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ABSTRACT 
 
Gold, chemical symbol Au, is a precious metal that exists in most soils, sediments and 

natural waters at extremely low concentrations (<1 µg/kg). It has become increasingly 

difficult to find, especially in geological landscapes that feature regolith and transported 
overburden. This research modified and evaluated a passive sampling technique, 
diffusive gradients in thin films (DGT), for the geochemical exploration of gold. The 
DGT technique is used extensively for measuring trace metal concentrations in waters, 
sediments and soils; however, the technique has not been applied to geochemical 
exploration until now. This thesis details how the technique has been modified to detect 
Au and applied in a range of environments, including in groundwater surrounding an 
Au deposit, in an estuary containing trace quantities of dissolved Au, and in auriferous 
soils obtained from four Australian prospects.  
 
The DGT technique was modified to detect Au by developing a new binding layer made 
with activated carbon, which was then evaluated under well-defined laboratory 
conditions. The performance of this modification was assessed using Au(III) in solution 
by: 1) determining the diffusion coefficient of Au(III) in hydrogels; 2) determining the 
uptake of Au(III) by the new activated carbon binding layer; 3) assessing the capacity of 
the activated carbon binding layer to adsorb Au; 4) determining the effect of pH and 
ionic strength on performance, and; 5) assessing the selectivity of the new binding layer 
for Au. The DGT technique was shown to behave predictably under all tested 
conditions (CDGT was between 92% and 109% of solution concentrations), so long as 
changes to Au speciation (and therefore the diffusion coefficient) are accounted for. 
 
The second phase involved assessing the DGT technique in groundwater surrounding a 
known Au deposit. The DGT technique successfully detected signatures of Au 
mineralization in groundwater (between 2.0 ng/L and 213.4 ng/L), as well as associated 
pathfinder elements (As and Sb), which were statistically correlated with grab-sample 
Au. This study also evaluated DGT devices equipped with Purolite® A100/2412 
binding gels for the detection of nanoparticles. Generally, the DGT technique 
demonstrated methodological improvement over grab sampling of groundwater for Au 
and pathfinders with respect to sensitivity (detection limit of 1.8 ng/L), replication and 
portability. In the field, Purolite DGT detected a considerably higher concentration of 
Au in two boreholes than measured by carbon DGT, suggesting the possible existence 
of Au nanoparticles in these waters; however, further investigation is required. 
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The third phase evaluated the diffusive gradients in thin films (DGT) technique as a tool 
for determining trace metal speciation in the heterogeneous environment of the Swan 
River estuary, Western Australia. In particular, this study investigated the spatial and 
temporal variability of Au in an estuarine system, which has never been studied before. 
The concentrations of Au, Cu, Co, Cr, Zn, Mn, U, As, Mo and V, as well as P, were 
measured using both DGT and grab sampling techniques. While DGT-measured 
concentrations of Au at two sites were comparable with grab sampling, DGT results at 
the site furthest upstream were significantly lower, due to the presence of dissolved 

(<0.45 µm) Au in a non-DGT labile form, either as an aqueous complex or sorbed to 

colloids. For other metals, the DGT-measured concentrations of Zn and Mn were in 
general agreement with grab sample analysis, whereas DGT-measured concentrations of 
Cu, Co, As, Mo, U, P and V demonstrated fractionation of these metals into DGT labile 
and non-DGT labile species. 
 
The fourth phase of this research examined the use of DGT as a tool to investigate 
mobility of a range of metals, including Au, in auriferous soils obtained from four 
Australian prospects. For most elements, DGT reported concentrations above detection 
limits, in contrast to determinations on extracted soil porewater. DGT-measured 
concentrations also identified a multi-element anomaly present over Au mineralization 
that had previously only been observed in total Au concentrations, demonstrating the 
potential of DGT for geochemical exploration in soils. The potential for DGT to study 
the kinetics of mobility and the bioavailability of a range of elements, including Au, was 
also demonstrated, when used in conjunction with modelling of soil solution dynamics. 
Relative to other elements, Au was found to be particularly immobile in the tested soils; 
while porewater concentrations below detection limits added uncertainty to the 
measurement of the resupply kinetics, the estimated distribution coefficient and 
response time under depleted conditions were found to be very low. 
 
In summary, the evaluation of the DGT technique as a new tool for the geochemical 
exploration of Au and other elements was successful, and this body of work 
demonstrated the versatility of the technique for detection and study of Au in a wide 
range of environments. The benefits of using DGT for geochemical exploration include 
that it provides i) a means for in situ multi-element evaluation of trace metals, ii) time-
averaged measurement of Au concentrations, iii) very low detection limits (<1 ng/L), iv) 
the ability to estimate the speciation of metals, including Au, and v) a means to study 
bioavailability of metals, including Au, in soils. 
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CHAPTER 1 

 

Introduction 

 

The occurrence and detection of gold in surface waters, groundwaters and soils 

 

1.1 Introduction 

 

Gold is becoming increasingly difficult to find. During the last twenty years, around 

50% of new Au ore discoveries in the circum-Pacific region have been in areas where 

the ore has been concealed by regolith (Kelley et al. 2006); as such, techniques that 

allow for unintrusive and cost-effective detection of buried mineral deposits have 

become important for exploration (Cohen et al. 2010). Australia's geological 

environment in particular poses its own challenges, in that not only is most of the 

landscape covered in regolith, but features such as transported overburden, which 

constitute a large part of the Australian landscape, currently hinder the discovery of new 

ore bodies (Radford & Burton 1999). The mechanisms whereby ore is dispersed in 

regolith, creating anomalies that are proximal or distal to mineralisation, include a 

combination of geophysical, geochemical, hydrological and biological processes (Ma & 

Rate 2009). Understanding how concealed ore is dispersed in the regolith, including the 

role of natural waters (surface and groundwater), has become a significant focus for 

mineral exploration.  

 

Environmentally, gold can be found as various species, including reduced elemental 

gold Au(0), alloys and compounds with other metals (e.g. Ag, Sb, W) and soluble Au(I) 

and Au(III) complexes with both inorganic (e.g. Cl-, Br-) and organic (e.g. fulvic and 

humic acid) ligands (Vlassopoulos & Wood 1990; Vlassopoulos et al. 1990). However, 

the concentration of gold in soils, sediments and natural waters is usually very low, 

ranging between 1 ng/L in waters to 1 µg/kg in soils. The mobility and speciation of Au 

in natural waters has been the subject of a number of laboratory studies, with the few in 

situ studies relying on proxy measurements to predict speciation. Vlassopoulos and 

Wood (1990) and Vlassopoulos et al. (1990) have predicted that AuOH(H2O)0 was the 

most likely species of Au in oxidizing environments, and also present pH-pE diagrams 

for the Au-S-Cl-H2O system. Usher et al. (2009) predicted that Au(III) chloride-

bromide complexes are important in solutions that contain both ligands and are subject 
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to oxidizing, acidic conditions. With regards to soils, Williams-Jones et al. (2009) state 

that the Au-solubilizing ligands CN- and SCN-, generated by the breakdown of plant 

matter, are known to complex with Au under oxidizing conditions and at ambient 

temperatures. In highly saline and acidic groundwaters, Au is likely to be present as Au 

(I) or Au(III) complexes with either bromide or chloride (Gray 2001), although 

AuOH(H2O)0 is still likely to be present in conditions that are less oxidizing or acidic 

(Gammons et al. 1997). 

 

The use of natural waters for geochemical exploration has been the subject of extensive 

research (Day & Fletcher 1986; Hughes et al. 1995), and has included both surface 

drainage networks (Xie & Wang 1991; Andrade et al. 1991; Salminen & Tarvainen 

1995) and groundwaters (Giblin & Mazzucchelli 1997; Gray 2001), media that have 

taken on special exploration significance in the regolith-dominated landscape of 

Australia. Surface waters are regarded as an ideal sampling medium for Au, as this 

water is usually homogeneous, can effectively carry the signature of mineralisation for 

the whole catchment area, and eliminates problems associated with the 'nugget effect' 

(the presence of coarse-grained pieces of Au in a sample that can substantially skew 

analysis) (Hall et al. 1986; McHugh 1988). Groundwaters, while having water velocities 

orders of magnitude slower than surface waters, geochemically represent the extensive 

volume of the rocks and soils that they come into contact with, and can redistribute ore 

elements and related pathfinders into the both the surrounding rock and into surface 

waters and soils (Giblin & Mazzucchelli 1997). However, despite the potential utility of 

these media, the concentration of Au in both surface waters and groundwaters is usually 

very low (<10 ng/L) due to the relative inertness and insolubility of Au. This limitation 

can be overcome by preconcentrating the dissolved Au in sampled waters onto a sorbent 

e.g. activated carbon (Hall et al. 1986), but this method cannot be undertaken in situ, 

and sampling may not represent the true Au characteristics of the catchment. What is 

needed is a technique of passive sampling that can time-average the concentration of Au 

and thus provide a more accurate representation of Au mobility and transport.  

 

1.2 Research hypothesis and objectives 

 

The aim of this research was to modify a recently developed passive sampling 

technique, called diffusive gradients in thin films (DGT), to be able to detect Au at 

environmental levels, and thereby examine different modes of dispersion and anomaly-
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formation of Au, with the primary focus being the use of DGT to determine these 

modes in surface and groundwaters. The DGT technique uses passive samplers fitted 

with thin-film gels that facilitate diffusion onto a binding gel containing a metal-

selective sorbent (e.g. Chelex-100®, activated carbon). DGT has been successfully used 

for environmental monitoring of low concentrations of metals in aquatic environments 

(Warnken et al. 2006), ocean systems (Zhang & Davison 1995), marine sediments 

(Zhang et al. 2002) and soils (Zhang et al. 2001). The technique is very sensitive 

(detection limits within tens of ng/L or less for a number of metals), averages out 

temporal variations in metal concentrations in solution, can be used in a range of 

conditions e.g. in both high flow (e.g. ~m/s) and low flow (<2cm/s) waters, and can 

provide information regarding speciation of metals when used in conjunction with other 

techniques (e.g. grab sampling) (Balistrieri et al. 2012). These features of DGT are very 

well suited to exploration, and this thesis represents the first time DGT is evaluated for, 

and applied to, geochemical exploration. 

 

In terms of applying DGT to sediments and soils, the technique can be broadly 

compared to the better-known exploration tool of partial extractions, which are widely 

used to separate anomalous signals of mineralisation from the background. The first 

fraction of a partial extraction technique is likely to contain the lowest concentration of 

elements, and has been previously assumed to correlate with bioavailability 

(Peijnenburg et al. 2007). However, there are methodological limitations regarding this 

assumption; for example, the proportion of soil to extractant used (e.g. 1:8 or greater) 

effectively ensures that concentrations of elements measured will be low. Additionally, 

partial extraction procedures usually require agitation, and as such the equilibration of 

metals and nutrients between soil particles and the soil solution does not occur under 

natural conditions (Sposito 2008). The DGT technique has previously been shown to 

correlate better with bioavailability than different fractions from sequential extractions 

(Roulier et al. 2010), as the technique pre-concentrates elements at a well-defined rate 

of uptake via diffusion and allows the soil to equilibrate with the soil solution. Note that 

the term 'bioavailability' (i.e. the degree to which plant receptors take up nutrients or 

contaminants from the soil) is used throughout this thesis, instead of the more-correct 

term 'bioaccessibility' (i.e. the extent to which plants are exposed to elements or 

contaminants in the soil), due to the prevailing use of the former in literature relating to 

DGT and soils. 
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The better correlation of DGT to bioavailability has led to the technique used 

extensively as a surrogate for plant uptake of various metals (e.g. Cu, Zn) in soils 

(Hooda et al. 1999; Zhang et al. 2001; Almas et al. 2006; Conesa et al. 2010). This facet 

of the DGT technique is of interest to mineral exploration, as there is considerable 

evidence pointing to the significance of biogeochemical processes in generating 

anomalous ore signatures in soils (Radford & Burton 1999; Lintern et al. 2013), 

particularly where deep-rooted plants have been able to penetrate the regolith and 

absorb metals directly from the water table and underlying parent rock. However, an 

understanding of the mechanisms involved and quantitative analysis of the role of 

vegetation in creating anomalies is far from complete (Ma & Rate 2009). As such, using 

DGT to mimic plant uptake in auriferous soils will provide further evidence towards 

establishing the mechanisms by which plants facilitate the redistribution of metals such 

as Au in the landscape. Overall, the DGT technique promises to be a convenient and 

flexible technology that may change the way exploration geochemistry is undertaken in 

surface waters, groundwaters and soils. 

 

This thesis presents the results of the method development of the DGT technique for 

Au, as well as the implementation of the technique for the detection of Au in a range of 

environments. In it, I address the following objectives, listed in the order with which 

they are presented, along with their respective Chapter numbers: 

  

1) To develop the DGT technique for the measurement of labile Au in natural 

waters, detailed in Chapter 2; 

2) To evaluate the DGT technique for Au in the groundwaters surrounding a 

known Au deposit, including the use of DGT to detect pathfinders to Au (As 

and Sb) as well as Au nanoparticles, detailed in Chapter 3; 

3) To evaluate the DGT technique for Au in the mobile fractions (i.e. the 

dissolved and suspended particulate fractions) of aqueous environments that 

contain dissolved Au, detailed in Chapter 4; 

4) To evaluate the DGT technique as a tool for multi-element detection of 

anomalies in auriferous soils where mineralization has been concealed by 

transported overburden, detailed in Chapter 5; 

5) To use DGT as a surrogate for plant uptake of metals, including Au, and 

compare results obtained from DGT deployments with modelled 

approximations of bioavailability of metals, detailed in Chapter 6. 
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1.3 Thesis structure 

 

This thesis contains four separate studies that evaluate both the conventional and 

modified DGT techniques for the geochemical exploration of Au in waters and soils, 

from which five papers have been derived. These papers form the basis of Chapters 2 to 

6. Chapter 2 has been published in Analytical Chemistry, while Chapter 5 has been 

published in Explore. Chapters 3, 4 and 6 are currently in preparation for publication. 

As such, each Chapter contains a literature review section, a methodology section and a 

references section. Any repetition stemming from the preparation of separate papers has 

been removed, in order to enable a better flow for the reader; however, a limited amount 

of repetition was unavoidable. 

 

Chapter 2 outlines the development of the DGT technique for Au. The paper reviews 

the behaviour of dissolved Au, and focuses on developing of a suitable binding layer for 

use with DGT. The selected binding agent, activated carbon, was shown to be an 

appropriate substitution for Chelex-100® for the uptake of Au and subsequent detection 

of Au by DGT. The behaviour of dissolved Au under a variety of conditions, including 

changes to pH and ionic strength, were also investigated. A significant finding was that 

the rate of diffusion of Au was dependent on pH and ionic strength, likely as a 

consequence of subtle changes to Au speciation. Importantly for this thesis, the study 

concluded that DGT was suitable for the low-level detection of Au in natural waters and 

soils, with detection limits (<0.9 ng/L for a 7-day deployment) that are better than 

current sampling techniques. This chapter effectively establishes the methodological 

framework for the following chapters. 

 

Chapter 3 details the deployment of DGT in the low-flow groundwaters surrounding a 

known Au deposit. The Oberon prospect, located in the Tanami desert of Australia, was 

selected for this study, as it contains a known Au ore body surrounded by shallow and 

accessible groundwater. At Oberon, the groundwater had already been found to contain 

anomalous concentrations of Au and the pathfinder element As, via the more 

conventional technique of grab sampling and preconcentration onto activated carbon. 

Chapter 3 presents the results and implications of deploying DGT in groundwater 

surrounding the Oberon deposit, and compares DGT with grab sampling. This chapter 

also evaluates a further modification to the DGT technique, that is, use of an alternative 
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binding agent to allow the detection of Au nanoparticles by DGT in both the laboratory 

and in the field.  

 

Once the utility of the DGT technique in a real-world exploration scenario was 

established, the technique was then evaluated in a high-flow estuarine system, the Swan 

River in Western Australia, forming the basis of Chapter 4. This study examined a 

range of factors, including: comparing the DGT technique to the more conventional 

technique of grab-sampling and pre-concentration; assessing the measurement of 

speciation of the DGT technique in the dynamic environment of an estuary situated next 

to a metropolitan centre; and tracking the temporal and spatial variability of metals. 

Importantly, comparison of DGT with other methods allowed evaluation of spatial 

heterogeneity in the speciation of Au in estuarine waters, with implications that are 

important for understanding the mobility of Au in surficial aquatic systems. 

 

Chapter 5 and Chapter 6 represent an extension of the preceding chapters, in that the 

DGT technique was evaluated as a tool for geochemical exploration in auriferous soils. 

As such, consideration was given to the utility of the DGT technique, used in 

conjunction with modelling, as a surrogate for plant uptake of metals. The results of this 

work were separated into two papers. The first paper, forming the basis of Chapter 5, 

assesses 'conventional' DGT only for elements other than Au, and demonstrates the 

potential of the technique in distinguishing the presence of multi-element anomalies 

from the background. The second paper, forming the basis of Chapter 6, evaluates both 

the detection of Au and other elements in soils using DGT. The technique is further 

evaluated to determine multi-element anomalies using multivariate statistical analysis of 

the data, and apply modelling of soil solution kinetics to present an estimation of the 

bioavailability of metals, including Au, in soils. 

 

The final Chapter, Chapter 7, summarizes the findings of this thesis by assimilating the 

relevant points addressed in each of the preceding Chapters and discussing the findings 

with respect to the overall objectives of the thesis listed above. Chapter 7 also addresses 

areas for future research in light of the potential that the DGT technique has for 

geochemical exploration. 
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CHAPTER 2 

 

Development of the diffusive gradients in thin films technique for the measurement of 

labile gold in natural waters 

 

Lucas, A, Rate, A, Zhang, H, Salmon, SU & Radford, N 2012, "Development of the 

diffusive gradients in thin films technique for the measurement of labile gold in natural 

waters", Analytical Chemistry, vol. 84, pp. 6994-7000. Differences between the 

published paper and this chapter include numbering and formatting only. 

 

2.1 Abstract 

 

Gold is a precious metal that exists in most soils, sediments and natural waters at 

extremely low concentrations (< 1 µg/kg). The diffusive gradients in thin films (DGT) 

technique, used extensively for measuring trace metal concentrations in soils, sediments 

and waters, has potential for geochemical exploration for gold, but it has not been 

developed for this metal. This work investigates the possibility of measuring labile gold 

using DGT by introducing a new binding layer based on activated carbon. The 

performance of this new technique was assessed using gold (III) chloride in solution by: 

1) determining the diffusion coefficient of gold (III) in hydrogels; 2) determining the 

uptake of gold (III) chloride by the new activated carbon binding layer; 3) determining 

an elution methodology for the binding layer and evaluating its efficiency; 4) assessing 

the capacity of the activated carbon binding layer to adsorb gold; 5) determining the 

effect of pH and ionic strength (as NaCl) on performance, and; 6) assessing the new 

binding layer’s selectivity for gold. It was found that the diffusion coefficient of gold 

(III) increased as solution pH decreased. The diffusion coefficient also increased at high 

ionic strength (≥ 0.1M NaCl). Accounting for these phenomena, the DGT technique 

behaved predictably under all tested conditions. The technique can potentially be used 

as a geochemical exploration tool for gold in soils and in aqueous environments, with 

method detection limits as low as 0.9 ng/L for a 7-day deployment. 

 

2.2 Introduction 

 

Precious metals such as gold, silver and platinum, exist in soils, sediments and natural 

waters at extremely low concentrations. Therefore, any technique that is sensitive 
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enough to determine trace concentrations of these metals is of interest to exploration 

geologists and geochemists alike. Gold can be found in soils, sediments and waters as 

various species, including reduced elemental gold Au(0), alloys and compounds with 

other metals (e.g. Ag, Sb, W) and soluble complexes of Au(I) and Au(III) 

(Vlassopoulos & Wood 1990; Vlassopoulos, Wood & Mucci 1990). Typical values for 

gold concentrations in the Earth's crust do not exceed 1 µg/kg, and in natural waters and 

oceans this value is orders of magnitude lower. Gold is chemically inert, and was 

historically found on the Earth's surface as 'nuggets'; agglomerations of metal or alloys 

of varying sizes and shapes. However, there are now far fewer outcropped gold ore 

bodies available for exploitation (Kelley et al. 2006), therefore methods whereby 

concealed ore bodies can be detected unintrusively are becoming increasingly important 

in gold exploration.  

 

The presence of trace quantities of gold in Earth surface materials can provide an 

indication of concealed ore bodies, even in places where transported overburden 

conceals underlying geology (Radford & Burton 1999). Anomalous concentrations of 

gold in surface water and soil samples have led to discoveries of large deposits, even in 

circumstances where the anomaly is only marginally higher than the background 

(Andrade, Machesky & Rose 1991). Surface anomaly formation processes include 

hydromorphic dispersion, electro-geochemical dispersion (Hamilton 1998), mechanical 

dispersion, biogenic dispersion, gaseous transport from depth (Butt, Lintern & Anand 

2000), seismic pumping (Kelley et al. 2006) and the cycling action of vegetation over 

pre-quaternary timeframes (Ma & Rate 2009). Once gold is at or near the surface, it can 

be further mobilized and transported in surface waters and soils by chemical, biological 

or hydrological means.   

 

The concentration of gold in natural waters is extremely low, ranging from 50 pg/L in 

seawater (Kenison Falkner & Edmond 1990) to 2.8 µg/L near mine drainage sites 

(McHugh 1988). The predominant method for determining the concentration of gold in 

surface waters requires the preconcentration of gold in water samples onto activated 

carbon or gold-selective resin (Hall & Bonham-Carter 1988), and this technique is still 

used today (Afzali, Mostafavi & Mirzaei 2010). While this technique is accurate to 

within 1 or 2 ng/L, it is a ‘snapshot’ of the state of water at the time at which the sample 

was taken and cannot account for changes in flux or the variable geochemistry of 

natural waters.   
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In order to mitigate these issues, this research modifies an existing technique, based on 

passive sampling, to detect mobile gold in natural waters. While gold solubility is 

extremely low in natural waters, gold can be complexed and mobilized by chloride, 

bromide, iodide, cyanide, sulfide, thiosulfate, thiocyanate, and humic and fulvic acids as 

anionic complexes (Baker 1978; Rose 1979; Thornton & Howarth 1986). 

Vlassopoulous and Wood (Vlassopoulos & Wood 1990) assessed gold speciation in 

natural waters and demonstrated that, while uncomplexed gold cations are inherently 

unstable in solutions, Au(I) as AuOH(H2O)0 is likely the most stable species in the 

absence of other complexing ligands. Where organic complexes exist, under reducing 

conditions Au is bound to sulfur-donor complexes, and in oxidizing conditions Au is 

either bound to oxygen-donor species or forms AuOH(H2O)0 (Vlassopoulos, Wood & 

Mucci 1990). In environments containing high chloride concentrations such as the 

saline supergene waters found in Australia, Au(I) and Au(III) chloride complexes are 

likely to be present (Gray 2001). Consequently, geochemical sampling of the mobile 

fraction of surface waters may be an effective tool in exploring for Au deposits in areas 

where transported overburden has concealed underlying mineralization.  

 

2.2.1 The diffusive gradients in thin films (DGT) technique 

 

The diffusive gradients in thin films technique (DGT) was developed in 1994 by Hao 

Zhang and Bill Davison (Davison & Zhang 1994), and involves housing a diffusive gel 

placed on top of a metal-binding resin, usually in a specially designed plastic device, to 

measure trace metal concentrations in aqueous solutions and natural waters (Davison & 

Zhang 1994; Zhang & Davison 1995). The DGT device is depicted in Figure 2.1. The 

DGT technique has been used extensively to monitor trace metals in soils (Almas et al. 

2006), sediments (Warnken, Zhang & Davison 2004), and marine and freshwater 

environments (Docekalov & Divis 2005). The performance of DGT has been rigorously 

assessed (Zhang & Davison 1999; Garmo et al. 2003), including determining the 

diffusion of organic ligands such as fulvic and humic substances (Zhang & Davison 

1999). However, its application to exploration geochemistry has not been previously 

investigated, despite the ability of DGT to sequester a range of metals at ultra-trace 

concentrations.  
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Figure 2.1. Schematic of the DGT device (Zhang & Davison 1995). 

 

The concentration gradient that is established within the diffusive layer allows the 

amount of analyte that has accumulated in the binding layer to be related directly to the 

concentration in the surrounding media, as given by Equation 2.1:  

 

€ 

CDGT =
M Δg
D t A

      (2.1) 

 

where CDGT is the concentration of analyte in the bulk solution measured by DGT, M is 

the mass of analyte eluted from the binding layer, Δg is the thickness of the diffusive gel 

plus the thickness of the filter membrane used, D is the diffusion coefficient of the 

analyte, t is deployment time and A is the exposure area. No precisely known diffusion 

coefficient for gold (III) in solutions or hydrogels at ambient temperature and pressure 

was found in literature. Consequently, this paper reports on the experimental 

measurement of the diffusion coefficient of gold (III), and the effect of pH and ionic 

strength (as NaCl) on this parameter. 

 

2.2.2 Using activated carbon as a binding layer for gold  

 

The ion-exchange resin Chelex® has been used as the binding layer in DGT devices for 

measuring trace element cations. As discussed above, gold is likely to exist in the 

dissolved phase predominantly as either neutral or anionic complexes, which are not 

significantly taken up by Chelex®. Activated carbon shows very strong adsorption of 

gold (I) and (III) species including halides (La Brooy, Linge & Walker 1994; Hiskey & 

Qi 1998) and cyanide complexes (McDougall & Hancock 1981; Jia et al. 1998), and 

was therefore selected as a binding layer for gold in DGT devices. 
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The use of activated carbon in the gold industry is not new. Processing methods such as 

carbon-in-pulp and carbon-in-leach have been used by the gold industry for decades. 

These methods generally require the extraction of gold by cyanide as a precursor to 

adsorption by carbon (Marsden & House 2006). Activated carbon has also been used 

directly for quantitative groundwater analysis in gold exploration (Gray 2001; Carey, 

McPhail & Taufen 2003), where a known volume of water (e.g. 1 L) is shaken up with a 

small quantity of carbon (e.g. 1 g) in order to preconcentrate the gold onto the carbon. 

The carbon is then analysed for gold.   

 

Activated carbon is made by charring carbonaceous raw material such as coconut shells 

or peach pips and then 'activating' the carbon by high-temperature heating in the 

presence of steam or carbon dioxide (McDougall & Hancock 1981). This results in 

structural imperfection, with organic functional groups located at the edge of broken 

graphite ring systems (e.g. carboxylic acid, phenolic hydroxides; Marsden & House 

2006). The process of gold adsorption onto carbon is known to be kinetically limited 

(Adams & Fleming 1989; Marsh & Rodriguez-Reinoso 2006; Sun & Yen 1993), and 

gold (III) chloride is reduced to a metallic state on the surface of carbon (Sun & Yen 

1993). Activated carbon has been proven to have a very high capacity for gold 

adsorption, with data ranging from 10 - 160 g gold / kg of treated carbon at the lower 

limit of the range (Adams & Fleming 1989) to 650-800 g gold / kg carbon at the upper 

limit (Mensah-Biney, Reid & Hepworth 1993). 

 

Whether activated carbon is a suitable binding layer for both organic and inorganic 

complexes of gold remains to be seen. While gold iodide, bromide and chloride 

complexes are all known to adsorb very well to carbon, gold thiosulfate complexes 

adsorb poorly to large-granule activated carbon (Aylmore & Muir 2001; Nicol & 

O'Malley 2002). However, the thiosulfate ligand is inherently unstable at low 

concentrations, and gold thiosulfate complexes are stable only in high pH (>9.0) 

environments (Aylmore & Muir 2001), indicating that these complexes are unlikely to 

be present in most natural water conditions where DGT could be used. 
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2.3 Experimental procedures  

 

2.3.1 General procedures 

 

New plasticware was used for all experiments. All equipment was acid-washed in a 

10% HCl solution overnight prior to use, and rinsed in milli-Q™ water (Millipore, 18.2 

MΩ cm). All chemicals used were analytical reagent grade. Care was taken to avoid 

cross-contamination of samples. Quality control during analysis included regular 

calibration of equipment, as well as analysis of solution blanks and standards of known 

concentration (10 µg/L). Temperature and pH were monitored using a Eutech™ 

Cyberscan© pH20 equipped with an Activon™ pH/temperature combination electrode. 

Ionic strength was adjusted using sodium chloride because the presence of chloride is 

likely to keep gold in solution (Farges, Sharps & Brown Jr. 1993) and is found in 

elevated concentrations in the supergene waters of Australia (Gray 2001). All 

experiments were performed in triplicate, except for reproducibility testing where 4 

DGT devices were deployed. Gel blanks were analysed to determine the Method 

Detection Limit (Long & Winefordner 1983; IUPAC 2012) of the DGT technique 

(Mason et al. 2005; Luo et al. 2010), as well as ensuring that contamination was 

avoided.   

 

2.3.2 Preparation of the diffusive and binding gels.   

 

Agarose DGT diffusive gels were made using agarose powder (Bio-rad®). Firstly, a 

1.5% w/w solution of agarose powder (0.45 g agarose in 30 mL water milli-Q™ water) 

was heated in a water bath until the gel solution was clear. Then the solution was 

pipetted into pre-warmed glass plate moulds separated by 0.8 mm thick spacers and 

allowed to set at room temperature for 1 hour. The set gels were cut into discs of ~2.5 

cm diameter and stored in milli-Q™ water. 

 

Agarose was used for binding gels made with activated carbon. First, 0.3 g agarose 

powder (Bio-rad®) was dissolved in 20 mL of warm water to make a 1.5% w/w 

solution. Then 5 mL of activated carbon slurry (made with 1 g of activated carbon 

powder (Sigma®) soaked in 20 mL water) was added to the warm agarose solution. The 

resulting mixture was pipetted between pre-warmed glass plate moulds separated by 0.4 

mm thick spacers and allowed to set at room temperature for 1 hour. The set gels were 



 

 15 

cut into discs of ~2.5 cm diameter. Each gel contains approximately 15 mg of activated 

carbon. 

 

Polyacrylamide DGT diffusive gels were made as described previously (Zhang & 

Davison 1995). In order to evaluate Chelex® and Metsorb™ as binding agents for gold, 

some binding gels were made using either Chelex-100® (Bio-rad®) or Metsorb™ 

(Graver Technologies®). The procedures for making both Chelex® and Metsorb™ 

binding gels have been described previously (Zhang & Davison 1995; Bennett et al. 

2010).  

 

2.3.3 Instrumentation and analysis  

 

Gold concentrations were determined by using either Graphite Furnace Atomic 

Absorption Spectrometry (GFAAS, Varian® SpectrAA) or Inductively Coupled 

Plasma-Mass Spectrometry (ICP-MS, Thermo® X7). ICP-MS and GFAAS are almost 

equally sensitive when analyzing gold (Hall & Bonham-Carter 1988), although ICP-MS 

has the advantage of multi-element analysis. ICP-MS analysis was undertaken for 

elution, capacity and selectivity experiments, which required multi-element analysis. 

All other experimental samples were analysed using GFAAS. 

 

Samples analysed via ICP-MS were prepared in a 0.2 M HCl matrix, and a washout of 

40 seconds with 0.2 M HCl between samples was used to remove any remaining gold in 

the ICP-MS intake tubing. Samples containing only 0.2 M HCl were added at 5-sample 

intervals to check the integrity of ICP-MS analysis, and assess the effects of carry-over. 

Solutions of known gold concentrations (10 µg/L) were added at various intervals to 

check ICP-MS performance. The detection limit for ICP-MS was determined to be 0.7 

µg/L Au, as calculated by 3-times the standard deviation (3σ) of three solution blanks 

containing only 0.2 M HCl (Long & Winefordner 1983). 

 

Samples analysed via GFAAS were first extracted into a 1 mL 1% w/w Aliquat-336 and 

di-isobutyl ketone (DIBK) mixture (Sigma®). Aliquat-336 is a quaternary amine salt 

used in industry to extract metals from aqueous solutions into an organic phase for 

analysis (Starks 1971). A 1% w/w mixture of Aliquat-336 and DIBK is used as this 

composition ensures adequate GFAAS response (Gilbert 1990). The samples were 

preconcentrated by making up approximately 10 mL of analyte solution and extracting 
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into 1 mL of Aliquat-336/DIBK mixture. Calibration of the GFAAS used gold (III) 

chloride solutions diluted with 20% HCl. The GFAAS used Zeeman-effect background 

correction (Viets & O'Leary 1992) for all measurements. The detection limit for 

GFAAS was determined to be 0.2 µg/L, as calculated by 3-times the standard deviation 

(3σ) of three solution blanks containing only 1% Aliquat 336/DIBK (Long & 

Winefordner 1983). While GFAAS is not capable of simultaneous multi-element 

analysis like ICP-MS, GFAAS was not as susceptible to issues of sample carry-over due 

to the gold being carried in an organic phase. 

 

2.3.4 The diffusion coefficient of gold (III) 

 

Following the method of Zhang et al. (1999), a diffusion cell comprising two 200 mL 

Perspex compartments with an interconnecting 2 cm diameter opening (Figure 2.2) was 

used to determine the diffusion coefficient of gold (III). This setup allows for the 

diffusion of gold from a solution of high concentration into a solution that initially 

contains no gold. The experiment was carried out in conditions where both 

compartments maintained the same temperature, pH, ionic strength (as NaCl) and 

volume of the solution.   

 
Figure 2.2. The diffusion cell, modified from Zhang and Davison (1999). 

Each compartment holds up to 200 mL of solution. 

 

A 2.5 cm-diameter disc of diffusive gel (0.8 mm thick) was placed in between the two 

compartments. Two hundred millilitres of 1 mg/L gold (III) as a gold (III) chloride 

source solution was put into compartment A, and 200 mL of receiving milli-Q™ water 

was put into compartment B. NaOH (2 M) was added to each side to adjust pH as 

Compartment A Compartment B

Diffusive
gel

Magnetic
stirrers
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needed. For experiments undertaken at a lower pH, appropriate amounts of 0.5 M HCl 

were added to the receiving solution (compartment B) to match the pH of the source 

solution (compartment A). Ionic strength was adjusted to approximately 0.01 M NaCl 

by adding 1 mL of 2 M NaCl to each side. Both compartments were continuously 

stirred using magnetic stirrers, and the temperature was maintained at a constant room 

temperature. Sub-samples of 4 mL were taken from each compartment at 10-minute 

intervals over 2 hours, to which 1 mL DIBK/1% Aliquat 336 was added and the mixture 

shaken. After equilibration (45 min) the DIBK phase was separated via pipette and 

analysed via GFAAS. Note that for the short timescales used in this work, the 

concentration in compartment B is negligible compared with the initial high 

concentration in compartment A, which effectively does not vary. Consequently, the 

difference in concentrations of the source and receiving solutions, ΔC, can be 

substituted by the concentration of the source solution, C, in Equation 2.2 below. For 

experimental purposes, however, subsamples of compartment A taken at the beginning, 

during the middle and at the end of each experiment were analyzed to monitor the 

concentration of the source solution in compartment A and to demonstrate no 

appreciable change. 

 

The diffusion coefficient can be calculated from Equation 2.2: 
 

€ 

D =
α × 60 × Δg
A × C

     (2.2) 

 

where D is the diffusion coefficient of gold (III) in cm2/s, Δg is the thickness of the gel, 

α is the gradient of the plot of mass diffused vs. time (multiplied by 60 to convert 

minutes to seconds), A is the exposure window area, and C is the concentration of the 

source solution. 

 

By using the Stokes-Einstein equation below (Equation 2.3), the diffusion coefficient of 

gold (III) chloride at different temperatures can be established.  
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where D1 and D2 are the diffusion coefficients at temperatures T1 and T2, and η1 and η2 

are the viscosities of water at those temperatures (obtained from Dorsey, 1940). 

 

2.3.5 Characterization of DGT performance 

 

2.3.5.1 Uptake of gold by binding gels and diffusive gels 

 

In order to determine the uptake of gold by the various binding gels (activated carbon, 

Chelex® and Metsorb™), three replicates were placed in 20 mL of 1 mg/L gold (III) 

chloride solution and samples were taken over a period of 24 hours. The pH of each 

solution was adjusted with NaOH to 6.0, and a temperature of ~20 °C was maintained 

throughout the experiment. In addition to binding gels, diffusive gels (both 

polyacrylamide and agarose) were placed in 1 mg/L Au solutions to determine if 

adsorption occurred in these diffusive layers.   

 

2.3.5.2 Elution of gold from activated carbon binding gels 

 

Several activated carbon gels were pre-loaded with gold by placing the gels in 20 mL of 

1 mg/L gold (III) chloride solutions for 24 hours. The initial and final concentrations of 

the gold solutions were measured to determine the quantity of gold adsorbed to each 

gel. The gels were removed and rinsed, and the following elution methods were tested 

in triplicate: 1) gels placed in a 36% HCl solution overnight; 2) gels placed in a 69% 

HNO3 solution overnight; 3) microwave with 36% HCl acid; 4) microwave with 69% 

HNO3 (30 seconds); 5) microwave with 0.25 M H2SO4 (30 seconds); 6) aqua regia 

digest (APHA 2005) of unashed gel; 7) ashing of gel at 700°C for 3 hours, followed by 

a 4 mL aqua regia digest (the aqua regia was made by combining 3 mL 36% HCl and 1 

mL 67% HNO3). Note that in industry, gold is eluted from activated carbon using strong 

base followed by sodium cyanide (e.g. the Zadra process and AARL; Marsden & House 

2006) on flow-beds. This procedure is used to retain and re-use the activated carbon; 

however, in this study the retention of the binding gels was not of concern.  

 

2.3.5.3 Capacity of activated carbon binding gels 

 

The capacity of the activated carbon gels for gold uptake was determined by placing 

carbon gel discs in 10 mL of solutions of increasing gold (III) concentrations from 1 
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mg/L up to 500 mg/L for 24 hours. The pH of each solution was adjusted with NaOH to 

6.0, and a temperature of ~20 °C was maintained throughout the experiment. All 

samples from the above two experiments were analyzed using ICP-MS.  

 

2.3.5.4 Influence of pH on DGT performance  

 

DGT devices with activated carbon binding gels were placed in containers with 2 L of 

25 µg/L gold (III) chloride. Using 2 L of solution ensured that the mass lost by DGT 

uptake did not unduly affect the rate of diffusion through the diffusive gel. The pH of 

each solution was modified using either HCl or NaOH, in order to obtain incremental 

pH values between 2.0 and 9.5 for the duration of each experiment. The ionic strength 

of each solution was increased to around 0.01 M by addition of appropriate amounts of 

2 M NaCl. The solutions were constantly stirred and the DGT devices were deployed 

for 4 hours. Temperature and pH were measured before, during and after the 

experiment. After 4 hours, the DGT devices were removed and the carbon binding gels 

were eluted and analysed for gold. Aliquots of 5 mL were taken from the solution at the 

beginning of the experiment and at the end, to demonstrate that changes in the gold 

concentration were negligible throughout the experiment.  

 

2.3.5.5 Influence of ionic strength on DGT performance 

 

DGT devices with activated carbon binding gels were placed in containers with 2 L of 

25 µg/L gold (III) chloride, made by adding 250 µL of 200 mg/L gold (III) chloride. 

The ionic strength of the gold (III) solution was adjusted to 1 M, 0.1 M, 0.01 M, 1 mM 

and 0.25 mM. As the 200 mg/L gold (III) chloride stock solution was stored in 20% 

HCl, pH was maintained at around 5.5 – 6 by the addition of 250 µL of 2 M NaOH, 

therefore the lowest calculated ionic strength was 0.25 mM NaCl. During experiments 

where NaCl concentrations were > 0.01 M, weighed NaCl salt was dissolved directly in 

each container. The solutions were constantly stirred and the DGT devices were 

deployed for 4 hours, then the devices were removed and the binding gels removed for 

analysis. Aliquots of 5 mL were taken from the solution at the beginning of the 

experiment and at the end, to measure any changes in gold concentration throughout the 

experiment. All samples from the above two experiments were analyzed using GFAAS. 
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2.3.5.6 Binding gel selectivity for gold 

 

DGT devices with binding gels made from activated carbon were deployed in mixed-

metal solutions containing 100 µg/L Au(III), Ni, Co, Cu, Pb, Mn and Zn. These metals 

were selected as a limited subset of environmentally present metals that may interfere 

with DGT, and do not represent all possible interferences. Furthermore, some metals 

and compounds (e.g. Fe(II) and organic ligands) are known to reduce Au(III) to Au(0) 

in solution; consequently, a mixture containing a wide variety of compounds was not 

used in order to ensure the gold remained in solution. The pH of the mixed metal 

solution was modified to pH 6.0, and ionic strength was adjusted to 0.01 M using NaCl. 

The devices were deployed in the stirred solutions for 4 hours, after which the carbon 

binding gels were removed for elution and analysis. Samples of 5 mL were taken from 

the solution and acidified with 1 M HCl at the beginning of the experiment and at the 

end, to measure changes in the mixed-metal concentrations throughout the experiment. 

Samples were analyzed using ICP-MS. 

 

2.3.5.7 DGT Method Detection Limit 

 

The Method Detection Limit (Long & Winefordner 1983; IUPAC 2012) was 

determined by calculating 3-times the standard deviation (3σ) of three DGT binding gel 

blanks and applying Equation 2.1 for specific timeframes (1 day, 7 days and 1 month). 

 

2.4 Results and discussion 

 

2.4.1 Diffusion coefficient 

 

 Typical results of one diffusion cell experiment are shown in Figure 2.3. Using 

Equation 2.2, the diffusion coefficient of gold (III) obtained from Figure 2.3 is 5.20 × 

10-6 cm2/s at pH 6.2 and temperature 22 °C. Applying the Stokes-Einstein equation for 

temperature correction (Equation 2.3), the diffusion coefficient of gold was calculated 

to be 5.61 × 10-6 cm2/s at pH 6.2 and temperature 25 °C. Repeated measurements under 

similar conditions and corrected for temperature gave an average diffusion coefficient 

of 5.63 × 10-6 cm2/s (at pH 6.0 and 25 °C), with a relative standard deviation of 4.2% (n 

= 6). No value could be found in literature for comparison, for either aqueous solutions 

or hydrogels.   
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Figure 2.3. The accumulation of mass in compartment B over time. The 

experimental conditions for the data were: pH of source and receiving 

solution = 6.2; source solution concentration (C) = 961 µg/L; area of 

window between cells (A) = 3.14 cm2; temperature = 22 °C; diffusive gel 

thickness Δg = 0.08 cm; ionic strength was 0.01 M NaCl and; gradient of 

graph of mass accumulation over time (α) = 11.77 ng/min.   

