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Abstract  

Acid mine drainage generated from dissolved metals sulfide is one of the world's 

environmental risks once it exposes to the environment. Typical toxic elements such as 

As, Ni, Cu, Se, Pb, Cd, and Fe release from AMD highly impact human health and 

aquatic lives. Some AMD cases are naturally attenuated without human interventions. 

Unfortunately, human assistant for water treatment is essential if natural attenuation is 

inadequate. Passive treatment is the sustainable method for AMD treatment, but it is 

dependent on site-specifics. Passive treatment is applicable only if a detailed study of 

natural remediation in AMD contamination sites. Ferric iron minerals such as 

schwertmannite, commonly found in an acidic environment, have potential roles in 

natural attenuation for heavy metal scavenges. Regardless of the significant roles of 

schwertmannite in natural attenuation, the gaps of the schwertmannite formation based 

on the iron dynamics study applied to natural environments remain uncertain. Therefore, 

the two case studies of AMD contamination are selected to investigate in this research 

to cover the broad scope of the relationship of iron dynamics and natural attenuations 

in the implication for passive treatment.  

Chapter 1 introduces the research introduction, background, and problem 

statements. The overall objective of this research is to elucidate the effects of natural 

attenuation occurrences for various sources of iron species in acid mine drainage in 

different climate conditions and its implication for passive treatment methods. The 

implementation to reach these goals, the aspects that mainly focus on are: (1) the 

characterization of the various AMDs' geochemical behaviors in different climate 

conditions that possibly control the natural attenuation mechanisms, (2) elucidating the 

impacts of iron species and its dynamics that may well influence to AMD attenuations, 

and (3) the advantage of natural attenuation mechanisms to apply to AMD passive 

treatment methods by using geochemical modellings. 

Chapter 2 reviews the existing literature to deliver this research's background 

knowledge. The appraisals include the roles of ferric iron minerals to remove toxic 

elements from AMD, the relationship of Fe dynamics, the formation of schwertmannite 

in the mine site, and the overview of AMD treatment methods. 

Chapter 3 discusses the case study of Mondulkiri mine site, where the sources of 

AMD come from the discharge of tailing and AMD generation from the excavated area. 
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Fe 2+ is the major iron species released from AMD. The toxic elements which are more 

than the WHO regulation limit are As, Ni. Se, and Cu. Iron oxidizing bacteria in the 

tributary is one of the factors controlling the natural attenuation process. The rapid 

oxidation of Fe2+ to Fe3+ occurred under the biotic condition in the tributary. When pH 

increases in the rainy season, Fe3+ starts to precipitate in the tributary as schwertmannite, 

enabling As adsorption in the rainy season. Yet, Ni, Se, and Cu concentrations were 

diluted by rainwater. The natural attenuation successfully remediated the target 

contaminants to less than the WHO regulation limit in the rainy season. The tributary's 

pH decreases in the dry season led to the dissolution of schwertmannite, where As was 

also released back to the river. The seasonal dynamics in the study area caught great 

attention of the role of rainwater or dilution in natural attenuation. In the rainy season, 

rainwater elevates the pH in the tributary from 2.7 to 3.4 and dilutes the contaminant 

concentrations. The dilution is insufficient to dilute As concentration to less than the 

environmental regulation limit, but the rising pH in the tributary facilitates 

schwertmannite precipitation. Thus, As adsorption onto schwertmannite occurs. 

Chapter 4 is the case study of Shojin mine, the abandoned mine site in a temperate 

climate zone in northern Japan. The sources of the river contaminant are different from 

the Mondulkiri mine. The drainage seepage from the waste dams leaks to the nearby 

natural rivers rich in Fe, As, Cd and Pb. At the monitoring point, the contaminants of 

the Shojin river decreased to below the standard environmental level. In contrast, Cd 

and Pb concentrations in Amemasu river remain slightly higher than the standard 

environmental level, even though the two rivers have the same contamination sources. 

The Fe3+ is the dominant species released from drainage water, which is different from 

the Mondulkiri mine. After AMD had mixed with the Shojin river's pH decreased from 

6.9 to 3.1. The formation of schwertmannite can be found just after mixing, and all the 

contaminant targets are less than WHO guidelines. Arsenic concentration decreases due 

to its adsorption onto the schwertmannite surface. Nevertheless, the concentrations of 

Pb and Cd were decreased by dilution of the natural water in the river. In contrast, 

Amemasu river's pH dropped from 7.1 to 2.8 after mixing with the drainage water. 

There was no significant effect of the natural attenuation in Amemasu river as it is in 

Shojin river. 

Chapter 5 provides a detailed study of the iron dynamics in the study areas. The 

dominant ferric iron mineral found in both study areas is schwertmannite, has a 
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significant role in natural attenuation. Iron dynamics in AMD control the rate-limiting 

of schwertmannite formation. Fe2+ is commonly found as the rate-limiting species in 

AMD treatment, yet in the case of Mondulkiri mine is different. Fe2+ is not the rate-

limiting parameter. The presence of iron-oxidizing bacteria boosts the oxidation rate of 

Fe2+ to Fe3+. Fe3+ precipitation rate constant of the study areas was obtained from the 

experimental data is relatively quick in acidic conditions at pH 3 to 3.5. 

Chapter 6 and 7 describe each case study of toxic elements removal methods. The 

Acid neutralization by dilution and the utilization of limestone in AMD by the 

geochemical model was conducted to compare the efficiency of passive treatment 

implications. The Mixing models of the study areas were implemented to understand 

the role of dilutions in AMD contamination. The model shows the dilution could elevate 

the pH in rivers water and dilute the concentrations of the toxic elements. In addition, 

the drainage water reaction with the limestone model could also indicate the required 

limestone that is necessary for acid neutralization.  Both methods provided significant 

results to the study area; however, the dilution of neutral water is limited to Amemasu 

river. 

Chapter 8 concludes the natural attenuations mechanisms in each case studies and 

its future implications for passive treatment. This study shows some essential 

parameters that should be considered for passive treatment design, including iron 

species, iron concentration, dilution sources, flowrate, and etc. Moreover, this study 

validated the existed geochemical models and databases from previous studies to the 

measurement data from the natural environment. These findings are essential for the 

AMD contaminated area for future treatment implications.     
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I. General introduction  

1.1. Acid mine drainage and natural attenuation  

Acid mine drainage (AMD) contaminations are the worldwide environmental 

challenges, where 19,300 km of river and 72,000 ha of lakes and reservoirs reported 

seriously affected form mining activities since 1989 (Johnson, 2009; Sarmiento et al., 

2018). In the past decades, some of mining activities were closed, but AMD remains 

generate. Once, AMD leaks to the environment, it severely affects to soil, aquatic 

ecology, as well as human health (Kefeni et al., 2017).  AMD is generated by oxidation 

of metal sulfides dissolved oxygen and water release from mining activities including 

active mines, abandoned mines, dumping site, and mine tailing (Berger et al., 2000; 

Fukushi and Sato, 2005; Kefeni et al., 2017). The reaction of pyrite, a common mineral 

among of metal sulfides, responsible for AMD generation (Kefeni et al., 2017). 

Dissolved ferrous iron and sulfuric acid are generated during their reaction, which lead 

to decreasing pH of natural water and promote hazardous elements dissolution from ore 

and waste rock to environment. The trace metals cations associate with metals sulfides 

such as; Cu, Cd, Pb, Ni, and Zn and metalloids AsO4
3-, CrO4- , Sb(OH)6-, and SeO3

2- , 

were also reported as the toxic elements release from AMD which concern to human 

health (Baleeiro et al., 2018; Chikanda et al., 2021; McNeal and Balistrieri, 1989; 

Regenspurg and Peiffer, 2005; Zhou et al., 2018). The environmental pollution 

measurement depends on chemistry of AMD and pH which are wisely different 

according to geological setting, hydrological, and geochemical setting (Kefeni et al., 

2017). For instant, Tito river basin in Spain was contaminated by AMD had an average 

pH 2.38, total Fe (3,954 mg/ L), Ni (0.887 mg/L) and SO4 (15,164 mg/L) (Nieto et al., 

2013). An acid pond in northern Manitoba, Canada contains maximum 10,900 mg/L 

Fe, 21,400 mg/L SO4, 50.5 mg/L Zn, 252 mg/L Al, 15.8 mg/L Cu, and 0.972 mg/L Pb 

with pH 2.33 (Moncur et al., 2006). In Sao Domingos mine waste leachates had pH 2.6 

and the average concentration; 4,210 mg/L Fe, 1,480 mg/L Al, 2448,070 mg/L Zn, 30 

mg/L Pb, 6.2 mg/L As, and 7,700 mg/L SO4 (Abreu et al., 2008). In Dabaoshan mine, 

in south China, supplied a pH 2.8, SO4 19940 mg/L, Mn 60 mg/L, Pb 0.60 mg/L and 

Mg 130 mg/L (Chen et al., 2015). An abandoned mine in Nishinomaki in South West 

Gumma, Japan has pH 3.08, Fe 13.5 mg/L, SO4 374 mg/l, Co; 0.012 mg/L, As 0.255 

mg/L (Fukushi et al., 2003a). The most extreme AMD is at the underground of Iron 
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Mountain, California, where the lowest pH had ever recorded in the literature was -3.6 

with the total concentration of metals as high as 200,000 mg/L and sulfate concentration 

760,000 mg/L (Nordstrom et al., 2000).  

AMD can be naturally remediated while flowing into natural river due to natural 

attenuation (NA) mechanisms (Fig.  I-1) known as the act without human intervention 

to reduce the mass, toxicity, mobility, volume, or concentration of contaminants by 

volatilization, incorporation as biomass, degradation, and stabilization such as 

sedimentation, precipitation, and phytostabilization (Favas et al., 2019). Dilution of 

background river is one of the physical mechanisms of natural attenuation to neutralize 

AMD in the stabilization process, and diluting the contaminants from the drainage (Ito 

et al., 2017). Previous studies reported some AMD cases naturally remediated to less 

than environmental regulation limit without human assistant. For examples; Fukushi et 

al. 2006 found an abandoned mine self-remediated after leaching to environment when 

there was formation of schwertmannite. Schwertmannite successfully removed As from 

the drainage to less than WHO guideline. Similarly, at Ilwang mine, Korea, As 

coprecipitates and adsorbs by schwertmannite in acidic conditions (Park et al., 2016). 

Ito et al. (2017) reported several natural attenuation mechanisms the river contaminated 

by AMD including mineral precipitation of Th, and U adsorption onto ferrihydrite at 

near neutral pH ⁓5.5. At circumneutral pH at an abandoned mine Anai, Japan, As, and 

Zn were removed ferrihydrite and Zn-Fe-LDH from the mine drainage (Chikanda et al., 

2021). Favas et al. (2019) shows phytostabilization potentially uptake U from water 

contamination by roots or rhizomes. The AMD from Pecos mine in New Mexico leaked 

from the mine site mix with a tributary and reacted with limestone of the local bedrock 

resulted increasing the pH to greater than 7. This phenomenon allows Al, Cu, Fe and 

Pb precipitation while other minerals like Zn, Mg, Mn, and SO4 decreased by dilution 

(Berger et al., 2000).  
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Fig.  I-1. Schematic of AMD natural attenuation 1) Volatilization (2) incorporation as biomass (3) degradation and 

(4) stabilization (precipitation, sedimentation, phytostabilization). (Favas et al., 2019) 

1.2. Problem statements  

The artisanal or unofficial mines are extremely concerned to environment due to 

lack of control by the local authorities, particularly in least developed countries. The 

artisanal mining impacts are separated into parts; (1) the impact of mining operation by 

chemical and biological contamination, and (2) the socio-political and economic issues 

(Tarras-Wahlberg, 2002). The tailing and AMD generation from artisanal mines during 

the operation and after operation are not well treated before releasing to natural 

environment.  

In addition to artisanal mines, the abandoned mine is also the challenges. The 

numbers of abandoned mine sites are not well determined but it is estimated around 

several millions abandoned mine worldwide. At least 50,000 abandoned mines are 

known in Australia, while in the USA, it is more than 550,000 have been discovered, 

and more than 10,000 are identified in Canada  (Hufty, n.d.). River catchments about 

12 000 km2 in northern England was directly affected by historical metals mines (Great 

Britain and Environment Agency, 2008). More than 5000 abandoned mines in Japan, 

while about 450 mine sites reported having mine and water pollution (Tomiyama et al., 

2019). Since 1973, Japan Oil, Gas and Metals National Cooperation (JOGMEC) have 

been responsible for mine pollution control under the fund support from Ministry of 
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Economy, Trade, and Industry. JOGMEC spend ¥17 billion (Japanese yen) to support 

45 wastewater treatment projects at the abandoned mine sites since 1973 to 2019 

(“JOGMEC,” n.d.). In the active mine sites, the mining companies are responsible for 

AMD treatments due to the governmental restriction of each country. The mining 

companies could cover all the expenses during their activities. Yet, once the mining 

activities close, the mining company may no longer be responsible for the treatment. 

There is no specific person responsible for water treatment artisanal and abandoned 

mines. 

The artisanal mines and the abandoned mines without proper treatment are highly 

depending on the natural attenuations. Unfortunately, not all natural attenuation 

occurrences can secure the water quality at the contaminated areas. Thus, AMD 

treatment is mandatory to ensure the water quality and the environmental risks. The 

AMD treatment methods are commonly used include active and passive treatment. 

Active treatment methods are the simple approaches, involve chemical reagents to 

neutralize acids, however it produces the huge amount of sludge, requires regularly 

maintenances, and quite costly (Naidu et al., 2019). In contrast to active treatment, 

passive treatment is highly depend on natural processes such as; biological, 

geochemical, and physical processes to treat AMD (Skousen and Ziemkiewicz, 2005). 

Therefore, passive treatment is more sustainable and cost-effective than active 

treatment is recommended. However, passive treatment is practical only if there is 

enough understanding of natural attenuation mechanisms. Ferric iron minerals, the 

ubiquity minerals in the AMD environment, has the capacity to remove toxic element 

due to surface complexation, structural incorporation, and surface precipitation (Shi et 

al., 2021). Ferric iron minerals have the essential roles in natural attenuation as well as 

passive treatment (Florence et al., 2016; Fukushi et al., 2003a). Despite the critical roles 

of ferric iron in passive treatment, it is remains uncertain how it forms in natural 

environments. It is necessary to clarify the dynamics of irons species of AMD in various 

hydrological conditions as the essential indication for passive treatment.  

1.3. Objectives  

The objectives of this doctoral research are to elucidate the effects of natural 

attenuation occurrences for various sources of iron species in acid mine drainage in 
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different climate conditions and its implication for passive treatment methods. The 

implementations to reach these goals, the aspects that particularly focus on:   

• Climate conditions are the main factors controlling hydrological condition of 

the water body included river flowrate, rain falls, water input, water discharge 

and many other parameters. In case of the river catchment that contaminated by 

AMD, the river water input might affect to the pH and water chemistry in the 

rivers.  Thus, one aspect of this research is to characterize the differences of 

various AMDs’ geochemical behaviors in different climate conditions that 

possibly control the natural attenuation mechanisms.  

• Ferric iron mineral formations can be found in different conditions including 

the acidic environment. Since it is simply forms in various conditions, so, these 

minerals can facilitate the natural attention processes. Ferric iron minerals 

require dissolved ferric iron as the formation source. On the other hand, the 

dominant iron species from AMD is typically ferrous iron. Therefore, another 

aspect of this study is to elucidate the impacts of iron species and its dynamics 

that may well influence to AMD attenuations.  

• Besides understanding the different aspects of natural attentions impacts and 

mechanisms, it is necessary to understand in what manners that the natural 

attenuation mechanisms may be feasible to apply in AMD passive treatment. 

Hence, the last aspect of the research is to ascertain the advantage of natural 

attenuation mechanisms to apply to AMD passive treatment methods by using 

geochemical modellings.  

1.4. Approach and methodology  

To cover a wide-ranging investigation of AMD characteristics, two different 

locations of AMD contamination sites were selected for this study. One location is 

Mondulkiri mine site situates in Mondulkiri province, Cambodia. Mondulkiri mine site 

is an active artisanal gold mine, where tailing and AMD waste discharged randomly 

without appropriate treatment. Another study area is Shojin mine in Shikabe town, 

Hokkaido, Japan. Shojin mine is an abandoned mine, where the mining activities was 

closed a few decades ago. The implementation of this study was separated into three 

different approaches as listed in Table I-1. Firstly, filed investigations were conducted 
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in each study areas base on the measurement targets included field data measurement, 

water sampling, sediments, and rock sampling. Later, the data analysis of the water, 

sediments, and rock samples were analyzed at Hokkaido University. The last approach 

of this study is the data interpretation and geochemical modelling to facilitate the study.  

Table I-1. The approach and methodology of that were used to for this research.  

Field investigation Data analysis Geochemical modelling 

- On site measurement for 

water parameters 

(temperature, pH, ORP, 

DO, EC, Alkalinity) 

-Water sampling 

(preserve for anion, 

cations) 

-Sediment and ore 

sampling (Sediment along 

the stream bank, and 

waste and ore from the 

mine site) 

-Water chemistry analysis 

(IC/ICP-AES, ICP-MS) 

-Sediment and ore’s 

minerals identification 

(XRD, SEM, 

Petrography) 

-Sediment and ore’s 

chemical composition 

identification (XRF, acid 

digestion, selective 

extraction) 

-Determine the mineral 

formation 

-Obtained the adsorption 

behaviors of toxic 

elements  

-Determine the process of 

natural attenuation  

-Devise the passive 

treatment methods  

(Geochemist’s 

Workbench and Phreeqc) 

1.5. Thesis outline  

This thesis contains of eight chapters (I-VIII), which describes all the aspects 

regarding the natural attenuation, iron dynamics, and passive treatment implications 

from introduction to conclusion. Firstly, Chapter 1 introduced the general introduction, 

problem statements, and objectives of the research.  

Chapter 2 aims to describe the detail literature reviews of the import roles of iron 

in AMD to remove hazardous elements from contaminated water, the impact of AMD 

in the mining sites, the treatment methods for AMD, and the passive treatment methods.  

Chapter 3 provides the detailed case study of an artisanal gold mine in Cambodia. 

This chapter shows the effect of the seasonal dynamics that effect to natural attenuation 

of contaminated tributary. The accomplishments of the investigations are the 

determination of natural attenuation mechanisms in the study areas. Dilution of neutral 
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water and rainwater play the major role to raise the pH and diluted toxic elements in 

the tributary. While the pH of tributary increase to above 3, schwertmannite started to 

form and act as the absorbent materials for As.  

Chapter 4 describes the case study of an abandoned mine site in the northern Japan. 

The field investigation was conducted on two rivers where they were negative impacted 

by AMD from the same sources. This investigation successfully determined the 

important role of dilution of the background river to the drainage water. In this case 

study, rainwater is not effectively influence to the seasonal changes of the natural 

attenuation mechanisms as it was in Chapter 3. Schwertmannite found in the rivers has 

similar roles to the schwertmannite found in Chapter 3. Schwertmannite adsorbed As 

from the contaminated rivers.  

Chapter 5 shown the significant roles of iron species and dynamics in the study 

area. This chapter highlights the important factors including iron kinetics, and 

adsorption that can be taken into consideration while designing the passive treatment 

methods. The Fe2+ oxidation rate and rate constant were obtained from the field data. 

In addition, schwertmannite precipitation rate and rate constant were determined using 

the drainage water experiments. The drainage with Fe2+ dominant, iron oxidizing 

bacteria is necessary for Fe2+ oxidation rate. On the other hand, in the mine drainage 

where Fe3+ is dominant, Fe2+ oxidation rate can be neglected. Yet, determining the 

precipitation rate and the optimum pH for schwertmannite formation are important. The 

chapter also described the surface complexation model of As, Cd, Pb, and Ni on 

schwertmannite using generalize double layers model.   

Chapter 6 and Chapter 7: intends to investigate the geochemical signatures of each 

case study by using geochemical modelling. The process models of the represent the 

study area were conducted and validated by measurement data. Geochemical models 

are applicable to use for geochemical behaviors characterization that can represent the 

field investigation. This finding could be used to predict the geochemical behaviors 

while applying for passive treatment or devise the passive treatment methods for AMD. 

Chapter 8 describes the general conclusion of this thesis and its implications of the 

research. This chapter points out the finding of this study and delivers the implication 

that can be also utilized for various case studies.  
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II.  Literature review 

The literature review’s objective is to deliver the background knowledge regarding 

the AMD generations, the role of iron in natural attenuation of AMD and its relationship 

to passive treatment methods.  

2.1. Roles of Fe minerals in toxic elements scavenges from AMD 

Ferric iron minerals found in the mine drainage can be identified such as; 

ferrihydrite, lepidocrocite, goethite, jarosite, and schwertmannite and so on (Shi et al., 

2021; Wang et al., 2006). It is able to incorporate metals and metalloids by surface 

complexation, surface precipitation, structural incorporation (Acero et al., 2006; Meng 

et al., 2020; Paikaray, 2020). The metals and metalloids retention on iron 

(oxyhydr)oxides and/or oxyhydroxysulfates mechanisms are minerals species 

dependent to surface sites and morphological structures (Fukushi and Sato, 2005). 

Metals ions species properties such as ironic radius, hydration energy, solubility, 

electronegativity, and geometry or coordination numbers are also significantly control 

their interactions with iron (oxyhydr)oxides and/or oxyhydroxysulfates as well (Shi et 

al., 2021).  Highly toxics elements that mostly found in acid mine drainage such as As, 

Se, Cu, Cd, Pb, and Ni reported having bad impact to human health in case of overdose 

of usage. The environmental regulation limit for drinking water set by World Health 

Organization (WHO) for those elements are 2 mg/L (Cu), 0.003 mg/L (Cd), 0.010 mg/L 

(Pb), 0.07mg/L (Ni), 0.010 mg/L (As) and 0.040 mg/L (Se).  

