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Abstract 

 
 
Chinas fast-growing economy has led to an increase in the releases of many heavy metals. These 

releases affect both the local environment through soil and water contamination, but also the 

regional and global environment as many metals can be transported thousands of kilometres 

away from their original source through the atmosphere. The Sino-Norwegian Cooperation 

Project on Mercury Pollution (SINOMER) focuses on mercury releases in the People’s Republic 

of China, with Guizhou province as case study area. Mercury is one of the long range 

transboundary air pollutants and raises global concern due to its toxicity and accumulation in 

aquatic food webs even in remote areas. Other heavy metals are also of concern due to their 

toxicity, and the aim of this study is to map the distribution of some of them in the SINOMER 

sampling areas. 

 

The levels of the heavy metals silver, arsenic (a metalloid), cadmium, mercury, nickel, lead, 

vanadium and zinc were determined in paddy soils and water in Wanshan and Qingzhen. The 

two sampling areas were chosen on the basis of two different mercury hotspots; mercury mining 

and smelting in Wanshan, and a coal fired power plant and other industries in Qingzhen. In 

addition to the heavy metals, selenium was determined because of its possible involvement in 

reducing mercury’s biological availability. 

 

An element screening of both soil and water was performed using (High Resolution) Inductively 

Coupled Plasma Mass Spectrometry after digestion of the soil samples using an autoclave. This 

decomposition method is considered to give the more available fraction of elements in soil 

compared to the total amount which includes elements contained in bedrock. Additionally, 

mercury concentrations of the soil samples were determined by a Direct Mercury Analyzer. 

 

Results show that mercury levels in paddy soils in Wanshan are especially high, with 

concentrations reaching 119 µg g-1 and a median concentration of 25 µg g-1. All except one soil 

sample exceed Grade C in the Chinese National Standard for Soil Environmental Quality. Only a 

few of the water samples exceed global average mercury concentration for freshwaters of 0.07 µg 

L-1. The contamination levels of cadmium, zinc and silver in Wanshan soil are moderate to high, 

with median concentrations of 0.9, 86 and 0.6 µg g-1, respectively. Cadmium and zinc seem to be 

related to mercury mining as the soil concentrations correlate positively with mercury 

concentrations. Concentrations of cadmium, silver and zinc in water are below global average 
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concentrations for freshwaters; with median concentrations 0.02 µg L-1, 0.07 µg L-1 and below 

detection limit, respectively. Arsenic, nickel, lead, selenium and vanadium are all within 

background soil concentrations for the area and below global average concentrations for 

freshwaters (nickel, lead and selenium are under detection limits in water). 

 

In soils in Qingzhen, Hg levels are considerably lower than in Wanshan, although still considered 

high compared to background values, with concentrations reaching 1.7 µg g-1 and median 

concentration of 0.3 µg g-1. Elevated levels of silver, arsenic, selenium and vanadium in soil are 

also found; median concentrations reach 0.8 µg g-1, 38 µg g-1, 1.0 µg g-1 and 113 µg g-1, 

respectively. Significantly high concentrations of arsenic, cadmium and vanadium are found in 

seepage water from a large field containing bottom ash from the Qingzhen power plant. The 

vanadium median concentration (91 µg L-1) is 90 times higher than the global average for 

freshwaters. Somewhat high levels of Hg were also found in this seepage water; above the global 

average for freshwater (0.07 µg L-1). These high concentrations are probably caused by high levels 

of particles in the water, as the Hg levels in the ash itself are not particularly elevated. Lead, zinc 

and cadmium levels in soil are moderate. Nickel levels in soil are within background levels, while 

levels in water are below detection limits. 

 

In conclusion, the mercury contaminated Wanshan area has somewhat elevated levels of heavy 

metals known to be associated with mercury (cadmium and zinc), while other heavy metals 

concentrations are low. In the Qingzhen area heavy metals concentrations are in general elevated, 

showing impacts of intense industrial activities. Especially heavy metals associated with coal 

combustion show considerable contamination levels. 
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1 Introduction 

 
 
China, a country with a fast-growing economy, also experiences increasing environmental 

pollution due to growing production and a quickly rising energy demand. Releases of heavy 

metals lead to local, regional and also global impacts, and is receiving increasing attention in 

China. 

 

 

1.1 Heavy metals 

 
 
Heavy metals are defined by the United Nations Economic Commission for Europe (UNECE) 

as “those metals or, in some cases, metalloids which are stable and have a density greater than 4.5 

g cm-3 and their compounds” (UNECE 1998). Alloway (1995a), in his book on heavy metals in 

soil, defines heavy metals as elements which have an atomic density greater than 6 g cm-3. 

Another term, Potential Toxic Elements (PTEs), has been used for this group of metals to avoid 

inconsistencies (Alloway 1995a). Yet again many prefer the term trace metals when referring to 

metals of low natural concentrations. Furthermore, there are property differences among metals, 

which suggest the partitioning between hard and soft metals (which is described later in this 

study). Because the term heavy metals is still the most used and recognised term, this is used 

throughout the thesis. 

 

 

1.1.1 Global anthropogenic heavy metal releases 

Metals are natural components of rock and bedrock. For this reason, soils have natural 

background concentrations of the different heavy metals as a result of rock weathering. These 

concentrations will vary with location. In addition to this, anthropogenic releases contribute to an 

increase in heavy metal concentrations in the environment. The most important anthropogenic 

releases of heavy metals to the environment come from metalliferous mining and smelting, 

agricultural materials (pesticides and fertilisers), irrigation and application of sewage water and 

sludge, fossil fuel combustion and metallurgical industries (Alloway 1995c). 
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The industrial production of heavy metals increased greatly since the middle of the 19th century, 

causing increased contamination of the environment. The releases of heavy metals to the 

environment occur through many pathways. Typically, the contaminants are released to air and 

water, and accumulate in the soil. Atmospheric emissions are often of great concern due to the 

quantities involved, the widespread dispersion and the potential for extensive human exposure 

(Järup 2003). 

 

Even though adverse health effects from heavy metal exposure have been known for several 

decades, the exposure to heavy metals continues, and in some less developed countries it 

increases (Järup 2003). 

 

China is a country developing both socially and economically and thus the releases of heavy 

metals are increasing. Widespread coal combustion and heavy industries are emitting large 

amounts of heavy metal impurities. China has also extensive small scale and large scale metals 

mining and smelting activities which release not only the ‘target metal’ but also metals which are 

associated in the ores. 

 

The application of sewage sludge, sewage water, pesticides and fertilisers to agricultural land 

contributes to the spreading of heavy metals to large areas. Associated with this activity is an 

accumulation of the metals in top soil layers, a potential uptake in crops and probable runoff to 

waters. China was in 2007 the second largest producer of pesticides, and the country has a high 

and increasing consumption of fertilisers (Yang et al. 2007). 

 

 

1.2 Mercury – a pollutant of global concern 

 
 

The global concern regarding Hg originates from its long residence time in the atmosphere 

allowing it to be transported thousands of kilometres away from its original emission source. This 

is due to Hg’s ability to exist in vapour phase as elemental Hg (Hg0) at ambient temperatures 

(Schroeder and Munthe 1998). Elevated levels of Hg in the environment is found even at remote 

locations; of particular concern is elevated levels in piscivorous fish (UNEP 2002). Hg’s 

significance as an environmental problem has been recognised for decades, after thousands of 

residents were poisoned in Minamata (Japan) caused by release of methylmercury (MeHg) from a 
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chemical factory to the local bay in 1956 (Harada 1995). The poisonings were a result of the 

consumption of MeHg-contaminated seafood, and is now called Minamata disease. Elevated 

concentrations of Hg in fish became a widespread environmental concern already in the late 

1960s, after a regional mapping in Sweden (Lindeström 2001). 

 

Releases of Hg to the environment include releases to all the three environmental compartments, 

atmosphere, water and soil, although the releases to soils originate from water runoff. 

 

The natural emissions of Hg include degassing from soils and oceans and volcanic releases 

(Lindqvist et al. 1991). Forest fires also contribute to these natural emissions (Jiang et al. 2006) as 

Hg in the environment accumulate in the organic forest floor and in the biomass. In some parts 

of the world, the natural concentrations of Hg in the Earth’s crust are elevated. These areas are 

called mercuriferous belts and are situated as shown in Figure 1. The natural emissions from 

these regions are consequently higher (Lindqvist et al. 1991, UNEP 2002). Guizhou province in 

China is situated on one of these mercuriferous belts. 

 

 

 
Figure 1: The global mercuriferous belts (magenta) and productive deposits areas (red). The location of 
Guizhou Province is marked with a black cross (Dutchak et al. 2003) [reprinted with permission] 
 
 
 
The global anthropogenic emissions of Hg to the atmosphere in 2000 was estimated to 2190 

metric tons (Pacyna et al. 2006) (Table 1). Stationary combustion accounted for 65% of these 
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emissions. The numbers have large uncertainties1 but illustrate the sizes of the emissions and the 

differences between the emission sources. 

 

The emissions in recent years have decreased in Europe and North-America, but they have 

increased in Asia and China (Pacyna et al. 2006). The importance of Asian countries regarding Hg 

pollution is projected to increase (Wong et al. 2006), and China is a key country (Table 1).  

 

 

Table 1: Major global and Asian anthropogenic Hg emissions to the atmosphere in 2000 from various 
sources, and major Chinese Hg emissions from specified sources in 2000 and 2003 (in metric tons) 

 
Stationary 

combustion 
Cement 

production 
Nonferrous metal 

production 
Iron and steel 

production Total 

World total 2000a 1422 140 149 31 2190 

Asia 2000a 879 90 88 12 1179 
China 2000b 204c 24 262 5 553 (± ~250) 

China 2003b 257c 35 321 9 696 (± 307) 
aData are taken from Pacyna et al. (2006). 
bData are taken from Wu et al. (2006). 
cOnly coal combustion included 
 
 
 

China emitted 696 (± 307) metric tons of Hg to the atmosphere in 2003 (Wu et al. 2006). More 

than 80% of these emissions originated from coal combustion and nonferrous metals smelting 

(Table 1). 

 

China approximately doubled its energy consumption in 2005 relative to 1995 (EIA 2007). This 

rising energy demand leads to an increase in coal combustion. The total raw coal consumption 

increased from 1.46 billion metric tons in 1995 and 1.96 billion metric tons in 2003 to 3.19 billion 

metric tons in 2007 (EIA 2008). The Hg concentration in raw coal varies between the different 

provinces, but the average for China is 0.186 mg kg-1 (Wu et al. 2006). 

 

The Hg concentration of raw coal in the Guizhou province is found to be about 0.52 mg kg-1, 

although with great spatial variations (Wu et al. 2006). This is the largest Hg concentration in coal 

of all the provinces in China, and Guizhou is in addition one of the major coal suppliers in China 

(Streets et al. 2005). It has been estimated that ~98% of the Hg in coal is released during 

combustion (Feng et al. 2002) if no emission control devices are set on the flue gas. The total Hg 

                                                 
1 For the estimates of global and Asian emissions, fuel combustion has, according to Pacyna et al. (2006), an 
uncertainty of ± 25%, while various industrial processes have an uncertainty of ± 30% 
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emissions from the province increased from 34.8 metric tons in 1995 to 55.5 metric tons in 2003. 

This growth is mainly due to a rising demand in the power sector and therefore an increase in the 

burning of coal in coal fired power plants (Wu et al. 2006). 

 

Other major Hg sources in China include zinc, iron and other metals smelting, cement 

production, mercury mining and battery and fluorescent lamp production (Streets et al. 2005, Wu 

et al. 2006). China has become the World’s largest producer of cement and iron and steel (Wu et 

al. 2006). 

 

Releases of Hg to water, and thus also soils, have created substantial local pollution problems. 

The previously mentioned case in Minamata is probably the most famous, but contaminated sites 

caused by industrial activities are common in many countries. Important industries where Hg has 

been released to the local environment includes plastic related industries, chlor-alkali production 

and military munitions production (UNEP 2002). Hg may also leach from waste sites which hold 

Hg containing products from households, dentistry or medical sources. Examples of Hg 

containing products are measuring equipment, lighting equipment, electrical switches, certain 

medicines and amalgam. Sewage sludge is also a source of runoff. Additionally, pesticides 

containing organic Hg compounds have previously been used extensively on farm lands, where 

Hg is spread to large areas (IPSC 1967). 

 

An additional runoff source is Hg mine tailings (Figure 2). This is an important source in 

countries where Hg mining and smelting is or has been performed, for instance China. 

 

 
Figure 2: Hg mine tailing in Aozhai Valley, Wanshan, China. (Photo: M-L Søvik) 
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China has vast deposits of cinnabar, HgS, and Hg has been mined by the Chinese for 

approximately 2000 years. Southwestern and central China is located on a mercuriferous belt, and 

their Hg mineral resources rank third in the world. Guizhou province holds approximately 70% 

of the Hg in China, and the metal has been mined there for over 600 years (Jiang et al. 2006). The 

Hg production from mining in China during the period from 1995 to 2004 is shown in Figure 3. 

The reduction in 1998 was due to the closure of China’s former largest Hg mine in Wanshan. In 

2002, there was set a limit of Hg import to 300 metric tons per year, and this meant the domestic 

production had to amplify. The increase from 2002 was consequently a result of a rise in the 

domestic production to meet the country’s request for the metal (NRDC 2006). 
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Figure 3: Mercury production from mining in China from 1995-2004 (in metric tons) (NRDC 2006). 
 
 
 
 

1.3 The SINOMER project 

 

The Sino-Norwegian cooperation project SINOMER (Capacity building for reducing mercury 

pollution in China – Case Study in Guizhou province) is established to address the problems 

related to Hg pollution in China in general and Guizhou province in particular. The project 

focuses on a range of aspects of Hg pollution, including releases, concentrations in the 

environment and agricultural products, as well as on options for policy development and 

mitigation. 
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1.4 The aim of this study 

 

The SINOMER project has a mere focus on Hg, but in this thesis the inclusion of other heavy 

metals has been made. Through this work, more information regarding the contamination levels 

of the project’s sampling areas will be given. The issue concerning whether or not additional 

heavy metals should be expected in areas contaminated by Hg through different sources will be 

addressed. 

 

A general evaluation of the pollution status for the metals will be assessed by conducting surveys 

along assumed pollution gradients in two areas known to be important Hg releasing sources in 

Guizhou; a Hg mining area (Wanshan) and an area with a coal fired power plant and many other 

coal fired boilers (Qingzhen). How the two different sources affect heavy metals concentrations 

in soil and water will be explored. 

 

The aim of the study is to map the concentration levels of the selected heavy metals: silver (Ag), 

arsenic (As), cadmium (Cd), Hg, nickel (Ni), lead (Pb), selenium (Se), vanadium (V) and zinc 

(Zn). The heavy metals have been chosen because of their relevance towards the two different 

contamination sources. Se is addressed because of the great affinity of Hg towards Se in the 

body, which reduces Hg’s biological availability.  

 

According to our knowledge, no surveys have been performed to map the environmental levels 

of these heavy metals in the study areas. 

 

Since the Wanshan area is a Hg mining and smelting area, high Hg concentrations are expected 

to be found near Hg mining- and smelting sites (as has been shown in various studies already). 

The Hg concentrations in water and soil are expected to decrease rapidly with increasing distance 

from the sites. Furthermore, given that Wanshan is remotely located, levels of heavy metals not 

associated to Hg mining and smelting activities are expected to be low. 

 

The Qingzhen region has much heavy industry, thus elevated levels of heavy metals in soil and 

water are expected. Heavy metals originating from the combustion of coal are assumed to reach 

high concentrations. Hg levels are expected to be considerably lower than in Wanshan, although 

higher than background values. Additionally, a gradient of heavy metal concentrations from the 

most densely industrialised area is expected for the metals with elevated levels. 
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The ash field containing bottom ash from the Qingzhen power plant is assumed to have low 

levels of Hg, as Hg follows the flue gas and is either released to air as elemental vapour or 

trapped by various flue gas control equipment. 

 

Differences between the two sampling areas regarding heavy metal levels are thought to be 

considerable, caused by the differences of the two main sources; Hg mining and coal 

combustion, respectively. 
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2 Theoretical basis 

 

The following introduces some important properties of soil when regarding heavy metal 

contamination. In addition, metal behaviour in the different environmental compartments is 

discussed and the different metals studied in this thesis are presented. 

 

 

2.1 Soil composition and properties 

 

Soil is composed of primary and secondary minerals, biomass and natural organic matter (NOM), 

water and air in variable proportions. 

 

 

2.1.1 The inorganic soil material 

The particles in soils may be classified according to their size into sand, silt and clay. The division 

between the three differs slightly depending on what classification system used. ISO 14688 grades 

particles with a diameter between 2.0 mm – 0.063 mm as sand, a diameter between 0.063 mm – 

0.002 mm as silt, and particles with a diameter of < 0.002 mm as clay. The sand and silt particles 

are mainly made of quarts, but also other silicate minerals. The clay fraction consists of a variety 

of aluminosilicates, silicate minerals and other components (Fergusson 1990). 

 

Clay minerals are secondary minerals which are important because of their ability to adsorb heavy 

metals. Clay minerals differ in their composition of SiO4-sheets and AlO6-sheets; 1:1, 2:1 or 2:2 

(Fergusson 1990). Kaolinite is an example of the 1:1 structure, montmorillonite an example of 

the 2:1 structure, while chlorite is an example of the 2:2 structure. The 2:1 structure may 

experience intrusion of cations, including heavy metals, and water between the layers. 

 

The importance of clays regarding the fate of heavy metals in the environment is due to their 

large surface area and capacity to adsorb metal ions to the outer shell of hydroxyl groups 

(Equation 1) (Fergusson 1990). 

 

nClay-OH + Mn+ ↔ (Clay-O)n-M + nH+                                                                                    1) 
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In addition to this, the hydroxyls are pH sensitive functional groups that may be negatively 

charged, contributing to a diffusive double layer with absorption sites for metal ions (i.e. cation 

exchange) (Equation 2) (Fergusson 1990). 

 

nClay- + Mn+ ↔ (Clay-)n-Mn+                                                                                                       2) 

 

The 2:1 clays have the highest cation exchange capacity of the clay minerals (Fergusson 1990). In 

Guizhou province and hence the two sampling areas of this thesis, kaolinite is the dominant clay 

mineral (Yi et al. 1986). 

 

 

2.1.2 The organic soil material 

The organic material in soil is mostly found in the top soil horizons, and the amount of NOM 

depends on climatic conditions, the inorganic soil components and the topography. Humic 

substances, an intermediate product from the decomposition of NOM, have a great influence on 

the soils’ cation exchange capacity and thereby its ability for binding heavy metal ions, and its 

water holding capacity (Fergusson 1990). The contribution to the cation exchange capacity is due 

to the fact that the humic substances inhabit a wide variety of pH sensitive functional groups, 

such as carboxyl, phenolic hydroxyl, carbonyl, ester, etc. 

 

 

2.1.3 Soil water and air 

The spaces between the soil particles are filled with water or air. The size of soil aggregates 

depends on the soils’ composition of sand, silt and clay as well as the soil organic content. This 

again affects pore size and determines thereby the permeability of the water and air through the 

soil. The soil water contains dissolved materials; the amount is dependant on especially the 

carbonate content of the soil, the amount of mobile anions, redox potential and on pH as well as 

a number of other factors. 

 

If all the pore space is filled with stagnant water, reducing conditions occur, which affect the 

oxidation state of metal ions, such as Mn and Fe, and the decay of organic matter (OM). The 

concentrations of different gases in the soil atmosphere is enriched in CO2 (g) caused by decaying 
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OM. The CO2 (g) forms carbonic acid with water, and thereby has an effect on the pH and lead 

to enhanced dissolution of carbonates (Equation 3) (Fergusson 1990). 

 
MCO3 (s) + CO2 (g) + H2O (l) ↔  M2+ (aq) + 2HCO3

- (aq)                                                        3) 
 
 
 

2.1.4 Soil pH 

The cations in solution are in equilibrium with ions in the diffuse double layer (DDL) which 

balances the surplus of negatively charged sites on soil particles. The H+-ions are strongly 

attracted to this DDL. 

 

The soil pH depends on the composition of the soil. Soils which are rich in carbonates are often 

neutral because of its ability to neutralise acidity (Equation 4), while those rich in humic 

substances are often acidic because of the many carboxyl groups of the NOM (Alloway 1995b). 

 

CaCO3 (s) + H+ (aq) ↔  Ca2+ (aq) + HCO3
- (aq)                                                                         4) 

 

The soil pH is important for the chemical behaviour of metals in soil. Solubility of oxides and 

carbonates are pH dependant and the major cations, calcium (Ca2+), magnesium (Mg2+), sodium 

(Na+) and potassium (K+), compete with H+-ions in the DDL. 

 

 

2.1.5 Soil profile 

A soil profile is a vertical cut made from the soil surface to the bedrock, which inhabits different 

layers, horizons, depending on, most importantly, the climate, but also the vegetation. The 

horizons can be distinguished by their specific colours.  

 

The soil profiles of the two sampling locations in China are both acrisols2. Acrisols are 

sesquioxide-rich3 soils which are formed in hot climates. Weathering of primary minerals is great, 

and the OM will remain in the upper layers and be subject to rapid biodegradation (Duchaufour 

1982). 

                                                 
2 In FAO’s classification system 
3 Sesquioxides are oxides in which each metal atom is attached to 1.5 oxygen atom; e.g. Fe2O3 
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The acrisols show a less distinct horizon partition than many other soil types (Figure 4 and 

Figure 5).  

 

 

 
Figure 4: Red acrisol horizon (ISRIC 2006) 
 

 

 
Figure 5: Yellow acrisol horizon (ISRIC 2006) 
 

 

The soils sampled in this study are from rice paddy fields that undergo ploughing, and therefore 

have an agricultural plough layer, called the Ap-layer. The paddy fields are filled with stagnant 

water much of the year due to the growing of rice, and this may provide different redox and pH 

conditions than the natural soils, and also affect the biodegradation rate.  
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2.2 Heavy metals in the environment 

2.2.1 Heavy metals in the atmosphere 

Most heavy metals are adsorbed to dust particles when emitted to air. These remain in the air for 

varying lengths of time depending on the size of the carrying particle, relative humidity, wind 

speed and precipitation amount. The particles with diameter < 10 µm may remain in the 

atmosphere for 10 - 30 days and are removed primarily by washout, settlement and impaction. 

For aerosol particles that have diameters < 0.3 µm the settling is so slow that also diffusive 

deposition becomes important. Particles that have diameters larger than 10 µm generally settle 

due to gravity relatively quickly (Alloway and Ayres 1997). Some circumstances, for instance high 

humidity, may lead to clustering of smaller particles so that the resulting larger particles are 

deposited more rapidly. Heavy metals with residence time in the atmosphere of 10 - 30 days can 

be transported several thousand kilometres away from their sources, depending on the air mass 

movements (Alloway and Ayres 1997). 

 

 

2.2.2 Heavy metals in aquatic environments 

When heavy metals enter the aquatic environment, the metal ions can react with constituents of 

the water or settle to the bottom and react with the sediments. Heavy metals have a greater 

chance of remaining in solution when complexed to chelating ligands such as specific anions. pH 

describes the concentration of the anion ligand OH-. Metals precipitate as oxides/hydroxides at 

different pH regions and the amphoteric elements return to solution at higher pH. The hydroxide 

concentration (or pH) is therefore of great importance for the mobility of metals. Other factors 

also affect the fate of the metal ions like redox conditions and the presence of adsorbent 

sediments (Alloway and Ayres 1997).  