 

2.4.2 Diffusion coefficient and pH 

 

The diffusion coefficient of gold (III) was dependent on pH (Figure 2.4). A number of 

studies have shown that gold (III) speciation varies with pH (Tossell 1996; Usher, 

McPhail & Brugger 2009). Gold tetrachloride ions, AuCl4
-, are known to predominate at 

low pH (between 3.0 and 5.0), whereas the hydroxychlorauric species AuCl3(OH)- and 

AuCl2(OH)2
- form at higher pH (between 5.0 and 9.0), as determined by Farges, Sharps 

and Brown Jr. (1993) and confirmed by spectrophotometric measurement by Usher, 

McPhail and Brugger (2009). As each species is of differing size (e.g. the calculated 

Au-Cl bond distance for AuCl4
-1 has been determined to be 0.2336 nm, while the Au-Cl 

bond distance for cis-AuCl2(OH)2
-1 has been determined to be 0.2374 nm (Tossell 

1996)), it is hypothesized that the change in diffusion coefficient with pH may be a 

consequence of this effect. 
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Figure 2.4. Diffusion coefficent as a function of pH. Data has been adjusted 

using Equation 2.3 for temperature of 25 °C. Ionic strength of the solutions 

was around 0.01 M. Error bars represent the relative standard deviation of 

repeated experiments, and were determined to be between 2% and 8% 

(n=3). 

 

2.4.3 Diffusion coefficient and ionic strength 

 

For a constant pH, increasing concentrations of NaCl (from 0.01 M to 1 M) resulted in 

an increased diffusion coefficient of gold (III) chloride. At 0.01 M NaCl, the diffusion 

coefficient of gold (III) was determined to be 5.63 × 10-6 cm2/s at pH 6.0 and 

temperature 25 °C, with a relative standard deviation of 4.2% (n=6). At 0.1 M NaCl, the 

diffusion coefficient of gold (III) chloride was determined to be 6.17 × 10-6 cm2/s at pH 

6.0 and temperature 25 °C, with a relative standard deviation of 3.0% (n=3). At 1 M 

NaCl, the diffusion coefficient was 6.97 × 10-6 cm2/s at pH 6.0 and temperature 25 °C, 

with a relative standard deviation of 2.5% (n=3). Previous work suggests that the 

presence of excess Cl- in solution does not significantly affect speciation (Farges, 

Sharps & Brown Jr. 1993); however, there may be a slight shift in speciation (from 

AuCl4
- to AuCl3(OH)-) when Cl- concentration is below 0.1 M (Usher, McPhail & 

Brugger 2009).  

 

2.4.4 The uptake of gold by binding and diffusive gels 

 

Figure 2.5 shows the ability for the various binding gels to remove gold (III) chloride 

from solution. The uptake by the activated carbon gel is fast enough to satisfy the 

requirements of DGT (Luo et al. 2010). While Chelex® binding gels showed some 
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affinity for gold (III) chloride, uptake was considerably slower than carbon binding 

gels, demonstrating that Chelex® is not a suitable binding agent for the purposes of 

DGT for gold. The Metsorb™ gels did not adsorb a statistically significant quantity of 

gold. The diffusive gels tested did not adsorb any gold, indicating that absorption to the 

diffusive gel is not a potential source of interference for DGT measurement of gold in 

water.  

 

 
Figure 2.5. Plot of mass of gold taken up by carbon, Chelex® and 

Metsorb™ binding gels, as well as agarose diffusive gels (“Agarose”) and 

polyacrylamide diffusive gels (“PolyA”) versus time. The gels were placed 

in solutions containing 1 mg/L of gold (III) chloride at pH of 6.0 and 

temperature of 20 °C. Aliquots of each solution were taken over a 24-hour 

period for analysis. 

 

2.4.5 Recovery of gold from activated carbon binding gels 

 

The method of ashing the carbon and dissolving the gold with aqua regia yielded 98.7% 

recovery, with a relative standard deviation of 7% (n = 6). None of the other elution 

methods yielded appreciable quantities of gold. While the Zadra process (0.1% NaCN 

in 1% NaOH solution) was not tested here, there is no need to re-use the gels and the 

method of ashing and aqua regia is appropriate for DGT. The method of ashing and 

aqua regia digest is most efficient for analysing gold adsorbed to the carbon because 

gold species are likely to be reduced to metallic gold on the surface of the activated 

carbon (Sun & Yen 1993).  
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2.4.6 Capacity of DGT 

 

Figure 2.6 illustrates the capacity of the carbon binding gel disc to adsorb gold from a 

gold (III) chloride solution. The concentration of gold in natural waters is unlikely to be 

high enough to load carbon gels to capacity. The maximum value in Figure 2.6 is 

equivalent to ~5 mg of gold per DGT gel, or ~330 g of gold per kg of carbon, which is 

less than the capacity determined by Mensah-Binney et al. (650-800 g of gold per kg of 

carbon) (Mensah-Biney, Reid & Hepworth 1993). The amount of gold required to 

exceed the capacity of carbon used in this study cannot be determined from Figure 2.6. 

Despite this, data obtained from Figure 2.6 can be used in conjunction with Equation 

2.1 to estimate the length of time required for a known concentration of gold to exceed 

the maximum capacity determined from Figure 2.6. A solution containing 1 mg/L of 

gold (III) chloride would require a deployment length of over 300 days before the 

maximum capacity was exceeded. Given that concentrations encountered in the 

environment are sub-µg/L, Figure 2.6 shows that the gold accumulation on a DGT 

device is unlikely to exceed the capacity, even over very extended deployment periods. 

Activated carbon binding gels appear to be well suited for the purpose of DGT. 

 

 
 

Figure 2.6. Log-log plot of mass of gold in solution versus mass of gold 

taken up by carbon gels. The carbon gels were placed in solutions 

containing increasing concentrations of gold (III) chloride and shaken for 

24 hours. The pH of each solution was adjusted to around 7.0, and 

temperature was maintained around 20 °C. 

 

  

5 

50 

500 

5,000 

5 50 500 5,000 

A
u 

ta
ke

n 
up

 b
y 

ca
rb

on
 g

el
s 

(µ
g)

 

Au in solution (µg) 



 

 25 

2.4.7 The effect of pH 

 

Figure 2.7 shows the ratio of DGT-measured concentrations, CDGT, to the independently 

measured concentrations of the bulk solutions, CSoln, over a range of pH values. 

Accounting for the observed variation in diffusion coefficient with pH (see Figure 2.4), 

Figure 2.7 shows the calculated CDGT closely matches solution concentration to within 

10% for a wide pH range. Activated carbon gels demonstrate robust performance over a 

wide pH range, from acidic (pH < 2.0) to basic (pH > 9.5) solutions. Note that the 

change in bulk solution concentration was determined to be insignificant (between 1% 

and 4% for experiments carried out), ensuring validity of DGT theory. The 

measurement of pH is critical in environmental deployments of DGT, as the pH 

determines the diffusion coefficient, D, to be used in calculating CDGT from Equation 

2.1.  

 
Figure 2.7. The effect of pH on DGT performance, assessed by the ratio of 

CDGT to Csoln, accounting for the change in diffusion coefficient with pH. The 

dashed lines in Figure 2.7 indicate ± 10% of the CDGT/CSoln ratio. Ionic 

strength was kept at around 0.01 M for all experiments. Variations in 

temperature were accounted for by using adjusted diffusion coefficients. 

 

2.4.8 The effect of ionic strength 

 

Figure 2.8 shows the ratio of DGT-measured concentrations, CDGT, to the independently 

measured concentrations of the bulk solutions, CSoln, over a range of ionic strengths. 

This suggests that varying the ionic strength (using NaCl) of the solution over three 

orders of magnitude did not have a substantial effect on the concentration of gold as 

measured by DGT, so long as the change in diffusion coefficient at high concentrations 
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of NaCl (≥ 0.1 M) is accounted for. The change in bulk solution concentration was 

determined to be insignificant (between 2% and 5% for experiments carried out), 

ensuring validity of DGT theory. Figure 2.8 is critical to environmental deployments of 

DGT, as the ionic strength of natural waters can vary from around 10 mM in clean river 

water to around 0.4 M in seawater. Ionic strength needs to be measured when using 

DGT for gold in natural waters, as high ionic strengths (≥ 0.1 M) can change the 

diffusion coefficient, D, used in calculating CDGT from Equation 2.1. 

 

 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 2.8. The effect of ionic strength on DGT performance at pH 6.0, 

assessed by the ratio of CDGT to Csoln at pH 6.0, accounting for the change in 

diffusion coefficient at NaCl concentrations ≥ 0.1M. The dashed lines in 

Figure 2.8 indicate ± 10% of the CDGT/CSoln ratio. Variations in temperature 

were accounted for by using adjusted diffusion coefficients. 

 

2.4.9 Binding gel selectivity for gold 

 

In a solution containing a mixture of metals (Au(III), Ni, Co, Cu, Pb, Mn and Zn at pH 

6.0 in 0.01M NaCl), the DGT devices with activated carbon binding gels performed 

according to theory for gold (CDGT/CSoln was 103%, with a R.S.D. of 10% (n=4)) and 

copper (CDGT/CSoln was 109%, with a R.S.D. of 19% (n=4)), and did not significantly 

adsorb any of the other metals (Ni, Mn, Co, Zn, and Pb). The capacity of activated 

carbon to adsorb copper has previously been determined to be ~22 mg/g (Arivoli et al. 

2009). The capacity of each DGT device for Cu can be estimated as 1 mg, according to 

the amount of carbon used for each binding gel disc. In environmental situations where 

copper concentrations are high (e.g. 100 µg/L), the capacity of DGT would only be 
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exceeded after 6 months. Consequently copper is not expected to interfere with DGT 

measurement of gold (III).  

 

While other metals such as Hg are bound to activated carbon, the adsorption of metallic 

mercury is not high unless the carbon is subject to prior treatment (Zhang, Nriagu & 

Itoh 2005; Yardim et al. 2003). Ionic mercury is known to bind well to activated carbon; 

however this metal was not included in the study. The potential for competition with 

gold for adsorption sites on activated carbon should be included in future research. As 

concentrations of ionic mercury in uncontaminated natural waters are also very low 

(between 1 and 5 ng/L) (Ahmed 2008; Leopold et al. 2008), and it is likely that the 

capacity of activated carbon DGT is sufficient to accommodate both ionic mercury and 

gold in natural waters. Metals such as silver and platinum may be taken up by carbon-

based DGT and future work should also assess this; however, as they are precious 

metals in their own right, their uptake is ultimately likely to be of benefit to 

geochemical exploration. 

 

2.4.10 DGT Method Detection Limit 

 

The standard deviation of gold blank values for 3 DGT binding gels was 0.04 ng. The 

detection limit for each DGT mass is, therefore, 0.12 ng (3 × 0.04 ng). Using Equation 

2.1 with a standard DGT configuration (3.14 cm2 exposure window area, 0.08 mm 

diffusive gel, 0.13 mm filter membrane), and assuming a pH of 7.0 and temperature of 

25°C, the Method Detection Limit (MDL) for DGT over timeframes of 1 day, 7 days 

and 1 month is 6.6, 0.9 and 0.2 ng/L respectively. As the environmental concentration 

of gold is likely to be in the ng/L range, it is recommended that DGT devices are 

deployed for as long a timeframe as practical; however, the data show that low ng/L 

detection limits can be achieved in as little as 7 days.  

 

2.5 Conclusions 

  

Agarose-based activated carbon is a suitable DGT binding layer for dissolved gold (III) 

chloride. This paper presents the first published measurements of the diffusion 

coefficient of gold (III) in hydrogels. The concentration of gold (III) chloride as 

measured by DGT (CDGT) matches the solution concentration, so long as variation in the 

diffusion coefficient of gold (III) with pH is accounted for (and also at sodium chloride 



 

 28 

concentrations ≥ 0.1 M). The change in diffusion coefficient with pH and ionic strength 

(as NaCl) is possibly due to changes in gold (III) chloride speciation. The detection 

limit of DGT for gold in natural waters can be as low as 0.9 ng/L for a 7-day 

deployment. By extending timeframes for deployment, issues of flux and geochemical 

variability of natural waters can be mitigated. This work has demonstrated that DGT 

with activated carbon as a binding agent can be used to measure labile gold in natural 

waters and is likely to be useful for the geochemical exploration of gold in natural 

waters.  
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CHAPTER 3 
 

Evaluating the diffusive gradients in thin films technique for dissolved metals and 

nanoparticles in groundwater: Gold in the Tanami Desert, Australia 

 

3.1 Abstract 

 

The semi-arid Tanami region of the Northern Territory, Australia, encompasses nearly 

160,000 km2. The region is highly prospective for gold, but remains under-explored due 

to the presence of transported overburden. Groundwater sampling is potentially an 

effective mineral exploration technique for gold in areas of transported cover in the 

Tanami region and elsewhere, but can suffer from poor replication and high detection 

limits. This study evaluates the recently developed diffusive gradients in thin films 

(DGT) technique to detect signatures of gold mineralization in groundwater, as well as 

associated pathfinder elements (As and Sb). Additionally, preliminary work using DGT 

with binding gels containing Purolite® A100/2412 resin demonstrates the potential to 

detect the presence of gold nanoparticles in ground water, which opens new areas for 

further research in mobility and transport of gold and other metals in natural waters. The 

DGT technique demonstrated methodological improvement over grab sampling of 

groundwater for gold and pathfinders with respect to sensitivity, replication and 

portability, although the technique requires further evaluation in a wider range of 

environments and conditions. 

 

3.2 Introduction 

 

Transported overburden is a significant hindrance to mineral exploration in many parts 

of the world (Kelley et al. 2006), as transported material can conceal the presence of 

underlying ore bodies, even with relatively thin cover (Radford & Burton 1999; Anand 

et al. 2007). Consequently, the detection of near-surface expressions of mineralisation, 

however small, has become increasingly important in mineral exploration, with 

emphasis on the need for simple, low-cost methods that detect the presence or absence 

of buried ore bodies.  

 

Hydrogeochemistry has been identified as a tool for exploration at regional scales, 

especially in areas where mineralisation has been concealed by overburden (Grimes et 
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al. 1995; Giblin & Mazzucchelli 1997; Carey et al. 2003; Gray 2001; Noble et al. 2011). 

Geochemically, groundwater represents the extensive volume of the rocks and soils that 

it contacts with, due to its mobility and reactivity with subsurface lithologies (Giblin & 

Mazzucchelli 1997). The movement of groundwater around ore bodies can redistribute 

ore elements and related pathfinder elements into the surrounding rock as well as to the 

surface (Cameron et al. 2004). However, the mobility of elements in waters and soils 

depends on a number of factors including pH and Eh (Rose 1979), the speciation of 

elements (Hamilton et al. 1983), the presence of other dissolved species e.g. organics 

(Wood 1996), the composition and reactivity of solid phases in contact with the solution 

(Kelley et al. 2004), and microbial interactions (Reith & McPhail 2006). In arid 

environments where ore deposits are hosted in sulfides and where groundwater is near 

the surface, electrochemical processes that redistribute elements affected by redox 

conditions may be critical (Kelley et al. 2004). In addition to dissolved species, more 

attention is now being given to the behaviour of nanoparticles in the environment in 

general (Diegoli et al. 2008; Zhu et al. 2012), and the existence of nanoparticulate Au in 

supergene environments has recently been determined (Hough et al. 2011). Although 

tools for the detection of nanoparticles (Au or otherwise) in natural waters are still in 

development (Doucet et al. 2005; Ju-Nam & Lead 2008; Cumberland & Lead 2009; Yu 

& Andriola 2010), investigating Au nanoparticles in waters may provide insight into Au 

mobility and transport.   

 

A hydrogeochemical exploration program for Au will typically comprise grab sampling 

of surface and/or groundwaters (e.g. Hamilton et al. 1983; Gray 2001), as no known in-

situ method (e.g. using ion-selective electrodes) has been developed for Au to date. The 

concentration of gold is typically below the detection limit of standard analytical 

methods and thus requires a pre-concentration step e.g. onto activated carbon (Hall et al. 

1986) or a gold-selective resin (Kenison Falkner, 1990). This method of grab sampling 

of surface and groundwaters for Au has been extensively evaluated, and detection limits 

as low as 5 ng/L or less can be achieved (Hall et al. 1986; Andrade et al. 1991). Often, 

additional processing either in the field or in the laboratory is required in order to 

enhance sensitivity, examples of which include: the addition of a 5% Br2-HCl solution 

(Hall et al. 1986); the addition of aqua regia to bring the solution pH to 1.5 (Kenison 

Falkner & Edmond 1990); or the addition of NaCl (Noble et al. 2011). Problems 

associated with grab sampling are primarily logistical in nature (i.e. handling, weight 

and transport issues), although grab sampling for dissolved metals in general has been 
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criticised in the past for methodological failures such as artifacts of filtration (Horowitz 

et al. 1992; Horowitz et al. 1996).  

 

This study assesses the utility of the diffusive gradients in thin films (DGT) technique 

for geochemical exploration of Au in groundwater. The DGT technique allows in-situ 

uptake analysis of dissolved metals (Zhang & Davison 1995), and has been rigorously 

evaluated in natural surface waters (Denney et al. 1999; Garmo et al. 2003; Warnken et 

al. 2005; Cohen et al. 2010; Lucas et al. 2012) and soils (Zhang et al. 1998b; 

Ernstberger et al. 2002; Degryse et al. 2003). In particular, DGT has been extensively 

evaluated for the detection of low concentrations of elements that are considered 

pathfinders to Au e.g. As, Sb, using ferrihydrite binding gels (Panther et al. 2008; Luo 

et al. 2010; Osterlund et al. 2010). The DGT technique has recently been modified to 

allow for the direct determination of labile Au(III) in natural waters (Lucas et al. 2012), 

offering a new method for the exploration for Au. Furthermore, the possibility of 

applying DGT for the detection of nanoparticles in general has been reviewed (Lead et 

al. 1997), although research in this area is still in development (Liu et al. 2012; Buffet et 

al. 2013). Logistically, DGT may also offer a lightweight and highly portable addition 

or alternative to grab sampling for Au. Laboratory work has demonstrated the efficacy 

of the technique in quiescent conditions, which are relevant for groundwater 

deployments, for Co, Ni, Cu, Cd, and Pb, as long as the diffusive boundary layer (DBL) 

– a region in the solution close to the DGT surface where transport of metal ions and 

complexes is controlled by diffusion only – is accounted for (Warnken et al. 2006). 

However, only a few field investigations of DGT in groundwater have been attempted 

(Alakangas et al. 2011; Mengistu et al. 2012), with inconclusive results in some cases 

(Berho et al. 2010).  

 

This study investigates use of the DGT technique for geochemical exploration through:  

 

(1) laboratory testing of modifications to a DGT unit for enhanced sensitivity to 

low Au concentrations under conditions of low flow and short deployment 

time; 

(2) laboratory evaluation of modified DGT resins for uptake of nanoparticulate 

Au;   

(3) field deployment to test whether Au and pathfinder elements would be 

detected by DGT devices in groundwater bores located near an ore body 
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covered by transported material; 

(4) comparison of DGT results with grab sampling.  

 

3.3 Study area 

 

The semi-arid Tanami goldfields region, located in northern Australia, encompasses 

nearly 160,000 km2 (Huston et al. 2007). The region is highly prospective for metals 

such as Au, but remains under-explored due to the presence of large areas of transported 

overburden. This study was carried out at Newmont Mining Corporation’s Oberon 

Prospect, which is located ca. 600 km NW of Alice Springs and is within the Tanami 

goldfields region (Figure 3.1). An ore body has been found at this prospect containing 

approximately 600,000 ounces of gold (Reid & Hill 2010).  

 

 
 

Figure 3.1. Location of Oberon Prospect in Tanami goldfields region of 

Australia (adapted from Reid and Hill, 2010). 

 

3.3.1 Climate 

 

The Oberon Prospect has climate typical of the Tanami goldfields region, being semi-

arid with irregular monsoonal rainfall patterns (Reid & Hill 2010). The closest weather 

station, Rabbit Flat (Figure 3.1), is around 20 km north of the field site, and has 

recorded a mean annual rainfall average of 427 mm with annual mean daily maximum 

temperatures of 33°C (Bureau of Meteorology 2011). The average annual evaporation 

potential is 3,750 mm (Wilford 2000). 
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3.3.2 Geology  

 

The Oberon prospect is underlain by Killi Killi Formation within the Granites–Tanami 

Block of the North Australian Craton, encompassing thick sequences of 

Palaeoproterozoic turbidites and greywackes (1848±22 Ma). The Killi Killi Formation 

and the Proterozoic Dead Bullock Formation (Figure 3.2) host most of the known Au 

mineralisation in the area. Most of the landscape is covered in transported material that 

is up to 20 m in thickness, and some palaeo-drainage systems have been covered with 

over 100 m of material (Reid & Hill 2010). The Oberon Prospect is covered by 10-20 m 

of Quaternary to recent colluvial and alluvial cover (Figure 3.3). This cover is typically 

comprised of red, ferruginous sands and a mixture of aeolian detritus forming sand 

dunes and sand plains. The Tanami Gold Province has low topographic relief with large 

areas being devoid of recognisable surface drainage channels, although the region does 

host a complex palaeodrainage system below the surface. The likely processes 

responsible for transporting surface materials in this landscape are aeolian saltation 

associated with prevailing easterly winds, and shallow overland water flow dominated 

by sheetwash from low hills and rises (Reid & Hill 2010). 

 

 
 

Figure 3.2. Interpreted geology around Oberon Prospect (adapted from 

Huston et al. 2007). The Oberon deposit is marked with a black square. 
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Figure 3.3. Geological profile of Oberon ore body along 603000 mE 

(adapted from Reid and Hill, 2010). Coordinates are UTM Zone 52K. 

 

3.3.3 Hydrology 

 

The palaeodrainage system in the Tanami region comprises broad drainages fed by 

narrower tributaries. The network of palaeo-tributaries in this system consist of 

Quaternary alluvial and colluvial sediments, most of which have been covered by more 

recent fan colluvium and aeolian detritus (Wilford 2003).  

 

At the Oberon prospect, multiple boreholes have been drilled around the ore body for 

the purpose of assessing dewatering criteria for a future mine (Gibbons et al. 1997). The 

depth to the water table at this prospect is between 0 and 6 m. The current flow model 

for groundwater at the Oberon Prospect is three-layered; the deepest flow system 

consists of fractured bedrock, above which sits a basal palaeochannel aquifer flowing 

through silcretes, ferricretes, with a laterized basement cap close to surface (Cobb 

1999). This top layer contains an upper ‘perched’ water table bound by calcrete/silcrete 

and separated from the palaeochannel aquifer by a clay-rich unit dominated by smectite. 

The velocity of groundwater in the palaeochannel was estimated to be around 5 m/year 

and flowing in an east to southeasterly direction (Cobb 1999). 

 

The upper edge of mineralisation is at approximately 30 m below surface (Figure 3.3), 

but enrichment of Au occurs throughout the regolith profile (Reid & Hill 2010). 

Consequently, Au-rich zones are in contact with both the perched and palaeochannel 
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aquifers. Importantly, the groundwater at Oberon is highly saline, which enhances the 

solubility of Au (Gray 2001). Boreholes are predominantly screened within the middle 

layer, with a few screened in the top layer (Gibbons et al. 1997). Figure 3.4 shows the 

locations of the boreholes used in this study, along with the general direction of the 

palaeochannel groundwater flow.  

 

 
                

Figure 3.4. Overhead plan of Oberon Prospect showing both the locations 

of boreholes used in this study and the vertical projection of the ore body 

(shaded area). Coordinates are UTM Zone 52K. 
 

3.4 Methods 

 

3.4.1 Background: The diffusive gradients in thin films (DGT) technique 

 

As mentioned in Chapter 2, Section 2.2.1, the DGT technique has been used in waters, 

sediments and soils to determine labile concentrations of elements. Work has recently 

been undertaken to apply DGT to geochemical exploration for labile Au using activated 

carbon as the adsorbent in the binding gel, instead of the typically used Chelex® resin, 

due to the suitability of activated carbon for this purpose (Lucas et al. 2012). DGT 

devices usually comprise a plastic housing with 3 layers:  

 

(1) a filter membrane of 0.13 mm thickness to protect the diffusive gel and 

exclude large colloidal particles (>0.45 µm);  
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(2) a diffusive gel of known thickness (usually 0.80 mm) with pore diameters of 

~5 nm for polyacrylamide gels (Balistrieri & Blank 2008), and ~70 nm for 

agarose gels (Fatin-Rouge et al. 2004); and, 

(3) a resin binding gel (gels in this study were made using activated carbon, 

Purolite® A100/2412 or ferrihydrite).  

 

Between the filter membrane and bulk solution, a layer known as the diffusive boundary 

layer (DBL) may also form. The rate of diffusion across the DBL, the diffusive gel and 

the filter membrane limits the accumulation of target elements on the resin binding gel 

(collector) in DGT analysis. Once the accumulated mass has been determined, the 

concentration of labile metal in the bulk solution, representing an integrated signal of 

the concentration of labile elements in the water that the DGT device is exposed to over 

the deployment period, can be determined via Equation 2.1. Prolonging the deployment 

period or reducing the thickness of the diffusion layer increases the sensitivity of the 

technique by allowing more metal to accumulate onto the binding layer.   

 

The flowrate of waters in which DGT is deployed can affect performance by altering 

the thickness of the DBL (Warnken et al. 2006). In moderate- to fast-moving solutions, 

the geometry of a DGT device allows the DBL to be ignored in most circumstances, as 

lateral diffusion within the hydrogel increases the effective sampling window and 

negates the increase in Δg that the DBL represents. However, in quiescent solutions 

(flow rate between 0 cm/s and 2 cm/s), consideration needs to be given to the formation 

of the DBL on the surface of the DGT device. Warnken et al. (2006) determined that 

using an estimated DBL in quiescent solutions of around 0.4 mm in thickness will result 

in measurement errors no greater than 20%, and this value is independent of the element 

being measured. 

 

Elements such as Au are found in aqueous environments at ultra-trace concentrations 

(ng/L). Therefore, even in a fast-moving solution, standard DGT deployments would 

require extended periods of time (e.g. 7 days or more) in order to accumulate enough 

mass of Au on the resin collector to allow reproducible analysis with a low detection 

limit. For these field evaluations, sensitivity was improved by removing the diffusive 

hydrogel entirely; consequently, diffusion-controlled uptake by the binding gels was 

dependent only on the 0.13 mm-thick filter membranes placed directly onto the binding 

gels and the DBL. Work by Scally et al. (2006) has shown that the diffusion coefficient 
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through filter membranes is not statistically different from diffusion through a diffusive 

gel; however, laboratory experiments were undertaken to confirm this result, as 

described below. 

 

3.4.2 General procedures 

 

For laboratory and field work, all plasticware used, including DGT units, containers, 

DGT housings, filters, plastic mesh strips, plastic sinkers filled with acid-washed sand, 

fishing lines and ground stakes were acid-washed (10% HCl) for at least 24 hours prior 

to rinsing with milli-Q water (18.2 MΩ cm). All chemicals used were analytical reagent 

grade. Ferrihydrite DGT units for the measurement of As and Sb were purchased from 

DGT Research Ltd (UK) and assembled as described in Zhang et al. (1998a). All other 

DGT units were assembled at the University of Western Australia (Lucas et al. 2012). 

For experiments where diffusive gels were used, agarose diffusive gels were made and 

used (Lucas et al. 2012). All experiments were undertaken in triplicate where possible. 

Quality control during analysis included regular calibration of equipment, as well as 

analysis of solution blanks and standards of known concentration (10 µg/L Au). For 

transport to the field site, all DGT units were attached to plastic mesh strips with fishing 

line, stored in acid-cleaned ziplock bags and sealed in a cool, airtight container.  

 

3.4.3 Testing the DGT device components for detection of Au nanoparticles 

 

Citrate-stabilized Au nanoparticles were manufactured using the technique of 

Turkevitch et al. (1951). Briefly, 95 mL of 50 mg/L Au(III)Cl3(aq) solution was mixed 

with 5 mL of 1% sodium citrate solution and brought to the boil with stirring. After a 

few minutes, the solution turned deep red, indicating that nanoparticles of around 20 nm 

had likely formed in the solution (Turkevich et al. 1951); however, the proportion of 

ionic Au converted to nanoparticles was not measured. Solutions prepared in this 

manner are hereafter referred to as nanoparticle solutions. The Au nanoparticles 

manufactured using this method are unstable at high ionic strengths (Diegoli et al. 

2008), and care was taken to ensure pH and ionic strength was not unduly modified 

during the course of the laboratory experiments, in order to avoid flocculation. 

 

Binding gels made from different adsorbents were tested for suitability for uptake of Au 

from nanoparticle solutions: 
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(1) activated carbon (hereafter carbon), based on previous work (Lucas et al. 

2012);  

(2) Purolite® A100/2412 resin (hereafter Purolite), a commercially available 

weak-base resin (Gomes et al. 2001), and;  

(3) Dowex® XZ 91419 (hereafter Dowex) developmental anion resin, an 

experimental strong base resin (Paul 2010).  

 

The AuCl3(aq) solution, the synthesised nanoparticle solution, and binding gels made 

with the different adsorbents were used for the following tests:  

 

(1) uptake of Au by the different binding gels from  

a. Au(III)Cl3 solution (1 mg/L), and  

b. Nanoparticle solution (1 mg/L); and, 

(2) diffusion of Au from the nanoparticle solution through diffusive gels.   

 

The binding gels were tested for uptake of Au from an Au(III)Cl3(aq) solution. 

Duplicate gels were placed in 20 mL of 1 mg/L Au(III)Cl3(aq) solution and gently 

shaken for 24 hours, following uptake testing as described in Zhang and Davison 

(1995). Aliquots of 1 mL of the solutions were taken at the beginning and then at 

specific intervals over the 24-hour period. The aliquots were acidified with 0.1 mL 

conc. HCl and analysed via ICP-MS (Thermo X7, Waltham, MA, USA). The uptake of 

Au by the gels was determined by the change in concentration of the solution over this 

time period, and any colour change of solutions and gels was also noted. This procedure 

was repeated with 20 mL of 1 mg/L nanoparticle solution. 

 

The diffusion coefficient for the movement of Au from nanoparticle solution through 

the agarose diffusive gel layer was determined by a diffusion cell experiment, 

comprising two 50 mL Perspex compartments with an interconnecting 1.5 cm diameter 

opening (Zhang & Davison 1999). A 2.5 cm agarose diffusive gel (0.80 mm thick) was 

placed between the two compartments. Nanoparticle solution (50 mL at 1 mg/L), 

prepared as described above, was added to the source side and milli-Q water only was 

added to the receiving side. Both sides were stirred, and the pH and ionic strength of 

each solution was monitored to ensure no change occurred during the experiment. 
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Aliquots of 0.1 mL were taken from the receiving side every 10 minutes for 2 hours, 

and analysed via ICP-MS.  

 

3.4.4 Improving the sensitivity of DGT devices for detection of Au in quiescent 

solutions 

 

The effect on DGT performance of removing the diffusion layer was tested through lab-

based experiments similar to previous work (Lucas et al. 2012). It has previously been 

demonstrated that the process of deploying DGT devices in quiescent solutions ensures 

the formation of a DBL that is around 0.4 mm in thickness (Zhang et al. 1998a; 

Warnken et al. 2006), and this was tested in this experiment. Briefly, DGT devices with 

carbon or Purolite binding gels, and without the diffusive hydrogel, were placed in 2 L 

solutions of 10 µg/L Au(III)Cl3(aq) for 4 hours with no stirring. After 4 hours, the DGT 

devices were removed from the solution and binding gels analysed for Au by:  

 

(1) ashing the binding gels at 700°C for 1 hour;  

(2) digesting the ash with 4 mL aqua regia (3 mL conc. HCl: 1mL conc. HNO3);  

(3) extracting the Au with 1 mL of 1% Aliquat 336 in di-isobutyl ketone 

(DIBK);  

(4) analysing Au in the DIBK phase using graphite furnace atomic absorption 

spectrometry (GFAAS).   

 

The experiment was repeated with 2 L volumes of solution containing both 10 µg/L 

Au(III)Cl3(aq) and 10 µg/L nanoparticle solution. This solution was made by adding 

100 µL of 200 mg/L Au(III)Cl3(aq) and 200 µL of 100 mg/L nanoparticle solution to 2 

L of milli-Q water. In order to determine the total Au concentration of the bulk 

solutions (CSolution) and to confirm that the concentration did not change significantly 

over the course of the experiment, 4 mL aliquots were taken from solution at the start 

and the end of the experiments described above and acidified with 1 mL aqua regia to 

dissolve the nanoparticles prior to solvent extraction and analysis via GFAAS. 

 

3.4.5 Field deployment locations and methodology 

 

At Oberon, ten boreholes were selected based on a range of Au concentrations 

determined in previous groundwater studies undertaken in the area (Reid et al., 
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unpublished data), as well as the palaeochannel flow direction and the locations of the 

boreholes with respect to the ore body (see Figure 3.4). The DGT devices were arranged 

on plastic mesh strips, with devices in triplicate to detect ionic Au (carbon DGT), ionic 

and nanoparticulate Au (Purolite DGT) and As and Sb (ferrihydrite DGT). An extra 

strip with DGT devices attached was prepared as a deployment blank. This strip was 

subject to the same procedures and environmental conditions as the deployment strips, 

but was not placed down a borehole. The deployment blanks reported Au concentrations 

at or below the detection limit of the instrumentation used for analysis (0.2 µg/L for 

GFAAS and 0.05 µg/L for ICP-MS). All other strips were suspended in their respective 

water columns at the depth of the screen (see slotting interval, Table 3.1 and Figure 

3.5). An error was made at site 4, in that 4 carbon DGT devices and 2 Purolite DGT 

devices were attached to the plastic mesh strip instead of the planned 3 devices of each 

collector gel type. As such, the Purolite experiment was undertaken in duplicate at this 

site and not in triplicate as was done at all other sites. 

 

Table 3.1. Physical and geochemical parameters of boreholes. Note that 

sites 6a and 6b are adjacent to each other; site 6a is slotted from surface 

(sampling the perched aquifer), and site 6b is slotted at depth (sampling the 

paleochannel aquifer).   

 
 

 
 
 
 
 
 
 
 
 
 

Site 
No. 

Water 
table  

DGT 
depth 

Borehole 
depth 

Slotting 
interval 

Aquifer 
sampled Temperature E.C. pH 

Redox 
potential 

DOC 

  (m) (m) (m) (m)   (°C)  (mS/cm)   (mV) (mg/L) 
1 5.5 20 28 20-30 Paleo 29.6 21.3 6.98 345 1.1 
2 2.0 7 9 3-9 Perched 30.1 53.1 7.14 305 1.8 
3 2.5 12 17 12-18 Paleo 30.5 49.0 6.89 225 1.1 
4 2.5 20 45 16-54 Bedrock 29.8 57.1 7.66 254 2.6 
5 2.5 6 8 14-54 Paleo 29.6 54.2 7.08 228 1.4 

6a 2.5 20 28 0-28 Perched 31.7 3.7 10.12 87 2.2 
6b 2.5 20 50 20-50 Bedrock 31.2 23.2 7.73 -167 12.0 
7 1.5 20 27 20-27 Paleo 29.1 66.6 6.70 385 1.5 
8 1.5 6 8 3-9 Perched 31.7 48.3 6.99 314 1.7 
9 1.8 4 7 3-9 Perched 30.1 61.7 7.14 360 2.8 
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Figure 3.5. Schematic of deployment profile of DGT in a borehole. 

 

Temperature, pH and electrical conductivity were measured at each borehole prior to 

grab sampling and DGT deployment, and also upon retrieval once the DGT devices 

were removed, as these parameters are required to estimate the diffusion coefficient of 

Au (Lucas et al. 2012). These data varied by less than 5% over the deployment period, 

and averaged values for the deployment period are shown in Table 3.1. The total 

deployment time was 6 days. No rainfall occurred at the site during the deployment 

period. The method detection limit (Long & Winefordner 1983; IUPAC 2012) for DGT 

was determined by calculating 3 × the standard deviation of the deployment blanks and 

applying Equation 2.1 for the timeframe of the deployment. The DGT method detection 

limit during this deployment for both carbon and Purolite binding gels was determined 

to be 1.8 ng/L for a 6-day period, based on no diffusive gel and a total diffusion length 

(Δg in Equation 2.1) of 0.53 mm (filter membrane plus approximated DBL).  

 

3.4.6 Determining As and Sb concentrations using DGT 

 

The Oberon Prospect has a demonstrated As anomaly that is present in both 

groundwater and in vegetation (Reid et al. 2009). As other elements such as Sb are 

commonly associated with As (Ashton & Riese 1989; Grimes et al. 1995), the elevated 

As concentrations in groundwater at Oberon have raised the question as to whether Sb 

may also be a pathfinder to Au at this site. However, to date, grab sampling at Oberon 

for Sb has not been conclusive due to very low concentrations of Sb in the groundwater 

Screened 
slots

Water table

DGT 
array

Surface

Sinker
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(<1 µg/L, N. Reid et al., unpublished data).   

 

The DGT technique has previously been modified for determining inorganic As in 

natural waters using ferrihydrite binding gels (Panther et al. 2008). Ferrihydrite DGT 

can also be used to detect Sb at limits of detection as low as 3 ng/L for a 7-day 

deployment (Luo et al. 2010). Ferrihydrite DGT devices were therefore also deployed 

alongside carbon and Purolite DGT in this study in order to assess the technique for 

pathfinder elements using As as an example of a known pathfinder and Sb as a potential 

pathfinder requiring low detection-limit analysis. Using ferrihydrite DGT devices, the 

detection limits were 0.1 µg/L for As and 2.4 ng/L Sb during this deployment.  

 

3.4.7 Field grab samples 

 

Grab sampling was undertaken to determine the overall hydrogeochemistry of 

groundwater at the site and to compare to DGT results. Note that purging of the 

boreholes (usually 3 times the well volume) was not performed prior to taking samples, 

primarily due to restrictions on equipment and time. However, the DGT devices were 

deployed over 6 days, during the two possible extremes of conditions in the 

groundwater bores are high groundwater flow or complete stagnation. In both cases, the 

grab sample from the unpurged bore is likely representative of the water quality that the 

DGT was exposed to over the deployment. Furthermore, only a few samples were 

duplicated due to transportation weight restrictions, and these duplicated samples did 

not include boreholes where DGT was deployed. Samples were collected at the depth of 

the screens with a pump and tubing that had been pre-rinsed with Milli-Q water, as per 

CSIRO water sampling procedures (Noble et al. 2011). For Au analysis, an acid-washed 

1 L bottle was filled to within 2 cm of the top with unfiltered groundwater. A sachet 

containing 1 g activated carbon and 10 g of NaCl was added to the bottle, and the bottle 

was transported to the CSIRO laboratory in Perth within one week. The activated 

carbon sachets were ashed, dissolved in aqua regia and the resulting solution analysed 

by ICP-MS (Ultratrace, Perth) for Au, Ag, Pt, and Pd (Noble et al. 2011). The detection 

limit for Au was determined to be 0.5 ng/L. 

  

Sample volumes of 125 mL for anions (Br-, Cl-, F-, NO3
- and SO4

2-) and 125 mL for 

cations (Al, As, B, Ba, Ca, Cd, Cr, Co, Cr, Cu, Fe, Ga, K, Mn, Mo, Na, Ni, Pb, Rb, Sb, 

Si, Sn, Sr, U, and REEs – Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, 
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Lu) were filtered using a Nalgene® filtration unit fitted with 0.45 µm filter papers 

(Noble et al. 2011). A 0.25 µL aliquot of concentrated nitric acid (69%) of high purity 

analytical grade was pipetted into the cation samples back in the laboratory (within one 

week of sampling). Major and trace cations were analysed by ICP-OES and ICP-MS 

(CSIRO Land and Water), and major anions were analysed by ion chromatography (IC) 

at CSIRO in Perth.  

 

3.4.8 Correlation between Au concentration in groundwater and other elements, 

by technique 

 

For field deployments, the determination of significant differences between grab 

sampling, carbon DGT and Purolite DGT was undertaken using a 2-tailed, type 1 

Student’s t-test for data obtained from each site (Bhattacharyya & Johnson 1977). A 

suitable statistical method for testing independence in a bivariate normal model can be 

undertaken using Equation 3.1: 

 

       (3.1) 

 

where t is Student’s t-distribution for the data, n is the sample number and r is Pearson’s 

correlation coefficient between the two variables. For this study, the t-statistic by which 

the evaluated t-distribution was compared was 2.306 (P>0.05, α = 0.025, 1-tailed). 

 

3.5 Results 

 

3.5.1 Testing DGT components for detection of ionic and nanoparticulate Au 

 

The uptake of Au by binding gels in an Au(III)Cl3(aq) solution is shown in Figure 3.6a. 

All binding gels exhibited rapid uptake of ionic Au from solution. The uptake of Au by 

binding gels in a nanoparticle solution is shown in Figure 3.6b. Neither the carbon nor 

Dowex resins took up major quantities of Au from the nanoparticle solution, which 

contrasts with the rapid uptake of Au from the Au(III)Cl3(aq) solution. However, the 

Purolite resin took up about 90% of the total Au in the nanoparticle solution within 4 

hours. The uptake of nanoparticles by Purolite gels was supported by visual observation 

of the change in colour of the gels from white to red, while the colour of solution 

€ 

t =
n − 2
1− r2

r
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changed from red to clear. In contrast, the Dowex gels did not change colour, nor did 

the solution. As carbon gels are black, no change in colour of the gels was detectable, 

and no perceptible colour change of the solution had occurred. The carbon and Dowex 

gels did take up some Au from the nanoparticle solution over the 24 hour period (Figure 

3.6b, 15% and 32% respectively), however it is not certain whether the uptake was of: i) 

nanoparticles; ii) residual ionic Au(III) from the preparation of the nanoparticle 

solution, or; iii) dissolved Au from slow nanoparticle re-dissolution. The uptake of 

residual ionic Au(III) is unlikely, given that there was slow uptake relative to the rate of 

uptake of dissolved Au by carbon (compare Figures 3.6a and b). With respect to the 

latter hypothesis, nanoparticle solutions kept in the laboratory were otherwise stable for 

weeks-months (based on no visible colour change), suggesting that the nanoparticle 

solution was stable over the 24 hours of the experiment.  

