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OBJECTIVES 

The mining activities are as old as human history, it started with the Stone Age and then by the 

discovery of metals, which can be strongly linked to ancient mineral exploitation. The mining-related 

serious environmental problems are dominantly modern. The manual mining technique produced such 

a small amount of mining waste material, which can be handled by natural processes. This fragile balance 

changed as modern mining techniques started to produce huge amount of waste during a short time. 

Globally acidic rock drainage (ARD) effects are recorded after several years of deposition as the unstable 

iron sulphides started oxidizing under surface conditions. 

In this PhD dissertation, the different chapters are focusing on different types of characterization of 

the oxidizing system from different point of views. The common in them is the mineralogical or 

geochemical characterization using several new methods. They show much further than regular 

characterization, moreover, they can be adaptable and used in other cases and studies on other areas of 

geochemistry.  

The guiding principle of this dissertation was to make new specific theses and calculations, via testing 

and proving them on samples in case studies. I wanted to reflect that these sulphidic oxidizing systems 

can result in serious or even catastrophic environmental impacts or contaminations, which frequently 

cannot be reversed, stopped or even mitigated.  

With the correctly chosen methods it can be characterized from point of long term behaviour, so all 

the above mentioned impacts can be prevented by well-established mining waste material management 

and handling.  

The first in this to reflect that the ARD effect apparently not always creates acidic condition. In 

presence of sufficient neutralizing minerals, the acidic condition is buffered, so acidic impacts will be 

not seen. Theoretically, even if the system has circumneutral pH, the sulphide oxidation can strongly 

take place. This should indicate a necessary change of thinking in waste management, if the monitoring 

of the pH value is not enough, because in spite of the circumneutral pH, strong oxidation reactions can 

be formed. If the system contains polymetallic sulphidic ores, such as galena, sphalerite, chalcopyrite, 

arsenopyrite, etc., the weathering of them can discharge to a huge load of heavy metals (Pb, Zn, Cd, Cu, 

As, etc.)  into nature, through the (ground)water to the biosphere. The hazard of these heavy metals, that 

most of them stay dissolved form even in circumneutral pH condition. 

To understand the oxidizing system well, it is essential to know the exact mineralogical composition 

of the sample. A new method, which is based on the combination of X-ray powder diffraction (XRD) 

and sequential chemical extraction (SCE), can be the key in the sharp determination of mineralogical 

composition, even in case of tiny concentration. My aim is to describe and show the method in details. 

Moreover, via case studies, the applicability of the combined method for altered sulphidic mine waste 
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materials will be proved. A further aim is to prove the presence of sulphides by calculation even if they 

are in extremely low concentrations. 

Besides knowing the mineralogical composition the determination of the sulphide oxidizing rate is 

also indispensable. Based on the parameters of the seepage, resulting in humidity cell test, different 

modes of calculations will be made. The pH, the dissolved sulphate and iron content defines the pyrite 

oxidation. Thus by the use of these equations will be defined, which can be used and adaptable in all 

kinds of column and humidity cell tests. Apart from the seepage based modes, another solution will be 

also created, which is based on the oxygen consumption of the pyrite oxidation. The applicability of 

these equations, which can be determined the oxidation rate with, show further than the border of this 

PhD thesis. 

It is also my objective to show how much additional information can get out from the humidity cell 

test if it is used several times on the same sample in consecutive years. The trends point much more 

forward than the results in the individual years. The comparison of them can give a reliable forecast of 

the real long term behaviour for the sample, showing the changes in the function of the long term future. 

Further analysis shows how mineralogical inhomogeneity can be formed in the filling of the humidity 

cells in case of relatively fine-grained samples. Moreover, it will be shown, that the appearance of the 

inhomogeneity is a self-driven process, as the porosity and permeability changes significantly, more 

inhomogeneity will be created. In the case studies, it is pointed out that not every sample is suitable for 

humidity cell test, as the grain size is a limiting factor. 

I would like to highlight also the possible applicability of these methods, in different other areas of 

geochemistry. Moreover, also important is to remind the necessity of the proper mining waste 

management to be able to avoid at least those pollutions which can be forecasted by modelling, 

simulation or calculation. 
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I. SULPHIDE - SULPHATE ALTERATION IN SULPHIDIC MINING WASTES 

1.1. Introduction 

Before the presentation of the measuring, results and discussions, necessary to take an insight, 

especially from point of chemistry. Without the information of which reactions can appear and what 

processes can come into existence, the oxidizing system cannot be characterized.  Also essential to locate 

the individual parts of the system in the circle of the dissolution - (transportation) - precipitation. To be 

able to do this, necessary to well understand the chemical reactions and their moving forces in details. 

Because of the topic of this PhD thesis, the main focus will be only on the sulphide alterations.  

In the last four decades, the pyrite oxidation caused Acid Rock Drainage (ARD) has become the 

leading environmental problem in the sulphidic mining industry. In the sulphidic mine wastes, the 

principal weathering process is the sulphide oxidation, which results low pH. This acidic environment 

creates a much more serious effect – than the low pH itself – as the heavy metal mobility increases 

dramatically. (Evangelou and Zhang 1995) Further, an aggravating circumstance can be if the heavy or 

toxic metals are in the structure of the oxidizing sulphides, because in this case by the alteration of the 

sulphides directly lead to quick and high rate of heavy or toxic metal mass load on nature. (Ferguson 

and Robertson 1994; Jambor 2000; Jennings and Dollhoph 1995; Plumlee 1999; Price 2003) 

In the mining wastes the most common iron-bearing sulphides are the pyrite and pyrrhotite, which 

are usually stored in dumps, where are exposed to atmospheric water and oxygen, thus (quick) oxidation 

processes could take place. However, if neutralizing minerals are available, the acid production can be 

buffered, so the heavy metal mobility would be reduced. However, in the porous of the waste rock 

material in the presence of water and oxygen, the surface of the pyrite starts oxidizing thus creating an 

acidic micro-environment. Although in presence of enough calcite, which is the quickest neutralizing 

mineral, the material does not show acid production, till the calcite is able to maintain the pH, but the 

sulphide oxidation can be still present. (Al et al. 2000; Jambor et al. 2003; Jurjovec et al. 2002) 

In this chapter not only the sulphide-sulphate alteration linked to the material of the mining wastes 

will be described, but also that type of precipitation, where the pH is high enough to let the formation of 

sulphate, hydroxide, oxy-hydroxide, oxide or a mixture of them. 

 

1.2. Sulphide oxidation 

The sulphides are the most important ore minerals, which are created in magmatic or postmagmatic 

processes. Various forms of sulphate can be formed, as the cation position consists of one, like pyrite or 

marcasite (FeS2), or two, such as chalcopyrite (CuFeS2). From point of ARD the pyrrhotite (Fe1-xS), 

galena (PbS) and sphalerite (ZnS) are also important. Although the last two are not liable for acid 

production, but their prevalence makes them notable. In this chapter, those will be taken consideration, 
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which are responsible for ARD or could cause other environmental problem by their alterations. Ore 

beneficiation processes selectively extract minerals of commercial value and exclude minerals that 

cannot be economically recovered. The most abundant sulphide minerals in most tailings impoundments 

are pyrite (FeS2) and pyrrhotite (Fe(1-x)S). Other Fe-sulphide minerals, including marcasite 

(orthorhombic FeS2), are encountered rarely. Because these minerals are the most abundant, they are the 

most common source of acidic drainage. (Blowes et al. 2003/a; Jambor 1994; Mikhlin et al. 2002) 

Mill tailings can contain very large accumulations of these Fe-sulphide minerals, such as pyrite and 

pyrrhotite, but other sulphide minerals are also, such as sphalerite (ZnS), chalcopyrite (CuFeS2), galena 

(PbS) and arsenopyrite (FeAsS), which can cause toxic or strongly toxic metal mass load. The presence 

of some of these minerals may be attributed to inefficiencies in recovery processes, or commonly, these 

minerals are deposited as waste because they are under the cut off grade. (Blowes et al. 2003/a) 

In the sulphidic ore bodies the amount of arsenopyrite, chalcopyrite, galena and sphalerite are 

conditionally not as significant as pyrite or pyrrhotite. Moreover except the iron-containing sulphides, 

such as arsenopyrite or chalcopyrite, are not acid producers, if they start oxidizing in presence of O2 and 

H2O. But if the oxidizer agent is the Fe3+ in the oxidation process, all of these minerals work as acid 

generators, independently wether they contain iron or not in their mineral structure. (USEPA 1994) 

 

1.2.1. Abiotic and biotic type of pyrite and sulphide oxidation  

Although the pyrite weathering on surface condition, if the oxidizer is the oxygen, could be described 

with a quite simple equation, the parameters of the oxidizing system depend on several physical, 

chemical and biological processes (described in further topics). One of the first equation of the pyrite 

oxidation (Eq. 1) was created by Nordstrom in 1982, but this was made for abiotic condition:  

𝐹𝑒𝑆2 +
7

2
𝑂2 + 𝐻2𝑂 → 𝐹𝑒2+ + 2𝑆𝑂4

2− + 2𝐻+ (1) 

When the pH of the solution exceeds 7, low concentrations of ions derived from the partial oxidation 

of sulphide-sulphur (e.g. sulphite /SO3
2-/ and thiosulphate /S2O3

2-/) are detected in solution. (Goldhaber 

1983) These partial oxidation products are subsequently oxidized to SO4
2-. (Moses et al. 1997) Under 

low pH conditions, these partial oxidation products are not detected. (Bonnissel-Gissinger et al. 1998) 

By the chemical behaviour and the type of the end products, the sulphide oxidation can be divided 

into two reaction types. If the pH is above 3-4, the free Fe ions can form secondary iron hydroxides, 

oxy-hydroxides or oxides. But if the pH is under pH 3-4 the free iron ion cannot form the species above, 

only secondary sulphate phases. This is the real process of alteration of sulphides to sulphate, but the 

sulphide alteration to oxides is also an important process in nature, as well as in the mine wastes. If the 

iron-hydroxide, iron-oxy-hydroxides or iron-oxides form in significant amount, gossan can be formed. 

The Fe2+ released by pyrite oxidation may be further oxidized to Fe3+, decreasing the acidity by 

consuming H+ (Eq. 2). For this alteration, the Fe2+ ion needs special conditions, such as low pH (under 
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2-2.5), although the Fe2+-Fe3+ alteration is only redox potential dependent. Moreover, this alteration is 

strongly catalysed by the Acidobacillus Ferrooxidans, which is discussed in detail later, in this chapter. 

Moreover, because the high acidity (Edvards et al. 1999, 2000; Schleper et al. 1996) high dissolved 

metal concentration can be in the seepage, as a result of the dramatically increased metal mobility.   

𝐹𝑒2+ +
1

4
𝑂2 + 𝐻+ → 𝐹𝑒3+ +

1

2
𝐻2𝑂 (2) 

If the pH is above 4, the Fe3+ may be hydrolysed and precipitate as Fe3+-hydroxide, through reaction 

(Eq. 3) of the form, although the limit pH for precipitation depends on the concentration of the Fe3+ in 

the drainage, but in general the Fe3+-hydroxide only can form, if the pH is higher than 3-3.5.  

𝐹𝑒3+ + 3𝐻2𝑂 → 𝐹𝑒(𝑂𝐻)3 + 3𝐻+ (3) 

Summarizing equations (Eq. 1, 2 and 3), a more complex reaction (Eq. 4) can be described: 

𝐹𝑒𝑆2 +
7

2
𝑂2 + 𝐻2𝑂 → 𝐹𝑒(𝑂𝐻)3 + 2𝑆𝑂4

2− + 2𝐻+ (4) 

Although iron hydroxide appears as a byproduct of sulphide oxidation, the formation of goethite (Eq. 

