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Abstract 

 

New Zealand's West Coast is home to numerous unmitigated legacy mining complexes and galleries 

that regularly release acid mine drainage (AMD) into the downstream environment. In a typical 

setting, standard in-situ passive treatment technologies would be highly recommendable. However, 

a comparative examination between conventional technologies such as RAPs, SAPs or ALDs illustrate 

the inherent short-comings they exhibit when treating highly contaminated mine waters. The James 

Mine is a legacy coal mine that exhibits AMD with high acidity and metal loads. Furthermore, the 

mine’s topography and local high precipitation rates result in varying flow-rates representing 

significant challenges to treatment technologies.  

 

The present research sought to identify and test an effective method to treat the James Mine effluent 

at its source and was based upon laboratory research and field experiments. Specifically, this study 

investigated the premise that in sites such as the James Mine, conventional treatment solutions would 

not function properly due to either site limitations or the high concentrations of trivalent metals. 

Moreover, these site parameters would invariably lead to a loss of porosity and a loss of reactivity as 

the armouring of the reactive media takes place. This research investigated the Dispersed Alkaline 

Substrate (DAS) technology as a solution to these problems. The DAS system works on the foundation 

of applying a fine-grained reactive substrate mixed with a coarse inert substrate. The fine-grained 

alkaline reagent retards passivation due to it dissolving almost entirely before the process can occur 

while also providing a significant reactive surface. The mixed media as a whole provides not only a 

means of dispersion for nuclei allowing for precipitates to form on the inert material but also provides 

for a large reactive surface from the fine-grained alkaline reagent. 

 

Laboratory and field experiments demonstrated that the DAS was able to abate AMD consisting of 

high metal concentrations with pH ≈ 2.54 and an average acidity of 1349 mg/L as CaCO3. Peak 

performance of the field experiments showed a metal removal rate of 99 % (Fe, Al and Cu), 40 % (Mn), 

and 91 % (Zn and Ni) while increasing pH levels to > 6.40. Depth profiles provided chemical data that 

was used to create reactive transport models while hydraulic parameters were calculated during the 

experimental phase to determine hydraulic residence times (HRT). Each aspect assisted in identifying 

the observable changes in the chemistry of the AMD as it traversed through the system allowing for a 

more comprehensive analysis. It should be noted that the size of the DAS implemented was big 
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enough to treat 2150 L/day of AMD effectively; however, the high acid load of the AMD quickly 

exhausted the neutralising capacity of the reactive substrate. 

 

Chemical and mineralogical analyses demonstrated the effectiveness of targeted metal removal in the 

different stages of the DAS which was designed to ensure there would not be an overlap in 

precipitates. More notably, the analyses illustrated the metal removal mechanisms at play as the 

primary method of precipitation, co-precipitation or adsorption occurred as sulphates, 

(oxy)hydroxides, and carbonates. As suspected, Mn and the trace metals were the most difficult to 

remove, with removal likely occurring through adsorption onto the organic matter, the results of 

which can be concurred with the geochemical modelling results. 

 

Overall, this study demonstrated that if the DAS was to be up-scaled to a full-scale system it could not 

only prove to be an effective means of treating heavily influenced trivalent mine waters but also 

divalent affected mine waters. 
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1 Introduction 

 
1.1 The James Mine  

New Zealand has a long-standing history with coal mining, with much of its production being situated 

on the West Coast and Southland regions (Fitzgerald, 1998). For the West Coast, one of the primary 

mining facilities was the James Mine, which lies north of Rapahoe (Figure 1). The James Mine was 

noted for having highly bituminous coal that was used for coking, blending, and the manufacturing of 

steel (Fitzgerald, 1998; Solid Energy, 2017). It was during the final months of World War One (late 

1918) that preparations began for the further development for the mine (Fitzgerald, 1998). The James 

Mine would later provide valuable employment and resources between the two World Wars and 

eventually being the forerunner of the much larger Strongman mine as governmental departments 

issued leases to mining cooperatives (Fitzgerald, 1998; Solid Energy, 2017). Additional developmental 

effort continued over decades as mining cooperatives began to better understand the complex 

geology of the region (Solid Energy, 2017). The coal mining activity peaked between 1939 and 1942 

with much of the industry steadily declining afterwards on the West Coast (Fitzgerald, 1998). 

Production from the James Mine finally ceased on Friday, July 23, 1943. It was at this point that the 

number of workers employed within the mining industry in the Greymouth District dropped to 7% and 

by the mid-1970s, the decreasing demand on coal had detrimental effects for the surrounding railways 

and shipping (Solid Energy, 2017). 

 

Present day, the James Mine is regarded as one of New Zealand’s worst Acid Mine Drainage (AMD) 

producing sites contributing high concentrations of pollutants to Cannel Creek. This is a result of 

sulphur-rich minerals being oxidised as a byproduct of the historic mining (Figure 2) (Johnson & 

Hallberg, 2005b; Simate & Ndlovu, 2014). More specifically, mining galleries in the Brunner Coal 

Measures (BCM), whether they’re underground or open-cast, produce waste rock material with 

sulphide bearing minerals which on contact with meteoric water and atmospheric oxygen produce 

AMD. These waste rock materials include pyrite, chalcopyrite or pyrrohotite and generally cause the 

production of strongly acidic waters containing high concentrations of metalloids (Fe, Al, Mn, Zn, Ni, 

Cu, As, Se) and sulphates (SO4
2-) (Akcil & Koldas, 2006; Lapakko, 2002). The increased reactive surface 

allows for an increase in a minerals accessibility and their surface area which dramatically increases 

the generation rates of AMD. It is for this reason this research was conducted, to investigate and 

better understand the present geochemistry of the AMD discharge as well as to provide appropriate 

recommendations for a Passive Treatment System (PTS) and its installation.  
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Figure 2 AMD impact on Cannel Creek below the James Mine (photo by Dave Trumm) 

Figure 1 Historical photograph of Rapahoe showing major mine sites  
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1.2 Research Objectives and Associated Questions 

Before the present study was conducted little was known about the current nature of the James Mine, 

and although some sampling had been administered in the past, nothing extensive had ever come 

from it. It is this factor that built the foundation of the present study with the overall objectives being: 

 

1. To investigate and determine the variability of the AMD discharge that is currently affecting 

the downstream environment through geochemical analysis. 

2. From characterising the James Mine, decide on an appropriate remediation proposal and put 

it into action through the use of passive treatment technologies to improve upon long-term 

water quality at Cannel Creek.  

 

The decision of what PTS to install also had to take into consideration the limiting factors of the site 

(i.e. available space, accessibility and the hydraulic head). From the selected PTS, the literature 

surrounding it would be further examined in order to determine what aspects can be further 

examined. In order to achieve these objectives, the research was broken down into three main 

components: 

 

Stage I – Monitoring and data logging: 

1. The characterisation of the geochemical signature of the AMD discharge and its effect on the 

downstream environment with continuous sampling where possible; and 

2. The utilisation of geochemical modelling to determine the mineral phases present using PHREEQC. 

 

Stage II – Passive treatment selection and laboratory experiments: 

1. The utilisation of the data from stage I to assist in determining an appropriate PTS; 

2. Examine the literature on the PTS to see what research gaps exist and then decide on build upon 

them; 

3. Experiment with the physical parameters of the of the selected PTS. 

 

Stage III – Infield treatability study: 

1. The installation of the infield PTS;  

2. The monitoring of the influent, pore water and effluent chemistry from the PTS to observe its 

efficiency the overall chemistry; and 

3. Perform an autopsy of the spent substrates to aid in understanding of the removal mechanisms 

at play through the use of X-ray diffraction (XRD), X-ray fluorescence (XRF), PHREEQC and scanning 

electron microscopy (SEM) analyses. 
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Previous guidelines have been established for when either passive treatment or active treatment is 

required. When a mine is either abandoned or is reaching the end of its lifespan, it may fall in the 

guideline realm of passive treatment. This is usually a result of the passive treatment technologies 

being the most economical solution to AMD in the long term. However, there remains the issue of 

deciding on the appropriateness of the PTS itself as there are many PTS each with their pros and cons. 

Although there are sound comparisons between PTS and the geochemical processes responsible for 

passive treatment are widely understood, there remain research gaps especially for new passive 

technologies and their potential the metal removal mechanisms.  

 

From examining the severity of the AMD at the James Mine, it was decided that more established 

treatment solutions (i.e. reducing and alkalinity producing systems (RAPS), limestone drains or 

diversion wells) would not ideally function, and instead trialling new alternatives such as the Dispersed 

Alkaline Substrate (DAS) would provide more appealing results. Trialling alternative passive treatment 

technologies such as the DAS enable the application of a multistep system to target specific metals, 

prevent early clogging due to a loss of porosity, create more significant levels of reactivity and finally, 

being able to accommodate the tight space constraints present at the site. The relatively unknown 

status of the DAS also allowed for new avenues of research due to the system having little literature 

as well as the system having never reportedly been trialled outside of Spain. These aspects were all 

strong proponents of this study with the overall choice of using the DAS being later discussed in 

Chapter 3. This central hypothesis is based upon the literature for conventional PTS. Associated with 

this hypothesis were four central questions: 

 
1. How do the physical parameters of the DAS (i.e. grain size and substrate ratios) affect the 

overall performance of the DAS; 

2. How does the treatment effectiveness change with time; 

3. How does the treatment work through the whole system (Fe removal in the first reactor and 

Al in the second reactor); and  

4. In which forms are the metals retained in the substrate mixtures (what are the metal removal 

mechanisms taking place)? 

 

Once the DAS was selected, laboratory experiments and an infield trial were used to assess the 

efficiency and to elucidate the fate of contaminants under operational conditions. Autopsies of the 

infield reactors’ spent substrates, including chemical and mineralogical analyses, were conducted to 

study the metal removal mechanisms. This was to be assessed to interpret whether the DAS would be 

an efficient PTS to use in New Zealand’s mines. 
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1.3 Thesis Format 

This study is divided into seven chapters:  

 

Chapter One: (Introduction) Introduces the James Mine, the research objectives and the associated 

questions and the thesis layout. 

 

Chapter Two: (Theoretical Framework) Introduces the concepts surrounding AMD and treatment 

technologies while simultaneously presenting relevant published research on PTS. 

 

Chapter Three: (Geochemical Analyses and Site Characterisation of the James Mine Acid Mine 

Drainage and Cannel Creek) Characterises the geochemical signature of the James Mine, the 

importance of understanding the chemical properties that exist within the context of AMD and their 

relevance to the James Mine. Chapter 3 also details the methodology used to investigate the water 

quality. This is coupled with the results of the geochemical analyses while describing the selection 

process of the DAS-system. 

 

Chapter Four: (Laboratory Trials for The DAS System) Discusses the experimental design of the DAS 

and the importance of understanding substrate selection and substrate ratio mixes. The results 

include the geotechnical and chemical analyses performed on the reactive and inert materials and are 

discussed before their use in the field experiment.  

 

Chapter Five: (Acid Mine Drainage Treatability Study) This chapter illustrates the field-trial design, its 

installation and the accompanying monitoring involved. The results from the DAS are presented and 

include numerous water geochemical analyses performed on the influent, pore-water and effluent 

samples.  

 

Chapter Six: (Investigations into Post-Treatment Autopsies and Metal Removal) This chapter presents 

the post-treatment analyses performed on the spent substrates used. Geochemical and mineralogical 

processes and the results are presented. PHREEQC is used to compare what was predicted to 

precipitate versus what actually precipitated. The results of which are discussed to understand better 

the processes associated with the metal removal mechanisms.  

 

Chapter Seven: (Final Conclusions, Limitations and Future Recommendations) This chapter reiterates 

the objectives of the research while also providing concluding remarks on the overall performance of 

the treatment of AMD at the James Mine. This chapter also lists the encountered limitations of the 
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PTS, overall analyses and the overall methodology, finishing with possible future endorsements for 

the DAS. 
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2 Theoretical framework  

 
2.1 Literature Review 

2.1.1 Acid Mine Drainage  

AMD is thought to be one of the largest environmental concerns the mining industry has. Typically, 

AMD is characterised as the product of natural chemical reactions associated with, but not exclusive, 

to low pH levels in which high concentrations of heavy metals, primarily iron pyrite (FeS2), are exposed 

to oxygen and water (Skousen et al., 2002; Kalin et al., 2005; Akcil & Koldas, 2006; Jennings et al, 2008; 

McCauley et al., 2008). This process is amplified via mining as a function of exposing the in-place 

geologic material to available water and oxygen while creating smaller grain sizes and an increased 

reactive surface area (Jennings et al., 2008). The increased accessibility of oxygen and water as well 

as a greater reactive surface area of the ores causes oxidising reactions to be initiated and allows for 

excess acid generation beyond the natural buffering capabilities found in the surrounding host rock 

and water resources (Akcil & Koldas, 2006; Kalin et al., 2005; Simate & Ndlovu, 2014). This often results 

in the release of oxidised acidic sulphur-rich minerals (Table 1) into waterways (Johnson & Hallberg, 

2005; Simate & Ndlovu, 2014). AMD, therefore, owes much of its generation, mobility, release and 

attenuation to highly net acidic mine wastes (Dold, 2015; Johnson & Hallberg, 2005; Plumlee et al., 

1999) and complex processes dictated by biological, chemical and physical factors (Johnson & 

Hallberg, 2005; Simate & Ndlovu, 2014; Trumm, 2010). 

 

Metal Sulphides Chemical Formula 

Pyrite FeS2 

Marcasite FeS2 

Pyrrohotite Fe1-xS 

Chalcocite Cu2S 

Covelite CuS 

Chalcopyrite CuFeS2 

Galena PbS 

Sphalerite ZnS 

Arsenopyrite FeAsS 

Millerite NiS 

Molybdenite MoS2 

Table 1 Different metal sulphides with pyrite and marcasite being the predominant acid producers – Adapted from (Simate 
& Ndlovu, 2014) 
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This is especially true in regions where extensive historical or current mining practices have taken 

place producing large quantities of waste rock (Ziemkiewicz, Skousen, & Simmons, 2003). In particular, 

the mining of minerals such as nickel, gold, copper and coal are associated with acid drainage issues 

and long-term impairment to waterways and associated biodiversity (Akcil & Koldas, 2006). These 

factors also make AMD highly variable from site to site and thus, predicting the potential for AMD can 

be challenging (Akcil & Koldas, 2006). In legacy mines, such as the James Mine, the environment is 

often oxidising which results in far higher rates of geochemical weathering (Plumlee et al., 1999). 

 

2.1.2 Acid Mine Drainage Chemistry 

AMD is a product of its environmental conditions, its composition being a consequence of the 

following in-situ factors (Simate & Ndlovu, 2014; Skousen et al., 2002; Taylor, Pape, & Murphy, 2005): 

 

1. pH; 

2. Temperature; 

3. Oxygen content in both the gas and water phase; 

4. Chemical activation energy required to initiate acid generation; 

5. Bacterial activity; 

6. The chemical activity of Fe3+; 

7. The surface area of sulphides; and 

8. Saturation being less than 100%. 

 

In many environmental settings, it is pH, bacterial activity and acidity that are considered to be the 

main attributing factors when distinguishing between moderate and severe impacts particularly when 

pH is between 2-4 and acidity levels are at 1000 mg/L (Akcil & Koldas, 2006; Simate & Ndlovu, 2014). 

According to numerous authors, the starting reaction is one of the most important as the dissolution 

of sulphides such as FeS2 (Table 1) and the oxidation of S- to SO4
2- produces acid (Reaction 1) (Akcil & 

Koldas, 2006; Hedin, Watzlaf, & Nairn, 1994; Simate & Ndlovu, 2014; Taylor, Pape, & Murphy, 2005; 

Trumm, 2017; Ziemkiewicz et al., 2003).  

 

(Reaction 1) FeS2 + 3.5O2 + H2O ® Fe2+ + 2SO4
2- + 2H+ 

The dissolution of FeS2 and oxidation of S- to SO4
2- in Reaction (1) corresponds to an oxidising 

environment in which there is an increase in the total dissolved solids and acidity, causing a decrease 

in pH (typically around 3.5) and bacterial activity (Akcil & Koldas, 2006; Simate & Ndlovu, 2014). The 

rate of oxidation and the resulting acid production at this point is largely dependent on the solid-phase 



 9 
 

composition and microbial activities (refer to 2.1.3 Bacterial Catalysis), as well as the availability of 

oxygen and water (Jennings et al., 2008; Lapakko, 2002). More notably, if this continues much of the 

ferrous iron (Fe2+) may be oxidised to ferric iron (Fe3+) as illustrated in reaction (2) (Akcil & Koldas, 

2006; Simate & Ndlovu, 2014):  

 

(Reaction 2) Fe2+ + 0.25O2 + H+ ® Fe3+ + 0.5H2O 

 

Reaction (2) illustrates the oxidation of Fe2+ to Fe3+ which causes acid neutralisation and is gradual at 

pH values below 5 under abiotic conditions but is greatly accelerated at higher pH values (Ali, 2011; 

Simate & Ndlovu, 2014; Trumm, 2017). If pH values remain above about 3.5, any Fe3+ formed in 

Reaction (2) can precipitate out as Ferrihydrite (Fe(OH)3), resulting in the complete hydrolysis of Fe3+ 

in solution (Reaction (3)) (Akcil & Koldas, 2006). This again is acid producing causing intermediate 

precipitates to form such as Jarosite (KFe3
3+(OH)6(SO4)2) and Schwertmannite (Fe8O8(OH)6(SO4)·nH2O), 

whilst simultaneously lowering the pH as shown in reaction (3) (Ali, 2011; Johnson & Hallberg, 2005b; 

Lapakko, 2002): 

(Reaction 3) Fe3+ + 3H2O ® Fe(OH)3 + 3H+ 

 

If any Fe3+ from Reaction (2) does not precipitate out in Reaction (3), it is likely that the pH level is less 

than 2 and Fe3+ will remain in solution, in which case ferric hydrolysis does not occur (Akcil & Koldas, 

2006). When hydrolysis does not occur it is often observed that additional oxidation of FeS2 occurs, 

according to the following reaction (Simate & Ndlovu, 2014): 

 

(Reaction 4) FeS2 + 14Fe3+ + 8H2O ® 15Fe2+ + 2SO4
2+ + 16H+ 

 

For Reaction (4) to occur, sufficient oxygen is required in Reaction (2) to regenerate Fe3+ (Ali, 2011; 

Lapakko, 2002; Simate & Ndlovu, 2014), and the result is  a dramatic decrease in pH due to the amount 

the positive hydrogen ions present (H+) (Simate & Ndlovu, 2014; Trumm, 2017). When all is 

considered, the overall formation of AMD can be simplified into three major steps (Kalin et al., 2005; 

Trumm, 2017) (Figure 3): 

 

1. FeS2 in Reaction (1) becomes oxidised, usually through abiotic processes and sulphur oxidising 

bacteria. Any sulphide minerals present (Table 1) experience further oxidation where the 
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Bacteria 

conversion of Fe2+ to Fe3+ occurs (Reaction (2)). AMD is only marginally acidic with generation 

being slow;   

2. If pH levels drop between 3-4.5 the Fe2+ present in Reaction (2) become further oxidised. AMD 

generation is still slow although acidity is increasing; and  

3. If pH levels drop below 3 then biotic oxidation and the complete hydrolysis of Fe2+ to Fe3+ with 

further precipitation of ferric iron and other minerals (Reaction (3 and 4)) take place. AMD 

generation is rapid and acidity is high.  

 

2.1.3 Bacterial Catalysis 

Bacterial activity such as autotrophs or acidophiles can influence the rate at which reactions occur 

(Trumm, 2017). For bacteria to survive, environmental conditions must be favourable (Jennings et al., 

2008). For example, iron and sulphur oxidising bacteria such as Thiobacillus ferrooxidans and T. 

thiooxidans are most active in water with a pH of less than 3.2 (Trumm, 2017). Among this bacterium, 

other species are also thought to be involved in the weathering of pyrite, increasing the conversion 

rate and accelerating oxidation by up to 10 million times (Jennings et al., 2008; Simate & Ndlovu, 2014; 

Trumm, 2017). However, if environmental conditions are unfavourable, the bacterial influence on acid 

generation will be negligible (Simate & Ndlovu, 2014). 

 

It must be noted that Reactions (2) and (4) can be significantly accelerated by the presence of 

autotrophic and acidophilic bacterium (Rojas, Gutierrez, & Ann, 2016; Simate & Ndlovu, 2014). The 

process in which this occurs is comprised of three mechanisms. The first mechanism assumes 

bacterium attach to the surface of particulates, directly oxidising sulphur and iron through biological 

processes assisting in the release of ions in solution (Reaction (5)) (Blowes & Ptacek, 2003; Simate & 

Ndlovu, 2014): 

 

(Reaction 5) MSx + (2X – 0.5)O2 + H2O    ®  Mx+ + XSO4
2- + 2H+ (where M is a metal, and X is a 

whole number) 

Figure 3 Simplified primary chemical reactions – Adapted from (Kirby & Cravotta, 2005) 
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The second mechanism is indirect and is believed to include the oxidation of Fe2+ to Fe3+ and S to SO4
2- 

as illustrated below in Reactions (6) and (7) (Blowes & Ptacek, 2003; Simate & Ndlovu, 2014): 

 

(Reaction 6) 2Fe2+ + 0.5O2 + 2H+      ®      2Fe3+ + H2O 

 

(Reaction 7) S0 + 1.5O2 + H2O    ®     SO4
2- + 2H+ 

 
After Reactions (6) and (7), the third mechanism only occurs under reducing conditions and assumes 

that Fe reducing bacteria attach themselves onto the surface of mineral particulates, excreting 

polymers forming an exopolymeric layer (Simate & Ndlovu, 2014;). In doing so, the bacterium 

consequently reduces Fe3+ to Fe2+ within the exopolymeric layer (Reaction (8)), where the generation 

of Fe2+ permeates (Akcil & Koldas, 2006; Blowes & Ptacek, 2003; Simate & Ndlovu, 2014). 

 

(Reaction 8) MSx + Fe3+      ®       Mx+ + XS0 + Fe2+ (where M is a metal, and X is a whole number) 

 
2.2 Effects of Acid Mine Drainage 

AMD and the processes associated with mining activities result in numerous environmental impacts, 

the extent of which is linked to physical, biological and chemical disturbances. Altogether, the 

generation of AMD is linked to (Hedin et al., 1994; Liao et al., 2016; Taylor et al., 2005):  

 

1. The development of chemical precipitates (refer to Section 2.1.1) that asphyxiate aquatic 

environments, reducing light exposure and the downstream uses of receiving waters 

(recreation, aquaculture); 

2. The alteration of a waterways chemical equilibrium (bicarbonate buffering system); 

3. The exposure of toxic heavy metals resulting in phytotoxicity. The potential to enter the food 

chain creating health risks; 

4. The mobilisation of metals through solution to adverse levels for riparian communities and 

aquatic ecosystems; and 

5. The negative impacts on both groundwater and downstream quality. 

 

Furthermore, AMD can have long-lasting environmental effects making rehabilitation and in some 

cases revegetation difficult (Taylor et al., 2005). Examples of this are widespread with either deficient 

or excessive amounts of critical nutrients and elements necessary for functional waterways or plant 

growth (Liao et al., 2016; Taylor et al., 2005). Often contamination through AMD is at best a significant 
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limitation for functioning ecosystems and at worst responsible for a failed rehabilitation (Liao et al., 

2016; Taylor et al., 2005). 

 

2.3 Acid Mine Drainage Treatment  

The treatment of AMD can be achieved with two approaches: active or passive treatment. Various 

flowcharts have been designed by previous researchers to assist in appointing an appropriate system 

based on site-specific parameters (Trumm, 2010). Due to AMD being an oxidation process, resulting 

in the dominant contaminant iron existing in two states, Fe2+ and Fe3+, the type of passive treatment 

system (PTS) used will have to factor in scale and water retention time to allow for slow reaction rates 

(Caraballo et al., 2009; Trumm, 2010).  

 

2.3.1 Active treatment 

Active treatment requires the continuous application of chemicals as well as the use of energy to 

produce fast reaction rates thus, requiring constant monitoring (Caraballo et al., 2009; Trumm, 2010). 

Active treatment is reliant on the application of an acid neutralising alkali material to mine water to 

promote metal precipitation and reduce acidity. These alkalinity-generating methods are diverse, but 

generally, the materials used are (Taylor et al., 2005; Trumm, 2010): 

 

1. Calcium oxide (CaO); 

2. Calcium hydroxide (Ca(OH)2); 

3. Sodium hydroxide (NaOH);  

4. Sodium carbonate (NaCO3);  

5. Magnesium oxide (MgO); and 

6. Magnesium hydroxide (MgOH) 

 

It should be noted that some of these reagents are dependent on the choice of active treatment and 

the required quality of the effluent water (Uster, 2015). Active methods are principally befitted to still 

operating mines with high flow rates and access to power and personnel to monitor the application 

of the neutralising material. These treatment techniques work well, providing a means for reliable 

treatment using precise and rapid control, but they remain a more suitable method of dealing with 

large volumes of mine influenced water during mining operations (Gazea, Adam, & Kontopoulos, 

1996; Taylor et al., 2005). As it stands, active treatment is the most efficient way to contend with AMD 

as the continuous application of alkali material can be managed accordingly; however, it remains a 

costly endeavour as AMD production will continue long after mine closure (Trumm, 2010). 
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2.3.2 Passive Treatment 

Passive treatment relies on geochemical and biogeochemical reactions with aggregate-carbonate 

bases (McCauley et al., 2008). The support of organic matter to control the redox state of the system 

may also be used (Ford, 2003). The choice is usually constrained between the use of either reducing 

or oxidising treatment types. Deciding on the appropriate systems associated with each type is 

essential to the success of treatment (Ford, 2003; Gazea et al., 1996; Trumm, 2010). PTS are 

constructed ecosystems that capitalise on naturally occurring biogeochemical processes to neutralise 

acidity and remove metal concentrations. Consequently, chemical reactants and fossil fuels are not 

required during their life-span as PTS are reliant on the local topography of a site resulting in a natural 

gradient for flow transfer. PTS are more appropriate for non-operational mining complexes with 

relatively low flow rates, and since AMD is a self-replenishing process, PTS are engineered as a long-

term solution. The principal requirements of PTS are varied but to be deemed passive must include 

(Ford, 2003; Hedin et al., 1994; Skousen et al., 2017; Taylor et al., 2005; Trumm, 2010):  

 

1. Low maintenance requirements; 

2. The exclusion of energy sources (electricity or fuel); 

3. Relatively low operating costs; 

4. The use of non-hazardous materials; 

5. Relatively long unattended life-spans; and 

6. An integration with the surrounding environments. 

 

Although not always necessary, the embracement of cultural and educational values is recommended, 

i.e. indigenous values. This could range from guidance, respect for the resources being utilised or 

permission as more than often a large land footprint is necessary for PTS (wetlands or drainage 

systems) (Sánchez-andrea et al., 2014; Uster, 2015; Ziemkiewicz et al., 2003). The number of PTS 

developed is diverse, and the choice of one treatment over the other is directly related to the physical 

and chemical signatures of the AMD present as well as the land available for construction. From the 

current situation of the James Mine, being abandoned with high concentrations of iron and 

aluminium, relatively low flow and DO levels, and insufficiently available land area, active treatment 

would be ill-advised; therefore, passive treatment is the most appropriate choice (Ford, 2003; Skousen 

et al., 2017). 
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2.3.3 Passive Remediation Options 

AMD is an oxidation process that results in the dominant contaminants, Fe and Al, being present in 

two oxidation states, Fe2+ and Fe3+ and Al3+. Deciding the correct type of PTS for a site is quintessential 

to ensuring a successful treatment outcome. Thus, the type of PTS implemented must factor in the 

chemical signature of the AMD, laboratory experiments, the scale of the contaminated land or 

watershed and the hydraulic retention time (HRT) allowed for slow acid neutralising reaction rates 

(Caraballo et al., 2009; Macías et al., 2012; Trumm, 2010). Due to these factors, it is often common to 

see numerous designs implemented at one site to minimise any disadvantage and maximise any 

advantages in order to accomplish the desired water quality. Unfortunately, this option is not always 

available due to the desired strategy being implemented but also the intricacies of each PTS. The 

intricacies of passive remediation options are expanded into two distinct fields – oxidising (Table 2) 

and reducing (Table 3). 

 

1. Oxidising strategies require oxygen and are based on the principle of continuing the natural 

oxidation process (Reaction 2). In this way, all Fe2+ is oxidised to Fe3+ and once pH levels have 

been raised enough, Fe(OH)3 is precipitated out (Caraballo et al., 2009; Skousen et al., 2017; 

Ziemkiewicz et al., 2003). Oxidising strategies are well suited to sites with steep topography 

and are best implemented at sites with saturated DO and Fe in its oxidised form, Fe3+ (Trumm, 

2010). 

 

2. Reducing strategies work by reversing natural oxidation process by reducing iron and 

sulphates causing sulphides to precipitate removing the former from the AMD stream (Hedin 

et al., 1994; Skousen et al., 2017; Trumm, 2010a). Reducing strategies are best recommended 

for AMD with low DO and iron in its Fe2+ form. 

 

It should be noted that both strategies (in New Zealand) will inevitably have site limitations such as 

climate and topography (available space) thus restrict the use of particular systems. These factors are 

examined in Chapter Three as an in-depth analysis into the James Mine AMD and the justification of 

the DAS are discussed.



 

 
 Table 2 A comparison between the current oxidising passive treatment systems 

Passive Treatment options - 
Oxidising systems 

Aerobic Wetlands (AeWs) Open Limestone Channel (OLC) Slag Leaching Beds (SLBs) Diversion Well Dispersed Alkaline Substrates 
(DAS) 

Description Large shallow pond (0.5 - 1 m) usually 
lined with soil or limestone gravel and 
have emergent wetland species planted. 
AMD flows through as oxidation is 
facilitated precipitating oxides and 
hydroxides 

Large channel constructed with 
small or large limestone placed in 
areas with steep slopes. AMD flows 
into the OLC becoming neutralized 
and oxidized 

Rectangular chamber (IBC tank) 
filled with steel slag. AMD flows 
horizontally or vertically through 
the slag dissolving CaO and 
neutralising the acidity present 

Round chamber filled with crushed 
limestone. AMD flows into chamber 
out pipe near bottom of well 
creating turbulence which abrads 
particles preventing armouring. 
Water flows upward and out of 
chamber 

Fine-grained alkaline reagent mixed 
with an inert, coarse high-surface 
material, so that the surfaces of the 
inert matrix are partially covered 
with the reactive substance 

General Requirements and 
Construction 

Designs of the surface area are based on 
known Fe and Mn concentrations. 
External factors can affect overall 
performance, so a more conservative 
design is recommended 

Channel or ditch lined with 
limestone (15-20 cm in diameter). 
Limestone diameter, alkalinity, and 
residence time is based on AMD 
generation rates 

Requires steel slag grain sizes of 
<3mm and residence times of 1-10 
h depending on acidity levels 

Designs are based on trial and error. 
Well dimensions typically 1.5m 
diameter, 2m deep, 1/2 filled with 
1-2 cm diameter limestone gravel. 
Residence time is about 15 min 

DAS systems are composed of 25% 
calcite sand (0.3 - 5 mm) and 75% 
wood chips (2 cm) in a rectangular 
chamber 

pH Range > 6 > 2 > 1.5 > 2 > 2 
Max obtainable pH range N/A 6-8 > 10 6-8 Dependant on neutralising material 

used 
Flow Rate (L/s) Long residence time  < 20 < 20 < 1000 Appropriate for both high and low 

flow rates 
Temperature (℃) Required N/A N/A N/A N/A N/A 

Fe Content (mg/L) Appropriate for both > 10 and < 10 Appropriate for both > 10 and < 10 Appropriate for both > 10 and < 10 
(will require a settling pond at > 10)  

Appropriate for both > 10 and < 10 Appropriate for both > 10 and < 10 
(will require a settling pond) 

Al Content (mg/L) < 25 If Fe content is < 10 and Al content 
is > 25 

> 25 > 25 Appropriate for both > 25 and < 25 

Acidity Range (mg CaCo3/L) < 500 < 500 < 1000 < 500 900-1600 mg/L 
Acidity Load  ≤ 1 (kg CaCO3/300m2) < 150 (Kg CaCO3/day)  1-2 CaCO3/year 1-1000 (Kg CaCO3/day 120 g acidity/m2/day 

DO% Appropriate for both > 20 and < 20 > 20 > 20 > 20 (ambient) > 20 
Topography Large flat area Long, narrow land, can be used in a 

steep environment (slope > 20%) 
Large flat area Steep topography/limited area Reasonably flat area; large or small 

Benefits Treats mildly acidic or net-alkaline waters 
containing elevated Fe concentrations. 

Effective at a range of acidities and 
metal loads. Low construction and 
operating costs 

Effective at high pH levels. 
Generates more alkalinity than 
limestone (up to 2000 mg/L). 

Low cost. High limestone efficiency. Low cost. High limestone efficiency. 
Effective at a range of acidities and 
metal loads, specifically high 
concentrations 

Limitations Removes only selected metals. Limited 
capacity to neutralise acidity. Occasional 
failures can result in penalties as 
regulatory compliance has to be kept up 

Requires ongoing maintenance due 
to the armouring of hydroxides, a 
slope at >20%, and an appropriate 
length for the channel (retention 
time). Their effectiveness also drops 
above pH 3 

Armouring with hydroxides. Slow 
dissolution. Leaching of metals from 
slag. 

Requires refilling with limestone 
chips about every 2-4 weeks. 
Requires a constant flow rate. 
Precipitates are not captured and 
thus the system requires high 
maintenance 

Net acidity elimination in DAS 
appears to depend primarily on infl 
owing Al and Fe concentrations. It is 
also dependant on neutralising 
material used 

References Ford, 2003; Hedin, Watzlaf, & Nairn, 
1994; Skousen & Ziemkiewicz, 2005; 
Taylor, Pape, & Murphy, 2005; Trumm, 
2010 

Skousen et al., 2017; Taylor, Pape, & 
Murphy, 2005; Trumm, 2010; 
Ziemkiewicz et al., 1997 

Skousen et al., 2017; Taylor, Pape, & 
Murphy, 2005; Trumm, 2010; 
Ziemkiewicz et al., 1997 

Skousen et al., 2017; Taylor, Pape, & 
Murphy, 2005; Trumm, 2010; 
Ziemkiewicz et al., 1997 

Caraballo, Rötting, Macías, Nieto, & 
Ayora, 2009; Macías et al., 2012; 
Rötting, Ayora, & Carrera, 2007; 
Rötting et al., 2008 



 

Table 3 A comparison between the most current reducing passive treatment systems 

Passive Treatment 
options - Reducing 

systems 

Sulphate Reducing Bioreactor (SRB) Anoxic Limestone Drains (ALDs) Vertical Flow Wetlands (VFW), Successive 
Alkalinity Producing System (SAPS) and 
Reducing and Alkalinity Producing Systems 
(RAPS) 

Anaerobic Wetlands 

Description A rectangular unit filled with a mixture of organic 
substrates such as hay, sawdust, paper, or 
woodchips, crushed limestone, and compost or 
manure. AMD flows vertically through unit. Sulphate 
reduction removes sulphate and metals 

Buried channel constructed with small or large 
limestone. Anoxic AMD flows into the ALD 
where alkalinity is added through limestone 
dissolution allowing for a reducing environment 

AMD water flows through a rectangular unit 
(IBC tank) with limestone or mussel shells at 
the base covered by a substrate and water. The 
system is designed to reuse any DO as water 
passes through the organic matter 

Used for when AMD is at net acidity. 
Organic-rich substrates are used while 
limestone or mussel shells are used for 
acid neutralisation as alkalinity is 
generated through sulphate reduction 

General 
Requirements and 

Construction 

The design is based on removal rates of 0.3 mol 
metals/m3 of substrate/day or 0.3 mol 
sulphate/m3/day. 

