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The aim of this thesis work was to analyse the leachate for metals such as Cobalt, Nickel, Lithium, and 

Zinc through Atomic Absorption Spectrometry. Furthermore, the leaching results were compared with 

the background values to determine the loss of these metals from soil to water during oxidation and 

leaching. The thesis further describes the formation of acid sulfate soil, which corresponds to the geo-

chemistry of metastable iron sulfide, elemental S, sulfate, and organic S and pyrite. 

 

In the laboratory experiment, preparation of the soil samples for Atomic Absorption Spectrometry 

analysis is presented. The initial set up starts with incubation and involves several steps such as pH 

measurement, drying, centrifugation, filtration, and acidification. The theoretical approach details the 

acid sulfate soil with its worldwide distribution as well as the essential indicators such as vegetation, 

water, soil, and infrastructure. The redox chemistry for the formation of acid sulfate soils and necessary 

redox conditions are presented.  Lastly, the environmental impacts on vegetation, aquatic habitats, and 

human beings, as well as the management of these soils, are presented. 

 

The lab results and conclusions section present three different zones for AS soils which are oxidizing, 

transitional and reduction zone. The metals amount is highly presented in reduced zones but leaching 

of metals occurs excessively from oxidized zones. Among these metals, cobalt is highly leached with 

its maximum value of 80% while zinc is least leached with 0%. 
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CONCEPT DEFINITIONS 

 

Conceptional Definitions 

Brackish water Brackish water is formed by the mixture of fresh 

water and marine water resulting dilution of salts 

and chlorides with of pH range 6-9. The brackish 

water contains suspended particles such as silt and 

sand with particle size of 1-200 microns. (Nesbitt 

2007, 56.) 

 

Metastable iron sulfide It consists of either mackinawite and gregnite. 

(Boman, 2008.) 

Waterlogged condition The condition with excess of water in soil that 

prevents the exchange of oxygen with atmos-

phere. This is also called as saturated soil. During 

the water-logged condition available oxygen is 

used up by biological activities and cause oxygen 

deficiency. (Government of Western Australia, 

2019.) 

Post glacial isostatic land uplift During the glacial period, land was covered with 

large sheets of ice which pushes the earth crust 

downward. As the ice stats melting, the earth de-

forms and starts rising which is referred as post 

glacial isostatic land uplift. (Steffen & Kaufmann 

2005) 

Hydrolysis It is defined as the removal of chemical bonds of   

organic compound with the use of water to form 

new substances without causing its decomposi-

tion. Hydrolysis can be acidic or enzymatic de-

pending upon the content of feedstock. (Katyal & 

Morrison 2007, 520.) 

 

 



      

 

 

 

 

 

 

 

  

Abbreviations 

 

AS Soil Acid Sulfate Soil 

 

PAS Soil Potential Acid Sulfate Soil 

AAS Atomic Absorption Spectroscopy 

Chemical Compounds 

 

Jarosite  KFe3(SO4)2(OH)6 

 

Schwertmannite Fe8O8(OH)6SO4 

Fe oxyhydroxides Fe(OH)3and FeOOH 

Mackinawite FeS 

Greigite FeS1.34 
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1 INTRODUCTION 

 

 

The aim of this study was to analyse the amount of metals such as Co, Li, Ni and Zn leaching from AS 

soils to water and compare the leaching result with background value to know how much metals are 

leached during oxidation. The metals concentration (ICE-OES) of the soil samples already exist and can 

be used for background concentration. The experience gained from this thesis will also help to enhance 

professional competence.  The thesis work further presents the brief history about the AS soils identifi-

cation and the necessary conditions for its formation. The total area covered by AS soils globally in 

Southeast Asia, West Africa, Eastern Australia, Latin America and Europe is also presented. The focus 

is on AS soils in Finland which covers almost half of the soil in Europe.  

 

There may be some possible limitations of this thesis work. The top-most limitation would be the gap 

between the thesis topic and prior studies. Therefore, it absorbs plenty of time in researching documents 

and developing ideas for contents.  The thesis work only presents leaching of metals from AS soils to 

water and can be improved by adding few more lab experiments such as sulfate analysis, EC and titrat-

able incubation acidity. The leaching results are not in accordance with the theoretical approach because 

of the presence of sand and clay in soil mixtures which makes the soil inhomogeneous. The last limita-

tion would be the lack of adequate soil samples and with larger soil samples more precise results would 

be obtained. 

 

Acid sulfate soils are the soils which are oxidized such that the pH of the soil is dropped to 4 or below. 

In other words, AS soils are the oxidation product of PAS soil which are the parent sediment and remain 

under AS soils. AS soils contain reduced sulfur compounds such as pyrite and metastable iron sulfides 

which can oxidize and produce sulfuric acid and cause several environmental hazards. AS soils can be 

identified by soil, vegetations, water and infrastructure. Vegetations such as cauliflower and rose plant 

with deficiency of magnesium and iron are illustrated under section indicators of AS soils. AS soils are 

capable of leaching metals to water and affect its quality as well as kill aquatic habit, flora and fauna. 

This scenario can be observed under sub-section water indicators. AS soils attack cement externally, 

causing cracks, expansion and loss of bondage between cement and gypsum. 

. 

Several reducing and oxidizing conditions of AS soils are presented in sulfur redox chemistry and gen-

eral principles section. Reduction process occurs when oxygen is consumed by oxic bacteria in the 
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breakdown of organic matter to CO2 and enhances bacterial sulfate reduction. Likewise, O2 is the oxi-

dizing agent in PAS soils and Fe+3 in AS soils. The process oxidation in PAS soils and in AS soils is 

further presented with several chemical equations. AS soils are responsible for leaching several metals 

such as aluminum, cobalt, nickel, zinc, cadmium, manganese, iron and chromium to water sources. 

These metals can mobilize crops and enter the human body causing diseases such as Alzheimer and 

Parkinsons disease. The experimental results from metal mobilized in timothy plant and oat grains is 

presented in this thesis. The formation of AS soils can be managed by using control sub-surface drainage 

and control sub- surface irrigation technology. 

 

For the laboratory setup, soil samples were sprayed with water, and the incubation pH was measured. 

Then the procedure followed by drying, centrifugation, filtration and acidification and the AAS experi-

ment was performed at Centria UAS. The results show that three different zones are observed in AS 

soils which are oxidized, transitional and reduced zone. Metals are excessively leached from oxidized 

zone and least from reduced zone. Cobalt is excessively leached with its maximum value of 80% while 

zinc is least leached with 0%. 
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2 THEORETICAL BACKGROUND 

 

 

This section includes various basic aspects of AS soil such as history, the definition of AS soil, and 

formation. The worldwide distribution of acid sulfate soil is further presented. The indicators for the 

identification of acid sulfate soil such as soil color, vegetation, water, and infrastructure are briefly dis-

cussed. 

 

2.1 History 

 

The AS soil was first recognized in 18th century by Carl Linnaeus in the Netherland and was named as 

'Argilla Vitrio' which means soil with sulfuric acid (Dent & Pons 1995, 263-265). AS soils have been 

identified in South East Asia, East and West Africa, South and Central Africa, the United States and 

Australia. In 1972 AS soils were internationally discussed in the Netherland and since then it has been 

an essential topic for research in various parts of the world, especially in Finland, Sweden and Australia. 

Artificial and natural drainage plays a significant role in the production of AS soil in coastal areas of 

Finland while isostatic land uplift the sediments above the sea level. (Uusi-Kämppä, Keskinen, Heik-

kinen, Guagliardi, & Nuutinen 2019.) 

 

About 8000 years ago, the conditions became more favourable for sulfate reduction where sulfate-re-

ducing bacteria converted the plant residues and seawater sulfate of Baltic sea (also known as Litorina 

sea) into sulfides. These sulfides are not harmful in the absence of oxygen but result in the production 

of sulfuric acid in the presence of oxygen, which further decreases the pH level of soils from 6-7 to 4 or 

less. Consequently, this gives rise in the concentration of metals such as Al, Co, Li, Ni and Zn due to 

the dissolution of minerals. These metals can be leached to the water sources or uptaken by plants. (Uusi-

Kämppä et al. 2019.) 

 

In early 20 century acid sulfate soil were first recorded in Finland during agrogeological soil mappings 

in Ostrobothnia by Aarnio (Arnio 1928, 80). In 1970 all the fish were killed in river Kyrönjöki due tothe 

presence of acid sulfate soil (Björklund & Åström 1995). About half of the soil is situated in Ostrobothnia 

(Western Finland), which is the main reason for the toxicity in coastal areas of the Gulf of Bothnia. It is 

a fact that most of the metals leached from acid sulfate soil are higher than the entire Finnish industries. 

(Sundström, Åström, & Österholm 2002.) 
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2.2 ACID SULFATE SOILS 

 

 

Acid sulfate soils are generally defined as soils, sediments (incl. glacial till) and organic materials (e.g. 

peat) containing hypersulfidic material in such quantities that the soil pH has dropped, or may drop, 

below 4 as a result of sulfide oxidation and the formation of sulfuric acid. Added to the Finnish-Swedish 

definition is that for organic soil materials (e.g. peat and gyttja) the pH needs to drop below 3. The reason 

for this is to be able to distinguish between acidity formed from sulfide oxidation and organic acids (cf. 

Hadzic et al. 2014). Acid sulfate soils are further divided into active (or actual), if sulfide oxidation has 

been initiated, and potential, if sulfide oxidation has not yet started. (Boman, Becher, Mattbäck, 

Sohlenius, Auri, Öhrling, Liwata-Kenttälä, & Edén 2019.) 

 

AS soils are exposed to the environment either by post-glacial isostatic land uplift or by anthropogenic 

activities such as natural and artificial drainage, and ditching resulting in the formation of sulfuric acid. 

(Nordmyr et al 2006, 261-262; Boman 2008, 1-2.) The climatic situation such as drought further deepens 

the oxygen level in the ground resulting in acid sulfate soil (Virtanen, Simojoki, Rita, Toivonen, 

Hartikainen, & Yli-Halla 2014, 336-348). Their black (as shown in PICTURE 1) appearance represents 

the potential acid sulfate soil due to the presence of metastable iron sulfide. Likewise, they consist of 

1% dry weight of iron sulfide, iron pyrite (FeS2) and 95 % of total sulfur. They are generally fine-grained 

containing clay and silt particles. Also, sand can be presented in AS soils. (Boman et al 2008,1-2.) Along 

with a massive number of pyrite, potential acid sulfate soil consists of other sulfides such as greigite and 

mackinawite (Karimian, Johnston, & Burton 2018, 804). In picture 1 the symbol j represents jarosite, se 

for sulfides, qm for silica and pedogenic. The oxidized and unoxidized boundary occurs between Bsej2 

and Cse around 80 cm  
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PICTURE 1. A complete AS soil profile (adapted from Wessel, Fiola, & Rabenhorst 2017, 261) 

 

Another condition for occurrence of AS soil is neutralization soil capacity by exchanging calcium car-

bonate, exchangeable cations and weatherable silica minerals is much lower than potential acidity (Toi-

vonen, Österholm, & Fröjdö 2013). This is the condition for acidification of soil with a pH value lower 

than 4. Three different layers with varying pH value are presented by the Figure 2 representing acidic 

layer, transition zone and parent sediment or potential acid sulphate layer. The acidic zone consists of 

oxidizable sulfur compounds with 3.5 pH value and give rise to pH by 0.5 when incubated at room 

temperature under moist condition with a time period of 8 weeks. In between the top and bottom layer, 

lies transition zone where the pH turns from acidic to neutral. (Boman et al. 2008, 1-4.) AS soil can be 

fine grained (<63 µm) or coarse grained (>63 µm). The acidity caused by fine grain is usually higher 

(10-100 times) than coarse grained. (Mattbäck et al. 2017.)  The Figure 1 soil includes plow layer (0-40 

cm from the surface), acidic horizon, transition zone and parent sediment (potential acid sulfate soil). 
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FIGURE 1. Variation of pH value with the depth of the) (adapted from Boman 2008) 

 

2.3 Distribution of acid sulphate soil 

 

The acid soil covers the area of 17 million ha or 170,000 km² worldwide and is located on the low coastal 

lands of Southeast Asia, West Africa, Eastern Australia, Latin America, and Europe and their worldwide 

share can be observed from Table 1(Adriesse, Van Mensvoort, 2006, 14-19). Most of these regions 

consist of high temperature, protected mangroves, and marches with a large amount of tidal exchange 

and facilitate pyrite accumulation ([Klu 2017, 3]). Likewise, in Finland, it occupies an area of 380 km² 

(Purokoski 1959) to 3360 km² (Palko 1994), which accounts for half of the soil in Europe. Acid 

Sulphate soil is situated at an altitude of 0-100 m above the sea level and are located mostly in Ostro-

bothnia, especially in Vaasa, but the highest concentration per hectar of sulfur is found in Oulu (Yli-

Halla, Puustinen & Koskiaho 1999, 62-67). It has been found that the acid soil near river area has high 

load of acidity, Al, Tl, rare earth metals, alkali and alkaline earth metals (Li, Be, Na, Mg, K, Ca, Sr),tran-

sition metals (Mn, Co, Ni, Cu, Zn, Cd) and nonmetals (B, Si, S, Cl). The elements such as Ba, Ti, V, Cr, 

Fe, Mo, Pb, As and Sb are not found in these streams. (Österholm, & Åström 2002, 1210.) 
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TABLE 1. Worldwide distribution of Acid sulfate and potential Acid sulfate soil, the most is in Asia 

while the least in North America (adapted Adriesse et al 2009) 

 

Continents AS and PAS soils distribution in million ha 

Africa 4,5 

Asia 6,5 

Latin America 3 

Europe 0,235 

Australia 3 

North America 0,1 

Total 17,335 

 

2.4 Indicators for AS soil 

 

The acid sulphate soil can be identified by several indications such as from the colors of soil and water. 