 

 

2.2.3 Heavy metals in soil 

Natural concentrations of heavy metals in soil derive either from the weathering of parent 

bedrock or come from some external source. Many of the metals have a strong affinity to NOM 

because of its many functional groups, and is therefore sorbed and accumulated in the upper soil 

layers where the organic material is most abundant. The metal ions also adsorb to clay mineral 

surfaces and Mn, Fe and Al oxides/hydroxides. 
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In general, Pb and Cu are adsorbed most strongly, while Zn and Cd are adsorbed more weakly to 

the soil. The metals which are adsorbed less strong are as a consequence more bioavailable. 

Almost all metals are more soluble and bioavailable at low pHs, and acid environments are 

therefore more susceptible to toxicity problems (Alloway and Ayres 1997). 

 

As a consequence of the metals’ strong adsorption to humic matter and clay colloids in the soil, 

the contamination will accumulate in the soils and may constitute a major pool of heavy metals in 

the environment (Alloway and Ayres 1997). 

 

Methylation is a term used to denote the attachment of a methyl group onto metals. Hg, As, Cd, 

Se and Pb are some of the elements that can undergo methylation (methylation of Hg is the most 

environmentally important). Methylation in the environment is probably caused by 

microorganisms, such as fungi and sulphate reducing bacteria, especially in anaerobe 

environments (Ron et al. 1992, Alloway 1995b, Alloway and Ayres 1997), and is probably a 

detoxification mechanism (Ron et al. 1992). 

 

Organic metal species are often more bioavailable and hence potentially more hazardous to 

higher organisms. 

 

 

2.3 Heavy metal classification 

2.3.1 Pearson’s classification 

Cations can be referred to as hard or soft Lewis acids. Pearson (1963) classified metals, metalloids 

and various ligands into these categories (Table 2). 

 

 

Table 2: Pearson classification of Lewis acids (selected species)a 

Hard Borderline Soft 

As3+ Ni2+ Ag+ 

VO2+ Pb2+ Cd2+ 
  Zn2+ Hg2+, Hg+, CH3Hg+ 

    RSe+ 
a(Pearson 1963) 
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Hard cations/ligands are dominated by small sizes and high oxidation states, which lead to low 

polarisability. 

 

The behaviour of the soft cations/ligands is associated with a low oxidation state and large size, 

and therefore high polarisability (Pearson 1963). This is merely a generalisation, and there exists 

in addition a borderline class of whose properties are intermediate. 

 

 

2.3.2 Hard metal ions 

The hard metal ions have a preference for O- or F-containing ligands. They may form insoluble 

OH-, CO3
2- or PO4

3- compounds, and complexes with OH- are more stable than those with HS- 

or S2-. Complexes with higher halides tend to be weak, while complexes with H2O are more 

stable than those with NH3 or CN-. Additionally, weak complexes with oxyanions and oxygen-

containing functional groups of organic molecules are found (vanLoon and Duffy 2005). 

 

The hard metal ions addressed in this study are the following: 

 

Arsenic 

As is a metalloid and inhabits both metallic and non-metallic properties (Järup 2003). Important 

anthropogenic sources consist of the smelting of copper (Cu) and coal combustion. As has been 

used extensively as a herbicide, and in addition, the metalloid is found in phosphate containing 

rocks that are processed and used as fertilisers (O'Neill 1995). 

 

In contrast to a number of other metals, the inorganic species of As are more toxic than the 

organic species (Pongratz 1998). The composition of clay material is an essential factor affecting 

As’ mobility and bioavailability in soils, and hydrous Mn and Fe and Al oxides are important due 

to adsorption of As to its surfaces (Cai et al. 2002). 

 

As does not correlate with the OM content of the soil, probably because As exists in the 

environment primarily as the arsenate, AsO4
3-, and arsenite, AsO3

3-, anions and therefore can not 

adsorb to the predominantly negatively charged surfaces (Lombi et al. 1998). 
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Vanadium 

Fossil fuel combustion is the largest anthropogenic emitter of V to the atmosphere. Releases to 

water and soil come from mine tailings, sewage sludge and certain fertilisers (ATSDR 1992). 

 

V exists mainly as oxides, and VO2+ is the most stable oxocation. This cation behaves like a 

typical hard Lewis acid. In water, H2VO4
- (aq) and HVO4

2- (aq) are the main ions (Wehrli and 

Stumm 1989). 

 

 

2.3.3 Borderline metal ions 

The class of borderline metal ions, metalloids and ligands contains intermediate properties of the 

hard and soft classes. They can complex with all donor ligands, although many of the borderline 

elements show more characterisation from one class than the other. 

 

The borderline metal ions addressed in this study are the following: 

 

Nickel 

The anthropogenic releases come from fertilisation, burning of fossil fuels, Ni mining and 

smelting, and waste site runoff. Over 80% of Ni releases were in 1983 of anthropogenic origin 

(McGrath 1995). 

 

Most of the Ni in soils is not bioavailable, as it is found in the residual fraction during sequential 

extraction (soluble only with hydrofluoric acid (HF) or perchloric acid (HClO4)) (McGrath 1995, 

Ma and Rao 1997). 

 

Lead 

An earlier important source of Pb was leaded gasoline. The use of Pb in gasoline has been phased 

out in many countries, also in China by the end of June 2000 (SEPA 2000), which means that this 

source of Pb has been substantially diminished. Other anthropogenic sources are lead-paint and 

batteries. Pb is very strongly adsorbed to OM in the upper soil layer. 

 



 31

Zinc 

The most important anthropogenic sources of Zn is mining and smelting processes, coal ash and 

fertilisers. The anthropogenic releases exceed the natural releases (ATSDR 2005). The metal can 

complex with a wide range of ligands, and does not evaporate from soils or waters (ATSDR 

2005).  

 

 

2.3.4 Soft metal ions 

These metal ions and ligands create in general more stable complexes than do hard cations and 

ligands. Complexes with the higher halides are more stable, and complexes with ligands 

containing nitrogen (N) are more stable than those with oxygen. Complexes with sulphide and 

organosulphides are normal and stable, often insoluble. Organometallic complexes are observed, 

for instance CH3Hg+. 

 

The soft metal ions and ligands addressed in this study are the following: 

 

Silver 

Anthropogenic releases include discharges from landfills, fallout from industrial and incineration 

emissions and waste discharges to waters (Weiner 2000). Ag is strongly adsorbed to NOM and 

accumulates therefore in the upper soil layer (Edwards et al. 1995). 

 

Cadmium 

The burning of fossil fuel and the incineration of municipal wastes are the main anthropogenic 

sources of Cd to the air (US-EPA 2007b). Phosphate fertilisers often have a high Cd content 

because rock phosphates used for the production of fertilisers contain relatively high 

concentrations of the metal (Alloway 1995d, Godt et al. 2006). Cd is also geochemically 

associated with Zn in Zn ores, where it replaces Zn in the lattice structures (Nordberg and 

Nordberg 2002). 

 

Cd, compared to other heavy metals, tends to be more mobile in soils and therefore more 

available to plants. Even though, adsorption to soil surfaces, especially clay material and Mn and 

Fe oxides/hydroxides, is still very important regarding the mobility (Alloway 1995d). 
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Selenium 

Se is a non-metal, and acts as a soft ligand. It resemblances S regarding properties and therefore 

binds strongly to i.e. Hg. 

 

Anthropogenic releases of Se originate principally from coal combustion (ATSDR 2003). 

In certain sedimentary rocks, like shale, limestone and coal deposits which are present in 

Guizhou, the concentrations of Se can be relatively high (Reilly 2004). 

 

Mercury 

Hg is a member of the soft metals, but as it is the key metal of this thesis it is given an individual 

chapter (following section). 

 

 

2.4 Mercury 

 

Hg is a metal which is a liquid at standard temperature and pressure (STP), as the only metal in 

the periodic table (Schroeder and Munthe 1998). The metal distinguishes itself from the other 

heavy metals because of the volatility of its elemental form, Hg0. When it comes to the term 

heavy metal, Hg is, with its density of 13.5 g cm-3, a true heavy metal (Rayner-Canham and 

Overton 2002). 

 

 

2.4.1 Mercury – properties 

Hg is a soft metal (Pearson classification) and forms stable complexes with ligand donor atoms, 

especially those with a low electronegativity and soft bases like the sulphur species S2- and SH -, 

iodine (I), organic S, phosphorous (P) and nitrogen (N).  The sulphide complex is insoluble and 

very stable (vanLoon and Duffy 2005), and the most common ore of Hg is cinnabar or 

metacinnabar4, HgS. 

 

                                                 
4 Cinnabar and metacinnabar differ in crystal structures; trigonal and cubic, respectively 
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Hg has a low electrical resistance, high surface tension and it has a constant volume of expansion 

throughout the range of its liquid state. These properties made the metal increasingly economic 

important during the industrial revolution; its areas of use include mining, metallurgy, 

manufacturing, medicine, dentistry, trading and industry (Schroeder and Munthe 1998). It readily 

combines with noble metals like gold (amalgamation), and for this reason Hg has been, and still 

is, used in mining processes. 

 

 

2.4.2 Mercury - toxicity 

Hg is a metal of concern due to its high toxicity to humans and wildlife. Oral exposure of metallic 

Hg does seldom lead to serious effects, owing to the fact that gastro-intestinal absorption is 

approximately 0.001%. Inhalation of Hg0 vapour, on the other hand, is toxic to humans. The 

vapour is absorbed in the lungs, taken up by the red blood cells and transported throughout the 

body (Langford and Ferner 1999) and references therein). 

 

A part of the toxicity mechanism of the Hg is thought to be due to its good coordination with 

sulphur atoms in enzyme sites. The sites will be blocked for the specific enzymes and will prevent 

fundamental biological reactions (Craig et al. 2003, Jitaru and Adams 2004). 

 

The speciation of Hg is of great importance. A general statement is that organometallic 

compounds are more toxic than the inorganic metal compounds, and that the monopositive 

organic metal cations are the most harmful (Craig et al. 2003). This is the case for Hg with its 

most toxic compound being methylmercury; CH3Hg+, often referred to as MeHg. MeHg is the 

most important Hg species when considering accumulation in organisms. 

 

The reason for the enhanced toxicity of organomercury compounds is the dualism of both a 

lipophilic and a lipophobic part that allow the solubility in both aqueous body fluids and fatty 

tissue (Craig et al. 2003). Organomercury is readily capable of migrating through the blood-brain 

barrier, which protects the brain from toxic compounds in the blood, and it diffuses rapidly 

through cell membranes. Once penetrated the blood-brain barrier, it inhibits protein synthesis 

and RNA synthesis and is especially destructive to the developing brain. Symptoms of such 
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effects are tremor, sensory disturbance, hearing and visual difficulties and ataxia5 (Craig et al. 

2003).  

 

In the brain, MeHg is, over time, finally metabolised to the mercuric ion (Hg2+). It is not known 

whether MeHg toxicity is caused by the MeHg compound itself, Hg2+, or other compounds 

generated by the metabolism of MeHg to Hg2+ (CTEM et al. 2000). 

 

Hg toxicity can be reduced by the complexation with Se in the body due to the great affinity of 

Hg towards Se. This attraction exceeds the attraction of Hg towards S containing ligands, which 

is usually used as a treatment for acute Hg poisoning (Raymond and Ralston 2004). 

Hg and Se concentrations have been shown to correlate very well in human organs prone to Hg 

accumulation (Kosta et al. 1975). 

 

 
 

2.5 Mercury in the environment 

 

The releases of Hg to both air and water have environmental impacts, though in different ways. 

The discharge of Hg to water have more local consequences as the runoff water is used for 

irrigation of crops or may accumulate in fish as MeHg. The emissions to air have effects 

regionally and also globally as the Hg0 in air can be transported thousands of kilometres away 

from its source (discussed in part 2.5.3), and methylated in wetlands and sediments after 

deposition. 

 

 

2.5.1 Mercury in soils 

Original sources of Hg to soils are minerals that comprise the bedrock. Erosion of the bedrock 

forms the soil together with decaying NOM. Deposition of Hg is an additional important source 

of Hg in surface soils, and the importance has increased with the former growing anthropogenic 

emissions of Hg to the atmosphere (Steinnes 1995). Hg is accumulated in the OM containing top 

soil, and the concentration of the metal will consequently not decrease significantly although the 

anthropogenic releases of Hg decreases. 

                                                 
5 Ataxia involves dysfunction of parts of the nervous system that coordinate movement 
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Mercury exists in three oxidation forms depending on the redox conditions; Hg0, Hg2+, and 

Hg2
2+; with the latter being rare. Hg2+ often occurs together with Cl- in acid soil solutions as the 

HgCl2 (s) complex, while in alkaline soil solutions the Hg(OH)2 (s) complex is the stable form. 

HgCO3 (s) and Hg3(PO4)2 (s) is also found in soils with pH ≥ 7, while under reducing conditions 

HgS (s) is the dominant species (Steinnes 1995).  

 

In soils, the major fraction of Hg is bound or adsorbed to soil minerals and OM. The sorption 

depends on numerous factors like the chemical form of Hg, soil pH, the particle size distribution 

of the soil, the redox condition and the content of inorganic and organic material. Adsorption 

due to ion exchange may occur, but Hg binding by various ligands such as humic substances and 

hydroxoligands in the case of sesquioxides are probably involved in the retention to a much 

greater extent. These bonds are stronger and retain Hg to a larger degree. 

 

Under acidic conditions, OM is primarily responsible for the adsorption, but at neutral pH 

conditions clay minerals and iron oxides also contributes to the adsorption (Steinnes 1995). 

 

The solubility of Hg in soils and sediments is enhanced by the presence of NOM like dissolved 

humic substances (Melamed et al. 2000). The Hg2+-ion forms complexes by binding to active acid 

sites on the humic molecules, especially the carboxyl group (Melamed et al. 2000) but also thiol 

sites due to Hg’s strong interaction with S2-/HS- (Alloway and Ayres 1997). 

 

 

2.5.2 Mercury in aquatic environments 

Hg in aqueous environments is mostly found in complexes with accessible ligands. In typical 

freshwaters in North America and northern Europe, the complexation is assumed to be 

quantitatively dominated by organic compounds (Lamborg et al. 2003). In typical Chinese waters, 

high in inorganic particulate matter and low in NOM, a larger fraction is probably complexed to 

inorganic particles and colloids, although no quantitative measurements exist (Feng, personal 

communication, November 10, 2008). 

 

Dissolved Hg (II) has a strong affinity to chloride (Cl-) (Turner 1987) at low pH, while in neutral 

to alkaline conditions Hg(OH)2 is the dominant complex, as can be seen from modelling 

dissolved Hg (II) speciation in aquatic environments (Figure 6). The speciation processing is 

performed by the software programme MINEQL+ 4.6 (section 3.5.3). 
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Figure 6: Speciation of Hg (II) based on change in pH in an aquatic environment with typical chemical 
composition of Guizhou Province. The normal pH range in Wanshan is marked light blue. 
 
 
 
 
Already in 1969 there was found evidence of biological methylation of Hg in sediments of 

aqueous environments (Jensen and Jernelöv 1969). Sulphate reducing bacteria are considered as 

the most important methylators (Mason and Benoit 2003), and the mediator of the process is 

found to be cobalamin, vitamin B12 (Choi and Bartha 1993).  

 

 

2.5.3 Mercury in the atmosphere 

Once emitted, Hg is transported in the atmosphere in varying extent depending on its chemical 

and physical form. Gaseous Hg0 is able to be transported several thousand kilometres; the Hg (II) 

species can be carried in the air to distances of a few hundreds of kilometres away from their 

source; while particulate Hg (HgP) is normally deposited at intermediate distances depending on 

aerosol size (Schroeder and Munthe 1998). 
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The partitioning between the different chemical compositions of Hg in the total global 

atmospheric emissions in 1995 is shown in Figure 7. 

 

Chinese emissions of Hg (Figure 8) have a higher percentage of HgP compared to the global 

emissions (Figure 7). Even though the uncertainties are rather big, it is an indication of the 

outcome from immense burning of coal without particulate matter controls (Streets et al. 2005). 

The Hg0 percentage is also higher in the Chinese emissions, and this might be due to smelting 

activities; especially Zn smelting. 

 

 

 

Elemental Hg, 
53%

Particulate Hg; 
10 %

Gaseous bivalent 
Hg; 37 %

 
Figure 7: The total global emissions of different Hg species to the atmosphere in 1995 (%) (Pacyna and 

Pacyna 2002) 

 
 
 
 

Elemental Hg, 
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Gaseous bivalent 
Hg; 32 %

Particulate Hg; 
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Figure 8: The Chinese emissions of different Hg species to the atmosphere in 1999 (%) (Streets et al. 
2005) 



 38

2.5.4 Mercury emissions from power plants 

There are differences in species composition between different emission sources. Coal 

combustion at power plants have a release of ~50% of its Hg as Hg0, ~40% as Hg2+ and the rest 

as HgP (Pacyna and Pacyna 2002). 

 

Most of Chinese power plants inhabit pulverised-coal boilers, and the share of these plants with 

electrostatic precipitators (ESP) is increasing. ESP removes particles from the flue gas, and 

thereby also reduces the HgP content of the gas (Streets et al. 2005). Streets et al. (2005) found in 

their study that Hg removal of the ESPs was approximately 30% of total Hg. Other studies show 

similar numbers (Streets et al. 2005 and references therein), but a study by Tsinghua University in 

relation with the SINOMER project found that 99.5% of HgP is removed by ESP (Shuxiao, 

personal communication, July 4, 2008). Flue gas desulphurisation (FGD) equipment reduces the 

Hg2+ content of the flue gas, and thus also contributes to the reduction of total Hg. 
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3 Sampling areas, analytical procedures and data processing 

 
 

3.1 Sampling areas 

3.1.1 Guizhou Province 

Guizhou province is located between 24°37’-29°13’N and 103°36’-109°35’E and constitutes a 

major part of the Yunnan-Guizhou Plateau (IPNI 2008) (Figure 9). The province covers an area 

of more than 176 000 km2 with a population of approximately 38 million (IPNI 2008), of which 

approximately 85% is agricultural population. 

 

 
Figure 9: Map of China with Guizhou province emphasised (orientaltravel 2008) 
 

 

Since the southwestern provinces lag behind the eastern and the central parts in economic 

development, it has become an important goal for Chinese authorities to increase economic 

Qingzhen

Wanshan
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growth in the poorest provinces and improve the living conditions for the population there. In 

the poor provinces the majority of the population is rural farmers, as is the case in Guizhou. 

 

A plan is developed to substantially increase the power production in Guizhou in order to 

develop the province’s economy, as it is the poorest province in China measured as gross 

domestic product (GDP) per capita. The program aims at triple the coal based power production 

and to sell electricity to the more developed coastal regions (“Electricity from West to East”). 

The increase in pollution from coal combustion is therefore likely to increase in this area. 

 

Topography and climatic conditions 

More than 80% of Guizhou province is classified as mountainous (Zhao and Xiong 1988) and 

the average elevation of the province is about 1100 m.a.s.l. (IPNI 2008). The bedrock is mainly 

calcareous, and the characteristic karst landscape is common. The karstic landscape is made of 

limestone and/or dolomite which is irregularly eroded (Figure 15). 

 

In the Food and Agricultural Organization (FAO) classification system the soils are classified as 

acrisols (Fengrong 1990). The soil-forming parent materials of the Guizhou Plateau are mainly 

sandstone, shale, limestone, dolomite and the Quaternary red clay. The clay fraction consists 

mostly of the clay mineral kaolinite (Yi et al. 1986). 

 

Guizhou has a subtropical, mild and humid climate with an average annual temperature of 15-

17°C. The annual mean precipitation is of 900-1500 mm and sunny days are scarce (Zhao and 

Xiong 1988). Cities are generally situated in valleys or river basins. This along with frequent 

temperature inversions, lead to a low dispersion capacity because of the adjacent mountains 

preventing winds from the surroundings. These factors combined may cause a more rapid 

deposition of air pollutants in the province (Zhao and Xiong 1988). 

 
Sampling for this thesis was carried out in two regions in Guizhou. One selected due to its Hg-

mining history (Wanshan), and one due to its proximity to a coal fired power plant and other 

industrial activities emitting Hg to air (Qingzhen). 

 

The sampling areas have high concentrations of Fe oxides/hydroxides (Appendix F.2). This 

affects the colour of the soil, which is commonly red or yellow (as shown in Figure 4 and Figure 
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5 in section 2.1.5). Colours of the soil samples are given in Appendix L. The extent of fertiliser 

utilization as a supplement of OM on the rice paddy fields is not known. 

 

The two sampling areas are described in the following. 

 

 

3.1.2 Wanshan 

The area of Wanshan is localised in the east/northeast of the Guizhou province, and was the 

largest Hg producing area of China. Mercury mining started here as early as in the Qin dynasty 

about 200 years B.C. (Qiu et al. 2005). The Wanshan district inhabits a karstic landscape with 

several valleys where the height differences are relatively extensive (Figure 10). The area has a 

clayey soil which consists of 60-70% clay (NEPA 1994). The dominant clay type is kaolinite. 

 

Wanshan has a humid climate with mild temperatures and abundant precipitation of 1200-1400 

mm annually (Qiu et al. 2005). 

 

 

 
Figure 10: A typical landscape in the Wanshan district. (Photo: M-L Søvik, 2007) 
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Hg mining and artisanal Hg smelting have been, and still is although banned, performed in the 

Wanshan area. The cinnabar ore is heated in simple coal fired units where Hg0 (g) evaporates and 

then condenses in a simple cooler and can be collected as Hg0 (l) (Figure 11). 

 

 

 
Figure 11: Artisanal Hg smelting in Wanshan. (Photo: R. Vogt, 2008) 
 
 
 
Mining and smelting activities have generated large quantities of mine waste material; this can 

also be found in the Wanshan area.  

 

The soil samples were collected in rice fields beside the Aozhai River, which runs in one of the 

many valleys, while the water samples were collected from the Aozhai River itself and two 

tributary rivers (Figure 12), one of these tributaries are named Meizixi (passing the sampling sites 

F8 and F6 in Figure 12). 
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Figure 12: The sampling sites downward (eastwards) the Aozhai River in the Wanshan area. The triangles 
indicate Hg mine tailings. 
 

 

3.1.3 Qingzhen 

The region of Qingzhen is located in the middle of the Guizhou hill-plateau. The area inhabits 

one of the main coal burning plants in the Guiyang district. 

 

The Qingzhen power plant (Figure 13) began its electricity production in 1988/1989 with a 

normal Chinese 200 MW unit boiler for pulverised-coal combustion. The annual coal 

consumption is over 500 000 metric tons. 

 

The power plant is supplied with poor quality coal, which influences the combustion efficiency. 

In addition, the coal has high sulphur (S) content. It has been installed an ESP, and this has 

3 km 
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reduced the emissions of fly ash to only 1.8% of its prior emissions (EUCHIMA POWER 2005). 

It was in 2005 advised to install a FGD unit because of the high S content of the coal, and this 

advice has been followed.  

 

The removal efficiency of total Hg as a result of the ESP and FGD units is 36% and 49%, 

respectively (Shuxiao, personal communication, July 4, 2008). 