 

 
 
 (a) 

  
 (b)  

Figure 3.6. (a) Resin gel uptake of total Au from a solution of 

Au(III)Cl3(aq). (b) Resin gel uptake of total Au from a solution of citrate-

stabilized Au nanoparticles, by binding gels made with different Au-
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selective resins. Error bars are determined from the standard deviations of 

replicates in both figures. 

 

The diffusion coefficient of Au from the nanoparticle solution through an agarose 

diffusive gel was determined to be 5.72 × 10-6 cm2/s (R.S.D. 10%, n = 3), which is 

similar to the diffusion coefficient of ionic Au(III) through the same type of gel (5.63 × 

10-6 cm2/s, Lucas et al. 2012). This result was surprising, as we anticipated that the 

larger colloid would diffuse slower than ions (c.f. Navarro et al. 2008); however, other 

workers have observed that nanoparticles <<100 nm in diameter can diffuse similar to 

ions (van der Veeken et al. 2008). The diffusion coefficient was used to calculate CDGT 

from Equation 2.1. 

  

3.5.2 Modifying the DGT devices for detection of Au in quiescent solutions 

 

The deployment of modified DGT devices (with either carbon or Purolite binding gels, 

and without diffusive gels) in quiescent solutions of ionic Au(III)Cl3(aq) initially gave 

CDGT concentrations of 24% of bulk solution concentrations (CDGT/CSolution = 0.24, 

R.S.D. of 11%, n = 8) over a deployment time of 4 hours. However, applying a 0.40 

mm DBL correction, as stipulated by Zhang et al. (1998a) and Warnken et al. (2006), 

gave CDGT values that were 97% of bulk solution concentrations (CDGT/CSolution = 0.97, 

RSD of 11%, n = 8), confirming the results of Warnken et al. (2006) that the DBL needs 

to be accounted for when using DGT in quiescent solutions. When DGT devices were 

deployed in quiescent solutions containing a mixture of ionic Au and nanoparticle 

solution (see methods), the Purolite DGT devices detected 106% of total Au in solution 

(CDGT/CSolution = 1.06, RSD of 12%, n = 6), whereas the carbon DGT devices detected 

51% of total Au in solution (CDGT/CSolution = 0.51, RSD of 25%, n = 6) with correction 

for the DBL. The DBL correction was applied to subsequent field deployments of DGT 

devices in boreholes.  

 

3.5.3 Field sampling 

 

3.5.3.1 Geochemical characteristics 

 

Table 3.1 shows that all groundwaters sampled, with the exceptions of sites 6a and 6b, 

had broadly similar geochemical characteristics, namely high salinity (>seawater, i.e. 



 

 50 

TDS >35,000 mg/L), neutral pH, low levels of dissolved organic carbon and positive 

redox potentials, indicating oxidising conditions. These parameters were similar 

between each borehole despite the variation in sampling depths. Exceptions were 

boreholes 6a and 6b, which were immediately adjacent to each other but cased 

separately and screened at different depths. Site 6a had a much lower E.C. and much 

higher pH (>10) than other bores, as well as a lower redox potential. It is likely that the 

calcareous bentonite used for packing of the bores had leaked into this water and altered 

its chemistry; in particular, the increase in pH can be partially attributed to the 

hydrolysis of suspended montmorillonite (Kaufhold et al. 2008). Some of the 

characteristics of groundwater at site 6b were also considerably different from other 

sites, namely that the redox potential of this water was negative, indicating reducing 

conditions, and (hydrogen) sulfide odour was noted. Additionally, the concentration of 

dissolved organic carbon at site 6b was an order of magnitude higher than at other sites, 

possibly due to organic matter contamination (detritus e.g. leaves, ants). 

 

3.5.3.2 Au concentrations  

 

The average concentrations of Au determined by Carbon and Purolite DGT (Table 3.2 

and Figure 3.7) were all above the detection limit. An initial inspection of Figure 3.7 

suggests that Purolite DGT devices report similar or higher Au than carbon DGT 

devices, with the exception of Site 6a, which, as discussed above, was one of two bores 

to display very different general geochemical characteristics to the other bores. 

However, differences between carbon and Purolite DGT results were only statistically 

significant for sites 5, 6a and 9, P > 0.05 (Table 3.2). 

 

Sites 2 and 6b had particularly poor agreement (R.S.D. >100%) between replicates 

(Table 3.2). For Site 2, the proximity of all samples to the detection limit of 1.8 ng/L is 

the likely cause of the high RSD for both carbon and Purolite DGT devices. Purolite 

DGT data for site 6b showed high RSD due to one Purolite DGT device replicate 

reporting nearly 20 times more Au (103.2 ng/L) than the other two replicates for the 

same site (5.1 ng/L and 8.2 ng/L respectively), possibly due to either contamination of 

the sample or geochemical stratification within the water column. Site 6b was the only 

site where this phenomenon was observed. Note that for Site 4, the Purolite DGT Au 

concentration was the highest measured mean Au concentration and the values obtained 

for the carbon gels were almost an order of magnitude lower (Table 3.2); however, the 



 

 51 

difference was not significant at the 95% significance level as only two Purolite DGT 

devices were deployed at this site, resulting in a low number of degrees of freedom for 

significance testing.  

 

Table 3.2. Gold, As and Sb as determined by DGT (mean of triplicates, 

except for site 4 as explained in text), with the relative standard deviation 

(R.S.D.) for each result. The row marked ‘d.l.’ denotes the detection limit 

for each DGT type. Data shown in bold italics represents significant 

differences as determined by statistical analysis. 
 

 

 
Figure 3.7. Log-log comparison of carbon and Purolite DGT results. The 

dashed line represents a 1:1 relationship. The finer-dashed horizontal and 

vertical lines represent the detection limit (d.l.) of each technique. Error 

bars are determined from the standard deviations of replicates. 

 

Site 
Carbon 
DGT Au 

ng/L 
R.S.D. 

Purolite 
DGT Au 

ng/L 
R.S.D. Student’s t-

statistic  (Au)  

  DGT  
As  

ug/L 
R.S.D. 

DGT 
Sb  

ng/L 
R.S.D.   

1 16.1 62% 13.3 66% 0.208   2.3 9% 8.2 33% 
2 2.0 132% 2.0 71% 0.321   1.7 20% 11.1 50% 
3 5.1 35% 4.9 42% 1.000   12.1 10% 7.1 22% 
4 38.5 26% 213.4 48% 0.222   57.7 4% 16.9 25% 
5 3.8 16% 20.8 12% 0.006   16.4 13% 15.5 66% 

6a 21.7 36% 3.0 58% 0.042   0.6 14% 6.2 25% 
6b 15.3 40% 38.8 144% 0.542   5.5 54% 7.6 27% 
7 9.0 18% 16.9 41% 0.235   91.6 6% 13.6 42% 
8 35.7 52% 58.4 26% 0.362   1.0 18% 6.2 12% 
9 3.4 46% 24.1 38% 0.049   0.5 10% 10.4 62% 

d.l. 1.8   1.8      0.1   2.4   
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(a) 

 

  
(b) 

 
Figure 3.8. a) Comparison of grab sampling with carbon DGT (dashed 

lines represent 1:1 line and factor 5 from 1:1 line); b) comparison of grab 

sampling with Purolite DGT. The light-grey lines annotated as ‘d.l.’ 

indicates the detection limit for each technique (0.5 ng/L for grab sampling, 

and 1.8 ng/L for both carbon and Purolite DGT). Error bars are determined 

from the standard deviations of replicates. 
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3.5.3.3 Comparison of Au DGT and grab sampling  

 

The concentrations of all elements by grab sampling are given in Table 3.3, and grab 

sample concentrations of Au are compared with DGT-measured Au in Figure 3.8. 

Correlations between DGT-measured concentrations and grab sampling concentrations, 

as described in Section 3.4.8, are given in Table 3.4.  

 

Figure 3.8 shows that, for the majority of sites, DGT-measured Au concentrations with 

either binding gel are within a factor 5 of grab sample Au concentrations; however, 

correlation testing of DGT with (unreplicated and unfiltered) grab sampling (Table 3.4) 

shows there is no statistically significant correlation between these techniques for Au. 

Figure 3.9 shows how the data obtained by different methods are spatially related to the 

vertical projection of the ore body. For DGT, the highest values of Au were detected 

directly over the ore body and in boreholes to the east of the ore body (Figure 3.9a,b). 

This distribution closely resembles that of grab sampling concentrations, shown in 

Figure 3.9c, despite the lack of statistical correlation. 

 

Table 3.3. Trace and some major element concentrations in groundwater, 

as determined by grab sampling. Note that ‘ΣREE’ is calculated by 

summing the concentrations of REEs in each sample. 

 
  

Site Au As Sb Cu Ag Al Mn Li Co Cr Ni Cd ΣREE Mg S 
 ng/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L ug/L mg/L mg/L 

1 2.8 4 <0.2 6.5 0.06 3.4 4.2 26.4 0.32 1.0 3.0 0.06 1.40 1030 1570 
2 8.1 <8 <0.6 4 0.04 3.6 3.2 9.0 0.30 <2 8 0.40 1.90 1730 3060 
3 8.4 28 <0.3 1 0.07 3.6 6.8 30.3 0.45 1.8 9.9 0.20 0.72 1840 3130 
4 35.2 288 <0.6 2 0.08 10.4 4.0 76.8 0.30 <2 10 0.32 0.84 1920 3430 
5 35.0 32 <0.6 <2 0.06 51.2 14.4 34.2 0.36 6 8 0.08 1.98 1940 3420 

6a 23.3 7.2 <0.03 0.6 <0.01 21.6 1.58 0.66 0.03 0.09 0.36 <0.01 0.15 3.52 78.2 
6b >0.5 84 <0.3 3 0.03 24.0 739.4 15.0 0.99 0.9 9.0 <0.04 0.48 895 1630 
7 51.3 176 <0.6 4 0.20 0.8 1032.8 48.0 5.10 <2 14 0.64 0.74 2280 4150 
8 33.4 <4 <0.3 5 0.04 908.0 157.6 14.4 1.80 1.8 9.0 0.12 9.27 1650 3000 
9 9.0 <8 <0.6 4 0.06 15.2 34.0 7.2 0.60 <2 8 <0.08 1.23 2070 3830 

!



 

 54 

 
 

   (a) 

   (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 (a) (b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
    
 
 
 
 (c) 

Figure 3.9. Spatial plots for the different techniques. a) carbon DGT Au 

concentrations; b) Purolite DGT Au concentrations; c) grab sample Au 

concentrations. Coordinates are UTM Zone 52K. 
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3.5.3.4 Pathfinder element (As and Sb) and trace element concentrations  

 

Concentrations of As measured by ferrihydrite DGT were all above the detection limit 

(Table 3.2), in contrast to grab sampling where 3 out of 10 samples were below the 

detection limit (Table 3.3). Arsenic concentrations were lowest at sites 2, 6a, 8 and 9, 

with values ranging from 0.6 to 1.7 µg/L. Grab sample and DGT As concentrations 

correlated well (Table 3.5). Arsenic concentrations from grab sampling are also 

correlated with Au concentrations as determined by all methods, in all boreholes (Table 

3.4). Interestingly, As determined by DGT correlated with Au determined by grab 

sampling, but not with Au determined by either DGT method (Table 3.5).  

 

Table 3.5. Correlation testing of Au concentration determined by DGT to As 

and Sb concentrations as determined by ferrihydrite DGT. Grab sample As 

is also tested for correlation with DGT-determined As.  
 

 
 

Concentrations of Sb as measured by ferrihydrite DGT were also above the detection 

limit (Table 3.2), whereas Sb in all grab samples was below the detection limit (Table 

3.3). There appears to be relatively little variation in Sb concentrations between sites, 

with values ranging from 6.2 ng/L for sites 3 and 8, up to 16.9 ng/L for site 4. These 

results for both As and Sb suggest the DGT technique requires further investigation as 

an exploration tool using pathfinder elements. 

 

Concentrations of other trace elements as measured by grab sample analyses are shown 

in Table 3.3. Some elements exhibited much higher concentrations at some sites, 

namely Al and REE at site 8, and Mn at sites 6b, 7 and 8. Site 6a had lower 

 Element by DGT 
Technique DGT As DGT Sb 

Carbon DGT Au (r) 0.13 -0.02 
t-statistic 0.41 -0.05 
Correlated (p≤0.05) No No 
Purolite DGT Au (r) 0.41 0.55 
t-statistic 1.53 2.32 
Correlated (p≤0.05) No Yes 
Grab sample Au (r) 0.74 0.55 
t-statistic 4.10 2.31 
Correlated (p≤0.05) Yes Yes 
Grab sample As (r) 0.83 - 
t-statistic 5.65 - 
Correlated (p≤0.05) Yes - 
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concentrations of a number of elements, namely some transition metals (Co, Cr, Ni, Cd) 

as well as Mg and S, a result that is in keeping with anomalous geochemical parameter 

values (pH, E.C., redox potential) for this site as described above. The high grab sample 

concentrations of aluminium and ΣREE at site 8 may indicate grab sample 

contamination. Typically, waters with high REE concentrations tend to be acidic and/or 

contain a significant quantity of dissolved organic carbon (Sholkovitz 1995), neither of 

which was observed at site 8, although REE-bearing colloids may have been present 

(Sholkovitz 1995). 

 

As mentioned above, Table 3.4 compares the concentrations of Au determined by grab 

sampling, carbon and Purolite DGT with elements determined by grab sampling only. 

This analysis shows that grab sample Au correlated not only with grab sample As, but 

also with grab sample Ag and Cr concentrations, whereas carbon DGT Au correlated 

with grab sample As concentrations only; Purolite DGT Au correlated with grab sample 

Li concentrations as well as As.   

 

3.6 Discussion 

 

This study represents the first time that DGT as a technique has been applied in the field 

for the geochemical exploration of Au, following previous method development work 

(Lucas et al. 2012). It also represents the first time DGT has been evaluated for 

detecting nanoparticles of any element in the field or, in fact, any element in an 

exploration context. The following discussion evaluates the different techniques used 

for the geochemical exploration of Au in groundwater at Oberon, with a focus on using 

DGT as a complement or alternative to grab sampling for both Au, Au nanoparticles 

and As and Sb as pathfinders to Au.   

 

The groundwaters sampled were assumed to be homogeneous and vertically unstratified 

at each site. Standard methods for obtaining water samples from boreholes require that 

each borehole be sufficiently purged prior to sampling (APHA 2005); however, 

previous use of groundwater for hydrogeochemical exploration has tended to ignore this 

requirement (Giblin & Mazzucchelli 1997; Carey et al. 2003). Carey et al. (2003) 

demonstrated that purging of the groundwater may actually be detrimental for the 

purpose of geochemical exploration for Au. Logistically, the DGT deployment was 

successful, in that the DGT devices were easily transported to and from the site, and that 
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issues associated with grab sampling e.g. contamination, loss of Au through container 

adsorption (Hall et al. 1986; Hamalainen & Kontas 1992), appear to have been 

mitigated. A possible drawback in the use of DGT in an exploration program is that it 

requires at least two visits to the deployment site, for deployment and retrieval. 

Considering that Chelex® DGT can be deployed for upwards of three months (Zhang & 

Davison 1995) and carbon DGT for even longer (Lucas et al. 2012), an exploration 

program would not need to factor in short-term return retrieval visits, although detection 

limits are already very low (~1 ng/L) for shorter deployments (e.g. 7 days). 

 

3.6.1 Lab-based evaluation of modified DGT devices 

 

The lab-based work in this study tested three inter-related issues:  

 

(1) assessing whether the effect of the DBL on DGT performance in quiescent 

solutions could be mitigated; 

(2) enhancing sensitivity in quiescent solutions by removing the diffusive gel and 

relying only on the filter membrane and the DBL, and;  

(3) assessing the ability of DGT to detect nanoparticles in quiescent solutions, while 

also accounting for the DBL.   

 

In earlier studies, the DBL in both the laboratory and field has been measured using 

DGT devices fitted with diffusive gels of different thicknesses (Gimpel et al. 2001). In 

this study, we removed the DGT gel entirely in order to enhance sensitivity of the 

technique for Au, and used both laboratory work and the previous work of Warnken et 

al. (2006) and Zhang et al. (1998a) in order to estimate the DBL. In the lab, the use of 

the predicted DBL thickness of 0.40 mm gave results that were commensurate with 

expected values i.e. CDGT/CSolution ≈ 1. The results show that DGT performs according to 

theory for both ionic Au and citrate-stabilized Au nanoparticles in quiescent solutions. 

The results of our quiescent solution experiments confirm and support prior research 

into these phenomena by Zhang et al., (1998), Warnken et al. (2006) and Scally et al. 

(2006). In terms of field deployments, while the groundwater velocities was very low 

(ca. 5 m/year), movement of groundwater via thermal and/or barometric convection 

(Spane 2002) could have reduced the thickness of the DBL (Warnken et al. 2006). 
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3.6.2 Using DGT to detect Au nanoparticles 

 

Research into Au nanoparticles has been extensive; recently, attention has primarily 

focused on the environmental effects of manufactured Au nanoparticles, such as uptake 

by plants (Zhu et al. 2012) or interaction with organic molecules (Diegoli et al. 2008). 

The choice of Au nanoparticles for this recent research has primarily been based on 

their ease of synthesis, characterization and analysis, as well as their inherent stability 

over long periods of time (Ju-Nam & Lead 2008). Some of these traits, namely ease of 

synthesis and inherent stability, would suggest that naturally-occurring Au nanoparticles 

could exist in the environment, and recent studies have indeed confirmed their presence 

in geological materials (Deditius et al. 2011; Hough et al. 2011). Other recent work has 

focused on biological mechanisms of Au nanoparticle formation and transport in 

supergene conditions (Reith et al. 2010). The field of geochemical exploration research 

has, however, otherwise been largely devoid of investigations into the existence, 

formation and transportation of natural Au nanoparticles in surficial aqueous 

environments. 

 

In this study, the use of DGT to detect citrate-stabilized Au nanoparticles in quiescent 

solutions in the laboratory was successful, and potentially represents a new 

development for both the DGT technique and the fields of environmental metal mobility 

and geochemical exploration in general. The apparent distinction between ionic Au and 

nanoparticulate Au in the laboratory highlighted the potential for co-deployment of 

carbon and Purolite DGT units to distinguish the presence of nanoparticulate Au. From 

the 9 bores where 3 DGT devices were deployed, Purolite DGT detected a significantly 

higher concentration of Au than carbon DGT at 2 sites (sites 5 and 9), possibly 

suggesting either the presence of Au in nanoparticulate form at these sites, or some 

other factor limiting Au uptake on carbon DGT on these sites. Note that, as discussed 

above, in the laboratory testing the carbon binding gels did take up some Au from 

nanoparticulate Au solution over an extended period of time (32% over 24 hours, Figure 

3.6b). While this uptake is not rapid enough to be suitable for the purposes of DGT 

(Zhang & Davison 1995), some uptake of nanoparticles onto the carbon gels may well 

have occurred in the field due to the length of time of the deployment (6 days). This 

would then lead to underestimation of the nanoparticulate fraction at all sites. In 

contrast to the results from sites 5 and 9, statistically significant under-performance of 

Purolite DGT relative to carbon at site 6a may indicate that Purolite DGT is not suitable 
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for deployment in high pH waters (Tables 3.1 and 3.3), although this requires further 

research. 

 

While Purolite DGT appears to show some promise in terms of detecting nanoparticles, 

there is still a considerable amount of work required before performance characteristics 

of the technique are fully defined. The laboratory evaluation of Purolite DGT relied 

upon citrate-stabilized nanoparticles that are easy to synthesise and stable under 

conditions of low ionic strength and neutral pH. The use of simple Au solutions in the 

laboratory thus did not reflect conditions found in the field, especially with regards to 

the matrices of the groundwaters where DGT was deployed. In particular, the effect of 

pH, ionic strength, the presence/absence of other metal species and complexing ligands, 

dissolved organic carbon and dissolved oxygen has not been evaluated in the laboratory 

or in the field. Extensions to this work, using a variety of nanoparticles e.g. alkanethiol-

stabilized or tannic acid-stabilized Au nanoparticles (Ju-Nam & Lead 2008; Stankus et 

al. 2011), should involve a more complete evaluation of the binding resin selected for 

deployment, Purolite® A100/2412, including further experiments concerning 

performance characteristics, such as the effects of pH and ionic strength, competing 

ligands, capacity of resin gels, and elution procedures. This evaluation would need to be 

similarly rigorous to experiments recently undertaken for other DGT binding resins, 

namely, activated carbon for ionic Au (Lucas et al. 2012), Metsorb® for Al (Panther et 

al. 2012), and Spheron-Oxin® for U (Gregusova & Docekal 2011). 

 

3.6.3 DGT and grab sampling 

 

In this study, concentrations of Au measured by DGT did not strongly correlate with 

concentrations measured by (unreplicated) grab sampling. However, almost all of the 

DGT Au concentrations reported were within a factor 5 of grab sample Au 

concentrations, which, given the conditions of ultra-trace concentrations of Au, 

relatively quiescent conditions in the groundwater bore, and lack of replication of grab 

samples, is a useful result. Importantly, both DGT and grab sampling clearly 

demarcated the zone of mineralisation, even though the techniques did not correlate 

statistically. It is highly possible that extending the sampling and analysis program, e.g. 

to include replication of grab sampling and investigation of the effects of purging, 

would improve correlation. 
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Grab sampling yields instantaneous concentrations, whereas DGT provides time-

integrated concentrations. This feature of DGT is particularly useful in relatively 

dynamic surface waters, where concentrations can change over very short timeframes 

(Balistrieri et al. 2012; Dunn et al. 2007). Given that groundwater flow-rates are usually 

slow (5 m/year at Oberon; Cobb, 1999), temporal variability is likely to be less of a 

factor in groundwater generally, although the DGT technique has the potential to 

examine this variability if extended deployment times are used (Gimpel et al. 2001; 

Alakangas et al. 2011). 

 

The fraction of the total aqueous metal ions taken up by DGT may be limited by factors 

such as the rate of dissociation of metal-ligand complexes; lower DGT-measured 

concentrations than total concentrations would thus be consistent with earlier studies in 

surface waters (Unsworth et al. 2006; Balistrieri et al. 2012). Previously, carbon DGT 

has been demonstrated to detect the total concentration of dissolved Au(III) from 

AuCl3(aq) solution (Lucas et al. 2012). This study has preliminarily demonstrated the 

utility of Purolite DGT for uptake of total dissolved Au(III) and citrate-stabilized 

synthetic nanoparticulate Au. Uptake of Au(I) has not yet been tested, nor has uptake of 

Au from solutions with ligands other than OH- and Cl-. However, earlier work did show 

that the diffusion coefficient of Au(III) varies with both pH and ionic strength (Lucas et 

al. 2012); specifically increasing at low pH (<5.0) and at high ionic strength (>0.1 M 

NaCl). It was speculated that this change in diffusion coefficient was due to a shift in 

Au(III) speciation from the hydroxychlorauric species AuCl3(OH)- and AuCl2(OH)2
- at 

higher pH (5–9) to AuCl4
-
 at lower pH (<5). If Au is associated with large aqueous 

complexes that are slow to dissociate, or with colloids that DGT cannot take up, it is not 

likely that the in situ technique will take up these species. The selectivity of DGT 

actually provides an advantage to researchers in that if total concentrations can be 

measured by other means, inferences regarding speciation can be made by comparison 

with DGT, as has been done with a number of other elements (Davison & Zhang 1994; 

Zhang & Davison 2000; Meylan et al. 2004; Balistrieri & Blank 2008). However, 

Figure 3.8 shows that DGT concentrations are not systematically lower than grab 

sample concentrations, suggesting that either the grab sampling technique employed 

does not report the total Au concentration, or the Au in solution in the bores was in a 

form readily taken up by DGT. 
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One of the objectives of this study was to use DGT to evaluate pathfinders for Au, 

specifically As and Sb. These elements do not necessarily indicate the presence of Au, 

as they are also present in sulfide-rich areas that do not exhibit significant Au 

mineralization (Gray 2001). The groundwater at Oberon contains a known As anomaly 

that is correlated with Au due to the Au being associated with arsenopyrite (Reid & Hill 

2010), and this has been supported by the use of ferrihydrite DGT; specifically, the 

concentration of both As and Sb measured by DGT is correlated with Au measured by 

grab sampling. The DGT technique can achieve much lower detection limits for 

pathfinders due to element preconcentration onto the binding gel.   

 
3.7 Conclusions 

 

The study of sources and mobility of metals such as Au in groundwater presents a 

variety of challenges, some of which are potentially better met by using passive 

sampling such as DGT, rather than currently employed grab sampling techniques. There 

is reasonable agreement between the techniques of grab sampling and DGT; however, 

DGT offers some advantages over groundwater grab sampling, which include: a lower 

detection limit when deployed for long timeframes; opportunity for in situ replication 

with an identical timeframe for each replicate, and therefore a more thorough statistical 

treatment of results; the possibility of detecting nanoparticles; an easily-deployed 

technique that could be incorporated into an exploration program; and a relatively cheap 

addition or alternative to grab sampling (each device costs ~$5 AUD to construct). This 

study has demonstrated that DGT has great potential as a technique for studying Au 

mobility in the environment and hydrogeochemical exploration, and that the technique 

needs further evaluation both in regards to the speciation of Au in surface and ground 

waters, the detection of Au nanoparticles by DGT and the range of deployment 

environments.  

 

3.8 Acknowledgements 

 

The authors wish to acknowledge the following parties for assisting with this work: Dr. 

Nigel Radford of Newmont Mining Corporation for providing expert advice and 

assistance with the project; Dr. Hao Zhang of Lancaster University for providing expert 

advice regarding DGT modifications; the Australian Research Council for providing 

scholarship funding and operating costs to Andrew Lucas; Newmont Mining 



 

 63 

Corporation for providing in-kind support including transportation, accommodation and 

help in the field; the Commonwealth Scientific and Industrial Research Organisation 

(CSIRO) for in-kind support including transportation and analysis of samples; and 

AMIRA International and Dr. Ravi Anand (CSIRO) for allowing access to groundwater 

data. Thank you to David Gray (CSIRO) for his assistance with reviewing the 

manuscript. We would also like to extend our thanks to Pascal Hill (formerly of 

Newmont Mining Corporation) for assisting with the DGT deployments. 

 

3.9 References 

  

Alakangas, L, Åstrom, M & Kalinowski, B 2011, 'Sampling technology of deep 

groundwater with Diffusive Gradient in Thin Film (DGT)', in Goldschmidt 

2011, Mineralogical Magazine, vol. 75, no. 3, pp. 419. 

Anand, RR, Cornelius, M & Phang, C 2007, 'Use of vegetation and soil in mineral 

exploration in areas of transported overburden, Yilgarn Craton, Western 

Australia: a contribution towards understanding metal transportation processes', 

Geochemistry: Exploration, Environment, Analysis, vol. 7, no. 3, pp. 267-288. 

Andrade, WO, Machesky, ML & Rose, AW 1991, 'Gold distribution and mobility in the 

surficial environment, Carajas region, Brazil', Journal of Geochemical 

Exploration, vol. 40, no. 1-3, pp. 95-114. 

APHA 2005, Standard Methods for the Examination of Water & Wastewater, 21st 

Edition edn, American Public Health Association, Washington. 

Ashton, LW & Riese, WC 1989, 'Seasonal variation of gold and arsenic in 

biogeochemical samples from a disseminated gold deposit in the Northern 

Cordillera', Journal of Geochemical Exploration, vol. 31, no. 2, pp. 171-184. 

Balistrieri, LS & Blank, RG 2008, 'Dissolved and labile concentrations of Cd, Cu, Pb, 

and Zn in the South Fork Coeur d‚ÄôAlene River, Idaho: Comparisons among 

chemical equilibrium models and implications for biotic ligand models', Applied 

Geochemistry, vol. 23, no. 12, pp. 3355-3371. 

Balistrieri, LS, Nimick, DA & Mebane, CA 2012, 'Assessing time-integrated dissolved 

concentrations and predicting toxicity of metals during diel cycling in streams', 

Science of The Total Environment, vol. 425, no. 0, pp. 155-168. 

Berho, C, Togola, A & Ghestem, J-P 2010, Applicabilité des échantillonneurs passifs 

pour la surveillance d’une eau souterraine : essais sur site, Aquaref. 



 

 64 

Bhattacharyya, GK & Johnson, RA 1977, Statistical Concepts and Methods, John 

Wiley & Sons, New York. 

Buffet, P-E, Pan, J-F, Poirier, L, Amiard-Triquet, C, Amiard, J-C, Gaudin, P, Faverney, 

CR-d, Guibbolini, M, Gilliland, D, Valsami-Jones, E & Mouneyrac, C 2013, 

'Biochemical and behavioural responses of the endobenthic bivalve 

Scrobicularia plana to silver nanoparticles in seawater and microalgal food', 

Ecotoxicology and Environmental Safety, vol. 89, no. 0, pp. 117-124. 

Bureau of Meteorology, Climate statistics for Australian locations, Australian Bureau 

of Meteorology. Available from: <http://www.bom.gov>. [27/12/2011]. 

Cameron, EM, Hamilton, SM, Leybourne, MI, Hall, GEM & McClenaghan, MB 2004, 

'Finding deeply buried deposits using geochemistry', Geochemistry: 

Exploration, Environment, Analysis, vol. 4, no. 1, pp. 7-32. 

Carey, ML, McPhail, DC & Taufen, PM 2003, 'Groundwater flow in playa lake 

environments: impact on gold and pathfinder element distributions in 

groundwaters surrounding mesothermal gold deposits, St. Ives area, Eastern 

Goldfields, Western Australia', Geochemistry: Exploration, Environment, 

Analysis, vol. 3, no. 1, pp. 57-71. 

Cobb, M 1999, Aquifer Testing - Titania Oberon Prospect, Water Search, Angaston, 

South Australia. 

Cohen, DR, Kelley, DL, Anand, R & Coker, WB 2010, 'Major advances in exploration 

geochemistry, 1998-2007', Geochemistry: Exploration, Environment, Analysis, 

vol. 10, no. 1, pp. 3-16. 

Cumberland, SA & Lead, JR 2009, 'Particle size distributions of silver nanoparticles at 

environmentally relevant conditions', Journal of Chromatography A, vol. 1216, 

no. 52, pp. 9099-9105. 

Davison, W & Zhang, H 1994, 'In situ speciation measurements of trace components in 

natural waters using thin-film gels', Nature, vol. 367, no. 6463, pp. 546-548. 

Deditius, AP, Utsunomiya, S, Reich, M, Kesler, SE, Ewing, RC, Hough, R & Walshe, J 

2011, 'Trace metal nanoparticles in pyrite', Ore Geology Reviews, vol. 42, no. 1, 

pp. 32-46. 

Degryse, F, Smolders, E, Oliver, I & Zhang, H 2003, 'Relating soil solution Zn 

concentration to diffusive gradients in thin films measurements in contaminated 

soils', Environmental Science & Technology, vol. 37, no. 17, pp. 3958-3965. 



 

 65 

Denney, S, Sherwood, J & Leyden, J 1999, 'In situ measurements of labile Cu, Cd and 

Mn in river waters using DGT', Science of The Total Environment, vol. 239, no. 

1-3, pp. 71-80. 

Diegoli, S, Manciulea, AL, Begum, S, Jones, IP, Lead, JR & Preece, JA 2008, 

'Interaction between manufactured gold nanoparticles and naturally occurring 

organic macromolecules', Science of The Total Environment, vol. 402, no. 1, pp. 

51-61. 

Doucet, FJ, Maguire, L & Lead, JR 2005, 'Assessment of cross-flow filtration for the 

size fractionation of freshwater colloids and particles', Talanta, vol. 67, no. 1, 

pp. 144-154. 

Dunn, RJK, Teasdale, PR, Warnken, J, Jordan, MA & Arthur, JM 2007, 'Evaluation of 

the in situ, time-integrated DGT technique by monitoring changes in heavy 

metal concentrations in estuarine waters', Environmental Pollution, vol. 148, no. 

1, pp. 213-220. 

Ernstberger, H, Davison, W, Zhang, H, Tye, A & Young, S 2002, 'Measurement and 

dynamic modeling of trace metal mobilization in soils using DGT and DIFS', 

Environmental Science & Technology, vol. 36, no. 3, pp. 349-354. 

Fatin-Rouge, N, Starchev, K & Buffle, J 2004, 'Size effects on diffusion processes 

within agarose gels', Biophysical Journal, vol. 86, no. 5, pp. 2710-2719. 

Garmo, OA, Royset, O, Steinnes, E & Flaten, TP 2003, 'Performance study of diffusive 

gradients in thin films for 55 elements', Analytical Chemistry, vol. 75, no. 14, 

pp. 3573-3580. 

Gibbons, LM, Webb, R & Price, R 1997, Oberon Prospect - Progress Report EL2370 - 

Status of exploration, North Flinders Exploration. 

Giblin, A & Mazzucchelli, R 1997, 'Groundwater geochemistry in exploration: An 

investigation in the Black Flag district, Western Australia', Australian Journal of 

Earth Sciences, vol. 44, no. 4, pp. 433-443. 

Gimpel, J, Zhang, H, Hutchinson, W & Davison, W 2001, 'Effect of solution 

composition, flow and deployment time on the measurement of trace metals by 

the diffusive gradient in thin films technique', Analytica Chimica Acta, vol. 448, 

no. 1-2, pp. 93-103. 

Gomes, CP, Almeida, MF & Loureiro, JM 2001, 'Gold recovery with ion exchange used 

resins', Separation and Purification Technology, vol. 24, no. 1-2, pp. 35-57. 

Gray, DJ 2001, 'Hydrogeochemistry in the Yilgarn Craton', Geochemistry: Exploration, 

Environment, Analysis, vol. 1, no. 3, pp. 253-264. 



 

 66 

Gregusova, M & Docekal, B 2011, 'New resin gel for uranium determination by 

diffusive gradient in thin films technique', Analytica Chimica Acta, vol. 684, no. 

1-2, pp. 142-146. 

Grimes, DJ, Ficklin, WH, Meier, AL & McHugh, JB 1995, 'Anomalous gold, antimony, 

arsenic, and tungsten in ground water and alluvium around disseminated gold 

deposits along the Getchell Trend, Humboldt County, Nevada', Journal of 

Geochemical Exploration, vol. 52, no. 3, pp. 351-371. 

Hall, GEM, Vaive, JE & Ballantyne, SB 1986, 'Field and laboratory procedures for 

determining gold in natural waters: Relative merits of preconcentration with 

activated charcoal', Journal of Geochemical Exploration, vol. 26, no. 3, pp. 191-

202. 

Hamalainen, L & Kontas, E 1992, 'A potential systematic error in the analysis of gold 

samples stored in plastic containers', Applied Geochemistry, vol. 7, no. 3, pp. 

287-288. 

Hamilton, TW, Ellis, J, Florence, TM & Fardy, JJ 1983, 'Analysis of gold in surface 

waters from Australian goldfields; an investigation into direct hydrogeochemical 

prospecting for gold', Economic Geology, vol. 78, no. 7, pp. 1335-1341. 

Horowitz, AJ, Elrick, KA & Colberg, MR 1992, 'The effect of membrane filtration 

artifacts on dissolved trace element concentrations', Water Research, vol. 26, no. 

6, pp. 753-763. 

Horowitz, AJ, Lum, KR, Garbarino, JR, Hall, GEM, Lemieux, C & Demas, CR 1996, 

'Problems associated with using filtration to define dissolved trace element 

concentrations in natural water samples', Environmental Science & Technology, 

vol. 30, no. 3, pp. 954-963. 

Hough, RM, Noble, RRP & Reich, M 2011, 'Natural gold nanoparticles', Ore Geology 

Reviews, vol. 42, no. 1, pp. 55-61. 

Huston, D, Vandenberg, L, Wygralak, A, Mernagh, T, Bagas, L, Crispe, A, Lambeck, 

A, Cross, A, Fraser, G, Williams, N, Worden, K, Meixner, T, Goleby, B, Jones, 

L, Lyons, P & Maidment, D 2007, 'Lode–gold mineralization in the Tanami 

region, northern Australia', Mineralium Deposita, vol. 42, no. 1, pp. 175-204. 

IUPAC 2012, Compendium of Chemical Terminology: Gold Book, 2.3.1 vols. 

Ju-Nam, Y & Lead, JR 2008, 'Manufactured nanoparticles: An overview of their 

chemistry, interactions and potential environmental implications', Science of The 

Total Environment, vol. 400, no. 1-3, pp. 396-414. 



 

 67 

Kaufhold, S, Dohrmann, R, Koch, D & Houben, G 2008, 'The pH of aqueous bentonite 

suspensions', Clays and Clay Minerals, vol. 56, no. 3, pp. 338-343. 

Kelley, DL, Cameron, EM & Southam, G 2004, 'Secondary geochemical dispersion 

through transported overburden', Predictive Mineral Discovery Under Cover 

Symposium. 

Kelley, DL, Kelley, KD, Coker, WB, Caughlin, B & Doherty, ME 2006, 'Beyond the 

obvious limits of ore deposits: The use of mineralogical, geochemical, and 

biological features for the remote detection of mineralization', Economic 

Geology, vol. 101, no. 4, pp. 729-752. 

Kenison Falkner, K & Edmond, JM 1990, 'Gold in seawater', Earth and Planetary 

Science Letters, vol. 98, no. 2, pp. 208-221. 

Lead, JR, Davison, W, Hamilton-Taylor, J & Buffle, J 1997, 'Characterizing colloidal 

material in natural waters', Aquatic Geochemistry, vol. 3, no. 3, pp. 213-232. 

Liu, J-f, Yu, S-j, Yin, Y-g & Chao, J-b 2012, 'Methods for separation, identification, 

characterization and quantification of silver nanoparticles', TrAC Trends in 

Analytical Chemistry, vol. 33, no. 0, pp. 95-106. 

Long, GL & Winefordner, JD 1983, 'Limit of detection. A closer look at the IUPAC 

definition', Analytical Chemistry, vol. 55, no. 7, pp. 712A-724A. 

Lucas, A, Rate, A, Zhang, H, Salmon, SU & Radford, N 2012, 'Development of the 

diffusive gradients in thin films technique for the measurement of labile gold in 

natural waters', Analytical Chemistry, vol. 84, pp. 6994-7000. 

Luo, J, Zhang, H, Santner, J & Davison, W 2010, 'Performance characteristics of 

diffusive gradients in thin films equipped with a binding gel layer containing 

precipitated ferrihydrite for measuring arsenic(V), selenium(VI), vanadium(V), 

and antimony(V)', Analytical Chemistry, vol. 82, no. 21, pp. 8903-8909. 

Mengistu, H, Roeyset, O, Tessema, A, Abiye, TA & Demlie, MB 2012, 'Diffusive 

gradient in thin-films (DGT) as risk assessment and management tools in the 

Central Witwatersrand Goldfield, South Africa', Water SA, vol. 38, no. 1, pp. 15-

22. 

Meylan, S, Odzak, N, Behra, R & Sigg, L 2004, 'Speciation of copper and zinc in 

natural freshwater: comparison of voltammetric measurements, diffusive 

gradients in thin films (DGT) and chemical equilibrium models', Analytica 

Chimica Acta, vol. 510, no. 1, pp. 91-100. 



 

 68 

Navarro, E, Piccapietra, F, Wagner, B, Marconi, F, Kaegi, R, Odzak, N, Sigg, L & 

Behra, R 2008, 'Toxicity of silver nanoparticles to Chlamydomonas reinhardtii', 

Environmental Science & Technology, vol. 42, no. 23, pp. 8959-8964. 

Noble, RRP, Gray, DJ & Gill, AJ 2011, Field guide for mineral exploration using 

hydrogeochemical analysis., CSIRO, Perth. 

Osterlund, H, Chlot, S, Faarinen, M, Widerlund, A, Rodushkin, I, Ingri, J & Baxter, DC 

2010, 'Simultaneous measurements of As, Mo, Sb, V and W using a ferrihydrite 

diffusive gradients in thin films (DGT) device', Analytica Chimica Acta, vol. 

682, no. 1-2, pp. 59-65. 

Panther, JG, Bennett, WW, Teasdale, PR, Welsh, DT & Zhao, H 2012, 'DGT 

measurement of dissolved aluminum species in waters: comparing Chelex-100 

and titanium dioxide-based adsorbents', Environmental Science & Technology, 

vol. 46, no. 4, pp. 2267-2275. 

Panther, JG, Stillwell, KP, Powell, KJ & Downard, AJ 2008, 'Development and 

application of the diffusive gradients in thin films technique for the 

measurement of total dissolved inorganic arsenic in waters', Analytica Chimica 

Acta, vol. 622, no. 1-2, pp. 133-142. 

Paul, R 2010, 'Resin-in-solution approach solves gold-copper selectivity problem', 

Engineering & Mining Journal (00958948), vol. 211, no. 2, pp. 80-81. Available 

from: aph. 

Radford, NW & Burton, PE 1999, 'The geochemistry of transported overburden: the 

time factor. An example from the Fender deposit, Big Bell, Western Australia', 

Journal of Geochemical Exploration, vol. 66, no. 1-2, pp. 71-83. 

Reid, N & Hill, SM 2010, 'Biogeochemical sampling for mineral exploration in arid 

terrains: Tanami Gold Province, Australia', Journal of Geochemical 

Exploration, vol. 104, no. 3, pp. 105-117. 