Different deficiencies can be observed in vegetations such rose and cauliflower in the presence of acidic 

soil. Likewise, effect on infrastructure such as corrosion appears due to acid soil. 

  

2.4.1 Soil indicators 

 

Undisturbed AS soils are usually wet with its pores filled with water (saturated soil) having gley or 

greenish in appearance. Presence of unpleasant odor like that of rotten egg can be felt which indicates 

the presence of H2S gas due to the decomposition of sulfur and organic matter. The sulfidic material 

could be preserved in anaerobic soil condition. In contrast, disturbed soils are quite dry and consists of 

cracking on the surface. These kinds of soil are not distributed equally due to their shrinking nature and 

absence of water. The soil has yellow mottle (spots, blotches or steaks) which represent mineral jarosite 

as shown in Picture 2 or orange mottle which represent iron oxide. The soil has a light load-bearing 

capacity and can shrink due to excess load of construction activities. (Queensland Government 2013.) 
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PICTURE 2. Jarosite, a type of mineral available in acidic soil (adapted from Queensland government 

et al. 2013)                       

 

2.4.2 Vegetation indicators 

 

The acidic soil causes deficiency of calcium and phosphorous in plants as well as increases toxic levels 

of manganese and aluminum. The deficiencies of magnesium in cauliflower and iron in rose plant are 

represented in Picture 3 and 4.  Magnesium is an important mineral which helps in photosynthesis and 

pants growth. Acidic soils are one of the reasons for magnesium deficiency causing yellowing of leaves 

from outer leaves to middle as shown in Picture 3. The veins of the leaves remain white, stiff and fall 

off prematurely. There are several other plant species which grow in acidic environmental condition 

such as mangrove trees which grow in anaerobic soil conditions and supplies organic matter for the 

formation of acid sulfate soil in the coastal region in Australia. Similarly, marine couch or salt couch or 

salt grass, melaleuca species or ti-trees or paper barks, casuarina and allocasuarina species or she-oaks, 

phragmites austrails and water lilies are common in soil with low pH. (Queensland Government et al. 

2016.) 

 

 

PICTURE 3. Magnesium deficiency in cauliflower (adapted from government of Western Australia et 

al. 2014)          
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Iron helps to balance the plant nutrients and prevent from diseases. The scarcity of iron in soil causes 

yellowing of leaves (chlorosis) while the main veins of leaves remains green as shown in Picture 4. The 

alkaline or acidic soils locks up the iron in the soil and prevents its promotion to plants leaves. The iron 

deficiency occurs when the concentration of iron is less than 2mg/kg. In contrast, iron in rose plants 

helps to create chlorophyll, activate other enzymes which further activates nitrogen used by bush and 

keeps the plant in dark green color. The iron deficiency can be prevented by using spray with good 

amount of iron as a temporary measure, fertilizers such as ammonium sulfate and ammonium chloride 

for soils with high pH. Similarly, organic manure further helps to lower the soil pH. (Datta 2019) 

 

 

PICTURE 4. Consequence of excessive use of mineral fertilizers in rose plant, leading to the deficiency 

of iron (adapted from Government of Western Australia et al. 2014) 

 

2.4.3 Water indicator 

 

Metals are leached from acid sulfate soil to water sources and degrade its quality. Soil with acid potential 

extracts the soil minerals such as aluminum. Low pH water and high aluminum facilitate flocculation 

and therefore suspended soil particles can be observed on the surface of the water. Finally, the suspended 

particles settle down, making the water clear or blue-green as shown in Picture 5. This incident occurred 

in Kyrönjöki river where almost all fish were killed, and water appeared clear (National Board of Waters 

1973, 101). Likewise, reduced Fe2+ from acid sulfate soil form orange layer over the liquid when further 

oxidized in water. This unpleasant orange layer consists of an oily film of iron loving bacteria that re-

mains stable even when it is disturbed. (Queensland Government, 2013.) 
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 PICTURE 5. Blue green water indicating the solubility of aluminum in water through acidification na-

ture of soil (adapted from Government of Western Australia et al.  2015, 3)   

                                          

2.4.4 Infrastructure 

 

Sulfate produced by AS soils attack concrete and leads to infrastructure failure. The sulfate attack can 

be external or internal. In the external sulfate attack (from AS soils), the water containing dissolved 

sulfate diffuses into cement, causes cracking, expansion, and loss of bondage between cement and gyp-

sum, which results in loss of concrete strength. (Prasad, Jain & Ahuja 2006, 259-260.) While the internal 

sulfate attack refers to sulfur contamination during initial mixing process (Understanding cement 2005). 

Acidic water causes corrosion in concrete and steel. This phenomenon is common at the base of the 

bridge and canal walls. Likewise, cracks may be found on asphalt, and the area of land might sink une-

venly, causing damage to infrastructure. The corrosion caused by AS soils to buildings can be observed 

from Picture 6. (Queensland Government et al. 2013.)              
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PICTURE 6. The corrosion caused by acid sulphate soil on a building (adapted from Queensland Gov-

ernment et al. 2013)            
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3 SULFUR REDOX CHEMISTRY AND GENERAL PRINCIPLES 

 

 

This section provides a basic understanding of the chemical behavior and reactions for the formation 

of acid sulfate soil. The overall mechanism for the reducing and oxidizing conditions for acid sulfate 

soil is presented, and it is applicable for any acid sulfate soil. Likewise, the oxidation pattern for Finn-

ish acid sulphate soil and potential acid sulphate soil is further presented in detail. 

3.1 Reducing conditions  

 

The reduction process is triggered by the sulfate-reducing bacteria when the oxygen is consumed by 

oxic bacteria during the breakdown of organic matter to carbon dioxide (CO2) and facilitate anoxic con-

ditions for bacterial sulphate reduction (Berner 1984). The reduction process is presented in equation 1, 

where CH2O represents the organic matter (Boman, Fröjdö, Backlund, & Åström 2010, 1269). H2S in 

the reactions (2 and 3) results in the formation of metastable iron sulfide (mackinawite) when H2S reacts 

with iron (Price & Shieh 1979; Böttcher, Smock, & Cypionka 1998). The two different mechanisms for 

the formation of Fe are represented by equation 2 and 3 (Ricard 1995). 

2CH2O+SO4
2− → H2S+2HCO3

− (1) 

Fe2++H2S −→ FeS+2H+ (2) 

Fe2++HS− → Fe (HS)2 → FeS+H2S (3) 

 

Equation 2 is named as nanoparticulate mackinawite (Wolthers, Van der Gaast, & Rickard 2003) and 

consists of FeS(can be makinawite or greigite) in the ratio of 1:1(Ricard et al 2006) while the equation 

3 is called a Bisulphide pathway. In the first step ofc the reaction in equation 3, intermediate complex 

(Fe (HS)2) is formed which further condensates to give mackinawite (FeS) (Boman et al. 2008, 72). The 

Reaction pathway depends on the pH as well as total dissolved S (Ricard et al 1995). Therefore, in the 

given condition, when sulphide < 10−3 M of total dissolved sulphide and pH < 8, equation 2 is dominated. 
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In contrast, if sulphide ≥ 10−3 M of total dissolved sulphide and pH > 7, reaction 3 is evolved (Ricard et 

al 1995). 

The reactions mechanism for the formation of Pyrite is stated in equation 4 (Ricard 1997; Ricard & 

Luther 1997) and 5 (Ricard et al 1975; Luther 1991). 

 FeS+H2S → FeS2 +H2 (4) 

 FeS+Sn2− → FeS2 +Sn−1
2− (5) 

The reactions as presented in equation 4 and 5 are also called H2S pathway (Ricard et al 1997; Ricard & 

Luther et al 1997) and polysulphide pathway (Ricard et al 1975; Luther et al 1991) where H2S and Sn2− 

reacts with either greigite or mackinawite. An aqueous cluster of FeS is a common reactant between 

these two reactions (4 and 5) (Ricard & Morse 2005) which is formed by the dissolution of metastable 

iron sulfide (Wang & Morse 1996; Morse &Ricard 2004; Ricard & Luther 2007). Likewise, dissolved 

H2S or HS−1 reacts with solid elemental S to give rise to polysulphide (Sn2– ) (Butler et al 2004). 

3.2 Oxidizing conditions 

 

The metastable iron sulfide and pyrite are oxidized by O2 and Fe3+ which usually gives elemental S as a 

product under neutral conditions (Breemen 1973; Moses et al.1987; Evangelou & Zhang 1995; Ward et 

al.2004). O2 is the oxidizing agent in PAS soils due to the circumneutral pH nature while Fe+3 in AS soil 

due to acidic nature (pH<4.5) (Arkesteyn 1980; Nordstrom 1980; Breemen 1982). Fe+3 has low solubility 

and concentration under circumneutral pH condition and cannot be used as an oxidizing agent in PAS 

soils (Schippers & Jørgensen 2001; Schippers & Jørgensen 2002). Different aerobic and anaerobic or-

ganisms such as thiobacilli group are responsible for the production of sulfate during the oxidation of 

reduced S compounds. The overall chemical reaction by thiobacilli group is represented by the equation 

6 and 7. (Starkey 1966; Breemen et al. 1973.) 

 4FeS+9O2 +10H2O → 4Fe(OH)3 +4H2SO4 (6) 

 4FeS2 +15O2 +14H2O → 4Fe(OH)3 +8H2SO4 (7) 
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In the above reactions (6 and 7) oxygen is the primary oxidant for metastable iron sulfide as well as for 

pyrite. This is because oxygen has already oxidized metastable iron sulfide completely in PAS soil, and 

the condition for Fe+3 as an oxidant is not favorable. (van Breemen et al. 1973.) Apart from these oxi-

dants, there can be others such as MnO2 (Schippers 2001; Jorgensen 2002.), which is usually low in 

Finnish AS soil (Aström & Björklund 1997; Österholm et al. 2002). Likewise, organic Sulphur is not 

contributing to acidification due to its very less share in Finnish AS and PAS soil (Purokoski 1958.) 

3.3 Oxidation in PAS soil 

 

In reaction 1 (TABLE 2), the oxidation of metastable iron sulfide leads to the formation of elemental S 

and Fe(OH)3 in PAS soils (Wikilander et al. 1950; Puurokoski 1958). This elmental S reacts with the 

FeS (metastable iron sulfide) to form pyrite (FeS2) (reaction 2 in TABLE 2) (Berner 1970). This reaction 

is also presented in equation 5 under reducing conditions, which occurs in an aqueous state (Butler et al. 