Buried limestone channel (6-15 cm diameter 
limestone) ALD must be sealed to exclude O2 
entry and CO2 escape. Requires a 14-hour 
residence time 

These systems use 15-30 cm of an organic layer 
and 6-15 cm diameter limestone or mussel 
shells. Design should be based around a 15-
hour residence time 

The system is designed around AMD 
water to flow through and over the 
substrate with hydraulic conductivity and 
removal rates being 3.5 g acidity/m2/d 
and 2.9 g H2SO4/m2/d 

pH Range > 2.5  > 2 > 2.5  > 2.5  

Max obtainable pH 
range 

6-8 6-8 6-8 6-8 

Flow Rate (L/s) < 15 < 20 < 15 Permit maximum residence time 
(generally low flow rates) 

Temperature (℃) 
Required 

Temperature dependent for successful bacterial 
growth 

N/A Temperature dependent N/A 

Fe Content (mg/L) Appropriate for both > 10 and < 10 (will require a 
settling pond at > 10)  

Appropriate for both > 10 and < 10 (will require 
a settling pond at > 10)  

Appropriate for both > 10 and < 10 (will require 
a settling pond at > 10)  

Appropriate for both > 10 and < 10 (will 
require long residence times at < 10)  

Al Content (mg/L) < 25 < 25 < 25 < 25 
Acidity Range (mg 

CaCo3/L) 
< 300 < 500 < 300 < 500 

Acidity Load  < 100 (Kg CaCO3/day) < 150 (Kg CaCO3/day)  < 100 (Kg CaCO3/day) 1 (kg CaCO3/200- 500m2/day) 
DO% best at low DO < 20 > 20 < 20 

Topography flat area Long, narrow land Large flat area Large flat area 
Benefits Good for high Fe but best at low Al Low construction and operating costs. Long-term 

performance 
Uses a mixture of inorganic and organic 
approaches to accommodate high 
concentrations of Fe 

Able to treat highly acidic AMD in large 
volumes. Stable sludge storage from 
hydroxides 

Limitations High capital costs. Reduced permeability with time. 
Potential for armouring and plugging with 
hydroxides (high Al). 

Maintenance is difficult. Requires an appropriate 
length for retention times. High concentrations 
of Fe3+, Al or O2 (1 mg/L−1) will result in excessive 
armouring and failure. Decreasing effectiveness 
as calcite saturation increases 

High capital costs. Requires low Al or there is a 
potential for armouring and plugging from 
hydroxides thus reduced permeability  

Require long residence times and large 
areas to treat large quantities of strongly 
acidic AMD 

References Caraballo et al., 2009; Hedin et al., 1994; Taylor et 
al., 2005; Trumm, 2010; Ziemkiewicz, Skousen, & 
Simmons, 2003 

Skousen et al., 2017; Taylor, Pape, & Murphy, 
2005; Trumm, 2010; Ziemkiewicz et al., 1997 

Caraballo et al., 2009; Hedin et al., 1994; Taylor 
et al., 2005; Trumm, 2010; Ziemkiewicz, 
Skousen, & Simmons, 2003 

Ford, 2003; Hedin, Watzlaf, & Nairn, 
1994; Skousen & Ziemkiewicz, 2005; 
Taylor, Pape, & Murphy, 2005; Trumm, 
2010 



 

3 Geochemical Analyses and Site Characterisation of the James Mine 
Acid Mine Drainage and Cannel Creek 

 

3.1 Introduction 
As with many coal deposits in New Zealand, Iron (Fe), Aluminium (Al), Manganese (Mn), Zinc (Zn), 

Nickel (Ni) as well as sulphates are often abundant. In many abandoned legacy mining complexes, the 

final closure can often result in the flooding of galleries allowing for the generation of AMD to occur 

(refer to section 2.1.2) allowing the prementioned metals to accumulate as mine-influenced water. 

This is what happened at the James Mine, and it is this characteristic that formed that basis of the 

initial sampling programme. The primary aim of the initial sampling programme was broken into three 

objectives: The first objective was to establish sampling sites in order to better understand the site-

specific conditions within the James Mine watershed and downstream environment. This was 

achieved through visual inspections, water sampling and the examination of the following in-situ and 

chemical parameters, the metal contaminants present and their relevance to the James Mine: 

 

1. Conductivity (mS/cm and uS/cm);  

2. Total Dissolved Solids (TDS, g/L); 

3. Salinity (%); 

4. DO (% and mg/L);  

5. pH level (mV);  

6. Temperature (°C); 

7. Metal content (mg/L); 

8. Sulphate (mg/L); 

9. Oxidation-Reduction Potential (ORP, mV); and  

10. Flow rates (L/sec). 

 

The second objective was to correlate these parameters and the AMD contaminants to the changes 

observed within Cannel Creek. The third objective was to summarise the results collected and to 

evaluate the geochemical signature of the AMD. This was necessary as it determined the basis of the 

design of the DAS as well as justifying it use. 
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3.1.1 Outline of Previous Research 

Before the research and sampling programmes were conducted, little was known about the James 

Mine´s AMD. However, some geochemical analysis had been carried out by Dave Trumm from CRL 

Energy Ltd. The following tables (Tables 4 - 5) show his finding and their significance. The data acquired 

from the James Mine, although limited, illustrate just how impacted the site is. From Tables 4 - 5, the 

pH levels ranged from 2.41 to 2.8, with average dissolved metal concentrations following; Fe 147.75 

mg/L, Al 199.50 mg/L, Mn 6.50 mg/L, Zn 1.21 mg/L and Ni 0.56 mg/L). The direct impact of AMD from 

the James Mine can be used to predict the effect of a large-scale PTS. Since then, this pre-existing 

database has been expanded upon with minor changes being added. 

 

 

 

 
 
3.2 Local Geology Setting 
The generation of AMD is a process in which sulphide minerals are oxidised through oxygen and water. 

This occurs both naturally and through anthropogenic means; namely mining activities. It is through 

these processes that a better understanding of the local geology can be realised. It also provides a 

means to understanding the potential parameters associated with the different rock types (Fitzgerald, 

Date Flow 

(L/s) 

pH pH H+ 

(moles/L) 

Fe 

(mg/L) 

Al 

(mg/L) 

Mn 

(mg/L) 

Ni 

(mg/L) 

Zn 

(mg/L) 

01/03/2006 0.25 2.41 0.00389 134 216 NA NA NA 

15/05/2013 NA 2.8 0.00158 129 162 5.8 0.43 0.96 

20/11/2014 0.17 2.65 0.00224 169 200 6.9 0.60 1.27 

14/02/2016 0.085 2.45 0.00355 159 220 6.8 0.66 1.41 

Average 0.17 2.55 0.002815 

 

147.75 199.50 6.50 0.56 1.21 

Date Alkalinity (mg/L) Acidity Acid Load (mg/s) 

01/03/2006 0 1755 438.83 

15/05/2013 0 1326 NA 

20/11/2014 0 1678 281.03 

14/02/2016 0 1828 155.34 

Average 0.00 1646 291.73 

Table 4 Flow, pH and trace metal data acquired from the James Mine site  

Table 5 Alkalinity and acidity data acquired from the James Mine site 
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1998; Pope, Weber, & Olds, 2016); namely the Paparoa Coal Measures (PCM) and the Brunner Coal 

Measures (BCM) (Pope et al., 2010a). Almost all New Zealand’s bituminous coal deposits occur along 

the West Coast of the South Island (Figure 4), being mostly situated within the uppermost Cretaceous 

to the lowermost Tertiary of the PCM and the lower Tertiary BCM (Wilkinson & Reinhardt, 2005). 

These two sequences are most notably superimposed at both Pike River and Greymouth Coalfields 

(Wilkinson & Reinhardt, 2005).  

 

3.2.1 Paparoa Coal Measures (PCM) 

The PCM are Late Cretaceous-Paleocene in age (97-55ma) and are up to 750 m thick (Newman, 1985), 

being comprised of seven members made up of fluvial conglomerates, sandstone, mudstone and coal 

measures (Pope et al., 2010a; Pope et al., 2016). The sequence is deposited beneath the BCM and on 

top of Cretaceous terrestrial sediments of the Pororari Group, Cambrian Ordovician Greenland Group 

metasediments, and granitic basement rocks (Pope et al., 2010a), where rapid deposition took place 

in fault-controlled basins (Pope et al., 2010b). These basins have been noted as being an interplay of 

complex fluvial to lacustrine systems without major marine influences allowing for coal forming mires 

(Pope et al., 2010b; Wilkinson & Reinhardt, 2005). 

 

3.2.2 Brunner Coal Measures (BCM) 

The BCM are Paleocene-Oligocene but predominately Eocene in age (40-45 Ma) and are the oldest 

Eocene sedimentary rocks present in the stratigraphic record (Pope et al., 2010a; Wilkinson & 

Reinhardt, 2005). Unlike the PCM, the BCM were deposited in a fluvial to estuarine environment 

during a period of marine transgressions (Newman, 1985). This was in response to both gradual and 

tectonically controlled factors (Pope et al., 2010b). The BCM lies paraconformably on the PCM, 

disconformably on-top of eroded granitoids and Greenland Group rocks and are conformably 

superimposed by the marine rocks of the Kaiata Formation (Newman, 1985; Pope et al., 2010a; Pope 

et al., 2010b). In contrast to the sediments present in the restricted and fault-bounded PCM, the BCM 

are predominately made up of quartz sandstone, conglomerate, carbonaceous shales, and coal seams 

up to 10 m thick (Nunweek, 2001), suggesting slow accumulation with much of the entirety of the 

BCM being only 30 m thick (Pope et al., 2010b). There are exceptions to this however, with local sub-

basins controlled by subsidence where several hundreds of metres of BCM occur (Pope et al., 2010b).  
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3.3 Methodology 

3.3.1 Sampling Sites Location 

For the initial sampling, three sites were selected to ensure consistency among data collection. Due 

to the number of disused mining complexes on the West Coast and the remoteness or unknown 

Figure 4 Map of West Coast, South Island New Zealand, showing the location of the main geological 
sequences 
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locations of some of them, the general area of the James Mine and the associated sampling sites have 

been indicated on the map below (Figure 5):  

 

 

Each location was chosen based on visual inspection, ease of access, the reliability of flow and 

coverage. The James Mine site was selected due to it being the AMD source, whereas the Cannel Creek 

sampling sites were chosen due to their proximity to the mine and their associated chemistry both 

before and after the AMD discharge reaches Cannel Creek, consequently altering the water chemistry. 

The addition of these sites created an understanding of where chemical changes were occurring and 

the associated extent of the chemistry change. 

 

3.3.2 In-situ Parameters 

For the James Mine, the in-situ parameters collected (pH, ORP, conductivity, temperature and DO) 

were measured on a bi-weekly basis using portable instruments with the data being recorded once 

the readings had stabilised. For the main in-situ parameters a YSI pH100 probe was used and was 

calibrated on the day of sampling. For pH, the calibration of the instrument was done using 4.00, 7.00 

and 10.00 buffer solutions while in the case of conductivity, a 0.01 M potassium chloride solution (KCl 

– 1413 µS/cm at 25°C) was used. The DO meter was calibrated using the instrument’s calibration 

chamber maintained at 100% water saturated air.  

 

Figure 5 West Coast map displaying the Cannel Creek and James Mine sampling sites - Modified from (New Zealand 
Topographic Maps, n.d.) 
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3.3.3 Sampling Protocol for Quantifying the James Mine and Cannel Creek 

Following the ANZECC 2000 and APHA protocols (ANZECC & ARMCANZ, 2000; APHA, 2012), water 

samples were split into three sets and kept in a chilled container for transport: 

 

1. Total metal samples – 100-mL sampling bottle with nitric acid was used to preserve the 

sample to ensure the metals present stayed in solution;  

2. Sulphate, pH and alkalinity samples – Samples were contained in a 500-mL bottle and were 

unpreserved; and 

3. Dissolved metal samples - Samples were filtered using disposable 50-mL syringes and 0.45 

µm membrane filters into 100-mL sampling bottles with nitric acid as a preservative. 

 

The number of samples taken, and the methodology used for extraction and transportation were the 

same throughout the process of the initial sampling regime. When sampling, Quality Assurance and 

Quality Control (QA/QC) measures were essential to ensure maximum accuracy while keeping in 

fulfilment to the ANZECC protocols where relevant. To better direct the project and simplify the 

amount of analysis that was required, five essential metals were chosen due to their environmental 

persistence; these include Al, Fe, Mn, Zn, and Ni, in order of most concentrated to least based on past 

field excursions. The chemical analyses were performed during this initial sampling period by Hill 

Laboratories (Christchurch), following the proper APHA Standard Methods. A pre-calibrated PSI 556 

MPS field probe was used to ensure in-situ parameters were not erroneous at the portal entrance, as 

well as upstream and downstream from the James Mine. 

 

3.3.4 James Mine Water Pool Height and Flow Measurement Installation 

To measure the flow rate a V-notch weir was installed at the entrance of the portal (Figure 6). The V-

notch allowed for accurate flow measurements by capturing the water with a plastic bag and 

measuring the volume with a measuring cylinder, with each measurement being repeated three times 

to acquire an average (Figure 7). An Intech WT-HR 1m data logger was installed in the pool (Figure 8). 

The data logger was set to automatically take readings of both water height and temperature every 

10 minutes. Readings of both installations were taken or downloaded each time the site was visited 

and later analysed using the OmniLog Data Management Programme. The readings attained allowed 

for the calculation and correlation of both installations in respect to any fluctuations of metals, water 

output and other in-situ parameters. Consequently, this led to the development of the PTS.  
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Figure 7 V-notch weir installed near the portal entrance of the James Mine 

Figure 6 Collection method used for determining flow rates 
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3.3.5 Limitations of the Sampling Regime  

The sampling regime was carried out at the three sites decided upon (upstream Cannel Creek, 

downstream Cannel Creek, and the James Mine Portal) on a weekly to bi-weekly basis. Due to the 

budget limitations the sites were all sampled on a single day trip before heading back to Christchurch. 

Although this allowed for an accurate snapshot of the chemistry on that day, more samples would 

have an appreciated to gain a better insight into chemical signature of the AMD. The limited sampling 

also made distinguishing monthly trends difficult. This decision, however, was necessary because of 

funding limitations and timing constraints as the field site is a 3.5-hour drive away; it was not feasible 

to conduct sampling on a more frequent basis.  

 

3.3.6 Geochemical Modelling  

For the chemical speciation, the Saturation Indices (SI) of the selected mineral phases were modelled 

using PHREEQC version 3.4.0 alongside the MINTEQV4 database. Influent, pore-water parameters and 

effluent were used in the model process. A detailed assessment of the SI for the James Mine AMD, 

and the upstream and downstream environment are used to predict what precipitates are present. 

Figure 8 Installed intech WT-HR 1m data logger in the flooded entrance of the 
James Mine 
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Further modeling was performed during the treatment of the James Mine and is presented in Chapter 

4 after the presentation of the spent substrate analyses.  

 

3.4 The Australian and New Zealand Environmental and Conservation Council  
In order to assess the severity of each site, the sampled data was compared to the guidelines set by 

Freshwater Aquatic Ecosystems and the ANZECC 2000. The ANZECC has set water quality guidelines 

in order to assess the severity of a particular waterway by cross-examining the in-stream metal 

concentrations with the established environmental Trigger Values (TVs). The TVs are principals 

founded on the international eco-toxicity studies to indicate the percentage of aquatic species 

expected to be unaffected by the contaminants within the waterway requiring different levels of 

protection (80%, 90%, 95%, 99%) (ANZECC & ARMCANZ, 2000; APHA, 2012). In most scenarios 

involving mining, the local environment is exceedingly disrupted; for the James Mine the level of 

protection most appropriate was 80%. It should be noted however, that there were no proposed TVs 

for acceptable Fe and Al concentrations at pH levels < 6.5, therefore the Guidelines for Recreation 

Purposes (ANZECC & ARMCANZ, 2000; APHA, 2012) were used. Table 4 illustrates the TVs from both 

the ANZECC 2000 and the Guidelines for Recreation Purposes with the distinct purpose of the 

protection of aquatic ecosystems and human health (i.e. skin irritation and ingestion). Recommended 

maximum sulphate concentrations and recommended pH ranges are also shown in table 4. 

 

Table 6 TVs from the Guidelines for Freshwater Aquatic Ecosystems and the ANZECC 2000 guidelines for dissolved metal 

concentrations, sulphates and pH (values are in mg/L – ND = Not Defined) – adapted from (ANZECC & ARMCANZ, 2000). 

In-situ parameters ANZECC 2000 Guidelines for 

TVs 

Freshwater Aquatic 

Ecosystems for TVs 

Fe 0.30 ND 

Al 0.20 ND 

Mn 0.10 3.60 

Cd 0.005 0.0008 

Zn 5.00 0.03 

Ni 0.10 0.0017 

Cu 1.00 0.0025 

Sulphate 400 ND 

pH 6.5 – 8.5 ND 
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3.5 Flow Rate and Chemical Results  

3.5.1 James Mine Portal Water Quality 

The samples were sourced directly from the pool water collected within the James Mine. Figure 9 

illustrates the values of in-situ parameters while Figure 10 illustrates the metal and sulphate 

concentrations. The pH of the pool ranged from 2.44 - 2.72 with an average of 2.56. DO (%) ranged 

from 23.1% - 53.4% (an average of 37.2%). The DO and ORP measurements suggest that the overall 

AMD source is oxidised. Both conductivities (mS/cm) spectra were significant ranging from 3.234 - 

6.961 mS/cm and 2583 - 5570 uS/cm indicating heavy concentrations of ions.  

 

The order of the metals according to their concentration, from highest to lowest, was Al, Fe, Mn, Zn, 

and Ni respectively (Figure 10). Within the James Mine pool, Al averaged 149 mg/L (130 - 176 mg/L), 

Fe averaged 112 mg/L (97 - 123 mg/L), Mn averaged 5.5 mg/L (4.8 - 5.9 mg/L), Zn averaged 0.95 mg/L 

(0.81 - 1.07 mg/L), and Ni averaged 0.47 mg/L (0.41 - 0.57 mg/L), while sulphate averaged 2554 mg/L 

(2300 - 2900 mg/L). The observed metal concentrations illustrate that no temporal variations were 

observed as there was a no substantial increase in the levels of metals and sulphate concentrations. 

Any slight changes can be interpreted as a dilution effect from local precipitation. Over an extended 

period of time there would be an expected dilution in winter and an increase concentration over 

summer. Based on the data collected from the James Mine the best-suited PTS is an oxidising system 

due to DO concentrations averaging at 47%. An oxidising system would allow for the removal of Fe 

and Al through continuing the oxidation process so that all Fe2+ is oxidised to Fe3+. Once pH levels have 

been raised enough, oxyhydroxides and hydroxides will be precipitated out giving sufficient metal 

removal (Caraballo et al., 2009; Skousen et al., 2017; Skousen & Ziemkiewicz, 2005).  
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Figure 9 Changes in in-situ parameters over time at the James Mine Site: (A) pore-water conductivity (mS/cm), (B) pore-water DO%, 
(C) pore-water ORP, (D) pore-water conductivity (uS/cm), (E) pore-water temperature, (F) pore-water pH during the initial monitoring 
period 



 

 

3.5.2 Flow Data for the James Mine Site 

The average discharge from the V-notch weir over the monitoring period was 0.199 L/s with the minimum and 

maximum flow rates being 0.0739 and 0.306 L/s respectively (Figure 11). Table 7 shows readings attained 

allowed for the calculation and correlation of both installations concerning any fluctuations of metals, water 

output and other in-situ parameters. The water height ranged from 149 mm to 1008 mm above the base of the 

pool, correlating well with the acquired flow rates. Although determining any long-term observations is difficult, 

the average water temperature and height were stable.  

 

 

 

 

 

Figure 10 (A) Total Fe, Al, Mg, Zn, Ni (mg/L) and Sulphate concentrations, (B) Dissolved Fe, Al, Mg, Zn, Ni (mg/L) and Sulphate 
concentrations during the initial monitoring period 
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Table 7 Water table depth and temperature reading from the data logger in the pool of the James Mine  

 
 
3.5.3 Chemistry of Upstream Cannel Creek Site 

The upstream Cannel Creek site was by large the least AMD effected site even though there are 

possibly multiple inlets from other mine sources such as the Bellvue mine. The in-situ and metal 

concentrations of the site showed mild seasonal variations. Like the James Mine geochemistry, the 

metals at highest concentration in the discharge were Al, Fe, Mn, Zn, and Ni respectively (Figure 12). 

Fe averaged 4.83 mg/L (1.18 – 7.7 mg/L), Al averaged 4.7 mg/L (0.95 – 8.6 mg/L), Mn averaged 0.57 

mg/L (0.099 – 1.52 mg/L), Zn averaged 0.053 mg/L (0.0027 – 0.11 mg/L), Ni averaged 0.018 mg/L 

(0.0026 – 0.024 mg/L), while sulphate averaged 124 mg/L (15.9 - 196 mg/L). In-situ parameters such 

 Water height (above the pool base) 

(mm) 

Water temp (⁰C) 

Month Minimum Maximum Average Minimum Maximum Average 

September 560 890 725 1.7 11.12 6.41 

October 430 1008 719 3.40 11.67 7.53 

November 376 846 611 3.64 12.76 8.2 

December 389 873 631 4.62 12.45 8.5 

January 412 923 667 8.12 13.7 10.91 

February 352 394 374 7.88 13.8 10.84 

March 387 465 426 7.45 12.74 10.1 

April 231 560 395 6.89 11.21 9 

May 149 547 348 5.67 9.45 7.56 
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Figure 11 Collected flow rate at the James Mine Site over the initial monitoring period 
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as pH ranged from 3.53 – 5.25 (average of 3.72), DO (%) ranged from 76.2% - 101.2% (average of 

89.1%) while DO (mg/L) measurements ranged from 7.91 – 11.51 mg/L (an average of 9.54 mg/L) 

(Figure 13). The observed metal concentrations that were above the TVs for the ANZECC 2000 

Guidelines include Al and Fe with the pH levels also being below the recommended value range. In 

comparison the observed metals, Zn and Ni were above TVs for the Freshwater Aquatic Ecosystems 

with Al, Fe and sulphate concentrations likely being over the recommended values. It could also be 

inferred that the observed pH values are below any recommended freshwater aquatic ecosystems 

values.  
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Figure 12 (A) Total sulphate and metal concentrations for the upstream Cannel Creek Site, (B) Dissolved sulphate and metal 
concentrations for the upstream Cannel Creek Site during the initial monitoring period 
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Figure 13 Changes in in-situ parameters over time at the James Mine Site: (A) pore-water conductivity (mS/cm), (B) pore-water DO%, (C) 
pore-water ORP, (D) pore-water conductivity (uS/cm), (E) pore-water temperature, (F) pore-water pH during the initial monitoring period 
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3.5.4 Chemistry of the Downstream Cannel Creek Site 

The quality of the water downstream Cannel Creek site demonstrates the effect the James Mine is 

having on the environment. As with the other sites, the metals at highest concentration in the 

discharge were Al, Fe, Mn, Zn, and Ni respectively (Figure 14). Al averaged 10.75 mg/L (1.49 – 18.4 

mg/L), Fe averaged 8.24 mg/L (1.47 – 12.6 mg/L), Mn averaged 0.89 mg/L (0.2 – 3.1 mg/L), Zn averaged 

0.089 mg/L (0.0104 – 0.161 mg/L), Ni averaged 0.0364 mg/L (0.0039 – 0.061 mg/L), while sulphate 

averaged 224.7 mg/L (23 - 390 mg/L). Unlike the Upstream Cannel Creek site, there were more 

observed metal concentrations that were above the TVs for the ANZECC 2000 Guidelines, including 

Al, Fe, Mn, Ni with the pH levels also being below the recommended value range. Sulphate levels were 

not above the TVS.  

 

Similarly, to Upstream Cannel Creek site, the observed metals, Zn and Ni were above TVs for the 

Freshwater Aquatic Ecosystems with Al, Fe and sulphate concentrations likely being over the 

recommended values. It could also be inferred that the observed pH values are below any 

recommended freshwater aquatic ecosystems values. From the in-situ data (Figure 15), pH levels had 

decreased from the Upstream Cannel Creek site ranging from 2.38 – 4.57, averaging 3.41. Conductivity 

levels (mS/cm and uS/cm) also greater ranging from 0.092 – 1.694 mS/cm and 66 - 1395 uS/cm. DO 

(%) ranged from 75.2% - 99.9% (an average of 91%) while DO (mg/L) measurements ranged from 8.29 

– 11.35 mg/L (an average of 9.74 mg/L). 
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Figure 14 (A) Total Metal and Sulphate Concentrations for the Downstream Cannel Creek Site, (B) Dissolved Metal and 
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Figure 15 Changes in in-situ parameters over time at the Downstream Cannel Creek Site: (A) pore-water conductivity (mS/cm), (B) 
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3.6 Acidity and Acidity Load for Each of the Sites 
When quantifying the AMD of the James Mine, the levels of acidity present and the associated acidity 

loads are essential for the design of PTS. Figure 12 shows both the acidity levels present for each site 

whilst Table 8 shows the average data. Although there are outliers present, there is a clear correlation 

between the James Mine Site and the Downstream Cannel Creek Site. The levels of acidity present at 

the James Mine site are shown to be extremely high. It could be inferred that there has been a 

conversion to complete hydrolysis where proton acidity is removed from the solution and is 

precipitated out as a solid thereby increasing the acidity levels (Kirby & Cravotta, 2005; Skousen et al., 

2002; Skousen et al., 2017)  

 

Table 8 Average acidity data for each of the sites during the initial monitoring 

Site Minimum (mg 

CaCO3/L) 

Maximum (mg 

CaCO3/L) 

Average (mg 

CaCO3/L) 

James Mine Site 1133 1491 1284 

Upstream Cannel Creek 

Site 

37 111 62 

Downstream Cannel Creek 

Site 

24 283 120 

 

 

 
Figure 16 Acidity data for each of the sites during the initial monitoring 
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An acidity load could only be collected for the James Mine Site as there weren’t a means of acquiring 

flow data at either of the Cannel Creek Sites. It is essential to evaluate the higher end of the spectrum 

as high acidity loads can result in lower levels of permeability due to increasing volumes of precipitates 

forming during neutralisation. From Figure 17 it can be seen that there is a relatively high acidity load 

at the James Mine Site in comparison to other mine sites within the vicinity (i.e. the Bellvue Mine). A 

relatively high acid load can affect the longevity of the system (Waters et al., 2003). It is therefore 

recommended that any issues present are addressed before treatment installation as a flux of a high 

acid load on an ecosystem could have detrimental effects, this is especially the case in storm events 

where flow rates are increased (Johnson & Hallberg, 2005b; McCauley et al., 2008).  

 

 

3.7 Geochemical Modelling  
The James Mine pore-water parameters were used in the model process. The SI of the selected 

mineral phases were modelled using PHREEQC version 3.4.0 alongside the MINTEQV4 database (Table 

9). A comparison of saturation indices (SI) predicted with PHREEQC for low-temperature stable 

mineral phases and inferred mineral phases. The predictions made by PHREEQC coincide with what is 

known within literature and what was observed in the chemical analyses (Table 9). Fe-based minerals 

are precipitated out due to the low pH levels observed. Only goethite and hematite precipitate out 

across all the sites while Schwertmannite and ferric oxide only precipitated at the Upstream and 

Downstream Sites due to the increased pH levels (Table 9). This is observable at the sites with layers 

Fe precipitates covering much of the underwater surfaces.  
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Figure 17 The Acidity Load Present at the James Mine Site during the initial monitoring 
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It should be noted that a large number of similar but amorphous mineral phases, rather than well-

crystalised minerals, could have been included in the PHREEQC database. This would have enabled a 

better description of the solids likely to form. It is also recognised that PHREEQC modelling does not 

take any kinetics implications into account and is only meant to give indicative or suggestive results 

rather than definitive results.  

 

Table 9 Minerals predicted by PHREEQC to precipitate based on the initial median sampling regime. A positive SI value 

indicates that the mineral will precipitate while a negative value indicates that the mineral will not precipitate 

 Phases Formula James Mine Site Upstream 

Cannel Creek 

Site 

Downstream 

Cannel Creek 

Site 

Al Aluminium hydroxide Al(OH)3 -7.82 -4.76 -5.48 

 Basaluminite Al4(OH)10SO4 -15.06 -6.18 -8.23 

 Boehmite AlOOH -4.90 -1.83 -2.55 

 Gibbsite Al(OH)3 -5.04 -1.97 -2.69 

Fe Ferric Hydroxide Fe(OH)3 -2.10 0.42 -0.01 

 Goethite FeOOH 3.40 5.92 5.50 

 Schwertmannite Fe8O8(OH)6SO4 -2.77 14.01 11.41 

 Hematite Fe2O3 8.77 13.80 12.95 

Mn Mangatite MnOOH -18.33 -15.30 -16.09 

 Pyrochroite Mn(OH)2 -14.69 -12.88 -13.36 

 Pyrolusite MnO2:H2O -29.61 -25.37 -26.46 

 Hausmannite Mn3O4 -49.19 -41.34 -43.38 

Zn Zinc hydroxide Zn(OH)2 -11.94 -10.32 -10.76 

 
  



Carlos Hillman   38 

 
3.8 Discussion 
In any setting, understanding the in-situ parameters and the associated properties are essential for 

quantifying environmental situation (NAS, 2014; Sephton & Webb, 2017); often defined as a 

requirement for proper assessment (NAS, 2014). This requirement is due to the inherent capacity of 

high concentrations of contaminants to be hazardous and thus their interference to natural biological 

processes. Frequently the overall environmental fate of said contaminants is innately determined by 

the interacting in-situ parameters within the watershed (NAS, 2014; Sephton & Webb, 2017). It is 

these parameters that enable researchers to eliminate or take into closer consideration system 

attributes and the accompanying physical or toxicological hazards (NAS, 2014). The following section 

details the vital in-situ parameters and the accompanying physical parameters. 

 

3.8.1 Flow Rate 

Flow rate, in the context of AMD, is perhaps the most important parameter as it dictates not only the 

extent of contaminants released but also the practicality of the PTS implemented (Johnson & Hallberg, 

2005b; Kirby & Cravotta, 2005). Erratic flow rates can be are inherently difficult to treat due to the 

residence times required to adequately treat AMD and thus require much more extensive systems 

(Trumm, 2010a). To accurately evaluate flow rates, variations across a broad range of temporal and 

seasonal trends are a necessity at AMD sites in New Zealand. From this, the literature suggests that 

PTS are designed to accommodate baseline flow conditions allowing for erratic high flow conditions 

to be dealt with accordingly (Pope et al, 2017; Trumm, 2010).  

 

3.8.2 Acidity and Alkalinity Levels 

The design of a PTS and its performance is expressed through its ability to remove overabundant levels 

of acidity, in the case of the James Mine, high levels of acidity must be taken into consideration. 

Alkalinity, in reference to AMD, is a measure of a waterbodies ability to neutralise acid and can be 

expressed as (Skousen et al., 2017): 

 

(Reaction 9) CaCO3 + 2H+ « Ca2+ + H2CO3
- 

Reaction (9) illustrates how alkalinity lies in an equilibrium and, is produced by protons being 

neutralised via the addition of alkali material; i.e. CaCO3 (limestone or mussel shells) (Reaction (9)) 

(Kirby & Cravotta, 2005; Skousen et al., 2017). The addition of alkali material is primarily used in PTS 

due to them being readily soluble (Trumm, 2010). Alkalinity can also be increased by sulphate reducing 

bacterium such as Desulfovibrio vulgaris (D. vulgaris), especially when there is a labile carbon source 
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present, i.e. CH2O (Reaction (10)) (Skousen et al., 2017; Trumm, 2010a). In this instance, the James 

Mine showed zero levels of alkalinity present due to excessive acidity levels. 

 

(Reaction 10) SO4
2- + 2CH20 ® H2S(g) + 2HCO3

- 

 

Like alkalinity, acidity is a measure of a waterbody's capacity to neutralise basic materials. Acidity is a 

response to increased H+ being present, generating additional protons through hydrolysis (Skousen et 

al., 2017; Trumm, 2010a). For the James Mine, the level of acidity present suggests that the primary 

contributors towards complete hydrolysis involve reactions where the dissolved metals in solution 

have been converted to proton acidity and removed from the solution where it is precipitated out as 

a solid (Kirby & Cravotta, 2005; Skousen et al., 2017). 

 

3.8.2.1 Acidity Loads  
An acidity load value is directly correlated with the flow and with consumption of neutralising material 

(Pope et al., 2017). In many scenarios, a low flow rate results in a low acidity load, consuming 

neutralising material at much slower rates than high flow rates with high acidity loads (Waters et al., 

2003). This is not always the set rule. In scenarios where a constant acidity concentration occurs over 

a range of flow rates, there will be an increase in the total acidity load with increased flow rates 

(Pearce et al., 2010). As previously mentioned, varying flow rates are commonplace in AMD sites, 

therefore, PTS must be designed with this in mind, likely needing to be site-specific (Trumm, 2010a; 

Waters et al., 2003).  

 

For PTS in a high acid load situation such as the James Mine, it is essential to design a PTS according 

to these high acid loads as these high acid loads can result in lower levels of permeability in the system 

over time due to increasing volumes of precipitates forming during neutralisation. In turn, a high acid 

load situation can affect the longevity of the system (Waters et al., 2003). It is therefore recommended 

that any issues present are addressed before treatment installation as a flux of a high acid load on an 

ecosystem could have detrimental effects; this is especially the case in storm events where flow rates 

are increased (Johnson & Hallberg, 2005b; McCauley et al., 2008). 

 

3.8.3 Dissolved Oxygen Concentrations 

The AMD reactions presented in Chapter Two illustrate the importance of dissolved oxygen (DO) and 

how it is used throughout the AMD production cycle (Figure 3). With sufficient DO present, the initial 

chemical reaction will continue to occur, resulting in elevated levels of Fe2+ (Trumm, 2010; Ziemkiewicz 
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et al., 1997; Ziemkiewicz et al., 2003). It is in this instance that the isolation and avoidance of oxidising 

conditions can be performed before Reaction (3) to keep sulphides from oxygen, halting AMD 

production (Pope et al., 2017). Concerning treatment, AMD with DO concentrations above 20% should 

be treated with an oxidising strategy whereas AMD with DO concentrations below 20% are best suited 

to reducing a strategy (Pope et al., 2017). If for whatever reason the opposite is done in that a reducing 

strategy is used on an oxidised AMD, it is recommended that the complete removal of DO is done to 

establish overall reducing conditions. The opposite occurs in the former (Johnson & Hallberg, 2005a; 

Pearce et al., 2010; Trumm, 2010). When examining the DO concentrations for the James Mine, it is 

apparent that an oxidising strategy would be best suited. 