In most of geological environments, ferric iron minerals have isoelectric points of 

8.6 with a net positive charge, having high sorption affinities for As species. The 

adsorption capacity of As3+ onto Fe hydroxide occurs at pH between 7 and 10, while 

As5+ adsorption has strong adsorption capacity at between pH 4 to 7 (Wang and 

Mulligan, 2006). Park et al. (2016) reported that As co-precipitates with Ferrihydrite is 

greater than adsorption, yet these mechanisms is no significant different on 

schwertmannite. Selenium species present in several oxidation state in environment but 

the species concern to human health and ecosystem are selenite (Se4+) or selenate (Se6+) 

(Das et al., 2013). In acidic condition Se4+ and Se6+ can be co-exists in the oxidation 

state. The binding the mechanisms of Se4+ and Se6+ to the ferric (oxyhydr)oxide 

minerals contrast to each other. Se4+ has the affinity to form outer-spere surface 
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complexes on goethite while Se6+ tends to attach to an inner-sphere bidentate surface 

complex on ferrihydrite and lepidocrocite (Marouane et al., 2021; Rovira et al., 2008). 

Se4+ and Se6+ behave similarly while binding to schwertmannite by mainly bounding to 

inner-sphere corner-sharing and partially to outer-spere complexes with Fe3+ surface 

sites. Yet, Se4+ has higher affinity to sorb onto schwertmannite (Marouane et al., 2021). 

Cations present in acidic condition such as Cu2+, Cd2+, Pb2+, and Ni2+ bond to iron 

(oxydyr)oxide and the adsorption mechanisms are depended to miner species, pH, and 

surface loading, and metal ion concentration (Benjamin and Leckie, 1981; Moon and 

Peacock, 2012; Saeki and Kunito, 2012; Shi et al., 2021). The adsorption of Cd2+ occurs 

at the higher pH (> 7), yet having a weaker biding affinity on iron (oxyhydr)oxides than 

Cu, Pb or Ni (Buerge-Weirich et al., 2002; Liang et al., 2018; Shi et al., 2021).  

2.2. Fe2+ and Fe3+ dynamics in mine drainage 

Iron, one of the major elements, predominant in AMD due to the dissolution of 

pyrite (Fe2S), Arsenopyrite (FeAsS), and chalcopyrite (CuFeS2). In aqueous solution, 

iron species exist as ferrous iron (Fe2+) and ferric iron (Fe3+). In acid mine drainage, the 

reaction and transformation of iron from one to another species are quite complex. The 

dissolution of pyrite in (Reaction II-1) releases in Fe2+, while Fe3+ liberates from Fe2+ 

by the oxidation process under abiotic or biotic condition (Reaction II-2). Dissolved 

Fe3+ can also exist as complexes such as FeOH2+, Fe(OH) 2
+, Fe(OH) 3

0, or FeSO4
+ 

(Table II-1) (Grundl and Delwiche, 1993) in aqueous solution. Hydrolysis of Fe3+ 

resulted the precipitation of amorphous phase such as ferric oxyhydroxides and/or 

oxyhydroxysulfates (4) (Grundl and Delwiche, 1993; Paikaray, 2020) according to 

various conditions as shown the iron mineral stability diagram in Fig.  II-1. The stability 

diagram of ferric iron minerals (Blanc et al., 2012; Sánchez-España et al., 2011). Iron 

(oxyhydr)oxides and/or oxyhydroxysulfates exist in natural environment, contaminated 

land environment, or mine contamination environment, yet having significant roles to 

remove metal(loid)s in solution (Schoepfer and Burton, 2021; Shi et al., 2021). 

FeS2 + 7/2O2 + H2O → Fe2+
(aq) + 2SO4

2- + 2H+   (II-1) 

Fe2+
(aq) + ¼ O2 → Fe3+

(aq)  + ½ H2O    (II-2) 

Fe3+
(aq) +  H2O → Fe3+

(ppt) 
    (II-3) 

Fe3+
(ppt) → amorphous crystallite  (II-4) 
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Fig.  II-1. The stability diagram of ferric iron minerals obtained by using React module of Geochemist’s 

workbench  

Table II-1. Iron species in queues solution and ferric iron minerals 

Species Formation reaction 

FeOH2+ Fe3+ + H2O → FeOH2+ + H+ 

Fe(OH) 2
+ Fe3+ + 2H2O → Fe(OH) 2

+ + 2H+ 

Fe(OH) 3
0 Fe3+ + 2H2O → Fe(OH) 3

0 + 3H+ 

FeSO4
+ Fe3+ + SO4

2+ → FeSO4
+  

Ferrihydrite  Fe3+ + 3H2O→ Fe(OH)3 + 3H+ 

Goethite  Fe3+ + 2H2O → FeO(OH) + 3H+ 

Schwertmannite 8Fe3+ (aq) + ySO4
2- (aq) + (24-2y+x)/2H2O →  

Fe8O8(OH)x(SO4)y(s) + (24-2y)H+
(aq) 

Jarosite  3Fe2(SO4)3 + K2SO4 + 12H2O → Fe3(SO4)2(OH)6) + 6H2SO4  

 

The reaction rate from Fe2+ to Fe3+ is commonly a rate limiting process of ferric 

iron mineral formation. Kinetics of reaction (II-2) is dependent to pH, temperature, 
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concentration of dissolve oxygen, and catalysts (Stumm and Lee, 1961) given in 

equation (1). Metals ions and microbial in acid mine drainage are the significant 

catalyzers in Fe2+ oxidation process, yet the microbial activities have a greater catalyzer 

capacity than metals ions (Pesic et al., 1989; Stumm and Lee, 1961). In acidic condition 

pH below 4.5 of abiotic condition, the kinetic of ferrous oxidation dependence of the 

oxygenation rate and hydrogen ion concentration as written in Equation 1 (Stumm and 

Lee, 1961). Under pH 4.5, the initial 0.001M ferrous iron concentration, the oxidation 

of 50% of ferrous iron to ferric iron would take 286 days with the oxidation rate 

constant; k= 8×1013 L2/mol2 at 25 oC. On the other hand, under the biotic condition the 

oxidation of ferrous iron would take on 31 minute to oxidize 50% of 0.001M of Fe2+ 

(Pesic et al., 1989).  

Iron bacteria is recognized carrying geological process known as iron oxidation 

catalyzer since the 1830s (Emerson et al., 2010). In the extreme environment as it is in 

mining environment, microbial community are not well characterized, yet, it was 

reported that 1-10% of the microbial community can be cultured and isolated for the 

study of living organisms (Cardenas and Tiedje, 2008). In the sulfate rich mining 

environment, acidophilic bacteria such as Acidithiobacillus ferrooxidans, 

Leptospirillum ferrooxidans and other iron oxidizing bacteria act as the catalyzer to 

oxidize ferrous sulfate to ferric sulfate (Auld et al., 2013). Pesic et al. (1989) conducted 

the study of the role of iron oxidizing bacteria in ferrous oxidation rate using 

Thiobacillus ferrooxidans; belong to Acidiphilum genus (Rawlings and Kusano, 1994). 

In acidic condition, at pH 2.2 to 3.5 under atmospheric condition (25 oC), the rate 

expression can be written as Equation II-2; where Cbact is the concentration of bacteria, 

R; universal gas constant, kJK-1 , T; absolute temperature, K. PO2 is oxygen partial 

pressure.  

−𝑑𝐹𝑒2+

𝑑𝑡
=

𝑘[𝐹𝑒2+]

[𝐻+]1/4
(𝑃𝑂2

)  Equation II- 1 (abiotic condition) 

−
𝑑[𝐹𝑒2+]

𝑑𝑡
= 𝑘[𝐹𝑒2+] = 1.62 × 1011𝐶𝑏𝑎𝑐𝑡 [𝐻+][𝐹𝑒2+]𝑃𝑂2

𝑒−(
58.77

𝑅𝑇
)
  Equation II- 2 

(biotic condition) 

The ferrous oxidation rate constant (k) in biotic condition is:  

𝑘 = 𝑘′𝐶𝑏𝑎𝑐𝑡 [𝐻+]𝑃𝑂2
; 𝑘′ = 1.62 × 1011         Equation II- 3  



12 

 

The present of iron oxidizing bacteria is one of the driven pathway controls 

formation of ferric minerals natures, morphology, and phase transformations (Feng et 

al., 2021). For example, the various A. ferrooxidans strains in the same AMD 

environment promote various minerals precipitation such as tooeleite, schwertmannite, 

and jarosite (Egal et al., 2009). Schwertmannite and jarosite are commonly found as the 

products of iron-oxyhydroxysulfate materials in the mining environment due to the 

involvement of the A. ferrooxidans strains (Zhu et al., 2013). Schwertmannite is the 

primary solid phase mineral (Egal et al., 2009; Feng et al., 2021), while jarosite requires 

the monovalent (Na+, Ag+, NH4
+, H3O

+, K+) compounds (Dutrizac, 2008) during 

formation.  

2.3. Schwertmannite in mine drainage environment  

Occurrences: The schwertmannite is commonly found deposit in the pyrite rich 

mine environment such as coal mines, metalliferous mines, and acid sulfate soils 

(Childs et al., 1998; Fitzpatrick et al., 2017; Nieto et al., 2013). Schwertmannite color 

range from yellow to brown consists of Fe3+ coordinates with SO4
2- and OH- ions under 

the influence of drainage contaminant with an ideal chemical formula of Fe8O8(OH)SO4 

(Regenspurg et al., 2004; Schwertmann et al., 1995), form under acidic condition (pH: 

2.5-4.5) according to reaction II-5. In natural condition, schwertmannite formation is 

most likely under the effect of microbial activities that spurs up the newly from Fe2+ 

oxidation (Reaction 2) (Baker and Banfield, 2003).  

8Fe3+ + SO4
2- + 14H2O → Fe8O8(OH)6(SO4) + 22H+  (II-5) 

Morphology: Schwertmannite has two morphological structures; smooth and rough 

surface, particle sizes range from nano scale to microscale (Fernandez-Martinez et al., 

2010; Zhang et al., 2018). Fig.II-2 show schwertmannite particles aggregated from 

various synthesis methods. The particle sizes in model (i) given the smooth rounded 

surface due the quick supply rate of H2O2. Model (ii) and (iii) provided the rough 

surface, where it aggregated as hedge-hog-like or sea urchin-like structures due to 

higher synthetic temperature (> 60 oC) or a slow addition rate for H2O2. pH value set as 

environment factor determining the precipitation efficiency of Fe in oxidative reaction 

or hydrolysis (Feng et al., 2021). Schwertmannite surface structures have a great impact 

on metal(loid)s surface complexation. The more the roughness surface structure, the 
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larger the specific surface area (SSA), and the better for metal(loid)s adsorption 

(Dzombak and Morel, 1990a).  

Stability and transformation: Schwertmannite is a meta stable mineral that form 

directly after Fe2+ oxidation process, can be transform or aging to jarosite or goethite 

base on various condition (Kim and Kim, 2020; Knorr and Blodau, 2007; Wang et al., 

2006). Schwertmannite stability directly link to pH condition. At pH 3 to 4, 

schwertmannite is at the most stable phase and might takes several years to transform 

to other phases (Regenspurg et al., 2004). Schwertmannite tents to transform to jarosite 

if there is the adequate present of monovalent cations like K+, NH4
+, or Na+ at low pH 

condition (pH<3) (Acero et al., 2006). At pH from 4 to 7, schwertmannite is more likely 

to age as goethite since the transformation rate increases to double (Schwertmann and 

Carlson, 2005).  

Environmental implications: The ubiquity formation of schwertmannite in the 

mine areas has the important roles in natural attenuation processes (Fukushi et al., 

2003a; Park et al., 2016; Webster et al., 1993). The ability of schwertmannite to form 

in acidic condition facilitates the toxic metals retention. Its formation successful 

uptakes As, Cr, Cu, and many more elements greater than 90% from mine drainage 

water (Khamphila et al., 2017; Webster et al., 1993) . Its implications are used for AMD 

treatment (Florence et al., 2016; Paikaray, 2020) for both passive and active treatment 

methods.  

 

Fig.  II-2. Schematic illustration of the formation process from seeds to schwertmannite products(Zhang et al., 

2018)   
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2.4. Acid mine drainages treatment 

Numerous of rivers catchments are reported negatively impact by AMD that is not 

consumable. The increasing of water consumption triggers the need of safety drinking 

water level. Various remediation methods have been research and implemented 

worldwide on physical and chemical, electrochemical, and biological process in order 

to secure the water quality and quantity of portable water as well as the natural water 

resources (Speight, 2020). The mechanisms that are used in AMD treatment are listed 

in Table II-2. Treatment technologies to attain those mechanisms are separated to two 

methods: active and passive treatment methods. The most common mechanisms are pH 

control and oxidation by alkalinity generation by additive alkaline material or biological 

mediation by bacteria metabolism by organic matters as below.  

• Alkalinity generation by limestone dissolution equation:  

CaCO3 + H+ → Ca2+ + HCO3
- (II-6) 

• Oxidation and hydrolysis (metals precipitation) in aerobic system  

4Fe2+
(aq) + 4O2 + 10H2O → 4Fe(OH)3↓ + 8H+ (II-7) 

• Sulfate reducing bacteria metabolism for alkalinity generation:  

2CH2O + SO4
2- → H2S + 2HCO3- (II-8) 

Table II-2. The AMD treatment by chemical, physical, and biological mechanisms (Taylor et al., 2005) 

pH control oxidation/ reduction  Chelation 

Adsorption Electrochemical  Biological mediation 

Adsorption Sedimentation Ion exchange  

Complexation  Flocculation-filtration-

settling 

Crystallization  

 

The selection of active or passive treatment base on several factors, but the essential 

variable are acid, acidity, acidity load, and flow rate (Taylor et al., 2005; Trumm, 2010) 

as shown in Fig. II-3. Besides, other parameters should be considered are location of 

the mine site, topography, and climate conditions (rainfall pattern) (Trumm, 2010). 

Acid and acidity sound similar but they are different in definition. “Acids” are the 

compounds or ions that can promote protons, basically, it is the measure of H+ or pH 



15 

 

(Puchtler et al., 1985; Taylor et al., 2005). “Acidity” is the measurement of both H+ and 

mineral or latent, which is the potential concentration of H+ generated by the 

precipitation of metals hydroxides in solution at a given pH (Taylor et al., 2005). 

“Acidity load” is the product of “Acidity” and flow rate, which is crucial for ideal 

treatment requirement (Taylor et al., 2005). Acidity and acidity load are calculated as 

the equations below for instant AMD contain Fe, Al, and Mn at a given pH.  

▪ Acidity (mg/L CaCO3) = 50 × {3×[Fe3++ Fe2+ ]/56 +3× [Al3+]/27+ 2×[Mn2+]/55 

+1000×10-(pH) }                           (Equation II-4) 

▪ Acidity load (tonnes CaCO3/day) = 10-9 × 86400 (conversion factor) × flow rate 

(L/s) × acidity (mg/L CaCO3)               (Equation II-5) 

 

Fig.  II-3. Active or passive treatment decision making flow chart (Trumm, 2010)  

2.4.1. Overview active treatment methods  

Active treatment is the conventional mechanical mechanism to ameliorate the 

contaminated water by adding alkaline chemicals to raise the pH, counteract acidity, 

and precipitate the metals (Seervi. et al., 2017). The active treatment technology 

involving; cost of equipment and machines, chemicals reagent, and manpower, which 

is quite costly and regularly need maintenance (Eppink et al., 2020). The active 

predominant methods using in AMD treatment methods include chemical precipitation, 

in-line aeration, oxidation, electrochemical, dosing with alkali, reverse osmosis, iron 

exchange, and sedimentation (Seervi. et al., 2017; Trumm, 2010). These methods 

produce a significant amount of sludge which required proper place to dispose. This 
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chapter will not discuss in detail for active treatment, however,  the design or suggestion 

of active treatment of AMD can be determined by using computer software AMDTreat 

(Cravotta et al., 2015).  

2.4.2. Passive treatment  

Passive treatment is an AMD treatment method rely on natural process of AMD 

systems such as physical, geochemical, and biological processes. It takes the advantage 

of the natural systems to improve the water quality with the minimal operation and 

maintenances (Gazea et al., 1996). The design of passive treatment required the detail 

study of site characteristics, water chemistry, bioavailability, local topography, flow 

rate (Skousen et al., 2017) as shown in Fig II-4. The system easily fail to operate if it is 

not well designed (Trumm, 2010). Passive treatment systems divided into main type, 

biological and geochemical passive treatment. The passive metals retention 

mechanisms are: (1) metal oxidation and hydrolysis (facilitate by oxidizing bacteria), 

hydroxide floc formation, precipitation, co-precipitation of trace metals with Fe 

hydroxide, Al hydroxide or Mn oxide; (2) reduction of metals and formation of metals 

sulfides in organic matters; (3) surface complexation, sorption to organic matters and 

uptake by plans; (4) alkaline materials addition (Gazea et al., 1996; Seervi. et al., 2017).  

Biological process of passive treatment 

Biological treatment process is the treatment methods base on the biogeochemical 

dynamics reaction with AMD by using a constructed wetlands to mimic the natural 

ecosystem. When AMD is in contact with the artificial shallow pond systems fill with 

limestone, gravel, soil, or organic matter enables the redox, acid neutralization, and 

minerals precipitation functions the wetland plans (Skousen et al., 2017).  

Aerobic wetlands (AeWs) are the system to treat net alkaline waters with the main 

contamination targets are Fe or Mn. The roles of aerobic wetland is allow the oxidation 

of ferrous iron by aerated water to ferric iron and precipitation as hydroxide, 

oxyhydroxide and oxides floc (Gazea et al., 1996) . The bottom layer of the channel 

commonly impermeable layer to prevent the contamination infiltrate to groundwater. 

The additive suitable medium should be added in the AeWs channels (depth: 10 cm to 

50 cm) included soil, and vegetations (Typha) to promote the slow flowrate and 



17 

 

attachment sites for floc. In addition, limestone should be add to maintain the net 

alkaline water conditions in the systems (Skousen et al., 2017).    

Anaerobic wetlands (AnWs) or bioreactors relatively deep channels (depth > 30 

cm) filled with permeable substrates consist of soil mixed with peat moss, mushroom 

compost, saw dust hay bales, and organic matters. Limestone is added to improv 

alkalinity generation. Commonly, Typha and other wetland vegetation are grown in the 

systems (Skousen et al., 2017). The water flow pass through the permeable substrates 

promotes bacterial sulfate reduction due to lack of oxygen, thus enable insoluble metals 

precipitation. Alkalinity is produced by microbial sulfate reduction allow metal 

precipitation hydroxides. The metals can removal by organic matter is also reported in 

the AnWs, but it limited to the different types of organic matter, however metals 

removal by hydroxide precipitation is the dominant mechanisms (Skousen et al., 2019).  

Vertical flow wetlands (VFWs) or alkaline producing systems (SAPS) is the 

combination of AnWs and anoxic limestone drains as it includes the organic matters 

and limestone beds, however the water flow downward from the top of the system throw 

the drainpipes. The mechanisms control the VFWs are: (1) organic matter reduce the 

oxidized water and removes Fe and Al by ions exchange or filtering; (2) and later the 

water under reducing conditions with less heavy metals flow toward limestone produces 

more alkalinity (Demchak et al., 2001). The method is able to raise the drainage pH and 

avoid the armored limestone in the system.  

Bioreactors or sulfate-reducing bioreactors (SRB) is similar to SARS methods, 

however limestone and organic matter mixes together in the system (Skousen et al., 

2017). The suitable organic carbon sources in anaerobes system introduce sulfate-

reducing bacteria to reduce sulfate to sulfide by bioenergetic metabolism (Neculita et 

al., 2007). The organic carbon sources for SRB system can be found in the degradable 

organic carbon sources from food or agricultural waste such as chicken manure, dairy 

manure, sawdust, hay, and wood chips (Neculita et al., 2007; Zhang and Wang, 2014).  

Geochemical Systems  

Anoxic limestone drains (ALDs) are sealed trenches filled crushed limestone or 

carbonate rocks (Watzlaf et al., 2000). The drain water flows throw the buried limestone 

by gravity produce alkalinity under anoxic condition. The bicarbonate buffering 

increases the pH to about 6.5. The system can avoid the mineral precipitation in 
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trenched due to low dissolved oxygen. Yet, the minerals precipitation and metals 

removal perform at the exits of the drain by the direct oxidation with oxygen at the 

natural environment (Genty et al., 2012). Thus, the settling pond is constructed at the 

effluent drain.  

Open limestone channels (OLCs) are the open trenches filled with dimension 

limestone or gravel limestone with steep slopes to allow AMD flow about the channels. 

The systems are designed to add alkalinity in the drainage water to promote the ferric 

and aluminum hydroxide precipitation (McCauley et al., 2008; Trumm, 2010). OLCs 

method is suggested to designed for the steep slope (>12%) to reduce the metals 

hydroxide clog in the limestone pores (Ziemkiewicz et al., 1997), however it is limited 

to AMD with Fe and Al concentration.  

Lime leach beds (LLBs) is a basin filled with gravel limestone sizes from 2 to 10 

cm diameter. It is constructed to add alkalinity in the treatment system with a resident 

time of 30 min. This methods is suitable for AMD (pH < 3) pre-treated or acidic metals 

free water (Black et al., 1999). It can be used at the upstream end of OLCs or stand-

alone systems by incorporated with self-flushing systems for more effective floc 

removal (Skousen et al., 2017) 

Steel slag leach beds (SSLBs) is the use of by-product; slag from steel-making 

process contains that calcium compounds complexes such as aluminum, silica, 

phosphorus and other impurities in iron (Simmons et al., 2002). Sleep slag is considered 

as waste, yet it can be used in acid neutralization due to calcite leaching from the slags. 

It is effectively restored the acidic water to circumneutral pH, but it is necessary to 

understand the leaching capacity of its by-product (Kruse et al., 2019; Simmons et al., 

2002).  

Limestone sand treatment (LST) is the alkalinity added method using the sand-

size limestone, ditch in the contaminated streams or creeks. Streamflow distributes the 

limestone sand toward downstream (Skousen et al., 2017). The sand-size limestone 

mixes with background sediment dissolves in the stream neutralize the acidic water 

enable mineral precipitation. Hydroxide minerals coated sand-size limestone does not 

decrease the efficiently of the acid neutralization (Menendez et al., 2000).  

