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ABSTRACT 

A wealth of metals is currently locked in deposits that are uneconomic to mining 

by conventional methods such as underground or open pit mining. At the same time, 

social awareness of the potential adverse environmental impacts that are associated with 

these mining techniques is growing. In response, a renewed interest to expand the use of 

in situ leaching (ISL) has occurred over the past years. ISL, where applicable, eliminates 

the need to move large amounts of rocks and the associated costs and risks. However, at 

present, ISL is limited to deposits that are characterised by a sufficient hydraulic 

permeability, either naturally, e.g. in sandstones, or artificially induced, e.g., through 

hydro-fracturing or in stopes.  

This thesis research investigated the feasibility of extending the range of deposits 

mineable by ISL through the application of electrokinetics (EK) for ISL. In electrokinetic 

in situ leaching (EK-ISL), rather than solely relying on a hydraulically induced solute 

migration, an electric field is used as driving force to move a lixiviant to the ore and the 

leached element(s) of interest to a dedicated extraction zone.  

In the first part of this thesis, the in-principle feasibility of EK-ISL was investigated 

through laboratory-scale experiments with synthetic gold ore material. This initial study 

also provided a first understanding of the potential impact of gangue minerals on leaching 

efficiency. The second study addressed the applicability of EK-ISL to intact low-

permeability gold ore samples. Different types of gold ore were tested with very different 

extraction efficiencies, pointing to the need for a more comprehensive rock 

characterisation as a prerequisite for selecting ores types suitable for EK-ISL. The final 

part of the PhD study evaluated the potential of EK-ISL for Cu recovery, with the final 

test on a porphyry Cu ore showing a very favourable Cu recovery. Overall the results of 

the thesis suggest that EK-ISL appears generally feasible and further research into the 

technology and experimental investigations at a larger scale are clearly warranted.  

Throughout the study, reactive transport modeling was used to support the 

interpretation of the experimental results. The constructed numerical models simulate 

transport, including ion transport under a voltage gradient, as well as geochemical 

reaction processes. The developed models can serve as an important tool for upscaling 

EK-ISL and to underpin an economic evaluation. 
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CHAPTER 1.  INTRODUCTION 

1.1 Background 

Metals such as gold and copper are typically hosted in ore bodies that have average 

grades of ~1 g/t gold (Sebag, 2012) or 0.62% for Cu (Mudd and Weng, 2012). These ore 

bodies are mined either via open pit or underground mining (e.g., Mudd et al. 2012; 

Northey et al. 2013). Given the low metal concentrations and the fact that many of these 

ore bodies are located at great depth, large amounts of rock need to be removed to access 

the metals. The recovered ore subsequently needs to be crushed, pulverised and treated to 

recover the metals. The conventional process from mining to metal recovery is therefore 

highly energy-intensive. At present, many known deposits are uneconomic to mine with 

the conventional mining techniques because they are either: (i) too low grade, (ii) too 

small, (iii) too deeply buried or (iv) too far from existing infrastructure (Roberts et al., 

2010). Furthermore, given the general trend of ore grades declining with time (Mudd, 

2007a), there is a clear need for new mining methods that can make these deposits 

economic. This PhD project evaluates the potential of the novel technique of 

electrokinetic in-situ leaching (EK-ISL) to recover metals from low-permeability ore 

without excavating vast amounts of rock.  

EK-ISL combines two existing techniques, in-situ leaching (ISL) and 

electrokinetics (EK). Before going into the specifics of EK-ISL, the two individual 

methods, each with its own set of challenges and limitations, are shortly reviewed.  

 In Situ Leaching 

In situ leaching is an unconventional mining technique, also known as solution 

mining. It refers to the extraction of specific elements from a deposit by injecting a 

chemical solution (lixiviant) into the ore body through a set of specifically configured 

injection wells. The lixiviant leaches the element of interest and the enriched solution is 

pumped to the surface by a set of spatially separated extraction wells, where the element 

is recovered from the lixiviant. The latter can be recycled and reinjected (IAEA, 2001).  

ISL can, under some circumstances, have clear economic advantages over 

traditional mining methods or even make uneconomic deposits mineable. ISL also has 

the potential to be more sustainable and safer than conventional mining methods. Surface 

structures such as open pits, tailings dams or waste dumps are not required and no rock 
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needs to be moved before, during or after mining. Therefore, the disturbance to the 

landscape is minimal and associated environmental issues such as acid mine drainage or 

erosion are eliminated. ISL also has the potential to be less energy and water intensive 

compared to bulk rock mining and it removes the typical health and safety issues that are 

associated with (underground) mining.  

The main challenge for ISL is to achieve a sufficiently high target element recovery 

rate and quantity. This is often readily achieved for deposits with a naturally high 

permeability, such as in ISL of uranium from sandstone aquifers (IAEA, 2001). 

Unfortunately, most deposits typically have a very low hydraulic permeability, making 

them unfeasible for ISL. As such, ISL is at the moment only widely used at a commercial-

scale level for uranium (IAEA, 2001). Permeability enhancement by hydro-fracturing is 

considered as an option to facilitate lixiviant injection and metal recovery in low-

permeability deposits (e.g., Seredkin et al. 2016). However, lixiviant migration will likely 

occur preferentially along the induced fractures and thus leave a large portion of the ore 

body unaccessed by the lixiviant within the typical timeframe of current mining 

operations, which compromises an adequate and timely metal recovery. 

From an environmental point of view, the main challenge of ISL is to control the 

movement of the lixiviant, i.e., (i) to ensure that the lixiviant does not spread outside the 

target ore body, which, in addition, would be an economic loss and (ii) to restore the 

groundwater to previous conditions post metal extraction.  

 Electrokinetics 

An electrokinetic system is composed of one or more pairs of electrodes placed in 

the subsurface (e.g. within wells) and attached to a low-voltage direct current (Acar and 

Alshawabkeh, 1993). The application of the electric field induces several transport 

mechanisms within the soil pore fluid (e.g. Acar and Alshawabkeh, 1993; Yeung, 2006; 

Figure 1-1): 

 Electro-osmosis, the bulk flow of the pore fluid and uncharged species. This 

flow is generated as counter ions in the diffuse double layer adjacent to the 

mineral surface move towards the oppositely charged electrode, thereby 

transferring momentum to the surrounding fluid molecules. As mineral 

surfaces are generally negatively charged, the flow is normally from the 

anode to the cathode.  
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 Electromigration, the movement of dissolved charged species towards the 

electrode of opposite charge.  

 Electrophoresis, the transport of charged particles or colloids towards the 

electrode of opposite polarity.  

 

Figure 1-1. Principles of electrokinetic transport: electro-osmosis and electromigration 

(arrows), electrolysis reactions and movement of the resulting acid and base fronts (Wu, 

2011).  

The main advantages of EK transport are:  

 Control of flow direction – As the electric field lines control the direction 

of flow and solute transport, a high degree of control of flow direction is 

possible through the electrode placement (Probstein and Hicks, 1993a; Wu 

et al., 2013).  

 Uniform flow – In soils, the electro-osmotic permeability is within the same 

order of magnitude for most soil types, as opposed to the hydraulic 

conductivity which may vary by up to five or more orders of magnitude 

(Mitchell and Soga, 2005). Therefore, in a heterogeneous subsurface, where 

hydraulic flow would otherwise mainly occur through connected zones of 

the highest permeability, EK flow can achieve an almost spatially uniform 

sweep efficiency (e.g., Reynolds et al., 2008a).  
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 Significant flow rates in low permeability media – Compared to molecular 

diffusion alone, electromigration rates were up to 4 times faster in clay 

(Reynolds et al., 2008a) and several 100 times faster in fractured crystalline 

rock (Löfgren and Neretnieks, 2006b).  

One of the main challenges for EK is, however, to control unfavourable 

electrochemical reactions at the electrodes. For example, electrolysis of water will occur, 

generating hydrogen (H+) and hydroxyl (OH-) ions at the anode and cathode, respectively 

(Acar and Alshawabkeh, 1993; Figure 1-1), which – unless prevented - will migrate and 

cause propagation of an acid and base front through the soil. Unmitigated electrochemical 

side reactions may also increase the energy consumption (Acar and Alshawabkeh, 1993).  

At present, the main application of EK is in enhancing the remediation of 

heterogeneous soils where standard remediation techniques relying on hydraulic flow 

would bypass the contaminants in the low-permeability zones (e.g., Reynolds et al., 

2008a). Other applications include the removal of salts or heavy metals from porous 

building materials such as ceramic tiles, bricks, mortar and concrete (e.g., Castellote et 

al., 2002; Castellote and Botija, 2011; Kamran et al., 2013; Ottosen and Rörig-Dalgaard, 

2009; Paz-García et al., 2013, Popov et al., 2008).  

 Electrokinetic In Situ Leaching  

By applying an electric field over an intact (low-permeability) orebody, 

electromigration can induce the transport of a suitable ionic lixiviant towards a 

mineralised zone. The lixiviant and dissolved target mineral are then moved further 

through the deposit towards a recovery well. Where feasible this process may overcome 

the main shortcomings of ‘conventional’ ISL. Environmental impacts could probably be 

minimised as the treatment zone and lixiviant migration can be more closely controlled 

by the positioning of the electrodes. The re-use of existing (exploration) drill holes to 

inject and recover the lixiviant and to place the electrodes would be an additional 

attractive economic benefit.  

1.2 Research Objectives 

This PhD research aims to assess the feasibility of the novel technique EK-ISL, 

through the use of laboratory experiments, characterisation of the used ore samples and 

reactive transport simulations. Specifically, the research objectives were to: 
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 Verify the in-principle feasibility of EK-ISL of gold (proof of concept 

study) for an ideal ‘synthetic’ ore and obtain a first understanding of the 

potential effect of reducing minerals on recovery through laboratory 

experiments (EK-ISL experiments as well as more closely controlled bottle 

rolls) and reactive transport modeling.  

 Assess the feasibility of EK-ISL of gold from low-permeability, intact ore 

material through EK-ISL laboratory tests on two different types of ore 

samples.  

 Verify the applicability to a different target element/lixiviant system, i.e., 

Cu leaching by acidified ferric chloride, through laboratory EK-ISL tests, 

using both synthetic and real ore, and use the experimental data to develop 

reactive transport models which can later be used for upscaling.  

1.3 Structure of this Thesis and Publications  

This thesis is structured into five chapters. This chapter (chapter 1) contains some 

background on in situ leaching and electrokinetics, a brief overview of research problems 

and the motivation for this thesis. The main research work is presented in chapters 2 to 4. 

Each chapter represents an independent manuscript written for publication in a peer-

reviewed, scientific journal and therefore can be read as an individual piece of work.  

The first study (chapter 2) was designed to verify the in-principle feasibility of EK-

ISL. A series of laboratory experiments was performed with an iodide/tri-iodide solution 

as lixiviant to extract gold from unconsolidated porous media. The temporal evolution of 

solution compositions was monitored and the experimental results were analyzed through 

process-based numerical modeling. In the initial experiments, a non-reactive porous 

medium was used in order to exclude side reactions and obtain clarification as to whether 

a lixiviant transported via EK-ISL can effectively dissolve and transport gold from a 

porous medium into a target reservoir. In subsequent experiments, varying amounts of 

pyrite were included as a proxy gangue mineral in EK-ISL tests and complementary bottle 

roll tests were run to examine if and to what extent gangue minerals could deteriorate the 

leaching performance.  

Having confirmed the in-principle feasibility of EK-ISL in chapter 2, the next study 

(chapter 3) extends this work to evaluate whether EK-ISL can transport lixiviants 

through intact rock and whether it can effectively mobilise gold from consolidated, un-

fractured, low-permeability ore material, and transport and concentrate the gold into a 
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target reservoir. A series of experiments was designed in order to gradually increase the 

complexity and to track EK-ISL performance for a range of different materials and 

experimental setups. A first experiment assessed whether substantial ionic transport 

through low-permeability rock can be achieved by applying a constant voltage. The 

second experiment was set up to leach gold from a dense quartz-gold mixture positioned 

between two rock sections. In the subsequent experiments, EK-ISL was applied to two 

different gold ore samples, showing interesting similarities and differences. An 

experiment was also run with a different set-up, i.e. referred to as a ‘mini-mine’ where 

the electrodes were inserted directly into a larger ore piece.  

Having confirmed the feasibility of EK-ISL for gold, the final study (chapter 4) 

investigates the applicability of EK-ISL for copper recovery. As for gold, initial 

experiments were carried out on a synthetic copper ore. Two different copper minerals 

were tested and the results compared to data from bottle roll experiments. An EK-ISL 

experiment was then carried out on a porphyry copper ore, containing a mixture of copper 

minerals. A reaction network was developed and implemented into the numerical model 

PHT3D-EK (Wu et al., 2012). This code simulates coupled flow and reactive multi-

species solute transport under both hydraulic and electrical potential gradients. The 

reactive transport simulations were then used to further interpret the experimental results.  

The last chapter (chapter 5) contains a summary of the research contributions 

resulting from this thesis.  

The three manuscripts arising from this thesis are: 

Martens, E., Prommer, H., Dai, X., Wu, M.Z.W., Sun, J., Breuer, P., and Fourie, A. 
(2018). Feasibility of Electrokinetic In Situ Leaching of Gold. Hydrometallurgy 175, 70-
78. (chapter 2) 
 
Martens, E., Prommer, H., Dai, X., Sun, J., Breuer, P., and Fourie, A. (2018). 
Electrokinetic In Situ Leaching of Gold from Intact Ore. Hydrometallurgy 178, 124-136. 
(chapter 3) 
 
Martens, E., Prommer, H., Wu, M.Z.W., Sun, J., Dai, X., and Fourie, A. (2018). 
Applicability of Electrokinetic In Situ Leaching to Copper Mining. Manuscript in 
preparation. (chapter 4) 
 

Conference abstracts resulting from this work are attached as Appendices to this thesis. 

The following Appendices are included: 

Appendix A: Conference abstracts presented in context of this thesis: 
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A1: Martens, E., Prommer, H., Fourie, A., Salmon, U., and Dai, X. 
(2016). Testing the feasibility of electrokinetic in-situ leaching. 
Presented at the AMEC Convention 2016, 8-9 June 2016, Perth, 
Australia. 

A2: Martens, E., Prommer, H., Dai, X., Breuer, P., and Fourie, A. 
(2018). Testing the feasibility of electrokinetic in-situ leaching. 
Presented at ALTA 2018, 19-26 May 2018, Perth, Australia 
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CHAPTER 2.  FEASIBILITY OF ELECTROKINETIC IN 

SITU LEACHING OF GOLD 

2.1 Abstract 

Conventional gold mining operations are facing significant challenges due to 

declining ore grades and increasingly higher strip ratios. To meet global demands while 

limiting associated environmental impacts, alternative techniques to extract resources, 

including gold, are urgently needed. We suggest that in situ leaching coupled with 

electrokinetics (EK-ISL) could potentially enable recovery of gold from (subeconomic) 

ores with a significantly smaller environmental footprint than current mining techniques. 

EK-ISL would involve the leaching of gold, in situ, using a lixiviant that is introduced 

via a set of wells. A voltage gradient is applied to transport the lixiviant through the 

orebody. The gold is leached and also transported towards a set of recovery wells. At the 

surface the gold is recovered and the lixiviant can be recycled.  

This study was designed to verify the in-principle feasibility of this novel technique. 

A series of laboratory experiments was performed with an iodide/tri-iodide solution as 

lixiviant to extract gold from unconsolidated porous media. Experiments in which pyrite 

was included as proxy gangue mineral and complimentary bottle roll tests showed a 

declining efficiency of EK-ISL gold leaching with increasing pyrite oxidation. However, 

80% gold recovery was still achieved, even with the highest tested pyrite concentration 

(5.26 wt%). The coupled transport and reaction processes were interpreted and quantified 

through numerical model simulations that were constrained by the experimental 

observations. Overall the experimental and numerical modeling results suggest the in-

principle feasibility of EK-ISL.  

2.2 Introduction 

Most of the world’s gold is mined from open-cut mines with large-capacity earth-

moving equipment that removes waste rock from above the ore body prior to mining the 

gold-enriched zones (Mudd et al., 2012). The average currently mined gold grade is ~1 g 

per tonne (Sebag, 2012). This grade is expected to decline in the future since the average 

gold grade of undeveloped resources is <0.7 g per tonne (Sebag, 2012). These lower-

grade resources will typically come from greater depths. For example, Pebble, the largest 

and yet undeveloped gold (and copper) resource in the world, has an average gold grade 
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of 0.35 g per tonne and is covered by 300-600 m of overburden (Kelley et al., 2013). To 

maintain total world gold production at >3200 tonnes per annum (WGC, 2017), more 

rock will need to be mined. This will worsen the impact of mining on the environment, 

with larger open pits, tailings dams, waste dumps and greater potential for acid mine 

drainage (Kleinman, 1989), which increasingly jeopardizes the social license of mining 

companies (Owen and Kemp, 2013). 

In situ leaching (ISL), which refers to the use of a leaching reagent (lixiviant) to 

dissolve and recover target metals from subsurface ores through various configurations 

of injection and extraction wells, has for a long time been considered a promising 

alternative to conventional mining technologies (e.g., Seredkin et al. (2016)). Its 

successful implementation can potentially cover a significant portion of the demand for 

gold (and other metals) while placing significantly less stress on the environment. 

However, for a deposit to be suitable for current ISL technologies, the ore body is required 

to:  

(i) have a sufficiently high permeability to allow sufficiently rapid transport of 

lixiviants and of the mobilised target metals to the point of recovery; 

(ii) be hydrogeologically contained to prevent loss of lixiviant and pollution of 

groundwater; 

(iii) have a relatively homogenous distribution of hydrogeological and 

mineralogical properties to prevent excessive preferential flow and allow the 

lixiviant to access a large proportion of the contained target ore minerals. 

These requirements are mostly fulfilled by sandstone uranium deposits, which has 

therefore become the main commercial-scale application of ISL (IAEA, 2001). Indeed, 

ISL accounts now for nearly half of the total uranium production (WNA, 2017a) and the 

technique is being applied on a large scale for uranium mining in the USA, Kazakhstan 

and Uzbekistan (WNA, 2017b). For uranium it is recognized that ISL provides the 

cheapest source of uranium (Seredkin et al., 2016). However, the uptake of ISL for other 

commodities has been limited. ISL of copper and gold have received the most attention, 

but with only very limited success. The lack of a broader uptake can be linked with the 

fact that other commodities are typically hosted by ore bodies that have a distinctly lower 

hydraulic permeability (Seredkin et al., 2016).  

In the 1970s the feasibility of gold ISL was tested through a field trial at the 

underground Ajax mine near Victor (Colorado, USA), using a chloride and iodine 
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solution as lixiviant. Problems with dissolving the telluride-associated gold and collecting 

the gold-bearing solutions resulted in an unsuccessful trial (Chamberlain and Pojar, 

1984). In the early 1980s, an in-situ gold mining project was proposed at Eastville 

(Victoria, Australia), but the project was never approved due to concerns about injecting 

cyanide under farmland and the potential for contaminating surrounding groundwater 

bodies (O'Gorman et al., 2004). Based on the extensive experience with uranium ISL in 

Russia, ISL is applied to recover gold from regolith and deep placers in the Ural 

Mountains (Seredkin et al., 2016). However, the majority of gold deposits are currently 

not economically accessible via conventional ISL techniques, mostly due to the low 

hydraulic conductivities in the formations hosting the gold.  

In this study, we propose to employ electrokinetics (EK) to accelerate the transport 

of ions in low-permeability formations, thereby overcoming some of the current 

limitations of ISL that prevent a broader uptake of the technique. Instead of creating a 

hydraulic gradient through the injection of the lixiviant, electrokinetic in situ leaching 

(EK-ISL) creates an electric field that induces a relatively uniform migration of suitable 

lixiviants through an intact host orebody. The application of the electric current results in 

(i) the movement of dissolved charged species towards the electrode of opposite charge 

(electromigration), and (ii) bulk flow of the pore fluid and uncharged species, because 

counter-ions in the diffuse double layer adjacent to the mineral surface move towards the 

oppositely charged electrode, thereby transferring momentum to the surrounding 

uncharged fluid molecules in the same direction (electro-osmosis) (Acar and 

Alshawabkeh, 1993).  

EK has previously been applied under ISL-relevant conditions to enhance the 

remediation of heterogeneous porous media, where standard remediation techniques that 

rely on hydraulic gradients would preferentially remove contaminants from permeable 

aquifer zones while bypassing contaminants that have diffused into low-permeability 

media such as clays (e.g., Reynolds et al. (2008a). For soil remediation, EK is considered 

a proven technology with the main applications falling into two categories. The first 

category involves the direct transport of contaminants (e.g., metals, radionuclides) 

towards extraction wells (Acar and Alshawabkeh, 1996; Shapiro and Probstein, 1993b) 

and several patented commercial in situ soil remediation systems exist (e.g., LasagnaTM, 

Ho et al. (1995a)). The second category encompasses the use of amendments that are 

transported by EK into contaminated zones to stimulate biodegradation processes or in 

situ chemical oxidation (e.g., Cox et al. (1996); Gent et al. (2001); Isosaari et al. (2007); 
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Reynolds et al. (2008a); Shen et al. (2009)). In the mining industry, electrokinetics has 

been used for dewatering of mine tailings (Fourie et al., 2007) and it has been trialed to 

enhance heap leaching performance. Some trials have been made to improve flow through 

tailings or fractured pieces of ore (Burns and Wright, 1994b; Sabba and Akretche, 2006). 

However, the feasibility of using EK in conjunction with ISL has not been explored. 