5) is much more common, thus the importance in weathering of tailings is higher. It surrounds the 

primary grains of pyrite or pyrrhotite and replaces these minerals' surface. (Jambor 1994; Jambor 2003)  

𝐹𝑒3+ + 2𝐻2𝑂 → 𝐹𝑒𝑂𝑂𝐻 + 3𝐻+ (5) 

From point of geochemistry, there is no difference whether Fe3+-hydroxide (Fe(OH)3) or goethite 

(FeOOH) is formed, because during precipitation, in both reaction (Eq. 3 and 5) one mole of Fe3+ 

produces 3 moles of acid (H+). On the other hand, the Fe3+-hydroxide can be transferred to oxy-

hydroxide (Eq. 6), as goethite by water loss and even further to oxide, as hematite (Eq. 7). 

𝐹𝑒(𝑂𝐻)3 → 𝐹𝑒𝑂𝑂𝐻 + 𝐻2𝑂 (6) 

2𝐹𝑒𝑂𝑂𝐻 → 𝐹𝑒2𝑂3 + 𝐻2𝑂 (7) 

Bonnissel-Gissinger et al. (1998) made surface analyses of oxidizing pyrite. This indicates that 

precipitates containing Fe+O+OH with a stoichiometry similar to FeOOH are the predominant form of 

Fe3+ on the surface of freshly oxidized pyrite. Electron microprobe analysis measurements proved that 

this secondary produced precipitation is really built up from Fe, O and OH. This mineral has no real 

crystal structure (amorphous), thus it is not detectable by XRD analysis. This fact is proved by us as well 

in Chapter 10.2.2, as on strongly oxidized, reddish-brown samples none of the secondary iron minerals 

were detected, but about 7 % of amorphous content was measured.  

The Fe3+ generated by oxidation of Fe2+ also reacts with pyrite through a reaction (Eq. 8), moreover, 

it will be the primer oxidizer agent and not the O2. (Singer and Stumm 1970) The Fe3+ type of pyrite 

oxidation is biotic because the Fe2+ - Fe3+ alteration (Eq. 2) is catalysed by bacterial activity. 

𝐹𝑒𝑆2 + 14𝐹𝑒3+ + 8𝐻2𝑂 → 15𝐹𝑒2+ + 2𝑆𝑂4
2− + 16𝐻+ (8) 
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Whether pyrite oxidation proceeds on abiotic (Eq. 1) or biotic (Eq. 8) depends on the chemical 

conditions in solution and the pyrite surface. Singer and Stumm (1970) published that Fe3+ is the 

dominant oxidant under low pH conditions. This hypothesis is supported by more studies of the surface 

chemistry of oxidizing pyrite, which indicate the presence of Fe3+ on the pyrite surface and an absence 

of O2, suggesting that Fe3+ is the primary oxidant. (Bonnissel-Gissinger et al. 1998) Under these 

conditions, abiotic oxidation of  Fe2+ to Fe3+ is slow and the rate of Fe2+ oxidation becomes the rate-

limiting step in sulphide oxidation. (Blowes et al. 2003/a; Singer and Stumm 1970) Later, in Chapter 8, 

the differences of the two equations will be discussed from point of the oxidation rate calculation. 

The chemistry of drainage from a mine site is the result of the competing processes of acid generation 

and acid neutralization, if there is at all. In nature, the chemical properties, the reacting surface and the 

oxidation of sulphide minerals proceeds with either dissolved oxygen (O2) or ferric iron (Fe3+) acting as 

the oxidizing agents. From point of ARD effect the iron-containing sulphides, such as pyrite, marcasite, 

pyrrhotite, chalcopyrite or arsenopyrite, and the iron not containing ones, like sphalerite or galena, have 

different behaviour (Table 1). They can oxidize on both ways, through oxidizing agent of O2 or Fe3+, but 

the first types are more unstable than the second. The iron-containing sulphides produce acidity in both 

types of reactions. Those sulphides, which have no iron in their structure, like galena, sphalerite, etc., 

are not acid producers if O2 is the oxidizer agent. The situation turns, if the Fe3+ acts as the oxidizer, 

because even the iron non containing sulphides become acid producers, thus they will be also responsible 

for acidic environment. (Jambor et al. 2003; Jurjovec et al. 2002; Rimstidt and Vaughan 2003) 

 Iron containing sulphides (pyrite, 

marcasite, arsenopyrite, etc..) 
Iron not containing sulphides 

(galena, sphalerite, etc..) 

O2, as oxidizer agent acid production no acid production 

Fe3+, as oxidizer agent acid production acid production  

Table 1: Outcome of the oxidizing reactions in the function of the two different oxidizer agent (O2 and Fe3+) 

If the chemical parameters are appropriate, such as high enough concentration, ideal pH and redox 

potential, the dissolved ions can form different types of solid secondary minerals. These vary from 

hydrated or crystal water free sulphates, hydroxides, oxy-hydroxides to oxides or some type of mixture 

of them. If the toxic heavy metals stay in dissolved form in solution or in solid phase, but as easily 

soluble sulphates, can be biologically hazardous. (INAP 2009) If they can find a pathway toward living 

organisms, plants, animals or humans, cause health injury or even death. The situation is even worse if 

the pH is too low for the dissolved ions to form solid phases. In this case the possibility of further 

transport is higher even in larger doses, moreover, the pathway for living bodies is easier. 

Near pyrite, other iron-containing sulphides can be oxidized on the abiotic way, so by O2. The most 

important are the pyrrhotite (Eq. 9) and the arsenopyrite (Eq. 10). (Seal et al. 2000) The pyrrhotite 

because of its unstable crystal structure, resulted in no constant chemical composition is very sensitive 

against weathering, thus it will oxidize quickly. (Becker et al. 1997; Janzen et al. 2000; Pratt et al. 1994) 
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𝐹𝑒1−𝑥𝑆 +
2−𝑥

2
𝑂2 + 𝑥𝐻2𝑂 → (1 − 𝑥)𝐹𝑒2+ + 𝑆𝑂4

2− + 2𝑥𝐻+ (9) 

4𝐹𝑒𝐴𝑠𝑆 + 13𝑂2 + 6𝐻2𝑂 → 4𝐻2𝐴𝑠𝑂4 + 4𝐻+ + 4𝑆𝑂4
2− + 4𝐹𝑒3+   (10) 

If the Fe3+ is the oxidizer agent (abiotic condition), near the acid producers by O2, such as pyrrhotite 

(Eq. 11) and chalcopyrite (Eq. 12), all of the sulphides, which does not contain Fe became acid 

producers, such as galena (Eq. 13) and sphalerite or wurtzite (Eq. 14). Although the lead sulphide is 

absolutely free of iron, in the zinc sulphide some iron can build in, but the amount of this mineral is 

much lower than pyrite, and usually, it is separated because of its Zn content, thus it usually not part of 

the minerals of the waste dumps. This fact justifies that it is not considered as acid producer mineral, 

however, it produces some because of its iron content. (Jennings et al. 2000; Show et al. 1998; Thomas 

et al. 2003) Nevertheless, its Fe content makes it more sensitive against weathering, compared with 

galena.  

𝐹𝑒1−𝑥𝑆 + (8 − 2𝑥)𝐹𝑒3+ + 4𝐻2𝑂 → (9 − 3𝑥)𝐹𝑒2+ + 𝑆𝑂4
2− + 8𝐻+ (11) 

𝐶𝑢𝐹𝑒𝑆2 + 16𝐹𝑒3+ + 8𝐻2𝑂 → 𝐶𝑢2+ + 17𝐹𝑒2+ + 2𝑆𝑂4
2− + 16𝐻+ (12) 

𝑃𝑏𝑆 + 8𝐹𝑒3+ + 4𝐻2𝑂 → 𝑃𝑏2+ + 8𝐹𝑒2+ + 𝑆𝑂4
2− + 8𝐻+ (13) 

𝑍𝑛𝑆 + 8𝐹𝑒3+ + 4𝐻2𝑂 → 𝑍𝑛2+ + 8𝐹𝑒2+ + 𝑆𝑂4
2− + 8𝐻+ (14) 

If the redox potential state is low, the pyrrhotite could work as an acid consuming mineral, it eats up 

some H+ (Eq. 15), so the pH will increase. Although if the net effect is considered, pyrite and Fe2+ is 

produced, which could be oxidized again, thus the system is continuous. At low energy state the galena 

(Eq. 16) and sphalerite or wurtzite (Eq. 17) work similarly, thus it could be acid-neutralizing minerals 

producing toxic hydrogen sulphide gas (H2S), during the reaction. (Seal and Hammarstrom 2003) 

2𝐹𝑒1−𝑥𝑆 +
1

2−𝑥
𝑂2 + (2 − 4𝑥)𝐻+ → 𝐹𝑒𝑆2 + (1 − 2𝑥)𝐹𝑒2+ + (1 − 2𝑥)𝐻2𝑂          (15) 

𝑃𝑏𝑆 + 2𝐻+ → 𝑃𝑏2+ + 𝐻2𝑆 (16) 

𝑍𝑛𝑆 + 2𝐻+ → 𝑍𝑛2+ + 𝐻2𝑆   (17) 

The situation becomes even worse if the equation (Eq. 18) takes place because the H2S will create an 

even strongerly oxidizing system. (Seal and Hammarstrom 2003) 

𝐹𝑒1−𝑥𝑆 + (2 − 2𝑥)𝐻+ + 𝑥𝐻2𝑂 → (1 − 𝑥)𝐹𝑒2+ + 𝐻2𝑆       (18) 

In some of these sulphides contain replacing elements, such as Ni and Co in pyrrhotite or Cd in 

sphalerite / wurtzite. For example, between sphalerite or wurtzite (ZnS) and greenockite (CdS) have 

solid solution, so the Cd content can easily reach the 4-6 %. 

 

1.2.2. Alteration products 

When an unstable sulphide starts oxidizing on the surface or inside the waste dumps (Jambor and 

Blowes 1998), or even in deeper regions by Fe3+ oxidation, the dissolved ions have two possibilities. If 
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the chemical conditions are not ideal for precipitation, it can stay in dissolved form and can be 

transported to shorter or longer distances. It will be transported to that environment, where chemical 

parameters become acceptable for the precipitation, so from the dissolved form it can make solid phase. 

The type of this phase, whether it became a sulphate or an oxide, depends on the chemical environment.  

Only specific Fe-mineral groups can be linked to the producing environments (FIG. 1), which are 

clearly symbolized by the graph below. The Eh-pH diagram was made with HSC Chemistry 7.0 

geochemical modelling programme, by the author. Firstly, on the lowest pH (<3), but on redox potential 

lower than 0.8V in presence of sulphate ion hydrated sulphates will be formed – marked as  zone "a"  

(FIG. 1) –, such as melanterite (FeSO4*7H2O) after equation 19, which is one of the most common iron 

sulphate. (Jamor and Traill 1963) This mineral has ionic chemical bond, thus by this weak bondage, it 

can be dissolved easily, as it is water-soluble sulphate (marked with double head arrow in Eq. 19). 

(Balarew et al. 1973; Bayless and Olyphant 1993; Siebke et al. 1983) 

In lack of dissolved sulphate in the system, the iron stays in dissolved ferrous so Fe2+ form, until it 

will oxidize to ferric (Fe3+) ion. Another possibility, that it will be able to create Fe2+ or Fe3+-hydroxide, 

but it needs much higher pH and much lower redox potential. (Nesbit and Muir 1994)  Often a mixture 

of ferrihydrite and goethite is formed, but the identification ot them is difficult as they are weekly 

crsytallized ot not at all. (Dold 2003; Golden et al. 1994; Rhoton et al. 1981; Schwermann et al. 1982) 

 
FIG. 1: Fe-minerals in the function of pH and redox potential. Abbr.: a: Fe2+-sulphate; b: Fe2+-hydroxide; 

c: jarosite; d: Fe3+-hydroxide; e: Fe3+-oxyhydroxide (goethite); f: Fe3+-oxide (hematite)(author’s own 

modelling) 
 

The large variety even of the iron-sulphates (zone "a") highlights that fact, that they can appear from 

one crystal water, such as szomolnokite (FeSO4*H2O), even up to 22 crystal water containing member, 

via the melanterite (FeSO4*7H2O). (Frau 2000; Jambor et al. 2000/a; Jamieson et al. 1999) 

a 

b 

c 
d 

e 

f 
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𝐹𝑒2+ + 𝑆𝑂4
2− + 7𝐻2𝑂 ↔ 𝐹𝑒𝑆𝑂4 ∗ 7𝐻2𝑂 (19) 

When the melanterite starts to oxidize (Eq. 20) on surface environment in presence of water, it will 

form acid near the formation of Fe-hydroxide and dissolved sulphate root. 

