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1 Abstract 

Dabaoshan Mine Site (DMS) is the biggest polymetallic mine in South China. The Hengshi 

River receives acid mine drain (AMD) waste leaching from the tailings pond and run-off from 

the treatment plant which flows into the Wengjiang River, Beijiang River, before discharging 

into the Pearl River. Discharge from the mine site results in heavy metal contamination  near 

the mine and lower riparian areas along the river course. The present study focuses on the 

distribution and mobilization of As, Cd, Pb and Zn along the Hengshi River, groundwater, 

fluvial sediments and soil, with a special focus on As due to its high toxicity and the fact that 

mining is one of the main anthropogenic sources of As. Heavy metals, grain-size, XRD, %C 

and S analysis were done in order to determine the physicochemical characteristics of samples. 

The results were used for geochemical modeling (PHREEQ) and statistical (PCA) analysis to 

understand and predict the behavior of heavy metals. Potential ecological risk assessment was 

conducted by calculating contamination degree of heavy metals in soil and sediment and it’s 

theoretical toxical risk. Near the tailings pond, heavy metal concentration was 2-100 times 

higher than chinese surface water standard for agricultural use, which decreases downstream, 

mianly due to dilution, sorption, precipitation and co-precipitation with minerals. In 

groundwater, heavy metals concentration remained low. Due to the fact that most wells were 

abandoned or only for household use, potential risk from groundwater is low. The soils were 

disturbed by industrial or agricultural activities, and heavy metal concentration varied without 

showing any specific trend along the river. The potential ecological risk of heavy metals are 

ranked as: Cd>As>Cu>Pb>Zn in sediments; Cd>Cu>Pb>As>Zn in soil. As(Ⅲ) was the 

predominant species in surface water, and minerals identified in soil and sediment. Arsenic 

from most sites exceeded the Chinese soil standard for development land. Although arsenic 

was assumed to have a moderate ecological risk in sediments and low risk in soils, 

anthropogenic activities, such as land use change and untreated sewage discharge, might reduce 

and release arsenic into the environment, which poses potential risk to local residents. 

 

Key words: acid mine drainage, arsenic, cadmium, geochemical modeling, heavy metals, lead, 

principal component analysis  
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2 Introduction 

Acid mine drainage (AMD) is a well-known  environmental problem is many sulfidic mines 

(Johnson and Hallberg, 2005). AMD is characterized by low pH resulting in an acid 

environment and high concentrations of various heavy metals. Oxidation of sulfide minerals 

such as pyrite (FeS2) is the main cause of AMD (Johnson, 2003). This process happens 

naturally, especially where large outcrops of sulfidic minerals are exposed to weathering and 

there is access to water. In addition, mining operations, including crushing and grinding of 

rocks, increase the surface area for oxidative reactions and accelerate AMD around the tailings 

deposits and exposed piles of mine wastes generated from ore processing (Akcil and Koldas, 

2006). The damage to the surroundings is mainly due to acidification and leaching of heavy 

metals, and the area around AMD sites consist of contaminated surface and groundwater and 

soils which affect the flora and fauna (Herlihy et al., 1990; Gray, 1997; Simate and Ndlovu, 

2014). As a result, these sites pose an environmental health hazard and a major challenge for 

cleaning up the toxic contaminants and implementing on-site restoration activities (Gray, 1997; 

Simate and Ndlovu, 2014).  

 

Arsenic (As) is a common pollutant present at AMD sites and is well-known for its toxic effects 

(La Force et al., 2000; Cheng et al., 2009). Arsenic is ubiquitous in nature and the 52nd most 

abundant elements on the Earth’s crust. It is a major constituent in more than 240 different 

minerals, including arsenides, sulfides, and sulfosalts. Arsenic mainly occurs in the 

environment as As (native As), arsenite (As(III)) and arsenate (As(V)). Arsenite is considered 

more toxic than arsenate for its greater mobility (Cheng et al., 2009), and it dominates under 

reducing conditions (Nordstrom et al., 2014). Organic arsenicals are least toxic because of their 

insolubility in water (Eisler, 1994; Oremland and Stolz and cite other recent reviews). The fate 

and mobility of As are very complex issues, and its presence is controlled by redox conditions, 

adsorption and desorption processes, competitive adsorption, precipitation and dissolution, and 

biological transformation (Cheng et al., 2009). In particular, As is found in high concentrations 

in sulfide-rich deposits (Adriano, 2001). It is released into the environment either by the 

weathering or by anthropogenic activities like mining, ore-processing, manufacturing, 

agricultural and forestry (Nriagu and Pacyna, 1988). Gross input from mining of As since we 

entered the industrial era ranks number one among other sources (Han et al., 2003). The 

concentration of As in waters is affected by these anthropogenic sources and it can be as high 

as 12 mg/L (NRC, 1999). However, the recommended concentration of As in drinking water 

is only 10 μg/L (WHO, 2004; EPA, 2011). Arsenic levels in human tissues vary in a wide range 

(Kapaj et al., 2006).  

 

The Dabaoshan Mine site (DMS) is located near Shaoguan in Guangdong Province, China. It 

is the largest polymetallic mine in South China, located upstream of the Hengshi River. The 

mine consists of abundant multi-metal sulfidic minerals including pyrite, pyrrhotite, and 

copper-bearing pyrite (Zhou et al, 2008). Mining spoils (tailings) are placed in multiple tailing 

ponds at the site. Because of high concentrations of naturally occurring sulfide minerals, both 

weathering and mining activities have resulted in AMD with low acidity (pH <3) and high 

concentrations of heavy metals which make their way into the Hengshi River. As recently as 
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2011, a wastewater treatment plant was constructed 2.5 km away from the tailings pond (Chen 

et al., 2015) to treat the mine effluents. AMD discharge into the Hengshi River contributes to 

severe degradation of the aquatic ecosystem, and hardly any aquatic life could be found at least 

within 25 km away from the tailings pond (Lin et al., 2005). Villages and agricultural land 

along the Hengshi River are heavily polluted (Zhu et al., 2015). In particular, the Shangba 

village is worst affected and in the last 25 years, more than 250 villagers from a standing 

population of 3000 people died from cancer that has been related to heavy metal contamination 

in groundwater, surface water, farmland, and crops (Wang et al., 2011). Chen et al. (2007) 

proposed that the high mortality rate in the local population is at least partly related to high 

levels of heavy metals, especially cadmium (Cd) in the drinking water. The chronic exposure 

to high levels of Cd, Cu, Pb, and Zn in this area  has been studied the last 15 years focusing on 

their distribution, mobilization, health risk assessment, and accumulation in plants (Chen et al., 

2007; Zhuang et al., 2009; Zhao et al., 2012).  

 

Arsenic (As) levels exceeding the local standards were reported in soil, sediments, and surface 

water (Zhou et al., 2005; Liao et al., 2016) at DMS. However, studies focusing on arsenic (As) 

contamination issues at DMS have not been conducted to the best of our knowledge, regarding 

its current spatial and temperal distribution, mobilization in the environment and potential risk 

to local ecosystem. Its high concentration from mine discharge, long mining history and the 

changing environment by both natural and anthropogenic activities along Hengshi River might 

contribute to its remobilization and speciation from relatively safe phase to hazardous condition.  

2.1 Aims and research questions 

To test the hypothesis and to fill the knowledge gaps, the aim of this study is to investigate 

current pollution status by heavy metals at DMS with a special focus on As, to understand its 

mobilization mechanism, to assess potential ecological risk of heavy metals and to shed light 

on furture work. 

 

The specific research questions addressed in this study are:  

1. How do heavy metals distribute in surfacewater, sediment, soil and groundwater along 

Hengshi River? 

2. What could be the major factor controlling As behavior, transport and remobilization? 

3. To what extent will ecological risk be with high concentration of heavy metals in the 

environment? 

 

In order to address these questions, comprehensive sampling  was done in  January 2019, which 

includes surface water, groundwater, sediment, and soil samples. BCR sequential extraction 

procedure (metal analysis) was followed to outline the distribution of heavy metals. This 

method provides implications for accessibility by plant and mobility of  heavy metals (Rauret 

et al., 1999). It is a certified method and has been widely used for environmental studies. 

Besides, grain size, XRD (mineralogy), organic matter and Sulfur analysis were conducted to 

determine the basic physicochemical characteristics of soil and sediment, which are usually 

related to metal distribution and mobilization. Simple geochemical modeling (PHREEQC), 
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based on pH and theoretical Eh, was used to calculate saturation index to predict preticipated 

minerals from water. The theoretical predictions were then used to match up with XRD results 

to understand the complex dynamic system. Data generated by those methods in combination 

with Statistics analysis (SPSS) was applied to analyze potential factors affecting or controlling 

As behavior. Finally, a widely used ecological risk assessment, based on local background 

concentration and eco-toxicity of heavy metals, was conducted and compared with the 

exchangeable fraction from extraction procedure to estimate their potential risk.  
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3 Material and method 

3.1 Study area 

DMS is located in southeastern Shaoguan (24°31′37′′N, 113°42′49′′E), Guangdong Province, 

China (Fig. 1). This area has a typical humid sub-tropical monsoon climate with an average 

temperature of 20 ℃ and the annual precipitation is 1800 mm (Zhao et al., 2012b). The site has 

been mined since the Song Dynasty (960-1279 AD; Zhao et al., 2012a). Intensive mining  of 

copper and iron ore started during the 1970s by the state-run Guangdong Dabaoshan Mining 

Corporation. A dam was constructed to store the AMD water, and allow the suspended matter 

to precipitate in the mud impoundment as part of the pre-treatment method before the water 

was released to the treatment plant.  

 

The sampling points in this study covers the whole stretch of the Hengshi River approximately 

45 km from the discharge point until it joins the Wengjiang River and  further downstream 

after the confluence of both river systems (Fig. 1). SW-a, b, and c were sampled in Lengshui 

stream, Fanshui River, and Taiping River, respectively. Lengshui stream originated from a 

first-level water source conservation area with good water quality. SW-a was sampled upstream 

of the reservoir and was considered a background sample unaffected by mining activity at DMS. 

The Fanshui River, where SW-b was sampled, receives treated AMD waste from another 

tailings pond to the north of DMS (Chen et al., 2015). Tthere are also many small villages and 

agricultural land along the upstream section of the Taiping river. Villages and agricultural land 

located along the Hengshi River use the river water for irrigating their crops in some places. 

Although there are several groundwater wells around the sampling sites, only a limited number 

of them are still functional. Groundwater from these wells is mainly used for household 

activities. Almost all the villages around DMS are using water from nearby reservoirs with 

assured quality. 
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Fig. 1. Geographical location of Dabaoshan Mine site in Gaungdong province, China (A). 

Sampling sites along Hengshi River affected by AMD from Dabaoshan (B). 

B 
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3.2 Sample collection 

Samples collected during a reconnaissance trip included 10  household wells, 13 surface water 

and fluvial sediments, and 9 soil profiles (Fig. 1). Groundwater was first pumped for 5 minutes 

or several buckets of water were drawn and discarded (in absence of electrical pumps) in order 

to get fresh groundwater. Surface water and streambed sediments were collected from the same 

location. The red-top polypropylene tubes provided by manufacturer were used for its low 

metals background values. Tubes were washed with sample water for two times and then used 

for collecting the surface and groundwater samples. From each site, three 50 ml tubes of water 

were collected. Sediments were collected with a locally available shovel. The shovel was 

cleaned with tube water before use. It was gently pushed into the sediment and slowly lifted 

above the water surface to avoid disturbance by the flow. Samples were taken except for the 

layer directly in contact with the shovel. Three to five sub-samples of sediments were collected 

from each site, mixed, and stored in polypropylene bags. Soil profiles were collected with a 

soil corer. The soil corer was washed with deionized water everytime before and after use. 

Three profiles from each site were collected within a 1 m radius to get a representative sample. 

The cores were sliced into 5 cm intervals, mixed and homogenized with the other intervals 

from the same site, and stored in polypropylene bags. On returning to the laboratory, soil and 

sediment samples were freeze-dried. Wood, mollusk shells and large rocks were hand-picked 

from the samples. The freeze-dried samples were further ground and sieved for lab work. Water 

samples were stored in the refrigerator before analysis. 

3.3 Grain size analysis 

Grain size is one of the major factors related to heavy metals concentration in soil and sediment. 

It is generally known that finer materials contain more heavy metals than coarser ones due to 

the larger surface area (Martinčić et al., 1990; Maslennikova et al., 2012). Soil and sediment 

samples were homogenized and screened with a 63 μm sieve. It was run on a Mastersizer 2000 

(Malvern Panalytical, UK) for grain size analysis. The grain size was calculated as % clay (< 

2 μm), silt (2 – 63 μm), and sand (63 – 2000 μm) (ISO, 2002).  