Reid, N, Hill, SM & Lewis, DM 2009, 'Biogeochemical expression of buried gold 

mineralization in semi-arid northern Australia: penetration of transported cover 

at the Titania Gold Prospect, Tanami Desert, Australia', Geochemistry: 

Exploration, Environment, Analysis, vol. 9, no. 3, pp. 267-273. 

Reith, F, Fairbrother, L, Nolze, G, Wilhelmi, O, Clode, PL, Gregg, A, Parsons, JE, 

Wakelin, SA, Pring, A, Hough, R, Southam, G & Brugger, Jl 2010, 

'Nanoparticle factories: Biofilms hold the key to gold dispersion and nugget 

formation', Geology, vol. 38, no. 9, pp. 843-846. 



 

 69 

Reith, F & McPhail, DC 2006, 'Effect of resident microbiota on the solubilization of 

gold in soil from the Tomakin Park Gold Mine, New South Wales, Australia', 

Geochimica et Cosmochimica Acta, vol. 70, no. 6, pp. 1421-1438. 

Rose, AW 1979, Geochemistry in Mineral Exploration, Academic Press, London. 

Scally, S, Davison, W & Zhang, H 2006, 'Diffusion coefficients of metals and metal 

complexes in hydrogels used in diffusive gradients in thin films', Analytica 

Chimica Acta, vol. 558, no. 1-2, pp. 222-229. 

Sholkovitz, ER 1995, 'The aquatic chemistry of rare earth elements in rivers and 

estuaries', Aquatic Geochemistry, vol. 1, no. 1, pp. 1-34. 

Spane, FA 2002, 'Considering barometric pressure in groundwater flow investigations', 

Water Resources Research, vol. 38, no. 6, pp. 14-1-14-18. 

Stankus, DP, Lohse, SE, Hutchison, JE & Nason, JA 2011, 'Interactions between natural 

organic matter and gold nanoparticles stabilized with different organic capping 

agents', Environmental Science & Technology, vol. 45, no. 8, pp. 3238-3244. 

Turkevich, J, Stevenson, PC & Hillier, J 1951, 'A study of the nucleation and growth 

processes in the synthesis of colloidal gold', Discussions of the Faraday Society, 

vol. 11, pp. 55-75. 

Unsworth, ER, Warnken, KW, Zhang, H, Davison, W, Black, F, Buffle, J, Cao, J, 

Cleven, R, Galceran, J, Gunkel, P, Kalis, E, Kistler, D, van Leeuwen, HP, 

Martin, M, Noel, S, Nur, Y, Odzak, N, Puy, J, van Riemsdijk, W, Sigg, L, 

Temminghoff, E, Tercier-Waeber, M-L, Toepperwien, S, Town, RM, Weng, L 

& Xue, H 2006, 'Model predictions of metal speciation in freshwaters compared 

to measurements by in situ techniques', Environmental Science & Technology, 

vol. 40, no. 6, pp. 1942-1949. 

van der Veeken, PLR, Pinheiro, JP & van Leeuwen, HP 2008, 'Metal speciation by 

DGT/DET in colloidal complex systems', Environmental Science & Technology, 

vol. 42, no. 23, pp. 8835-8840. 

Warnken, KW, Zhang, H & Davison, W 2005, 'Trace metal measurements in low ionic 

strength synthetic solutions by diffusive gradients in thin films', Analytical 

Chemistry, vol. 77, no. 17, pp. 5440-5446. 

Warnken, KW, Zhang, H & Davison, W 2006, 'Accuracy of the diffusive gradients in 

thin-films technique:! diffusive boundary layer and effective sampling area 

considerations', Analytical Chemistry, vol. 78, no. 11, pp. 3780-3787. 

Wilford, JR 2000, Regolith landform mapping and GIS synthesis for mineral 

exploration in the Tanami Region. . 



 

 70 

Wilford, JR 2003, Granites-Tanami Region, Northern Territory. 

Wood, SA 1996, 'The role of humic substances in the transport and fixation of metals of 

economic interest (Au, Pt, Pd, U, V)', Ore Geology Reviews, vol. 11, no. 1-3, pp. 

1-31. 

Yu, L & Andriola, A 2010, 'Quantitative gold nanoparticle analysis methods: A review', 

Talanta, vol. 82, no. 3, pp. 869-875. 

Zhang, H & Davison, W 1995, 'Performance characteristics of diffusion gradients in 

thin films for the in situ measurement of trace metals in aqueous solution', 

Analytical Chemistry, vol. 67, no. 19, pp. 3391-3400. 

Zhang, H & Davison, W 1999, 'Diffusional characteristics of hydrogels used in DGT 

and DET techniques', Analytica Chimica Acta, vol. 398, no. 2-3, pp. 329-340. 

Zhang, H & Davison, W 2000, 'Direct in situ measurements of labile inorganic and 

organically bound metal species in synthetic solutions and natural waters using 

diffusive gradients in thin films', Analytical Chemistry, vol. 72, no. 18, pp. 4447-

4457. 

Zhang, H, Davison, W, Gadi, R & Kobayashi, T 1998a, 'In situ measurement of 

dissolved phosphorus in natural waters using DGT', Analytica Chimica Acta, 

vol. 370, no. 1, pp. 29-38. 

Zhang, H, Davison, W, Knight, B & McGrath, S 1998b, 'In situ measurements of 

solution concentrations and fluxes of trace metals in soils using DGT', 

Environmental Science & Technology, vol. 32, no. 5, pp. 704-710. 

Zhu, Z-J, Wang, H, Yan, B, Zheng, H, Jiang, Y, Miranda, OR, Rotello, VM, Xing, B & 

Vachet, RW 2012, 'Effect of surface charge on the uptake and distribution of 

gold nanoparticles in four plant species', Environmental Science & Technology, 

vol. 46, no. 22, pp. 12391-12398. 
 
  

  



 

 71 

 
CHAPTER 4 

 

Determining the concentration and speciation of Au and other trace elements in the 

Swan River Estuary using the diffusive gradients in thin films technique 

 

4.1 Abstract 

 

In situ measurements of trace metal speciation, including of precious metals such as 

Au, can be achieved using a combination of passive sampling and grab sampling. 

This study reports the first surface water evaluation of the diffusive gradients in 

thin films (DGT) technique as a tool for determining Au speciation in the 

geochemically heterogeneous and dynamic environment of the Swan River Estuary, 

Western Australia. DGT-measured concentrations of Au at two sites were in 

general agreement with total concentrations as determined by grab sampling, 

whereas DGT results at a site upstream of the salt wedge were significantly lower 

than totals, likely due to either size exclusion of colloids by DGT (>70 nm) or 

formation of a dissolved, non-DGT labile Au species (<0.45 µm). Daily grab 

samples over the 10-day period deployment, which included a rain event, showed 

that Au concentrations could spike dramatically over times periods as little as one 

day. The DGT-measured concentrations of Zn and Mn were similar to total 

concentrations, whereas concentrations of Cu, Co, As, Mo, U, P and V indicated 

fractionation of these metals into labile and non-labile species, consistent with 

earlier studies of these elements. This study demonstrated that DGT is a useful tool 

for integrated environmental monitoring of average metal concentrations including 

Au, but that grab sampling of natural waters should ideally be undertaken regularly 

(e.g. daily) to ensure an accurate determination of element concentrations.  

 

4.2 Introduction 

 

Understanding the transport and fate of naturally or anthropogenically sourced trace 

elements and nutrients in surface waters is important for a range of environmental 

applications, including geochemical exploration (Benedetti & Boulëgue 1991; Webster 

1986), environmental monitoring of rivers (Pestana et al. 1997; Gerritse et al. 1998) and 

predicting the persistence and fate of contaminants (Rate et al. 2000; Balistrieri & Blank 
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2008). Investigating controls on metal mobility may also assist in our understanding of 

processes occurring on longer time-scales, and, when combined with metal records in 

sediments, can provide insights into the history of the catchment (Gerritse et al. 1998; 

Dill 2008).  

 

Trace metals may be transported or present in different forms: as free ions; as aqueous 

complexes with inorganic or organic ligands; sorbed to suspended particles; as 

nanoparticles or colloids (between 1 nm and 1 µm in size; IUPAC 2012); or taken up by 

biota (e.g. phytoplankton, microfauna). The distribution between these different pools 

or fractions can vary as a function of environmental conditions (e.g. rainfall, diurnal 

variation), groundwater contributions, and the presence or absence of ligands or 

reducing agents (Hamilton et al. 1983; Ran et al. 2002), all of which can lead to 

significant temporal and spatial variations in metal concentrations (Balistrieri et al. 

2012). There are a number of techniques for analyzing metal concentrations in natural 

waters; however these predominantly require off-site analysis of grab samples (Roig et 

al. 2007). Speciation of metals in natural waters can be assessed using various 

techniques, including the use of ion selective electrodes (Unsworth et al. 2006) and 

passive samplers (Roig et al. 2007), such as the diffusive gradients in thin films (DGT) 

technique, which is commonly used to study speciation and distribution of metals 

between various pools and fractions (Unsworth et al. 2006). A variety of computational 

and analytical techniques have also been used in determining metal speciation in natural 

waters (Unsworth et al. 2006; Warnken et al. 2009), including the use of chemical 

equilibrium calculations. Implications of metal speciation range from the ecotoxicity of 

such metals to the availability of metals for biotic uptake (Balistrieri et al. 2012) to the 

transport of elements such as Au in supergene environments (Andrade et al. 1991). 

When speciation techniques are combined with total analyses, a better understanding of 

the partitioning, mobility, bioavailability, and fate of these metals in aquatic systems 

can be obtained. 

 

In this study we investigate for the first time the distribution, speciation and temporal 

variability of Au in the water column of an estuary. As Au is present in natural systems 

at concentrations that are typically below the detection limits of standard monitoring 

methods (see brief review below), our aims were to both develop and test new tools to 

study Au in surface waters, and use these tools to add to knowledge of Au mobility in 

dynamic estuarine systems.  
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The analysis of total dissolved Au in natural waters is usually undertaken by obtaining 

grab samples and determining Au either via evaporation analysis (Benedetti & 

Boulëgue 1991) or, more commonly, pre-concentration with an agent such as activated 

carbon (Noble et al. 2011) or Au-selective resin (Xie et al. 2013). Prior to recent work 

that utilised DGT for the measurement of the labile (defined as readily dissociable) 

fraction of Au in groundwaters (Lucas et al., 2013, in preparation), there have been no 

known in situ methods available for this purpose. Additionally, to the best of our 

knowledge, no work has been undertaken regarding variation in Au concentrations in 

surface waters on a timescale of days-weeks.  

 

In this study, we utilize a recently developed modification to the DGT technique to 

investigate the mobility of Au and other elements in estuarine waters, and apply the 

technique in conjunction with grab sample analysis. We also examine DGT and grab 

sample concentrations of elements that have been subject to extensive research e.g. Zn, 

Cu (Warnken et al. 2009), Mn (Denney et al. 1999), and phosphorus in order to better 

understand the geochemical environment the studied estuary, namely the Swan River in 

Perth, Western Australia, and the potential controls on mobility of Au and other metals.  

 

4.3 Background 

 
4.3.1 The diffusive gradients in thin films (DGT) technique 

 
The DGT technique is described in detail in Chapter 2, Section 2.1.1. Chelex and 

ferrihydrite binding gels have been the most thoroughly evaluated for DGT, and the 

following elements are known to be detectable by Chelex DGT: Co, Ni, Cu, Zn, Cd, Pb, 

Al, Mn, Ga, as well as REEs (Sc, Y, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, 

Tb, Yb, Lu) (Garmo et al. 2003). However, Chelex DGT performance is known to be 

problematic for the following elements: V, Cr, Fe, U, Mo, Ti, Ba, and Sr; and is known 

to be poor for the following elements: Li, Na, K, Rb, Mg, Ca, B, Tl, P, S, As, Bi, Se, Si, 

Sn, Sb, Te, Zr, Nb, Hf, Ta, W, Th, Au and Ag (Garmo et al. 2003; Lucas et al. 2012). 

Ferrihydrite DGT is known to perform according to theory for the following elements: 

As, Mo, Sb, Se, V, and W (Luo et al. 2010; Osterlund et al. 2010), and is also used for 

the measurement of reactive phosphate in natural waters (Zhang et al. 1998). 

Importantly for this study, the DGT technique has been modified to detect labile Au at 

solution concentrations less than 1 ng/L for a 7-day deployment (Lucas et al. 2012), by 
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using activated carbon as the adsorbent in the binding gel. Recent research has 

demonstrated the potential for DGT to assimilate both nanoparticulate and ionic Zn, 

with differences between the two species distinguished by spectroscopy (Pouran et al. 

2013). For this study, the results of initial deployments of DGT devices fitted with 

Purolite® as the adsorbent in binding gels, which accumulate Au nanoparticles, have 

been promising (see Chapter 3). Purolite DGT devices were shown to detect more Au 

than carbon DGT when deployed in solutions containing both ionic and nanoparticulate 

Au. Note also that in a geochemical exploration context, some of the elements 

detectable by Chelex or ferrihydrite DGT are considered pathfinders for Au, such as Cu, 

As and Sb (Denney et al. 1999; Panther et al. 2008). 

 

When DGT-measured concentrations are compared to total concentrations determined 

by other methods, the DGT technique can provide information on metal speciation 

(Unsworth et al. 2006). Metals complexed with inorganic ligands have been shown to 

be taken up by DGT (e.g. Ni, Cu, Zn), while most metal complexes with organic 

ligands, such as humic or fulvic acid, are either partially (e.g. Cu, Pb) or fully (e.g. Zn, 

Mn) labile, depending on the metal and the quantity of organic matter present in the 

system (Warnken et al. 2009). Conceptually, the DGT technique represents time-

integrated concentration data for labile species in all the water that has flowed past the 

devices during the deployment period (Unsworth et al. 2006). Denney et al. (1999) 

found that DGT-labile metal concentrations varied as a consequence of the formation of 

a redoxcline within a stratified estuary; specifically, a substantial increase in labile Mn 

was directly correlated with a reduction in dissolved oxygen. Speciation of metal 

complexes can also be estimated using modelling, but in some instances the measured 

and predicted concentrations can differ significantly due to the presence or absence of 

specific ligands within the water that have not been taken into account. Generally, for 

monitoring purposes, direct speciation measurements alone or in configuration with 

modelling are preferable to prediction of speciation based on modelling alone, as the 

data required for modelling can be both difficult to obtain and include a range of factors 

that are typically only estimated rather than known (Zhang & Davison 2000).  

 

The DGT technique can also be used to discriminate metal species on the basis of size. 

The filter membrane used as the first layer of the DGT set-up has a porosity of 0.45 µm, 

thereby excluding large colloids. The second layer of the DGT set-up is the 

polyacrylamide or agarose diffusive gel. Polyacrylamide gels have a porosity of around 
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5-10 nm and exclude colloidal particles. This size exclusion capability of DGT has been 

demonstrated in a determination of dissolved Ag in an Ag nanoparticle suspension 

(mean nanoparticle diameter 52 ± 8 nm, measured via TEM) (Navarro et al. 2008). 

Agarose diffusive gels, used with carbon DGT in this study, exclude particles greater 

than 70 nm in size (Fatin-Rouge et al. 2004). Polyacrylamide diffusive gels have been 

shown to trap particles as large as 130 nm when they are employed in the companion 

technique of diffusive equilibration in thin films (DET); however, the associated DGT 

measurements still significantly underestimated the concentrations of these colloidally-

bound metals (van der Veeken et al. 2008). This size exclusion feature of DGT adds to 

the utility of the technique as a tool for in situ measurement of speciation. 

 

4.3.2 Overview: gold in natural waters  

 
While Au is a metal of economic interest, less is known about controls on Au mobility 

than for other metals (Kelley et al. 2006), as the concentration of Au in natural waters is 

typically well below detection limits of standard water quality monitoring techniques 

(Hall et al. 1986). Additionally, Au has not been the focus of environmental monitoring 

research because it is not known to have toxicological effects on aquatic organisms 

(Anderson et al. 1999). Mineralization is usually the principal source for Au in natural 

waters (Andrade et al. 1991; Hughes et al. 1995), with human activity also being cited 

as a point source for high concentrations of Au being found in coastal areas (Koide et al. 

1986) and in river and stream sediments (Fletcher 1996; Dill 2008). Concentrations of 

Au in natural surface waters have been measured to be as high as 2.8 µg/L in mine 

drainage (McHugh 1988) to as low as 50 pg/L in seawater (Kenison Falkner & Edmond 

1990), with values between these ranges in auriferous zones (Hall et al. 1986; McHugh 

1988; Cidu et al. 1995). Hirner et al. (1990) found Au concentrations as high as 135 

mg/kg in recent sediments (algal mats) in Spencer Gulf, South Australia, likely sourced 

from municipal and industrial wastewaters.  

 

The mobility and speciation of Au in natural waters has been the subject of a number of 

laboratory studies, with the few in situ studies, e.g. Benedetti and Boulëgue (1991) and 

Siegal et al. (1993), relying on proxy measurements, such as independent measurement 

of thiosulfate, and modelling (Gray 2001), to predict speciation. This is primarily due to 

the ultra-low concentration of Au in natural waters, likely exacerbated by the reducing 

effect of organic matter on dissolved Au(III) (Gatellier & Disnar 1990). Vlassopoulos 
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and Wood (1990) and Vlassopoulos et al. (1990) undertook laboratory– and modelling–

based evaluations of Au in natural waters, and examined both the solubility of Au under 

a range of conditions and the role of organic ligands on Au mobility. They predicted 

that AuOH(H2O)0 was the most likely species of Au in oxidizing environments. A 

number of other studies (Farges et al. 1993; Peck et al. 1991; Usher et al. 2009) have 

focused on the solubility of Au in the presence of halides (Cl−, Br−, I−). Usher et al. 

(2009) predicted that Au(III) chloride-bromide complexes are important in solutions 

that contain both ligands and are subject to oxidizing, acidic conditions. Williams-Jones 

et al. (2009) state that the Au-solubilizing ligands CN- and SCN-, generated by the 

breakdown of plant matter, are known to complex with Au under oxidizing conditions 

and at ambient temperatures. In highly saline and acidic groundwaters, Au is likely to 

be present as Au (I) or Au(III) complexes with either bromide or chloride (Gray 2001), 

although AuOH(H2O)0 is still likely to be present in conditions that are less oxidizing or 

acidic (Gammons et al. 1997).  

 

The role of naturally-occurring Au nanoparticles in the environment has only recently 

been discussed, especially with Au nanoparticles now being found in geological 

materials (Hough et al. 2011) and plant tissues (Lintern et al. 2013) in mineralized 

areas. Proposed mechanisms for the formation and transport of Au nanoparticles in 

natural environments have included bacterially-mediated dissolution and reduction 

(Reith et al. 2010), and photolytic reduction of ionic Au by sunlight in the presence of 

dissolved organic matter (Yin et al. 2012). Additionally, recent work utilising DGT 

equipped with Purolite® resin gels demonstrated uptake of synthetic, citrate-stabilised 

Au nanoparticles in the laboratory, and showed promise for detection of Au 

nanoparticles in groundwater surrounding a known ore body (see Chapter 3). 

 

 4.3.3 Field site: Swan River estuary 

 
The Swan River estuary in Western Australia is a relatively well-characterized estuary 

with ongoing water quality monitoring (Swan River Trust 2012a; Department of Water 

2012). Generally, estuaries are dynamic systems, with metal concentrations highly 

influenced by contributions from either natural or anthropogenic sources (Dunn et al. 

2007). Water quality concerns in the Swan River estuary include heavy metal 

contamination and algal blooms caused by high nutrient loading, including dissolved 

orthophosphate (Kilminster et al. 2011). A preliminary DGT deployment indicated that 
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concentrations of Au were well above the detection limits of DGT (>0.9 ng/L), which 

prompted this study to compare the DGT-fraction to the total fraction of Au as 

determined by grab sampling.  

 

The Swan River estuary forms of the outlet of the extensive Swan-Avon catchment 

basin, which covers 124,000 km2 (Hamilton et al. 2001). The estuary has several 

subcatchments contributing freshwater to the main channel, but is saline as a result of 

seawater influx, caused by low flow and low topographical relief of the catchment. The 

estuary is also often highly stratified, with limited vertical mixing taking place over 

tidal cycles. This stratification and difference in hydrogeochemistry between the fresh 

and saline layers is exacerbated in the summer due to a combination of reduced rainfall 

inputs and high temperatures (>40 °C), with the underlying salt wedge extending 

upwards of 50 km inland from the river mouth (Hamilton et al. 2001). Winters are 

characterized by higher freshwater inputs from rainfall, but the river often remains 

vertically stratified, with the salt wedge moving downstream towards the mouth of the 

estuary (Hamilton et al. 2001). The upper Swan estuary can also suffer from frequent 

deoxygenation of bottom waters (Hamilton et al. 2001). The hydrogeochemical 

characteristics of the Swan River are thus variable in time and often horizontally and 

vertically heterogeneous, with depth profiles during stratification showing considerable 

differences in parameters such as salinity, pH and dissolved oxygen (Department of 

Water 2012). These characteristics are typical for estuaries with tidal influxes 

(Haralambidou et al. 2010).  

 

Historically, domestic sewage effluent from Perth city was pumped into the river 

(Hamilton et al. 2001), adding a potential source for heavy metal contamination. This 

type of contamination can often contain trace amounts of Au (Eisler 2004). The estuary 

is still used today for urban stormwater disposal, commercial fishing, recreation and 

transportation (Hamilton et al. 2001), activities that likely contribute to contamination 

of the water (Rate et al. 2000). Modern land use in the Swan River estuary catchment 

has been characterized as both agricultural and urbanized, resulting in changes to runoff 

inputs and river salinity (Hamilton et al. 2001). In terms of other contaminants, some 

parts of the Swan-Canning catchment have reported high total Fe and total Al as a 

consequence of oxidation of riparian acid sulfate soils (Kilminster et al. 2011). High 

concentrations of Cd, Cu, Pb, Zn and P have been recorded in both the water and 

sediments of Ellen Brook, an upstream tributary of the Swan River, largely as a 
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consequence of fertilizer input (Gerritse et al. 1998). In terms of potential sources of Au 

other than sewage effluent and urbanisation, mining of Au has taken place within the 

larger Swan-Avon catchment basin, including some areas where mining is presently 

active (e.g. Southern Cross and Westonia). There has also been anecdotal evidence of 

subeconomic Au mineralisation in the lower Avon valley (John Forrest National Park), 

as well as historic panning for Au along the banks of the Canning River tributary, an 

area that is now a part of metropolitan Perth. 

 

4.4 Methods 

 

4.4.1 General procedures 

 
For laboratory and field work, all plasticware used, including DGT housings, 

containers, DGT housings, filters, plastic cages, cable ties and rope were acid-washed 

(10% HCl) for at least 24 hours prior to rinsing with milli-Q water (Millipore, 18.2 MΩ 

cm). All 1 L bottles used for grab sampling and other metals were acid-washed 

overnight in 10% HCl, rinsed in milli-Q water and stored in acid-cleaned ziplock bags 

prior to use. All chemicals used were analytical reagent grade. All experiments were 

undertaken in triplicate where possible, with some experiments undertaken in duplicate. 

Quality control during analysis included regular calibration of equipment, as well as 

analysis of solution blanks and standards of known concentration (10 µg/L Au). For 

transport to and from field sites, all DGT units were housed in plastic cages, stored in 

acid-cleaned ziplock bags and sealed in a cool, airtight container.  

 

The analysis of media containing Au (carbon plugs, carbon binding gels, Purolite 

binding gels and filter membranes) was undertaken via the following steps: 1) the 

medium was first ashed at 700 °C for 1 hour; 2) the ash was digested with 4 mL of hot 

aqua regia (1 mL conc. HNO3:3 mL conc. HCl) for 10 minutes; 3) the resultant aqua 

regia (2-3 mL) is diluted to 10 mL prior to extraction with 0.5 mL DIBK/Aliquat 336. 

Au is then determined in the DIBK phase using graphite furnace atomic absorption 

spectrometry (GFAAS). Samples analysed via ICP-AES and ICP-MS were undertaken 

by TSW Analytical Pty. Ltd, using Thermo ICAP ICP-AES and Agilent 7700 ICP-MS 

instrumentation. The detection limits for the analytical techniques used were determined 

by calculating 3 × the standard deviation of 3 blanks. The method detection limits for 

both carbon DGT and Purolite DGT were determined by applying the Equation 2.1 (see 
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Chapter 2, Section 2.2.1) for the deployment period (10 days), c.f. Lucas et al. (2012). 

These values were determined to be 0.6 ng/L of Au for carbon DGT, and 0.3 ng/L of Au 

for Purolite DGT.  

 

Chelex gels were eluted with 1 mL of 1 M HNO3 and diluted to 10 mL prior to analysis 

via ICP-AES and ICP-MS. The requirement to dilute the solution prior to analysis 

resulted in increased detection limits for elements detectable using Chelex DGT. For 

ferrihydrite-based DGT devices, two were eluted using 1 M HNO3 and diluted to 10 mL 

for ICP-OES and ICP-MS analysis. The remaining two ferrihydrite DGT devices were 

eluted with 10 mL of 0.25 M H2SO4 prior to analysis for orthophosphate (PO4-P) using 

the same method as for grab samples, described below. The method detection limit for 

PO4-P by DGT was 0.5 µg/L. The filtered grab samples for all elements other than Au 

were analysed directly (i.e. no dilution) via ICP-AES and ICP-MS. Phosphate was 

determined on grab samples from Sites 1, 2 and 3 using the molybdenum blue method 

(APHA 2005). For PO4-P measurements on grab samples, the method detection limit 

was determined to be 12.0 µg/L. 

 

4.4.2 Laboratory testing 

 
4.4.2.1 Grab sampling for Au 

 
Grab sampling for Au typically involves obtaining a 1 L sample of water and adding a 

known quantity of activated carbon or exchange resin to the sample in order to pre-

concentrate Au; often additional reagents are added, such as aqua regia (Kenison 

Falkner & Edmond 1990), Br2-HBr (Hall et al. 1986) or NaCl(s) (Noble et al. 2011), in 

order to ensure Au remains in solution and is not sorbed to container walls. Note that 

activated carbon is suitable for taking up ionic, dissolved Au (Marsden & House 2006) 

as well as natural organic matter (Moreno-Castilla 2004), although it is not known 

whether activated carbon can take up metal complexed by organic ligands (Marsh & 

Rodriguez-Reinoso 2006). This study has adapted and modified these techniques in 

order to benefit from both the high sorptive capacity of finely powdered activated 

carbon and the ease of recovery of large-beaded pre-concentrating agent, by using 

activated carbon “plugs”. These plugs were made by adding 100 mg activated carbon 

powder to 1 mL warmed agarose solution (1.5% w/w) and leaving to cool in 1 mL acid-

washed plastic, cylindrical moulds.  
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The grab sampling procedure was as follows: samples obtained from the field were first 

filtered through dried and pre-weighed 0.45 µm cellulose nitrate membranes in the 

laboratory (described in more detail below); the filter paper and filtered residue was 

retained for separate analysis. An activated carbon plug was added to the 1 L filtrate, as 

well as 10 mL of cold aqua regia (2.5 mL of concentrated HNO3 and 7.5 mL of 

concentrated HCl) to dissolve any colloidal Au that had passed through the membrane, 

ensuring high chloride concentrations and pH <1.5, thus enhancing the stability of 

dissolved Au (Kenison Falkner & Edmond 1990). A further 10 g of NaCl(s) was added 

to the solution to promote formation of AuClx(aq) (Usher et al. 2009). Sample bottles 

were then placed on a roller for 72 hours prior to plugs being removed and analysed. 

Calculated detection limits were 1.2 ng/L for the carbon plugs, and 0.9 ng per 1 L of 

filtered water for the filter membranes. 

 

Gold recovery by this method was first tested using 1 L solutions containing 100 µL, 

200 µL and 300 µL of 200 µg Au/L in milli-Q water to make Au concentrations of 20 

ng/L, 40 ng/L and 60 ng/L. These initial test samples were not filtered in order to 

minimize interferences and reduce loss of Au due to sorption. Direct measurements of 

solution concentrations via preconcentration into DIBK/Aliquat-336 and analysis with 

GFAAS were below the detection limit for all solutions (0.2 µg/L). However, the 

carbon plugs gave concentrations of 19.1 ng/L ± 1.8 ng/L, 43.6 ± 9.1 ng/L and 62.6 ± 

12.8 ng/L, matching the expected concentrations. Blank solutions were also analysed 

using the same technique.  

 

The method of using carbon plugs and NaCl with aqua regia was also tested in 1 L river 

water samples collected from Site 3 prior to the DGT deployment. These samples were 

spiked with known amounts of AuCl3 (5 ng, 10 ng and 15 ng of Au) by adding 50 µL, 

100 µL and 150 µL of 100 µg/L AuCl3 to 1 L of river water. The samples were shaken 

for around 1 minute and then immediately filtered, after which 10 g of NaCl and 10 mL 

of aqua regia was added. The 1 L filtrate for each sample was rolled for 3 days, after 

which the carbon plugs were extracted for analysis. The filters were also analysed (see 

method description below) to determine the quantity of Au in the suspended material.  

 

Analysis of the carbon plugs from the unspiked river samples gave concentrations of 

15.4 ± 0.1 ng/L, while the carbon plugs added to the spiked river water samples gave 

concentrations of 18.9 ± 0.4, 23.8 ± 0.7 and 30.9 ± 0.2 ng/L. These results were in line 
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with the expected concentrations for the standard additions (ca. 20, 25, and 30 ng/L), 

indicating little adsorption of the AuCl3 to the containers or to the suspended material 

remaining in solution after filtration (<0.45 µm). The Au concentration in the filtered 

material was 4.2 ng/L in the unspiked sample, and between 5.0 and 6.5 ng/L in the 

spiked samples, indicating that some sorption may have occurred to the >0.45 µm size 

fraction in the brief period after spiking and prior to filtration. 

 

4.4.2.2. Testing the effect of unfiltered river water on DGT performance for ionic Au 

 
In order to determine the effect of unfiltered Swan River water on added ionic Au(III) 

and the response of carbon DGT, 0.2 mL of 200 mg/L Au as AuCl3(aq) was added to  

2 L of Swan River water obtained from Site 3 (see below), collected shortly after a rain 

event that took place during a period prior to the DGT deployment in the Swan River. 

DGT devices fitted with carbon binding gels were then placed in the solution, and the 

solution was stirred for 4 hours. This experiment was duplicated with a separate 2 L 

sample taken at the same time as the first. The carbon DGT devices were removed after 

4 hours and the gels were treated for analysis via GFAAS as described previously. 

Additionally, aliquots of the spiked Swan River water solution were taken for Au 

analysis immediately after spiking and at the end of the experiment, in order to assess 

changes in dissolved Au. This aliquot was not filtered, although large particles were 

excluded when the aliquot was obtained. In this case, analysis of total Au was 

undertaken by first acidifying the sample with 1 mL aqua regia prior to DIBK/Aliquat-

336 extraction and analysis via GFAAS.  

 

The unfiltered Swan River water contained visible organic matter, and it was anticipated 

that ionic Au added to this water would be affected by surface sorption on, and 

reduction of Au(III) to Au(0) by, organic matter (Gatellier & Disnar 1990). The 

concentration of spiked Au measured directly in the unfiltered Swan River water was 

initially determined to be 22.4 µg/L (compared to the expected value of 20 µg/L; note 

that, while unspiked Au was not independently measured in this instance, this 

concentration is 3 orders of magnitude greater than all concentrations later measured in 

the river). After 4 hours of stirring, this concentration was measured to be around 15.0 

µg/L, a decrease of 33%, likely due to sorption to either suspended solids or to 

container walls. The concentration of Au as measured by DGT (CDGT) was 7.3 µg/L; 

with CSolution determined as the average concentration of Au for the duration of the 
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experiment (18.7 µg/L), CDGT/CSolution was 0.39. This experiment was replicated, with 

the decrease in solution Au being 32% and CDGT/CSolution = 0.30. Importantly, the DGT 

devices reported much lower concentrations than would be expected based on the total 

concentration of added Au, despite this addition resulting in a final concentration that 

was three orders of magnitude higher than was found in the river. These results indicate 

that components in the river water were able to sequester Au in a non-DGT labile form, 

and also suggested that the DGT-measured concentrations in the river would be less 

than the total concentrations.  

 

4.4.3 Field deployment 

 
4.4.3.1 Sampling location and physicochemical variables 

 
Four sites were selected along the Swan River at locations monitored regularly by the 

Department of Water, Western Australia (DoW, www.water.wa.gov.au) and the former 

Swan River Trust (SRT, now amalgamated with the Department of Parks and Wildlife, 

www.dpaw.wa.gov.au). Site locations are shown on Figure 4.1, and are numbered 1 to 

4. Sites 1 and 2 were located upstream of the metropolitan area of Perth close to 

Meadow Street Bridge (31° 54' 20" S, 115° 58' 15" E) and Sandy Beach Reserve 

(31° 56' 41" S, 115° 57' 6" E) respectively, while Sites 3 and 4 were located 

downstream close to Matilda Bay Reserve (31° 59' 8" S, 115° 49' 16" E) and Stirling 

Highway Bridge (32° 2' 19" S, 115° 45' 21" E) respectively. Note that Sites 3 and 4 are 

likely to have inputs from the Canning River due to their locations with respect to the 

confluence of the two rivers as indicated on Figure 4.1. 
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Figure 4.1. DGT deployment locations in the Swan River, Perth, Australia. 

Grey lines are major arterial roads and thus indicate the metropolitan area 

of Perth; coordinates are UTM Zone 50. 

 

In addition to DGT and grab sample analysis (described below), temperature, pH and 

electrical conductivity (EC) were measured at the same time as grab sampling, 

independently of DoW sampling. On each sampling occasion, both pH and EC were 

measured on the sample taken for Au analysis (first sample only of triplicates). The pH 

of the sample was measured using a calibrated pH probe (Eutech Cyberscan 2000) 

placed into the sample; readings were taken after a few minutes once the measured 

value had stabilized. The EC of the sample was measured using a calibrated 

conductivity cell (Eutech Cyberscan 410) placed into the sample; readings were taken 

after a few minutes once the measured value had stabilized. Diffusion rates for some 

elements (e.g. Mo, Au; Garmo et al. 2003, Lucas et al. 2012) are dependent on 

temperature, pH or ionic strength, so these parameters (with ionic strength estimated 

from EC) were used to calculate diffusion coefficients. 

 

4.4.3.2 DGT deployments 

 
Separate DGT devices, equipped with four different binding gels (Chelex, ferrihydrite, 

carbon and Purolite) were deployed simultaneously. Chelex and ferrihydrite DGT units 

were purchased from DGT Research Ltd, and had been constructed as described 
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previously (Zhang & Davison 1995; Zhang et al. 1998). Carbon DGT units were made 

as described in Lucas et al. (2012). Purolite DGT units were made in an analogous 

fashion to the carbon-based DGT units, with powdered Purolite resin replacing carbon 

powder (see Chapter 3). All carbon and Purolite DGT plastic devices were first acid-

washed overnight in 10% HCl and rinsed in milli-Q water prior to assembly. All plastic 

mesh, nylon rope and soda bottle floats used to construct the DGT housings were also 

acid washed overnight in 10% HCl and rinsed in milli-Q water.   

 

The DGT units were placed on plastic mesh cylinders housed in cages (Figure 4.2) to 

protect the devices from interference by macrofauna. The cages were positioned at 

around 0.5 m from the surface of the river and around 0.8 m from the bottom (see 

Figure 4.2) in order to both minimize the effect of surficial dilution by rainwater and to 

keep the cages above the riverbed sediment. Deployments were undertaken at wading-

depth (ca. 1.3 m) and at a position relatively close to the riverbank to ensure the cages 

were not disturbed by boat traffic and could be easily accessed without need for diving 

equipment. A blank cage, which was prepared in the same manner, was taken into the 

field and exposed to the same conditions as the deployment cages, but was not placed in 

the Swan River. Diffusion coefficients (see Eq.1) were obtained from previous studies 

(Zhang & Davison 1995; Garmo et al. 2003; Panther et al. 2008; Osterlund et al. 2010; 

Lucas et al. 2012) and adjusted for the mean water temperature, salinity, and pH at 

deployment and retrieval where appropriate. Total concentrations of As, Cu, Mn, and 

Zn measured previously by DoW (Kilminster et al. 2011) were used to estimate the 

required deployment times so as to avoid saturation of the resin in Chelex-based DGT 

devices; the deployment period was 10 days, beginning on 11 June 2012 (hereafter 

11/06) and ending 21 June 2012 (hereafter 21/06). 
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Figure 4.2. DGT deployment schematic. 

 

4.4.3.3 Grab sampling for Au 

 
Grab sampling for Au at all sites was undertaken at the beginning (11/06), after 5 days 

(16/06), and at the end (21/06) of the deployment; at Site 3, additional samples were 

collected daily (around 9 a.m.) for the duration of the deployment. Grab sampling of Au 

was undertaken as follows: 1) pre-rinsing of the 1 L sample collection bottle with Swan 

River water; 2) collection of 1 L of Swan River water at the depth of the DGT devices. 

Treatment of the sample was undertaken in the laboratory as described earlier. All grab 

sampling for Au was undertaken in triplicate. A blank sample bottle, filled with milli-Q 

water only, was also prepared with every six samples taken. All samples were stored in 

an insulated, covered polystyrene container and returned to the lab for processing within 

4 hours of collection, following the method described in Section 4.4.2.1. 

 

The analysis of material retained by 0.45 µm filter membranes was undertaken as 

follows: 1) prior to filtration, the filter membranes were acid-washed in 10% HCl 

solution overnight followed by rinsing with milli-Q water; 2) the membranes were then 

dried at 105 °C and weighed; 3) the 1 L sample of river water was filtered through the 

membrane into an acid-washed collection bottle; 4) after filtration, the filter membrane 

was retrieved and dried at 105 °C, then re-weighed to obtain the mass of residue 

filtered; 5) the filter membrane was placed in a lidded, aqua-regia-washed crucible and 

ashed at 700 °C for 1 hour, prior to analysis as described previously (Section 4.4.1). In 

order to ensure quality control was maintained, blanks were run after every 6 samples 

by using an acid-cleaned filter paper and milli-Q water. The filtered residue is reported 
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in this study as mass of Au (ng) per L of river water filtered in order to compare with 

the mass of Au present in dissolved form; however, previous workers have reported this 

as mass of Au per mass of filtered residue (Siegel et al. 1993), for which much higher 

apparent concentrations can be reported.  

 

4.4.3.4 Grab sampling for other elements and DOC 

 
A separate set of grab samples were collected at the beginning (11/06) and the end 

(21/06) of the deployment for elements other than Au (including: Cu, Cr, Co, Zn, Mn, 

U, P, V, Mo, As, Li, Be, B, Na, Mg, Al, Si, S, K, Ca, Sc, Ti, Fe, Ni, Ga, Ge, Se, Rb, Sr, 

Y, Zr, Nb, Ru, Pd, Ag, Cd, In, Sn, Sb, Te, Ce, Ba, La, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, 

Ho, Er, Tm, Yb, Lu, Hf, Ta, W, Rh, Os, Pt, Hg, Ta, Pb, Bi, Th). Samples were filtered 

through a 0.45 µm cellulose nitrate membrane filter prior to being acidified with HNO3 

to pH <2 (APHA 2005) and analysed via ICP-MS (TSW Analytical Pty Ltd).  

 

The concentration of dissolved organic carbon (DOC) in grab samples was measured 

for samples taken at the beginning and the end of the deployment. Due to equipment 

constraints, these samples were not analysed immediately after collection, but were 

instead acidified and stored in a refrigerator (4 °C), with headspace, for two weeks prior 

to analysis. As such, some DOC may have been lost, and the measured DOC is 

expected to be a minimum concentration. Subsamples of 10 mL were purged with zero-

grade air (total hydrocarbons <0.1 mg/kg) prior to analysis using a TOC analyser 

(Shimadzu TOC-5000A). Phosphate concentrations in the grab samples were 

determined using the molybdenum blue colorimetric method (APHA 2005) using a 

UV/VIS spectrophotometer (Metertech UV/VIS SP8001) at 880 nm. Note that due to 

equipment constraints, analysis of phosphate in grab samples was undertaken one week 

after samples were obtained, therefore results obtained from this analysis may be 

underestimating in-situ phosphate concentrations due to surface sorption and colloid 

formation (Zhang et al. 1998). However, the samples were filtered, acidified and 

refrigerated, which may have mitigated these issues.  

 

4.4.4 Additional data 

 
Rainfall data for the deployment period (Figure 4.3a) were obtained from the Australian 

Bureau of Meteorology website (www.bom.gov.au). The DoW and SRT undertake 

regular water quality monitoring of the Swan, and data was obtained for the deployment 
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period. This data can be obtained from www.water.wa.gov.au. We report below river 

stage data for the deployment period (11/06 to 21/06, Figure 4.3b), as well as depth 

profiles of pH, EC, DO and temperature as measured at Sites 1 to 3 on 11/06, 18/06 and 

25/06 in Figure 4.4. 

 

  
Figure 4.3. (a) Rainfall at Perth Airport and Perth City (www.bom.gov.au). 

(b) River stage at Site 1 (www.water.wa.gov.au). 

 
 
4.5 Results 

 

4.5.1 Estuarine conditions during deployment  

 
Several days of rainfall occurred immediately after the DGT devices were deployed 

(Figure 4.3a). After this, the river level, recorded near Site 1, was higher than normal 

(Figure 4.3b), with some low-lying banks being inundated with water. This increase in 

river level was primarily caused by an influx of runoff being received by the main 

channel.  