 

3.8.4 Prominent Metal Content 

3.8.4.1 Metal speciation 
The speciation and toxicity of metals, predominantly in the form of Fe and Al oxides and sulphides, 

severely impact an affect waterway’s chemistry (Chamier et al., 2015; Schaider et al., 2014). The ability 

of natural oxide and sulphide minerals to transform can vary significantly in their composition, 

morphology, and chemical properties (Chamier et al., 2015; Schaider et al., 2014; Torres et al., 2015). 

The levels of Fe and Al is determined by its speciation as labile monomers fractionate; for example, Al 

or Al3+ (Chamier et al., 2015). More specifically, the ability for metal speciation is dependent on their 

(Schaider et al., 2014; Torres et al., 2015): 

 

1. Respective mineralogy;  

2. Size;  

3. Extent of crystallinity and purity; 

4. Aggregation state; and  

5. The competitive interactions between metals and other ions at the mineral surface. 

 
3.8.4.2 Iron  
In the majority of AMD sites, iron is one of the most prominent metals found and is by far the most 

challenging metal to remove (Johnson & Hallberg, 2005; Trumm, 2010). Existing as either Fe2+ or Fe3+, 

its abundance is primarily due to FeS2 being readily available on site whereas its complicated removal 

is credited to oxyhydroxides and Fe oxides armouring the neutralising material used (Trumm, 2010). 

For sites that contain a high Fe concentration, their specific situation can be separated into two main 

categories (Johnson & Hallberg, 2005; Trumm, 2010):  

 

• Reduced AMD, with DO < 20% and Fe being in a Fe2+ state; and  
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• Oxidised AMD, with DO > 20% and Fe being in a Fe3+ state. 

 

The James Mine represents the former with high Fe concentrations in an oxidised state. Thus, an 

oxidising system would be better suited. However, the available land area and Fe concentrations 

present constrain the selection process of potential systems. Here, residence times become 

problematic as the mine-influenced water flowing throughout the system installed must be of an 

adequate length of time (Hedin et al., 1994). In scenarios like this, PTS must be assembled with a large 

enough or multiple decant ponds to deal with precipitated oxyhydroxides and Fe oxides (Skousen et 

al., 2017). 

 

3.8.4.3 Aluminium  
Like Fe, Al is a prominent metal in most AMD sites; however, unlike Fe, Al is a much less challenging 

metal to remove as armouring of neutralising material by Al hydroxides does not occur to the same 

extent as Fe. Where Fe precipitates out of solution at pH values between 3-4.5, Al precipitates out as 

an amorphous white Al oxyhydroxide and hydroxy sulphate slime once a pH of 5 has been reached 

(Hedin, Watzlaf, & Nairn, 1994; Trumm, 2010). Recommendations from the literature suggest that 

sites, where Al concentrations are over 25 mg/L such as the James Mine, should have increased 

permeability built into the treatment system (Hedin et al., 1994; Pearce et al., 2010; Trumm, 2010). 

The literature also recommends that when concentrations exceed > 25 mg/L, they should be treated 

with an oxidising system. If a reducing system is implemented, then the amorphous white Al 

oxyhydroxide and hydroxy sulphate slime will prompt a reduction in permeability causing system 

failure (Trumm, 2010).  

 

Like with Fe, the application of course inert material ensures DO concentrations are elevated causing 

oxidising conditions allowing for sulphate generation before contact with limestone (Johnson & 

Hallberg, 2005; Trumm, 2010). Again, large or multiple decant ponds need to be implemented to deal 

with precipitated Al oxyhydroxides and Al oxides. 

 

3.9 Chosen Passive Treatment System – Dispersed Alkaline Substrate 
Based on the geochemical signature and the severity of the AMD at the James Mine, the incorporation 

of multiple reactive cells and decant ponds was the most appropriate option. More specifically, the 

use of an oxidising system is a clear choice with the justification being: 

 

1. Oxidised AMD, with DO > 20 % and Fe being in a Fe3+ state; 
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2. A reducing system would cause an amorphous white Al oxyhydroxide and hydroxy sulphate slime 

and prompt a reduction in permeability causing system failure; 

3. Due to the high concentrations of oxidised iron, an oxidising system would be better suited; and  

4. DO levels above 20 % are favorable to an oxidising strategy. 

 

Upon the decision for the system to be oxidising, the next decision was to choose an appropriate 

system for the James Mine. From table 2, the more conventional PTS such as Open Limestone 

Channels (OLC), wetlands, or diversion wells are primarily based on limestone dissolution. In a setting 

such as the James Mine, these systems would be inadequate due to the space limitation as well as 

their specifications – being only successful in low to intermediate metal concentrations. High Fe and 

Al concentrations, such as those found in James Mine’s AMD, promote severe clogging problems and 

loss of reactivity (Ayora et al., 2013; Caraballo et al., 2009). Moreover, the precipitation, co-

precipitation or adsorption of divalent metals and trace metals may be lethal for sulfate-reducing 

bacteria.  

 

The solution to these problems was the DAS. The DAS not only address the issues above in that it is 

oxidising system that applies a multi-stepped but is also capable of removing upwards of 1500 mg 

CaCO3/L (Table 2). The DAS system works on the foundation of applying a fine-grained reactive 

substrate mixed with a coarse inert substrate. The fine-grained alkaline reagent retards passivation 

due to it dissolving almost entirely before the process can occur while also providing a significant 

reactive surface. The mixed media as whole provides not only a means of dispersion of nuclei for 

precipitates to form on the inert material but also provides for a large reactive surface from the fine-

grained alkaline reagents.  

 

3.10 Dispersed Alkaline Substrate Processes 

3.10.1 Alkalinity Generation in Dispersed Alkaline Substrate 

Alkalinity generation within the DAS, like any PTS, is dependent on the neutralising material that is 

used to form favourable environments by allowing for proton mitigation and the removal of acidity. 

For the calcite-DAS in particular, alkalinity is generated through the dissolution of limestone and is 

directly affected by calcium carbonate (CaCO3) present and its reactive surface area. This mechanism 

can be described as: 

(Reaction 9)  CaCO3(s) + 2H → H2O (l) + CO2(g) + Ca2+
(aq)  
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Due to the oxidising nature of the DAS, calcite dissolution occurs at a slower rate than it is expected 

to occur within an anoxic environment as the absence of organic material creates partial differences 

in pressure from dissolved CO2. This is at the expense of total calcite dissolution as the precipitation 

of Fe and Al (oxy)hydroxides cause passivation throughout the DAS inhibiting dissolution (Ayora et al., 

2013). To favour adequate dissolution, the amount of limestone added in the reactive mixture should 

remain relatively consistent with the total volume being between 30 – 40% (Wildeman et al., 2006). 

It should be noted that there are no documented cases of other alkaline materials such as bivalve 

shells, seafood wastes, chitin, fly ashes, and steel slag being used and therefore opens up other 

research opportunities. 

 

3.10.2 Metal Removal and Hydraulic Characteristics of The Dispersed Alkaline Substrate 

The DAS was designed to combat several issues surrounding more established PTS, those being: 

 

1. Coarser grains provide a higher hydraulic conductivity, higher pore space to accumulate 

precipitates but this comes at the expense of reaction rates and reactive surface areas; and 

2. Finer grains may offer faster and more efficient reactions but at the expense of lower 

porosities and lower hydraulic conductivities.  

 

To solve this dilemma, the DAS works on the principle of applying a fine-grained reactive substrate 

(typically limestone) mixed with a coarse inert substrate (usually bark) so that the surfaces of the inert 

matrix are partially covered with the reactive substance (Ayora et al., 2013; Rötting et al, 2008). The 

fine-grained alkaline reagent not only retards passivation due to it dissolving almost entirely before 

the process can occur but also provides a large reactive surface, increasing the dissolution rate and 

the proportion of reactive efficiently consumed (Ayora et al., 2013). The coarse inert material provides 

the DAS with large pores and a high permeability between the reactive material. When mixed, the 

media as a whole provides not only a means of dispersion of nuclei for precipitates to form on the 

inert material but also provides for a large reactive surface from the fine-grained alkaline reagent 

(Ayora et al., 2013).  

 

The DAS can be designed to target certain metals with treatment using calcite dissolution to increase 

alkalinity concentrations while accommodating a range of metal removal mechanisms (Ayora et al., 

2013). For trivalent metal removal, the use of limestone over other substrates is generally 

recommended. Mussel shells, for example, are more used in bioreactors due to the organic material 

present, thus promoting sulphate-reducing bacterial growth; however, the use of mussel shells has 
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never been incorporated in a DAS before which could open possible research avenues. When 

saturated with mine water, limestone dissolution begins as the inert material becomes coated in the 

reactive substrate giving a more substantial reactive surface than the same amount of coarse material, 

this way, increasing the dissolution rate.  

 

3.10.3 Mineralogical Impacts of The Dispersed Alkaline Substrate 

It is important to note that when removing metals there are mineralogical controls which can profoundly 

impact the removal of Fe and Al. This is a consequence of mineral phases controlling specific processes as a 

gradual increase in pH is achieved. Considering previous cases of a similar nature (Macías et al., 2012; Torres 

et al., 2015) it can be expected that a similar precipitation sequence would occur. At pH levels of 2.8 to 4.5, 

both schwertmannite and hydrobasaluminite are likely to precipitate. These two mineral formations play a 

distinct role in determining the overall effectiveness of the DAS with the precipitation of hydrobasaluminite, 

in particular, forms at the expense of calcite dissolution. A localised precipitation of hydrobasaluminite would 

have significant impacts on the hydraulic parameters of the DAS. 

 

Moreover, as calcite dissolution takes place there will be increase Ca concentration in the water, and with the 

James Mine having thousands of mg/L of sulphate, gypsum is likely to precipitate. This is a concern in any PTS 

as gypsum contributes to coating the calcite grains or clogging within the pore space. 

 

3.11 Research Gaps in The Dispersed Alkaline Substrate 
The DAS-system is designed to operate in low pH and high acidity environments with large quantities 

of metal removal whilst accommodating relative low flows. There are, however, numerous 

complications involving the systems lifespan. Typically, DAS systems have been developed to operate 

for a period of 12 months. Although this may appear too short of a lifespan, its overall efficiency could 

be considered an affordable price to pay when treating high acidity mine waters. Examining how the 

AMD treatment efficiency evolves throughout the selected system concerning acidity mitigation, 

metal and sulphate removal; and in which forms are the metals retained in the substrates mixtures 

(what metal removal mechanisms are taking place) are essential questions in deciding if the DAS is 

capable of treating high Fe and Al mine waters.  

 

3.12 Conclusions 
The James Mine can be characterised as a highly contaminated site defined by its high metal, acidity 

and sulphate concentrations. As AMD is an oxidation process, resulting in the dominant contaminant 

iron existing in two states, Fe2+ and Fe3+. The metal and sulphate concentrations are concerning due 
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to their severity. These values prove worrying for any PTS as the opportunity for short-circuiting is 

increased. The accompanying in-situ parameters for the James Mine Site not only conclude that Fe 

would exist in a 3+ oxidation state but that the AMD itself is oxidised and therefore implementing an 

oxidising PTS would be best suited. Oxidising strategies require oxygen and continuation of the natural 

oxidation process. Once pH levels have been raised enough, Fe(OH)3 is precipitated out (Caraballo et 

al., 2009; Skousen et al., 2017; Ziemkiewicz et al., 2003). Although oxidising strategies are well suited 

to sites with steep topography, which the James Mine does not have, it is saturated DO and Fe in its 

oxidised form, Fe3+ (Trumm, 2010). 

 

Regarding the James Mine’s flow rate, there is a relatively low flow rate with the lower extent reaching 

0.0739 and the greater extent reaching 0.306 L/s (refer to results). It is for these reasons the DAS was 

the most appealing PTS to be implemented at the site. It is noteworthy that the acid load present, 

relative to the flow rate, versus the total flow and should be completed and compared to the 

treatment requirements as PTS, can only manage variability if an equalisation decant pond is 

constructed to dampen peak flows. 

 

The Upstream Cannel Creek Site is the least AMD effected site even with multiple inlets from other 

mine sources such as the Bellvue mine and several unnamed mines whereas the Downstream 

environment is affected by the AMD source at the James Mine. The increase in dissolved metals and 

sulphate concentrations was a direct response to seasonal influences. There was a substantial increase 

in concentrations towards the end of the summer months when local precipitation was at its lowest. 

Furthermore, the lowest metal concentrations and highest pH levels are seen in winter, when the 

dilution effect from precipitation is most apparent.  

 

When comparing the observed water chemistry of each of the sites to the TVs, it is evident that the 

local environment at each site is exceedingly disrupted. Table 8 shows the median values of the 

collected metal and sulphate concentrations as well pH. Although other in-situ parameters were 

measured on site, the TVs do not account for them. The James Mine Site is shown being far beyond 

the recommended TVs (excluding Zn) and is an example of how disruptive mine influenced water can 

be to the downstream environment. The Upstream and Downstream Sites are shown being 

noncompliant with the recommended TVs for Fe, Al, Mn and pH. The two sites, however, are shown 

to compliant with the TVs for sulphate, Zn, and Ni. It should be noted that the values from each of 

sites are just the median values and that there is a potential for the observed values to change due to 

seasonal trends. 
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4 Laboratory Trials for the DAS-System 
 
4.1 Overview 
This chapter’s objectives were to determine the experimental design parameters of the field flow-

through treatability study. Ultimately, the materials used are essential to the success of a PTS (Ford, 

2003; Gazea et al., 1996; Trumm, 2010). The following laboratory experiments were used to determine 

the hydraulic and geotechnical aspects of the DAS to determine desirable parameters such as 

hydraulic retention times (HRT), porosity, saturated hydraulic conductivity profiles (SHC) and 

permeability levels to ensure that an adequate flow could be maintained throughout the field trial:  

 

1. Sedimentation and Settleable solids; 

2. Zone Settling Rate; 

3. Porosity; 

4. AMD Chemistry in the presence of Limestone Grains; 

5. The dissolution rate of Limestone Grains;  

6. Up-flow and downflow flow-through configurations; 

7. Saturated Hydraulic Conductivity Profiles (SHC); and 

8. Hydraulic retention time (HRT). 

 

Additionally, chemical analyses were performed to evaluate the deleterious concentration of metals. 

Unless stated otherwise, all analyses were conducted in the Environmental Laboratory at the Civil and 

Natural Resources Engineering Department at the University of Canterbury.  

 

4.2 Experimental Design 
The purpose of this section was to constrain some of the physical parameters of the DAS before the 

infield installation by measuring the hydraulic and the geochemical parameters. The laboratory design 

followed the overall design of the DAS found in literature (Ayora et al., 2013; Macías et al., 2012; 

Rötting et al., 2007) and was composed of a calcite reactor cell (DAS-1) followed by two settling ponds 

(SP1 and SP2), another reactor cell (DAS-2) and finally another two settling ponds (SP3 AND SP4) 

(Figure 18). Although the experimental design facilitated a MgO reactor cell, this was simply to 

demonstrate the overall metal removal efficiencies if a third reactor containing MgO was to be 

implemented in the field. The reason to why a MgO reactor cell was not included in the final infield 

design was: 
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1. The cost of obtaining enough MgO to increase the pH higher enough to remove all divalent 

metals and Mn;  

2. High alkaline waters can often result in adverse effects for aquatic life including severe 

physiological disorders, retarding the rate at which ammonia can be excreted causing 

phytotoxicity (Gomes et al., 2016); 

3. The precipitation of alkaline leachates can smother aquatic environments (Gomes et al., 

2016); and 

4. The primary objective was to remove the high trivalent metal concentrations at the James 

Mine. 

 

 
4.3 Methodology 
A series of transparent plastic columns (9.6 cm inner diameter, height 35 cm) (Figure 19 - 20) were 

set-up to investigate different ratios and grain sizes of the mixed media (i.e. 10% gravel, 70% bark, and 

20% limestone vs. 10% gravel, 80% bark, and 10% limestone) under the influence of AMD from the 

Figure 18 The schematic of the DAS set-up used in the laboratory experiments 
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James Mine (Table 10). This was to gauge what substrate ratios and grain sizes would provide the 

porosity and SHC values needed while identifying how much reactive material would be needed in 

order to increase the pH incrementally throughout the DAS to target specific metals for removal. Each 

of the columns was initially cleaned with distilled water. A fine mesh geotextile was placed at the base 

of each column to prevent the washout of any material which could clog the inlet (up-flow) or outlet 

(downflow). Clean sub-rounded gravels (washed in distilled water) were then placed in the columns 

filling approximately 10% of each column, and the reactive media was placed on top of the gravel.  

 

The input solutions were fed from either the top or bottom of the columns to determine if an up-flow 

or downflow configuration would be more beneficial for treatment; this was achieved using a 

peristaltic pump. After completing several trial runs, a down-flowing configuration was chosen due to 

its capability to remove more metals. It was also able to increase the pH further than the up-flowing 

system (this will be discussed in the results). Although down-flowing systems are typically prone to 

preferential flow paths, due to the compaction of the substrate mixtures, and relatively poorer 

permeability, modifications were made in order to minimise these potential issues. The modifications 

consisted of having the AMD flow from the top and allowing the contents of the columns to become 

saturated while another pipe drew the AMD back up another pipe (Figure 21) which allowed the water 

to flow back upwards. This allowed the material to become completely saturated while still providing 

the benefits of a downflow configuration. 

 

pH was measured using a Crison® glass electrode, ORP was measured using a Thermo Orion SureFlow® 

Pt combination electrode. Total alkalinity and sulphate alongside major cations (Ca, Zn, Fe, Al, Mn) 

and trace metals (Ni) were measured using the services at Hill Laboratories. Ferrous and total Fe were 

measured by spectrophotometer and Fe3+ was calculated by difference. Net acidity, as well as the 

potential acidity load, were calculated using ABATE.  
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Figure 20 Schematic of a reactor with a randomized volume of each substrate 

Figure 19 Actual laboratory set-up for section one of the DAS (DAS-1 and two 
decantation ponds) 
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Table 10 Chemical parameters of the AMD used from the James Mine 

AMD Parameters  

Fe (mg/L) 120 

Al (mg/L) 148 

Mn (mg/L) 5.3 

Zn (mg/L) 1.06 

Ni (mg/L) 0.44 

Acidity (mg/L CaCO3/L) 1336 

pH 2.45 

 

 

4.3.1 Substrate materials 

For a PTS, the choice of the substrate mixture should provide a suitable supply of alkalinity as well as 

provide adequate metal and acid migration and removal. Ultimately, the substrate used is dependent 

on the AMD present, as previously discussed, a reduced AMD setting will typically require a PTS that 

uses organic material (compost or mussel shells) while an oxidised AMD setting will have PTS that uses 

non-organic material (limestone). For the DAS, limestone was used over mussel shells due to chemical 

signature of the AMD (Section 3.7) in order to increase the pH to 7 (the upper limits of the neutralising 

Figure 21 Schematic of the modifications made to the downflow configuration allowing 
influent to flow down and then back up through the substrate 
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capacity of limestone). The addition of the MgO powder was to further increase the pH to above 9. 

The DAS uses mixture of both organic and non-organic, and although not typically seen, studies have 

shown that using a combination of materials (typically, organic) resulted in a greater treatment 

efficacy compared to single substrate material (Neculita et al., 2007; Zagury & Neculita, 2007a). More 

notably, the substrate used will dictate the overall hydraulic performance as well as to prevent 

clogging and development of preferential flow-paths, which are reported to be one of the main 

contributing factors of system failure (Gazea et al., 1996). Many early observations showed that a 

mixture of bulky materials such as bark or wood chip alongside a smaller sized neutralising material 

showed that hydraulic failure was less likely to occur; this, of course, is site dependent. Table 11 

clarifies the exact materials used in this study.  

 

Table 11 Physical parameters for the substrates used in the laboratory experiments 

Parameters Inert material Alkaline Material Organic Material 

Substrate Gravel Limestone MgO Powder Bark nuggets  

Size (mm) 10-12 0-5 Powder 10-15 

Roundness Semi-rounded  Semi-rounded  N/A N/A 

Source 

Location 

Oderings gardening 

centre 

Springfield 

Limestone 

Quarry 

University of 

Canterbury 

Oderings 

gardening centre 

Product Purity N/A 99% 99% N/A 

 

The size of the limestone used is an essential aspect of the degradation process the limestone will 

face. The levels of acidity present within the DAS system will influence the rate of calcium carbonate 

dissolution. Limestone weathering rates suggest that chemical weathering along fine-grain boundaries 

within a mineral structure facilitated the mechanical detachment of small particles, therefore 

increasing the surface area of the material, thus its rate of dissolution. Substrate material proportions 

were determined from the literature review and previous studies conducted at the University of 

Canterbury as well as from chemical and mineralogical analyses, i.e. metal content. These proportions 

were chosen to provide a combination of easily degradable and labile substances (often reported as 

readily available substances in the literature) which are especially crucial upon the start-up period of 

newly operating DAS systems and more recalcitrant substances. The reactive substrate was tested in 

the reactor cells using AMD to determine any potential differences in treatment efficiency and its 

ability to generate alkalinity. 
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4.3.2 Grain Size Proportion 

Coarser grains, typically generate a higher SHCs due to larger pore spaces. However, they also cause 

lower reaction rates due to a lower surface area. Finer grains display much faster and efficient 

reactions for a high range of flow rates but offer lower SHCs due to reduced pore spaces. In order to 

conclude on the appropriate grain size of the calcite DAS, both, the literature as well as several reactor 

cells of different grain sizes were constructed to test the porosity, HRT and the SHC for optimal 

constraints that were then graphed to observe any discrepancies.  

4.3.3 Sedimentation and Settleable Solids 

Settleable solids are defined as the particulates that settle out of still fluid with sedimentation being 

physical process after other mechanisms aggregate heavy metals into particles large enough to sink 

(Sheoran & Sheoran, 2006). The analyses from the settleable solid tests were used to determine any 

settleable, and nonsettleable solids present in both the untreated AMD sample (collected from the 

James Mine) and partially treated AMD samples. These experiments were used to define the design 

of the decant ponds for the infield DAS. Settleable solids can be determined using either volumetric 

or gravimetric methods following the Standard Methods for the Examination of Water and 

Wastewater (AWWA, 2012).  

 

Equation (1) mg settleable solids/L = mg total suspended solids/L − mg nonsettleable solids/L 

 

4.3.4 Moisture Content 

Moisture content (Mc) is used to express a ratio, ranging from 0 (completely dry) to the value of the 

materials porosity at saturation and can be computed using the following equation. Mc is determined 

for each substrate materials as received from the suppliers. All samples were duplicated and tested 

by weighing the product, oven drying at 105°C, cooled in a desiccator and then reweighed. 

 

Equation (2) Mc = ((mwet-mdry) / mwet) x 100 

Where: 

Mc = The moisture content (%); 

mwet = Mass of wet sample (g) (as received from supplier; and 

mdry = Mass of dried sample (g). 
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4.3.5 Bulk Density 

Bulk density (ρ) is used to express the property for each individual material used within the system. 

Bulk density defines the mass of particles of the material divided by the total volume they occupy i.e. 

volume of substrate and volume of pore spaces. The bulk density was calculated by pouring 1L of 

limestone into a 1L bucket and then allowing water to fill any pore-spaces. Each step of the process 

was weighed. The following equation illustrates this: 

 

Equation (3) ρ = ms / Vt 

Where:  

ρ = The bulk density (-); 

ms = The mass of material (kg); and  

Vt = Total volume (m3). 

 

4.3.6 Porosity Measurements 

Total porosity is the fraction amount of the air porosity present and the water content. For the 

laboratory experiment, instead of just total porosity, the effective porosity was instead used which is 

described as the difference between the total porosity and the water holding capacity representing 

the fraction of voids occupied by the free draining liquid. For any PTS, porosity is essential to 

determine as the substrate used not only has the potential to become channelised but eventually 

blocked as the material evolves within the inside the PTS. Obtaining the porosity was also necessary 

for later defining the HRTn.  

 

To obtain porosity values, a series of columns were set up and filled upwardly with tap water and left 

saturated to avoid the formation of any air pockets before being drained downwardly via gravity. 

Using Equation 4, the total volume of water drained from each column was used to give the effective 

porosity.  

 

Equation (4) !" = $%
$&

 

Where:  

ne = The porosity;  

Vw = The volume of water; and  

Vt = The volume of substrate 
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4.3.7 Saturated Hydraulic Conductivity Profiles 

SHC (Ks), is used to determine the ease with which a liquid can flow through a saturated porous media. 

Ks is influenced by many factors: grain-size, void ratio, fluid viscosity, pore-size distribution, the degree 

of saturation, and porosity (Rötting et al., 2007). These parameters are essential to assess and 

determine in order to accurately define the Ks and engineer a DAS system to ensure that adequate 

flow during treatment. In this present study, Ks was measured on different ratio mixtures. Each 

mixture was saturated upwardly with tap water before conducting the hydraulic conductivity 

measurements in triplicate using the constant-head method and computed using a derivation of 

Darcy’s law (Equation 5). 

 

Equation (5) '( = )*
+,- 

Where:  

Ks = The saturated hydraulic conductivity 

Q (mL/s) = The flow rate; 

A (cm2) = The cylinder cross-section perpendicular to flow; and 

L and Δh (cm) = The distance and head-loss between pressure ports, respectively. 

 

4.3.8 Hydraulic Retention Time (nominal) (HRTn) 

The theoretical Hydraulic Retention Time (nominal) (HRTn) is the average length of time that media 

remains in contact with water. The HRTn was calculated by deriving Equation 5 from Darcy’s Law 

(Equation 6). For the DAS system, the HRTn was measured for each individual column.  

 

Equation (6) HRTn = V x ne / Q 

Where:  

HRTn = the Hydraulic Retention Time  

V = The layer volume (m3);  

ne = The effective porosity of the corresponding material (-); and  

Q = The inflow (m3/day). 
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4.4 Results  

4.4.1 Geotechnical and Hydraulic Results 

The geotechnical and hydraulic experiments completed within this chapter allowed for an 

examination into constraining parameters such as the ideal substrate and grain size, porosity values, 

SHC and HRT for what would later be implemented in the field trial. Figures 22 - 23 illustrate the effect 

that the limestone grain size and substrate ratios (i.e. a column filled with bark and limestone) can 

have on the hydraulic properties on the DAS as pH. The raw data and descriptions of the substrate 

ratios and sizes are in Appendices 4. This information is further complemented by Tables 12 and 13 

which illustrate the ideal geotechnical properties on a volumetric basis. Additionally, these tables 

demonstrate how the bulk densities of the organic materials were lower than that of the limestone 

due to differences in organic/inorganic content such as volatile solids; and how the volatile solids with 

the fixed solids logically confirm that the organic materials contained much more organic matter than 

the alkaline materials.  
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Table 12 Geotechnical parameters of individual materials used in the reactive substrates 

 

Physical parameters Premium medium 

nuggets 

Limestone Gravel 

Size (average) (mm) 10-15 0-5 20 

Moisture content 38.7 N/A N/A 

Fixed solids 3.4 N/A N/A 

Volatile solids 97.1 N/A N/A 

Bulk density 343.6 810 N/A 
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Table 13 Hydraulic parameters of the reactive substrates.  

 

4.4.2 Total Metal and Acidity Removal 

Obtaining the ideal grain size and substrate ratios were not only appropriate for the hydraulic aspects 

of the DAS but also the incremental increase in pH that the DAS relies on to ensure there is no overlap 

in precipitates. Following the sequence shown in Figure 18, Figure 24 shows that there is a definite 

advantage to using a downflow configuration over an up-flow configuration. The downflow 

configuration showed that DAS-1 increased pH values from 2.45 to 4.75. The pH was then slowly raised 

until reaching DAS-2 which increased the pH to 6 before finally being raised to 9.56 in DAS-3. Although 

a similar process can be observed with the up-flow reactor, there was a noticeable dip in pH between 

DAS-2 and SP3. The up-flow configuration also seemed to have significantly less Ca dissolution causing 

the pH levels to be less than those observed in the downflow configuration.  

 

When assessing the overall net acidity and metal concentrations from the input solution, natural 

variations were kept to a minimum due to the low pH present as well as the low exposure to heat and 

light. Both configurations were able to remove approximately 1336 mg CaCO3/L of acidity (Figure 25) 

which can be attributed to metals intentionally accumulating in the DAS columns allowing for metal 

 Calcite-DAS 1 Calcite-DAS 2 MgO-DAS 

Inflow (L/day)   13.0908  

Porosity of the mixture 

(%) 

55 53 68 

Ks (cm/sec) 2.7483 2.2751 1.5478 

HRTn total (d) 20.1095 21.8763 44.5593 
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Figure 24 (A) pH of the downflow configuration from the ideal grain size and substrate ratios and (B) pH of the up-flow 
configuration from the ideal grain size and substrate 
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hydrolysis and the release of protons which increase the rate of calcite dissolution. Primary metal 

concentrations were also taken throughout this process. This was to observe at what point the primary 

metals of concern were being removed to ensure there was no significant overlap in precipitates. 

Sulphate concentrations were also taken to observe generation is taking place; both of these points 

are expressed in Figure 26. 
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Figure 25 (A) Acidity removal for the downflow configuration from the ideal grain size and substrate, (B) Acidity removal for 
the up-flow configuration from the ideal grain size and substrate 
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4.5 Discussion 

4.5.1 Geotechnical and Hydraulic Properties 

For the DAS system, bulk density and moisture content are crucial parameters as they convert the 

results from a saturated basis to an unsaturated basis; and convert substrate compositions from a 

volumetric to weight basis. These conversions are vital because they allow a better comparison 

between studies as it allows for the moisture content can vary depending on how and where the 

materials have been stored, and therefore influence the material masses and substrate compositions 

on a weight (%) basis. As with any PTS, suspended solids and metal precipitates can be an issue, 

especially in high metal content mine water thus affecting their longevity and performance (i.e. reduce 

permeability). Therefore, understanding the SHC and the effective porosity of the substance before 

treatment is crucial to ensure it is within the recommended ranges. From the literature, it is suggested 

that porosity values remain as high as possible (between 0.5-0.7) while also having the correct amount 

and size of the reactive media to treat the AMD (Ayora et al., 2013; Caraballo et al., 2009; Macías et 
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Figure 26 (A) Up-flow DAS configuration demonstrating its efficiency for metal removal from the ideal grain size and substrate, (B) 
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al., 2012). As previously mentioned, coarser grains generate a higher SHCs but also cause lower 

reaction rates due to a lower surface area whereas finer grains display much faster and efficient 

reactions but offer lower SHCs, likewise the percentage of limestone used directly plays a role in the 

SHC. In order to achieve optimal values, the grain size proportion had to be constrained.  

 

In order to conclude on the appropriate grain size and grain size proportion of the reactive cells, both 

the literature as well as several laboratory trials consisting of columns of different grain sizes were 

constructed. When comparing the different grain size values, it was evident that the optimal grain size 

was 0 – 4.69 mm. The 0 – 4.69 mm grain size gave the most benefits in its performance, regarding the 

porosity, K and HRT values obtained. A reactive substrate grain size between 0 – 4.69 mm would be 

the most favourable for the DAS as the smaller grains readily dissolve for increased alkalinity whereas 

the larger grains provide a steadier release allowing for a longer lifespan. Even though the reactor cells 

tested were of a similar nature, their effective porosities were dramatically different measuring from 

0.25-0.68 respectively (Figure 22) (only changing the ratio of organic (bark) and inorganic material 

(limestone)). More notably it was the higher values that are not only recommended but also required. 

 

The SHC, like porosity, was tested similarly with the values resting well within the recommended range 

to avoid plugging and clogging of the substrate (Zagury & Neculita, 2007b). Based upon the ideal 

configuration (downflow) the overall design of the proposed infield DAS, an HRT could be specified 

from Table 11. A maximum HRT of 2.5 days or a flow rate of 2157 L/day was decided upon which was 

based on both literature suggesting 1.5-2 days per reactor/decant pond for proper metal hydroxide 

precipitation as well as to ensure that the maximum dissolution rates were able to last six months 

(ideal designated length of the treatment trial). 

 

When considering the design of the settling basins, a volumetric methodology was applied using a 1-

L Imhoff cone filled with the treated AMD from each of the chosen calcite reactors.  The Imhoff cone 

was then left to rest for 45 minutes as suggested by the (AWWA, 2012). After this, the mixture was 

gently agitated and allowed to settle for another 15 minutes, after which the volume of settleable 

solids was recorded. The same was done for the partially treated AMD samples. From the partially 

treated AMD sample, the volumetric tests showed results being 4-5 mg/L for both tests. For the 

untreated sample, the settled material was on the lower limit of possible measurements being within 

the range of 0.1-0.2 mL/L. Because of this, the gravimetric method was used. The gravimetric method 

required pouring a well-mixed sample into a glass vessel. The sample was left to stand for one hour, 

which was then syphoned from the centre of the container halfway between the surface of the settled 
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material. The total suspended solids (mg/L) of the supernatant fluid was determined; this was the 

non-settleable solids. The results of the gravimetric test showed the TSS was 9.8 mg/L. From the 

results gathered, an appropriate design for the decant ponds was able to be made; this will be later 

discussed in Chapter Five. 

 

4.6 Metal and Acidity Removal  
Understanding how the DAS operates under stress from highly contaminated AMD and the metal 

removal mechanisms at play are undoubtedly important; however, this chapter’s primary concern was 

with where the metals were precipitating rather than the mechanisms at play. An in-depth discussion 

on the DAS’ ability to treat highly contaminated AMD and the potential metal removal mechanisms 

taking place will be later discussed in Chapters 5 and 6. It also should be noted that due to the low pH 

of the water, the oxidation of Fe2+ hardly varied with the input container remaining between 4 – 6 %. 

For the net acidity elimination, there were fluctuations between the different flow configurations (up-

flow vs downflow). Both configurations were able to remove approximately 1336 mg CaCO3/L of 

acidity (Figure 24) which can be attributed to metals intentionally accumulating in the DAS columns 

allowing for metal hydrolysis and the release of protons which increase the rate of calcite dissolution. 

A decrease in passivation is also complemented by large pore spaces from the inert material and the 

dispersion of the alkaline material.  

 

By in large, the most concerning aspect when dealing with such highly contaminated AMD is an 

overlap in precipitates leading to early clogging and system failure. Figure 26 shows precisely where 

the metals were removed from the solution. The majority of Fe was removed within the first section 

of the DAS (between DAS-1 and SP2) as the pH was increased from 2.45 to > 4. Al was removed in the 

second section of the DAS (between DAS-2 and SP4) where the pH was between 4 to > 6. Zn, Ni and 

Mn concentrations were slowly removed through the first and second sections of the DAS suggesting 

co-precipitation was taking place up until DAS-3 where Zn, Ni and Mn completely precipitated from 

solution due to a high pH level (8 to 9.5). 

 

As previously explained numerous issues are surrounding the addition of a MgO reactor due to such 

a dramatic increase in pH levels; this is more apparent as the surrounding environment is naturally 

acidic due to the neighbouring coal measures. Therefore, for the sake of the infield experiment the 

MgO-DAS will not be implemented, and therefore pH levels will not reach values above 7. With that 

established, there are cases in which a MgO reactor could be useful as pH levels can be raised above 

9; an ideal pH to remove divalent metals from solution and corresponds to what was observed (Figure 
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26). Additionally, the porosity for the MgO-DAS column was 71% with the hydraulic conductivity being 

high in comparison to the calcite-DAS column. The bark was covered in a slightly dark grey precipitate 

and could be the result of the high sulphate concentrations and the remaining Zn and Mn 

concentrations; however, this was not examined. The MgO-DAS column illustrated how its placement 

resulted in a > 99% of total metal concentrations (Figure 26). 