The main objective of this study was to clarify the in-principle feasibility of 

electrokinetic in situ leaching of gold from fine-grained porous media. We designed a 

series of laboratory experiments, monitored the temporal evolution of solution 

compositions, and analyzed the experimental results through process-based numerical 

modeling. Through the combined experimental and numerical model investigations, we 

achieved some initial clarification (i) as to whether a lixiviant transported via EK-ISL can 

effectively dissolve and transport gold from saturated quartz powder into a target 

reservoir, and (ii) if the presence of gangue minerals, using pyrite as a proxy, could 

deteriorate the leaching performance. 

2.3 Materials and Methods 

 Choice of Lixiviant for Gold Leaching 

A mixture of iodide (I-) and tri-iodide (I3
-) was chosen for several reasons as the 

lixiviant for this study. First, both components and the complexed gold species AuI2
- are 

anionic and will travel in the same direction, i.e., from cathode to anode, when a voltage 

gradient is applied. Furthermore it has previously been shown that the system is stable 

over a wide pH range, i.e., from about 2 to 10 (Davis et al. (1993) and that, in the pH 

range 3-9 the leaching rate is independent of the pH (Jeffrey et al., 2011). Finally, our 

previous experimental and modeling work has already shown its effectiveness for 

hydraulically induced ISL (Martens et al., 2012).  

In this lixiviant system, tri-iodide acts as the oxidant and iodide as the ligand for 

the oxidation and dissolution of gold, with the anodic reaction:  
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 퐴푢 + 2 퐼 = 퐴푢퐼 +  푒     (2-1) 

and the cathodic reaction: 

 퐼 + 2 푒 = 3 퐼      (2-2) 

A more comprehensive description of the solution chemistry of I-/I3- gold leaching 

can be found in, e.g., Davis and Tran (1991). The leaching solution was prepared by 

oxidation of I- using potassium iodate (KIO3) in the presence of acid (HCl, 4 M) to form 

I3
- ions according to the following reaction: 

퐼푂 + 8 퐼 + 6 퐻 = 3 퐼 + 3 퐻 푂    (2-3) 

Analytical grade reagents and de-ionized (DI) water were used to prepare solutions 

throughout the study.  

 Experimental Design 

 EK-ISL Experiments 

Experimental Apparatus 

A laboratory-scale experimental apparatus was designed to resemble a potential 

EK-ISL implementation, with open reservoirs to allow for visual inspection, sampling 

and monitoring of pH and solution levels (Figure 2-1). The design of this apparatus was 

based on Hodges et al. (2011b) and was further refined for the present study. The 

apparatus is made of polyvinyl chloride (PVC) and consists of five reservoirs:  

 The two outer reservoirs host the electrodes and their electrolyte solutions. The 

electrodes are mixed metal-oxide titanium electrodes from McCoy Engineering 

(Osborne Park, Australia).  

 The source reservoir represents an injection well and is charged with the lixiviant, 

at a concentration of 100 mM I- and 20 mM I3
-.  

 The target or receiving reservoir represents the extraction well, which contains an 

electrolyte solution (50 mM Na2SO4 in experiment E2 and 100 mM NaCl in all 

other experiments) at the start of the experiment.  

 The middle reservoir contains the medium to be leached. 

All reservoirs were filled till about halfway up the neck of the reservoir.  

The electrodes are connected to a power supply, a constant voltage is applied, and 

due to the positioning of the electrodes, i.e., with the cathode on the left side and the 



Martens, E. 
PhD Thesis, The University of Western Australia 

anode on the right side, the anions, which are our ions of interest, will migrate from left 

to right. This means that I- and I3
- will be transported from the source, through the middle 

reservoir into the target reservoir. Any gold that is dissolved by the lixiviant will complex 

as AuI2
- and migrate in the same direction.  

Due to electro-osmosis, there will also be a movement of the pore water from the 

anode towards the cathode. To compensate for this and avoid overflowing of the source 

reservoir and dropping of the target level below the neck of the reservoir, the source and 

target reservoirs were brought back to their initial levels at every sampling event. This 

was done by removing solution from the source and by topping up the target reservoir 

with DI-water.  

The application of an electric field will result in electrolysis of water at the 

electrodes, thereby generating hydrogen (H+) and hydroxyl (OH-) ions at the anode and 

cathode, respectively (Acar and Alshawabkeh, 1993). To compensate for this, 

hydrochloric acid (HCl, 4 M) and sodium hydroxide (NaOH, 4 M) were regularly added 

to the cathode and anode reservoirs, respectively.  

An anion exchange membrane (AEM) was used between the cathode and the source 

and a cation exchange membrane (CEM) was placed between the target and the anode. 

Ionic membranes separate the electrolyte reservoirs from the rest of the system, while still 

allowing for electrical flow. The CEM also ensures that the anions of interest remain 

confined within the target reservoir. Both membranes were from Membranes 

International Inc. (Ringwood, USA). The source, middle and target reservoirs were 

covered with watch glasses to prevent loss of I3
- through vaporization, and opened only 

briefly for sampling. The electrode reservoirs remained open to allow any H2 and O2 gas 

that formed due to electrolysis to escape.  
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Figure 2-1. Schematic illustration of the experimental apparatus and gold leaching process. AEM = 

anion exchange membrane, CEM = cation exchange membrane.  

Experimental Conditions and Sampling 

Using a range of variations of the basic setup (Figure 2-1), four EK-ISL 

experiments, numbered E1 to E4, were carried out (Table 2-1) in this study. Additionally, 

a control experiment E0, in which no voltage gradient was applied, was also performed. 

The middle reservoir was filled with a mixture of gold, either powder or filings, and non-

reactive quartz powder. The gold powder had an average particle size of 3.0-5.5 µm and 

a purity >99.96% and was purchased from BioScientific Pty. Ltd. The gold filings were 

pieces of gold that were filed and sieved and of which the 43-53 µm size fraction was 

used. The quartz powder was high-purity (96-99.5%) milled silica powder (Unimin 

Australia Ltd.) of which 80% is < 75 µm. The quartz powder was mixed with 0.1 M NaCl 

solution until a dense slurry was obtained, which was then poured into the middle 

reservoir. Once the middle reservoir was filled till just below the neck, the gold powder 

was mixed straight into the reservoir. The rest of the quartz slurry was then poured in, till 

about halfway up the neck of the reservoir. Over time, the slurry settled, and a liquid layer 

formed at the top (but only in the neck of the reservoir). The quartz mixture was separated 

from the source and target reservoirs by cotton pieces held between plastic supports. In 

experiments E3 and E4, increasing amounts of pyrite powder were added into the gold-

quartz powder mixture. The pyrite powder had a dominant size fraction of 125-212 µm. 

It was acid washed (in 0.3 M HCl) to remove any potential surface oxidation phases (e.g., 

ferric sulfate, Fe2(SO4)3) and preserved in acid. The pyrite powder was added into the 

middle reservoir at the same time as the gold powder.  
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Source, target and middle reservoirs were sampled at regular intervals. These 

samples were analyzed for I-, I3
- and gold in solution. Stock lixiviant solution was added 

to the target samples for gold measurement to prevent precipitation of gold for those 

samples that had low I3
- concentrations. In addition, the final source and target samples 

for E4 were analyzed for S and Fe respectively. At each sampling event, the pH was 

recorded for all reservoirs.  

Table 2-1. Overview of the four EK-ISL experiments and control experiment E0.  

Experiment 

Number 

Middle Reservoir 

Total 

Voltage 

Gold Pyrite Reservoir 

Dimensions 

(Length L, 

Diameter D) 

Particle 

Size 

Dry 

Mass 

Particle 

Size 

Dry 

Mass 

E0 3.0-5.5 µm 50 mg - - 
L = 9.6 cm 

D = 5.5 cm 
0 V 

E1 3.0-5.5 µm 50 mg - - 
L = 9.6 cm 

D = 5.5 cm 
15 V 

E2 43-53 µm 100 mg - - 
L = 7.0 cm 

D = 5.5 cm 
28 V# 

E3 3.0-5.5 µm 50 mg 125-212 µm 
0.12 g 

(0.03 wt%) 

L = 9.6 cm 

D = 5.5 cm 
15 V 

E4 3.0-5.5 µm 50 mg 125-212 µm 
20 g 

(5.26 wt%) 

L = 9.6 cm 

D = 5.5 cm 
15 V 

# until a maximum current of 100 mA was reached after which constant current was maintained 

 Bottle Roll Experiments 

Bottle Roll Experiment #1: Effects of Pyrite 

A bottle roll experiment was conducted to (i) investigate I3
--driven pyrite oxidation 

kinetics in the absence of any transport process and (ii) determine whether the presence 

of pyrite would negatively affect the stability of the gold complex AuI2
-. Three 250 mL 

high-density polyethylene (HDPE) bottles were prepared, each containing solutions with 

the same concentrations of dissolved gold and I-/ I3
- lixiviant, with [I3

-] = 2.99 mM, 

[I-] = 16.4 mM and [AuI2
-] = 0.042 mM. A dry weight of 0.62 g and 6.2 g of pyrite 

powder was then added to bottles 2 and 3, respectively. The initial pH of the solutions 

was 4.4. The bottle roll experiment was conducted under oxygen-free conditions by (i) 

purging the solutions with nitrogen gas during preparation and during every sampling 

session; (ii) adding pyrite in wet form to the bottles, to exclude oxidation during drying; 
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and (iii) filling the bottles with 295 mL of solution and thereby leaving no head space. 

The bottles were rolled for 18 days and samples were collected after 1, 2, 3, 4, 7, 11 and 

18 days, respectively. After collection, the samples were filtered to 0.45 µm using nylon 

syringe filters before analysis. 

Bottle Roll Experiment #2: Effects of pH 

A second bottle roll experiment was conducted to determine the influence of the 

solution pH (at the boundaries of the known pH stability range) on the stability of the 

lixiviant and gold complex AuI2
-. A set of ten 100 mL HDPE bottles was filled with 

83.3 mM I-, 6.7 mM I3
- and 0.37 mM AuI2

- with pHs that vary between 1.0 and 3.0 and 

between 9.0 and 11.0 in increments of 0.5. No pH buffer was used. The ten bottles were 

continuously rolled for 4 days and samples were collected after 1 and 4 days. Another set 

of five 100 mL bottles was filled with 95.2 mM I-, 7.5 mM I3
- and 0.36 mM AuI2

- and 

buffered at pH 9.5, 10.2, 10.8, 11.2 and 11.5 using a mixture of NaHCO3 and NaOH. The 

five bottles were continuously rolled for 11 days, and samples were collected after 1, 4 

and 11 days.  

 Analytical Techniques for Solution Composition 

The concentrations of I- and I3
- were determined based on the procedure described 

in Heath et al. (2008). Each of the samples was treated with a 1 M sodium thiosulfate 

(Na2S2O3) solution to reduce I3
- to I- according to: 

퐼 + 2 푆 푂  = 3 퐼 + 푆 푂    (2-4) 

The resulting tetrathionate (S4O6
2-) was immediately analyzed using high 

performance liquid chromatography (HPLC) with an UV detector at 214 nm, along with 

the total iodide ion at 225 nm. The concentration of I3
- was calculated from the 

concentration of S4O6
2- and the I- in the sample was the difference between the total I− 

measured and the I- generated according to Eq. 2-4. 

The concentration of gold in solution was determined using either flame atomic 

absorption spectroscopy (AAS), at a wavelength λ = 242.8 nm or using inductively 

coupled plasma optical emission spectrometry (ICP-OES). The concentrations of iron 

(Fe) and sulfur (S) were determined using ICP-OES. 

 Process-Based Numerical Modeling 

A reactive transport model was set up to quantify the relevant electro-osmosis and 

electromigration processes in the quartz section in conjunction with the key reactive 
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processes that affect gold leaching and transport. The model development and calibration 

was guided by the data of the three EK-ISL experiments E1, E3 and E4. 

 Modeling Framework 

All model simulations were conducted using the numerical model PHT3D-EK (Wu 

et al., 2012). This code simulates coupled flow and reactive multi-species solute transport 

under both hydraulic and electric potential gradients. The model incorporates EK 

migration into the variable density version of PHT3D (Prommer et al. (2003); Bauer-

Gottwein et al. (2007); Post and Prommer (2007)). This version of PHT3D combines two 

existing and widely-used U.S. Geological Survey codes, the variable-density groundwater 

flow and (non-reactive) transport model SEAWAT-2000 (Langevin et al., 2003), and the 

geochemical reaction model PHREEQC-2 (Parkhurst and Appelo, 1999). PHT3D-EK 

was verified using previously published analytical and experimental studies (Wu et al., 

2012). The fluid flow due to hydraulic and electro-osmotic forcing in the porous medium 

is described by (Alshawabkeh and Acar, 1996; Shapiro and Probstein, 1993a): 

 푆푆
휕ℎ
휕푡 =  퐾ℎ∇2ℎ+ 퐾푒표∇2V (2-5) 

where h is the potentiometric head (m), V is the voltage (V), SS is the specific storage 

(m-1), Kh is the hydraulic conductivity (m day-1), Keo is the electro-osmotic conductivity 

(m2 day-1 V-1) and t is time (day). The transport of dissolved ions may occur due to 

advection and dispersion and under EK, by electro-osmosis and electromigration. The 

solute transport is described by (Acar and Alshawabkeh, 1993): 

 휕퐶푖
휕푡 = 퐷훼훽∇2퐶푖 − ∇{퐶푖[(푢푖∗ + 퐾푒표)∇퐸+ 퐾ℎ∇ℎ]} + 푟푟푒푎푐,푖

 (2-6) 

where Ci is the aqueous concentration of species i (mol L-1) , D is the hydrodynamic 

dispersion coefficient tensor (m2 day-1), and rreac,i is a source/sink rate due to a chemical 

reaction (mol L-1 day-1). The effective ionic mobility ui* is estimated based on: 

 푢푖∗ = 푢푖0푛휏 (2-7) 

where ui
0 is the ionic mobility of species i at infinite dilution (m2  day-1 V-1), n is porosity, 

and  is an empirical coefficient describing the tortuosity of the porous medium. 
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 Model Setup and Discretization 

A one-dimensional model was constructed to represent the 9.6 cm-long section of 

wet quartz powder in experiments E1, E3 and E4. A uniformly spaced grid discretization 

of 0.48 cm and thereby 20 grid cells were used, with the first (left) cell representing the 

source and the last cell the target reservoir. The electrolyte reservoirs were not explicitly 

modeled and therefore the cathode and anode were positioned at the left and right 

boundary, respectively. Constant head boundary conditions were defined at both 

electrodes. A constant concentration boundary was defined for the grid cell representing 

the cathode to fix the source concentrations to the experimentally measured values. In the 

model the experimental period was discretized into individual stress periods, with the 

start time of each stress period coinciding with the time of sampling the source reservoir. 

The temporally changing source concentrations in the model were then adjusted to the 

corresponding measured value. The selected temporal discretization was 0.05 days. 

Homogenous initial concentrations were set to an electrolyte concentration of 0.1 M 

NaCl, i.e., the concentration of the quartz powder, which was saturated with a NaCl 

solution prior to the start of the experiment. The applied voltage over the quartz section 

was 10.4 V. As no measurements of voltage gradients within the sand reservoir were 

available, in the model the gradient between cathode and anode was therefore assumed to 

be linear. The presence of gold or a mixture of gold and pyrite was assumed to be uniform 

among all grid cells in the model, except for the boundary cells. It was assumed that not 

all pyrite added in the experiment would react and/or secondary phases would precipitate 

on the pyrite surface and limit reactivity. The effective mass of pyrite that was employed 

as initial concentration in the model was therefore determined through calibration of the 

model. The main model parameters are given in Table 2-2. Cl- acts as a tracer in these 

experiments and therefore, the Cl- breakthrough data was used to manually calibrate the 

flow and conservative transport behavior through the quartz section, using tortuosity as 

adjustable model parameter.  
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Table 2-2. Key parameters in the model. 

Parameter Value Units Ref. 

Voltage gradient (ΔV) 108.3 V m-1 1 

Electro-osmotic conductivity (Keo) 3.7×10-4 m2 day-1 V-1 2 

Hydraulic conductivity (Kh) 0.068 m day-1 3 

Porosity (n) 0.50 - 1 

Tortuosity (τ) 0.35 (E1) 

0.35 (E3) 

0.32 (E4) 

- 

- 

- 

4 

4 

4 

Longitudinal dispersivity (αL) 0.02 m 5 

Diffusion coefficient (D) 5.53×10-5 m2 day-1 6 

Ionic mobility (ui):  AuI2
- 4.00×10-3 m2 day-1 V-1 4 

 Cl- 6.84×10-3 m2 day-1 V-1 7 

 H+ 3.13×10-2 m2 day-1 V-1 7 

 I- 5.80×10-3 m2 day-1 V-1 4 

 I3
- 3.67×10-3 m2 day-1 V-1 4 

 K+ 6.59×10-3 m2 day-1 V-1 7 

 Na+ 4.49×10-3 m2 day-1 V-1 7 

 OH- 1.77×10-2 m2 day-1 V-1 7 

Gold rate constant (kgold,dis) 

Pyrite rate constant (kpyrite,dis) 

Initial pyrite concentration 

 3.8 

1×1010 

0.8×10-3 (E3) 

1.8×10-3 (E4) 

mol-0.5L0.5s-1 

mol-6L6s-1 

mol L-1 

mol L-1 

4 

4 

4  

4 

1 – based on the experimental data/parameters 
2 – Casagrande (1952) 
3 – Casagrande (1948) 
4 – model calibration 
5 – Li (1995) 
6 – based on the range of diffusion coefficients in Haynes (2016) 
7 – calculated from diffusion coefficients in Haynes (2016) 

 Simulated Reaction Network 

PHT3D-EK currently requires each reaction to be defined through a kinetic rate 

expression. Equilibrium reactions can be simulated by setting the rate parameters such 

that forward and backward reactions are superposed (Wu et al., 2012). The reaction 

database developed by Martens et al. (2012) to simulate hydraulically induced ISL of 

gold was used as a starting point, and only the species and reactions that were considered 

essential/predominant under the prevailing experimental conditions of this study (e.g., 

pH, temperature) were included. The included aqueous species were the major iodine 

species I-, I2 and I3
-, the dissolved gold-iodine complex AuI2

-, the water dissociation ions 
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H+ and OH- and the major ions K+ (from the lixiviant components KI and KIO3), Na+ and 

Cl- (from the background electrolyte solution). Furthermore, the equilibrium reaction 

between I- and I3
- as well as two mineral phases, solid gold Au(s) and pyrite FeS2(s), were 

included (Table 2-3). For the gold and pyrite dissolution, several reactions were lumped 

into one overall reaction. For example, for gold, rather than including both anodic and 

cathodic reactions (Eqs. 2-1 and 2-2), only the overall reaction was added to the database. 

As in Martens et al. (2012), the gold dissolution rate was taken from Qi and Hiskey 

(1991): 

0.5
3,dis gold, ]I[]I[13.3)(=r   expk disgold    (2-8) 

where rgold,dis (mol L-1 s-1) is the dissolution rate for gold and kgold,dis (mol-0.5L0.5s-1) is the 

rate constant for dissolution. For pyrite, the amount that was found to be reactive in the 

experiment was used as input for the model and the dissolution rate was assumed to 

depend on the I3
- concentration, using its stoichiometric coefficient in the dissolution 

equation (Table 2-3) as exponent: 

7
3,dis pyrite, ]I[=r dispyritek     (2-9) 

where rpyrite,dis (mol L-1 s-1) is the dissolution rate for pyrite and kpyrite,dis (mol-6 L6 s-1) is 

the rate constant for dissolution.  

Table 2-3. Thermodynamic data included in the model. 

Reaction  Log K 

퐼 + 퐼 = 퐼  2.840 

퐴푢(푠) + 0.5 퐼 + 0.5 퐼 =  퐴푢퐼  -0.725 

퐹푒푆 (푠) + 7 퐼 + 8 퐻 푂 = 16 퐻 + 2 푆푂 + 퐹푒 + 21 퐼  43.188 

(s) = solid phase 

2.4 Results and Discussion 

 Gold EK-ISL from Saturated Quartz Powder 

The ability of EK-ISL to recover gold from a non-reactive synthetic mixture, i.e. 

saturated fine quartz powder, was demonstrated in experiments E1 and E2. Gold particle 

size, gold loading, length of middle reservoir and voltage gradients differed between the 

two experiments (Table 2-1), but both experiments showed a near complete recovery of 

gold at the target reservoir in less than three days of EK-ISL treatment (Figure 2-2A). In 

both experiments, breakthrough of I3
- (Figure 2-2C) and AuI2

- (Figure 2-2A), occurred 
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simultaneously. Both ions had arrived in the target reservoir by the first sampling event, 

i.e., after < 22 h, indicating that the gold dissolution reaction using the I-/I3
- based lixiviant 

is efficient.  

 
Figure 2-2. (A) Gold recovery, and cumulative amounts of (B) iodide and (C) tri-iodide over time in 

the target reservoir in experiments E1 and E2. Experiment E1: gold size fraction 3.0-5.5 µm and total 

voltage 15V; experiment E2: gold size fraction 43-53 µm and total voltage 28V.  

The setup of the control experiment E0 was identical to experiment E1, except that 

no voltage gradient was applied. Therefore, in this case diffusion was the only transport 

mechanism. Experiment E0 was operated for 28 days compared to 4 days for E1. 

However, after the 28 days there was no I3
-, no gold and only 1.0 mmol of I- in the target 

reservoir, clearly illustrating that the application of the voltage gradient facilitated gold 

leaching in E1 and that the effect of diffusion across the synthetic media is negligible over 

the investigated period.  