𝐹𝑒𝑆𝑂4 ∗ 7𝐻2𝑂 +
1

4
𝑂2 → 𝐹𝑒(𝑂𝐻)3 + 𝑆𝑂4

2− +
9

2
𝐻2𝑂 + 2𝐻+ (20) 

Usually because of the high variety of sulphides in the mine waste materials, not only iron sulphates 

will be formed. The high number of different cations - comes from the oxidation of the sulphides of from 

the alteration of the minerals of the host rocks - can form various other minerals. Only the most important 

ones are mentioned, to be able to characterize the mineralogy of the mine waste materials well.  

When Ca2+ is in dissolved phase from the alteration of Ca-feldspars, clay minerals or some stronger 

neutralizing mineral such as calcite, in presence of sulphate ion gypsum (CaSO4*2H2O) or anhydrite 

(CaSO4) can be formed. It doesn't need low energy and low pH, it can appear in a wide scale of the pH 

and redox potential scale. The solubility of gypsum is relatively high, thus this mineral has a 

precipitation-dissolution-transporting cycle. (Jambor et al. 2000/a; Jamieson et al. 1999) 

In a simple oxidation process of galena (Eq. 21), the lead sulphate anglesite (PbSO4) can appear which 

is always free of water, so there is no variety of crystal water content. This simple reaction makes the 

anglesite so common on the surface of galena. (Jamieson and Przybylowicz 1997) 

𝑃𝑏𝑆 + 2𝑂2 → 𝑃𝑏𝑆𝑂4 (21)  

The dissolved Zn2+ ion - on the model of the formation of melanterite (Eq. 19) - can form zinc sulphate 

with different amount of crystal water. The most common is the zincmelanterite or goslarite, are 

characterized with the same chemical components (ZnSO4*7H2O), but the first is from the melanterite 

(monoclinic) subgroup, while the second is from the epsomite (orthorhombic) subgroup. Into the 

zincmelanterite other medium size cations can also built in, like Fe or Cu. (Tiegeng et al. 1995) Although 

greenockite (CdS) is not common as a separate mineral in the polymetallic ore mineralization, but this 

sulphide has the solid solution with sphalerite or wurtzite, as the Cd can replace the Zn even up till 5-

10%. Unfortunately, the dissolved cadmium ion cannot precipitate in stable form below pH 9-9.5. This 

can define, that it can just precipitate in form of hydroxide - something like Cd(OH)2 -  but it is very 

uncommon because usually in an oxidizing system the pH is (strongly) below neutral. Although by 

identification name of “IMA 2002-034” and approximate chemical composition of CdSO4*4H2O is 

known one sulphate form, which belongs to the Starkeyite subgroup. (Jamieson et al. 1999) 

If there is no - or not enough - sulphate in the system, but the redox potential is still not high enough 

for Fe2+ - Fe3+ alteration, Fe2+-hydroxide (Fe(OH)2) will be formed, if the pH is higher, as marked by 

zone "b". Usually, in a waste dump, where ADR takes place, this type of mineral cannot be precipitated 

because of the too low pH. (Bigham 1994; Cornell and Schwertmann 1996; Karathanasis et al. 1988) 
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As the redox potential becomes higher than 0.8V, the Fe2+ will have enough energy to be transformed 

to Fe3+, with help of bacterial activity. The border between Fe2+ and Fe3+ is not a function of pH, just 

depending on redox potential, so it is parallel with the pH axis. The Fe3+ - solid phase border is 

independent of the redox potential, but dependent on pH and also on dissolved iron ion concentration.  

In presence of dissolved sulphate ion - and potassium - jarosite (KFe3(SO4)2(OH)6) can be formed, 

which is the potassium member of the jarosite subgroup, marked as zone "c" on FIG. 1. For highlighting 

the most important members of the group, there in the main cation position can be Pb (plumbojarosite), 

Na (natrojarosite) and H3O
+ (hydroniumjarosite). (Oliveira et al. 1996; Roca et al. 1999) Although the 

solubility of the member of the jarosite-group is limited when it starts dissolving it will produce acidity, 

as the following equation (Eq. 22) shows. This acidic dissolution is very characteristic to this group, thus 

it could be written to all member of this group. (Chapman et al. 1983; Filipek et al. 1987) 

𝐾𝐹𝑒3(𝑆𝑂4)2(𝑂𝐻)6 → 𝐾+ + 3𝐹𝑒𝑂𝑂𝐻 + 2𝑆𝑂4
2− + 3𝐻+ (22) 

The jarosite has a twin, because the alunite (KAl3(SO4)2(OH)6) is just differs it contains Al3+ instead 

of Fe3+. Also, the members of the jarosite group have analogous members from the alunite group. 

(Jambor 1999; Ripmeester et al. 1986; Scott 2000) The alunites are formed after the weathering of Al-

containing silicates, but the acidic producing environment and the high redox potential is the same as in 

case of jarosite. (Alpers et al. 1992; Long et al. 1992) 

If there is no - or not enough - dissolved sulphate in the system, Fe3+-hydroxide will be formed, 

marked as zone "d". During the precipitation of this mineral (Eq. 3), acid is created. A bit higher pH 

(>4), shown as zone "e"  is necessary for the producing of Fe3+-oxyhydroxide, as goethite (FeOOH), 

where extra acid also appears (Eq. 5). As the pH is increasing - zone "f" - and the redox potential is 

stable or slightly decreasing, the main iron phase became the Fe3+-oxide, such as hematite (Fe2O3).  

This hydroxide - oxyhydroxide - oxide alteration takes place with water loss as well, which is 

described by equation 6 and 7. 

 

1.3. Reaction influencing critical parameters 

In the last 30 years, since the first reaction was described by Nordstrom, the knowledge in ARD effect 

increased largely. More and more studies and publications proved that from more parameters depend on 

the sulphide - mainly focusing on pyrite - oxidation. (Dold and Fontboté 2002; Lapakko 2003) 

From them, only the most important are described, such as the chemical interactions, the huge impact 

of the biotic condition, the gas transport in the waste rock or tailing damps. In the followings, these 

different parameters - which strongly can modify the speeds of the reactions or the reactions themselves 

- will be discussed. 
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1.3.1. Mineralogy and mineral chemistry 

The primary ore mineralogy defines the suite of heavy metals that may cause potential environmental 

problems. (Nordstrom et al. 2000) For massive sulphide deposits, there are significant differences among 

deposit types. Pyrite or pyrrhotite, or both, are the dominant sulphide minerals in most occurrences. Seal 

and Hammarstorm (2003) stated, that pyrrhotite can be dominant in Besshi-type and some sedimentary-

exhalative deposits. Marcasite is commonly present either intergrown with fine-grained pyrite or 

replacing pyrrhotite. It is generally a minor constituent but locally can constitute a potential source of 

acidic drainage because it has higher reactivity in weathering processes than pyrite. The rate of 

weathering depends on the crystallinity of the mineral and chemical stability against the impacts on the 

mineral surface, as well as from climate conditions. (Dold and Fontboté 2001)  

The order in the group of the main sulphides from point of weakness against weathering is already 

known from earlier studies. The pyrrhotite (Fe(1-x)S; x=0-0.17) is the most reactive. It is followed by 

chalcocite (Cu2S), galena (PbS), sphalerite (ZnS) and pyrite (FeS2), finally enargite (Cu3AsS4), marcasite 

(FeS2), chalcopyrite (CuFeS2) and molybdenite (MoS2) closing the line. (Nordstrom and Alpers 1999; 

Seal and Hammarstrom 2003) 

Important to mention, that the pyrite can show difference in resistance because cubic crystal forms 

are more stable than massive pyrite. (Boon et al. 1999; Hammack et al. 1988; McGuire et al. 2001; 

Rimstidt and Vaughan 2003) From point of dissolved heavy metal load, all of these sulphides are 

important, but from point of ARD effect and acid production, only those ones, which contains Fe in their 

structure. 

Ritchie (2003) has suggested that in waste-rock dumps that the oxidation rate can vary substantially 

from one part of a dump to the other. It is convenient to consider the following three classes:  

a,  the material of the pile oxidizes at substantially the same rate everywhere in the dump and the rate 

is high;   

b,  the material of the pile oxidizes at substantially the same rate everywhere in the dump and the rate 

is low;  

c,  there are pods of material of high oxidation rate imbedded in the material with a very low oxidation 

rate.  

In practice, the difference between the classes are not clear-cut, and the allocation into a particular 

class has an element of subjectivity; nevertheless, the most common is the last version. 

The most obvious effects of sulphide oxidation impoundments are the digestion of sulphide minerals, 

the precipitation of secondary minerals and the release of the dissolved products of sulphide oxidation. 

As the tailing weathers, its colour changes to reddish-brown as the primary sulphide minerals are 

gradually replaced by Fe-rich oxides and hydroxides. (Blowes et al. 2003/b; Dold and Fontboté 2002) 
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1.3.2. Microbial activity 

The oxidation of sulphide minerals, dissolved sulphur species and Fe2+ in mine wastes and mine 

drainage can be catalysed by bacteria. (Kuenen et al. 1992; Mill 1999; Moses et al. 1997) Singer and 

Stumm (1970) have concluded that the rate of oxidation of Fe2+ to Fe3+ is increased by orders of 

magnitude in the presence of bacteria. The sulphate release, thus the sulphide oxidation (FIG. 2), was 

much higher in case of biotic, than in abiotic condition. (Scharer et al. 1991; Schippers et al. 2010)  

 
FIG. 2: Comparison of the abiotic and biotic system (after Scharer et al. 1991) 

 

Hundreds of bacterial species can take part in the oxidation process, but in the case of mine wastes 

the most studied are the Acidithiobacilli and Thiobacilli. (Olson 1991; Tuovinen and Kelly 1972) 

The sulphur can be subsequently oxidized to sulphuric acid by either Acidithiobacillus ferrooxidans 

or other acidophiles. Acidithiobacillus ferrooxidans has a high tolerance for various metal and heavy 

metal ions and also to some toxic anions such as arsenate ion. Acidithiobacillus ferrooxidans (formerly 

known as Thiobacillus ferrooxidans), the most well-characterized of the acidophil thiobacilli (i.e., those 

that will grow only at low pH) was firstly isolated from coal AMD by Colmer and Hinkle (1947).  

This thiobacillus is acidophile, so it lives in pH range from 1.0 to 3.5, with an optimum pH around 

2.0.  Scharer et al. (1991) detected a different species, which prefers a slightly different environment 

(FIG. 3), pH range from 1.5 to 5.0, with an ideal pH of 3.0-3.5. Moreover he also published a temperature 

graph showing the ideal temperature for this bacteria species is between 25 and 35°C (FIG. 3).  