3.4 Organic carbon and sulfur content 

Organic matter is a rich source of negative charge which retains cations in the form of 

complexes in soil and sediment. Decay and mineralization of organic matter release heavy 

metals. Although in a relatively low proportion of soil composition, organic matter is related 

to heavy metals concentration and behavior (Hooda, 2010).  Sulfur is one of the nutrients 

essential for plant growth. Its variation in soil might also indicate the presence of sulfur 

minerals like pyrites, which is the main cause of AMD (Evangelou and Zhang, 1995). Acid 

fumigation method with hydrochloride acid (HCl) was applied for removing inorganic carbon 

in ssoil and sediment samples (Harris et al., 2001). About 0.5 g of fine sample was kept in a 

teflon container without a cap. Enough amount of concentrated HCl (12 M) was kept in a 

desiccator along with the samples for 6 hours. During the pre-treatment, inorganic carbon in 

the sample was effectively removed by HCl vapors. Comparison between a few samples with 

and without acid fumigation showed that the method with HCl has a limited effect on the sulfur 
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content (Table A.1). Carbon and sulfur content was determined using a PE 2400 CHNS/O 

analyzer (Perkin Elmer Corp., Norwalk, CT). Organic carbon and sulfur were presented as 

percentage (dry weight). Blank and reference materials, CYSTINE (N241-0324) and High 

Organic Content Sediment Standard (B2150), were run in between to ensure reliability of the  

results. The average recovery rates were 98% and 104%, respectively (Table A.2). 

3.5 Metal analysis  

The modified BCR sequential extraction method proposed by the European Community 

Bureau of Reference was followed to determine heavy metal concentrations in soils and 

sediments (Rauret et al., 1999). This methods has been intensively studied, improved and used 

for environmental pollution studies for the past 20 years. Given the fact that this method is easy 

to conduct and reproduce, it gives a reliable view of metals mobilization potential in samples, 

from easily mobiled to stable status. Al, As, Ca, Cd, Cu, Fe, K, Mg, Mn, Na, Pb, Se, Tl and  Zn 

were analyzed. Heavy metal concentration in three fractions (F1: extractable, F2: reducible, 

and F3: oxidizable) were determined. The residue remaining after the last step was digested 

with 7 M HNO3, which followed the Swedish Standard Method (SIS, 1993) to obtain metal 

concentrations in the residual fraction. The total metal concentration is calculated as the sum 

of concentration from the four extraction steps. Detailed steps of the extraction procedure and 

solution preparation are indicated in Table 1 and Table B.1. 

 

Cd, Cr, Cu, Ni, Pb, and Zn are certified by the BCR extraction method for the standard 

CRM601. The method had also been used to determine As concentrations in different mineral 

fractions in sediments (Routh and Hjelmquist, 2011; Ghosh et al., 2015). Three blanks and 

three certified standard material namely BCR Reference Material CRM601, Jet Rock - 1 

(Dahlgren et al., 1998), and marine sediment PACS-2 from the National Research Council of 

Canada were tested along with the samples to ensure efficient extraction of heavy metals and 

precision during the analyses. Extracts from each step of the BCR extraction procedure and the 

final step with nitric acid were run on the inductively coupled plasma –mass spectrometer (ICP-

MS, Perkin Elmer NexION 350). 

  

The reagents used were of analytical-reagent grade or better. Deionized water was used 

throughout the procedure. In addition, an Avanti J-E Centrifuge (Beckman Coulter, USA), 

VARIOKLAV® Laboratory autoclaves (HP Medizintechnik GmbH, Germany) and the water 

bath (Gesellschaft Für Labortechnik, Germany) were also used.  

 

Table 1. Modified extraction procedure (Rauret et al., 1999; Minu et al., 2018). 

 Target phases Operation 

Step 1 

Carbonates, 

exchangeable elements, 

readily exchangeable 

fraction (F1) 

20 mL of 0.11 mL acetic acid was added to 0.5g 

samples in a 50 mL centrifuge tube. Shake it for 

16h in room temperature. Centrifuge it at 3000g 

at 20 ℃. The extract was decanted and stored 
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for analysis. The residual was washed with 

Milli-Q water, shook for 20 mins and 

centrifuged. Water was discarded. 

Step 2 
Iron and manganese, 

reducible fraction (F2) 

20 mL of freshly made hydroxylammonium 

chloride was added. Shake, centrifuge decant 

and wash the sample as in Step 1.  

Step 3 

Organic matter and 

sulfides, oxide fraction 

(F3) 

5 mL hydrogen peroxide was slowly added to 

avoid loss from the potential intensive reaction. 

Cap loosely covered and digested under room 

temperature for 1h. Digested in a water bath at 

85 ℃ for 1h. Again 5 mL hydrogen peroxide 

was carefully added. Cover the cap and continue 

digestion in a water bath till the volume was 

around 1 mL. 25 mL ammonium acetate was 

added. Shake, centrifuge, decant and wash as in 

Step 1. 

Step 4 Residues (F4) 

20 mL of 7 M nitric acid was added to the 

residues and removed to a Teflon container. It 

was placed in the autoclave under 121 ℃ and 

200 kPa for 30 min.  The extract was decanted 

and diluted to 50 mL for analysis. 

 

Temperature, pH, electrical conductivity (EC), salinity, and total dissolved solids (TDS) were  

measured in-situ with a conductivity portable meter (VWR, US) after the sample was collected. 

In the water samples, As, Ca, Cd, Cu, Fe, K, Mg, Mn, Na, Pb, Se, Tl and  Zn were analyzed. 

As(V) was separated using the disposable cartridges (Meng and Wang, 1998). As(V) was 

calculated by subtracting As(III) from Astot.  

3.6 Ecological risk assessment 

A modified ecological risk assessment for sediment and soil was conducted based on the 

method suggested by Hakanson (1980). It was initially suggested as one simple, quick and 

quantative method to diagnose water pollution, providing potential ecological risk index. It was 

also widely used as a recognision tool for soil pollution. This assessment was built based on 

number and concentration of pollutants, their different species and toxicological effects, and 

sensitivity of the system (Hakanson, 1980). In this study, As, Cu, Cd, Pb and Zn were taken 

into account for ecological risk assessment considering their high concentration and toxicity. 

 

Assessment for heavy metals (As, Cd, Cu, Pb, and Zn) contamination was calculated with the 

contamination factor (𝐶𝑓
𝑖) and degree of contamination (𝐶𝑑 ): 
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𝐶𝑓
𝑖 = 𝐶𝑠

𝑖/𝐶𝑏
𝑖  

𝐶𝑑 = ∑ 𝐶𝑓
𝑖 

 

𝐶𝑠
𝑖  is the concentration of heavy metal 𝑖  in this study; 𝐶𝑏

𝑖  is the soil background value of 

Guangdong province (GPEMC, 1990), and natural background value in sediments (Hakanson, 

1980); 𝐶𝑓
𝑖 is the contamination factor for single element; and 𝐶𝑑  is the sum of 𝐶𝑓

𝑖, representing 

site contamination degree by various metals. Although it would be more persuasive to use 

background value in sediment from Guangdong province, this data base is not available so far. 

The natural background value suggested by Hakanson (1980) were defined as preindustrial 

value, which was calculated from about 50 lakes in America and Europe. It provides a reliable 

basis for comparison between geological input and anthropogenic input.The following 

terminology is used for describing factor and degree of contamination: 𝐶𝑓
𝑖 < 1 , low 

contamination factor; 1 ≤ 𝐶𝑓
𝑖 < 3, moderate contamination factor; 3 ≤ 𝐶𝑓

𝑖 < 6, considerable 

contamination factor; 𝐶𝑓
𝑖 ≥ 6, very high contamination factor.  

 

The potential ecological risk factor (𝐸𝑟𝑖) and ecological risk index (RI) are defined as: 

 

𝐸𝑟𝑖 = 𝑇𝑟𝑖 ∙ 𝐶𝑓
𝑖 

RI = ∑ 𝐸𝑟𝑖 

 

The toxic-response factor (𝑇𝑟𝑖) of heavy metals are 𝑇𝑟𝐴𝑠 = 10, 𝑇𝑟𝐶𝑑 =30, 𝑇𝑟𝐶𝑢 = 5, 𝑇𝑟𝑃𝑏 =

5 and 𝑇𝑟𝑍𝑛 = 1 (Hakanson, 1980). It was determined based on the toxicity of metals and the 

potential risk resulting from changing environment. 𝐸𝑟𝑖 is the potential ecological risk factor 

for single element. RI is potential ecological risk index for the site, which is the sum of 𝐸𝑟𝑖. 

The following terminology is used for describing the ecological risk factor and index: 𝐸𝑟𝑖 <

40 , low potential ecological risk; 40 ≤ 𝐸𝑟𝑖 < 80 , moderate potential ecological risk; 

80 ≤ 𝐸𝑟𝑖 < 160 , considerable potential ecological risk; 160 ≤ 𝐸𝑟𝑖 < 320 , high potential 

ecological risk; 𝐸𝑟𝑖 ≥ 320, very high ecological risk. RI < 150, low ecological risk; 150 ≤

RI < 300, moderate ecological risk; 300 ≤ RI < 600, considerable ecological risk; RI ≥ 600, 

very high ecological potential risk. 

3.7 XRD analyses 

Sedimentation, preicipitation, coprecipitation and sorption to minerals are the main processes 

happening for heavy metals in water along the river. In order to observe the spatial changes of 

this process, a Panalytical High-Resolution X-ray diffraction (XRD) machine (Malvern 

Panalytical, UK) was used to determine the mineralogical composition of soil and sediment 

samples. It reveals and quantifies structural parameters of mostly layered, crystallined 

structured materials. Then the software MATCH! (Crytal Impact, Germany) was used to 

identify minerals from diffraction pattern graphs.  The analyses were done at room temperature 
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using Cu Kα radiation (λ = 1.5405 Å), 2θ ranging between 5 to 80° and with 20 mA current 

and accelerating voltage of 40KV.  

3.8 Statistics and geochemical modeling  

Upon the large amount of data generated, principle component analysis (PCA) was used in 

order to reduce the complexity of the input data with less loss of information and ascertain most 

important factors behind those inputs (Malhi and Gao, 2004). It reduces data dimension into 2 

principle components, based on correlation between parameters, so that the relations between 

heavy metals and sampling sites are visible. PCA was conducted based on ionic constituents 

(As, Ca, Cd, Cu, Fe, K, Mg, Mn, Na, Pb, Se, Tl, Zn), pH and electronic conductivity. The 

Pearson correlation was further used to confirm the relationships between geochemical 

parameters, including heavy metals concentrations in different phases, pH, and organic matter 

and sulfur. SPSS (IBM, UK) and Cacono 5 (Microcomputer Power, US) was used for statistical 

analysis. The Aqueous geochemical model PHREEQC Version 3 (USGS, US) with WATEQ4F 

database was applied to calculate theoretical redox potential (Eh) based on the As3+/As5+ couple, 

which is  crucial for predicting metal speciation in the water. Saturation index (SI) was then 

calculated, based on concentration of metal concentration, pH, temperature and Eh, to predict 

preticipating minerals which is used to conform to metal analysis and XRD results. These 

information gives aother perspective of metal transport and mobilization by comparing the 

theoretical and practical results. According to the model, when SI = 0, the mineral meets the 

equilibrium state in the water; SI > 0, the mineral is supersaturated and is more likely to 

precipitate; SI < 0, the mineral is undersaturated and is likely to dissolve in water.  
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4 Results 

4.1 Quality control 

Table 2. The concentration of heavy metals in the standard CRM-601 (Rauret et al., 1999) and 

the present study. 

Heavy 

metal 

(μg/g) 

Steps BCR 

Uncertainty 

at 95 % 

confidence 

level 

Present 

study 
Within confidence 

Cd 

1 4.45 0.67 3.01 NO 

2 3.95 0.53 3.78 YES 

3 1.91 1.43 1.43 YES 

Cr 

1 0.35 0.08 0.27 YES 

2 10.6 0.90 6.24 NO 

3 14.4 2.6 15.8 YES 

Cu 

1 10.5 0.80 13.5 NO 

2 72.8 4.90 63.5 NO 

3 78.6 8.90 85.4 YES 

Ni 

1 7.82 0.84 3.67 NO 

2 10.6 1.3 10.9 YES 

3 6.04 1.25 6.47 YES 

Pb 

1 2.28 1.17 2.55 YES 

2 205 11.0 201 YES 

3 19.7 5.80 22.4 YES 

Zn 

1 261 13.0 152 NO 

2 266 17.0 299 NO 

3 106 11.0 121 NO 

 

Table 3. The total concentration of heavy metals in Jet Rock-1, PACS-2 and present study. 
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Heavy 

metal 

(μg/g) 

Jet Rock - 1  PACS - 2 

XRF* Permissible 

rangea 

ICP-

AESa 

ICP-

MSb 

Present 

study 

 Reference 

valuec 

HR-

ICPMSc 

Present 

study 

          

As 16.5 15.9-17.0   17.9 
 26.2 ± 

1.50 

29.4 ± 

6.00 
21.8 

Cd   2.15 1.40 1.47 
 2.11 ± 

0.15 

2.1 ± 

0.30 
2.06 

Cu 102 94.0-108 108  93.2 
 310 ± 

12.0 

306 ± 

25.0 
266 

Mn 60.0 57.0-64.0 0.06  487 
 440 ± 

19.0 

431 ± 

42 
219 

Pb 20.0 19.0-22.0 17.0 19.2 13.1 
 183 ± 

8.00 

158 ± 

17.0 
146 

Se 1.60e    1.47 
 0.92 ± 

0.22 
 0.89 

Tl    1.44 1.46 
 

(0.60)d 0.49 ± 

0.06 
0.31 

Zn 166 164-182 174  158 
 

364 ±23.0 
366 ± 

28.0 
314 

a Dahlgren et al., 1998 
b Garbe‐Schönberg, 1993 
c Townsend et al., 2007 
d Information value 
e RNAA 

 

The metal concentration obtained in the certified reference standard CRM-601 for each step 

was compared with the values obtained in this study  (95% confidence interval; Table 2). In 

fraction 1 (F1), the concentration of Cr and Pb was within the confidence interval. In fraction 

2, concentrations of Cr, Cu and Zn were not within the confidence interval. In fraction 3, the 

concentration of Zn was not within the confidence interval. During the last step total digestion 

involved the use of 7M HNO3 whereas other studies have used a combination of HCl and HF. 