 Impact of Gangue Minerals on Gold Recovery 

In the subsurface, transport of ionic lixiviant by electromigration, and the 

dissolution and subsequent transport of target elements will involve a complex interplay 

of geochemical reactions, including sorption-desorption processes, dissolution of primary 

minerals and precipitation of secondary minerals. Besides gold, the presence of other 

reducing minerals would also consume the oxidant I3
- and potentially substantially 

decrease the efficiency of gold ISL (Martens et al., 2012). Pyrite (FeS2) is a typical gangue 

mineral in gold deposits (Klein, 2002) and has significant reducing capacity. A series of 

tests was designed to investigate two potential impacts of pyrite on EK-ISL of gold when 

using iodide/tri-iodide as the lixiviant: (i) consumption of the oxidant and its implications 

on gold recovery and (ii) impact on gold stability in solution.  
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EK-ISL experiments with different pyrite loadings, i.e., 0.03 wt% (0.12 g total 

pyrite, experiment E3) and 5.26 wt% (20 g total pyrite, experiment E4) were carried out 

and compared with the experiment without pyrite (experiment E1). Pyrite competes with 

gold for tri-iodide according to: 

퐹푒푆 + 7 퐼 + 8 퐻 푂 = 16 퐻 + 2 푆푂 + 퐹푒 + 21 퐼     (2-10) 

Indeed, the increased amounts of pyrite in the gold-sand mixture correlate with less 

efficient gold recovery (Figure 2-3A). The relationship is, however, not linearly 

proportional to the amount of pyrite added, i.e., adding 167 times more pyrite in 

experiment E4 compared to E3, did not delay the gold recovery by the same factor. In 

each experiment, the source reservoir contained 8.0 ×10-3 mol I3
-. After 4 days, 

1.9 ×10-3 mol I3
- had reached the target reservoir in experiment E1 (without pyrite), while 

1.6 ×10-3 mol and 1.3 ×10-3 mol had arrived in experiments E3 and E4, respectively 

(Figure 2-3B). Thus, the amounts of I3
- that might have been consumed by pyrite were 

only 0.3 ×10-3 mol and 0.6 ×10-3 mol, respectively. These amounts are significantly lower 

than the required amounts of I3
- to oxidize 0.12 g and 20 g pyrite (7.0 ×10-3 and 1.170 mol 

I3
-, respectively, according to Eq. 2-10), indicating that the pyrite oxidation reaction is 

kinetically slow and/or certain precipitates formed on the pyrite surface, making pyrite 

inaccessible for further oxidation. After E2 and E3 were stopped, experiment E4 was 

continued for another week until near complete recovery was achieved. In experiment E4 

a total of 0.24 ×10-3 mol of sulfur was found in the target reservoir after 11 days. This 

corresponds to an I3
- consumption of 0.84 ×10-3 mol I3

- (Eq. 2-10), i.e., slightly above the 

difference of 0.6 ×10-3 mol between experiment E1 (1.9 ×10-3 mol) and E4 (1.3 ×10-3 mol) 

that was observed after 4 days. However, the target reservoir contained only 

0.06 ×10-3 mol Fe, which is half of the expected Fe based on Eq. 2-10 and the observed 

sulfur concentration, which indicates that some secondary iron minerals might have 

formed. These secondary iron minerals could have formed on the pyrite surfaces and 

passivated the surfaces from further oxidation, enabling a relatively efficient gold 

recovery by EK-ISL, even under a high pyrite loading.  

For the simulated experiments (E1, E3 and E4), the simulated data compare well to 

the measured Au, I3
-, I- and Cl- concentrations in the target reservoir (Figure 2-3). 

Differences in observed Cl- concentrations in the target reservoir are partially due to 

differences in the pH control, i.e., times and amounts of acid and caustic solution addition 

in the electrode reservoirs, between experiments. The good fit for the Cl- data illustrates 
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that the model is well calibrated to simulate the EK processes of electro-osmosis and 

electromigration in this system.  

The data obtained from the experiment without pyrite (E1) was then used to 

calibrate the rate constant for gold dissolution. The fitted value of 3.8 mol-0.5 L0.5 s-1 is 

within one order of magnitude of the calibrated value of 0.5 mol-0.5 L0.5 s-1 for an ISL 

column experiment with gold ore drill chips (Martens et al., 2012). The higher value 

obtained in this study is reasonable considering gold is present as very fine pure powder 

and therefore more accessible compared to the ore material employed in Martens et al. 

(2012). The simulation results for the pyrite-containing experiments (E3 and E4) confirm 

the observation that only a small part of the pyrite had reacted with I3
- within the 

timeframe of the experiments, as only a minor ‘reactive’ fraction of pyrite had to be added 

in the simulation (cf. Table 2-2) to reproduce the observed delay in gold recovery and 

reduced amount of I3
- reaching the target. Due to the production of excess I- in the pyrite 

oxidation reaction (Eq. 2-10), our model slightly overestimates the I- concentrations in 

the target for E3 and E4. A possible reason for this could be that the extra I- sorbs on 

pyrite or on secondary iron phases (Frasca et al., 2012).  

 

Figure 2-3. (A) Gold recovery, and cumulative amount of (B) tri-iodide, (C) chloride, and (D) iodide 

in the target reservoir over time in experiments E1, E3 and E4. Experimental results: symbols, and 

model results: lines.  
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Bottle roll experiment #1 allowed to investigate I3
--driven pyrite oxidation in a more 

controlled system and to determine whether the presence of pyrite would negatively affect 

the stability of the gold complex (AuI2
-). Similar to what was observed in the EK-ISL 

experiments (Fig. 3), the effect of pyrite oxidation on I3
- concentrations is evident and the 

non-linear relationship between the amount of pyrite and the delay in gold recovery is 

confirmed, with the bottle containing the 10-times higher pyrite loading not showing a 

10-times higher decrease in I3
- concentration (Figure 2-4A). In the bottle with the highest 

amount of pyrite, the I3
- concentration decreased by 30% or 1.1 mM within 24 h, which, 

if totally attributed to pyrite oxidation, would have released 0.16 mM Fe and 0.31 mM S 

(Eq. 2-6). The measured Fe concentration was an order of magnitude lower, whereas the 

measured S concentration was similar. This is indicative of precipitation of secondary 

sulfur-free iron phases upon oxidation. After the first day, the I3
- concentration continued 

to decrease albeit at a much slower rate (Figure 2-4A), probably because pyrite surfaces 

were passivated by secondary iron phases. A slow decrease in I3
- concentration was also 

observed for the reference bottle without pyrite, suggesting that the further decrease is 

not or not totally due to pyrite oxidation. A possible explanation could be that tri-iodide 

is slowly converting back to IO3
- or a loss as I2 via sublimation during sampling. Both 

initial pyrite oxidation and I3
- to IO3

- conversion generate H+ ions, which is confirmed by 

the slow decline in pH for all three bottles during the experiment (Figure 2-4B).  

 

Figure 2-4. Effect of pyrite oxidation on I3- concentration and on the stability of gold in solution in 

bottle roll experiment #1. (A) Tri-iodide concentration, (B) pH, and (C) gold in solution over time.  

The presence of pyrite and resulting chemical reactions affect the stability of gold 

in solution, with a decrease of 12% and 19% in dissolved gold concentrations for the 

respective bottles with low and high pyrite contents (Figure 2-4C). However, this effect 

was temporary and after the first day, all gold was re-dissolved. A possible explanation 

is that upon the initial sudden release of sulfide due to pyrite oxidation, gold may have 
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precipitated as gold-bearing sulfide minerals which re-dissolved subsequently when the 

pyrite oxidation rate decreased. 

 Stability of the Lixiviant and Gold Complex as a Function of pH 

Although the pH was maintained in the well-controlled laboratory EK-ISL 

experiments, in a field implementation it will be more challenging to control the pH 

effectively. A system which is stable over a wider range of pH will therefore make 

practical application more feasible. The stability region for the lixiviant and gold complex 

AuI2
- was investigated in the second bottle roll experiment.  

 Davis et al. (1993) performed equilibrium calculations on the stability of I3
- and 

AuI2
- in solution where the AuI2

- concentrations in solution were between 5 and 10 mM. 

Their calculations suggest that above pH 9.5, iodate (IO3
-) instead of I3

- becomes the 

dominant species in solution and the gold iodide complex (AuI2
-) becomes unstable above 

pH 10. For the acidic pH values, both I3
- and AuI2

- were calculated to remain stable down 

to pH 2, but no calculations were made below this pH.  

Bottle roll experiment #2 investigated the stability of I3
- and AuI2

- at extremely low 

(pH 1.0 to 3.0) and high pHs (9 to 11.5) for concentrations similar to those used in the 

EK-ISL experiments. For the first set of bottles, which were unbuffered, no changes in I3
- 

nor in AuI2
- concentrations were recorded for the low pH bottles, indicating that even at 

very low pHs this lixivant-gold system can be used. However, after one day, all of the 

high pH bottles had lost part of the I3
- and due to the H+ released by the transformation 

from I3
- to IO3

-, their pHs had decreased. To track the changes as a function of pH, another 

set of bottles were made up for the high pHs and buffered. For these buffered high pH 

bottles, I3
- was less stable with higher pH and the higher the pH, the faster it transformed 

to IO3
- (Figure 2-5A). At pH > 11, I3

- readily transformed into IO3
-, with < 0.3 % I3

- left 

after one day. At pH 9.5, I3
- remained the dominant species in the first 4 days, but iodate 

had become the dominant species by day 11. The gold complex on the other hand, seems 

to respond much more slowly to the pH increase and gold could remain in solution, even 

though there was only a trace amount of I3
- left. At pH 11.5, 99.9% of I3

- had disappeared 

from solution after one day, whereas only 15% of the AuI2
- had disappeared. More AuI2

- 

disappeared from solution over time, i.e, 56% by day 4 and 70% by day 11. Below pH 

11, no significant loss of AuI2
- from the solution was observed, even after 11 days (Figure 

2-5B). Therefore, for the tested conditions, any pH below 11 appears to warrant sufficient 
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stability of the gold complex, which is a wider range than initially anticipated, based on 

the earlier work of Davis et al. (1993).  

 

Figure 2-5. Stability of (A) I3- and (B) AuI2- as a function of pH and time in bottle roll experiment 

#2. Note that in all bottles and at all times, there was at least a trace amount of I3- left.  

2.5 Conclusions and Outlook 

A series of laboratory experiments demonstrate the principal feasibility of 

applying electrokinetics to induce the migration of a specific lixiviant and to successfully 

mobilize and rapidly transport gold towards a target reservoir. In the experimental system, 

full gold recovery was obtained from a synthetic ore mixture within a relatively short 

time. The presence of pyrite, which was used as a proxy reductant, did cause some, but 

not excessive impacts on the achieved gold recovery rate. A process-based numerical 

model that considers ionic transport under an induced voltage gradient was constructed 

to simulate the coupled transport and geochemical reaction processes and to quantify the 

specific rates at which both physical and chemical processes occurred. For the cases that 

were simulated in this study the numerical model was able to closely replicate the 

experimental observations. In future work the developed simulation capabilities can be 
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used to support the design of follow-up experiments and as a basis for field-scale model 

applications.  

From these preliminary results we conclude that electrokinetic in situ leaching (EK-

ISL) has the potential to become a new mining technology that could significantly 

broaden the application of ISL. The envisaged key advantages of applying EK will be 

that (i) sufficiently fast transport rates could be generated in media with low hydraulic 

conductivities and (ii) since EK processes of electromigration and electro-osmosis are not 

dependent on hydraulic conductivity, transport rates would be almost independent of the 

degree of variability of the prevailing hydraulic conductivities, i.e., the prevailing 

heterogeneity. The latter will help to overcome one of the most critical limitations of 

applying hydraulically induced flow, where the lixiviant is likely to largely migrate along 

preferential flow pathways, therefore potentially bypassing a large proportion of the ore. 

In contrast, EK induces a relatively uniform migration of solutions in heterogeneous and 

low-permeability geological formations, thus achieving lixiviant contact with a greater 

proportion of the ore body. With the ions only moving rapidly under the influence of the 

electric field, EK-ISL will largely prevent or minimize the loss of lixiviants to the 

environment and corresponding environmental impacts, because fluid flow under natural 

conditions will be extremely slow. 

These results are highly encouraging and demonstrate applicability of EK-ISL to 

unconsolidated materials. A critical next step will be to demonstrate that EK-ISL can also 

be efficiently applied to consolidated ore material, i.e., intact rocks. Once this has proven 

to be feasible, further efforts can be directed towards determining what types of ores 

might be accessible for mining by EK-ISL. The efficiency and feasibility of EK-ISL will 

depend on (i) the mineralogical composition of the ore, in particular the quantity and 

reactivity of the gangue minerals as well as (ii) the porosity, connectivity and the resulting 

conductivity. More fundamental experiments will be needed to investigate the influence 

of chemical and operational parameters such as current density and lixiviant 

concentrations as well as the feasibility for applying other lixiviant systems. Based on a 

further refined process understanding and quantification capabilities, upscaling of the 

technology can occur in parallel through controlled field trials and numerical modeling. 

The results from these activities will underpin the development of successively refined 

economic models to clarify the potential for successful full-scale implementation of the 

technology. While the current study investigated the feasibility of EK-ISL to extract gold, 
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there are far broader-scale opportunities to apply EK-ISL to many other combinations of 

lixiviant systems and target minerals, such as the extraction of copper or zinc. 

2.6 Acknowledgements 

EM was supported by a Director’s Scholarship of the Minerals Research Institute 

of Western Australia (MRIWA), which is gratefully acknowledged. The work was also 

supported by MRIWA grant M450 and CSIRO Mineral Resources for operational cost.  

 





 

31 
 

CHAPTER 3.  ELECTROKINETIC IN SITU 

LEACHING OF GOLD FROM INTACT ORE 

3.1 Abstract 

Electrokinetic in situ leaching (EK-ISL) is a novel in situ mining technology that 

uses an electric field to induce the migration of lixiviants through the subsurface to extract 

target commodities. Based on previous experiments with fine-grained unconsolidated 

material, this study assesses the feasibility of EK-ISL of gold from consolidated, 

unfractured, low-permeability ore material. Under the initially tested laboratory 

conditions, substantial ionic transport through low-permeability rock was achieved by 

applying a constant voltage. Subsequently, synthetic gold ore was positioned in between 

two rock sections and gold was successfully mobilised from the synthetic ore, transported 

through the second rock piece and collected in the target reservoir, albeit at a fairly slow 

rate. EK-ISL was then applied to two different gold ore samples. Both ores consumed 

considerable amounts of lixiviant before gold breakthrough occurred. Within the 

experimental timeframe, only a trace of gold was leached from Ore Sample 1. 

Nevertheless, over 50% of gold was recovered from Ore Sample 2 within a month after 

initial breakthrough. These experiments show that EK-ISL of gold from intact rocks is 

feasible, and also highlight the importance of characterising the reactivity of the host rock 

with respect to the selected lixiviant system prior to attempting EK-ISL. It was also found 

that during EK-ISL the hydraulic permeability of the ore was increased as a result of the 

dissolution of gangue minerals, which enhanced electro-migration of ions over the 

investigation timeframe. 

3.2 Introduction 

Electrokinetic in situ leaching (EK-ISL) is a novel in situ mining technology that 

combines the benefits of electrokinetics (EK) and in situ leaching (ISL). If shown to be 

feasible at full-scale, it has the potential to initiate a paradigm shift towards more 

sustainable mining. EK-ISL applies an electric field to facilitate transport of lixiviants 

through unbroken rock to the element of interest, mobilises the target element and 

transports it towards an extraction well for recovery and lixiviant recycling. EK-ISL can 

potentially overcome many challenges that affect conventional mining operations. 

Current operations typically require the extraction of vast quantities of ore from often 

great depth, as well as the processing of these ores to retrieve the target element and 
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disposing of the waste rock. This is further aggravated by declining (gold) ore grades 

(e.g., Mudd (2007a); Sebag (2012)), requiring ever larger volumes of rock to be treated 

and more waste to be disposed of. Very large amounts of energy and water are consumed 

with current techniques (Mudd, 2007b) and, in most cases, permanent scars are being left 

in the landscape that challenge the sustainability of these practices, thereby supporting 

the need for the development of new methods, such as EK-ISL.  

In electrokinetics, the generation of a current facilitates flow and transport of 

solutes through different processes (Acar and Alshawabkeh, 1993; Yeung, 2006). In the 

case of EK-ISL, only electro-migration and electro-osmosis play a role. Electro-migration 

refers to the movement of charged species, i.e., ions, towards the electrode of opposite 

charge. The resulting migrational flux JM (mol m-2 s-1) is described by: 

퐽 =  −푢∗ ∆퐸 푐      (3-1) 

where 푢∗ (m2 V-1 s-1) is the effective ionic mobility of the species i, ΔE (V m-1) is the 

electrical potential gradient and ci (mol m-3) is the concentration of the ion i. The effective 

ionic mobility is related to the ionic mobility in free solution at infinite dilution, ui (m2 

V-1 s-1) by: 

푢∗ =  푢  푛 휏      (3-2) 

where n (unitless) is the porosity, τ (unitless) is the tortuosity and the ionic mobility can 

be estimated from: 

푢 =    
 

      (3-3) 

where Di (m2 s-1) is the diffusion coefficient in the free solution at infinite dilution of 

species i, zi is the valence of the species i , F is Faraday’s constant (96 485 C mol-1), R is 

the universal gas constant (8.3144 J mol-1 K-1) and T is the absolute temperature (K) (Acar 

et al., 1993). Electro-osmosis, on the other hand, is the bulk movement of the (uncharged) 

pore fluid due to an electrical gradient. This flow is generated as counter-ions in the 

diffuse double layer adjacent to the mineral surface move towards the oppositely charged 

electrode, thereby transferring momentum to the surrounding fluid molecules. As mineral 

surfaces are generally negatively charged, the flow is normally from the anode to the 

cathode. The electro-osmotic flux, JEO (mol m-2 s-1), is given by: 

퐽 =  −퐾  ∆퐸 푐       (3-4) 



 Electrokinetic in situ leaching of gold from intact ore 

33 

where KEO is the electro-osmotic permeability or conductivity (m2 s-1 V-1) (Acar et al., 

1993). With the potential gradient, ΔE, as driving force for both of these EK processes 

(Eqs. 3-1 and 3-4), the species follow the electric field lines defined by the positioning of 

the electrodes and therefore allow for a rigorous control of the flow direction (Probstein 

and Hicks, 1993b; Wu et al., 2013). From the above equations it is apparent that electro-

migration and electro-osmosis are not directly related to the hydraulic conductivity (Kh) 

of the media. In media with very low Kh, where hydraulic flow is negligible and diffusion 

is the main transport mechanism, EK processes are still substantial (Reddy and Saichek, 

2003; Wu et al., 2007). For example, compared to molecular diffusion alone, electro-

migration rates were found to be 4 times faster in clay (Reynolds et al., 2008b) and several 

hundred times faster in fractured crystalline rock (Andre et al., 2009; Löfgren and 

Neretnieks, 2006a). Electro-osmosis depends on the electro-osmotic conductivity 

(Eq. 3-4), which is a term similar to the hydraulic conductivity term, however, with the 

important difference that typical values for the parameter Keo do not vary significantly 

between different types of subsurface media. In soils for example, it was found that Keo 

is within the same order of magnitude for most soil types, as opposed to Kh, which can 

easily vary over five or more orders of magnitude (Mitchell and Soga, 2005). Therefore, 

electrokinetics is not only able to generate substantial flow and solute migration within 

low-permeability media, but it is also, very importantly, able to generate a much more 

uniform solute migration through heterogeneous media than ‘conventional’ hydraulic 

flow (Gill et al., 2014; Reynolds et al., 2008b; Saichek and Reddy, 2005). This 

circumvents a key problem of conventional ISL, i.e., that the lixiviant potentially migrates 

along preferential flowpaths with minimal contact with the target commodity. Currently 

the main application of EK is soil remediation in low permeability and/or heterogeneous 

permeability sediments (Alshawabkeh et al., 2005; Gill et al., 2014; Page and Page, 2002; 

Virkutyte et al., 2002) with several patented systems in place, e.g., Electro-KleanTM, 

ElectrosorbTM, ECGOTM, LasagnaTM (Ho et al. (1995b). EK has also been applied to 

consolidated materials to remove salts from porous building materials such as ceramic 

tiles, bricks or concrete (e.g., Kamran et al., 2013; Ottosen and Rörig-Dalgaard, 2009; 

Paz-García et al., 2013) and to remove heavy metals from mortar, concrete and bricks 

(Castellote et al., 2002; Castellote and Botija, 2011; Popov et al., 2008). All these 

materials have, however, a much higher porosity (i.e., up to 30%) than ore-hosting natural 

hard rocks. So far only a limited number of EK experiments have been reported for 

extracting metals from ore material. However, since most previous experiments were 

undertaken either to remediate mine tailings (Isosaari and Sillanpaa, 2010; Karaca et al., 
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2017) or to enhance heap leaching performance (Burns and Wright, 1994a), only tailings 

or fractured pieces of ore were tested rather than intact rock material. Sabba and Akretche 

(2006) carried out electrokinetic experiments with the purpose of in situ leaching of 

copper ore but they also used crushed material in all experiments. Very limited knowledge 

exists for the application of EK on intact rocks. Feijoo et al. (2013) applied electro-

migration to desalinate two types of granites, but both still had a fairly high porosity (4.1% 

and 6.4%, respectively). Probably, the most relevant work was reported by Löfgren and 

Neretnieks (2006), who carried out very short (i.e., 4 hour) experiments, where electro-

migration was used to transport trace amounts of iodide through intact, low-permeability 

crystalline granite rock samples (porosity <0.5%, Löfgren (2004)) between 1.5 cm and 

12.1 cm in length. Their experiments confirmed that a sufficiently connected microporous 

system can exist, even in very low-porosity media, allowing for some solute migration. 