 

4.7 Conclusions 
The laboratory trials of both the calcite and MgO-DAS columns demonstrated how capable the system 

is. The DAS reactivity was higher than more conventional-based PTS (Table 2) due to the minimised 

passivation of the fine-grained limestone, creating a higher reactive surface within the calcite-DAS 

columns. The DAS columns were able to remove 1336 mg CaCO3/L of acidity which can be attributed 

to metals intentionally accumulating in the DAS columns allowing for metal hydrolysis and the release 

of protons which increase the rate of calcite dissolution. A decrease in passivation is also 

complemented by large pore spaces from the inert material and the dispersion of the alkaline 

material. These aspects also supplement the removal of trivalent metals and some divalent metals 

due to adsorption; however, calcite dissolution cannot achieve high enough pH levels to precipitate 

divalent metals. The MgO-DAS column was successful in removing all residual divalent metals and 

trace elements and has been accredited to removing upwards of 300 mg/L of divalent metals. 

 

The hydraulic parameter profiles confirmed that the overall risk of failure via short-circuiting is low. 

More specifically, the SHC profiles indicate ideal levels in order to operate effectively without failure 

and lie within the recommended range found in the literature. The final HRTn for the laboratory trials 

were set to six hours due to that being the slowest speed at which the pumps could operate. More in-

depth SHC profiles suggest that metal precipitates, like all PTS, reduce permeability over time although 

during operation failure from clogging did not occur; instead, total pore volume was increased in the 

calcite-DAS (Ayora et al., 2013; Macías et al., 2012). The porosity was also found to be at more than 

acceptable levels with half the total volume being occupied by void space allowing for adequate flow.  

 

Although the bulk of the work for this thesis was primarily an infield trial, the laboratory trials 

consisted of a smaller-scaled multistep treatment consisting of several calcite columns and a MgO-

DAS column and demonstrated the potential of a larger field-trial at the James Mine. The multistep 

treatment results promise complete metal remediation of highly polluted AMDs. It has been shown 

that column experiments facilitate a very realistic estimation of the wetted surface area of the reactive 

material as well as the hydrochemical response of the treatment. These laboratory experiments are 
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essential for a proper upscaling of the system design to field conditions employing reactive transport 

modelling. 
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5 MINE-INFLUENCED WATER TREATABILITY STUDY 
 

5.1 Introduction 
The objective of this study was to evaluate the effectiveness of a small-scale trial DAS system at the 

James Mine. The primary focus of the present chapter was to evaluate the efficiency of the DAS system 

over its lifespan against high metalloid content and highly acidic mine water. Aspects such as the 

removal of acidity, metal content and sulphate from the AMD were of particular interest. On a weekly 

basis, in-situ parameters including DO, conductivity, temperature, and pH were collected as well as 

influent, pore-water, and effluent samples. Additionally, total metal concentrations, alkalinity (only 

measured in effluent samples), acidity (calculated using the ABATES throughout the system), and 

sulphate is presented.  

 

This chapter presents the results from the analyses as mentioned earlier and discusses the changes in 

water chemistry occurring within the DAS system. It should be noted that although a full suite of 

metals was conducted during sampling analysis, only Al, Fe, Mn, Zn, Ni, Cu, and Cd were thoroughly 

examined as they are not only the most concerning metals but also because there are available TVs 

for them. 

 

5.2 Methodology and Materials Used 

5.2.1 Construction of the Infield DAS-System 

The site characterisation conducted in Chapter Three provided the foundation for the experiments 

conducted in Chapter Four which in turn constrained the design parameters of the infield DAS. 

Chapter Three illustrated that a downflowing configuration was more efficient than an up-flowing 

reactor, and more importantly, it showed how a multistep PTS would function in a highly trivalent 

metal contaminated site. With the data gained (among other contributing factors (i.e. substrate grain 

sizes and ratios)), a design plan for the infield trial could begin. This, however, proved to incorrect as 

there were issues surrounding the hydraulic parameters; this will be discussed later. 

 

The physical construction of the DAS was primarily based on the designs in the literature, the land 

space available, and the design parameters found within the laboratory experiments. Due to the flat 

topography of the site and the low elevation between the James Mine portal and the site topography, 

the site had to be excavated with hand equipment to achieve enough a hydraulic head between each 

section of the DAS. Once the site was prepared, the necessary equipment acquired for construction 

was transported to the site via helicopter due to the rough topography (Figure 27).  
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The exact materials used in each DAS reactor is described in Table 14 with the amount of The material 

for construction included with the construction : 

 

• Six 1 m3 plastic composite intermediate bulk container or IBC, with the top removed and an 

average volume of 0.67 m3; 

• 25 m x 25mm pipe; 

• 220 kg of gravel (20 - 30 mm); 

• 600 kg of limestone (0 - 5 mm); and 

• 1000 kg of bark (10-20 mm). 

 

Table 14 Substrate ratios for each of the DAS main reactors 

 

 

 DAS-1 DAS-2 

Limestone 15 % 20 % 

Gravel 10 % 10 % 

Bark 75 % 70 % 

Figure 27 Pictures of the helicopter used to drop off the construction material used for the DAS 
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Once the equipment was delivered, construction began. The AMD would be gravity fed in a downflow 

configuration using a syphon from the portal to the DAS system with a ball valve connected at each 

end of the pipe to achieve the desired flow rate. Figure 28 shows the construction process for the DAS 

following the laboratory and literature design. The first reactor (DAS-1) was followed by two decant 

ponds (D1 and D2), another reactor (DAS-2) and finally, another two decant ponds (D3 and D4) (Figure 

29a). There was also a need to understand how the system was operating during treatment; therefore, 

sampling ports (SP) were installed and numbered according to their position in the system (including 

the main inlet and outlet). For example, DAS-1 had SPs set at depth intervals of 135 mm (SP1 – SP6), 

followed by SP7 – SP9 between the decant ponds, followed by DAS-2 which was a duplicate of DAS-1 

(SP10 – 15) and finally SP16 – SP17 between the last decant ponds (Figure 29). The installed SPs 

allowed for Reactive Transport Models (RTM) to be created. All geotechnical and hydraulic aspects of 

the DAS system (i.e. porosity or permeability) were based on the findings from the previous chapter.   
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Figure 28 (A) Construction of a DAS tank complete with sampling ports and internal piping, (B) DAS filled 
with the homogeneous substrate, (C) Final DAS-1 set-up with external piping and main inlet pipe with a 
cover attached to the DAS 

(A) 

(B) 

(C) 
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(A) 

(B) 

Figure 29 (A) Schematic layout of the DAS showing the location of the sampling ports and (B) Close-up schematic of a DAS-
reactor showing the sampling ports, the internal piping, and how the pore-water flows throughout the DAS. Note: schematic 
diagrams are not to scale 

(B) 
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5.2.2 In-situ Chemical Analyses 

Each of the in-situ parameters established in Chapter Three (conductivity (mS/cm and uS/cm); TDS, 

(g/L); salinity (%); DO (% and mg/L);  pH level (mV); temperature (°C); flow rates (L/sec)) were repeated 

and measured immediately upon collection using a portable YSI pH100 probe from each of the 

sampling ports located throughout the DAS-system and recorded once the readings had stabilised. All 

instruments used were calibrated before visiting the site. The portable YSI had its pH meter calibrated 

with pH 4.00 and, 7.00 standard buffer solutions and checked with a pH 10.00 standard solution. The 

conductivity and temperature meters were calibrated with a 0.01 M potassium chloride (KCl) solution 

(1413 µS/cm at 25°C). The D.O. meter was calibrated with oxygen-saturated water before sample 

collection using the instrument’s calibration chamber maintained at 100% water saturated air. The 

ORP-probe (YSI pH100) was checked in the laboratory every week using saturated solutions of 

quinhydrone at pH 4 and 7. Unfortunately, there was no ORP reader available during the treatment 

process; therefore, this measurement is missing. 

 

5.2.3 Sampling Protocol for Quantifying the James Mine and Cannel Creek 

In a similar fashion to the initial sampling programme, the ANZECC 2000 and APHA protocols were 

used to assist in the sampling. The water samples were split into three sets before they put into a 

chilled container for transport: 

 

1. Total metal samples – 100-mL sampling bottle with nitric acid was used to preserve the sample 

to ensure the metals present stayed in solution;  

2. Sulphate, pH and alkalinity samples – Samples were contained in a 500-mL bottle and were 

unpreserved; and 

3. Dissolved metal samples - 100-mL sampling bottle with nitric acid was used to preserve the 

sample and was filtered using a disposable 50-mL syringe and 0.45 µm membrane filters.  

 

The number of samples taken, and the methodology used for extraction and transportation remained 

the same throughout the treatment process and was comprised of the following: 

 

Flow Rate:  

1. Flow rate data was collected from the main outlet, the primary inlet and the v-notch weir 

before touching or using any equipment; 
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In-situ Parameters: 

YSI parameters for each of the sampling ports including the primary inlet and the main outlet as well 

as downstream and upstream Cannel Creek; and 

 

DAS Sample Locations:  

1. Main inlet - Sulphate, Total and Dissolved metals (Full suite of metals) 

2. DAS-1 - SP 1, 3, 6 - Dissolved metals (Full suite of metals) 

3. SP7 - Dissolved and total metals (Full suite of metals)  

4. SP8 - Dissolved and total metals (Full suite of metals) 

5. DAS-2 - Sampling ports 11, 13, 15 - Dissolved and total metals (Full suite of metals)  

6. SP16 - Dissolved and total metals (Full suite of metals) 

7. SP17 - Dissolved and total metals (Full suite of metals) 

8. Main Outlet - Sulphate, total alkalinity, total and dissolved metals (Full suite of metals) 

 

When sampling, Quality Assurance and Quality Control measures (QA/QC) measures were essential 

to ensure maximum accuracy while keeping in fulfilment to the ANZECC protocols where relevant. 

Samples for total and dissolved metals analyses were collected in separate 120 mL PP bottles, 

preserved with concentrated nitric acid (69%, Fisher trace analysis grade) to reduce pH < 2, and stored 

at 4°C until analysis. Dissolved metals were filtered immediately upon collection through a 0.45 µm 

syringe nylon filter, and total metals were obtained by digestion. All chemical analyses were 

performed at either the Waikato University or Hill Laboratories where a full suite of metals could be 

obtained, following proper APHA Standard Methods as quoted by them. Sulphate and alkalinity 

samples were analysed at Hill Laboratories as the Waikato University did not have the necessary 

equipment for sample processing. Due to the amount of sampling undertaken from the DAS, no 

samples were taken at the Cannel Creek sites. This, however, wasn’t necessarily detrimental as the 

flow rate of the DAS effluent was so minimal there would not have an observable change in the 

downstream environments chemistry.  

 

5.2.4 Geotechnical and Hydraulic parameters 

The porosity and permeability parameters were based on the laboratory results and the HRT was 

based on literature and the necessary flow rate to ensure the limestone wouldn’t dissolve too quickly. 

Calculating the flow rate of the DAS-system was achieved through sampling the main output (Figure 

30) in order to constrain how both the hydraulic parameters are evolving throughout the DAS systems 

lifespan in order to test its practicality and reliability in high trivalent metal contaminated water. A 
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flow rate from the installed V-notch weir was also taken to constrain the acidity load entering if the 

DAS-system was full scale.  

 

 

5.2.5 The Australian and New Zealand Environmental and Conservation Council (ANZECC 

2000)  

The ANZECC has set water quality guidelines in order to assess the severity of a particular waterway 

by cross-examining the in-stream metal concentrations with the established environmental Trigger 

Values (TVs). The TVs are principals founded on the international eco-toxicity studies to indicate the 

percentage of aquatic species expected to be unaffected by the contaminants within the waterway 

requiring different levels of protection (80%, 90%, 95%, 99%). In most scenarios involving mining, the 

local environment is exceedingly disrupted and are usually within levels of protection of 80%. It should 

be noted, however, that there were no proposed TVs for acceptable Fe and Al concentrations at pH 

levels <6.5; therefore, the Guidelines for Recreation Purposes had to be used. Table 15 illustrates the 

TVs from both the ANZECC 2000 and the Guidelines for Recreation Purposes with the distinct purpose 

of the protection of human health, i.e. skin irritation and ingestion. Recommended maximum sulphate 

concentrations and recommended pH ranges are also shown in Table 15. 

Figure 30 The main output channel in order to constrain how both the hydraulic parameters are evolving throughout the DAS 
systems 
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 Table 15 TVs from the Guidelines for Freshwater Aquatic Ecosystems and the ANZECC 2000 guidelines for dissolved metal 

concentrations, sulphates and pH (values are in mg/L – ND = Not Defined) – adapted from (ANZECC & ARMCANZ, 2000). 

 

  

In-situ parameters ANZECC 2000 Guidelines for 

TVs 

Freshwater Aquatic 

Ecosystems for TVs 

Fe 0.30 ND 

Al 0.20 ND 

Mn 0.10 3.60 

Cd 0.005 0.0008 

Zn 5.00 0.03 

Ni 0.10 0.0017 

Cu 1.00 0.0025 

Sulphate 400 ND 

pH 6.5 – 8.5 ND 
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5.3 Results and Discussion of The DAS Treatability Trial 

5.3.1 James Mine Influent Quality During Treatment 

Influent samples were sourced directly out of the James Mine pool using a 15 mm irrigation pipe acting 

as a syphon. A 15 mm ball valve was attached to one end of the pipe to control the flow rate into the 

DAS. This was an important parameter to get correct as the flow rate entering a PTS dictates its 

longevity. The in-situ parameters for the influent were measured on site alongside the effluent and 

pore-water to gauge the overall effectiveness of the DAS. The metal concentrations and 

supplementary in-situ data are shown in Table 16, which conveys the associated influent values for 

each month the system operated (i.e. in-situ parameters, metal and sulfate concentrations, the acidity 

and the acidity load).  

 

Table 16 Geochemical parameters for the influent AMD during the treatment period. Median values of in-situ parameters, 

dissolved metals and sulphate concentrations (mg/L), acidity load (tonnes CaCO3 / sec) and total acidity (mg CaCO3/L) 

Water quality parameters Weeks 1-4 Weeks 5-8 Weeks 9-12 

Temperature 15.07 14.16 13.25 

DO (%) 25.25 33.03 41.54 

DO (mg/L) 3.41 4.05 4.18 

Conductivity (mS/cm) 3.33 3.23 3.50 

pH 2.56 2.55 2.55 

Conductivity (uS/cm) 2642.8 2573.2 2729.8 

Fe 109.2 120.0 101.1 

Al 152.2 164.5 143.3 

Ni 0.56 0.55 0.59 

Mn 5.13 6.14 6.12 

Zn 1.21 1.26 1.24 

Cu 0.34 0.047 0.31 

Cd 0.044 0.008 0.017 

Sulphate 2260 2824 2815 

Acidity 1286 1387 1220 

Flow rate (L/s) 0.15 0.19 0.27 

Acidity load 0.021 0.034 0.021 

 

From Table 16 the measured metal concentrations were significantly higher than those proposed by 

the TVs with some being upwards of 247 times the recommended TVs. Further analysis of the 

geochemical signature of the AMD along with access to a full suite of metal tests showed that there 



Carlos Hillman   74 

were other metals of concern; namely Copper (Cu) and Cadmium (Cd) (Table 16). Influent samples 

remained consistent throughout the treatment period, only fluctuating slightly. In comparison to the 

initial sampling period, the observed influent samples over the treatment period were significantly 

higher. This result can be directly tied to the flow rate being lower meaning less dilution was taking 

place; likely a result of seasonal changes, i.e. less rainfall. Overall, the treatment period influent had 

larger metal concentrations, representing the most severe AMD present in this study. All the raw data 

for all of the influent quality data during the 12 weeks of treatment is shown in appendice 5. 

 

5.3.2 Effluent and Pore-Water Quality During Treatment 

The effluent and pore-water samples were collected on a weekly basis together with the influent 

samples the during the operation of the DAS. Parameters such as sulphate, metal concentrations and 

alkalinity were analysed to gauge the DAS effectiveness. These parameters fluctuated over the course 

of DAS operation likely due to the systems geochemistry trying to establish an equilibrium. The in-situ 

parameters showed similar fluctuations before eventually reaching a steady-state. All the raw data for 

all of the effluent and pore-water quality data during the 12 weeks of treatment is shown in the 

Appendix 5. 

 

5.3.2.1 In-Situ Parameter Changes 
Figure 31 shows the evolution of the in-situ water quality parameters (pH, DO, temperature and 

conductivities) from the influent stage to the effluent stage. From Figure 31 the DAS was the most 

efficient during the first two months of operation. The third month, however, showed signs of system 

fatigue, due to what could be hypothesised as passivation, exhaustion of the limestone or the loss of 

the neutralising capacity of the limestone. At its most effective the pH level increased from an average 

of 2.55 to 6.42 before finally decreasing to 3.1 at its least effectiveness (Figure 31a). The sampling 

ports throughout the DAS system illustrated how the pore-water pH evolved; more specifically, 

demonstrating how the bulk of the neutralisation occurred in the DAS-1. The Pore-water median pH 

values rose at a steady state throughout the system even with the fluctuations occurring in the first 

two months before dramatically changing at week 9 (Figure 31). 
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Figure 31 Medium changes in the in-situ parameters throughout the treatment period: (A) pH changes from the influent AMD 
to pore-water to effluent, (B) Conductivity (uS/cm) changes from the influent AMD to pore-water to effluent, (C) Conductivity  
(mS/cm) changes from the influent AMD to pore-water to effluent, (D) DO (mg/L) changes from the influent AMD to pore-
water to effluent, (E) DO (%) changes from the influent AMD to pore-water to effluent, and (F) Temperature changes from 
the influent AMD to pore-water to effluent. 
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Figure 31a also illustrates how the pH dramatically changed from DAS-1 to DP4 with increasing and 

decreasing values, this observation is likely the result of two possibilities:  

 

1. As the AMD traversed through the system it came in contact with atmospheric conditions that 

allowing for CO2 degassing (based on reaction 9); and  

2. From Figures 31d - 31e, the increasing and decreasing oxygen contact throughout the pore-

water may have led to both potential oxidising and reducing environments (> 20 % oxidising, 

< 20 % reducing) and therefore potentially interrupted the process of hydrolysis of dissolved 

metals.  

 

Due to the ORP meter not being available throughout the treatment period DO will be used instead. 

Figure 31d and 31e show the DO changes throughout the DAS. The DO values went through significant 

changes throughout the DAS lifespan showing trends of decreasing from the primary inlet to SP6, an 

increase in DO from SP6 until SP10 where another downward trend is observable up until SP16. In a 

similar fashion to the other in-situ parameters, HRT plays a distinct role and can subsequently 

influence DO levels depending on the flow rate of the system (i.e. lower flow rates can cause 

stagnation). Overall, the pore-water predominately exhibited oxidised conditions as designed. 

Furthermore, the variations observed throughout the treatment period could be expected as 

somewhat of a norm due to the use of organic material potentially causing the development of 

sulphate-reducing microbial community turning the DAS from an oxidising system to a reducing. 

 

Figures 31b and 31c show how conductivity changed through the DAS. In comparison to other in-situ 

parameters, the influent conductivity displayed greater fluctuations reflecting changes in the influent 

chemistry (i.e. changes in ion concentrations or metal hydrolysis). Throughout the DAS the 

conductivity levels displayed stable trends with peaks and troughs at SP4 and the main outlet (Figure 

31b) within the first two months of treatment before dropping in weeks 9 -12. Both Figure 31b and 

31c produced significantly higher conductivities than the influent suggesting ions were not being 

removed until the last decant pond. It should be added; different materials offer differing dissolution 

rates which will release more ions to the solutions, more specifically, the dissolution of limestone 

would have significantly increased the conductivity. The observable changes to the conductivity 

appear to be a result of variations in the influent entering the system and from Ca dissolution. 

Additionally, there were no observable changes as a result of the HRT. Changes in temperature were 

observed as the influent water traversed through the DAS. Changes in temperature can result in a 

combination of three outcomes: 
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1. Increase the mobility ions;  

2. Decrease the viscosity; and  

3. Increase in the number of ions due to the dissociation of molecules (Ayora et al., 2013; Rötting 

et al., 2007; Uster, 2015).  

 

The three potential outcomes likely played a role in defining the conductivity values observed as 

temperature can influence conductivity levels. Overall, the design and operation of the DAS were 

successful at positively altering the in-situ parameters; even with the decrease in efficiency towards 

the end of its lifespan. More specifically, it was from weeks 1 - 9 that the DAS operated at maximum 

efficiency only deviating during week 9 to 12 at which there were noticeable disparities in the 

evolution of in-situ parameters. These differences were more pronounced between the pore-water 

and effluent values (Figure 31). There were moderate changes in the influent during the treatment 

period in comparison to the initial sampling period suggesting that acidity mitigation throughout the 

DAS was diminishing; this was mainly the case for DAS-1.  

 

As a whole, Figure 31 illustrates performance declination after week nine indicating that the 

neutralisation processes were becoming less effective. This, however, isn’t necessarily a failure as the 

fundamentals of DAS worked as designed. Instead it was the site constraints and the limited reactive 

material that shortened its lifespan. From the literature the DAS has been observed lasting 

approximately 9 – 16 months, these systems were at much larger scales (approximately four times 

larger than the one operating at the James Mine) (Ayora et al., 2013; Caraballo et al., 2009; Macías et 

al., 2012; Rötting et al., 2008). 

 

5.3.3 Acidity and Alkalinity  

Acidity and alkalinity were measured throughout the treatment period. Similarly, to the in-situ 

parameters, the influent acidity during the treatment period stayed relatively constant with few 

noticeable differences (Table 16) due to the controlled flow rate at DAS-1 (Figure 32). Due to acidity 

and alkalinity generation continually influencing one another, a clear trend could be made; that being, 

as acidity is introduced into the system the alkalinity generation decreases over time (Figure 33). 

Alkalinity generation fluctuated before reaching week 9 (Figure 34), and generation almost ceased 

confirming to be consistently and effectively generating alkalinity until DAS-1 exhausted its 

neutralising material which can be seen in Figure 31a.  
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Figure 32 Main inlet pipe with a 15 mm ball valve to control the flow rate entering the DAS 
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Figure 33 Medium acidity removal for the DAS over the treatment period 
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From weeks 1 – 8 acidity removal was successful with almost all traces being removed, however, as 

with the in-situ parameters it was week nine that this began to decline and in particular, areas double 

in acidity (Figure 33). The opposite was observed for alkalinity. Figures 34 illustrates the influent and 

effluent alkalinity concentrations for the operation period with weeks 1 to 12. After the two months 

of continuous operation alkalinity generation remained at steady-state fluctuating between 300 - 400 

mg/L. It was during the treatment weeks 9 - 12 that showed a definite decrease in alkalinity generation 

(Figure 34).  

 

This decrease in alkalinity can be contributed to the neutralising capabilities of DAS-1 reaching their 

limits and is indicative of the limestone being dissolved. This is observed in the pH changes shown in 

Figure 31a. Moreover, limestone passivation from precipitates had transpired; however, most of the 

observed grains left over had little to no armouring. Again, this is one of the advantageous of using a 

smaller grain size as it allows for a more substantial fraction of each grain to dissolve reducing 

passivation which would otherwise impede further dissolution (Ayora et al., 2013; Caraballo et al., 

2009). The smaller grains also enabled significantly increased reactivities which was observed in DAS-

1 with dramatic increases in the levels of Ca (section 5.3.5). 

 

Literature has shown that systems operating at a lower HRT would have produced more alkalinity over 

the same period and when comparing them to the dissolution rates observed in section 5.3.5 specific 

limestone characteristics become evident (Sánchez-andrea et al., 2014; Zagury & Neculita, 2007). 

Namely; that the geometric surface area of the limestone influences the levels of calcite present 

during dissolution phases. 
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Overall, the alkalinity generation and acidity removal were achieved through CaCO3 dissolution among 

other hydrological, geotechnical or chemical parameters processes. The CaCO3 dissolution pathway 

mechanisms occurring would have been a function of the amount of acidity, and the acidity load 

present entering the DAS with HRT negatively impacting dissolution. Furthermore, the levels of acidity 

present would have resulted in more alkalinity production; more so with a shorter HRT, thus reducing 

the neutralising capacity of the limestone. This is consistent with the findings in Figure 33 - 34 and 

Table 16, suggesting that geochemical mechanisms are relating to a higher CaCO3. 

 
5.3.4 Sulphate Removal 

Similarly, to alkalinity generation, sulphate removal fluctuated (due to sulphate concentrations within 

the influent) before reaching a steady-steady before levels reached an equilibrium. The influent and 

effluent sulphate concentrations are shown in Figure 35 and dictate the apparent trends between 

alkalinity generation and sulphate removal. Figure 35 shows the sulphate removal and generation 

trends observed.  

 

 

Throughout the treatment, influent and effluent sulphate concentrations fluctuated with the effluent 

samples being above the observed influent concentrations in certain sampling ports confirming that 

an oxidation microenvironment took place. Sulphate generation and removal rates were influenced 

by the different sources of sulphate ions, i.e. the dissolution of sulphate minerals such as pyrite. 

Moreover, a removal mechanism for sulphate is through precipitation of schwertmannite and 

gypsum. It could be assumed that in the later stages of operation any schwertmannite and gypsum 

present were dissolved as pH levels decreased, consequently releasing the sulphate back into the 
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system. This hypothesis aligns with what was observed for the in-situ parameters and what occurred 

towards the end of the DAS lifespan. Nevertheless, there was a reduction in the effluent sulphate 

concentration in comparison to the influent concentration over time.  

 

Overall, the fluctuations observed in the sulphate concentrations were a result of precipitating and 

dissolving sulphate minerals. It should be noted there was a slight sulphide odour was detected when 

doing the autopsy. A possible hypothesis could be the organic material present could prompt a small 

microbial community (hence the slight sulphide odour) possibly allowing for neutrophilic conditions 

to generate a sulphate reducing environment. A slightly reducing environment could cause 

sulfidogenesis or substrate biodegradation allowing for acidophilic microbial communities to develop 

an active population and thereby sustaining higher sulphate removal rates.  

 

5.3.5 Multistep Processes for Metal Removal 

Where a more conventional PTS are a single step process or the amalgamation of multiple PTS, the 

DAS is designed to incrementally increase the water pH, alkalinity, and Ca concentration due to calcite 

dissolution over a multi-stepped period. The observed changes in the influent geochemistry induced 

strong precipitation throughout the system of Fe - and Al – (oxy)hydroxides. Additionally, any 

remaining Fe2+ would have been oxidised and precipitated as schwertmannite although this was at 

the expense of the dissolved alkalinity and pH within DAS-1. In DAS-2, DP3 and DP4 all the remaining 

Fe and Al were completely removed. Overall the treatment performances were assessed using the 

dissolved metals removed to calculate the treatment efficiency as described in Equation 1 and shown 

in Table 17:  

 

Equation 7 Treatment efficiency (%) = (Cin - Cout)/Cin x 100 

Where:  

Cin = The inflow metal concentrations (mg/L); and  

Cout = The outflow metal concentrations (mg/L) 
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Table 17 Medium Metal removal % in the effluent for each of the most concerning metals present over the treatment period 

 

The removal efficiencies were also assessed by using an area-adjusted removal rate (g/m2/day) and 

volume-adjusted removal rate (g/m3/day) (Equation 8, Table 18) in order to fully assess the metal 

removal capabilities of the DAS.  

 

Equation 8 RA = Q (Cin - Cout)/A 

Where:  

RA = The area-adjusted removal rate (g/m2/day);  

Cin and Cout = The inflow and outflow metal concentrations (mg/L); 

 Q = The flow rate (m3/day); and  

A = The area (m2). 

Table 18 Medium area- and volume-adjusted dissolved metal removal rates. 

Metals removed Area-adjusted (g/m2/d) Volume- adjusted (g/m3/d) 

 Weeks 

1-4 

Weeks 

5-8 

Weeks 

9-12 

Weeks 

1-4 

Weeks 

5-8 

Weeks 

9-12 

Al 40.50 53.35 15.73 42.06 55.40 16.34 

Fe 29.08 40.93 21.95 30.20 42.50 22.79 

Mn 0.62 0.84 0.22 0.64 0.87 0.23 

Zn 0.29 0.38 0.17 0.30 0.40 0.17 

Ni 0.14 0.10 0.03 0.14 0.11 0.04 

Cu 0.09 0.02 0.01 0.09 0.02 0.01 

Cd 0.01 -0.02 -0.01 0.01 -0.02 -0.01 

Total average metal 

removed 

70.73 95.60 38.10 73.45 99.28 39.57 

Treatment 

period 

Al Fe Mn Zn Ni Cu Cd 

Weeks 1 – 4 99.65 99.74 41.03 90.91 91.48 99.66 98.86 

Weeks 5 – 8 93.59 98.44 39.31 87.96 54.42 93.36 -713.17 

Weeks 9 - 12 47.33 77.02 15.37 57.74 25.27 10.62 -137.42 
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Over the 12 weeks of treatment, the high metal removal efficiencies (especially trivalent metals) had 

a success rate between 93 % and 99 % with the metal removal order being Fe > Al > Zn > Ni > Cu > Mn 

> Cd for the first two months. Tables 17 - 18 illustrates the how the removal efficiencies dramatically 

decreased to 47 to 77 % for trivalent metals but also show the discrepancies in the removal ratings for 

Cd as it increased throughout the system. Mn removal reached approximately 41 % at its most 

efficient (Table 17 - 18), while Zn, Cu and Ni had high and similar removal efficiencies ranging from 87 

to 90 % (Zn) and 93 to 99 % (Cu), while Ni displayed lower removal efficiencies (54 to 91 % for Ni) and 

Cd ended with developing more Cd (Tables 17 - 18). The statistical results and Figure 34 indicate that 

metal removal was a primary function of the alkalinity produced, especially for the trivalent metals 

that precipitate out at a neutral pH. Metals requiring higher a pH likely adsorbed or co-precipitated 

with the Fe precipitates. The metal removal efficiencies were also at their highest when 

accommodated with higher alkalinity, pH and DO readings (Figure 31). Accompanying Tables 17 -18 

are Figures 36 – 38 which detail not only where each metal of concern precipitated but also provide 

insight into how the system operated over its lifespan in regards to metal removal efficiencies.  
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The DAS was designed to first remove Fe with removal efficiencies being ranged from 70 – 99 %, is 

comparable to those previously reported by Caraballo et al., 2009b. Similarly, to those previous 

examinations, the HRT significantly defined how much Fe was retained throughout the system as 

precipitates accumulated within the decant ponds (a slower HRT allows precipitates to sink rather 

than be transferred through the system). The treatment designs did not show considerable differences 

in the total amount of Fe discharged until the last weeks of operation (Figure 36a). In an oxidising 

system, metals (primarily Fe) are expected to precipitate as iron hydroxides and carbonates. This 

general behaviour supported the proposition that the central Fe removal mechanism was 

precipitation as Fe- (oxy)hydroxides (e.g. hematite, goethite, ferrihydrite); this will be later discussed 

in Chapter Six. During the last weeks of operation, Fe removal started exhibiting signs of decreased 

efficiency for the system. This was also observed as an increase in pH levels (Figure 31a) and was likely 

a response to CO2 degassing when the treated water made contact the atmosphere (reaction 9). 

 

In DAS-1 there was a significant increase in the pore-water pH (2.5 – 4) and Ca concentration (from 

231 to 355 mg/L) indicating that the gross alkalinity was also rising. These geochemical changes 
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induced a strong precipitation zone containing Fe and is reflected by a decrease in Fe concentrations, 

respectively (Figure 36a). Additionally, many residual metals present within the pore-water were 

subsequently removed (Figures 37 – 38). In D1 and D2, almost all the remaining Fe precipitated would 

have precipitated as schwertmannite likely leading to large alkalinity consumption especially in DAS-

1.  

 

The second section of the DAS (DAS-2, DP3 and DP4) was designed to remove any residual Fe and the 

bulk of the Al via the same processes mentioned for DAS-1. As expected Al removal was 

straightforward with amorphous hydroxide (e.g. Al(OH)3) or crystalline forms of gibbsite being 

expected to precipitate once the pH was raised above 4.5 (this will be expanded upon in Chapter Six). 

Additionally, depending on the pH and the sulphate concentration, precipitation of hydroxysulfates 

such as basaluminite (e.g. Al4(OH)10(SO4)·4H2O, Ca6Al2(OH)12(SO4)3·26H2O) was another possible 

precipitate for Al removal (Hedin et al., 1994; Stumm & Morgan, 1996). Al removal ranged between 

93 and 99 % (Table 17) with Al concentrations in the effluent ranging between 1.1 and 13.5 mg/L 

during weeks 1 - 8 (effluent pH during the same period ranged from 4 to >5.5), confirming that the pH 

strongly influenced Al removal. Similarly to Fe, Al removal can be significantly influenced by both the 

HRT and the alkalinity source. 

 

The decrease in the pH levels observed during weeks 9 - 12 would eventually change the precipitation 

sequence of removing the Fe in DAS-1, and Al in DAS-2 (Figure 39). Consequently, this led to an overlap 

in precipitates of in DAS-2 causing a thick layer of Fe and Al precipitates to build up in DAS-2. 

Moreover, this observation aligns with the data acquired in the later stages of operation (i.e. 

schwertmannite and gypsum being dissolved as pH levels decreased, consequently releasing the 

metals back into the system). This hypothesis aligns with what was observed for the in-situ parameters 

and what occurred towards the end of the DAS lifespan and explains why there was a noticeable 

increase of Al content followed the decrease in the dissolution of Ca. A very localised precipitation of 

hydrobasaluminite would have significant impacts on the hydraulic parameters of the DAS. Moreover, 

the relocalisation of precipitates within the reactive substrate likely contributed to passivation or 

clogging of the pore space. With a larger system, this would not have occurred so early in the DAS 

lifecycle. 
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Although the infield DAS system was designed to remove the majority of trivalent metals from the 

influent instead of the divalent metals, it was expected that through adsorption and co-precipitation 

that these metals would be removed to a certain degree. The divalent metal concentrations, as well 

as Mn, remained relatively constant throughout, although there were some noticeable increases in 

some. Furthermore, the processes available for controlling divalent metal removal has been described 

as pH-dependent adsorption in previous studies (Logan et al., 2005). Mn removal reached 

approximately 41 % at its most efficient (Table 17, Figure 36c). Zn and Cu had high and similar removal 

efficiencies ranging from 87 to 90 % (Zn) and 93 to 99 % (Cu), while Ni displayed lower removal 

efficiencies (54 to 91 % for Ni) (Figures 37 and 38). Cd and Cu were the most interesting as values were 

significantly increased ended with developing more Cd in certain sections of the DAS. This can be 

attributed to either:  

 

1. Water evaporation in the ponds during the hot summer associated with the HRT of the 

system; and  

2. The possible redissolution of precipitates.  

 

These removal efficiencies, although significant, showed a constant decline being a likely result of 

continually changing influent characteristics. Furthermore, in an oxidising environment, the metals in 

Figure 39 Precipitation build-up in DAS-2 
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question are expected to be predominantly precipitated out as sulphate minerals with the co-

precipitation of Fe- and Al-(oxy)hydroxides (Taylor et al., 2005). The precipitation of insoluble 

phosphate minerals (further expanded in Chapter Six) also provides another precipitation zone or sink 

for these metals, unlike the hydroxide counterparts which require environments to be above a pH 

level of 7. In this scenario, Mn and the divalent metal removal mechanisms occurred via adsorption 

onto the organic matter and co-precipitation (being the likely removal mechanisms) (Logan et al., 

2005; Venot et al., 2008). They were also unlikely to be limited to any particular location within the 

substrate. In support of these observations are two hypotheses: 

 

1. The decrease in Mn and the divalent metals over time implies that the proposed removal 

mechanisms were an essential factor in their retention to adsorption sites. This would 

consequently lead to the adsorption sites reaching the upper limit of their capacity thus 

displacing other cations (Gibert et al., 2003; Stumm & Morgan, 1996; Uster, 2015)); and  

2. In supersaturated solutions, precipitates can be metastable for three days or more, indicating 

that the HRT has a crucial influence on the precipitation rates (Uster, 2015). 