 

 

 

Figure 13: The coal fired power plant in Qingzhen. (Photo: M-L Søvik, 2007) 

 

 

 

The wind directions may affect the spreading of the heavy metals held in the flue gas from the 

power plant. For Guiyang city, somewhat east of Qingzhen, the wind is found to be mainly from 

northeast (Figure 14) (Feng et al. 2003b). The Atlas of Guizhou Province also states that the 

dominant wind direction in the Guiyang area is from northeast (LSIGP 2006). Because of the 

proximity of Guiyang city, the main wind direction in Qingzhen is also assumed to be from 

northeast. 
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Figure 14: Wind roses from Guiyang city during spring, winter, summer and autumn (2000/2001), 
respectively (Feng et al. 2003b). 
 

 

 

In addition to the coal fired power plant, there are other sources of Hg release, both to air and 

water, for instance the Guizhou Organic Chemical Plant (GOCP). This plant used Hg-based 

technology (Hg as a catalyst) to produce acetaldehyde until 1997. The GOCP started its 

operation in 1980, and since then it has consumed 160 metric tons of Hg (Feng and Qiu 2008). 

From 1980 to 1985 discharges from the GOCP were not treated and contaminated the 

surrounding environments with Hg. There has been a noticeable reduction of Hg-discharge from 

the plant the recent years (Feng and Qiu 2008). The GOCP is located near sampling site B15 in 

Figure 16. 

 

The Hongfeng Reservoir is located near the power plant (Figure 16), constructed in 1960 as a 

drinking water resource and a fishing resort (He et al. 2008).  
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The terrain of Qingzhen is flatter than in Wanshan, but the karstic landscape is still apparent 

(Figure 15). The climate is subtropical and therefore humid and temperate. The annual rainfall is 

about 1200 mm and the annual average temperature is approximately 15°C (Feng and Qiu 2008). 

The soil contains 70-80% clay; mostly kaolinite (NEPA 1994). 

 

 

 
Figure 15: The karstic landscape around Qingzhen. (Photo: M-L Søvik, 2007) 
 

 

 

The samples were collected in a radius of approximately 20 km from the coal power plant, in two 

different sectors, B and E (Figure 16). 

 

On one of the sites, E1, ten variation samples were collected to determine the variation between 

rice paddy field in a limited are (ten adjacent, small fields), concerning metal concentrations, pH, 

OM content, and carbonate content. 
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Figure 16: The sampling sites in the Qingzhen area with the Qingzhen power plant and the Hongfeng 
Reservoir specified. (A few of the sampling sites (B4, B5 and B6 in the grey shaded area) appear to be 
located inside the Hongfeng Reservoir, but this is actually the ash slurry field shown in Figure 17 (red 
marking)). 
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3.1.4 Site descriptions 

 
Table 3: Short description of the sitesa 

Sitesb Description 

E1s Close to the Hongfeng Reservoir. Stagnant water in paddy fields. (Variation sampling) 
E2s Close to the Hongfeng Reservoir, opposite side from E1. Some houses nearby 

E3s 
A couple of nearby "farms". Grape fields grown around the site. Stagnant water in the paddy field. 
Irrigated by rainwater 

E4s Dry paddy field. Tomatoes grown near the site. Irrigated by rainwater? 
E5s Site surrounded by karstic hills. Farming area. Wet soil, but not stagnant water 
E6s Small valley where the paddy field is surrounded by forests. Close to a place with coal activity 
B1s Paddy field approximately 300m from the power plant. Stagnant water in the field 
B2s Vegetable field close to B1 
B3s,w Water from stagnant paddy field water, as well as soil. Quite close to the power plant 
B4s,w Soil and water from ash slurry field, by the outlet (bottom ash from the power plant) 
B5s,w Soil and water from ash slurry field, opposite side of outlet 

B6s,w 

Soil from paddy field below ash slurry field, water running from the slurry field. Top and middle 
soil layer has been collected from elsewhere to grow rice. Bottom layer consists of bottom ash from 
power plant 

B7w Water sample at site B8 (outlet from the ash slurry field) 

B8s,w 
Another paddy field below ash slurry field. Water sample taken as well. Bedrock visible around the 
sites (probably limestone) 

B11s Stagnant water in rice paddy field. Karstic hills surrounding the site 
B14s Paddy field close to a small village. The field has recently been drained 
B15s,w Paddy field beside a stream which passes the GOCP. The paddy field is being drained 
B22s,w The paddy field has riper rice than other sites 

F2s,w 
By the Aozhai River just before it joins the Xiaxi River. Paddy field irrigated by the river water. 
Downstream a small village 

F4s,w Water from a tributary river. Paddy field irrigated by this river. The site is close to a small village 

F5s,w 
Water from the Aozhai River before the river joins the F4 tributary river. Paddy field irrigated by 
the Aozhai River. Wet soil 

F6s,w 
Water from Meizixi River (tributary river), which irrigates the paddy field. Very wet soil, some black 
colour in the soil may point to reducing conditions 

F7s,w 
Water from the Aozhai River before the river joins the F6 tributary river. Paddy field irrigated by 
the Aozhai River. Not very wet soil 

F8s,w 
Meizixi tributary river runs by a Hg mine tailing. The paddy field is irrigated by the river. The field 
is not very wet 

F9s,w 
Furthest up in the Aozhai valley; apparently above any Hg activity. Irrigation source to paddy field 
not known. The field is not very wet, and contains more stones 

F10s,w 

Samples taken below a Hg mine tailing. Channels irrigating the paddy field with river water. Mining 
activity on the other side from the mine tailing, will probably not affect the river water at this site 
(except from possible deposition) 

aE and B samples come from the Qingzhen sampling area, while F samples are collected in the Aozhai 
Valley in Wanshan 
bs = soil sample, w = water sample 
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The ash slurry field where some of the samples are taken is apparent in the Google Earth photo 

in Figure 17 and in the picture in Figure 18. 

 

 
Figure 17: Photo from the area around the Qingzhen power plant (red star) with the ash slurry field inside 
the red marking (Google Earth 2008). 
 
 

 

Figure 18: The outlet of ash slurry from the power plant (Photo: M-L Søvik, 2007). 
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3.2 Sampling procedures 

3.2.1 Soil sampling procedure 

Soil samples were collected in the two different areas described in sections 3.1.2 and 3.1.3 on 3-

14 September 2007. A total of 37 soil samples were collected. Eight of these were from the 

Wanshan district, the rest were from Qingzhen. 

 

The soil samples were only collected from the top soil layer except at two locations where two to 

three soil horizons were sampled. The samples were all stored in polyethene bags with zip lock 

before processing.  

 

After arrival to the laboratory at the University of Oslo (UiO), the soil was dried for about two 

months at room temperature under aluminium foil to reduce dust contamination. After drying, 

the samples were sieved through a 2 mm steel sieve. The most rigid samples were pounded in an 

agate mortar prior to the sieving. The sieved soil samples were put in teflon bags (rilsan) for 

further storage. 

 

 

3.2.2 Water sampling procedure 

15 water samples were brought back from China to the laboratory at UiO for chemical analysis. 

The water samples were collected in poly(ethylene terephtalate) (PET) plastic bottles which had 

been pre-cleaned with 1% hydrochloric acid (HCl). PET bottles are shown to be as suitable as 

glass bottles for Hg determination (Copeland et al. 1996). The samples were stored cool at 4°C at 

UiO prior to chemical analyses. 

 

 

3.3 Sample preparations 

 

Unless otherwise stated, the preparations and procedures are performed at UiO. The reagents, 

analytical instruments and other equipments used in the following are presented in section 3.7. 
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3.3.1 Cleaning procedures 

All the volumetric flasks and other glassware (and plastic pipette tips for automatic pipettes) were 

filled with or soaked in cleaning acid solution (50 mL 65% HNO3 diluted to 1000 mL) for at least 

24 hours and then rinsed with Type 1 or Type 2 water prior to use. 

 

Sample boats used during the DMA-80 analyses were run empty after use to get rid of possible 

residues before next analysis. In addition to this, the boats were soaked in cleaning acid solution 

for a few days prior to first time of use. 

 

 

3.3.2 Pre-treatment of water samples prior to (HR) ICP MS analysis 

The water samples were transferred to 50 mL polypropylene bottles and spiked with an internal 

standard (IS5) containing lithium (Li), scandium (Sc), germanium (Ge), indium (In) and rhenium 

(Re), concentrations presented in Appendix I.1. The measurements were made on the isotopes 

Li-6, Sc-45, Ge-74, In-115 and Re-187. These elements, assumed to be low in natural samples 

and not interfere with masses of interests, cover a large mass range; low mass elements, transition 

metals, medium mass elements and high mass elements. These internal standards can be used to 

correct for random fluctuations of the signal and possible matrix effects. 

 

It was in addition to this added 250 µL concentrated HNO3 and 500 µL glowed6 bromine 

monochloride (BrCl). BrCl has been found as a superb oxidant for Hg in freshwaters (Bloom and 

Crecelius 1983). 

 

As the Hg concentrations of the water sampled in Wanshan were determined by the SINOMER 

project (in China), these results are used in this thesis. 

 

 

3.3.3 Decomposition of soil samples in autoclave 

The decomposition in autoclave is in accordance with Norwegian Standard 4770 and was 

performed at the Norwegian Institute for Water Research (NIVA) laboratory (by the candidate). 

 

                                                 
6 Glowed at a temperature of 250-300°C overnight 
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The method is considered to give the more available fraction of elements in soil compared to the 

total amount which includes elements contained in bedrock. As a result, none of the samples 

were fully decomposed; there were obvious residues in all the bottles. 

 

0.500 g (± 0.005 g) of each soil sample was transferred to pre-cleaned nalgene bottles, added 10 

mL of concentrated HNO3, and capped before brought to boil in the autoclave. The autoclave 

was first heated to about 100°C with an open vent and left for five minutes. Thereafter the vent 

was closed and the pressure increased to approximately 2 atm and was kept at that pressure for 

30 min. The temperature increased to roughly 120°C because of the higher pressure. After 

cooling, the samples were transferred to pre-cleaned polypropylene bottles and diluted with 40 

mL of type 1 water to a resulting volume of 50 mL. 

 

Before running the samples in the (HR) ICP MS, they were diluted ten times and spiked with IS5; 

see IS5-details in section 3.3.2. 

 

 

3.4 Instrumentation and procedures 

3.4.1 Direct Mercury Analyzer 

The Milestone© Direct Mercury Analyzer (DMA) -80 instrument can determine the Hg content 

of both liquid and solid phase and requires no pre-treatment of the samples. 

 

The sample is transferred to a sample boat that is inert at high temperatures. The sample material 

is run through an initial drying step (at 300°C) before it is decomposed at 850°C after a 

controlled rise in temperature. The resulting Hg vapour is carried by a continuous oxygen gas 

flow to a gold amalgamator where it is trapped, see Figure 19. The amalgamator is then heated 

and the amalgamated Hg is released as Hg0. The released Hg subsequently passes through the 

atomic absorption spectrophotometer where the absorbance is measured in the UV range at 

wavelength (λ) 253.65 nm. There are two absorption cells in the instrument; one short and one 

long for high and low Hg concentrations, respectively (US-EPA 2007a). The minimum amount 

of Hg measured is 0.02 ng per sample, while the highest amount is 600 ng per sample.  
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Figure 19: Sketch of the different DMA-80 analysis steps (MILESTONE 2003) 
 
 
 
 
The calibration curves were obtained by introducing different volumes of Hg solutions with 

known concentrations in the quarts sample boats. The two curves cover together a range of Hg 

contents from 0.02 ng – 500 ng (Appendix C.1).  

 

Soil samples were analysed using the experimental parameters given in Appendix C.3. The sample 

size chosen for the samples from Qingzhen were in the range 40-70 mg, but for the Wanshan 

samples with higher Hg content, the sample weight had to be lowered about ten times. The 

nickel boats were used for the soil analyses. 

 

The limit of detection of the instrument was too high to quantify Hg content of the water 

samples. 

 
 

3.4.2 High Resolution Inductively Coupled Plasma Mass Spectrometry 

High Resolution Inductively Coupled Plasma Mass Spectrometry (HR ICP MS) is a method for 

the determination of most of the elements in the periodic table. The instrument has low 

detection limits, it can perform multi element analysis and measure isotopic ratios (Skoog et al. 

2007). 

 

The analysis was done in cooperation with NIVA and the National Institute of Occupational 

Health (NIOH) and the method is given in Appendix J. 

 

By the use of a peristaltic pump the sample solution is pumped into a nebuliser which transforms 

the liquid into a spray of aerosols. A plasma is formed from an argon gas flow which is ionised by 

a spark. The temperature of the plasma is normally between 6000 – 10 000 K. The high 
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temperature of the plasma will lead to a generation of positively charged ions in the injected 

sample aerosol. The ions will be directed to the interface region, and proceed to the ion optics in 

the mass spectrometer. Here, the positive ions are extracted from other species in the gas by a 

negative voltage, and then accelerated to the mass analyser where they are separated on the basis 

of their mass to charge ratio. The ions are transferred to an ion detector which converts them to 

electrical signals (Thomas 2004, Skoog et al. 2007). 

 

 

 
Figure 20: Schematic drawing of the principle of ICP MS (Wolf 2005). 
 
 
 
 

3.4.3 Ion chromatography 

The water samples were filtrated through a Sartorius cellulose filter with pore size of 0.45 µm (the 

partition between suspended OM and dissolved OM) prior to injecting them into the instrument. 

 

In ion chromatography, the mobile phase is a fluid and the analyte ions in solution are separated 

by retention to the stationary phase caused by electrostatic forces. The affinity to the stationary 

phase varies among the different ions, and they will be detected at specific moments in time after 

injection into the column (Skoog et al. 2007). 
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The Dionex ICS-2000 Reagent Free IC used consists of a so called reagent free system in which 

the instrument itself makes the mobile phase with the access of Type 1 water (CHEMIE.DE 

2003). The mobile phase used for the determination of anions was KOH. The specifications of 

the determination are given in Appendix C.4. 

 

As SO4
2- (aq) concentrations for some of the samples exceeded the calibration range (Appendix 

C.6) during the first analysis; these samples had to be run for a second time. Since the IC 

instrument at the Department of Chemistry was not available during the latter period of this 

study, the samples were analysed at NIVA. 

 

 

3.4.4 Determination of organic carbon 

The determination of organic carbon was done on commission by the NIVA laboratory and 

followed its standard procedure (although not an NS standard). 

 

Prior to the analysis, the soils were “washed” with HCl to remove inorganic carbon which is 

present in carbonates. 

 

The dry sample is weighed in a tin capsule and combusted in oxygen saturated helium gas at 

approximately 1800°C. By the use of catalysts, combustion is complete. The excess of oxygen is 

removed by copper (Cu) at 650°C. The combustion gases passes a chromatography column 

where the CO2 (g) is detected by a hot wire detector. The area under the peak is integrated and 

the value converted to a concentration by computer software. 

 

 

3.4.5 Determination of dry weight and the loss on ignition 

In order for the data to be comparable the results must be normalised to the unit of dry mass of 

sample. To be able to present results of different analysis per mass of dry weight, the water 

content in the soil used for analysis was determined. Standard procedure is to weigh a certain 

amount of soil in a crucible, dry the sample in an oven at 105°C (± 5°C) for at least six hours or 

to constant weight and then weigh the soil sample again. In this work three grams of soil were 

weighed and the drying time was set to six hours because the samples had been dried in room 

temperature in advance. It was taken three replicates of a subset of the samples in order to check 
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the deviation/variance. As the results were very similar among the replicates, triplicates were not 

done on all samples. 

 

The water content in percent can now be derived and used to correct the data to sample dry 

weight (Appendix A and B). 

 

After drying the soil, the loss on ignition (LOI) was established as an estimate of the OM content 

of the soil (Appendix A and B). The dry soil was placed in a furnace at 550°C (± 25°C) for three 

hours. It is assumed that all the hydrocarbons will be removed by conversion to carbon dioxide 

and water vapour by the access of oxygen gas. 

 

Clay contains adsorbed and structural water which does not evaporate until temperatures reach 

above 150°C. This may significantly affect the weight lost on ignition when the soil samples 

contain a large clay fraction and a relatively small amount of OM (Krogstad 1992). The clay type 

in this study, kaolinite, contains ~16% water up to a temperature of approximately 400°C, and 

approaches 1% at 550°C (Nutting 1943). 

 

The amount of carbonates in soil can also be estimated by heating the soil sample further to a 

temperature of 950°C for two hours (Heiri et al. 2001) (Appendix A and B). The thermal 

decomposition will lead to a calcination of calcium carbonate to calcium oxide and release carbon 

dioxide (Equation 5): 

 

CaCO3 (s)→  CaO (s) + CO2 (g)              5) 

 
 

3.4.6 Determination of soil pH 

The procedure for the determination is taken from Krogstad (1992). 

 

10 mL soil from the aliquots was transferred to small, plastic bottles and added 25 mL Type 2 

water. Lids were placed on the bottles and the bottles were thoroughly shaken. The following day 

the bottles were yet again shaken and left for a minimum of 15 minutes for sedimentation. pH 

was measured in the supernatant. 
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The pH electrode was calibrated with the appropriate set of buffer solutions; either pH 4.01 and 

pH 7, or pH 7 and pH 9. The pH was read when the meter reached a stable value. 

 

 

3.5 Softwares for data processing 

3.5.1 ArcGIS 

GIS is short for Geographical Information System, and ArcGIS is a group of software products, 

provided by the Environmental Systems Research Institute, which can be used to create maps 

based on geodatabases.  

 

By applying the coordinates for each of the sampling sites in the Wanshan and Qingzhen areas, 

maps with markings of the sites were prepared. By giving the determined metal concentrations 

for the different sites, the concentration ranges could be applied as well, displayed on one map 

for each metal. In addition, important industrial sites, cities, rivers, etc could be plotted on the 

maps. 

 

 

3.5.2 Minitab 

 

Principal Component Analysis 

The Minitab statistical programme was used to perform Principal Component Analyses, PCAs. 

A PCA is a tool based on statistical data applied to uncover unknown trends in a data set. The 

method reduces data dimensionality by performing a covariance analysis between the factors. The 

purpose of the PCA is to find “hidden phenomena”, properties, which can be related to the 

variance in the data set (Esbensen et al. 1994). 

 

This study has 37 sample sites and 12 variables (metals’ concentrations and soil parameters), and 

if these were to be plotted in a multi dimensional scatter plot it would consist of 37 axes and a 

large number of plots, which would form a cloud. A PCA extracts the directions where the cloud 

is more extended to characterise trends. The first component, PC1, is an axis through the most 

extended direction of the cloud. This component describes the largest variability in the data set. 
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The second component, PC2, is an axis extended perpendicularly to PC1 and describes the 

second largest variability of the data set (Agilent Technologies 2005). 

 

Cluster Analysis 

The Minitab statistical programme was also used to perform Cluster Analyses. The purpose of 

these analyses is to model clusters, groupings, from the data set. The results are visualised in a 

dendogram, a two-dimensional chart where the horizontal axis denotes the clusters and the 

vertical axis denotes the similarity or the relatedness between the clusters (Esbensen et al. 1994). 

 

 

3.5.3 MINEQL+ 4.6 

MINEQL+ is an equilibrium modelling system which can calculate chemical equilibrium and 

thereby speciation of elements in aquatic environments. It has been used to predict Hg (II) 

speciation in typical chemical composition of waters in Wanshan. 

 

 

3.6 Quality control 

3.6.1 Accuracy and precision of the DMA-80 method for Hg determination 

A certified reference material (CRM) was run along with the samples to validate the results. The 

result for the CRM should preferably not deviate from the provisional value more than 10± %. 

 

The reference material was run three times on three separate days to find the recovery (Equation 

6). 

 

Recovery % = (Measured value/Provisional value) 100⋅                                                             6) 

 

If the recovery is found to deviate a lot from the provisional value, the method is not appropriate 

for the specific reference material and a different reference material should be chosen, or an 

altered method could be found. 

 



 59

In addition to the recovery, the mean values and STDs of these runs were compared to the 

provisional values to see if the differences were significant or not. This was done by using an 

uncertainty test. In this test, the uncertainties of the certified reference material and the 

measurements are combined, and then the expanded uncertainty, U∆, is compared to the 

difference between the provisional value and the mean value of the measurements, ∆m. If U∆ > 

∆m, then the difference is not significant (P = 0.05) (Linsinger 2005). More details are given in 

Appendix O. 

 

 

3.6.2 Control solutions 

Prior to making the first calibration solution/control solution, the automatic pipettes were tested 

by comparing volume to weight. They were calibrated to show satisfactory relations between 

both minimum volume and weight, and maximum volume and weight. 

  

DMA-80 method 

As well as the reference material, a control solution was used in most of the DMA-80 sample 

runs to validate the analysis (the calibration curves). The measured concentration should not 

deviate from the known concentration more than 10± %. The control solution was never more 

than one day old; generally it was made the same day as the analysis was performed. 

 

Prior to the first DMA-80 run, a different Hg stock solution was used to make a control solution 

to check the validity of the Hg stock solution used to make the calibration curves (Appendix I.2). 

 

IC method 

A solution with known concentration made from the FLUKA anion stock solution (details in 

Appendix I.3) was used to control the calibration solutions for the IC runs. The measured 

concentration should not deviate from the known concentration more than 10± %. 
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3.6.3 Limit of detection and method detection limits for the DMA-80 analyses 

The limit of detection (LOD) for any analysis is “the minimum concentration or mass of the 

analyte that can be detected at a known confidence level” (Skoog et al. 2007). To distinguish an 

analytical signal from the signal of the background is only possible when the analytical signal is 

larger than the background by some multiple of k (Skoog et al. 2007). The minimum 

distinguishable analytical signal, LOD, is found from the relation (Equation 7) (Skoog et al. 

2007). 

 

kSTDAverageLOD BlankBlank ⋅+=                                                                                             7) 

 

where k is often set to 3, STDBlank is the standard deviation of a certain number of blank samples, 

often ten or 20, and AverageBlank is the mean concentration of these blank measurements (Skoog et 

al. 2007). 

 

The LOD for the DMA-80 was found by analysing 20 empty sample boats (Appendix E). 

 

The method detection limits (MDLs) is the lowest concentration that can be distinguished from 

the background signal using a specific analysis method. The MDL is usually found from the 

LOD through the relation (Equation 8): 

 

)(
)(

gm
ngLODMDL =                                                                                                                       8) 

 

where m = average mass of the analysed samples. 

 

Since the two sampling locations, Qingzhen and Wanshan, contained very different Hg 

concentrations and therefore lead to different m , it was made MDLs for each of these areas. 

 

 

3.6.4 Memory effect of Hg in the DMA-80 analyses 

Hg is known for its memory effect problems. During the DMA-80 analyses, the sequences were 

started by running at least one empty sample boat to get rid of any possible residual Hg in the 
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system. In addition, empty sample boats were run between the different samples. It was found to 

be unnecessary to run an empty boat between boats containing soil from an identical soil sample. 

 

 

3.7 Reagents, analytical instruments and other equipment 

3.7.1 Reagents 

 

Chemicals 

Listed below are the chemicals used during the experimental work: 

 

• Nitric acid (HNO3), 65%, Scanpure (Chemscan AS, Elverum). NIVA/NIOH. 

• Bromine monochloride (BrCl). Glowed KBrO and KBrO3 in HCl. (Origin unknown). 

NIVA/NIOH. 