However, only trace amounts of ions were transported. Therefore, it needs to be 

investigated whether the transport rates of lixiviants as well as those of the targeted 

commodities could be sufficiently high to allow efficient ISL. Martens et al. (2018a) 

recently confirmed the in-principle feasibility of EK-ISL by successfully leaching gold 

from a synthetic gold ore, i.e., pure gold powder mixed homogenously into non-reactive 

wet silica powder. The present study extends this previous work to evaluate whether EK-

ISL can transport lixiviants through intact rock and whether it can effectively mobilise 

gold from intact rock samples, and transport and concentrate the gold into a target 

reservoir.  

3.3 Materials and Methods 

 Experimental Design 

 EK-ISL Apparatus 

A laboratory-scale experimental apparatus that generates a similar set of processes 

to a potential EK-ISL implementation was constructed. The experimental setup 

resembled the earlier experiments with unconsolidated porous media (Martens et al., 

2018a). However, two variations of this setup, as schematically represented in Figure 3-1, 

were made for the present study. Similar to the previously reported experiments, the 

apparatus consisted of five reservoirs or sections, from left to right:  

 The cathode reservoir held the cathode and its electrolyte solution, which was 

separated from the adjacent solution by an anion exchange membrane (AEM).  



 Electrokinetic in situ leaching of gold from intact ore 

35 

 The source reservoir represented an injection well and was filled with the 

lixiviant. A mixture of iodide (I-) as complexant and tri-iodide (I3
-) as oxidant was 

used as the lixiviant throughout this study. Using this lixiviant, gold dissolves 

according to:  

2 퐴푢 + 퐼 +  퐼 = 2 퐴푢퐼       (3-5) 

More details on this lixiviant system can be found in Davis and Tran (1991) and 

Martens et al. (2018a).  

 The middle section differed between the two types of experimental setups (Figure 

3-1). In setup A, it acted as a reservoir positioned between two adjacent pieces of 

low-permeability rock. This reservoir then either provided an extra solution 

reservoir to track the transport behavior of anions from the source to the target 

reservoir, or it contained a synthetic gold ore to be leached. In setup B, the middle 

section consisted of a piece of gold ore to be leached.  

 The target or receiving reservoir represented the extraction well. At the start of 

the experiment, this reservoir was filled with an electrolyte solution, which was 

separated from the adjacent solution by a cation exchange membrane (CEM). 

 The anode reservoir contained the anode and its electrolyte solution.  

The anode and cathode were connected to a direct current (DC) power supply and 

a constant voltage was applied. In addition to the desired migration of ions, electrolysis 

of water occurred at the electrodes, producing hydrogen ions (H+) and oxygen gas (O2(g)) 

at the anode and hydroxyl ions (OH-) and hydrogen gas (H2(g)) at the cathode (Acar and 

Alshawabkeh, 1993): 

2 퐻 푂 =  푂 (푔) + 4 퐻 + 4 푒  (푎푛표푑푒)   (3-6) 

4 퐻 푂 + 4 푒 = 2 퐻 (푔) + 4 푂퐻  (푐푎푡ℎ표푑푒)  (3-7) 

In experiment E1, a peristaltic pump was used to continuously circulate the 

electrolyte solutions between the two electrode reservoirs and to keep the pH close to 

neutral. A drop-wise mixing was applied to prevent short-circuiting via the mixing 

streams (Löfgren and Neretnieks, 2006a). Alternatively, in all other experiments, the pH 

changes were compensated for by regularly adding hydrochloric acid (HCl, 4 M) and 

sodium hydroxide (NaOH, 4 M) to the cathode and anode reservoirs, respectively. The 

H2 and O2 gases were allowed to escape by leaving the electrode reservoirs open. All 

other reservoirs were covered with watch glasses.  
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Figure 3-1. Schematic illustration of the EK-ISL setups and the gold leaching process. Setup A (Fig 

3-1A) is the experimental apparatus used for experiments E1 and E2. The pump was only used in 

experiment E1. Setup B (Fig. 3-1B) is the experimental apparatus used for experiments E3A and E4. 

AEM = anion exchange membrane, CEM = cation exchange membrane.  

The use of an AEM between the cathode and source reservoirs prevented the 

cathodic reduction of the I3- in the source reservoir, and the CEM between the target and 

anode reservoirs prevented the anodic oxidation of gold iodide and other anion species. 

Through the use of these membranes, the dominant reactions at the electrodes were the 

water electrolysis reactions shown above (Eqs. 3-6 and 3-7). To maintain the charge 

neutrality in the electrode reservoirs and to allow electrical current flow, transport of 

charged species (e.g. OH- migration from the cathode reservoir to the source reservoir 

and H+ migration from the anode reservoir to the target reservoir) occurred. Anionic 

species such as the lixiviant components, I- and I3
-, were transported from the source 
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reservoir into the middle section (setup A) or into the gold ore (setup B), where the leach 

reactions such as gold dissolution (Eq. 3-5) and secondary mineral reactions occurred. 

The leached species could then transport either direction depending on their charge, i.e. 

leached cations such as Ca2+ migrated to the source reservoir and anions such as AuI2
- 

were transported to the target reservoir. Due to the positioning of the CEM, all anions 

accumulated in the target reservoir and gold could thus be recovered from the target 

reservoir.  

 Miniature-mine Setup 

An alternative experimental setup was designed to allow the laboratory tests to 

more closely resemble a future field-scale implementation (setup C, Figure 3-2A and C). 

Rather than using pipes to create separate reservoirs, two cylindrical holes with a diameter 

of 4.5 cm were drilled straight into a larger ore sample, to a depth of about 4.5 cm. These 

holes were used as source and target reservoirs, with the distance between the centres of 

the two reservoirs being 8.5 cm. Special electrode holders were designed (Figure 3-2B) 

to hold the electrodes and their electrolyte solutions. Each of these electrode holders 

consisted of a main electrolyte reservoir that sat on top of the ore. A narrow extension at 

the bottom of each reservoir fitted into the respective source and target reservoirs, holding 

the electrode as well as a small volume of the electrolyte solution. The electrolyte 

reservoirs and the source and target reservoirs were separated by ion exchange 

membranes, i.e., an AEM in the source and a CEM in the target reservoir. This setup thus 

allowed the creation of the four reservoirs needed for the EK-ISL process by drilling only 

two holes. The outside of the ore was covered in polyurethane resin to prevent leaks 

(Figure 3-2C).  
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Figure 3-2. Setup C, the experimental apparatus for the miniature-mine experiment (experiment 

E3B). Schematic illustration of the setup (A); cross section of one of the electrolyte reservoirs (B); 

and picture of the experimental setup (C).  

 Experimental Program Description 

Five EK-ISL experiments, E1, E2, E3A, E3B and E4, were carried out in this study 

(Table 3-1). This series of experiments was designed to track EK-ISL performance for a 

range of different materials and experimental setups.  

Experiment E1 was set up to study EK-induced migration of ionic species through 

low-permeability rocks, while experiment E2 built on these results while adding a 

‘synthetic gold ore’ between those rocks. Experiments E1 and E2 used setup A, with the 

middle reservoir of the apparatus being enclosed by two low-permeability rocks. The rock 

pieces both had a diameter of 4.6 cm and a length of 2 cm. In experiment E1, the middle 

reservoir was filled with electrolyte solution, while in experiment E2, it was filled with a 

‘synthetic gold ore’, i.e., a mixture of pure gold powder and non-reactive quartz powder. 

The gold powder had an average particle size of 3.0-5.5 µm and a purity of >99.96% and 
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was purchased from BioScientific. The quartz powder was high purity (96-99.5%) milled 

silica powder (Unimin Australia Ltd.) of which 80% was <75 µm. It was mixed with a 

0.1 M sodium chloride (NaCl) solution to obtain a dense slurry. The two rock pieces used 

in E1 were also used in E2. To pre-condition both rock pieces for E2, experiment E1 was 

run for an additional 40 days with a fresh lixiviant solution in the source reservoir and 

subsequently operated for 21 days in reverse mode, i.e., with the second rock sample 

positioned next to the source.  

Experiments E3A and E4 further increased the experimental complexity by using 

intact gold ore instead of synthetic ore. These experiments were operated using setup B 

(Fig. 1B), with the middle section consisting of a piece of intact ore, referred to as Ore 

Sample 1A in experiment E3A and Ore Sample 2 in experiment E4. All rock samples 

were placed in 100 mM NaCl electrolyte solution under vacuum for at least a week to 

saturate the pores prior to EK-ISL treatment. Experiment E3B, which is the miniature-

mine experiment described above, was operated using the same ore as in experiment E3A. 

The original large piece of ore, further referred to as Ore Sample 1B, was used in 

experiment E3B, while a small offcut, referred to as Ore Sample 1A, was used in 

experiment E3A.  

These EK-ISL experiments were conducted under a constant voltage setting, which 

allowed the current to freely vary, unless the system reached a maximum current of 

40 mA in which case a switch to a constant current setting was triggered automatically. 

This set, maximum current of 40 mA was only reached in experiment E4 (Table 3-1). 

Because frequent, manual addition of acid and base to the electrolyte reservoirs was 

required under high current setting, E4 was operated in discontinuous mode. These and 

other stops were recorded and those time intervals were deducted from the reported times, 

which are thus effective running times.  

Source, target and middle reservoirs (E1 and E2 only) were sampled at regular 

intervals. These samples were analysed for I-, I3
- and gold in solution. Stock lixiviant 

solution was added to the target samples for gold measurement to prevent precipitation 

of gold for those samples that had low I3
- concentrations. In addition, the final source and 

target samples of experiments E3A, E3B and E4 were analysed for an extended range of 

ions. The pH was measured using a calibrated electrode for all reservoirs at each sampling 

event.  
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Table 3-1. Overview of experiments. Color shade indicates the setup used: yellow = setup A, blue = setup B, green = setup C. 

Experiment 

Number 
Source Reservoir Middle Section Target Reservoir Total Voltage 

E1 
580 mL of lixiviant 

(100 mM I-, 20 mM I3
-) 

200 mL of electrolyte (100 mM NaCl) enclosed 

by two 2 cm-long pieces of low-permeability 

rock  

500 mL of 100 mM NaCl 36 V 

E2 
560 mL of lixiviant 

(100 mM I-, 20 mM I3
-) 

50 mg gold powder mixed into 320 g quartz 

powder saturated with 122 mL of 100 mM NaCl 

(L = 6.00 cm, D = 5.50 cm) enclosed by two 

2 cm-long pieces of low-permeability rock 

500 mL of 100 mM NaCl 50 V 

E3A 
390 mL of lixiviant 

(100 mM I-, 20 mM I3
-) 

Ore Sample 1A 

 (L = 3.17 cm, D = 3.85 cm) 
390 mL of 100 mM NaCl 50 V 

E3B 

40 mL of lixiviant 

(day 0-45:100 mM I-, 20 mM I3
- 

day 45-62:100 mM I-, 40 mM I3
-) 

Ore Sample 1B 

 (Lmin = 4.00 cm) 
40 mL of 50 mM Na2SO4 50 V 

E4 
390 mL of lixiviant 

(100 mM I-, 40 mM I3
-) 

Ore Sample 2 

 (L = 2.70 cm, D = 3.85 cm) 
390 mL of 100 mM NaCl 

50 V 

(until current 

= 40 mA) 
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 Origin of Gold Ore Samples 

Gold ore samples were sourced from two different gold mines. Ore Sample 1, 

which was subdivided into Ore Sample 1A and 1B, was obtained from a gold deposit 

which will be referred to as ‘Deposit 1’. The majority of gold at Deposit 1 is hosted in 

quartz-carbonate bearing veins, often surrounded by alteration haloes that contain sericite, 

pyrite, dolomitic to ankeritic carbonate and quartz. The gold distribution in Deposit 1 can 

be described as typically coarse native gold, with some of the gold contained as “invisible 

gold” (nanoparticles and/or latticebound) within arsenopyrite and pyrite or as 

micrometer-scale inclusions in pyrite.  

Ore Sample 2 originates from a gold deposit which will be referred to as ‘Deposit 2’ 

and where gold typically occurs in thin lodes (typically <2 m) within an assemblage of 

quartz-amphibole-epidote-biotite-chlorite-pyrrhotite-arsenopyrite±titanite±calcite. The 

gold at this deposit is reasonably dispersed in these lodes.  

 Analytical Techniques for Solution Composition 

The concentrations of I- and I3
- were determined using the procedure described in 

Heath et al. (2008). Each of the samples was treated with a 1 M sodium thiosulfate 

solution (Na2S2O3.5H2O) to reduce I3
- to I- according to: 

I + 2 S O  = 3 I +  S O    (3-8) 

The resulting tetrathionate (S4O6
2-) was immediately analysed using high 

performance liquid chromatography (HPLC) equipped with an ultraviolet detector at 214 

nm, along with the total iodide ion at 225 nm. The concentration of I3
- was calculated 

from the concentration of S4O6
2- (Eq. 3-8). The original I- concentration in the sample 

was the difference of the total I− concentration measured and the I- concentration 

generated through Eq. 3-8. The concentration of gold in solution was determined using 

either flame atomic absorption spectroscopy (AAS) at a wavelength of 242.8 nm or using 

inductively coupled plasma optical emission spectrometry (ICP-OES). The 

concentrations of other elements were determined using ICP-OES. 

 Analytical Techniques for Rock Characterization 

X-Ray Diffraction (XRD) was used to determine the bulk mineralogy of the ore 

from Deposit 1 while mineralogical data was already available for all other rock samples. 
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The XRD analysis was carried out using a PANalytical Empyrean X-ray diffractometer 

with Cu Kα1 radiation equipped with a PIXcel detector.  

For all rock samples, porosity and permeability were determined using a helium 

porosimeter–permeameter (AP608 from Coretest Ltd.) under a confining pressure of 

≈3.5 MPa. For the rocks used in experiment E1 and E2 and for Ore Sample 2, the 

measurements were carried out on a core adjacent to the ones used in the experiments 

themselves, while measurements were carried out on Ore Sample 1A itself, both before 

and after completion of experiment E3A.  

Ore Sample 1A was further analysed with automated X-ray fluorescence (XRF) 

surface mapping (Bruker Tornado) to obtain element maps of one of the surfaces, and 

with micro computed tomography (micro-CT, XRADIA XRM 500) to visualize fractures 

and pore spaces in 3D. 

3.4 Results and Discussion 

 Ionic Transport Through Low-Permeability, Intact Rock 

Experiment E1 was designed to assess whether the application of a potential 

gradient can achieve substantial migration of ions through low-permeability, intact rocks. 

The applied constant voltage of 36 V resulted in a voltage drop of ≈16 V over each of the 

rock sections, creating a potential gradient of ≈8 V cm-1 for the rock sections. The 

corresponding current started off at ≈ 5.3 mA before slowly decreasing to ≈ 4.1 mA by 

the end of the experiment (Figure 3-3A). This decrease was possibly caused by (i) the 

decrease in ion concentrations in the source reservoir and thus decrease in solution 

conductivity, and/or (ii) gangue mineral dissolution and secondary mineral precipitation, 

changing the permeability of the rocks. The EK-induced conditions successfully migrated 

iodide from the source reservoir through the rock sections to the target reservoir. The 

concentration of iodide in the source reservoir decreased approximately linearly from 

100 mM to 67 mM over the experimental duration of 83 days (Figure 3-3D). At the first 

sampling event on day 4, some iodide had already passed through the first 2 cm-long rock 

piece into the middle reservoir, where a concentration of 6 mM I- was detected (Figure 

3-3E). The iodide concentration in the middle reservoir then increased linearly with time 

until a concentration of 25 mM was reached on day 20. Subsequently, the iodide 

concentration in the middle reservoir declined slowly, which coincided with a 

commensurate amount of iodide arriving at the target reservoir (Figure 3-3F). Iodide 



Electrokinetic in situ leaching of gold from intact ore 

43 

breakthrough was first measured in the target reservoir on day 6 at 6 mM. The 

concentration remained almost constant in the subsequent two weeks. After the first 20 

days, the iodide concentration in the target reservoir increased linearly with time. The 

limited transport of I- through the second rock in the first 20 days might result from the 

substantially higher concentration of chloride (Cl-) in the middle reservoir (Figure 3-3B), 

given the link between the efficiency of removal of one species with respect to the other 

species in the pore fluid. This link is evident through the relationship between total current 

and the transference number of the individual ions (Acar and Alshawabkeh, 1993):  

퐼 = ∑ (푡 ) 퐼      (3-9) 

where I (A) is the total current and ti (unitless) is the transference number of the ion i, 

with the sum of all transference numbers equal to one. The transference number of an ion 

identifies the contribution of that ion to the total effective electric conductivity and is 

given by: 

 푡 =  
∗

∑
     (3-10) 

where z (unitless) indicates valency, u (m2 V-1 s-1) is ionic mobility, 푢∗ (m2 V-1 s-1) is 

effective ionic mobility, c (mol m-3) is molar concentration and n is the total number of 

ions in the solution. The relationship between effective ionic mobility and ionic mobility 

was given in Eq. 3-2. Since the denominator in Eq. 3-10 is the same for all ions in a 

particular solution, the terms in the numerator determine the difference in transference 

number for two ions. In this case, I- and Cl- both have a valency of 1, their ionic mobilities 

are almost the same, i.e., 푢 = 796.3 푚 푉 푠  and 푢 = 791.3 푚 푉 푠  (Lide, 

1996) and, given the porosity and tortuosity of the rock are the same, their effective ionic 

mobilities are also nearly the same. Therefore the amount that is transported depends on 

the ratio between their concentrations, explaining the limited transport of I- through the 

second rock in the first 20 days.  

A mass balance calculation at the end of the experiment shows that ≈20% of the 

iodide in the source reservoir had migrated, with ≈5% moving through the first piece of 

rock into the middle reservoir while ≈15% moved through both pieces of rock into the 

target reservoir within 83 days.  
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Figure 3-3. Experiment E1: Transport of ions through low-permeability, intact rocks. Current (mA) 

as a function of time (days) (A). Chloride concentrations (mmol/L) as a function of time (days) in the 

middle (B) and target reservoir (C). Iodide concentrations (mmol/L) as a function of time (days) in 

the source (D), middle (E) and target reservoir (F).  

 Leaching Gold from Synthetic Ore Positioned Between Low-

Permeability Rocks 

Having confirmed the feasibility of migrating ions through low-permeability rocks, 

experiment E2 was designed to assess if, and how effective an applied electric field could 

leach gold from a synthetic ore placed between such rocks. In E2, the middle reservoir 

was filled with a gold-silica mixture. The potential was increased to 50 V, thereby 

increasing the resulting current and reducing the required experimental time. The applied 

potential resulted in an initial current of ≈11 mA (Figure 3-4A). Similar to experiment 

E1, the current then decreased, albeit faster and more substantially, which was possibly 

caused by the higher voltage gradient used in E2. The higher voltage gradient and 

subsequently higher electro-migration flux might have had two effects: (i) a faster 

decrease in the lixiviant concentrations and thus the solution conductivity in the source 

reservoir, and (ii) acceleration of gangue mineral dissolution and secondary mineral 

precipitation, changing the permeability of the rocks. However, shortly after increasing 

the lixiviant concentration in the source reservoir on day 51 (Figure 3-4C), the current 

quickly increased again, likely due to the increased conductivity in the source reservoir. 
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The current rose to its initial value of ≈11 mA and then remained stable for the remainder 

of the experiment.  

 

Figure 3-4. Experiment E2: Applying EK-ISL to leach gold from a silica/gold mixture enclosed by 

low-permeability rocks. Current (A), gold recovery in the target reservoir (B), lixiviant concentration 

in the source (C) and target (D) reservoirs and pH in the source (E) and target (F) reservoirs as a 

function of time. The transition between grey and white shaded area indicates the time of lixiviant 

top-up. 

Under the described electrokinetic conditions, a dissolved gold concentration of 

0.4 mg L-1 was first detected in the target reservoir on day 9. Given that the lixiviant had 

to migrate through two sections of low-permeability rock and through a section of 

saturated quartz powder, the breakthrough of gold can be considered rapid. Subsequently, 

the gold concentration in the target reservoir increased fairly linearly, but rather slowly, 

with time. By the end of the experiment, i.e., on day 157, 20.6 mg L-1 gold was present 

in the target reservoir, translating to ≈25% of the gold being recovered (Figure 3-4B). The 

slow gold recovery can be attributed to the reductive nature of the rock samples. The 

presence of reductants in the rocks causes a competition with gold for I3
-, the oxidant for 

gold leaching in the tested lixiviant system. Consequently, even though both rocks had 
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been pre-conditioned with I3
- and the I3

- concentration in the source reservoir was 

maintained above 5 mM (by topping up the lixiviant on day 51), its concentration in the 

target reservoir remained below 1.1 mM over the course of the experiment (Figure 3-4D). 

The pH in the source reservoir (Figure 3-4E) decreased in the first weeks from the initial 

pH of 3.7 to around 2.2 and then stabilised for the remainder of the experiment. There is 

little change in iodide or tri-iodide speciation in this pH range (Baghalha, 2012; Davis et 

al., 1993) and therefore the gold dissolution is not expected to be impacted. Martens et al. 

