solute concentration 

distributions and avoid the artefacts associated with sediment transport, processing, and 

mixing of pore water during centrifugation. Consequently, these results confirmed that the 

colorimetric DET and DGT methods, which facilitated the 2D high-resolution distributions of 

pore water solutes are more suitable for the analysis of redox-active components like iron(II) 

and sulfide in sediment pore waters. 

 

The comparison between DET-DGT and conventional core-slicing and centrifugation 

techniques was further evaluated in Chapter 4 in relation to the analysis of metal(loid) 

concentrations in sediment pore waters. This study further confirmed that iron(II) DET and 

sulfide DGT techniques produced more accurate and representative measurements than 

conventional techniques. However, DGT measured metal(loid) concentrations—except Fe 

and Ni—were generally lower than the metal(loid) concentrations obtained by centrifugation 

of extracted pore waters. Limited resupply of metal(loid)s from the solid phase to the solution 

phase over the DGT deployment period, and the presence of non-labile metal species (organic 

metal complexes), which are included in the centrifugation extracted pore water, may have 

produced the lower metal(loid) concentration measurements of DGT, as DGT depleted the 

metal(loid) concentration in pore water adjacent to the DGT probe window and DGT only 

measured the labile metal fraction of the pore waters. DGT measured metal(loid) 

distributions show high-resolution (2 mm) distributions while pore water metal(loid) 

distributions show very low resolution (1 cm) and thus, metal(loid) mobilisation mechanisms 

were better described with DET-DGT method.  

 

Chapter 4 also discussed the mobilisation and sequestration mechanisms of trace metals and 

oxyanions in a contaminated sediment and their relationship with the distributions of the 
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major redox active species present in marine sediments: iron(II) and sulfide. Simultaneous 

measurements of iron(II), metal(loid)s, and sulfide concentrations in sediment pore water at 

the same spatial location was facilitated by the use of these in situ passive sampling 

techniques (triple layer combined DET-DGT probes). Mobilisation of metal(loid)s through 

reductive mobilisation of Fe and Mn hydr(oxides) and sequestration of some metals as 

sulfidic precipitates in deeper sediment were identified. As and Mn distributions showed a 

strong correspondence with iron(II) distribution while divalent metals like Cu, Pb, Zn, and Cd 

showed strong correlations with the sulfide distribution. Some correlated metal(loid) groups 

were revealed by Pearson correlation analysis, e.g. Fe, Mn, As and Cu; Pb, Zn, Cd and U; Mo 

and V. The elevated concentrations of metal(loid)s at the SWI at mm resolution show the 

importance of high-resolution measurements to identify the benthic fluxes from sediment to 

the overlying water column. 

 

Chapter 5 described the development and evaluation of a novel colorimetric DET technique 

for the 2D high-resolution measurement of dissolved sulfide distributions in sediment pore 

waters. With the optimised detection limits, this technique could be applicable to a wide 

range of sulfide concentrations (5 – 1000 µmol L
−1

). This sulfide DET method limits the 

temporal averaging of sulfide measurement occurring with sulfide DGT methods and 

facilitates the contemporary measurement of sulfide co-distributions with other solutes, such 

as iron(II), for which complementary DET techniques exist. The optimised sulfide DET 

method was combined with iron(II) DET and used to simultaneously acquired two different 

measurements at exactly the same location in the sediment with a similar temporal response 

to sediment conditions. Field application of this method showed that the overlap between 

DET iron(II) and DET sulfide distributions is significantly lower than the average overlap 

between DET iron(II) and DGT sulfide as DET-DET measurements are more contemporary 
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and avoid the overlaps from the temporal averaging. DET sulfide is preferred when used with 

other DET measurements, while DGT sulfide is preferred when combined with other DGT 

methods as discussed in Chapter 4, as they have more similar temporal behaviour. 

 

6.2 Areas for future research identified from this thesis 

 

1. GLCM texture analysis method would be useful to investigate the effect of 

bioturbation on sediment heterogeneity by changing the window size of the analysis 

according to the burrow structures. The newly developed sulfide DET method can be 

incorporated with the iron(II) DET method for this study (DET-DET) to obtain more 

contemporary measurements with minimum overlap between iron(II) and sulfide 

distributions. 

 

2. In situ determination of pore water solutes with 2D, high-resolution distributions is 

permitted with the DET and DGT techniques. However, DET and DGT techniques 

sample only a small volume of pore water adjacent to the probe window and therefore 

greater replication is needed to evaluate general biogeochemical patterns at a site. The 

question of how many DET or DGT replicate measurements are required to provide 

an understanding of biogeochemical processes at a site will be addressed in future 

research. 

 

3. Results of Chapter 4 showed that the distributions of a group of oxyanion forming 

metal(loid)s; U, Mo, V, and W, exhibited elevated concentrations at the SWI. Their 

distributions were not correlated with iron or manganese distributions. Therefore, a 

detailed investigation focusing on the small scale mobilisation and sequestration 
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mechanisms of these metal(loid)s alongside high-resolution oxygen distribution could 

provide valuable information about their mobilisation mechanisms. This could be 

achieved by coupling the high-resolution DGT technique with the oxygen planar 

optode technique. 

 

4. Future research should focus on the application of the DGT technique to further 

investigate metal mobilisation in contaminated sediment and soil by pairing with 

desorption measurements that influence metal mobilisation and sequestration as 1D or 

2D distributions. According to the findings of Chapters 3 and 4, DGT measurements 

work well with conventional measurements and provide complementary data. This 

approach should be used for a range of contaminated sites including those dominated 

by sulfide. This will help to define the relevant biogeochemical processes leading to 

pore water exposure conditions and thus, provide important information regarding 

contaminant remedy selection and design. 

 

5. The distributions and concentrations obtained by the sulfide DET method are more 

representative of in situ sulfide chemistry and therefore, this new DET method can be 

applied to further investigate the biogeochemical process, distributions and pore water 

solute interactions occurring within coastal sediments.  

 

6. Future research should also focus on experimentally determining the actual extent of 

lateral diffusion in CID-DET applications in order to allow better interpretation of the 

acquired 2D distributions. 
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