• Nitric acid (HNO3), 65%, Romil-SpA Super Purity Acid. (Romil Pure Chemistry, 

Cambridge)7. NIVA 

• Nitric acid (HNO3), 65%, Suprapur®. (MERCK, Darmstadt, Germany). 

• Buffer solution, pH 4.01 (25°C), CertiPUR®. (MERCK, Darmstadt, Germany). 

• Buffer solution, pH 7.00 (25°C), CertiPUR®. (MERCK, Darmstadt, Germany). 

• Buffer solution, pH 9.00 (20°C), CertiPUR®. (MERCK, Darmstadt, Germany). 

 

Internal solutions and element/anion standard solutions 

The different standard solutions and the internal standard solution are presented with the various 

concentrations in Appendix I. 

 

Reference material 

• Reference material for DMA-80 analyses. Reference Stream Sediment STSD-4. 930 ng 

Hg g-1 ( 76± ng Hg g-1) (provisional value for Hg). (Canadian Certified Reference 

Materials Project, Ontario, Canada). Certificate along with the various metal 

concentrations given in Appendix G. 

                                                 
7 Used in the decomposition procedure for the soil samples prior to (HR) ICP MS analysis 
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Gases 

• Oxygen (O2) gas used in the DMA-80, “Oxygen 4.5” (99.995%) (Yara, Oslo, Norway). 

• Argon (Ar) gas used in the (HR) ICP MS (99.95%) (Hydro, Norway). NIOH. 

 

Water qualities 

• Type 1 water, resistance > 18.0 MΩ cm (at 25°C) (Millipore, Billerica, USA). 

• Type 2 water, resistance > 1.0 MΩ cm (at 25°C) (Millipore, Billerica, USA). 

 

 

3.7.2 Instruments and other equipment 

Unless stated otherwise, the instruments and equipments are used in analyses at UiO. 

 

• The Thermo Finnigan Element 2 HR ICP MS, a Cetac ASX_510 autosampler, a 

Meinhard concentric nebuliser with a cyclic spray chamber made from glass and a 

peristaltic pump were used for the metal screening analysis of both the decomposed soil 

samples and the water samples. The analysis was performed at NIOH (by the candidate). 

• A Dionex ICS-2000 Reagent Free IC with a Gilson minipuls 3 autosampler was used in 

the anion determination of the water samples. 

• A Sartorius CP224S balance was used to weigh the soil samples prior to decomposition 

and metal analysis at NIVA. 

• A Sartorius analytic A200 S balance was used to weigh the soil samples during the 

measurements of dry content, OC content (LOI) and carbonate content. 

• A Sartorius CP224S balance was used to weigh the soil samples prior to DMA-80 

analyses. 

• A Certoclav autoclave was used to decompose the soil samples before the metal 

screening analysis (in accordance to NS 4770). The decomposition was performed in 

NIVA’s laboratory (by the candidate). 

• A Naber furnace and porcelain crucibles were used in the LOI determination. 

• Orion Research Expandable ionAnalyzer EA 920 pH meter. 

• Schott Instrument Blueline pH electrode. 

• A Milestone DMA-80 Direct Mercury Analyzer and nickel and quarts sample boats were 

used during the Hg determination of the soil samples. 
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• A Termaks oven was used to dry the soil samples. 

• A Carlo Erba Element Analyser 1106 and an auto sampler AS 400 LS were used to 

determine the OC content of the soil samples. The determination was performed by 

NIVA’s laboratory. 

• Dionex IC25 ion chromatograph was used by NIVA’s laboratory to determine the 

concentration of sulphate ions in some of the water samples. 
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4 Results and discussion 

 
 

4.1 Major ions in the water samples 

 
The anion and cation concentrations in the water samples are given in Appendix R; the pH 

values are given in Appendix Q. 

 

4.1.1 Wanshan 

For sampling site locations, see Figure 12 in section 3.1.2. 

 

The dominant anions in the water from Wanshan are bicarbonate, HCO3
- (aq) and sulphate, SO4

2- 

(aq), while the cations are dominated by calcium, Ca2+ (aq), and magnesium, Mg2+ (aq). HCO3
- 

(aq), which constitutes most of the alkalinity, originates from the carbonaceous bedrock, along 

with Ca2+ (aq) and Mg2+ (aq). 

 

The Aozhai River and the upper tributary river Weizixi (sites F6 and F8) have particularly high 

ion concentrations, while the tributary that merges with Aozhai further down the valley (F4) has a 

much lower ion concentration (Table 4). This tributary considerably affects the composition of 

the main river by lowering its ion concentration. The water from the sampling site (F2) 

downstream of the junction has a similar ion composition to the tributary river (F4). 

 

Both the Aozhai River and the upper tributary river Weizixi (F6 and F8) run pass Hg mine 

tailings that may influence the composition of the rivers. Mine tailings may consist of 

considerable amounts of lime, CaO (s), and calcium carbonate, CaCO3 (s), and are hence an 

important source of Ca2+ (aq) and alkalinity. SO4
2- (aq) can be released due to oxidation of 

sulphide ores (including cinnabar, HgS) (Zhang et al. 2004). An increase in alkalinity is observed 

downstream the mine tailing (F10), probably related to alkaline runoff from the tailing. The pH 

of the river experiences a slight increase in pH from 8.3 to 8.6 from upstream to downstream the 

tailing (Table 4). 
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Table 4: Ca2+ (aq), Mg2+ (aq), SO42- (aq) concentrations (µeq L-1) and pH of the water in Wanshan (from 
the top of the Aozhai River to the outlet) 
Site pH Ca2+ Mg2+ SO42- 

F9 8.3 1356 1832 418 
F10 8.6 1490 1910 623 
F7 7.9 1512 1928 689 
Tributary F8 7.8 1670 1717 1104 
Tributary F6 8.1 1740 1670 1069 
F5 7.8 1568 1645 757 
Tributary F4 8.1 1066 492 598 
F2 8.1 1219 1050 541 
 
 
 
 

4.1.2 Qingzhen 

For sampling site locations refer to Figure 16 in section 3.1.3. 

 

In Qingzhen, the compositions vary more among the samples than in Wanshan as they are 

sampled from different locations in the area (not belonging to only one river string) (Table 5). 

Water is dominated by Ca2+ (aq) and SO4
2- (aq) as in Wanshan, but the HCO3

- (aq) and Mg2+ (aq) 

fractions are smaller in Qingzhen. The lower Mg2+ (aq) fractions show that Qingzhen most likely 

has less dolomite, CaMg(CO3)2, in the bedrock compared to Wanshan. 

 

The water in the ash field (B4) is released in the stream which passes the paddy fields below. The 

water reaches a pH of 9.8 at the outlet (B6), but decreases to approximately 7.9 shortly 

downstream (B7 and B8) as the water is equilibrated with CO2 (g) in air. 

 

Very high concentrations of Ca2+ (aq) and SO4
2- (aq) are found in the water from the ash field 

(Table 5), which is probably caused by a large content of Ca and S in the bottom ash from the 

power plant. The coal has a high S content (EUCHIMA POWER 2005), some is released to the 

atmosphere during combustion, but some is left in bottom ash and trapped in the flue gas 

desulphurisation process. 

 

Also the concentrations of Ca2+ (aq), SO4
2- (aq) and F- (aq) decrease considerably a short distance 

away from the ash pond outlet (from B6 to B7/B8; Table 5). Equilibrium calculations with 

MINEQL+ 4.6 show that the water at the outlet is saturated with regards to gypsum, CaSO4, 

fluorite, CaF2, and brucite, Mg(OH)2. These minerals are therefore probably precipitated. 
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Table 5: Ca2+ (aq), Mg2+ (aq), SO42- (aq), Tot-F concentrations (µeq L-1) and pH of the water in Qingzhen 
Site pH Ca2+ Mg2+ SO42- Tot-F 
B3 6.7 1430 454 2729 19 
B4 8.6 3403 1062 5271 74 
B6 9.8 8997 316 14771 327 
B7 8.0 8071 908 13813 130 
B8 7.9 8092 949 13604 125 
B15 7.7 2497 1322 2854 33 
B22 7.8 1590 1047 869 16 
 
 
 
 

4.2 Metal concentrations 

 

In this chapter, concentrations of selected metals in water and soil in Wanshan and Qingzhen are 

presented and discussed, metal by metal. The concentrations in soils are compared to 

classification of metals in Norwegian soils (NGU 2007), average metal concentration ranges for 

the sampling areas (NEPA 1994) and the European Commission’s limit values for heavy metals 

in soil (EC 2000). 

 

All soil parameters and metal concentrations are found in Appendix P and F/D, respectively; all 

water metal concentrations are given in Appendix S. 

 

 

4.2.1 Results and observations in Wanshan 

 

Mercury 

The concentrations of Hg in the soil sampled from paddy fields in Wanshan vary considerably, 

but are generally high: all exceed Grade C (1.5 µg g-1) of the Chinese National Standard for soil 

Environment Quality (Chen et al. 1999); most of them are many times higher. The only 

exception is the sample taken from a rice paddy field situated upstream from any Hg mining and 

smelting activity (0.9 µg g-1) (Figure 21). Hence, the concentrations also greatly exceed the global 

average soil concentrations reported by Steinnes (1995) (0.05 µg g-1) and Fergusson (1990) (0.01 

µg g-1) and the average concentration range for the area (0.02 – 0.22 µg g-1) (NEPA 1994) (Figure 

21 and Figure 22). 
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Figure 21: Map of the sampling sites in the Aozhai Valley with the soil Hg concentrations in paddy fields 
along the river. Concentration ranges are given in the legend. 
 
 
 
 
 

3 km
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Figure 22: Individual Hg concentrations of each soil sample from Wanshan (circles), median (middle line) 
and quartiles (box range). The vertical line indicates the average concentration range for Hg in the 
sampling area (NEPA 1994). The outlier (119 µg g-1) is sampled just below a Hg mine tailing. 
 

 

 

The concentrations of Hg in paddy fields along the Aozhai River increase dramatically just below 

the mine tailing, but decrease quickly again with distance from the tailing (Figure 21 and Figure 

23). The high Hg concentration in the soils is probably due to the Hg content of the river, as the 

river is used for irrigation, and Hg will be deposited in the soils because of the deposition of river 

particles, and because of the strong affinity of Hg2+ to clay surfaces and Fe oxides at the 

approximately neutral soil pH found in these soils (Steinnes 1995).  
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Figure 23: The Hg concentrations in rice paddy fields irrigated by the Aozhai River upstream the mine 
tailing and below the mine tailing. Distances downstream are given in the abscissa. 
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Studies of soil Hg concentrations have been conducted earlier in Wanshan by both Horvat et al. 

(2003) and Qui et al. (2007). Soil Hg concentrations were reported by Horvat et al. (2003) to be 

in the range 8.1 – 156 µg g-1, with the highest concentration found in soil close to a small scale 

Hg smelter. In that study, the highest Hg concentration found below a Hg mine tailing reached 

43.4 µg g-1 (± 2.1) (Horvat et al. 2003), which is lower than what is found in this study below the 

biggest Hg mine tailing next to the Aozhai River, 119 µg g-1 (± 31), but comparable to what is 

found below the other, 32 µg g-1 (± 8). 

 

The study of Qiu et al. (2005) gave soil Hg concentrations in the range 1.1 – 790 µg g-1 in paddy 

fields and corn fields along the Aozhai River. The corn fields had lower Hg concentrations than 

the rice paddy fields, probably due to the flooding of the paddy fields and following deposition of 

Hg bound to river particles (Qiu et al. 2005). The extremely high concentration of 790 µg g-1 was 

found in a rice field in immediate vicinity of a smelting waste pile. 

 

Three of the water samples (analysed in China) from the Aozhai valley show high concentrations, 

exceeding global average concentrations for freshwater reported by vanLoon and Duffy (2005) 

(0.07 µg L-1) (Figure 24). The three are all from locations close to the Hg mine tailings, although 

they are still considerably lower than Chinese drinking water standard of 1 µg L-1 (Höll et al. 

2004). The highest concentration is found in the sample from the tributary river Meizixi just 

below the Hg mine tailing (0.17 µg L-1), while the lowest concentrations are found in tributary 

number two (0.009 µg L-1) and at the site above any Hg mining activities (0.011 µg L-1). The 

concentrations decrease rapidly with increasing distance to the tailings. 

 

0.180.160.140.120.100.080.060.040.020.00
µg Hg/L

Wanshan

 
Figure 24: Hg concentrations in the water samples from Wanshan (circles), median value (middle line) and 
quartiles (box ranges). Vertical line indicates the global average concentration of freshwaters (vanLoon 
and Duffy 2005). 
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The results from the Hg determination show that in all samples, the major fraction of Hg is 

bound to particles (59 - 91%) (Figure 25). 
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Figure 25: Hg partitioning in water samples from Wanshan. From the top of the valley (F9) to the outlet 
(F2). 
 

 

 
By using the software MINEQL+ 4.6 to illustrate speciation of dissolved Hg (II) in rivers in 

Wanshan (containing typical ion concentrations), the results in the prevailing pH range (7.8 – 8.6) 

show that the major fraction of Hg (II) will most probably be complexed with OH- (aq) (Figure 

26). In mine tailings containing lime, CaO (s), as a result of burnt limestone, pH may be 

sufficiently high for an increased dissolution of atmospheric CO2 (g) and further a complexation 

of Hg with CO3
2- (aq). 
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Figure 26: Speciation of Hg (II) based on change in pH in an aquatic environment with chemical 
composition as found in Wanshan. Normal pH range in the rivers is marked light blue. 
 

 

Feng et al. (2003) presented Hg levels in Aozhai and Meizixi rivers in their study on the 

distribution of Hg in surface waters in Wanshan. The observed concentration range was 0.03 – 

0.177 µg L-1 (Feng et al. 2003a), which is very similar to what is the result for this sampling (0.02 

– 0.171 µg L-1). Most of the smelting activities along the Aozhai and Weizixi rivers have stopped 

since Feng et al. (2003) performed their measurement campaign; since similar concentrations are 

found in this study, the leaching of Hg seems to continue at equal extent despite the closure of 

smelting activities. Samples from Aozhai River upstream the merging with Meizixi River were not 

included in the study of Feng et al. (2003). 

 

 

Cadmium 

The median concentration of Cd in the soil samples analysed in Wanshan is 0.902 µg g-1, which is 

considerably higher than the average concentration reported for China (0.097 µg g-1) (Cheng 

2003). The Wanshan area is known to have high Cd concentrations, and all except one paddy 

field in this study have Cd concentrations within the average reported for the area (NEPA 1994) 
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(Figure 28). The variation in Cd concentrations in this study is moderate, with concentrations 

ranging from 0.5 – 2.2 µg g-1. The paddy field having the highest Cd concentration is situated 

below a Hg mine tailing, which seem to be a source of Cd as the concentrations in paddy fields 

beside the river downward the valley decrease in distance from the tailing (Figure 27).  

 

The paddy fields irrigated by water from the tributary rivers contain less Cd; except for the 

sampling site F8 which is just below the second Hg mine tailing beside the Meizixi River (one of 

the tributary rivers). 

 

 

 
Figure 27: Map of the sampling sites in the Aozhai Valley with the soil Cd concentrations in paddy fields 
along the river. Concentration ranges are given in the legend. 

3 km
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Figure 28: Individual Cd concentrations of each soil sample from Qingzhen (Q) and Wanshan (W) 
(circles), median (middle line) and quartiles (box ranges). The shaded (green) region indicates average 
concentration range for Cd in the sampling areas (NEPA 1994). Dashed line is Grade C limit 
concentration given in Chen et al. (1999), while full, vertical line is global average concentration (Alloway 
1995). 
 
 

 

The water Cd concentrations follow no apparent trends and all are all within or below average 

freshwater concentration range of 0.01 – 0.1 µg L-1 reported by Fergusson (1990) (Figure 29). 
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Figure 29: Cd concentrations in water samples from Qingzhen and Wanshan (circles), median value 
(middle line) and quartiles (box ranges). The shaded (green) area indicates global average Cd concentration 
range for freshwaters reported by Fergusson (1990). 
 
 
 



Zinc 

The soil Zn concentrations range from 78 - 193 µg g-1 (Figure 30), which place them all in 

category Grade B in the Chinese National Standard for Soil Environmental Quality 

(concentration is pH dependant; Appendix M) (Chen et al. 1999), except for three samples with 

concentration levels in Grade A in the same standard (<100 µg g-1). Some of the samples exceed 

the average range for the area (34.7 – 142 µg g-1) (NEPA 1994) (Figure 30). 

 

Highest Zn values are found in paddy fields below Hg mine tailings (Figure 31). The most 

important anthropogenic source of Zn is mining (ATSDR 2005). The Zn concentrations in 

paddy fields downstream the mine tailings decrease with distance from the tailings. 

 

 

 

 
Figure 30: Individual Zn concentrations of each soil sample from Qingzhen (Q) and Wanshan (W) 
(circles), median (middle line) and quartiles (box ranges). The shaded (green) region indicates average 
concentration range for Zn in the sampling areas (NEPA 1994). Vertical line is the global average 
concentration (Alloway 1995). 
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Figure 31: Map of the sampling sites in the Aozhai Valley with the soil Zn concentrations in paddy fields 
along the river. Concentration ranges are given in the legend. 
 
 

 

The water Zn concentrations are below detection limit (0.001 – 0.1 µg L-1). 

 

 

 

 

 

 

 

 

3 km
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Silver 

There is only a small variation in soil Ag concentrations among the soil samples from Wanshan, 

and they are moderately high at 0.36 – 0.81 µg g-1. This is above the average range for the area 

(0.07 – 0.15 µg g-1) (NEPA 1994) (Figure 32). The lowest soil Ag concentration is from a rice 

paddy field located furthest down the Aozhai valley, while the two highest concentrations are 

from paddy fields situated directly downstream Hg mine tailings (Figure 33). The site with the 

lowest soil Ag concentration has a lower LOI (organic matter content) than the others. One of 

the sites that have a higher soil Ag concentration has also a high LOI in the upper soil layer. Soils 

with high organic content have a greater ability to accumulate metals due to sorption and 

complexing capacity through numerous functional group sites.  

 

 

 

 
Figure 32: Individual Ag concentrations of each soil sample from Qingzhen (Q) and Wanshan (W) 
(circles), median (middle line) and quartiles (box ranges). The shaded (green) region indicates average 
concentration range for Ag in the sampling areas (NEPA 1994). Vertical line is the global average 
concentration (Alloway 1995). 
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Figure 33: Map of the sampling sites in the Aozhai Valley with the soil Ag concentrations in paddy fields 
along the river. Concentration ranges are given in the legend. 
 
 
 
 
 
 
 
 
 
Water Ag concentrations (0.04 – 0.13 µg L-1) are below global average concentrations in 

freshwaters reported by vanLoon and Duffy (2005) (0.3 µg L-1) (Figure 34). 

 

 

 

3 km 
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Figure 34: Ag concentrations in the water samples from Wanshan and Qingzhen (circles), median value 
(middle line) and quartiles (box ranges). Vertical line indicates the global average concentration of 
freshwaters (vanLoon and Duffy 2005). 
 

 

Arsenic 

The soils from paddy fields in Wanshan (3.3 – 22.4 µg g-1) are all within, or below, the global 

average soil As concentrations and Chinese Grade A (natural background) values (10 -15 µg g-1), 

or below, except for one sample from just below the biggest mine tailing (O'Neill 1995, Chen et 

al. 1999) (Figure 36). This value also exceeds the Grade B in the Chinese National Standard for 

Soil Environmental Quality for the certain pH range (pH>7.5; 20 µg g-1) (Chen et al. 1999), but is 

within the average range for the region reported by NEPA (1994) (6.2 – 50 µg g-1) (Figure 35). 

 

 

 

 
Figure 35: Individual As concentration of each soil sample from Qingzhen (Q) and Wanshan (W) (circles), 
median (middle line) and quartiles (box ranges). The shaded (green) region indicates average concentration 
range in the sampling areas (NEPA 1994). Dashed line is Grade C limit concentration given in Chen et al. 
(1999), while full, vertical line is global average concentration (Alloway 1995). 
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Figure 36: Map of the sampling sites in the Aozhai Valley with the soil As concentrations in paddy fields 
along the river. Concentration ranges are given in the legend. 
 
 

 

The two lowest concentrations are found in paddy fields irrigated by tributary rivers rather than 

the main stream (Aozhai). Natural concentrations of As in soil from the valley are probably in the 

same range as the measured concentrations. The concentration in the soil sample from the site 

upstream of the Hg mining activities is similar, or somewhat higher, than the measured 

concentrations further down. This indicates that the concentrations are natural background 

values, or possibly to a limited extent from atmospheric deposition. 

 

Water from the area has very low As concentrations (0.01 – 0.04 µg L-1), all below the global 

average concentration for freshwater (1.7 µg L-1) (vanLoon and Duffy 2005) (Figure 37). 

 

3 km 
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Figure 37: As concentrations in the water samples from Wanshan and Qingzhen (circles), median value 
(middle line) and quartiles (box ranges). Vertical line indicates the global average concentration of 
freshwaters (vanLoon and Duffy 2005), while the dashed line shows the WHO level for drinking water 
standard (Höll et al. 2004). 
 

 

 

 

Selenium 

Se levels in Wanshan (0.3 - 1.5 µg g-1) are higher than average reported for the area (0.31 – 0.56 

µg g-1) (NEPA 1994) (Figure 39), but low compared to what is regarded as background values in 

Norwegian soils (Appendix M). The highest Se concentrations in soil are found below the Hg 

mine tailings (Figure 38); therefore Hg mine tailings seem to be a source of the element as the 

concentrations further decrease in distance from the tailings. 

 

 
Se concentrations in the rivers are below detection limit (0.05 – 0.5 µg L-1). 
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Figure 38: Map of the sampling sites in the Aozhai Valley with the soil Se concentrations in paddy fields 
along the river. Concentration ranges are given in the legend. 
 
 

 
Figure 39: Individual Se concentration of each soil sample from Qingzhen (Q) and Wanshan (W) (circles), 
median (middle line) and quartiles (box ranges). The shaded (green) region indicates average concentration 
range for Se in the sampling areas (NEPA 1994). Vertical line is the global average concentration (Alloway 
1995). 

3 km
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Lead 

The median Pb concentration of soils in Wanshan is 39 µg g-1 (Figure 41). Six of the eight 

samples are somewhat higher than grade A (natural background) reported by Chen et al. (1999) 

(< 35 µg g-1), while two of them are actually lower.  

 

Even though the Pb concentrations are low, Hg mine tailings seem to be a source of the metal, as 

the two highest Pb concentrations are found just below Hg mine tailings in two different parts of 

the area (Figure 40). The concentration of Pb shows a tendency to decrease down the valley, and 

the lowest concentration is found just ahead of the outlet of the river.  

 

 

 

 
Figure 40: Map of the sampling sites in the Aozhai Valley with the soil Pb concentrations in paddy fields 
along the river. Concentration ranges are given in the legend. 

3 km 
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Figure 41: Individual Pb concentration of each soil sample from Qingzhen (Q) and Wanshan (W) (circles), 
median (middle line) and quartiles (box ranges). The shaded (green) region indicates average concentration 
range in the sampling areas (NEPA 1994). Vertical line is the global average concentration (Alloway 1995). 
 
 
The water concentrations of Pb are below detection limit (0.001 – 0.01 µg L-1). 