 
5.3.6 Geotechnical and Hydraulic Response 

Over the lifespan of the DAS hydraulic and geotechnical responses decreased as precipitates built up 

in each of the reactors. A localised precipitation of hydrobasaluminite and schwertmannite would 

have significant impacts on the hydraulic parameters of the DAS. Consequently, this did lead to a 

decrease in the flow rate meaning that the flow had to be continuously adjusted to try and maintain 

the desired output flow rate (2150 L/day). Figure 40 illustrates the constant change in the DAS flow 

rate. The erratic changes to flow rate can be contributed to a drop in the levels of permeability and 

porosity affecting the overall flow rate as precipitate build-up was occurring much faster than first 

anticipated. This was especially apparent in the last weeks of operation as DAS-2 became 

overburdened with precipitates (Figure 39) due to the drop in pH (Figure 31a). As previously 

established, the resulting drop in pH levels began to alter the precipitation sequence of removing the 

Fe in DAS-1 and Al in DAS-2.  

 

The precipitation of Fe and Al precipitates in particular, formed at the expense of Ca dissolution which 

was subsequently followed by an increase of Al content due to precipitates dissolving back into 

solution (Figure 36b). Moreover, calcite dissolution will increase Ca concentration in the water, and 

AMD from the James Mine often contains thousands of mg/L of sulphate. Therefore, gypsum may also 

precipitate within the reactive substrate and contributes to coating the calcite grains or clogging the 
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pore space. These, however, are just hypotheses as the only data available are visual observations 

from the top of each DAS (Figure 39) and the output flow rate. 

 
5.3.7 The Importance of Reactive Transport in Designing a Field-Scale Treatment 

The reactive transport models (RTM) were created using the sampling ports to actively see how the 

AMD influent was evolving throughout the DAS. In-situ parameters, flow and the geochemical 

composition of the evolving AMD were the main contributing factors of the RTM. The main factors in 

the design of the DAS were the ratio between the flow rate into the system and the amount of 

neutralising material used; the distinguishing factor being the dissolution rate. The assumption being 

that the influent flow rate played a direct role of in the amount of metal precipitation occurring. The 

precipitation was observed in the metal removal rates, primarily as Fe - and Al – (oxy)hydroxide 

precipitates in DAS-1 (Fe) and DAS-2 (Al).  

 

The different rates of precipitation and their influence on the DAS is reflected in the geotechnical and 

hydraulic parameters as precipitates built up in the substrate. This build-up inevitably caused a 

decrease in the porosity. When this occurred, the decision was made to increase the flow rate in the 

hopes of creating a more widespread precipitation zone within each DAS reactor. By lowering the HRT, 

AMD would flow faster through the system which would in turn cause precipitation to occur over a 

wider area within the DAS rather than in small localised zones. It would also allow for a more 

substantial fraction of protons released by Fe3+ hydrolysis to become neutralised (Ayora et al., 2013; 

Rötting et al., 2008). More interestingly, the precipitation zones exhibited in each of the DAS tanks 
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was increased among the reactive substrate (Figure 37 – 38). Furthermore, by increasing the flow rate 

in any system, the process of short-circuiting can be halted. The increase in flow rate is not without its 

harm though as the overall efficiency of the system becomes degraded, as shown by pH levels 

decreasing (Figure 31a) (Ayora et al., 2013; Uster, 2015). This pH drop was evident towards to end of 

the DAS’ lifecycle, where there was significant overlap in the precipitation zones. 

 

Overall, the idea of using a smaller grain size to increase the rate of dissolution thereby restricting the 

great reactions close to the input area increased the efficiency of the treatment results. Figures 36 - 

38 and 40 show that metal concentrations weren’t overly affected by changes in the flow rate. In all 

cases, the pore-water reached equilibrium causing the neutralising material to potentially last longer 

as Ca dissolution is halted even when the reactive surface was increasing (Ayora et al., 2013). From 

this observation and what is seen in the literature, it can be concluded that the processes involved 

within the DAS are nonlinear and therefore applying RTM are required in small-scale field trials (Ayora 

et al., 2013; Macías et al., 2012; Rötting et al., 2007). This fact will remain true if an upscaled field-

scaled version of the DAS is to be implement. 

 
5.4 Conclusion 
The DAS successfully treated the James Mine AMD over the first eight weeks of operating before 

diminishing during weeks 9 – 12. During weeks 1 to 8, metal removal was sufficient for all metals of 

concern (except Mn). It was during this period that alkalinity generation and sulphate removal 

dropped suggesting that the relatively small amount of the limestone used had reached its neutralising 

capabilities resulting in the diminution of the treatment performances. The data analyses showed that 

the dissolution of CaCO3 was responsible for the majority of the alkalinity being generated. Ultimately, 

it was the reaction kinetics, the substrate used, and the overall design properties controlled alkalinity 

generation (Rötting et al., 2008; Stumm & Morgan, 1996; Uster, 2015).  

 

During weeks 9 -12 metal removal became less effective in individual sections. The changing removal 

trends observed indicated that the system was performing under stress and malfunctioning. The 

following order of metal removal efficiencies for volume-adjusted removal rates (Table 18): Fe > Al > 

Zn > Ni > Cu > Mn > Cd, indicating that metal loading from Fe and Al was probably a limiting factor for 

the other metals present and that the HRT used possibly performed below capacity. Fe and Al removal 

rates were in alignment with the typical rates reported in the literature; however, the same cannot 

be said for the other metals due to the concentrations differing substantially (Ayora et al., 2013; 

Caraballo et al., 2009; Macías et al., 2012). 
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Moreover, the design constraints, AMD source, and substrate material limit any real comparison 

between published literature. Finally, when examining the sulphate concentrations and the total 

amount of metals present illustrate how the amount of sulphate may have exceeded the number of 

moles of metals removed (Rötting et al., 2008; Stumm & Morgan, 1996). Therefore, that metal loading 

might be a limiting factor to the metal removal pathway, again possibly explaining the small removal 

rates reported towards the end of the DAS lifespan. From these observations, two interpretations can 

be made:  

 

1. Metal removal trends differed between metals; and 

2. Total metal removal fluctuated but generally decreased over time indicating that the metal 

removal processes also changed over time.  

 

A direct comparison between the reactors’ effluent metal concentrations and the TVs presented in 

Table 15 are not truly meaningful as TVs can only be compared with in-stream concentrations where 

dilution and mixing are occurring (Uster, 2015). With that said, from a relative evaluation standpoint, 

the DAS can be seen as a successful endeavour for not only the size of the system but also the chemical 

signature of the AMD it treated. 

 

Overall, the short lifespan of the DAS implemented would seem like a deterrent. However, once the 

James Mine site was characterised, the overall size of the DAS (especially in comparison to other PTS 

as shown in Tables 2 - 3), if upscaled, could prove to be a useful measure against difficult, highly 

contaminated AMD sites. As discussed, more than half of the initial reactive substrate was consumed 

without any significant armouring problem, leading to a total acidity removal much higher than other 

passive remediation systems. Unlike other passive remediation systems such as ALD and RAPS, the 

DAS promotes the oxidation of Fe2+ to Fe3+ and therefore allows for Fe3+ and Al precipitation to release 

additional acidity which enhances further calcite dissolution. It is this removal mechanism that 

requires a high initial porosity and the need for a multistep treatment, consisting of several DAS 

reactors. Additionally, if one wanted to remove more divalent metals, the use of a MgO-DAS has 

shown to produce promising results towards the complete remediation of highly polluted AMD sites. 

The results from Chapter 4, illustrate this point by facilitating a very realistic environment. 
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6 Dispersed Alkaline Substrate Post-Treatment Autopsy and Metal 
Removal Mechanisms  

 

6.1 Introduction 
This chapter’s objectives were to investigate, identify and characterise the spent substrate and the 

metal removal mechanisms within the DAS post-treatment. In order to achieve this both chemical and 

mineralogical analyses were undertaken; including the following techniques:  

 

• X-ray Diffraction (XRD) - To identify and measure the presence of minerals, phases and their 

abundance;  

• X-ray Fluorescence (XRF) - To identify chemical and elemental analyses;  

• Scanning-Electron Microscopy (SEM) - To identify solid mineral phases present within the 

spent substrates; and  

• Geochemical modelling (PHREEQC) - To compute saturation indices (SI) of the mineral 

expected to precipitate within the DAS 

 

The SEM microanalyses were performed in the Mechanical Engineering Department at the University 

of Canterbury. The XRF and XRD analyses were performed by CRL staff in their Environmental 

Laboratory in Lower Hutt, New Zealand. This chapter presents the results from the analyses 

mentioned above and discusses the metal removal occurring within the DAS. Additionally, a brief 

literature review on metal removal mechanisms is presented. 

 

6.2 Metal Removal Mechanisms 
The general processes for metal removal mechanisms through oxidising processes are well 

understood; however, it appears that due to the number variables present in any project, the 

mechanisms for removal are subject to change. This is especially the case for the DAS as there is no 

current published material on the subject. As the literature for the DAS is quite small and with its non-

traditional materials (organic material) for an oxidising system, the inherently complex processes 

responsible for metal removal are not entirely documented. For example, the primary means for 

targeted metal removal involves filtration, complexation, cation exchange, adsorption, 

(oxy)hydroxide, oxide, and carbonate precipitation other processes such as metal-sulphide 

precipitation could, in theory, take place (Venot et al., 2008; Zagury & Neculita, 2007).  
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These metal removal mechanisms are also subject during the lifespan on the system as the design 

constraints evolve, i.e. permeability, substrate composition, microbial community, pore-water 

chemistry and hydraulic retention time. The DAS represents these factors, as not only adsorption is a 

vital removal process but also the oxidising conditions conducive sulphate generation. This is 

especially the case as some metals are more straightforward to remove (Fe and Al) than others (Mn) 

which can be more recalcitrant and harder to immobilise (Machemer, Steven & Wildeman, 1992). 

 

Mineralogical analyses such as X-ray fluorescence (XRF), X-ray diffraction (XRD) and scanning electron 

microscopy (SEM) are commonly used to identify solid-phase minerals in treatment systems. It should 

be noted that due to the more amorphous nature and the high heterogeneity of the samples, only a 

few studies have been able to identify trace metal precipitates through XRD analyses. On the other 

hand, SEM equipped with an energy dispersive spectrometer or XRF have both proven to be a much 

more successful techniques (Gibert et al., 2003). 

 

6.3 Methodology 

6.3.1 Sample Collection  

After the three months of operating, the influent was stopped and the autopsy on the DAS began. The 

spent substrate samples were manually retrieved using a shovel and hand trowel in each of the 

reactors according to the same depths as the sampling ports in each of the reactors (depth intervals 

of 135 mm) as well as each of the decant ponds using a ‘sediment grabber’. All of the chemical 

reagents, metal analyses, and QA/QC were achieved according to the APHA 2005 using standards, 

blanks, and replicated analyses where necessary or according to Hill Laboratories and CRL Energy Ltd’s 

standards. 

 

6.3.2 X-ray Diffraction  

X-ray Diffraction (XRD) was used in order to characterise the mineralogical composition of the spent 

substrates from the both DAS-1 and DAS-2 by the CRL Energy Ltd staff. It should be noted that due to 

costs, only a few samples could be analysed unless there were significant differences in the sample 

results (those being influenced by the multistep nature of the DAS, i.e. depth vs traversal throughout 

the DAS). CRL Energy Ltd staff used the following XRD procedures and instruments were used: 

 

• The spent substrates were dried at 110°C overnight and immediately ground and prepared as 

unoriented powder mounts;  

• Bruker D8 Advance diffractometer with parallel beam optics; 
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• Goebel mirror monochromator; 

• Counting interval 0.05 degrees, 4 seconds per point; 

• The diffractometer was equipped with a graphite monochromator and a Co anode X-ray tube;  

• Analyses were performed from 5 to 80° (2θ) at 1° and 1 min/step scanning time; and  

• Phase identification and quantification were carried out by a Siroquant search and match 

program. 

 

6.3.3 X-ray Fluorescence 

X-ray Fluorescence (XRF) was used to determine the elemental composition of the spent substrates 

from both DAS-1 and DAS-2. In similar fashion to XRD, the samples were subject to similar laboratory 

conditions in order to achieve qualitative and quantitative analysis of material composition. It should 

be noted that due to costs, only a few samples could be analysed unless there were significant 

differences in the sample results (those being influenced by the multistep nature of the DAS, i.e. depth 

vs traversal throughout the DAS). 

  

6.3.4 Scanning Electron Microscopy  

The samples that were used for scanning electron microscopy (SEM) were oven dried overnight at 

approximately 105°C before being mounted on plastic stubs and coated in approximately 25 nm of 

carbon by Mike Flaws (Senior Technical Officer, Technical Officer in Electron Microscope Laboratory). 

Microanalyses were performed on a JEOL JSM6100 microscope equipped with an Oxford Aztec silicon 

drift detector energy-dispersive spectrometer (EDS), at the University of Canterbury, Mechanical 

Engineering Department. 

 

6.3.5 Geochemical Modelling  

As with Chapter 3, PHREEQC modelling software was used to calculate the SI of the different mineral 

phases precipitating throughout the DAS which was based on the total metal concentrations during 

the treatment period from the sampling ports. The SI values are to gauge possible precipitation 

horizons. Similarly, to the initial sampling period, the input parameters used followed as such:  

1. In-situ parameters: pH and temperature; and 

2. Metals and sulphate concentrations.  
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6.4 Results 

6.4.1 Solids Mineralogy Using XRD, SEM and XRF 

XRD and XRF analyses are presented in the tables below (Tables 19 and 20) and show the mineral and 

elemental phases present. Unfortunately, throughout all the analyses there were difficulties in 

identifying many of the dominant mineral phases. There were also no Fe minerals observed in the XRD 

results even though there is a considerable amount of Fe in the XRF results; Al was not overly present 

either within the XRD results. Possible reasonings behind this include the samples being more 

amorphous than crystalline suggesting that the background frequencies were too high. The XRF and 

SEM analyses (Table 20 and Figure 41 – 44) on the other hand proved that the multistep nature of the 

DAS worked as intended with DAS-1 showing higher traces of Fe and DAS-2 showing higher traces of 

Al. Mn, Zn, Cu, Ni, and Cd traces were found to be decreasing throughout the system. It should be 

noted that the entire SEM results are shown in appendices 6. 

 

Table 19 XRD results for each of the sampling ports tested at CRL Energy Ltd 

 

Sampling Port Number Phase Name Phase Formula Presence (%) 
SP1     Quartz      SiO2 10 

 Bassanite CaSO4.0.5 H2O 44 

 Calcite CaCO3 22 
 Albite NaAlSi3O8 12 

 Muscovite KAl2(Si3Al)O10(OH,F)2 12 

SP6    
 Quartz SiO2 7 

 Bassanite CaSO4.0.5 H2O 11 

 Calcite CaCO3 73 

 Albite NaAlSi3O8 5 
 Muscovite KAl2(Si3Al)O10(OH,F)2 4 

 SP10    

 Quartz SiO2 12 

 Bassanite CaSO4.0.5 H2O 41 

 Calcite CaCO3 20 

 Albite NaAlSi3O8 16 
 Muscovite KAl2(Si3Al)O10(OH,F)2 11 

SP15    

 Quartz SiO2 14 

 Bassanite CaSO4.0.5 H2O 5 
 Calcite CaCO3 65 

 Albite NaAlSi3O8 9 

 Muscovite KAl2(Si3Al)O10(OH,F)2 4 
 Kaolinite Al2Si2O5(OH)4 3 
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Table 20 XRF results for each of the sampling ports tested at CRL Energy Ltd (ND = Not Defined) 

Element  SP1 SP6 SP10 SP15 

Carbon C _ _ _ _ 

Fluorine F nd nd nd nd 

Sodium Na 0.110 0.077 0.055 0.140 

Magnesium Mg 0.312 0.314 0.250 0.389 

Aluminium Al 6.56 9.23 18.4 10.4 

Silicon Si 4.55 3.73 4.74 5.39 

Phosphorus P 0.083 0.080 0.121 0.107 

Sulphur S 3.50 2.84 3.70 2.21 

Chlorine Cl 0.230 0.013 nd nd 

Potassium K 0.334 0.260 0.301 0.384 

Calcium Ca 8.51 15.5 8.26 14.6 

Scandium Sc nd nd nd nd 

Titanium Ti 0.142 0.106 0.146 0.149 

Vanadium V nd nd nd nd 

Chromium Cr 0.007 nd 0.004 nd 

Manganese Mn 0.012 0.010 0.011 0.014 

Iron Fe 15.5 7.58 4.96 4.56 

Cobalt Co 0.017 0.010 0.005 0.008 

Nickel Ni nd nd 0.007 0.006 

Copper Cu nd 0.005 nd 0.004 

Zinc Zn 0.020 0.036 0.046 0.049 

Gallium Ga nd nd nd nd 

Germanium Ge nd nd nd nd 

Arsenic As nd nd nd nd 

Selenium Se nd nd nd nd 

Bromine Br nd nd nd nd 

Rubidium Rb nd nd nd nd 

Strontium Sr 0.010 0.018 0.008 0.016 

Yttrium Y 0.003 0.005 0.009 0.004 

Zirconium Zr nd nd 0.002 0.002 

Niobium Nb nd nd nd nd 

Molybdenum Mo nd nd nd nd 
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Rhodium Rh _ _ _ _ 

Palladium Pd _ _ _ _ 

Silver Ag _ _ _ _ 

Cadmium Cd nd nd nd nd 

Indium In _ _ _ _ 

Tin Sn nd nd nd nd 

Antimony Sb nd nd nd nd 

Tellurium Te _ _ _ _ 

Iodine I nd nd nd nd 

Caesium Cs nd nd nd nd 

Barium Ba nd nd nd nd 

Lanthanum La nd nd nd nd 

Cerium Ce _ _ _ _ 

Hafnium Hf _ _ _ _ 

Tantalum Ta nd nd nd nd 

Tungsten W nd nd nd nd 

Rhenium Re _ _ _ _ 

Osmium Os _ _ _ _ 

Iridium Ir _ _ _ _ 

Platinum Pt _ _ _ _ 

Gold Au _ _ _ _ 

Mercury Hg nd nd nd nd 

Thallium Tl nd nd nd nd 

Lead Pb nd nd nd nd 

Bismuth Bi nd nd nd nd 

Thorium Th nd nd nd nd 

Uranium U nd nd nd nd 

Total  39.9 39.8 41.0 38.5 
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Figure 41 SEM results for a depth of 135 mm (DAS-1) 
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Figure 42 SEM results for a depth of 810 mm (DAS-1) 
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Figure 43 SEM results for a depth of 135 mm (DAS-2) 
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Figure 44 SEM results for a depth of 675 mm (DAS-2) 
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6.5 Geochemical Modelling Results 
The use of PHREEQC allowed for the modelling of precipitate horizons throughout the DAS for 

different mineral phases. It should be noted that a large number of similar but amorphous mineral 

phases, rather than well-crystalised minerals, could have been included in the PHREEQC database. 

This would have enabled a better description of the solids likely to form. It is also recognised that 

PHREEQC modelling does not take any kinetics implications into account and is only meant to give 

indicative or suggestive results rather than definitive results. The model SI output values are shown in 

Tables 21 - 24. Despite the inherent difficulties to compare real and modelled amounts of precipitates 

for a quantitative baseline, the modelled results after 12 weeks of operating agree with the observed 

from the treatment sampling, the distribution of precipitation horizons and the mineral phases 

throughout the treatment. Therefore, both the major chemistry of the outlet solution and the mineral 

distribution were correctly predicted by the PHREEQC. This, in turn, reflects the successfulness of the 

methodology to design a multistep PTS. The input data for PHREEQC was based on the treatment data. 

Positive SI values have been highlighted for ease of viewing. 



 

Table 21 Geochemical modelling showing the precipitating mineral phases throughout the DAS in week 1 of the treatment using PHREEQC. NOTE all positive values indicate mineral precipitation 
while negative values do not. Positive values have been highlighted.  

Element Mineral Phase Formula Saturation Index (SI) 

   Main 
Inlet 

SP1 SP3 SP6 SP7 SP8 SP9 SP11 SP13 SP15 SP16 SP17 Main 
Outlet 

Al Al(OH)3(a) Al(OH)3 -7.70 -7.41 -7.20 -0.94 -2.05 -1.87 -2.27 -1.79 1.06 1.14 0.92 0.62 0.62 

 Basaluminite Al4(OH)10SO4 -14.53 -13.54 -12.85 7.99 4.32 4.91 3.03 4.79 13.67 13.83 12.66 11.28 11.24 

 Boehmite AlOOH -4.74 -4.45 -4.24 2.01 0.91 1.09 0.76 1.15 4.10 4.18 3.92 3.63 3.63 

 Gibbsite Al(OH) 3 -4.91 -4.61 -4.41 1.85 0.75 0.92 0.53 1.00 3.86 3.94 3.72 3.42 3.42 

Fe Fe(OH) 3 (a) Fe(OH) 3 -2.02 -1.73 -1.52 3.15 2.63 2.72 1.41 -1.21 2.43 2.74 2.06 2.28 2.26 

 FeS(ppt) FeS -133.26 -133.34 -133.42 -133.77 -133.95 -133.92 -132.87 -130.30 -131.63 -131.76 -131.00 -130.84 -137.83 

 Goethite FeOOH 3.47 3.76 3.97 8.64 8.12 8.21 6.86 4.29 7.88 8.19 7.52 7.74 7.72 

 Hematite Fe2O3 8.89 9.48 9.89 19.23 18.20 18.38 15.67 10.53 17.70 18.32 17.00 17.44 17.40 

 Mackinawite FeS -132.53 -132.60 -132.68 -133.03 -133.21 -133.19 -132.14 -129.56 -130.90 -131.03 -130.27 -130.11 -137.10 

 Melanterite FeSO4:7H2O -8.83 -8.75 -8.70 -8.29 -8.12 -8.14 -9.67 -11.57 -11.03 -10.92 -11.59 -11.54 -12.37 

 Pyrite FeS2 -211.22 -211.61 -211.93 -217.01 -216.72 -216.78 -214.28 -208.25 -213.79 -214.26 -212.62 -212.57 -224.22 

 Schwertmannite Fe8O8(OH)6SO4 -2.21 -0.06 1.45 34.65 31.27 31.87 20.78 0.00 26.27 28.58 22.96 24.55 24.34 

 Siderite FeCO3 -18.95 -13.01 -12.62 -7.36 -7.94 -7.84 -39.23 -12.31 -13.31 -13.09 -21.94 -21.40 -53.57 

Mn Hausmannite Mn3O4 -21.66 -21.03 -20.58 -7.85 -9.98 -9.63 -8.83 -10.20 -1.31 -0.99 -0.91 -0.50 1.47 

 Manganite MnOOH -4.56 -4.34 -4.19 0.08 -0.61 -0.50 -0.24 -1.01 2.18 2.29 2.21 2.35 3.26 

 Pyrochroite Mn(OH) 2 -14.59 -14.39 -14.25 -10.07 -10.81 -10.69 -10.13 -10.32 -7.39 -7.31 -7.20 -7.05 -6.91 

 Pyrolusite MnO2:H2O -2.25 -2.01 -1.84 2.53 1.88 1.99 1.76 0.64 3.83 3.97 3.79 3.91 5.59 

 Rhodochrosite MnCO3 -14.06 -8.20 -7.86 -2.99 -3.76 -3.63 -33.48 -4.67 -6.17 -6.14 -14.37 -13.93 -45.16 

Zn Smithsonite ZnCO3 -16.20 -10.34 -10.00 -5.14 -5.90 -5.78 -36.01 -7.08 -8.88 -8.99 -17.49 -16.84 -48.26 

 Sphalerite ZnS -121.63 -121.79 -121.92 -122.67 -123.03 -122.98 -120.75 -116.20 -118.29 -118.75 -117.66 -117.39 -123.62 

 Zn(OH)2(e) Zn(OH)2 -11.81 -11.61 -11.48 -7.30 -8.04 -7.92 -7.74 -7.82 -5.18 -5.23 -5.40 -5.05 -5.09 

Ca Anhydrite CaSO4 -0.71 -0.66 -0.64 -0.44 -0.45 -0.45 -0.21 -0.24 -0.17 -0.14 -0.17 -0.19 -0.10 

 Aragonite CaCO3 -15.19 -9.28 -8.92 -3.86 -4.64 -4.51 -34.10 -5.35 -6.78 -6.63 -14.86 -14.40 -45.64 

 Calcite CaCO3 -15.04 -9.13 -8.77 -3.71 -4.49 -4.36 -33.95 -5.20 -6.63 -6.48 -14.70 -14.25 -45.49 

 Gypsum CaSO4: 2H2O -0.28 -0.24 -0.21 -0.01 -0.03 -0.02 0.23 0.18 0.27 0.30 0.27 0.24 0.34 

CH4 CH4 (g) CH4 -141.63 -136.1 -136.5 -136.1 -136.5 -136.4 -164.2 -130.8 -137.1 -137.3 -144.3 -143.9 181.44 
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S Sulphur S -90.89 -91.20 -91.44 -96.17 -95.70 -95.79 -94.37 -90.87 -95.13 -95.48 -94.58 -94.68 -99.34 

O O2 (g) O2 -6.37 -6.29 -6.22 -5.84 -5.67 -5.69 -7.28 -9.13 -8.63 -8.52 -9.08 -9.13 -6.06 

CO2 CO2 (g) CO2 -7.57 -1.91 -1.71 -1.02 -1.05 -1.04 -31.43 -2.45 -6.86 -6.92 -15.26 -14.97 -46.35 

H FIX_H+ H+ -2.54 -2.64 -2.71 -4.81 -4.44 -4.50 -4.81 -4.70 -6.16 -6.24 -6.32 -6.42 -6.57 

 H2 (g) H2 -40.36 -40.40 -40.43 -40.62 -40.71 -40.70 -40.09 -38.93 -39.45 -39.51 -39.13 -39.10 -40.64 

 H2O(g) H2O -1.79 -1.79 -1.79 -1.79 -1.79 -1.79 -1.82 -1.79 -1.83 -1.83 -1.81 -1.81 -1.81 

 H2S(g) H2S -125.15 -125.50 -125.77 -130.70 -130.32 -130.39 -128.35 -123.70 -128.46 -128.87 -127.60 -127.68 -133.88 
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Table 22 Geochemical modelling showing the precipitating mineral phases throughout the DAS in week 1 of the treatment using PHREEQC. NOTE all positive values indicate mineral precipitation 
while negative values do not. Positive values have been highlighted. 

Element mineral Phase formula Saturation Index (SI) 

   Main 
Inlet 

SP1 SP3 SP6 SP7 SP8 SP9 SP11 SP13 SP15 SP16 SP17 Main 
Outlet 

Al Al(OH)3(a) Al(OH)3 -7.64       -7.52       -4.73 -6.47 -3.38 -5.46 -4.82 -2.95 0.29 1.30 -0.77 0.22 0.62 

 Basaluminite Al4(OH)10SO4 -14.58       -14.05       -4.80 -10.56 -0.56 -7.56 -5.44 0.84 11.65 14.29 5.68 9.47 10.47 

 Boehmite AlOOH -4.77       -4.60       -1.83 -3.54 -0.46 -2.67 -1.94 -0.06 3.16 4.17 2.09 3.07 3.43 

 Gibbsite Al(OH) 3 -4.86       -4.74       -1.94 -3.68 -0.59 -2.57 -2.04 -0.16 3.07 4.08 2.01 2.99 3.40 

Fe Fe(OH) 3 (a) Fe(OH) 3 -1.92       -1.74       0.77 -0.76 1.76 -0.01 0.52 1.84 3.03 2.09 3.48 3.03 0.92 

 FeS(ppt) FeS -132.44    1.74       -128.55 -123.64 -133.22 -132.73 -132.81 -132.93 -115.89 -98.26 -115.96 -118.20 -95.97 

 Goethite FeOOH 3.61       3.76       6.29 4.75 7.27 5.52 6.05 7.36 8.57 7.63 9.02 8.57 6.49 

 Hematite Fe2O3 9.18       9.48       14.54 11.45 16.50 13.00 14.06 16.68 19.11 17.21 20.00 19.11 14.95 

 Mackinawite FeS -131.71    -129.34 -127.81 -122.91 -132.48 -132.00 -132.07 -132.20 -115.16 -97.53 -115.23 -117.47 -95.24 

 Melanterite FeSO4:7H2O -8.64     -122.64    -7.56 -7.40 -8.28 -8.53 -8.43 -8.38 -7.27 -7.41 -8.39 -9.15 -8.97 

 Pyrite FeS2 -209.98    -7.59      -205.93 -196.35 -214.76 -212.32 -212.94 -214.43 -187.55 -158.00 -188.52 -192.01 -153.74 

 Schwertmannite Fe8O8(OH)6S
O4 

-1.39      -194.99    18.17 7.06 24.90 12.19 15.99 25.27 32.80 23.83 34.66 30.92 13.63 

 Siderite FeCO3 -18.73     -0.09      -21.04 -35.45 -14.57 -16.82 -16.32 -14.49 -16.26 -15.48 -16.97 -47.92 -46.97 

Mn Hausmannite Mn3O4 -21.30      -23.41      -16.43 -20.84 -11.59 -15.92 -14.61 -11.03 -8.77 -8.91 -3.87 -3.08 NA 

 Manganite MnOOH -4.58      -5.55      -3.04 -4.67 -1.24 -2.75 -2.32 -1.11 -1.05 -1.83 0.54 0.85 NA 

 Pyrochroite Mn(OH) 2 -14.51       -14.48       -12.62 -13.66 -11.32 -12.73 -12.32 -11.13 -9.07 -7.63 -7.35 -7.23 NA 

 Pyrolusite MnO2:H2O -2.16      -4.25      -1.03 -3.32 1.23 -0.31 0.16 1.37 -0.51 -3.52 0.95 1.47 NA 

 Rhodochrosite MnCO3 -13.93     -30.64     -17.40 -31.92 -10.13 -12.12 -11.71 -9.98 -12.89 -11.94 -12.44 -42.64 NA 

Zn Smithsonite ZnCO3 -16.00     -32.66     -19.44 -34.03 -12.59 -14.56 -14.13 -12.31 -15.16 -14.46 -15.10 -45.52 NA 

 Sphalerite ZnS -120.86    -112.89    -118.10 -113.36 -122.38 -121.62 -121.77 -121.91 -105.95 -88.40 -105.26 -106.97 NA 
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 Zn(OH)2(e) Zn(OH)2 -11.67      -11.59      -9.76 -10.86 -8.88 -10.27 -9.84 -8.56 -6.44 -5.25 -5.11 -5.22 NA 

Ca Anhydrite CaSO4 -0.55      -0.62      -0.46 -0.51 -0.27 -0.26 -0.25 -0.23 -0.21 -0.20 -0.12 -0.12 -0.25 

 Aragonite CaCO3 -15.04     -31.68     -18.32 -32.93 -10.94 -12.94 -12.53 -10.73 -13.61 -12.66 -13.10 -43.30 -42.66 

 Calcite CaCO3 -14.89     -31.53     -18.17 -32.78 -10.79 -12.79 -12.38 -10.58 -13.45 -12.51 -12.94 -43.14 -42.51 

 Gypsum CaSO4: 2H2O 3.61       -0.20      -0.04 -0.09 0.15 0.16 0.17 0.18 0.20 0.22 0.29 0.29 0.15 

CH4 CH4 (g) CH4 -140.97    -149.67    -143.50 -152.23 -141.48 -141.32 -141.50 -141.13 -130.18 -112.90 -130.40 -162.20 -139.85 

S Sulphur S -90.42     -84.53     -90.27 -85.61 -94.45 -92.48 -93.02 -94.39 -84.53 -72.62 -85.43 -86.67 -70.62     

O O2 (g) O2 -6.33      -10.57     -7.85 -10.34 -5.93 -6.19 -6.07 -6.01 -13.89 -22.80 -14.41 -13.61 -24.47 

CO2 CO2 (g) CO2 -7.53      -24.26     -12.88 -26.36 -6.91 -7.49 -7.50 -6.95 -11.92 -12.42 -13.20 -43.52 -43.22 

H FIX_H+ H+ -2.56      -2.66      -3.58 -3.04 -4.21 -3.49 -3.69 -4.31 -5.34 -6.07 -6.20 -6.26 -6.36 

 H2 (g) H2 -40.16     -38.18     -39.47 -38.30 -40.47 -40.27 -40.31 -40.36 -36.37 -31.93 -36.10 -36.47 -30.93 

 H2O(g) H2O -1.76      -1.78      -1.77 -1.78 -1.78 -1.77 -1.76 -1.77 -1.76 -1.76 -1.76 -1.75 -1.74 

 H2S(g) H2S -124.50    -116.62    -123.65 -117.82 -128.82 -126.66 -127.24 -128.65 -114.81 -98.45 -115.45 -117.06 -95.47 
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Table 23 Geochemical modelling showing the precipitating mineral phases throughout the DAS in week 9 of the treatment using PHREEQC. NOTE all positive values indicate mineral precipitation 
while negative values do not. Positive values have been highlighted. 