Tuovinen and Kelly (1972) also proved the efficient catalytic effect of the microbas, so 

Acidithiobacillus ferrooxidans is a mesophile variant with a temperature optimum near 35°C. The 

Acidithiobacillus ferrooxidans is autotroph, it obtains all of its C by fixation of CO2 (Hallbeck and 

Pedersen 1991) and only low concentration of inorganic N and P compounds, as well as trace amounts 

of Mg, are required for its growth. (Banfield and Welch 2000) Acidithiobacillus ferrooxidans is capable 

of obtaining energy from the oxidation of metal-bearing sulphides as well as reduced sulphur 
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compounds, such as thiosulphate, sulphide and elemental sulphur. Acidithiobacillus ferrooxidans is also 

able to obtain energy via the oxidation of ferrous iron to ferric iron. (Gould and Kapoor 2003)  

 

 
FIG. 3: Optimal living conditions for bacteria species (after Scharer et al. 1991) 

At low pH values, the ferric sulphate produced by bacterial oxidation of sulphide minerals can also 

oxidize (Eq. 23) other metal sulphides (MS) and solubilise additional metal ions:  

2𝐹𝑒3+ + 𝑀𝑆 → 2𝐹𝑒2+ + 𝑀2+ + 𝑆𝑜 (23) 

Under low pH conditions, oxidation of Fe2+ to Fe3+ is catalysed by bacterial species, including 

Acidithiobacillus ferrooxidans. (Gould and Kapoor 2003) As the pH rises, the role of Fe3+ in the 

oxidation of pyrite becomes less significant, because of the decline in the solubility of Fe3+ (Evangelou 

and Zhang 1995; Jambor et al. 2000/b; Nordstrom and Alpers 1999) and because the rate of pyrite 

oxidation by O2 increases as the pH increases. (Nicholson 1994) 

 

1.3.3. Gas transport 

Measurements made in several tailing ponds indicated that the concentration of O2 within the pore 

spaces of the tailings decrease with increasing depth as O2 is consumed in sulphide oxidation reactions. 

(Blowes and Jambor, 1990; Blowes et al., 1991; Smyth, 1981) Measurements of pore-gas O2 

concentration is a sensitive indicator of the location and rate of the sulphide mineral oxidation.  

Blowes et al. (2003/b) has shown that the principal mechanism of gas transport in mine wastes is 

diffusion, in response to concentration gradients and advection in response to pressure gradient. 

Advective transport may result from pressure gradients due to changes in atmospheric pressure or by 

changes in density related to consumption of oxygen through sulphide mineral oxidation or by changes 

in gas temperature due to the exothermic oxidation of sulphide minerals. Because of the fine grain size 

and low permeability of mill tailings, advective transport of pore gas is unlikely to be significant in most 

tailings impoundments. (Kuo and Ritchie 1999; Ritchie 2000; Ritchie and Miskelly 2000) 
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As the impoundment ages, the primary sulphide minerals are depleted at successively greater depths. 

The most rapid depletion occurs shortly after tailings deposition finished, whereupon O2-bearing gas 

diffuses into the tailing and the bacterial population within the tailings created. As oxidation proceeds, 

the oxidation of sulphide minerals becomes more intensive and oxygen migrates more deeply into the 

impoundment. (Gunsinger et al. 2006; Vick 2001) 

 

1.3.4. Rain, water and infiltration 

Perhaps the greatest source of uncertainty in the prediction of metal loading is the limited insight to 

the processes controlling water flow through the waste rock. By Smith and Beckie (2003), two factors 

are predominant in controlling the hydrologic properties of a waste-rock pile:  

a, the grain-size distribution of the material and  

b, the proportion and spatial arrangement of matrix-supported and matrix-free zones that are created 

during dump construction.  

The lithological properties of the ore deposit and its overburden, the mining method, and the 

construction technique for the pile largely determine these two factors. (Blowes et al. 1994) For example, 

end- or push-dumping creates a grain-size variation (FIG. 4), with finer materials near the lip of the lift 

and with coarser material accumulating at the base of the lift. (McKeown et al. 2000; Wilson et al. 2000) 

 
FIG. 4: Dump truck layering effect on mine waste material (after Walder and Stormont 2004) 

The layering effect is a normal effect in case of truck-based deposition system, where the gravitation 

gives the main moving force for the material. Also important to mention that three types of liquid flow 

types take place (FIG. 4.). The macro-pore flow carries the highest amount of liquid even within the 

shortest time. This type of flow goes between the grains through cracks and larger pores. The matrix 
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flow also goes among the grains, but in such places, where finer material fills up the pores among the 

larger fragments. This type of flow system can also carry significant amount of liquid, but significantly 

lower volume than the macro-pore flow does. The micro flow uses the cracks and fractures within the 

grains, or the grain’s permeability if it has. This carries the smallest amount and also on the slowest way 

the liquid, compared the two other methods.  

The character of the pile also changes with time as it weathers. The rate at which larger rock fragments 

break down varies greatly with lithology, depth within the pile, local climate and the amount of reactive 

material. The magnitude and spatial variation of infiltration at the surface of a pile has the potential to 

important control on the spatial and temporal variability in metal fluxes at the base of a pile. Smith and 

Beckie (2003) published, that infiltration of water through the surface of a waste rock pile during a 

precipitation event will depend upon: 

a, rainfall intensity,  

b, the infiltration capacity of the surface of the pile,  

c, surface texture and topography,  

d, antecedent moisture conditions, and  

e, the type and amount of vegetation cover.  

At least two types of fluid pathways are thought to be present in most waste-rock piles: one is the 

flow-through finer grained matrix materials and the other is a more rapid flow through so-called 

macropores. 

  

 

1.3.5. Solubility 

The lower pH values generated by the oxidation of sulphates, dominantly the pyrite and pyrrhotite, 

enhances the solubility of base metals such as Cu, Zn, Cd, Co, Ni and Pb, and the ability to attack silicate-

gangue minerals, thus liberating Al, Mn and other elements. Most metals show greater solubility at lower 

pH values; however, Al3+ and Fe3+ have solubility minimums at circumneutral pH values, with greater 

solubility at both lower and higher pH. (Lapakko 2002; Seal and Hammarstrom 2003)  

The geochemical impact of mine workings and mine wastes associated with massive sulphide 

deposits result from an oxidative weathering of sulphide minerals and can produce metal-loaded, acidic 

sulphate rich waters, which can affect the surface and groundwaters. Within the hydrologic system of 

mine workings and mine wastes, the minerals and other compounds, such as lime used in flotation 

circuits, and even monosulphide minerals, such as sphalerite, under anoxic conditions also can neutralize 

acid, generated by the oxidation of sulphide minerals. (Seal and Hammarstrom 2003)  
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II. SAMPLES 

2.1. Bolivian samples 

2.1.1. Origin, mining history, mine site description 

The 16 samples were collected from the most famous Bolivian mining districts. Some of them, mainly 

around Oruro, were already mined under the civilization of the Incas, even before the Spanish 

conquistadors. (Campbell, 1942; Kozlowski and Jaskolski 1932; Lindgren and Abott 1931) 

The tectonic processes created a several hundreds of kilometres extended rich metallogenic zone with 

dominance of silver and tin. The metallogenic zone forms a NNW oriented line, on the junction of the 

Central Cordilleras and the Bolivian highland, the Altiplano, called as Bolivian Tin Belt, which zone  

represents one of the strongly peraluminous igneous provinces of the world. (Chance 1948/a, b) A 

number of studies of the Bolivian igneous rocks have addressed their relations to tin mineralization, what 

is  typically associated with pervasive alteration of shallow porphyritic plutons or intracaldera volcanic 

complexes. (Cunningham et al. 1994; Grant et al. 1979, 1980; Schneider and Lehmann 1984) 

Throughout much of the tin belt, however, magmatism associated with tin mineralization was eventually 

succeeded by the eruption of unmineralized and largely unaltered volcanic rocks. (Grant et al. 1979) 

Till the beginning of the 20th century - in lack of modern mining techniques – only hand small scale 

mining was done, thus only small amounts of mining waste were produced, because of selective mining 

methods. This small amount of waste had sufficient time to oxidize naturally, thus ARD effect was 

negligible. By the exponentially increasing development in the mining techniques in the first half of the 

20th century, more and more wastes and tailings were produced. Moreover, the time to produce this 

increased volume of mine wastes and tailings was much shorter than before. Thus the natural oxidation 

of the contained sulphide minerals was incomplete or even totally absent. The situation worsened in the 

second half of the 20th century, as the production rate of the mining waste further increased. The 

dominant problem is not the acidic environment itself, but the dramatic increase of the heavy metal 

mobility (such as Pb, As, Cu, Zn, Cd, Sn, Sb, etc....) by the low pH. (Walder 2000, Walder 2009) 

The sampling places of the collected mine waste and enrichment process – both as mechanical and 

flotation – tailings were along the Bolivian Tin Belt, from the most famous mining regions near the city 

of La Paz and Oruro. The samples contain different types of sulphides in varying amount and also they 

were in varying stage of oxidation. As the samples contain sulphides which have already started 

oxidizing, the above detailly described environmental pollution by ARD effect had already taken place. 

The aim of the sampling by using kinetic testing was to determine the “worst case scenario”, thus to 

reach the maximal oxidation speed, that the sample can produce. With this, the maximal heavy metal 

pollution and mass load can be calculated, so it can let us know, what can be the maximal pollution 

which will be produced by the mine waste dumps and different types of tailing deposits.  
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The map below (FIG. 5) shows the 5 different sampling sites, along the feet of the mountains of the 

Central Cordilleras. 6 samples from Oruro in 2007 (200 km from La Paz in SSE direction), 2 samples 

from Milluni in 2008 (20 km from La Paz in N direction), 1 sample from "Bolsa Negra" also in 2008 

(40 km from La Paz in ESE direction), 5 samples from Morococala in 2009 (40 km from Oruro in SE 

direction) and 2 samples from Huanuni also in 2009 (50 km from Oruro in SEE direction) were collected. 

 

 
FIG. 5: Locations of the collected samples in Bolivia (Source: after Worldometers 2020/a) 

 

2.1.1.1. Oruro 

As we move forward in time, the first sampling was done in autumn of 2007 around Oruro city, 

Cercado Province, Oruro Department, Bolivia. Oruro is a worldwide well-known mining district of 

Bolivia. In the first part of the 20th century these mines gave one third of the world’s silver production. 

The mining also resulted in the formation of large, highly sulphidic mine waste piles from waste rock 

heaps to flotation dumps. Later the economically mineable reserves depleted and the ore production 

declined. Nowadays only the waste dumps remains, as a legacy of the past mining, and heavy metal 

polluted water continuously seeps out from these tailing dumps. (Dames and Moore 1999; Walder 2000) 
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Nowadays the illegal, hand scale mining provides the subsistence level for the local communities. 

This illegality and the lack of mining databases and maps results in high number and serious mining 

accidents, year by year. The ore is transported by mules to the smelter, which is only a few kilometres 

far from the city. (Walder 2000; Walder 2009) 

From Oruro and its periphery (FIG. 6) 6 samples were taken: 2 flotation tailings from different places, 

2 jig tailings and 2 waste rock material (Table 2.) As the samples are from different categories, such as 

waste rock, jig or flotation tailing, the "pre lives" of them are also different.  

The city of Oruro with approximately a quarter million of citizens is located (about 17˚58' S; 67˚04' 

W) at about 3700 m high, around a hill (FIG. 6), called Cerros de Oruro, where the mines are also 

situated. The hill itself is about 200-300 m higher than the Altiplano. The Cerros de Oruro is on the edge 

of the Bolivian Andes.  

 
FIG. 6: Sampling sites in Oruro, which encompasses both the hill of "Cerros de Oruro" and the mining places  

On the sample of Jalpha 1-7 and Playa Iroco 1-7 flotation enrichment process was used. Their grain 

sizes are small, under 1 mm, but the dominant part of them are in clay size fraction. For their strongly 

plastic behaviour, they are deposited in mud ponds. Jalpha 1-7 is much less in volume with its storage 

place size of 50x20 m, in thickness of 4-7 m, compared with Playa Iroco 1-7, which has a reservoir of 

650x620 m, with significant thickness of 20-25 m. 