 
 
 

Nickel 

Ni concentrations in soils in Wanshan range between 19 – 31 µg g-1. They do not seem to follow 

any trend and the variation in concentrations is low (Figure 42 and Figure 43). This indicates that 

Ni does not come from any anthropogenic source, but that the levels rather are natural 

background Ni concentration in soils in the area. All samples are in category Grade A (natural 

background) (< 40 µg g-1) (Chen et al. 1999).  
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Figure 42: Individual Ni concentration of each soil sample from Qingzhen (Q) and Wanshan (W) (circles), 
median (middle line) and quartiles (box ranges). The shaded (green) region indicates average concentration 
range in the sampling areas (NEPA 1994). Vertical line is the global average concentration (Alloway 1995). 
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Figure 43: Map of the sampling sites in the Aozhai Valley with the soil Ni concentrations in paddy fields 
along the river. Concentration ranges are given in the legend. 
 
 
 
Water Ni concentrations are below detection limit (0.01 – 0.1 µg L-1). 

 
 
 

Vanadium 

The V concentrations in the soil samples from Wanshan show a very low variation (26 – 41 µg g.-

1) and follow no apparent trend. The V values found are low (Figure 45) and may be natural 

background concentration of the soil, unimportantly affected by coal combustion from the small 

villages. The reported average concentration range for the area is 38.3 – 500 µg g-1 (NEPA 1994). 

The lowest concentration is found in the paddy field by the outlet of the Aozhai River (Figure 

44). 

3 km
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Figure 44: Map of the sampling sites in the Aozhai Valley with the soil V concentrations in paddy fields 
along the river. Concentration ranges are given in the legend. 
 
 

 
Figure 45: Individual V concentration of each soil sample from Qingzhen (Q) and Wanshan (W) (circles), 
median (middle line) and quartiles (box ranges). The shaded (green) region indicates average concentration 
range in the sampling areas (NEPA 1994). Vertical line is the global average concentration (Alloway 1995). 

3 km
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Water V concentrations are below global average concentrations (1 µg L-1) (vanLoon and Duffy 

2005), and the variation among the samples is very low (Figure 46). This supports the assumption 

that V levels are of natural origin. 
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Figure 46: V concentrations in the water samples from Wanshan and Qingzhen (circles), median value 
(middle line) and quartiles (box ranges). Vertical line indicates the global average concentration of 
freshwaters (vanLoon and Duffy 2005). 
 
 
 
 

4.2.2 Results and observations in Qingzhen 

 

Mercury 

The variation in Hg concentrations among the Qingzhen samples is high (0.07 – 1.7 µg g-1) 

(Figure 48). The average concentration is 0.6 µg g-1, significantly lower than in Wanshan. 11 of 

the samples have higher concentrations than grade B in the Chinese National Standard for Soil 

Environmental Quality for soils of their pH (Appendix M), while three of them exceed Grade C 

of 1.5 µg g-1 (Chen et al. 1999) (Figure 48). Eight of them also exceed the European 

Commission’s limit values for heavy metals in soils of the prevailing pH (Appendix M) (EC 

2000). 

 

The highest Hg values are in the range 1.5-1.7 µg g-1 (B3, B6 top/middle and B15) (Figure 47 and 

Figure 48). Site B3 and B6 top/middle have approximately identical soil parameters and very 

similar metal concentrations. The upper soil layers of site B6 have been transported from 

elsewhere to cover the ashy bottom layer (previous ash field containing bottom ash from the 
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power plant). Because of the obvious similarities between site B6 (upper layers) and B3, soil in B6 

(upper layers) has probably been transported from a site close to B3. 

 

The lowest Hg levels are found in the ashy soil originating from the power plant bottom ash, 

because most of the Hg has evaporated in the combustion process. HgP has to a significant 

degree been captured by the ESP and some of the Hg2+ has been captured by the FGD unit 

(Shuxiao, personal communication, July 4, 2008), and Hg is therefore only to a smaller extent 

present in the bottom ash. Although low concentrations are found in the bottom ash, 

concentrations of Hg reaching 0.79 µg L-1 were found in the water in contact with the ash. This is 

not expected, as earlier results from the ash field runoff water have shown low Hg concentrations 

of approximately 0.006 µg L-1 (Hua and Feng, personal communication, October 23, 2008). 

 

 
Figure 47: Map of the sampling sites in the Qingzhen area with the soil Hg concentrations. Concentration 
ranges are given in the legend. 
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Figure 48: Individual Hg concentrations of each soil sample from Qingzhen (circles), median (middle line) 
and quartiles (box range). The shaded (green) region indicates average concentration range for Hg in the 
sampling area (NEPA 1994). The dashed line is the Grade C limit concentration given in Chen et al. 
(1999), while the full, vertical line is world average (Steinnes 1995). Notice the difference from Figure 22 
in the abscissa. 
 
 
 
 
Four of the water samples in the present study exceed the global average concentration of 0.07 

µg L-1 reported for freshwaters (vanLoon and Duffy 2005) (Figure 49), but they do not exceed 

the Chinese drinking water standard of 1 µg L-1 (Höll et al. 2004). A possible reason for the 

higher Hg concentrations in water may be attributable to the high content of ash particles in the 

samples. Due to the unexpected results, the water samples from the ash field were analysed a 

second time, but this analysis gave Hg concentrations reaching approximately 0.2 – 0.3 µg L-1. 

The somewhat lower results from second analysis compared to the first are most likely caused by 

the storage of the samples at room temperature for eight months after first analysis. Due to the 

inconsistency between the concentrations found in this study and concentrations found by 

Chinese colleagues, the mobilisation of Hg from the ash field hence need further study. 
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Figure 49: Hg concentrations in the water samples from Qingzhen (circles), median value (middle line) 
and quartiles (box ranges). Vertical line indicates the global average concentration of freshwaters 
(vanLoon and Duffy 2005). 
 
 
 
 
It has been found in an early study that Hg is dispersed more widely around power plants than 

are other heavy metals (Klein and Russell 1973). This is probably due to its ability to evaporate 

and settle numerous times. The soil concentrations may for this reason not be particularly high 

close to the emission sources, but be more evenly distributed in a larger area. This may be the 

case for the area around Qingzhen power plant, but since the area inhabits many other coal 

combustors and heavy industry, the primary origin of Hg in a particular rice paddy field is not 

possible to attribute to a specific source. 

 

In a previous study, Horvat et al. (2003) measured Hg concentrations in a few soil samples and 

water samples in the Qingzhen area. They reported a soil Hg concentration of 0.27 µg g-1 (± 0.01) 

close to the thermal power plant which is within the concentration range found in this study. 

Additionally, Horvat et al. (2003) found high soil Hg concentrations in paddy fields close to the 

GOCP. These concentrations were in the range 14.3 – 354 µg g-1; many times higher than what 

has been found in this study. Although the highest soil Hg concentration in this study is found in 

a paddy field irrigated by a stream passing the GOCP, the concentration reaches only 1.7 µg g-1 

(± 0.2). This is because Horvat et al. (2003) specifically targeted areas directly impacted by the 

GOCP discharge, which was not the purpose of this study. 
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Cadmium 

The median concentration in paddy fields, 0.366 µg g-1, is above the average Cd concentrations in 

Chinese soils (0.097 µg g-1) (Cheng 2003), but well within the average concentration range 

reported for the area by NEPA (1994) (0.046 – 2.00 µg g-1) (Figure 28). 

 

The highest concentration, 1.05 µg g-1, is found in a paddy field close to the power plant, B3 

(Figure 50). The soil has many similarities to the top soil in site B6, although the concentration of 

Cd differs. The water Cd concentration from site B3 is only slightly above average Cd 

concentrations reported by Fergusson (1990) for freshwaters (0.01 – 0.1 µg L-1) and well below 

drinking water standards set by WHO (3 µg L-1); Cd is thus probably mostly bound to organic 

matter or Fe oxides/hydroxides in the soil. 

 

The lowest soil Cd concentration is found in the ash slurry outlet from the power plant, B4, 

indicating that Cd is released to the atmosphere with the flue gas during combustion (alternatively 

that the Cd content of the coal is particularly low). This is not consistent with the concentration 

in the water, where one of the highest concentrations of Cd is found. This is one of four water 

samples with Cd concentrations which greatly exceed global average for freshwaters reported by 

Fergusson (1990) (Figure 29). However they do not exceed WHO’s drinking water standard for 

Cd (3 µg L-1). The other high concentrations are found in water just below the ash field which 

originate from the ash field. The reason for the high Cd concentrations in the water may be 

caused by ash particles, as previously mentioned for Hg concentrations. However, the apparent 

inconsistency with low concentrations in the solid phase and high concentrations in runoff again 

calls for additional studies of the metals mobilisation from the ash pond. 
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Figure 50: Map of the sampling sites in the Qingzhen area with the soil Cd concentrations. Concentration 
ranges are given in the legend. 
 
 
 

Zinc 

In Qingzhen, the Zn levels are between 11 – 144 µg g-1, which are lower than in Wanshan (Figure 

30). Only four samples exceed the Grade A limit concentration (< 100 µg g-1) reported by Chen 

et al. (1999) and thus fall into category Grade B. The highest concentration (144 µg g-1) is found 

near the GOCP (B15), close to Qingzhen city centre (Figure 51). This higher Zn concentration 

may be related to the use of ZnCl2 in the production at GOCP. An elevated Zn concentration 

(86.7 µg L-1) is also found in the stream passing the GOCP, and is above global average 

concentration reported by vanLoon and Duffy (2005) (30 µg L-1) and also much higher than 

water sampled elsewhere (Figure 52). 
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 Lowest Zn levels are found in the ash slurry soil samples, while three of the water samples 

originating from the ash field were below detection limit (0.001 – 0.1 µg L-1). 

 

 

 

 
Figure 51: Map of the sampling sites in the Qingzhen area with the soil Zn concentrations. Concentration 
ranges are given in the legend. 
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Figure 52: Zn concentrations in the water samples from Qingzhen (circles), median value (middle line) 
and quartiles (box ranges). Vertical line indicates the global average concentration (vanLoon and Duffy 
2005). 
 
 

 

Silver 

There is a moderate variation in Ag levels within the samples in Qingzhen (0.27 – 1.8 µg g-1), and 

most elevated levels are located close to the power plant (Figure 32 and Figure 53). Coal 

combustion is known to be a source of silver contamination (Freeman 1979), and the emissions 

to air from the Qingzhen power plant might increase the Ag content of the surrounding soils. 

 

The influence of organic matter content is not consistent, although results tend to show higher 

concentrations in the upper soil layers than the deeper soil layers (Appendix F.1). The bottom 

soil layer from site B6 has a higher concentration than the middle layer because it consists of 

bottom ash from the power plant. 

 

The water Ag concentrations are all except one below global average concentrations in 

freshwater (0.3 µg L-1) (Figure 34) (vanLoon and Duffy 2005). The highest water Ag 

concentration is found at site B3, which has only a moderate soil Ag concentration. 
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Figure 53: Map of the sampling sites in the Qingzhen area with the soil Ag concentrations. Concentration 
ranges are given in the legend. 
 
 
 

Arsenic 

The median As concentration in soils around the Qingzhen Power Plant is 38 mg kg-1, and most 

of the samples exceed Grade C given by Chen et al. (1999) (30 µg g-1). The concentrations are 

within the range reported in the area (6.2 – 50 µg g-1) (NEPA 1994) (Figure 35 and Figure 54). 

The water As concentrations are all except two above global average concentrations for 

freshwaters (1.7 µg L-1), while four exceed the World Health Organization’s (WHO) standard for 

As in drinking water (10 µg L-1) (Höll et al. 2004, vanLoon and Duffy 2005) (Figure 37). These 

four samples are collected in water associated to the ash field made from bottom ash from the 

Qingzhen power plant. The very high concentration of As is probably due to high levels of 

particles in the water, as is also observed for Hg and Cd. 
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Soil sample B6 top and B6 middle inhabit high concentrations of As together with sample B3. 

These soils generally have high heavy metal concentrations. 

 

 
 

 
Figure 54: Map of the sampling sites in the Qingzhen area with the soil As concentrations. Concentration 
ranges are given in the legend. 
 
 
 
 
In Guizhou province, one of the major emission sources of As is coal combustion (Liu et al. 

2002), so the coal fired power plant and other boilers in the area contribute to atmospheric 

deposition of As to their surroundings. There is no clear tendency towards a decrease in 

concentrations with increasing distance to the power plant, but coal combustion and hence As 

sources are widespread. 
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Additionally, As poisoning caused by the drying of food over coal fired ovens, especially corn 

and chilli peppers, is common in Guizhou province (Liu et al. 2002). The smoke from coal 

burning may contain extremely high As concentrations, which are adsorbed to the surface of the 

drying food. 

 

 

Selenium 

The Se concentrations in soils in Qingzhen range from 0.28 – 5.7 µg g-1 (Figure 39). The higher 

soil Se concentrations seem to be located close to the power plant, which is in accordance to 

what is its main anthropogenic source, coal combustion (ATSDR 2003) (Figure 55).  

 

 
Figure 55: Map of the sampling sites in the Qingzhen area with the soil Se concentrations. Concentration 
ranges are given in the legend. 
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The water Se concentrations are below detection limit (0.05 – 0.5 µg L-1). 

 

 

Lead 

Soil Pb concentrations in Qingzhen are low to moderate (Figure 56). The average soil Pb 

concentration in Qingzhen, 47 µg g-1, is slightly higher than in Wanshan, although this is mainly 

due to comparably very high concentrations in two of the samples, B3 and B6 top, and to some 

extent also sample B6 middle. The median soil concentration, 36 µg g-1, is more analogous to the 

median soil concentration in Wanshan, 39 µg g-1 (Figure 41). 

 

 

 
Figure 56: Map of the sampling sites in the Qingzhen area with the soil Pb concentrations. Concentration 
ranges are given in the legend. 
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The water Pb concentrations are below detection limit (0.001 – 0.01 µg L-1). 

 

 

Nickel 

The same conclusion as was made for the Ni levels found in Wanshan can be made for the Ni 

concentrations in the Qingzhen district (Figure 57). They are all graded as Grade A reported by 

Chen et al. (1999) (< 40 µg g-1), and can be regarded as the natural background levels, although 

the variation among the samples is somewhat higher (Figure 42). The larger variation is probably 

due to the bigger area sampled.  

 

 

 
Figure 57: Map of the sampling sites in the Qingzhen area with the soil Ni concentrations. Concentration 
ranges are given in the legend. 
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Water Ni concentrations are below detection limit (0.01 – 0.1 µg L-1). 

 

 

Vanadium 

The Qingzhen soil has a much higher median V concentration (113 µg g-1) than Wanshan (38 µg 

g-1) which is probably caused by impact from the coal fired power plant and the other coal fired 

industries in the area (Figure 45 and Figure 58). The highest V concentrations are found in site 

B3 and B6 top, having 155 µg g-1 and 152 µg g-1, respectively. The average concentration range 

for V in the sampling area is 38.3 – 500 µg g-1 (NEPA 1994). 

 

 

 
Figure 58: Map of the sampling sites in the Qingzhen area with the soil V concentrations. Concentration 
ranges are given in the legend. 
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The water V concentrations are very high, only two are below global average for freshwaters (1 

µg L-1) (vanLoon and Duffy 2005) (Figure 46). The water originating from the ash field has 

extremely high concentrations of V, 100 – 260 times the global average concentration. 

 
In the alkaline environment that is found in the ash field, V is most probably present in the 

pentavalent state, V(V), as HVO4
2- (aq) (Zhao et al. 2006). This oxidation state is most toxic of 

the two most common states, V(IV) and V(V) (Zhao et al. 2006), but V toxicity is in general 

assumed to be low due to low uptake in the body (RAIS 1991). Drinking water concerns related 

to V are not common, but the United States Environmental Protection Agency (US EPA) has 

suggested a limit of 50 µg L-1 (US-EPA 1997), which has been proposed to be lowered to 15 µg 

L-1 by Californian authorities (OEHHA 2000). 

 

As observed for Hg, Cd and As, a reason for the very high water V concentrations may be the 

high content of ash particles in the water. 

 
 
 

4.3 Statistical analyses 

4.3.1 Statistical analyses of the soil samples 

The correlation matrices for both Wanshan and Qingzhen are given in Appendix O. 

 

Correlation matrices and Cluster Analyses, Wanshan 

The correlation matrices and cluster analyses were performed to discover similarities among the 

metals and among the sampling sites. Correlation between metals may indicate similar origins or 

comparable chemical properties. Similarities among sampling sites can uncover trends among the 

metals’ behaviour. 
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Figure 59: Dendogram for the Wanshan soil samples based on similarities among the heavy metals and 
soil parameters 
 
 
 
 
There is a very strong correlation between Cd and Zn in Wanshan (0.903), which is also seen in 

their high similarity in the dendogram made from the cluster analysis (Figure 59). This relation 

might originate from Zn ores in the bedrock where Cd is incorporated in the lattice (Nordberg 

and Nordberg 2002). A high correlation (0.881) and similarity between Zn and Hg is also found 

(Figure 59), and may be attributable to Hg impurities in Zn structures, mainly the Zn sulphides 

(Feng et al. 2004). It may seem like Hg mining and smelting activities release all three of these 

metals as they show similar behaviour by decreasing in concentrations in paddy fields 

downstream Aozhai River at distance from the tailing. 

 

Ag and Pb are found to correlate very strongly (0.948) and have a very high similarity (Figure 59), 

maybe because the two metals have similar behaviour in many chemical reactions. Additionally, it 

may be caused by the fact that Ag is frequently found in Pb ores (Beyschlag et al. 1916). The two 

metals may be released by Hg mining activities as the higher concentration levels are found below 

the Hg mine tailings. 

 

Cd and As are released by combustion of coal. The correlation in Wanshan is high for the two 

metals (0.854). Hg is also emitted by coal combustion, and correlates well with Cd (0.852). The 

three show fairly high similarities in the dendogram (Figure 59). The Wanshan area use coal for 

cooking, heating and also mining activities and thus releases these metal impurities. 
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Figure 60: Dendogram for the Wanshan soil samples based on similarities among the sampling sites 
 

 

 

The clustering of the sampling sites (Figure 60) shows that F10 has a low similarity to the other 

sampling sites. This site is found in a rice paddy field just below a Hg mine tailing and therefore 

has a higher concentration of many of the metals than do the other sites. Additionally, this site 

has particularly high carbonate content (Appendix P). 

 

The dendogram (Figure 60) shows an evident similarity between the sites F6, F7 and F8 and the 

sites F2 and F4. The sites F6 and F8 are irrigated by the same tributary river (Weizixi), and site F7 

is located in a paddy field close to site F6, although irrigated by the Aozhai River. Site F4 is 

irrigated by a tributary river that merges with the Aozhai River further down the valley, and site 

F2 is found by the outlet of Aozhai River downstream this merging. The merging of the tributary 

river with the Aozhai River noticeably affects the composition of the Aozhai River. 
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Correlation matrices and Cluster Analyses, Qingzhen 
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Figure 61: Dendogram for the Qingzhen soil samples based on similarities among the heavy metals and 
soil parameters 
 
 
 

From the correlation matrices it is apparent that As and V are highly correlated (0.802). In the 

dendogram, the similarity between the two is also quite high (Figure 61). The burning of fossil 

fuels is a major source of both of the metals (ATSDR 1992, O'Neill 1995), and the Qingzhen 

district inhabits many coal combustors. Furthermore As is correlated with Pb. Lead arsenate, 

PbAsO4, has been used as a pesticide (Peryea 1999), and since the soil sampling area is 

agricultural, the use of this pesticide is not unlikely. 

 

Hg is highly correlated with Cd (0.815), which is also found in the dendogram (Figure 61). These 

metals also originate from coal combustion (US-EPA 2007b), and Cd is in addition found in 

fertilisers (Alloway 1995d, Godt et al. 2006). Moderate correlations are found for Cd with Ni and 

Zn which also may originate from fertilisers (McGrath 1995, ATSDR 2005), while the latter two 

metals also have a moderate correlation (0.730). 

 

Hg furthermore correlates with Zn (0.726), similar to what is found in Wanshan, although 

somewhat weaker. From the dendogram (Figure 61), they have a high similarity. The 

correlation/similarity also ascribes coal combustion as a shared source. 
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Other correlations among metals are found, for instance between Ni and Pb, Hg and Pb and Cd 

and Pb. Since the Qingzhen region contains heavy industry and additional power plants, the 

presence of all these metals is expected. Pb was earlier used as an additive to gasoline, and 

although the phase out of Pb in China officially ended in 2000 (SEPA 2000), Pb is still present in 

soils in the area. Along with Pb, Cd can also be found in gasoline (He et al. 2005). 

 

V and Fe% have the highest similarity in the dendogram (Figure 61), and this is also seen by the 

high correlation (0.864) between the two. V is used in steel and Fe industries (ATSDR 1995) 

which might contribute to the correlation. 
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Figure 62: Dendogram for the Qingzhen soil samples based on similarities among the sampling sites 
 
 

 

The cluster analysis based on similarities among the sampling sites shows that all the E samples 

(from the southwest of the sampling area) are similar to each other, and that the B samples 

(south-southeast of the sampling area) show a larger variation (Figure 62). Two exceptions are 

found in B8 (B8 AP and B8 B) and B14, which are placed among the E samples. B15, B3 and B6 

top are least similar to the rest of the soil samples. This is probably due to their all over high 

metal concentrations. Additionally B3 and B6 top have approximately equal soil parameter values 

and very similar metal concentrations and therefore get high similarity. 
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Principal Component Analyses 

Principal Component Analyses were performed for both the Wanshan and the Qingzhen soil 

sample data.  

 

Wanshan 

The first (principal) component describes 49.9% of the variability in the data set, while the 

second component explains 27.9% of the variability (Table 6). The subsequent components will 

not be taken further into consideration since the first two components together describe 77.8% 

of the variability of the data set.  

 

 
Table 6: Eigenanalysis of the Correlation Matrix for the Wanshan soil samples 
 
Eigenvalue  6.4923  3.6211  1.1979  0.9218  0.3739  0.3366  0.0564  0.0000 
Proportion   0.499   0.279   0.092   0.071   0.029   0.026   0.004   0.000 
Cumulative   0.499   0.778   0.870   0.941   0.970   0.996   1.000   1.000 
 
Eigenvalue  0.0000  0.0000  -0.0000  -0.0000  -0.0000 
Proportion   0.000   0.000   -0.000   -0.000   -0.000 
Cumulative   1.000   1.000    1.000    1.000    1.000 
 
 

To find to what extent the components correlated with the different soil parameters, the PCA 

was performed without including the soil parameters and the PC1 and PC2 scores were plotted 

vs. each of the soil parameter to find the best correlation. This revealed a high correlation 

between PC1 scores and carbonates, and PC2 scores and LOI and pH. 

 

The loading plot in Figure 63 shows that Ag, Cd, Hg, Pb and Zn are located together and 

explained mainly by the first component (PC1). These metals are soft or borderline in the 

Pearson classification. As seen from the correlation matrices and the cluster analyses, some of 

these metals are highly correlated and show large similarities in the dendogram (Figure 59). 

Carbonates seem to influence the variation along PC1. The metals vary only slightly along second 

component (PC2). 