Low-pH Fe oxidation channels is recent innovation method uses to treat the 

AMD with Fe concentration. Limestone and sandstone are used to enhance Fe oxidation 
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promoting co-precipitation and adsorption in a shallow channel at low pH < 4.5 

(Skousen et al., 2017). Hydraulic resident time of the system between 5 h to 10 h is able 

to oxidize > 95% of influent Fe2+ and remove 70% of total Fe when there is present 

iron oxidizing bacteria (DeSa et al., 2010). 

Diversion wells (DVs) is a cylinder of metals or concrete with diameter of 1.5 to 

1.8 m and deep 2 to 2.4 m filled with sand to gravel size limestone. The drainage water 

is feet up the cylinder by a large vertical pipe (20-30 cm in diameter) at the center of 

limestone bed (Arnold, 1991). The acidic water dissolves the limestone and produces 

alkalinity which elevates the mineral precipitation. The metals suspended floc settle at 

the settling pond at the downstream (Skousen et al., 2017).  

 

Fig.  II-4. The flow chart of passive treatment selections base on water chemistry and flowrate (Skousen et al., 2017); 

AeW: aerobic wetlands; AnW: anaerobic wetlands; VFW: vertical flow wetlands; SRB: bioreactors or sulfate 

bioreactors; Flushed LLB: flush limestone leach bed; OLC: open limestone channel; LS sand: limestone sand  
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III. Seasonal effects of natural attenuation on drainage contaminants from 

an artisanal gold mining in Cambodia 

3.1. Introduction 

Artisanal mining is one of the major environmental risks due to inefficient and non-

existent pollution management of waste from mineral extraction and processing 

(Ncube-Phiri et al., 2015). The technical knowledge limitation and environmental 

impacts of ignorance of artisanal miners resulted in severe problems such as tailings 

discharge and acid mine drainage (AMD) generation (Appleton et al., 2000; Tarras-

Wahlberg, 2002). Tailings are the fine-particle residue after mineral extraction from 

ores, including crushed rocks, water, trace metals, and additive materials used in 

processing (Yannopoulos, 1991). In addition, AMD is generated by the oxidative 

dissolution of metal sulfides and dissolved oxygen in the water from active and 

abandoned mines and the dumping site of mine tailings (Fukushi et al., 2003a). To 

simplify the two mechanisms of artisanal mine contamination, AMD was used to 

represent tailing discharge and acid mine drainage generation in this study. AMD with 

high concentrations of hazardous metals and metalloids potentially affects the water 

quality in the surrounding environment (Berger et al., 2000). The impact of trace metals 

and metalloids in AMD on the surrounding environment depends on AMD chemistry, 

based on hydrological, geological, and geochemical settings (Webster et al., 1993). 

Some AMD is treated naturally to meet environmental standards. For example, acid 

neutralization by host rock with a high buffering capacity or dilution by background 

water is the primary means of natural AMD attenuation (Adriano et al., 2004; Wang 

and Mulligan, 2006). The increase in pH causes precipitation of oxide and hydroxide 

minerals, which effectively adsorb metals and metalloids in AMD (Chikanda et al., 

2021; Ito et al., 2017). However, when the NA process is insufficient, human 

intervention is required to treat AMD by active or passive treatment methods to avoid 

surface or groundwater contamination. Passive treatment should be implemented at the 

mine site for sustainability purposes; however, it is essential to understand the 

geochemical process onsite and learn from NA before the implementation.  

Iron commonly precipitates as hydroxides or hydrosulfates such as schwertmannite 

under acidic and oxidative conditions in AMD, which may be facilitated by biological 

processes (Laroche et al., 2018; Webster et al., 1998; Yan et al., 2017). Iron minerals 
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are effective adsorbents for the adsorption of toxic elements such as As, Sb, Se, Cr, Cu, 

and Zn (Francisco et al., 2018; Khamphila et al., 2017; Zhou et al., 2018). However, 

these mechanisms are controlled by the concentration of ferric iron and hydrological 

conditions. Climate is one of the major factors affecting hydrological conditions. It may 

vary from a temperate climate to a tropical monsoon. Several studies have been 

conducted on NA in AMD; however, limited studies have followed the seasonal 

variation in NA processes. The seasonal variation between spring and summer changed 

in the hydrogeochemistry of AMD and secondary precipitated mineralogy 

(Kumpulainen et al., 2007). The temperature changes in winter and summer 

significantly affect the attenuation rates of iron and As (Chen and Jiang, 2012). 

Although these studies were conducted in temperate climates, they cannot be applied 

to a tropical monsoon climate with only rainy and dry seasons with year-round warm 

temperatures. AMD in the tropical monsoon is expected to differ significantly between 

the rainy and dry seasons. Thus, an artisanal gold mine in Mondulkiri Province, 

Cambodia, was selected to study the mechanisms controlling the NA processes in the 

rainy and dry seasons and its implications for geochemical passive treatment. This study 

aims to (1) determine the chemistry and behavior of toxic elements within the tributary 

system in different seasons; (2) elucidate the seasonal dynamics of the natural 

attenuation of metals and metalloids in the tributary.  

3.2. Sampling and methods  

3.2.1. Site description 

Active artisanal gold miners in Mondulkiri Province, eastern Cambodia, discharge 

tailings and wastewater into a small tributary of the Prek Te River (Fig. III-1a). Miners 

excavate gold ore randomly from quartz veins that appear on the surface and process 

ore in situ (Fig. III-1b). The gold ore was ground and treated with sulfuric acid. The 

tailings and wastewater from the processing (Fig. III-1c) are dumped at the mine site, 

flowing into the tributary system. The excavated area and the waste rocks are exposed 

to the surface without any cover by an impermeable layer from rainwater. The I1 

sampling point was a pond resulting from mining excavation in the study area.   

The regional geology of this area is characterized by Pleistocene basalt, Triassic 

sandstone interbedded with mudstone, and micro-breccias with some intrusion of 
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granodiorite surrounded by hornfels (BRGM, 1973). There have been no previous 

studies regarding the ore deposit type or ore characteristics; however, an exploration 

project indicates an intrusive gold-related system (IRGS) present across the Prek Te 

River, ~20 km from the artisanal mine site (“Okvau Gold Project,” 2015). Metal 

zonation in the study area was created by the intrusion of granodiorite, which altered 

the sedimentary rocks to hornfels. Gold ore occurs mainly in the quartz vein on the 

surface, developed by a plutonic thermal aureole. 

Rainfall plays a major role in controlling hydrological conditions in the study area. 

Monsoon cycles separate the Cambodian climate into two major seasons: rainy (June–

October) and dry (November–May) seasons. The average inland precipitation in the 

rainy and dry seasons was 877 mm and 137 mm, respectively (Tsujimoto et al., 2018), 

with significant geochemical and physical effects affecting the waterbody in both 

seasons.  

3.2.2. Sampling and on-site measurements  

Preliminary field sampling was conducted in February 2019. Ore and waste rock 

samples were collected from processing plants. Water samples were collected from the 

tailings and contaminated tributary. Water samples were also collected from the Prek 

Te River. Detailed sampling took place in the rainy season of October 2019 (Fig. III-

1d), with sampling points as shown in Fig. III-1a. Sampling points are named as 

follows: T1 to T8 in the tributary, from upstream to downstream of the mine site, R1 

upstream in the Prek Te River, and R2 downstream (after mixing with contaminated 

tributary water). I1 and I2 are the extra water input sources to the tributary. Precipitate 

sediments with a color of 2.5Y7/6 following the Munsell color chart at the bottom of 

the tributary (Fig. III-1f) were collected at T2 and T4 after mixing with I1 and I2.  

At the same sampling points in the rainy season, the sampling was conducted again 

in the dry season (February 2020; Fig. III-1), although some (T1 and I2) were dry 

(orange color in III-1a). T3 and T4 were regarded as a single sampling point, as there 

was no flow from I2. The 2.5Y7/6 precipitate sediment could not be collected in the 

tributary, except after the R2 mixing point. Sediments with a color of GLEY18/5GY 

were collected along the tributary bank (III-1g). The precipitate sediment at R2 was 
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also sampled for DNA extraction to investigate the microbial community in the 

tributary.  

 

Fig.  III-1. (a). Map showing the study area in relation to the inset map of Cambodia and Mondulkiri 

Province and the locations of sampling points. (b–g) Photographs of the sites. (b) The artisanal mine site. 

(c). Wastewater from gold-ore processing. (d) Drainage water in rainy season. (e) Drainage water in dry 

season. (f) Yellow-brown precipitated sediment in rainy season. (g) Greenish sediment along the drainage 

bank in dry season. 

On-site measurements were undertaken at all sampling points, including pH, 

electrical conductivity, redox potential, temperature, turbidity, and alkalinity. 

Alkalinity was obtained by the titration of 0.16 N HNO3 to 50 ml of water samples, 

filtered with 0.45 µm membrane filters. Alkalinity measurements were conducted at the 

sampling points where the pH was greater than 3.5. Alkalinity as HCO3
- was determined 

from Grant-function plots (Rounds and Wilde, 2012). Flow rate, initial inflow, and 

outflow were obtained from the on-site measurement of the float method after Dobriyal 

et al. (2017). The distance from each sampling point was obtained from the QGIS 

Desktop 2.18.24.  

Water samples were filtered through 0.20 µm membrane filters and stored in two 

50 mL acid-washed polyethylene bottles. One bottle was acidified with a 1% (v/v) 

ultrapure nitric acid preservative for cation analysis. The other was used for anion 

analysis and was not acidified. Fe2+ concentrations were measured on-site (avoiding the 

oxidation of Fe2+ to Fe3+ during transport) using an ion-selective pack test color 
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comparison method: 0-Phenanthroline reagent (Kyoritsu Chemical Check Lab., Corp; 

Kanagawa, Japan). 

3.2.3. Analytical methods  

Aqueous solutions were analyzed by inductively coupled plasma–atomic emission 

spectroscopy (ICP–AES; ICPE-9000, Shimadzu, Tokyo, Japan) for major cations such 

as Na, Ca, Mg, K, Fe, Mn, and Al, using a multi-element standard solution IV Certipur 

(Merck, Germany). All trace elements such as As, Se, Cu, and Ni contained in the multi-

element standard solution XSTC-331 (SPEX CertiPrep, USA) were analyzed by 

inductively coupled plasma–mass spectrometry (ICP–MS; iCap Qc, Thermo Scientific, 

Massachusetts, USA). The Fe2+ concentration was subtracted from the total Fe content 

to determine the Fe3+ concentration. Ion chromatography (IC; IC861, Metrohm, Herisau, 

Switzerland) was used to analyze anions, using Anion Mixture Standard Solution1, 

including Br, F, NO2, NO3, PO4, Cl, and SO4
 (Wako, lot number KCG3845).  

Sediments, waste rock, and ore mineralogy were characterized by optical and 

scanning electron microscopy (SEM-EDS; JSM-6510LA, JEOL, Tokyo, Japan) and X-

ray diffraction (XRD-Multiflex, Rigaku; Tokyo, Japan) analysis. The SEM working 

voltage was 10–15 kV. The XRD powder diffractometer was equipped with a Cu Kα 

X-ray source and a working voltage of 40 kV at 30 mA with a scanning speed of 6.5° 

min-1 ranging from 5° to 70°. The major chemical compositions of waste rock and ore 

were obtained by X-ray fluorescence using glass bead samples and a synthetic 

calibration standard after Ichikawa et al. (2016). Ore samples were digested in 6 M HCl, 

4 M HNO3, 30 M HF, and 7 M HClO4,
 following the method of Chikanda et al. (2019) 

for trace metal composition.  

Selective extraction of iron amorphous minerals from the sediment samples with 

the color 2.5Y7/6 (T2, T4, and R2) was extracted with 0.2 M ammonium oxalate at pH 

3 for 15 minutes without exposure to UV light. The total dissolution of the same 

samples was later aimed at 5 M HCl for 2 h. The extracted solutions were immediately 

filtered with 0.20 µm membrane filters for ICP-AES, ICP-MS, and IC analyses, as 

described for tributary water. The specific surface areas of the 2.5Y7/6 sediment 

samples were determined by N2 adsorption using the Brunauer-Emmett-Teller method 

(BET; NOVAtouchTM; Florida, USA). Samples were pretreated by heating for 30 min 
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at 110°C (Regenspurg and Peiffer, 2005) in 6-mm diameter glass tubes to remove 

moisture.  

Bacterial DNA was extracted from sediments at the mixing point (R2) during the 

dry season following the ISOIL soil DNA extraction kit (Nippon Gene, Toyama, Japan). 

Sediment samples (5 g) were placed in 50 mL centrifuge tubes; lysis solutions HE (9.5 

mL) and 20S (0.5 mL) were added, mixed well, incubated at 65°C for 1 h, and 

centrifuged. A supernatant sample (6 mL) was mixed with 4 mL of DNA purification 

solution and 6 mL of chloroform and centrifuged. The aqueous layer (8 mL) was mixed 

with 8 mL of the precipitation solution and centrifuged. The residue was washed with 

10 mL of ‘Wash Solution’ and centrifuged; 10 mL of 70% ethanol and 10 µl of 

ethachinmate were mixed with the residue and centrifuged. The final residue was air-

dried and dissolved in 0.5 mL Tris and ethylenediaminetetraacetic acid (TE) solution 

(pH 8.0) for microbial community characterization by Repertoire Genesis Co. (Osaka, 

Japan). 

3.2.4. Modelling 

Geochemical modeling involved the ‘Geochemist’s Workbench’ (GWB) 

professional package. Chemical species activities, water-type classifications, and total 

dissolved solid (TDS) concentrations were calculated using the GWB geochemist’s 

spreadsheet (GSS) module. Determination of elemental speciation and stability of iron 

minerals in the GWB Act2 module. Surface complexation modeling was undertaken to 

predict the adsorption behaviors of target toxic elements using the generalized double-

layer surface complexation model by Dzombak and Morel. (1990) for the GWB act 

module.  

3.3. Results  

3.3.1. Ore Mineralogy  

The ore thin section reported in Fig. III-2 shows the presence of sulfides such as 

arsenopyrite (FeAsS), chalcopyrite (CuFeS2), pyrite (FeS2), and oxide minerals such as 

biotite (K(Mg,Fe)3(AlSi3O10)(OH)2), and pyrolusite (MnO2). The chemical 

composition of the ore contains significant amounts of As and Se, whereas the Ni 

concentration was found to be an impurity of sulfide minerals and in the waste rock 



26 

 

(Supplementary data, Table.III-3 and Table.III-3). Ni and Se are commonly found in 

sulfide minerals such as arsenopyrite, chalcopyrite, and pyrite as Cu–Fe–Ni–S mineral 

assemblages (Economou-Eliopoulos and Eliopoulos, 1998; Kitakaze et al., 2016; 

McNeal and Balistrieri, 1989).  

 

Fig.  III-2. SEM image on polished thin section of the ore sample. Cpy, chalcopyrite; Asn, arsenopyrite; Py, pyrite; 

Bi, biotite; Qz, quartz 

3.3.2. Chemistry of water samples 

The on-site measurement and detailed water data results that could be detected 

using analytical methods are listed in Table 3 of the Supplementary data. Wastewater 

collected from the waste tank at the processing plant had a pH of 2.7 and a sulfate 

concentration of ~10.5 g/L due to the dissolution of metal sulfides from the ore and the 

addition of sulfuric acid during ore processing. The Ca concentration in the wastewater 

was ~550 mg/L, which was relatively higher than that of Mg and Na. The wastewater 

was also rich in dissolved Fe, As, Ni, Cu, and Se due to the dissolution of ore minerals. 

The Fe2+ concentration was ~700 mg/L, with As (17.6 mg/L), Ni (0.27 mg/L), Se (0.1 

mg/L), and Cu (4 mg/L), above the WHO regulation limits of 0.01, 0.07, 0.04, and 2 

mg/L, respectively (World Health Organization, 2018), with these elements being of 

concern to the aquatic environment and human health.   

The water-type classification of the tributary in the rainy and dry season is Ca-SO4 

due to high concentrations of Ca and SO4. The main sources of contamination of the 

tributary from the most upstream (T1) are the discharge of tailings from ore processing 
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and the oxidative dissolution of metal sulfides from waste rock in the study area. In the 

rainy season, HCO3
- of the tributary could be determined from some sampling points 

(T4, T5, T6, and T8) with an average concentration of 13.6 mg/L. SO4 concentration 

was about 4.7 g/L at T1, decreased toward downstream to T8 (175 mg/L). The Ca 

concentration ranged from 324 mg/L to 85.56 mg/L, whereas the Mg concentration was 

between 34 mg/L and 13 mg/L.  

In the rainy season, there is NA process of As, Ni, Se, and Cu in tributary at T8 to 

below WHO guideline levels, with concentrations of 0.01 mg/L, 0.01 mg/L, below the 

detection limit, and 0.01 mg/L, respectively. The tributary pH at T1 was 2.9, slightly 

higher than that of the wastewater, increasing downstream to 3.4 at T2 due to neutral 

water input from I1 (pH 6.7) (Fig. III-3a). From T2 to T7, the stream pH was in the 

range of 3.2–4.0. The pH at the mixing point T8 was 6.3, due to the rise in the water 

level from the Prek Te River. After the mixing point, R2, the pH was 7.1, slightly below 

that of the main river (7.2; R1). The pH significantly changed, whereas the Fe, As, Ni, 

Se, and Cu concentrations decreased from T1 to T2 (Fig. III-3a). The Fe2+ concentration 

in T1 was 370 mg/L. At T2, the total Fe concentration was ~70 mg/L, with an Fe2+ 

concentration of ~50 mg/L. From T1 to T2 (Fig. III-3a), the Fe2+ concentration 

decreased rapidly from 370 mg/L to 50 mg/L; thus, Fe2+ and pH were negatively 

correlated. Beyond T2, the total Fe concentration in the tributary decreased downstream 

until mixing with the Prek Te River. The concentration of As dropped from 15.3 mg/L 

at T1 to 1.2 mg/L at T2, decreasing downstream with a similar trend to that of Fe in the 

tributary. Ni, Cu, and Se concentrations decreased by four times, from 0.11, 1.11, and 

0.04 mg/L at T1 to 0.03, 0.2, and 0.01 mg/L at T2, respectively and remains constant 

from T2 to T7, behaving differently to As which decreased about 10 times from T1 to 

T2 and keep decreasing toward downstream from T2 to T7 (Fig. III-3c).  

In the dry season, the tributary water had a net acidity; thus, HCO3
- could not be 

determined. The Ca concentration was as high as 560 mg/L on average (T2 to T8), 

whereas the Mg concentration increased to 153 mg/L. SO4 was nearly steady from T2 

to T8 with an average of 5.7 g/L. As, Ni, Se, and Cu concentrations did not decrease 

along the stream tributary during the dry season. The pH in the tributary was sustained 

at 2.7–2.8, (Fig. III-3c) from T2 to T8, as there was no inflow of neutral water. Without 

rainwater, I1 also became an acidic pond with a pH of 2.8. Fe, As, Ni, Se, and Cu 

concentrations were relatively constant from upstream to downstream. The average 
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total Fe concentration in the tributary was 140 mg/L for each sampling point, where Fe 

comprised Fe3+ and Fe2+ with an average of 110 mg/L and 26 mg/L average, 

respectively (Fig. III-3b). The As concentration was approximately 10 times greater 

than that in the rainy season, whereas Ni, Se, and Cu concentrations were approximately 

four times higher than those in the rainy season (Fig. III.d). At the mixing point (R2), 

the pH was 6.7 in the dry season than in R1 (7.6). The increase in pH and the decrease 

in toxic elements at R2 were due to the dilution of the large water body of the Prek Te 

river.   

 

Fig.  III-3. (a). Fe2+, Fe3+, and pH trends across sampling points in the rainy season; (b). Fe2+, Fe3+, and pH trends 

across sampling points in the dry season; (c) Ni, Cu, As, and Se trends across sampling points in the rainy season; 

(d) Ni, Cu, As, and Se trends across sampling points in dry season. The x axes of (c) and (d) are in logarithmic scale. 

3.3.3. Precipitation mineralogy  

The XRD pattern of the 2.5Y7/6 sediment during the rainy season is shown in Fig. 

3. The peaks assigned to schwertmannite in Fig.3 are consistent with previous studies 

(Bigham et al., 1990). The sediment samples were also a mixture of goethite, jarosite, 

biotite, and kaolinite. In the dry season, GLEY18/5GY sediment color crystals were 

observed on the sediment bank at the stream tributary. The XRD pattern reported in Fig. 

III-5 of the crystals indicates that the crystals are composed of sulfate salts such as 

rozenite (FeSO4 · 4H2O) and gypsum (CaSO4 · 2H2O). 
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Schwertmannite can be completely dissolved by ammonium oxalate at pH 3 

(Fukushi et al., 2003a) whereas jarosite and goethite cannot; therefore, the Fe 

concentration released in selective extraction is correlated with the schwertmannite 

content of the tributary. The 2.5Y7/6 sediment samples at T2, T4, and R2 contained 

schwertmannite at 63%, 57%, and 91%, respectively (Supplementary data Table III-

2&3). The specific surface areas of 2.5Y7/6 precipitated sediments were 60, 122, and 

137 m2 g–1, respectively, which is slightly less than that found by Bigham et al. (1990) 

of 175–225 m2 g–1, but within the range of 3.5–325 m2 g–1 reported by Zhang et al. 

(2018). The specific surface area is different because of its morphological variation 

from smooth-rounded to rough surfaces and its variable precipitation rate (Zhang et al., 

2018). The large specific surface area of schwertmannite enables many chemical 

species to sorb onto its surface (Dzombak and Morel, 1990; Song et al., 2015). 

Schwertmannite in the study area aggregated as fibrous needle-like structures with 

rough surfaces, as shown in Fig. III-4b. The morphological and structural similarity of 

schwertmannite to that found in previous studies and its large specific surface area 

implies that it potentially serves as an adsorbent in the tributary during the rainy season.   

 

Fig.  III-4. a) The XRD pattern of 2.5Y7/6 precipitated mineral in the tributary in the rainy season. b) The SEM 

image of the 2.5Y7/6 precipitated sediment. 
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Fig.  III-5. The XRD pattern of greenish sediment along the drainage bank in the dry season. (b) and (c) the field 

images of the greenish sediment. 