2004). The thiobacilli bacteria (Sulphur oxidizing bacteria) is unable to oxidize elemental S completely 

due to neutral pH condition and low activity (Nordstrom et al. 1982). However, it oxidizes some part of 

elemental S formed (from equation 1, TABLE 2) as shown in reaction 3 (TABLE 2) (Starkey et al. 1966 

& Nordstrom et al 1982). 

During higher water level the sulfate produced (from reaction 3 in TABLE 2) reduces to metastable iron 

sulfide or to pyrite (Boman et al. 2008, 44-45). As already discussed in subsection 3.2 about Fe+3 as a 

secondary oxidant for pyrite and metastable iron sulfide (Schippers & Jørgensen et al. 2001; Schippers 

& Jørgensen et al. 2002). This can be illustrated by equation 6 (TABLE 2). The Fe+2 is oxidized to Fe+3 

(reaction 6 in TABLE 2) in the presence of neutral pH environment and the further hydrolysis of Fe+3 

(reaction 7 in TABLE 2) results in the precipitation as ferric hydroxide ( Fe(OH)3), decreasing the con-

centration of aqueous Fe+3 (Breemen et al. 1973; Nordstrom et al. 1982; Evangelou & Zhang et al. 1995). 

Thus, oxygen is the primary oxidant of pyrite (reaction 8, TABLE 2) but the initial oxidizing mechanism 

is quite slow (reaction 5 in TABLE 2) (Hart 1962; Bloomfield 1973). In Table 2 ,  FeS represents either 

makinawite or greigite (metastable iron sulfide). In the table PS=Parent Sediment (PAS soil), AH =Acid 

Horizon (AS soil), TZ=Transition Zone, PL=Plough Layer. Equation 4 is the overall reaction for equa-

tion 1 and 3. The equation 8 is the overall reaction between equation 3,5,6 and 7. The equation 11 is the 

overall reaction between equation 9 and 10 
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TABLE 2. Chemical reactions that occurs in Finnish acid soils (adapted from Boman et al. 2008) 

 

Mechanisms in soil  Location 

8FeS+6O2+12H2O → 8Fe(OH)3+8S0 (1) PS 

8FeS+8S0 → 8FeS2 (2) PS 

8S0+12O2+8H2O → 16H++8SO4
2− (3) PS,AH, TZ 

8FeS+18O2+20H2O → 8Fe(OH)3+16H++8SO4
2− (Reaction 1 and 3)     (4) PS,AH,TZ 

4FeS2+2O2+8H+ → 4Fe2++4H2O+8S0 (5) PS,AH,TZ 

4Fe2++O2+4H+ → 4Fe3++2H2O (6) PS,AH,TZ 

4Fe3++12H2O → 4Fe(OH)3+12H+ (7) PS,AH,TZ 

4FeS2+15O2+14H2O → 4Fe(OH)3+16H++8SO4
2− (Reaction 3, 5 - 7)     (8) PS,AH,TZ 

FeS2+2Fe3+ → 3Fe2++2S0 (9) AH, TZ 

2S0+12Fe3++8H2O → 12Fe2++16H++2SO4
2− (10) AH, TZ 

FeS2+14Fe3++8H2O → 15Fe2++16H++2SO4
2− (Reaction 9 and 10)  (11) AH, TZ 

12FeS2+45O2+30H2O+4K+ → 4KFe3(SO4)2(OH)6+36H++16SO4
2− (12) AH 

KFe3(SO4)2(OH)6 → 3FeOOH+K++3H++2SO4
−2 (13) AH 

CaCO3+H2SO4+H2O → CaSO4 ·2H20+CO2 (14) AH, PL 

 

                   

3.4 Oxidation in AS soil 

 

Iron is present in trivalent form in oxidized material, while in neutral pH atmosphere iron is bounded 

with metastable iron sulfide or pyrite in bivalent form. Therefore Fe+3 is formed by the oxidation of Fe+2 

(reaction 6 in TABLE 2) which further acts as an oxidizing agent in acidic soil. (Nordstrom et al. 1972.) 

Similarly, the formation of Fe+3 is further enhanced by thiobacilli bacteria which are active in the acidic 

phase, resulting in the acceleration of pyrite oxidation (Singer & Stumm 1970; Evangelou & Zhang 

1995). Fe+3 produced by bacterial involvement have similar or faster kinetics than pyrite oxidation by 

Fe+3, as shown in reaction 9 of table 2 (Nordstrom et al.1982). 
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 In the acidic boundary, when pH is below 4.5, Fe+3 is easily soluble and work as S oxidant, resulting in 

the pyrite oxidation as in reaction 11 in table 2 (Nordstrom et al. 1982). In contrast, over a pH value of 

3.5, Fe+3 is hydrolyzed and precipitates as Fe-hydroxides (Beemen et al. 1982), which is usual in Finnish 

AS soils (Palko et al.1994; Yli-Halla 1997; Mokma et al. 2000; Österholm et al. 2002; Sohlenius & 

Öborn 2004. Jarosite [KFe3(SO4)2(OH)6] is common mineral in AS soils in Finland, formed by the partial 

hydrolysis of Fe3+ during pyrite oxidation as shown in reaction 12 in Table 2 (Breemen et al. 1973, 2002) 

and jarosite upon hydrolysis forms goethite (FeOOH) as in reaction 13 in Table 2 (Breemen et al. 1982). 

Jarosite and schwertmannite [Fe8O8(OH)6SO4] are common in low coastal land in Australia under acidic 

(pH <4) environment (Sullivan & Bush 2004; Burton et al 2006c; Burton et al. 2007). To utilize acidic 

land as cultivable, lime is used as a neutralizing agent, and consequently, gypsum (CaSO4 ·2H2O) is 

obtained in the product as in reaction 14 in Table 2 (Dent 1986). Superficially, the land is cultivable, but 

underneath the acidic situation continues and causes environmental hazards (Boman et al. 2008, 46).    
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4 ENVIRONMENTAL RISKS AND METAL MOBILIZATION 

 

 

In this section, the different kinds of elements with their possibility to occur in acid sulfate soil are 

presented. The mobilization of these elements from acid sulfate soil to water sources, plants, and human 

beings is discussed. Similarly, the adverse effect on the environment, including human beings from the 

mobilization of these elements is further discussed. 

4.1 Elements in AS soil 

 

Aluminum (Al) is the third most abundant element in the earth’s crust (Gupta et al. 2013) and found in 

alumino-silicate and Al-hydroxide form in Finnish AS soils (Fältmarsch, Åström & Vuori 2008, 445-

446). As the pH decreases below 5, silicon is leached while the unstable solid form of aluminum oxy-

hydroxide is left behind. This unstable form releases Al+3 to the soil, which further leads to toxicity. 

(Abate, Hussien, Laing & Mengistu 2013, 711–722.) The acidification (pH 2.5-4.5) facilitates the alu-

mino-silicate weathering, Al-hydroxide dissolution, and Al-solubilization and transportation (Fält-

marsch et al. 2008). Al hydrolysis further enhances acidification, and thus metals are leached to the soil. 

(Palko et al. 1994.) For example, the environmental conditions such as rainfall, snow melting, and addi-

tional acidification by Al-hydroxide leads to the transportation of metals such as Co, Ni, Zn, Cd, and 

Mn (Sohlenius et al. 2004). Åström and Björklund 1996; Åström 2001a, 2001b; Roos and Åström 2005; 

Österholm et al. 2005, observed that the concentration of these metals increased up to 50, 30, 20, 10, 

and 30 times than usual. These metals are usually found in the cationic fraction in water (Åström and 

Corin 2000). The overall discharge of metals from Finnish AS soils is much larger than entire industry 

as shown in Figure 2. 
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FIGURE 2. Figure representing leaching of metals from Finnish rivers and industries. (adapted from 

Sundström, Åström & österholm 2002) 

 

Iron is usually found in sulfide form and precipitated as insoluble Fe-hydroxide (Åström et al. 2000). 

Even though iron is not leached out excessively from AS soils in comparison with glacial till and peat 

soils, increased concentration up to 100 mgl−1 have been found by Åström et al. 2000 in water draining 

through AS soils with pH 2.5-3.0 in anionic fraction. Likewise, chromium is also found in anionic form 

as iron (Lahermo et al. 1996; Åström et al 2000) and it is active in AS soils up to a certain level by the 

action of acidification and oxidation because it is less soluble in comparison with Zn, Co, Ni, Mn, and 

Cu (Palko & Yli-Halla 1990). The cultivable part of AS soils of Finland consists of higher concentration 

of Mg while that of P, K, Ca are in accordance with like Finnish average values (FAV) (Erviö & Palko 

1984). The use of lime and mineral fertilizer for cultivation enables the probability of P and Ca higher 

(Österholm et al. 2002). The transportation of K, Mg, and Ca vary from small to large, while P is usually 

moderate (Åström 1998). A plentiful amount of Mg, Ca and K are found in water draining from AS soil 

which is shown by hydrogeochemical studies (Åström et al. 1995; Åström & Åström 1997). P and Mg 

are easily dissolved while K and Ca are poorly dissolved minerals. (Fältmarsch et al. 2008.) 
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4.2 Metals mobilization in crops 

 

For the appropriate functioning of human body varieties of micronutrients elements such as nitrogen, 

phosphate, potassium, sulfur and the small proportion of micronutrients ions such as manganese, zinc, 

nickel, copper, iron, molybdenum, boron, chloride and copper are needed. The plant source is the main 

gateway to these nutrients for a healthy life. However, the consumption of these micro-nutrients in ex-

cess amount might lead to severe health issues such as abnormal growth and chlorosis. (Guterres, Ros-

sato, Doley, & Pudmenzky 2018, 449.) The high content of metals can be observed in plants growing in 

acid sulfate soil and prevent the plant from its optimum growth (Yli-Halla, Virtanen, Mäkelä, Simojoki, 

Hirvi, Innanen, Mäkelä, & Sullivan 2017, 333-340). 

A field study was done in various agricultural regions in the coastal area of Finland and elevated con-

centrations of Ni, Co, Al, Mn, and Cr were observed by Palko (1986,) in timothy plant. Likewise, and 

Yli-Halla and Palko (1987) found the concentrations of Fe, Mn, Co and Ni higher in oat grains in the 

same area as compared to Finnish Average Value (FAV). The plant roots absorb Fe by mobilizing its 

oxide bound form. Further, plants can absorb the dissolved form of heavy metals from roots. (Guterres 

et al. 2018, 462.) Likewise, Mn oxidizes the Cr+3 to Cr+6 which is mobile, easily soluble in water and 

highly toxic (Jaishankar et al. 2014, 60-62). 

4.3 Impacts on aquatic habitats 

 

The metal contamination in water sources results in the change in physicochemical properties of sedi-

ments, water and fish species (Baby, Raj, Biby, Sankarganesh, Jeevitha, Ajisha & Rajan 2010) and flora 

and fauna (Fatima & Usmani 2013). The metals leached to water sources bind to the surface of aquatic 

animals (Spicer and Weber, 1991) and are further transported to the cell interior (Christ et al. 1998). The 

blood plasma facilitates the movement of metals and is deposited on the liver, kidney, and various parts 

of an organism (Bentley 1991). The AS soil makes the water acidic with an adequate amount of metals, 

which causes an imbalance in aquatic habitats. The degradation of the quality of male and female repro-

ductive cells (sperm and yolk) and the ability to lay eggs is disturbed by acidification. (Jezierska, Ługow-

ska & Witeska 2009.) The gills of the aquatic animals such as fish, micro invertebrates and amphibians 

are directly affected by the contaminated water (U.S EPA 2011). For instance, the dissolved form of Al 

can block gills of aquatic habitats and decrease the ability to exchange gases (Nystrand, Österholm, Yu 

& Åström 2016). 
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The physiological and biological status of tissues and blood is further disturbed and causes cancer in 

fish (Pandey & Madhuri 2014, 17-23). It was found by Schuldermann et al. (2003) and Wang et al. 