Because Cl ions can cause interference during the ICP-MS analyses,  rather than HCl, only 

HNO3 was used in this study. Heavy metals concentrations generally differed by < 20 % from 

the certified values. Similar results were obtained in previous studies using the BCR extraction 

procedure (e.g., Ghosh et al., 2015; Minu et al., 2018) implying that some of the steps are less 

reliable for metal analyses following the BCR protocol.  
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The total concentration of heavy metals calculated from each step was compared with the 

certified standards Jet Rock-1 and PACS-2 (Table 3). Most of the results from this study lie 

within ± 15% of the certified values in these standards. Some of the difference in heavy metal 

concentrations observed is due to the different extraction procedure followed by different 

analytical equipment used for the analyses. Detection limit for each metal is available in Table 

A.3. 

4.2 Surface water and groundwater 

SW-1 was sampled from the tailings pond. The sample had low pH (3.3), high electrical 

conductivity (EC; 4580 μs/cm), and a high concentrations of most heavy metals (Fig. 2; Fig. 

3). The concentration of As, Cd, and Pb were 173, 380 and 2070 μg/L. The pH of surface water 

increased along Hengshi River. Likewise, conductivity, salinity, and TDS also decreased with 

distance from the discharge point of near the tailings pond and the adjacent treatment plant. 

The concentration of heavy metals further downstream e.g., Astot, Cd, Pb, and Zn decreased 

sharply with a median value of 1.24, 0.42, 1.40 and 39.9 μg/L (Fig. 3). As(III) ranged from 

0.27 to 125 μg/L and As(V) ranged from 0.35 to 48.5 μg/L in the samples (Table 4). In general, 

higher pH values and a a lower concentration of heavy metals, including As, were observed in 

this study compared to previous studies (Zhou et al., 2005; Lin et al 2007; Zhou et al., 2012b; 

Zhu et al., 2015; Chen et al., 2018). 

 

pH in groundwater samples varied from 6.2 to 7.3. EC values varied from 178 to 5590 μs/cm 

(Fig. 2). The highest value was observed in wells located in Shangba Village. The water sample 

also indicated an increase in Ca and Mg levels. The concentration of heavy metals exceeded 

Level 3 according to the Chinese Standard for Groundwater Quality (GB/T 14848-2017), 

indicating that the groundwater can not be used as drinking water source. The result was similar 

to previous study conducted in this region (Zhang et al., 2013). Groundwater is however  not 

used for drinking  because of safety issues. On the other side of the riverbank facing Shangba 

village against Shangba Village, GW-5 has high concentration of Fe, Mn, and Pb, compared to 

the other sites, reaching Level 5 (GB/T 14848-2017) and exceeding the Chinese Standard for 

Drinking Water Quality (GB 5749-2006). 
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Fig. 2. Spatial variation of pH and electronic conductivity in surface water (a) and 

groundwater (b) along Hengshi River. SW – surface water. GW – groundwater. 

(a) 

(b) 
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Fig. 3. Spatial variation of log concentration (μg/L) of heavy metals in surface water (a) and 

groundwater (b) along the Hengshi River and its tributaries near the Dabaoshan mine, China. 

SW – surface water. GW – groundwater. 

 

(a) 

(b) 
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Table 4.  Surface and groundwater chemistry of samples from near the Dabaoshan mine site, Guangdong Province, China. SW – Surface water 

from streams and Hengshi River; GW – Groundwater; elemental concentrations in μg/L. 

 

ample ID 
Temp 

(℃) 
pH 

EC 

(μs/cm) 
As  As(III) As(V) Cd  Cu Mn  Pb Se  Tl Zn  Ca  Fe  K Mg  Na  

SW-1 15.4 3.3 4580 174 125 48.5 380 5841 208714 2070 3.04 0.56 214553 256205 944851 4358 87882 1969 

SW-2 14.5 5.7 2648 0.86 0.44 0.42 1.86 28.9 750 7.51 1.11 0.24 166 749485 976 4541 119612 5739 

SW-3 14.7 6.9 2822 8.46 7.90 0.56 1.47 33.5 723 11.5 1.25 0.23 183 766873 984 4726 126793 5973 

SW-4 13.9 7.0 1530 0.80 0.32 0.48 1.07 11.0 226 0.93 0.59 0.08 107 365977 171 3719 69395 4550 

SW-5 14.9 7.0 1080 0.87 0.51 0.36 1.28 15.0 399 1.21 0.39 0.06 131 224132 181 4149 50800 6987 

SW-6 18.8 8.2 397 3.52 2.99 0.52 0.37 8.22 143 10.1 0.16 0.10 34.5 64981 797 3159 13118 4620 

SW-7 16.6 7.3 544 0.93 0.30 0.63 0.14 2.78 47.8 1.14 0.03 0.03 15.6 100110 149 1398 10627 2088 

SW-8 17.3 7.3 466 1.62 1.06 0.56 0.15 4.53 90.9 1.59 0.22 0.03 25.5 80912 210 2465 16087 4610 

SW-9 17.2 7.3 369 1.33 0.83 0.50 0.15 4.23 39.6 0.80 0.23 0.03 45.2 64685 87.2 2363 11669 4561 

SW-a 13.7 7.0 77.5 0.92 0.27 0.64 0.47 0.31 7.35 0.99 0.17 0.05 2.67 14911 41.0 234 2577 892 

SW-b 13.9 7.2 563 1.14 0.72 0.42 0.09 7.25 680 0.57 0.08 0.02 10.4 97778 366 4410 24592 10575 

SW-c 16.0 7.5 141 1.94 1.58 0.35 0.06 2.02 44.8 2.48 0.13 0.10 5.36 25730 301 2494 2422 2597 

Median   553 1.24 0.78 0.51 0.42 7.74 185 1.40 0.23 0.07 39.9 98944 255 3439 20340 4586 

Mean   1268 16.4 11.9 4.49 32.3 497 17655 175 0.62 0.13 17940 234315 79093 3168 44632 4597 

SD   1391 49.7 35.8 13.9 110 1683 60168 597 0.86 0.16 61917 265640 272643 1410 45624 2621 

GW-1 19.9 7.0 212 0.32 0.17 0.15 0.04 1.15 0.93 0.74 0.15 0.01 3.93 42689 26.5 1013 1990 1270 

GW-2 17.6 7.0 477 1.73 1.12 0.61 0.36 6.24 3.05 0.83 1.38 0.01 24.4 64625 44.8 8602 6185 10017 

GW-3 22.2 6.8 5590 0.43 0.07 0.36 0.06 1.93 1.68 0.77 0.15 0.01 11.0 92863 51.8 3114 10419 3357 

GW-4 20.8 7.3 471 0.35 0.22 0.13 0.06 0.97 0.78 0.63 0.68 0.05 4.67 78210 67.5 2491 4391 12334 

GW-5 20.1 7.2 399 4.66 4.10 0.56 0.17 39.8 161 14.6 1.29 0.03 38.2 69798 1631 5442 4299 5479 

GW-6 19.7 6.9 452 0.64 0.22 0.42 0.17 2.70 2.18 0.77 0.43 0.01 18.0 66810 41.7 6041 5802 6251 

GW-7 21.5 6.6 272 1.16 1.01 0.15 0.10 16.54 39.9 6.01 0.11 0.02 48.2 40812 586 3276 3327 2366 

GW-8 17.8 6.2 178 0.55 0.22 0.33 0.11 1.17 54.8 0.66 0.15 0.08 10.8 17229 23.5 5442 2306 11740 

GW-9 21.9 7.1 355 0.46 0.22 0.24 0.02 2.78 5.16 1.20 0.43 0.04 8.19 57590 60.5 5237 4633 2964 

GW-10 16.7 7.2 342 0.15 0.02 0.13 0.02 1.60 0.63 0.82 0.36 0.02 1.87 74584 48.5 1270 4193 2387 

Median   377 0.51 0.22 0.29 0.08 2.32 2.61 0.80 0.39 0.02 10.9 65717 50.1 4256 4345 4418 

Mean   875 1.05 0.74 0.31 0.11 7.49 27.1 2.70 0.51 0.03 16.9 60521 258 4193 4755 5817 

SD   1659 1.35 1.24 0.18 0.10 12.31 51.0 4.48 0.47 0.02 15.6 21828 512 2372 2394 4137 
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 4.3 Sediments 

The coarse fraction in sediments dominated in the upstream sections of the river. The sediments 

had very low clay content (up to 3.16% of dry weight) and silt accounted for 2.21-55.3%; sand 

dominated and ranged from 41.6-97.8% (Fig. 4). The sediments had low organic carbon and 

sulfur content. Organic carbon varied from 0.22 % to 3.16 %, and sulfur varied from 0.03 % to 

2.25 % (Fig. 5). 

 
Fig. 4. Spatial distribution of grain size in sediments along Hengshi River and its tributaries. 

SE – sediment. 

 

 
Fig. 5. Spatial distribution of organic carbon (%), sulfur (%) and log concentration of heavy 

metals (μg/g) in sediments along Hengshi River and its tributaries. SE – sediment. 
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Sediment sample from the tailing pond (SE-1) had the highest concentrations of As and Pb (Fig. 

5). A rapid decrease in concentration was observed at SE-2 located after the treatment plant. 

An increase at SE-3 before a declining trend was noted in the river downstream. Relatively low 

concentrations of Cd and Zn were observed at SE-1, followed by a rebound at SE-3 and a 

decreasing trend along the river. Overall there was a large variation in the metal concentrations 

e.g., As varied from 3.51–695 μg/g, Cd  from 1.13-33.7 μg/g, Pb from 47.0 to 3503 μg/g, and 

Zn from 84 to 10145 μg/g (Table 5). 

 

The residual fraction in sediments had dominant As content (Fig. 6). However, at SE-2, As 

bound to iron and manganese oxides (F2 fraction) accounted for > 60%. In addition, F2 fraction 

accounted for > 90% of the total concentration of Pb. For Cd, the F1 and F2 fractions had the  

highest concentration. Heavy metals concentrations in the F1 and F2 fractions increased 

downstream. Pb was dominant in the F2 and F4 fractions and varied  along the river. At SE-2, 

Zn had a relatively higher concentration in F1, accounting for nearly 80% of total concentration.  
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Table 5. Grain size, and organic carbon and sulfur, and metals concentration in sediment samples from Dabaoshan mine, China. SE – sediment. 

* Lower than detection limit (Table A.3). 

 

Sample 

ID 

 
Grain size (%)  

Elemental 

analysis (%) 
 Metal analysis (μg/g) 

  Clay Silt Sand  Carbon Sulfur  As  Cd Cu Mn Pb Tl  Zn Al Ca Fe K Mg Na 

SE-1      0.23 0.63  695 1.13 328 226 3503 0.23 579 15049 343 69719 1213 1256 1.73* 

SE-2  0.14 39.7 60.1  0.56 2.03  3.51 1.53 171 1886 47.0 0.03 485 2152 171312 4514 -16* 2954 8.66* 

SE-3a  1.78 35.7 62.6  1.95 2.25  141 10.0 566 3021 394 0.14 3772 19870 83834 42567 536 55212 80.4 

SE-3b  0.16 25.0 74.9  3.16 1.7  53.9 16.0 1722 6751 395 0.27 10145 23686 98005 45368 566 22716 115 

SE-4  0.07 27.9 72.0  2.24 0.62  105 7.49 1177 4462 330 0.15 1922 12470 4898 52752 862 2967 30.7 

SE-5  0.00 5.11 94.9  0.49 0.21  49.2 2.28 270 1270 133 0.07 495 5956 7793 30248 516 2585 3.37* 

SE-6  1.14 24.7 74.1  2.62 0.25  74.4 7.86 352 4370 209 0.36 1411 18145 4615 37109 1258 2871 35.8 

SE-7  3.16 55.3 41.6  0.58 0.11  42.8 2.95 183 753 123 0.18 531 10431 2751 25815 1329 2517 33.8 

SE-8  0.00 2.21 97.8  0.22 0.03  19.2 1.42 118 303 45.9 0.06 246 3012 1385 14215 345 829 -3.12* 

SE-9      0.85 0.1  43.6 2.34 236 798 115 0.24 422 13684 2194 26753 923 1201 28.0 

SE-a  1.54 31.6 66.8  2.76 0.16  52.1 33.7 31 1133 76.7 0.94 239 9112 5361 20950 1002 2329 16.0* 

SE-b  0.36 18.7 81.0  1.89 0.33  53.8 2.10 944 6521 165 0.18 486 14641 3429 55465 1245 2972 51.1 

SE-c  1.64 31.8 66.5  0.91 0.07  25.3 1.71 28 696 55.4 0.49 84 15467 1531 21468 1206 1735 11.2* 

Median  0.36 27.9 72.0  0.91 0.25  52.1 2.34 270 1270 133 0.18 495 13684 4615 30248 923 2585 28.0 

Mean  0.91 27.1 72.0  1.42 0.65  104 6.96 471 2476 430 0.26 1601 12590 29804 34380 845 7857 31.7 

SD  1.03 15.0 15.8  1.05 0.79  181 9.18 509 2324 932 0.24 2756 6378 53694 18304 422 15334 34.0 
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Fig. 6. Heavy metals concentration in different fractions in sediments from the Daboshan mine, 

China. SE – sediment. 
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Table 6. Spatial distribution of heavy metals (μg/g) in soil profiles and comparison with background value, Chinese standard and . SO – soil. 