Element mineral Phase Formula  Saturation Index (SI) 

   Main 
Inlet 

SP1 SP3 SP6 SP7 SP8 SP9 SP11 SP13 SP15 SP16 SP17 Main 
Outlet 

Al Al(OH)3(a) Al(OH)3 -7.45 -7.39 -6.49 -6.47 -6.01 -5.79 -5.37 -5.32 -4.05 -2.82 0.13 -1.78 -1.71 

 Basaluminite Al4(OH)10SO4 -13.5 -13.57 -10.37 -10.45 -8.94 -8.13 -6.68 -6.53 -2.21 1.83 11.47 5.26 5.36 

 Boehmite AlOOH -4.44 -4.45 -3.48 -3.49 -3.05 -2.81 -2.37 -2.32 -1.05 0.19 3.14 1.25 1.28 

 Gibbsite Al(OH) 3 -4.65 -4.60 -3.69 -3.68 -3.21 -2.99 -2.57 -2.52 -1.25 -0.02 2.93 1.02 1.09 

Fe Fe(OH) 3 (a) Fe(OH) 3 -1.60 -1.64 -0.75 -0.42 -0.24 -0.03 0.38 0.45 1.27 2.51 4.21 2.62 2.62 

 FeS(ppt) FeS -116 -115.29 -117.93 -117.61 -118.09 -119.00 -119.74 -119.74 -112.26 -124.43 -120.41 -117.56 -118.45 

 Goethite FeOOH 3.86 3.86 4.71 5.06 5.24 5.45 5.84 5.91 6.73 7.97 9.67 8.07 8.09 

 Hematite Fe2O3 9.67 9.67 11.36 12.07 12.44 12.85 13.64 13.78 15.42 17.89 21.28 18.09 18.14 

 Mackinawite FeS -116 -114.56 -117.20 -116.88 -117.36 -118.27 -119.00 -119.01 -111.53 -123.70 -6.77 -116.83 -117.72 

 Melanterite FeSO4:7H2O -6.82 -6.70 -186.76 -186.51 -6.62 -6.65 -6.64 -6.64 -5.75 -6.80 -195.76 -6.65 -6.78 

 Pyrite FeS2 -184 -181.62 7.05 9.68 -187.53 -189.21 -190.79 -190.87 -179.20 -200.60 42.07 -189.48 -191.00 

 Schwertmannite Fe8O8(OH)6S
O4 

0.91 0.64 -34.46 -33.92 10.81 12.40 15.33 15.82 21.64 30.65 -15.21 30.74 30.72      

 Siderite FeCO3 -16.1 -48.99 -0.75 -0.42 -35.02 -32.77 -25.63 -31.13 -28.89 -17.33 4.21 -16.30 -17.04 

Mn Hausmannite Mn3O4 -24.7 -24.97 -22.48 -22.32 -21.40 -20.76 -19.81 -19.63 -18.91 -13.62 -8.01 -12.85 -12.30 

 Manganite MnOOH -6.12 -6.34 -5.32 -5.30 -5.01 -4.74 -4.36 -4.30 -4.33 -2.10 -0.39 -2.09 -1.93 

 Pyrochroite Mn(OH) 2 -14.3 -14.38 -13.70 -13.67 -13.42 -13.26 -3.55 -12.92 -12.13 -11.29 -9.08 -10.45 -10.37 

 Pyrolusite MnO2:H2O -5.71 -5.98 -4.78 -4.71 -4.32 -3.98 -22.95 -3.49 -4.36 -0.74 0.46 -1.62 -1.28 

 Rhodochrosite MnCO3 -13.2 -46.26 -31.61 -31.38 -32.36 -30.06 -19.81 -28.46 -27.07 -14.53 -12.40 -13.61 -14.18 

Zn Smithsonite ZnCO3 -15.2 -48.31 -33.87 -33.14 -34.44 -32.13 -25.05 -30.57 -29.20 -16.90 -14.76 -15.88 -16.46 

 Sphalerite ZnS -107 -105.75 -108.44 -107.95 -108.64 -109.48 -110.27 -110.29 -103.69 -115.10 -111.06 -108.24 -108.98 
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 Zn(OH)2(e) Zn(OH)2 -11.4 -11.52 -11.03 -10.51 -10.59 -10.42 -10.17 -10.11 -9.34 -8.75 -6.52 -7.80 -7.74 

Ca Anhydrite CaSO4 -15.2 -0.72 -0.71 -0.67 -0.70 -0.69 -0.72 -0.69 -0.52 -0.49 -0.51 -0.50 -0.51 

 Aragonite CaCO3 -107 -47.37 -32.74 -32.44 -33.45 -31.16 -24.05 -29.53 -28.00 -15.36 -13.29 -14.48 -15.12 

 Calcite CaCO3 -11.4 -47.22 -32.59 -32.29 -33.30 -31.01 -23.89 -29.38 -27.84 -15.21 -13.14 -14.33 -14.97 

 Gypsum CaSO4: 2H2O -15.2 -0.30 -0.27 -0.24 -0.27 -0.26 -0.28 -0.26 -0.08 -0.05 -0.08 -0.06 -0.08 

CH4 CH4 (g) CH4 -126 -158.19 -146.80 -146.56 -148.14 -146.87 -140.79 -146.37 -139.18 -138.59 -134.68 -131.79 -133.20 

S Sulphur S -80.3 -79.25 -81.78 -81.83 -82.36 -83.15 -84.00 -84.07 -79.89 -89.12 -88.30 -84.88 -85.50 

O O2 (g) O2 -13.7 -14.24 -13.22 -13.14 -12.84 -12.50 -12.19 -12.20 -15.52 -9.97 -11.98 -13.42 -12.88 

CO2 CO2 (g) CO2 -6.93 -39.98 -26.01 -25.81 -27.04 -24.89 -18.06 -23.64 -23.03 -11.33 -11.41 -11.25 -11.90 

H FIX_H+ H+ -2.61 -2.63 -2.97 -3.00 -3.13 -3.20 -3.36 -3.40 -3.75 -4.21 -5.34 -4.65 -4.70 

 H2 (g) H2 -36.8 -36.40 -37.07 -37.05 -37.12 -37.35 -37.55 -37.55 -35.90 -38.68 -37.69 -37.02 -37.19 

 H2O(g) H2O -1.81 -1.79 -1.82 -1.81 -1.79 -1.80 -1.81 -1.81 -1.81 -1.81 -1.82 -1.82 -1.81 

 H2S(g) H2S -111 -109.55 -112.75 -112.77 -113.38 -114.39 -115.44 -115.52 -109.68 -121.70 -119.88 -115.79 -116.58 

Cd Cd(OH)2 Cd(OH)2 -15.8 -16.38 -15.42 -15.51 -15.33 -15.19 -14.88 -14.81 -14.07 -12.22 -11.41 -10.42 -11.64 

 CdSO4 CdSO4 -9.95 -10.44 -10.16 -10.31 -10.35 -10.37 -10.37 -10.37 -10.40 -9.45 -10.30 -8.46 -9.69 

 Otavite CdCO3 -15.2 -48.80 -33.88 -33.77 -34.81 -32.53 -25.38 -30.89 -29.55 -16.00 -14.76 -14.12 -15.99 
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Table 24 Geochemical modelling showing the precipitating mineral phases throughout the DAS in week 12 of the treatment using PHREEQC. NOTE all positive values indicate mineral precipitation 
while negative values do not. Positive values have been highlighted. 

Element mineral Phase Formula  Saturation Index (SI) 

   Main 
Inlet 

SP1 SP3 SP6 SP7 SP8 SP9 SP11 SP13 SP15 SP16 SP17 Main 
Outlet 

Al Al(OH)3(a) Al(OH)3 -8.41       -8.25       -7.86       -7.58 -7.45       -7.42       -7.62 -7.64 -7.30 -6.57 -2.95 -6.99 -6.91 

 Basaluminite Al4(OH)10SO4 -16.78       -15.98       -14.15       -13.19 -13.34       -12.97       -13.5 -13.55 -12.43 -9.61 2.03 -11.20 -10.92 

 Boehmite AlOOH -5.38       -5.17       -4.62       -4.33 -4.37       -4.27       9 -4.42       -4.08 -3.34 0.30 -3.68 -3.58 

 Gibbsite Al(OH) 3 -5.61       -5.44       -5.03       -4.74  -4.64       -4.60       -4.43       -4.81       -4.47 -3.74 -0.12 -4.15 -4.06 

Fe Fe(OH) 3 (a) Fe(OH) 3 -2.37       -2.34       -1.86       -1.42 -1.75       -1.79       -1.97       -1.89       -1.09 -1.35 2.38 -1.50 -1.51 

 FeS(ppt) FeS -133.21    -133.34    -134.67    -122.98 -111.51    -122.18    -121.40    -122.70    -122.45 -121.27 -134.65 -121.44 -134.93 

 Goethite FeOOH 3.07       3.08       3.48       3.92 3.67       3.60  3.39       3.46       4.25 3.99 7.71 3.80 3.78 

 Hematite Fe2O3 8.10       8.11       8.89       9.77 9.29       9.14       8.72       8.85       10.45 9.92 17.36 9.52 9.48 

 Mackinawite FeS -132.48    -132.61    -133.94    -122.25 -110.77    -121.45    -120.67    -121.97    -121.72 -120.54 -133.92 -120.70 -134.20 

 Melanterite FeSO4:7H2O -8.87     -8.86     -8.87     -7.34 -6.41      -7.63     -7.68     -7.76     -7.22 -7.46 -8.20 -7.79 -9.38 

 Pyrite FeS2 -210.74    -210.95 -213.46    -194.32 -175.14    -192.84    -191.37    -193.57    -193.77 -191.68 -217.40 -191.84 -214.35 

 Schwertmannite Fe8O8(OH)6S
O4 

-4.74      -4.50      -1.01      2.32 -0.37      -0.66      -2.13      -1.47      4.69 2.48 29.39 1.05 0.84 

 Siderite FeCO3 -4.74      -19.85     -19.53     -42.20 -48.10     -49.55     -51.82     -36.24     -16.18 -32.19 -13.98 -36.53 -19.64 

Mn Hausmannite Mn3O4 -22.86      -22.87      -21.89      -23.84 -25.99      -23.75      -24.12      -23.81 -22.43 -23.85 -11.18 -22.65 -19.79 

 Manganite MnOOH -4.86      -4.79      -4.20      -5.27 -6.65      -5.42      -5.51      -5.32 -4.85 -5.36 -0.59 -4.86 -3.40 

 Pyrochroite Mn(OH) 2 -14.90       -14.86       -14.47       -14.27 -14.29       -14.25       -14.26       -14.23       -13.79 -14.13 -10.95 -13.63 -13.66 

 Pyrolusite MnO2:H2O -2.73      -2.75      -2.34      -4.68 -7.01      -4.75      -5.05      -4.77      -4.26 -4.98 1.34 -4.68 -1.75 

 Rhodochrosite MnCO3 -14.79     -14.92     -14.54     -38.71 -45.61     -45.81     -48.01     -32.33     -12.59 -28.87 -9.62 -32.58 -14.22 

Zn Smithsonite ZnCO3 -16.94     -16.96     -16.70     -40.76 -47.83     -48.11     -50.31     -34.61     -14.74 -31.26 -12.19 -35.20 -16.99 

 Sphalerite ZnS -121.54    -121.53    -122.85    -112.56 -102.32    -111.79    -110.92    -112.09    -112.04 -111.36 -123.87 -111.10 -123.26 

 Zn(OH)2(e) Zn(OH)2 -12.12      -11.97      -11.68      -11.37 -11.59      -11.62      -11.62      -11.57      -10.99 -11.58 -8.57 -11.30 -11.48 

Ca Anhydrite CaSO4 -0.56      -0.77      -0.59      -0.58 -0.44      -0.47      -0.43      -0.40      -0.28 -0.54 -0.28 -0.28 -0.41 

 Aragonite CaCO3 -15.73     -16.07     -15.51     -39.70 -46.45     -46.69     -48.85     -33.15     -13.51 -29.54 -10.32 -33.25 -14.89 

 Calcite CaCO3 -15.58     -15.92     -15.35     -39.54 -46.30     -46.53     -48.70     -32.99     -13.36 -29.39 -10.17 -33.10 -14.74 

 Gypsum CaSO4: 2H2O -0.12      -0.32      -0.11      -0.11 0.00      -0.01      0.03      0.07      0.19 -0.07 0.20 0.20 0.08 

CH4 CH4 (g) CH4 -141.96    -142.26    -143.58    -157.78 -154.13    -163.82    -165.17    -150.74    -131.74 -146.26 -142.83 -150.29 -143.80 
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S Sulphur S -90.50     -90.60     -91.87     -84.43 -76.62     -83.69     -83.03     -83.95     -84.39 -83.48 -95.84 -83.53 -92.54 

O O2 (g) O2 -6.73      -6.87      -6.87      -11.95 -16.52     -12.09     -12.70     -12.21     -12.06 -12.82 -6.56 -13.25 -7.35 

CO2 CO2 (g) CO2 -7.98      -8.14      -8.13      -32.50 -39.40     -39.63     -41.81     -26.17     -6.86 -22.80 -6.73 -26.99 -8.61 

H FIX_H+ H+ -2.38      -2.39      -2.58      -2.70 -2.70      -2.71      -2.72      -2.73      -2.80 -2.77 -4.38 -3.04 -3.11 

 H2 (g) H2 -40.38     -40.44     -40.85     -38.31 -35.59     -37.99     -37.80     -38.12 -38.19 -37.85 -41.01 -37.85 -40.83 

 H2O(g) H2O -1.83      -1.85      -40.85     -1.91 -1.84      -1.87      -1.89      -1.90      -1.90 -1.90 -1.91 -1.94 -1.94 
 H2S(g) H2S -124.77    -124.92    -1.91      -116.59 -106.09    -115.55    -114.69    -115.93    -116.44 -115.18 -130.71 -115.22 -127.21 

Cd Cd(OH)2 Cd(OH)2 -17.59      -17.56      -17.19      -15.23 -15.21      -15.44      -15.42      -15.32      -14.73 -14.96 -11.92 -14.55 -14.42 
 CdSO4 CdSO4 -11.19     -11.21 -11.30     -9.52 -9.40      -9.70      -9.69      -9.63      -9.26 -9.65 -9.52 -9.53 -9.49 
 Otavite CdCO3 -18.02     -18.16     -17.79     -40.20 -47.06     -47.53     -49.70     -33.96     -14.06 -30.22 -11.13 -34.03 -15.50 



 

6.6 Discussion 
6.6.1 Solids Mineralogy Using XRD and XRF and SEM 

From the XRD results (Table 19), calcite was identified as the dominant mineral present throughout 

the DAS. There were also additional traces of albite which likely came from residual silicate minerals 

present. Traces of quartz, bassanite, and muscovite were also present in all of the XRD samples apart 

from the last sample in which Kaolinite was also observed. An assumption can be made that there are 

significantly more mineral phases; however, most authors agree that XRD is not a suitable technique 

for the examination of spent organic substrates (Uster, 2015). The XRF results identified possible iron 

sulphides (FeS2) and gypsum (CaSO4). Similar spherical precipitates containing Fe and S have been 

reported by other studies and were also observed in the top layers of DAS-2 (Gibert et al., 2003). With 

that said, sulphides are only really observed in reducing environments and the other analyses present 

suggest that their precipitation is unlikely due to an ingress in O2 present throughout the system.  

 

The SEM and XRF analyses proved that the multistep nature of the DAS worked as intended with DAS-

1 showing higher traces of Fe and DAS-2 showing higher traces of Al. Mn, Zn, Cu, Ni, and Cd traces 

were found to be decreasing throughout the system (Table 20 and Figures 41 – 44). Moreover, the 

analyses indicated that more metal accumulation was occurring within DAS-1 rather than DAS-2; these 

findings were consistent with the metal analyses conducted. The analyses also demonstrated how 

sulphur content was found to be throughout the system likely binding to the organic and alkaline 

materials during precipitation. These observations concurred with the water chemistry results. The 

fluctuating HRT over the treatment period can also be attributed to the differing metal removal 

mechanisms. As more Fe accumulation took place than S, it suggests that sulphate precipitation was 

not the only removal pathway for Fe but remains a vital removal mechanism in these systems. 

 

Overall, the XRF, XRD and SEM analyses showed how as the AMD progressed throughout the system 

metals and sulphur were continuously being removed with the majority of the precipitates being 

constrained in DAS-1 and DP1. Therefore, it can be assumed that the reactive contents of DAS-1 

dissolved faster, which aligns with what was observed. It also suggests that as metals were 

accumulating, they were also continually released back in solution because of the faster dissolution; 

hence the metal fluctuations observed during weeks 9-12 (Figures 34 - 36). 

 

6.6.2 Geochemical Modelling 

PHREEQC allowed for the identification of possible removal mechanisms taking the place of the 

primary metals, more specifically, Fe and Al. The metal removal mechanisms were a product of 
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precipitating (oxy)hydroxides, hydroxysulphates, and oxides (Tables 21 - 24). The negative SI values 

for Fe and Zn sulphides are likely thanks to the ingress of O2 creating the desired aerobic 

microenvironments. The analyses further endorse the notion that an ingress of O2 with PHREEQC 

predicting that pyrite would not precipitate. The trace metals present were primarily predicted to 

precipitate as sulphates (i.e. sphalerite and an amorphous ZnS phase); however, the SI values were 

negative. The model was not able to make predictions for either Ni and Cu as their concentrations 

were likely too low to allow for the precipitation minerals. Instead, it can be surmised that a significant 

removal mechanism was through co-precipitation or with adsorption onto Fe-Al-Mn oxides. 

 

The solid phases precipitated within the reactive material revealed the presence of numerous 

precipitation zones consisting of hematite and goethite horizons throughout DAS-1 with 

schwertmannite and Fe(OH)3 precipitating at lower depths. Fe minerals, although precipitating 

throughout the DAS, were undoubtedly waning as the AMD progressed through the system. Although 

not present in XRD due to its amorphous nature, the predicted mineral phases of Al were 

hydrobasaluminite, boehmite, gibbsite and Al(OH)3 which were present from SP9 onwards. Likewise, 

from SP9, the presence of Ca confirmed the existence of gypsum. Gypsum was the only mineral phase 

detected suggesting that any recovered Ca confirmed the complete calcite dissolution along the Fe 

precipitation zones. This observation supports the efficiency in the consumption of the fine grain-type 

of reactive pursued by the DAS design (Rötting et al. 2008a). PHREEQC also illustrated the possible 

implications of a reducing pH, showing an overlap in precipitates in DAS-2; leading to its eventual 

clogging 

 

6.7 Conclusions 
This chapter illustrated how the use of elemental and mineralogical analyses gave an insight into the 

possible metal removal processes but also confirmed (in concurrence with water chemistry data) that 

the multi-step process nature of the DAS works. From a methodological standpoint, the use of multiple 

techniques to distinguish precipitation horizons was undoubtedly useful. However, the nature of the 

samples (being highly heterogeneity and amorphous) proved to be difficult in distinguishing metal 

precipitates for the XRD analyses, hence the overall need for the SEM samples. There were also issues 

with sample preparation (overnight air-drying) which may have affected the speciation of the samples, 

i.e. degradation of the samples over time. The use of Sequential Extraction Procedures (SEP) or 

adsorption edge experiments would have been incredibly useful in identifying what metals 

precipitated; however, the financial and time constraints involved proved to be quite a limiting factor. 

Undoubtedly, it was the use of geochemical modelling in PHREEQC that proved to be the most useful 

instrument in the post-autopsy analysis. 
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Overall the results from the XRD, XRF and SEM analyses showed high metal retention within the DAS-

1 substrates as well as in DP1 and DP2. The analyses also established that the metals were retained as 

hydroxides, sulphates, and oxide minerals; thus, their availability and mobility can be considered as 

low. Additionally, the ingress of oxygen throughout the DAS indeed allowed for an oxygenated 

environment promoting the precipitation of (oxy)hydroxides. Nevertheless, it should be noted that 

Mn was considerably challenging to remove, especially when only using limestone reactors due to it 

being bound to exchangeable and carbonate fractions. It is also evident that although sulphate 

precipitation occurred and is a significant part of any oxidation system, sulphate generation fluctuated 

significantly. This factor suggests the exact processes that led to their removal can only be inferred 

indirectly and the possibility of another mechanism of removal took place, i.e. adsorption onto organic 

matter, and precipitation as carbonates, and hydroxide minerals. 
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7 Final Conclusions, Limitations and Future Recommendations  
 

7.1 Introduction 
The main objective of the present study was to investigate and determine the variability of the AMD 

discharge into the downstream environment through geochemical analysis in order to determine an 

appropriate PTS to install on site. From the potential PTS, the DAS was selected as it was determined 

that more conventional treatment solutions would not ideally function and instead demonstrate early 

clogging due to a loss of porosity and a loss of reactivity as the armouring of the reactive media takes 

place. This central theory was based upon the literature for more established PTS, i.e. RAPS, SAPS, or 

limestone drains and through demonstrating the DAS’ effectiveness infield. Associated with this 

hypothesis were four central questions: 

 

1. How do the physical parameters of the DAS (i.e. grain size and substrate ratios) affect the 

overall performance of the DAS; 

2. How does the treatment effectiveness change with time; 

3. How does the treatment work through the whole system (Fe removal in the first reactor 

and Al in the second reactor); and  

4. In which forms are the metals retained in the substrate mixtures (what are the metal 

removal mechanisms taking place)? 

 

7.2 Main findings  
Chapter 3 characterised the James Mine as a highly contaminated site which is defined by its high 

metal, acidity and sulphate concentrations. When compared the TVs, it is evident that the local 

environment is exceedingly disturbed and remains a clear example of how disruptive AMD can be to 

the downstream environment. From the data collected it was concluded that the James Mine would 

be best-suited to an oxidising system due to the chemical signature of the AMD. Upon further 

examination, it was decided that the DAS would be the most appropriate system to implement. The 

DAS design allowed for the accumulation of metal removal mechanisms, with calcite dissolution as 

the primary mechanism controlling the removal of trivalent metals. By applying a fine-grained reactive 

substrate mixed with a coarse inert substrate so that the surfaces of the inert matrix are partially 

covered with the reactive substance. The fine-grained alkaline reagent not only retarded the 

passivation process but almost entirely dissolve before the process can occur. The finer grained 

material also provided a large reactive surface, allowing for an increased dissolution rate and would 

be eventually efficiently consumed. 



Carlos Hillman   116 

Once the James Mine was characterised and the DAS was selected hydraulic and geotechnical 

laboratory trials began. From the laboratory trials, the hydraulic parameter profiles (i.e. porosity and 

SHC) of the calcite columns demonstrated the multi-stepped process of targeting specific metals at 

specific points throughout the treatment process. More in-depth hydraulic profiles found in the 

literature suggest that metal precipitates, like all PTS, reduce permeability over time although as the 

Ca dissolution takes place the porosity levels increase. The DAS columns were able to remove 

approximately 1336 mg CaCO3/L of acidity which can be attributed to metals intentionally 

accumulating in the DAS columns and the settling columns allowing for metal hydrolysis and the 

release of protons to take place increasing the rate of Ca dissolution. Additionally, the MgO-DAS 

column illustrated the multi-layered systems ability to remove more difficult metals (i.e. Mn). It has 

been shown that column experiments facilitate a very realistic estimation. 

 

The infield treatability section demonstrated the potential for the DAS to remediate the influent AMD 

successfully over a short period. The DAS successfully treated the James Mine AMD over the first 8 of 

operating before diminishing during weeks 9 – 12. It was during this period that the system exhibited 

definite signs of malfunctioning with the lower levels alkalinity generation, metal removal efficiencies 

as well as heavily fluctuating sulphate concentrations. The overall decreasing efficiency observed 

suggests that the relatively small amount of the limestone used had reached its neutralising 

capabilities resulting in the diminution of the treatment performances. From this, the data analyses 

observed showed that the CaCO3 dissolution was responsible for the majority of the alkalinity being 

generated but was likely fighting against the sulphate being generated (sulphate removal would be 

responsible for alkalinity generation alongside neutralising material). 

 

The post-treatment autopsies showed that the DAS retained large quantities of metals within the 

substrate mixtures and that most metals were not retained and were more mobile in a primary non-

bioavailable form. The metal removal mechanisms are thought to have included precipitation of 

sulphates, (oxy)hydroxides, carbonates, co-precipitation and adsorption. Mn was generally retained 

in a more labile form compared to the other metal of concerns, through both adsorption onto organic 

matter and the precipitation of carbonate mineral. 

 

From the main findings presented above, the DAS demonstrated the following conclusive points:  

 

1. The DAS offers an inexpensive, alternative and an appealing solution to AMD treatment. This 

remains true for highly contaminated sites with either heavy trivalent or divalent 
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concentrations, especially when met with difficult topography. Although there were issues 

with longevity of the DAS used at the James Mine, when compared to literature, the size 

variations surrounding the used in-field experiment shed some light into its short lifespan as 

they were almost triple the size. Generally speaking, the DAS is a short-term PTS 

(approximately lasting 12 – 20 months (site specific)). However, it remains an affordable price 

to pay to remediate high acidity AMD with its modest use of land and its reactive substrate 

consumed without any significant armouring problems leading to a total acidity removal much 

higher than other passive remediation systems.  

 

2. Physical parameters such as substrate grain sizes and substrate ratios used determine the 

functionality of the DAS. Deciding on the physical parameters before installation is essential 

as they will determine where metals precipitate out in the system and how the system 

performs from a hydraulic and geotechnical perspective. 

 

3. The use of fine-grained reactive substrate offers a sustainable and alternative means to 

coarser grained materials as they not only easily passivated but also cost significantly more 

than finer grained material, especially as aggregate limestone is less sort after (tonne of 

aggregate limestone approximately costing $40 NZD). More importantly, the finer grains are 

readily dissolved and therefore increasing Ca dissolution but also removing the substrate 

entirely so that the reactors can not only be easily refilled, but there is also no material 

wastage.  

 
4. Although PTS such as bioreactors may utilise mussel shells which have been recorded as 

showing better results in comparison to limestone treatments. The DAS promotes high 

trivalent metal precipitation while removing excess acidity levels greater than 1500 mg 

CaCO3/L. The additionally application of an MgO reactor is been proven to be able to remove 

highly divalent metal concentrations. 

 
5. The multi-step nature of the DAS allows for precise and decisive metal removal by targeting 

specific pH levels within each tank. This is especially necessary when attempting to remove 

divalent metals or Mn with a MgO-DAS as the overabundance of precipitates would lead to 

substantial issues concerning porosity. Although this process has shown to be extremely 

useful, a completely full-scale multi-stepped PTS is required.  
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6. Undoubtedly the HRT of any PTS is essential, increasing the HRT results in greater contaminant 

removal. However, this is indeed a challenging prospect to navigate as an optimal HRT must 

meet a specific effluent quality to keep not only the treatment time but also the average 

retention time to optimal specifications. 

 

7.3 Limitations of the Present Study 
The main finding and conclusions of each chapter illustrate not only the promising results of the DAS 

but also its inherent short-comings; namely the geotechnical aspects (the reactive substrate used) 

which led to hydraulic problems and eventually caused flow-rate issues. The observed changes in the 

HRT were linked to a natural decrease in permeability; which was inevitable due to the high trivalent 

metal concentrations. The high trivalent metal concentrations meant that the high acidity 

concentrations were the primary cause of a significantly diminished neutralising capacity within DAS-

1. Furthermore, it can be surmised that the flow-rate entering the DAS-1 was higher than what could 

be handled or what the saturation index of Ca dissolution in DAS-1 was capable of treating. The impact 

of this unsurprisingly led to both Fe and Al precipitating in DAS-2 causing failure from being clogged. 

The use of impact assessments or hydrodynamic models may have alleviated some of the issues as 

well as better estimating an appropriate HRT. Conducting such evaluations before and during 

treatment would be undoubtedly useful.  

 

The DAS was designed to be an oxidising system; however, the use of organic material and a drop in 

DO levels could eventually lead to a reducing system as the possibility of fermenting processes 

necessary for sulphate-reducing microorganisms take place. As microbial analyses were absent from 

this study but would have interesting to examine. Moreover, distinguishing if there was any microbial 

activity would be a significant addition to the testing regime.  

 

7.4 Future Endorsements 
The present study illustrates how the DAS operated during its infield experiment against highly 

contaminated AMD. By conducting pre-treatments experiments to gain an understanding of both the 

spatial and temporal scales before the DAS is proposed could prove useful for establishing substrate 

degradation rates. As the DAS often contains organic material, there are opportunities for future 

studies to examine the mass balances taking place; especially on the absorption rates.  

 

As previously mentioned the degradation of the reactive substrate was a direct result of the hydraulic 

behaviour observed. More long-term projects should ideally produce guidelines to recommend ideal 
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operating designs, substrate ratios and compositions with an associated HRT. Additionally, future 

research would build upon the design parameters of the DAS such as flow direction, the size and shape 

of the systems which will affect the hydraulic parameters and the overall treatment performances of 

the DAS (Ayora et al., 2013). Of course, there must be an understanding that AMD is site-specific and 

with the DAS being a relatively new conception more research must be undertaken before any 

guidelines can be established.  

 

Finally, as with any PTS, the waste associated with spent substrates is a concern. Although the reactive 

substrate is likely to have dissolved away, there is still the matter of the organic and metal precipitate 

waste left behind after use. Like with RAPS or SAPS, metal particulates remain adsorbed on to the 

organic material creating issues for correct disposal (Uster, 2015; Zagury & Neculita, 2007a). Future 

research should also comprise of pre-treatment analyses into the materials used and if any leachate 

from the DAS would have adverse effects on the surrounding system. This would, in turn, assist in the 

evaluation of potential waste materials and the longevity of the system and any potential guidelines 

established. This would also be benefited by the use of SEP to evaluate organic material. 

 

8 LIST OF APPENDICES 
 

Appendix 1: Initial water quality raw data at the James Mine Site including: in-situ parameters (pH, 

ORP, conductivity, temperature, dissolved oxygen), alkalinity and acidity, sulphate, and metals 

(effluent total and dissolved concentrations). 

 

Appendix 2: Initial water quality raw data at the Upstream Cannel Creek including: in-situ parameters 

(pH, ORP, conductivity, temperature, dissolved oxygen), sulphate, and metals (effluent total and 

dissolved concentrations). 

 

Appendix 3: Initial water quality raw data at the Downstream Cannel Creek Site including: in-situ 

parameters (pH, ORP, conductivity, temperature, dissolved oxygen), sulphate, and metals (effluent 

total and dissolved concentrations). 

 

Appendix 4: Laboratory raw data including: grain sizes used, flow rates, in-situ parameters (pH), 

acidity, sulphate, and metals (influent, effluent and pore-water, total and dissolved concentrations). 
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Appendix 5: Treatment water quality raw data including: in-situ parameters (pH, conductivity, 

temperature, dissolved oxygen), alkalinity and acidity, sulphate, and metals (influent, effluent and 

pore-water, total and dissolved concentrations). 

 

Appendix 6: Post autopsy data (XRD, XRF, SEM and PHREEQC input parameters).  
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8.1 Appendix 1 
Raw Metal Results for The Initial Sampling Period at The James Mine Site 
Table 25 Raw results for total metals present during the initial sampling period at the James Mine Site 

Date Fe Al Mn Zn  Ni Sulphate 

09/08/2017 97 130 4.8 0.93 0.45 2300 

05/09/2017 118 161 6.4 1.03 0.57 2600 

20/09/2017 123 150 5.6 1.07 0.55 2600 

12/10/2017 114 145 5.9 1 0.48 2900 

29/10/2017 112 158 5.7 0.99 0.54 2500 

12/11/2017 120 148 5.3 0.92 0.44 2700 

21/11/2017 119 176 6.2 1.1 0.54 2700 

05/01/2018 124 144 5.4 0.87 0.46 2500 

22/01/2018 103 146 5 0.81 0.41 2400 

26/01/2018 103 136 5.2 0.88 0.43 2500 

03/02/2018 99 146 5.1 0.9 0.4 2400 

Average 112 149 5.51 0.95 0.48 2554 

 

 

Table 26 Raw results for dissolved metals present during the initial sampling period at the James Mine Site 

Date Fe Al Mn Zn  Ni Sulphate 

09/08/2017 92 130 4.8 0.91 0.46 2300 

05/09/2017 114 149 6.1 1.08 0.55 2600 

20/09/2017 117 144 5.3 1.05 0.53 2600 

12/10/2017 118 155 5.3 1.04 0.56 2900 

29/10/2017 92 127 4.8 0.99 0.54 2500 

12/11/2017 104 152 4.9 1.06 0.39 2700 

21/11/2017 124 173 5.9 1.01 0.41 2700 

05/01/2018 117 135 5.3 0.89 0.46 2500 

22/01/2018 103 147 5.5 0.84 0.4 2400 

26/01/2018 100 139 5.1 0.87 0.43 2500 

03/02/2018 95 137 5.1 0.78 0.4 2400 

Average 106.91 144.36 5.28 0.96 0.47 2554.55 
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Table 27 Raw results for the insitu-parameters present during the initial sampling period at the James Mine Site 

Date Temperature Conductivity 

(mS/cm) 

Conductivity 

(uS/cm) 

DO% DO (mg/L) pH ORP 

09/08/2017 15.75 3.52 2776 41.40 4.26 2.56 604.50 

05/09/2017 14.45 3.23 2583 53.40 5.37 2.61 589.00 

20/09/2017 13.61 3.89 3042 38.90 3.99 2.57 552.90 

12/10/2017 14.55 3.60 2879 49.00 4.94 2.55 543.00 

29/10/2017 14.57 3.60 2865 45.30 4.56 2.45 573.50 

12/11/2017 14.26 3.65 2900 42.30 4.28 2.44 584.00 

21/11/2017 14.04 3.62 2862 31.70 2.23 2.45 555.90 

05/01/2018 14.53 3.63 3019 30.10 3.03 2.42 536.50 

22/01/2018 14.54 6.96 5570 23.10 2.30 2.71 470.10 

26/01/2018 14.78 6.65 5351 27.00 2.67 2.72 562.30 

03/02/2018 14.78 6.65 5351 26.80 2.67 2.71 562.40 

Average 14.53 4.45 3563 37.18 3.66 2.56 557.65 

 

 

Table 28 Raw results for the flow rate, acidity and acidity load present during the initial sampling period at the James Mine 

Site. Based on total metals 

Date Flow rate (L/s) Acidity (mg CaCO3/L) Acidity load (Tonnes CaCO3/s) 

09/08/2017 0.30 1133.00 0.028 

05/09/2017 0.30 1350.00 0.034 

20/09/2017 0.21 1313.00 0.027 

12/10/2017 0.31 1267.00 0.039 

29/10/2017 0.25 1371.00 0.035 

12/11/2017 0.20 1340.00 0.027 

21/11/2017 0.12 1491.00 0.019 

05/01/2018 0.11 1336.00 0.015 

22/01/2018 0.07 1198.00 0.089 

26/01/2018 0.14 1143.00 0.016 

03/02/2018 0.18 1187.00 0.021 

Average 0.20 1284.45 0.032 
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Table 29 Raw results for the flow rate, acidity and acidity load present during the initial sampling period at the James Mine 

Site. Based on dissolved metals  

Date Flow rate (L/s) Acidity (mg CaCO3/L) Acidity load (Tonnes CaCO3/s) 

09/08/2017 0.30 1119 0.097 

05/09/2017 0.30 1272 0.11 

20/09/2017 0.21 1263 0.023 

12/10/2017 0.31 1333 0.024 

29/10/2017 0.25 1143 0.025 

12/11/2017 0.20 1320 0.023 

21/11/2017 0.12 1491 0.015 

05/01/2018 0.11 1268 0.013 

22/01/2018 0.07 1332 0.008 

26/01/2018 0.14 1283 0.015 

03/02/2018 0.18 1133 0.014 

Average 0.20 1268.818182 0.033363636 
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8.2 Appendix 2 
Raw Metal Results for The Initial Sampling Period at The Upstream Cannel Creek Site 
Table 30 Raw results for total metals present during the initial sampling period at the Upstream Cannel Creek Site 

Date Fe Al Mn Zn  Ni Sulphate 

09/08/2017 1.18 0.95 1.52 0.01 0.00 15 

05/09/2017 7.20 6.40 2.00 0.07 0.02 148 

20/09/2017 3.80 3.40 0.12 0.04 0.01 98 

12/10/2017 2.90 3.00 0.10 0.03 0.01 72 

29/10/2017 4.60 4.50 0.25 0.06 0.02 110 

12/11/2017 5.40 5.30 0.24 0.05 0.02 124 

21/11/2017 6.30 8.60 0.79 0.11 0.03 191 

05/01/2018 4.80 4.80 0.53 0.05 0.02 196 

22/01/2018 7.70 6.40 0.29 0.07 0.02 156 

26/01/2018 5.80 5.70 0.37 0.07 0.03 187 

03/02/2018 3.50 2.40 0.14 0.03 0.01 73 

Average 4.83 4.68 0.58 0.05 0.02 124 

 