 

The variables As and carbonates are positioned next to each other in the plot (Figure 63). These 

metals are highly correlated (0.890) and show high similarities (Figure 59). As is a hard metal and 

therefore differ from the other near lying metals, as well as the fact that As exists as the anions 

arsenate or arsenite in soils, not as the single metal cation. Arsenate and carbonate may have 

certain similarities which are made noticeable from the PCA. 
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Se and V have approximately equal loadings on PC1 and PC2 (Figure 63). They are located close 

to LOI, which explains PC2 along with pH (placed opposite on PC2 axis). The variables do not 

show particularly high correlations or similarities (Figure 59), which means that the PCA may 

have uncovered some hidden phenomena. Both of the elements are likely to be found as 

oxyanions. 

 

Furthermore, pH seems to be somewhat influenced by carbonate content (PC1), and this can be 

explained by the neutralisation capacity of the carbonates towards H+. 

 

 

 
Figure 63: Loading plot of first component (PC1) vs. second component (PC2) (Wanshan) 
 
 
 
There are no apparent clusters in the Score plot for the Wanshan soil samples. F2 has the lowest 

heavy metal levels of all the eight samples, while F10 has most elevated levels of nearly all the 

heavy metals. These differences, together with differences in carbonate content, may contribute 

to the position of the two sample sites at opposite sides of the PCA score plot (Figure 64). F10 

possesses least similarity to the other sites in the dendogram as well (Figure 60). 

 

F2 is positioned opposite from F8 in the plot (Figure 64). F8 is sited downstream a Hg mine 

tailing, and higher heavy metal concentrations together with difference in LOI may contribute to 

these placements in the plot. The position of the sample sites in the score plot concurs well with 

the loading plot (Figure 63). 
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Figure 64: Score plot of first component (PC1) vs. second component (PC2) (Wanshan) 
 
 
 

Qingzhen 

The first component explains 46.4% of the variance, while the second component explains 

19.9% (Table 7). The subsequent components describe smaller amount of the variance and is 

therefore not taken into consideration.  

 

 
 
Table 7: Eigenanalysis of the Correlation Matrix for the Qingzhen soil samples 
 
Eigenvalue  6.0348  2.5816  1.2995  0.9812  0.6685  0.5190  0.3337  0.2350 
Proportion   0.464   0.199   0.100   0.075   0.051   0.040   0.026   0.018 
Cumulative   0.464   0.663   0.763   0.838   0.890   0.930   0.955   0.973 
 
Eigenvalue  0.1514  0.0894  0.0560  0.0341  0.0158 
Proportion   0.012   0.007   0.004   0.003   0.001 
Cumulative   0.985   0.992   0.996   0.999   1.000 
 
 

 

To find to what extent the components are correlated with the different soil parameters, the PCA 

was performed without including the soil parameters and the PC1 and PC2 scores were plotted 

vs. each of the soil parameters to find the best correlation. This resulted in a good correlation 

between PC1 scores and Fe (%), and PC2 scores and LOI and pH. 
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The loading plot of PC1 and PC2 (Figure 65) suggests similarities between Hg, Cd, Ni and Pb. 

The similarity between Hg and Pb is especially strong. This similarity has not been equally 

apparent from the correlation matrices or the cluster analysis (Figure 61). The metals are soft or 

borderline metals in the Pearson classification system and have many similar chemical properties. 

Their loading on PC1 is bigger than on PC2. 

 

Another observation implies similarities between As, V and Zn, similarities which are also 

obvious from the correlation matrices and the cluster analysis’ dendogram (Figure 61). Their 

loading is mostly on PC1 (Figure 65). As and V are hard metals, while Zn is a borderline metal in 

the Pearson classification system. As and V frequently exist as oxyanions in soil. 

 

The heavy metals mentioned seem to have a positive relation to PC1 and therefore Fe (%) 

(Figure 65). This relation can possibly be explained by adsorption of heavy metal cations on the 

negatively charged surfaces of Fe oxides/hydroxides. The heavy metals respond similarly to 

different conditions and their concentrations in soil correlate strongly. There are two exceptions, 

though, As and V, which are mostly found as oxyanions in soil and therefore do not show the 

same affinity towards the negatively charged Fe oxides/hydroxides. 

 

LOI, Ag and Se are located close in the loading plot (Figure 65). From the correlation matrices, it 

can be seen that LOI are moderately correlated to Ag and Se, and in the cluster analysis the three 

can be found in the same cluster, although with only moderate similarities. Ag and Se are strongly 

affected by LOI and pH, and as a consequence, the variables have strong loadings on PC2. Ag is 

a soft metal ion and therefore has a high affinity to organic matter (measured as LOI) and can 

possibly explain this loading. 

 

pH is located in the same quadrant as LOI (Figure 65). This is consistent with theory, in which 

decreasing pH is related to an increasing natural organic matter content (higher LOI). The two 

variables are believed to co vary with PC2, although the correlation between LOI and pH is not 

particularly high (0.391). 
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Figure 65: Loading plot of first component (PC1) vs. second component (PC2) (Qingzhen) 
 

 

 

The score plot of PC1 and PC2 (Figure 66) show great variations between the samples, and no 

apparent clusters. The samples having the altered colours are chosen on the basis of previous 

known similarities in soil parameters and heavy metal concentrations. 

 

B1, B4, B5 and B6 bottom (Figure 66) are known to be similar because they consist of residues 

from the power plant, and therefore contain ash (which lead to a high OM concentration) and 

have a neutral to alkaline pH. In addition, the samples contain low concentrations of many of the 

heavy metals; especially samples B4 and B5. The samples vary along PC1. 

 

Samples B6 top and B3 have been assigned grey colours (Figure 66). These two soils share 

comparable high metal concentrations and very similar pH, LOI and carbonate content 

(Appendix P). The similarities are also found in the dendogram from the cluster analysis (Figure 

62). From the Score plot it is apparent that these two soils also may contain other resemblances. 
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Figure 66: Score plot of first component (PC1) vs. second component (PC2) (Qingzhen) 
 
 
 

4.3.2 Statistical analyses of the water samples 

Correlation matrices for the water samples are presented in Appendix O. 

 

As the water in Wanshan is sampled from a river, the samples are not independent and therefore 

not suitable for PCA. 

 

A PCA has been performed for the Qingzhen water results; however this does not contribute to 

further understanding of the data, and it is therefore not included in the thesis. Cluster analyses 

for the sampling areas are also not included ascribed the same reason. 

 

 

Wanshan 

Hg is moderately correlated to Ca2+ (aq) (0.57) and Mg2+ (aq) (0.418). This correlation may be 

caused by release of Hg from the mine tailings having high concentrations of Ca and Mg oxides 

and carbonates. There is also a moderate correlation with SO4
2- (aq) (0.613), probably as a result 

of oxidised sulphide (HgS). 
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Qingzhen 

In Qingzhen, Hg is strongly correlated to As, Cd and V (0.749, 0.98 and 0.936, respectively). 

Furthermore the four metals correlate strongly with each other, except for As and V which 

correlate only moderately. The heavy metals probably all originate from the combustion of coal, 

and most elevated levels are found in the water in contact with the ash field. 

 

Ca2+ (aq) and SO4
2- (aq) are strongly correlated probably due to their dominance of the total ion 

concentration. Furthermore, the levels of the ions in the ash field water are very high because of 

Ca and S in the bottom ash residues from the power plant. 

 
 
 

4.4 Assessment of uncertainties and validation of methods 

4.4.1 Validation of the DMA-80 method 

 

Recovery of the reference material used in the DMA-80 analyses 

The recovery of the reference material used is given in Figure 67. The results were determined 

from three replicates per day (Appendix H). 
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Figure 67: The recovery (%) of the reference material on three separate days 
 

 

The recoveries of the reference material were considered satisfactory as they did not deviate from 

the reference value more than 10± %. 
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The uncertainty test performed to see whether or not the recovery values differed significantly 

from the reference material, concluded that none of the results could be proved to differ 

significantly (Table 8). The formulas used are given in Appendix O. 

 

 

Table 8: The uncertainty test results when comparing the recovery concentrations to the Certified 
Reference Material (CRM) concentration. (In the table the means and the STDs are given in µg kg-1) 
 Mean ua MeanCRM uCRMa ∆mb u∆c U∆d Remarks 

Day 1 871 103 930 76 59 128 256 No sign. diff.e 

Day 2 983 86 930 76 53 114.8 229.6 No sign. diff.e 

Day 3 958 70 930 76 28 103.3 206.6 No sign. diff.e 

aSTDs of the measured value and the value of the CRM, respectively 
b|Mean - MeanCRM| 
cThe combined uncertainties of the measurements and the CRM 
dThe extended uncertainty, u∆ 2⋅  
eNo significant difference 
 

 

The relative STDs were large for the runs; the highest reached 11.8% (Day 1). This is considered 

satisfactory, as this is only slightly higher than the reported relative STD of the certified reference 

material (8.2%). 

 

 

Limit of detection and method detection limits for the DMA-80 analyses 

The limit of detection (LOD) and method detection limits (MDLs) were determined as described 

in section 3.6.3. The results are presented in Table 9. 

 

Table 9: Limit of detection and method detection limits for the DMA-80 analyses 

 LOD (ng) MDL, Qingzhen (ng g-1) MDL, Wanshan (ng g-1) 

Hg 0.27 4.70 44.6 
 

 

All the measurements for the LOD and MDL determinations are given in Appendix E. 
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4.4.2 Variation sampling results 

Ten soil samples were taken from adjacent rice paddy fields in one area in order to get an 

estimate of the representativity of the samples collected from only one field (four sub samples 

mixed). 

 

For the soil parameters (Table 10), the highest variation is found in the carbonate content of the 

samples. The LOI method used for the determination is uncertain, as concluded by Santisteban 

et al. (2004) (for more details, see section 4.4.3). This uncertainty may increase the variation 

among the samples. 

 

 

Table 10: The CVa of the soil parameters 
 OMb pH LOI, OMc LOI, carbonates 

CV 8.9 3.3 5.9 22.7 
aCV is equal to the relative STD (%) (Skoog et al. 2007) 
bOrganic matter content measured at NIVA 
cOrganic matter content measured by LOI 
 

 

For the metal concentrations (Table 11), the Hg concentrations have the largest variation at 

around 32%. All other elements have considerably lower variation, ranging from 4% for Zn to 

17% for Se. 

 

 

Table 11: The CV of the main metal concentrations 
 Ag As Cd Hga Hgb Ni Pb Se V Zn 

CV 6.2 10.6 12.8 32.7 32.4 5.9 7.1 17.1 5.0 4.0 
aResult from the (HR) ICP MS analysis 
bResult from the DMA-80 analyses 
 
 
 

4.4.3 Loss on ignition as a method for the determination of organic matter in soil 

A loss on ignition analysis is a simple way of estimating the amount of organic matter and 

carbonates in soil. The method is fast, and there is no need for reagents or advanced instruments. 

Heiri et al. (2001) found that the results from loss on ignition analysis varied with the exposure 

time and the positioning of the crucibles inside the furnace, the amount of sample and where the 

analysis took place. It was concluded that the method can give a coarse valuation of the amount 
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of organic matter and carbonates. It was also found that samples with a high content of organic 

matter is more susceptible to the discussed factors than are samples with less organic matter 

(Heiri et al. 2001). This is not entirely consistent with what Santisteban et al. (2004) found in an 

evaluation of loss on ignition as a quantitative or qualitative method. It was established that 

samples with higher content of organic matter had a better correlation with the loss on ignition 

results. In addition, the article concludes that loss on ignition analysis only gives qualitative data, 

and that it requires previous knowledge of the composition of the sample. The loss on ignition at 

950°C is in the same evaluation declared to be an uncertain method for the determination of 

carbonates, as the decomposition of some of the carbonates already begins at temperatures below 

550°C (Santisteban et al. 2004). 

 
Konen et al. (2002) reached the conclusion that loss on ignition analysis is less precise than 

standard analysis for determination of organic carbon, but that it still is highly reproducible 

(Konen et al. 2002). 

 

The organic carbon results from the analyses done by the NIVA laboratory were converted to 

organic matter content as shown in Appendix N. 

 

A paired t-test was performed to find out whether the results were significantly different or not 

(details in Appendix O). This t-test concluded that the concentrations were significantly different 

from each another (Table 12). 

 

 

Table 12: Result of the t-test for the two methods 

na db STDdc t ttbd Remarks 

37 38.7 34.8 39.89 1.69 Significant difference 
aNumber of samples 
bTotal difference between the results of the two methods 
cStandard deviation of the difference 
dT value from table for 36 degrees of freedom 
 
 
 
 
The results from the LOI analyses compared to the OC analyses done at NIVA, show that the 

LOI consistently gives a higher organic matter content than does the OC analysis, except for four 

soil samples (Figure 68). These four samples contain high values of carbon as a result of their ash 
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content, which originate from the power plant bottom ash (B1, B4, B5, B6 bottom). These 

samples are shown separately in Figure 68 and have not been included in the regression analyses. 

 

The higher results from the LOI analyses are expected, because of the probable loss of 

carbonates at temperatures below 550°C. 
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Figure 68: The correlation between the LOI analyses and the OM results from OC analyses (the latter 
performed at NIVA). Series 1 is all samples except the samples from the power plant ash soil (B1, B4, B5, 
B6 bottom) (Series 2). 
 

 

 

4.4.4 (HR) ICP MS vs. DMA-80 for Hg analyses 

The analyses of the Qingzhen soil samples gave fairly similar results for the two different 

analytical methods, the (HR) ICP MS and the DMA-80, respectively. A paired t-test was 

performed to find out whether the results were significantly different or not (details in Appendix 

O). This t-test concluded that the concentrations could not be proved significantly different from 

one another (Table 13). 

 

 
 
Table 13: Result of the t-test for the Qingzhen soil samples 

na db STDdc t ttbd Remarks 

20 0.073 0.087 1.11 2.09 No significant difference 
aNumber of samples 
bTotal difference between the results of the two methods 
cStandard deviation of the difference 
dT value from table for 19 degrees of freedom 
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The DMA-80 results were generally somewhat higher than the (HR) ICP MS results, and this 

may be attributed to the decomposition step prior to the (HR) ICP MS analysis. Additional pre-

treatment steps might cause loss of analyte, especially Hg because of its volatility. 

 

The results from the analyses of the Wanshan soil samples gave obviously different results 

between (HR) ICP MS and DMA-80. This is thought to be due to the inhomogeneity of the soil. 

A paired t-test concludes that the results from the two methods are significantly different (Table 

14). 

 

 
Table 14: Result of the t-test for the Wanshan soil samples 

na db STDdc t ttbd Remarks 

8 17 24.8 9.66 2.36 Significant difference 
aNumber of samples 
bTotal difference between the results of the two methods 
cStandard deviation of the difference 
dT value from table for seven degrees of freedom 
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5 Conclusions 

 

Considerable differences in heavy metal contamination levels are found between Wanshan and 

Qingzhen. 

 

Wanshan is strongly affected by Hg mining activities, and show very high Hg levels in soils, 

particularly below the two Hg mine tailings. Additionally, Cd and Zn levels in soils are moderate 

to high, and concentrations are strongly correlated to Hg concentrations. Therefore, Cd and Zn 

are thought to be associated to Hg mining activities. 

 

Hg concentrations increase significantly in paddy fields below Hg mine tailings and decrease 

rapidly at increasing distance from the tailings. This is possibly caused by particle-bound Hg 

which settles during irrigation of the paddy fields. 59 - 91% of Hg in the river is associated to 

particles. This behaviour is also observed for Cd and Zn concentrations, and further supports the 

assumption that these heavy metals are associated to Hg mining activities. 

 

The speciation of dissolved Hg is probably dominated by complexation with the anion ligand 

OH- (aq) at the prevailing pH in Wanshan rivers. 

 

Ag levels in soils in Wanshan are moderate, and most elevated Ag concentrations are found in 

paddy fields below Hg mine tailings, while levels of As, Ni, Pb, Se and V in Wanshan are low and 

mostly within natural background concentration ranges for the elements. Thus, Wanshan is 

regarded a natural background area for heavy metals which are not associated to Hg mining and 

smelting activities. 

 

The Qingzhen area has moderate to high levels of Hg, As, Ag, Se and V in soils. These elements 

are all associated to the combustion of coal. Hg levels are although significantly lower than Hg 

levels in Wanshan. Many of the above mentioned elements may also originate from other 

industrial activities which are numerous in the Qingzhen district.  

 

V, Cd, As and Hg show substantially high levels in water associated to the ash field made from 

bottom ash originating from the Qingzhen power plant. Median concentration of V in these 

waters is 158 times higher than global average for freshwaters, while the median concentration of 

As is 15 times higher than global average. Very high concentrations of the heavy metals are 



 118

thought to be due to a high content of ash particles in the water. This assumption is made on the 

basis of low concentrations of these metals in the ash itself and therefore a high water 

concentration is thought to be unlikely. The low levels of Hg in the ashy soil were expected. 

 

Low to moderate levels of Cd, Zn and Pb are found in soils in Qingzhen. Highest levels of all 

three heavy metals are found in identical soil samples; these soils contain high concentrations of 

all the heavy metals in the study. Many waters exceed global average concentrations for Cd, 

although do not exceed WHO’s drinking water standards. A stream passing the factory GOCP 

had Zn concentrations far above global average for freshwaters, probably originating from use of 

ZnCl2 catalyst in production of vinyl acetate. 

 

Ni levels in soils are within the natural background range for the Qingzhen area. 

 

Qingzhen has generally moderate to high levels of many heavy metals as a result of both coal 

combustion and numerous industrial activities. The heavy metals associated to coal combustion 

have particularly high contamination levels, as expected, although no obvious gradient in heavy 

metal concentrations was found in increasing distance from the Qingzhen power plant. 
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Appendix A. Determination of dry content, organic matter content 

and carbonate content 

 
 

The method of determination of water content and organic carbon content was collected from 

Krogstad’s “Methods for soil analysis” (1992). The subsequent method for determination of 

carbonate content was from Heiri et al. “Loss on ignition as a method for estimating organic and 

carbonate content in sediments: reproducibility and comparability of results” (2001). 

 

The soil samples were initially weighed in porcelain crucibles and then dried in an oven at 105°C 

(± 5°C) for six hours. The crucibles were thereafter cooled in a desiccator prior to weighing. The 

percentage of dry content was derived from Equation A1. 

 

100%
2

13 ⋅
−

=
m

mm
DryContent                                                                                                 A1) 

 

where m1 = the weight of the crucible 

m2 = the weight of the soil sample prior to drying 

m3 = the weight of the crucible and the soil after drying 

 

To determine the organic matter content, the crucibles were placed in a furnace which kept 

550°C (± 25°C) for three hours. The crucibles were yet again weighed after cooling in the 

desiccator. The loss on ignition at this temperature was found from Equation A2. 
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where m1, m2, m3 have been explained earlier 

m4 = the weight of the crucible and the soil after ignition at 550°C. 

The loss on ignition is often referred to as the organic matter content of a soil sample. 

 

The carbonate content is estimated by placing the crucibles in the furnace for additionally two 

hours at 950°C. The weighing is done after cooling in the desiccator. The carbonate content is 

derived from Equation A3. 
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where m1, m2, m3, m4 have been explained earlier 

m5 = the weight of the crucible and the soil after ignition at 950°C 
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Appendix B. The results of the determination of dry content, 

organic matter content and carbonate content of the soil samples 

 
Table A-1: The dry content, organic matter content and carbonate content for some of the soil samples8,9 
Sample Replicate # Dry content (%) Organic matter (%) Carbonates (%) 

B2 1 96.97 10.9 1.16 
  2 96.96 10.9 1.10 
  3 97.02 10.8 1.14 
  Mean % 96.98 10.87 1.13 
  STD 0.031 0.058 0.028 
B3 1 97.17 11 1.2 
  2 97.11 11.1 1.2 
  3 97.13 10.8 1.4 
  Mean % 97.14 11.0 1.3 
  STD 0.033 0.15 0.11 
B11 1 98.72 5.5 0.81 
  2 98.78 5.8 0.75 
  3 98.85 5.5 0.70 
  Mean % 98.78 5.6 0.76 

  STD 0.065 0.17 0.052 
E4 1 97.39 11 1.93 
  2 97.35 11 0.94 
  3 97.35 10.9 1.05 
  Mean % 97.36 10.97 1.3 

  STD 0.020 0.058 0.54 
F8 1 98.013 8.7 3.30 
  2 98.03 8.8 3.33 
  3 98.03 8.7 3.45 
  Mean % 98.024 8.73 3.36 

  STD 0.0098 0.058 0.076 
 
 
 
 
 
 
 
 
 
 
 
 
                                                 
8 These samples had three replicates analysed. Since the STDs were very small, this was not done for all the samples 
9 The LOI results are corrected for a water content of 16% in the clay fraction. B and E samples have a clay fraction 
of 75%, while the F samples have a clay fraction of 65%. 
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Table A-2: The dry content, organic matter content and the carbonate content of the other soil samples10 
Sample Dry content (%) Organic matter (%) Carbonates (%) 

B1 98.12 12.1 1.2 
B4 99.54 15 0.1 
B5 99.61 12 0.7 
B6 top 97.16 11.9 1.3 
B6 middle 97.16 8.7 1.1 
B6 bottom 98.74 12.3 3.2 
B8 AP 97.91 10 1.0 
B8 B 97.77 8 0.9 
B14 97.80 10 0.9 
B15 97.74 11.6 3.1 
B22 97.66 9.3 1.5 
E1 97.08 10.8 0.9 
E2 98.21 7.7 1.1 
E3 97.01 12.9 0.8 
E5 97.04 8.5 1.8 
E6 97.38 14.5 1.1 
ET1 97.38 10.5 1.1 
ET2 97.15 10.6 1.0 
ET3 97.55 9.2 1.0 
ET4 97.45 9.3 1.6 
ET5 97.28 10.6 1.0 
ET6 97.72 9.5 1.6 
ET7 97.49 10.1 1.2 
ET8 97.63 9.6 0.9 
ET9 97.38 9.9 1.1 
F2 98.94 3.9 2.8 
F4 98.50 6.5 0.8 
F5 98.34 7.3 1.9 
F6 98.54 6.2 1.9 
F7 98.23 7.9 4.5 
F9 98.69 6.2 9.3 
F10 98.34 6 12.4 
 

 

 
 
 
 

                                                 
10 The organic matter content results are corrected for a water content of 16% in the clay fraction. B and E samples 
have a clay fraction of 75%, while the F samples have a clay fraction of 65%. The four exceptions are B1, B4, B5and 
B6 bottom, as they consist mostly of ash. 
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Appendix C. Calibration and methods 

 
C.1 DMA-80 calibration curves 

 

 
 
 
 
Table A-3: Amount of Hg in the calibration solutions and the belonging absorbance, which make up the 
lower calibration curve (over the line) and the higher calibration curve (under the line) 

ng Hg Absorbance 

0.00 0.0025 
1.00 0.0371 
1.85 0.0614 
4.90 0.1393 
10.00 0.2513 
19.90 0.5059 
29.20 0.646 
40.00 0.0627 
99.00 0.1595 
206.00 0.3146 
301.00 0.4362 
402.00 0.5359 
500.00 0.6686 
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C.2 Preparation of DMA-80 calibration solutions 

 

 

• For the low concentration calibration solutions (0-40 ng Hg), a 1000 µg L-1 Hg solution 

was made by diluting 100 µL of the single element stock solution (1000 µg mL-1) to 100 

mL using Type 2 water. 

• For the high concentration calibration solutions (100-500 ng Hg), a 10 000 µg L-1 Hg 

solution was made by diluting 250 µL of the single element stock solution (1000 µg mL-1) 

to 25 mL using Type 2 water. 