(2018a) conducted bottle roll tests to investigate the effect of pH on gold solubility and 

no change in gold solubility was found in similar solutions with a pH as low as pH 1.0. 

In the target reservoir however, the pH regularly increased (Figure 3-4F). At high pH, the 

lixiviant can become unstable and can cause re-precipitation of the dissolved gold-iodide 

complex, AuI2
- (Martens et al., 2018a). Therefore, pH was monitored and acid (HCl, 4M) 

was added to control the pH when needed.  

 Leaching Gold from Intact Ore 

Having confirmed that electro-migration can migrate gold through low-

permeability rock, the next step was to assess the feasibility of liberating and transporting 

gold from its setting in low-permeability, intact ore. Intact ore samples from two gold 

mines were used, which had some interesting differences and similarities (Table 3-2). The 

porosimeter–permeameter measurements revealed that Ore Sample 2 had a higher 

porosity than Ore Sample 1 (0.19% vs. 0.05%). Interestingly though, its permeability was 

substantially lower than that of Ore sample 1 (<1 µD vs. 0.19 mD). In terms of their 

mineralogy, both ores contained iron sulphides, i.e., pyrite (FeS2) in the case of Ore 

Sample 1 and pyrrhotite (Fe7S8) and arsenopyrite (FeAsS) in Ore Sample 2. In terms of 

gold, at Deposit 1, gold is closely associated with carbonates and is often either coarse-

grained or present as micro-inclusions in sulphides, while gold in the sample from 

Deposit 2 was largely ‘free gold’ and not contained within any mineral grain. The 

following experiments, E3 and E4, allowed us to evaluate how these differences and 

similarities would impact the effectiveness and efficiency of EK-ISL for recovering gold 

from intact ore.  
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Table 3-2. Characteristics of the rock samples.  

Sample Mineralogy 
Porosity 

(%) 

Permeability 

(mD) 

Rocks used in 

experiment E1 and E2 
Quartz, albite, orthoclase, muscovite  3.67 0.006 

Ore Sample 1 Quartz, dolomite, pyrite, muscovite, clinochlore 
0.05* 

4.05# 

0.190* 

0.576# 

Ore Sample 2 
Quartz, amphibole, epidote, biotite, chlorite, 

pyrrhotite, arsenopyrite, ± titanite, ± calcite 
0.19 < 1 µD 

*Before EK-ISL; #After EK-ISL 

 Ore Sample 1A 

In the first intact ore experiment (experiment E3A), a 3.17 cm-long cylindrical 

piece of ore (Ore Sample 1A) was placed between the source and target reservoirs and a 

constant voltage of 50 V was applied to induce the migration of the lixiviant through the 

ore. The applied potential initially resulted in a fairly low current of about 1 mA, which 

then continuously increased and reached 14.5 mA by the end of the experiment (Figure 

3-5A). This current resulted in rapid lixiviant breakthrough, with I- and I3
- arriving in the 

target reservoir in less than 10 and 18 days, respectively (Figure 3-5D). However, the ore 

consumed a high amount of the oxidant I3
-. Even though the source reservoir was topped 

up to 20 mM (resulting in a total amount in the source reservoir of ≈8 mmol) twice to 

ensure a sufficiently high I3
- supply was maintained (Figure 3-5C), less than 1 mmol 

reached the target reservoir over the entire duration of the experiment (Figure 3-5D). For 

comparison, over 50 mmol of I- reached the target reservoir in the same timeframe, and 

the ratio in the source reservoir was 5 mol I- to 1 mol I3
-. Therefore, we conclude that it 

is not the transport through the fairly impermeable rock that was the limiting factor, but 

the geochemical reactions that occurred within the ore. As identified by XRD (Table 3-2), 

the ore contained pyrite, which would consume I3
-. Tri-iodide consumption by reducing 

minerals such as pyrite was thought to be the reason for lower and slower than expected 

I3
- recovery in earlier ISL work (Martens et al., 2012). The presence of pyrite in Ore 

Sample 1A is also evident from the XRF surface maps, which showed the co-existence 

of iron (Fe) and sulfur (S) (Figure 3-6B and C). Also, the typical gold-yellowish color of 

pyrite was observed in the zone where Fe and S co-existed (Figure 3-6A). Those pyrite-

containing zones reacted strongly with the (dark brown) lixiviant, as indicated by the 

brown discoloration (Figure 3-7A and B). The presence of Fe and S in the source and 

target solutions (Table 3-3) further indicated that pyrite oxidation had occurred.  
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Figure 3-5. Experiment E3A: EK-ISL of gold from Ore Sample 1A. Current (A), cumulative gold 

recovered in the target reservoir (B), lixiviant in the source (C) and target (D) reservoirs and pH in 

the source (E) and target (F) reservoirs as a function of time. Grey/white shaded areas indicate times 

of lixiviant top-up.  

Table 3-3. Total amount of major elements recovered in source and target solutions in experiments 

E3A and E4. 

Experiment 

Number 

Reservoir Amount (mg) 

Al Ca Mg Fe Si S As 

E3A Source 0.45 350.24 241.14 80.63 0.22 19.10 1.08 

Target 0.58 57.86 37.81 11.36 4.43 83.06 0.24 

Total 1.03 408.10 278.95 91.99 4.66 102.16 1.31 

E4 Source 120.32 254.38 130.28 133.94 13.21 29.88 0.98 

Target 3.50 43.78 2.06 27.30 24.09 280.99 135.03 

Total 123.82 298.17 132.33 161.24 37.30 310.87 136.01 

 

The solution pH in the target reservoir increased regularly (Figure 3-5F). These pH 

excursions were frequently re-adjusted by adding acid (HCl, 4M) to avoid the risk of I3
- 
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becoming unstable at high pH (Davis et al., 1993; Martens et al., 2018a). The pH increase 

can possibly be attributed to the dissolution of carbonates, for example dolomite that was 

identified by XRD (Table 3-2). The XRF results (Figure 3-6E and F), showed the 

presence of magnesium (Mg) and calcium (Ca) on about half the source-reservoir facing 

surface of the sample, which further agrees with the abundance of carbonates. Compared 

to other major elements, the high amounts of Ca and Mg in the final source and target 

solutions (Table 3-3) indicate carbonate dissolution occurred during EK-ISL treatment. 

The acidic lixiviant (pH ≈3, Figure 3-5E) reacted strongly with the carbonates, as 

suggested by the brown discoloration on the half of the source reservoir-facing surface 

that was high in both Mg and Ca (Figure 3-7A and B). In contrast, the other half of the 

source reservoir-facing sample surface, which, based on the XRD (Table 3-2) and XRF 

data (Figure 3-6D), was mostly quartz (SiO2), hardly showed any discoloration which 

could be attributed to contact with the lixiviant (Figure 3-7A and B).  

 

Figure 3-6. Picture and XRF maps for Ore Sample 1A used in experiment E3A: surface facing the 

source reservoir. Image of the sample (A); XRF map for Fe (B); S (C); Si (D); Mg (E); and Ca (F). 

Given the higher abundance of carbonates in the sample compared to pyrite (Figure 

3-6), carbonate dissolution probably played a major role in the increase in the 

permeability and porosity of the ore sample. Extensive cracks formed on both the source 

reservoir-facing and target reservoir-facing sides of the ore sample (Figure 3-7). Micro-

CT images (Figure 3-8) showed that these cracks extend into the main body of the sample, 

therefore creating new pore space. Quantification by porosimeter/permeameter (Table 

3-2) revealed that the EK-ISL treatment had resulted in a 33% increase in the permeability 

of the ore and that the porosity had increased from 0.05 to 4.05%. This increase in porosity 
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and permeability explains why, under a constant potential, the current kept increasing 

(Figure 3-5A).  

 

Figure 3-7. Ore Sample 1A after EK-ISL treatment (experiment E3A). Source side of the sample 

before (A) and after (B) cleaning the surface. Target side of the sample before (C) and after (D) 

cleaning the surface. 

 

Figure 3-8. CT scan on Ore Sample 1A post EK-ISL (experiment E3A). Illustration of fractures; 

vertical cross section with the source side on top (A). Illustration of pore space created. 3D view with 

the source side on top (B). 

The gold breakthrough occurred after 30 days (Figure 3-5B). However, aqua regia 

digestion of the powdered, post-EK-ISL materials revealed that only 0.4% of the gold had 

been leached. Since gold cannot dissolve without I3
-, the reason for the low recovery can 

be attributed to (i) the excessive lixiviant consumption by pyrite and potentially other 

unspecified gangue minerals, and possibly also (ii) the increase in local pH due to the 

dissolution of carbonates which destabilised I3
- and thus resulted in a locally reduced 

leach potency. In addition, the gold was possibly encapsulated in pyrite, as suggested by 
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the micro-CT scan that showed small dense particles, possibly gold within sulphides. 

Encapsulated gold in pyrite is known to exist at this deposit. Martens et al. (2018a) 

suggested that the surface of pyrite could be passivated through the formation of iron 

hydroxides or other precipitates, which could have significantly decreased the 

accessibility of lixiviant to the gold in the sample.  

 Ore Sample 1B – ‘Miniature-mine’ Experiment 

The ‘miniature-mine’ experiment (experiment E3B) was designed to make the 

process of EK-ISL more realistic by replacing the pipe laboratory setup with a setup 

where EK-ISL is applied directly in the ore material (Figure 3-2). The key results from 

this experiment (Figure 3-9), i.e., a rapid lixiviant breakthrough, a high consumption of 

I3
-, and a low gold recovery, are consistent with those observed in experiment E3A, both 

of which used ore from the same deposit. The main difference between the experiments 

was the measured current (Figure 3-9A), which was found to be three times higher in the 

‘miniature-mine’ experiment. This ore sample might have been more permeable 

originally and/or some fractures may have formed during sample preparation, i.e., during 

the drilling of the holes for the source and target reservoirs. Owing to the higher current, 

the breakthrough of the lixiviant and gold occurred earlier (see Figure 3-9D and B, 

respectively). Note that given the much smaller volume of the source reservoir compared 

to experiment E3A, the source solution had to be replenished more often to reset the 

lixiviant concentration back to the original values of 100 mM I- and 20 mM I3
-  (Figure 

3-9C). In addition, from day 45 onwards, the concentration of I3
- in the source was set to 

40 mM instead of 20 mM at every replenishment. This was done in an attempt to achieve 

a higher migration of I3
- into the target solution, i.e., by increasing its transference number 

(Eq. 3-10). The target solution itself was also regularly renewed (Figure 3-9D) to prevent 

ion build-up and mineral precipitation. Despite regular renewal, the target solution kept 

becoming cloudy and on day 51 shiny yellow particles were observed on the bottom of 

the anolyte reservoir, suggesting that gold was re-precipitating in the target reservoir. 

Therefore, at the end of the experiment, i.e., after the power supply was switched off, 40 

mL of fresh lixiviant was added to the target reservoir and left overnight to allow for 

dissolution of any gold that might have precipitated in the reservoir or on the electrolyte 

reservoir inside it. Another 0.025 mg of gold was recovered, raising the total amount of 

gold recovered to 0.075 mg. Subsequently, the ore between the source and target 

reservoirs, i.e., the zone that would have received EK-ISL treatment, was drilled out and 

crushed to a powder. The gold in the powder was recovered with cyanide, which indicated 
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that the post-experiment rock section still contained 1.7 mg of gold. Therefore, only 2.7% 

of the gold had been recovered by EK-ISL, only slightly higher than the recovery in 

experiment E3A. 

 

Figure 3-9. ‘Miniature-mine’ Experiment (E3B): EK-ISL of gold from Ore Sample 1B. Current (A), 

cumulative gold recovered in the target reservoir (B), lixiviant in the source (C) and target (D) 

reservoirs and pH in the source (E) and target (F) reservoirs as a function of time. Grey/white shaded 

areas indicate times of lixiviant top-up in the source reservoir and times of solution renewal in the 

target reservoir. 

 Ore Sample 2 

In the final experiment (E4), a different type of ore was tested, using the pipe 

laboratory setup with the four reservoirs (setup B, Figure 3-1). A 2.7 cm-long cylindrical 

piece of ore from Deposit 2 (Figure 3-10) was placed between the source and target 

reservoirs and a constant voltage of 50 V was applied to induce migration of the lixiviant 

through the ore. Despite the extremely low permeability of this ore (Table 3-2), the 

applied potential resulted immediately in a substantial current of ≈5 mA (Figure 3-11A). 

The current then increased rapidly and reached the set maximum current of 40 mA within 
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25 days. The rapid current increase indicated a rapid and substantial dissolution of gangue 

minerals in the ore sample, which increased the permeability and therefore the current. In 

line with the high current, I- arrived in the target reservoir by the first sampling event on 

day 5 (Figure 3-11D). However, even though the oxidant concentration in the source 

reservoir was twice as high as in experiment E3A with ore from Deposit 1 (Table 3-1) 

and the source was topped up more frequently (Figure 3-11C), I3
- breakthrough (Figure 

3-11D) occurred after 37 days, twice as long compared to experiment E3A. A similar 

process as encountered in experiment E3A was probably playing a role, i.e., the 

dissolution of iron-bearing sulphides (pyrrhotite and arsenopyrite, cf. Table 3-2), as 

evidenced by the previously discussed high ore consumption of I3
- and the high 

concentrations of Fe, S and arsenic (As) in the source and/or target solutions (Table 3-3). 

Carbonate dissolution on the other hand, which was thought to have played a substantial 

role in experiment E3A, would only have played a minor role in this case as carbonates 

are not very abundant and therefore, the high concentration of Ca in the source reservoir 

(Table 3-3) is more likely due to the dissolution of calcium-silicate minerals (Table 3-2), 

e.g., epidote. Unlike in experiment E3A, the breakthrough of I3
- and gold occurred 

simultaneously, and subsequently, the dissolved gold concentration in the target reservoir 

increased quickly. Eventually this EK-ISL experiment successfully leached a substantial 

amount of gold, with 51% of the gold recovered within the experiment duration (Figure 

3-11B). The fact mentioned earlier, that gold is typically “free gold” at Deposit 2 as 

opposed to possibly being enclosed in pyrite at Deposit 1, could explain this very different 

result. 

 

Figure 3-10. (A) Ore Sample 2, with (B) the cylindrical sample used in experiment E4 (diameter = 

3.85 cm).  
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Figure 3-11. Experiment E4: EK-ISL of gold from Ore Sample 2. Current (A), cumulative gold 

recovered in the target reservoir (B), lixiviant in the source (C) and target (D) reservoirs and pH in 

the source (E) and target (F) reservoirs as a function of time (effective running time). Grey/white 

shaded areas indicate times of lixiviant top-up in the source reservoir and times of solution renewal 

in the target reservoir. 

3.5 Conclusions and Outlook 

The feasibility of EK-ISL of gold from intact ore was assessed through a series of 

laboratory experiments. The results of this study showed that electro-migration can 

effectively transport substantial amounts of ions through intact, low-permeability rocks. 

The experiments also showed that gold could be successfully leached and recovered in 

all experiments, including those using intact ore samples, although at fairly slow rates and 

low recoveries in some cases. These results provide evidence that EK-ISL is, in principle, 

feasible. However, the experiments demonstrated that it would be important to properly 

characterise the mineralogical composition of the ore samples, to determine whether the 

gold is ‘free’ or encapsulated, and to carefully select the most appropriate lixiviant to 

maximise gold dissolution while minimising reactions with gangue material.  
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For the iodide/tri-iodide lixiviant system studied here, two important processes 

were identified. Firstly, close pH control was found to be essential to maintain the gold 

complex in solution at the target side. Carbonate dissolution for example was likely 

responsible for the continuously increasing pH values for some of the studied ore samples 

(Ore Samples 1A and 1B). Secondly, lixiviant consumption by reduced minerals such as 

iron-bearing sulphides caused a substantial lag in gold leaching for the tested lixiviant 

and was believed to have played a role for all studied ore samples. However, despite the 

initial lag period, over 50% of the gold contained in Ore Sample 2 could be recovered, 

while the recovery from Ore Samples 1A and 1B was well below 5%. The large difference 

in recovery was attributed to gold being present as ‘free gold’ in Ore Sample 2 while 

potentially encapsulated by pyrite in Ore Samples 1A and B.  

In future work, a wider range of lixiviant systems and gold ore materials will need 

to be tested to get a deeper understanding of the rate-controlling processes for gold 

recovery rates and overall recoveries. From the present experiments it is clear that EK-

ISL may not be directly applicable to every ore type, or at least not using the currently 

investigated lixiviant system. With additional data from a wider range of materials it will 

be feasible to perform an economic evaluation of EK-ISL to assess its overall viability. 

However, even if EK-ISL is only economically viable for a certain type of ore, it could 

have a profound influence on the current mining industry. At present, conventional ISL, 

where a hydraulic gradient is the driving force, is mainly used commercially for uranium 

hosted in porous aquifers (Seredkin et al., 2016). To apply conventional ISL to hard rocks, 

permeability enhancement (for example through hydraulic fracturing), is likely to be 

needed (Seredkin et al., 2016; Sinclair and Thompson, 2015). In contrast, EK-ISL could 

significantly broaden the application of ISL without the need for hydraulic fracturing and 

thereby unlock currently uneconomic deposits. While this research so far has focused on 

gold EK-ISL, the same methodology can easily be applied to other lixiviant-gold and 

lixiviant-target element systems, for example to recover copper and zinc. 
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CHAPTER 4.  APPLICABILITY OF 

ELECTROKINETIC IN SITU LEACHING TO 

COPPER MINING 

4.1 Abstract 

Future mining is challenged by declining ore grades, ore reserves being located at 

greater depths and a society that is increasingly more sensitive to the damaging impacts 

of current mining practices on the environment. Electrokinetic in situ leaching (EK-ISL) 

is a potential new mining technology that could overcome many problems of conventional 

mining. EK-ISL uses an electric field to generate flow of lixiviant through ores that 

enables in situ extraction of target elements with a substantially reduced environmental 

footprint. Application of EK-ISL to hard rock mining involves installing electrodes in 

wells and applying a voltage gradient that can generate flow of pore fluid and transport 

of charged ions. The charged ions in the source wells include lixiviants that are selected 

to leach the target element and facilitate its transport to recovery wells. The applicability 

of EK-ISL for Cu recovery was tested through laboratory experiments on both synthetic 

and intact ore samples. The experiments and reactive transport modeling successfully 

illustrate that EK-induced leaching and recovery of copper by an acidic ferric chloride 

lixiviant is feasible.  

4.2 Introduction 

Traditional open pit and underground mining techniques are water- and energy-

intensive. Bulk rock mining of copper (Cu) consumes on average 70.4 kiloliters of water 

and 10-70 GJ of energy to produce each ton of Cu (Northey et al., 2013). Crushing and 

grinding of ore tends to be the most energy intensive step and accounts for 4% of the 

world’s total electricity consumption (EEX, 2017). Current mining methods tend to scar 

the landscape, leaving behind open pits, tailings dams and waste rock dumps. 

Environmental pollution, such as acid mine drainage in mining areas, is also a major 

challenge for mining operations, and for the broader society, particularly where mines are 

abandoned. The costs related to environmental consequences of mining have historically 

been externalized from production costs (Prior et al., 2012). Already in 1989 it was 

estimated that in the US alone about 19,300 km of streams and rivers, and 72,000 ha of 

lakes and reservoirs had been damaged by abandoned mine effluents and back then, the 
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US mining industry was spending more than one million USD daily to treat acidic waters 

(Kleinman, 1989). Additionally, moving and storing vast volumes of rock and tailings is 

inherently dangerous. Despite strict regulations, this often results in human, ecological 

and financial catastrophes when, for example, underground mines or tailings dams 

collapse. The decreasing public acceptance of the many detrimental impacts of mining 

activities requires a shift towards more sustainable operations to retain the mining 

industry’s ‘social license’ to operate (Owen and Kemp, 2013).  

In the future, any significant new ore deposit discovery will most likely be made 

beneath considerable overburden. For example, the Pebble East giant copper-gold deposit 

in Alaska (US) is covered by 300-600 m of overburden (Kelley et al., 2013) and the deeper 

ore zones at the Escondida porphyry Cu deposit in Chile occur under a barren, leached 

cap of 200 m or more (Garza et al., 2001). In addition, the average grade of mined Cu 

ores decreased by 25% in the past decade and will continue decreasing (Calvo et al., 

2016). At the same time, global Cu demand has risen sharply, which so far has been met 

by increased production rates (Northey et al., 2013). To sustain this trend using current 

mining methods, even more energy and water will be required to move overburden, to 

process ore material, and to treat and store waste material. Mining related environmental 

pressures will intensify and threaten the social license to operate of many mining 

companies.  

 Here we propose a new mining technology, electrokinetic in situ leaching (EK-

ISL), which has the potential to disrupt conventional mining processes and provide a 

sustainable way forward to meet a successively increasing fraction of the future Cu 

demand. EK-ISL combines two existing technologies: (i) in situ leaching (ISL), which 

involves the injection of lixiviant into an orebody to dissolve, leach and recover specific 

commodities of interest, and (ii) electrokinetics (EK), which uses an electric field to 

transport charged species through heterogeneous, low-permeability materials. EK-ISL 

involves applying a direct current electric field between electrode pairs placed in wells in 

an intact orebody. Ionic lixiviant is injected at the injection wells and is moved through 

the orebody under the action of the electric field. The lixiviant dissolves the target element 

(e.g., Cu) on its way and both are transported to a set of extraction wells, where the 

element of interest is recovered and the lixiviant can be recycled. 