 

Table 31 Raw results for dissolved metals present during the initial sampling period at the Upstream Cannel Creek Site 

Date Fe Al Mn Zn  Ni Sulphate 

09/08/2017 0.88 0.7 0.026 0.0054 0.002 15.9 

05/09/2017 6.8 6 1.99 0.067 0.023 148 

20/09/2017 3.2 3.3 0.123 0.042 0.0137 98 

12/10/2017 2.1 2.7 0.094 0.029 0.0112 72 

29/10/2017 2.8 3.5 0.26 0.06 0.0178 110 

12/11/2017 4 4.3 0.26 0.054 0.0177 124 

21/11/2017 6.4 8.1 0.45 0.093 0.03 191 

05/01/2018 3.5 3.7 0.53 0.052 0.022 196 

22/01/2018 7 6.4 0.32 0.073 0.025 156 

26/01/2018 4.9 5.7 0.36 0.069 0.026 187 

03/02/2018 4.9 5.7 0.26 0.069 0.026 73 

Average 4.22545455 4.55454545 0.42481818 0.05576364 0.01949091 124.6272727 
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Table 32 Raw results for the insitu-parameters present during the initial sampling period at the Upstream Cannel Creek Site 

Date Temperature Conductivity 

(mS/cm) 

Conductivity 

(uS/cm) 

DO% DO (mg/L) pH ORP 

09/08/2017 8.87 0.37 254.00 94.70 10.97 3.56 518.40 

05/09/2017 10.42 0.07 52.00 95.00 10.63 5.25 317.80 

20/09/2017 8.43 0.46 312.00 96.80 11.33 3.35 453.20 

12/10/2017 9.66 0.31 215.00 101.20 11.51 3.61 453.80 

29/10/2017 11.06 0.24 176.00 99.70 10.97 3.66 432.20 

12/11/2017 10.86 0.32 230.00 76.20 8.42 3.63 435.60 

21/11/2017 11.23 0.36 266.00 76.20 8.34 3.46 457.10 

05/01/2018 16.43 0.99 824.00 81.10 7.91 3.72 443.50 

22/01/2018 17.42 0.89 757.00 88.70 8.47 3.53 463.60 

26/01/2018 15.23 0.92 798.00 81.60 7.92 3.62 457.10 

03/02/2018 12.78 0.89 757.00 88.70 8.47 3.53 463.60 

Average 12.04 0.53 421.91 89.08 9.54 3.72 445.08 
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8.3 Appendix 3 
Raw Metal Results for The Initial Sampling Period at The Downstream Cannel Creek Site 
Table 33 Raw results for total metals present during the initial sampling period at the Downstream Cannel Creek Site 

Date Fe Al Mn Zn  Ni Sulphate 

09/08/2017 1.47 1.49 2.10 0.01 0.00 23 

05/09/2017 11.80 14.00 3.10 0.12 0.05 270 

20/09/2017 7.40 8.90 0.32 0.08 0.03 192 

12/10/2017 5.00 6.60 0.23 0.05 0.02 131 

29/10/2017 7.10 9.70 0.44 0.10 0.03 194 

12/11/2017 8.40 10.10 0.44 0.09 0.04 198 

21/11/2017 11.90 18.40 0.79 0.16 0.06 360 

05/01/2018 12.60 17.00 0.91 0.11 0.06 390 

22/01/2018 10.50 13.20 0.51 0.10 0.04 260 

26/01/2018 10.20 14.90 0.74 0.12 0.05 350 

03/02/2018 4.30 4.00 0.20 0.04 0.01 104 

Average 8.24 10.75 0.89 0.09 0.04 225 

 

 

Table 34 Raw results for dissolved metals present during the initial sampling period at the Downstream Cannel Creek Site 

Date Fe Al Mn Zn  Ni Sulphate 

09/08/2017 0.98 1.12 2.10 0.01 0.00 23 

05/09/2017 11.00 13.40 3.00 0.12 0.05 270 

20/09/2017 6.30 8.70 0.31 0.04 0.03 192 

12/10/2017 4.10 6.30 0.22 0.05 0.02 131 

29/10/2017 5.20 8.10 0.44 0.09 0.03 194 

12/11/2017 6.40 8.60 0.44 0.09 0.04 198 

21/11/2017 11.60 18.40 0.80 0.14 0.06 360 

05/01/2018 10.50 13.60 0.93 0.12 0.06 390 

22/01/2018 9.60 12.70 0.57 0.11 0.04 260 

26/01/2018 9.60 15.30 0.72 0.13 0.05 350 

03/02/2018 3.70 4.00 0.20 0.04 0.01 104 

Average 7.18 10.02 0.88 0.09 0.04 225 
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Raw In-situ Parameters Results for the Initial Sampling Period at The Downstream Cannel Creek Site 
Table 35 Raw results for the insitu-parameters present during the initial sampling period at the Downstream Cannel Creek 

Site 

Date Temperature Conductivity 

(mS/cm) 

Conductivity 

(uS/cm) 

DO% DO (mg/L) pH ORP 

09/08/2017 8.93 0.248 167 93.3 10.86 3.81 482 

05/09/2017 10.42 0.092 66 95.1 10.6 4.57 404.1 

20/09/2017 8.61 0.705 485 94.1 10.95 3.22 470.7 

12/10/2017 9.69 0.511 362 99.9 11.35 3.32 494.5 

29/10/2017 11.09 0.359 264 94.8 10.42 2.38 476.9 

12/11/2017 10.92 0.508 371 75.2 8.29 3.26 481.3 

21/11/2017 15.75 1.694 1395 87.5 8.64 3.3 489 

05/01/2018 17.69 1.307 1124 87.9 8.35 3.64 482 

22/01/2018 15.82 1.203 1253 89.2 8.7 3.34 475 

26/01/2018 15.75 1.304 1353 88.5 8.68 3.28 489 

03/02/2018 17.69 1.307 1124 95.6 10.3 3.43 479.7 

Average 12.94 0.84 724.00 91.01 9.74 3.41 474.93 
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8.4 Appendix 4 
Raw Metal Results for The Laboratory Trials 
 
Table 36 Downflow raw results for total metal removal and sulphate generation  

 
AMD Influent DAS 1 SP1 SP2 DAS 2 SP3 SP4 

Al 148 1.15 2.2 0.43 0.38 0.48 0.089 

Fe 120 2.5 1.96 1.73 2.1 2.3 0.1 

Mn 5.3 6.2 5.5 5.3 5.7 5.7 4.7 

Ni 0.44 0.32 0.27 0.26 0.32 0.35 0.82 

Zn 0.92 0.61 0.55 0.53 0.54 0.61 0.052 

Sulphate 3,700 3500 3550 3150 2750 2350 2100 

 

 

Table 37 Upflow raw results for dissolved metal removal and sulphate generation 

 
AMD Influent DAS 1 SP1 SP2 DAS 2 SP3 SP4 

Al 148 116 108 76 1.14 0.166 7.8 

Fe 120 31 17.5 4.5 1.51 0.73 2.3 

Mn 5.3 5.8 5.9 5.4 5.1 4.4 5.3 

Ni 0.44 0.47 0.43 0.36 0.24 0.178 0.28 

Zn 0.92 1.04 1 0.82 0.5 0.32 0.61 

Sulphate 3,700 3300 3100 2900 2700 2500 2300 

 

Raw In-situ Parameters Results for the Laboratory Trials 
 
Table 38 Acidity Removal and the associated flow rate  

 

Flow Rate Downflow setup for 

acidity removal 

Flow Rate Upflow setup for 

acidity removal 

AMD 0.05454 1336 0.05454 1336 

DAS 1 - 28 - 760 

SP1 - 29 - 674 

SP2 - 18 - 453 

DAS 2 - 20 - 21 

SP3 - 21 - 12 

SP4 0.05454  0.05454 0 

 

 



 

Raw Tabulated Data and Results for During The Experimental Phase of DAS-1 
 
Table 39 Raw tabulated data for during the experimental phase of DAS-1 

    Cylinder 1 
(500mL) 

Cylinder 2 
(500mL) 

Cylinder 3 
(500mL) 

Cylinder 4 
(500mL) 

Cylinder 5 
(500mL) 

Cylinder 6 
(500mL) 

Cylinder 7 
(500mL) 

Cylinder 8 
(1000mL) 

Cylinder 9 
(1000mL) 

Cylinder 10 
(1000mL) 

Cylinder 11 
(1000mL) 

Saturated 
Hydraulic 
Conductivit
y (K) 

                        

  A (cm2) 21.237 21.237 21.237 21.237 21.237 21.237 21.237 30.1907 30.1907 30.1907 30.1907 
  ▵H (cm) 5.1 6.4 6 6.5 6.5 6 4.9 3.8 4 3.8 3.8 
  L (cm) 24.9 24.6 24 23.5 23.5 24 25.1 34.2 34 34.2 34.2 
  T (sec) 

(value 1) 
13 33 18 24 23 20 34 50 42 41 55 

  Wv (mL) 
(value 1) 

89 335 265 260 261 270 310 415 475 470 500 

  T (sec) 
(value 2) 

14 23 18 22 23 23 29 51 40 40 52 

  Wv (mL) 
(value 2) 

90 340 270 300 260 280 318 412 470 470 510 

  T (mL) 
(value 3) 

13 27 19 23 23 22 30 50 41 41 53 

  Wv (mL) 
(value 3) 

90 345 267 295 265 270 316 416 479 479 506 

  Q ml/s 
(value 1) 

6.8461538
46 

10.151515
15 

14.722222
22 

10.833333
33 

11.347826
09 

13.5 9.1176470
59 

8.3 11.309523
81 

11.463414
63 

9.0909090
91 

  Q ml/s 
(value 2) 

6.4285714
29 

14.782608
7 

15 13.636363
64 

11.304347
83 

12.173913
04 

10.965517
24 

8.0784313
73 

11.75 11.75 9.8076923
08 

  Q ml/s 
(value 3) 

6.9230769
23 

12.777777
78 

14.052631
58 

12.826086
96 

11.521739
13 

12.272727
27 

10.533333
33 

8.32 11.682926
83 

11.682926
83 

9.5471698
11 

Porosity                         
  Vw (cm3) 300 275 280 250 220 150 219 300 450 415 460 
  Vt (cm3) 528.8013 522.4302 509.688 499.0695 499.0695 509.688 533.0487 1032.5219

4 
1026.4838 1032.5219

4 
1032.5219

4 
Hydraulic 
Retention 
Time 
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  V (cm3) 528.8013 522.4302 509.688 499.0695 499.0695 509.688 533.0487 1032.5219
4 

1026.4838 1032.5219
4 

1032.5219
4 

  ne 0.5673208
44 

0.5263861
09 

0.5493556
84 

0.5009322
35 

0.4408203
67 

0.2942976
88 

0.4108442
62 

0.2905507
27 

0.4383897
73 

0.4019285
05 

0.4455111
14 

 

Table 40 Raw tabulated results for during the experimental phase of DAS-1 

Water 
entrance 

  downflow downflow downflow downflow downflow downflow downflow upflow upflow downflow downflow 

Paramete
rs 

  Cylinder 1 
(500mL) 

Cylinder 2 
(500mL) 

Cylinder 3 
(500mL) 

Cylinder 4 
(500mL) 

Cylinder 5 
(500mL) 

Cylinder 6 
(500mL) 

Cylinder 7 
(500mL) 

Cylinder 8 
(1000mL) 

Cylinder 9 
(1000 mL) 

Cylinder 
10 (1000 
mL) 

Cylinder 
11 (1000 
mL) 

limestone 
size (mm) 

limestone 
size (mm) 

2.38-4.68 2.38-4.69 2.38-4.69 2.38-4.69 2.38-4.69 1 -2.38 1 -2.38 1 -2.38 0-4.69 0-4.69 0-4.69 

Limeston
e % 

Limeston
e % 

12.5 30 17.5 15 30 35 35 25 20 20 15 

notes   �2.5cm 
of gravel 
(10%) 
�25 cm 
of mixed 
reactive 
material - 
bark chip 
77.5% 

�2.5cm 
of gravel 
(10%) 
�25 cm 
of mixed 
reactive 
material - 
bark chip 
60% 

�2.5cm 
of gravel 
(10%) 
�25 cm 
of mixed 
reactive 
material - 
bark chip 
72.5% 

�2.5cm 
of gravel 
(10%) 
�18 cm 
of mixed 
reactive 
material - 
bark chip 
70% 

�2.5cm 
of gravel 
(10%) 
�18 cm 
of mixed 
reactive 
material - 
bark chip 
60% 

�2.5cm 
of gravel 
(10%) 
�18 cm 
of mixed 
reactive 
material -  
bark chip 
55% 

�2.5cm 
of gravel 
(10%) 
�22.5 cm 
of mixed 
reactive 
material - 
bark chip 
55% 

�3.8cm 
of gravel 
(10%) 
�34.2 cm 
of mixed 
reactive 
material - 
bark chip 
55% 

�3.8cm 
of gravel 
(10%) 
�30.5 cm 
of mixed 
reactive 
material - 
bark chip 
55% 

�3.8cm 
of gravel 
(10%) 
�30.5 cm 
of mixed 
reactive 
material - 
bark chip 
55% 

�3.8cm 
of gravel 
(10%) 
�30.5 cm 
of mixed 
reactive 
material - 
bark chip 
55% 

Saturated 
Hydraulic 
Conductiv
ity (K) 

                        

  A (cm2)= 21.237 21.237 21.237 21.237 21.237 21.237 21.237 30.1907 30.1907 30.1907 30.1907 

  i= 0.204819
277 

0.260162
602 

0.25 0.276595
745 

0.276595
745 

0.25 0.195219
124 

0.111111
111 

0.117647
059 

0.111111
111 

0.111111
111 

  Q 
(cm3/sec) 
(ave)= 

6.732600
733 

12.57063
387 

14.59161
793 

12.43192
798 

11.39130
435 

12.64888
011 

10.20549
921 

8.232810
458 

11.58081
688 

11.63211
382 

9.481923
737 
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  K 1.547814
333 

2.275197
719 

2.748338
83 

2.116410
093 

1.939254
437 

2.382423
149 

2.461607
055 

2.454242
337 

3.260505
503 

3.467591
821 

2.826609
308 

Porosity 
(%) 

                        

  Vw (cm3) 
= 

300 275 280 250 220 150 219 300 450 415 460 

  Vt (cm3) = 528.8013 522.4302 509.688 499.0695 499.0695 509.688 533.0487 1032.521
94 

1026.483
8 

1032.521
94 

1032.521
94 

Porosity 
(%) 

Porosity 
(%) 

57% 53% 55% 50% 44% 29% 41% 29% 44% 40% 45% 

Hydraulic 
Retention 
Time 

                        

  V (cm3) = 528.8013 522.4302 509.688 499.0695 499.0695 509.688 533.0487 1032.521
94 

1026.483
8 

1032.521
94 

1032.521
94 

  ne = 0.567320
844 

0.526386
109 

0.549355
684 

0.500932
235 

0.440820
367 

0.294297
688 

0.410844
262 

0.290550
727 

0.438389
773 

0.401928
505 

0.445511
114 

  Q 
(cm3/sec) 
(average)
= 

6.732600
733 

12.57063
387 

14.59161
793 

12.43192
798 

11.39130
435 

12.64888
011 

10.20549
921 

8.232810
458 

11.58081
688 

11.63211
382 

9.481923
737 

  HRT 44.55930
359 

21.87638
29 

19.18909
892 

20.10951
161 

19.31297
71 

11.85875
736 

21.45901
886 

36.43956
114 

38.85736
254 

35.67709
243 

48.51336
214 

pH   3.19 4.2 3.35 3.4 4.13 4.54 4.28 3.4 0 0 0 
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Table 41 Raw tabulated data for during the experimental phase of DAS-2 

    Cylinder 1 
(500mL) 

Cylinder 2 
(500mL) 

Cylinder 3 
(500mL) 

Cylinder 4 
(500mL) 

Cylinder 5 
(500mL) 

Cylinder 6 
(500mL) 

Cylinder 7 
(500mL) 

Cylinder 8 
(1000mL) 

Cylinder 9 
(1000ml) 

Cylinder 
10 
(1000mL) 

Cylinder 
10 
(1000mL) 

Saturated 
Hydraulic 
Conductiv
ity (K) 

                        

  A (cm2) 21.237 21.237 21.237 21.237 21.237 21.237 21.237 30.1907 30.1907 30.1907 30.1907 

  ▵H (cm) 6.6 5 6.5 5.1 5 6.5 5.5 6.8 4 3.6 3.6 
  L (cm) 23.4 25 23.5 24.9 25 23.5 24.5 31.2 34 34.4 34.4 

  T (sec) 
(value 1) 

28 23 26 21 19 18 20 61 42 40 40 

  Wv (mL) 
(value 1) 

345 320 320 275 250 245 259 405 475 475 475 

  T (sec) 
(value 2) 

24 33 24 24 20 20 20 59 40 42 42 

  Wv (mL) 
(value 2) 

335 330 321 280 260 250 259 404 470 476 476 

  T (mL) 
(value 3) 

26 23 25 23 20 19 21 58 41 43 43 

  Wv (mL) 
(value 3) 

345 331 320 270 258 247 260 400 479 474 474 

  Q ml/s 
(value 1) 

12.32142 13.91304
348 

12.30769
231 

13.09523
81 

13.15789
474 

13.61111
111 

12.95 6.639344
262 

11.30952
381 

11.875 11.875 

  Q ml/s 
(value 2) 

13.95833
333 

10 13.375 11.66666
667 

13 12.5 12.95 6.847457
627 

11.75 11.33333
333 

11.33333
333 

  Q ml/s 
(value 3) 

13.26923
077 

14.39130
435 

12.8 11.73913
043 

12.9 13 12.38095
238 

6.896551
724 

11.68292
683 

11.02325
581 

11.02325
581 

Porosity                         

  Vw (cm3) 300 275 280 250 223 145 210 356 450 420 420 

  Vt (cm3) 496.9458 530.925 499.0695 528.8013 530.925 499.0695 520.3065 941.9498
4 

1026.483
8 

1038.560
08 

1038.560
08 
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Hydraulic 
Retention 
Time 

                        

  V (cm3) 496.9458 530.925 499.0695 528.8013 530.925 499.0695 520.3065 941.9498
4 

1026.483
8 

1038.560
08 

1038.560
08 

  ne 0.603687
565 

0.517963
931 

0.561044
103 

0.472767
37 

0.420021
66 

0.290540
696 

0.403608
258 

0.377939
445 

0.438389
773 

0.404406
07 

0.404406
07 
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Table 42 Raw tabulated results for during the experimental phase of DAS-2 

Water 
entrance 

  downflow downflow downflow downflow downflow downflow downflow upflow upflow downflow downflow 

Paramete
rs 

  Cylinder 1 
(500mL) 

Cylinder 2 
(500mL) 

Cylinder 3 
(500mL) 

Cylinder 4 
(500mL) 

Cylinder 5 
(500mL) 

Cylinder 6 
(500mL) 

Cylinder 7 
(500mL) 

Cylinder 8 
(1000mL) 

Cylinder 9 
(1000 mL) 

Cylinder 
10 (1000 
mL) 

Cylinder 
11 (1000 
mL) 

limestone 
size (mm) 

  2.38-4.68 2.38-4.69 2.38-4.69 2.38-4.69 2.38-4.69 1 -2.38 1 -2.38 1 -2.38 0-4.69 0-4.69 0-4.69 

Limeston
e % 

  12.5 30 17.5 15 30 35 35 25 20 20 20 

Substrate   �2.5cm 
of gravel 
(10%) 
�22.5 cm 
of mixed 
reactive 
material 
(2.38-
4.68mm) 
�Total = 
limestone 
20% and 
bark chip 
70% 

�2.5cm 
of gravel 
(10%) 
�22.5 cm 
of mixed 
reactive 
material 
(2.38-
4.68mm) 
�Total = 
limestone 
25% and 
bark chip 
65% 

�2.5cm 
of gravel 
(10%) 
�22.5 cm 
of mixed 
reactive 
material 
(0-
4.68mm) 
�Total = 
limestone 
30% and 
bark chip 
60% 

�2.5cm 
of gravel 
(10%) 
�22.5 cm 
of mixed 
reactive 
material 
(2.38-
4.68mm) 
�Total = 
limestone 
35% and 
bark chip 
55% 

�2.5cm 
of gravel 
(10%) 
�22.5 cm 
of mixed 
reactive 
material 
(1mm -
2.38mm) 
�Total = 
limestone 
30% and 
bark chip 
60% 

�2.5cm 
of gravel 
(10%) 
�22.5 cm 
of mixed 
reactive 
material 
�Total = 
limestone 
35% and 
bark chip 
55% 

�2.5cm 
of gravel 
(10%) 
�22.5 cm 
of mixed 
reactive 
material 
�Total = 
limestone 
45% and 
bark chip 
55% 

�3.8cm 
of gravel 
(10%) 
�22.5 cm 
of mixed 
reactive 
material 
(1.88-
2.38mm) 
�Total = 
limestone 
25% and 
bark chip 
55% 

�3.8cm 
of gravel 
(10%) 
�30.5 cm 
of mixed 
reactive 
material - 
bark chip 
55% 

�3.8cm 
of gravel 
(10%) 
�30.5 cm 
of mixed 
reactive 
material - 
bark chip 
55% 

�3.8cm 
of gravel 
(10%) 
�30.5 cm 
of mixed 
reactive 
material - 
bark chip 
55% 

Saturated 
Hydraulic 
Conductiv
ity (K) 

                        

  A (cm2)= 21.237 21.237 21.237 21.237 21.237 21.237 21.237 30.1907 30.1907 30.1907 30.1907 
  i= 0.282051

282 
0.2 0.276595

745 
0.204819

277 
0.2 0.276595

745 
0.224489

796 
0.217948

718 
0.117647

059 
0.104651

163 
0.104651

163 
  Q 

(cm3/sec) 
(ave)= 

13.18299
756 

12.76811
594 

12.82756
41 

12.16701
173 

13.01929
825 

13.03703
704 

12.76031
746 

6.794451
205 

11.58081
688 

11.41052
972 

11.41052
972 
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  K 
(cm/sec)= 

2.200862
58 

3.006101
601 

2.183763
145 

2.797176
885 

3.065239
498 

2.219423
795 

2.676527
482 

1.032587
546 

3.260505
503 

3.611507
869 

3.611507
869 

Porosity 
(%) 

                        

  Vw (cm3) 
= 

300 275 280 250 223 145 210 356 450 420 420 

  Vt (cm3) = 496.9458 530.925 499.0695 528.8013 530.925 499.0695 520.3065 941.9498
4 

1026.483
8 

1038.560
08 

1038.560
08 

  Ne  60% 52% 56% 47% 42% 29% 40% 38% 44% 40% 40% 

Hydraulic 
Retention 
Time 

                        

  V (cm3) = 496.9458 530.925 499.0695 528.8013 530.925 499.0695 520.3065 941.9498
4 

1026.483
8 

1038.560
08 

1038.560
08 

  ne = 0.603687
565 

0.517963
931 

0.561044
103 

0.472767
37 

0.420021
66 

0.290540
696 

0.403608
258 

0.377939
445 

0.438389
773 

0.404406
07 

0.404406
07 

  Q 
(cm3/sec) 
(average)
= 

13.18299
756 

12.76811
594 

12.82756
41 

12.16701
173 

13.01929
825 

13.03703
704 

12.76031
746 

6.794451
205 

11.58081
688 

11.41052
972 

11.41052
972 

  HRT =  22.75658
466 

21.53802
497 

21.82799
46 

20.54736
245 

17.12841
935 

11.12215
909 

16.45727
08 

52.39569
603 

38.85736
254 

36.80810
711 

36.80810
711 

pH   4.33 4.83 4.42 4.68 6.1 6.3 4.98 5.1 4.75 4.78 4.89 
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8.5 Appendix 5 
Raw In-situ Parameters Results for the Treatment Period 
Table 43 Temperature during the treatment period 

  Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9 Week 10 Week 11 Week 12 
Main Inlet 14.4 14.6 15.8 15.5 15.3 11.4 14.7 15.25 12.65 13 13.9 13.45 
SP1 13.1 14.1 15.5 15.5 14.5 15 14.7 15.1 14.25 12.3 13.5 12.9 
SP2 13.9 14 15.5 15.3 14.6 15 14.6 15.05 13.7 11.3 12.4 11.85 
SP3 13.8 13.9 16.7 15.4 14.9 15 14.3 15.5 13.35 10.1 11.7 10.9 
SP4 13.7 13.9 15.7 15.3 14.6 15 14.2 14.95 13.25 9.8 11.5 10.65 
SP5 13.6 13.8 15.7 15.4 14.6 14.9 14.2 14.95 13.2 9.6 11.5 10.55 
SP6 13.4 13.7 15.7 15.3 14.5 14.9 14.2 14.95 13.7 10.1 12.5 11.3 
SP7 13.3 13.7 16.2 15.9 14.7 15 14 15.1 14.1 11.7 13.2 12.45 
SP8 13.1 14 16.7 16.6 15.1 15.1 14.1 15.4 13.8 10.4 12.5 11.45 
SP9 13.1 14.3 17 16.4 15.2 15.3 14.1 15.55 13.55 9.8 11.8 10.8 
SP10 13.1 14.2 17.1 16.7 15.2 15.3 14.1 15.6 13.45 9.3 11.6 10.45 
SP11 13 14 17 16.4 15.1 15.4 14.2 15.6 13.5 9.2 11.6 10.4 
SP12 12.9 13.9 17 17.3 15.2 15.3 14 15.5 13.45 9.2 11.6 10.4 
SP13 12.9 13.9 17.1 17.7 15.4 15.3 13.8 15.45 13.45 9.2 11.6 10.4 
SP14 12.9 13.9 17.1 17.2 15.2 15.4 13.7 15.4 13.45 9.1 11.5 10.3 
SP15 13.2 14.4 17.2 16.4 15.3 15.4 13.7 15.45 13.4 9.1 11.4 10.25 
SP16 13.4 14.8 17.2 16.5 15.4 15.5 14.2 15.7 13.35 8.9 11.2 10.05 
SP17 13.4 15.1 17.2 16.9 15.6 15.7 14.4 15.8 13.1 7.7 10.5 9.1 
Main Outlet 13.8 16.2 17.1 17.3 16.1 16.7 14.6 15.85 13.65 7.3 10.6 8.95 

 



 

Table 44 DO% during the treatment period 

  Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9 Week 10 Week 11 Week 12 
Main Inlet 20.4 34.3 11.3 35 25.2 54.3 31.3 21.3 47.65 38 41 39.5 
SP1 17 32.4 49.4 35.8 33.6 43.5 27.1 38.25 41.25 37 39 38 
SP2 13.4 32.8 35.3 35.2 28.1 39.7 25 30.15 31.8 27.6 23.9 25.75 
SP3 11.9 23.1 35.3 30.6 23.4 29.8 18.8 27.05 23.6 16 17.4 16.7 
SP4 13.5 20.6 29.8 32.9 24.2 26.8 20.3 25.05 21.55 16 16.3 16.15 
SP5 12.2 27.6 29.4 28 24.3 24.1 19.2 24.3 19.4 14.8 14.7 14.75 
SP6 15 20.3 26.8 25.8 21.9 22.3 17.4 22.1 25.8 23.6 29.3 26.45 
SP7 15 21 24.6 16.6 19.3 30.3 23.1 23.85 35.6 31.9 40.9 36.4 
SP8 23.4 20.1 26.1 18.7 22 25.4 23.7 24.9 34.5 36.4 43.6 40 
SP9 31.2 26.1 17.6 24.6 24 26.9 20.6 19.1 33.4 42.65 39.9 41.275 
SP10 35.1 26.4 25.6 26.2 28.3 32.7 25.7 25.65 38.7 44.1 44.7 44.4 
SP11 32 34.3 30.4 19 28.98 36.8 33.3 31.85 39 40.2 41.2 40.7 
SP12 27.3 29.3 21.5 14.8 23.22 30.5 31 26.25 33.85 44.2 37.2 40.7 
SP13 22.5 22.9 17.6 14.9 19.6 33.7 28 22.8 33.8 47.5 33.9 40.7 
SP14 25.8 20.9 12.4 13.5 18.15 29.2 22.1 17.25 34.65 34.1 40.1 37.1 
SP15 16.5 18.6 11.3 15 15.35 22.1 17 14.15 29.85 32.5 37.6 35.05 
SP16 15.7 20.9 14.5 19.7 17.7 24.7 14.6 14.55 27.05 25.5 29.4 27.45 
SP17 23.6 20.8 21.8 16.1 21.1 32.6 21.5 21.65 31.85 38 31.1 34.55 
Main Outlet 25.5 26.2 30.5 34.3 29.13 49 23.1 26.8 48.25 22.9 47.5 35.2 
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Table 45 DO (mg/L) during the treatment period 

  Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9 Week 10 Week 11 Week 12 
Main Inlet 2.07 3.44 4.68 3.44 3.4075 5.83 3.08 3.88 4.96 3.78 4.09 3.91 
SP1 1.71 3.79 4.65 3.52 3.4175 4.32 2.7 3.675 4.285 3.94 4.25 4.095 
SP2 1.37 3.35 3.46 3.52 2.925 3.95 2.48 2.97 3.98 3.9 4.01 3.955 
SP3 1.21 2.27 3.51 3.02 2.5025 2.96 1.87 2.69 2.695 1.76 2.43 2.095 
SP4 1.38 2.11 2.88 3.26 2.4075 2.68 2.02 2.45 2.26 1.77 1.84 1.805 
SP5 1.25 2.31 2.82 2.73 2.2775 2.41 1.94 2.38 2.085 1.65 1.76 1.705 
SP6 1.55 2.08 2.52 2.54 2.1725 2.33 1.75 2.135 1.955 2.65 1.58 2.115 
SP7 1.55 2.16 2.39 1.62 1.93 3.02 2.25 2.32 3.06 3.4 3.1 3.25 
SP8 2.43 2.05 2.5 1.9 2.22 2.52 2.28 2.39 3.395 4.01 4.27 4.14 
SP9 3.24 2.64 1.68 2.35 2.4775 2.67 2.38 2.03 3.465 4.35 4.26 4.305 
SP10 3.64 2.63 2.54 2.51 2.83 3.24 2.08 2.31 3.98 5.01 4.72 4.865 
SP11 3.34 3.49 2.91 1.82 2.89 3.14 3.28 3.095 3.775 4.53 4.41 4.47 
SP12 2.85 2.99 2.03 1.39 2.315 3.02 3.09 2.56 3.505 5.01 3.99 4.5 
SP13 2.36 2.34 1.71 1.4 1.9525 3.34 2.86 2.285 3.495 5.29 3.65 4.47 
SP14 2.7 2.12 1.17 1.28 1.8175 2.89 2.26 1.715 3.595 3.85 4.3 4.075 
SP15 1.72 2.18 1.09 1.45 1.61 2.17 1.7 1.395 3.105 3.85 4.04 3.945 
SP16 1.61 2.07 1.38 1.89 1.7375 2.44 1.47 1.425 2.9 2.92 3.36 3.14 
SP17 2.42 2.08 2.08 1.54 2.03 3.19 2.14 2.11 3.305 4.76 3.42 4.09 
Main Outlet 2.61 2.53 2.9 3.27 2.8275 4.68 2.31 2.605 4.965 2.72 5.25 3.985 
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Table 46 Conductivity (mS/cm) during the treatment period 

 
 
 
 
 
 
 

  Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9 Week 10 Week 11 Week 12 
Main Inlet 1.5 4.01 3.93 3.9 3.335 1.63 4 3.965 2.64 3.92 3.65 3.785 
SP1 3.35 3.58 3.92 3.87 3.68 3.35 3.96 3.94 3.45 3.9 3.55 3.725 
SP2 3.61 3.59 3.82 3.85 3.7175 3.35 3.92 3.87 3.415 3.75 3.48 3.615 
SP3 3.47 3.42 3.71 3.41 3.5025 3.07 3.38 3.545 3.13 3.64 3.19 3.415 
SP4 3.41 3.42 3.59 3.42 3.46 3.26 3.6 3.595 3.255 3.6 3.25 3.425 
SP5 3.55 3.46 3.52 3.46 3.4975 3.24 3.79 3.655 3.22 3.56 3.2 3.38 
SP6 3.3 3.52 3.54 3.51 3.4675 2.99 3.71 3.625 3.25 3.59 3.51 3.55 
SP7 3.26 3.46 3.53 3.44 3.4225 3.03 3.44 3.485 3.36 3.83 3.69 3.76 
SP8 3.26 3.48 3.47 3.49 3.425 3.1 3.46 3.465 3.345 3.83 3.59 3.71 
SP9 2.94 3.47 3.47 3.44 3.33 3.08 3.46 3.465 3.335 3.8 3.59 3.695 
SP10 2.97 3.48 3.54 3.42 3.3525 3.09 3.61 3.575 3.335 3.82 3.58 3.7 
SP11 3.05 3.44 3.66 3.52 3.4175 3.08 3.44 3.55 3.31 3.79 3.54 3.665 
SP12 3.15 3.49 3.7 3.65 3.4975 3.1 3.47 3.585 3.29 3.75 3.48 3.615 
SP13 3.27 3.61 3.75 3.81 3.61 3.14 3.47 3.61 3.295 3.75 3.45 3.6 
SP14 3.27 3.72 3.75 3.79 3.6325 3.12 3.56 3.655 3.3 3.7 3.48 3.59 
SP15 3.5 3.88 3.73 3.8 3.7275 3.31 3.85 3.79 3.385 3.35 3.46 3.405 
SP16 3.67 3.94 3.7 3.83 3.785 3.54 3.99 3.845 3.34 3.41 3.14 3.275 
SP17 3.5 3.2 3.58 3.88 3.54 3.55 3.97 3.775 3.405 3.45 3.26 3.355 
Main Outlet 3.63 3.45 3.55 2.34 3.2425 3.44 2.06 2.805 2.605 3.42 1.77 2.595 
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Table 47 Conductivity (uS/cm) during the treatment period 

  Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9 Week 10 Week 11 Week 12 
Main Inlet 1555 2606 3213 3197 2643 1218 3217 3215 2053 3024 2887 2956 
SP1 2647 2837 3233 3661 3095 2711 3178 3206 2677 2958 2643 2801 
SP2 2903 2840 3128 2923 2949 2710 3141 3135 2626 2761 2542 2652 
SP3 2722 200 3049 2778 2187 2485 2420 2735 2431 2607 2377 2492 
SP4 2672 2688 2950 2784 2774 2633 2859 2905 2523 2557 2413 2485 
SP5 2773 2721 2899 2816 2802 2621 3012 2956 2499 2510 2377 2444 
SP6 2568 2763 2934 2886 2788 2414 2952 2943 2552 2568 2689 2629 
SP7 2527 2719 2933 2845 2756 2449 2721 2827 2610 2850 2770 2810 
SP8 2527 2744 2923 2924 2780 2516 2740 2832 2608 2758 2700 2729 
SP9 2276 2253 2941 2879 2587 2514 2740 2841 2600 2656 2686 2671 
SP10 2298 2718 2965 2878 2715 2515 2789 2877 2591 2643 2666 2655 
SP11 2355 2718 3099 2948 2780 2513 2866 2983 2573 2619 2633 2626 
SP12 2424 2747 3137 3119 2857 2524 2722 2930 2557 2587 2590 2589 
SP13 2511 2846 3132 3285 2944 2559 2728 2930 2566 2617 2572 2595 
SP14 2471 2927 3200 3227 2956 2545 2796 2998 2567 2555 2588 2572 
SP15 2712 3091 3174 3180 3039 2702 3025 3100 2148 2325 1594 1960 
SP16 2855 3175 3146 3211 3097 2904 3169 3158 2607 2281 2310 2296 
SP17 2803 2595 3046 3195 2910 2919 3170 3108 2640 2299 2360 2330 
Main Outlet 2851 2861 3018 2164 2724 2900 1643 2331 2093 2286 1285 1786 
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Table 48 pH levels during the treatment period 