 

 
 
 
 
C.3 DMA-80 method 

 
Table A-4: Method for the DMA-80 runs 
Drying temp. 300°C 
Drying timea 240 s 
Decomp. temp 850°C 
Decomp. time 180 s 
Waiting time 60 s 
Amalgam time 12 s 
Record time 30 s 

 

aThe drying time was 240 s for the soil samples, but for the calibration and control solutions it 

was set depending on the volume that was analysed, following the relation (Equation A4): 

 

x y=⋅6                                                                                                                                    A4) 

 

where x is the volume of the sample in µL, and y is the appropriate drying time in seconds. 
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C.4 Programme for the ion chromatography anion determination 

 

 

 

Injection volume: 25 µL 
Flow rate: 1 mL min-1 

Dilution factor: 1 
Pump; minimum pressure: 200 psi 
Pump; maximum pressure: 3000 psi 
Cell temperature: 35 °C 
Column temperature: 30 °C 
Suppressor type: ASRS_4mm 
Suppressor current: 100 mA 

 

 

 

 

Anion Retention time (min) 
F- 3.1 
Cl- 4.6 
SO42- 8.3 
NO3- 9.1 
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C.5 Calibration curves for the ion chromatography anion determination 

 
 

Chloride calibration curve
R2 = 0.999
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Nitrate calibration curve
R2 = 0.9991
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Sulphate calibration curve
R2 = 0.9991

0

10

20

30

40

50

0 2 4 6 8 10

Peak area

C
on

ce
nt

ra
ti

on
 (

pp
m

)

 
 

Fluoride calibration curve
R2 = 0.9966
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C.6 Preparation of ion chromatography calibration solutions 

 

• 0.1 mL, 1 mL, 5 mL and 10 mL of the DIONEX anion stock solution (concentrations 

given in Appendix I.3) was diluted to 25 mL using Type 1 water resulting in the different 

calibration solutions given in Table A-5. 

 

 

Table A-5: Anion calibration solutions with concentrations (mg L-1) 
Anion Conc. Std 1 Conc. Std 2 Conc. Std 3 Conc. Std 4 

F- 0.08 0.8 4 8 
Cl- 0.4 4 20 40 
NO2- 0.4 4 20 40 
Br- 0.4 4 20 40 
NO3- 0.4 4 20 40 
PO43- 0.8 8 40 80 
SO42- 0.4 4 20 40 
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Appendix D: Results from DMA-80 analyses 

 
 
 
Table A-6: The Hg results for the B-sample replicates, the average concentrations and the standard 
deviations (STD)11 

Sample 
Replicate 1 

(µg kg-1) 
Replicate 2 

(µg kg-1) 
Replicate 
3 (µg kg-1)

Replicate 4 
(µg kg-1)  

Replicate 
5 (µg kg-1) 

Replicate 6 
(µg kg-1) 

Replicate 
7 (µg kg-1)

B1 302.3 309.9 292.3     
B2 146.8 156.3 142.9     
B3 1759.8 1083.5 1348.5 1388.5 1528.1 1449.8 1383.4 
B4 74.4 76.3 69.1     
B5 322.6 316 303.1     
B6 top 1480.4 1661.3 1450.6 1503.6 1496.9 1505  
B6 middle 1244.3 1267.4 1268.5     
B6 bottom 680.4 712.1 691.6     
B8 AP 621.2 648.3 595.4 647.6 643.2 551.2  
B8 B 622.5 623.6 672.5     
B11                139.4 142.3 135.8     
B14                426.4 421.8 423.2     
B15 1579 1985.2 1467.9 1562.3 1560.6 1576.3  
B22 277.6 170.6 190.5 189 181.6 217.3  

Sample 
Average 
 (µg kg-1) 

STD  
(µg kg-1) STD % 

Average 
 (mg kg-1) 

STD 
(mg kg-1)    

B1 308 9 2.9 0.308 0.009   
B2 153 7 4.5 0.153 0.007   
B3 1463 204 13.9 1.5 0.2   
B4 74 4 5.1 0.074 0.004   
B5 315 10 3.2 0.32 0.01   
B6 top 1559 74 4.7 1.56 0.07   
B6 middle 1295 14 1.1 1.30 0.01   
B6 bottom 704 16 2.3 0.70 0.02   
B8 AP 631 39 6.1 0.63 0.04   
B8 B 654 29 4.4 0.65 0.03   
B11                141 3 2.3 0.141 0.003   
B14                433 2 0.5 0.433 0.002   
B15 1659 183 11.0 1.7 0.2   
B22 209 39 18.7 0.21 0.04   
 
 
 
 
 
 
 
                                                 
11 The results are modified by taking into account the dry content of each of the soil samples 
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Table A-7: The Hg results for the E-sample replicates, the average concentrations and the standard 
deviations (STD)12 

Sample 
Replicate 1  

(µg kg-1) 
Replicate 2 

(µg kg-1) 
Replicate 3 

(µg kg-1) 
Replicate 4 

(µg kg-1) 
Replicate 5 

(µg kg-1) 
Replicate 6 

(µg kg-1) 

E2 312.6 322.6 315.1     
E3 313 313.4 304.4     
E4 349.2 322 311.9     
E5 180.3 184.7 178     
E6 184.8 208.6 191.4     
         
E1 456.6 454.6 458.8     
ET1 328.7 327.6 324.5     
ET2 411 398.3 404.2     
ET3 323.7 311.1 317.7     
ET4 496.1 474.7 480.1     
ET5 868 858.6 854.7     
ET6 583.1 666.9 587.3 573.9 583.1 587.3 
ET7 569.5 554.4 550.8     
ET8 523.5 527.1 510.7     
ET9 720.7 730.3 706       

Sample 
Average 
 (µg kg-1) 

STD  
(µg kg-1) STD % 

Average 
 (mg kg-1) 

STD  
(mg kg-1)  

E2 322 5 1.6 0.322 0.005  
E3 320 5 1.6 0.320 0.005  
E4 336 19 5.7 0.34 0.02  
E5 186 3 1.8 0.186 0.003  
E6 200 12 6.2 0.20 0.01  
            
E1 470 2 0.5 0.470 0.002  
ET1 335 2 0.6 0.335 0.002  
ET2 416 6 1.5 0.416 0.006  
ET3 325 6 1.9 0.325 0.006  
ET4 496 11 2.2 0.50 0.01  
ET5 884 7 0.8 0.884 0.007  
ET6 611 35 5.7 0.61 0.04  
ET7 572 10 1.7 0.57 0.01  
ET8 533 9 1.6 0.533 0.009  
ET9 738 12 1.7 0.74 0.01  
 
 
 
 
 
 
 
 
                                                 
12 The results are modified by taking into account the dry content of each of the soil samples 
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Table A-8: The Hg results for the F-sample replicates, the average concentrations and the standard 
deviations (STD)13 

Sample 
Replicate 
1 (µg kg-1) 

Replicate 
2 (µg kg-1) 

Replicate 
3 (µg kg-1)

Replicate 4 
(µg kg-1) 

Replicate 5 
(µg kg-1) 

Replicate 6 
(µg kg-1) 

F2 4083.5 8945.3 2380.4 2826.3 4319.5 3695 
F4 12743.5 13172.5 12812.9    
F5 9596.5 11633 36578 8771.1 22925.5 15999.7 
F6 35600.4 35077.5 46707.2 30497.7 25939.8 34318.4 
F7 44495.6 41624.2 25901.2 30862.5 25915.1 32408.8 
F8 30959.5 42598.4 30155.6 28510.4 38037.9 18653.4 
F9 946.3 942.1 825 1097.6 908 696.9 
F10 119264.4 87477.5 153091 90075.2 156902.1 97965.5 

Sample 
Replicate 
7 (µg kg-1) 

Replicate 
8 (µg kg-1) 

Replicate 
9 (µg kg-1)

Replicate 
10 (µg kg-1)

Replicate 
11 (µg kg-1)

Replicate 
12 (µg kg-1) 

F2 4708.7 3589.2 10972.6 3274.6 3376.3 7929.7 
F4       
F5 13774.2 9932 9932    
F6 28283.7 27959.8 25198.3    
F7       
F8       
F9       
F10 81567.18 90693.66 87171.55    

Sample 
Average 
(µg kg-1) 

STD 
 (µg kg-1) 

Average 
(mg kg-1)

STD 
(mg kg-1) STD (%)  

F2 4423 2359 4 2 53.3  
F4 13103 230.32 13.1 0.2 1.8  
F5 17883 10665 18 11 59.6  
F6 35211 6923 35 7 19.7  
F7 34138 7878 34 8 23.1  
F8 32116 8270 32 8 25.8  
F9 914 134 0.9 0.1 14.7  
F10 119459 31169 119 31 26.1  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                 
13 The results are modified by taking into account the dry content of each of the soil samples 
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Appendix E. LOD and MDL for the DMA-80 method 

 
 
 
Table A-9: The LOD and MDL found from the run of 20 empty sample boats 
Sample # Hg (ng) 

1 0.1 
2 0.14 
3 0.08 
4 0.29 
5 0.08 
6 0.11 
7 0.1 
8 0.04 
9 0.06 
10 0.09 
11 0.06 
12 0.07 
13 0.16 
14 0.11 
15 0.1 
16 0.14 
17 0.08 
18 0.06 
19 0.14 
20 0.08 
Mean 0.1045 
STD 0.0539 
LOD 0.27 

MDL, Qingzhen 4.70 ng g-1 

MDL, Wanshan 44.6 ng g-1 
 
 
 
The LOD and MDLs were found from the relations (Equation A5 and A6) as explained 

previously in the experimental section: 
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Appendix F. Results from the HR ICP MS analysis 

F.1 Heavy metal concentrations in soil 

 
 
Table A-10: The results of the B-samples (from Qingzhen) from the HR ICP MS screening analysis  
(µg g-1) with the Hg-results emphasised. The measured metal isotopes and the resolutions are also given14 
 B1 B2 B3 B4 B5 B6 bottom B6 middle B6 top
Ag107(LR) 1.08 1.07 0.95 1.00 0.86 1.14 0.61 1.05 
As75(HR) 30.65 9.71 89.58 6.49 19.60 43.57 90.23 83.66 
Bi209(MR) 0.49 0.44 0.82 0.09 0.18 0.44 0.89 0.84 
Cd111(LR) 0.50 0.38 1.05 0.13 0.35 0.66 0.69 0.77 
Co59(MR) 10.78 13.67 43.20 10.61 7.17 8.88 26.06 29.19 
Cr52(MR) 31.73 31.02 39.02 15.79 18.33 27.76 42.68 41.17 
Cu63(MR) 33.81 40.45 41.62 32.80 33.70 29.72 42.38 45.34 
Ga69(MR) 9.22 7.97 13.34 4.37 6.78 9.80 13.63 13.55 
Hg202(LR) 0.28 0.12 1.24 0.07 0.27 0.59 1.09 1.41 
I127(MR) 3.93 10.31 6.16 0.44 19.90 34.45 8.88 8.88 
Ni60(MR) 19.53 24.53 34.62 15.78 15.33 19.76 31.96 34.79 
Pb208(LR) 32.15 25.93 146.09  6.48 30.73 76.74 123.74 
Sb123(LR) 0.15 0.07 0.39 0.13 0.33 0.60 0.41 0.51 
Se82(HR) 4.58 1.02 2.67 3.29 5.63 3.18 0.50 5.74 
Sn118(MR) 0.65 0.14 0.18 1.23 1.57 0.73 0.14 0.21 
Te128(MR) 0.09 0.03 0.13 0.05 0.09 0.13 0.16 0.13 
Tl205(LR) 0.39 0.35 0.81 0.06 0.21 0.41 0.68 0.74 
V51(MR) 102.58 57.39 154.79 52.53 79.06 115.24 138.99 151.88 
W182(MR) 0.20 0.06 0.20 0.23 0.23 0.33 0.14 0.26 
Zn66(MR) 80.82 73.02 110.29 11.02 29.49 61.59 107.10 110.77 

 
 B8 AP-layer B8 B-layer B11 B14 B15 B22 
Ag107(LR) 0.46 0.32 0.30 0.85 0.60 0.65 
As75(HR) 37.55 36.60 12.73 42.84 26.26 41.96 
Bi209(MR) 0.78 0.78 0.37 0.85 0.53 0.53 
Cd111(LR) 0.32 0.24 0.22 0.25 0.77 0.34 
Co59(MR) 11.18 11.43 8.51 10.00 19.53 10.92 
Cr52(MR) 50.85 51.82 25.43 46.02 33.77 44.45 
Cu63(MR) 27.93 28.87 13.18 32.94 30.59 14.26 
Ga69(MR) 14.62 14.40 5.59 14.04 9.24 9.45 
Hg202(LR) 0.54 0.58 0.13 0.39 1.41 0.19 
I127(MR) 10.47 22.02 4.15 8.95 10.06 6.42 
Ni60(MR) 17.42 17.10 11.75 23.80 26.41 14.85 
Pb208(LR) 43.55 44.12 22.75 39.11 51.40 29.90 
Sb123(LR) 0.14 0.13 0.19 0.26 0.21 0.14 
Se82(HR) 2.58 0.58 0.39 0.78 1.89 0.36 
Sn118(MR) 0.19 0.12 0.12 0.19 0.21 0.15 
Te128(MR) 0.08 0.10 0.02 0.09 0.05 0.05 
Tl205(LR) 0.53 0.50 0.27 0.74 0.46 0.56 
V51(MR) 141.62 139.84 54.33 132.00 97.37 92.34 
W182(MR) 0.18 0.11 0.21 0.15 0.18 0.13 
Zn66(MR) 89.09 83.46 47.17 91.12 144.50 45.27 

 

                                                 
14 LR = low resolution, MR = medium resolution, HR = high resolution 
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Table A-11: The results of the E-samples (from Qingzhen) from the HR ICP MS screening analysis  
(µg g-1) with the Hg-results emphasised. The measured metal isotopes and the resolutions are also given. 
 E1 E2 E3 E4 E5 E6 
Ag107(LR) 0.73 0.27 0.87 1.82 0.70 0.57 
As75(HR) 78.0 36.0 38.5 42.0 44.8 23.1 
Bi209(MR) 0.77 0.59 0.73 0.76 0.76 0.30 
Cd111(LR) 0.44 0.23 0.42 0.24 0.38 0.47 
Co59(MR) 13.0 10.2 10.6 7.38 27.2 178.0 
Cr52(MR) 45.1 30.7 45.2 57.6 44.3 40.0 
Cu63(MR) 43.7 22.0 28.9 44.7 26.5 57.9 
Ga69(MR) 14.4 9.56 12.5 16.3 11.1 6.79 
Hg202(LR) 0.44 0.29 0.31 0.32 0.18 0.17 
I127(MR) 8.99 3.11 12.8 20.0 12.7 5.34 
Ni60(MR) 27.4 17.2 24.5 28.4 27.7 30.0 
Pb208(LR) 44.8 30.8 35.6 34.7 56.4 19.1 
Sb123(LR) 0.31 0.15 0.26 0.14 0.30 0.05 
Se82(HR) 0.40 0.83 0.64 1.04 0.28 2.45 
Sn118(MR) 0.20 0.14 0.29 0.22 0.22 0.07 
Te128(MR) 0.08 0.04 0.05 0.07 0.05 0.03 
Tl205(LR) 0.71 0.49 0.61 0.55 0.62 0.40 
V51(MR) 139 81.5 111 137 116 102 
W182(MR) 0.13 0.11 0.18 0.11 0.17 0.05 
Zn66(MR) 107 75.2 89.2 99.8 80.2 87.9 

 
 ET1 ET2 ET3 ET4 ET5 ET6 ET7 ET8 ET9 

Ag107(LR) 0.67 0.68 0.61 0.69 0.62 0.69 0.72 0.61 0.71 
As75(HR) 65.1 70.2 52.0 77.5 64.3 64.0 62.3 61.5 67.8 
Bi209(MR) 0.68 0.75 0.68 0.78 0.94 0.82 0.81 0.81 0.92 
Cd111(LR) 0.34 0.39 0.27 0.31 0.42 0.34 0.35 0.31 0.35 
Co59(MR) 11.0 12.1 11.2 13.6 13.2 13.3 13.4 12.9 13.1 
Cr52(MR) 44.1 48.1 44.6 45.7 41.7 45.2 43.8 43.7 43.3 
Cu63(MR) 41.1 40.7 36.8 36.4 37.7 36.9 36.8 36.7 37.2 
Ga69(MR) 13.7 14.1 13.5 12.9 14.3 13.4 13.0 14.0 13.7 
Hg202(LR) 0.31 0.40 0.30 0.45 0.82 0.55 0.50 0.49 0.69 
I127(MR) 6.58 4.56 6.44 6.05 9.81 4.91 5.07 5.95 4.73 
Ni60(MR) 24.0 25.9 23.2 23.6 20.6 23.8 24.1 23.0 24.0 
Pb208(LR) 41.9 45.4 37.5 45.7 45.3 47.6 47.1 44.4 47.0 
Sb123(LR) 0.22 0.24 0.16 0.20 0.21 0.22 0.20 0.24 0.22 
Se82(HR) 0.65 0.68 0.60 0.52 0.57 0.47 0.78 0.47 0.60 
Sn118(MR) 0.18 0.19 0.20 0.17 0.19 0.16 0.16 0.19 0.16 
Te128(MR) 0.05 0.11 0.07 0.07 0.08 0.05 0.04 0.07 0.06 
Tl205(LR) 0.67 0.74 0.67 0.68 0.67 0.73 0.72 0.70 0.71 
V51(MR) 126 132 113 115 122 120 117 117 117 
W182(MR) 0.13 0.10 0.13 0.12 0.15 0.16 0.13 0.17 0.18 
Zn66(MR) 98.2 102 89.6 93.4 97.1 93.6 91.9 91.4 95.8 
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Table A-12: The results of the F-samples (from Wanshan) from the HR ICP MS screening analysis (µg g-1) 
with the Hg-results emphasised. The measured metal isotopes and the resolutions are also given. 
 F2 F4 F5 F6 F7 F8 F9 F10 

Ag107(LR) 0.36 0.44 0.51 0.71 0.57 0.80 0.71 0.81 
As75(HR) 10.3 3.3 10.2 8.8 12.7 12.7 13.5 22.4 
Bi209(MR) 0.37 0.59 0.57 0.66 0.75 0.89 0.65 0.51 
Cd111(LR) 0.53 0.58 1.03 0.77 1.35 1.34 0.75 2.21 
Co59(MR) 10.6 12.8 13.8 14.6 12.5 12.5 13.5 11.3 
Cr52(MR) 20.3 27.8 31.1 29.2 28.9 24.4 30.1 19.4 
Cu63(MR) 20.9 36.7 31.9 37.4 35.8 44.1 35.6 31.5 
Ga69(MR) 4.91 6.60 6.68 6.62 5.80 6.24 6.26 5.00 
Hg202(LR) 2.07 12.5 6.56 20.7 18.5 17.7 0.93 43.0 
I127(MR) 0.74 0.12 1.40 2.16 0.87 10.9 4.40 13.1 
Ni60(MR) 19.1 31.1 27.3 28.1 26.9 28.1 26.9 22.0 
Pb208(LR) 23.0 26.8 36.5 38.3 39.8 48.4 45.8 52.2 
Sb123(LR) 0.12 0.18 0.15 0.31 0.27 0.28 0.12 0.48 
Se82(HR) 0.30 0.99 0.71 0.58 1.47 1.31 0.38 1.11 
Sn118(MR) 0.09 0.11 0.14 0.18 0.16 0.39 0.16 0.17 
Te128(MR) 0.01 0.01 0.04 0.02 0.04 0.06 0.02 0.04 
Tl205(LR) 0.28 0.55 0.62 0.75 0.67 1.15 0.51 0.66 
V51(MR) 26.3 33.9 40.0 36.5 39.1 40.6 37.8 38.0 
W182(MR) 0.04 0.06 0.08 0.11 0.14 0.15 0.10 0.15 
Zn66(MR) 77.5 94.6 117 136 153 171 84.9 193 
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F.2 Iron concentrations in soil 

 
 
Table A-13: The Fe concentrations, also given in percent (w/w) 
 Fe µg g-1 Fe % 

B1 24994 2.50 
B2 28753 2.88 
B3 55960 5.60 
B4 26016 2.60 
B5 15511 1.55 
B6 top 52520 5.25 
B6 middle 51690 5.17 
B6 bottom 28872 2.89 
B8 AP 49526 4.95 
B8 B 51407 5.14 
B11 21700 2.17 
B14 42922 4.29 
B15 33020 3.30 
B22 38341 3.83 
E1 49428 4.94 
E2 34762 3.48 
E3 39339 3.93 
E4 45381 4.54 
E5 40422 4.04 
E6 36702 3.67 
ET1 44518 4.45 
ET2 45167 4.52 
ET3 43595 4.36 
ET4 43192 4.32 
ET5 47326 4.73 
ET6 42765 4.28 
ET7 42028 4.20 
ET8 43523 4.35 
ET9 43942 4.39 
F2 26715 2.67 
F4 24824 2.48 
F5 29352 2.94 
F6 30068 3.01 
F7 27630 2.76 
F8 26662 2.67 
F9 25216 2.52 
F10 23489 2.35 
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Appendix G. Reference material certificate 

 
 



 146

 
 
 



 147

 
 

 

 
 
 



 148

Appendix H. Recoveries of the reference material 

 
 
Table A-14: Raw data for the recoveries of the reference material15 
Day Concentration (µg kg-1 dry matter)       
  Replicate 1 Replicate 2 Replicate 3 Mean STD Recovery (%) 
Day 1 864 978 772 871 103 93.7 
Day 2 915 1080 955 983 86 105.7 
Day 3 959 888 1027 958 70 103.0 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                 
15 Concentrations corrected after a given water content of 1.73% 
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Appendix I. Internal standard and element/anion stock solution 

concentrations   

 

I.1 Internal standard for HR ICP MS analysis 

 
Table A-15: Concentration of chosen metals in the solution after addition of the spike IS5 
 Lithium Scandium Germanium Indium Rhenium

Cons. in spike (µg L-1) 5000 5000 5000 1000 1000 
Volume transferred (L) 0.0005 0.0005 0.0005 0.0005 0.0005 
Resulting cons. in the sample 
solution (µg  L-1) 50 50 50 10 10 
 
 
The fluctuations of signals from the elements in the internal standard solution were normal and 

consequently no corrections of the determinations were needed. 