Sample ID As Cd Cu Mn Pb Se Tl Zn Al Ca Fe K Mg Na 

SO-1 86.0 0.31 302 136 186 0.83 0.17 235 13957 354 35112 855 1549 16.6* 

SO-2 165 0.79 467 113 630 1.94 0.18 301 14704 361 60499 791 1223 19.9* 

SO-3 27.5 0.28 36.7 268 36.8 0.25 0.15 59.3 14211 893 17013 776 500 25.6 

SO-4 129 1.16 261 393 363 0.75 0.37 250 20901 903 36465 1220 1705 19.2* 

SO-5 101 0.29 268 257 290 0.75 0.11 163 8175 223 47636 676 872 10.2* 

SO-6 35.7 0.43 65.0 414 66.3 0.52 0.22 91.0 12676 591 22413 1270 1096 20.7* 

SO-7 184 0.96 326 396 546 0.75 0.30 273 22323 409 45060 1851 1543 26.8 

SO-8 16.1 0.12* 19.8 162 22.4 0.32 0.37 52.0 17931 437 20684 781 597 12.3* 

SO-a 24.2 0.31 14.6 383 34.3 0.26 0.30 56.4 12623 788 15295 1239 1060 16.0* 

Median 86.0 0.31 261 268 186 0.75 0.22 163 14211 437 35112 855 1096 19.2 

Mean 85.4 0.52 196 280 242 0.71 0.24 164 15278 551 33353 1051 1127 18.5 

SD 60.1 0.34 165 122 231 0.51 0.10 102 4413 253 15669 378 424 5.52 

 

Background valuea 

 

8.90 

(40c) 
0.06 17.0  36   47.3       

 

Level Ⅱ of Chinese 

standard for 

developmentc 

 

60.0 65.0 18000  800          

 

World soil averaged 

 

6.83 0.41 38.9 488 27.0 0.44 0.50 70.0       

a Background value at Guangdong Province (from Guangdong Province Environmental Monitoring Center, GPEMC, 1990). 
b Category Two in Chinese sois Chinese Environmental Protection Administration (GB 36600-2018). 
c As background value for red soil at Dabaoshan (GB 36600-2018) 
d World average of heavy metals in soil based on recent studies (Kabata-Pendias, 2000). 

* Lower than detection limit (Table A.3). 
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4.4 Soil 

 

 
Fig. 7. Spatial distribution of organic carbon and sulfur (%), and log concentration of heavy 

metals (μg/g) in soil profiles along Hengshi River. SO – soil. 

 

The soil profiles had low organic carbon and sulfur content (Fig. 7). Organic carbon content 

decreased with depth, whereas sulfur indicated greater variation. Sand dominated and ranges 

from 42.7% - 78.5%; silt varied from 20.4% - 54.3%; and clay from 0.86% - 2.96% (Table 

A.4). Heavy metals concentrations in soils indicated high variability along the Hengshi River 

(Table 6). Concentration of As varied from 16 – 183 μg/g; As concentration at five sites 

exceeded Category 2 threshold value in soil (GB 36600-2018). The concentration of Cd, Pb, 

and Zn exceeded the background value but is less than Category 1 threshold value (GB 36600-

2018).  Concentration of Cd varied from 0.12 – 1.16 μg/g,. Pb from 22.0 – 630 μg/g, and Zn 

from 52.0 – 301 μg/g. Great variation of the vertical distribution of heavy metals in topsoil (0-

25 cm) was observed and showed no obvious trends in general (Fig. 8).  

 

The residual fraction (F4) had the dominant As content in all samples, accounting for 92.7- 

99.8% (Fig. 9). In contrast, Cd in F1 fraction accountant for nearly 40% at most sites except at 

SO-1, SO-2, and SO-5. Pb and Zn were dominant in residual fraction at most sites.  However, 

in SO-a, Pb bound to F2 fraction accounted for > 55% of total Pb. 
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Fig. 8. Vertical distribution of heavy metals (As, Cd, Pb, and Zn) (μg/g), organic carbon (%) and sulfur (%) in soil profiles along Hengshi 

River. 
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Fig. 9. Association of heavy metals (As, Cd, Pb, and Zn) in different fractions according to depth in soil profiles along Hengshi River. SO – soil.
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4.5 Mineralogy 

Quartz (SiO2) was the dominant mineral accounting for 17 - 70% in soil and 5 - 81% in 

sediment (Table A.5). Gypsum (CaSO4·2H2O) was present in the upstream Hengshi River. It 

was the main mineral at SE-2, SE-3a, and SE-3b, accounting for 68%, 35%, and 40%, 

respectively. Muscovite, KAl2(AlSi3O10)(F,OH)2 was also found in various proportion at 

different sites ranging from 11 - 49% in sediments and 10 - 55% in soils. The dominance of 

quartz and muscovite is common for fine-grained sediments and soil. At SE-1, Fe-based 

minerals, e.g. goethite (α-FeO(OH)), magnesioferrite (Mg(Fe3+)2O4), magnetite (Fe3O4), and 

magnesiochloritoid (MgAl2SiO5(OH)2), and Cu minerals, like marshite (CuI) and 

pseudoboleite (Pb31Cu24Cl62(OH)48) were identified. The high concentration of calcite (CaCO3) 

was also found at SE-3 apart from gypsum. Small peaks of franklinite (ZnFe2O4) and lautite 

(CuAsS) shows the presence of iron and arsenic bearing minerals, respectively, and along with 

trace amounts of copper minerals. Fe bearing minerals as magnesioferrite and 

magnesiochloritoid. Cu and As bearing cuprite (Cu2O), arsenolite (As4O6), langite 

(Cu4(SO4)(OH)6·2H2O), and mgriite (Cu3AsSe3) occurred in the downstream section of the 

Hengshi River (SE-6, 7 and 9). The sediment sample from Lengshui Stream (SE-a) is 

dominated by quartz and aluminum bearing zeolite (Na2Al2Si3O10 · 2H2O), pyrope 

(Mg3Al2(SiO4)3), and warwickite ((Mg,Fe2+)3Ti[O|BO3]2). Fe bearing magnesioferrite and Cu 

bearing dioptase (Cu6Si6O18·6H2O) were found. Quartz and Al bearing pyrophyllite 

(Al2Si4O10(OH)2) and spinel (MgAl2O4) were present in high amounts in the sediment along 

with traces of Fe bearing magnesioferrite in sediments from Fanshui River (SE-b). Trace 

amounts of magnesioferrite and gupeiite (Fe3Si) as Fe bearing, and marshite and tetrahedrite 

((Cu,Fe)12Sb4S13) as Cu bearing mineral were found from Taiping River (SE-c).  

 

In the soil sample from SO-1, small proportion of the clay mineral montmorillonite 

((Na,Ca)0.33(Al,Mg)2(Si4O10)) and As bearing minerals was present (Table A.6). Fe and As 

bearing minerals were present in trace amounts in SO-4 and SO-7. The sample from SO-a had 

a close mineralogical association with SE-c in terms of quartz as the dominant mineral and the 

presence of Fe and Cu bearing minerals. Al bearing phengite (K(AlMg)2(OH)2(SiAl)4O10)and 

zeolite were also identified at this site.  

 

As was mainly found in the form of arsenostruvite at SE-1, lautite and native As at SE-2, 3a, 

and 3b, and further downstream mainly in arsenolite. In soil, As occurred mainly as As2O3 
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(Table A.6).  

4.6 Geochemical modeling 

Input of this geochemical modeling (metal concentration, pH, temperature) is from Table 4. 

The full result from modelling is available in Table A.7 and Table A.8. 

 

Theoretical Eh value of surface water varied  from -127.9 mV to  340 mV (Table A.7). SW-1 

had high Eh indicating oxidizing condition, whereas SW-6 had low Eh indicating reducing 

condition. Minerals like cuprous ferrite (CuFeO2), goethite (FeOOH), hematite (Fe2O3), and 

magnetite (Fe3O4) were supersaturated at each site (Fig. 10). Native copper, cupric ferrite 

(CuFe2O4) and Cu2O became supersaturated beyond site 3. Fe3(OH)8 and Fe(OH)3 remained 

undersaturated in all samples, whereas (Fe2O3) was supersaturated at SW-6. The Eh values in 

groundwater were positive indicating a slightly oxidizing environment. GW-4 and GW-5 had 

a negative value indicating a slightly reducing environment. Cuprous ferrite (CuFeO2), cupric 

ferrite (CuFe2O4), goethite (FeOOH), hematite (Fe2O3), and magnetite (Fe3O4) were 

supersaturated at all sites. Fe3(OH)8 was supersaturated in GW-4, 5 and 10. Fe(OH)3 and 

magnetite (Fe2O3) were undersaturated in GW-8 .  

 

Theoretical Eh of groundwater varied from -25 mV to 105.9 mV (Table A.8). Most sites have 

relatively low Eh, while at GW-8, a relatively high Eh was observed. Native copper (Cu) and 

cuprite were undersaturated at all sites (Fig. 10). Cuprite, goethite, hematite and magnetite 

(Fe3O4) were supersaturated at all sites. Fe3(OH)8 was only supersaturated at  GW-4, GW-5 

and GW-10. Fe(OH)3 and magnetite (Fe2O3) were only undersaturated at GW-8. 

 

 

 

(a) 
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Fig. 10. Saturation index (SI) for surface water (a) and groundwater (b) along Hengshi River. 

SW – surface water; GW – groundwater. 

4.7 Principle component analysis 

  

  
Fig. 11. Rotated component plots for surface water (a), groundwater (b), sediment (c) and soil 

profiles (d).  

 

Principal component analysis (PCA) was used to identify the geochemical provenance, origin, 

and correlation between different geochemical parameters. The Eigen values described the 

(b) 
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variance explained by each component; it decreased with an increase in the number of principal 

components (PCs). Only the first two PCs were considered in this study. Because extreme 

values (outliers) in the dataset would significantly affect the results and create bias, therefore 

SW-1 and SE-1 were excluded from PCA. 

 

For surface water, PC1 explained 64.8% of the variance and PC2 explained 15.1% of the 

variance (Table A.9). Thus, the first two PCs accounted for 79.9% of the total variance. For 

groundwater, PC1 explained 43.8% of the variance and PC2 explained 19.0% of the variance. 

PC1 and PC2 accounted for 62.8% of the total variance. After applying varimax rotation, 

variation explained by the PC and the scatter plot was presented in Fig. 11. In surface water, 

Ca, Cd, Cu, K, Mg, Mn, Se, Zn, and EC were in one group indicating a common source or 

association of these heavy metals. Astot, As(III) and Pb formed a group with high loading for 

PC1 than PC2. pH had a high negative loading for PC2 than PC1 implying that pH was not the 

main factor affecting the distribution of these elements. In contrast, As(V) was, to some extent, 

related to pH. In the groundwater samples, Astot, As(III), Cu, Fe, Pb and Zn had high loading 

for PC2. Ca, Mg and EC indicated a high positive loading, whereas Tl had a high negative 

loading for PC1.  

 

For sediments (Table A.10), PC1 explained 45.5% of the total variance, PC2, 21.5%, PC3, 

10.3%, PC4 9.16% and PC5 6.21%. PC1 and PC2 explained 66.9% of the total variance. Al, 

As, Cu, Fe, Mn, Na, Pb, Zn and organic matter were identified as one group with high positive 

loading for PC2 (Fig. 11). K and Tl had a high negative loading for PC1, while Ca and sulfur 

had a high positive loading for PC1. 

 

For soil (Table A.11), PC1 explained 47.1 % of the total variance. PC2, 21.6%, PC3, 7.80 % 

and PC4, 6.57%. PC1 and PC2 accounted for 68.7 % of the total variance. Three groups were 

identified (Fig. 11). As, Cu, Fe, Pb, Se, Zn, and organic carbon content, as one group, which 

had a high loading for PC2. Ca, Mn, and Tl had high positive loading for PC1 and low negative 

loading for PC2. Al, K, and Na had a high positive loading for PC1 and low positive loading 

for PC2. 
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Fig. 12. Relations of sites for surface water (a) and sediment (b). Sites which apparently lie 

beyond others were marked with colors. 

 

In Fig. 12, SW-1, SE-1, SE-2, and SE-3 were lying beyond other sites and marked with colors， 

indicating metal composition or the original source of comtamination is different from other 

sites. In order to have a closer look at other sites, those outliers were removed from the data 

base and PCA was rerun as shown in Fig. 13. Four groups were then identified and marked in 

different colors in Fig. 13 for surface water. A negative relation with EC and distance from the 

tailing pond was observed with 8 sites (blue). SW-2, SW-6 and SW-a were identified as 

individual groups. Six groups were identified in Fig. 13 for sediment and marked with colors. 

SE-1, SE-6, SE-8 and SE-a were identified separately; SE-4 and SE-b as one group; and SE-5, 

SE-7, SE-9 and SE-c were grouped together.  

 

For groundwater (Fig. 14), all sites, except for SW-3 (Shangba vilalge), were identified as one 

group associated with pH, while no spatial trend was observed among other sites. SW-3 has an 

affirnity with EC and lay beyond other sites. 

 

Soil profiles were marked as site_number-depth (e.g. 2-1 is SO-2, 0-5 cm; 6-4 is SO-6, 15-20 

cm) in Fig. 15. Samples from the same site were marked with the same color. Dots for SO-1, 

SO-5, SO-8 and SO-a had a closer distribution for each site, while the others were more 

scattered. 