 

Figure 4.4 shows the variation of DoW-measured pH, EC, DO and temperature with 

depth at each site during the deployment period, as well as the time series of 

independently-measured EC, pH and temperature at the depth of the DGT deployment 

(shown in insets). At the start of the deployment, a salinity gradient can be clearly seen 

along the river (Figure 4.4a), with EC at the depth of the DGT deployments ranging 

from 37 mS/cm at Site 1 to 51 mS/cm at Site 3. Figure 4.4a shows that EC variation 

with depth at each site was minimal at the beginning of the experiment. However, even 

at this time, there were clear depth gradients in pH and DO (Figures 4.4b and d) at Site 

1, indicating stratification. Following the rain event, the change in EC over the course of 

the deployment is readily apparent. Sites 1 and 2 showed a significant drop in EC in the 
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upper part of the water column, while the EC at Site 3 changed to a lesser extent and 

only by the end of the deployment. In particular, the change in EC at Site 1 appears to 

have occurred earlier than the change in EC at Site 2 (Figure 4.4a); the independently-

measured EC at the deployment depth of the DGT devices (inset, Figure 4.4a) shows 

that the freshwater lens did not significantly affect the EC of Site 2 until or prior to 

measurement of EC on 18/06. 

 

The pH of the water at each site, shown in Figure 4.4b, was similar (between a pH of 7 

and 8) and did not change significantly throughout the deployment period, although 

some stratification of pH at depths >1 m is evident towards the end of the deployment. 

Site 1 exhibited the lowest pH of around 7.3 at the depth of the DGT devices, whereas 

Site 3 had the highest pH of around 8.4 towards the end of the deployment. Most 

elements can be taken up by the DGT technique at these pH values, including Au 

(Garmo et al. 2003; Lucas et al. 2012). 
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 Site 1 Site 2   Site 3  

 
Figure 4.4. (a) pH, (b) electrical conductivity (EC), (c) DO, and (d) 

temperature depth profiles at each Site as measured weekly by DoW on 

11/06, 18/06 and 25/06, using portable HydrolabTM water quality probes. 

Grey line indicates depth of DGT deployment. Independently-measured EC, 

pH and temperature taken at the depth of the DGT deployments are shown 

in insets. Data at Site 3 for 18/06 were not available, and DO was not 

independently measured. 
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Figure 4.4c shows the variation in water temperature at each Site. The initial 

temperature of the water was ca. 16 °C at each of the three sites. The temperature of the 

water column was more stratified towards the end of the deployment (after 18/06), with 

the upper 1 m becoming cooler (11 °C) by 25/06 at Sites 1 and 2. A time-average 

temperature of 15.0 °C was used to calculate diffusion coefficients for metals and P.  

 

Figure 4.4d shows the concentration of DO as a function of depth on 11/06, 18/06 and 

25/06. At Sites 1 and 2, deoxygenation of the lower portions of the water column was 

apparent during the deployment period, with DO concentrations becoming highly 

stratified at Site 2 in particular. This contrasts with DO at Site 3, which went from being 

initially unstratified to showing only minor stratification by the end of the deployment. 

 

4.5.2 DGT and grab sampling 

 
The DGT devices at Site 4 were lost during the deployment, and only grab sample 

(dissolved and filterable) data for Au at this Site are presented here in Table 4.1. 

However, all DGT units at Sites 1, 2 and 3 were successfully deployed and retrieved; no 

biofouling of the surface of the DGT devices was observed during the deployment 

period, and the cages remained intact with no apparent damage or interference. 

 

Table 4.1. Sites 1,2, and 4: Concentration of Au (ng/L ± 1 s.d.) as measured 

by carbon DGT, Purolite DGT and grab sampling, including concentration 

of Au of filtered residue and the mass of residue filtered. 

 

 
 

  Mean 11/06 16/06 21/06 

S
ite

 1
 

Carbon DGT [Au], ng/L 3.9 ± 1.6 
 

  
Purolite DGT [Au], ng/L 2.3 ± 1.5 

 
  

Grab [Au], ng/L 20.8 28.8 ± 8.1 23.3 ± 2.3 13.2 ± 2.4 
Residue [Au], ng/L 3.2 6.5 ± 1.6 1 ± 0.6 3.2 ± 0.7 

Mass of residue, mg   28.1 ± 4.7 7.4 ± 1.6 15.8 ± 2.3 

S
ite

 2
 

Carbon DGT [Au], ng/L 26.3 ± 7.6 
 

  
Purolite DGT [Au], ng/L 21.1 ± 5.1 

 
  

Grab [Au], ng/L 21.4 30.6 ± 4 13.2 ± 0.8 20.4 ± 3.3 
Residue [Au], ng/L 4.9 8.8 ± 5.6 2.6 ± 1 3.2 ± 0.3 

Mass of residue, mg  27.5 ± 5 7.6 ± 0.8 21 ± 1.8 

S
ite

 4
   No DGT data recorded for Site 4 

Grab [Au], ng/L 25.8 14.2 ± 3.1 
 

37.4 ± 8.2 
Residue [Au], ng/L 0.6 1.2 ± 0.2 

 
‒ 

Mass of residue, mg   8 ± 0.9   74.7 ± 8.2 

!
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Table 4.2. Site 3: Concentration of Au as m
easured by carbon D

G
T, Purolite D

G
T and grab sam

pling, including concentration of Au of 

filtered residue and the m
ass of residue filtered. 

 !

 
 

M
ean 

11/06 
12/06 

13/06 
14/06 

15/06 
16/06 

17/06 
18/06 

19/06 
20/06 

21/06 

Site 3 

C
arbon C

D
G

T  [A
u], ng/L 

31.3 ± 0.6 
  

  
  

  
  

  
  

  
  

  
  

P
urolite C

D
G

T  [A
u], ng/L 

17.8 ± 2.7 
 

 
 

 
 

 
 

 
 

 
 

G
rab [A

u], ng/L 
20.8 

13.3 ± 2.2 
18.2 ± 1.1 

17.3 ± 0.8 
11.2 ± 2.9 

14.4 ± 5.6 
13.7 ± 1.8 

15.1 ± 1.9 
37.2 ± 4.8 

32.1 ± 3.4 
30.1 ± 6.6 

26.5 ± 8.6 
R

esidue [A
u], ng/L 

3.2 
6.3 ± 1.2 

3.8 ± 0.6 
4.3 ± 0.8 

6.3 ± 0.3 
5.8 ± 0.3 

1.1 ± 0.3 
0.9 ± 0.3 

‒ 
1.7 ± 0.2 

2.1 ± 1 
2.4 ± 0.6 

M
ass of residue, m

g 
  

10.4 ± 1.1 
10 ± 0.6 

12.4 ± 1.5 
9.6 ± 1.2 

7.9 ± 0.9 
8.8 ± 0.8 

8.2 ± 1.8 
8.9 ± 1.4 

8.3 ± 1.5 
8.8 ± 0.6 

6.7 ± 1.8 
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4.5.2.1 Concentration of Au as measured by DGT and grab sampling  

 
Tables 4.1 and 4.2, and Figure 4.5, show the concentration of Au as measured by carbon 

DGT, Purolite DGT and grab sampling. These concentrations were above the method 

detection limit (MDL) for each technique and considerably greater than reported values 

for seawater (Kenison Falkner & Edmond 1990). The DGT-measured concentrations of 

Au at Site 1 were almost an order of magnitude lower than Au concentrations as 

measured by grab sampling (Table 4.1 and Figure 4.5a). In contrast, at Site 2, the 

concentration of Au measured by both carbon and Purolite DGT was very close to the 

mean grab sample concentration of Au, and in the daily data for Site 3, the DGT-

measured concentrations of Au were also within the range of grab sample 

measurements. Comparing the average of all grab samples at Site 3 to the DGT-

measured concentration, the carbon DGT appears to have overestimated dissolved Au 

by 50%, while Purolite DGT slightly underestimated dissolved Au by 16% (Table 4.2).   

 

Interestingly, the dissolved Au concentration at Site 3 was initially lower than the two 

upstream sites but then increased dramatically on (or just prior to) sampling on 18/06 

(Figure 4.5c). Concentrations declined from then until the deployment ended, although 

concentrations were still higher than the other sites. When comparing the trend of 

dissolved Au at Site 3 with the lower temporal resolution data from Sites 1 and 2, it 

appears that concentrations at both Sites 1 and 2 were at a maximum at the start of the 

deployment, whereas Au at Site 3 increased. However, the concentration of dissolved 

Au at Site 3 fluctuated considerably over timescales as little as one day (Figure 4.5c), 

which suggests that any spikes in dissolved Au at Sites 2 and 3 may have been missed, 

especially considering that Sites 3 and 4 may be affected by inflows from the Canning 

River tributary (Figure 4.1). An additional observation from the Site 3 data was that the 

concentration of filterable Au appears to be inversely related to the concentration of 

dissolved Au. Similar trends may have occurred at Sites 1 and 2, but lack of data for the 

inter-sampling periods means no conclusions can be drawn. 
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(a) Site 1 (b) Site 2 (c) Site 3 
 
 
 

 

 

 

 

 

Figure 4.5. Time series of gold concentrations at all sites as determined by 

carbon and Purolite DGT, grab sampling and Au in filtered material. 

 

4.5.2.2 Concentrations of other elements determined by DGT and grab sampling 

 
The DGT-measured concentrations of Cu, Co, Cr, V, Mo, and As were significantly less 

than (filtered) grab sample measurements of the same elements at the start and end of 

the deployment (Table 4.3 and Figure 4.6). Only DGT-measured Mn and Zn were 

similar to grab sample concentrations, which is consistent with other studies of the same 

metals in natural waters (c.f. Warnken et al. 2009 and Balistrieri et al. 2012). For most 

metals, grab sample concentrations were lowest upstream and highest downstream, at 

both the start and end of the period, with the exception of Mn. At each site, the grab 

sample concentrations of Cu, Co, Mn, V, Mo and As decreased or remained 

approximately constant over the deployment period, whereas Zn, U, and Cr show an 

increase in concentration at one or more sites during the deployment. The grab sample 

concentrations of phosphate at all sites were below detection limits (12.0 µg/L), 

therefore only DGT data are presented in Figure 4.6. The concentrations of other 

elements measured by grab sampling are presented in Table 4.4. Samples for DOC were 

taken at the depth of the DGT deployments (ca. 0.5 m); DOC concentrations were 

higher at the upstream sites, which contrasts with the general pattern of metal 

concentrations observed (upstream low, downstream high). At Sites 1 and 2, the 

concentration of DOC increased over the deployment (Table 4.3 and Figure 4.6); at Site 

3, the concentration of DOC effectively remained unchanged. 

  

0 

10 

20 

30 

40 

50 

10/06 14/06 18/06 22/06 

A
u 

(n
g/

L)
 

0 

10 

20 

30 

40 

50 

10/06 14/06 18/06 22/06 

Date 

Suspended Au 

Filtered Au 

Carbon DGT Au 

Puro DGT Au 

0 

10 

20 

30 

40 

50 

10/06 14/06 18/06 22/06 



 

 94 

 

  

Table 4.3. Concentrations of Cu, Co, Zn, M
n, C

r, and U
 as determ

ined by Chelex D
G

T and grab sam
pling, and concentrations of P, V, M

o 

and As as determ
ined by ferrihydrite D

G
T and grab sam

pling, for Sites 1 to 3. Concentrations are in µg/L ± 1 s.d. 

 

 
 

Site 1 
Site 2 

Site 3 

E
lem

ent 
M

D
L 

C
D

G
T   

G
rab 11/06 

G
rab 21/06 

G
rab 

m
ean 

C
D

G
T  / 

G
rab  

C
D

G
T   

G
rab 11/06 

G
rab 

21/06 
G

rab 
m

ean 
C

D
G

T  / 
G

rab 
C

D
G

T   
G

rab 
11/06 

G
rab 

21/06 
G

rab 
m

ean 
C

D
G

T  / 
G

rab 

C
u 

0.07 
0.14 ± 0.01 

3.8 ± 0.8 
1.4 ± 0.3 

2.6 
5%

 
0.59 ± 0.02 

4.4 ± 1.7 
2.2 ± 0.2 

3.3 
18%

 
0.84 ± 0.05 

8.1 ± 2.1 
6.7 ± 0.1 

7.4 
11%

 
C

o 
0.003 

0.12 ± 0.02 
0.9 ± 0.3 

‒ 
0.5 

27%
 

0.18 ± 0.02 
1.9 ± 0.8 

‒ 
1.0 

19%
 

‒ 
1.6 ± 0.3 

1.1 ± 0.3 
1.4 

 
C

r 
0.03 

0.48 ± 0.08 
1.8 ± 0.8 

1.5 ± 0.1 
1.6 

30%
 

0.32 ± 0.04 
2.5 ± 0.4 

1.5 ± 0.1 
2.0 

16%
 

0.36 ± 0.02 
2.3 ± 0.4 

3 ± 0.1 
2.6 

14%
 

Zn 
0.37 

5.0 ± 0.9 
5.2 ± 3 

3.3 ± 1.6 
4.3 

116%
 

7.6 ± 0.7 
10.1 ± 0.4 

5.5 ± 0.5 
7.8 

97%
 

10.6 ± 0.5 
9.2 ± 0.5 

12.6 ± 1.9 
10.9 

97%
 

M
n 

0.02 
62.7 ± 11.6 

88.6 ± 5.6 
21.5 ± 1.9 

55.0 
114%

 
46.4 ± 4.7 

37.9 ± 8.1 
41.5 ± 7.8 

39.7 
117%

 
7.9 ± 1.8 

3 ± 0.4 
11.8 ± 1.6 

7.4 
107%

 
U

 
0.03 

1.0 ± 0.1 
1 ± 0.3 

0.9 ± 0.6 
0.9 

111%
 

0.74 ± 0.02 
1 ± 0 

2 ± 0.2 
1.5 

49%
 

‒ 
1.6 ± 0 

2.5 ± 0.9 
2.0 

  
P

 
0.5 

8.1 ± 0.1 
‒ 

‒ 
  

  
5.6 ± 0.1 

‒ 
‒ 

  
  

7.5 ± 0.1 
‒ 

‒ 
  

  
V

 
0.03 

0.34 ± 0.03 
6.6 ± 4.7 

0.9 ± 0.2 
3.7 

1%
 

0.39 ± 0.01 
13.4 ± 0.5 

1.9 ± 0.8 
7.6 

5%
 

1.35 ± 0.01 
14.6 ± 4.2 

10.9 ± 4.9 
12.8 

11%
 

M
o 

0.10 
‒ 

6.2 ± 1.3 
1.2 ± 0.2 

3.7 
  

0.22 ± 0.01 
6.5 ± 0.4 

>0.1 
3.2 

7%
 

0.24 ± 0.01 
7.7 ± 2.7 

7.7 ± 1.7 
7.7 

3%
 

A
s 

0.03 
‒ 

20.1 ± 0.7 
3.7 ± 1.2 

11.9 
  

>0.1 
22.7 ± 1.1 

5.7 ± 0.5 
14.2 

  
0.79 ± 0.01 

28.7 ± 1.4 
20.7 ± 7 

24.7 
3%

 
D

O
C

 
(m

g/L) 
  

  
10.1 ± 0.4 

13.5 ± 0.6 
11.8 

  
  

10.0 ± 0.2 
15.5 ± 0.1 

12.8 
  

  
6.6 ± 0.2 

6.5 ± 0.2 
6.5 
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Table 4.4. List of elem
ents detected in grab sam

ples but not detected by D
G

T for Sites 1 to 3. 

Concentrations are in µg/L ± 1 s.d, unless otherwise stated. 

 
  

S
ite 1 

  
  

S
ite 2 

  
  

S
ite 3 

  

E
lem

ent 
G

rab 11/06 
G

rab 21/06 
G

rab 
m

ean 
G

rab 11/06 
G

rab 21/06 
G

rab 
m

ean 
G

rab 11/06 
G

rab 21/06 
G

rab 
m

ean 
Ti 

92 ± 23 
15.1 ± 3.4 

53.5 
97 ± 12 

22.7 ± 1.1 
59.9 

138 ± 41 
129 ± 14 

133.4 
N

i 
4.1 ± 0.5 

- 
2.1 

5.4 ± 1.1 
- 

5.4 
7.2 ± 0.8 

5.6 ± 4.5 
3.6 

G
a 

1.2 ± 0.6 
2.1 ± 0.8 

1.7 
- 

2.3 ± 1.6 
2.3 

- 
- 

- 
O

s 
12.6 ± 1.2 

2.5 ± 3.5 
7.6 

20.3 ± 5.1 
2.0 ± 1.3 

11.2 
16.2 ± 1.1 

19.9 ± 15.3 
18.1 

R
b 

56.4 ± 10.5 
11.6 ± 2.1 

34 
67 ± 21 

15.8 ± 0.3 
41.2 

85 ± 12 
80 ± 35 

83 
Li 

72 ± 6 
1.7 ± 0.3 

37 
107 ± 12 

6.9 ± 1.7 
57 

16.2 ± 4.3 
19.9 ± 0.1 

18.1 
S

e 
139 ± 18 

23.4 ± 2.5 
81.3 

165 ± 51 
40 ± 12 

102.4 
190 ± 3 

165 ± 21 
178 

B
 (m

g/L) 
1.5 ± 0.1 

0.1 
0.8 

2.1 ± 0.5 
0.3 ± 0.1 

1.2 
2.2 ± 0.6 

2.4 ± 0.4 
2.3 

S
i (m

g/L) 
2.7 ± 0.1 

3.9 ± 0.6 
3.3 

2.2 ± 0.1 
3.1 ± 1.0 

2.6 
1.0 

1.6 ± 0.4 
1.3 

K
 (m

g/L) 
253 ± 87 

16.0 ± 4.9 
134 

284 ± 14 
33 ± 2 

158 
361 ± 36 

283 ± 22 
322 

C
a (m

g/L) 
260 ± 31 

63 ± 10 
161 

283 ± 8 
90 ± 13 

186 
346 ± 101 

284 ± 65 
314 

M
g (m

g/L) 
361 ± 14 

143 ± 26 
252 

375 ± 121 
200 ± 32 

287 
398 ± 15 

373 ± 26 
385 

S
 (m

g/L) 
478 ± 123 

65 ± 9 
272 

530 ± 86 
110 ± 12 

320 
636 ± 50 

525 ± 131 
580 

N
a (m

g/L) 
6455 ± 1038 

1035 ± 213 
3,745 

7135 ± 578 
1650 ± 331 

4,393 
9010 ± 1045 

7215 ± 408 
8113 
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Figure 4.6. Concentrations measured by carbon, Chelex and ferrihydrite 

DGT, and grab sample concentrations of Au, Cu, Co, Cr, Zn, Mn, U, V, Mo, 

As, P (no grab sample data) and DOC (no DGT data) at all three sites, as a 

function of distance downstream from Site 1. 

 

4.6 Discussion 

 

This study is one of the first assessments of Au concentrations in natural surface waters 

using an in situ technique, following previous laboratory-based method development 

work (Lucas et al. 2012) and a subsequent DGT study of groundwater surrounding a 

known Au deposit (see Chapter 3). In this study we have demonstrated that not only can 

DGT be used to detect very low concentrations of Au in heterogeneous estuarine 
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systems, but also that the technique has the potential to investigate the distribution of 

Au between fractions of varying lability when used in conjunction with a grab sampling 

technique. 

 

4.6.1 Hydrogeochemical changes at the deployment sites  

 
The rain event that occurred during this study (Figure 4.3a) contributed to the overall 

geochemical variability of the Swan River estuary by both the direct input of rainfall 

and by secondary input from the catchment runoff. At our study sites, the influx of 

freshwater from the catchment over the deployment also led to development of an 

upstream zone with distinctly different physicochemical conditions (Figure 4.4) and an 

increase in DOC (Figure 4.6). The combined effect of rainfall, runoff, salt wedge 

movement and subsequent stratification of the water column caused spatial and 

temporal differences in the concentrations of metals, particularly between Site 1 and 

Sites 2 and 3.  

 

At Site 1, a layer of fresh water was present at the DGT deployment depth some time 

before 16/06, as shown in Figure 4.4a. In comparison, the DGT devices at Site 2 were 

also subject to a layer of fresh water at the surface, but only after 16/06; as such, the 

salinity was not significantly lower at Site 2 until towards the end of the deployment 

(18-21/06). Consequently, it appears that the DGT devices at Site 1 were positioned in 

the freshwater lens and therefore were exposed to different geochemical parameters 

than Sites 2 and 3 for most of the duration of the deployment. Given the sensitivity of 

diffusion coefficients to factors such as EC and pH (Garmo et al. 2003; Lucas et al. 

2012), this situation highlights the need to ensure that parameters such as salinity and 

pH are monitored during deployment of DGT, especially during events (e.g. rainfall) 

that change the overall chemistry of the deployment waters. Other water quality 

parameters may also have varied in the “freshwater” layer (including the type of DOC; 

Fellman et al. 2011, Petrone et al. 2011); however, comprehensive water quality 

sampling was not performed.  

 

4.6.2 Comparison of DGT with grab sampling for Au 

 
Purolite DGT devices were included in the deployment as these devices have been 

shown to take up synthesized (citrate-stabilized) nanoparticulate Au in the lab (see 

Chapter 3). That the Purolite DGT devices reported similar (or lower) Au 
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concentrations than carbon DGT devices indicates that either the Au detected by both 

DGT types was an ionic species, or that nanoparticles were present in the Swan River 

but Purolite DGT was not able to take them up. The consistently lower uptake by 

Purolite DGT suggests that these devices were responding to a subfraction of Au 

species; further investigation of the causes of the differences between responses may 

provide further insights into Au speciation/fractionation in natural environments.  

 

At Site 2, DGT and grab sample concentrations were similar, and at Site 3, the average 

carbon DGT was higher than the grab sampling average by ca. 50%, but at both sites 

the DGT values were within the range of concentrations measured by grab sampling. 

This result was similar to observations in groundwater deployments (see Chapter 3). In 

contrast at Site 1, the DGT concentration was almost an order of magnitude less than 

the grab sample concentration. This indicates that the Au at Sites 2 and 3 was 

predominantly in a form that can be taken up by DGT, whereas at Site 1 - during this 

deployment period at least - Au was present in a form that was <0.45 µm but was not 

DGT-labile. Figure 4.5a showed that the filterable residue, which represents the 

suspended (>0.45 µm) fraction, did not contain more Au than at other sites, indicating 

that significant sorption of Au to large particles (e.g. microflora) had not occurred.  

 

There are two possible explanations for the limited detection of dissolved Au by DGT at 

Site 1: (i) the Au at Site 1 was present in a suspended phase (70 nm-0.45 µm) that was 

excluded from detection by DGT on the basis of size, and; (ii) the Au at Site 1 was 

present in a <0.45 µm, non-DGT labile form and thus not susceptible to uptake by either 

carbon or Purolite DGT. In both scenarios, the addition of aqua regia and NaCl(s) to the 

filtered grab-sample is assumed to have allowed Au uptake, from forms not accessible 

to DGT, by the activated carbon plug. The presence of non-DGT labile fraction was 

also observed in preliminary experiments with DGT devices in spiked river water (see 

Section 4.4.2.2); however, the preliminary testing was done with spiked Au 

concentrations that were 3 orders of magnitude higher than the field concentrations. 

Additionally, these samples were not filtered, and the relationship between the 

biogeochemical conditions in the river at the time of that sample collection and this 

deployment are unknown. From the preliminary testing we can thus only conclude that 

there are dissolved or particulate phases in the river water that can combine with 

dissolved Au in a manner that renders them non-labile for DGT.  
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The capability of the DGT technique to discriminate on the basis of particle size has 

been previously demonstrated but is not yet fully understood (van der Veeken et al. 

2008), with more work needed involving well-characterised colloids and nanoparticles 

(Davison & Zhang 2012). As mentioned in Section 4.3.1, DGT has previously been 

used to characterise labile Ag in Ag nanoparticle solutions, where the nanoparticles in 

that study (>52 nm) were not taken up by DGT. In this study, we used diffusive gels 

made from agarose for both carbon and Purolite DGT devices, the effective pore 

diameter of which is 70 nm (Fatin-Rouge et al. 2004), and particles larger than this are 

excluded (Fatin-Rouge et al. 2004). This may indicate that the Au at Site 1 existed as a 

size fraction that was between 70 nm and 0.45 µm. If size exclusion is assumed, the 

fractions of Au that were detected at Site 1 can be simply presented in the following 

way: the majority (ca. 71%) of Au exists as colloidal Au, or Au associated with 

colloids, that are between 70 nm and 0.45 µm in size; ca. 16% exists as labile Au that is 

<70 nm in size; and a similar proportion (ca. 13%) of Au is present in the suspended 

fraction that is >0.45 µm in size. 

 

If size exclusion had occurred, consideration needs to be given to the potential sorbents 

for Au that would be found in natural waters. In terms of inorganic sorbents, both 

goethite and birnessite have been suggested as possibilities for colloidal Au and Au(III) 

complexes in supergene waters (Ran et al. 2002). Gold exhibits very good adsorption to 

Mn oxides generally (Loong et al. 2006). However, the presence or absence of colloidal 

Fe and Mn in the Swan River was not determined in this study; we therefore regard 

these as possibilities. Elements such as Fe and Si flocculate and precipitate from 

solution at estuarine saltwater-freshwater interfaces as a consequence of increased 

salinity and subsequent destabilisation of organic colloids (Hunter 1983; Liaghati et al. 

2005). While organic colloids were not specifically measured in this study, previous 

research examining the presence of colloidal organic carbon has suggested that upwards 

of 40% of total organic carbon in estuarine systems are comprised of colloids (Sempéré 

& Cauwet 1995); however, these particles have generally not been well-studied in 

estuarine systems (Mayer & Wells 2011). The presence of organic colloids in the Swan 

River estuary raises the possibility of formation of Au nanoparticles; such nanoparticles 

can be synthesised with a range of organic ligands as stabilising agents e.g. citrate, 

tannins (Stankus et al. 2011), many of which can be found in natural waters. 

Additionally, photoreduction by sunlight has been found to potentially drive the 

formation of both Au and Ag nanoparticles in natural waters (Yin et al. 2012). 
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However, given that DOC was also present at Sites 2 and 3, it would imply that either 

any Au sorbed to organic colloids remained labile and thus detectable by DGT, or that 

Au was not predominantly sorbed to organic colloids at these sites.  

 

With respect to the second theory - the formation of a non-DGT labile complex with Au 

at Site 1 - the case for a change in chemical speciation suffers from a dearth of 

information regarding the speciation of Au in natural waters (Gray 2001). Gold species, 

including Au(I) and Au(III) complexed with Cl−, I−, Br−, CN− and OH−, are taken up by 

activated carbon (Gallagher et al. 1990; Hiskey & Qi 1998) and would therefore be 

expected to be detectable by DGT at all three sites. A decrease in pH and an increase in 

salinity results in an increase in the diffusion coefficient of Au in an Au(III) chloride 

solution (Lucas et al. 2012), and vice versa. The change in speciation with variations in 

salinity may have implications for DGT in environments where salinity is subject to 

rapid change (e.g. influx of fresh water into a river system); however, the reduction in 

salinity at Site 1 was not so large as to require the use of a new diffusion coefficient if 

only ionic species of Au are considered (see Chapter 2, Section 2.4.8). As the diffusion 

coefficient of organic complexes and colloids of Au are as-yet unmeasured, the use of 

the ionic diffusion coefficient for Au at Site 1 may be incorrect. 

 

As mentioned earlier, functional groups associated with humic acids (e.g. thiosalicylate 

and oxalate) are known to form complexes with Au in natural waters (Vlassopoulos et 

al. 1990), although the lability of these Au complexes – in particular, their ability to 

either sorb to or dissociate and release Au to activated carbon – is presently unknown. 

Additionally, Au(III) is known to reduce to Au(0) in the presence of organic matter, 

although this reduction is prominent mainly under high temperature conditions (>60 °C) 

(Gatellier & Disnar 1990). Earlier DGT studies of other metals have shown that metal-

organic complexes are labile and thus detectable by DGT in natural, terrestrial waters, 

so long as changes to the diffusion coefficient are accounted for (Buzier et al. 2006; 

Warnken et al. 2009). Fellman et al. (2011) characterised the quality of dissolved 

organic matter (DOM) in the Swan River Estuary, with a focus on spatial and temporal 

variation, characterising DOM components as either allochthonous or autochthnous. 

They found DOM was primarily allochthonous in the upper and middle parts of the 

Swan River Estuary, but more autochthonous in the lower Estuary. While allochthonous 

DOM is known to form dissolved complexes with Au, the interaction of proteins 

(autochthonous DOM) with Au has primarily focused on Au nanoparticles and not ionic 
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Au (Alkilany & Murphy 2010). Two questions thus remain concerning the possibility of 

the non-DGT labile fraction being an organic complexes with Au: 1) does the type of 

DOM affect whether Au-organic complexes can be taken up by activated carbon and 

therefore by DGT? and; 2) does autochthonous DOM form less labile complexes with 

Au than allochthonous DOM? 

 

The Au present in the particulate (>0.45 µm) fraction was a minor amount in all 

samples but often a significant fraction of the total, containing up to 30% of total Au 

(e.g. Site 3 on 14/6, Figure 4.5). At Site 3 there also appeared to be an inverse 

relationship between the filtered concentration of Au as determined by grab sampling 

and the dissolved concentration of Au. A similar phenomenon was observed by 

Benedetti and Boulëgue (1991), who measured dissolved and filterable Au as a function 

of distance in the Maubert brook of the Cevennes mountains in France; however, their 

study did not examine this variation as a function of time. Considering that other 

factors, e.g. DOC and pH, play a significant role in the partitioning of metals other than 

Au to dissolved/particulate fractions in natural waters (Herngren et al. 2005), further 

investigation into this phenomenon is required. Additionally, the presence of Au in the 

particulate phase - highlighted in Figure 4.5 - has implications for both the mobility and 

bioavailability of this metal in estuarine conditions. 

 

4.6.3 Temporal effect of rain event 

 
It is likely that rainfall in the catchment may have generated a 'pulse' of metals that 

travelled downstream following the rain event. An increase in concentrations can be 

clearly seen for a number of metals, including Cu, Cr, Zn, U, V and As, in Figure 4.6, 

and this increase is particularly clear for Au at Site 3 (Figure 4.5c). Spikes in metal 

concentrations in surface waters can be a consequence of direct inputs from runoff 

(Herngren et al. 2005), which can carry a range of metals that are anthropogenic in 

origin. As such, the DGT technique has been shown to time-average such spikes and 

allow for a more accurate determination of the overall concentration of dissolved metals 

(Balistrieri et al. 2012). In the dataset obtained in this study, this is clearly the case for 

DGT-measured concentrations of Mn and Zn, and possibly Au at Site 3; however, both 

DGT-measured Co and U exhibit the opposite behaviour, in that concentrations 

decreased as grab sample concentration increased, therefore consideration of other 

factors such as speciation and lability are still required. Aldrich et al. (2002) 
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demonstrated that, in both soils and drainage channels and despite an increase in the 

total concentration of metals such as Cu and Zn due to a rain event, Cu remained largely 

non-labile, with Cu in particular being strongly sorbed to organic material. This 

phenomenon is supported by the results of this study, in that total Cu increases were not 

matched by DGT-measured concentrations of Cu. 

 

4.6.4 Comparison of DGT with grab sampling for other elements 

 
The concentrations of elements as measured by both Chelex and ferrihydrite DGT are 

shown in Table 4.2 and Figure 4.6. There are several noteworthy observations for the 

majority of elements at the majority of the sites: 1) the spatial and temporal patterns of 

other metals are different from those of Au; 2) spatially, the concentrations of elements 

detected by grab sampling increased downstream, from Site 1 to Site 3, except for Mn, 

and Co and Cr at the end of deployment; 3) temporally, the concentrations of elements 

measured by grab sampling decreased during the 10 days between sampling, with the 

exception of U, and Cr, Zn, and Mn at Site 3; 4) DGT concentrations were less than 

total dissolved concentrations for Cu, Co, Cr, U (at Sites 2 and 3), V, Mo and As; and 5) 

Chelex DGT concentrations of Zn and Mn were similar to grab sample concentrations.  

 

The concentration of Cu as measured by DGT is similar in magnitude to other 

Australian estuarine waters, with the higher concentration of Cu observed at Site 3 

likely due to the presence of anti-fouling agents originating from boats moored in the 

Matilda Bay marina (Dunn et al. 2007). However, the DGT-measured concentrations of 

Cu at all three sites were considerably less than grab-sampling Cu, with DGT 

concentrations representing between 5% and 18% of total dissolved Cu (Table 4.2). The 

DGT response for Cu in natural waters has been previously assessed to be up to an 

order of magnitude lower than concentrations determined by grab sampling (Gaabass et 

al. 2009), due to a greater proportion of Cu being complexed by organic ligands such as 

fulvic acid (Warnken et al. 2009). This phenomenon has also been observed in estuarine 

environments (Denney et al. 1999; Dunn et al. 2007). While Au and Cu are known to 

have broadly similar dispersion characteristics in terrestrial materials e.g. regolith or ore 

systems (Rose 1979), the aquatic chemistry of these metals is not similar (Vlassopoulos 

& Wood 1990; Österlund et al. 2012). It is unclear why uptake of Cu by DGT was 

limited at all three sites whereas uptake of Au by DGT was low at Site 1 only; it may be 

that Chelex uptake of Cu-organic complexes is limited (Gaabass et al. 2009), whereas 
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activated carbon is known to adsorb organic matter (Moreno-Castilla 2004) and may 

therefore be able take up organically-bound Au.  

 

Dissolved cobalt species in natural waters are unstable and undergo rapid precipitation 

and sorption to sediments, as well as uptake by phytoplankton (Balakiewicz & Siepak 

1999). As such, the concentrations of Co detected by Chelex DGT, which were lower 

than filtered grab sample concentrations, likely represent the fraction not bound to 

suspended sediment. The uptake of Cr by DGT varies with pH (Garmo et al. 2003), and 

while the Chelex resin takes up Cr(III), Cr(VI) is trapped by the polyacrylamide 

diffusive gel and is thus not taken up by whichever binding layer is used (Ernstberger et 

al. 2002). As such, the data we have collected shows that upwards of 70% of Cr in the 

Swan River is either associated with colloids or, especially in oxic surface waters, exists 

as hexavalent Cr.  

 

Concentrations of V, Mo and As, measured by ferrihydrite DGT, are also low compared 

with grab sample concentrations, in agreement with previous observations (Osterlund et 

al. 2010). This is likely due to the effect of the formation of anion-adsorbing Fe 

colloids, reducing the lability of V, Mo and As (Osterlund et al. 2010; Panther et al. 

2008), which further highlights the role of Fe in understanding the speciation of metals 

in the Swan River estuary. The Chelex-based DGT results for Mn and Zn (Figure 4.6) 

appear to agree broadly with grab sampling, assuming no major changes in 

concentrations took place between grab sampling periods. This agreement of DGT-

measured Mn and Zn with grab sampling has also been previously observed in both 

rivers (Warnken et al. 2009) and estuaries (Denney et al. 1999). When concentrations of 

metals such as Zn exhibit significant temporal fluctuations, the DGT-measured 

concentration integrates these changes to provide a more accurate representation of the 

average concentrations of these metals in the water (Balistrieri et al. 2012). Our results 

further support the use of DGT as a tool for monitoring average total concentrations of 

these metals. 

 

The concentration of P detected by ferrihydrite DGT was an order of magnitude lower 

than water quality guidelines (40 µg/L; ANZECC 2000). The monitoring of this 

element is of particular importance and concern to both DoW and SRT, due to the 

potential for harmful phytoplankton blooms (www.swanrivertrust.wa.gov.au). This 

study has demonstrated that the detection limit of ferrihydrite DGT (0.5 µg/L) is much 
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lower than as can be achieved by grab sampling, both in this study (12.0 µg/L) and by 

SRT in its routine monitoring of the Swan River (5 µg/L) (Swan River Trust 2012b).  

 

4.7 Conclusion 

 

This study has demonstrated the potential of a new method for monitoring Au 

speciation in estuarine systems, using a combination of grab sampling and DGT. When 

these techniques are used in tandem, information regarding speciation for a range of 

metals can be obtained, especially as metal concentrations measured via grab sampling 

can vary considerably from day-to-day, while DGT presents the time-averaged 

measurement of those same metals. Using a combined approach may offer several 

advantages for better defining links between solution composition and speciation in 

aquatic systems with varying EC, pH, dissolved metal concentrations, and variability in 

DOC.  

 

Consistent with earlier studies, we showed that metal concentrations measured by DGT 

are in agreement with total dissolved concentrations for labile metals such as Mn and 

Zn, but lower than total dissolved concentrations in some instances for less labile metals 

or metals that may have sorbed to colloids, such as Au, Cu, Co, Cr, U, V, Mo and As. 

The comparative reduction in concentration of this latter suite of metals is likely a 

consequence of sorption to or (co)precipitation in colloids or formation of a non-DGT 

labile aqueous species. This study also highlighted the importance of measuring the 

broader geochemical conditions of the aquatic system.  

 

The combination of simultaneous deployment of different DGT devices and grab 

sampling represents a new development in efforts to understand the transport and fate of 

Au in dynamic environments such as estuaries. In particular, the DGT technique was 

simple to use and provided reliable, reproducible results. The technique produced an in 

situ speciation measurement that was integrated over time, highlighting the potential for 

monitoring in aquatic systems where geochemical characteristics are subject to 

variability.  
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CHAPTER 5 
 

Evaluating the diffusive gradients in thin films technique for the detection of multi-

element anomalies in soils 

 

Lucas, A, Rate, A, Zhang, H, Salmon, SU, Reid, N & Anand, R 2013, "Evaluating the 

diffusive gradients in thin films technique for the detection of multi-element anomalies 

in soils", Explore, vol. 161, pp. 1-15. Differences between the published paper and this 

chapter include numbering and formatting only. 

 

5.1 Abstract 

 

Soil geochemistry is widely used for Au exploration as a first-pass evaluation of a 

prospective area; however, specific mechanisms for the formation of soil anomalies in 

transported overburden are not well understood. The diffusive gradients in thin films 

(DGT) technique is capable of determining the concentrations of trace elements in soils 

and solutions, and has previously been shown to correlate well with uptake by 

vegetation. In this study, we applied the DGT technique for a range of elements, not 

including Au, to soil transects obtained from two gold prospects in Australia, both of 

which are covered by transported overburden. The results of DGT-measured 

concentrations were compared with porewater concentrations at these two prospects, 

with DGT demonstrating better sensitivity for porewater concentrations than direct 

measurement. The data were also statistically treated in order to determine whether 

anomalies were expressed in non-Au metals in these soils. This work has demonstrated 

that DGT can be used for multi-element geochemical exploration in soils. 

 

5.2 Introduction 

 

Soil sampling and chemical analysis is widely evaluated and applied by researchers and 

by mining companies for the purpose of geochemical exploration (Kelley et al. 2006). 

This sampling is usually undertaken as a first-pass evaluation of potential for 

mineralisation, and has become increasingly important due to the need for simple, low-

cost methods that detect the presence or absence of mineralisation concealed by 

transported overburden (Anand et al. 2007; Kelley et al. 2006; Cohen et al. 2010). 

However, questions remain regarding the mobility and speciation of key elements in 
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soils (Ma & Rate 2009), as these elements can exist in a variety of forms, including 

discrete phases (e.g. as minerals or salts) or as complexes adsorbed on to mineral 

surfaces. A variety of analytical methods can be used to determine the concentrations 

and fixation of elements in soils, including: Mobile Metal Ions™ (MMI, Mann et al. 

1998), Enzyme Leach © (Clarke 1993) and partial/sequential extractions (Chao 1984; 

Tessier et al. 1979). While these methods are broad in scope and diverse in results 

(Mazzucchelli 1996; Hall 1998; Kelley et al. 2006; Cohen et al. 2010), the main 

objective remains the same: to correctly define any anomaly related to mineralization 

and enhance its expression (Cameron et al. 2004). Selective extraction techniques have 

been demonstrated to better highlight anomalies as compared to total digestion 

techniques (Cohen et al. 2010). The use of more rigorous statistical analyses of 

geochemical results to enhance signal detection has also gained prominence in recent 

years (Garrett et al. 2008). However, separating geochemical signals related to 

underlying mineralisation from the background continues to pose a challenge, despite 

the growing array of tools available to exploration geochemists. 

 

One of the inherent difficulties with using methods such as partial extractions for 

determining the mobility and speciation of trace elements in soils, and thereby the 

presence or absence of geochemical anomalies, is the effect of the analytical techniques 

on the soils and on the aqueous environment immediately surrounding the wetted 

particles of soil i.e. the soil solution (Zhang et al. 1998). Ideally, mobility and speciation 

measurements in wetted soils should be in situ, facilitated by procedures that minimise 

disturbance of the soil solution. Chemical separation techniques not only alter the 

spatial variability of soil-solution properties (Sposito 2008), but can also affect the 

distribution of elemental species in solution (Zhang et al. 1998); therefore such an 

analysis does not represent a natural, undisturbed soil system. For example, the widely-

used partial selective extraction procedure as outlined by Chao (1984) examines the soil 

sample as a combination of five separate fractions which require a specific chemical 

attack in order to evaluate the sample. Selective extractions can provide better anomaly 

contrast as compared to total element determination methods (Filipek & Theobald Jr. 

1981), provide information on the mode-of-occurrence of elements (Chao 1984), and 

may allow discrimination between metal enrichment mechanisms and determination of 

whether the elements are natural or anthropogenic in origin (Hall 1993). There have 

been a number of modifications to partial extraction methods over the years, including 

variations in the steps required e.g. concentrations of reagents, pH used, time required 
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per step, the fractions targeted and the extractants used (Hall et al. 1996; Gray et al. 

1999; Reith & McPhail 2007); however, these steps rely on chemically perturbing the 

soil in order to elicit a response. Research on the actual mechanisms of extraction and 

response of the soils to the leaching agents has, to date, been limited (Cohen et al. 

2010). To address this issue, a technique that measures element concentrations without 

the associated perturbations of physicochemical techniques is needed. 

 

5.2.1 The diffusive gradients in thin films (DGT) technique 

 

The DGT technique has been described previously in Chapter 2, Section 2.2.1. In soils, 

the technique removes labile elements from soil solutions and thus induces desorption 

or dissolution of the elements from solid phases, as depicted in Figure 5.1 (Zhang et al. 

1998). The DGT technique presents several advantages for measuring element 

concentrations in soils, namely that the technique: pre-concentrates metals via diffusive 

transport through the soil solution (Zhang et al. 1998); induces resupply from elements 

bound to the solid phase (Harper et al. 1998); has very good sensitivity, especially when 

deployment times are extended (Davison & Zhang 1994); does not significantly alter 

the soil either chemically or physically; and has been demonstrated to behave 

analogously to plant uptake for a variety of trace elements, including Cu (Zhang et al. 