(2013) that fish muscles contain the lowest amount of metals compared to liver, kidney and gills. The 

overall preference of metals for live fish was found to be Fe > Zn > Pb > Cu > Cd > Hg in laboratory 

and field experiment by Wang et al. (2013) and Yamazaki et al. (1996). However, this preference further 

depends upon fish species (Zhou et al. 1998), pH, salinity (Baldisserotto et al. 2004) as well as age and 

size of fish (Grieb et al. 1990). In an experiment conducted in India, it was noticed that the concentration 

of metals such as Cu, Cd, and Pb is higher in fish at high-temperature (Biswas et al. 2012) and low pH 

conditions (Çoǧun & Kargın 2004). 

4.4 Impacts on human beings  

 

The acid sulfate soil is considered as the source for greenhouse gases and sulfur dioxide, which pollutes 

the environment and indirectly affect human health. The metals from acid sulfate soil can easily leach 

to groundwater which could further cause several diseases if used without proper treatment. Acidifica-

tion facilitates acid-tolerant mosquito to carry ross river virus, which causes several diseases with joint 

pain and disabilities. (Ljung, Maley, Cook, & Weinstein 2009, 1238.) The excess of metals in the human 

body could lead to several neurological disorders (Zeitoun & Mehana 2014, 221) such as Alzheimer’s 

disease resulted from a higher level of aluminum in the brain (Jaishankar et al. 2014, 65). Excess in the 

level of aluminum can lead to skin ulcers and mouth ulcers (Clayton 1989). Likewise, the exposure to 

metals such as Fe-Cu, Pb-Fe, Cu-Pb could lead to another neurological disease called Parkinson’s Dis-

ease (Gorell et al. 1997, 1998, 1999; Gorell & Checkoway 2001).  

In two-year (1991 and 1992), investigation of cow’s milk by Alhonen (1997), cows were feeding on 

plants cultivated in AS soils affected area (basin of Kyrönjoki river), it was noticed that the concentration 

of zinc and iron were 2 folds in indoor feeding. While the concentration of aluminum was 50 folds in 

outdoor grazing of cows as compared to Finnish Average value (FAV).  These metals find way to human 

beings through a pattern of plant - animals - human beings. The metals from AS soils to human beings 

is further presented in Figure 3.  The increase in the concentration of iron in human cells forms free 

radical when iron is unable to bind to a protein. Iron enters to heart, liver and brain cells, produces acidity 

by releasing H+ ion when Fe+2 is oxidized to Fe+3 and damages cellular organelles. (Albresten, 2006). 

Apart from these, soil contamination further affects cultural and traditional practices, emotional aspects 

as well as recreational activities such as boating and fishing (Ljung et al. 2009, 1239). 
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Similarly, the elevated level of cadmium (4 folds in unpolished rice grain) was noticed in rice grains in 

Japan, which were further consumed by human beings resulting in a severe disease called ‘Itai-Itai.’ The 

people suffering from this disease could not move, and thus, they could only say itai- itai, which means 

‘it hurts’- ‘it hurts’. The reduction in the vegetation and aquatic habitats were noticed in the same area. 

(Aoshima 2016, 319-326.) Cadmium can further cause skeletal damage and is deposited in the kidney 

at low concentrations. It can also get into the body through smoking as tobacco plant accumulates cad-

mium. (Järup 2003, 167-182.) Similarly, exposure to lead (Pb) can lead to loss of appetite, headache, 

hypertension, abdominal pain, hallucinations, congenital disabilities, paralysis and even death (Jaishan-

kar et al. 2014, 67-68). 

 

FIGURE 3.  Probabilities of possible exposure of metals from acid sulphate soil to human beings through 

biological pathway (adapted from Fältmarsch 2010) 
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5 MANAGEMENT OF ACID SULFATE SOILS 

 

 

The decrease in the groundwater level facilitates the formation of acid sulphate soils. For example, in 

Finland, groundwater level increases in spring when the snow melts, while in summer it decreases. From 

the application of Control Subsurface Drainage (CD) and Control Subsurface Irrigation (CDI) as shown 

in the Picture 7, the acidification of soil can be prevented. These technologies have been used in Finland 

since 1990. The system consists of a floating plastic antenna and foam base which floats vertically as 

the groundwater varies and thus provides information about the groundwater level. The system further 

consists of a flow measuring system (EHP ultrasonic flow monitoring system) in control well, which 

monitors the water flow in drainage outlets. The vertical plastic sheet is arranged between the field to 

avoid the leakage of water. During excess water condition in spring, water can be drained to the main 

drain and during low water condition in summer, water can be pumped from the main drain to raise the 

groundwater level artificially as in Picture 7. (Österholm, Virtanen, Rosendahl, Uusi-Kämppä, Ylivai-

nio, Yli-Halla, Mäensivu & Turtola 2015, 110-113.) 

 

 

PICTURE 7. Control Sub-surface and Control Subsurface Irrigation technology. (adapted from Öster-

holm et al. 2015) 
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6 SAMPLING 

 

 

Soil samples were taken from Finnish AS and PAS soils as marked in Figure 13 with star sign to analyze 

the leached concentration of metals such as Co, Li, Ni and Zn from an acid sulfate soil to water in a 

small-scale lab experiment. The data set consists of 23 soil samples provided by GTK which were ana-

lyzed in AAS experiment at Centria UAS. These samples had already been analyzed for metals and trace 

elements by Labtium. There are altogether 14 soil profiles namely GK_KADA-2018-21, GK_KADA-

2018-27, GK_ KADA-2018-26, GK_KADA-2018-23, GK_KADA-2918-25, GK_KADA-2018-22, 

GK_KADA-2018-24, GK_KADA-2018-20, GK_KADA-2018-28, GK_KADA-2018-31, GK_KADA-

2018-30, GK_KADA-2018-29, GK_KADA-2018-30 and GK_KADA-2018-31.The soil profile of 

GK_KADA-2018-30 and GK_KADA-2018-31 consists of sub- samples which are presented in Table 

4.From all these profiles the field depth, field pH and incubation pH was previously measured by GTK 

and shown in table 4 under the data and calculation section. 

 

 

PICTURE 8. Several sampling points marked with star sign from Finnish acid sulfate soil. 
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7 METHODOLOGY AND EXPERIMENTAL PROCEDURE 

 

Most of the initial setup for the experiment such as arranging and numbering samples, centrifugation 

and syringe filtration took place at Geological Survey of Finland while AAS experiment took place at 

Centria UAS. All the mathematical equations used for the calculation are presented under the sub-section 

methodology while the experimental procedure is presented under the subsection 7.2. 

 

7.1 Methodology 

 

This sub-section contains all the formulas used for the calculation of results. At first the dry weight was 

calculated by using the equation as shown in equation 8. PC represents the weight of porcelain cup while 

PC+S represents the combined weight of porcelain cup and soil sample after drying overnight in oven 

to get the dry weight amount. The dry weight concentration can be calculated using equation 9 where 

dry weight obtained from equation 8 is divided by combined weight of soil and water which is further 

multiplied by 100 %. Now the amount of water concentration present in a sample was obtained by sub-

tracting dry weight concentration obtained from equation 9 from 100 % as shown in equation 10. The 

dry weight is the overall dry weight of the soil sample obtained by multiplying dry weight (obtained by 

drying a portion of sample overnight in oven from equation 8) with total sample amount or mass as 

shown in equation 11. 

 

        Dry weight = (PC+S) g−(PC) g                                            (8) 

 

 

 

                               Dry weight 

                             Dry weight concentration =    ·100%  (9) 

                        weight of soil + water 

 

 

Water Concentration = 100% - Dry weight concentration  (10) 

 

 

 

 

Dry weight in sample = Dry weight· Sample amount  (11) 

 



     25 

 

Similarly, the mass of metals present in dry sample obtained from equation 11 was calculated by multi-

plying the amount of metal (which is already known) with dry weight of sample divided by 1000 as 

shown in equation 12. For the calculation of metals leached from soil to water, 40 ml or 0.4L of de 

ionized water which was transferred to the incubation tube was multiplied with the mean value obtained 

from AAS lab results as shown in equation 13.Finally, metals from soil to water percentage was obtained 

by dividing the mass of metal in water by the mass of metal in sample as shown in equation 14. 

 

 

 

 

 

                                                      Amount of metal· Dry weight of sample 

                              Metal mass =      (12) 

                        1000 

 

Mass of metal leached = 0,04 L· mean value from AAS                 (13) 

 

mass of metal in water 

 Metals from soil to water =        (14) 

 mass of metal in sample 

 

 

7.2 Preparation of samples  

 

The samples were collected from Finnish AS and PAS soil and oxidized for several months as shown in 

A (PICTURE 9). The samples were sprayed with water and mixed very well by a glass tube, and then 

the incubation pH was measured with a pH meter. The weight of the empty porcelain cup was measured, 

and then a portion of the sprayed sample was transferred in the oven to dry overnight. The remaining 

samples were then transferred to the incubation tube as shown in B (PICTURE 9), and the weight of the 

sample transferred was measured as in C (PICTURE 9). 40 ml of de-ionized water was then transferred 

to the incubation tube as in D (PICTURE 9) and was stirred overnight by a magnetic stirrer as in E 

(PICTURE 9). After stirring overnight, the incubation tubes were transferred to centrifuge (Eppendorf 

centrifuge 5804) as in F (PICTURE 9) at 3000 rpm for 3 minutes for sedimentation of the solid mixed 
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mass. Some samples were centrifuged for 4 minutes. Similarly, the dried porcelain cup samples were 

then transferred to the execator for a while. The weight of the dried samples was further measured. 

New centrifuge tubes were numbered, and the solution (watery liquid) present in the centrifuge tube 

after centrifuge was sucked up by the syringe as in G (PICTURE 9) and transferred to new centrifuge 

tube after filtration (Hydrophilic PES 0,45 µm) as in H (PICTURE 9). This new centrifuge tube was 

rinsed twice with the solution before transferring the sucked solution. 5 ml of solution was taken as a 

reference to measure the pH while the remaining samples were acidified by adding two drops of nitric 

acid. 
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PICTURE 9. Representation of the lab experiment procedure in pictures. 
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7.3 AAS test 

 

The standard solution for nickel, cobalt, lithium, and zinc was prepared in 1000 ml of round bottom 

flask. Similarly, the required amount of the solution for nickel, cobalt, lithium, and zinc was further 

transferred from 1000 ml standard solution to 100 ml round bottom flask. The data representing the 

solution transferred to a 100 ml bottle is presented in Table 3. The readings obtained from the AAS 

experiment are presented in the Results section. 

 

TABLE 3. The range for metals cobalt (Co), nickel (Ni), lithium (Li) and zinc (Zn) with their range in 

ppm. 

Metals ppm ppm ppm 

Co 0,03 0,2 2 

Ni 0,02 3 10 

Li 0,01 0,5 3 

Zn 0,05 0,5 2 
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8 RESULTS AND DISCUSSION 

 

 

This section consists of the results obtained from the lab experiment. The section consists of 23 soil 

profiles presented in table and their corresponding values of pH, metals available in soil samples, metals 

leached to water and metals percentage leached. Similarly, graph for pH, metals available in soil sam-

ples, metals leached to water and their percentage for soil profile GK_KADA_2018.30 and 

GK_KADA_2018.301 are further presented. 

 

 

8.1 pH graph 

 

The results obtained from the measurement of field pH and incubation pH are presented in Table 4 while 

the soil profiles GK_KADA-2018-30 and GK_KADA-2018-31 are presented in Figure 4 a and b respec-

tively. In Table 4, 23 soil profiles are presented with their respective incubation pH and field pH. These 

soil samples were taken from the depth range of 0-2 meters. Incubation pH was measured at GTK lab 

after the preservation of these soil samples for several months while the field pH was measured at the 

field from where samples were taken. Blue and red color indications represent soil profile GK_KADA-

2018-30 and GK_KADA-2018-31 which are further presented in Figure 4 (a and b). 

 

TABLE 4. The representation of the 23 soil profiles with their respective depth, field pH and incubation 

pH. 