(a) 
(b) 
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Fig. 13. Site plots for surface water (a) and sediment (b), excluding outliers. Colors represent 

individual groups. In (a), pH and EC are variables with higher values towards positive direction 

of the arrow, and lower values towards negative dirreciton of the arrow.  

 

 
Fig. 14. Relations of sites for groundwater with EC and pH as variables. 

 

(a) (b) 
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Fig. 15. Relations of soil profiles in plots from along Hengshi River. Colors represent different 

sampling sites. ID represents site number and depth (e.g. 2-1 is SO-2, 0-5 cm; 6-4 is SO-6, 15-

20 cm). 

4.8 Ecological risk assessment  

Table 7. Contamination factor and contamination degree for sediment and soil along the 

Hengshi River near Dabaoshan Mine, South China. 

 𝐶𝑓
𝑖  𝐶𝑑 

Sample ID As Cd Cu Pb Zn   

SE-1 46.4 1.13 6.56 50.0 3.31 
 

107 
Extremely 

high 

SE-2 0.23 1.53 3.42 0.67 2.77  8.62 Moderate 

SE-3a 9.37 10.0 11.3 5.63 21.6 
 

57.9 
Extremely 

high  

SE-3b 3.60 16.0 34.4 5.65 58.0 
 

118 
Extremely 

high 

SE-4 6.98 7.49 23.5 4.71 11.0 
 

53.7 
Extremely 

high 

SE-5 3.28 2.28 5.40 1.90 2.83  15.7 Moderate 

SE-6 4.96 7.86 7.05 2.99 8.06  30.9 High  

SE-7 2.85 2.95 3.65 1.76 3.04  14.3 Moderate 

SE-8 1.28 1.42 2.37 0.66 1.41  7.13 Low 

SE-9 2.91 2.34 4.71 1.64 2.41  14.0 Moderate 

SE-a 3.47 33.7 0.61 1.10 1.37  23.3 High 

SE-b 3.59 2.10 18.9 2.35 2.78 
 

42.7 
Extremely 

high 

SE-c 1.69 1.71 0.56 0.79 0.48 
 

38.8 
Extremely 

high 

Median 3.47 2.34 5.40 1.90 2.83  30.9  

Average 6.97 6.96 9.42 6.14 9.15  40.9  

SD 11.6 8.82 9.79 12.8 15.1  34.5  
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SO-1 2.15 5.16 17.8 5.16 4.97 
 

35.2 
Extremely 

high 

SO-2 4.13 13.1 27.5 17.5 6.36 
 

68.6 
Extremely 

high 

SO-3 0.69 4.70 2.16 1.02 1.25  9.82 Moderate 

SO-4 3.23 19.4 15.4 10.1 5.28 
 

53.3 
Extremely 

high 

SO-5 2.52 4.78 15.8 8.06 3.44 
 

34.6 
Extremely 

high 

SO-6 0.89 7.14 3.82 1.84 1.92  15.6 Moderate 

SO-7 4.59 16.0 19.2 15.2 5.77 
 

60.7 
Extremely 

high 

SO-8 0.40 1.92 1.16 0.62 1.10  5.21 Low 

SO-a 0.61 5.24 0.86 0.95 1.19  8.85 Moderate 

Median 2.15 5.24 15.4 5.16 3.44  34.6  

Average 2.13 8.61 11.5 6.71 3.48  32.4  

SD 1.50 5.69 9.15 6.05 2.03  22.7  

 

The contamination factor and degree are shown in Table 7. Contamination factor of As, Cd, 

Cu, The contamination factor in sediment varied  widely and they were ranked  as 

Cu>Zn>As>Cd>Pb, and sediment was heavily contaminated by all those heavy metals. The 

contamination degree varied between 7.03-107, with an average of 40.9. A decreasing trend of 

contamination degree was observed along the river. The contamination factors in soil ranked  

Cu>Pb>Cd>Zn>As.The status for Cd, Cu, and Pb were extremely high. The contamination 

status was high for Zn while As was moderate. 5 sites were listed as extremely contaminated 

and  3 sites were listed as moderately contaminated. Contamination degree for sites varied 

along the river. 

 

Table 8. Potential ecological risk factor and index for sediments and soils along the Hengshi 

River near Dabaoshan Mine, South China. 

Sample ID 
𝐸𝑟

𝑖   
RI 

As Cd Cu Pb Zn  

SE-1 463 34.0 32.8 250 0.61 
 

781 
Extremely 

high 

SE-2 2.34 45.9 17.1 3.36 0.05  68.7 Low 

SE-3a 93.8 300 56.6 28.2 0.33  480 High 

SE-3b 36.0 480 172 28.2 0.67 
 

717 
Extremely 

high 

SE-4 69.8 225 118 23.6 0.31  436 High 

SE-5 32.8 68.5 27.0 9.51 0.09  138 Low 

SE-6 49.6 236 35.2 14.9 0.18  336 High 

SE-7 28.5 88.4 18.3 8.80 0.08  144 Low 

SE-8 12.8 42.7 11.8 3.28 0.04  70.6 Low 

SE-9 29.1 70.3 23.6 8.20 0.08  131 Low 
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SE-a 34.7 1010 3.06 5.48 0.13  240 Moderate 

SE-b 35.9 62.9 94.4 11.8 0.24  330 High 

SE-c 16.9 51.4 2.79 3.96 0.22  252 Moderate 

Median 34.7 70.3 27.0 9.51 0.18  252  

Average 69.7 209 47.1 30.7 0.23  317  

SD 116 264 48.9 63.9 0.20  223  

SO-1 21.5 155 88.9 25.8 4.97  296 Moderate 

SO-2 41.3 393 137 87.5 6.36 
 

666 
Extremely 

high 

SO-3 6.86 141 10.8 5.10 1.25  165 Moderate 

SO-4 32.3 581 76.9 50.4 5.28 
 

746 
Extremely 

high 

SO-5 25.3 143 78.8 40.3 3.44  291 Moderate 

SO-6 8.93 214 19.1 9.21 1.92  253 Moderate 

SO-7 45.9 481 95.8 75.9 5.77 
 

704 
Extremely 

high 

SO-8 4.02 57.7 5.82 3.11 1.10  71.8 Low 

SO-a 6.05 157 4.29 4.76 1.19  174 Moderate 

Median 21.5 157 76.9 25.8 3.44  291  

Average 21.3 258 57.5 33.6 3.48  374  

SD 15.0 171 45.7 30.3 2.03  244  

 

The potential ecological risk factor and index are shown in Table 8. Ecological risk factor of 

As, Cd, Cu, Pb and Zn  sediments and soils varied. The ecological risk factor in sediment was 

ranked  as Cd>As>Cu>Pb>Zn. Cd was listed as high risk, As and Cuwas a moderate risk, and 

Pb and Zn were at low risk. Six sites had a high or extremely high RI. RI had a decreasing trend 

along the river. The ecological risk factor in soil was ranked  as Cd>Cu>Pb>As>Zn. Cd was 

at high risk, Cu at moderate risk, and As, Pb and Zn at low risk. Three sites had extremely high 

risk index, whereas five sites were listed as moderate and 1 the site had low risk index. No 

trend for RI was observed along the river. 

 

  



38 
 

5 Discussions 

5.1 Water and sediment chemistry 

Hydrogeochemical characteristics (pH, EC, Eh and heavy metals concentrations) change along 

the Hengshi River and eventually become similar to that from further downstream. Dilution 

from water in adjacent rivers and streams not affected by mining and dissolved limestone along 

the rivercourse is the main contributor to changes in pH and EC. Dissolved carbonate in the 

riverwater buffers the AMD discharge from DMS, remove heavy metals from water into 

sediment and improves the water quality downstream (Zhao et al., 2012b), which is confirmed 

by negative relation between EC and distance from the tailing pond (Fig. 13) from PCA. 

 

The heavy metals in surface water are removed by both physical and chemical processes, 

namely adsorption, precipitation, and co-precipitation with secondary minerals. In particular, 

the Fe-based minerals play an important role in controlling heavy metals behavior (Zhao et al., 

2012b). Schwertmannite, identified in the tailings pond forms under acidic conditions  has a 

large surface area 100 – 200 m2/g (Bigham et al., 1994; Drahota et al., 2016). It has a high 

capacity to absorb As (rather than other heavy metals) from the solution through sorption and 

incorporation into the mineral structure and surface complexes while releasing SO4
2- (Fukushi 

et al., 2004; Acero et al., 2006). The incorporation of As into mineral structure is most likely 

an mechanism since As is dominant in the residual fraction (F4). Although SO4
2- competes 

with As adsorption under some conditions, high sulfate content barely affects As(V) adsorption. 

Moreover, As(Ⅲ) adsorption is preferred than sulfate under acidic condition (Jain and Loeppert, 

2000). The release of sulfate- due to AMD at DMS results in the high As concentration and low 

sulfur content in sediment at SE-1. The process also contributes to the formation of Ca-SO4 

type water observed by Zhao et al. (2012b). Schwertmannite gradually transforms to goethite 

and jarosite in tailing pond and upstream part of Hengshi River (Lin et al., 2007; Zhao et al., 

2012b). Geothite and jarosite are less efficient in immobilizing As (Acero et al., 2006). The 

concentration of As and other heavy metals, except Zn, is low at SE-2 both in surface water 

and sediments. After SE-2, concentration of heavy metals in water remained low, while higher 

concentration occurred in the sediments.  

 

On-site AMD treatment methods applied at the mine site is not shared with public but presence 

of gypsum found by XRD and the sudden increase in Ca concentration at SE-2 proves that lime 

is applied to the treated water (Fig. 16).Lime is applied to increase the pH of treated water to 

promote precipitation and adsorption, and to prevent the migration of heavy metals. This is 

further supported by the high concentrations of Cd and Zn in exchangeable and carbonate 

bound fraction (F1). However, at SE-3, heavy metals are remobilized from sediments, causing 

a rebound in aquatic heavy metals concentrations in surface water. In contrast, As and Pb 

behaves differently at this site. Both elements dominated in the iron-bound  fraction (F2) at SE-

2, and is consistent with the results from a recent study which indicates precipitation of Fe-Pb-

As as secondary minerals (Chen et al., 2018). This may  also happen in samples near the tailings 

pond (SE-1), while at a very low amount so that F4 (residual fraction) related to 
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Schwertmannite dominated for As and Pb. While Schwertmannite is more stable under acidic 

and aerobic condition (Drahota et al., 2016), it undergoes dissolution when higher pH occurs, 

resulting in a lower percentage of F2 after SE-2 where pH was considerably higher than 

previous sites. This somehow explained the concentration rebound in surface water at SE-3. 

However, As and Pb had a significant correlation in surface water (R2 = 0.619) and sediments 

(R2 = 0.662) (Fig. 17), but did not show any relation with pH, according to PCA (Fg. ). It 

indicates that in addition to the presence of Fe-based minerals, there are other factors 

controlling the behavior of As and Pb at the mine site.  

 

Fig. 16. On-site lime pre-treatment (indicated as white precipitate) at the upstream Hengshi 

River (SE-2) right after the treatment plant. 

 

 
Fig. 17. Correlation between As and Pb in (a) surface water, and (b) sediments along the 

Hengshi River. SW-1 and SE-1 were excluded as outliers. 

 

Oxidation and reduction of As species in natural water is a slow process (Cherry et al., 1979), 

indicating a good potential for using As speciation as an indicator of redox conditions in water. 

However, precipitation of minerals based on the As(Ⅲ)/As(V) couple barely corresponds with 

the XRD results. No trace or only limited presence of minerals, which was predicted to 

preticipate, were found from XRD results, which might be hidden under large quantities of 

major minerals, like quatz and muscovite. Meanwhile, some unpredicted precipitation of 

minerals, such as native As, were found at SE-3. Those results indicate a more complex and 
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rapid-changing redox condition in the Hengshi river. The dominance of As(Ⅲ) rather than 

As(V) observed by Shangba village (SW-6) contributes to the negative Eh value according to 

the model, which suggests a reducing environment. This is unusual for shallow surface waters. 

This site was also separated as a group according to PCA results for both surface water and 

sediment (Fig. 13), indicating its unique characteristics different from other sites. It was 

reported that the presence of sulfate (SO4
2-) and phosphate (PO4

3-) in water can compete with 

As adsorption to Fe-based minerals under a wide range of pH conditions (Wilkie and Hering, 

1996; Jain and Loeppert, 2000). As(Ⅲ) adsorption is more significantly affected by sulfate at 

low pH than As(V). High pH (8.2), the low S content ,and presence of phosphate indicates that 

sulfate is not the major competitive anion. We noted that  irrigation waste, sewage and 

household waste are drained into the Hengshi River from Shangba Village. It is very likely 

those anthropogenic discharge changes pH nutrient levels in the river, which might further 

promote microbial activities for As reduction to As(Ⅲ). Phosphate input from household 

sewage and fertilizers could change the behavior of As. Phosphate has similar chemical 

characteristics as As(V). It has a moderate competitive capacity for As(V) adsorption from pH 

3 to 10, weak at lower pH and strong affinity at high pH. Its effect on As(Ⅲ) is opposite from 

As(V) (Jain and Loeppert, 2000). While, under moderately reducing environment affected by 

municipal sewage, As(Ⅲ) was found as the dominant species due to reduction and dissolution 

of iron-oxyhydroxides. 