The samples called Itos Jig 1-7 and Itos Jig 2-7 were collected from the waste of mechanical 

separation (Table 2), thus they are jig tailing samples and with average grain size between 2 and 5 mm, 

but it varies from 0.5 to 25 mm. Both samples are from the same tailing dump with 250x160 m, with 

thickness of 8-10 m. The endothermic reaction of pyrite oxidation is well characterized by that 55 °C, 

which was measured at 3 m depth in this waste dump. Important to mention, that the yearly average 

temperature is about 5-7 °C. 
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Sample type collected coordinates altitude dump size 

Jalpha 1-7 FT 2007. autumn 
17°57'21.62"S; 

67°07'37.97"W 
3770 m 50x20 m 

Playa Iroco 1-7 FT 2007. autumn 
17°58'25.11"S, 

67°09'35.94"W 
3730 m 650x620 m 

Itos Jig 1-7 JT 2007. autumn 
17°57'54.30"S; 

67°08'17.08"W  
3770 m 250x160 m 

Itos Jig 2-7 JT 2007. autumn 
17°57'54.22"S; 

67°08'19.13"W  
3770 m 250x160 m 

Itos Granza 1-7 WR 2007. autumn 
17°58'1.89"S; 

67° 08'7.45"W  
3760 m 110x120 m 

Itos Granza 2-7 WR 2007. autumn 
17°58'1.66"S; 

67°08'7.15"W 
3760 m 110x120 m 

Table 2: Samples from Oruro Abbr.: FT: flotation tailing; JT: jig tailing; WR: waste rock 

Samples, called Itos Granza 1-7 and Itos Granza 2-7 are waste rocks, with high pyrite content. The 

dominant particle sizes of the samples are between 4 and 7 mm, but it varies between 0.5 and 40 mm. 

They were disposed in smaller dumps, with dimension of 110x120 m with several metres in thickness.  

 

2.1.1.2. Milluni 

In summer of 2008 a newer sample collecting tour was done by dr. Ingar Walder, the researcher of 

KREC, from Milluni 2 samples were taken at 29.07.2008. Sample, called as BOL 1-8 is a waste rock 

and BOL 2-8 is a fine tailing material (FIG. 7 a and b).  

Milluni – with about 4000 citizens – is located at elevation of 4500-4600m in the Milluni Valley as 

part of the Bolivian Tin Belt, in La Paz Department. The Milluni Mine, also known as “La Mina 

Fabulosa”, operated between 1940 and 1990 by the company COMSUR. The most important extracted 

minerals where the Sn and Zn sulphides. Although the mines are/were dominantly underground, large 

amount of sulphide-rich mining wastes are on surface and still discharged directly further up in the valley 

(FIG. 7 a and b). The fine-grained sandstone host rock contains such as sulphide ore minerals like pyrite, 

marcasite, sphalerite, arsenopyrite and the oxide cassiterite. (Salvarredy-Aranguren, et al., 2008) 

Since the beginning of the mining, a number of harmful and toxic elements have been drained into 

the Laguna Milluni water reservoir. This reservoir used to be one of the principal reservoirs of drinking 

water for the population of the north part of the city of La Paz between 1940 and 1987. (Rios, 1985) 

From pictures and from satellite view (FIG. 7 a and b) clearly visible, that the whole valley is covered 

by waste or tailing (probably mixture) with 2.5 km length, with width of 250 m upside and 900 m 

downside in triangular shape in the valley with several ten metres of thickness (Table 3). 

Even from this satellite view, it can clearly be defined the different types of mining wastes, their 

volume, moreover their oxidizing stages (or at least their condition on the surface). Figure 7/a shows the 

different colour of the two types of material and also the area covered by the produced mining waste. 
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On top, an oxidized reddish brown coloured older material is found. Lower in the valley, "fresh" 

unoxidized greyish materials are, probably the high unoxidized pyrite content is visible. The BOL 2-8 

fine tailing samples were collected from this material. The dominant grain size is between 0.5 and 1 mm, 

but it varies in the range of 0.1 and 2 mm. BOL 1-8 was collected from the side of the valley, from a 

coarser waste rock pile. Its grain size is about 2-15 mm, with 3-5 mm as dominant phase. 

  
FIG. 7 a and b: Sampling place of BOL 1-8 waste rock and BOL 2-8 tailing samples in Milluni 

 

Sample type collected coordinates altitude dump size 

BOL 1-8 WR 29.07. 2008 
16°19'39.15"S; 

68° 9'15.45"W 
4585 m 900x300 m 

BOL 2-8 T 29.07. 2008 
16°19'37.60"S; 

68° 9'17.27"W 
4572 m 650x180 m 

Table 3: Samples from Milluni. Abbr.: T:  tailing; WR: waste rock 

From the processing plants (FIG. 7 a), which are 500 m far from the sampling points in NE direction, 

the fine material was carried by the processing and machine cooling water downstream in the valley. 

The water helps to spread the material on floodplains, meanwhile, the water cuts newer and newer 

shallow channels into the fine material. There is a dam above the Milluni Chico Lake, which was 

originally built to stop the water, not to infiltrate into the Laguna Milluni. With time, this system seems 

failed, thus the lake has become contaminated by heavy metals. As freshwater reservoir for the northern 

side of La Paz could not function furthermore. Because of filling up the valley with tailing, and also the 

lack of maintenance of the dam, the seepage simply went round and found a pathway into the water 

reservoir, as it is visible on the middle part of FIG. 8. This seepage and the caused secondary 

mineralization are clearly visible, together with the feet of the dike at the right bottom.  

Even by visual observation of the picture can be told, that the greyish-white surface cover is probably 

gypsum, the light yellow is jarosite while the reddish or brownish minerals are iron-oxyhydroxides or 

iron oxides. Important to mention the strange colour of the water of Laguna Milluni, which refers to high 

dissolved iron concentration. 
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FIG. 8: Seepage entrance on the northern side of Laguna Milluni, with visible secondary minealization  

on the shore of the lake in the shallow part (Photo by: Klimmer 2015) 
 

Because of the polymetallic ore mineralization, probably the water is also contaminated with lead, 

arsenic, zinc, cadmium, and other heavy moreover strongly toxic dissolved metals. The heavy metal 

water pollution is measured and proved by Kim Driesen (2012), who worked with water pollution by 

mines of Milluni. He measured in several outflows and springs, but only two sampling points were 

relevant (Table 4), one water sampling point was the outflow of the Laguna Milluni and the second was 

a water channel directly from the “La Mina Fabulosa” mine, which is mixing with the outflow water of 

the lake further down in the valley. From the data, clearly visible the effects of ARD, such as the low 

pH and the high concentration of sulphate, iron, zinc and arsenic ions. 

 pH TDS CO3
2- NO3

- SO4
2- Cu Fe Zn Cd As 

 --- ppm ppm ppm ppm ppm ppm ppm ppm ppm 

 The outflow of Laguna Milluni 2.83 475 0 92.5 500 0.34 58.95 22.58 0.034 4.045 

 Water from “La Mina Fabulosa” 3.17 1175 0 217.5 2150 2.75 446.4 182.2 0.698 4.619 

Table 4.: Chemical parameters of the two relevant sampling points of Laguna Milluni (Driesen 2012) 

 

2.1.1.3. "Bolsa Negra" 

In summer of 2008, near the sampling in Milluni further place was sampled in "Bolsa Negra", in 

Murillo Province, La Paz Department, Bolivia. This mine is still in operation, the main targets are the 

tungsten in peribatholithic hypothermal veins, as minerals of ferberite (FeWO4), scheelite (CaWO4) and 

tungstite (WO3*H2O). (Werner et al. 1998) As a legacy, this area is also covered by mining wastes from 

different periods, as it is clearly visible on satellite photo (FIG. 9), as there is high contrast between the 

green vegetation covered hills and the bare surface of the mining wastes.  

The sample, called BOL 3-8 was taken from the coarser material (Table 5). Its average grain size is 

about 3-5 mm, in range of 2-15 mm with some bigger fragments. The sample is macroscopically similar 

to the sample BOL 1-8. 
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FIG. 9: Sampling place of BOL 3-8 waste rock in Bolsa Negra 

Sample type collected coordinates altitude dump size 

BOL 3-8 WR 30.07. 2008 
16°33'20.78"S, 

67°47'38.75"W 
4075 m  200x100 m 

Table 5.: Waste rock (WR) sample from "Bolsa Negra" 

The mine entrance is located at elevation of 4250 m. The high grade ore is transported down on the 

serpentine path in the hillside to the 180 m lower located flat area, where the processing plants are. The 

waste material and the subgrade ore is simply dumped around the mine, producing half-cone shaped 

waste dumps on the hillside (FIG. 10 a).  

After the ore enrichment from the processing plants the produced tailing is simply pumped to the flat 

area and cause tailing extending downflows (FIG. 10 b) downwards in the valley. The largest one has a 

size of 400x200 m in deltoid shape, till 3950 m.  

  
FIG. 10 a and b: View of the different mining wastes around "Bolsa Negra" (Photos by: Bolgener, 2015/a and 

b) a: Standing near the processing plans (4070 m), view of the cones of waste rocks, was poured out from mine 

entrance (4250 m); b: Standing at the mine entrance of the mine (4250 m), lower the processing plans (4070 m), 

below it more tailing extending downflows (till 3950 m) downwards in the valley 
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2.1.1.4. Morococala 

In September of 2009 five samples were collected from Morococala (FIG 5), which is 40 km far from 

Oruro in SE direction, in the Pantaléon Dalence Province, Oruro Department, Bolivia (Table 5). The 

samples were collected from two different sampling places, the BOL 1-9, 2-9 and 3-9 were from a 

mining waste dump at northern periphery of the city (FIG. 11) and the rest two (BOL 4-9 and 5-9) were 

from 1.8 km further toward southern east (FIG. 12). On both places, it was mined for cassiterite /SnO2/. 

Although the first three samples were collected from the same dump (FIG. 11), the sample BOL 1-9 

is categorized as waste rock, while the BOL 2-9 and 3-9 are tailing samples. The difference is given by 

the different deposited material in time and also from the large size (280x190 m) of the dump. BOL 2-9 

and 3-9 were collected only a few metres far from each other, so they are listed on the same coordinates 

(Table 6). Important to mention, that in this mining place there is a dump with significantly darker, 

greyish colour – at the top of  FIG. 11 – which probably came from a more sulphidic section of the mine. 

 
FIG. 11: Sampling points, at the northern periphery of Morococala 

Sample type collected coordinates altitude dump size 

BOL 1-9 WR Sept. 2009. 
18° 8'30.43"S; 

66°48'4.86"W 
4370 m 280x190 m 

BOL 2-9 T Sept. 2009 
18° 8'29.97"S; 

66°48'3.80"W 
4370 m 280x190 m 

BOL 3-9 T Sept. 2009 
18° 8'29.97"S; 

66°48'3.80"W 
4370 m 280x190 m 

BOL 4-9 WR Sept. 2009 
18° 9'20.39"S; 

66°47'24.18"W 
4520 m 100x100 m 

BOL 5-9 FT Sept. 2009 
18° 9'13.80"S; 

66°47'16.28"W 
4500 m 190x80 m 

Table 6: Samples from Morococala. Abbr.: T: tailing; FT: flotation tailing; WR: waste rock 
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In Morococala – similarly to the previously showed sampling places – the geotechnical rules and 

waste maintenance are also missing. Huge amount of mining waste with maximal slope angle is located 

just above the small town. In case of an earthquake, the risk of the slide of the damp’s material is high. 

The samples BOL 4-9 and 5-9 were collected from the other side of Morococala, which is located 

about 1.8 km further in southern east direction. These two samples are linked to the waste of Santa Fe 

mine. The BOL 4-9 is a waste rock sample, from a dump which is located under the mine and the 

processing plants, partly on a flat area, partly on the hillside, while the BOL 5-9 is a flotation tailing 

sample from the hillside storage. The water demand of the processing plant is covered by the barrage 

which is located toward southern east further up in the valley (FIG. 12).  