 

Samples Depth (m) Incubation pH Field pH 

GK_KADA-2018-20.4 0,6-0,8 6,4 7 

GK_KADA-2018-21.4 0,6-0,8 6 5,4 

GK_KADA-2018-22.6 1,3-1,5 4,7 5,6 

GK_KADA-2018-23.5 1-1,2 5,9 6,7 

GK_KADA-2018-24.4 0,55-0,7 3,1 4,6 

GK_KADA-2018-24.5 0,7-0,9 4,3 6 

GK_KADA-2018-24.7 1,1-1,3 4,8 6,2 

GK_KADA-2018-25.4 0,6-0,8 4,8 4,8 

GK_KADA-2018-26.3 0,55-0,7 5,4 5,3 

GK_KADA-2018-27.3 0,3-0,5 5,5 5,5 
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Samples Depth (m) Incubation pH Field pH 

GK_KADA-2018-28.3 0,6-0,8 6,1 5,5 

GK_KADA-2018-29.7 1,2-1,4 5.9 5.3 

GK_KADA-2018-30.1 0-0,2 4,6 3,9 

GK_KADA-2018-30.3 0,4-0,75 2,6 3,7 

GK_KADA-2018-30.4 0,75-1 3,4 6,1 

GK_KADA-2018-30.6 1,2-1,5 4 6,4 

GK_KADA-2018-30.8 1,75-2 3,9 6,9 

GK_KADA-2018-31.1 0-0,15 4,3 3,9 

GK_KADA-2018-31.3 0,35-0,55 3,9 3,6 

GK_KADA-2018-31.5 0,7-0,9 3,4 4,3 

GK_KADA-2018-31.7 1,1-1,3 3,7 4,8 

GK_KADA-2018-31.9 1,5-1,75 5,3 6,5 

GK_KADA-2018-31.10 1,75-2 4,5 6,8 

 

 

From Figure 2 a, clear distinction can be made between oxidized and reduced soils. The first two points 

at field pH curve having pH less than 4 falls under oxidized soil category while the last three points 

having pH over 6 falls under reduced soil category. Between the oxidized and reduced zone transition 

zone can be observed. Furthermore, it is observed that the difference between the field pH and incubation 

pH is higher in reduced soils as compared to oxidized soil. Likewise, from Figure 2 (b), the first four 

points at field pH curve falls under oxidized soil while the last two points falls under reduced soil group. 

Between these two different groups transition zone is observed. Furthermore, the difference of pH value 

among field pH and incubation pH at oxidized zone is less than compared to the reduced zone.  

 

 

 

 

 

TABLE 4.(continues) 
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FIGURE 4. The graph represents the pH values of the field of incubation of soil profile a 

(GK_KADA_2018.30) and b (GK_KADA_2018.31.)  
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8.2 Metals available in soil sample  

 

The given table represents the four different metal amounts present in a soil sample (Co, Li, Ni, and Zn).  

The lowest availability of metals for Co, Ni and Zn can be found in soil profile GK-KADA-2018-31.3 

(TABLE 5) while for Li in profile GK-KADA-2018-31.5. On contrast, the highest availability of metals 

for Co, Li and Zn is found in soil profile GK-KADA-2018-24.5 (TABLE 5) while Ni in soil profile GK-

KADA-2018-28.3. Blue and red color indications represent soil profile GK_KADA-2018-30 and 

GK_KADA-2018-31 and their metals availability is further presented in Figure 3(c and d). The grey 

color represents the highest value of metal in milligram while green color represents the lowest value. 

The red color symbol X represents the absence of value for further calculation. 

 

TABLE 5. Representation of metals amount present in different soil profiles.  

 

Samples Co 

mg 

Li 

mg 

Ni 

mg 

Zn 

mg 

GK_KADA-2018-20.4 0,0514 0,1049 0,1199 0,3167 

GK_KADA-2018-21.4 0,0130 0,0241 0,0815 0,0734 

GK_KADA-2018-22.6 0,0617 0,0713 0,2385 0,2741 

GK_KADA-2018-23.5 0,0605 0,1137 0,2110 0,3302 

GK_KADA-2018-24.4 0,0153 0,0243 0,0701 0,0743 

GK_KADA-2018-24.5 0,0956 0,2034 0,2148 0,6067 

GK_KADA-2018-24.7 0,0707 0,1403 0,1715 0,4365 

GK_KADA-2018-25.4 0,0323 0,0859 0,1967 0,2309 

GK_KADA-2018-26.3 0,0093 0,0190 0,0663 0,0633 

GK_KADA-2018-27.3 0,0198 0,0369 0,1665 0,1134 

GK_KADA-2018-28.3 0,0268 0,0573 0,8089 0,1465 

GK_KADA-2018-29.7 0,0135 0,0233 0,0436 0,0827 

GK_KADA-2018-30.1 X X X X 

GK_KADA-2018-30.3 0,0212 0,0245 0,0718 0,0769 

GK_KADA-2018-30.4 0,0186 0,0199 0,1253 0,0862 

GK_KADA-2018-30.6 0,0293 0,0571 0,1184 0,1811 

GK_KADA-2018-30.8 0,0639 0,1193 0,1579 0,4338 

GK_KADA-2018-31.1 X X X X 
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Samples Co 

mg 

Li 

mg 

Ni 

mg 

Zn 

mg 

GK_KADA-2018-31.3 0,0054 0,0084 0,0343 0,0440 

GK_KADA-2018-31.5 0,0072 0,0072 0,0455 0,0303 

GK_KADA-2018-31.7 0,0209 0,0340 0,1001 0,1132 

GK_KADA-2018-31.9 0,0255 0,0554 0,1192 0,1597 

GK-KADA-2018.31.10 0,0594 0,1342 0,1483 0,4725 

 

 

From the given Figure 5 c and d, metals amount for cobalt, lithium, nickel and zinc present in soil sam-

ples GK_KADA-2018-30 and GK_KADA-2018-31 can be known. The Figure 5 (c and d) refers to soil 

profile GK_KADA_2018.30 which consists of five sub-samples and GK_KADA_2018.31which con-

sists of six sub-samples. The metals amount is found to be higher on reduced zone while lower at oxi-

dized zone. zinc has the highest availability while cobalt is found to be in the least amount as shown in 

Figure 3 (c and d). The highest possibility of metals occurs at depth of 1,6- 1,8 meters for Figure (c) and 

1,8-2 meters for Figure (d). In contrast the lowest availability of metals occurs at depth of 0- 0,2 meters 

(c and d). 

 

 

 

 

 

 

TABLE 5. (continues) 
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FIGURE 5. The graph represents the mass of metals (Co, Li, Ni and Zn) present in the soil profile 

GK_KADA_2018.30 and GK_KADA_2018.30.  
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8.3 Metals leached to water 

 

The overall metals leached from soil to water from each soil profile is presented in Table 6. Blue and 

red color indications represent soil profile GK_KADA-2018-30 and GK_KADA-2018-31 which are 

further presented in Figure 6. The grey color represents the highest value of metal leached in milligram 

while green color represents the lowest value. The highest value of metals leached from soil to water for 

Co, Li, Ni and Zn are 0,0170, 0,0056, 0,0210 and 0,0284 respectively. In contrast the lowest value of 

metals leached to water for metals Co, Li, Ni and Zn are 0,0024, 0,0014, 0,0027 and 0 respectively. 

 

TABLE 6. Representation of metals leached from soil to water in milligram.  

 

Sample Co  leached Li leached Ni leached  Zn leached  

 mg mg mg mg 

GK_KADA-2018-20.4 0,0024 0,0019 0,0027 0 

GK_KADA-2018-21.4 0,0025 0,0018 0,0043 0 

GK_KADA-2018-22.6 0,0066 0,0020 0,0209 0,0048 

GK_KADA-2018-23.5 0,0028 0,0014 0,0035 0 

GK_KADA-2018-24.4 0,0064 0,0049 0,0170 0,0096 

GK_KADA-2018-24.5 0,0064 0,0053 0,0140 0,0048 

GK_KADA-2018-24.7 0,0042 0,0032 0,0077 0,0024 

GK_KADA-2018-25.4 0,0028 0,0018 0,0112 0 

GK_KADA-2018-26.3 0,0029 0,0016 0,0052 0 

GK_KADA-2018-27.3 0,0029 0,0016 0,0047 0 

GK_KADA-2018-28.3 0,0029 0,0017 0,0058 0 

GK_KADA-2018-29.7 0,0028 0,0016 0,0030 0 

GK_KADA-2018-30.1 0,0028 0,0015 0,0031 0 

GK_KADA-2018-30.3 0,0170 0,0056 0,0504 0,0284 

GK_KADA-2018-30.4 0,0063 0,0032 0,0208 0,0096 

GK_KADA-2018-30.6 0,0063 0,0047 0,0123 0,0124 

GK_KADA-2018-30.8 0,0088 0,0035 0,0210 0,0196 

GK_KADA-2018-31.1 0,0032 0,0014 0,0032 0,0004 

GK_KADA-2018-31.3 0,0034 0,0016 0,0056 0,0008 

GK_KADA-2018-31.5 0,0048 0,0021 0,0112 0,0052 
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Sample Co  leached Li leached Ni leached  Zn leached  

 mg mg mg mg 

GK_KADA-2018-31.7 0,0067 0,0032 0,0130 0,0084 

GK_KADA-2018-31.9 0,0062 0,0044 0,0112 0,0112 

GK_KADA-2018-31.10 0,0024 0,0019 0,0027 0,0012 

 

 

The given Figure 6 (e and f) represents the soil profile GK_KADA_2018.30 and GK_KADA_2018.30 

which represents the metals amounts for Co, Li, Ni and Zn leached from soil to water. The metals are 

leached highly from oxidized zone than reduced zone among which nickel is effectively leached while 

lithium is ineffectively leached. From Figure 6 e metals are found to be extremely leached from depth 

of 0,4 -0,6 meters while ineffectively leached from depth of 1,6- 1,8 meters. Likewise, from figure 6 f 

zinc and lithium are hugely leached from depth of 1,6 -1,8 meters which is reduced zone while cobalt 

and zinc are highly leached from 1,2 meters which is oxidized zone. In contrast metals are feebly leached 

from 1,8-2,0 meters. 

 

 

 

 

 

 

 

TABLE 6. (continues) 
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FIGURE 6. The graph represents the metals leached from soil samples (e and f) GK_KADA_2018.30 

and GK_KADA_2018.31 to water. 
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8.4 Metals percentage  

 

Metals leaching percentage from soil to water for all soil profiles is presented in Table 7. Blue and red 

color indications represent soil profile GK_KADA-2018-30 and GK_KADA-2018-31 which is further 

presented in Figure 5 (g and h). The grey color represents the highest value of metal leached in percent-

age while green color represents the lowest value. The red color symbol X represents the absence of 

value for further calculation. The highest percentage of metals leached for Co, Li, Ni and Zn are 80,0619, 

29,5916, 70,2949 and 36,9406 respectively. In contrast the lowest percentage of leaching for Co, Li, Ni 

and Zn are 4,7470, 1,2309, 0,7219 and 0% respectively. 

 

TABLE 7. Representation of metals leached percentage from soil to water.  