 

January is the driest month for Guangdong province. The low precipitation and water flow in 

the river further magnifies the effect of sewage discharge. Lower concentration of heavy metals 

with low water flow was also recorded by Qin et al. (2019). Berlinite (AlPO4) was found 

accounting for 10% at SE-8 (Table A.5), indicating the phosphate input in upstream sections 

of the river. Thus, high pH and Ca precipitation with phosphate may be the main cause of rapid 

reduction of Ca concentration in water at this site (Sedlak, 2018). Organic As could also occur 

with sufficient organic matter (Carbonell-Barrachina et al., 2000), which might contribute to 

As release at SE-8. Besides, microbial activity might also play a role in releasing As. Microbial 

activity always accompanies municipal sewage-affected river. Iron and sulfur reduction by 

microorganism was observed in the river sediment by Shangba Village, which releases heavy 

metals (Zhao et al., 2012b; Chen et al., 2015). With the presence of sufficient nutrient and more 

organic matter in the sediment, microorganism might also play an important role in controlling 

As behavior and speciation of both organic and inorganic As in Hengshi River. 

5.2 Soil chemistry 

There are many villages scattered along the Hengshi river. More than 3000 villagers were 

registered in Shangba village in 2009 (Liu, 2010). Change in land use from natural woods to 

agricultural land, dredging in the downstream Hengshi River, construction of a concrete river 

bank and small-scale hydro-power stations and dams are still on-going. All this results in 

continuous soil disturbance throughout the year. This is also supported by the irregular 

distribution of heavy metals without any specific trends and similar mineralogical content 

between the soil and river sediments. Hence, many soils have a fairly even distribution of heavy 

metals with limited fluctuation with depth in the soil column (SO-3, SO-4, SO-7, SO-8 and 

SO-a). In contrast, fairly undisturbed sites have distribution gradients of heavy metals along 

depth as observed in samples SO-1, 2, 5, and 6. Similar trend was observed concerning organic 

carbon and Sulfur. Seasonal water level change and natural attenuation in soil contribute to 

gradients observed (Yong and Mulligan, 2003). This oberservation was partially confirmed by 

PCA. Soil profiles with concentration gradient distribute linearly, while dots for disturbed soil 

profiles were more scattered or concentrated (Fig. 15). According to PCA analysis, As, Cu, Fe, 
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Pb, and Zn were identified as one group that have a similar provenance. This is most likely the 

mining operation at DMS which produces Cu, Fe, Pb, and Zn.  

 

As in soil is associated with sorption by clay minerals, soil organic matter, and hydroxides. 

Organic matter may release As through competition for adsorption sites, aquatic formation of 

complexes, change of redox potential and As speciation, which may stabilize As by binding it 

to the complexes (Redman et al., 2002; Wang and Mulligan, 2006). As grouped with organic 

carbon during the PCA analysis, although they correlated poorly (R2=0.415), suggesting that 

organic matter to some extent affects As behavior but it is not the dominant factor. As is also 

known to adsorb to oxide, aluminosilicate and hydroxides (Kabata-Pendias, 2002). The latter 

is easily released upon hydrolysis under reducing conditions. Consistent with this, As has a 

significant correlation with Fe (R2=0.662), but indicated a poor correlation with Al (R2=0.218). 

In addition, PCA analysis indicates that Fe and As belong to one group. As was not bound to 

Mn or Fe minerals (F2). This suggests that although there is presence of abundant amorphous 

Fe, As is more strongly bound to well-crystallized Fe oxides, Reduction of well-crystallized Fe 

oxides requires a much stronger reducing environment (Patrick and Jugsujinda, 1992) to 

remobilize As. Fe also has a significant correlation with Pb (R2=0.64) and Zn (R2=0.70). Well-

crystalized Fe oxides were also found associated with Pb and Zn (Yin et al., 2016). However, 

the presence of a large amount of Al in heavily weathered soil in tropical or subtropical regions 

further affects the dissolution of these Fe oxides through BCR procedure (Silveira et al., 2006), 

which might result in less heavy metals extracted as Fe-bound fraction (F2) and the dominance 

of residual fraction (F4). 

5.3 Bioavailability and potential ecological risk 

Good correlation between plant uptake and the first fraction of heavy metals in soil extracted 

with BCR three-step sequential extraction procedure was reported indicating that the F1 

(exchangeable or carbonate bound fraction) may serve as a good indicator for predicting 

bioavailability of heavy metals (Hooda, 2010). At DMS, it is the F4 (residual fraction) that has 

high concentrations of As, Pb, and Zn in soil (97.6%, 55.5%, 72.4%) and sediment (87.1%, 

45.4%, 22.0%) which implies low bioavailability. Although Cd was in low concentration in 

soils (0.52 μg/g) and sediments (6.96 μg/g), the F1 and F2 fractions accounted for 44.6% for 

soil and 79.4% for sediments indicating greater bioavailability. Similar results were reported 

in previous studies (Zhou et al., 2007; Zhao et al., 2012a). Similar with the result from 

sequential extraction, As, Pb and Zn were moderate risks in soil and sediment with majority in 

residual fraction (F4), while Cd was a high ecological risk with higher proportion in F1 and F2. 

However, both methods only offer temporary assumption of the potential bioavailability and 

ecological risk. Continous land-use changes may, to a great extent, remobilize As and other 

heavy metals from their comparatively safe fraction and release them into the shallow aquifer 

(Zhao et al., 2012a). Application of phosphate-rich fertilizer was also found, in short term, 

increasing As concentration in soil and plant uptake, and contributing to lower As 

concentration in both soil and biomass in long term, indicating its leaching to groundwater (Ji 

et al., 2019). Although natural processes tend to lead contaminants into a more stable status 

(Yong and Mulligan, 2003), those anthropogenic interferences would greatly change the 

current environment into those favor heavy metals remobilization and relocation, which might 

arouse severe threat considering the relatively high concentration. 
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6 Conclusions  

As behavior at this site affected by acid mine drainage from Dabaoshan Mine is vey complex 

and dynamic in the river system, where several factors might play a role. In soil, As 

concentration is high and under favored environment it might be released into goundwater. 

Heavy metals concentration was high at the tailings pond. After the treatment plant and 

application of lime, most heavy metals were removed from surface water and pH increased to 

near neutral levels. Although some heavy metals were transported further downstream along 

the Hengshi River, their concentration continued to decrease. The spatial distribution of heavy 

metals was affected by discharge from other uncontaminated streams which drain into the 

Hengshi River. As(Ⅲ) is the dominant species in surface water. pH is not the main factor 

controlling As mobilization in Hengshi River, while sewage discharge and the following 

microbial activity might play a key role in reducing and releasing As in sediment around 

populated area. Heavy metals concentration in groundwater occurs at low level. The soil along 

the river was heavily disturbed due to continuous land-use changes, dredging, construction of 

dams, river banks, and small-scale hydropower stations.As and other elements were mainly 

present in the residual fraction (F4) in both sediment and soil samples. However, Cd was 

abundant in the exchangeable fraction (F1), Pb was mainly in the oxidizable fraction (F3) in 

sediments. In sediments, the ecological risk was in the order of Cd>As>Cu>Pb>Zn. The 

distribution trend  in soils was Cd>Cu>Pb>As>Zn. As, Cu, Fe, Pb and Zn are mainly originated 

from the mine site. Due to the continuous disturbance of soil and sediment by anthropogenic 

activities and high concentration of heavy metals present, the potential risk is not negligible, 

especially in populated area. 
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Appendices 

Appendix A 

 

Table A.1. Comparison of CNS analysis with and without acid fumigation with HCl. 

  Carbon  Sulfur 

ID 
 Acid 

fumigation 
None 

 Acid 

fumigation 
None 

SO-1 (5-10 cm)  1.51 1.48  0.08 0.07 

SE-8  0.22 0.25  0.03 0.04 

SE-1  0.23 0.24  0.63 0.67 

 

Table A.2. Result of standards from CNS analysis. 

 
Number of 

standards 

 Recovery rate (%) 

 Max Min Average 

B2150 11  122 78 104 

N241-0324 7  100 91 98 

 

Table A.3. Detection limit for metal analysis in surface water, groundwater, and different 

fractions of sediment and soil. 

 

Surface 

water/groundwater 

(μg/L) 

 Sediment/soil (μg/g) 

  F1 F2 F3 F4 Total 

As 0.10  0.05 0.05 0.10 0.05 0.25 

Cd 0.05  0.05 0.05 0.05 0.05 0.25 

Cu 0.07  0.10 0.25 0.20 0.15 0.95 

Mn 0.60  0.10 0.05 0.15 0.10 0.40 

Pb 0.02  0.05 0.05 0.10 0.05 0.25 

Tl 0.05       



2 
 

Zn 0.50  0.30 1.05 5.30 1.00 7.65 

Al   0.35 0.60 3.00 11.8 16.0 

Ca 3.00  3.10 2.65 5.90 2.70 15.0 

Fe 10.0  3.05 1.05 8.40 64.4 78.0 

K 3.00  1.95 84.2 7.05 2.70 96.0 

Mg 1.00  0.35 0.35 1.15 1.60 4.00 

Na 3.00  4.45 3.95 8.85 4.65 23.0 

 

 

Table A.4. Grain size distribution of soil samples (%). 

Site Depth Clay Silt Sand 

SO-1 

0-5 cm 1.43 24.8 73.8 

5-10 cm 1.73 28.9 69.4 

10-13 cm 1.07 20.4 78.5 

SO-3 

0-5 cm 1.81 35.6 62.5 

5-10 cm 1.85 34.5 63.6 

10-12 cm 1.47 37.7 60.8 

SO-4  

0-5 cm 2.12 39.3 58.6 

5-10 cm 1.72 34.3 64.0 

10-13 cm 2.32 42.6 55.1 

SO-7 

0-5 cm 2.96 54.3 42.7 

5-10 cm 1.94 52.9 45.1 

10-15 cm 1.94 51.7 46.4 

15-17 cm 1.47 52.7 45.8 

SO-a  

0-5 cm 0.88 22.7 76.5 

5-10 cm 0.86 22.9 76.2 

10-15 cm 1.01 25.5 73.5 

15-20 cm 0.92 22.6 76.5 

20-22 cm 1.32 36.2 62.5 
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Table A.5. Mineralogy of sediment samples from Hengshi River. 

 SE-1 SE-2 SE-3a SE-3b SE-4 SE-5 SE-6 SE-7 SE-8 SE-9 SE-a SE-b SE-c 

Agardite-(Y) (Ca-rich) 
       5      

Arsenic 
  5           

Arsenolite 
    2  3 1  2    

Arsenopyrite 
        4     

Arsenostruvite 13 
            

Berlinite 
        

10 
    

Bismuth 
        

1 
    

Calcite 
  24 11          

Chkalovite zincean 
         3    

Claudetite 
          3 12  

Copper 
 

2 2           

Cuprite 
   1 2   2 3     

Dioptase 
          7   

Dolomite 
 

6 
           

Domeykite low 
 

2 
           

Epsomite 5 
            

Franklinite 
  3           

Goethite 2 
   5         

Goethite aluminian 
        6     

Graphite 
 

3 
 16     4     

Gupeiite 
            1 

Gypsum 4 68 35 40          

Hematite 
 

9 
           

Klockmannite 
     2        

Langite 
      4       

Lautite 
 

4 3 2          

Magnesiochloritoid 5 
        8    

Magnesioferrite 4 
   5 1 6 2  2 4 6 4 

Magnetite 3 
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Magnetite-(Ti) 
     1  1      

Marshite 1 
     2      1 

Mgriite 
    1     1    

Muscovite 30 
  25  49 11       

Muscovite 2M1， phengitic 
       45      

Olympite 8 
            

Phengite 3T 
    7     2 7   

Pseudoboleite 3 
            

Pyrite 
 

7 
           

Pyrope 
          9   

Pyrophyllite 1A (dehydroxylated) 
           

19 
 

Quartz 23 
 30 5 78 32 70 43 70 81 48 42 81 

Sinoite 
           14  

Sodalite gallosilicate 
            8 

Spinel 
         1  

7 
 

Tapiolite-(Fe) 
      5       

Tennantite 
     2        

Tetrahedrite 
            1 

Warwickite, ferroan 
          12   

Westerveldite 
            5 

Zeolite (Cu-exchanged hydrated) 
          10   

Zeolite NaY (Cu(I)-exchanged  deuterated) 
     13        

Zirconia (Y-doped) 
        

1 
    

 

Table A.6. Mineralogy of soil samples along Hengshi River. (a, b, c, d and e represent depth, from shallowest to deepest.) 