Such EK-ISL technology is especially beneficial for Cu. The vast majority of global 

Cu resources are hosted by low to medium grade porphyry Cu deposits (Mudd et al., 
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2013). These ores are usually hosted in fractured rocks that are commonly crosscut by 

quartz veins (Sinclair and Thompson, 2015), with the majority of the Cu situated along 

veins or disseminated throughout the rock mass (Sinclair and Thompson, 2015). 

‘Conventional’ ISL would be limited by preferential flow along fractures, thereby only 

accessing part of the Cu content. Short circuiting was for example a problem at the 

porphyry Casa Grande ISL operation in Arizona (US), where post-leach drill cores 

revealed that most rock pores had not been in contact with the lixiviant (Schmidt et al., 

1994). EK-ISL may resolve the problems of such heterogeneity and low hydraulic 

conductivity of the ore body. Besides enhancing the physical fluid flow, EK-ISL more 

importantly induces electromigration of charged ions to facilitate the extraction of metals 

from intact mineralized rocks. Electromigration has a number of advantages compared to 

purely hydraulically induced flow, including flow enhanced by hydraulic fracturing. With 

electromigration, the electric field lines determine the direction of flow and solute 

transport, delivering a high degree of control over flow direction through electrode 

placement, thus providing the ability to access the complete orebody (Probstein and 

Hicks, 1993a). Effective positioning of the electrodes will minimize the treatment zone 

and limit the environmental impact that needs to be managed. Lastly, even in low 

permeability media, significant flow rates can be achieved. For example, compared to 

molecular diffusion alone, electromigration rates were four times faster in clay (Reynolds 

et al., 2008b) and orders of magnitude faster in fractured crystalline rock (Löfgren and 

Neretnieks, 2006b).  

The objective of the present study is to provide a first assessment of the feasibility 

of applying EK-ISL to effectively leach and recover copper from ore material. 

4.3 Materials and Methods 

 Materials 

 Lixiviant for Copper Leaching 

Acidic ferric chloride was chosen as lixiviant. In the acidic ferric chloride system, 

ferric iron, Fe(III) will oxidize the Cu sulphides and the overall mineral dissolution 

reactions for chalcopyrite (CuFeS2), chalcocite (Cu2S) and covellite (Cu1.2S) dissolution 

by acid Fe(III) solution can be written as (e.g., Antonijevic and Bogdanovic, 2004; 

Bennett et al., 2012; Hiroyoshi et al., 2002):  

퐶푢퐹푒푆 + 4 퐹푒  →  퐶푢 + 5 퐹푒 + 2 푆     (4-1) 
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퐶푢 푆 + 4 퐹푒  →  2 퐶푢 + 4 퐹푒 + 푆     (4-2) 

5 퐶푢 . 푆 + 12 퐹푒  →  6 퐶푢 + 12 퐹푒 + 5 푆    (4-3) 

The same concentration of this lixiviant, i.e., 0.5 M FeCl3 (28 g/L Fe) in 0.2 M HCl 

is used in all experiments. The ferric chloride was reagent grade (97%) from Sigma-

Aldrich.  

 Copper Minerals and Ore Sample 

Chalcopyrite powder was available from Geo Discoveries and had been milled to a 

particle size < 120 µm. The sample had a purity of 84.6% chalcopyrite (Table 4-2), with 

the 29.1% Cu in the sample (Table 4-1) all contained in chalcopyrite. The main other 

mineral identified by QXRD was apatite (Ca10(PO4)6(OH)2) (Table 4-2).  

Chalcocite powder (P80 < 103 µm) was available at CSIRO and had originally been 

obtained from Ward’s Science. This sample consisted of 73.7% Cu minerals, with quartz 

making up most of the remaining mass (Table 4-3). The sample contained 59.2% Cu 

(Table 4-1), with the major amount of the Cu (i.e. 90.2%) present in chalcocite group 

minerals (Table 4-3). According to the QXRD analysis the chalcocite was divided 

between ‘pure’ chalcocite (Cu2S) and the very similar djurleite (Cu31S16 or Cu1.94S), which 

has a slightly lower Cu/S-ratio. The remaining 9.8% of the Cu was contained in bornite 

(Cu5FeS4) (Table 4-3).  

 A ‘synthetic ore’ was made by mixing the Cu mineral powders into non-reactive 

quartz powder, which was high-purity (96-99.5%) milled silica powder (P80 < 75 µm) 

from Unimin Australia Ltd.  
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Table 4-1. Total element concentrations in the Cu mineral powders. 

Sample 
Concentration (%) 

Al Ca Fe Mg Si Cu S K Ni Cr Mn Ti Zn As Ba Co P Na C Cl 

Chalcopyrite 0.12 3.2 26.8 0.25 1.11 29.1 30.1 0 0.04 0 0 0 0.010 0.005 0 0.021 1.38 0 0.01 0.03 

Chalcocite 0.36 0.1 2.96 0.04 5.81 59.2 16.6 0 4.83 0.03 0.029 0.02 0.093 0.032 0.005 0.011 0.008 0.02 0.28 0 

Table 4-2. QXRD analysis of the chalcopyrite powder. Cu minerals are highlighted in blue. 

Mineral Ideal formula Mass (wt%)# 

Kaolinite  Al2Si2O5(OH)4 1.2 

Talc  Mg3(Si2O5)2(OH)2 0.5 

Jarosite  (Na, K, H3O+)(Fe,Al)3(OH)6(SO4)2 0.7 

Illite  K0.6(H3O)0.4Al1.3Mg0.3Fe2+
0.1Si3.5O10(OH)2·(H2O) 0.8 

Vermiculite Al10Fe2H80Mg22O124Si22 0.3 

Melanterite (Fe,Cu,Zn)SO4·7H2O 1.7 

Apatite Ca10(PO4)6(OH)2 8.1 

Quartz  SiO2 1.7 

Pyrite  FeS2 0.3 

Chalcopyrite  CuFeS2 84.6 
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Table 4-3. QXRD analysis of the chalcocite powder. Cu minerals are highlighted in blue. 

Mineral Ideal formula Mass (wt%)# 

Jarosite  (Na, K, H3O+)(Fe,Al)3(OH)6(SO4)2 1.4 

Illite  K0.6(H3O)0.4Al1.3Mg0.3Fe2+
0.1Si3.5O10(OH)2·(H2O) 1.1 

Quartz  SiO2 12.0 

Pyrite  FeS2 1.0 

Chalcocite  Cu2S 24.8 

Djurleite Cu31S16 (or Cu1.94S) 40.1 

Bornite Cu5FeS4 8.8 

Unaccounted  10.8 

 

The natural ore sample (Figure 4-1) was a sulfidic porphyry Cu ore, with 

dimensions L = 4 cm and D = 3.8 cm.  

 

Figure 4-1. Copper ore sample at start of experiment (two sides).  

 Experimental Design 

 EK-ISL Experiment: Setup and Procedure 

A laboratory-scale EK-ISL apparatus was built to mimic the key EK-ISL processes 

that would occur in the field. This setup was based on an initial design by Hodges et al. 

(2011a) and was very similar to the further refined design described by Martens et al. 

(2018a). Two slightly different versions of the design were used in this study, as 

schematized in Figure 4-2. In both cases, the apparatus consists of multiple reservoirs 

with the electrodes placed in the outer electrode reservoirs and connected to a power 
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supply. Electrolyte solutions consisted of 100 mM NaCl as catholyte and 50 mM Na2SO4 

as anolyte. HCl (4M) and NaOH (4M) were used to control the pH in these respective 

solutions. The cathode and anode reservoir are separated from the other reservoirs by an 

anion and cation exchange membrane respectively. With the electrode reactions isolated 

in the outer reservoirs, the leaching process and transport of elements of interest occurs 

in the three inner reservoirs. The middle section contains the ore to be leached, with the 

source reservoir, representing an injection well and the target reservoir, representing an 

extraction well on either side of the ore section.  

 

Figure 4-2. Schematic illustration of the experimental EK-ISL apparatus for the synthetic (top) and 

the natural ore (bottom) EK-ISL experiments.  

In a first set of EK-ISL experiments, the middle section was a reservoir filled with 

a synthetic ore (Figure 4-2 top), which consists of a mixture of a Cu mineral powder with 

non-reactive quartz powder.  The use of synthetic ore allowed an evaluation of the 

principal feasibility of EK-ISL for Cu, avoiding possible interactions from gangue 

minerals.  
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Since EK-ISL needs liquid-filled pores, EK-ISL applications would occur below 

the groundwater table. In a porphyry deposit, this includes the chalcopyrite (CuFeS2) and 

bornite (Cu5FeS4) dominated ore in the deeper zones of the system and the enriched zone 

just above it, which consists of sulfides at higher-sulfidation states such as chalcocite 

(Cu2S) and covellite (CuS) (Sillitoe, 2010). In addition, these zones lack the presence of 

troublesome carbonates that often prevail in the oxidized zone. Carbonates consume acid 

and their dissolution may result in the formation of pore-blocking gypsum (Bartlett, 

1992). A Cu mineral from each of the two described zones was selected, i.e. chalcopyrite 

in the first experiment, and chalcocite in the following experiment. More specifically, the 

synthetic ore consisted of a homogeneous mixture of 360 g of unreactive fine quartz 

powder, saturated with 0.137 L of 100 mM NaCl and either 2 g chalcopyrite or 0.9 g 

chalcocite powder. The synthetic mixture was held in place by a fabric piece inserted 

between two plastic support structures on each side.  

In the last EK-ISL experiment, the middle section was a pipe section containing an 

intact ore sample (Figure 4-2 bottom). The intact ore sample had been placed in 0.1 M 

NaCl under vacuum for 8 days and at atmospheric pressure for another 17 days, in order 

to saturate the pores with electrolyte prior to the experiment.  

The lixiviant was added into the source reservoir and a solution with an initial 

composition of 0.3M NaCl in 0.2 M HCl was added into the target reservoir. Due to the 

application of an electric field, the cationic lixiviant components H+ and Fe3+ will move 

in the direction of the cathode, i.e., through the ore zone. Leached Cu2+ will move in the 

same direction and due to the positioning of the anion exchange membrane, all cations 

will accumulate in the target reservoir. In the experiment with the real ore sample, the 

lixiviant was refreshed regularly (i.e., on day 21, 35, 49, 63, 77 and 92). At the same times 

and additionally on day 7 the target solution was renewed to prevent a build-up of 

dissolved ions and precipitation in the target reservoir. In the experiment with the 

chalcocite powder the source and target solutions were renewed on day 12 and 22. No 

renewals occurred for the chalcopyrite test.  

The synthetic ore tests were run at a constant voltage setting of 15 V, which allowed 

the current to freely vary, unless the system reached a maximum current of 220 mA, in 

which case a switch to a constant current setting was triggered automatically. In addition, 

because frequent, manual addition of acid and base to the electrolyte reservoirs was 

required due to the high current in the system, the voltage setting was adjusted from 15 V 
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to 7.5 V during weekends. As this means the driving force for electromigration was 

halved, the timescale was readjusted with the same factor, i.e., assuming linearity. The 

data shown in the graphs are thus shown as function of ‘equivalent time under 

15 V/220 mA setting’ instead of total experimental time.  

The experiment with the ore sample was operated under a constant voltage setting 

of 7 V, with only occasional short interruptions while the power was turned off, for 

example, while solutions were refreshed. These periods were deducted from the reported 

times, which are thus effective operating times.  

Source and target reservoirs were sampled regularly and the samples were analysed 

for total Cu and Fe in solution. In addition, some samples were also analysed for other 

ions. pH values were recorded regularly.  

 Bottle Roll Leach Tests: Procedure 

Bottles with the same amount of Cu mineral powder relative to the amount of quartz 

powder as in the EK-ISL experiments (i.e., ≈ 0.2% Cu) were prepared. However, a lower 

solid-to-liquid (S/L) ratio had to be used in order to be able to sample regularly without 

affecting the solution volume too drastically (S/L = 1 compared to S/L = 2.5 in EK-ISL 

experiment). The compositions of the two bottles are summarized in Table 4-4. The 

bottles were rolled for 26 days.  

Table 4-4. Composition of bottles for bottle roll leach experiment. 

Bottle # Cu mineral powder Quartz powder Lixiviant 

1 2.7 g chalcopyrite powder 487.3 g 0.490 L 

2 1.2 g chalcocite powder 488.8 g 0.490 L 

 

 Analytical Techniques 

 Analytical Techniques for Solution Composition 

Dissolved Cu and Fe in the samples was measured using an Agilent 240/280 atomic 

absorption spectrometer (AAS) and verified by inductively coupled plasma optical 

emission spectrometry (ICP-OES) for some of the samples. The concentrations of all 

other elements in solution were determined using ICP-OES.  
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 Analytical Techniques for Ore Characterisation 

Quantitative X-Ray Diffraction (QXRD) analysis was used to determine the purity 

of the Cu mineral powders. QXRD analysis was also carried out on the offcuts of the real 

ore sample and on the crushed post-leaching sample to determine and quantify the 

mineralogy of the ore sample. The XRD analysis was carried out using a PANalytical 

Empyrean X-ray diffractometer with Cu Kα1 radiation equipped with a PIXcel detector.  

A Scanning Electron Microscope equipped with an Energy-Dispersive 

Spectroscope (SEM–EDS) was used to look at the crushed post-leaching real ore sample. 

The details of the system used are: a JEOL 7001F field emission SEM, Bruker Esprit 1.9 

EDS system, Bruker 10 mm SDD EDS detector with 125 eV resolution, 20 kV 

accelerating voltage, and a 10-mm working distance in backscattered electron imaging 

mode.  

Nuclear Magnetic Resonance (NMR) (GeoSpec 2 from Oxford-GIT Ltd., running 

at 2.33 MHz) was used to determine porosity and permeability of the ore material (tested 

on an offcut).  

Borate fusion was used to prepare the crushed offcuts and post-leaching crushed 

ore material for total element analysis. 

 Process-Based Numerical Modeling 

Numerical reactive transport models were set up to quantify the electromigration 

process in the ore sections in conjunction with the key geochemical processes that affect 

Cu leaching and transport. A reactive transport model of the two synthetic ore 

experiments was constructed and calibrated to the experimental data. This model was then 

used as starting point to build a reactive transport model for the real ore sample. 

 Modeling Framework 

All model simulations were conducted with the numerical model PHT3D-EK (Wu 

et al., 2012), which simulates coupled flow and reactive multi-species solute transport 

under both hydraulic and electric potential gradients. The model incorporates EK 

transport into the variable density version of PHT3D (Bauer-Gottwein et al., 2007; Post 

and Prommer, 2007; Prommer et al., 2003). This version of PHT3D combines two 

existing and widely-used U.S. Geological Survey codes, the variable-density groundwater 

flow and non-reactive transport model SEAWAT-2000 (Langevin et al., 2003), and the 
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geochemical reaction model PHREEQC-2 (Parkhurst and Appelo, 1999). PHT3D-EK 

was verified using previously published analytical and experimental studies (Wu et al., 

2012). The fluid flow due to hydraulic and electro-osmotic forcing in the porous medium 

is described by (Alshawabkeh and Acar, 1996; Shapiro and Probstein, 1993a): 

 
푆
휕ℎ
휕푡 =  퐾 ∇ ℎ + 퐾 ∇ V (4-4) 

where h is the potentiometric head (m), V is the voltage (V), SS is the specific 

storage (m-1), Kh is the hydraulic conductivity (m day-1), Keo is the electro-osmotic 

conductivity (m2 day-1 V-1) and t is time (day). The transport of dissolved ions may occur 

due to advection and dispersion and under EK, by electro-osmosis and electromigration. 

The solute transport is described by (Acar and Alshawabkeh, 1993) : 

 휕퐶푖
휕푡 = 퐷훼훽∇2퐶푖 − ∇{퐶푖[(푢푖∗ + 퐾푒표)∇퐸+ 퐾ℎ∇ℎ]} + 푟푟푒푎푐,푖

 (4-5) 

where Ci is the aqueous concentration of species i (mol L-1) , D is the 

hydrodynamic dispersion coefficient tensor (m2 day-1), and rreac,i is a source/sink rate due 

to a chemical reaction (mol L-1 day-1). The effective ionic mobility ui* is estimated based 

on: 

 푢푖∗ = 푢푖0푛휏 (4-6) 

where ui
0 is the ionic mobility of species i at infinite dilution (m2  day-1 V-1), n is 

porosity, and  is an empirical coefficient describing the tortuosity of the porous medium. 

The ionic mobility at infinite dilution itself can be estimated from: 

푢 =    
 

     (4-7) 

where Di (m2 s-1) is the diffusion coefficient in the free solution at infinite dilution 

of species i, zi is the valence of the species i , F is Faraday’s constant (96 485 Coulombs 

mol-1), R is the universal gas constant (8.3144 J mol-1 K-1) and T is the absolute 

temperature (K) (Acar et al., 1993).  

 Model Setup, Discretization, Boundary and Initial Conditions 

One-dimensional models were constructed to represent the 9.6 cm section of wet 

quartz/chalcocite or quartz/chalcopyrite powder and the 4.0 cm section of Cu ore. A 

uniformly spaced grid discretization and a total of 20 grid cells was used in all cases, with 
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the first (left) cell representing the source and the last cell the target reservoir. The 

electrolyte reservoirs were not explicitly modeled and therefore the cathode and anode 

were positioned at the left and right boundary, respectively. Constant head boundary 

conditions were defined at both electrodes. A constant concentration boundary was 

defined for the grid cell representing the cathode to fix the source concentrations to the 

experimentally measured values in the source reservoir over time. The adopted temporal 

discretization was 0.1 days. Homogenous initial concentrations were set to an electrolyte 

concentration of 0.1 M NaCl, i.e., as both the synthetic and real ore had been saturated 

with a NaCl solution prior to the start of the experiment. The initial concentrations of the 

Cu minerals was assumed to be uniform among all grid cells in the model, except for the 

boundary cells, which had a zero initial concentration. In the chalcocite model, even 

though according to QXRD there was a minor fraction of the Cu contained in bornite 

(Table 4-3), all Cu was assigned to chalcocite. This simplification seems justified given 

the minor fraction of bornite and the fact that the leaching kinetics for bornite are very 

similar to chalcocite (e.g., Paul et al. 1992). In the real ore model the total copper amount 

was distributed between the minerals chalcopyrite, covellite and chalcocite using the 

same distribution as measured on the off-cuts (Table 4-7).  

Model parameters such as porosity, diffusion coefficient and longitudinal 

dispersivity are defined in Table 4-5.   
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Table 4-5. Key parameters in the model simulations. 

Parameter 
Value 

Units Ref. Chalcocite/ 
quartz model 

Chalcopyrite/ 
quartz model Ore model 

Voltage gradient (ΔV) 125 125 125 V m-1 a 
Electro-osmotic 
conductivity (Keo) 

0 0 0 m2 day-1 V-1 a 

Hydraulic conductivity 
(Kh) 

0.068 0.068 0.068 m day-1 b 

Porosity (n) 0.50 0.50 0.106 - a 

Tortuosity (τ) 0.40 0.40 0.20 - c 
Longitudinal dispersivity 
(αL) 0.02 0.02 0.02 m d 

Diffusion coefficient (D) 5.53×10-5 5.53×10-5 5.53×10-5 m2 day-1 e 

Ionic mobility (ui):     
Na+ 
Cl- 
Fe2+ 
Fe3+ 
Cu2+ 
H+ 
OH- 

 
3.33×10-3 

5.07×10-3 

1.46×10-3 

4.11×10-4 

1.45×10-3 

2.32×10-2 

1.31×10-2 

 
3.32×10-3 

5.06×10-3 

1.45×10-3 

4.07×10-4 

1.44×10-3 

2.32×10-2 

1.31×10-2 

 
3.69×10-3 

5.62×10-3 

2.21×10-3 

1.05×10-3 

2.20×10-3 

2.57×10-2 

1.45×10-2 

m2 day-1 V-1 f 

Rate constants:  
chalcopyrite: kcp 
                      a 
primary covellite: kpc 
                              a 
chalcocite: kcc 
                  a 
secondary covellite: ksc 
                                 a 

 
NA 
NA 
NA 
NA 

4.30×10-2 
3.25×102 
1.00×105 

3.00×101 

 
8.09×101 
1.00×102 

NA 
NA 
NA 
NA 
NA 
NA 

 
5.40×103 
7.00×10-2 
8.41×106 

2.40×10-2 
4.30×10-2 
1.10×10-1 
9.00×106 

1.00×10-2 

 
mol-0.22 L0.22 s-1 

mol-1 L 

s-1 

mol-1 L 

s-1 

mol-1 L 

mol0.46 L-0.46 s-1 

mol-1 L1 

 
c 

a – based on the experimental data/parameters 
b – Casagrande (1948) 
c – model calibration 
d – Li (1995) 
e – based on the range of diffusion coefficients in Haynes (2016) 
f – calculated from diffusion coefficients in Haynes (2016) and corrected for high ionic strength 

 

 Electrokinetic Parameters and Processes 

It was assumed in the models that electro-osmosis was negligible due to the low pH 

conditions prevailing in the experiments (Acar and Alshawabkeh, 1993; Vane and Zang, 

1997).  