 

Sample Co  leached  Li leached  Ni leached  Zn leached  

 % % % % 

GK_KADA-2018-20.4 4,7470 1,7926 2,2679 0,0000 

GK_KADA-2018-21.4 19,3143 7,4573 5,2976 0,0000 

GK_KADA-2018-22.6 10,7011 2,8624 8,7722 1,7511 

GK_KADA-2018-23.5 4,6252 1,2309 1,6685 0,0000 

GK_KADA-2018-24.4 41,6656 20,1310 24,2394 12,9277 

GK_KADA-2018-24.5 6,7338 2,6253 6,4983 0,7912 

GK_KADA-2018-24.7 5,8861 2,3092 4,4784 0,5498 

GK_KADA-2018-25.4 8,7871 2,1425 5,7145 0,0000 

GK_KADA-2018-26.3 30,8896 8,6407 7,9078 0,0000 

GK_KADA-2018-27.3 14,7148 4,2330 2,8340 0,0000 

GK_KADA-2018-28.3 10,9150 3,0004 0,7219 0,0000 

GK_KADA-2018-29.7 20,3849 6,8617 6,7848 0,0000 

GK_KADA-2018-30.1 X X X X 

GK_KADA-2018-30.3 80,0619 22,6676 70,2949 36,9406 

GK_KADA-2018-30.4 33,8185 16,0836 16,6261 11,1348 

GK_KADA-2018-30.6 21,4686 8,2646 10,3715 6,8477 

GK_KADA-2018-30.8 13,7785 2,9506 13,3282 4,5180 

GK_KADA-2018-31.1 X X X X 

GK_KADA-2018-31.3 62,4598 18,8665 16,1930 1,8196 
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Sample Co  leached  Li leached  Ni leached  Zn leached  

 % % % % 

GK_KADA-2018-31.5 66,9999 29,5916 24,7223 17,1560 

GK_KADA-2018-31.7 32,1594 9,4240 13,0236 7,4214 

GK_KADA-2018-31.9 24,2687 7,9491 9,3943 7,0144 

GK_KADA-2018-31.10 6,3974 2,9505 3,7499 0,2540 

 

 

The given Figure 7 g and h represents percentage leaching of metals Co, li, Ni and Zn for soil profiles 

GK_KADA_2018.30 and GK_KADA_2018.31respectively. It is noticed that metals from oxidized 

zones are leached more effectively while that of reduced zones are insufficiently leached. Cobalt is im-

mensely leached while zinc is incompetently. 

 

 

 

 

 

 

 

 

 

 

TABLE 7.(continues) 
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FIGURE 7. The percentage of metals Co, Li, Ni and Zn leached from soil samples GK_KADA_2018.30 

and GK_KADA_2018.31 to water.  
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9 DATA AND CALCULATIONS 

 

 

This section includes details of the overall calculation in five sub-sections which are basic data, metals 

available in soil sample, mass of metals in dry samples, metals leached from soil to water and their 

percentage. The calculated results from this section were used to obtain the Figure 2, 3,4 and 5 in results 

and discussion section. 

 

 

9.1 Basic data 

 

This sub-section includes required data for the further calculation of dry weight of sample, mass of metal 

in dry sample, metals leached from soil to water and their percentage. Blue and red color indications 

represent soil profile GK_KADA-2018-30 and GK_KADA-2018-31. For the abbreviations, PC repre-

sents the Porcelain Cup weight, S+W represents the collective weight of Sample (or soil) and Water, 

PC+S represents the weight of Porcelain Cup and Sample and S pH is Sample or Soil pH. 

 

TABLE 8. The data for the calculation of mass of metals leached from AS soils to water.  

 

Samples PC  S + W  S  PC +S  S pH 

 g g g g g 

GK_KADA-2018-20.4 15,6274 1,1134 6,593 16,4149 6,4 

GK_KADA-2018-21.4 14,5019 1,0931 3,7041 15,3825 6 

GK_KADA-2018-22.6 15,6456 1,7607 9,5093 17,0869 4,7 

GK_KADA-2018-23.5 16,4099 2,5911 8,4776 18,5738 5,9 

GK_KADA-2018-24.4 16,536 0,9829 5,5871 17,2744 3,1 
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Samples PC  S + W  S  PC +S  S pH 

 g g g g g 

GK_KADA-2018-24.5 15,9181 1,5436 6,9576 16,9439 4,3 

GK_KADA-2018-24.7 15,7674 1,9098 7,6846 17,1199 4,8 

GK_KADA-2018-25.4 16,0544 1,7166 7,149 17,3461 4,8 

GK_KADA-2018-26.3 15,405 1,0844 3,9156 16,2554 5,4 

GK_KADA-2018-27.3 15,449 1,8411 4,8081 16,923 5,5 

GK_KADA-2018-28.3 16,4672 1,3057 5,9351 17,5404 6,1 

 

GK_KADA-2018-29.7 

 

15,9368 

 

1,6957 

 

5,515 

 

17,3007 5,9 

GK_KADA-2018-30.1 15,3806 0,3456 1,4551 15,6831 4,6 

GK_KADA-2018-30.3 15,8421 1,1653 5,4813 16,51 2,6 

GK_KADA-2018-30.4 16,0991 2,1792 3,8893 17,8043 3,4 

GK_KADA-2018-30.6 15,4334 2,2692 8,0064 17,1732 4 

GK_KADA-2018-30.8 16,2888 2,3105 6,8074 18,059 3,9 

GK_KADA-2018-31.1 18,2405 0,4774 1,2993 18,5616 4,3 
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Samples PC  S + W  S  PC +S  S pH 

 g g g g g 

GK_KADA-2018-31.3 16,498 1,114 3,7394 17,05789 3,9 

GK_KADA-2018-31.5 15,2684 1,135 3,2254 16,1227 3,4 

GK_KADA-2018-31.7 15,6236 1,7064 6,5033 16,9624 3,7 

GK_KADA-2018-31.9 16,1875 2,0621 6,768 17,7603 5,3 

GK_KADA-2018-

31.10 16,7634 1,5904 4,0754 17,876 4,5 

TABLE 8.(continues) 
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9.2 Dry weight of samples 

 

In this sub section the calculation of metals available in soil samples is presented. In this step a portion 

of the sample was transferred to a known weight of porcelain cup (PC) and placed into oven to dry 

overnight. Then dry weight, dry weight concentration and water concentration were further calculated 

which leads to final dry weight present in sample.  

 

 

9.2.1 Calculation of dry weight 

 

The weight of porcelain cup was subtracted with the combined weight of porcelain cup and soil sample 

after drying overnight in oven to get the dry weight amount. The formula used for the calculation is 

stated in equation 8 in sub-section methodology 7.1. The highest dry weight obtained is 2,1639 grams 

while the lowest is 0,3025 grams. In Table 9, PC represents the porcelain cup weight and S represents 

the weight of sample. Blue and red color indications represent soil profile GK_KADA-2018-30 and 

GK_KADA-2018-31. The grey color represents the highest value while green color represents the lowest 

value. 

  

TABLE 9. Calculation data of dry weight 

 

Sample PC +S weight PC weight Dry weight 

 g g g 

GK_KADA-2018-20.4 16,4149 15,6274 0,7875 

GK_KADA-2018-21.4 15,3825 14,5019 0,8806 

GK_KADA-2018-22.6 17,0869 15,6456 1,4413 

GK_KADA-2018-23.5 18,5738 16,4099 2,1639 

GK_KADA-2018-24.4 17,2744 16,536 0,7384 

GK_KADA-2018-24.5 16,9439 15,9181 1,0258 

GK_KADA-2018-24.7 17,1199 15,7674 1,3525 

GK_KADA-2018-25.4 17,3461 16,0544 1,2917 

GK_KADA-2018-26.3 16,2554 15,405 0,8504 

GK_KADA-2018-27.3 16,923 15,449 1,4740 

GK_KADA-2018-28.3 17,5404 16,4672 1,0732 

GK_KADA-2018-29.7 17,3007 15,9368 1,3639 
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Sample PC +S weight PC weight Dry weight 

 g g g 

GK_KADA-2018-30.1 15,6831 15,3806 0,3025 

GK_KADA-2018-30.3 16,51 15,8421 0,6679 

GK_KADA-2018-30.4 17,8043 16,0991 1,7052 

GK_KADA-2018-30.6 17,1732 15,4334 1,7398 

GK_KADA-2018-30.8 18,059 16,2888 1,7702 

GK_KADA-2018-31.1 18,5616 18,2405 0,3211 

GK_KADA-2018-31.3 17,05789 16,498 0,5599 

GK_KADA-2018-31.5 16,1227 15,2684 0,8543 

GK_KADA-2018-31.7 16,9624 15,6236 1,3388 

GK_KADA-2018-31.9 17,7603 16,1875 1,5728 

GK_KADA-2018-31.10 17,876 16,7634 1,1126 

 

 

9.2.2 Dry weight concentration 

 

After transferring a portion of sample to porcelain cup as described in sub heading 7,2 rest of the sample 

was transferred to known weight of incubation tube and the combined weight of soil and water (S+W) 

was obtained. The dry weight obtained by equation 8 was divided by the weight of soil and water mul-

tiplied by 100 to get the concentration of dry weight as shown by equation 9 in sub-section methodology 

7.1. The highest dry weight concentration obtained was 87,5289 % while the lowest was 50,2594%. The 

blue and red color indications represent soil profile GK_KADA-2018-30 and GK_KADA-2018-31 

while the grey color represents sample with the highest dry weight concentration while the green color 

represents the lowest concentration. 

 

TABLE 10. The calculation of dry weight concentration. 

 

Sample S + W weight  Dry Weight  

Dry weight con-

centration 

 g g % 

GK_KADA-2018-20.4 1,1134 0,7875 70,7293 

GK_KADA-2018-21.4 1,0931 0,8806 80,5599 

GK_KADA-2018-22.6 1,7607 1,4413 81,8595 

TABLE 9. (continues) 
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Sample S + W weight  Dry Weight  

Dry weight con-

centration 

 g g % 

GK_KADA-2018-23.5 2,5911 2,1639 83,5128 

GK_KADA-2018-24.4 0,9829 0,7384 75,1246 

GK_KADA-2018-24.5 1,5436 1,0258 66,4550 

GK_KADA-2018-24.7 1,9098 1,3525 70,8189 

GK_KADA-2018-25.4 1,7166 1,2917 75,2476 

GK_KADA-2018-26.3 1,0844 0,8504 78,4212 

GK_KADA-2018-27.3 1,8411 1,474 80,0608 

GK_KADA-2018-28.3 1,3057 1,0732 82,1935 

GK_KADA-2018-29.7 1,6957 1,3639 80,4329 

GK_KADA-2018-30.1 0,3456 0,3025 87,5289 

GK_KADA-2018-30.3 1,1653 0,6679 57,3157 

GK_KADA-2018-30.4 2,1792 1,7052 78,2489 

GK_KADA-2018-30.6 2,2692 1,7398 76,6702 

GK_KADA-2018-30.8 2,3105 1,7702 76,6155 

GK_KADA-2018-31.1 0,4774 0,3211 67,2602 

GK_KADA-2018-31.3 1,114 0,55989 50,2594 

GK_KADA-2018-31.5 1,135 0,8543 75,2687 

GK_KADA-2018-31.7 1,7064 1,3388 78,4576 

GK_KADA-2018-31.9 2,0621 1,5728 76,2718 

GK_KADA-2018-31.10 1,5904 1,1126 69,9572 

 

9.2.3 Water concentration 

 

After calculating the dry weight concentration from Table 10, the water concentration was obtained from 

equation 10 from sub-section methodology 7.1. The samples were preserved in laboratory for several 

months and therefore the water concentration in most of the samples was around 30 %. However, some 

samples water concentration was above 30 %, it was because the samples are not dried properly. The 

highest water concentration in a sample was found to be 49,7406 % while the lowest is 12,4711 %. In 

the given Table 11, blue and red color indications represent soil profile GK_KADA-2018-30 and 

TABLE 10. (continues) 
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GK_KADA-2018-31 while grey color represents the highest water concentration and green for the low-

est water concentration value. 

 

TABLE 11. The water concentration obtained from dry weight.  