 SO-1a SO-1b SO-1c SO-4a SO-4b SO-4c SO-7a SO-7b SO-7c SO-7d SO-aa SO-ab SO-ac SO-ad 

Anorthoclase high 
            7  

Arsenolite 
 1    2 2 3  1     

Bloedite 
         3     

Bornite 
           5   

Calcite 
           3  4 
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Claudetite 
           2   

Claudetite II 
    5         5 

Clinosafflorite 9 
             

Cuprite 
  1    3 4 2 1   3  

Domeykite high 
              

Franklinite manganoan 
    2          

Goethite 
   2  3 3 4  3     

Goethite  aluminian 10 
             

Goethite (V-substituted) 
 3   3          

Graphite 3R 
              

Kaolinite 1A 
   

19 
          

Magnesioferrite 8 2  2  4 5 6 5 3 3 1  3 

Magnetite-Ulvoespinel 
          

2 
   

Marshite 
          1  1 1 

Mgriite 
  8   2     1    

Montmorillonite-(Li) 4 
             

Muscovite 2M1 
 53  47     54 55   10 14 

Muscovite 2M1,  phengitic 
  47            

Muscovite 3T 
     10 11     49   

Muscovite 3T (Si-rich) 
          

8 
   

Palladium 
              

Periclase 
             1 

Phengite 3T 
 4 1  45      4    

Quartz low 68 37 36 28 17 65 68 72 33 30 70 41 67 67 

Spinel-(Ti Zn) 
    3          

Tapiolite-(Fe) 
             2 

Tennantite 
        1      

Titanite 
      8 11 6 5     

Warwickite 
  6            

Warwickite (Fe-rich) 
            6  

Westerveldite 
   

1 
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Wilhelmkleinite 
            5  

Zeolite (Cu-exchanged hydrated) 
    13 13         

Zeolite A (Cu-exchanged) 
          12    

Zeolite Rho (Ca-(ND4)-exchanged 

dehydrated)        1       

Zeolite Rho (Sr-Cs-exchanged) 
      1        

Zircon 
    13          

Zircon 
             2 

Zirconia (Y-doped) 1 
             

 

Table A.7. Saturation index for surface water. 
 

Formula SW-1 SW-2 SW-a SW-3 SW-b SW-4 SW-5 SW-c SW-6 SW-7 SW-8 SW-9 

Arsenolite As2O3 -9.7 -19.92 -27.82 -25.69 -29.18 -28.2 -28.25 -31.15 -36.56 -30.51 -30.14 -30.28 

As2O5(cr) As2O5 -30.62 -31.42 -34.28 -32.35 -34.79 -34.61 -34.47 -35.15 -37.22 -35.2 -34.7 -34.85 

As_native As -14.32 -26.58 -34.38 -33.07 -35.67 -34.58 -34.67 -37.69 -42.66 -36.8 -36.67 -36.73 

Birnessite MnO2 -25.17 -17.97 -14.53 -13.19 -11.85 -13.22 -12.94 -11.76 -8.5 -12.6 -12.31 -12.66 

Bixbyite Mn2O3 -29.77 -20.34 -16.2 -13.14 -11.21 -13.55 -12.81 -11.26 -5.65 -12.42 -11.73 -12.44 

Brucite Mg(OH)2 -13.69 -8.78 -7.66 -6.34 -6.35 -6.39 -6.42 -6.53 -4.25 -6.31 -6.08 -6.21 

Ca3(AsO4)2:4w Ca3(AsO4)2:4H2O -33.55 -18.42 -17.81 -12.13 -14.94 -14.53 -14.91 -15.02 -11.83 -14.69 -14.45 -14.86 

CaSeO3 CaSeO3 -9.75 -7.18 -8.09 -5.94 -7.5 -6.39 -6.74 -7.51 -6.54 -7.91 -7.05 -7.1 

Cd(gamma) Cd -27.88 -30.19 -30.55 -30.28 -31.37 -30.38 -30.21 -31.35 -30.48 -31.03 -30.97 -30.93 

Cd(OH)2 Cd(OH)2 -12.9 -10.36 -8.09 -8.07 -8.51 -7.92 -7.81 -8 -5.85 -8.1 -8.07 -8.04 

Cd(OH)2(a) Cd(OH)2 -13.48 -11 -8.77 -8.69 -9.18 -8.59 -8.42 -8.55 -6.26 -8.62 -8.56 -8.53 

CdMetal Cd -27.77 -30.08 -30.45 -30.18 -31.26 -30.27 -30.11 -31.25 -30.37 -30.92 -30.86 -30.83 

Claudetite As2O3 -9.75 -19.97 -27.87 -25.74 -29.23 -28.25 -28.3 -31.19 -36.6 -30.56 -30.19 -30.33 
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Cu(OH)2 Cu(OH)2 -6.81 -4.31 -3.92 -2.06 -2.45 -2.43 -2.24 -2.84 -2.09 -2.72 -2.48 -2.51 

Cu3(AsO4)2:6w Cu3(AsO4)2:6H2O -22.86 -16.06 -17.64 -10.26 -13.78 -13.55 -12.96 -15.55 -15.71 -15.32 -14.19 -14.42 

CuMetal Cu -0.54 -2.77 -4.91 -2.94 -3.86 -3.44 -3.33 -5.02 -5.89 -4.55 -4.36 -4.39 

CupricFerrite CuFe2O4 -7.57 3.34 9.13 12.79 13.47 11.53 11.95 14.39 16.36 13.14 13.73 12.94 

Cuprite Cu2O -3.13 -2.86 -4.6 -0.78 -2.08 -1.65 -1.36 -3.64 -3.78 -3.06 -2.64 -2.7 

CuprousFerrite CuFeO2 4.94 9.29 11.13 13.93 13.82 13.06 13.31 13.67 14.17 13.27 13.64 13.24 

Fe(OH)3(a) Fe(OH)3 -6.37 -2.13 0.59 1.46 2.02 1.04 1.13 2.61 3.13 1.91 2.06 1.69 

Fe2(SeO3)3 Fe2(SeO3)3 -25.7 -25.46 -26.21 -21.78 -24.96 -23.82 -24.17 -24.09 -25.4 -27.07 -23.94 -24.59 

Fe3(OH)8 Fe3(OH)8 -18.69 -8.37 -1.47 1.21 2.62 -0.12 0.1 4.02 4.82 2.1 2.54 1.42 

FeSe2 FeSe2 -3.7 -31.32 -47.01 -43.27 -48.86 -45.58 -45.86 -51.83 -60.65 -51.4 -49.38 -49.69 

Goethite FeOOH -0.83 3.37 6.07 6.97 7.5 6.52 6.65 8.17 8.8 7.49 7.67 7.29 

H2(g) H2 -14.6 -19.4 -22 -21.8 -22.4 -22 -22 -23 -24.4 -22.6 -22.6 -22.6 

H2O(g) H2O -1.77 -1.79 -1.81 -1.79 -1.81 -1.81 -1.78 -1.75 -1.67 -1.73 -1.71 -1.72 

Hausmannite Mn3O4 -37.39 -25.63 -20.73 -16.04 -13.44 -16.75 -15.63 -13.82 -6.1 -15.35 -14.32 -15.39 

Hematite Fe2O3 0.31 8.7 14.08 15.9 16.96 15 15.25 18.3 19.58 16.95 17.31 16.56 

Litharge PbO -11.9 -9.53 -7.64 -6.97 -7.59 -7.84 -7.64 -6.28 -4.57 -6.99 -6.81 -7.1 

Maghemite Fe2O3 -9.34 -0.87 4.58 6.32 7.44 5.48 5.65 8.61 9.66 7.21 7.51 6.77 

Magnetite Fe3O4 -3.44 6.76 13.56 16.37 17.67 14.93 15.29 19.35 20.52 17.52 18.04 16.92 

Manganite MnOOH -14.21 -9.41 -7.27 -5.83 -4.79 -5.96 -5.68 -5 -2.44 -5.63 -5.35 -5.7 

Massicot PbO -12.09 -9.73 -7.85 -7.17 -7.8 -8.04 -7.84 -6.48 -4.77 -7.18 -7 -7.29 

Minium Pb3O4 -57.92 -46.16 -38.01 -36.06 -37.43 -38.57 -37.83 -32.6 -25.69 -35.03 -34.39 -35.27 
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Mn3(AsO4)2:8H2O Mn3(AsO4)2:8H2O -24.39 -18 -18.34 -11.79 -12.02 -14.75 -13.76 -13.91 -10.4 -15.25 -13.91 -15.1 

Monteponite CdO -13.62 -11.14 -8.92 -8.84 -9.34 -8.75 -8.56 -8.68 -6.36 -8.75 -8.68 -8.64 

Nsutite MnO2 -24.13 -16.93 -13.5 -12.15 -10.82 -12.19 -11.9 -10.73 -7.47 -11.56 -11.28 -11.62 

O2(g) O2 -57.35 -48.08 -43.17 -43.21 -42.3 -43.1 -42.73 -40.33 -36.53 -40.92 -40.67 -40.7 

Pb(OH)2 Pb(OH)2 -7.27 -4.9 -3 -2.34 -2.96 -3.2 -3.01 -1.66 0.03 -2.37 -2.19 -2.48 

Pb2O(OH)2 PbO:Pb(OH)2 -23.75 -18.95 -15.1 -13.85 -15.02 -15.51 -15.2 -12.58 -9.4 -14.04 -13.74 -14.31 

Pb2O3 Pb2O3 -43.99 -34.39 -27.94 -26.89 -27.46 -28.35 -28.04 -24.42 -19.84 -26.28 -25.98 -26.55 

Pb3(AsO4)2 Pb3(AsO4)2 -25.52 -19.11 -16.2 -12.39 -16.59 -17.15 -16.54 -13.29 -10.6 -15.53 -14.58 -15.59 

PbMetal Pb -17.64 -20.03 -20.71 -19.88 -21.07 -20.91 -20.76 -20.45 -20.26 -20.78 -20.63 -20.92 

PbO:0.3H2O PbO:0.33H2O -11.76 -9.35 -7.43 -6.8 -7.39 -7.64 -7.48 -6.17 -4.58 -6.9 -6.75 -7.03 

Plattnerite PbO2 -35.2 -28.17 -23.79 -23.18 -23.31 -23.96 -23.62 -21.1 -17.6 -22.12 -21.84 -22.15 

Portlandite Ca(OH)2 -19.51 -14.27 -13.18 -11.85 -12.04 -11.96 -12.05 -11.77 -9.79 -11.6 -11.63 -11.72 

Pyrochroite Mn(OH)2 -11.37 -8.97 -8.13 -6.59 -5.85 -6.82 -6.54 -6.36 -4.5 -6.79 -6.51 -6.86 

Pyrolusite MnO2 -24.54 -17.49 -14.19 -12.68 -11.48 -12.85 -12.39 -11.03 -7.3 -11.76 -11.36 -11.72 

Scorodite FeAsO4:2H2O -13.52 -9.69 -8.39 -6.56 -7.22 -8.11 -7.95 -6.82 -7.33 -7.54 -7.14 -7.59 

Se(s) Se 11.24 -1.1 -8.37 -7.07 -9.71 -7.87 -8.04 -11 -14.59 -10.73 -9.79 -9.76 

SeO2 SeO2 -11.01 -13.75 -15.82 -14.92 -16.36 -15.33 -15.5 -16.46 -17.25 -16.99 -16.04 -16.01 

Tenorite CuO -5.79 -3.29 -2.9 -1.04 -1.43 -1.41 -1.22 -1.82 -1.07 -1.7 -1.46 -1.49 

Zincite(c) ZnO -7.9 -6.23 -5.22 -3.78 -4.31 -3.78 -3.6 -3.81 -1.6 -3.77 -3.51 -3.25 

Zn(OH)2-a Zn(OH)2 -8.68 -6.95 -5.9 -4.51 -5 -4.47 -4.35 -4.62 -2.57 -4.61 -4.4 -4.13 

Zn(OH)2-b Zn(OH)2 -7.98 -6.25 -5.2 -3.81 -4.3 -3.77 -3.65 -3.92 -1.87 -3.91 -3.7 -3.43 
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Zn(OH)2-c Zn(OH)2 -8.43 -6.7 -5.65 -4.26 -4.75 -4.22 -4.1 -4.37 -2.32 -4.36 -4.15 -3.88 

Zn(OH)2-e Zn(OH)2 -7.73 -6 -4.95 -3.56 -4.05 -3.52 -3.4 -3.67 -1.62 -3.66 -3.45 -3.18 

Zn(OH)2-g Zn(OH)2 -7.94 -6.21 -5.16 -3.77 -4.26 -3.73 -3.61 -3.88 -1.83 -3.87 -3.66 -3.39 

Zn3(AsO4)2:2.5w Zn3(AsO4)2:2.5H2O -25.74 -21.35 -21.05 -14.96 -18.87 -17.11 -16.6 -18.1 -14.02 -18.12 -16.97 -16.33 

ZnMetal Zn -37.48 -40.64 -42.27 -40.58 -41.75 -40.82 -40.6 -41.77 -40.85 -41.3 -41.02 -40.76 

ZnO(a) 
 

-7.54 -5.81 -4.76 -3.37 -3.86 -3.33 -3.21 -3.48 -1.43 -3.47 -3.26 -2.99 

 

Table A.8 
 

Formula GW-1 GW-2 GW-3 GW-4 GW-5 GW-6 GW-7 GW-8 GW-9 GW-10 

Arsenolite As2O3 -29.79 -27.99 -28.61 -32.03 -28.94 -28.52 -26.27 -23.76 -30.52 -31.36 

As2O5(cr) As2O5 -35.05 -33.69 -34.23 -35.92 -33.36 -34.21 -32.83 -32.62 -35 -36.43 

As_native As -35.75 -34.71 -34.69 -37.82 -35.94 -34.8 -32.89 -30.21 -36.54 -36.94 

Birnessite MnO2 -15.46 -14.97 -16.05 -14.37 -12.45 -15.52 -15.43 -16.87 -14.33 -14.85 

Bixbyite Mn2O3 -16.98 -16.4 -17.37 -15.25 -11.32 -16.93 -15.85 -18.56 -14.59 -16.72 

Brucite Mg(OH)2 -7.36 -7.05 -6.93 -6.39 -6.64 -7.14 -7.83 -9.02 -6.67 -6.89 

Ca3(AsO4)2:4w Ca3(AsO4)2:4H2O -17.31 -15.49 -16.82 -15.7 -13.87 -16.57 -17.56 -20.81 -16.34 -16.85 