 
 
 
 

  Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9 Week 10 Week 11 Week 12 
Main Inlet 2.52 2.56 2.54 2.62 2.56 2.54 2.56 2.55 2.61 2.38 2.68 2.53 
SP1 2.53 2.66 2.64 2.60 2.61 2.57 2.62 2.63 2.63 2.39 2.69 2.54 
SP2 2.56 2.85 2.61 2.79 2.70 2.53 2.61 2.61 2.68 2.42 2.82 2.62 
SP3 2.72 3.58 2.71 3.15 3.04 2.66 3.26 2.99 2.97 2.58 3.28 2.93 
SP4 2.80 3.70 2.86 3.15 3.13 2.69 2.88 2.87 2.92 2.65 3.14 2.90 
SP5 2.70 3.17 2.98 3.04 2.97 2.71 2.73 2.86 2.96 2.69 3.21 2.95 
SP6 2.96 3.04 2.99 2.98 2.99 3.25 2.78 2.89 3.00 2.64 2.75 2.70 
SP7 4.41 4.21 4.44 4.47 4.38 3.55 4.02 4.23 3.13 2.44 2.70 2.57 
SP8 4.41 3.49 4.50 4.26 4.17 3.68 3.73 4.12 3.20 2.51 2.71 2.61 
SP9 4.34 3.69 4.81 4.30 4.29 4.00 3.79 4.30 3.36 2.46 2.72 2.59 
SP10 4.37 4.01 5.01 4.39 4.45 4.07 3.98 4.50 3.40 2.47 2.72 2.60 
SP11 4.48 4.31 5.92 5.24 4.99 4.07 5.17 5.55 3.40 2.49 2.73 2.61 
SP12 4.87 4.63 6.01 5.89 5.35 4.43 4.43 5.22 3.61 2.52 2.79 2.66 
SP13 5.26 5.34 6.16 6.24 5.75 4.69 4.53 5.35 3.75 2.49 2.80 2.65 
SP14 4.83 5.69 6.21 6.23 5.74 4.49 4.96 5.59 3.63 2.55 2.77 2.66 
SP15 5.96 6.07 6.24 6.26 6.13 5.59 6.06 6.15 4.21 2.56 2.83 2.70 
SP16 6.23 6.20 6.32 6.31 6.27 6.29 6.27 6.19 5.34 4.34 4.38 4.36 
SP17 6.24 6.29 6.42 6.31 6.32 6.26 6.30 6.36 4.65 4.70 3.04 3.87 
Main Outlet 6.25 6.36 6.57 6.61 6.45 6.29 6.35 6.46 4.70 4.76 3.11 3.94 
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Table 49 Flow rate data during the treatment period 

  Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9 Week 10 Week 11 Week 12 
James Mine flow rate 0.095 0.115 0.227 0.235 0.333 0.201 0.083 0.181 0.182 0.078 0.098 0.150 
DAS flow rate 0.011 0.017 0.019 0.013 0.013 0.015 0.083 0.017 0.038 0.016 0.010 0.004 

 
Raw Metal Results for The Treatment Sampling Period 
Table 50 Total raw Al for the treatment period 

  Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9 Week 10 Week 11 Week 12 
Main Inlet 165.00 153.53 157.71 132.68 176.77 157.14 147.00 177.00 166.30 104.94 153.35 148.81 
SP1 160.00 148.31 154.06 136.62 145.34 148.87 146.00 151.28 153.70 152.35 146.85 150.83 
SP3 154.00 135.67 195.49 117.34 156.41 151.78 142.00 150.14 148.49 145.59 135.16 146.55 
SP6 162.00 137.88 143.45 113.76 128.60 137.14 183.00 126.33 115.52 142.84 147.38 141.92 
SP7 53.00 70.19 64.20 58.49 53.13 59.80 94.00 167.00 135.23 143.75 92.51 135.00 
SP8 26.00 69.41 84.24 63.23 58.22 60.22 82.00 257.00 142.66 138.16 102.32 154.95 
SP9 10.50 59.24 80.98 61.16 62.67 54.91 72.00 94.51 134.10 134.92 76.23 108.88 
SP11 4.80 2.81 130.64 0.81 65.73 40.96 72.00 80.38 119.80 141.97 94.38 103.53 
SP13 4.10 22.47 140.17 40.85 90.51 59.62 32.00 115.61 171.61 141.20 257.10 115.10 
SP15 3.50 5.69 16.03 7.88 11.95 9.01 2.90 70.92 132.84 1747.36 35.05 488.50 
SP16 1.58 0.75 5.78 5.53 0.05 2.74 1.82 79.00 63.00 117.02 38.07 65.21 
SP17 0.62 1.00 0.38 0.33 0.39 0.54 1.09 32.00 85.14 155.89 26.07 68.53 
Main Outlet 0.58 0.60 0.90 0.00 0.65 0.55 0.50 40.47 80.38 113.36 49.57 58.68 
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Table 51 Total raw Fe for the treatment period 

 
 
 
 
 
 
 
 
 
 
 
 
 

  Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9 Week 10 Week 11 Week 12 
Main Inlet 104.00 106.59 109.53 116.74 148.77 117.13 107.00 107.00 136.69 123.00 101.65 110.09 
SP1 105.00 114.78 125.42 124.57 124.99 118.95 100.00 121.97 119.93 120.72 115.66 117.45 
SP3 134.00 114.63 96.37 95.26 95.82 107.22 96.00 101.52 70.29 96.48 91.07 99.88 
SP6 194.00 145.04 91.53 96.07 93.80 124.09 220.00 108.95 137.61 117.20 145.94 134.02 
SP7 13.30 22.53 47.13 17.64 34.02 26.93 51.00 175.00 111.19 121.86 114.76 66.85 
SP8 3.60 7.43 15.32 14.15 30.26 14.15 76.00 106.00 113.63 122.33 104.49 55.21 
SP9 1.61 1.06 6.16 12.41 29.16 10.08 26.00 19.62 105.45 117.49 67.14 36.02 
SP11 0.71 2.44 50.95 4.17 27.56 17.16 27.00 22.36 98.70 129.74 69.45 40.93 
SP13 0.69 3.50 40.54 6.32 23.43 14.90 14.20 19.16 74.18 970.64 269.54 130.64 
SP15 1.19 1.46 1.21 1.73 0.01 1.12 93.00 0.57 233.23 151.36 119.54 54.95 
SP16 0.22 0.13 0.62 1.53 9.31 2.36 7.40 5.84 291.83 123.06 107.03 49.94 
SP17 0.30 0.11 0.32 0.87 2.96 0.91 7.50 1.94 41.87 55.52 26.70 12.64 
Main Outlet 0.22 0.65 0.23 0.00 0.02 0.22 7.10 0.12 38.21 27.89 18.33 8.45 
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Table 52 Total raw Mn for the treatment period 

  Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9 Week 10 Week 11 Week 12 
Main Inlet 6.00 4.70 6.35 5.43 7.39 5.58 5.30 6.30 6.70 5.92 6.06 5.80 
SP1 5.80 5.10 6.42 5.85 5.12 5.25 5.20 5.60 5.99 6.07 5.71 5.46 
SP3 6.10 5.81 6.03 5.58 5.55 5.71 5.30 4.84 4.37 6.22 5.18 5.47 
SP6 6.00 6.24 6.60 5.61 6.04 6.07 5.40 5.60 5.79 6.51 5.82 5.96 
SP7 5.90 4.84 7.58 5.72 6.41 5.66 5.50 6.20 5.71 6.27 5.92 5.78 
SP8 5.90 5.09 7.20 5.80 6.80 5.91 5.50 6.30 5.96 6.41 6.04 5.97 
SP9 5.50 5.22 6.60 5.60 7.03 5.94 5.60 5.52 5.45 6.15 5.68 5.82 
SP11 5.71 6.07 4.39 6.04 6.20 6.09 5.60 5.45 5.31 6.79 5.79 5.95 
SP13 5.96 5.99 4.39 5.94 6.10 6.00 5.80 6.05 6.29 51.99 17.53 11.24 
SP15 5.00 5.80 5.53 6.24 0.00 4.73 5.50 5.51 5.52 6.57 5.77 5.20 
SP16 4.50 4.65 6.47 6.09 6.30 5.82 5.90 6.30 5.15 6.50 5.96 5.89 
SP17 4.00 4.39 5.44 6.03 6.38 5.60 5.90 6.10 5.16 6.18 5.84 5.71 
Main Outlet 3.90 3.37 5.98 0.00 0.00 2.78 6.30 5.83 5.37 5.51 5.83 4.00 
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Table 53 Total raw Zn for the treatment period 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

  Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9 Week 10 Week 11 Week 12 
Main Inlet 1.09 1.17 1.27 1.29 1.61 1.29 0.95 1.19 1.49 1.06 1.17 1.23 
SP1 1.09 1.19 1.29 1.32 1.30 1.24 0.97 1.13 1.29 1.41 1.20 1.22 
SP3 1.06 1.20 1.34 1.30 1.32 1.24 0.93 0.90 0.87 1.16 0.97 1.12 
SP6 1.07 1.17 1.26 1.25 1.26 1.20 0.82 1.67 2.53 2.19 1.80 1.47 
SP7 0.58 1.18 0.59 0.65 0.60 0.72 0.59 1.17 1.18 1.65 1.15 0.91 
SP8 0.28 0.60 0.81 0.68 0.66 0.61 0.56 0.90 1.25 1.45 1.04 0.80 
SP9 0.43 0.69 0.83 0.69 0.70 0.67 0.52 0.80 1.09 1.38 0.95 0.80 
SP11 0.72 0.77 0.82 0.71 0.77 0.76 0.55 0.80 1.05 1.54 0.99 0.86 
SP13 0.31 0.63 0.96 0.76 0.86 0.70 0.86 1.01 1.16 12.42 3.86 2.14 
SP15 0.19 0.39 0.60 0.39 0.50 0.41 0.43 0.50 0.58 1.14 0.66 0.53 
SP16 0.09 0.07 0.33 0.41 0.37 0.25 0.04 0.67 0.59 1.48 0.69 0.45 
SP17 0.13 0.10 0.27 0.39 0.22 0.22 0.04 0.51 0.72 1.11 0.59 0.39 
Main Outlet 0.10 0.10 0.24 0.00 0.03 0.09 0.08 0.41 0.74 0.75 0.41 0.20 
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Table 54 Total raw Ni for the treatment period 

  Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9 Week 10 Week 11 Week 12 
Main Inlet 0.55 0.53 0.57 0.59 0.74 0.60 0.39 0.49 0.62 0.62 0.53 0.57 
SP1 0.51 0.54 0.57 0.59 0.58 0.56 0.40 0.47 0.54 0.63 0.51 0.54 
SP3 0.52 0.55 0.58 0.58 0.58 0.56 0.39 0.39 0.39 0.59 0.44 0.51 
SP6 0.56 0.57 0.59 0.58 0.58 0.58 0.44 0.51 0.58 0.65 0.54 0.56 
SP7 0.30 0.53 0.47 0.55 0.67 0.50 0.40 0.51 0.50 0.63 0.51 0.51 
SP8 0.24 0.33 0.47 0.56 0.71 0.46 0.42 0.51 0.54 0.65 0.53 0.49 
SP9 0.20 0.35 0.49 0.54 0.74 0.46 0.42 0.46 0.50 0.62 0.50 0.48 
SP11 0.19 0.31 0.43 0.56 0.50 0.40 0.43 0.45 0.48 0.68 0.51 0.45 
SP13 0.12 0.27 0.42 0.54 0.48 0.37 0.48 0.51 0.55 7.25 2.20 1.20 
SP15 0.08 0.18 0.28 0.45 0.36 0.27 0.39 0.48 0.57 0.73 0.54 0.39 
SP16 0.05 0.07 0.23 0.42 0.32 0.22 0.44 0.56 0.60 0.66 0.56 0.38 
SP17 0.03 0.04 0.17 0.39 0.56 0.24 0.46 0.51 0.47 0.61 0.51 0.36 
Main Outlet 0.03 0.03 0.13 0.00 0.00 0.04 0.48 0.49 0.50 0.58 0.49 0.19 
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Table 55 Total raw Ca for the treatment period 

  Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9 Week 10 Week 11 Week 12 
Main Inlet 230.00 230.44 239.59 221.99 294.39 243.28 210.00 230.00 259.90 350.34 262.56 252.04 
SP1 230.00 240.60 251.19 236.34 243.77 240.38 200.00 217.41 234.82 221.92 218.54 230.45 
SP3 300.00 329.74 359.48 322.28 340.88 330.48 250.00 242.76 235.52 346.95 268.81 302.44 
SP6 340.00 335.61 331.21 271.49 301.35 315.93 450.00 353.78 257.55 276.08 334.35 324.30 
SP7 610.00 589.91 560.95 448.85 505.65 543.07 450.00 260.00 234.60 247.12 297.93 431.64 
SP8 620.00 506.15 419.73 455.41 524.97 505.25 490.00 250.00 239.26 249.82 307.27 415.26 
SP9 670.00 518.96 452.11 426.35 537.14 520.91 500.00 361.64 223.28 245.16 332.52 435.28 
SP11 680.00 574.82 469.64 654.42 562.03 588.18 500.00 365.88 231.77 270.15 341.95 476.26 
SP13 750.00 701.59 653.18 526.20 589.69 644.13 620.00 500.77 381.55 1634.55 784.22 707.81 
SP15 830.00 780.67 731.33 784.66 0.46 625.42 640.00 526.57 413.14 419.63 499.84 568.34 
SP16 750.00 724.01 698.03 769.79 713.51 731.07 760.00 570.00 338.29 242.27 477.64 615.87 
SP17 690.00 646.95 704.16 783.39 707.75 706.45 750.00 680.00 354.90 425.95 552.71 636.57 
Main Outlet 680.00 615.28 620.74 0.07 2.20 383.66 760.00 536.66 313.31 495.00 526.24 448.47 
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Table 56 Total raw Cd for the treatment period 

  Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9 Week 10 Week 11 Week 12 
Main Inlet 0.001 0.087 0.001 0.006 0.023 0.001 0.017 0.001 0.003 0.046 
SP1 0.001 0.063 0.036 0.008 0.027 0.001 0.005 0.001 0.004 0.036 
SP3 0.001 0.058 0.058 0.059 0.044 0.001 0.010 0.001 0.030 0.058 
SP6 0.002 0.064 0.039 0.014 0.030 0.001 0.007 0.003 0.008 0.039 
SP7 0.000 0.055 0.000 0.070 0.031 0.000 0.006 0.001 0.035 0.062 
SP8 0.000 0.032 0.000 0.037 0.017 0.000 0.006 0.001 0.019 0.034 
SP9 0.000 0.032 0.000 0.040 0.018 0.000 0.006 0.001 0.020 0.036 
SP11 0.001 0.038 0.043 0.048 0.032 0.000 0.006 0.001 0.024 0.043 
SP13 0.000 0.143 0.110 0.077 0.083 0.000 0.006 0.001 0.039 0.110 
SP15 0.001 0.013 0.059 0.105 0.044 0.000 0.054 0.001 0.053 0.059 
SP16 0.000 0.002 0.000 0.113 0.029 0.000 0.007 0.000 0.056 0.057 
SP17 0.000 0.004 0.062 0.119 0.046 0.000 0.494 0.000 0.060 0.062 
Main Outlet 0.000 0.001 0.066 0.132 0.050 0.000 0.027 0.001 0.066 0.066 
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Table 57 Total raw Cu for the treatment period 

  Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9 Week 10 Week 11 Week 12 
Main Inlet 0.005 0.678 0.005 0.005 0.173 0.007 1.061 0.005 0.005 0.341 
SP1 0.005 0.358 0.182 0.006 0.138 0.004 1.413 0.006 0.006 0.182 
SP3 0.004 0.379 0.196 0.012 0.148 0.004 1.159 0.005 0.008 0.196 
SP6 0.014 0.559 0.282 0.004 0.215 0.006 2.187 0.022 0.013 0.282 
SP7 0.002 5.249 0.004 0.003 1.315 0.002 1.645 0.004 0.004 2.626 
SP8 0.002 0.304 0.003 0.003 0.078 0.002 1.452 0.005 0.004 0.154 
SP9 0.001 0.261 0.003 0.003 0.067 0.002 1.378 0.004 0.004 0.132 
SP11 0.003 0.213 0.003 0.004 0.056 0.000 1.544 0.005 0.004 0.108 
SP13 0.004 0.798 0.401 0.005 0.302 0.002 12.416 0.006 0.005 0.401 
SP15 0.000 0.338 0.292 0.247 0.219 0.001 8.784 0.027 0.137 0.292 
SP16 0.003 0.052 0.031 0.010 0.024 0.001 1.136 0.008 0.009 0.031 
SP17 0.000 0.145 0.003 0.051 0.050 0.000 1.483 0.026 0.038 0.098 
Main Outlet 0.002 0.000 0.009 0.001 0.003 0.000 1.109 0.002 0.002 0.001 

 
Table 58 Alkalinity generation during the treatment period 

  Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9 Week 10 Week 11 Week 12 
Main Inlet 0 0 0 0 0 0 0 0 0 0 0 0 
Main Outlet 340 390 370 350 330 356 330 340 350 1 1 1 

 
 
Table 59 Sulphate generation during the treatment period 

  Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 Week 9 Week 10 Week 11 Week 12 
Main Inlet 2900 2800 2800 540 3700 2548 2500 2700 2560 2700 3000 3000 
Main Outlet 5600 2500 2600 2500 1980 3036 2600 2800 2961.33333 2400 2900 2900 

 



 

 
Metals removed Area-adjusted (g/m2/d) Volume- adjusted (g/m3/d) 

 Weeks 1-

4 

Weeks 5-

8 

Weeks 9-

12 

Weeks 1-

4 

Weeks 5-

8 

Weeks 9-

12 

Al 40.50 53.35 15.73 42.06 55.40 16.34 

Fe 29.08 40.93 21.95 30.20 42.50 22.79 

Mn 0.62 0.84 0.22 0.64 0.87 0.23 

Zn 0.29 0.38 0.17 0.30 0.40 0.17 

Ni 0.14 0.10 0.03 0.14 0.11 0.04 

Cu 0.09 0.02 0.01 0.09 0.02 0.01 

Cd 0.01 -0.02 -0.01 0.01 -0.02 -0.01 

Total average metal 

removed 
70.73 95.60 38.10 73.45 99.28 39.57 

 
 

Treatment 

period 

Al Fe Mn Zn Ni Cu Cd 

Weeks 1 – 4 99.65 99.74 41.03 90.91 91.48 99.66 98.86 

Weeks 5 – 8 93.59 98.44 39.31 87.96 54.42 93.36 -713.17 

Weeks 9 - 12 47.33 77.02 15.37 57.74 25.27 10.62 -137.42 
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CRL Energy / SpectraChem Analytical                    Page 1 of 6

CLIENT : CRL CHRISTCHURCH
ADDRESS : PO Box 29-415 Christchurch 8540

EMAIL : cph59@uclive.ac.nz

PHONE : 020 4117 9141

ATTENTION : CARLOS HILLMAN JOB REFERENCE : SA20403-B

CLIENT REFERENCE : NOT SUPPLIED

SAMPLE TYPE[S] : 4 x Solid

DATE OF SAMPLE RECEIPT : 27/06/2018 CONDITION  :  COARSE POWDER

ANALYSES CARRIED OUT :  X-RAY DIFFRACTION.

REPORTING BASIS : OVEN DRIED [110°C]

The analytical results presented in this report apply to the sample(s) received by SpectraChem Analytical.

Analysis Method used LLD Unit

XRD * Unoriented powder mount / X-ray diffraction / Siroquant 1 %

search/match

Comments : XRD analysis and/or evaluation performed by sub-contracting laboratories.

* Not an IANZ accredited method.

               This report may not be reproduced either in part or whole without the prior consent of the undersigned.

Date : Signed : Yukinori Iwasaki Signatory27/07/2018

CRL Energy Ltd  :  SpectraChem Analytical  :  68 Gracefield Rd  :  Lower Hutt

P O Box 31-244 Lower Hutt : Tel. 04 570-3799 : Email. spectra@crl.co.nz

X-RAY DIFFRACTION ANALYTICAL REPORT

Figure 45 CRL Energies Ltd XRD results forms 
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CRL Energy / SpectraChem Analytical 19/08/2018 Page 2 of 6

JOB REFERENCE : SA20403-B

X RAY DIFFRACTION  ANALYSIS REPORT PREPARED FOR :

The following XRD instrumental conditions were used :

Bruker D8 Advance diffractometer with parallel beam optics

Goebel mirror monochromator

Counting interval 0.05 degrees, 4 seconds per point

40 kV 30 mA tube power

Co anode X-ray tube

5 to 80 degrees 2 theta scan range

Four samples were received from CRL Energy Ltd on 27/06/18, 

labelled as follows :

R1 SP1
R1 SP6
R2 SP10
R2 SP14

The sample for XRD was prepared as an unoriented powder mount.

Phase identification and quantification was carried out by a Siroquant 

search / match programme.

Yukinori Iwasaki

CRL Energy Ltd / SpectraChem Analytical

CRL CHRISTCHURCH

Figure 46 CRL Energies Ltd XRD results forms 



 

 
CRL Energy / SpectraChem Analytical 19/08/2018 Page 3 of 6

SA20403-B  :  SAMPLE: R1 SP1

Phase Name Phase Formula Presence(%)
Quartz SiO2 10
Bassanite CaSO4.0.5 H2O 44
Calcite CaCO3 22
Albite NaAlSi3O8 12
Muscovite K Al2 ( Si3 Al ) O10 ( O H , F )2 12

Notes:

CRL CHRISTCHURCH

No iron minerals were observed even though there is a considerable amount of iron in XRF result. Sample does not appear to be very crystalline 
and so may have major glassy material present

Figure 47 CRL Energies XRD results forms for a depth of 135mm in DAS-1 
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CRL Energy / SpectraChem Analytical 19/08/2018 Page 4 of 6

SA20403-B  :  SAMPLE: R1 SP6

Phase Name Phase Formula Presence(%)
Quartz SiO2 7
Bassanite CaSO4.0.5 H2O 11
Calcite CaCO3 73
Albite NaAlSi3O8 5
Muscovite K Al2 ( Si3 Al ) O10 ( O H , F )2 4

Notes:

CRL CHRISTCHURCH

No iron minerals were observed even though there is a considerable amount of iron in XRF result. Sample does not appear to be very crystalline 
and so may have major glassy material present

Figure 48 CRL Energies XRD results forms for a depth of 810 mm in DAS-1 
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CRL Energy / SpectraChem Analytical 19/08/2018 Page 5 of 6

SA20403-B  :  SAMPLE: R2 SP10

Phase Name Phase Formula Presence(%)
Quartz SiO2 12
Bassanite CaSO4.0.5 H2O 41
Calcite CaCO3 20
Albite NaAlSi3O8 16
Muscovite K Al2 ( Si3 Al ) O10 ( O H , F )2 11

Notes:

CRL CHRISTCHURCH

No iron minerals were observed even though there is a considerable amount of iron in XRF result. Sample does not appear to be very crystalline 
and so may have major glassy material present

Figure 49 CRL Energies XRD results forms for a depth of 135 mm in DAS-2 
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CRL Energy / SpectraChem Analytical 19/08/2018 Page 6 of 6

SA20403-B  :  SAMPLE: R2 SP14

Phase Name Phase Formula Presence(%)
Quartz SiO2 14
Bassanite CaSO4.0.5 H2O 5
Calcite CaCO3 65
Albite NaAlSi3O8 9
Muscovite K Al2 ( Si3 Al ) O10 ( O H , F )2 4
Kaolinite Al2 Si2 O5 ( O H )4 3

Notes:

CRL CHRISTCHURCH

No iron minerals were observed even though there is a considerable amount of iron in XRF result. Sample does not appear to be very crystalline 
and so may have major glassy material present

Figure 50 CRL Energies XRD results forms for a depth of 810 mm in DAS-2 



 

XRF Results 
 

 
 

 

CRL Energy / SpectraChem Analytical Page 1 of 5

CLIENT : CRL CHRISTCHURCH
ADDRESS : PO Box 29-415 Christchurch 8540
EMAIL : cph59@uclive.ac.nz

PHONE : 020 4117 9141

ATTENTION : CARLOS HILLMAN JOB REFERENCE : SA20403-A

CLIENT REFERENCE : NOT SUPPLIED

SAMPLE TYPE[S] : 4 x Solid

DATE OF SAMPLE RECEIPT : 27/06/2018 CONDITION  :  COARSE POWDER

ANALYSES CARRIED OUT : XRF MULTI-ELEMENT

REPORTING BASIS : OVEN DRIED [110°C]

The analytical results presented in this report apply to the sample(s) received by SpectraChem Analytical.

Analysis Method used LLD Unit

Multi-element* Pressed powder / X-ray fluorescence spectrometry - %

Comments :

Qualitative Analysis ONLY. (small sample)

*Multi-element analysis should be considered semi-quantitative .

  Detection limits vary with element and sample matrix. 

SpectraChem Analytical is an IANZ accredited analytical laboratory. All analyses presented in this

report other than those indicated (*), have been carried out by SpectraChem or by a sub-contracted 

laboratory in accordance with the requirements of International Accreditation New Zealand.

This report may not be reproduced either in part or whole without the prior consent of the undersigned.

Date : Signed : Yukinori Iwasaki Signatory

SpectraChem Analytical, CRL Energy Ltd   :  68 Gracefield Rd  :  Lower Hutt

P O Box 31-244 Lower Hutt : Tel. 04 570-3799 : Email. spectra@crl.co.nz

27/07/2018

X-RAY FLUORESCENCE ANALYTICAL REPORT

Figure 51 CRL Energies Ltd XRF results forms 
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CRL Energy / SpectraChem Analytical                                Page 2 of 5   

CLIENT                    : CRL CHRISTCHURCH
PROJECT                 : SA20403-A

DATE :

SAMPLE               : R1 SP1

COMMENTS     : 100% - Total = sum of unmeasured elements [e.g.H,B,C,N,O]

:

:

Carbon C _ Zinc Zn 0.020 Iodine I nd

Fluorine F nd Gallium Ga nd Caesium Cs nd

Sodium Na 0.110 Germanium Ge nd Barium Ba nd

Magnesium Mg 0.312 Arsenic As nd Lanthanum La nd

Aluminium Al 6.56 Selenium Se nd Cerium Ce _

Silicon Si 4.55 Bromine Br nd Hafnium Hf _

Phosphorus P 0.083 Rubidium Rb nd Tantalum Ta nd

Sulphur S 3.50 Strontium Sr 0.010 Tungsten W nd

Chlorine Cl 0.230 Yttrium Y 0.003 Rhenium Re _

Potassium K 0.334 Zirconium Zr nd Osmium Os _

Calcium Ca 8.51 Niobium Nb nd Iridium Ir _

Scandium Sc nd Molybdenum Mo nd Platinum Pt _

Titanium Ti 0.142 Rhodium Rh _ Gold Au _

Vanadium V nd Palladium Pd _ Mercury Hg nd

Chromium Cr 0.007 Silver Ag _ Thallium Tl nd

Manganese Mn 0.012 Cadmium Cd nd Lead Pb nd

Iron Fe 15.5 Indium In _ Bismuth Bi nd

Cobalt Co 0.017 Tin Sn nd Thorium Th nd

Nickel Ni nd Antimony Sb nd Uranium U nd

Copper Cu nd Tellurium Te _ Total 39.9

Values are weight % nd = not detected _ = not measured

X-ray fluorescence 
SPECTRA plus 

Multi-element Analysis

27/07/2018

Figure 52 CRL Energies XRF results forms for a depth of 135mm in DAS-1 
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CRL Energy / SpectraChem Analytical                                Page 3 of 5   

CLIENT                    : CRL CHRISTCHURCH
PROJECT                 : SA20403-A

DATE :

SAMPLE               : R1 SP6

COMMENTS     : 100% - Total = sum of unmeasured elements [e.g.H,B,C,N,O]

:

:

Carbon C _ Zinc Zn 0.036 Iodine I nd

Fluorine F nd Gallium Ga nd Caesium Cs nd

Sodium Na 0.077 Germanium Ge nd Barium Ba nd

Magnesium Mg 0.314 Arsenic As nd Lanthanum La nd

Aluminium Al 9.23 Selenium Se nd Cerium Ce _

Silicon Si 3.73 Bromine Br nd Hafnium Hf _

Phosphorus P 0.080 Rubidium Rb nd Tantalum Ta nd

Sulphur S 2.84 Strontium Sr 0.018 Tungsten W nd

Chlorine Cl 0.013 Yttrium Y 0.005 Rhenium Re _

Potassium K 0.260 Zirconium Zr nd Osmium Os _

Calcium Ca 15.5 Niobium Nb nd Iridium Ir _

Scandium Sc nd Molybdenum Mo nd Platinum Pt _

Titanium Ti 0.106 Rhodium Rh _ Gold Au _

Vanadium V nd Palladium Pd _ Mercury Hg nd

Chromium Cr nd Silver Ag _ Thallium Tl nd

Manganese Mn 0.010 Cadmium Cd nd Lead Pb nd

Iron Fe 7.58 Indium In _ Bismuth Bi nd

Cobalt Co 0.010 Tin Sn nd Thorium Th nd

Nickel Ni nd Antimony Sb nd Uranium U nd

Copper Cu 0.005 Tellurium Te _ Total 39.8

Values are weight % nd = not detected _ = not measured

X-ray fluorescence 
SPECTRA plus 

Multi-element Analysis

27/07/2018

Figure 53 CRL Energies XRF results forms for a depth of 810 mm in DAS-1 
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CRL Energy / SpectraChem Analytical                                Page 4 of 5   

CLIENT                    : CRL CHRISTCHURCH
PROJECT                 : SA20403-A

DATE :

SAMPLE               : R2 SP10

COMMENTS     : 100% - Total = sum of unmeasured elements [e.g.H,B,C,N,O]

:

:

Carbon C _ Zinc Zn 0.046 Iodine I nd

Fluorine F nd Gallium Ga nd Caesium Cs nd

Sodium Na 0.055 Germanium Ge nd Barium Ba nd

Magnesium Mg 0.250 Arsenic As nd Lanthanum La nd

Aluminium Al 18.4 Selenium Se nd Cerium Ce _

Silicon Si 4.74 Bromine Br nd Hafnium Hf _

Phosphorus P 0.121 Rubidium Rb nd Tantalum Ta nd

Sulphur S 3.70 Strontium Sr 0.008 Tungsten W nd

Chlorine Cl nd Yttrium Y 0.009 Rhenium Re _

Potassium K 0.301 Zirconium Zr 0.002 Osmium Os _

Calcium Ca 8.26 Niobium Nb nd Iridium Ir _

Scandium Sc nd Molybdenum Mo nd Platinum Pt _

Titanium Ti 0.146 Rhodium Rh _ Gold Au _

Vanadium V nd Palladium Pd _ Mercury Hg nd

Chromium Cr 0.004 Silver Ag _ Thallium Tl nd

Manganese Mn 0.011 Cadmium Cd nd Lead Pb nd

Iron Fe 4.96 Indium In _ Bismuth Bi nd

Cobalt Co 0.005 Tin Sn nd Thorium Th nd

Nickel Ni 0.007 Antimony Sb nd Uranium U nd

Copper Cu nd Tellurium Te _ Total 41.0

Values are weight % nd = not detected _ = not measured

X-ray fluorescence 
SPECTRA plus 

Multi-element Analysis

27/07/2018

Figure 54 CRL Energies XRF results forms for a depth of 135mm in DAS-2 
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CRL Energy / SpectraChem Analytical                                Page 5 of 5   

CLIENT                    : CRL CHRISTCHURCH
PROJECT                 : SA20403-A

DATE :

SAMPLE               : R2 SP14

COMMENTS     : 100% - Total = sum of unmeasured elements [e.g.H,B,C,N,O]

:

:

Carbon C _ Zinc Zn 0.049 Iodine I nd

Fluorine F nd Gallium Ga nd Caesium Cs nd

Sodium Na 0.140 Germanium Ge nd Barium Ba nd

Magnesium Mg 0.389 Arsenic As nd Lanthanum La nd

Aluminium Al 10.4 Selenium Se nd Cerium Ce _

Silicon Si 5.39 Bromine Br nd Hafnium Hf _

Phosphorus P 0.107 Rubidium Rb nd Tantalum Ta nd

Sulphur S 2.21 Strontium Sr 0.016 Tungsten W nd

Chlorine Cl nd Yttrium Y 0.004 Rhenium Re _

Potassium K 0.384 Zirconium Zr 0.002 Osmium Os _

Calcium Ca 14.6 Niobium Nb nd Iridium Ir _

Scandium Sc nd Molybdenum Mo nd Platinum Pt _

Titanium Ti 0.149 Rhodium Rh _ Gold Au _

Vanadium V nd Palladium Pd _ Mercury Hg nd

Chromium Cr nd Silver Ag _ Thallium Tl nd

Manganese Mn 0.014 Cadmium Cd nd Lead Pb nd

Iron Fe 4.56 Indium In _ Bismuth Bi nd

Cobalt Co 0.008 Tin Sn nd Thorium Th nd

Nickel Ni 0.006 Antimony Sb nd Uranium U nd

Copper Cu 0.004 Tellurium Te _ Total 38.5

Values are weight % nd = not detected _ = not measured

X-ray fluorescence 
SPECTRA plus 

Multi-element Analysis

27/07/2018

Figure 55 CRL Energies XRF results forms for a depth of 810 mm in DAS-2 



 

SEM Data Results 
 

 

Figure 56 SEM results for a depth of 135 mm (DAS-1) 
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Figure 57 SEM results for a depth of 270 mm (DAS-1) 
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Figure 58 SEM results for a depth of 405 mm (DAS-1) 
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Figure 59 SEM results for a depth of 540 mm (DAS-1) 
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Figure 60 SEM results for a depth of 675 mm (DAS-1) 
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Figure 61 SEM results for a depth of 810 mm (DAS-1) 
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Figure 62 SEM results for the first decantation pond (DP1) 
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Figure 63 SEM results for the second decantation pond (DP2) 
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Figure 64 SEM results for a depth of 135 mm (DAS-2) 
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Figure 65 SEM results for a depth of 270 mm (DAS-2) 
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Figure 66 SEM results for a depth of 405 mm (DAS-2) 
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Figure 67 SEM results for a depth of 540 mm (DAS-2) 
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Figure 68 SEM results for a depth of 675 mm (DAS-2) 
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Figure 69 SEM results for the third decantation pond (DP3) 
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Figure 70 SEM results for the fourth decantation pond (DP4) 
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