 

Sample Total % Dry weight concentration  

water concentra-

tion  

  % % 

GK_KADA-2018-20.4 100 70,7293 29,2707 

GK_KADA-2018-21.4 100 80,5599 19,4401 

GK_KADA-2018-22.6 100 81,8595 18,1405 

GK_KADA-2018-23.5 100 83,5128 16,4872 

GK_KADA-2018-24.4 100 75,1246 24,8754 

GK_KADA-2018-24.5 100 66,4550 33,5450 

GK_KADA-2018-24.7 100 70,8189 29,1811 

GK_KADA-2018-25.4 100 75,2476 24,7524 

GK_KADA-2018-26.3 100 78,4212 21,5788 

GK_KADA-2018-27.3 100 80,0608 19,9392 

GK_KADA-2018-28.3 100 82,1935 17,8065 

GK_KADA-2018-29.7 100 80,4329 19,5671 

GK_KADA-2018-30.1 100 87,5289 12,4711 

GK_KADA-2018-30.3 100 57,3157 42,6843 

GK_KADA-2018-30.4 100 78,2489 21,7511 

GK_KADA-2018-30.6 100 76,6702 23,3298 

GK_KADA-2018-30.8 100 76,6155 23,3845 

GK_KADA-2018-31.1 100 67,2602 32,7398 

GK_KADA-2018-31.3 100 50,2594 49,7406 

GK_KADA-2018-31.5 100 75,2687 24,7313 

GK_KADA-2018-31.7 100 78,4576 21,5424 

GK_KADA-2018-31.9 100 76,2718 23,7282 

GK_KADA-2018-31.10 100 69,9572 30,0428 
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9.2.4 Dry weight of sample  

 

The dry weight of sample refers to the overall dry weight of the soil sample present in the incubating 

tube while the term dry weight refers to the portion of soil sample taken from incubation tube for drying 

overnight. Knowing the dry weight, the weight of total soil sample (S amount), dry weight in sample 

was calculated by the equation 11 from sub-section methodology 7.1. The highest dry weight of sample 

is found to be 18,3447 grams while the lowest is 0,4172 grams. In Table 13, S represents the total Sample 

or Soil. Blue and red color indications represent soil profile GK_KADA-2018-30 and GK_KADA-2018-

31. The grey color represents the sample with highest dry weight while the green represents the lowest 

dry weight in grams. 

 

TABLE 12. The table calculation data of dry weight of sample.  

 

Sample Dry weight S amount  

Dry weght of 

sample  

 g g g 

GK_KADA-2018-20.4 0,7875 6,593 5,1920 

GK_KADA-2018-21.4 0,8806 3,7041 3,2618 

GK_KADA-2018-22.6 1,4413 9,5093 13,7058 

GK_KADA-2018-23.5 2,1639 8,4776 18,3447 

GK_KADA-2018-24.4 0,7384 5,5871 4,1255 

GK_KADA-2018-24.5 1,0258 6,9576 7,1371 

GK_KADA-2018-24.7 1,3525 7,6846 10,3934 

GK_KADA-2018-25.4 1,2917 7,149 9,2344 

GK_KADA-2018-26.3 0,8504 3,9156 3,3298 

GK_KADA-2018-27.3 1,474 4,8081 7,0871 

GK_KADA-2018-28.3 1,0732 5,9351 6,3695 

GK_KADA-2018-29.7 1,3639 5,515 7,5219 

GK_KADA-2018-30.1 0,3025 1,4551 0,4402 

GK_KADA-2018-30.3 0,6679 5,4813 3,6610 

GK_KADA-2018-30.4 1,7052 3,8893 6,6320 

GK_KADA-2018-30.6 1,7398 8,0064 13,9295 

GK_KADA-2018-30.8 1,7702 6,8074 12,0505 
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Sample Dry weight S amount  

Dry weght of 

sample  

 g g g 

GK_KADA-2018-31.1 0,3211 1,2993 0,4172 

GK_KADA-2018-31.3 0,55989 3,7394 2,0937 

GK_KADA-2018-31.5 0,8543 3,2254 2,7555 

GK_KADA-2018-31.7 1,3388 6,5033 8,7066 

GK_KADA-2018-31.9 1,5728 6,768 10,6447 

GK_KADA-2018-31.10 1,1126 4,0754 4,5343 

 

 

9.3 Mass of metal in dry sample 

 

In this third step, mass of Co, Li, Ni and Zn metals present in dry weight of sample (from Table 12) were 

calculated using equation 12 from sub-section methodology 7.1. Here the milligram of cobalt, lithium, 

nickel and zinc per kilogram of soil (mg/kg) were already known which facilitate, the calculation of 

metal amounts. 

 

 

9.3.1 Mass of cobalt 

 

The highest mass of cobalt present in a dry sample was found to be 0,0956 milligram while the lowest 

was 0,0072 milligrams. Blue and red color indications represent soil profile GK_KADA-2018-30 and 

GK_KADA-2018-31. The grey color represents the highest value of Cobalt in milligram while green 

color represents the lowest value. The red color symbol X represents the absence of any value for further 

calculation. DW represents Dry Weight in gram while Co represents Cobalt. 

 

TABLE 13. Mass of cobalt in dry sample.  

 

Sample DW of Sample  Co Co  

 g (mg/kg)  mg 

GK_KADA-2018-20.4 5,1920 9,9 0,0514 

GK_KADA-2018-21.4 3,2618 4 0,0130 

GK_KADA-2018-22.6 13,7058 4,5 0,0617 

GK_KADA-2018-23.5 18,3447 3,3 0,0605 

TABLE 12. (continues) 
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Sample DW of Sample  Co Co  

 g (mg/kg)  mg 

GK_KADA-2018-24.4 4,1255 3,7 0,0153 

GK_KADA-2018-24.5 7,1371 13,4 0,0956 

GK_KADA-2018-24.7 10,3934 6,8 0,0707 

GK_KADA-2018-25.4 9,2344 3,5 0,0323 

GK_KADA-2018-26.3 3,3298 2,8 0,0093 

GK_KADA-2018-27.3 7,0871 2,8 0,0198 

GK_KADA-2018-28.3 6,3695 4,2 0,0268 

GK_KADA-2018-29.7 7,5219 1,8 0,0135 

GK_KADA-2018-30.1 0,4402  X X 

GK_KADA-2018-30.3 3,6610 5,8 0,0212 

GK_KADA-2018-30.4 6,6320 2,8 0,0186 

GK_KADA-2018-30.6 13,9295 2,1 0,0293 

GK_KADA-2018-30.8 12,0505 5,3 0,0639 

GK_KADA-2018-31.1 0,4172 X X 

GK_KADA-2018-31.3 2,0937 2,6 0,0054 

GK_KADA-2018-31.5 2,7555 2,6 0,0072 

GK_KADA-2018-31.7 8,7066 2,4 0,0209 

GK_KADA-2018-31.9 10,6447 2,4 0,0255 

GK_KADA-2018-31.10 4,5343 13,1 0,0594 

 

 

9.3.2 Mass of lithium 

 

The highest amount of lithium present in a dry sample was found to be 0,2034 milligrams while the 

lowest amount was 0,0072 milligrams. Blue and red color indications represent soil profile GK_KADA-

2018-30 and GK_KADA-2018-31. The grey color represents the highest value of lithium in milligram 

while green color represents the lowest value. The red color symbol X represents the absence of value 

for further calculation. DW represents for Dry Weight in gram while Li represents Lithium. 

 

 

 

 

TABLE 13. (continues) 
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TABLE 14. Mass of lithium in dry sample.  

 

Sample DW in Sample  Li Li  

 g (mg/kg) mg 

GK_KADA-2018-20.4 5,1920 20,2 0,1049 

GK_KADA-2018-21.4 3,2618 7,4 0,0241 

GK_KADA-2018-22.6 13,7058 5,2 0,0713 

GK_KADA-2018-23.5 18,3447 6,2 0,1137 

GK_KADA-2018-24.4 4,1255 5,9 0,0243 

GK_KADA-2018-24.5 7,1371 28,5 0,2034 

GK_KADA-2018-24.7 10,3934 13,5 0,1403 

GK_KADA-2018-25.4 9,2344 9,3 0,0859 

GK_KADA-2018-26.3 3,3298 5,7 0,0190 

GK_KADA-2018-27.3 7,0871 5,2 0,0369 

GK_KADA-2018-28.3 6,3695 9 0,0573 

GK_KADA-2018-29.7 7,5219 3,1 0,0233 

GK_KADA-2018-30.1 0,4402 X  X 

GK_KADA-2018-30.3 3,6610 6,7 0,0245 

GK_KADA-2018-30.4 6,6320 3 0,0199 

GK_KADA-2018-30.6 13,9295 4,1 0,0571 

GK_KADA-2018-30.8 12,0505 9,9 0,1193 

GK_KADA-2018-31.1 0,4172 X X 

GK_KADA-2018-31.3 2,0937 4 0,0084 

GK_KADA-2018-31.5 2,7555 2,6 0,0072 

GK_KADA-2018-31.7 8,7066 3,9 0,0340 

GK_KADA-2018-31.9 10,6447 5,2 0,0554 

GK_KADA-2018-31.10 4,5343 29,6 0,1342 
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9.3.3 Mass of nickel 

 

The highest mass of nickel in a dry sample was found to be 0,8089 milligrams while the lowest is 0,0343 

milligrams. Blue and red color indications represent soil profile GK_KADA-2018-30 and GK_KADA-

2018-31. The grey color represents the highest value of nickel in milligrams while green color represents 

the lowest value. The red color symbol X represents the absence of value for further calculation. DW 

represents Dry Weight in gram while Ni represents nickel. 

 

TABLE 15. Amount of nickel calculated in dry sample.  

 

Sample DW in sample  Ni  Ni 

 g (mg/kg) mg 

GK_KADA-2018-20.4 5,1920 23,1 0,1199 

GK_KADA-2018-21.4 3,2618 25 0,0815 

GK_KADA-2018-22.6 13,7058 17,4 0,2385 

GK_KADA-2018-23.5 18,3447 11,5 0,2110 

GK_KADA-2018-24.4 4,1255 17 0,0701 

GK_KADA-2018-24.5 7,1371 30,1 0,2148 

GK_KADA-2018-24.7 10,3934 16,5 0,1715 

GK_KADA-2018-25.4 9,2344 21,3 0,1967 

GK_KADA-2018-26.3 3,3298 19,9 0,0663 

GK_KADA-2018-27.3 7,0871 23,5 0,1665 

GK_KADA-2018-28.3 6,3695 127 0,8089 

GK_KADA-2018-29.7 7,5219 5,8 0,0436 

GK_KADA-2018-30.1 0,4402  X  X 

GK_KADA-2018-30.3 3,6610 19,6 0,0718 

GK_KADA-2018-30.4 6,6320 18,9 0,1253 

GK_KADA-2018-30.6 13,9295 8,5 0,1184 

GK_KADA-2018-30.8 12,0505 13,1 0,1579 

GK_KADA-2018-31.1 0,4172  X  X 

GK_KADA-2018-31.3 2,0937 16,4 0,0343 

GK_KADA-2018-31.5 2,7555 16,5 0,0455 

GK_KADA-2018-31.7 8,7066 11,5 0,1001 
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Sample DW in sample  Ni  Ni 

 g (mg/kg) mg 

GK_KADA-2018-31.9 10,6447 11,2 0,1192 

GK_KADA-2018-31.10 4,5343 32,7 0,1483 

 

 

9.3.4  Mass of zinc 

 

The highest mass of zinc present in a dry sample was found to be 0,6067 milligrams while the lowest 

was 0,0303 milligrams respectively. Blue and red color indications represent soil profile GK_KADA-

2018-30 and GK_KADA-2018-31. The grey color represents the highest value of zinc in milligram while 

green color represents the lowest value. The red color symbol X represents the absence of value for 

further calculation. DW represents for Dry Weight in gram while Zn represents Zinc. 

 

TABLE 16. Amount of zinc in dry sample.  

 

Sample DW in Sample  Zn Zn 

 g (mg/kg) mg 

GK_KADA-2018-20.4 5,1920 61 0,3167 

GK_KADA-2018-21.4 3,2618 22,5 0,0734 

GK_KADA-2018-22.6 13,7058 20 0,2741 

GK_KADA-2018-23.5 18,3447 18 0,3302 

GK_KADA-2018-24.4 4,1255 18 0,0743 

GK_KADA-2018-24.5 7,1371 85 0,6067 

GK_KADA-2018-24.7 10,3934 42 0,4365 

GK_KADA-2018-25.4 9,2344 25 0,2309 

GK_KADA-2018-26.3 3,3298 19 0,0633 

GK_KADA-2018-27.3 7,0871 16 0,1134 

GK_KADA-2018-28.3 6,3695 23 0,1465 

GK_KADA-2018-29.7 7,5219 11 0,0827 

GK_KADA-2018-30.1 0,4402  X X 

GK_KADA-2018-30.3 3,6610 21 0,0769 

GK_KADA-2018-30.4 6,6320 13 0,0862 

GK_KADA-2018-30.6 13,9295 13 0,1811 

TABLE 15.(continues) 
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Sample DW in Sample  Zn Zn 

 g (mg/kg) mg 

GK_KADA-2018-30.8 12,0505 36 0,4338 

GK_KADA-2018-31.1 0,4172  X  X 

GK_KADA-2018-31.3 2,0937 21 0,0440 

GK_KADA-2018-31.5 2,7555 11 0,0303 

GK_KADA-2018-31.7 8,7066 13 0,1132 

GK_KADA-2018-31.9 10,6447 15 0,1597 

GK_KADA-2018-31.10 4,5343 91 0,4725 

 

 

9.4 Metals leached from soil to water  

 

After the calculation of dry weight of sample, 40 ml of de ionized water was transferred to the incubation 

tube for facilitating the leaching of metals from soil to water. These samples with water were magneti-

cally stirred, centrifuged, filtered and the clear water was transferred to another incubation tubes. Upon 

the AAS experiment of this samples, the leached mass was calculated.  