The diversity of the mineralization of the Bolivian Tin Belt is well represented by the production of 

enormous vivianite /Fe3(PO4)2*8H2O/ crystals from the 280 m level of the Santa Fe mine. The vivianite-

bearing level has already flooded, although cassiterite /SnO2/ production continues on higher levels of 

the mine. (Mindat.org 2015/a) 

 

 
FIG. 12: Sampling points of BOL 4-9 and 5-9, 1.8km from Morococala in SE direction 

 

2.1.1.5. Huanuni 

In Huanuni – which is located 16 km far from Morococala (FIG. 5) in south direction – further two 

tailing samples (BOL 6-9 and 7-9) were collected in 2009, from the area of an operating processing 

plant, located above the city toward the north, at the hillside (FIG. 13). The plant was built on the planned 

materials of the tailings from the Huanuni mine. As both samples have grain size between 1 and 2 mm, 

they can be characterized as fine tailings. The dump has about 250x380 m size (Table 7). Around the 

sampling place, there are several hillside dumps with dimension of approximately 150x250 m. In the 

western direction, more dumps have greyish colour, which indicates that these have high, unoxidized 

pyrite content.   
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The mines in Huanuni city, such as Huanuni, Barreno, Cerro Pozokoni, Pepitos or Porvenir mine are 

very famous from the high diversity of heavy metal sulphides and oxides. Here tin forms not only oxide 

as cassiterite, but other Sn-Sb sulphides (franckeite, herzenbergite, stannite and teallite) can be also 

found. Moreover, the Sb forms sulphosalts, such as jamesonite, bourlangerite or bournonite. The Ag 

containing pyrargyrite, as the most important and profitable silver ore mineral is also present. 

(Mindat.org 2015/b) 

 
FIG. 13: Sampling points of BOL 6-9 and 7-9 on the hillside, just above the city of Huanuni 

Sample type collected coordinates altitude dump size 

BOL 6-9 T Sept. 2009 
18°16'53.85"S; 

66°50'5.85"W 
4065 m 250x380 m 

BOL 7-9 T Sept. 2009 
18°16'53.85"S; 

66°50'5.85"W 
4065 m 250x380 m 

Table 7: Tailing samples from Huanuni  

The large numbers of the operating mines indicate large mining activity as well as high amounts of 

mine wastes and tailings. The dams are located only a few metres (FIG. 13) far from the living houses, 

with maximal slope angle, which creates high risk of slide of the dams’ material. Moreover, the seepage 

with toxic metal content flows through the city.  

 

2.1.2. Macroscopic evaluation 

The optical evaluation of the samples was completed by using a Carl-Zeiss stereo microscope, with 

8 - 32 times magnification. For those grains which seemed interest for further evaluation, a Carl-Zeiss 

Discovery V2O stereo microscope with an Axio Cam MRc5 camera was used. Its 150 times maximal 

magnification was enough to sharply see even the smallest particles. The machine was supported with a 

Sycop 3 driving panel and Axio Vision SE64 programme. With the auto shifting focus function of it, 

very sharp pictures are taken even from grains in size of 1–2 mm. This was a helpful tool to define the 

various secondary minerals, caused by the mineral alteration. Those grains, which were interest or cannot 

be identified, were separated for further analysis with electron microscope and microprobe.  
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Each samples were macroscopically evaluated, thus their important characteristic parameters, which 

can be defined by optical microscope are written down below, with the magnifications, that are noticed. 

The sample Jalpha 1-7 has yellowish-ochre colour and fine structure. The amount of clay size and 

sand-size particles was approximately the same. Only tiny pyrite and quartz crystals were visible, but no 

other crystalline minerals were recognizable. As a coating on the surface light yellowish secondary 

mineralization was present, which was jarosite.  

The clay type Playa Iroco 1-7 sample contained more clay size than fine sand fraction. Only 0.4-0.6 

mm particles of pyrite with shining surface was visible in the material. As a surface coating, 

uncrystallised jarosite was formed with well developed 2-3 mm in length gypsum needles. 

The Itos Jig 1-7 and 2-7 samples are discussed together because of their high similarity, as their 

sampling point is the same dam. The dominant grain size was between 2 and 5 mm, with some fragments 

of 25 mm. The rate of sand and clay fraction was negligible. The coarser grains of the samples have dark 

greyish colour with large rate of light yellowish secondary 

jarosite mineralization on their surface. The 1-3 mm sized 

reddish-brown irregular shape dots on the surface of rock 

particles showed the presence of the iron oxy-hydroxides and 

oxides after the oxidation of pyrite. Using high magnification 

(150x) became clearly visible (FIG. 14.), that although the 

surface of the pyrite grains are still shining, the oxidation has 

already started, as caverns and holes are present on the 

surface.  

 Itos Granza 1-7 and Itos Granza 2-7 are evaluated also together. These samples were coarser than 

the jig tailings were, as their dominant grain sizes were 4-7 mm, with variety between 0.5 and 40 mm. 

The colour of the rock particles were reddish-brown, which showed the maturity of the oxidation 

processes by the presence of the iron oxy-hydroxides and oxides. Large amount of massive quartz was 

visible in association with some elongated prism-shaped dark minerals, probably as iron-containing 

silicate. The amount of visible pyrite was not significant.  

The sample BOL 1-8 had ochre and reddish-brown colour, 

caused by the presence of iron oxy-hydroxides and oxides, which 

marked that the oxidation of the material has strongly taken 

places. It dominantly consists of crushed massive quartz, but 

several grains were found with well-developed shape. The whole 

sample was covered by reddish-brown iron oxy-hydroxides or 

oxides (FIG. 15), but at some places, the original rock was still 

visible. Pyrite was not found in significant amount.  

 
FIG. 14: Oxidation caverns and holes on 

a well developed pyrite crystal (150X) 

 
FIG.15: Strongly oxidized and Fe-

oxide coated grain of BOL 1-8 (39X) 
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The sample BOL 2-8 was collected from the same mining place, but from different dump. This sample 

consists of mainly quartz and dark host rock, with high pyrite content. Under microscope cannot be 

detected any alteration products. The pyrite grains had dominantly unaltered and shining surfaces. The 

quartz – similarly to the small number of other rock pieces – looks fresh and uncovered. At higher 

magnification, oxidation caused holes and caverns became visible (FIG. 16) on the surface of pyrite.  

90-95 % of the material had grain size less than 1 mm, with dominant fraction between 0.3 and 0.5 mm. 

    
FIG. 16: Oxidization caused holes and caverns in sulphide (pyrite) grain in BOL 2-8 (a:56X; b:150X) 

The iron oxy-hydroxides and oxides caused ochre and reddish-brown colour of sample BOL 3-8 

indicated the maturity of the oxidation processes. At higher magnification (FIG. 17/a and b) was still 

visible the shining surface of the pyrite grains under the thin layer of secondary iron minerals. The 

dominant part of the sample was quartz, with covering of clay and reddish-brown iron oxy-hydroxides 

or oxides minerals. The grain size was varied, as half amount of the sample was less than 1 mm and a 

small portion was between 1 and 5 mm, but the rest was over 10 mm. 

  
FIG. 17/a and b: Secondary iron mineral on shining pyrite in BOL 3-8 (80X) 

Each samples which were collected from Morococala in 2009 (from BOL 1-9 to 5-9) had fine grain 

size with relatively high rate of the clayish fraction. The sample BOL 1-9 was a light grey coloured fine 

material, as the dominant part (85-90%) of the sample was in size fraction of 0.2-0.3 mm. Several larger, 

a few mm size light yellowish aggregates were found. The sample contained approximately 10 % of 2-

5 mm fraction. The rate of alteration was so strong, that cannot be detected or recognized any mineral 

even with the using of high magnification on the microscope. This greyish matrix probably contained 

sulphides in high rate, as the sulphuric smell felt. The yellowish coloured aggregates were cemented 

with jarosite, with a few white dots which probably was alunite or gypsum. The probability of alunite 
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was higher, as the gypsum dominantly appears in more crystallized form. Pyrite – even in strongly 

altered form – was not detected. 

The sample BOL 2-9 looked homogeneous with a fraction of 

fine sand, as the dominant grain size was between 0.2 and 0.3 mm, 

with some few mm fragments. Aggregates of iron-oxides, jarosite 

or alunite were not observed. The sample dominantly consists of 

crushed quartz without surface covering, but in a few percentages, 

biotite flakes were visible, with maximal diameter of 1mm. The 

amount of pyrite grains was negligible. In some of the quartz 

grain, mineral association was found, which were quartz with 

cassiterite (FIG. 18) or with pyrite. These minerals are typical for 

the ore mineralization of the Bolivian Tin Belt. 

Sample BOL 3-9 had greyish yellow colour, with average grains size of 0.4-0.7 mm. It mainly 

consists of quartz, which was finely coated by a small amount of clay minerals. Secondary iron minerals 

were totally absent, but the light yellow coloured jarosite strongly cemented the sample. With higher 

magnification (FIG. 19 a and b) even the well developed own shape of the jarosite was clearly visible. 

Pyrite was found only as several small strongly altered grains. 

  
FIG. 19/a and b: Cemented fine grains by jarosite in the sample of BOL 3-9 (a: 53X; b: 72X) 

 

The sample BOL 4-9 was one of the finest one, as its average 

grain size was under 0.2 mm. Under microscope can be 

determined that the sample consist of dominantly two phases, 

which were the quartz and the pyrite in 3:1 ratio, together with 5-

10 % of clay minerals. The sample had relatively high cohesion, 

it was cemented. With high magnification, the material of the 

cementation can be defined as clay minerals and gypsum. Some 

larger (5-15 mm) and more solid aggregates were also found. 

After the breaking of them, became clearly visible the cores of 

 
FIG.18: Quartz - cassiterite 

association in BOL 2-9 (106X) 

 
FIG.20: Partly oxidized polymetallic 

sulphide with clay covering (10X) 

DOI: 10.14750/ME.2021.004



29 
 

them (FIG 20), which were partly or fully oxidized sulphides with covering layer of a mixture of clay 

and secondary minerals in 1-2 mm thickness. 

The BOL 5-9 had a medium grey colour and fine grain size, dominantly between 0.2 and 0.3 mm. 

The material mainly consists of quartz, but the rate of pyrite is also significant. Well developed gypsum 

needles were visible. A grain with tiny, but well developed and well crystallized pinkish coloured 

minerals (FIG. 21) was found in the dimension of 1x2 mm. With higher magnification the welldeveloped 

crystals could be seen. This high rate of crystallization, presaged it as a secondarily formed mineral. By 

optically cannot be defined its species, so the grain was prepared for analysis of electron microprobe. 

 
FIG. 21: Unidentified mineral phase with well-developed crystals in the sample BOL 5-9 (25X and 150X) 

Still, in 2009, but from another significant mining region – called Huanuni – two samples were 

collected (FIG 13).  Sample BOL 6-9 was a strongly oxidized material in colour from ochre to reddish-

brown. The dominant grain size is between 0.5 and 1 mm, but with bigger grains (till 2 mm) in 10 %. 

The sample consists of mainly quartz, pyrite and other sulphide minerals and some biotite. Each grain 

was covered by iron oxy-hydroxide or oxide. Clay minerals were not visible under the microscope.  

The BOL 7-9 was collected from the same dam, but the colour of it is lighter, probably caused by the 

smaller amount iron-oxyhydroxide or oxide. This sandy sample had grain size between 0.5 and 1 mm, 

with some larger fragments (2-3 mm) at a smaller rate (5-10 %). It consist of dominantly quartz, pyrite 

and other sulphide minerals. Not each grain was coated or cemented by iron minerals. An interest grain 

in size of 1x2 mm with light yellow coloured, secondarily formed jarosite mineralization was found 

(FIG. 22). With higher magnification, well-developed jarosite crystals with own shape was found.  For 

further electron microprobe analysis, it was prepared. 

 
FIG. 22: "Flowering" jarosite crystals on rock fragment in the sample BOL 7-9(a:77X; b:150X) 
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As a conclusion for the optical evaluation, the samples can be categorized by two different properties. 