2001) and Zn (Koster et al. 2005). These last two features are of particular interest to 

geochemical exploration due to the uncertainty regarding the role of vegetation in 

generating surficial anomalies of mineralisation and associated uptake mechanisms (Ma 

& Rate 2009). While these features of DGT have been extensively evaluated for the 

purpose of environmental monitoring of soils (Harper et al. 1998; Zhang et al. 2001; 

Bade et al. 2012), no research has been carried out to date on assessing the suitability of 

the technique for mineral exploration using soil geochemistry.  
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Figure 5.1. Schematic cross section through the DGT device and the 

adjacent soil solution (Zhang et al. 1998). The dotted line illustrates uptake 

by the DGT device in well-mixed solutions (e.g. flowing waters). The large-

dashed line shows uptake when supply to the DGT device is by diffusion 

only. Commonly, there is some resupply from the solid phase, as depicted by 

the solid line. 

 

This study tested soils with anomalous Au contents but focuses on elements other than 

Au as part of a typical multi-element exploration or research program. The current study 

aimed to evaluate DGT as a ‘first-pass’ technique for soils obtained from two Au 

prospects in Australia (Figure 5.2), with a focus on the following metals of interest: Al, 

Cd, Co, Cu, Mn, Ni, U and Zn. Note that Al, while not necessarily an element of 

interest for Au exploration, is both detectable by DGT and the subject of scrutiny 

regarding its bioavailability in soils (Violante et al. 2010). As DGT uptake is known to 

be analogous to plant uptake for a number of metals (Zhang et al. 2001), we have 

therefore included Al in this study. The first set of soils was obtained from an archived 

collection derived from a prospect that exhibited a vegetation anomaly (Anand et al. 

2007) while the second set of soils were obtained as a part of two studies examining 

hydrogeochemical and biogeochemical anomalies for Au (see Chapter 3; Reid & Hill 

2013). It is hypothesized that standard DGT soil deployments (Chelex-based units 

deployed for 24 hours) can be used to identify multi-element anomalies in residual or 

transported soils over mineralisation, thereby supplementing current methods for 

geochemical exploration using soils.  
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5.3 Methods 

 

5.3.1 General procedures 

 

For laboratory work, all plastic containers (70 mL transparent polypropylene, 

Sarstedt®) and pipette tips (1 mL, Sarstedt®) used were acid-washed (10% HCl) for at 

least 24 hours prior to rinsing with milli-Q water (Millipore, 18.2 MΩ cm). All reagents 

used were analytical grade. All experiments were undertaken in duplicate where 

possible, with some experiments not replicated due to an insufficient quantity of soil. 

Quality control during analysis included regular calibration of equipment, as well as 

analysis of solution blanks and standards of known concentration (Intertek Genalysis, 

Perth). Chelex DGT devices were purchased from DGT Research Ltd 

(www.dgtresearch.com). Four Chelex DGT devices were separately analysed as 

manufacturing blanks. A series of experimental blanks were also run in conjunction 

with the main experiment, using acid-washed sand instead of soil.  

 

5.3.2 Soils 

 

Soils used in this study are from two prospects located in Australia (Figure 5.2). The 

prospects were: 1) the Moolart Well prospect, located in the northern Yilgarn Craton of 

Western Australia (27° 37’ S, 122° 20’ E), for which both surface samples (7 samples, 

0-20 cm depth, MW-series) and subsoil (13 samples, 0.5 – 1.5 m depth, MA-series) 

samples were obtained; 2) the Oberon prospect, located in the Tanami desert in the 

Northern Territory (20° 16’ S, 129° 59’ E), for which only surface soils (9 samples, 0-

20 cm depth, OB-series) were obtained. Physical characteristics of these soils were 

determined using standard techniques (SSSA 1996), and total organic carbon and 

nitrogen contents of the soils were determined using an Elementar vario MACRO 

instrument (www.elementar.de). The soils were obtained from at least one transect 

across each prospect. The OB samples are from a NW-SE diagonal transect over 

mineralization, and were sourced from the same sites as previous samples used to study 

the use of DGT deployed in boreholes (see Chapter 3). The MW surface soils were 

obtained from two separate E-W transects, with one transect overlying mineralisation 

and the second transect over background distal to known mineralisation. The MA 

subsurface soils were collected from three E-W closely spaced transects; again, some of 

the soils overlie mineralisation, and the remainder overlie background areas. In the 
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results section below, the data are plotted according to E-W alignment, as this provides 

the best indication of element responses over mineralisation. 

 

The soils were separated into ‘anomalous’ and ‘background’ populations in terms of Au 

concentrations (CSIRO, unpublished data). Note that this separation is arbitrary, and a 

more thorough evaluation of anomalies is given in Chapter 6. Four of the seven surface 

soil samples obtained from MW contain low-level Au concentrations (Au >1 ppb), 

although they do not indicate Au mineralisation. The remaining three samples represent 

the background signal (Au <1 ppb). The thirteen deep samples from MA were all 

obtained from Au-rich colluvium-alluvium; three samples exhibit strongly anomalous 

signatures for Au (>30 ppb) and the remaining ten exhibit what are considered to be 

local background signatures (Au <15 ppb), although some of these background soils are 

situated over mineralisation. Of the nine soil samples obtained from Oberon (OB), two 

are known to have a low-level Au anomaly (Au >1 ppb), while the remaining seven 

samples are indicative of the background signature (Au <1 ppb). At all three sites, MW, 

MA and OB, Au anomalies measured previously in soils, vegetation and groundwater 

have been expressed almost directly over mineralisation (Anand et al. 2007; Reid & Hill 

2010).  

 

 
Figure 5.2. Location of the Moolart Well and Oberon prospects, adapted 

from Anand et al. (2007). 
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5.3.3 Multi-element DGT response in soils over mineralisation  

 

Procedures for deploying DGT devices involve gradually equilibrating the soils with 

milli-Q water to 100% water holding capacity (WHC) over 72 hours (Zhang et al. 

1998). Equilibrating the soils with water ensured that the DGT devices were sampling 

the labile component. Note that, aside from this equilibration step, the soils do not 

necessarily need to be pre-sieved or pre-treated for DGT; indeed, it is preferable that the 

soils remain as ‘natural’ as possible. DGT can also be deployed in situ if desired, so 

long as soil moisture content is >27% (Hooda et al. 1999). Large hand-retrievable 

organic material (e.g. twigs and leaves) was removed from the soils prior to use, 

although inorganic material (e.g. pebbles and large stones) was not removed.  

 

The Chelex DGT devices were deployed on all soils following standard DGT soil 

deployment practices (Zhang et al. 1998; Zhang et al. 2006). Prior to deployment of the 

DGT devices, the soils were equilibrated as follows: around 20 g of soil was placed in a 

sealable 70 mL plastic container; the soil was wetted to 60% WHC for 48 hours and 

then wetted to 100% WHC and left for a further 24 hours. After the soils had been 

equilibrated, the DGT devices were deployed on the soils as follows: a small quantity of 

the soil slurry was smeared onto the DGT device face; the DGT was placed on the soil, 

ensuring no gaps formed between the DGT window and the soil; and the container was 

capped in order to minimize evaporation, but not so tightly that anoxic conditions would 

occur within the container. The container was then placed in a temperature-controlled 

laboratory at 25 °C for 24 hours (the standard deployment time for DGT), after which 

the DGT devices were removed and thoroughly washed with milli-Q water to remove 

soil. The Chelex gels were removed from the DGT devices and eluted with 1 mL of 1 M 

HNO3. The resulting sample was diluted to 20 mL with milli-Q water for analysis via 

ICP-MS (Intertek Genalysis). The method detection limit, MDL, for DGT was 

determined by calculating 3 × the standard deviation of the deployment blanks (Long & 

Winefordner 1983) and applying Equation 2.1 for the timeframe of the deployment 

(Luo et al. 2010). The MDL for each element is shown in Table 5.2. 

 
The concentrations of elements in the porewaters were also determined after the DGT 

devices had been removed by the following procedure: the remaining saturated soil 

sample was placed in a 50 mL centrifuge tube and centrifuged at 3,500 rpm for 1 hour; 

the porewater was extracted using a 0.2 µm graduated filter syringe; 1 mL of cold 
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concentrated HNO3 was added to the porewater in order to stabilise any elements 

present, and the solution was diluted to 20 mL with milli-Q water for analysis of 

elements via ICP-MS at Intertek Genalysis, Australia. All reported DGT and porewater 

concentrations account for volumes extracted and dilution. The instrument detection 

limit (IDL) of the ICP-MS is shown in Table 5.3, and represents the lowest 

concentration detectable following dilution of the sample. 

 

5.3.4 Statistical analysis 

 

The determination of significant differences between known anomalous soils and 

background soils can be undertaken using a two-sample Welch’s t-test for data obtained 

from each site. Welch’s t-test, an adaptation of Student’s t-test, can be used when the 

sample sizes and the variances between datasets are not equal (Welch 1947). The t-

statistic can be evaluated using Equation 5.1: 

 

! = !! − !!
!!!
!! + !

!!!
!!

!!!!!!!!!!!!!!(5.1) 

 

where t is Student’s t-distribution for the data, X1 and X2 are the means of each sample 

set, s1 and s2 are the standard deviations for each sample set and N1 and N2 are the 

sample sizes for each dataset. The degrees of freedom for testing can be determined 

from the Welch–Satterthwaite equation (Equation 5.2): 

 

!. !.= !
!!!
!! +

!!!
!!

!

!!!
!!!!!

+ !!!
!!!!!

!!!!!!!!!!(5.2) 

 

where d.f. is the degrees of freedom, s1 and s2 are the standard deviations for each 

sample set, N1 and N2 are the sample sizes for each dataset and d1 and d2 are degrees of 

freedom for each sample set (determined as N – 1 for each N). Data obtained in this 

study were analysed using the software package R (R Core Team 2012), which was 

used to apply Welch’s t-test (R 'stats' package, v3.0.2) for each set of elements 

compared and provided both d.f. and the relevant p-value for the t statistic determined in 

Equation 5.1. For this work, the testing was undertaken per site for each element. 
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5.4 Results 

 

5.4.1 Broad geochemical characteristics of the soils 

 

The pH, electrical conductivity (EC), and percentage of total organic carbon and 

nitrogen of the soils are shown as ranges in Table 5.1. The soils are acidic, with the 

lowest mean pH being 5.64 for soils sourced from MW, and the highest mean pH being 

6.23 for soils sourced from the MA hardpan layer. The mean EC values of the soils 

ranged from 25.0 µS/cm to 60.1 µS/cm. Both the OB and MA soils had very low total 

organic carbon contents with that of the MW surface soils being slightly higher, at up to 

1.36%. This higher quantity of organic matter in the MW surface soils is also reflected 

in the nitrogen content of these soils when compared with the OB and MA samples.  

 

Table 5.1. Physical characteristics of soils used in this study 

 
 

5.4.2 DGT-measured concentrations 

 

The data for the concentrations of elements detected by DGT are shown in Table 5.2, 

and are also plotted on the soil sampling transects, along with the zones of known Au 

mineralisation, in Figure 5.3. Table 5.2 shows that a range of elements (Al, Cd, Co, Mn, 

Zn and U) were detected by DGT in almost all soils. The values for Cu are close to the 

detection limit of the technique; these less than detection limit values might be 

increased in future deployments by extending the deployment time (Zhang et al. 1995; 

Zhang et al. 1998)) As stated previously, the measurement of Fe and U with Chelex 

DGT is pH dependent. This was taken into account following the methods of Garmo et 

al (2003). Table 5.2 shows that there is a clear difference in the concentrations of 

elements measured at each of the sites in that higher concentrations of all elements were 

detected in the MW samples than in either the OB and MA samples, by both the DGT 

and porewater methods. For example, the DGT-determined concentrations of Fe and 

Soil location Code Soil description Mean pH Mean E.C. 
(µS/cm) 

Total 
Organic C 

(%) 

Total N 

 (%) 

Oberon OB Sandy ferruginous, 
fine 5.99 60.1 0.17 0.021 

Moolart Well 
topsoil MW Ferruginous clayey 

sand 5.64 25 1.29 0.096 

Moolart Well 
subsoil MA Gravelly sandy clay 6.23 56.7 0.11 0.023 

!
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Mn in the MW surface samples are greater than an order of magnitude higher than the 

concentrations in the OB and MA soils. Nickel was not detected at all in the OB soils, 

and was detected in only three MA samples. Interestingly, these same three MA 

samples are also known to be anomalous for Au, likely as a consequence of the 

mineralisation at Moolart Well being hosted in ultramafic greenstones. 

 

Figure 5.3 shows the concentrations of DGT-measured elements along the sampled 

transects. More element concentrations were reported to be greater than detection limit 

by DGT at MW (a total of 9) than at either MA (7) or OB (5). At MW (Figure 5.3a), Al, 

Fe, Ni, U, and Zn follow a similar trend over the length of the transect, with the highest 

concentrations of these elements (excluding Al) being found over mineralisation. 

Element concentrations over background, indicated on the eastern side of the figure, 

appear to be flatter than those over mineralisation, with the exception of Cu and Al. At 

MA (Figure 5.3b) Co, Mn and Cd follow a similar trends over the length of the transect, 

with the highest concentrations of these elements over mineralisation. Both Al and Zn 

show elevated concentrations to the east of mineralisation, with concentrations 

decreasing still further towards the east. For the OB soils (Figure 5.3c), Al and U show 

a marginal elevation over mineralisation; the remaining elements do not show 

significant variation over mineralisation. 
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Table 5.2. D
G

T-m
easured concentrations of nine elem

ents in soils, in µg/L. Soils that are known to have anom
alous Au concentrations are 

highlighted in bold. M
D

L indicates the m
ethod detection lim

it, w
ith values less than M

D
L shown by a dash. Errors are reported as +

/- one 

standard deviation of duplicate results where applicable. 

S
ite 

A
l 

C
d 

C
o 

C
u 

Fe 
M

n 
N

i 
U

 
Zn 

M
D

L 
2.7 

0.04 
0.11 

1.1 
14.4 

1.18 
2.18 

0.01 
4.7 

O
B

62 
14.1 ± 6.7 

0.07 ± 0.01 
‒ 

1.2 
‒ 

7.7  ± 2.5 
‒ 

0.03 ± 0.003 
36.0  ± 6.4 

O
B

67 
9.4 ± 0.04 

0.06 ± 0.01 
‒ 

‒ 
‒ 

8.8  ± 2.4 
‒ 

0.03 ± 0.02 
3.1 ± 2.2 

O
B

69 
24.9 ± 0.1 

0.06  ± .0.02 
0.2 

‒ 
33.1  ± 6.1 

17.1 ± 0.8 
‒ 

0.06 ± 0.02 
4.7 

O
B

70 
8.1 ± 0.05 

0.06 ± 0.01 
‒ 

‒ 
‒ 

2.4 
‒ 

‒ 
1.6 

O
B

72 
20.8 ± 4.9 

0.05 ± 0.01 
‒ 

‒ 
‒ 

3.5 ± 1.7 
‒ 

0.07 ± 0.05 
6.3 ± 2.4 

O
B

73 
7.4 ± 2.9 

0.05 
‒ 

‒ 
‒ 

2.9 ± 0.8 
‒ 

‒ 
5.5 ± 3.0 

O
B

83 
7.4 ± 4.8 

0.05 
‒ 

‒ 
‒ 

5.9 ± 1.6 
‒ 

0.01 ± 0.005 
3.1 

O
B

86 
25.5 ± 7.3 

0.06 
‒ 

‒ 
‒ 

6.5 ± 2.5 
‒ 

0.05 ± 0.004 
2.3 ± 1.1 

O
B

89 
24.2 ± 2.9 

0.06 ± 0.01 
‒ 

‒ 
‒ 

3.5 
‒ 

0.03 ± 0.004 
3.1 ± 0.8 

M
W

9 
65.9 

0.09 
5.2 

‒ 
4281 

1735 
5.4 

0.15 
12.5 

M
W

10 
44.4 ± 1.9 

0.1 
3.9 ± 0.1 

1.2 
1859 ± 695 

734 ± 47 
3.8 ± 0.8 

0.10 ± 0.005 
13.3 ± 0.5 

M
W

11 
45.7 

0.08 
3 

1.7 
2212 

441 
5.4 

0.11 
9.4 

M
W

12 
139 ± 16 

0.12 ± 0.02 
4.5 ± 0.2 

2.2 ± 0.5 
6291 ± 1495 

652 ± 37 
8.7 ± 1.5 

0.3 ± 0.003 
20.3 ± 0.2 

M
W

20 
264 ± 27 

0.1 ± 0.01 
1.1 

7.5 ± 4.6 
67.7 ± 38.7 

726 ± 2 
4.9 ± 0.8 

0.16 ± 0.01 
18.8 ± 4.4 

M
W

21 
106 

0.12 
2.3 

2.5 
372 

887 
4.4 

0.22 
11 

M
W

23 
78.6 ± 21.9 

.22 ± 0.08 
1.4 ± 0.2 

2 
115 ± 33 

839 ± 272 
2.7 ± 0.8 

0.12 ± 0.03 
9.4 ± 1.0 

M
A

28 
35 

0.09 
0.6 

2.2 
28.8 

40.1 
‒ 

0.05 
1.6 

M
A

29 
8.1 

0.08 
0.2 

1.1 
‒ 

27.1 
‒ 

0.03 
4.7 

M
A

30 
39.7 ± 20.0 

0.05 ± 0.02 
0.2 ± 0.08 

‒ 
40.3 ± 20.4 

10.6 ± 1.4 
‒ 

0.02 ± 0.01 
3.1 ± 0.01 

M
A

31 
23.5 ± 9.9 

0.08 ± 0.04 
0.2 ± 0.09 

1.6 ± 0.7 
‒ 

10.0 ± 0.8 
‒ 

0.04 ± 0.01 
3.9 ± 1.1 

M
A

32 
6.7 

0.05 
0.1 

2.2 
‒ 

16.5 
2.2 

0.04 
1.6 

M
A

33 
5.4 

0.17 
0.8 

‒ 
‒ 

112 
4.4 

0.02 
3.1 

M
A

34 
8.1 

0.08 
0.7 

2.6 
‒ 

38.9 
2.2 

0.05 
4.7 

M
A

36 
7.4 ± 0.9 

0.06 
0.2 

‒ 
‒ 

14.7 ± 7.4 
‒ 

0.01 ± 0.009 
3.1 ± 2.2 

M
A

37 
73.3 ± 28.8 

0.06 ± 0.02 
0.1 

2.3 
‒ 

5.7 ± 1.7 
‒ 

0.02 ± 0.003 
18.8 ± 5.6 

M
A

38 
12.8 ± 4.8 

0.08 ± 0.02 
0.2 

‒ 
‒ 

15.3 ± 1.7 
‒ 

0.01 ± 0.01 
7.8 ± 0.6 

M
A

39 
22.9 ± 5.9 

0.06 ± 0.04 
0.2 

1.6 ± 0.8 
‒ 

9.4 ± 3.3 
‒ 

0.02 ± 0.01 
3.9 ± 1.1 

M
A

40 
‒ 

0.05 
0.2 

1.7 ± 0.8 
‒ 

8.8 ± 0.8 
‒ 

0.02 ± 0.01 
1.6 

M
A

41 
4.7 ± 1.0 

0.06 ± 0.02 
0.5 ± 0.2 

‒ 
‒ 

17.1 ± 4.2 
‒ 

0.02 ± 0.02 
‒ 
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Figure 5.3. Transects showing concentration of elements as measured by 

DGT at (a) MW, (b) MA, and (c) OB. All concentrations are shown in µg/L. 

The OB transect is roughly 20° 16’ S, 129° 59’ E. Both MW and MA 

transects are roughly 27° 37’ S, 122° 20’ E. The y-axis scale for each 

prospect is adjusted to highlight detail, and the grey shading indicates the 

approximate vertical projection of gold mineralisation. Soils with known 

anomalous Au concentrations are shown as black circles, and background 

soils are shown as clear circles. 
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5.4.3 Porewater concentrations 

 

The concentrations of elements in the soil “porewaters” (post-DGT deployment) are 

shown in Table 5.3. Difficulties were encountered in extracting a sufficient quantity of 

porewater for analysis. This was particularly true for both the sandy OB soils and the 

highly lateritic MA soils with five MA soils – MA28, MA30, MA38, MA39 and MA41 

– generating insufficient volumes for analyses. Porewater volumes extracted from the 

soils were often <0.2 mL, due to low initial WHC. In addition, the porewater 

concentrations of elements from these sites were more often below the detection limit. 

The overall distribution of metal concentrations in porewater mirrors that of the DGT-

measured concentrations (Figure 5.4), although concentrations in the porewaters are 

often greater than an order of magnitude higher than DGT values. The reasonable 

correlation suggests that DGT is a suitable method for assessing porewater element 

concentration trends along these transects, and furthermore, as the concentrations were 

more often measurable (due to the lower detection limit of DGT than porewater 

analysis), DGT would appear to constitute a methodological improvement over 

porewater centrifugation.  

 

 
Figure 5.4. Log-log plot of all porewater concentrations vs. CDGT for all 

elements detected by both techniques. The solid line represents a 1:1 

relationship, and the dashed line represents a factor of 10 greater than the 

1:1 line. 
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Table 5.3. Porewater concentrations of nine elem
ents for all soils, in µg/L. These concentrations account for both the volum

e of 

porewater extracted and dilution required for analysis. Soils that are know
n to have anom

alous Au concentrations are highlighted in 

bold. ID
L indicates the instrum

ent detection lim
it for diluted sam

ples, with values less than ID
L show

n by a dash. Errors are reported 

as +
/- one standard deviation of duplicate results w

here applicable. 

S
ite 

A
l 

C
d 

C
o 

C
u 

Fe 
M

n 
N

i 
U

 
Zn 

ID
L 

20 
0.2 

1 
10 

100 
10 

20 
1 

10 
O

B
62 

57.5 
0.77 ± 0.06 

‒ 
‒ 

‒ 
‒ 

‒ 
‒ 

‒ 
O

B
67 

30.6 
0.72 ± 0.06 

‒ 
‒ 

‒ 
‒ 

‒ 
‒ 

‒ 
O

B
69 

43 
0.62 ± 0.08 

‒ 
‒ 

‒ 
‒ 

‒ 
‒ 

‒ 
O

B
70 

28.7 
065 ± 0.11 

‒ 
‒ 

‒ 
‒ 

‒ 
‒ 

‒ 
O

B
72 

86.3 ± 13.6 
0.77 

‒ 
‒ 

‒ 
‒ 

‒ 
‒ 

‒ 
O

B
73 

70.4 ± 30.1 
0.63 ± 0.04 

‒ 
‒ 

‒ 
‒ 

‒ 
‒ 

‒ 
O

B
83 

92 
0.81 

‒ 
‒ 

‒ 
‒ 

‒ 
‒ 

‒ 
O

B
86 

53 
0.71 

‒ 
‒ 

‒ 
‒ 

‒ 
‒ 

‒ 
O

B
89 

‒ 
0.7 

‒ 
‒ 

‒ 
‒ 

‒ 
‒ 

‒ 

 
 

 
 

 
 

 
 

 
 

M
W

9 
907 

0.46 
15.6 

- 
5095 

5434 
27.5 

0.53 
18.3 

M
W

10 
1581 

0.43 
18.5 

28.6 
4265 

3269 
38.2 

0.77 
38.2 

M
W

11 
513 

0.45 
16.2 

18 
5130 

2565 
36 

0.59 
27 

M
W

12 
849 ± 118 

0.50 ± 0.02 
9.9 ± 1.4 

24.9 ± 0.9 
4998 ± 948 

1276 ± 251 
37.3 ± 1.4 

0.76 ± 0.11 
30.9 ± 7.6 

M
W

20 
1710 ± 528 

0.65 ± 0.06 
7.1 ± 0.25 

35.5 ± 1.2 
694 ± 193 

2394 ± 50 
35.5 ± 1.2 

0.89 ± 0.06 
53.0 ± 6.5 

M
W

21 
1251 

0.64 
7.7 

12.8 
1315 

1532 
‒ 

0.68 
12.8 

M
W

23 
660 ± 17 

0.73 ± 0.11 
2.8 ± 1.7 

14.9 ± 2.1 
511 ± 112 

956 ± 309 
‒ 

0.28 ± 0.67 
‒ 

 
 

 
 

 
 

 
 

 
 

M
A

29 
‒ 

0.53 
‒ 

10.5 
‒ 

21 
‒ 

0.09 
‒ 

M
A

31 
57.5 

0.77 
‒ 

‒ 
‒ 

‒ 
‒ 

‒ 
‒ 

M
A

32 
‒ 

0.4 
‒ 

‒ 
‒ 

30.3 
‒ 

0.5 
‒ 

M
A

33 
45.9 

0.76 
‒ 

‒ 
‒ 

198.7 
‒ 

‒ 
‒ 

M
A

34 
‒ 

0.85 
‒ 

17 
‒ 

17 
‒ 

‒ 
‒ 

M
A

36 
‒ 

0.64 ± .017 
‒ 

‒ 
‒ 

14.2 
‒ 

‒ 
‒ 

M
A

37 
‒ 

0.67 ± 0.14 
‒ 

‒ 
‒ 

‒ 
‒ 

‒ 
‒ 

M
A

40 
‒ 

0.69 ± 0.11 
‒ 

‒ 
‒ 

‒ 
‒ 

‒ 
‒ 
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5.4.4 Statistical interpretation of results 

 

Table 5.4 shows the results of the Welch’s t-testing of concentrations of elements 

between soils that are 'anomalous' for Au (highlighted in bold in Tables 5.2, 5.3 and 5.4) 

and the 'background' soils (plain text in Tables 5.2, 5.3 and 5.4). Note values that were 

below detection limit were excluded from testing, as opposed to assigning an arbitrary 

or statistically derived value. In the DGT dataset, Welch’s t-testing shows that: Mn 

concentration is significantly different between anomalous and background samples in 

the OB soils; Co and Fe concentrations are significantly different in the MW soils; and 

Al concentration is significantly different in the MA soils. For porewater data, only Al 

and Cd concentration were above detection limit for the OB soils, neither of which were 

significantly different between anomalous and background samples. In the MW soils, 

both Co and Fe concentrations were significantly different between anomalous and 

background soils as with the DGT dataset. However, for the MA soils, both Cd and Co 

concentrations were significantly different between anomalous and background soils, 

which contrasts with the DGT dataset.  

 

Table 5.4. Significance testing between background soils and Au-anomalous 

soils, using unpaired 2-sample Welch’s t-test. A p-value ≤0.05 indicates a 

significant difference between the background soils and anomalous soils. 

Testing is inclusive of all replicates. 

 

    DGT      Porewater   
 Element p-value degrees of 

freedom 
Significantly 

different? 
 p-value degrees of 

freedom 
Significantly 

different?   

O
B

 

Al 0.86 6.3 No 
 

0.17 7.7 No 
Cd 0.32 13 No 

 
0.98 13.8 No 

Fe 0.23 1.2 No 
 

- - No 
Mn 0.03 17 Yes 

 
- - No 

U 0.36 3.9 No 
 

- - No 
Zn 0.37 14.1 No 

 
- - No 

        
 

      

M
W

 

Al 0.42 6.4 No 
 

0.83 8.8 No 
Cd 0.49 5.2 No 

 
0.1 6.4 No 

Co >0.01 8.8 Yes 
 

0.03 8.9 Yes 
Cu 0.19 5.3 No 

 
0.82 9 No 

Fe 0.02 4.9 Yes 
 

0.01 6.6 Yes 
Mn 0.51 5.2 No 

 
0.24 5.3 No 

Ni 0.19 5.6 No 
 

0.98 4.5 No 
U 0.41 5.2 No 

 
0.39 7.1 No 

Zn 0.33 9 No 
 

0.96 5.5 No 

        

M
A

 

Al 0.01 16.3 Yes 
 

0.35 4.2 No 
Cd 0.45 2.1 No 

 
0.01 8.8 Yes 

Co 0.33 2.1 No 
 

>0.01 8.7 Yes 
Cu 0.62 2.7 No 

 
0.95 3 No 

Mn 0.28 2 No 
 

0.07 2.5 No 
U 0.19 2.6 No 

 
0.69 6.5 No 

Zn 0.29 17.1 No 
 

0.99 5.7 No 
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5.5 Discussion 

 

The main objective of this study was to assess whether DGT was capable of being used 

as a tool for geochemical exploration as a ‘first-pass’ technique, with the hypothesis that 

DGT was able to determine multi-element anomalies in soils that relate to underlying 

mineralisation. On the limited selection of soils tested, the DGT technique appears to 

have both successfully met the objective and confirmed the hypothesis. In particular, 

DGT is more sensitive at detecting labile elements in porewaters than conventional 

porewater extractions due to the preconcentration of elements onto the Chelex resin. In 

this discussion, we assess the DGT technique on the basis of its use as a tool for 

geochemical exploration in soils, and as a tool for simultaneous detection of multi-

element anomalies. 

 

5.5.1 Using DGT as a tool for exploration 

 

As a general tool for geochemical exploration in soils, the DGT technique is simple to 

prepare and deploy, either in laboratory-based studies such as this one or in situ. The 

analysis of the resin gels is also straightforward; an elution step with concentrated acid, 

which can be undertaken at any stage after the deployment, minimizes the risk of 

contamination. This feature would be particularly advantageous in in situ field 

deployments. The pre-concentration of elements onto a resin gel ensures low detection 

limits, which become even lower when deployment times are extended (Davison & 

Zhang 1994; Zhang et al. 1998). 

 

We can broadly compare the DGT technique to the better-known exploration tool of 

partial extractions. The first part of most soil partial extraction techniques usually 

focuses on the water-soluble or ion-exchangeable fraction, and uses a small portion of 

soil (e.g. 5 g) with a known volume of leaching agent (e.g. 90 mL) such as water (Reith 

& McPhail 2007), MgCl2 or CH3COONH4 (Gray et al. 1999; Tessier et al. 1979). This 

fraction is likely to contain the lowest concentration of elements, and is the fraction that 

has been previously assumed to correlate best with bioavailability (Peijnenburg et al. 

2007). There are at least two issues with this assumption however. First, the proportion 

of soil to extractant used (e.g. 1:8 or greater) effectively ensures that concentrations of 

elements measured will be low. This limitation could potentially be alleviated by use of 

a pre-concentrating agent e.g. an ion-exchange resin. Second, the selective extraction 
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procedure does not ensure the soil is unperturbed; speciation measurements cannot be 

easily made as the separation of solution and solid phases disrupts the physicochemical 

equilibrium, which affects the distribution of species in solution (Zhang et al. 1998). 

The DGT technique avoids both issues by: 1) pre-concentrating elements at a well-

defined rate of uptake via diffusion, and; 2) minimally disturbing the soil porewater and 

thus allowing for an assessment of speciation. 

 

While the DGT technique does not rely on chemical leaching, the uptake of elements 

through the diffusive layer, coupled with the associated dynamics of the soil solution, 

not only provides specific information regarding the exchange dynamics within the soil 

but also provides a tool for evaluating bioavailability. By analogy with partial 

extractions, there is scope to expand the DGT technique to include chemical 

modification of the soil, but this was beyond the scope of this initial study. 

 

5.5.2 The use of DGT to detect multi-element anomalies 

 

As stated in the introduction, one of the objectives of a soil sampling program is to 

assess whether an anomalous signal related to mineralization can be separated from 

background values. In this study, we obtained soils that have previously been 

determined to contain either an anomalous or background signature for Au and 

examined other elements to see whether anomalies could be detected by Chelex DGT. 

As a tool for the simultaneous detection of multiple elements in soils, the DGT 

technique was limited for Cu and Ni in the soils (Table 5.2), likely due to the negligible 

amount of a labile fraction of these elements in the soils generally. Cadmium was 

detected in almost all soils, but the concentrations were barely above the detection limit. 

Measured concentrations of a number of elements were, however, more likely to exceed 

detection limits for DGT than for porewater extraction and analysis.  

 

Elements such as As and Cu are known to exhibit pathfinder behavior for Au (Ashton & 

Riese 1989); however, As was not examined in this study due to poor uptake by the 

Chelex resin, and concentrations of Cu in both DGT and porewater were very low. Both 

of these issues are also relatively easy to address with DGT for future experiments. 

First, DGT devices equipped with either ferrihydrite gels or mixed binding layer gels 

are able to detect As (Mason et al. 2005; Panther et al. 2008), and second, increasing the 

sensitivity of the DGT technique for elements like Cu may simply be a matter of 
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increasing the deployment time (Zhang & Davison 1995). There are some 

considerations with regards to increasing deployment times: firstly, the ion holding 

capacity of the Chelex resin needs to be accounted for, as exceeding the resin’s sorption 

capacity by an excessively long deployment will invalidate Equation 2.1 (Zhang & 

Davison 1995); secondly, other processes, such as changes to redox conditions and 

increased biological activity within the soil, may affect the lability of elements in the 

soil solution (Ernstberger et al. 2002). A deployment time of 24 hours is recommended 

for DGT when these other processes need to be avoided (Hooda et al. 1999); however, 

for exploration purposes, reducing the limit of detection is advantageous, and longer 

DGT deployments are recommended as long as the possibility of a change in soil 

conditions is accounted for. 

 

In this study, we demonstrate the variation in element concentrations over 

mineralisation, and have ascertained that there is an observable multi-element difference 

between soils over mineralisation and soils from background areas. This difference, 

namely that anomalous values are higher than background values, can be seen both 

visually in Figure 5.3 as well as statistically in Table 5.4 for elements such as Co and 

Mn (and Cd for MA). The Chelex DGT devices used in this study do not sample for Au 

(Lucas et al. 2012); however, the DGT has recently been modified for uptake of Au 

through the use of activated carbon as an adsorbent (Lucas et al. 2012), and evaluation 

of Au-DGT in soils is described in Chapter 6.  

 

As mentioned in the introduction, the DGT technique for soils was originally developed 

to assess toxicity and plant uptake for environmental monitoring and regulation. The 

detection of highly elevated concentrations of elements such as Cu and Cd in soils was 

not to be viewed as a positive result; if anything, excessive quantities of these elements 

have implications ranging from the health of vegetation and ecosystems to human 

health and food security (McLaughlin et al. 2000; Zhang et al. 2006). Although an 

evaluation of the technique in a wider range of prospective soils and environments is 

required, this study demonstrates a new field of application of the DGT technique to 

low-level measurement of elements for the detection of mineralisation,  
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5.6 Conclusions 

 

The DGT technique shows potential as a tool to augment current geochemical 

exploration efforts. The technique is relatively simple to apply, and is very sensitive for 

a range of elements even when deployments are restricted to 24 hours. This study also 

evaluated the use of soil pore water sampling for geochemical exploration. While 

element concentrations were higher for pore waters than for DGT, the small volumes of 

pore water extracted and subsequent dilution for analysis also meant much that 

detection limits were much higher than for DGT. The initial potential shown by DGT 

soil deployments at two Australian Au prospects suggests that further evaluation of 

DGT as a geochemical exploration tool would be a productive direction for research in 

other environments.  
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CHAPTER 6 

 

Assessing the lability of Au and other trace metals in auriferous soils using the diffusive 

gradients in thin films technique 

 

6.1 Abstract 

 

Assessing the distribution and mobility of metals in soils can be achieved using the 

diffusive gradients in thin films (DGT) technique, from which assumptions regarding 

metal bioavailability can be made. The technique has recently been modified for the 

detection of Au; as such, we evaluate DGT uptake of Au and other metals, thereby 

highlighting the potential for studying the distribution, mobility and bioavailability of 

Au and the formation of mineralization anomalies in surficial environments. In this 

study, we adapt the technique in order to increase sensitivity for Au in soils and apply it 

to auriferous soils obtained from transects of four Australian Au prospects. DGT-

measured concentrations were compared with both porewater-extracted metals and total 

metals for all transects. The sensitivity of the technique was enhanced by adding a 

lixiviant (2 M NaCl). Multivariate statistical analyses demonstrated that DGT could be 

used to highlight multi-element anomalies in soils. We further applied a kinetic model, 

2D-DIFS, to the data in order derive kinetic parameters for Au in auriferous soils for the 

first time. This work has demonstrated that DGT can be used to assess lability of Au in 

auriferous soils, thus providing a useful parameter inferring bioavailability, and can be 

used to quantify the distribution and mobility of metals of economic interest in soils. 

 

6.2 Introduction 

 

Soil sampling and analysis is used extensively by both researchers and mining 

companies as a first-pass evaluation of mineralisation with the aim of detecting 

anomalies (increases or decreases in element concentrations proximal to 

mineralisation), and has become increasingly important in mineral exploration due to 

the need for simple, low-cost methods that detect the presence or absence of buried ore 

bodies (Kelley et al. 2006). The formation of surficial mineral anomalies is thought to 

include processes such as electrochemically-assisted diffusion (Hamilton 1998), seismic 

pumping of waters containing mineral signatures (Cameron et al. 2004), vapour 

dispersion by ore bodies (Kelley et al. 2006), and microbe-assisted dissolution and 
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mobilization from near-surface ore bodies (Reith & McPhail 2007). Another possible 

mechanism that has gained attention in recent years is the role of deep-rooted plants in 

bringing up buried metals and recycling these metals via successive litter deposition and 

re-uptake (Cohen et al. 1987; Ma & Rate 2009; Reid & Hill 2010; Lintern et al. 2013). 

Considering that much of the upper regolith consists of the rhizosphere, it is likely that 

vegetation plays a major role in the translocation of many metals of exploration interest 

into the regolith (Anand et al. 2007).  

 

The importance of the potential bioavailability of Au to geochemical exploration is 

highlighted by cases where surface soils are devoid of any anomalous signals, while the 

surrounding vegetation has strongly indicated the presence of mineralisation (e.g. the 

Moolart Well prospect; Anand et al. 2007). The recent discovery of Au nanoparticles in 

the leaves of Eucalyptus trees, where the nanoparticles were demonstrated to be 

biogenic in origin and not a result of aeolian contamination (Lintern et al. 2013), 

provides further support for the potential role of vegetation in the formation of surficial 

Au anomalies.  

 

Geochemical exploration of Au in soils will commonly include other metals and 

elements, such as Fe, Cu, Zn, Co, Ni and Mn, in order to evaluate associations with Au, 

understand the geochemical properties of the transported overburden, and correlate Au 

mineralisation with other elements (Reis et al. 2001). Generally, these metals and 

elements in soils exist in a variety of forms, including discrete phases (e.g. as minerals 

or salts) or as complexes adsorbed to surfaces. There are a range of analytical methods 

used to determine the concentrations of metals in soils and thus the possible expression 

of sub-surface mineralisation, including fusion digests and four-acid digests for total 

metals (Hossner 1996), Mobile Metal Ions™ (MMI) (Mann et al. 1998), bulk-leach 

extractable gold (BLEG) for Au (Gray et al. 1999), and partial extractions (Chao 1984; 

Tessier et al. 1979). While these methods are broad in scope and achieve different 

outcomes (Kelley et al. 2006; Cohen et al. 2010), the main objective remains the same: 

to correctly define the anomaly and enhance its expression (Cohen et al. 2010). Of all 

the methods listed above, only partial extraction techniques (including MMI) are 

thought to provide information regarding the bioavailability of elements, as trace 

elements associated with the crystalline oxide and residual silicate phases targeted by 

the other methods are not considered bioavailable (Reith et al. 2005). However, 

chemical separation techniques like partial extractions not only alter the spatial 
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variability of soil-solution properties (Sposito 2008) but also affect the distribution of 

species in solution (Zhang et al. 1998).  

 

The DGT technique for soils was originally developed for the purpose of assessing 

toxicity and plant uptake in terms of environmental monitoring and regulation (Almas et 

al. 2006; Zhang et al. 1998; Zhang et al. 2006) and offers an effective tool for the 

assessment of metal speciation in soils. The technique has been described previously in 

Chapter 2, Section 2.2.1, and in further detail regarding soil deployments in Chapter 5, 

Section 5.2.1. Importantly for this study, the technique has recently been developed for 

the detection of Au using an activated carbon binding gel (Lucas et al. 2012). This 

modification has been assessed in groundwaters surrounding an Au orebody (see 

Chapter 3) and in an estuarine system containing dissolved Au (see Chapter 4). The 

ability of DGT to determine the mobile or bioavailable fraction of metals, and the recent 

extension of DGT to detect Au, suggest that DGT would represent a novel and sensitive 

technique for multielement geochemical exploration in soils. 

 

The first aim of this study was thus to assess DGT as a tool for geochemical 

exploration, by establishing whether DGT could detect Au (and other elements) and 

show anomalies related to mineralisation in soils from four different sites with known 

Au mineralization, with modifications to enhance the sensitivity of the technique. The 

results of DGT are compared to the more standard methods of total concentrations and 

porewater concentrations. We also apply statistical methods (principal components 

analysis, or PCA) to evaluate whether the anomalies could be further enhanced using a 

multivariate signal. Finally, timed deployments were used to quantify the kinetics of Au 

mobility in soils, and, along with the previously demonstrated correlation between CDGT 

and plant uptake, infer whether DGT can be used for further study of bioavailabity of 

Au and mechanisms of anomaly formation.  
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6.3 Methods 

 

6.3.1 General procedures 

 

For laboratory work, all plasticware used, including DGT units, DGT housings, filter 

membranes and plastic containers (70 mL transparent polypropylene, Sarstedt®) were 

acid-washed (10% HCl) for at least 24 hours prior to rinsing with milli-Q water 

(Millipore, 18.2 MΩ cm). All chemicals used were analytical reagent grade. All method 

development experiments were undertaken in triplicate, and all deployment experiments 

were undertaken in duplicate where possible, with some experiments not replicated due 

to an insufficient quantity of soil. Quality control during analysis included regular 

calibration of equipment, as well as frequent analysis of solution blanks and standards 

of known concentrations. In-house standard solutions were included for ICP-OES and 

ICP-MS analyses (Intertek Genalysis). 