 

9.4.1 Mean value from AAS 

 

From the AAS experiment at Centria UAS laboratory, the following values of metals in samples were 

obtained. The lowest value of metal present is zero, which mostly occurred in zinc samples. Blue and 

red color indications represent soil profile GK_KADA-2018-30 and GK_KADA-2018-31. 

 

TABLE 17. The metals value in ppm obtained from AAS analysis.  

 

Sample Co Li Ni Zn 

 ppm ppm ppm ppm 

GK_KADA-2018-20.4 0,0610 0,0470 0,0680 0,0000 

GK_KADA-2018-21.4 0,0630 0,0450 0,1080 0,0000 

GK_KADA-2018-22.6 0,1650 0,0510 0,5230 0,1200 

GK_KADA-2018-23.5 0,0700 0,0350 0,0880 0,0000 

GK_KADA-2018-24.4 0,1590 0,1225 0,4250 0,2400 

TABLE 16.(continues) 
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Sample Co Li Ni Zn 

 ppm ppm ppm ppm 

GK_KADA-2018-24.5 0,1610 0,1335 0,3490 0,1200 

GK_KADA-2018-24.7 0,1040 0,0810 0,1920 0,0600 

GK_KADA-2018-25.4 0,0710 0,0460 0,2810 0,0000 

GK_KADA-2018-26.3 0,0720 0,0410 0,1310 0,0000 

GK_KADA-2018-27.3 0,0730 0,0390 0,1180 0,0000 

GK_KADA-2018-28.3 0,0730 0,0430 0,1460 0,0000 

GK_KADA-2018-29.7 0,0690 0,0400 0,0740 0,0000 

GK_KADA-2018-30.1 0,0690 0,0380 0,0780 0,0000 

GK_KADA-2018-30.3 0,4250 0,1390 1,2610 0,7100 

GK_KADA-2018-30.4 0,1570 0,0800 0,5210 0,2400 

GK_KADA-2018-30.6 0,1570 0,1180 0,3070 0,3100 

GK_KADA-2018-30.8 0,2200 0,0880 0,5260 0,4900 

GK_KADA-2018-31.1 0,0800 0,0360 0,0800 0,0100 

GK_KADA-2018-31.3 0,0850 0,0395 0,1390 0,0200 

GK_KADA-2018-31.5 0,1200 0,0530 0,2810 0,1300 

GK_KADA-2018-31.7 0,1680 0,0800 0,3260 0,2100 

GK_KADA-2018-31.9 0,1550 0,1100 0,2800 0,2800 

GK_KADA-2018-31.10 0,0950 0,0990 0,1390 0,0300 

 

 

9.5 Metals in 40 mL of solution 

 

After the AAS experiment, the mass of metals leached to 40 ml or 0,04 l of de-ionized water solution 

was calculated using the equation 13 from sub-section methodology 7.1. The highest value for Co, Li, 

Ni and Zn were found to be 0,0170, 0,0056, 0,0504 and 0,0284 milligrams respectively while the lowest 

were 0,0024, 0,0014, 0,0027 and 0 milligrams. . Blue and red color indications represent soil profile 

GK_KADA-2018-30 and GK_KADA-2018-31. The grey color represents the highest value in milligram 

while green color represents the lowest value. Co, Li, Ni and Zn represents cobalt, lithium, nickel and 

zinc respectively. 

 

TABLE 17.(continues)  
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TABLE 18. The mass of several metals leached to 40 ml of water solution 

 

Sample Co  leached Li leached Ni leached  Zn leached  

 mg mg mg mg 

GK_KADA-2018-20.4 0,0024 0,0019 0,0027 0 

GK_KADA-2018-21.4 0,0025 0,0018 0,0043 0 

GK_KADA-2018-22.6 0,0066 0,0020 0,0209 0,0048 

GK_KADA-2018-23.5 0,0028 0,0014 0,0035 0 

GK_KADA-2018-24.4 0,0064 0,0049 0,0170 0,0096 

GK_KADA-2018-24.5 0,0064 0,0053 0,0140 0,0048 

GK_KADA-2018-24.7 0,0042 0,0032 0,0077 0,0024 

GK_KADA-2018-25.4 0,0028 0,0018 0,0112 0 

GK_KADA-2018-26.3 0,0029 0,0016 0,0052 0 

GK_KADA-2018-27.3 0,0029 0,0016 0,0047 0 

GK_KADA-2018-28.3 0,0029 0,0017 0,0058 0 

GK_KADA-2018-29.7 0,0028 0,0016 0,0030 0 

GK_KADA-2018-30.1 0,0028 0,0015 0,0031 0 

GK_KADA-2018-30.3 0,0170 0,0056 0,0504 0,0284 

GK_KADA-2018-30.4 0,0063 0,0032 0,0208 0,0096 

GK_KADA-2018-30.6 0,0063 0,0047 0,0123 0,0124 

GK_KADA-2018-30.8 0,0088 0,0035 0,0210 0,0196 

GK_KADA-2018-31.1 0,0032 0,0014 0,0032 0,0004 

GK_KADA-2018-31.3 0,0034 0,0016 0,0056 0,0008 

GK_KADA-2018-31.5 0,0048 0,0021 0,0112 0,0052 

GK_KADA-2018-31.7 0,0067 0,0032 0,0130 0,0084 

GK_KADA-2018-31.9 0,0062 0,0044 0,0112 0,0112 

GK_KADA-2018-31.10 0,0038 0,0040 0,0056 0,0012 

 

 

 

 

9.5.1 Metals leached from soil to water 

 

The mass of the metals leached from soil to water represented by Table 18 was further divided by the 

mass of metals present in sample (table 13,14 ,15 and 16) to obtain the leached metal percentage from 
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soil to water using equation 14. The highest metal percentage leached for Co, Li, Ni and Zn were 

93,2961%, 35,0493%, 81,9147% and 36,9406 % while the lowest were 5,2853 %, 1,9958%, 

0,9426%and 0% respectively. Blue and red color indications represent soil profile GK_KADA-2018-30 

and GK_KADA-2018-31. The grey color represents the highest value in percentage while green color 

represents the lowest value and red color X symbol represents the absence of value for further calcula-

tion. Co, Li, Ni and Zn represents Cobalt, Lithium, Nickel and Zinc respectively. 

 

TABLE 19. Table metals percentage leached from soil to water.  

 

Sample Co  leached  Li leached  Ni leached  Zn leached  

 % % % % 

GK_KADA-2018-20.4 5,2853 1,9958 2,5251 0,0000 

GK_KADA-2018-21.4 21,1125 8,1515 5,7908 0,0000 

GK_KADA-2018-22.6 18,8414 5,0398 15,4452 1,7511 

GK_KADA-2018-23.5 11,9845 3,1894 4,3233 0,0000 

GK_KADA-2018-24.4 40,9531 19,7868 23,8249 12,9277 

GK_KADA-2018-24.5 10,3943 4,0524 10,0307 0,7912 

GK_KADA-2018-24.7 11,2412 4,4100 8,5528 0,5498 

GK_KADA-2018-25.4 15,0839 3,6779 9,8095 0,0000 

GK_KADA-2018-26.3 33,4967 9,3699 8,5752 0,0000 

GK_KADA-2018-27.3 27,0914 7,7934 5,2177 0,0000 

GK_KADA-2018-28.3 14,2518 3,9176 0,9426 0,0000 

GK_KADA-2018-29.7 34,5667 11,6353 11,5049 0,0000 

GK_KADA-2018-30.1 X X  X  X 

GK_KADA-2018-30.3 93,2961 26,4145 81,9147 36,9406 

GK_KADA-2018-30.4 73,6974 35,0493 36,2315 11,1348 

GK_KADA-2018-30.6 48,7165 18,7540 23,5351 6,8477 

GK_KADA-2018-30.8 31,8353 6,8173 30,7948 4,5180 

GK_KADA-2018-31.1 X  X  X X 

GK_KADA-2018-31.3 69,5803 21,0173 18,0390 1,8196 

GK_KADA-2018-31.5 76,0448 33,5865 28,0598 17,1560 

GK_KADA-2018-31.7 54,8769 16,0811 22,2234 7,4214 

GK_KADA-2018-31.9 50,0445 16,3917 19,3721 7,0144 
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Sample Co  leached  Li leached  Ni leached  Zn leached  

 % % % % 

GK_KADA-2018-31.10 10,1744 4,6925 5,9638 0,2540 

 

 

 

 

  

TABLE 19.(continues) 
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10 CONCLUSIONS  

 

 

The laboratory method presented in this thesis is used for the determination of the metals that are leached 

from Finnish AS soils to water as well as the metal content in samples taken from the field. Implemen-

tation of AAS methodology for cobalt, lithium, nickel and zinc were successfully completed. From the 

experimental results and discussion section, clear observation can be made between oxidized, transition 

and reduced zones. For soil profile GK-KADA-2018-30, the oxidized soil is located until 0.6 meters 

from top with a pH range of 3.9-3.7 while the reduced zone is located at depth below 0.8 meters with a 

pH range of 6.1 -6.9. On the other hand, for soil profile GK-KADA-2018-31, oxidized soil is located at 

until the depth of 1.2 meters from top with pH range of 3.6-4.8 while reduced zone is located at depth 

of 1.5 - 2 meters with a pH of 6.5 – 6.8.  The differences in depth for the occurrence of oxidized and 

reduced layer can be observed (FIGURE 4) which depends upon the water level in these soils. The water 

level fluctuates throughout the year and facilitates the formation of AS soils. In the spring the water 

level is higher when snow melts and lower in summer in Finland. The average water level in these soils 

(sampling soils) is 1.2 meters. The details for the formation of oxidation and reduction mechanism can 

be found in sulfur redox chemistry and general principles section 3. 

The metals in sample are present in high amount in bottom reduced soils while less in top oxidized soils. 

This is because, the oxidized soils are already oxidized and leached in the field while that of reduced 

soil are still available in sample for further oxidation or leaching. The metals amount present in soil 

profiles GK-KADA-2018- 30 and GK-KADA-2018- 31 are widely and narrowly distributed (from Fig-

ure 28 and 29). Zinc is abundant while cobalt is least available in both profiles soil samples. However, 

it is found that cobalt is leached excessively with 80,0619% while zinc is 0%. The metals are leached 

mostly from oxidized soils in both soil profiles while leached less from reduced soils. This can be ex-

plained from the composition of the soil which was not homogeneous. For example, soil profile GK-

KADA-2018-31.3 is organically rich, GK-KADA-31.5 consists of fine sand and GK-KADA-31.10 is 

clay sand. The inconsistency in soil composition is the reason for least leaching of metals from reduced 

soils.  

Finally, the AS soils are the oxidation product of PAS soils and are formed by postglacial land uplift and 

anthropogenic activities. AS soils facilitates metals leaching of metals due to the dissolution of minerals 

from AS soils to water bodies and affects the aquatic life, vegetation, infrastructure and human beings 



     60 

 

in several ways. Therefore, it is necessary to make serious efforts to develop methods such as imple-

mentation of Control Subsurface Drainage and Control Subsurface Irrigation for prevention of contam-

ination.  
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