 

 

 

 

I.2 Hg element stock solution 

 
Table A-16: Concentration of Hg in the two different element stock solutions along with the matrix 
components and the supplier 

Element 
Concentration 

(µg mL-1) 
Uncertainty 
 (µg mL-1) Matrix Supplier 

Hga 1000 ± 0.5 2.5 % HNO3 Spectrascan®, Kolbotn, Norway
       
Hgb 1000 ±  5 5 % HNO3 Spectrascan®, Kolbotn, Norway

aHg stock solution used to make the calibration solutions and the control solutions to the DMA-80 
analyses. 
bHg stock solution used to validate the calibration curves made by the other Hg stock solution. 
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I.3 Anion stock solutions 

 
Table A-17: The anion concentrations of the DIONEX Seven Anion stock solution used in the ion 
chromatography run 

Anion Concentration (mg L-1) 
From the salt  

(in water) Supplier 

F- 20 NaF DIONEX Corporation, California, USA 
Cl- 100 NaCl (Instrumentteknikk AS, Oslo, Norway) 
NO2- 100 NaNO2  
Br- 100 NaBr   
NO3- 100 NaNO2   
PO43- 200 K3PO4   
SO42- 100 Na2SO4   

 
 
 
 
 
Table A-18: The anion concentrations of the FLUKA anion stock solution used as a control solution in 
the ion chromatography run 
Anion Concentration (mg kg-1) Supplier 

F- 3 Sigma-Aldrich, Steinheim, Switzerland 
Cl- 10   
Br- 20   
NO3- 20   
PO43- 30   
SO42- 20   
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Appendix J. Method for the HR ICP MS 

 

Table A-19: The HR ICP MS method with the different parameters 
Plasma RF (MHz) 27 
Forward power (watt) 1400 
Plasma flow (L min-1) 16 
Auxiliary flow (L min-1) 0.5-1.0 (tuned) 
Nebuliser flow (L min-1) 0.8-1.0 (tuned) 
    
    
    
Sample uptake (mL min-1) 0.4 
    
    
    
Replicates 3 
Sweeps per reading 3 
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Appendix K. Soil pH 

 
Table A-20: pH for all the soil samples 
Sample ID pH 

B1 7.08 
B2 7.31 
B3 6.51 
B4 8.49 
B5 7.83 
B6 top 6.43 
B6 middle 4.55 
B6 bottom 7.38 
B8 AP layer 4.87 
B8 B layer 5.74 
B11 6.20 
B14 6.02 
B15 6.99 
B22 7.54 
E1 5.56 
E2 6.10 
E3 6.16 
E4 6.15 
E5 7.61 
E6 5.98 
ET1 5.92 
ET2 5.90 
ET3 5.60 
ET4 5.53 
ET5 5.67 
ET6 5.30 
ET7 5.74 
ET8 5.52 
ET9 5.53 
F2 7.67 
F4 6.56 
F5 6.86 
F6 7.23 
F7 6.85 
F8 7.44 
F9 7.56 
F10 7.64 
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Appendix L. Soil colour 

 
 
To determine soil colour, Munsell Soil Colour Charts were used. Colours are divided on the basis 

of differences in Hue, Value and Chroma. The Hue notation specifies the colour’s relation to 

blue, green, purple, red and yellow; the Value notation indicates its lightness; the Chroma 

notation indicates its strength16. 

 

 

Table A-21: The soil colour of the soil samples 
Sample Hue Value Chroma Colour 

B1 5 Y 3 1 very dark grey 
B2 2.5 Y 4 3 olive brown 
B3 10 YR 4 4 dark yellowish brown 
B4 2.5 Y 2.5 1 black 
B5 2.5 Y 2.5 1 black 
B6 top layer 7.5 YR 3 3 dark brown 
B6 middle layer 5 YR 4 6 yellowish red 
B6 bottom layer 2.5 Y 3 1 very dark grey 
B8 AP layer 10 YR 5 6 yellowish brown 
B8 B layer 7.5 YR 5 6 strong brown 
B11 2.5 Y 4 3 olive brown 
B14 10 YR 3 6 dark yellowish brown 
B15 2.5 Y 4 3 olive brown 
B22 2.5 Y 3 2 very dark greyish brown
E1 2.5 Y 4 4 olive brown 
E2 2.5 Y 4 4 olive brown 
E3 5 Y 5 4 olive 
E4 10 YR 5 3 brown 
E5 2.5 Y 4 4 olive brown 
E6  2.5 Y 3 3 dark olive brown 
ET 1 2.5 Y 5 6 light olive brown 
ET 2 2.5 Y 5 6 light olive brown 
ET 3 2.5 Y 5 4 olive 
ET 4 2.5 Y 5 6 light olive brown 
ET 5 2.5 Y 5 6 light olive brown 
ET 6 2.5 Y 5 6 light olive brown 
ET 7 2.5 Y 5 6 light olive brown 
ET 8 10 YR 5 6 yellowish brown 
ET 9 10 YR 4 6 dark yellowish brown 

 
 
                                                 
16 Munsell. 1992. Munsell Soil Color Charts. Macbeth. 
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F2 5 Y 4 2 olive grey 
F4 5 Y 4 2 olive grey 
F5 5 Y 4 2 olive grey 
F6 5 Y 4 2 olive grey 
F7 2.5 Y 3 3 dark olive brown 
F8 5 Y 3 2 dark olive grey 
F9 2.5 Y 3 2 very dark greyish brown
F10 10 YR 4 2 dark greyish brown 
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Appendix M. Background and limit values for metals in soil 

 
 
The tables give metal values referred to in the Results and discussion section. 
 
 
 
Table A-22: Global average concentrations for metals in soils17 

Element µg g-1 

Ag 0.1 
As 10 
Cd 0.62 
Hg 0.05 
Ni 20 
Pb 30-100 (65) 
Se 0.5 
V 100 

Zn 50 
 
 
 
Table A-23: The Chinese National Standard for Soil Environmental Quality (in µg g-1)18 
Element Grade A Grade B Grade C 
  pH<6.5 6.5<pH<7.5 pH>7.5 pH>6.5 
As 15 30 25 20 30 
Cd 0.2 0.3 0.3 0.6 1 
Cr 90 250 300 350 400 
Cu 35 50 100 100 400 
Hg 0.15 0.3 0.5 1 1.50 
Ni 40 40 50 60 200 
Pb 35 250 300 350 500 
Zn 100 200 250 300 500 

 
 
 
 
 
 
 
 
 
 

                                                 
17 Values found in various chapters in: Alloway, B. J. 1995. (ed.) Heavy Metals in Soils. 2nd edition. Blackie 
Academic & Professional. 
18 Chen, H., C. Zheng, C. Tu, and Y. Zhu. 1999. Heavy Metal Pollution in Soils in China: Status and 
Countermeasures. Ambio 28: 130-134. 
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Table A-24: Average metal concentrations in soil in the two sampling locations (Qingzhen and 
Wanshan)19 
Element Concentration µg g-1 

Ag 0.07-0.15 
As 6.2-50 
Cd 0.046-2 
Hg 0.02-0.22 
Ni 9-51  
Pb <10-300 
Se 0.18-0.56 
V 38.3-500 
Zn 34.7- >142 
 
 
 
Table A-25: Classification of metals in Norwegian soils20 (µg g-1) 
Element Backgrounda Gooda Moderatea Poora Very poora 

Agb <0.2 0.2-0.55 0.55-2 2-5 >5 
As <8 8-20 20-50 50-576 >576 
Cd 0-1.5 1.5-10 10-15 15-28 >28 
Hg <1 <1 1-4 4-10 >10 
Ni <60 60-135 135-200 200-1470 >1470 
Pb <60 60-100 100-260 260-622 >622 
Seb <2 2-3.5 3.5-8.5 8.5-15 >15 
Vb <35 35-75 75-115 115-140 >140 
Zn <200 200-500 500-1000 1000-5000 >5000 

aThe different status are based on health evaluations. 
bThese metals are found in SFT’s classification of metals in soil 
 
 
Table A-26: Limit values for metals in soil from the European Commission’s initiative to improve sludge 
management21 
Element Limit values µg g-1 (dry matter) 

  5<pH<6 6<pH<7 pH>7 
Cd 0.5 1 1.5 
Hg 0.1 0.5 1 
Ni 15 50 70 
Pb 70 70 100 
Zn 60 150 200 

                                                 
19 NEPA. 1994. National Environmental Protection Agency. (Presently known as MEP; Ministry of Environmental 
Protection). The Atlas of Soil Environmental Background Value in the People's Republic of China. China 
Environmental Science Press. 
20 NGU. 2007. Norges Geologiske Undersøkelse (Geological Survey of Norway). Forslag til Tilstandsklasser for 
Jord. 
21 EC. 2000. European Commission. Working Document on Sludge - 3rd draft. Reference ENV.E.3/LM Brussels 
Belgium. Available at: http://ec.europa.eu/environment/waste/sludge/pdf/sludge_en.pdf. Accessed: 22.8.2008. 
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Appendix N. Organic carbon content of the soil samples from 

NIVA’s analysis 

 

The organic matter (OM) content is derived from (Equation A7): 

 

OMOC =⋅ 67.1 22                                                                                                                    A7) 

 
Samples OC (µg mg-1) OM (µg mg-1)

E1 22.3 37.2 
E2 22.6 37.7 
E3 43.1 72.0 
E4 27.9 46.6 
E5 22.5 37.6 
E6 74 123.6 
ET1 variation test 1 25 41.8 
ET2 variation test 2 25.8 43.1 
ET3 variation test 3 18.5 30.9 
ET4 variation test 4 22.2 37.1 
ET5 variation test 5 23.6 39.4 
ET6 variation test 6 24.5 40.9 
ET7 variation test 7 23.6 39.4 
ET8 variation test 8 20.6 34.4 
ET9 variation test 9 23.5 39.2 
B123 104 173.7 
B2 44.3 74.0 
B3 29.6 49.4 
B4 ash slurry23 105 175.4 
B5 ash slurry23 132 220.4 
B6 top layer 34.9 58.3 
B6 middle layer 2 3.3 
B6 bottom layer23 108 180.4 
B8 A layer 21.4 35.7 
B8 B layer 6.8 11.4 
B11 20 33.4 
B14 25.4 42.4 
B15 47.2 78.8 
B22 33.9 56.6 
 

                                                 
22 Alloway, B. J. 1995b. Soil Processes and the Behaviour of Metals. In B. J. Alloway [ed.], Heavy Metals in Soils. 
2nd edition. Blackie Academic & Professional. 
23 The soils are mainly ash, which lead to a high organic carbon/organic matter result 
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Samples OC (µg mg-1) OM (µg mg-1)

F2 10 16.7 
F4 20.6 34.4 
F5 26.7 44.6 
F6 22.9 38.2 
F7 34.3 57.3 
F8 39 65.1 
F9 20.1 33.6 
F10 20.6 34.4 
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Appendix O. Statistics 

 
The mean ( x ), standard deviation (STD) and relative STD (%) were calculated using the 

following formulas (Equation A8, A9 and A10): 

 

x = ∑xi/n                                                                                                                                A8) 

 

STD = (∑(xi- x )2/(n-1))                                                                                                     A9) 

 

Relative STD (%) = (STD/ x ) 100⋅                                                                                        A10) 

 

where 

n = number of samples/replicates 

xi = individual concentration (data) 

 

O.1 Uncertainty test used to compare recovery values with the certified value of the 

reference material used in the DMA-80 analyses: 

 

The difference, ∆m, between the measured mean value and the CRM value: 

 

∆m = | CRMxx − |                                                                                                                   A11) 

 

The combined uncertainty, u∆: 

 

u∆ = CRMuu 22 +                                                                                                                  A12) 

 

where u and uCRM = the STDs of the measured values and the CRM value. 

 

The expanded uncertainty: 

 

U∆ = ⋅2 u∆                                                                                                                                 A13) 

 

If U∆ >∆m, the difference is not significant (P=0.05). 



 160

O.2 Paired t-test used to compare analytical methods: 

 

The following equation is used in the paired t-tests: 

 

t=
dSTD

nd                                                                                                                           A14) 

 
 
where =d the mean of the difference between the two methods for each sample 

STDd = the standard deviation of d  

n = the number of sample “pairs” 

 

The t value is compared to a table value, and if t < ttable, the difference is not significant 

(P=0.05)24. 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                 
24 Table value found in: Miller, J. M., and J. C. Miller. 2005. Statistics and Chemometrics for Analytical Chemistry. 
5th edition. Pearson Education Limited. 
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O.3 Correlation matrices for statistical analyses of the soil metal concentrations and soil parameters: 

Qingzhen Ag As Cd Hg Ni Pb Se V Zn pH LOI CO3 Fe % 

Ag 1             
As 0.086 1            
Cd 0.147 0.640 1           
Hg 0.002 0.695 0.815 1          
Ni 0.358 0.672 0.686 0.608 1         
Pb 0.103 0.825 0.753 0.787 0.710 1        
Se 0.327 0.013 0.338 0.252 0.070 0.176 1       
V 0.163 0.802 0.470 0.607 0.607 0.656 0.038 1      
Zn 0.034 0.557 0.592 0.726 0.730 0.554 -0.141 0.662 1     
pH 0.329 -0.476 -0.071 -0.310 -0.273 -0.227 0.351 -0.571 -0.559 1    
LOI 0.507 -0.184 0.194 -0.019 0.233 -0.078 0.542 -0.068 -0.081 0.391 1   
CO3 0.118 0.157 0.524 0.437 0.220 0.120 -0.008 0.191 0.435 0.146 0.013 1  
Fe % -0.020 0.780 0.350 0.550 0.615 0.711 -0.257 0.864 0.639 -0.638 -0.197 0.006 1 
Wanshan Ag As Cd Hg Ni Pb Se V Zn pH LOI CO3 Fe % 

Ag 1             
As 0.649 1            
Cd 0.651 0.854 1           
Hg 0.602 0.620 0.852 1          
Ni 0.133 -0.552 -0.234 -0.111 1         
Pb 0.948 0.770 0.771 0.579 0.066 1        
Se 0.326 0.221 0.631 0.580 0.330 0.413 1       
V 0.687 0.325 0.544 0.349 0.545 0.777 0.572 1      
Zn 0.722 0.651 0.903 0.881 -0.009 0.744 0.747 0.618 1     
pH 0.423 0.653 0.250 0.130 -0.725 0.380 -0.371 -0.225 0.131 1    
LOI 0.455 0.023 0.356 0.193 0.666 0.520 0.760 0.865 0.544 -0.416 1   
CO3 0.606 0.890 0.675 0.490 -0.419 0.715 0.060 0.240 0.398 0.605 -0.115 1  
Fe % -0.174 -0.405 -0.357 -0.305 0.221 -0.240 -0.166 0.131 -0.098 -0.284 0.185 -0.643 1 
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O.4 Correlation matrices for statistical analyses of the water metal concentrations and ion concentrations in Qingzhen: 

 
 
Qingzhen Ag As Cd Hg V Zn Ca2+ Mg2+ Na+ K+ Sulphate Nitrate Cl- Tot-F Alkalinity H+ 

Ag 1                
As -0.433 1               
Cd -0.345 0.726 1              
Hg -0.393 0.749 0.980 1             
V -0.312 0.492 0.894 0.936 1            
Zn -0.252 -0.311 -0.301 -0.259 -0.292 1           
Ca2+ -0.295 0.389 0.910 0.870 0.897 0.227 1          
Mg2+ -0.553 0.116 -0.267 -0.306 -0.508 0.652 -0.336 1         
Na+ -0.560 0.488 0.587 0.599 0.496 0.722 0.577 0.344 1        
K+ -0.139 -0.086 0.137 0.168 0.234 0.941 0.291 0.157 0.770 1       
Sulphate -0.202 0.407 0.919 0.873 0.887 0.0002 0.993 -0.385 0.549 0.272 1      
Nitrate -0.210 -0.111 0.497 0.401 0.478 0.908 0.777 -0.021 0.558 0.523 0.753 1     
Cl- 0.367 -0.206 -0.179 -0.224 -0.266 0.745 -0.089 0.219 0.423 0.737 -0.046 0.273 1    
Tot-F -0.241 0.260 0.750 0.811 0.962 -0.029 0.843 -0.596 0.425 0.315 0.824 0.510 -0.226 1   
Alkalinity -0.369 0.703 0.054 0.152 -0.079 -0.260 -0.331 0.368 0.152 -0.187 -0.331 -0.690 -0.195 -0.236 1  
H+ -0.200 0.401 0.022 0.208 0.204 -0.302 -0.214 -0.166 0.051 -0.016 -0.222 -0.640 -0.261 0.209 0.727 1 
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O.6 Correlation matrices for statistical analyses of the water metal concentrations and ion concentrations in Wanshan: 

 
Hg concentrations used are from the SINOMER project’s analyses. 

 
 

Wanshan Ag As Cd Hg V Zn Ca2+ Mg2+ Na+ K+ Sulphate Nitrate Cl- Tot-F Alkalinity H+ 

Ag 1                
As -0.265 1               
Cd 0.405 -0.536 1              
Hg -0.663 0.390 -0.115 1             
V -0.421 0.116 -0.386 -0.308 1            
Zn - - - - - 1           
Ca2+ -0.761 -0.162 -0.464 0.570 0.110 - 1          
Mg2+ -0.879 0.705 -0.656 0.418 0.579 - 0.770 1         
Na+ 0.270 -0.246 0.419 0.277 -0.769 - 0.240 -0.383 1        
K+ -0.233 0.182 -0.050 0.587 -0.512 - 0.465 0.257 0.444 1       
Sulphate -0.322 -0.148 -0.058 0.613 -0.499 - 0.773 0.229 0.783 0.640 1      
Nitrate -0.225 -0.162 0.039 0.548 -0.531 - 0.710 0.161 0.838 0.685 0.985 1     
Cl- -0.657 -0.229 -0.210 0.561 0.056 - 0.914 0.689 0.381 0.525 0.778 0.769 1    
Tot-F -0.228 -0.113 0.062 0.540 -0.481 - 0.632 0.029 0.806 0.354 0.919 0.886 0.602 1   
Alkalinity 0.179 -0.059 -0.512 -0.472 0.375 - -0.112 0.230 -0.432 -0.245 -0.388 -0.386 -0.086 -0.560 1  
H+ -0.497 0.142 0.157 0.804 -0.386 -  0.385 0.075 0.347 0.317 0.544 0.464 0.276 0.657 -0.833 1 
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Appendix P. Soil parameters 

 
Table A-27: Measured soil parameters for the different soil samples 
Samples OM (%)a pH LOI, OM (%)b LOI, carbonates (%) Fe (%) 

E1c 3.8 5.63 10.0 1.1 4.5 
E2 3.8 6.10 7.7 1.1 3.5 
E3 7.2 6.16 12.9 0.8 3.9 
E4 4.7 6.15 10.2 1.3 4.5 
E5 3.8 7.61 8.5 1.8 4.0 
E6 12.4 5.98 14.5 1.1 3.7 
B1 17.4 7.08 12.1d 1.2d 2.5 
B2 7.4 7.31 11.7 1.1 2.9 
B3 4.9 6.51 12.8 1.3 5.6 
B4 17.5 8.49 15d 0.1d 2.6 
B5 22.0 7.83 12d 0.7d 1.6 
B6 top layer 5.8 6.43 11.9 1.3 5.3 
B6 middle layer 3 4.55 8.7 1.1 5.2 
B6 bottom layer 18.0 7.38 12.3d 3.2d 2.9 
B8 AP layer 3.6 4.87 10 1.0 5.0 
B8 B layer 1.1 5.74 8 0.9 5.1 
B11 3.3 6.20 10.1 0.8 2.2 
B14 4.2 6.02 10 0.9 4.3 
B15 7.9 6.99 11.6 3.1 3.3 
B22 5.7 7.54 9.3 1.5 3.8 
F2 1.7 7.67 3.9 2.8 2.7 
F4 3.4 6.56 6.5 0.8 2.5 
F5 4.5 6.86 7.3 1.9 2.9 
F6 3.8 7.23 6.2 1.9 3.0 
F7 5.7 6.85 7.9 4.5 2.8 
F8 6.5 7.44 7.1 3.4 2.7 
F9 3.4 7.56 6.2 9.3 2.5 
F10 3.4 7.64 6 12.4 2.4 

aOrganic matter content measured at NIVA 
bOrganic matter content measured by loss on ignition 
cAverage results of the ten variation samples 
dThese samples have not been corrected for water content in clay, because the soils are mainly ash 
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Appendix Q. pH of the water samples 

 

Table A-28: pH of the water samples. 

 

 
 
 
 
 
 
 
 
 
 
 
 

 

 
 

aMeasured at the Department of Chemistry, University of Oslo. 
bMeasured in Wanshan, Guizhou Province, China. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Sample pH Remarks 

B3a 6.7   
B4a 8.56 B4 from ash slurry field  
B6a 9.84 B6 from just below ash slurry field 
B7a 7.96   
B8a 7.87   
B15a 7.71   
B22a 7.84   
F2b 8.1  
F4b 8.1  
F5b 7.8  
F6b 8.1  
F7b 7.9  
F8b 7.8  
F9b 8.3  
F10b 8.6  
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Appendix R. Anions and cations in the water samples 

 
 
Table A-29: Ion concentrations in the water samples (µeq L-1) 
Sample Ca2+ Mg2+ Na+ K+ Sulphate Nitrate Cl- Tot-F Alkalinity

B3 1430 454 52.1 0.1 2729 22.4 283 19.2 30.2 
B4 3403 1062 409 0.1 5271 8.07 202 73.8 0 
B6 8997 316 396 0.2 14771 65 182 327 0 
B7 8071 908 419 0.2 13813 78 247 130 0 
B8 8092 949 413 0.2 13604 78 242 125 0 
B15 2497 1322 499 0.3 2854 59.7 359 33.1 311 
B22 1590 1047 67.9 0.1 869 28.4 105 16.2 420 
F2 1219 1050 103 0 541 145 91.2 6.9 769 
F4 1066 492 122 0.1 598 192 47.2 6.2 769 
F5 1568 1645 73.1 0.0 757 219 99.9 8.3 383 
F6 1740 1670 151 0.1 1069 530 152 9.8 769 
F7 1512 1928 61.2 0.1 689 225 107 6.8 483 
F8 1670 1717 155 0.1 1104 537 158 9.5 383 
F9 1356 1832 30.1 0.1 418 61.5 101 3.6 1229 
F10 1490 1910 58.6 0.1 623 166 111 5.5 2506 
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Appendix S. Metal concentrations in the water samples 

 
Table A-30: Metal concentrations in the water samples from HR ICP MS analyses (µg L-1)a 

Sample Ag As Cd Hg V Zn 

B3 1.01 0.20 0.12 0.01 0.30 0.47 
B4 0.04 43.32 1.46 0.62 103.72 3.62 
B6 0.17 14.15 1.87 0.79 263.26 BDb 
B7 0.20 21.31 1.75 0.59 124.71 BDb 
B8 0.23 21.23 1.89 0.61 140.18 BDb 
B15 0.15 0.56 0.08 0.04 1.77 86.72 
B22 0.06 1.81 0.04 0.01 0.90 0.82 
F2 0.093 BDb 0.0357 -c 0.540 BDb 
F4 0.134 BDb 0.0313 - 0.359 BDb 
F5 0.041 0.01 0.0180 - 0.515 BDb 
F6 0.074 0.01 0.0201 - 0.494 BDb 
F7 0.046 0.04 0.0112 - 0.543 BDb 
F8 0.045 0.02 0.0296 - 0.383 BDb 
F9 0.059 0.01 0.0275 - 0.597 BDb 
F10 0.073 0.02 0.0040 - 0.545 BDb 

aNi, Pb and Se were below detection limits 
bBelow detection limit 
cSee Table A-31 
 
 
 
Table A-31: Total Hg, dissolved Hg and reactive Hg concentrations in the Wanshan water samples  
(ng L-1). From the SINOMER project’s Hg determination (sampled simultaneously with the samples from 
this study). 
Sample tot Hg Dissolved Hg Reactive Hg 

F2 23.1 3.1 2 
F4 9.2 3.8 2.4 
F5 80.7 14 3.8 
F6 28.8 7.2 4 
F7 113.5 10.5 9.8 
F8 171.2 17.9 4.6 
F9 11.7 4.4 1.1 
F10 32.6 12.3 16.2 
 
 
 
 
 
 