3.3.4. Microbial community 

Up to 48% of the bacterial cells could be identified from library databases. 

Proteobacteria were the dominant phylum, constituting 65% of identifiable species, 

followed by actinobacteria (15%) and acidobacteria (7%). Iron-oxidizing bacteria 

species are normally found in proteobacteria phylum. The iron-oxidizing 

acidithiobacillus bacterium constituted <1% of the proteobacteria phylum. The 

thiomonas genus, an As-oxidizing bacterium (Garcia-Rios et al., 2020), was also found 

from the proteobacteria phylum. 

3.4. Discussion  

3.4.1. Natural attenuation of contamination 

Schwertmannite in the tributary forms during the rainy season can scavenge As by 

adsorption and coprecipitation. Under acidic conditions, schwertmannite has a positive 

surface charge (Khamphila et al., 2017; Park et al., 2021) which enables the adsorption 

of As. The schwertmannite at the study area had Ni, Se, and Cu concentrations of < 0.1 

mg/g; however, the As concentration exceeded 14.6 mg/g at T2, 3.5 mg/g at T4, and 

6.9 mg/g at R2. During the selective extraction, only As was the dominant element 
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released from schwertmannite over Ni, Se, and Cu. Tributary conditions during the 

rainy season are highly suitable for As adsorption, as found in previous studies 

(Paikaray et al., 2012); however, the pH range in that season is too low for the removal 

of Ni, Se, and Cu as the schwertmannite surface remains positively charged, as with Ni 

and Cu in solution at low pH. Ni (>90%) can be adsorbed on iron hydroxide at pH > 7 

(Flynn and Catalano, 2017). Cu adsorption (>80%) on the inner structure of 

schwertmannite occurs at pH > 5.5 (Otero Fariña et al., 2015). Selenium exists in 

aqueous solutions as selenite or selenate metalloids. Selenite tends to be adsorbed on 

amorphous iron hydroxide (McNeal and Balistrieri, 1989), whereas selenate is adsorbed 

on the outer sphere of the schwertmannite structure, similar to sulfate (Khamphila et al., 

2017). Selenate was found to incorporate schwertmannite by substitution into the 

sulfate structure (Bigham et al., 1994). During As adsorption onto schwertmannite, 

sulfate is released from the schwertmannite structure, approximately half of the 

adsorbed As (Fukushi et al., 2003b; Khamphila et al., 2017). This mechanism may also 

be applied to selenate. In this study, selenium likely exists as selenate, as it displays 

trends similar to those of sulfate. These trends indicate that selenate does not adsorb 

onto schwertmannite. Thus, schwertmannite is responsible for removing As from the 

tributary during the rainy season (by coprecipitation and adsorption); however, it does 

not account for the adsorption of Ni, Se, or Cu. 

To determine the effect of rainwater dilution and the input water from (I1) to the 

tributary in the rainy season, As, Ni, Se, and Cu concentrations were plotted against Cl 

concentration (Supplementary data Fig-III-7), a conservative tracer element. Most As 

concentration fell below the mixing line. This result indicates that As coprecipitated 

and adsorbed by schwertmannite during the rainy season. Ni, Se, and Cu concentrations 

follow along the mixing line, indicating that dilution controls the reduction of Cu from 

the tributary. Therefore, the decrease in Se, Cu, and Ni concentrations beyond the 

mixing point T2 was diluted by neutral water from I1. Natural attenuation mechanisms 

in the rainy season thus include removal of As due to adsorption onto schwertmannite 

and reducing Ni, Se, and Cu concentrations by dilution with neutral water.  

3.4.2. Formation of schwertmannite in the rainy season   

Schwertmannite, the predominant mineral precipitated in the tributary during the 

rainy season, plays a major role in As removal. It exists as a metastable ferric iron 
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mineral formed under biotic or abiotic conditions in a pH range of 2.5–4.5 (Bigham et 

al., 1990). Its formation requires Fe3+ as a source of Fe; however, Fe2+ predominates in 

wastewater flowing to T1. The occurrence of schwertmannite and the decreasing Fe2+ 

concentration from T1 to T2 indicate the rapid oxidation of Fe2+ to Fe3+ in the drainage. 

This oxidation may be catalyzed by the iron-oxidizing bacteria acidithiobacillus found 

in the drainage (Section 3.3.4). The oxidation rate of Fe2+ to Fe3+ thus controls the 

formation of schwertmannite in the study area.  

To explain the solubility field of schwertmannite in the study area could be obtained 

by using geochemical modelling. The solubility fields of schwertmannite and dissolved 

Fe3+ were separated by the varying slopes between ˗2.56 to ˗2.75, depending on the 

schwertmannite formula: Fe8O8(OH)x(SO4)y, (where y=8˗2x, and 1 ≤ x ≤ 1.75), pH, 

and activity of SO4
2- (Bigham et al., 1996; Sánchez-España et al., 2011). The slope 

explains the unavailability of schwertmannite formation even if the pH is between 2.5 

and 4.5 (Fig. III-6). Previous studies in Table III-1 show various equilibrium constants 

for the dissolution of schwertmannite (Ksch). The thermodynamic data of Kawano and 

Tomita (2000) and Yu et al. (1999) yielded solubility for schwertmannite than that 

described by Sánchez-España et al. (2011) and Bigham et al. (1999; Fig. 7). The activity 

of Fe3+ obtained from the GSS module was plotted on the solubility field diagram of 

schwertmannite (Fig. 5) to determine the most suitable thermodynamic data for the 

study area. In the dry season, the activity of Fe3+ falls into the schwertmannite solubility 

field of Kawano and Tomita. (2000), and Yu et al. (1999). The logKsch values for 

Kawano and Tomita. (2000), and Yu et al. (1999) do not apply to the study area because 

the solubility field of schwertmannite in these studies does not represent the tributary 

data. The solubility fields of Sánchez-España et al. (2011) and Bigham et al. (1996) 

logKsch are similar and thus represent the field dissolution and precipitation of 

schwertmannite. However, the logKsch of Sánchez-España et al. (2011) 18.8 is used to 

determine the optimum pH in the tributary that enables schwertmannite to precipitate 

based on the Fe3+ source.  

In the dry season, Fe3+ activity is greater than that in the rainy season. However, the 

pH in the dry season was not high enough for schwertmannite precipitation. Therefore, 

to maintain the formation of schwertmannite in the dry season, the pH in the tributary 

is necessary to meet the schwertmannite solubility. The optimum pH for 

schwertmannite precipitation in the dry season of 3.1 with a logKsch value of 18.8 if the 
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activities of Fe3+ are extended (dash-dotted-dotted line) to the schwertmannite 

solubility field (Fig. 5).  

Table III-1. Schwertmannite dissolution and log(equilibrium constant) values. 1, (Bigham et al., 1996); 

2, (Yu et al., 1999); 3, (Kawano and Tomita, 2001); 4, (Sánchez-España et al., 2011). 

Reaction log Ksch Ref. 

Fe8O8(OH)4.8(SO4)1.6 + 20.8H+ = 8Fe3+ + 1.6SO4
2- + 12.8H2O 18.0 ± 2.5 (1) 

Fe8O8(OH)4.4(SO4)1.8 + 20.4H+ = 8Fe3+ + 1.8SO4
2- + 12.4H2O 10.5 ± 2.5 (2) 

Fe8O8(OH)5.9(SO4)1.05 + 21.9H+ = 8Fe3+ + 1.05SO4
2- + 13.9H2O 7.06 ± 0.1 (3) 

Fe8O8(OH)5.2(SO4)1.4 + 21.2H+ = 8Fe3+ + 1.4SO4
2- + 13.2H2O 18.8 ± 3.5 (4) 

 

 

Fig.  III-6. The stability of schwertmannite with different log (equilibrium constant) values with log aSO42- = 10-

2.3 and field data from the rainy and dry seasons. Reference data are from and Bigham et al. (1996) (dash-dotted-

line), Yu et al. (1999) (dash line), Kawano and Tomita (2001) (dot line) and Sánchez-España et al. (2011) (solid 

line). The dash-dot-dotted line is the extended aFe3+ to meet schwertmannite solubility field to determine the 

optimum pH that enables schwertmannite to precipitate by using the logKsch 18.8 form Sánchez-España et al. (2011). 

3.4.3. Dissolution of schwertmannite in the dry season  

In the dry season, there was no formation of schwertmannite evidence at pH 2.8, as 

the Fe3+ concentration in the tributary remained almost constant from each sampling 

point (Fig.II-1b). The tributary water was quite transparent (turbidity; 0.84 NTU), 

indicating that the metals were dissolved.  Schwertmannite primarily forms in acidic 
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conditions depending on the activities of Fe3+ and pH, although it might recrystallize or 

transform into jarosite or goethite (Acero et al., 2006; Wang et al., 2006). At pH less 

than 3, protons promote the dissolution of exited schwertmannite, yet recrystallize to 

jarosite if there is a sufficient amount of monovalent cations such as Na+, K+, or NH4
+ 

(Regenspurg et al., 2004). Between pH 3 and 5, schwertmannite is in the most stable 

condition, and will age to goethite in several years (Acero et al., 2006; Regenspurg et 

al., 2004). Jarosite and gothite coexist in the tributary sediment, most likely resulting 

from schwertmannite dissolution, recrystallization, and transformation. The Fe3+ 

concentration in the tributary was partially due to dissolution processes, as the Fe3+ 

concentration in the dry season was greater than that in the rainy season. Fe2+ oxidation 

contributed to Fe3+ in the dry season tributary; however, most Fe2+ was precipitated as 

rozenite (Fig. 1g). Along the tributary bank, the water rapidly dried out; thus, the time 

for ferrous iron oxidation to ferric iron was insufficient compared to water evaporation 

in the dry season. As a result, Fe2+ precipitated as a sulfate salt at a lower pH.  

During schwertmannite dissolution in the tributary, As incorporated with 

schwertmannite, was subsequently released into the tributary at ~100 times the WHO 

guideline concentration. The decreasing the concentration of As at T2 to T4 from 6.1 

mg/L to 1.1 mg/L did not show the evident As removal by schwertmannite. In contrast, 

it indicated that the dissolution of schwertmannite due to As concentration incorporated 

with schwertmannite at T2 in the rainy season was higher than at other sampling points. 

In addition, there was no significant decreasing trend from T4 to T8. There was no 

dilution by neutral water, thus Ni, Se, and Cu concentrations increased (Section 3.4.2). 

As a result of this cycle, natural attenuation does not occur in either the tributary in the 

dry season or the study area. Therefore, affordable and sustainable passive treatment 

methods are required to ensure the health of villagers who live near the tributary. 

3.5. Summary   

The Mondulkiri mine site has the typical issues compare to other artisanal mine 

sites. Yet, signature difference the seasonal dynamics that have significant affect the 

natural attenuation of AMD, particularly in tropical climate zones. Rainwater controls 

the seasonal variation of AMD chemistry and favors the precipitation of secondary 

minerals in the rainy season (except in the dry season). Natural attenuation faces some 
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challenges; therefore, greater attention is needed to maintaining attenuation conditions 

in the dry season to match that in the rainy season. 

In this study, during the rainy season, the As, Ni, Se, and Cu tributary 

concentrations decreased to less than the WHO guideline levels without human 

intervention due to coprecipitation and adsorption by schwertmannite and dilution by 

neutral water. In the dry season, the tributary is highly contaminated because of the 

dissolution of precipitated schwertmannite and without dilution. 

In the rainy season, Fe2+ is oxidized to Fe3+ under biotic conditions, allowing Fe3+ 

to precipitate as schwertmannite. Arsenic is naturally remediated by adsorption and 

coprecipitation with schwertmannite. Concentrations of other elements such as Ni, Se, 

and Cu were reduced only by dilution.  

 

Fig.  III-7. Graphical summery of Mondulkiri mine site. a) The mine site in the dry season (June-October). b) The 

mine site in the rainy season (November-May).  
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3.6. Supplementary data 

Table III-2. Chemical composition of ore and waste rock obtained from XRF 

  
Ore  

Waste 

Rock  

Major elements 

(%) 
  

SiO2 69.2 47.3 

TiO2 0.21 1.51 

Al2O3 5.74 5.71 

Fe2O3 20.1 38.5 

MnO 0.02 0.08 

MgO 1.17 0.93 

CaO 0.17 0.96 

Na2O 0.22 0.35 

K2O 1.49 1.01 

P2O5 0.06 0.16 

LOI 5.03 8.35 

Trace elements (ppm) 

V 47.8 203.8 

Sc - 1.11 

Cr 23.8 205.6 

Co 102.2 75.1 

Ni - 93.4 

Cu 400.8 3819 

Zn 8.38 66.5 

 

Table III-3. Chemical composition of trace element of ore sample obtained from acid digestion 

 As (mg/g) Se (mg/g) 

Ore 6306 0.95 
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Table III-4. The result of onsite measurement and water chemistry of drainage; n.d, not detected    

Site pH ORP EC TDS Turb. HCO3 Na Mg Ca K Fe(total) Fe2+ Fe3+ Mn Al Ni Cu As Se SO4 Cl 
  

mv ms/m g/L NTU    mg/L 

  Rainy Season 

T1 2.88 389 338.3 5.71 134 n.d 115.3 33.65 324 8.91 371.6 265 106.4 13.17 32.3 0.11 1.11 15.3 0.04 4763 24.1 

T2 3.44 337 149.3 1.96 32.5 n.d 58.48 23.62 173.4 2.87 67.37 46 21.21 7.3 11.1 0.03 0.2 1.22 0.01 1601 9.59 

T3 3.29 359 140.4 1.72 26.8 n.d 55.13 22.65 167.1 2.87 47.47 30 17.13 8.04 9.48 0.03 0.14 0.35 0.01 1394 8.98 

T4 3.95 321 12.21 1.22 22.6 12.2 52.26 23.22 158.4 2.74 38.88 20 18.51 7.42 8.52 0.03 0.11 0.15 0.01 915 8.66 

T5 4.02 316 118.2 1.19 10.6 12.2 51.03 22.98 155.6 2.79 38.02 20 17.65 7.49 8.61 0.02 0.13 0.14 0.01 879 8.63 

T6 3.66 368 121.47 1.24 13.5 20.14 50.63 22.68 153.4 2.71 34.56 20 14.56 8.5 7.89 0.03 0.1 0.11 0.01 930 7.98 

T7 3.51 398 119.27 1.22 29.7 n.d 49.86 23.11 150.7 2.75 31.48 16 15.14 11.15 7.48 0.03 0.04 0.08 0.01 919 6.8 

T8 6.34 -12 41.3 0.35 19.9 8.54 19.32 12.80 85.6 2.44 14.2 2 12.40 3.56 6.27 0.01 0.01 0.01 n.d 175 3.5 

R1 7.29 216 4.83 0.11 13.3 36.61 0.9 2.95 8.5 0.7 n.d n.d n.d 0.09 6.28 n.d n.d n.d n.d n.d n.d 

R2 7.05 -26.7 15.88 0.10 16.6 31.73 0.92 5.5 14.04 1.4 4.11 0.1 4.01 0.83 5.88 n.d 0.01 0.01 n.d 38.3 n.d 

I1 6.67 -44.7 87.03 0.56 32 67.12 41.69 20.70 132.4 1.86 0.39 n.d 0.39 3.47 6.37 0.01 0.01 0.04 n.d 406 6.49 

I2 7.14 -109 48.83 0.31 5.6 337.7 27.95 26.18 85.58 0.92 0.51 n.d n.d 1.53 6.31 n.d n.d n.d n.d n.d 7.08 

  Dry season 

T2                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                          2.79 522 428 8.10 31.7 n.d 50.01 151.4 616.5 18.11 147.7 15 132.8 26.24 22.7 0.10 0.60 6.10 0.04 5810 34.51 

T4 2.85 473 416 5.96 14.0 n.d 43.94 162.2 573.5 17.75 124.7 45 79.69 47.34 22.2 0.20 0.84 1.06 0.10 5880 27.58 

T5 2.85 495 388.7 5.92 8.24 n.d 41.57 147.7 523.2 18.25 166.5 35 131.2 34.75 23.3 0.16 0.66 1.63 0.07 5874 33.51 

T6 2.75 513 401.7 5.81 0.99 n.d 41.34 151.1 541.7 17.12 123.7 15 109.6 33.71 25.8 0.17 0.63 0.76 0.07 5771 34.89 

T7 2.86 473 417.5 5.71 13.6 n.d 41.47 154.1 547.8 17.66 122.1 30 32.57 36.43 25.6 0.18 0.50 1.36 0.09 5597 33.77 

T8 2.70 516 401.7 5.55 0.84 n.d 41.91 153.4 542.8 18.60 127.9 17 111 34.77 25.9 0.19 0.63 1.27 0.08 5459 27.91 

R1 7.63 307 6.92 0.13 0.53 45.8 1.34 1.65 2.02 2.21 n.d n.d n.d n.d n.d n.d n.d n.d n.d 3.66 1.63 

R2 6.71 140 14.31 0.15 7.29 36.9 2.21 3.67 11.5 1.49 n.d n.d n.d n.d n.d 0.00 0.00 0.01 0.01 44.21 1.91 

R3 7.21 223 7.87 0.09 3.19 42.7 1.4 1.42 1.39 1.67 n.d n.d n.d n.d n.d 0.00 0.00 0.01 0.01 9.73 1.75 

I1 2.76 552 396 5.42 2.20 n.d 45.09 133.1 546.9 18.03 89.83 n.d 89.83 23.27 19.92 0.11 0.41 0.74 0.04 5477 34.10 

  Wastewater 

W 2.7 336 453  27.78 n.d 60.19 60.19 554.1 7.33 681.26 681 n.d 45.68 57.65 0.27 3.59 17.62 0.10 10544 24.09 
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Table III-5. The result of yellow brown precipitated sediment in the drainage collected in rainy season that was 

dissolved by 5 M of HCl. 

Site Fe As Se Ni Cu 

 mg/g mg/g µg/g µg/g µg/g 

T2 372 28.8 15.9 15.1 140.2 

T4 326 13.9 10.2 6.87 61.26 

T9 387 6.93 8.73 5.79 62.49 

Table III-6. The result of yellow brown precipitated sediment in the drainage collected in rainy season that was 

dissolved by 0.2 M of ammonium oxalate at pH 3. 

Site Fe As Se Ni Cu 

 mg/g mg/g µg/g µg/g µg/g 

T2 235 14.6 8.37 5.45 72.6 

T4 186 13.5 9.41 1.62 10.4 

T9 353 6.93 5.08 1.98 26.2 

 

Fig.  III-8. The concentration of the toxic elements in rainy season were plotted against Cl concentration in rainy 

season (a) As concentration against Cl, (b) Ni concentration against Cl, (c) Se concentration against Cl, and (d) Cu 

concentration against Cl. The dashed line represents concentration that would result from the mixing of drainage 

water (T1) and neutral water from I1. Concentration below the dash line indicates the removal of the element from 

the solution by other factors (precipitation or adsorption). Concentration above the dash line indicates the adding of 

the element to the solution by other sources. The concentration along the mixing line represent dilution.  
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IV. Geochemical characterization of rivers contaminated from an 

abandoned mine in Northern Japan 

4.1. Introduction  

Artisanal mines and abandoned mines are significant sources of environmental 

contamination, but AMD generation and contamination deliver different impacts. AMD 

generation from the abandoned mines is due to oxygen-rich groundwater flooding the 

abandoned mine site, promoting the reaction of pyrite and other metals sulfides with 

dissolved oxygen, producing acidity, and sulfate, releasing other co-occurring trace 

metals (Schaider et al., 2014). AMD emerges to surface water throw seepages over time, 

contaminating natural rivers water that surrounded the abandoned mines (Schaider et 

al., 2014). Thousands of kilometer untreated AMD from abandoned or closed mines 

seriously impact aquatic and neighboring terrestrial environments (Hengen et al., 2014; 

Rezaie and Anderson, 2020). The AMD remediation of the abandoned mine has been a 

challenge due to AMD's various physical and geochemical characteristics and the long-

term AMD generation (Thisani et al., 2021).  

The rainfall pattern is separated between the rainy and dry seasons in the tropical 

monsoon. This factor controls the various water quality of drainage water between rainy 

and dry seasons, as described in Chapter 3. However, in a temperate climate, rainfall, 

snowfall, and snow melting may affect the contamination river's hydrological condition 

(Kumpulainen et al., 2007). Thus, Shojin mine, located in a temperate climate, was 

chosen for this study. The AMD leaks contaminate the Shojin and Amemasu river 

adjacent rivers from waste dams. Those two rivers are about 6.5 Km long, flowing 

downstream and joint together, and flow to Oorito river. The monitoring point of river 

water quality is at Oorito river.  

Shojin river and Amemasu river are under the Geological Survey of Hokkaido 

(GSH) administration. GSH reported that Shojin river is naturally remediated to less 

than WHO guidelines without any treatment before reaching the monitoring point, yet 

it does not occur at Amemasu river. Shojin river and Amemasu river are in the same 

geological setting. It is covered by alluvial sediment, andesitic lava, and tuffaceous 

breccia in the late Neogene Tertiary to Quaternary periods (Igarashi, 1976). The factors 

that control the natural attenuation mechanisms in the rivers are unidentified. Therefore, 
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the objectives of this chapter are (1) to determine the characteristic geochemical 

differences of toxic elements in Shojin river and Amemasu river; and (2) to elucidate 

the natural attenuation mechanisms Shojin river.  

4.2. Sampling and Methods  

4.2.1. Study area  

Shojin mine was an underground mining site where the activities were active from 

1937 to 1958. Iron and sulfur were extracted from 65,000 tons of limonite, 171,000 iron 

sulfide, and 120,000 elemental sulfur from Shojingawa and Amemasugawa deposits 

(Watanabe et al., 1996). Shojingawa deposit was classified as the elemental sulfur 

deposit. Amemasugawa was classified as a sedimentary limonite deposit (Watanabe et 

al., 1997). The deposits are located in the epithermal base, and precious metals deposit 

associated with Neogene igneous activity on the Kameda peninsula (Igarashi, 1976).  