The total voltage over the model domain was set to 12.0 V and 5.0 V for the 

synthetic and real ore experiment respectively, i.e., below the values of the total voltage 

applied in the experiments (15.0 and 7.0 V respectively) to account for voltage losses 

over the anode, cathode, source and target solution reservoirs which are not part of the 

model domain. As no measurements of voltage gradients within the ore sections were 

available, a linear gradient was applied in all cases. 
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The solutions used in the experiments had a high ionic strength. To avoid over-

predicting the electromigration rates in such a case, the ionic mobility in free solution 

values were corrected for the presence of other ions in the pore water solution (Mattson 

et al., 2002). The method proposed in Mattson and Lindgren (1993) was followed where 

the activity coefficient as calculated by the Davies equation is added as a correction factor 

into Eq. 4-6, resulting in: 

푢∗ = 푢  푛 휏 10
. √

√
.

    (4-8) 

With I, the ionic strength (mol L-1): 

퐼 = 0.127 퐸퐶 − 0.003     (4-9) 

and EC being the electrical conductivity (S m-1). An iterative process was applied in 

which an initial model run was carried out using the uncorrected values for all 푢푖∗. The 

EC-data calculated by the model were then used to calculate corrected values for 푢푖∗ and 

the model was re-run using these values. This process was repeated until the EC-values 

converged. Note that the numerical model did not allow for a spatially variable definition 

of 푢푖∗, therefore a (single) spatially and temporally averaged value was used for each ion. 

Along with other model parameters, all EK-specific model parameters are summarized in 

Table 4-5. 

 Simulated Reaction Network 

Only the species and reactions that were considered essential to simulate the 

prevailing processes in the experiments were incorporated in the reaction database. The 

simulated reaction network included Na+, Cl-, Fe2+, Fe3+, Cu2+, H+ and OH-. The 

considered solid phases were elemental sulfur and the Cu minerals chalcopyrite, covellite 

and chalcocite, each with its respective kinetically controlled dissolution reaction(s).  

For chalcopyrite, the stoichiometry given in Eq.(4-1) was implemented and the 

reaction rate expression was based on the rate reported in Kimball et al. (2010):  

푟 = 푘  ×  [퐻 ] . × [퐹푒 ] . × 푒    (4-10) 

Where 푟  (mol L-1 s-1) is the dissolution rate for chalcopyrite, 푘  (mol-0.22 L0.22 s-1) 

the rate constant for chalcopyrite dissolution, R the gas constant (J mol-1 K-1) and T (K) 

is the temperature.  
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Saxena and Mandre (1992) suggested that at later stages, diffusion through a 

product layer may slow down chalcopyrite dissolution. For example, SEM images by 

Dutrizac (1990) showed elemental sulfur on the surface of leached chalcopyrite samples. 

Therefore, a passivation term kpas1 was added into the chalcopyrite dissolution rate 

equation (Eq. 4-10) to be able to account for a passivation effect that results from sulfur 

precipitation and therefore successively decreasing chalcopyrite dissolution rates:  

푟 = 푘  ×  [퐻 ] . × [퐹푒 ] . × 푒 × 푘    (4-11) 

With: 

푘 = 푒  ×      (4-12) 

Where a (mol-1 L) is an empirical constant that relates chalcopyrite dissolution to 

the sulfur precipitation associated with that particular reaction.  

This type of passivation term was  proposed and applied by Jeen et al. (2007) to 

simulate the declining reactivity of elemental iron due to the precipitation of secondary 

carbonate minerals and has also been applied by Seibert et al. (2016) to simulate the 

passivation of siderite dissolution due to ferrihydrite precipitation.  

For natural or primary covellite the stoichiometry given in Eq. (4-3) was 

implemented. Paul et al. (1992) reported a fairly complex set of kinetic equations for 

covellite dissolution, requiring more detailed information such as the details of the 

mineral grain sizes and its distribution. A simpler approach was used here, more in line 

with the chalcopyrite rate (Eq. 4-11) and including a dependency on [Fe3+] and 

temperature: 

푟 = 푘  ×  [퐹푒 ]  ×  푒 × 푘     (4-13) 

Where 푟  (mol L-1 s-1) is the dissolution rate for primary covellite, 푘  (s-1) the rate 

constant for primary covellite dissolution. A similar passivation term kpas1 as used in the 

chalcopyrite rate (Eq. 4-12) was incorporated to slow down the covellite dissolution rate 

during the  build-up of S0 (see, e.g., Cheng and Lawson, 1991b).  

In models where multiple Cu minerals were present, each Cu mineral generated its 

‘own’ S0 mineral. Following the logical assumption that the S0 that precipitates on one 

mineral does not affect the other minerals, separate S0 mineral species were introduced to 

prevent an overestimation of the passivation effect through Eq. 4-12.  
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Chalcocite dissolution by ferric iron is generally assumed to occur in two distinct 

stages (Bartlett, 1998; Bennett et al., 2012; King et al., 1975; Marcantonio, 1976; Miki et 

al., 2011). In the first, rapid leaching stage, chalcocite is gradually converted to a 

secondary covellite through a series of copper-deficient chalcocite intermediates. The 

newly formed covellite then dissolves in the much slower second stage. For the model 

simulations the employed stoichiometries are the same as reported in Bennett et al. 

(2012), whereas modified rate expressions were used, similar to the rates for chalcopyrite 

and primary covellite (Eq. 4-11 and 4-13). For stage I, the reaction and corresponding 

dissolution rate implemented are: 

5 퐶푢 푆 + 8 퐹푒 → 5 퐶푢 . 푆 + 4 퐶푢 + 8 퐹푒    (4-14) 

푟 = 푘  ×  [퐹푒 ]  × 푒 × 푘     (4-15) 

Where 푟  (mol L-1 s-1) is the dissolution rate for chalcocite and 푘  (s-1) is the rate 

constant for chalcocite dissolution. According to the stoichiometry of the chalcocite 

dissolution reaction (Eq. 4-2), stage I results in the rapid dissolution of 40% of the Cu. 

However, at lower temperatures, dissolution slows down before 40% recovery is reached, 

with Cheng and Lawson (1991a), for example, reporting that for temperatures in the range 

65-94°C the Cu recovery slowed down once 30-40% of the Cu was leached. Since the 

current experiments were carried out at room temperature, an inhibition factor kpas2 was 

added into the rate equation (Eq. 4-15) to capture this effect. The implemented inhibition 

factor kpas2 is similar in shape to the S0 passivation term kpas1 used for the other Cu 

minerals. However, in this case it is linked to the concentration of secondary covellite 

which is forming onto the outer surface of the chalcocite particles:  

푘 = 푒(  × [ . , ])     (4-16) 

For stage II, the dissolution of secondary covellite, the stoichiometry is the same as 

for primary covellite (Eq. 4-3), while the rate expression is differed:  

푟 = 푘  ×  [퐹푒 ] .  ×  푒 ×  푘     (4-17) 

Where 푟  (mol L-1 s-1) is the dissolution rate for secondary covellite and 푘  (mol0.46 

L-0.46 s-1) is the rate constant for secondary covellite dissolution. The same passivation 

term kpas1 as for primary covellite was applied (Eq. 4-13) to account for the shell of S0 
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forming on the covellite acting as a diffusion barrier and reducing the dissolution rate 

(Cheng and Lawson, 1991a). 

4.4 Results and Discussion 

 Principal Feasibility of EK-ISL for Cu (Synthetic Ore 

Experiments) 

The experimental results from the synthetic ore experiments (Figure 4-3) 

demonstrate that EK-ISL can effectively transport acidified ferric chloride through the 

synthetic Cu ore, dissolve the Cu and transport the dissolved Cu towards a recovery point. 

In the experiments, the recovery of Cu from both chalcopyrite and chalcocite EK-ISL 

systems occurred rapidly within the first 3-4 days, followed by a phase of slower recovery 

(Figure 4-3A and B). The respective reactive transport models accurately reproduce the 

observed leaching behaviour and transport of the dissolved Cu into the target reservoirs 

(Figure 4-3A and B, blue lines). For chalcopyrite, the model development and comparison 

with observed data showed that it was essential to implement sulfur precipitation onto the 

mineral surface, which restricts lixiviant access and consequently slows down 

chalcopyrite leaching. In the case of chalcocite, a good fit was obtained by using a two-

step rate as described in, e.g., Bennett et al., (2012). In the first step, chalcocite rapidly 

converts to secondary covellite. The second step then consists of a slow dissolution of the 

newly formed covellite. Note that in both cases where S0 forms on the Cu mineral, i.e. for 

chalcopyrite and secondary covellite, the rates become somewhat reduced but dissolution 

does not stop. The S0 is still porous, especially in the case of using ferric chloride as 

lixiviant with the presence of chloride ions known to result in a more porous S0 layer than 

for example when using ferric sulphate as lixiviant (Cheng and Lawson, 1991a; Majima 

et al., 1985).  
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Figure 4-3. Synthetic copper-EK-ISL experiments and bottle roll experiments. Graphs show Cu 

recovery as a function of time during EK-ISL experiments vs. leaching in bottle rolls for chalcopyrite 

(A) and chalcocite (B). AEM = anion exchange membrane, CEM = cation exchange membrane. For 

the EK-ISL experiments, time is equivalent time under 15V/220mA setting.  

The total amount of Fe accumulating in the target reservoir was also recorded (Figure 

4-4). In the chalcopyrite experiment (Figure 4-4A), the amount of Fe remained constant 

after approximately 6 days. The reason for this stabilisation is unclear and seems counter-

intuitive, with the model also predicting a continued linear increase of Fe. Possible 

explanations for this behaviour are: 

(i) Precipitation of Fe, either in the target reservoir or in the synthetic ore zone. The 

pH in the target reservoir was below 2 over the entire experiment duration, but the 

pH could have been higher in the ore zone.  

(ii) Chalcopyrite may not dissolve in one step, but via intermediates, hence not all Fe 

may immediately be released from the lattice.  

It is also interesting to note that in the chalcocite experiment (Figure 4-4B), a similar but 

less pronounced levelling of the Fe amount occurred in the first part of the experiment 

(day 8-12). However, after renewal of the target reservoir solution on day 12, the Fe 

concentration increased linearly until the next solution renewal.  
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Figure 4-4. Synthetic copper-EK-ISL experiments: total Fe in the target reservoir as a function of 

time for chalcopyrite (A) and chalcocite (B). Note that in the chalcocite experiment (Fig. B) the 

target reservoir solution was renewed on day 12 and 22.  

 Efficiency of Cu EK-ISL 

The efficiency of EK-ISL was assessed by comparing the recovery of Cu by EK-

ISL with the recovery that was achieved in bottle rolls. The bottle roll leach tests 

potentially represent a “best case scenario” as the setup generates ample contact between 

the lixiviant and the Cu minerals. The chalcopyrite EK-ISL and corresponding bottle roll 

test show similar Cu recovery kinetics and both achieve ~10% recovery after 12 days 

(Figure 4-3A). Cu recovery from chalcocite in the EK-ISL experiment was slower than 

in the corresponding bottle roll (Figure 4-3B). The bottle roll achieved 100% recovery in 

< 26 days. EK-ISL, on the other hand, achieved ~27% less Cu recovery over the same 

time period. The difference in leach recovery efficiency between chalcopyrite and 

chalcocite EK-ISL experiments relative to their respective bottle rolls can be attributed to 

a fundamental difference in the dissolution kinetics of the two minerals. The dissolution 

reaction of chalcocite is fast and therefore leaching is mainly controlled by diffusion of 

reactants (Renman, 2010). Consequently, the slower transport of the lixiviant in the EK-

ISL experiment, compared to the instantaneous mixing in the bottle rolls, is responsible 

for the slower leach recovery of Cu from chalcocite with EK-ISL than in the bottle roll 

tests. In contrast, chalcopyrite dissolution is slow at atmospheric pressure and ambient 

temperature (Hiroyoshi et al., 2002; Parker et al., 1981) and therefore leaching is 

controlled by the reaction kinetics. The slower transport of the lixiviant in the EK-ISL 

experiment has therefore an insignificant impact on the Cu leach recovery. 
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 Electrokinetic leaching of Cu from Intact Ore 

In the subsequent experiment, the synthetic Cu ore was replaced by a 4 cm long 

intact piece of sulfidic porphyry Cu ore, which, based on the NMR measurements, had a 

porosity of 10.6%, and a permeability of 6.1 mD. The intact ore EK-ISL experiment was 

operated under a constant voltage of 7V, resulting in a maximal voltage gradient over the 

ore of 1.75V/cm (as this calculation does not account for voltage losses over the four 

solution reservoirs and membranes). This gradient is similar to those applied in EK-based 

soil remediation (e.g., Hodges et al., 2013; Kim et al., 2011; Kim and Han, 2003; Mena 

et al., 2016). The induced electric gradient successfully moved the acidified ferric 

chloride lixiviant from the source reservoir through the intact ore into the target reservoir, 

while dissolving Cu within the ore zone. Based on the solution assay, 57% of the Cu in 

the ore was recovered over 94 days (Figure 4-5). Of this, 80% (equivalent to 4.2 g Cu) 

was recovered within the first 50 days at an almost constant rate. After this phase the 

recovery of Cu gradually slowed down.  

 

Figure 4-5. Electrokinetic leaching of Cu from unfractured ore. Cu recovery in the target reservoir 

(A) and observed current (B). Times are effective operating times.  

Bulk elemental analysis showed a clear decrease in Cu content between the pre-

leaching off-cuts of the ore sample and the post-leaching material (Table 4-6), with the 

values in line with the observed 57% Cu recovery. QXRD on the off-cuts (Table 4-7) 

identified chalcopyrite (18.2 wt%) and covellite (CuS, 2.6 wt%) as the main Cu-bearing 

minerals, with a minor amount of chalcocite (0.8 wt%) also present. These values 

translate to a presence of 75, 21 and 4% of the total Cu content of the ore material in 

chalcopyrite, covellite and chalcocite. QXRD on the post-leaching material (Table 4-7) 

identified that the amount of chalcopyrite had largely decreased with only 7.6 wt% 
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unrecovered after EK-ISL and that all covellite had been successfully leached. The 

chalcocite content was slightly higher post-EK-ISL. However, given the fast dissolution 

rate of chalcocite, this is likely some newly formed chalcocite. The amount of S recovered 

in the solutions was significantly lower than the Cu amounts (Table 4-8) and given the 

stoichiometry of the leached Cu minerals (Eqs. 4.1-4.3), indicates precipitation of S-

bearing phases in the ore zone. This was supported by QXRD (Table 4-7) and SEM 

(Figure 4-6), which both identified neo-formed elemental sulfur in the post-leaching ore 

material.  

Table 4-6. Total element concentrations in ore material. 

Sample 
Concentration# (%) 

Al Ca Fe Mg Au Mo Si Cu K S 

Sample off-cuts 
(untreated) 5.45 0.05 9.48 0.03 0.01 0.07 26.20 8.24 0.72 13.40 

Sample after 
EK-ISL 5.12 0.05 4.60 0.01 0.01 0.11 26.20 2.97 0.68 10.28 

# values after EK-ISL have been corrected for the mass loss due to the leaching process. 

Table 4-7. QXRD analysis of the off-cuts (no EK-ISL treatment) and the ore sample post EK-ISL 

treatment. Cu minerals are highlighted in blue.  

Mineral Ideal formula 

Mass (wt%)# 

Off-cuts 
(untreated) 

Sample after 
EK-ISL 

K-Alunite  K(Al,Fe)3+
3(OH)6(SO4)2 3.5 5.1 

Siderotil  FeSO4.5H2O 1.1 0.5 

Na-Jarosite  Na(Al,Fe)3+
3(OH)6(SO4)2 1.1 0.7 

Pyrophyllite  H2Al2O12Si4  10.1 4.4 

Quartz  SiO2 55.3 60.4 

Pyrite  FeS2 5.5 2.5 

Chalcopyrite  CuFeS2 18.2 7.6 

Chalcocite  Cu2S 0.8 1.3 

Covellite  CuS 2.6 0.0 

Molybdenite  MoS2 0.3 0.4 

Illite K0.6(H3O)0.4Al1.3Mg0.3Fe2+
0.1Si3.5O10(OH)2·(H2O) 1.6 1.0 

Elemental sulfur S 0.0 1.9 
# values after EK-ISL have been corrected for the mass loss due to the leaching process. 
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Table 4-8. ICP data for selected solution samples in the EK-ISL test on the rock sample. T6 = target 

after 6.9 days, T10 and S10 = target and source after 20.9 days, T20 and S20 = target and source after 

49.1 days.  

Sample 
Concentration (mg/L) 

Al Ca Fe Mg Au Mo Si Cu K S TC 

T6 8.25 157 1996 5.37 0.385 6.19 1.35 2126 2.04 715 8.08 

T10 13.8 90.9 2620 4.91 0.330 14.9 2.08 2748 4.12 507 8.68 

T20 3.60 53.0 5127 <0.2 0.369 3.88 1.69 2241 0.675 17.1 5.60 

S10 1.44 42.1 21618 0.380 0.539 <0.2 3.79 191 2.78 405 13.4 

S20 8.49 9.57 22544 <0.2 0.766 0.516 1.16 568 2.37 328 8.28 

 

 

Figure 4-6. SEM images showing the formation of sulfur (light grey, points 38 and 40-42) associated 

with chalcopyrite (white area, points 39 and 43-45).  

Regular current measurements (Figure 4-5B) show that the current initially 

decreased, but after 10 days started to rise again before stabilizing at around 35 mA. The 

initial phase of declining current could suggest that some secondary mineral precipitation 

and associated blocking or narrowing of pores occurred. On the other hand, the 

subsequent increase in current could indicate a period of mineral dissolution and pore 

widening. According to the QXRD data (Table 4-7), beside the Cu minerals discussed 

above, some pyrophyllite (H2Al2Si4O12) and pyrite (FeS2) dissolved while no substantial 

amount of new minerals other than elemental sulfur formed over the course of the 

experiment. ICP analysis on source and target samples (Table 4-8) revealed only low 

concentrations of major elements (beside those originating from Cu minerals) in these 

solutions, indicating stability of most gangue minerals. The limited gangue mineral 

dissolution is also reflected in negligible changes in other element compositions (besides 

Cu and Fe), i.e., between the pre-leaching off-cuts of the ore and the post-leaching 
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material (Table 4-6), as well as the consistent pH values of both source and target 

solutions (Figure 4-7A and B, respectively).  

From all these data, it can be concluded that the dissolution of minerals other than 

the Cu minerals was most likely limited. Even more importantly, no evidence was found 

that precipitation reactions affected leaching rates.  

 

Figure 4-7. Electrokinetic leaching of Cu from unfractured ore. pH in source (A) and target (B) as a 

function of time. The lixiviant in the source was refreshed on day 21, 35, 49, 63, 77 and 92. The target 

solution was renewed on day 7, 21, 35, 49, 63, 77 and 92. 

A reactive transport model was set up to assist in gaining a further understanding 

of the processes occurring in the ore. The kinetic rate parameters were calibrated taking 

the following constraints into account: (i) over the course of the experiment, all covellite 

has to dissolve as there was no covellite present in the post-leaching ore material (cf. 

QXRD results, Table 4-7); and (ii) respecting the generally accepted order of dissolution 

rates for the Cu sulfide minerals, i.e. with dissolution rates slowing down in the order 

chalcocite > secondary covellite > primary covellite > chalcopyrite  (Cheng and Lawson, 

1991a; Madsen and Wadsworth, 1981). The developed and calibrated numerical model is 

able to accurately reproduce the Cu breakthrough curve (Figure 4-5A, blue line). The 

corresponding simulated temporal evolution of mineral assemblage  is shown in Figure 

4-8, illustrating how chalcocite almost instantaneously converted to secondary covellite, 

which subsequently dissolved more slowly over a ≈2 week period. Primary covellite 

dissolved significantly slower, reaching complete dissolution after ~90 days. In the case 

of chalcopyrite, dissolution was slow and a large fraction (~60%) remained undissolved. 

The passivation effect that resulted from the build-up of e.g., sulfur on chalcopyrite, was 

found to be less pronounced compared to the synthetic ore experiments. This is clearly 

reflected in the considerably lower values for the inhibition term parameters that were 
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determined during the model calibration (Table 4-5). This reduced shielding is in line 

with, e.g., the work of Dutrizac (1990), who found that discrete globules of S0 form on 

large chalcopyrite particles as opposed to the more continuous layers of sulfur that forms 

on smaller chalcopyrite grains. This is also in agreement with the findings of  Majima et 

al. (1985), who found that the product layer that forms on a natural (uncrushed) 

chalcopyrite sample is sufficiently porous to allow for continuous leaching.  

 

Figure 4-8. Electrokinetic leaching of Cu from unfractured ore. Amount of Cu minerals (in 

percentage, with 100% being the initial or maximum amount of that mineral) as a function of time 

(days) as predicted by the model. Ccp = chalcopyrite, Cov1 = primary covellite, Cov2 = secondary 

covellite and Cc = chalcocite.  

In order to reproduce the experimentally determined copper recovery, besides 

reducing the inhibition term parameters, the rate constants representing the dissolution of 

chalcopyrite and of secondary covellite, respectively, had to be increased significantly, 

i.e.,  by a factor of 68 and 106, respectively. The higher rates compared to the experiments 

with synthetic ore material initially appear to be counterintuitive. However, there are 

several plausible explanations:  

(i) The synthetic ore consisted of non-reactive quartz and the selected copper 

mineral powder, which only had minor impurities. A real ore sample 

however may contain considerable amounts of other minerals, which may 

influence the dissolution kinetics. For example, Miki et al. (2011), 

experienced that in some cases, pyrite catalyzes the leaching of covellite, 

and Olvera et al. (2014) describe a galvanic effect between chalcopyrite and 

pyrite, enhancing chalcopyrite dissolution.  
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(ii) The distribution of copper minerals measured in the off-cuts may not have 

been totally representative for the ore sample. The ore sample may have 

contained a considerably higher amount of the faster leaching chalcocite 

and/or have contained other fast-leaching Cu minerals which were not 

present or not identified in the off cuts, e.g. bornite and even native copper.  