CaSeO3 CaSeO3 -7.72 -6.61 -7.63 -6.56 -6.42 -7.2 -8.25 -8.88 -7.06 -6.94 

Cd(gamma) Cd -31.4 -30.55 -31.1 -31.15 -30.76 -30.77 -30.91 -30.99 -31.59 -31.81 

Cd(OH)2 Cd(OH)2 -9.22 -8.27 -9.43 -8.42 -8.2 -8.79 -9.61 -10.33 -9.31 -9.09 

Cd(OH)2(a) Cd(OH)2 -9.57 -8.74 -9.66 -8.72 -8.54 -9.14 -9.87 -10.78 -9.55 -9.6 

CdMetal Cd -31.29 -30.44 -31 -31.05 -30.66 -30.67 -30.81 -30.89 -31.49 -31.7 

Claudetite As2O3 -29.83 -28.04 -28.65 -32.08 -28.99 -28.56 -26.32 -23.81 -30.57 -31.41 

Cu(OH)2 Cu(OH)2 -3.12 -2.48 -3.03 -3.01 -1.46 -2.85 -2.38 -4.37 -2.6 -2.99 

Cu3(AsO4)2:6w Cu3(AsO4)2:6H2O -16.76 -13.22 -15.94 -17.42 -10.12 -15.1 -12.5 -17.82 -15.38 -17.38 

CuMetal Cu -4.61 -3.79 -4.29 -5.17 -3.36 -4.13 -3.19 -4.09 -4.44 -4.63 

CupricFerrite CuFe2O4 10.1 10.94 9.8 12.36 16.28 10.15 11.41 3.89 11.96 11.47 

Cuprite Cu2O -3.54 -2.07 -3.15 -4.01 -0.64 -2.79 -1.39 -4.25 -2.86 -3.41 

CuprousFerrite CuFeO2 11.67 12.53 11.64 12.5 15.37 11.93 13 8.85 12.65 12.39 

Fe(OH)3(a) Fe(OH)3 0.49 0.66 0.23 1.54 2.74 0.38 0.72 -1.93 1.1 1.21 

Fe2(SeO3)3 Fe2(SeO3)3 -26.58 -23.38 -26.52 -23.5 -19.93 -25.15 -25.24 -28.99 -24.32 -24.67 
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Fe3(OH)8 Fe3(OH)8 -1.94 -1.38 -2.58 0.88 4.62 -2.15 -0.87 -8.35 -0.26 0.09 

FeSe2 FeSe2 -47.38 -45.25 -45.11 -49 -45.9 -45.29 -42.21 -39.33 -47.22 -48.47 

Goethite FeOOH 6.19 6.28 6.02 7.28 8.46 6.08 6.49 3.7 6.88 6.79 

H2(g) H2 -22 -22 -21.6 -22.6 -22.4 -21.8 -21.2 -20.4 -22.2 -22.4 

H2O(g) H2O -1.64 -1.71 -1.58 -1.62 -1.64 -1.65 -1.6 -1.7 -1.59 -1.73 

Hausmannite Mn3O4 -21.89 -21.02 -22.27 -19.59 -13.6 -21.71 -19.8 -23.47 -18.4 -21.7 

Hematite Fe2O3 14.37 14.53 14.03 16.54 18.9 14.15 14.97 9.36 15.75 15.55 

Litharge PbO -7.54 -7.6 -7.84 -7.05 -5.89 -7.74 -7.32 -9.19 -7.07 -7.28 

Maghemite Fe2O3 4.37 4.71 3.85 6.47 8.88 4.17 4.84 -0.47 5.59 5.81 

Magnetite Fe3O4 13.9 14.16 13.55 16.84 20.48 13.67 15.17 7.22 15.84 15.52 

Manganite MnOOH -8.2 -7.71 -8.59 -7.41 -5.39 -8.16 -7.77 -8.81 -7.17 -7.79 

Massicot PbO -7.73 -7.8 -8.04 -7.25 -6.09 -7.93 -7.52 -9.39 -7.27 -7.48 

Minium Pb3O4 -36.82 -37.34 -37.83 -34.65 -31.46 -37.65 -36.76 -43.69 -34.96 -36.11 

Mn3(AsO4)2:8H2O Mn3(AsO4)2:8H2O -21.9 -19.07 -21.65 -21.31 -12.38 -20.63 -17.2 -18.91 -19.08 -22.67 

Monteponite CdO -9.66 -8.85 -9.72 -8.8 -8.63 -9.24 -9.95 -10.89 -9.62 -9.72 

Nsutite MnO2 -14.42 -13.93 -15.01 -13.33 -11.41 -14.48 -14.39 -15.83 -13.3 -13.82 

O2(g) O2 -40.95 -41.76 -40.95 -39.43 -40.08 -41.42 -41.99 -44.89 -39.85 -41.28 

Pb(OH)2 Pb(OH)2 -2.93 -2.99 -3.26 -2.46 -1.29 -3.13 -2.73 -4.58 -2.48 -2.66 

Pb2O(OH)2 PbO:Pb(OH)2 -15.41 -15.36 -16.22 -14.52 -12.14 -15.8 -15.12 -18.56 -14.65 -14.64 

Pb2O3 Pb2O3 -28.25 -28.2 -29.46 -26.76 -24.58 -28.84 -28.76 -33 -27.29 -27.08 

Pb3(AsO4)2 Pb3(AsO4)2 -17.44 -16 -17.84 -16.98 -10.85 -17.19 -14.79 -19.73 -16.27 -17.67 

PbMetal Pb -20.87 -20.84 -20.88 -21.03 -19.63 -20.86 -19.93 -20.84 -20.69 -20.88 

PbO:0.3H2O PbO:0.33H2O -7.59 -7.56 -7.99 -7.14 -5.95 -7.78 -7.44 -9.16 -7.21 -7.2 

Plattnerite PbO2 -22.81 -23.2 -23.2 -21.6 -20.74 -23.24 -23.17 -26.36 -21.87 -22.61 

Portlandite Ca(OH)2 -12.26 -12.29 -12.18 -11.36 -11.66 -12.3 -12.95 -14.4 -11.79 -11.9 

Pyrochroite Mn(OH)2 -9.06 -8.57 -9.25 -8.57 -6.45 -8.92 -8.23 -8.87 -8.13 -8.85 

Pyrolusite MnO2 -14.07 -13.96 -14.28 -12.83 -11.02 -14.16 -13.78 -15.83 -12.61 -14 

Scorodite FeAsO4:2H2O -8.89 -8.04 -8.74 -8.28 -5.79 -8.57 -7.54 -10.09 -8.26 -8.86 

Se(s) Se -8.42 -7.47 -7.43 -9.29 -8.51 -7.47 -6.53 -4.41 -8.47 -9.06 

SeO2 SeO2 -15.88 -14.92 -15.68 -15.55 -15.16 -15.33 -15.59 -15.06 -15.53 -15.72 

Tenorite CuO -2.1 -1.46 -2.01 -1.99 -0.44 -1.83 -1.36 -3.35 -1.58 -1.97 

Zincite(c) ZnO -4.73 -4.09 -4.6 -4.04 -3.36 -4.31 -4.36 -5.99 -4.12 -4.86 

Zn(OH)2-a Zn(OH)2 -5.76 -4.99 -5.76 -5.12 -4.4 -5.33 -5.47 -6.9 -5.26 -5.71 

Zn(OH)2-b Zn(OH)2 -5.06 -4.29 -5.06 -4.42 -3.7 -4.63 -4.77 -6.2 -4.56 -5.01 



11 
 

Zn(OH)2-c Zn(OH)2 -5.51 -4.74 -5.51 -4.87 -4.15 -5.08 -5.22 -6.65 -5.01 -5.46 

Zn(OH)2-e Zn(OH)2 -4.81 -4.04 -4.81 -4.17 -3.45 -4.38 -4.52 -5.95 -4.31 -4.76 

Zn(OH)2-g Zn(OH)2 -5.02 -4.25 -5.02 -4.38 -3.66 -4.59 -4.73 -6.16 -4.52 -4.97 

Zn3(AsO4)2:2.5w Zn3(AsO4)2:2.5H2O -21.42 -17.75 -20.6 -20.38 -15.66 -19.28 -18.34 -22.41 -19.88 -22.65 

ZnMetal Zn -41.54 -40.99 -40.92 -41.42 -40.56 -40.92 -40.3 -41.28 -41.05 -42.19 

ZnO(a) 
 

-4.62 -3.85 -4.62 -3.98 -3.26 -4.19 -4.33 -5.76 -4.12 -4.57 
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Table A.9. The variance of extracted components and loading of variables for component 1 and 

component 2 in water. 

Total Variance Explained 

Component 

Initial Eigenvalues for surface water Initial Eigenvalues for groundwater 

Total % of Variance Cumulative % Total % of Variance Cumulative % 

1 11.017 64.807 64.807 7.449 43.819 43.819 

2 2.573 15.138 79.945 3.233 19.016 62.835 

3 1.821 10.711 90.656 2.843 16.722 79.557 

4 .682 4.012 94.668 1.587 9.335 88.891 

5 .490 2.884 97.552 1.190 7.001 95.892 

6 .253 1.491 99.043 .385 2.263 98.155 

7 .102 .598 99.641 .227 1.335 99.490 

8 .037 .219 99.860 .064 .379 99.869 

9 .021 .126 99.986 .022 .131 100.000 

10 .002 .014 100.000    

 

Rotated Component Matrix 

 

Component for surface water Component for groundwater 

1 2 1 2 

As -.025 .929 .987 .075 

pH -.803 .000 .115 .439 

K .797 .276 .486 .254 

Cond .779 .580 -.229 .644 

Mg .806 .557 -.087 .901 

Se .709 .645 .709 .392 

Ca .763 .599 -.008 .853 

Na .608 -.076 .114 -.059 

Tl .564 .731 -.007 -.648 

As3 .001 .922 .981 .013 

As5 -.559 .321 .659 .473 

Cd .808 .407 .537 .357 

Pb .174 .910 .916 -.117 

Zn .789 .501 .754 -.063 

Fe .437 .765 .917 -.099 

Mn .827 .333 .893 -.270 

Cu .753 .651 .950 -.057 

 

Table A.10. The variance of extracted components and loading of variables for component 1 

and component 2 in sediment. 

Total Variance Explained 

Component Initial Eigenvalues 
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Total % of Variance Cumulative % 

1 7.317 48.782 48.782 

2 3.218 21.455 70.237 

3 1.904 12.691 82.928 

4 1.185 7.901 90.829 

5 .653 4.351 95.181 

6 .411 2.743 97.923 

7 .126 .840 98.763 

8 .100 .668 99.431 

9 .060 .398 99.829 

10 .016 .109 99.938 

11 .009 .062 100.000 

 

 

Rotated Component Matrix 

 

Component 

1 2 

As .719 -.050 

Cd .394 -.317 

Cu .831 .186 

Mn .820 .057 

Pb .927 .216 

Tl .096 -.673 

Zn .798 .356 

Al .868 -.173 

Ca .149 .865 

Fe .821 -.232 

K .180 -.869 

Mg .631 .457 

Na .917 .211 

Organin carbon .846 -.272 

Sulfur .457 .815 

 

Table A.11. The variance of extracted components and loading of variables for component 1 

and component 2 in soil. 

Total Variance Explained 

Component 

Initial Eigenvalues 

Total % of Variance Cumulative % 

1 7.539 47.117 47.117 

2 3.460 21.622 68.740 

3 1.249 7.804 76.544 

4 1.051 6.569 83.113 
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5 .968 6.048 89.161 

6 .479 2.993 92.154 

7 .357 2.233 94.387 

8 .327 2.046 96.433 

9 .208 1.300 97.733 

10 .137 .855 98.588 

11 .111 .692 99.280 

12 .047 .293 99.573 

13 .040 .253 99.826 

14 .018 .110 99.936 

15 .008 .050 99.986 

16 .002 .014 100.000 

 

 

Rotated Component Matrix 

 

Component 

1 2 

As .922 .192 

Cd .710 .566 

Cu .972 -.147 

Mn -.227 .631 

Pb .912 .112 

Se .842 -.246 

Tl -.173 .711 

Zn .958 .107 

Al .345 .745 

Ca -.316 .604 

Fe .924 -.174 

K .224 .828 

Mg .664 .502 

Na .301 .559 

Organic_carbon .819 -.062 

Sulfur .452 .241 
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Appendix B 

 

Table B.1. Solution prepared for BCR sequential extraction (Rauret et al., 1999).  

Solution Molar 

concentration 

(mol/L) 

Reagent Operation 

Acetic acid 0.11 Glacial acetic acid, 25 mL 
Diluted with MiliQ 

water to 1 L 

Hydroxylammonium 

chloride 
0.5 

Hydroxylammonium 

chloride, 34.75 g 

nitric acid, 25 mL (2 mol/L) 

Dissolve 

hydroxylammonium 

chloride with 400 mL 

MiliQ water and 

nitric acid, and dilute 

it to 1 L. 

Hydrogen peroxide 8.8 Supplied by manufacturer Adjust pH to 2-3 

Ammonium acetate 1.0 
Ammonium acetate, 77.08 g 

concentrated nitric acid 

Dissolve ammonium 

acetate with 900 mL 

MilliQ water and 

adjust pH to 2 with 

concentrated nitric 

acid. 

 

 