The mining area was closed several decades ago, but the AMD seepage remains 

leaking from the waste dam to Shojin and Amemasu river. GHS constructed a 

geochemical passive-treatment, the open lime channel (OLC) at Shojin river where 

wastewater meets the surface environment (Fig. IV-1). The construction of OLC 

successfully elevated the pH of AMD from 2.5 to 3.3 at the effluent of OLC.  After 296 

days, the pH at the effluent decreased to 2.6 due to the precipitated minerals coated on 

the limestone surface area. Recently, the OLC method failed to treat the wastewater.  
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Fig.  IV-1. The figure of the open limestone channel at the Shojin wastewater discharge, a). the OLC just after the 

construction, the photo was taken on 2017/11/14, b) the OLC after 296 days after the construction (2018/09/05).  

4.2.2. Samplings and on-site measurement  

Shojin mine is in Hokkaido, the northernmost prefecture of Japan, the coldest region 

with an average temperature of 8 oC with average annual precipitation of 1150 mm. In 

winter, the daily snowfall is 5-20 mm water equivalent (Inatsu et al., 2021). The snow 

starts to melt in mid of April, and the highest temperature is in August. Due to the cold 

weather in winter and the challenges for water sampling in the study area, the field 

investigation was only conducted in summer. 

Water samples and sediment samples were collected in July 2020 from upstream to 

downstream in Shojin and Amemasu rivers. The samples were named SR1 to SR9 for 

Shojin river and AR1 to AR9 in Amemasu river. The wastewater samples from Shojin 

to Amemasu river represent SW (1-4) and AW (1-3). Amemasu rivers were located in 

dense forests where the road was inaccessible to collect water samples between AR5 

and AR6. The distance from the two sampling points is about 3.5 Km.  
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Fig.  IV-2. The reconstructed map of the Shojin mine site and the sampling points to the map of Japan, using QGIS 

version 2.18.24. b) The wastewater flowing from waste dam to Shojin river, c) The wastewater flowing from waste 

dam to Amemasu river.  

Electric conductivity (EC), pH, dissolved oxygen (DO), redox potential (ORP), 

turbidity, alkalinity, and temperature were conducted on-site for each sampling point. 

Fe2+ was measured by an ion-selective pack test (Kyoritsu Chemical Check Lab., Corp). 

The alkalinity of water samples was determined by titration of 0.16 N HNO3 to 50 mL 

of water, filtered with 0.45 µm syringe ultra-membrane filters for sampling points 

where pH greater than 3.5. Alkalinity as HCO3- was obtained from Grant-function plots 

(Rounds and Wilde, 2012). The float method (Dobriyal et al., 2017) was implemented 

to determine the flow rate in the river.  
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The water was sampled by syringe membrane ultra-filter size 0.20 µm and stored 

in two 50 mL acid wash polyethylene bottles. One bottle was acidified with a 1% (v/v) 

ultrapure nitric acid, preserved for cations analysis. The other bottle without 

acidification was kept for anions analysis. Yellow-brown suspended sediment was 

collected upstream of Shojin river and downstream of Amemasu river.  

4.2.3. Analytical methods  

Total major cations such as Na, Ca, Mg, K, Fe, and Al was measured by inductively 

coupled plasma–atomic emission spectroscopy (ICP–AES; ICPE-9000, Shimadzu) 

with multi-element standard solution IV Certipur (Merck, Germany). Trace elements 

such as As, Cd, and Pb contained in the multi-elements standard solution XSTC-331 

(SPEX CertiPrep, USA) were analyzed by inductively coupled plasma–mass 

spectrometry (ICP–MS; iCap Qc, Thermo Scientific). Fe3+ was obtained from the 

subtraction of total Fe to Fe2+. Total anions were determined by Ion chromatography 

(IC; IC861, Metrohm, Herisau, Switzerland) using Anion Mixture Standard Solution 

such as Br, F, NO2, NO3, PO4, Cl, and SO4.  

The mineralogy of suspended sediments was determined by X-Ray Diffraction 

(XRD-Multiflex, Rigaku; Tokyo, Japan) equipped with a Cu Kα X-ray source and used 

a working voltage of 40 kV at 30 mA with a scanning speed of 6.5° min-1 ranging from 

5° to 70°. Suspended sediment’s morphology was characterized by optical and scanning 

electron microscopy, with the working voltage of SEM being 15 kV (SEM-EDS; JSM-

6510LA, JEOL, Tokyo, Japan).   

The suspended sediments for chemical composition was digested with 5 M HCl 

for 2 h at room temperature. The amorphous iron minerals from the suspended sediment 

samples were extracted with 0.2 M ammonium oxalate at pH 3 for 15 minutes without 

exposure to UV light. The aqueous solutions were immediately filtered with 0.20 µm 

membrane filters preserved for ICP-AES, ICP-MS, and IC. 

Specific surface areas of the bulk sediment were determined by N2 adsorption by 

the Brunauer-Emmett-Teller method (BET; NOVAtouchTM), the exact condition in 

Chapter III.  
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4.2.4. Geochemical modeling  

Chemical species activities, water-type classifications, and total dissolve solid 

(TDS) concentration were calculated using GWB geochemist’s spreadsheet (GSS) 

module in the Geochemist’s Workbench (GWB) professional package version 15.0. 

Elemental speciation and stability of iron minerals determined by Act2 module of GWB. 

4.3. Results  

4.3.1. Characteristics and chemistry of water samples 

Shojin river water characteristics  

On-site measurement during field sampling and detailed water data results are 

listed in Supplementary data. The pH of Shojin river water changes from neutral to 

acidic conditions (pH: 6.88 – 3.09) with EC ranges from 6.6 to 63.6 ms/s, ORP of 308 

mv to 585 mv, but DO almost constant with the concentration of 10 mg/L. The upstream 

turbidity is 0.35 NTU (SR1), and the downstream turbidity is1.68 NTU (SR8). 

The wastewater from SW1 pH was 2.6 flowed in the limestone channel (Fig IV-

1b), yet the pH at SW2 remained 2.6. SW3 had a slightly higher pH of 3.3, but it 

provided a minimal contribution to SW4 (pH: 2.7). SW4 later flowed into Shojin river. 

The average EC of 127 ms/s, ORP ⁓ 600 mv, turbidity of 0.34 NTU, and DO of 9.31 

mg/L. The dominant major cations in wastewater (SW1-SW4) were Ca (6.24 mg/L) 

and anions SO4 (1.9 g/L). 

The major cations concentration of Shojin background river water SR1 were Ca is 

about (4.15 mg/L), Mg (1.2 mg/L), and the major anions were HCO3 (16 mg/L), Cl (6 

mg/L), and SO4 (14.5 mg/L). The Shojin river water SR1 was a Ca-SO4 water type as 

it contained SO4 concentrations of about 50% of total major anions. Commonly, natural 

river water is dominated by Ca-HCO3 (Singh and Kumar, 2015). However, the geology 

of the study area of the mine site contains gypsum or other sulfide minerals, probably 

affecting the Shojin river water. After SW4 flows to Shojin river, the pH drastically 

dropped to 3.09 (SR2), and the pH remained constant until SR4 and slightly increased 

at SR5 (3.15) but decreased to 3.07 at SR6. From SR7 to SR9, pH increased from 3.12 

to 3.43.  
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Trace elements such as Fe, As, Cd, and Pd concentration from wastewater (SW4) 

were 38.7 mg/L, 83.55 mg/L, 1.3 mg/L, and 25.9 mg/L, respectively. After mixing with 

the background river (SR4), the trace metals concentration decreased to 14 mg/L, 28.79 

µg/L, 0.58 µg/L, and 10.19 µg/L. Cd and Pb decreased about 4 times the wastewater, 

then slightly increased at SR6 0.82 µg/L and 16.48 µg/L respectively, probably due to 

the wastewater leaking at the mid-stream again decreasing from SR7. On the other hand, 

the trend of Fe and As was different from Cd and Pb. Fe and As steadily decreased 

toward downstream until SR9. Before Shojin and Amemasu river junction, all the As, 

Cd, and Pb were naturally remediated to less than WHO guidelines. This phenomenon 

indicates that natural attenuation is successfully treated the Shojin river to less than 

WHO guidelines.  

Amemasu river water characteristics  

Amemasu river’s pH changed from neutral to acidic conditions (pH: 7.1 – 2.8) 

with EC ranging from 8.4 to 93 ms/s, ORP of 244 to 564 mv, but DO was almost 

constant with the concentration of 9.04 mg/L (average value for surface water) except 

at AT1 (11 mg/L). The upstream (AR1) turbidity was 1.2 NTU and increased about 

four times after AR7 (5.1 NTU).  

The wastewater of AW1, AW2, and AW3 flowed to Amemasu river with a 

flowrate of 0.06 m3/min, 0.02 m3/min, and 5.13 m3/min, respectively. The average pH 

of wastewater was 2.8 with EC of 90.6 ms/s, ORP of 600 mv, turbidity of 0.56 NTU, 

and DO of 5.31 mg/L. Ca (15.8 mg/L) and SO4 (1.8 g/L) were dominant major-ions. 

The average concentration of major cations was Ca (6.4 mg/L), Mg (1.2 mg/L), 

and the major anions were HCO3 (12 mg/L), Cl (6 mg/L), and SO4 (18 mg/L) before 

contamination. The Amemasu river background water, AR1, and AR3 were Ca-SO4 

water types as they contained SO4 concentrations of about 50% of total major anions. 

Water types in the river at sampling points came from AR4 to AR9 shifted from Ca-

SO4 type to H-SO4 water type after the AR3 mixed with AW3 due to its low pH and 

high concentration of SO4.  

Amemasu river background river’s pH decreased from 7.1 to 5.5 at AR3 after the 

input of AW1 and AW2. Fig. IV-3b indicates the changing pH from AR4 to AR9 after 

AW3 contaminated the river water. The pH of Amemasu river at AR4 and AR5 

decreases from 5.5 to 2.9. After flowing downstream AR6, there was neutral water 
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(AT1) input from Amemasu tributaries before AR6 to AR8, which led to pH increased 

to ⁓3.1 and 3.3 at AR9 (Fig.IV-3b). A tributary AT1, not affected by AMD, also slightly 

contains sulfate with major anions but falls into Ca-HCO3 water type. 

The trace elements concentration in wastewater of Amemasu river were Fe (32.6 

mg/L), As (251 µg/L), Cd (14.64 µg/L), and Pd (75.85 µg/L), the same as Shojin river. 

The sources of Fe species from those areas were dominant Fe3+ (27.6 mg/L), probably 

due to the catalyzes of iron-oxidizing bacteria in low acidic conditions (Laroche et al., 

2018). The contamination of trace elements started from AR4 toward downstream (Fig. 

IV-3b&d).  The trace metals in the river. Fe, As, Cd, and Pb at AR4 and AR5 were 

slightly less than AW3 with an average concentration of 25 mg/L, 197 µg/L, 12 µg/L, 

and 60 µg/L, respectively. The concentration of toxic elements kept flowing 

downstream, yet drastically decreased at AR6 with a concentration of 15 mg/L, 67 µg/L, 

6 µg/L, and 34 µg/L, respectively. From AR7, Fe and As significantly decreased 

downstream, while Cd and Pb remain almost stable from AR7 to AR9, as shown in Fig. 

IV-3d.  Before merging with Shojin river, only As concentration in Amemasu river 

decreased to 7 µg/L, which was less than WHO guideline while Cd and Pb remained 

higher than the environmental regulation limit. The toxic elements of Amemasu river 

are partially remediated, but it is insufficient to reach the environmental regulation limit. 

 

Fig.  IV-3. (a). Fe2+, Fe3+, and pH trends across sampling points in Shojin river; (b). Fe2+, Fe3+ and pH trends across 

the sampling points Amemasu river; (c) As, Cd, and Pb trends across Shojin river; (d) As, Cd, and Pb trends across 

sampling points in Amemasu river. The x-axes of (c) and (d) are on a logarithmic scale. 
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4.3.2. Sediment mineralogy  

The XRD pattern of precipitated sediment is shown in Fig. IV-4a. The XRD shows 

the schwertmannite formed in the Shojin river as the assigned peak is consistent with 

the natural schwertmannite peak in previous studies (Acero et al., 2006; Bigham et al., 

1990b). The SEM image (Fig. IV-4b) shows the schwertmannite morphology 

accumulated as spherical structures with needle-like fibrous structures at the outer part. 

This structure could provide a large specific surface area for metal adsorption or surface 

complexation (Zhang et al., 2018). The specific surface area of the bulk sediment 

contained schwertmannite about 50% to 85%, ranging from 53-63 m2/g (Table IV-1&2).   

 

Fig.  IV-4. a) The XRD pattern of precipitated minerals in the tributary in the Shojin river. b) The SEM image of the 

precipitated sediment from Shojin river. 

Table IV-1. The result of yellow-brown precipitated sediment collected from the Shojin and Amemasu river that 5 

M of HCl dissolved. 

Site Fe As Cd Pb 

 mg/g mg/g mg/g mg/g 

Shojin S1 312 0.06 0 0 

Amemasu S1 223 5.97 0 0.22 

Amemasu S2 461 2.62 0 0.04 

 

Table IV-2. The yellow-brown precipitated sediment collected from the Shojin and Amemasu river was dissolved 

by ammonium oxalate at pH 3.  

Site Fe As Cd Pb 

 mg/g mg/g mg/g mg/g 



48 

 

Shojin S1 272 0.04 0 0 

Amemasu S1 186 3.33 0 0.15 

Amemasu S2 234 1.73 0 0.03 

4.4. Discussion  

4.4.1. The impact of background river water mixes with AMD 

The mixing of Shojin river with AMD  

Dilution of the contaminated wastewater by the background river has a significant 

role in natural attenuation, enabling neutral water to dilute or neutralize the acid mine 

drainage (Balistrieri et al., 2007; Ito et al., 2017). Similarly, AMD discharges to natural 

rivers undergoing the dilution process in this study. The background river of Shojin 

river accounts for the decreasing Cd and Pb concentration with a ratio of about 1:4 

(wastewater: background river). The effect of the dilution of the background was 

determined the ratio of species concentration of toxic elements (As, Pb, Cd) of each 

sampling point over the wastewater (SW1) was plotted against the ratio of SO4 

concentration of each sampling point over the concentration of wastewater (SW1) 

(Berger et al., 2000). The mixing line represents the decreasing of concentration species 

by dilution. The value of the sampling point falling below the mixing line represents 

the species concentration removed by coprecipitation and adsorption mechanisms. The 

value of the species above the mixing line indicates the contaminant is added. In Shojin 

river, the arsenic concentration of sampling points SR2 to SR4 falls below the mixing 

line, meaning that other processes removed it rather than dilution (Fig. IV-5a). Cd and 

Pb are slightly above the mixing line for sampling SR2 to SR4 (Fig. IV-5c&e). The 

trace metal behavior from sampling points SR6 to SR9 shows the abnormality. Arsenic 

is located near the mixing line (Fig. IV-5a), but Cd and Pb were about the mixing line 

(Fig. IV-5c&e), indicating an unidentified wastewater added the contaminant to Shojin 

river. The concentration of Cd and Pb in Shojin river decreased only due to dilution. 

Moreover, the background water of Shojin river diluted the total H+ ions of drainage 

water, which resulted in the average pH in Shojin river being about 3.1 from SR2 to 

SR9.  
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Fig.  IV-5. The concentration ratios of the toxic elements As, Cd, and Pb in Shojin and Amemasu river were plotted 

against concentration ratios of SO4 concentration (a) As concentration ratios against SO4 ratios, Shojin river, (b) As 

concentration ratios against SO4 ratios, Amemasu river (c) Cd concentration ratios against SO4 ratios, Shojin river 

(d) Cd concentration ratios against SO4 ratios, Amemasu river. (e) Pb concentration ratios against SO4 ratios, Shojin 

river (f) Pb concentration ratios against SO4 ratios, Amemasu river. The dashed line represents the concentration that 

would result from the mixing of wastewater and background river water. Concentration below the dashed line 

indicates the removal of the element from the solution by other factors (precipitation or adsorption). Concentration 

above the dashed line suggests adding the element to the solution by other sources. The concentration along the 

mixing line represents dilution. 

Fe concentration significantly decreased from 38 mg/L (SW4) to 14 mg/L (SR2), 

indicating schwertmannite precipitation after mixing wastewater with natural river 

water. At the mixing point, the pH of the river was 3.01, where it was highly suitable 
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for schwertmannite formation conditions (Zhang et al., 2018). Schwertmannite coated 

the Shojin river bedrock from SR2 toward downstream, which probably acted as the 

adsorbent for As removal from Shojin river.  

The mixing Amemasu river with AMD  

The same methods were applied to Amemasu river to determine the effect of 

dilution background river water. At the upstream of Amemasu river (AR4&AR5), As, 

Cd and Pb decreased due to the dilution as those elements fall along the mixing line 

(Fig. IV-5b, d, f). At the mid-stream from AR6, As concentration falls below the mixing 

line (Fig. IV-5b) suggested that As was removed by co-precipitation or adsorption.  On 

the other hand, Cd and Pb are slightly above the mixing line (Fig. IV-5d&f) due to the 

extra dilution from the Amemasu river tributary in between AR5 to AR6 based on the 

satellite image. Although, there are no accessible roads to reach the tributary. The 

mixing of Amemasu river plays significant mechanisms, as seen in Shojin river, since 

it dilutes the concentration of Cd, Pb, and H+. Though, at the upstream (AR4 and AR5), 

the dilution ratio is insufficient to decrease Cd and Pd to less than WHO guideline nor 

pH to above 3. At the mid-stream, where neutral water was added from its tributaries, 

the pH of the Amemasu river raised to 3.1, and As, Cd, and Pb concentration decreased. 

Schwertmannite was also found after AR6, which probably promotes the reduction of 

As concentration in the river water. 

At the Mondulkiri mine site, rainwater plays a significant role in natural 

attenuation, while the background river is essential at Shojin mine. In a temperate 

climate zone, the highest rainfall is in Summer and snowfall in winter. The long winter 

periods in Hokkaido accumulate a large amount of snowpack, which might increase 

runoff during snow melting (Katsuyama et al., 2020) in mid-April. This study is limited 

to summer; however, it is worth noticing that increasing neutral water input sources 

would benefit natural attenuation in the rivers.  

4.4.2. The relationship of Schwertmannite and trace elements the rivers 

Arsenic has a high affinity to absorb and coprecipitate with schwertmannite 

( Fukushi et al., 2003) since schwertmannite has a high specific surface area as well as 

a positive surface charge under acidic conditions (Khamphila et al., 2017; Park et al., 

2021). Fe and As had a similar reduction trend in Shojin river and Amemasu river. It 
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indicated that As adsorbed and coprecipitated with schwertmannite in the Shojin river 

after SR2; and Amemasu river after AR6.  In contrast, Cd and Pb provided different 

trends to As.  

This section conducted selective extraction of the bulk suspended sediments to 

clarify trace metals incorporation with schwertmannite. The released Fe concentration 

from the selective extraction represents the schwertmannite in the bulk sediment (Table 

IV-1&2). Up to 80% of schwertmannite was released from the bulk sediment. Arsenic 

is the dominant element incorporated with schwertmannite. Cd was not detected from 

the samples, while Pb was slightly released from the extracted solution. Cd does not 

adsorb to any Fe minerals in acidic conditions as their surfaces are positively charged 

(Yang et al., 2019). Pb is slightly different from Cd, as it adsorbs onto schwertmannite 

or iron hydroxide at a more neutral condition pH > 5.5 (Baleeiro et al., 2018). Cd and 

Pb do not coprecipitate with Fe3+ minerals since Cd and Pb have the larger ionic radius 

and different coordination numbers from Fe3+ (Borsari, 2014; Diebold and Hagen, 

1998; Hosseini et al., 2012). Thus, schwertmannite formation removed As from the 

contaminated rivers, but it does not account for Cd and Pb scavenges.  

4.4.3. Formation of Schwertmannite  

Schwertmannite is a metastable ferric iron mineral formed under biotic or abiotic 

conditions in a pH range of 2.5–4.5 (Bigham et al., 1990). Its formation requires Fe3+ 

as a source of Fe for mineral precipitation. Whereas, Fe2+ is released from the sources 

in most of AMD. Fe species was dominant by Fe3+ in this study, favoring the hydrolysis 

process of schwertmannite. Schwertmannite plays a major role in metals and metalloid 

removal in AMD (Paikaray, 2020; Shi et al., 2021). Its formation acts as an absorbent 

material in the AMD solution (Fukushi et al., 2003a). The pH of Shojin and Amemasu 

rivers are within the schwertmannite formation stability field (2.5-4.5); however, pH 

alone is insufficient to determine schwertmannite occurrence. Schwertmannite 

formation depends on activities of Fe3+, pH, and activities of SO4 (Bigham et al., 1996) 

under the chemical formula; Fe8O8(OH)x(SO4)y(s) (where y = 8-22x, and 1≤ x ≤ 1.75) 

and reaction (1) (Sánchez-España et al., 2011).  

Fe8O8(OH)5.2(SO4)1.4 + 21.2H+ = 8Fe3+ + 1.4SO4
2- + 13.2H2O   (VI-1) 
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The geochemical model was conducted to determine the occurrence of 

schwertmannite in both rivers, using the thermodynamics database from Sánchez-

España et al. (2011) with the log equilibrium constant (log K) 18.8. The filed data, 

activities of Fe3+ were used to plot against pH (Fig. IV.6) to determine the pH that 

enables schwertmannite precipitation. The model revealed that schwertmannite could 

form in Shojin river from SR2 to SR5. However, Fe3+ concentrations from SR6 to SR8 

were not high enough for schwertmannite formation. The Fe3+ precipitated as 

schwertmannite until its minimum concentration at SR5. Yet at SR9, schwertmannite 

could form again after pH was increased to 3.4.  

In contrast, at Amemasu river, the pH at AR4 and AR5 were too low to allow 

schwertmannite precipitation. The activities of Fe3+ were almost the constant for each 

sampling point. Yet, the model shows that the schwertmannite only forms from AR6 to 

AR9 when pH increases about 3.1. Schwertmannite is the essential absorbent material 

for the Amemasu river; thus, it is necessary to maintain the river’s pH the enable 

schwertmannite from the upstream. The optimum pH for schwertmannite precipitation 

for AR4 and AR5 is 3.2 (Fig. IV-6).  