These are the material of the cementation and the surface covering. Table 8 shows the sorting of the 

samples based on these two parameter. Of course, some sample name is duplicated, as both jarosite and 

gypsum crystals covered it, like Jalpha 1-7. In the column of cementing mineral, is also written, whether 

cohesion was observed or not.  

 Surface covering 

none 

(fresh, shining) 
jarosite 

(yellow) 
Fe-oxide 

(ochre, reddish brown) 

C
em

en
ti

n
g

 m
in

er
a
l 

none  

(no cohesion) 
BOL 2-8;  

Itos Jig 1-7 and 2-7;  

Itos Granza 1-7 and 2-7;  

Itos Jig 1-7 and 2-7;  

Itos Granza 1-7 and 2-7; 

BOL 1-8 and 3-8; 

gypsum  

(cohesion, white) 
 

Jalpha 1-7; Playa Ir. 1-7; 

BOL 1-9; BOL 2-9;  

BOL 4-9; BOL 5-9; 

BOL 2-9; 

jarosite  

(cohesion, yellow) 
 

Jalpha 1-7; Playa Ir. 1-7; 

BOL 1-9; BOL 3-9; 

BOL 4-9; 

 

Fe-oxide (cohesion, 

ochre, reddish brown) 
  BOL 6-9; BOL 7-9; 

Table 8: Classification of the Bolivian samples in the function of cementing and surface covering 

 

2.2. Hungarian (Recsk) samples 

2.2.1. Origin and mining history  

Sulphidic ore mineralizations can be found also in the Mátra Mountains, in NE Hungary (FIG. 23). 

In 2011, sulphidic sample was collected from the waste dump of the Recsk -900 deep level. The ore 

body was a copper porphyry and skarn copper deposit. The sample was taken from the extracted material 

of the “Western 3” ore exploration adit, which drove the contact of the exoskarn and the carbonates.  

 
FIG. 23: Locality of the sampling point of HU series at Hungary (source: after Worldometers 2020/b) 

DOI: 10.14750/ME.2021.004



31 
 

Near the waste dumps were located, the original Shaft No.1, which served for transportation (FIG. 

24)., which was closed down in 1999. The dominant part of the original damp had already been 

transported or recultivated (Table 9), only a small portion of it remained as an exhibition material. This 

material – which took approximately 300-350 tonnes altogether – was sampled. In eastern direction 350 

m from the collecting place, the closed buildings of the old mine and its servicing places were located. 

 
FIG. 24: Original waste dumps of HU series, with the old mine's buildings at the top on the right side 

 

Sample type collected coordinates altitude amount dump size 

HU series WR 
autumn 

2011 

47°55'41.51"N, 

20°04'34.06"E 
310 m  

total of 

20kg  
200x100 m 

Table 9: Sampling details of the HU waste rock sample series 
 

For the experiments, fragments of 10-20 cm were 

selected. After the removal of the secondary mineralization 

(such as iron oxides) from their surface, they were crushed 

into five different grain sizes: between 1-2; 2-4; 4-8; 8-16 

and 16-32 mm, in amount of 3.0 kg in each sections.  

The crushing process gave fresh, non-oxidized surface, 

which is ideal for the kinetic test analysis. 

 

2.2.2. Optical evaluation 

The crushing process ensured, that all of the grains had fresh surface. Under the microscope, near the 

quartz and fragments of andesite, different types of sulphide minerals were observed, such as galena, 

sphalerite, chalcopyrite and high amount of pyrite. The ore had a local nickname, called as "worm ore", 

which represents well the irregular appearance of the above mentioned heavy metal sulphides. The ratio 

of carbonates was also significant, which is clearly visible on FIG. 25. Based on observation, it was 

estimated as about 10-15 %, which consist of mainly calcite. Because of the different fracturing 

parameters of the rock-forming minerals, the fragments have totally irregular shape.  

 
FIG. 25: Microscopical view of the 

HU series (HU 1-2 member) 
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III. MEASURING METHODS 

3.1. Brief introduction into the principles of the humidity cell tests 

The humidity cell test is a standardized process which was developed in Canada. It was designed to 

determine the acid-producing and neutralizing potential and the rate of oxidation. (Grant et al. 1980; 

Lapakko et al. 2000) Moreover, it does on such a way, that the system can reach the maximal oxidation 

rate, thus with this method the “worst case scenario” can be mimicked. (Lapakko et al. 1995; Lapakko 

2003) This gives us an insight into the oxidizing system, what can be the maximal speed of oxidation 

and what can be the maximal environmental and heavy metal load. (EIPPCB 2004; Pearce et al. 2015) 

Although the humidity cell test is standardized, but it is commonly used with some modifications, 

which provide, that it was fitted to the properties of the samples, as much as possible. (Lapakko and 

White 2000) In case of these samples, the system modification also happened, but the frame of the 

original test was kept, so through the samples, moisture saturated air was pumped. Periodically, on every 

7th day (if possible even at the same time, to keep the equal time length among the sampling), the samples 

are flushed through with distilled water. The leachate was collected and analysed for pH, conductivity, 

alkalinity and anion concentrations. Unfortunately, the cation analysis was not possible to complete.  

The weights of the Bolivian samples were at least 1.5 kg, but dominantly between 1.5 and 2.5. In 

the Hungarian set, each fraction were 3.00 kg, because the main question was whether the grain size 

effects on the pyrite oxidation rate or not. During the test, the samples were kept in acryl columns, with 

diameter of 150 mm and depth of 140 mm, with 2 mm mesh and 5 μm acid-resistant filter at the bottom. 

The technical realization of the humidity cell test is shown in a 

schematic draw (FIG. 26), where the main parts of the system are imaged. 

The air pump (1) pushes air (light blue arrow) into the water containing 

tank (2), through a bubbler (3). The air fills up with humidity and via the 

air pipe (4) and the valve (5) can enter the acrylic sample keeper (6). The 

humidified air can go through the filter and the mesh (7) and the sample 

(8) before it exits through the holes (9) on the top of the sample keeper. 

The humidified air is a perfect tool to give O2 for the oxidation of the 

sulphides – to be sure, several magnitude larger amount than it can use up 

– as well as H2O for the mineral alteration reactions. As it was already 

mentioned, the samples were weekly rinsed – along the yellow arrow – 

with 1000 cm3 of distilled water. The valve (5) was switched from air 

flowing mode to rinsing mode, thus the seepages were drainaged through 

the drainage collecting pipe (10). The collected seepages were measured for the main parameters and 

filtered with 0.2 µm mesh and stored in plastic bottles on 4 °C for further analysis.  

 
FIG. 26: Outlined setup of   

the humidity cell test 
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3.2. Mineralogical and chemical measuring methods 

3.2.1. Chemical composition measuring by WDXRF 

For measuring the chemical concentrations of both the main and trace elements of the bulk sample 

was used a Rigaku® Supermini 200 WDXRF (wave-length X-ray fluorescence spectroscope) machine, 

which has a detection limit of 0.002-0.01 % for main and  5-10 ppm for trace elements.  

Rigaku Supermini 200 type (WDXRF) wavelength dispersive X-ray fluorescence spectrometry 

equipment was used to analyse the samples at the Department of Mineralogy and Petrology, University 

of Miskolc, Hungary. The machine was provided by a 200 W (50kV and 4.0mA) Pd cathode X-ray tube, 

with LiF, PET and XR25 analyser crystals, which was driven by ZSX programme.  

The qualitative mode can be used, without standardization, to check the chemical spectra, in the 

range between 9F and 92U. In quantitative mode, the individual elements are measured separately, but 

much higher accuracy can be reached. To decrease the fluctuation, caused by the measuring mistakes, 

every element 7-times were measured. The system in the calibration was setup to measure the in advance 

defined background points before and after the peak for 10 - 10 s, while the peak position was measured 

for 40 s.  

Compared to the XRD method – which determine the mineralogical composition by using phase 

analysis – the XRF analysis measures the elemental composition of the sample. The disadvantage of 

both techniques, that their results are referred for the bulk, powderized sample.  

 

3.2.2 Mineral phase determination by XRD 

Bruker D8 Advance X-ray Powder Diffractometer (Cu-Kα source, 40kV 40mA, Bragg-Brentano 

geometry) equipped with secondary graphite monochromator was used to analyse the sample at the 

Department of Mineralogy and Petrology, University of Miskolc, Hungary. The measurement was run 

in the 2Θ = 5 - 65° domain, with goniometer speed of 0.04°(2Θ) in 2 seconds.  

The evaluation of patterns was performed with EVA module of Bruker DiffracPlus data handling 

software package and Search/Match was carried out in the ICDD PDF-2(2005) database. Bruker 

software TOPAS3 was employed for the quantitative analysis and Fundamental Parameters Approach 

was used for modelling the instrumental profile. Rietveld refinement was performed using 

Crystallography Open Database structural cards. Background was modelled as 1/x function for air 

scattering at low angles and as 4th degree Chebyshev polynomial. 

The amorphous materials contribution is observed as background elevation termed “amorphous 

hump” and is quantitatively determined with XRD. The low crystallite size, which in some cases may 

be considered to be poor crystallinity of e.g. clay minerals, is observed trough peak broadening (increase 
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of Full Width at Half Maximum, FWHM). This effect is modelled for quantitative determinations by 

adjusting the mean crystallite size, usually as volume weighted column length. 

In case of  a fresh sample, the XRD method gives accurate results of the mineralogical composition 

of the samples, as all of the minerals are well crystallized. The method has already lost its accuracy as 

oxidizing or already oxidized samples are measured. The secondary minerals dominantly formed 

quickly, so they are poorly crystallized or even amorphous. This property indicates, that the measuring 

of these minerals with XRD method is difficult and not accurate enough. If these secondarily formed 

minerals are amorphous, they cannot be identified with this type of method. Moreover, another 

maleficent effect has also appeared. In those samples, which have iron content higher than 5 %, during 

measuring the Cu anode in the X-ray tube has interference, which creates noisy background during the 

measuring of the samples. The elevated noise creates a lower peak - noise ratio, which pushes up the 

detection limit from 0.5 % to 1.0 or even 1.5 %.  

 

3.2.3. Electron microscope and microprobe 

Quite often, the oxidation and alteration of the mineral phases cannot be determined with the above 

mentioned methods, so necessary to find a method which can measure the chemical compositions in µm 

scale. For this purpose, the electron microscope and microprobe is the perfect tool. With the microscope 

function, high magnification can be reached in black and white colour, where the brightness depends on 

the average atomic weights. By this the µm scale tiny grains with alteration products became visible. 

With the microprobe function, the chemical measuring can be done in pots of diameter from 5 to 100 

µm. As the system works with energy dispersive system (EDS), the detection limit is as high as about 

0.5 – 1 %.  

All of the samples were analysed by electron microscope, which can give high-resolution images 

and by microprobe, which can measure the chemical composition of the tiny grains. Both measuring 

methods were completed in the Institute of Mineralogy and Geology of the University of Miskolc with 

JEOL JXA-8600 Superprobe EMPA. The measurements were made with an upgraded SAMX software, 

with 15-20 kV acceleration voltage and 20 nA beam current. PAP correction was used during the 

measurement. 
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IV. HUMIDITY CELL TEST METHOD AND ITS RESULTS  

Important to highlight, that in this dissertation the results of the humidity cell test are only used as 

a useful tool for the confirmation of the thesis points in the different topics. The purpose of the PhD 

dissertation does not directly show the results of the humidity cell test, as a reached and final target, but 

this information is only a kit of tools.  

In 4 consecutive years on the 16 Bolivian and the 5 Hungarian samples humidity cell test was 

completed. The place for the testing and the laboratory was assured by KREC (Kjeøy Research and 

Education Centre) in Northern-Norway, at Kjeøy Island. Because of the different sampling time, not 

each sample was analysed in each year. The earliest collected ones were analysed for 4 years – like the 

samples from Oruro – while the Hungarian samples only for 1 year (Table 10). The samples were 

analysed for 3-4 months, then a break was kept for the rest of the year, so the samples were left without 

rinsing and ait pumping, but with opened up sample keeper. On the other hand, human capacity was also 

a limitation in the number of samples. The humidity cell test is a time consuming geochemical method. 