 

Chelex DGT devices are subject to quality control during manufacture at Lancaster 

University (www.dgtresearch.com); however, four Chelex DGT devices were retained 

and analysed as manufacturing blanks. DGT devices equipped with activated carbon 

binding gels were manufactured at the University of Western Australia following Lucas 

et al. (2012), with quality control including analysis of at least four manufacturing 

blanks. An additional four Chelex DGT devices and four activated carbon DGT devices 

were run in conjunction with the main experiment, using acid-washed sand instead of 

soil, as experimental blanks.  

 

All analysis for Au was undertaken using a Varian SpectrAA Graphite Furnace Atomic 

Absorption Spectrometer (GFAAS). All analysis for elements other than Au (including 

Ag, Al, As, B, Ba, Be, Bi, Ca, Cd, Ce, Co, Cr, Cs, Cu, Dy, Er, Eu, Fe, Ga, Gd, Hf, Hg, 

Ho, In, K, La, Li, Lu, Mg, Mn, Mo, Na, Nb, Nd, Ni, P, Pb, Pd, Pr, Pt, Rb, Ru, S, Sb, Sc, 

Se, Si, Sm, Sn, Sr, Ta, Tb, Te, Th, Ti, Tl, Tm, U, V, W, Y, Yb, Zn, and Zr) was 

undertaken by Intertek Genalysis Ltd., using an ICP-MS (Agilent 7700X) and ICP-OES 

(Thermo ICAP Duo). The sum of Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr, Sm, Tb, Tm 

and Yb concentrations is reported in this Chapter as “REE”, and includes Sc and Y. 
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6.3.2 Soils 

 

Soils were sourced from four prospects located in Australia, as indicated in Figure 6.1. 

The prospects were:  

 

1) Havilah prospect (hereafter HAV), located in New South Wales (32° 39’ S, 149° 
45’ E), from which three surface soil samples (0-20 cm) were obtained. 

Specifics regarding the underlying geology of this prospect have yet to be 

published. 

2) McPhillamy’s prospect (hereafter MCP), also located in New South Wales (33° 
29’ S, 149° 19’ E), from which three surface soil samples (0-20 cm) were 

obtained. The McPhillamys prospect is hosted in strongly altered Silurian 

volcaniclastic rocks. Gold mineralisation occurs in association with strong 

sericite-carbonate alteration and pyrite-phyrrotite-sphalerite-chalcopyrite-galena 

sulfide mineralization (Walsh 2009). 

3) Oberon prospect, (hereafter OB), located in the Tanami desert in the Northern 

Territory (20° 16’ S, 129° 59’ E), from which nine surface soil samples (0-20 

cm) were obtained. Most of the known Au mineralisation in the area is hosted in 

thick sequences of Palaeoproterozoic turbidites and greywackes, with 

transported cover comprising of red, ferruginous sands and a mixture of aeolian 

detritus forming sand dunes and sand plains (Reid & Hill 2010). 

4) Moolart Well prospect, located in the northern Yilgarn Craton of Western 

Australia (27° 37’ S, 122° 20’ E), from which both surface (7 samples, 0-20 cm, 

labeled MW) and subsoil (13 samples, 0.5 – 1.5 m, labeled MA) samples were 

obtained. Mineralization is hosted by a sequence of diorite, basalt, dolerite and 

ultramafic rocks, with a shallow resource comprising lateritic nodules and 

pisoliths, and primary Au mineralization hosted in the saprolite (Anand et al. 

2007). 
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Figure 6.1. Locations of the prospects assessed in this study, adapted from 

Anand et al. (2007). 

 

The soil samples were obtained from one or more transects from each prospect. The 

samples from HAV and MCP were obtained from single E-W transects directly 

overlying mineralisation. For the OB dataset, the samples were obtained along a NW-

SE diagonal over mineralisation; these samples were sourced from the same sites as 

previous work undertaken using DGT deployed in groundwater (see Chapter 3). The 

MW surface soils were originally obtained from two separate transects, with one 

transect overlying mineralisation and the second transect representing the background. 

The MA soils were originally collected from three E-W proximal transects; again, some 

of the soils overlie mineralisation, and the remainder represent the background. The 

broad geochemical parameters of these soils, namely pH and electrical conductivity 

(EC), were measured using standard techniques (Rayment & Higginson 1992). Carbon 

and nitrogen content of the soils were analysed using an Elementar CNS vario MACRO 

instrument (www.elementar.de).  

 

6.3.3 DGT deployments, porewater extractions and total digestions 

 

6.3.3.1 DGT deployments 

 

For all experiments involving the application of DGT to soils, the following procedures 

were undertaken, in line with Zhang et al. (1998) and Zhang et al. (2006), and 
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duplicated where possible: 1) 20 g of soil is placed in an acid-washed 70 mL container 

(polypropylene, Sarstedt®); 2) the soil is brought to 60% water-holding capacity with 

either water or 2 M NaCl, and equilibrated for 48 hours at 25 °C; 3) the soil is then 

brought to 100% water-holding capacity with water or lixiviant, and equilibrated for a 

further 24 hours at 25 °C; 4) a small quantity of wet soil is smeared onto the sampling 

window of the DGT device; 5) the device is placed firmly onto the soil, ensuring no 

gaps have formed between the device and the wetted soil; 6) the container is left for 

either 24 hours for Chelex DGT deployments (for elements other than Au), or longer for 

carbon DGT deployments (for Au, described below), after which the DGT device is 

removed from the soil and rinsed thoroughly with milli-Q water. The binding gel was 

then removed and analysed for elements using ICP-MS/OES, except Au, where GFAAS 

was used.  

 

Note that, aside from the equilibration step, the soils did not need to be pre-sieved or 

pre-treated for DGT; in fact, it is generally preferred that the soils remain as ‘natural’ as 

possible, and DGT can also be deployed in situ if desired. In this study, large-sized 

hand-retrievable organic objects (e.g. twigs, leaves) were removed from the soils prior 

to use; however, coarse inorganic material (e.g. pebbles and large stones) was not 

removed. 

 

6.3.3.2 Porewater extractions 

 

Following each DGT deployment, the remaining soil was transferred to a 50 mL 

centrifuge tube, and centrifuged at 3,500 rpm for 1 hour for porewater extraction. The 

porewater was then syringe-filtered (0.45 µm) and acidified with either 1 mL conc. 

HNO3 for elements other than Au or 1 mL conc. aqua regia for Au. The porewater was 

then either diluted to 10 mL and either analysed via ICP-MS/OES for elements other 

than Au, or extracted into DIBK/Aliquat-336 for analysis via GFAAS for Au. All 

reported DGT and porewater concentrations account for the volume of porewaters 

extracted and subsequent dilution for analysis.  
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6.3.3.3 Total digestion of soils using acid techniques 

 

Total concentrations of elements in the soils were determined using standard methods, 

including: four-acid digests for metals in MW, MA and OB soils (Hossner 1996), aqua 

regia digests for Au for all soils (Hossner 1996) and fusion digests for total elements for 

HAV and MCP soils (Hossner 1996). Analysis was undertaken via either ICP-MS/OES 

for all elements (all soils). The aqua regia Au concentrations for MW, MA and OB were 

determined via ICP-MS, and via GFAAS for HAV and MCP. 

 

6.3.4 Method development: modifying DGT for Au in soils 

 

In order to enhance the DGT technique for detection of Au in soils, we modified the 

technique for increased sensitivity. Three modifications were assessed: 1) increasing the 

sensitivity of the DGT technique by reducing the thickness of the diffusive layer; 2) 

amelioration of the soil to enhance Au mobility; and 3) increasing the DGT deployment 

time. The activated carbon binding gel used in DGT takes up Cu at the same time as Au 

and at a rate consistent with DGT theory (Lucas et al. 2012); as such, we initially tested 

the effect of these modifications on DGT performance with both elements, due to Cu 

naturally being present in higher concentrations than Au, and thus more likely to be 

taken up by DGT. Measuring Cu as a part of method development also allowed us to 

compare results from 24-hour deployments with DGT deployments using Chelex 

binding resins and diffusive gels, in the same soils. For this component of the study, we 

used a soil that was sourced from MCP (MCP2), as sufficient quantities had been 

obtained for method development work as well as deployment experiments, and the soil 

contained known total concentrations of both Au and Cu. 

 

6.3.4.1 Increasing the sensitivity of DGT 

 

Previous work has demonstrated that removing the diffusive gel entirely can enhance 

the sensitivity of the DGT technique for Au in groundwaters (see Chapter 3). Removal 

of the diffusive layer, thereby relying on the filter membrane only for diffusional 

control, ensures that the binding gel accumulates more mass over the same deployment 

time when compared with DGT devices fitted with diffusive gels. This removal comes 

at the cost of reproducibility and an increase in diffusive layer porosity, from 70 nm for 

agarose diffusive gels (Fatin-Rouge et al. 2004) to 0.45 µm for filter membranes 
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(cellulose nitrate, Millipore). Reducing the thickness of the diffusive layer also requires 

that consideration be given to the formation of a diffusive boundary layer (DBL) 

between the DGT device and the solution, particularly in aqueous, low-flow 

environments (Warnken et al. 2006; see Chapter 3). However, when DGT is used for 

soils, the presence of soil particles at the interface between the DGT device and the soil 

negates the formation of a DBL, with diffusion through the saturated soil controlled 

primarily by pore tortuosity and soil packing density (Zhang et al. 2001).   

 

6.3.4.2 Ameliorating the soils 

 

The second modification to the technique was amelioration of the soils in order to better 

mobilise Au. This modification brings the use of DGT more into line with selective 

extraction techniques; however, important differences between DGT and selective 

extractions are that the DGT technique takes up metals in situ, and the volume of 

lixiviant used for DGT is identical to the water-holding capacity of the soil, minimising 

the risk of changes to speciation due to over-saturation of the soils. For this study, we 

assessed aqueous 2 M NaCl as a potential lixiviant, for two reasons: firstly, Cl− is 

known to mobilise Au in aqueous environments (Vlassopoulos & Wood 1990; Usher et 

al. 2009); secondly, the groundwater of a number of goldfield regions of Australia, e.g. 

the northern Yilgarn Craton (Gray 2001) and the Tanami desert (Reid & Hill 2013), are 

hypersaline with salinity dominated by Na+ and Cl-. Consequently, the amelioration of 

soils with NaCl was considered both beneficial for the detection of Au by DGT and also 

a realistic condition of some Australian auriferous environments.  

 

6.3.4.3 Increasing deployment times 

 

The third modification to the technique was to increase the deployment time, which 

ensures that the method detection limit (MDL) for DGT can be as low as 0.5 ng/L for 2-

week deployments in aqueous solutions (Lucas et al. 2012). To test this, we applied the 

technique over the following deployment times: 0, 4, 24, 72, 168 and 336 hours. 

According to DGT theory, uptake of metal by DGT during the 0-, 4- and 24-hour 

deployments is by diffusion and solid-phase resupply only, and no other processes 

should affect DGT response at this point. However, uptake of metal by DGT after 72, 

168 and 336 hours may be affected by changes in biological factors and redox 

conditions (Zhang et al. 1998). 
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6.3.5 Statistical analysis 

 

The separation of background geochemical information from anomalous signals is one 

of the primary goals of geochemical exploration. This separation is significantly 

assisted by the use of multivariate statistical analysis of the geochemical data, and these 

types of analyses are playing an increasingly important role (Reimann et al. 2008). In 

this study we accumulated multi-element data from four different prospects using three 

techniques: DGT, porewater extractions and total digestions. To begin with, we applied 

a simple criterion to define anomalous values within the soils as detected by each 

technique. This criterion assesses whether the standardized residual value, as compared 

with the mean value for a transect, is ≥ 2.0 (Howarth 1984; Yusta et al. 1998), and is 

defined in Equation 6.1: 

 

!! != !
!! − !
! !!!!!!!!!(6.1) 

 

where zi is the standardized residual for the ith datum in a transect, xi is the ith datum, ! 

is the mean value for the transect and s is the sample standard deviation for the transect 

(Rate et al. 2010). This technique could only be applied to OB, MW and MA soils, as 

both HAV and MCP have too few data. 

 

We also apply the technique of principal components analysis (PCA) for establishing 

correlations between the elements within each technique. PCA transforms groups of 

possibly related variables to a set of uncorrelated, orthogonal variables called principal 

components (Reimann et al. 2008). This technique reduces multivariate data sets to 

summary variables that account for the greatest possible proportion of the variability 

within the original data set. For PCA, we focused primarily on DGT-measured 

concentrations and total concentrations, due to difficulties with detecting a number of 

elements, including Au, in the porewater extractions. The porewater data were instead 

used for modelling as described below (Section 6.3.6). PCA was performed on DGT-

measured concentrations and total element concentrations using the statistical software 

package R (version 2.15.0) (R Core Team 2012). Element concentrations were first 

transformed using a centred logratio calculation in order both open and normalize the 

data; these steps are necessary prerequisites for multivariate statistical analysis of 

geochemical compositional data (Reimann et al. 2008; de Caritat & Grunsky 2013).  
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6.3.6 Two-dimensional DGT-Induced Fluxes in Soils (2D-DIFS) 

 

When DGT is deployed in soils and sediments, the metals in the soils are partitioned 

into distinct but related phases (i.e. a sorbed phase and solution phase) (Lehto et al. 

2008). If soil porewater concentrations are independently measured (after DGT 

deployment), the ratio of DGT-measured concentration (CDGT) to the porewater 

concentration (Cpw) can be determined from Equation 6.2: 

 

R = !C!"#C!"
!!!!!!!!!!!(6.2) 

 

where R is a dimensionless indicator of the extent of depletion of trace metal at the 

interface between the DGT device and the soil solution at a particular time (see Chapter 

5, Figure 5.1). Standard techniques for extraction of soil solution, such as 

centrifugation, can be used to estimate Cpw. This ratio, R, is dependent on the 

deployment time and the extent of depletion, which is in turn determined by the quantity 

of metal available for supply from the solid phase and the rate of this resupply 

(Ernstberger et al. 2002). Quantitative interpretation of DGT soil deployments is 

assisted by the use of a numerical model called Two-Dimensional DGT-Induced Fluxes 

in Soils (2D-DIFS), which can be used to describe the interaction of DGT with the soil 

and soil solution, and can be freely downloaded from 

http://www.es.lancs.ac.uk/wdgroup/difs.htm.  

 

The 2D-DIFS model is capable of estimating the proportion of elements taken up by 

DGT from the soil solution, based on the distribution coefficient (KD) and the response 

time (TC). Specifically, KD is the ratio of a component's labile concentration in the solid 

phase to its concentration in solution, and represents all the species adsorbed to the solid 

phase that can desorb and be taken up by DGT. TC is defined as the time required for 

equilibration between the solid and solution phase to take place. For example, a metal 

considered to be readily bioavailable in a soil will be present in a labile form sorbed to 

the solid phase (high KD e.g. 2000 cm3/g), but will rapidly resupply the soil solution 

when depletion takes place (e.g. TC ≤1 s). We direct the reader to the more detailed 

discussion of the relationship between these KD, TC and R found in Sochaczewski et al. 

(2007) and Lehto et al. (2008).  
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Overall, determining these values - R, KD and TC - provides information regarding how 

metals can be exchanged between different phases within the soils, and ultimately their 

availability for uptake by the biosphere (bioavailability). In this study, we applied 2D-

DIFS to estimate the lability of metals, as determined by modelling a range of KD and 

TC values, for Chelex DGT over 24-hour deployments. We also applied the ‘R-fitting’ 

functionality of 2D-DIFS for Au and Cu for the timed deployment (see Section 6.3.4.3) 

of DGT in order to estimate KD and TC for these metals in the studied soils.  

 

6.3.6.1 Estimating lability using 2D-DIFS 

 

For estimating the lability of metals determined by Chelex DGT after a 24-hour 

deployment, we first used the 2D-DIFS model to simulate the R-values corresponding 

to four different scenarios, following Lehto et al. (2008): 1) highly labile, where the 

distribution coefficient is high (KD = 2000 cm3/g) and the response time is low (TC = 1 

s); 2) moderately labile, where the distribution coefficient is high and the response time 

is high (KD = 2000 cm3/g, TC of 1000 s); 3) moderately non-labile, where the 

distribution coefficient is low and the response time is low (KD = 20 cm3/g, TC of 1 s), 

and; 4) non-labile, where the distribution coefficient is low and the response time is 

high (KD = 20 cm3/g, TC of 1000 s). For this modelling, the following assumptions were 

maintained: the thickness of the diffusive gel, Δg, is 0.93 mm; the diffusion coefficient 

of the metal is 6 × 10-6 cm2/s; the particle density PC is 0.869 g/cm3; the sediment 

porosity is 0.753; the diffusive gel porosity is 0.95; and DGT deployment time is 24 

hours.  

 

The results of this modelling are shown in Figure 6.2. Note that, at low KD, large 

changes to TC make little difference to the estimated R-value; however, TC becomes 

more important at high KD. 

  



 

149 
 

 
Figure 6.2. Simulations of change in R value over time.The four scenarios 

are: 1) highly mobile, KD = 1000 cm3/g, TC = 1 s; 2) moderately mobile, KD 

= 1000 cm3/g, TC = 1000 s; 3) moderately immobile, KD = 10 cm3/g, TC = 1 

s, and; 4) immobile, KD = 10 cm3/g, TC = 1000 s. These simulations were 

created using the 2D-DIFS modelling software. 

 

6.3.6.2 Estimating KD and TC of Au and Cu using 2D-DIFS 

 

For estimating the KD and TC of Au and Cu, we applied the ‘R-fitting’ functionality of 

2D-DIFS; this functionality quantifies the dependence of R on the resupply of trace 

metals from solid phase to solution, which is coupled to diffusional supply to the 

interface and across the diffusive layer to the resin gel (Harper et al. 1998). We applied 

this functionality to the Au and Cu data obtained from the timed deployments of DGT 

described in Section 6.3.4.3. The independently measured porewater concentrations of 

Cu allowed for an accurate determination of the change in R-value over time; however, 

porewater concentrations of Au were effectively at or below the detection limit of the 

GFAAS (0.2 µg/L, or 200 ng/L). As such, we used this detection limit as the estimated 

porewater concentration for each deployment timeframe, and estimated the R-value 

accordingly. 

 

6.4 Results 

 

6.4.1 Broad geochemical characteristics of the soils 

 

The pH, electrical conductivity (EC), and percentage of total organic carbon and 

nitrogen of the soils are shown as ranges in Table 6.1. The soils range from acidic to 
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near-neutral, with the lowest mean pH being 5.32 for soils sourced from HAV, and the 

highest mean pH being 6.84 for soils sourced from OB. The mean EC values of the soils 

ranged from 19.4 µS/cm to 53.7 µS/cm, with the highest EC (424 µS/cm) recorded for 

one OB sample. Both OB and MA had very low total organic carbon contents compared 

with that of the HAV, MCP and MW soils, with HAV containing the highest organic 

matter content (6.4%) of all the soils. This higher amount of organic matter in HAV, 

MCP and MW is also reflected in the nitrogen content of these soils compared with OB 

and MA. 

 

6.4.2 Method development: modifying DGT for Au in soils 

 

6.4.2.1 Increasing the sensitivity of DGT  

 

Chelex DGT devices equipped with a diffusive gel layer (Δg = 0.93 mm) and deployed 

on the MCP2 soil accumulated 22 ± 2 ng of Cu during the 24-hour deployment, 

resulting in a calculated CDGT of 1.1 ± 0.1 µg/L of soil solution. The carbon DGT 

devices equipped with the filter membrane as the diffusive layer (Δg = 0.13 mm) 

accumulated 106 ± 12 ng of Cu during the same deployment time of 24 hours, with 

CDGT calculated to be 0.8 ± 0.1 µg/L of soil solution. These results demonstrate that 

carbon DGT devices fitted with a membrane filter diffusive layer only can take up Cu 

similarly to Chelex DGT devices with a diffusive layer. Interestingly, the results also 

show that reproducibility of the two techniques were similar (~10% relative standard 

deviation, RSD), which contrasts to previous results in this thesis that indicated that the 

RSD of carbon DGT for Au increased from 1-3% to 11-25% by applying a membrane-

only approach to DGT (see Chapter 3).  
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Table 6.1. Physical characteristics of soils used in this study. 

 

S
oil location 

C
ode 

S
oil description 

M
ean (range) 

pH
 

M
ean (range) 

E
C

 (µS
/cm

)  

 M
ean (range)  

Total O
rganic C

 (%
) 

M
ean (range)  

Total N
 (%

) 

H
avilah 

H
A

V
 

S
ilty loam

 
5.45  

(5.32 - 5.52) 

32.8  

(25.1 - 43.2) 

6.4 (5.1 - 8.6) 
0.21  

(0.15 - 0.25) 

M
cP

hillam
y's 

M
C

P
 

S
ilty loam

 
5.89  

(5.47 - 6.38) 

19.4  

(6.1 - 28.0) 

1.2 (0.83 - 1.4) 
0.11  

(0.08 - 0.13) 

O
beron 

O
B

 
S

andy ferruginous, 

fine 

5.99  

(4.90 - 6.84) 

60.1  

(1.6 - 424) 

0.18 (0.15 - 0.27) 
0.021  

(0.017 - 0.025) 

M
oolart W

ell surface 
M

W
 

Ferruginous clayey 

sand 

5.64  

(5.37 - 5.99) 

25.0  

(11.2 - 35.8) 

1.29 (0.84 - 2.18) 
0.096  

(0.062 – 0.132) 

M
oolart W

ell 

subsurface 

M
A

 
G

ravelly sandy clay 
6.23  

(5.87 - 6.69) 

53.7  

(5.4 - 158) 

0.11 (0.08 – 0.15) 
0.023  

(0.015 – 0.028) 

 
1 
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6.4.2.2 Ameliorating soils for Au 

 

DGT devices equipped with only membrane filters as the diffusive layer (Δg = 0.13 

mm), deployed in soil MCP2 equilibrated with milli-Q water for two weeks, 

accumulated very little Au, with an average mass of 0.8 ± 1.0 ng and CDGT of 0.6 ± 0.8 

ng/L. The reproducibility was very poor between replicates (RSD of 129%, n=3). DGT 

devices deployed in soil MCP2 equilibrated with 2 M NaCl accumulated more Au than 

devices deployed in water for the same two-week period, with an average mass of 3.1 ± 

0.8 ng and CDGT of 2.3 ± 0.6 ng/L. Reproducibility between replicates was considerably 

better than water-only deployments (RSD of 27%, n=3). All further DGT deployments 

for detecting Au in soils were undertaken after addition and equilibration of the soils 

with 2 M NaCl to the water-holding capacity of the soil.   

 

6.4.2.3 Increasing deployment times 

 

The mass increase of both Au and Cu on the carbon DGT devices in the timed 

deployments in soil MCP2 (with NaCl) is shown in Figures 6.2a and 6.2b. The uptake 

of Au by DGT in ameliorated soils appears to be linear over the 2-week deployment 

period, and a total mass of 6.2 ± 0.7 ng was accumulated. The initial uptake of Cu by 

carbon binding gels was rapid, with 106 ± 12 ng of Cu taken up within 24 hours, and 

218 ± 4 ng taken up over the 2-week period. This mass continues to increase over time; 

however, the rate of Cu uptake in MCP2 appears to have slowed after 72 hours, 

indicating that initial uptake (0-24 hours) is of labile Cu that already exists within the 

soil solution, and Cu taken up after 24 hours is being released from the solid phase. 
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Figure 6.3. Mass increase of: (a) Au; and (b) Cu over time on carbon DGT 

binding gels (■); error bars represent ± one standard deviation. Porewater 

concentrations of Au were not measurable; however, Cu in porewater could 

be measured (○), and the change in porewater concentration over time is 

also plotted in (b). 

 

6.4.3 DGT deployments, porewater extractions and total concentrations 

 

6.4.3.1 DGT and porewater concentrations 

 

The concentrations of elements detected by DGT are shown in Table 6.2, which shows 

that a number of elements (Au, Ba, Al, Cd, Co, Cu, Fe, Mn, Ni, Sr, U, Zn, and all 

REEs) were detected by DGT in almost all soils. There are a number of notable features 

in this dataset; in particular, Au was detected in all of the soil samples apart from OB72, 

highlighting the utility of modifying the DGT technique for Au as described in Section 

6.3.4. The soils containing the highest concentrations of Au measured by DGT were the 

MW soils.  
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Table 6.2. D

G
T-m

easured concentrations of elem
ents (C

D
G

T ) for all soils. All concentrations are reported in µg/L, aside from
 Au, which is in 

ng/L. U
ncertainties are presented as +

/- one standard deviation. No uncertainties are presented for unreplicated sam
ples. Values below

 the 

lower lim
its of detection are shown by “‒”. Anom

alous values (z-score ≥ 2) are highlighted in bold and grey shading. 

S
ite 
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A
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C
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u 

Fe 
M

n 
N

i 
S

r 
U

 
Zn 

R
E

E
a 

  
ng/L 

µg/L 
µg/L 

µg/L 
µg/L 

µg/L 
µg/L 

µg/L 
µg/L 

µg/L 
µg/L 

µg/L 
µg/L 

M
D

L 
0.1 

2.7 
 

0.04 
0.11 

1.1 
14.4 

1.18 
2.18 

 
0.01 

4.7 
 

H
A

V
1 

1.9±1.1 
659±10 

68.0±2.0 
0.08±0.02 

0.57±0.16 
‒ 

361±22 
102±17 

‒ 
20.4±0.5 

0.14±0.01 
8.6±1.1 

3.9±0.5 
H

A
V

2 
3.7±0.1 

359±10 
46.0±2.6 

0.08±0.01 
0.29±0.08 

‒ 
201±12 

151±5 
‒ 

26.6±2.6 
0.05 

11.7±3.3 
1.4±0.1 

H
A

V
3 

3.2±1.4 
389±29 

65.0±4.5 
0.86±0.12 

25.9±2.5 
4.9±0.8 

510±191 
3451±196 

5.5±1.5 
22.5±1.6 

0.26±0.04 
312±48 

20.7±1.0 
M

C
P

1 
7.7±1.5 

23.5±6.7 
50.9±2.2 

0.15±0.01 
25.7±0.24 

3.3 
25.9±8.1 

2643±124 
3.9±0.8 

41.7±3.9 
0.06±0.01 

25.8±5.5 
5.3±0.4 

M
C

P
2 

2.1±0.7 
171±61 

75.4±0.1 
0.20 

7.8±0.2 
1.2±0.1 

218±104 
2365±37 

6.5±0.1 
34.4±1.0 

0.16±0.01 
6.3 

19.3±3.5 
M

C
P

3 
1.7±0.1 

25.5±24.7 
90.0±5.4 

0.08±0.01 
17.2±1.2 

3.2±0.1 
63.4 

2165±48 
4.8 

55.3±3.5 
0.04 

3.9±1.1 
5.4±0.1 

O
B

62 
1.0±0.1 

14.1±6.7 
48.1±0.2 

0.07±0.01 
‒ 

1.2 
‒ 

7.7±2.5 
‒ 

42.8±0.9 
0.03±0.003 

36.0±6.4 
1.1±0.04 

O
B

67 
0.7±0.1 

9.4±0.04 
8.9±1.9 

0.06±0.01 
‒ 

‒ 
‒ 

8.8±2.4 
‒ 

61.6±11.5 
0.03±0.02 

3.1±2.2 
0.43±0.02 

O
B

69 
0.5±0.1 

24.9±0.1 
3.6±3.4 

0.06±.0.02 
0.2 

‒ 
33.1±6.1 

17.1±0.8 
‒ 

74.8±13.2 
0.06±0.02 

4.7 
10.6±2.6 

O
B

70 
0.2±0.3 

8.1±0.05 
56.9±6.4 

0.06±0.01 
‒ 

‒ 
‒ 

2.4 
‒ 

22.9±2.8 
‒ 

1.6 
0.08±0.05 

O
B

72 
‒ 

20.8±4.9 
34.4±6.1 

0.05±0.01 
‒ 

‒ 
‒ 

3.5±1.7 
‒ 

23.8±3.9 
0.07±0.05 

6.3±2.4 
0.58±0.37 

O
B

73 
1.8±0.2 

7.4±2.9 
28.2±1.8 

0.05 
‒ 

‒ 
‒ 

2.9±0.8 
‒ 

27.7±2.2 
‒ 

5.5±3.0 
0.10±0.07 

O
B

83 
1.6±0.1 

7.4±4.8 
11.1±0.2 

0.05 
‒ 

‒ 
‒ 

5.9±1.6 
‒ 

40.6±3.1 
0.01±0.005 

3.1 
0.26±0.12 

O
B

86 
1.8±0.7 

25.5±7.3 
47.0±4.8 

0.06 
‒ 

‒ 
‒ 

6.5±2.5 
‒ 

33.3±0.8 
0.05±0.004 

2.3±1.1 
0.73±0.91 

O
B

89 
1.3±0.3 

24.2±2.9 
22.0 

0.06±0.01 
‒ 

‒ 
‒ 

3.5 
‒ 

34.3±0.9 
0.03±0.004 

3.1±0.8 
0.27±0.16 

M
W

9 
8.6 

65.9 
8.5 

0.09 
5.2 

‒ 
4281 

1735 
5.4 

23.3 
0.15 

12.5 
8.7 

M
W

10 
6.2±1.7 

44.4±1.9 
9.2±1.3 

0.1 
3.9±0.1 

1.2 
1859±695 

734±47 
3.8±0.8 

23.2±3.6 
0.10±0.005 

13.3±0.5 
9.9±0.2 

M
W

11 
8.0 

45.7 
8.8 

0.08 
3 

1.7 
2212 

441 
5.4 

16.7 
0.11 

9.4 
7.1 

M
W

12 
5.5±2.1 

139±16 
8.1±0.3 

0.12±0.02 
4.5±0.2 

2.2±0.5 
6291±1495 

652±37 
8.7±1.5 

20.0±1.3 
0.3±0.003 

20.3±0.2 
23.0±0.1 

M
W

20 
2.0±0.3 

264±27 
5.1±0.7 

0.1±0.01 
1.1 

7.5±4.6 
67.7±38.7 

726±2 
4.9±0.8 

12.6±1.0 
0.16±0.01 

18.8±4.4 
8.3±0.2 

M
W

21 
15.6 

106 
9.0 

0.12 
2.3 

2.5 
372 

887 
4.4 

12.8 
0.22 

11 
10.4 

M
W

23 
3.2±0.3 

78.6±21.9 
6.9±1.9 

0.22±0.08 
1.4±0.2 

2 
115±33 

839±272 
2.7±0.8 

10.4±2.9 
0.12±0.03 

9.4±1.0 
6.4±1.4 

M
A

28 
2.6 

35 
16.4 

0.09 
0.6 

2.2 
28.8 

40.1 
‒ 

41.9 
0.05 

1.6 
1.0 

M
A

29 
3.0 

8.1 
5.9 

0.08 
0.2 

1.1 
‒ 

27.1 
‒ 

40.6 
0.03 

4.7 
0.53 

M
A

30 
2.4±2.3 

39.7±20.0 
47.3±12.6 

0.05±0.02 
0.2±0.08 

‒ 
40.3±20.4 

10.6±1.4 
‒ 

64.1±6.0 
0.02±0.01 

3.1±0.01 
1.1±0.8 

M
A

31 
6.1±0.4 

23.5±9.9 
21.7±1.7 

0.08±0.04 
0.2±0.09 

1.6±0.7 
‒ 

10.0±0.8 
‒ 

43.6±2.5 
0.04±0.01 

3.9±1.1 
0.89±0.31 

M
A

32 
7.8 

6.7 
9.4 

0.05 
0.1 

2.2 
‒ 

16.5 
2.2 

64.3 
0.04 

1.6 
0.41 

M
A

33 
3.4 

5.4 
7.4 

0.17 
0.8 

‒ 
‒ 

112 
4.4 

65.0 
0.02 

3.1 
1.5 

M
A

34 
3.2 

8.1 
12.0 

0.08 
0.7 

2.6 
‒ 

38.9 
2.2 

30.9 
0.05 

4.7 
2.9 

M
A

36 
2.6±0.6 

7.4±0.9 
11.2±1.7 

0.06 
0.2 

‒ 
‒ 

14.7±7.4 
‒ 

31.9±5.8 
0.01±0.009 

3.1±2.2 
0.55±0.19 

M
A

37 
1.5±0.4 

73.3±28.8 
12.7±0.9 

0.06±0.02 
0.1 

2.3 
‒ 

5.7±1.7 
‒ 

35.6±0.2 
0.02±0.003 

18.8±5.6 
1.1±1.0 

M
A

38 
4.4±0.6 

12.8±4.8 
11.8±2.8 

0.08±0.02 
0.2 

‒ 
‒ 

15.3±1.7 
‒ 

31.4±1.0 
0.01±0.01 

7.8±0.6 
1.1±0.6 

M
A

39 
1.1±0.4 

22.9±5.9 
8.7 

0.06±0.04 
0.2 

1.6±0.8 
‒ 

9.4±3.3 
‒ 

34.2±0.5 
0.02±0.01 

3.9±1.1 
1.0±0.6 

M
A

40 
2.7±1.6 

‒ 
5.6±2.0 

0.05 
0.2 

1.7±0.8 
‒ 

8.8±0.8 
‒ 

24.9±13.0 
0.02±0.01 

1.6 
1.6±0.7 

M
A

41 
2.2±2.5 

4.7±1.0 
9.2±2.6 

0.06±0.02 
0.5±0.2 

‒ 
‒ 

17.1±4.2 
‒ 

34.5±1.7 
0.02±0.02 

‒ 
1.7±1.2 

a “R
E

E
' represents the sum

 of concentrations of elem
ents La to Lu 
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Table 6.3. Porewater concentrations for all soils. All concentrations are reported in µg/L. U
ncertainties are presented as +/- one standard 

deviation. No uncertainties are presented for unreplicated sam
ples. Values below the low

er lim
its of detection are shown by “‒”. Anom

alous 

values (z-score ≥ 2) are highlighted in bold and grey shading. 

S
ite 

A
l 

B
a 

C
d 

C
o 

C
u 

Fe 
M

n 
N

i 
S

r 
U

 
Zn 

R
E

E
a 

  
µg/L 

µg/L 
µg/L 

µg/L 
µg/L 

µg/L 
µg/L 

µg/L 
µg/L 

µg/L 
µg/L 

µg/L 
ID

L 
20 

 
0.2 

1 
10 

100 
10 

20 
 

0.1 
10 

 
H

A
V

1 
4594±223 

174±35 
0.28±0.02 

2.7±0.8 
‒ 

1174±174 
402±98 

‒ 
67.9±17.2 

0.56±0.01 
24.0±3.2 

19.8±0.6 
H

A
V

2 
4346±220 

145±10 
0.45±0.15 

1.8±0.1 
9.0±0.4 

1248±56 
606±52 

17.4 
98.1±9.7 

0.44±0.02 
27.1±1.4 

13.0±1.1 
H

A
V

3 
3879±336 

253±34 
2.5±0.1 

112±8 
30.9±0.9 

2818±310 
17628±1385 

25.9±8.1 
116±6 

1.1±0.02 
710±37 

98.8±7.3 
M

C
P

1 
973±216 

69.2±12.6 
0.42±0.15 

71.0±18.6 
26.3±7.4 

463±119 
4725±1607 

26.3±7.4 
80.8±16.1 

0.3±0.01 
21.0±3.5 

13.3±0.6 
M

C
P

2 
4349±529 

43.6±8.5 
0.68±0.11 

8.4±1.1 
30.6±0.1 

1689±227 
1001±97 

‒ 
13.5±1.4 

0.35±0.04 
15.3 

41.4±4.4 
M

C
P

3 
3145±460 

171±0.3 
0.42±0.01 

70.1±2.1 
36.0±6.2 

1573±157 
4897±218 

30.9±0.9 
114±3 

0.56±0.05 
20.2 

28.1±0.4 
O

B
62 

57.5 
3.8 

0.77±0.06 
‒ 

‒ 
‒ 

‒ 
‒ 

4.0 
‒ 

‒ 
0.04 

O
B

67 
30.6 

12.9±1.4 
0.72±0.06 

‒ 
‒ 

‒ 
‒ 

‒ 
392±91 

‒ 
‒ 

0.36±0.17 
O

B
69 

43 
12.8±1.6 

0.62±0.08 
‒ 

‒ 
‒ 

‒ 
‒ 

2558±487 
‒ 

‒ 
4.7±1.0 

O
B

70 
28.7 

85.9±16.7 
0.65±0.11 

‒ 
‒ 

‒ 
‒ 

‒ 
54.4±11.0 

‒ 
‒ 

0.07±0.02 
O

B
72 

86.3±13.6 
6.1±1.6 

0.77 
‒ 

‒ 
‒ 

‒ 
‒ 

7.8±1.5 
‒ 

‒ 
0.11±0.04 

O
B

73 
70.4±30.1 

19.5±3.5 
0.63±0.04 

‒ 
‒ 

‒ 
‒ 

‒ 
40.6±10.6 

‒ 
‒ 

0.02±0.02 
O

B
83 

92 
9.3±0.4 

0.81 
‒ 

‒ 
‒ 

‒ 
‒ 

141±7 
‒ 

‒ 
0.11±0.08 

O
B

86 
53 

23.1±0.1 
0.71 

‒ 
‒ 

‒ 
‒ 

‒ 
28.3±0.1 

‒ 
‒ 

0.09±0.02 
O

B
89 

‒ 
19.9±8.4 

0.7 
‒ 

‒ 
‒ 

‒ 
‒ 

64.4±25.2 
‒ 

‒ 
0.10±0.14 

M
W

9 
907 

35.9 
0.46 

15.6 
- 

5095 
5434 

27.5 
128 

0.53 
18.3 

26.9 
M

W
10 

1581 
42.4±4.2 

0.43 
18.5 

28.6 
4265 

3269 
38.2 

133±9 
0.77 

38.2 
51.5±0.8 

M
W

11 
513 

45.1 
0.45 

16.2 
18 

5130 
2565 

36 
101 

0.59 
27 

33.1 
M

W
12 

849±118 
19.7±7.2 

0.50±0.02 
9.9±1.4 

24.9±0.9 
4998±948 

1276±251 
37.3±1.4 

55.0±11.4 
0.76±0.11 

30.9±7.6 
60.5±10.9 

M
W

20 
1710±528 

11.9±0.3 
0.65±0.06 

7.1±0.25 
35.5±1.2 

694±193 
2394±50 

35.5±1.2 
35.1±0.7 

0.89±0.06 
53.0±6.5 

53.5±1.4 
M

W
21 

1251 
19.1 

0.64 
7.7 

12.8 
1315 

1532 
‒ 

24.5 
0.68 

12.8 
43.4 

M
W

23 
660±17 

6.2±1.9 
0.73±0.11 

2.8±1.7 
14.9±2.1 

511±112 
956±309 

‒ 
9.3±3.1 

0.28±0.67 
‒ 

17.4±6.1 
M

A
29 

‒ 
14.8 

0.53 
‒ 

10.5 
‒ 

21 
‒ 

241 
0.09 

‒ 
0.14 

M
A

31 
57.5 

3.1 
0.77 

‒ 
‒ 

‒ 
‒ 

‒ 
10.5 

‒ 
‒ 

0.48 
M

A
32 

‒ 
24.9 

0.4 
‒ 

‒ 
‒ 

30.3 
‒ 

383 
0.5 

‒ 
0.22 

M
A

33 
45.9 

16.2 
0.76 

‒ 
‒ 

‒ 
198.7 

‒ 
357 

‒ 
‒ 

0.73 
M

A
34 

‒ 
6.3 

0.85 
‒ 

17 
‒ 

17 
‒ 

37.6 
‒ 

‒ 
1.3 

M
A

36 
‒ 

12.0±2.9 
0.64±0.17 

‒ 
‒ 

‒ 
14.2 

‒ 
109±19 

‒ 
‒ 

0.17±0.18 
M

A
37 

‒ 
4.1±2.8 

0.67±0.14 
‒ 

‒ 
‒ 

‒ 
‒ 

14.0±12.0 
‒ 

‒ 
0.08±0.03 

M
A

40 
‒ 

6.1±1.3 
0.69±0.11 

‒ 
‒ 

‒ 
‒ 

‒ 
45.7±5.2 

‒ 
‒ 

1.4±1.1 
a “R

E
E

' represents the sum
 of concentrations of elem

ents La to Lu 
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The concentrations of elements in the soil porewaters (post-DGT deployment) are 

shown in Table 6.3, and these concentrations are compared with DGT-measured 

concentrations in Figure 6.4a (by site) and Figure 6.4b (by element). Note that the 

porewater concentrations of Au were effectively at or below the detection limit of the 

GFAAS (0.2 µg/L). Difficulties were encountered in extracting a sufficient quantity of 

porewater for analysis. This was particularly true for both the sandy OB soils and the 

highly lateritic MA soils with five MA soils – MA28, MA30, MA38, MA39 and MA41 

– generating insufficient volumes for analyses. Porewater volumes extracted from the 

soils were often <0.2 mL, due to low water-holding capacity. In addition, the porewater 

concentrations of elements from these sites were more often below the detection limit. 

The overall distribution of metal concentrations in porewater is similar to that of the 

DGT-measured concentrations (Figure 6.4a and 6.4b). The reasonable correlation for 

most elements at most sites suggests that DGT is a suitable method for assessing 

porewater element concentration trends along these transects. Although DGT-measured 

concentrations were consistently lower than porewater concentrations, detection limits 

for DGT were low enough that metals were more often measurable by the technique; as 

such, DGT would appear to constitute a methodological improvement over porewater 

centrifugation.  
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Figure 6.4. Relationship of all porewater concentrations with CDGT for all 

elements detected by both techniques, a) by site, and b) by element. The 

solid line represents a 1:1 relationship, and the dashed line represents a 

factor of 10 greater than the 1:1 line. Symbols along axes represent below-

detection values. 

 

Table 6.2 and Figure 6.4a show that there is a difference in the concentrations of 

elements measured at the different sites, and the highest concentrations were detected 

by both the DGT and porewater methods in the HAV, MCP and MW samples. When 

these two methods are compared by element (Figure 6.4b), concentrations of all 

elements measured in porewater are generally up to 10 times higher than DGT 
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concentrations. Distinctions can also clearly be seen in terms of abundance of elements, 

for example, concentrations of Al, Ba, Fe and Mn are higher than Cd and U.   