 

Fig.  IV-6. The stability of schwertmannite with different log (equilibrium constant) values with log aSO42- = 10-

2.3 and field data from the Shojin and Amemasu rivers. Reference data are from Sánchez-España et al. (2011) (solid 

line). The dashed line is the extended aFe3+ to meet the schwertmannite solubility field to determine the optimum 

pH that enables schwertmannite to precipitate using the logKsch 18.8 form Sánchez-España et al. (2011). 

4.5. Summary   

Generation of AMD from the abandoned Shojin mine is an issue similar to other 

abandoned mine sites worldwide. Shojin mine contamination contaminates As, Cd, and 
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Pb to Shojin and Amemasu river, through seepage from the waste dams. This study 

highlighted significant geochemical characteristics of the two rivers that are in the same 

geological setting and climate condition:  

• The same toxic elements contaminate Shojin and Amemasu rivers. Even though, 

after drainage water into contact with the natural environment, Shojin river 

successfully self-remediated to less than WHO regulation limit. Nevertheless, 

the water quality of Amemasu river remains above the WHO regulation limit. 

Amemasu river required human assistance for the water treatment. 

• Natural attenuation in Shojin river is due mainly to the dilution of Shojin 

background rivers to the drainage water, maintaining the pH above 3 where 

schwertmannite precipitate. The dilution causes a decrease in Cd and Pb 

concentration, while Arsenic concentration in Shojin river is scavenged by 

schwertmannite. The dominant concentration of Fe3+ promotes the formation of 

schwertmannite in the study area.  

• The dilution of Amemasu river background is insufficient to dilute the drainage 

water that flows to the river upstream. The extra input water from Amemasu 

tributaries at the mid-stream enhances the schwertmannite precipitation and As 

removal, although it is still inadequate for Cd and Pb.   

• The geochemical differences between Shojin and Amemasu rivers are governed 

by the degree of dilution of the background rivers.  

 

Fig.  IV-7.  The graphical summery of the Shojin mine site. 
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4.6. Supplementary data 

Table IV-3. Amemasu river data 

Site pH ORP EC Turb. DO HCO3
- Na Ca K Al Fe Fe2+ Fe3+ As Pb Cd Cl SO4 

  mv ms/s NTU mg/L mg/L mg/L µg/L   mg/L 

AW1 2.87 569.3 80.50 0.33 4.13 - 5.02 15.80 1.98 11.13 26.10 0.8 25.3 254.69 49.74 12.53 4.79 1576 

AW2 2.85 564.7 87.90 0.31 4.74 - 5.41 14.14 1.1 11.17 8.74 0.2 8.54 23.91 16.06 12.37 5.65 1343 

AW3 2.71 7.05 103.4 0.56 7.05 - 5.12 15.08 1.28 15.11 32.56 5 27.56 251.05 75.85 14.64 5.02 1852 

AR1 7.09 310. 8.43 1.43 9.17 12.3 4.32 6.38 0.58 - - 0 - 0.25 0.14 0.09 6.08 18.75 

AR2 6.69 244.7 8.56 2.85 9.24 12.3 4.4 5.53 0.64 - - 0 - 0.47 0.27 0.27 5.99 22.4 

AR3 5.49 519.7 9.70 4.77 8.53 6.4 5.57 7.07 0.65 - - 0 - 0.4 0.79 1.06 5.92 40.6 

AR4 2.90 519.3 93.13 1.23 9.35 - 4.93 12.48 1.12 10.87 25.19 5 20.19 197.74 60.36 12.0 5.14 1565 

AR5 2.83 523.3 82.80 1.34 9.80 - 5.09 13.57 1.27 12.38 25.48 2 23.48 192.34 57.20 11.76 4.81 1585 

AR6 3.07 563.7 58.20 2.46 6.63 - 5.25 11.08 1.11 9.02 14.98 0.8 14.18 67.3 34.29 7.59 5.54 470.9 

AR7 3.23 551.7 45.83 4.92 9.55 - 5.40 10.40 1.09 6.82 11.19 0.5 10.69 41.84 27.43 6.07 5.91 402.3 

AR8 316 547.7 48.43 5.14 9.49 - 5.43 10.96 1 7.06 9.49 0.5 8.99 21.30 26.46 6.04 5.59 402.5 

AR9 3.27 519.7 43.10 4.57 9.57 - 5.84 11.78 1.26 6.14 7.06 1.2 5.86 7.04 22.28 5.36 8.01 381.6 

AT1 7.07 335 11.22 4.99 14.67 30.7 5.97 7.86 1.83 - - 0 - 1.4 0.17 0.09 9.57 11.82 
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Table IV-4. Shojin River Data 

Site pH ORP EC Turb

. 

DO HCO3
- Na Ca K Al Fe Fe2+ Fe3+ As Pb Cd Cl SO4 

  mv ms/s NTU mg/L mg/L mg/L µg/L   mg/L 

SW1 2.59 606.3 129.5 0.18 7.79 9.1 4.8 6.24 1.9 10.5 44.2 0.2 44.0 110.9 31.3 1.6 4.1 1937 

SW2 2.59 616.3 127.3 0.63 8.22 - 4.6 7.06 2.2 10.5 43.5 0.1 43.4 103.6 30.6 1.5 3.9 1923 

SW3 3.3 506.7 36.23 0.34 10.6 - 4.4 5.63 1.2 4.61 6.36 2 3.4 7.19 0.6 0.2 3.9 338 

SW4 2.68 588. 114.8 0.43 10.3 - 4.5 8.1 1.4 9.82 38.7 0.8 37.9 83.55 25.9 1.3 5.03 1958 

SR1 6.88 308.3 6.61 0.35 9.9 - 4.4 4.15 1.5 - - - - 0.17 0.17 0.1 6.1 14.5 

SR2 3.09 561 48.67 0.99 10.2 - 4.5 5.67 1.5 3.14 14.1 0.8 13.3 28.79 10.2 0.6 6.0 382 

SR3 3.09 585 49.83 1.46 10.3 - 4.6 5.93 1.6 3.62 13.7 0.2 13.5 24.90 10.0 0.6 5.9 382 

SR4 3.09 558.3 50.23 1.46 10.3 - 4.6 6.28 1.6 4.38 12.8 1 11.8 20.71 10.2 0.6 5.1 378 

SR5 3.15 559.7 50.67 0.86 10.1 - 4.7 6.83 1.5 4.98 11.5 0.5 11 14.7 9.09 0.6 4.8 379 

SR6 3.07 545 63.63 0.91 10 - 5.5 10.7 1.8 8.21 6.42 0.5 5.92 2.83 16.5 0.8 5.5 414 

SR7 3.12 529.3 55.47 1.1 9.9 - 5.7 10.7 1.9 8.09 5.40 0.5 4.9 2.2 14.5 0.8 5.9 401 

SR8 3.18 522.7 51.10 1.68 10.2 - 5.9 11.1 1.9 8.43 4.43 0.5 3.93 1.8 12.5 0.9 8.01 383 

SR9 3.43 495.7 41.67 0.59 9.47 - 6.3 12.0 1.9 7.01 3.48 0.8 2.68 1.2 9.36 0.9 9.57 340 
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Table IV-5. Oorito River data 

Site pH ORP EC Turb. DO HCO3
- Na Ca K Al Fe Fe2+ Fe3+ As Pb Cd Cl SO4 

  mv ms/s NTU mg/L mg/L mg/L µg/L mg/L 

OR1 3.32 500 41.27 1.80 9.48 - 6.84 12.32 2.66 6.70 4.78 - 4.78 2.99 14.2 2.74 7.1 325.33 

OR2 4.55 350 30.13 6.21 9.55 1.3 14.25 22.11 2.90 2.95 0.55 - 0.55 0.34 5.39 1.56 11.04 205.72 

OR3 5.70 154.67 29.93 11.07 9.91 0.1 15.14 26.56 30.9 0 0.04 - 0.04 1.13 0.77 0.98 10.66 114.38 

OR4 7.07 105.33 27.83 17.33 9.68 12.3 15.25 24.43 3.13 0 0 - 0 1.11 0.27 0.76 11.69 94.61 
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V.  Iron dynamics and geochemical interactions of hazardous elements with 

schwertmannite in AMD 

5.1. Introduction  

Dissolved iron is ubiquity in AMD systems, including Mondulkiri mine and Shojin 

Mine. The critical role in Fe minerals in natural attenuation is highly advantageous to 

passive treatment implementation (Skousen and Ziemkiewicz, 2005). The case studies 

of this research pointed out the critical roles of schwertmannite in natural attenuation. 

Schwertmannite is the primary mineral from Fe3+ in AMD (Feng et al., 2021), but Fe2+ 

iron is abundant in most AMD. Fe2+ commonly dissolves from pyrite (Fe2S), 

arsenopyrite (FeAsS), or chalcopyrite (CuFeS2) in the ore minerals and waste rocks 

(Neil et al., 2014; Taylor et al., 2005). As described in Chapter II, the dissolved ferrous 

iron can oxidize to ferric iron under biotic and abiotic conditions (Auld et al., 2013; 

Stumm and Lee, 1961). At Mondulkiri mine, Fe2+ released from the wastewater and 

sulfide minerals dissolution. After wastewater flows into the tributary, Fe2+ oxidizes to 

Fe3+ with the assistance of iron-oxidizing bacteria. However, at Shojin mine, Fe3+ is 

dominant over Fe2+, released from the AMD seepage. Thus, Fe2+ oxidation can be 

neglected in Shojin mine site. Fe3+ in both study areas have gone under the hydrolysis 

process, forming the ferric iron minerals; schwertmannite. The significant roles of 

schwertmannite in natural attenuation at the Mondulkiri and Shojin mine motivate the 

detailed understanding of iron dynamics in both study areas.   

This chapter will give the various approaches to understanding the iron dynamics 

of schwertmannite formation by using field data from the case studies mentioned in 

Chapters III and IV. The iron dynamics include ferrous iron to ferric iron, ferric iron to 

ferric minerals, and ferric interactions with toxic elements in AMD. Chapter III 

described the involvement of iron-oxidizing bacteria in the Mondulkiri mine site that 

facilitates schwertmannite formation. Thus, this section will discuss the ferrous 

oxidation rate under biotic conditions. The fourth-order rate law of Pesic et al. (1989) 

is likely applicable to only a single bacterial species (Garcia-Rios et al., 2020). It is 

unsuitable for determining Fe2+ oxidation rates at the mine site where various bacteria 

species have mixtures. In natural conditions, the Fe2+ oxidation rate constants are varied 

based on environmental conditions and site specifics. The later study of Larson et al. 
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(2014) suggests that the Fe2+ field oxidation rate (RFe2+, field) can be better described by 

equation (V-1) and field rate constant equation (V-2). Thus, the determination of Fe2+ 

oxidation rate and rate constant is necessary to construct the Fe2+ oxidation rate 

modeling for future AMD treatment implication of Mondulkiri mine.  

RFe2+, field = –d[Fe2+]/dt = ([Fe2+
, inflow] – [Fe2+

, outflow])/t  (V-1) 

kFe2+, field = –(ln[Fe2+
, outflow] – ln[Fe2+

, inflow])/t (V-2) 

where [Fe2+
, inflow] is the dissolved Fe2+ concentration in the initial inflow; [Fe2+

, outflow] 

is dissolved Fe2+ concentration in the outflow; t is travel time of Fe2+ from initial inflow 

to outflow; and kFe2+, field is a rate constant for oxidation Fe2+ in the field.  

Precipitation of schwertmannite can be written as shown in reaction (ii) following 

Bigham et al. (1996). Schwertmannite precipitation is Fe3+ and pH-dependent where 

SO4
2- concentration is between 500 mg/L to 2000 mg/L in AMD, commonly higher 

than Fe3+(Chen and Jiang, 2012). Asta et al. (2010) simplified the schwertmannite 

precipitation model rate from pH 2.7–3.5 as follows:   

8Fe3+ (aq) + ySO4
2- (aq) + (24-2y+x)/2H2O →  Fe8O8(OH)x(SO4)y(s) + (24-2y)H+

(aq)  

(Reaction V-1) 

Rsch=ksch[Fe3+][H+]-1  (V-3)  

where Rsch is precipitation rate of schwertmannite (mol.L-1.s-1). [Fe3+] and [H+] 

concentration are in mol.L-1, ksch is the rate constant for schwertmannite precipitation 

in mol.L-1.s-1.  

Schwertmannite rate constant found in Asta et al. (2010), using Fe3+ field data 

measurement to calibrate with Fe3+ modeling given a rate constant result range from 

3.16×10–9 to 10–8 mol.L-1.s-1. A considerable variation in the rate constant provides a 

significant uncertainty in determining the schwertmannite precipitation rate. Therefore, 

obtaining the rate constant for the schwertmannite precipitation rate is crucial for the 

study areas. 

The field investigation suggests schwertmannite is responsible for As removal in 

acidic conditions when pH is above 3. Schwertmannite was reported as a significant 

mineral to remove other metal(loid)s in AMD (Paikaray, 2020; Regenspurg and Peiffer, 

2005), even though Ni, Cd, and Pb are not incorporated with schwertmannite of the 

study areas. It is necessary to clarify the toxic elements that interact with 
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schwertmannite and its removal mechanisms. Therefore, the objectives of this chapter 

are (1) to determine Fe2+ oxidation rate and rate constant in the biotic system using Fe2+ 

field data measurement from Mondulkiri mine site, (2) to estimate the Fe3+ rate constant 

and precipitation rate of drainage water from the study areas in acidic condition (pH 3.1 

to 3.5), (3) to evaluate the rate-limiting of Fe2+ oxidation rate and Fe3+ precipitation rate 

that may control the natural attenuation process at Mondulkiri mine site, (4) to 

understand the adsorption of toxic elements such as As, Ni, Cd, and Pb on 

schwertmannite in the study area, (5) and to determine the optimum pH for AMD 

treatment implication for the study areas.  

5.2. Materials and Methods 

5.2.1. Schwertmannite constant rate experiment  

The drainage water in the dry season of the Mondulkiri mine and drainage water of 

Amemasu river were used to investigate the precipitation rate of schwertmannite within 

pH; 3.1, 3.3, 3.4, and 3.5. The 0.1N HNO3 and 0.1N NaOH were used for pH adjustment 

during the experiment. The experiment was conducted for 24 h until the Fe3+ 

concentration was stable. The aqueous solution was collected from 0 h to 24 h, filtered 

by 0.20 µm syringe membrane filters, acidified by 1% HNO3 ultra-pure acid preserved 

for chemical elements analysis. Rate constant ksch was obtained from the regression line 

of schwertmannite precipitation rates against proton following equation V-3.   

5.2.2. Trace elements adsorption experiment 

The batch adsorption method is commonly used for surface complexation model 

validation. However, this method was carefully conducted in the laboratory without 

field investigation data validation. It is uncertain for the engineer to apply in the natural 

environment. Therefore, the titration drainage water is used to validate the batch 

adsorption experiment in the laboratory from the previous studies. The mine sites' 

drainage water was used to conduct the adsorption edges experiment for surface 

complexation modeling. The drainage water pH was titrated between 3 to 11 by 0.1N 

NaOH and adjusted pH by 0.1N of HNO3. The solutions were kept for 24 hours. The 

solutions were later filtered with a 0.20 µm ultra-membrane filter and acidified with 1% 
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HNO3 preserved for chemical elements analysis. The toxic elements such as As, Ni, 

Cd, and Pb were analyzed using the method mentioned in chapter III.  

5.2.3. Geochemical modeling  

Geochemist’s Workbench (GWB) professional package version 15.0 was used for 

geochemical modeling, including Fe2+ oxidation rate, Fe3+ precipitation rate, and a 

surface complexation model. Surface complexation modeling was undertaken to predict 

adsorption behaviors of target toxic elements using a generalized double-layer surface 

complexation model by Dzombak and Morel. (1990) in the GWB React module. The 

surface complexation modeling engaged with the ferrihydrite sorbing-surface database 

due to the similarity of schwertmannite and ferrihydrite’s surface properties 

(Khamphila et al., 2017; Otero Fariña et al., 2015). The predictive models were fitted 

with the adsorption experiment for model validations.  

5.3. Results and discussion  

5.3.1. Ferrous oxidation rate in Mondulkiri mine  

Ferrous oxidation rate and oxidation rate constant were calculated after Larson et 

al. (2014) using field data at the Mondulkiri mine site. In the rainy season, Eq. (V-1) 

yields a Fe2+ oxidation rate beyond T2 to T7, where pH averages 3.6, the oxidation rate 

is 2.96 × 10–8 mol. L–1 s–1, with rate constant kFe2+, field 0.0001 s-1.  In the dry season (T2 

to T7), 1.49 × 10–7 mol. L–1 s–1; kFe2+, field 0.0004 s-1at pH 2.8 is about two orders of 

magnitude lower than the rate determined by Larson et al. (2014). The Fe2+ oxidation 

rate in the drainage is less than that found by Larson et al. (2014), probably because the 

Fe2+ concentration is also an order of magnitude lower. The oxidation field rate constant 

is not uniform in each field site due to pH-dependent and concentration of iron-

oxidizing bacteria. Fe2+ oxidation rates in the Mondulkiri mine were re-estimated using 

a geochemical model with various rate constants based on pH conditions (Fig. V-1). 

The rapid oxidation at T1 at pH 2.9 might take ~ 2.5 to 8 hours to oxidize 50% of Fe2+ 

to Fe3+ while this process beyond T2, the oxidation Fe2+ to Fe3+ takes about 8 hours Fig. 

V-1. At pH range 2.2–4.5, the lower the pH, the higher the Fe2+ oxidation rate (Larson 

et al., 2014; Pesic et al., 1989).  
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Fig.  V-1. The ferrous iron oxidation rate of various rate constants (k) in relation to time. 

 

Table V-1. Fe2+ oxidation rate in biotic condition following oxidation field rate formula by Larson et al. (2014) 

pH Fe2+ rate (mol.L-1.s-1) kFe2+,(min-1) Study area 

2.7 6.63× 10–8 0.009 This study 

3.5 1.48× 10–8 0.006 This study 

4.04 1.43× 10–6 0.038 Appalachian Coal Basin 

2.89 8.13× 10–6 0.066 Appalachian Coal Basin 

3.13 13.1 × 10–7 0.003 Iberian Pyrite Belt 

2.36 2.44× 10–7 0.028 Iberian Pyrite Belt  

5.3.2. Precipitation rate of ferric of iron  

Experimental results for schwertmannite precipitation rate show decreased Fe3+ 

concerning time for various pH within 24 hours. This experiment assumes that the loss 

of Fe3+ from the solution represents schwertmannite precipitation (section 5.2.2). Fe3+ 

drastically decreases during the first 5 hours yet becomes almost stable after 24 hours 

(Fig. V.2a). Fe3+ precipitation at pH relatively slower than pH 3.4 and 3.5 as it took 

about 4 hours to 50% of Fe3+ while it took only 30 minutes for pH 3.4 and 3.5. The rate 

constant was taken from the regression line of schwertmannite precipitation rates 

obtained from experiment data against protons concentration, yielding a rate constant, 

ksch of 2.84×10–9 mol. L-1.s-1 (Fig.V.2b). It is slightly less than the minimum rate 

constant Asta et al. (2010) reported. The precipitation calculated from this study rate 
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constants is shown in the yellow line in Fig. V-2b. The obtained rate constant was later 

used in the geochemical model to estimate the precipitation rate of schwertmannite in 

both study areas.   

5.3.3. Fe2+ and Fe3+ dynamics 

Chapter III suggested that the optimum pH for schwertmannite to dominate Fe3+ in 

the system is more significant than 3.1. Within this pH, the oxidation rate from ferrous 

iron to ferric iron is 2.68 × 10–7 mol. L–1 s–1. The schwertmannite precipitation rate 

would be 1.48 × 10–8 mol. L–1 s–1. With the catalysis of iron-oxidizing bacteria, the 

ferrous iron oxidation rate is approximately ten times faster than the precipitation rate. 

Nevertheless, the limited calculation of ferrous oxidation rate and its rate constant 

in the study area could be affected by the rapid oxidation of ferrous ions in the field 

during the measurement. The ferrous iron oxidation rate in the field was possibly faster 

than the calculated value. The flow rate of the tributary was ~0.05 m3.s-1 yielding ~ 6 

hours of resident time from T2 to T3. The residence time is sufficient for the formation 

of schwertmannite in the tributary. It is worth noting that ferrous iron oxidation and 

schwertmannite formation occurred in the field within a short period, enabling As 

attenuation in the rainy season (Mondulkiri mine). Fe3+ is the rate-limiting control the 

formation of schwertmannite in Mondulkiri mine. In addition, at the mine site where 

Fe3+ species dominate, for example, Shojin mine, Fe2+ (≈ 1/6 of Fe3+) oxidation rate can 

be neglected. Fe3+ at Shojin mine quickly precipitated as schwertmannite while pH 

increased to 3.2 with the precipitation rate of Rsch =3.82×10–6 mol. L–1 s–1.  

 

Fig.  V-2. (a) The experimental data of ferric iron precipitation in relation to time for various pH. (b) The fitting 

model of precipitation rate (points) to the model precipitation rate (solid line) concerning to proton [H+].  
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5.3.4. Adsorption of trace element on schwertmannite  

The toxic elements in both study areas are As, Se, Cu, Cd, Pb, and Ni. However, 

the Se adsorption mechanism is not discussed in detail as the surface complexation 

model. Se adsorption behavior on schwertmannite is unpredictable (Khamphila et al., 

2017). A different Se removal method will be mentioned in Chapter VI. Cu will not be 

discussed in the surface complexation either as its concentration is less than WHO 

guidelines after releasing to the environment. Hence, this system's surface 

complexation discusses As, Cd, Pb, and Ni adsorption onto schwertmannite. 