(iii) The Cu minerals in the synthetic ore and those in the real ore sample may 

differ in crystallinity, with less crystalline minerals typically leaching faster. 

The width of the largest chalcocite diffraction line (Figure 4-9A) seems to 

be nearly identical for the two samples. However, the main chalcopyrite 

diffraction line (Figure 4-9B) shows some line broadening in the real ore 

sample, with the full width at half maximum (FWHM) values of the largest 

chalcopyrite diffraction line at ≈34.2° 2-Theta being 0.19° and 0.22° for the 

chalcopyrite powder and real ore sample respectively. Based on the theory 

of Scherrer (1918), the crystal size of the chalcopyrite in the real ore sample 

is thus smaller.  

 

Figure 4-9. XRD patterns of chalcocite powder and ore off-cuts, range focused on the main chalcocite 

diffraction peak (A) and chalcopyrite powder and ore off-cuts, range focused on the main 

chalcopyrite diffraction peak (B).  

Lastly, a comparison between the experimentally observed and modeled Fe 

accumulating in the target reservoir (Figure 4-10) shows an over-prediction in the first 20 

days. Possible explanations are: 

(i) Precipitation of Fe, either in the target reservoir or in the ore zone. The pH 

in the target reservoir was below 2 over the entire duration of the 

experiment (Figure 4-7B), but pH may have been higher in the ore zone. 
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No Fe(OH)3 was detected via QXRD at the end of the experiment, but 

maybe some Fe precipitated initially, then dissolved again, which would 

also be in line with the current changes in the beginning of the experiment 

(Figure 4-5B). 

(ii) The distribution of copper minerals measured in the off-cuts may not have 

been totally representative for the ore sample. If the ore sample consisted 

of more of the Cu minerals that contain no Fe (e.g., chalcocite, covellite) 

and less chalcopyrite, than consequently less Fe would be released.  

(iii) Chalcopyrite may not dissolve in one step, but via intermediates, hence 

not all Fe may immediately be released from the lattice.  

 

Figure 4-10. Electrokinetic leaching of Cu from unfractured ore. Total Fe (mol) in target reservoir 

as a function of time (days).  

4.5 Conclusions and Outlook 

The in-principle feasibility of EK-ISL of Cu was confirmed through laboratory EK-

ISL experiments on synthetic ore where a single Cu mineral was mixed into an unreactive 

matrix. For the two tested minerals, chalcopyrite and chalcocite, Cu was successfully 

liberated from the synthetic ore mixture and recovered in the target reservoir, using 

acidified ferric chloride as lixiviant.  

The efficiency of EK-ISL was then assessed through comparison of the results of 

the synthetic EK-ISL tests with those of bottle roll experiments on the same material. The 

bottle roll experiments represent a best-case scenario as the synthetic ore and lixiviant are 

continuously mixed. For chalcopyrite, electrokinetic leaching resulted in the same Cu 

recovery with time as in the ideal mixing scenario in a bottle roll, indicating the leaching 
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is controlled by the dissolution reaction itself. For the faster–leaching chalcocite on the 

other hand, the slower arrival of lixiviant in the EK case did result in a lower Cu recovery.  

A reactive transport model was set up to reproduce the synthetic EK-ISL 

experiments. The model illustrated how the decreasing chalcopyrite dissolution rate with 

time could be explained by the precipitation of sulfur on the mineral surface.  

In the subsequent experiment, EK-ISL was applied on a sample of intact porphyry 

Cu ore. EK-ISL treatment was successful with 57% of the Cu in the ore leached and 

recovered in the target reservoir over the 94 day experiment duration. While in previous 

experiments with gold ore (Martens et al., 2018b), lixiviant consumption by gangue 

minerals was very high and consequently the gold breakthrough was delayed, in this case 

gangue mineral reactions seemed limited and the Cu breakthrough was very rapid.  

Using the distribution of Cu minerals measured in the off-cuts, a reactive transport 

model was also constructed for the ore EK-ISL test. Hindered lixiviant access due to 

sulfur precipitation on Cu mineral surfaces did not seem to be important in this case.  

From the current results, it seems worthwhile to further explore the feasibility of 

Cu EK-ISL. The next important step is to assess the feasibility over longer distances, e.g., 

to perform experiments at the dm- to m-scale as a longer travel-path will undoubtedly 

have an effect on the lixiviant chemistry. If the acidity and/or the Fe3+ concentration 

cannot be maintained over the total length of the ore, then Cu could drop out of solution 

and delay Cu recovery. In addition gangue minerals may become supersaturated over a 

longer distance, precipitate and block the pores (e.g. Sinclair and Thompson (2015) and 

references therein).  

Results from experiments on longer ore sections can then be used to further refine 

the current reactive transport model. The model can then be used to predict with increased 

reliability the feasibility of EK-ISL in a production-scale scenario and can also serve as 

the basis for an economic evaluation. If both feasible and economic at larger scale, EK-

ISL could be a step-change in mining. EK-ISL could overcome many of the disadvantages 

that come with the traditional mining methods of open pit and underground mining and 

it has the potential to unlock currently sub-economic mineral resources.  
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CHAPTER 5.  SUMMARY OF RESEARCH 

CONTRIBUTION  

The work presented in this PhD thesis is the first study to investigate the feasibility 

of combining two existing technologies, in situ leaching (ISL) and electrokinetics (EK), 

with the purpose of extracting metals of interest from intact, i.e., un-fractured ore. The 

combined technique is referred to as ‘electrokinetic in situ leaching’ or EK-ISL. In EK-

ISL, an electric field is applied across an intact rock, which drives a lixiviant from a 

source reservoir (≈ injection well) through the rock, towards a target reservoir 

(≈ extraction well). Element(s) of interest within the rock are dissolved and complexed 

by the lixiviant, allowing them to be transported to the target reservoir, where they are 

recovered.   

The first and important contribution of this thesis was the confirmation of the in-

principle feasibility of EK-ISL for both investigated target elements, i.e., Au and Cu. This 

result was demonstrated through a series of well-controlled experiments with synthetic 

ore material (Chapters 2 and 4 for Au and Cu, respectively). The synthetic ores consisted 

of mixtures of elemental Au or an individual Cu mineral, i.e., chalcopyrite (CuFeS2) or 

chalcocite (CuS), with non-reactive quartz. The lixiviants used in these experiments were 

iodide/tri-iodide (I-/I3
-) for Au and acidified ferric chloride (FeCl3) for the Cu minerals. 

The lixiviants were successfully moved through the synthetic ore zone, Au and Cu were 

leached from within the ore zone, and transported to and recovered from the target 

reservoir. Recoveries close to 100% for Au in ≈ 3 days and up to 73% for Cu in ≈ 25 days 

were achieved. The addition of varying amounts of pyrite into the Au-quartz mixture 

allowed a first understanding of the effect that reducing minerals may have on the 

efficiency of EK-ISL. Au recovery slowed down with increasing pyrite content, but even 

for the highest tested pyrite concentration, Au could still be recovered.   

The subsequent step involved testing whether EK could induce substantial ionic 

transport through low-permeability rocks (Chapter 3). Electromigration was shown to 

successfully move I- through two pieces of low-permeability rock. A synthetic gold ore 

was then placed between these two rocks and an electric field was applied. This 

experiment validated the feasibility of applying EK to transport lixiviant through low-

permeability rock, dissolve gold and transport the gold complex through another low-

permeability rock into a target reservoir to be recovered.   
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The overall most important outcome of this research is, however, the demonstration 

that EK-ISL can also extract Au and Cu from intact ore samples (Chapters 3 and 4, 

respectively). Ore samples from two different Au deposits were used for testing. One of 

these ore samples showed very low Au recovery (<1%) after nearly 60 days of leaching, 

while the other sample achieved Au recovery closer to 50% after a similar time period, 

despite a considerable lag period (37 days) prior to Au breakthrough in the target 

reservoir. The delayed breakthrough in the latter experiment and the limited recovery in 

the first experiment are assumed to be related to high lixiviant consumption by gangue 

minerals in both experiments (e.g., pyrite, pyrrhotite, arsenopyrite). Furthermore, the lack 

of recovery in the first experiment is postulated to be related to (i) carbonate dissolution 

leading to increased pH, which in turn destabilised the lixiviant and gold complex, (ii) 

and the gold possibly being encapsulated in pyrite.  

A similar experiment was run on intact porphyry Cu ore and showed the most 

promising results. The Cu ore experiment showed a rapid Cu breakthrough, a high 

recovery (57%) after 94 days and seemingly few gangue-lixiviant interactions that 

affected EK-ISL efficiency.   

The EK-ISL experiments on intact rocks further supported the feasibility of this 

process for metal recovery, but they also highlighted the importance of having a thorough 

understanding of the ore and host-rock composition. Ideal targets for EK-ISL will have 

as few reductants as possible that can consume the oxidising component of the lixiviant. 

In addition, with the liviant and the complexed element typically being sensitive to pH, 

the dissolution of minerals that can have a significant impact on the pH (e.g. dissolution 

of calcite if an acidic pH is required) should be avoided.   

Process-based numerical models that considered ionic transport under an induced 

voltage gradient were constructed (Chapters 2 and 4). These models allowed simulation 

of the coupled transport and geochemical reaction processes and quantification of the 

specific rates at which both physical and chemical processes occurred. The numerical 

models closely replicated the experimental observations, enabling a further investigation 

of the experimental results. Insights gained from these simulations include: (i) the 

confirmation of the observation that only a minor fraction of pyrite was reactive in the 

synthetic Au EK-ISL experiments; (ii) sulfur precipitation onto the mineral surface may 

restrict lixiviant access and slow down the chalcopyrite leaching, especially for small 

particle sizes (synthetic test), while predicted to be minor when dealing with large 
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particles (real ore test); and (iii) chalcocite dissolution follows a 2-step dissolution rate. 

It was also found that it is important to correct ionic mobility values in the model to 

account for high ionic strength in order to avoid over-predicting the electromigration 

rates. The reactive transport framework developed in this thesis to simulate laboratory 

experiments in 1D can now serve as a basis to set up 2D or 3D models, which can then 

underpin the design of a field-scale EK-ISL installation.  

A logical next step in this research project is to validate the positive findings in 

regards to copper recovery from porphyry ore, with laboratory tests on larger chalcopyrite 

dominated copper porphyry samples. The laboratory observations from such tests, 

combined with the results from this thesis, are critical to achieve sufficient confidence 

prior to upscaling the existing 1D simulations to 2D or 3D model scenarios that mimic a 

field scale EK-ISL installation.   

The 2D/3D model will be key for a closer evaluation of the technical and economic 

feasibility of EK-ISL. This model will allow testing of parameter sensitivity and 

exploration of optimal scenarios for trialling EK-ISL in the field. Key drivers that will 

govern the economic feasibility of EK-ISL include consumption of electricity and 

lixiviants, required density of wells across the resource, capital needed for processing 

equipment at the surface, achievable element recovery and the time required to reach the 

expected level of recovery. Table 5-1 balances these considerations against the cost 

drivers for current open pit and underground mining.  

The capital investment and ongoing operational cost for EK-ISL are anticipated to 

be low in comparison to conventional mining methods, since no drill and blast and no 

large mobile fleet will be required, no haulage of waste rock or management of tailings 

are required, and the processing plant can be relatively small (e.g. no need for crushers 

and mills).   

EK-ISL does require a dense set of wells to intersect the ore zones. To keep costs 

low, some of the exploration drill holes that were used to delineate the resource could 

potentially be re-used. Furthermore, the drilling of the wells can be spaced out in time, 

with funding of additional wells only undertaken once the mine is returning cash from 

previous well fields. In addition, the expected flexibility of basically being able to extract 

ore from anywhere in the deposit and at any depth, would allow targeting of the highest 

grade portion of the deposit first, before extracting the lower grade sections. If the highest 

grade portion of a deposit is buried below low grade ore or waste, this creates a distinct 

advantage over current mining operations that would be required to turn cash flow 
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negative for an extended period of time before the high grade domain can be reached via 

conventional methods.   

Table 5-1. Comparison of cost drivers between EK-ISL and current mining processes.  

Item EK-ISL Current standard 

Capital investment  Small processing plant at the 
surface (metal recovery from 
solution and lixiviant recycling)  

 Wells  

 Consumables (lixiviant, 
sacrificial oxidant if needed, 
electrodes) 

 Very expensive processing plant 

 Very large investment in surface 
equipment 

 Very substantial excavation of 
rock prior to starting mining 

Power consumption  Application of electric field 

 Circulating lixiviant (into and out 
of wells) 

 Drilling and blasting 

 Dewatering 

 Trucks and excavators 

 Crushing and milling 

People  Very little equipment to be 
managed 

 Operation and maintenance of 
mobile and fixed equipment 

Mine closure  Very few costs if lixiviant can be 
contained in the ore zone 

 Potentially large and ongoing 
costs related to e.g. acid mine 
drainage 

Beyond the costs of drilling, electricity and lixiviant consumption would be the 

main contributors to operational expenditure.   

Using the data from the ore sample experiments in this thesis, calculations were 

made to obtain a preliminary estimate of the electric power consumed to produce gold or 

copper using EK-ISL (Table 5-2). The cost estimated for electric power consumption is 

compared with the value of the recovered metal to assess the economic feasibility of EK-

ISL for each of the tested ore samples. The electricity price was set at 0.07 USD/kWh, 

the price of gold at 40 USD/g and the price of copper at 0.006 USD/g. The preliminary 

estimates show that the electricity cost vs. recovered metal value varies widely between 

experiments (Table 5-2). Gold recoveries for experiments 3A and 3B were very low (<1% 

and <3%, respectively), and consequently the value of recovered metal is negligible 

compared to the electricity cost. In contrast, experiment 4 had 51% gold recovery and 

shows a recovered metal value that is >10 times higher than the electricity cost to extract 

it. This ratio might have been even higher if experiment 4 had been run for longer as the 

recovery had not yet reached a plateau at the end of the experiment. Also, keeping in mind 

that in experiment 4, there was a long lag period (37 days) before the first gold was 
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recovered, i.e. electricity consumption without generation of income, future research 

efforts should be aimed at reducing this lag period to further improve the  economics of 

EK-ISL. Overall, the preliminary financial comparison for the gold experiments indicates 

that EK-ISL could potentially be economically feasible, but reinforces the importance of 

appropriate ore type selection (e.g. less reactive gangue) for EK-ISL, based on an 

improved understanding of physical and geochemical/mineralogical characteristics 

controlling recovery efficiency. 

Similar economic calculations for the copper experiment are somewhat surprisingly 

less positive. Technically, the copper experiment was the most successful, having very 

fast breakthrough, limited gangue reactions and high recovery. However, because the 

value of copper is nearly 7000 times lower than the value of gold, the recovered metal 

value is about the same as the electricity cost. To make EK-ISL profitable for Cu, further 

research should include efforts to improve energy-efficiency. Since only one voltage 

setting was tested in this thesis, there are significant opportunities for optimisation. In 

particular, because some major Cu minerals (e.g. chalcopyrite) react slowly, recovery 

efficiency might not be significantly affected if the voltage and thus the current is 

temporarily reduced or switched off (such as would be the case with solar-powered 

operations), which will reduce energy costs.  

Table 5-2. Economic assessment of the conducted intact ore experiments: electricity cost vs. value of 

the recovered metal.  

 

Gold experiments 

(Chapter 3) 

Copper experiment 

(Chapter 4) 

Exp. 3A Exp. 3B Exp. 4 Intact Ore Exp. 

Average voltage (V) 50 50 34 7 

Average current (A) 0.006 0.016 0.030 0.031 

Time (h) 1346 1486 1507 2256 

Energy (kWh) 0.404 1.188 1.537 0.490 

Energy Cost (USD) 0.03 0.08 0.11 0.03 

Metal recovered (g) 0.00004 0.000075 0.0295 5.32 

Metal value (USD) 0.0016 0.003 1.18 0.032 
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The uptake of large scale, low and further declining costs of renewable energy in 

Cu and Au endowed countries such as Chile and Australia will reduce the expected 

expenditure on electricity. If solar energy is the preferred energy source for EK-ISL, the 

mine would only be running half the time and a shift in thinking is required. However, 

with slowly reacting minerals such as chalcopyrite, having the power turned off half the 

time may not have any substantial detrimental effect or it may even be beneficial, because 

it allows for a longer contact-time between the lixiviant and the Cu minerals. EK-ISL 

may not be about a quick return on investment, but rather a way of mining that is more 

economic in the long term and also more environmentally friendly. 

If the electricity need can be met efficiently by using solar power, the next 

consumable which will have an important influence on OPEX is the lixiviant. Selecting 

the right lixiviant for the particular deposit will be key in order to minimize gangue 

reactions. Lixiviant recycling needs to be investigated as well as the option of pre-treating 

the ore zone with a cheap sacrificial oxidant in case of high lixiviant consumption by 

gangue. Another interesting research question will be whether the naturally high salinity 

levels in some places can be used to generate in situ a chlorine-based lixiviant for gold. 

For Cu, in situ regeneration of Fe3+ might be worth exploring as well as heating of the 

lixiviant to speed up leaching reactions and increase recovery. In the case of Cu, EK-ISL 

of deep ore zones could therefore be especially interesting, as it would benefit from the 

naturally higher temperatures and the increased pressure at depth. Many of these ideas 

could be trialled first in small-scale laboratory experiments.   

Overall, the work described in this PhD thesis is obviously only the very first step 

at exploring the feasibility of EK-ISL. While some potential show-stoppers/hurdles were 

identified for some cases, overall results were encouraging and warrant further 

investigation into the technique. It seems likely that EK-ISL will not be applicable to all 

deposits, but even if it were only applicable for a fraction of the deposits that are currently 

not mined because they are too deep, too far from infrastructure or too low grade, EK-

ISL would unlock many resources and therefore has the potential to become a game-

changing technology in the mining industry.   
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A.1 Testing the Feasibility of Electrokinetic In-Situ Leaching 

(presented at AMEC 2016) 

Presented at the AMEC Convention 2016, 8-9 June 2016, Perth, Australia. 
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Many ore deposits are currently uneconomic due to low grades or being too deeply 

buried. In-situ leaching (ISL), i.e. injection and recovery of a lixiviant into the subsurface 

to dissolve the metal of interest, may allow economic extraction of these resources, but is 

often not feasible due to the low permeability of the deposit.  

In soil remediation, the application of electrokinetics (EK) has been shown to create 

a relatively uniform flow and transport of amendments through low-permeability and 

highly heterogeneous formations. In EK applications, electrodes are installed in wells and 

a low voltage gradient is applied. The induced electric field generates flow of pore fluid 

and transport of charged ions (Acar and Alshawabkeh, 1993).  

A combination of electrokinetics and in-situ leaching (EK-ISL) could offer a unique 

opportunity to overcome the shortcomings of ISL when applied to lower permeability 

resources. This PhD project evaluates the potential of this novel technique to recover gold 

from low-permeability ore. Results from first experiments show that it is possible to 

transport an ionic lixiviant through rock without fracturing, dissolve gold, transport the 

gold in solution through rock and recover it. Presence of reducing minerals like pyrite 

slow down the process, but the effect seems to be manageable.  
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Many ore deposits are currently uneconomic due to low grades or being too deeply 

buried. In-situ leaching (ISL) may allow economic extraction of these resources, but is 

often not feasible due to the low permeability of the deposit. On the other hand, in soil 

remediation, the application of electrokinetics (EK) has been shown to create a relatively 

uniform flow and transport of amendments through low-permeability and highly 

heterogeneous formations. In EK applications, electrodes are installed in wells and a low 

voltage gradient is applied. The induced electric field generates fluid flow  and the 

transport of charged ions.  

The combination of electrokinetics and in-situ leaching (EK-ISL) provides a unique 

opportunity to overcome the shortcomings of ISL in low permeability media. In the 

present paper, the potential of this novel technique to recover gold and copper from low-

permeability ore was evaluated.  

The first series of laboratory experiments was designed to verify the in-principle 

feasibility of EK-ISL. An iodide/tri-iodide solution was chosen as lixiviant and gold was 

successfully extracted from an unconsolidated, low hydraulic conductivity, porous media. 

Experiments in which pyrite was included as proxy gangue mineral showed a declining 

efficiency of EK-ISL gold leaching with increasing pyrite oxidation. However, 80% gold 

recovery was still achieved, even with the highest tested pyrite concentration (5.26 wt%).  

In the second part of this study, the feasibility of EK-ISL of gold from consolidated, 

unfractured, low-permeability ore material was assessed. Firstly, it was shown that 

substantial ionic transport through low-permeability rock can be achieved by applying a 

constant voltage. Subsequently, synthetic gold ore was positioned in between two rock 

sections and gold was successfully mobilised from the synthetic ore, transported through 

the second rock piece and collected in the target reservoir, albeit at a fairly slow rate. EK-
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ISL was then applied to two different gold ore samples. Both ores consumed considerable 

amounts of lixiviant before gold breakthrough occurred. Within the experimental 

timeframe, only a trace of gold was leached from Ore Sample 1. Nevertheless, over 50% 

of gold was recovered from Ore Sample 2 within a month after initial breakthrough. These 

experiments show that EK-ISL of gold from intact rocks is feasible, and also highlight 

the importance of characterising the reactivity of the host rock with respect to the selected 

lixiviant system prior to attempting EK-ISL.  

Finally, EK-ISL was applied for copper leaching. Using acidified ferric chloride as 

lixiviant, copper was successfully leached from a low-permeability porphyry copper ore.  
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