 

Interestingly, the concentration of Al in porewaters was often higher than 10 × DGT 

concentrations; this reflects the poorer uptake of Al by the Chelex resin (Panther et al. 

2012). It is apparent from Table 6.2 that in the OB soils a number of elements are not 

detected by DGT, namely Co, Cu, Fe and Ni. The concentration of Cd measured by 

DGT was low in all soils, a result that is commensurate with the total concentration of 

Cd in these soils (see Section 6.4.3.2 and Table 6.4). The concentrations of Cu are close 

to the detection limit of the technique; any below-detection limit concentrations might 

be avoided in future deployments by extending the deployment time (Zhang et al. 1995; 

Zhang et al. 1998), as demonstrated by this study (Section 6.4.2.3).  

 

The highest concentrations of Fe were measured in the MW soils. It is interesting to 

note that MA samples (i.e. from at depth at the same site) have similar total 

concentrations of Fe (Table 6.4), but Fe was not detected by DGT in most of the MA 

soils, indicating lower lability of Fe in the at-depth samples. Nickel was not detected at 

all in the OB soils, and was detected in only three MA samples. Interestingly, these 

same three MA samples also have elevated Au concentrations (Table 6.4), likely as a 

consequence of the mineralisation at Moolart Well being hosted in ultramafic 

greenstones. 
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Table 6.4. Total concentrations of elem

ents for all soils. All concentrations are reported in m
g/kg, aside from

 Au, which is reported in µg/kg. 

Values below the lower lim
its of detection are shown by “‒”. Anom

alous values (z-score ≥ 2) are highlighted in bold and grey shading. 

S
ite 

A
u 

A
l   

B
a   

C
d 

C
o   

C
u   

Fe   
M

n   
N

i   
S

r   
U

 
Zn   

R
E

E
a 

  
µg/kg 

m
g/kg 

m
g/kg 

m
g/kg 

m
g/kg 

m
g/kg 

m
g/kg 

m
g/kg 

m
g/kg 

m
g/kg 

m
g/kg 

m
g/kg 

m
g/kg 

H
A

V
1 

0.7 
43976 

371 
‒ 

9.2 
5 

8009 
43 

0 
34 

‒ 
16 

185 
H

A
V

2 
0.8 

49337 
434 

‒ 
5.8 

5 
6065 

65 
0 

22 
‒ 

9 
147 

H
A

V
3 

5.0 
60329 

686 
‒ 

37.6 
38 

44351 
1821 

16 
22 

‒ 
900 

215 
M

C
P

1 
8.6 

27959 
223 

‒ 
20.8 

8 
12791 

711 
2 

46 
‒ 

37 
177 

M
C

P
2 

5.5 
23140 

225 
‒ 

16.1 
22 

8239 
671 

0 
44 

‒ 
19 

185 
M

C
P

3 
4.8 

23680 
262 

‒ 
22.9 

21 
13592 

891 
3 

44 
‒ 

60 
179 

O
B

62 
0.6 

10400 
28 

0.01 
2.4 

7 
25400 

186 
6 

4.2 
0.48 

19 
25 

O
B

67 
0.4 

7650 
112 

‒ 
2.7 

6 
12700 

110 
4 

6.82 
0.77 

6 
28 

O
B

69 
1.0 

6400 
126 

0.01 
4.1 

7 
12800 

191 
5 

15.3 
0.73 

7 
31 

O
B

70 
0.8 

5600 
89 

0.01 
1.6 

5 
15800 

145 
4 

4.13 
0.49 
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6.4.3.2 Total concentrations 

 

The total concentrations of elements in the soil are shown in Table 6.4 and compared 

with DGT in Figure 6.5; note that Cd and U were not measured for HAV and MCP 

soils. As expected, the concentrations of elements as measured by total digestion 

techniques (mg/kg) are several orders of magnitude above concentrations as measured 

by both DGT and porewater extraction (mg/L porewater). Importantly, a direct 

comparison between total concentrations and DGT, shown in Figure 6.5a by site and 

6.5b by element, provides an indication of the fraction of metals available for uptake by 

DGT. There may be some relationship between the two methods as seen by the spread 

of the data in Figure 6.5 parallel to the 1:1 line; however, any visual correlations may 

simply be a consequence of the large scales involved (ca. 5 orders of magnitude) and 

the order of natural abundances for each element. As such, a direct comparison between 

DGT and total concentrations for the purpose of anomaly-detection would not be useful; 

instead, each dataset is statistically treated independently for the purpose of anomaly 

identification, described below in Section 6.4.4).  
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Figure 6.5. Relationship of all total concentrations with CDGT for all 

elements detected by both techniques, (a) by site and (b) by element. The 

solid line represents a 1:1 relationship, and the dashed line represents a 

factor of 100 greater than the 1:1 line. Symbols along axes represent below-

detection values. 

 

6.4.3.3 Comparing DGT and total concentrations over sampled transects 

 

Figure 6.6 shows the concentrations of metals as measured by DGT and total digestion 

techniques along the sampled transects. Both HAV and MCP only contain three points 

each (Figure 6.6a and 6.6b), all of which were obtained from over mineralization, and 
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therefore comparison to background cannot be made. For OB, MW and MA set of 

samples, more samples were available, and the samples run from background over 

mineralisation to background again, with the zone of mineralisation highlighted by the 

shading in Figures 6.6c, d and e. Additionally, samples that were determined to be 

anomalous on the basis of z-scores ≥2 (see Section 6.3.5) are highlighted in these 

Figures.  

 

For the OB soils (Figure 6.6c), DGT-measured Al and possibly total concentrations of 

U show a marginal elevation over mineralisation; the remaining elements, including Au, 

do not show elevation over mineralisation. At MW (Figure 6.6d), Fe, Ni, U, Zn, REE, 

and possibly Al follow a similar trend over the length of the transect, with the highest 

concentrations of these elements (excluding Al) found adjacent to the western side of 

the mineralisation, possibly due to topographical effects. It is likely that anomalous 

signals at MW are not directly over mineralisation, an observation that has been 

previously made (Anand et al. 2007). DGT concentrations over background on the 

eastern side of the mineralisation appear to be flatter than on the western side, with the 

exception of Au, Al and Cu. While these three elements appear to have elevated 

concentrations, the z-score for each was less than 2.0; as such, these elements are not 

considered statistically anomalous by this criterion. Of the MW samples (none of which 

are over the mineralization), the DGT concentration of Au at MW is actually highest ca. 

1 km eastwards of mineralisation, although this point was not identified as anomalous, 

in contrast to the DGT concentrations over mineralization and total element and DGT 

data when at depth for the same site (MA soils, Figure 6.6e). Conversely, the highest Au 

signature in total concentrations at MW is west of mineralisation.  

 

In terms of the MA soils (Figure 6.6e), DGT-measured concentrations and total 

concentrations of Au appear to follow each other along the transect with elevated 

concentrations over the mineralisation. In the MA soils, the DGT-measured 

concentrations of Cd, Co, Mn, and possibly Ni (limited data) follow similar trends over 

the length of the MA transect, with the highest concentrations of these elements over 

mineralisation. The concentrations of UDGT and REEDGT are also high directly over 

mineralisation in the MA transect. Aluminium and Zn show elevated concentrations to 

the east of mineralization. 

 



 

163 
 

 
Figure 6.6. Concentrations of metals as measured by both DGT and total 

digestion techniques across sampled transects. The transects are located as 

follows: HAV – 32° 39’ S, 149° 45’ E; MCP – 33° 29’ S, 149° 19’ E; OB – 

20° 16’ S, 129° 59’ E; and MW and MA – 27° 37’ S, 122° 20’ E. The left-

hand y-axis depicts concentrations as measured by DGT (closed diamonds 
!), in µg/L (except for Au, which is in ng/L). The right-hand y-axis depicts 

total concentrations (open circles ") in mg/kg. The HAV and MCP samples 

were taken proximal to mineralisation. For OB, MW and MA transects, the 

grey shading indicates the approximate vertical projection of gold 

mineralisation; anomalous values are highlighted by either open diamonds (

) for DGT or closed circles (●) for total concentrations. 
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6.4.4 Statistical analysis 

 

The PCA biplots for concentrations of elements as determined by DGT and total 

digestion are shown in Figure 6.7, with the first two components (PC1 and PC2) 

presented only. The weightings of each element with respect to each component can be 

found in Table 6.5. This type of analysis allows the discrimination of elements in terms 

of their contribution to each component. Note that the sign for each component score or 

factor weighting – both positive and negative – is an arbitrary artifact of PCA, and does 

not necessarily reflect the element concentrations of the underlying data. 

 

Figure 6.7a shows that for DGT concentrations over all prospects, PC1 is dominated by 

Sr and Ba (positive) and REE and Mn (negative), with a smaller positive contribution 

from Au (Table 6.5), implying that for the ~55% of variability in the data captured in 

these two components, and generalized across all sites, Au varies spatially in a similar 

manner to Sr and Ba, and in an inverse manner to Mn and ΣREE. PC2DGT has its largest 

contributions from Al and U (negative), followed by Mn and Zn (positive), and very 

little contribution from Au, suggesting that for the of variability in the data represented 

by these two axes, Au behaves differently from these elements. When DGT-derived 

components are compared with PC1 and PC2 calculated from total concentrations 

(Figure 6.7b), Ba, Sr and REE (positive) and U (negative) dominate PC1, with Au 

having a higher factor score in PC2; PC2 also has large weightings from Al and Mn. 

The differences in these two biplots highlights that the multielement patterns of 

elements picked up by the DGT are clearly different to the distributions reflected in 

total concentrations.  

 

The biplots for PCA calculated from DGT and total concentrations both show clear but 

contrasting groupings according to prospect, probably reflecting the different geologies 

of the sites (see Section 6.3.2). In the DGT biplot, the grouping of HAV samples shows 

no clear grouping; MCP is associated with the concentration vector for Zn; OB are 

loosely, and MA are more strongly, grouped in Sr-Ba-Au vector space, and MW 

samples are grouped with the REE and Mn vectors. The soils are more tightly grouped 

in the biplot of total concentrations than in the biplot of DGT concentrations, with HAV 

and MCP grouped at positive PC1 scores (REE/Ba/Sr/Zn), OB at moderate negative 

PC1 and positive PC2 (U/Au/Mn) and MW and MA with negative PC1 and PC2 (U/Al). 
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Note that the DGT biplot contains all replicates (as can be seen by the pairs of closely-

spaced points), whereas data for total concentrations was not replicated. For higher-

order principal components (PC3-PC5; Table 6.5), Au becomes a significant (negative) 

contributor to data variance. 

 

Table 6.5. PCA variable weightings and cumulative variances the first five 

components for CDGT and totals, all samples. 

 

 
Figure 6.7. Principal components analysis (PCA) of concentrations 

measured by (a) CDGT and (b) total digestions. PCA was undertaken on 

centred log-ratio transformed data that had been censored; i.e., rows 

(individual samples) or columns (individual elements) containing null 

values were removed. Only the first two components for each dataset are 

presented here, representing 55% of the variability in the CDGT data and 

64% of the total concentrations data. 

 

To determine whether studying patterns in all elements, rather than just Au, at one site, 

could help elucidate Au anomalies, the differentiation of the response of Au and other 

elements in the MA soils between DGT and total digestion techniques was more closely 

examined by calculating principal components based on data from the MA samples 
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only. Observation scores for the first five principal components for the MA data were 

then plotted along the MA transect (Figure 6.8, with variable weightings given in Table 

6.6). For the DGT dataset over MA, PC1 and PC2 show positive variation over 

mineralisation, whereas PC3 shows a strong negative signal at the point that 

corresponds to the anomalous Au sample (Figure 6.8), corresponding with AuDGT 

having the largest absolute (and negative) weighting for PC3 from DGT data in the MA 

samples (Table 6.6).  

 

Unlike the DGT data (Table 6.2), the total concentration data (Figure 6.8b, with variable 

weightings in Table 6.6) showed no statistically significant (z ≥ 2) anomaly for these 

data (Table 6.4), although there appears to be a visual anomaly in PC1 and PC3, similar 

to what can be seen in Figure 6.6. For example, PC1 shows a broad positive signal 

corresponding with the highest positive weightings for Au, Ba and Sr. No clear signal 

over mineralisation is evident in PC2 (Zn-Mn association) or PC4 (Ba-Zn-Al). 

Additionally, PC3 and PC5 show qualitative differences between mineralised samples 

and samples immediately adjacent to mineralisation. 
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Table 6.6. PCA variable weightings and cumulative variances the first five 

components for CDGT and totals, MA samples only. 

 
 

 
Figure 6.8. The first 5 component scores for PCA of both a) CDGT and b) 

total concentrations, plotted along the MA transect. This PCA was 

undertaken solely on the MA data. The percentage of variance explained by 

each component is given on the right hand side of each graph. The 

cumulative percentage of variance for the first 5 components is 93.22% for 

CDGT, and 95.32% for total concentrations. Percent weightings for variables 

for each component are given in Table 6.6. 
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6.4.5 2D-DIFS 

 

6.4.5.1 R-values for elements in all soils 

 

As explained in Section 6.3.6, the R-value can be interpreted to give information on 

lability, namely the distribution coefficient, KD, and the response time, TC, of the 

element in the soil solution, and thus provide information regarding the mobility and 

potential bioavailability of that element. A box-and-whisker chart of the R-values for a 

subset of the elements detected by Chelex DGT for all soils is shown in Figure 6.9, 

along with the modeled R-value responses to both different KD and TC. This data 

includes all replicates. Additionally, R-values for Au are based on the limited subset of 

carbon DGT deployments that were undertaken for 24 hours only in 2 M NaCl; as 

porewater concentrations were below detection limits, the Cpw was assumed to be equal 

to the detection limit (0.2 µg/L) and the estimated R is thus a minimum value. R-values 

for Au, Al, Cd, Cu and Fe are within the area demarcated by low distribution 

coefficients (KD), indicating low mobility for these metals in all the soils. The elements 

Ba, Co, Mn, Ni, Sr, U, Zn and REE are within the area demarcated as exhibiting high 

KD but also high TC, indicating moderate lability. 
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Figure 6.9. Boxplot of R-values for each element. The shaded areas 

represent the response of the metal in the soil solution to uptake by DGT, as 

determined by the distribution coefficient KD (the ratio of a component’s 

dissociable concentration in the solid phase to its concentration in solution) 

and the response time TC (the time taken for the system to reach 

equilibrium). The Au data (●) is for MCP2 only, as this was the only soil for 

which 24-hour deployments was evaluated. 

 

6.4.5.2 Estimating KD and TC of Au and Cu using 2D-DIFS 

 

The R-values for Cu and Au from the timed deployments with carbon DGT (see Section 

6.3.6.2 and raw data in Figure 6.3) with NaCl amendment are shown in Figure 6.10, 

along with the fitted change in R over time. As discussed in the section above, the R-

value for Au was calculated using an estimated (constant) porewater concentration of 

0.2 µg/L. The change in R-value for Cu is greater than the change in R-value for Au 

over the two-week deployment period. In particular, the initial R-values for Cu are 

between 0.2 and 0.35, indicating that amelioration of the soil with NaCl had initially 

mobilised (within 4 hours) Cu to a greater degree than with the soil simply being wetted 

(R-values between 0.1 and 0.2, Figure 6.9). The estimated values for Cu as determined 

by 2D-DIFS were KD = 20.9 cm3/g and TC = 4034 s. These values are in agreement with 

the data obtained for the 24-hour deployments shown in Figure 6.9, with Cu R-values 

predominantly in the immobile (low KD) region.  
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With the R-values for Au calculated on the basis of porewater concentrations being 0.2 

µg/L, the R-value for Au did not exceed 0.05 for the entire deployment period; as can 

be seen in Figure 6.10b, modeled R-values (indicated by the line) do not fit 

experimentally determined R-values for Au (indicated by the points) very well. With 

this (poor) fit, the estimated KD and TC values for Au as determined by 2D-DIFS was 

0.5 cm3/g and 24912 s (ca. 7 hours) respectively, demonstrating that Au is relatively 

immobile compared to other elements even in the highly saline conditions of the 

ameliorated soils. 

 

 
Figure 6.10. 2D-DIFS R-fitting of timed deployments for a) Cu and b) 

Au.The points represent individual R-values for each element over time, and 

the line represents the best-fitted change in R as modelled by 2D-DIFS. 

 
6.5 Discussion 

 

6.5.1 Using DGT as a tool for geochemical exploration 

 

This study demonstrated that DGT can be used as a tool for geochemical exploration for 

Au. The pre-concentration of elements onto a resin gel ensures low detection limits, 

which become even lower when the diffusive layer is modified and deployment times 

are extended, as in this study. Importantly, DGT is selective for a range of metals, on 

the basis of the lability of the metals and the binding capacity of the resin layer; as such, 

components that can hinder analysis (e.g. major ions, Na, Ca, K and anions such as 

NO3
-, Cl-, SO4

2-) are excluded by the technique. Furthermore, as a general tool for 

geochemical exploration in soils, the DGT technique is simple to prepare and deploy, 

either in laboratory-based studies such as this one, or in situ. The analysis of the resin 

gels is also straightforward; the elution step, undertaken at any stage after the 

0 
Time (hours) 

320 280 240 200 160 120 80 40 

R
 

0.4 

0.3 

0.2 

0.1 

0 

Time (hours) 
320 280 240 200 160 120 80 40 0 

R
 

0.4 

0.3 

0.2 

0.1 

0 

(a) (b) 



 

171 
 

deployment, minimizes the risk of contamination, which would be particularly 

advantageous for in situ field deployments.  

 

We can broadly compare the DGT technique to the better-known exploration tool of 

partial extractions, a widely used tool that aims to separate anomalous signals from the 

background. Roulier et al. (2010) demonstrated that DGT-measured concentrations 

correlated very well with the first three fractions in a sequential selective extraction 

scheme, indicating that DGT determines the mobile pool of metals in sediments. 

However, DGT has advantages over selective extraction in that the extraction of soil 

with a leaching agent, such as water, MgCl2 or CH3COONH4, is typically done at 

relatively large solution:solid ratios (Tessier et al. 1979; Gray et al. 1999), and is likely 

to contain the lowest concentration of elements. The DGT technique avoids dilution by 

pre-concentrating elements at a well-defined rate of uptake via diffusion.  

 

As stated in the introduction, one of the objectives of using geochemistry in a soil-

sampling program is to assess whether the anomalous signal can be separated from the 

background. As a tool for the simultaneous detection of multiple elements in soils in the 

relatively mobile fraction, the DGT technique showed much greater sensitivity than the 

porewater extractions, although for a number of samples, Cu and Ni were below 

detection (Table 6.2), likely due to the negligible amount of a mobile fraction of these 

elements in the soils generally.  

 

With regards to anomaly detection, we used both spatial information and statistical 

techniques to investigate whether DGT could separate multi-element anomalies from 

the background. Of the two sites where samples were available from both over 

mineralsation and background (MA and OB), Figure 6.6 shows that a clear demarcation 

between anomalous Au and background Au is only apparent at MA. At this site, DGT 

indicated co-occurrence of anomalous concentrations of several other elements, namely 

Cd, Co, Mn and possibly Ni, which was not evident from total concentrations. PCA on 

DGT and total concentrations confirmed that the two methods are reporting different 

multivariate patterns of elements. When PCA was used on the MA data only (Figure 

6.8), it appears that the third principal component, which has the largest factor 

weightings from Au > REE, may have correctly identified anomalies in the dataset. 

However this anomaly was already clear from the raw data; the ability of DGT to 
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delineate multielement soil anomalies needs further evaluation across a wider range of 

prospects, over longer more complete transects, and ideally using a 2D soil dataset. 

 

6.5.2 Mobility of Au 

 

As stated in the introduction, Au is regarded as a highly immobile metal in surficial 

environments, due to its inherently low reactivity and relatively poor lability. The 

results of this study were consistent with low mobility of Au. Comparing the carbon 

DGT uptake of Au with Cu offers some insight into the mobility of Au in soils. Even 

with chloride addition, very little Au is taken up by DGT during the first 24 hours of 

deployment (Figure 6.3a); calculations of CDGT during this time are barely above the 

detection limit. However, mobile Cu appears to be taken up rapidly during the first 24 

hours, after which the uptake rate is limited, likely by re-supply from the solid phase. 

This comparison appears to show that: 1) Au is less mobile than other elements in 

auriferous soils examined in this study, and 2) re-supply of Au from the solid phase can 

take place, and this supply is linear, albeit very slow. The calculated values for KD and 

TC for Cu (20.9 cm3/g and 4034 s respectively) agree with previous studies examining 

Cu release and mobility, including Harper et al. (1998) who found that the TC of Cu was 

30 minutes (1800 s) in sediments. There are no published data regarding the kinetics of 

Au mobilization in soils to date; however, the values of KD and TC obtained by inputting 

experimental data into 2D-DIFS (KD = 0.5 cm3/g and TC = 24912 s respectively) 

suggest immobility of Au in the investigated soils relative to other metals.  

 

6.5.3 DGT and bioavailability of Au 

 

This study has indicated that diffusive uptake and subsequent resupply from the solid 

phase of a range of metals, including Au, is a plausible mechanism for biological uptake 

of these metals. The preconcentration of metals onto a binding resin allows for greater 

sensitivity than sequential extractions, and the use of a solution volume equivalent to 

the water-holding capacity of the soil ensures that metals equilibrate with the soil 

solution in a manner analogous to real-world conditions. The results of 2D-DIFS 

modelling confirm existing assumptions regarding the metals measured, namely that 

metals such as Au, Al, Cd and Cu are relatively immobile in soils, whereas Mn and Zn 

are more mobile (Figure 6.9). 
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We can compare this work with three previous studies using DGT to measure 

bioavailability of metals in soils. The first study, undertaken by Zhang et al. (2001), 

evaluated the uptake of Cu in contaminated soils obtained from three locations. Zhang 

et al. (2001) used DIFS (a precursor to 2D-DIFS) to calculate an R-value of 0.08 over 

24 hours. This value was used in turn to obtain an ‘effective concentration’ of Cu by 

dividing CDGT with the model-derived R, which was demonstrated to show better 

correlation to the amount of Cu in plant material than by other means (Cu2+ ion-

selective electrode, EDTA extraction and porewater extraction). The second study (Fitz 

et al. 2003), examined the bioavailability of As in comparison with a hyperaccumulator 

(Chinese Brake fern, Pteris vittata), again in contaminated soils. Fitz et al. (2003) found 

that data obtained from ferrihydrite-based DGT measurements, when used in 

conjunction with DIFS, was a better and more sensitive approximation to root-induced 

uptake than chemical extraction, and represented an effective tool for the study of 

pollutant bioavailability. The third study (Koster et al. 2005), established good 

correlations between Zn accumulation in grass and lettuce with the effective 

concentration as measured by DGT. Koster et al. concluded that DGT-measured Zn 

agrees with conventional extraction methods for Zn, and thus does not add value as a 

technique for Zn. 

 

While this study did not undertake a direct comparison of DGT with plants, we have 

identified important factors regarding the susceptibility of Au in soils to uptake. Firstly, 

Au is likely be strongly bound to the solid phase of soils. Secondly, we demonstrate that 

a known Au ligand that is environmentally abundant, Cl−, can and does mobilise Au. 

Our evidence therefore supports a contention that Au in soils, under the right conditions, 

is indeed mobile in surficial environments (Bowell et al. 1993; Reith & McPhail 2007; 

Lintern et al. 2013). One advantage of using DGT as a plant surrogate is that the 

technique eliminates many issues associated with biogeochemical prospecting, issues 

such as: species selection (Reid et al. 2009), organ choice, variations in plant 

morphology, drainage and sampling seasonality (Sailerova & Fedikow 2004). While 

vegetation uptake and recycling remains a key mechanism whereby anomalies are 

formed in soils and in the regolith via deep-rooted uptake (Lintern et al. 2013), the 

recycling of these signatures in the soils and the creation of a transient pool of metals on 

the surface can likely be better examined through use of a tool such as DGT.  
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The DGT technique for soils was originally developed for the purpose of environmental 

monitoring and regulation (Zhang et al. 1998; Almas et al. 2006). The detection of 

highly elevated concentrations of metals such as Cu and Cd in soils was not viewed as a 

positive result; if anything, excessive quantities of these elements have implications 

ranging from the health of vegetation and ecosystems to human health and food security 

(McLaughlin et al. 2000; Zhang et al. 2006). This study represents a change in the 

general focus of the DGT technique, from environmental monitoring and toxicity 

mitigation, to the measurement of elements for the detection of mineralisation and 

assessment of geochemical mobility. The analytical objective of both foci is the same: 

determining the concentrations of trace metals in soils with enhanced sensitivity. The 

extension of the DGT technique to geochemical exploration in soils, in particular the 

detection of Au using DGT, marks a new chapter of the development of the DGT 

technique generally, although further evaluation of the technique in a wider range of 

soils is needed. 

 

6.6 Conclusions 

 

The DGT technique for the detection of anomalies in auriferous soils shows 

considerable potential as a tool to augment current geochemical exploration efforts. The 

technique is relatively simple to apply experimentally, and is very sensitive for a range 

of elements even when deployments are restricted to 24 hours, although longer 

timeframes and soil amelioration are required for poorly mobile metals with low natural 

abundance such as Au. The initial potential shown by DGT soil deployments at four 

Australian Au prospects suggests that further evaluation of DGT as a geochemical 

exploration tool would be a productive direction for research in other regolith-

dominated environments.  

 

In this study, we compared the concentrations of total elements with the DGT-

detectable fraction. The DGT technique, when used in conjunction with both simple and 

multivariate statistical analysis, also shows anomalies in these soils, and provides 

different information - namely bioavailability and anomaly-to-background separation - 

to total digestion techniques. One outcome from this work is an approximation of the 

interaction and exchange of elements between the biosphere and the lithosphere. The 

use of DGT can assist with developing a better understanding of the surficial expression 

of mineralisation and the role of the biosphere in forming such expressions. 
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CHAPTER 7 

 

Conclusions and recommendations for future research 

 

7.1 Conclusions 

 

The research reported in this thesis aimed to modify the diffusive gradients in thin films 

(DGT) technique for the detection of Au, and to undertake a comprehensive and 

thorough evaluation of the DGT technique as a tool for studying the distribution and 

mobility of Au in a variety of environments. The characteristics of the newly-modified 

DGT technique were shown to allow precise, accurate and sensitive analysis of aqueous 

Au under laboratory conditions; second, the application of DGT in real environments 

demonstrated the utility of the technique as an exploration tool. 

 

In this thesis, I synthesised a gold-selective binding gel that was suitable for the 

detection of Au(III) by DGT. This binding gel was made by adding a precise quantity of 

activated carbon to 1.5% agarose solution, followed by cooling. The resultant gel could 

then be cut into 2.5 cm2 discs that were easy to handle, important for both DGT 

assembly and post deployment analysis. Additionally, I measured the diffusion 

coefficient of Au(III) in hydrogels that are used for DGT deployments (made with either 

polyacrylamide or agarose), allowing for direct application of DGT in environmental 

situations and the accurate calculation of Au concentration in bulk solutions. The use of 

DGT for Au requires that consideration be given to the variation in the diffusion 

coefficient of Au with pH and salinity. This variation in diffusion coefficient is likely 

due to changes in the speciation of Au(III) (Usher et al. 2009), the implications of which 

were apparent in subsequent deployments of DGT in the environment. One of the 

primary outcomes of the method development work of this thesis was that the detection 

limit of DGT for Au in natural waters can be as low as 0.9 ng/L for a 7-day deployment. 

The implications of this result are significant: by extending the timeframes of DGT 

deployments, issues of changes in metal concentrations and the geochemical variability 

of natural waters can be mitigated (Zhang & Davison 1995). As discussed below, the 

DGT technique ably demonstrated this time-averaging capability, and facilitated a 

preliminary determination of Au speciation within a range of auriferous environments.  
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Once the laboratory assessment of the modified DGT technique was complete, I then 

commenced field evaluation of the technique by first deploying DGT devices in 

groundwater surrounding a known Au ore body in the Tanami desert. The application of 

DGT in low-flow regimes requires that consideration be given to the formation of a 

diffusive boundary layer (DBL) at the surface of the DGT devices, a phenomenon that 

has the potential to affect detection limits of the technique. Modifying the thickness of 

the diffusive layer, which entailed removing the diffusive gel and allowing diffusion to 

occur across the membrane filter only, helped to mitigate this critical issue. With the 

formation of DBL accounted for, I showed that not only was there reasonable 

agreement between the techniques of DGT and grab sampling, but that DGT also 

exhibited a number of advantages, including: a lower detection limit; opportunity for in 

situ replication with an identical timeframe for each replicate, and therefore a more 

thorough statistical treatment of results; an easily-deployed technique that could be 

incorporated into an exploration program; and a relatively cheap addition or alternative 

to grab sampling.  

 

One of the interesting outcomes from this portion of the thesis was the initial foray into 

using DGT for the detection of nanoparticles. By testing and applying a binding gel 

made with Purolite A100/2412® resin, I was able to use DGT to successfully 

discriminate between manufactured citrate-stabilised Au nanoparticles and ionic Au(III) 

in the laboratory. When Purolite DGT was deployed in conjunction with carbon DGT in 

the field, the concentration of Au measured by each technique showed differences in 

two bores, which may indicate the detection of nanoparticulate Au in groundwaters. 

However, this interpretation requires caution, as the application of Purolite DGT 

requires further evaluation. In particular, the Purolite binding resin needs more thorough 

method-development testing in the laboratory to characterise uptake of Au nanoparticles 

and, at the very least, establish the limitations (pH, ionic strength, selectivity) of the 

resin as a binding agent for DGT. Overall, the application of DGT to detect Au in 

groundwaters demonstrated that the technique has great potential for studying Au 

mobility in the environment and hydrogeochemical exploration.  

 

The success of DGT in groundwaters surrounding a known Au deposit - conditions 

where Au was not only present in sufficient quantities but was in an environment that 

had been geologically and mineralogically characterised prior to DGT deployment - led 

to the next phase, which was to evaluate DGT under circumstances where the 
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concentration of Au was not only unknown but was likely to be subject to rapid change. 

As such, I evaluated DGT as a tool for geochemical exploration in the Swan River 

estuary in Perth, Western Australia, which is an estuarine system containing unknown 

concentrations of dissolved (and potentially nanoparticulate) Au. By using a 

combination of grab sampling and DGT methods, I showed that information regarding 

speciation for a range of metals can be obtained; metal concentrations measured via 

DGT sampling varied considerably both temporally and spatially, and in some cases 

differed greatly to grab sampling results. The use of a combined approach offered 

several advantages for better defining links between solution composition and 

speciation in aquatic systems with varying EC, pH, dissolved metal concentrations and 

DOC. Metal concentrations in the Swan River estuary as measured by DGT agreed with 

grab sampling concentrations for labile metals such as Mn and Zn. However, DGT 

concentrations were lower than total dissolved concentrations for less labile metals or 

metals that may have sorbed to (or coprecipitated as) colloids, such as Au, Cu, Co, Cr, 

U, V, Mo and As.  

 

One interesting facet to the deployment of DGT in the Swan River was the apparent 

capability of DGT to discriminate on the basis of particle size. In this part of the thesis, I 

used agarose diffusive gels for both carbon and Purolite DGT devices, the effective pore 

diameter of which is 70 nm. Particles larger than this are excluded (Fatin-Rouge et al. 

2004), and the results from one deployment site in the Swan River indicated that Au 

existed as a fraction that was between 70 nm and 0.45 µm in size. This case was 

supported by laboratory work examining the phenomenon of the effect of visible 

suspended matter on ionic Au and subsequent reduced detection by DGT. An additional 

outcome of this part of the thesis was further comparison of carbon DGT with Purolite 

DGT; Purolite DGT consistently reported marginally lower concentrations of Au than 

carbon DGT. This contrasted with the results of the DGT deployments in groundwaters, 

lending further weight to size exclusion by DGT, as the groundwater deployments 

utilised membrane filters only (porosity of 0.45 µm) as the diffusive layer. Most 

significantly, this study in the Swan River estuary highlighted the importance of 

measuring the broader geochemical conditions of aquatic systems in order to assess 

speciation. Further research into Au speciation in natural waters is needed, including, 

but not limited to: possible ligands for Au complexes; sorption of Au to inorganic 

colloids; sorption of Au to organic matter and organic colloids; and the effect of 

salinity. 
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By undertaking evaluations of DGT in the Swan River and in the Tanami desert, I had 

successfully demonstrated the utility and the limitations of the technique in aquatic 

environments - both surface waters and groundwaters. However, as stated in the 

introduction and throughout the thesis, the DGT technique is not limited to just aquatic 

environments; the technique is also frequently used to assess bioavailability of metals in 

soils. In my final experiment, I applied DGT for the measurement of Au and other 

metals in auriferous soils in order to assess the technique as a tool for assessing multi-

element anomalies and the mobility and bioavailability of those elements.  

 

Initial deployments of DGT in soils wetted with water only demonstrated that Au is 

highly immobile in the auriferous soils examined in this study. However, adding a NaCl 

solution to the soils, providing the chloride ligand that is not only abundant but 

representative of conditions in some environments, showed that Au could be mobilised. 

Generally, the technique was shown to be very sensitive for a range of elements with 

deployments as short as 24 hours, although longer timeframes and NaCl addition is 

required for poorly mobile metals such as Au and Cu. In terms of statistical analysis of 

the data, while the sample size was small, techniques such as PCA can be, and is, used 

on small datasets with limited sample numbers (Reimann et al., 2008). The approach 

that was taken in this portion of the thesis was to use multivariate analyses to 

demonstrate that DGT data can be treated like all other geochemical exploration data. 

My results demonstrate that DGT, when used in conjunction with simple and 

multivariate statistical analyses, appears to detect anomalies better than porewater 

techniques and in agreement with concentrations obtained from total digestion methods. 

 

When DGT is used in conjunction with porewater analysis and 2D-DIFS modelling, the 

kinetic parameters of Au in soils, and subsequently the likely bioavailability of Au and 

other metals, can be estimated. An interesting outcome of this part of the thesis was the 

application of 2D-DIFS to the DGT data for both Au and Cu. For Au, I was able to 

obtain an initial estimate of both the distribution coefficient (KD of 0.5 cm3/g) and the 

response time (TC of 24912 s, or ca. 7 hours) in soils ameliorated with NaCl. This study 

represents the first time that kinetic parameters have been determined for Au in 

auriferous soils. Importantly for geochemical exploration, the DGT technique can 

provide a simulated demonstration of the interaction and exchange of elements between 

the biosphere and the lithosphere, and can assist with developing a better understanding 
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of the surficial expression of mineralisation and the role of the biosphere in forming 

such expressions.  

 

Overall, this thesis has demonstrated that DGT shows significant potential for the study 

of Au and a range of other elements in aquatic and terrestrial environments. 

Understanding the behaviour, mobility and speciation of Au and associated elements in 

surficial environments is a critical component of geochemical exploration, and 

furthering this understanding is important to both researchers and industry alike. The 

development and implementation of the DGT technique, as demonstrated in this thesis, 

has provided insights into the behaviour of Au, namely that:  

 

1) the diffusivity of dissolved Au is a function of speciation, which is in turn 

affected by broader conditions of pH and salinity; 

2) Au distributed in groundwaters surrounding an ore body likely exists as a range 

of labile species, which may possibly include nanoparticles;  

3) Au in surface waters is subject to fractionation into pools of differing DGT-

lability, depending on the conditions of the water;  

4) Au is more mobile in soils in the presence of Cl-;  

5) analysis of metal mobility in soil, including Au, can highlight multielement 

anomalies that indicate mineralisation; 

6) when DGT is used in conjunction with modelling, assumptions regarding the 

bioavailability of metals can be made, which may potentially assist with further 

study and understanding of anomaly formation processes. 

 

7.2 Recommendations for future research 

 

Overall, this thesis addressed a number of issues related to the mobility of Au in a range 

of environments; however, a host of questions remain that require further research. To 

begin with, this thesis has proposed that species of mobile Au exist, for which 

information can be captured by use of both DGT and grab sampling. However, apart 

from this work, there have been very few attempts at determining the exact nature of 

such species in environmental circumstances. As such, it is recommended that this 

phenomenon be further examined, for which passive sampling tools such as DGT are 

likely to be of assistance. I have shown that DGT devices fitted with activated carbon 

binding gels can take up dissolved Au(III)Clx species according to DGT theory. 
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Literature suggests that other species, including Au complexed with CN-, Br-, I-, HS-, 

along with organic ligands such as the anions of humic and fulvic acids, can also be 

taken up by activated carbon, but these ligands were not specifically investigated in this 

thesis. In particular, the S2O3
2- ligand is known to complex Au but is not taken up very 

well by activated carbon; quantifying sorption of Au(S2O3)2
3− would be of considerable 

assistance to using DGT for Au exploration, especially in areas where waters and/or 

substrates are both sulfidic and alkaline (pH > 9), and thus where the S2O3 ligand is 

most likely to occur (Andrade et al. 1991) and remain stable in solution (Aylmore & 

Muir 2001). 

 

In this same vein, the amelioration of soils in this thesis was undertaken using NaCl, not 

only because Au can be mobilised in highly saline environments but the uptake of 

AuClx species by DGT is well-defined. However, there have been a number of other 

Au-mobilising ligands postulated for soils, including both inorganic (e.g. HS-, CN-) and 

organic (e.g. oxalate, thiosalicylate) ligands (Williams-Jones et al. 2009). The use of 

Au-mobilising agents other than NaCl in soils brings the DGT technique in line with 

partial extraction techniques, and presents a hybrid tool for evaluating anomalies and 

the bioavailability of metals. However, DGT can add significant value, in that the 

exchange kinetics of metals in the soils can be established. Additionally, the volume of 

solution used in partial extractions can be significantly reduced if DGT is used as a 

preconcentration step, which would eliminate issues such as over-dilution, changes in 

redox conditions, and changes in speciation. Consequently, it is recommended that the 

use of a range of extracting solutions be investigated for the purpose of establishing the 

kinetic parameters of metal ion release from soils. This applies to other elements of 

interest, including metals of economic importance such as Cu, Ni, Zn and REE. 

 

The use of Purolite® A100/2412 resin as a binding layer for DGT presents a new and 

exciting development of the DGT technique, in that synthesized Au nanoparticles were 

detected by DGT under laboratory conditions. Importantly, the combination of DGT 

devices fitted with activated carbon binding gels and DGT devices fitted with Purolite 

gels indicated a simple measurement for discrimination between ionic and 

nanoparticulate Au in the laboratory. However, this result raised a range of issues when 

considering environmental deployments of DGT for the purpose of detecting natural Au 

nanoparticles. Firstly, there is uncertainty regarding naturally-occurring stabilising 

agents for the formation of Au nanoparticles in the environment (Hough et al. 2011). 
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Nanoparticulate Au can be synthesised using a wide range of stabilising agents (e.g. 

tannic acid, polyvinylpyrrolidone, trimethylammonium), and the adsorption of Au 

nanoparticles synthesised with such agents other than citrate to the Purolite resin has not 

been determined. Additionally, an extended evaluation of the Purolite resin as applied to 

DGT was not undertaken, which is a limitation that impeded interpretation of data in 

Chapters 3 and 4 of this thesis. Further research would include a full characterisation of 

the Purolite resin c.f. Chapter 2 of this thesis.  

 

Previous research has established the uptake of Au by deep-rooted plants as a 

mechanism for the formation of surficial anomalies (Anand et al. 2007; Dunn & Ray 

1995). In this thesis, I have presented DGT as a plant surrogate for a range of metals, 

but did not directly undertake plant experiments. The combination of DGT and plants in 

the same experiment has been extensively evaluated for a range of elements, for the 

purpose of determining contamination e.g. Cu, Cd (Zhang et al. 2001; Almas et al. 

2006) and nutrition e.g. P (Mason et al. 2008). Given that Au can be taken up by a 

number of plants e.g. acacia, eucalyptus, spinifex (Anand et al. 2007; Reid & Hill 2010; 

Lintern et al. 2013), it is recommended that experiments be undertaken to directly 

compare this uptake with DGT measurements, as DGT can provide the kinetic 

parameters which may control plant uptake of Au.  

 

7.3 Summary 

 

The DGT technique has been modified for the low level detection of Au in a range of 

environments. In groundwaters, the modified DGT technique can detect Au, with 

measurements largely in agreement with grab sample concentrations. Issues associated 

with the formation of a DBL in low-flow solutions can be mitigated by use of 

membrane-only DGT. The detection of Au nanoparticles has also been demonstrated 

using a new binding layer comprised of Purolite® A100/2412 resin; however, while 

preliminary testing of this modification has been undertaken in the laboratory, further 

work is required in order to fully characterise the use of Purolite in DGT for Au 

nanoparticles. 

 

The DGT technique can be used to determine aspects of the speciation of a range of 

metals in estuarine surface waters, including Au. The utility of DGT for investigation of 

Au speciation was highlighted when changes in conditions resulted in variations in both 
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concentrations and speciation of metal. The effect of these changes were captured by 

DGT but were not identified by grab sampling. I have shown that dissolved 

concentrations of Au can be detected by DGT in estuarine systems; however, during the 

deployment period, Au was significantly less DGT-labile upstream of the salt wedge, 

likely as a consequence of size exclusion/change in speciation. Further research is 

recommended into the species of Au involved and the role of colloids, organic matter 

and salinity in their formation. 

 

When DGT is used in auriferous soils, signatures of mineralisation can be detected, and 

DGT offers greater sensitivity for detection of these elements than direct porewater 

measurements. Importantly, when DGT data is used in combination with modelling of 

soil kinetics, information regarding uptake of, and thus the bioavailability of, metals can 

be obtained. This thesis has shown that uptake of metals solely on the basis of diffusion 

is a viable mechanism for the bioavailability of these metals. Gold is particularly 

immobile in soils unless a ligand (e.g. chloride) is added to the soil. 

 

Overall, while there are a number of questions remaining regarding the mobility of Au 

in surficial environments, this thesis has successfully demonstrated that DGT can be 

modified and used to investigate and evaluate this mobility. Furthermore, the flexibility 

offered by DGT provides both researchers and industry alike with a new tool for the 

geochemical exploration of Au. 
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