As adsorption  

The effect of pH on surface complexation models has previously included the 

generalized double-layer (GDL), triple-layer (TLM), charge distribution (CD), and 

extended triple-layer (ETLM) models with individual-specific criteria based on the 

behaviors of elements on adsorbent surface structures. Arsenic binds strongly to ≡FeOH 

on the surface; therefore, the GDL model for As (Dzombak and Morel, 1990) is more 

appropriate than the other surface complexation models (Otero Fariña et al., 2015). 

Arsenic adsorption schwertmannite's predictive model and model validation are shown 

in Fig.V-5a. From pH 3-9, up to 99% of As absorbed onto schwertmannite (Fig. V-5a). 

The experimental data by titration method can validate As absorption behaviors similar 

to the batch adsorption experiment conducted by Khamphila et al. (2017).  

Ni adsorption and co-precipitation  

Ni removal mechanisms for the aqueous solution are coprecipitation and 

adsorption (Buerge-Weirich et al., 2002; Sarmiento et al., 2018). The coordination 

number of Ni is similar to Fe3+, which enables Ni to co-precipitate with iron as nickel 

ferrite and Ni-layer double hydroxide with Fe3+ (Kuai et al., 2019). In the selective 

extraction data, a tiny amount of Ni existed in schwertmannite as the tributary was 

acidic, yet the removal mechanisms were not identified. Ni can be incorporated with 

iron hydroxide by adsorbing onto the external surface as monodentate or bidentate 

complexes (Barrow et al., 2012; Shi et al., 2021). The surface complexation model was 

conducted to understand the adsorption mechanism of Ni onto schwertmannite (Fig. V-

5b). It shows the adsorption Ni behaviors on schwertmannite using GDL predictive 

model fitted with the experimental data. The predictive model is not well-fitted with 

the experimental data at the acidic (pH:3-4.5) condition. This miss-fitting is probably 
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due to the effect of coprecipitation with schwertmannite from pH 3-3.5. At pH 6, the 

Ni adsorption edge starts to fit with the adsorption model, which indicates the 

adsorption mechanisms occur. Ni adsorption capacity is about 99% to schwertmannite 

when pH increases to ⁓7.5, similar to the Ni adsorption found in Boujelben et al. (2009). 

This result suggests that the coprecipitation involves a titration experiment to remove 

Ni, but it does not have the crucial mechanisms in acidic conditions. Ni does not absorb 

onto iron hydroxide surface at pH below 5 (Buerge-Weirich et al., 2002). Hence, the 

model can predict Ni adsorption behaviors at pH > 6.  

Cd adsorption  

 Fig.V-3c shows the adsorption Cd behaviors on schwertmannite using GDL 

predictive model fitting with experimental data. Cd adsorption fraction increases when 

pH is rising. In acidic conditions, Cd does not show any significant adsorption onto 

schwertmannite. The adsorption edge occurs at pH 5.5-8.5 (Fig V-3c), where the Cd 

adsorption behaviors drastically change 0 to also most 99% at 8.5, a similar trend found 

in Du et al. (2018). The charge distribution (CD) model is suggested for Cd adsorption 

prediction (Liang et al., 2018). Still, the experimental data here shows that the GDL 

model can also provide accurate Cd adoption behaviors onto schwertmannite.  

Pb adsorption  

Fig.V-3d demonstrates Pb adsorption behaviors on schwertmannite using GDL 

predictive model fitting with experimental data. Pb has a higher capacity to adsorb onto 

schwertmannite than Cd and Ni. The adsorption edge of Pb onto schwertmannite starts 

at pH 3.2 to 5 from 0 to 99%, as reported in Barrow et al. (2012).  The absorption of Pb 

slightly occurs in acidic conditions, even though Pb and schwertmannite surface charge 

is positive. The experimental data is well fitted with the predictive model. Thus, this 

model can represent the Pb behaviors in the drainage water.  
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Fig.  V-3. The predictive adsorption model of As, Ni, Cd, and Pb on g L–1 of schwertmannite. a) The predictive 

adsorption model fitting with As experimental data. b) The adsorption predictive model fitting with Ni experimental 

data. c) The predictive adsorption model fitting with Cd experimental data. d) The predictive adsorption model fitting 

with Pb experimental data. 

5.3.5. pH optimization for removal of trace elements 

Arsenic and Ni removal by adsorption mechanism at Mondulkiri mine  

The predictive model of As adsorption was used to apply to the actual tributary 

water data. The As concentration measured from sampling point T5 was used as model 

input to determine the pH that maintains As concentration below the WHO drinking 

water guidelines. The model shows that at pH less than 7.6, As can be successfully 

removed by schwertmannite (Fig. V-4a). Similarly, the predictive model of Ni 

adsorption was applied to Ni concentration of T5 in the dry season. The adsorption of 

Ni onto schwertmannite to less than WHO regulation limit when pH increases to greater 

6.4 (Fig. V4b). To remove As and Ni from the drainage using adsorption mechanism, 

increasing pH 6.4 to 7.6 can remove As and Ni from the Mondulkiri mine.  
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Fig.  V-4. a) The predictive As the concentration of Mondulkiri mine concerning pH. b) The predictive Ni 

concentration of Mondulkiri mine concerning pH. The red line is the WHO regulation limit for drinking water. 

Arsenic, Cd, and Pb removal in Shojin mine 

In Shojin mine site, Shojin river was successfully treated by natural attenuation. 

Thus, only Amemasu river is discussed in the adsorption mechanism by 

schwertmannite. The predictive model of As, Pb, and Cd adsorption predictive models 

were used to apply to the measurement data AW3 concentration of Amemasu river (Fig. 

V-5). As is a metalloid in acidic conditions, thus the As can be removed from the 

drainage water at pH < 9.1 to meet the WHO regulation limit, while Cd and Pb require 

pH > 7.9 and pH > 4.6, respectively.    

 

Fig.  V-5. a) The predictive As concentration of Amemasu river in relation to pH. b) The predictive Cd concentration 

of Amemasu river in relation to pH. c) The predictive Pb concentration of Amemasu river in relation to pH. The red 

line is WHO regulation limit for drinking water. 
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5.4. Summary  

Iron dynamics occurred in the case studies concerning the different sources of iron 

species. The main characteristic difference in these study areas is; Mondulkiri mine is 

dominant by Fe2+, while Shojin mine is dominant by Fe3+. The different sources of iron 

species significantly affect on AMD treatment method. This chapter highlighted the 

iron dynamic included, oxidation rate Fe2+ to Fe3+, Fe3+ precipitation rate, and the 

interaction of toxic elements with schwertmannite as below:  

• In the Fe2+ dominant system, iron-oxidizing bacteria catalyze the Fe2+ oxidation 

rate. The Fe2+ field oxidation can estimate the oxidation rate and rate constant 

in the field data measurement. The oxidation rate constant can be used to 

reconstruct the Fe2+ oxidation rate model to estimate the duration and amount 

of Fe2+ oxidize to Fe3+ in Mondulkiri mine site.  

• In the Fe3+ dominant system, the Fe3+ precipitation rate can be estimated without 

concerning the Fe2+ oxidation rate. Fe3+ precipitation rate and rate constant from 

both study areas using the same methods. The rate constant was used to 

reconstruct the precipitation rate model to estimate the Fe3+ rate in various pH 

conditions.   

• Yet, it is worth mentioning Fe3+ is a rate-limiting factor of Fe2+ oxidation rate 

and Fe3+ precipitation rate. Thus, the passive treatment implementation depends 

on Fe3+ precipitation rate and schwertmannite formation.  

• Surface complexation models of toxic elements (As, Ni, Cd, and Pb) onto 

schwertmannite show that only As can be removed by schwertmannite in acidic 

conditions. In contrast, Cd, Pb, and Ni require neutral to alkaline conditions to 

adsorb onto schwertmannite. The adsorption capacity onto schwertmannite is 

As>> Pb>Ni>Cd. The surface complexation model using the GDL model is 

suitable to predict the optimum pH for heavy metals removal. The optimum pH 

for Mondulkiri mine for As and Ni removal is 7.6, while in Amemasu river is 

7.9 to remove As, Cd, and Pb.  
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VI. Geochemical modeling of the mixing and the neutralization processes 

of acid mine drainage at Mondulkiri mine site 

6.1. Introduction  

Natural attenuation at the Mondulkiri mine in the rainy season successfully 

remediates the tributary water to meet the environmental regulation. On the other hand, 

the tributary in the dry season is still concerned about the aquatic lives and human health 

in the surrounding area. Thus, it requires human assistants to maintain the tributary 

condition as it is the rainy season by using the advantage of natural process. The natural 

attenuation mechanisms revealed that the mixing of neutral water allowed 

schwertmannite precipitation, enhancing As removal while dilution reduces Se, Cu, and 

Ni concentration. The tributary pH is controlled by rainwater water in the rainy season. 

Commonly, the pH control or neutralization process is implemented in AMD treatment 

by using a chemical reagent such as; calcium hydroxide, limestone, and other alkaline 

materials to control the pH of AMD (Huang and Yang, 2021). 

In contrast, the pH of the tributary of Mondulkiri mine controls by mixing of neutral 

water. The lessons learned from the natural attenuation at Mondulkiri point out that an 

application of neutral water dilution can apply to passive treatment for the dry season. 

This chapter will describe the possibility of passive treatment implementation by 

geochemical modeling to elucidate geochemical characteristics in the contaminated 

area while diluting by rainwater at Mondulkiri mine site, Cambodia. This chapter aims 

(1) to simulate the natural attenuation mechanisms that occur in the drainage in the 

rainy season, (2) to evaluate the pH control of the study by mixing AMD with neutral 

water and adding alkaline material to AMD, (3) to determine the suitable passive 

treatment methods for the study area. 

6.2. Material and Methods  

Geochemical modeling has been well developed and popular for geochemists 

during the last few decades. It is a valuable tool to predict the contamination of the 

behaviors in the aqueous environment (Camden-Smith et al., 2015). Computer codes 

such as PHREEQC, ChemEQL, HYDROGEOCHEM, Visual MINTEQ, and 

Geochemist’s Workbench, for example, perform only mathematical framework and 
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computational tasks without reference to particular to chemical systems. These 

computer codes give identical answers, yet the differences are convergence and 

handling capacity. In addition, thermodynamics databases accompany the computer 

codes are not hard-wired, enabling users to edit the reaction in the database without 

affecting codes functions  (Zhu et al., 2002). Recently, geochemical modeling has been 

used to investigate the mechanism of water-rock interactions in aquatics systems (Kirk 

Nordstrom, 2020). The geochemical models are able to address the quantitative data 

minerals precipitation/dissolution, sorption, gas exchange, ionic strength effects, 

thermal effects, and transport (Bethke, 2008; Murakami et al., 2020). The improvement 

of the modern computer plays an essential role in facilitating geochemists' research 

works.  

6.2.1. Mixing model  

A React module of Geochemist’s workbench (ver. 15.0) professional packages 

simulated neutral water and drainage water mixing in the field. The input parameters 

were obtained from the chemical data analysis from Chapter 3. The default 

thermodynamics database of GWB is used in this modeling. Two React data sets were 

set up to represent fluid 1 (T2 in the dry season) and fluid 2 (I1 in the rainy season) 

(Table VI-1). The two data sets were mixed using the “pick-up” function. The Cl– 

concentration was used as a tracer in model validation because it was not affected by 

minerals precipitated in the tributary. The sensitivities of mixing model was acquired 

by utilizing various mixing solutions; M1, M2, and M3 (listed in Table VI-1). Alkaline 

materials such as limestone (M1), wooden ash (M2), and portlandite (M3) were added 

to increase the HCO3 concentration in the neutral water. The water parameters of fluid 

1 remain the same; only fluid 2 parameters, HCO3, Ca, and pH was, changed in the 

simulations.  

6.2.2. Acid neutralization model  

Another neutralization model was obtained by React module (GWB) using a direct 

chemical reaction of drainage water. Limestone is chosen as an alkaline material for the 

neutralization processes. Calcite was added, the pH is increasing (reaction VI-1) due to 

the limestone dissolution reaction and produces more CO2, which might be degassed 

via reaction (VI-2) (Berger et al., 2000).  
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CaCO3 + 2H+ → Ca2+ + H2O + CO2 (aq) (VI-1) 

CaCO3 + H+ → Ca2+ + HCO3
-  (VI-2) 

Table VI-1. The input data of mixing model by React module. (CB: Charge balance) 

Basic species  Fluid 1 

(T2) 

Fluid 2  

(I1) 

M1 M2 M3 Units 

Ca 616 132 350 400 10000 mg/L 

Na 1550 20.7 23 20.7 10 mg/L 

K 18.1 1.86 2 1.86 1.8 mg/L 

HCO3 - 6 600 750 5 mg/L 

Mg 151 41.7 7.7 8.7 11.6  

Cl 34 6.64 6.64 6.64 6.64 mg/L 

SO4 CB CB CB CB CB - 

pH 2.79 6.67 7.7 8.7 11 - 

Fe 147 10-6 10-6 10-6 10-6 mg/L 

Mn 35 10-6 10-6 10-6 10-6 mg/L 

Ni 0.1 10-6 10-6 10-6 10-6 mg/L 

Cu 0.6 10-6 10-6 10-6 10-6 mg/L 

As 6.1 10-6 10-6 10-6 10-6 mg/L 

Se 0.4 10-6 10-6 10-6 10-6 mg/L 

e- 650 300 300 300 300 mV 

 

6.3. Results and Discussion  

6.3.1. Mixing of neutral water into the drainage water 

Dilution has direct and indirect impacts on natural attenuation during the rainy 

season. A mixing model was developed to describe the immediate effect of mixing 

neutral and tributary water during the rainy season. The Cl– concentration at I1 was 6.5 

mg/L or approximately 20% of the dry-season concentration at T2 (~34 mg/L). This 

dilution ratio provided a pH of 3.44.  

The mixing model results for tributary water at T2 and neutral water from I1 from 

the React module fitted with field data are shown in Fig. VI-1a. The correlation between 
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Cl's modeled and measured data and the mixing ratio values was strong (R2 = 0.99) (Fig. 

VI-1a). The pH in the tributary slowly increased with an increase in I1 volume (Fig. 

VI-1.b), indicating a low buffering capacity for mixing during the rainy season. The 

HCO3
- concentration in I1 was too low to buffer the pH of the tributary. Though, the 

neutral water (I1) in this study increased the pH in the tributary to greater than 3.1, 

which facilitated schwertmannite precipitation. The ratio from the model of tributary 

water (T1) to neutral water (I1) is 0.16(T1)/0.84(I1), indicating that 1 L of tributary 

water needs 5.25 L of neutral water to get pH 3.44 to meet the condition as it was in the 

rainy season (T2). A large volume of neutral water, more than five times that of the 

tributary water, was added during the rainy season to increase the pH and reduce the 

concentrations of As, Ni, Se, and Cu during the rainy season. Fig VI-2 shows the effect 

of dilution on the toxic elements. The As concentration in the tributary is too high to 

dilute to less than the WHO regulation limit; however, it effectively dilutes the Ni, Se, 

and Cu if the dilution ratio is more significant than 0.35(T1)/0.75 (I1). The neutral water 

could not dilute As to less than the WHO limit, yet the increase in pH to 3.44 let 

schwertmannite precipitate; thus, it scavenged As.  

 

Fig.  VI-1. a) The mixing of drainage and neutral water, mixing ratio against plotting Cl– concentration obtained 

from React module, and the measurement data in the rainy season and dry season (b) pH against Cl– concentration 

obtained from React module and the measurement data in the rainy season and dry season.   

A mixing model with different buffering capacity solutions is conducted to evaluate 

the neutral effect on drainage water. The impact of buffering capacity of various fluids 

while adding alkaline materials to neural water (Fig.VI-3). M1 is the fluid added by 

crushed limestone, and M2 is the fluid added to wooded ash powder. Those two fluids 
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have similar alkalinity as HCO3. As a result, M1 and M2 provided almost similar 

mixing ratios at pH below 3.5, but M2 could raise the mixing ratio slightly higher than 

M1 after pH increases. M3 is the neutral water, was added by portlandite powder. The 

M3 pH was elevated to 11.6. Thus, it can potentially improve the mixing ratio of the 

drainage water quickly.  

 

Fig.  VI-2. The mixing model shows the predictive concentration of toxic elements concerning the mixing ratio by 

the mixing model. The red dot line is the WHO environmental regulation limit. (a) As concentration, (b) Ni 

concentration, (c) Se concentration, and (d) Cu concentration. 

 

Fig.  VI-3. The mixing of drainage and neutral water and various fluids (M1, M2, and M3), the mixing ratio is plotted 

against pH.  
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6.3.2. Acid neutralization  

The React model simulated the drainage water of the tributary (T1) in the rainy 

season with initial pH 2.88, 256 mg/L Fe, 32 mg/L Al, 0.11 mg/L Ni, 15 mg/L As, and 

4.7 g/L SO4.  Fe2+ is dominant from the drainage discharge, although because of the 

quick oxidation in the tributary, this simulation assumes that total Fe is Fe3+. Calcite 

was used in the model to represent limestone (VI-2). The reaction was constrained to 

natural atmospheric conditions. The buffering plateaus occurred at three different pH 

2.7-3.4, 4.4, and 6.8. The buffering at 3.4 requires 0.4 g/L as CaCO3, while at pH 4.4 

and 6.8 needs 0.6 g/L as CaCO3 and 1g/L as CaCO3, respectively. The buffering at pH 

below 4.4 is probably due to the hydrolysis and strong acid (H2SO4) (Kirk Nordstrom, 

2020). It enables minerals formation such as jarosite (H), schwertmannite, and scorodite 

(Fig. VI-4b).  The acidity of T2 (dry season) is about 0.6 g/L as CaCO3, while the total 

acidity of the drainage water is 0.7 g/L as CaCO3 (88%). The buffering pH 4.4 exhibits 

ferrihydrite, aluminum hydroxides, diaspore, and nickel ferrite (NiFe2O4). Once the 

buffering is finished, the pH reaches equilibrium at 6.8.  

 

Fig.  VI-4. (a) The titration simulation of tributary (T1) with 20 mmol of Calcite by using React module of GWB. 

(b). The minerals formed during the titration of drainage water.  

6.3.3. Implication for passive treatment 

Water quality in the dry season requires human intervention to treat As, Ni, and Se 

concentrations. Cu contaminant from the source was 3.59 mg/L; however, it can be 

neglected (Cu:0.63 mg/L) for the treatment in the tributary because it is below the WHO 

drinking water guideline. To remove As from the tributary during the dry season, the 

formation of schwertmannite was required. The presence of iron-oxidizing bacteria in 
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tributaries, a biological process, quickly catalyzes ferrous oxidation; thus, only the pH 

is a crucial factor controlling the formation of schwertmannite and the adsorption of As 

Ni (geochemical process). The optimum pH suggested in section 3.4.3 enables 

schwertmannite to precipitate and suitable for As removal (Section 5.3.4). The 

adsorption model suggested that Ni can be removed from the tributary if pH is increased 

to 6.6 (section 5.3.5). The removal of Se by schwertmannite is quite complex as Se 

species in this study is probably Se6+. The Se6+ incorporation with schwertmannite is 

unpredictable; thus other methods should be considered, such as dilution, 

coprecipitation, or selenate reduction to elemental selenium (Stefaniak et al., 2018; 

Tokunaga and Takahashi, 2017)  

The field investigation and modeling is shown in this research is essential to 

increase the pH to the suggested target. Open lime channels (OLC) are traditional 

passive treatment methods (Skousen and Ziemkiewicz, 2005) and are commonly used 

to treat AMD using limestone to increase the pH of AMD. This method is easily clogged 

and coated by precipitated minerals when AMD contains high Fe and Al concentrations 

(Ziemkiewicz et al., 1997). OLC can be applied as a passive treatment method in the 

study area; however, it is necessary to maintain a pH of less than 3.5 to slow down the 

clogging of limestone. Within the pH range, only As was removed from the tributary. 

However, to reduce the concentration of Ni and Se, dilution from neutral water, a 

physical process must be considered. Natural attenuation mechanisms indicate that the 

mixing of tributary and neutral water is essential in raising the pH of the tributary and 

in lowering the concentrations of Ni, Se, and Cu during the rainy season. In this study, 

simple mixing of neutral water and AMD in section 6.3.2 required diluting the tributary 

water 1 L over 1.86 L over neutral water to get pH 3.1. This ratio was also suitable to 

dilute Ni and Se (Supplementary data S10) to less than 0.07 mg/l and 0.04 mg/l, 

respectively (WHO drinking water guidelines). To maintain neutral water to meet the 

required dilution seems limited, the combination of increasing pH by alkaline materials 

and dilution (section 6.3.1) should be applied to a passive treatment method. Limestone 

leach beds (LLBs) are a geochemical passive-treatment method that includes dilution 

using limestone to increase the buffering capacity of freshwater or metal-free water 

before mixing with AMD (Skousen et al., 2017). It is possible to avoid the clogging of 

limestone. Though, the heavy metal concentrations in I1 remained too high to apply the 

LLB method. A neutral water source is necessary for implementing this method. 
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Therefore, an artificial pond or pumping groundwater to feed upstream of the tributary 

should be considered. Applying LLB in neutral water is also challenging because the 

dissolution rate of limestone is relatively low. Like alternative treatment methods, 

anoxic limestone drains (ALDs), a semi-close system of buried limestone (Skousen et 

al., 2019), can improve the limestone dissolution rate when CO2 partial pressure 

increases. The neutral feeding water should flow through buried limestone (ALD) to 

improve the buffering capacity before mixing with the tributary. ALD has been reported 

as a low-cost passive treatment method with a long-term life span of approximately 18 

years without maintenance (Skousen et al., 2019). Thus, ALD and dilution methods 

might be the most sustainable treatment methods for artisanal mining, similar to this 

study area. 

6.4. Summary  

This chapter highlighted the crucial tools of geochemical models that facilitate 

passive treatment's implication. The mixing model reflects the vital role of mixing 

neutral water for passive treatment. When dilution is insufficient to buffer the 

precipitation of the mineral, additives of alkaline materials can be implemented. The 

mixing model with a high alkalinity concentration could buffer the pH in systems that 

enable schwertmannite precipitation in the rainy season. These methods can optimize 

the mineral reaction and precipitation better than the calcite reaction model. Calcite 

quickly reacts with drainage water with high dissolved iron resulting from mixed 

minerals precipitation, including gypsum. Those minerals will coat the limestones and 

reduce limestone's dissolution and reaction capacity.  

The mixing model of neutral water and AMD in the tributary shows that the mixing 

of neutral water can be used as a treatment method. The neutral water is able to increase 

the pH in the tributary that is suitable for schwertmannite to form and dilute other 

elements (Ni, Se). In addition, the chemical reaction of the model indicates that adding 

alkaline material such as limestone is applicable for passive treatment. For example, 

the passive treatment, OLC, can be implemented, even though the life span of limestone 

is short. The mixing of neutral water and using limestone in AMD treatment is 

applicable in the Mondulkiri mine site, yet mixing neutral water is more convenient and 

cost-effective than using limestone.    
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VII.  Geochemical modelling of the process during Mixing and 

Neutralization of Acid Mine Drainage at Shojin Mine Site 

7.1. Introduction  

Chapter 4 reveals that the natural attenuation at Shojin river by mixing neutral water 

allowed the toxic elements to decrease to less than the WHO regulation limit without 

human assistance. The advantage of background water of Shojin river mixed with 

wastewater maintains the pH in the contaminated river above 3. Schwertmannite plays 

a significant role in As removal from the river, while Cd and Pd are decreased by 

dilution. However, Amemasu river remains contaminated; hence, water treatment is 

necessary. There is no significant geological setting difference between upstream of 

Amemasu river to the downstream after mixing with wastewater. The wastewater added 

from AW1 and AW2 did not contaminate to Amemasu river but slightly influenced the 

pH of the river. The toxic elements in the Amemasu river from AR4 resulted in the 

wastewater from AW3. The concentration of As, Cd, and Pb slightly decreased from 

AW3 to AR4 by dilution only. The background river's low buffering capacity cannot 

buffer the pH of the river after mixing with wastewater. The dissolve toxic metals 

remain high. Dilution indirectly affects the natural attenuation mechanisms as it raises 

the pH of the river then accelerates schwertmannite precipitation. If the mixing process 

of Amemasu river is well understood, thus, assisted natural attenuation or passive 

treatment would apply to Amemasu river. The geochemical modeling mentioned in 

Chapter 6 clearly shows its advantages in geochemical characterization and 

investigating the contaminated river. Therefore, this chapter will describe the 

application of geochemical processes responsible for the field investigation data, such 

as toxic elements and pH trends in Amemasu river. The objectives in this chapter are 

(1) to evaluate the pH control of the study by mixing AMD with neutral water and using 

additive alkaline material to AMD, (2) to devise suitable passive treatment methods for 

the study area for sustainable treatment methods. 
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7.2. Material and Methods  

7.2.1. Mixing experiment  

The drainage water and river water mixing experiments were conducted to 

simulate the process occurring in the study area. The filtered samples with 0.20 µm 

ultra-membrane filters of AW3 and AR3 without acidified used to mix with ratio range 

from 10% to 90% (Balistrieri et al., 2007) in the 50 ml polyethylene. The total volume 

of the mixing solution is 40 ml. The mixing solutions were equilibrated for 24 hours. 

pH was measured after 24 hours, and aqueous solutions were filtered with 0.20 µm 

membrane filters preserved for further chemical elements analysis by ICP-AES, ICP-

MS, and IC analyzers.  

7.2.2. Mixing model 

Geochemical modeling in the study area was obtained using Geochemist’s 

Workbench professional package with the same database mentioned in Chapter 6. The 

wastewater of AW3 and AR3 from the analytical measurement in Chapter 4 were used 

to represent the simulation of the study area.  The model procedures were set up as 

described in Chapter 6. The input parameters are listed in Table VII-1. The model is 

validated with the experimental data.  

Table VII-1. The input data of mixing model by React module. (CB: Charge balance) 

Basic species  Fluid 1 

(AW3) 

Fluid 2  

(AR3) 

Units 

Ca 15.1 5.61 mg/L 

Na 1000 120.0 mg/L 

Cl CB CB mg/L 

HCO3 - 6.4  

SO4 1800 40.6 - 

pH 2.79 5.61 - 

Fe 27.1 10e-12 mg/L 

Al 10.9 10e-12 mg/L 

Pb 67.68 10e-12 µg/L 

Cd 9.54 10e-12 µg/L 
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As 180 10e-12 µg/L 

e- 650 600 mV 

7.2.3. Acid neutralization by limestone  

Limestone is commonly used in acid neutralization for decades in AMD treatment 

because it is safe to handle and low cost (Skousen et al., 2019). To elucidate the reaction 

of limestone in with drainage water (AW3), calcite is used for the reaction model for 

acid neutralization as described in section 6.2.2.  

7.3. Results and Discussion  

7.3.1. Mixing of neutral water and wastewater in Amemasu rivers   

The experiment and the simulation of Amemasu background river mixing with the 

wastewater seepage is shown in Fig. VII-1a. The mixing experiment is fitted to the 

predictive model to validate the mixing model. Pb was used as the conservative element 

as it was not influenced by coprecipitation of adsorption, as described in Chapter 4. The 

predictive model of Pb fitted very well with the experiment data (Fig. VII-1a). The 

correlation between the modeled and measured data of Pb given the substantial degree 

of goodness of R2 = 0.99. The dilution of AR3 to AW3 increased the pH (Fig. VII-1b) 

and the significant toxic elements behaviors (Fig. VII-2). Fe concentrations fall below 

the mixing line, indicating that iron precipitation took place after 70% of AW3 mix 

with AR3 at pH of about 3. Arsenic has a similar trend to Fe. It falls below the mixing 

line after mixing 70% of AW3 to AR3 due to coprecipitation and adsorption with 

schwertmannite. Cd and Pd follow the mixing line without showing any coprecipitation 

or adsorption. 
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Fig.  VII-1. The mixing of drainage water (AW3) and background river water of Amemasu river (AR3), (a) Mixing 

ratio against Pb concentration obtained React module, and the experimental data. (b) the mixing ratio against plotting 

pH obtained from React module, and the experimental data.   

 

Fig.  VII-2. The predictive concentration of toxic elements in relation to mixing ratio by the mixing model, fitting 

with the experimental data. (a) Fe concentration, (b) As concentration, (c) Cd concentration, and (d) Pb concentration.  

7.3.2. Acid neutralization by Limestone  

The chemical reaction model simulates the drainage water of Amemasu river with 

initial pH 2.76, 26 mg/L Fe, 32 mg/L, 0.20 mg/L As, 14 µg/L, 68 4.7 µg/L Pb and 1.5 

g/L SO4 reacted with limestone.  Fe3+ is dominant from the AW3; this simulation 

assumes that total Fe is Fe3+. The reaction was constrained to natural atmospheric 

conditions similar to section 6.3.2. The titration result is shown in Fig. VII-3. The 

buffering plateaus took place at 2 different pH 2.8-3.3, 3.8 and 7.1. The occurrence 
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buffering at pH below 3.8 probably caused by the precipitation of scorodite, the 

hydrolysis and strong acid (H2SO4) (Kirk Nordstrom, 2020) which enable minerals 

formation such as schwertmannite (Fig. VII-3b). To neutralize this acidity required 

0.200 g/L as CaCO3, which is responsible for 92% of total the acidity of the drainage 

water (0.216 g/L as CaCO3). The buffering at pH 3.8 shows the buffering by ferrihydrite 

and diaspore. The buffering of the heavy metals finished at 7.1.   

 

Fig.  VII-3. (a) The titration simulation of wastewater (AW3) with 20 mmol of Calcite by using React module of 

GWB. (b). The minerals formation during the titration. 

7.3.3. Implication for passive treatment  

The neutral water for Amemasu river dilutes the drainage water (AW3) resulting 

in an AR4 by mixing ratio of 0.2 (AR3)/0.8 (AW3) given pH 2.9 (Fig. VII-1a). In 

addition, the mixing model could explain the behavior of trace metals before AR6, 

where it was not accessible during the field investigation. Fe and As drastically decrease 

due to the consequences of the dilution from the mid-stream. The field investigation 

evidence also showed the schwertmannite coated on the stream sediment and boulders 

in the river until AR9. Schwertmannite successfully adsorbs As to less than WHO 

guideline before mixing with Shojin river. Yet, the dilution at AR9 is not enough to 

dilute the Cd and Pb to less than the environmental regulation (Fig. VII-2c&d). 

Consequently, more neutral water input to the river is required. The dilution ratios 

that are necessary to dilute Cd and Pb concentration are 0.7(AR3)/0.3(AW3) and 0.9 

(AR3)/0.1 (AW3), respectively (Fig. VII-3c&d). The required dilution ratio is not 

applicable due to the limitation of neutral water. The diverted river or groundwater 

pumping is not available in the area. 
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Passive treatment methods selection flowchart after Skousen et al. (2017), based 

on Fe3+, Al, Mn, and DO concentrations, even though other factors should be 

considered. The calcite reaction model reflects that Cd and Pb's coprecipitation did not 

occur in the system. Therefore, only adsorption mechanisms can be applied to remove 

Cd and Pb from the drainage water. The surface complexation model suggested that Cd 

can be removed from the drainage if the pH is 7.9, while Pb only requires pH at 4.6. 

The Amemasu river drainage water does not need the additive bacteria catalyzer to 

speed up the oxidation of Fe2+ to Fe3+; therefore, the geochemical system of passive 

treatment is taken into consideration. The chemical reaction of limestone shows the 

buffering at 3.4 required 0.1 g/L as CaCO3 while at pH 3.8 and 7.1 need 0.2 g/L as 

CaCO3 and 0.51g/L as CaCO3 respectively. Open limestone channel (OLC) is 

applicable to the system, but pH elevated by limestone reaction and dissolution could 

only reach 7.1. Hence, the OLC method will only remove As and Pb, although it seems 

slightly effective for Cd. Alkaline materials that can raise pH to greater than 8; are 

magnesite (MgCO3), quicklime (CaO), portlandite (Ca(OH)2), Mg hydroxide 

(Mg(OH)2), soda ash (Na2CO3), or ammonia (NH3) (Skousen et al., 2019; Taylor et al., 

2005). Those materials are much higher cost than limestone. 

Moreover, the rapid increase in pH leads to speedy flog or sludge generation, 

affecting the passive treatment systems (Ziemkiewicz et al., 1997). Another 

geochemical system that should be considered is the combination of Lime Leach Beds 

or Steel Slag Leach Beds. This method successfully generated alkalinity of 170-225 

mg/L and a pH 8-9.5 at the system's effluent (Skousen et al., 2017). Commonly, other 

geochemical passive-treatment methods can generate the pH 4.5-6.5 in the system 

(diversion wells) or other methods targeted for acidic water with low metals 

concentration (Limestone leach beds). It is not suitable to use passive treatment for Cd 

removal by using neutral water dilution or increasing pH using limestone. However, 

dilution by neutral water is probably more appropriate. Thus, the consideration of 

dilution or using other methods is necessary. Fortunately, Cd concentration of 

Amemasu river was diluted by Oorito river at the junction with Shojin river and 

decreased to less than the environmental regulation limit at the monitoring points. 
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7.4. Summary  

This chapter highlighted the roles of dilution and chemical reactions in the 

Amemasu river by using geochemical modeling for passive treatment. The model 

indicates that dilution slightly increased the pH at the mid-stream of Amemasu river, 

where As can be remove from the system by mixing of neutral water. In contrast, 

mixing of neutral water was insufficient to reduce Cd or Pb concentrations.  

The chemical reaction of limestone suggests additive of limestone in Amemasu 

river can be conducted to remove As and Pb. Yet, it is not suitable for Cd removal from 

Amemasu river. The passive treatment methods such as OLC, SSLB-LLB, or diverted 

well are recommend to Amemasu river to treat only As and Pb. Cd removal is remains 

challenges in the system, but the mixing of neutral water to reduce Cd concentration 

probably more sustain than using alkaline materials.   
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VIII. General Conclusion and Implication  

8.1. Conclusion  

The negative impact of acid mine drainage contaminations has been the primary 

concern to the aquatic environments during the last few decades. AMD can be generated 

from active mining, tailing, or abandoned mining sites. Once the dissolution of metals 

sulfides and acid generation from AMD is exposed to the environment, it is unstoppable. 

The toxic elements released from AMD generation such As, Ni, Cu, Se, Pb, and Cd 

highly impact human health and aquatic lives. The historical events are the excellent 

lesson learned for current water quality challenges, where sustainable AMD treatment 

methods are necessary. Passive-treatment the sustainable treatment methods are 

suggested to deal with AMD treatments. Yet, the passive treatments' complications 

trigger researchers to obtain various case studies as examples for future implications. 

This research focused on the roles of high dissolved iron concentrations in AMD and 

the impacts of natural attenuation mechanisms that can be applied to passive treatment. 

The study areas are in two locations that constrain dissolved iron species concentration 

and climate conditions.  

Using artisanal mine sites and abandoned mine sites as the case studies provides 

necessary signatures for other mine sites. The concerned problems of AMD generation 

at Mondulkiri mine site are the tailing discharge and the dissolution of metals sulfides 

from ore excavated area. Those are the common issues for most of the artisanal mine 

sites around the world. Shojin mine remains to generate the AMD to the natural 

environment through the groundwater seepage event if the mine closed for several 

decades. The lessons learned from these studies are pointed out:  

• Seasonal variations in various climate zones, for example, in Cambodia, impact 

natural attenuation processes in AMD. Rainy and dry seasons are equally six 

months long in the tropical monsoon climate. Thus, rainwater has a vital role in 

controlling hydrological factors of the contaminated tributary. In contrast, in the 

temperate climate, for example, Hokkaido, rainwater in seasonal variations does 

not significantly impact hydrological characteristics. Still, the snowpack 

melting might benefit natural attenuation by dilution. In addition, the sources of 

wild river waters have a crucial role in natural attenuation.   
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• The physical natural attenuation process of mixing neutral water provides direct 

and indirect effects to the natural attenuation in both study areas. The neutral 

water contains low alkalinity concentration and low buffering capacity, but 

water dilution alone could elevate the drainage water's pH and directly reduce 

the toxic elements. The increase in pH enables schwertmannite to precipitate in 

the study areas.  

• Natural attenuation mechanisms in both studies were due to the pH control by 

mixing neutral water where adsorption and coprecipitate of As onto 

schwertmannite occurred. The toxic element concentrations include Ni, Se, Cu, 

and Cd dilute by neutral water.   

Characterizing the Fe species in the AMD is necessary to determine the iron 

dynamics, factors controlling attenuation behaviors, and its relationship to the 

implication of passive treatment. Mondulkiri mine site elaborates the case study of Fe2+ 

dominant while the Shojin mine dominated by Fe3+ from drainage sources. The 

formation of Fe3+ minerals in AMD is necessary for scavenging toxic elements thus, 

understanding the oxidation rate from Fe2+ to Fe3+ and Fe3+ precipitation rate is the 

crucial steps for AMD treatment likewise:  

• Fe2+ releases from Mondulkiri mine site are common to most AMD sites 

worldwide. Yet, the advantage of iron-oxidizing bacteria in the tributary 

catalyzed the rapid oxidation of Fe2+ to Fe3+. The field Fe2+ oxidation rate can 

be estimated using field data measurement. Fe2+ oxidation rate constants are not 

uniform in all the mine sites since it depends on the concentration and the 

bacteria strains of iron-oxidizing bacteria. Obtaining the field oxidation rate 

constant can determine the approximated time of Fe2+ oxidation. Fe2+ oxidation 

rate can be neglected for the mine site with Fe3+ dominant, for example, Shojin 

mine.   

• After oxidation, Fe3+ presents in water as dissolved Fe3+ unless it meets the 

suitable environmental conditions to precipitate as ferric minerals. The 

geochemical model can obtain the schwertmannite formation by using a 

thermodynamic database after Sánchez-España et al. (2011). The model can 

bring the optimal pH for schwertmannite formation in natural conditions. The 

model suggests that pH 3.2 is suitable for schwertmannite precipitation in both 

study areas.   
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• The schwertmannite precipitation rate at pH 3 to 3.5 is estimated following the 

simplify rate law after Asta et al. (2010), assuming Fe3+ precipitates as 

schwertmannite since it is the primary mineral precipitate in the study areas. 

The precipitation rate constants can be used only to estimate schwertmannite in 

the other AMD sites within the pH 3 to 3.5.    

• Surface complexation model of schwertmannite is used to estimate the 

adsorption behaviors of toxics elements based on ferrihydrite database. The 

models successfully describe the adsorption behaviors of As, Cd, and Pb by 

using the titration method to validate the predictive model. The model is limited 

to predicting the Ni adsorption because of the effect of the coprecipitation 

mechanism. However, it is worth noting when pH is greater than 5.  

AMD treatment can be accomplished by active or passive treatment, but for the 

long-term sustainable treatment, passive treatment methods should be implemented for 

the artisanal and abandoned mines. The natural attenuation mechanisms in this study 

point out a simple pH control by mixing neutral water from rainwater or background 

water. This process is applicable for the passive-treatment method, but the availability 

of neutral water is limited for some study areas, for instance, Amemasu river. In this 

case, addictive alkaline material is needed for pH control process. The geochemical 

modeling in this research highlights the as:  

• The mixing model of neutral water and drainage corresponds to explain the 

process occurring in the study areas. The model can estimate the dilution ratios 

of neutral water to drainage water. The mixing model also elucidates the 

mechanisms of natural attenuations compared to the field investigation data.  

• Limestone is commonly used in acid neutralization as it is an economically safe 

water treatment material. Thus, a geochemical model of limestone reactions is 

implemented to estimate the necessary amount of limestone to neutralize the 

drainage water of the study area.  

• Th application of mixing AMD with neutral water commonly neglected in 

passive treatment design even though it the most straightforward method. There 

are several challenges of using dilution factors due to the limitation of water 

supply. For example, the diverted river water flow into the mine site might 

change the ecological system. In some cases, dilution is effective, especially for 
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small-scale mines or artisanal mines. Thus, it is necessary to consider the mixing 

of neutral water as one of the application passive treatment methods 

• In the case of dilution of neutral water is not enough, thus the combination of 

dilution and adding alkaline material should be considered. The geochemical 

passive treatment method that could be combined with dilution is limestone 

leach beds (LLBs) or anoxic limestone drain (ALDs).  

8.2. Implication  

This research conducted on artisanal and abandoned mine studies as the examples 

for other mine sites for applying the treatment methods. The necessary the research 

activities can be applied to other study areas for future research constrain to the study 

area with high dissolve iron. The main activities are divided into field investigations, 

detail study of iron dynamics, and geochemical models' selection treatment methods.  

• Field investigation is implemented for various purposes due to time-consuming, 

fund, and effort. It is essential to consider the suitable time for water sampling. 

The differences in the seasonal variation of the tropical monsoon and temperate 

climate delivered the necessary time for the field investigation. For instance, in 

AMD treatment, the field investigation should be conducted during the dry 

season or in summer. On the other hand, field investigation should be conducted 

in various seasons in the study of natural attenuation.  

• The understanding of iron dynamics facilitates passive treatment design. In 

abiotic conditions, the presence of Fe2+ is commonly the main challenge to 

passive treatment methods. Neurulation process is a common method to 

increase the pH of AMD to near neutral conditions to enable the Fe2+ oxidation. 

In some cases, engineers add the organic material or iron-oxidizing bacteria to 

the treatment systems as a catalyzer for Fe2+ oxidation. Fortunately, if the iron 

oxidizing bacteria presents in the mine site, additional iron-oxidizing bacteria 

are no longer necessary for the system. Fe2+ field oxidation rate can be used to 

distinguish whether there is a presence of iron-oxidizing bacteria without 

bacteria strain sampling due to the significant difference of Fe2+ oxidation rate 

in abiotic and biotic conditions. The Fe3+ precipitation rate constant in this study 

is suitable for engineers to estimate Fe3+ precipitation rate in acidic condition 

(3-3.5) and imply it the passive treatment system, so they will be able to control 
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sludge or floc production in the system. The surface complexation (GDL) model 

of toxic elements (As, Ni, Pb, and Cd) on schwertmannite or iron hydroxide is 

suitable for determining the optimum pH for treatment implication.   

• The implication of the passive treatment in this research is limited to only the 

study area where dissolved iron is dominant. The benefit of mixing natural water 

(even low alkalinity) is important to elevate the pH between 3 to 4 for Fe3+ 

minerals to precipitate. The neutral water also directly reduces toxic elements 

in the system. Thus, engineers should always consider the dilution factor in their 

design. The chemical reaction model can quantify the required limestone in a 

closed system, facilitating the passive treatment design.   

Passive treatment method selection is complicated due to the site specifics. In 

contrast, Trumm et al. (2010) develop a quick look at the flowchart to decide on AMD 

treatment methods between passive and active treatment methods. Following the 

flowchart, active treatment should be chosen for the tributary at Mondulkiri mine site 

and Shojin mine. However, the natural attenuation occurred at both study areas indicate 

that the assisted natural attenuation or passive treatment is probably available. Skousen 

et al. (2017) passive treatment selection flowchart is used as a guide to applying the 

passive treatment method. Yet, only Fe3+ species are included in his flow chart, where 

some essential activities are missing. The selection of treatment methods following 

Trumm et al. (2010) and Skousen et al. (2017) is insufficient for decision-makers to use 

it for future implications. Therefore, this research modified the passive treatment 

selection flowchart as shown in Fig. VIII-1 based on the critical understanding of iron 

dynamics, chemical reaction model, and mixing model. The flowchart from Skousen et 

al. (2017) is not suitable for Mondulkiri mine and Shojin mine, yet the modification 

flowchart is ideal for both study areas, as shown in Fig. VIII-2&3. The flowchart 

modification will universally benefit to another AMD contaminated area for selecting 

and designing passive treatment methods. 
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Fig.  VIII-1. The flow chart for selecting passive-treatment methods for AMD treatment adapted from Skousen et al. (2017) according to this research.   
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Fig.  VIII-2. Selection treatment method for Mondulkiri mine in the dry season site following the modified flowchart. The red arrows represent the flow of selection.   
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Fig.  VIII-3. Selection treatment method for Shojin mine for Amemasu river following the modified flowchart. The red arrows represent the flow of selection.  
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