 

Sample 2008 summer 2009 summer 
2010 autumn - 

2011 spring 

2011 autumn - 

2012 spring 

Year code 1st year 2nd year 3rd year 4th year 

Jalpha 1-7, Playa Iroco 1-7 0 - 101 days 0 - 42 days 0 - 115 days --- 

Itos Jig 1-7; Itos Jig 2-7 0 - 101 days 0 - 42 days 0 - 121 days 0 - 119 days 

Itos Granza 1-7, Itos Granza 2-7 0 - 101 days 0 - 35 days 0 - 121 days 0 - 119 days 

BOL 1-8; BOL 2-8; BOL 3-8 --- 0 - 42 days 0 - 121 days 0 - 119 days 

BOL 1-9; BOL 2-9; BOL 3-9; 

BOL 4-9; BOL 5-9 
--- --- --- 0 - 112 days 

BOL 6-9; BOL 7-9 --- --- 0 - 115 days 0 - 119 days 

HU 1-2; HU 2-4; HU 4-8;  

HU 8-16; HU 16-32 
--- --- --- 0 - 119 days 

Table 10: Length of the humidity cell test periods in the four consecutive years of the humidity cell test analysis 

 

During the 4 consecutive years of analysis, huge amount of data were produced, from measuring, 

observations and sampling. All of the measured data from the humidity cell test, the results of the 

sequential chemical extraction with additional information are detailly listed in the Appendix. 

To take an overview of the geochemical behaviour of the samples during the humidity cell test 

period, the most important parameters of the seepage are plotted on the diagrams below. The pH (FIG. 

27), the redox potential (FIG. 28) as well as the sulphate content (FIG. 29) represent well the oxidizing 

system itself. Difficult to visualize clearly on graphs such amount of data, which was produced. To make 

it as clear as possible, doubled plotting was used. This means, that in each sample, in case of each 

parameter in each year, two figures are plotted. The circle represents the data, which was measured in 

the effect of “first flush”, while the rectangular represents the stabilized parameter during the test period.  
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The pH content (FIG 27.) of the seepages vary between wide range. This doubled plotting method 

helps to filter out the effect of the “first flush”, which can be very significant in case of some samples. 

Generally, the first rinsing resulted in a unit lower pH – which means ten times higher H+ concentration 

– than it was later in the stabilized phase of the samples, where the H+ was given by the oxidation of the 

pyrite. In the first rinsing, the dissolution of secondary sulphides – such as jarosite – cause the elevated 

concentration of H+. This dissolution reaction was described in equation 22.  

Although dominantly the “first flush” effect causes one unit lower pH in the first rinsing, than later, 

but in some case, the samples – like Playa Irroco 1-7 in the 1st or BOL 2-8 in the 2nd year – started with 

pH 1, but later stabilized between pH 2.5 – 2.8. The opposite also happened, when the first flush effect 

didn’t cause a significant difference in acidity, like in case of the BOL 1-8 in the 2nd and BOL 1-9 in the 

4th year. These samples produced seepage with pH 2.6 and 2.4 both in the first rinsing and both in the 

stabilized phase. In these case, the absent of jarosite mineral caused, that the pH decreased not at all. 

In case of the Hungarian samples, the first three set, so the HU 1-2, HU 2-4 and HU 4-8, cause 

typical aspect in the first rinsing, as the pH was decreased, but in case of the two coarser fraction – so 

HU 8-16 and HU 16-32 – the firstly measured pH is within the stabilized ranges. Although necessary to 

mention, that the Hungarian samples produced acidity is significantly – at least 2-3 unit – lower than the 

pH were produced by the Bolivian samples. The reason is mainly that the Hungarian ones are fresh 

samples, while the Bolivian ones were in the stage of oxidation. Moreover, the Hungarian sample set 

contained neutralizing minerals, such as calcite and dolomite. 

 
FIG. 27: Changes of the pH values of the seepage during the humidity cell test analysis 

 

In case of the redox potential (FIG. 28) the results were not as standard, as in case of the pH were. 

Three trends can be observed, such as the Eh was the lowest in time of the first rinsing, then it also can 

be somewhere within the whole range, that the sample produced during the humidity cell test, or finally, 

it can be the highest in case of the first rinsing, then later in the test period. For each attitude, the 

mineralogy and its changing gives the answer.  
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FIG. 28: Changes of the redox potential (Eh) values of the seepage during the humidity cell test analysis 

Those samples, which had the lowest Eh results in case of the first rinsing – such as Itos Granza 1-

7 from Oruro – had increasing oxidation during the test. For them, was necessary the rinsing water to 

clean down the secondarily formed minerals from the pyrite surface, to give fresh surface for the 

reaction. Based on this, as much sampling was done, as much energy thy sample had from the oxidation 

process. In the breaks between the sampling periods such secondary minerals were formed, which 

decreased the energy of the oxidizing system, thus as the active rinsing and air pumping stopped, the 

oxidizing system slowly lost its redox potential, as the alteration reactions slowed down or even stopped.  

Although the Hungarian sample set behaved in the same way, but the reason was different. It was 

caused because the samples had fresh surface, no pyrite oxidation reaction had started before the first 

rinsing. This means, that the oxidation process just started with the humidity cell test. All of the five 

samples had low redox potential in the beginning, which continuously increased during the test period, 

as the oxidation reaction takes place on the pyrite surface in the samples. The fresh surface pyrite needed 

time to start and also to speeded up the reactions, created higher redox potential for the system.  

In case of that samples – such as Itos Jig 1-7, where the first rinsing’s redox potential were within 

the range of the data set, the pauses caused such mineralogical changes, which partly used up the energy 

of the oxidizing system. The again started rinsing and sampling period helped to get rid of the secondary 

alteration products during a few weeks and the system after a redox potential decreasing during this 

transition period reached an increasing, as on the cleaned pyrite surface the oxidation rate speeded up.  

 Some samples – such as BOL 3-8, BOL 5-9 and BOL 6-9 in all years – started the humidity cell 

test period with the highest redox potential which decreased later. In these samples, active part of the 

test period cleaned the surface of the grains down and during the 8-9 months break between the active 

test periods such kind of mineral alteration was formed, which indicated the elevated level of Eh for the 

first rinsing. Important to mention, that these samples produced 50-60 g/l dissolved sulphate for the first 

rinsing, which confirmed the high rate of mineral alteration during the half year long break.  

DOI: 10.14750/ME.2021.004



38 
 

The sulphate content (FIG. 29) behaved more simply than the redox potential did. In case of all 

samples in all years the first rinsing caused significantly higher concentrations than later the system had 

stabilized. In general, the starting concentration was – at least – one magnitude, thus 10-times higher 

than later, when thy system became stable. But in some cases, the starting values were several 

magnitudes higher. For example, the sample Itos Jig 1-7 produced this, when the concentration after a 

20 740 starting stabilized during a month at around 100 mg/l, or in case of BOL 3-9 the starting 64 790 

concentration felt down to 856 already for the second rinsing time. The sample BOL 5-9 and BOL 6-9 

had similar extremities, as they started with 55 500 and 70 640 and stabilized around 150 and 300 mg/l 

concentrations. The reason for these extreme decreasing during so short time, the high rate of easily 

dissolvable secondary sulphate minerals – such as gypsum and jarosite – which were build up and 

accumulated during the 8-9 months length pauses between the 3-4 months of active test periods. These 

samples – which produced these extreme changes in dissolved sulphate content in the seepage –were 

exactly the sample, which were produced the highest jumping of pH during the first flush effect.  

Unfortunately the SO4
2- contents of the seepage were not measured in the 2nd year, so in summer of 

2009 by personal and technical problems, when the humidity cell test period took 35 and 42 days.  

 
FIG. 29: Changes of the sulphate concentrations of the seepage during the humidity cell test analysis 

 
The original aim with the Hungarian sample set was to determine how the different grain size can 

modify the pyrite oxidation rate. During the 119 days of analysis of the 4th year, this effect was not 

determined yet, as there were no significant changes in that time period. 17 weeks (119 days) were 

analysed by me and further 66 weeks were analysed by Rodrigo Embile, who continued the test, which 

was designed, setup and started only by me. A common article (Embile et al. 2016) was published in the 

Mine Water and the environment Journal, with title of: “Grain Size Effects on Mine Water Quality and 

Acid/Neutral Rock Drainage Production in Kinetic Testing Using Recsk Porphyry Skarn Cu–Zn Deposit 

Rocks.” As the result is not only my own property, I will not use in this dissertation. Based on this, the 

topic of the grain size effects on the oxidation will be not discussed. 
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V. MINERALOGICAL AND SOLID PHASE CHEMICAL MEASUREMENTS 

The humidity cell test alone – does not matter how accurately it was done – is not enough to be able 

to characterize an oxidizing system. The determination of the mineralogical composition, done by X-ray 

powder diffraction (XRD) method is also necessary. Also important to see the chemical composition of 

the samples, especially in those cases, where questions are raised during the analysis. In these cases, 

complementary measuring techniques – such as WDXRF or electron microscope and microprobe – need 

to be called for help. Although, these other methods can also be used in such cases when extra 

information is necessary from the bulk or from any separate part(s) of the samples. 

 

5.1. Mineral phase determination by XRD 

Similarly to the result of the humidity cell test, the result of the mineralogical analysis is also only 

a useful tool for the proving of my theories and not the final aim of this PhD thesis.  

Two sets of samples will be shown, for different purpose. Firstly I would like to show the high 

differences among the samples, although they were collected from the same mining district. For this 

purpose the samples from Oruro – where 6 samples were collected – are ideal. Furthermore, 4 from the 

6 ones were collected from the same ore mineralization, which was linked to the Itos mine. Table 11 

shows the high similarity of the four samples from the Itos mine.  

Mineral Formula 
Jalp. P. I. I.J. 1 I.J. 2 I.G. 1 I.G. 2 
m/m%  m/m% m/m% m/m% m/m% 

Quartz SiO2 59.0 33.2 44.1 39.9 53.3 54.1 

Pyrite FeS2 5.0 5.3 6.8 3.6 2.4 1.7 

Illite (K;H3O)Al2Si3AlO10(OH)2 12.8 17.2 19.2 24.3 16.1 13.1 

Biotite  K(Mg,Fe)3[AlSi3O10(OH)2   0.9 0.9 0.5 0.5 

Titanomagnetite (Fe,Ti)3O4   0.5 0.5 0.7 0.7 

Dravite (schorl) Na(Mg3)Al6(Si6O18)(BO3)3(OH)3(OH) 20.7 14.5 15.8 14.8 12.9 

Rutile TiO2     0.2 0.3 

Cassiterite SnO2      0.4 

Jarosite KFe3(SO4)2(OH)6      1.3 

Hydronium jarosite (H3O)Fe3(SO4)2(OH)6 0.1      

Plumbojarosite PbFe6(SO4)4(OH)12 3.6      

Anglesite PbSO4 0.8 1.4     

Gypsum CaSO4*2H2O 0.7 3.0     

Coquimbite AlFe3(SO4)6(H2O)12*6H2O  2.2     

Rozenite FeSO4*4H2O  1.6     

Voltaite K2Fe8Al(SO4)12*18H2O  1.9     

Kaolinite Al2(Si2O5)(OH)4 ind.      

Chalcopyrite CuFeS2 ind.      

Amorphous components 18 13.5 14 15 12 15 

Table 11: Quantitative mineralogical composition of the samples from Oruro (Abbr.: Jalp.: Jalpha 1-7; P.I.: 

Playa Iroco 1-7; I.J. 1: Itos Jig 1-7; I.J. 2: Itos Jig 2-7; I.G. 1: Itos Granza 1-7; I.G. 2: Itos Granza 2-7) 
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Furthermore, they can be split into two groups, as between the two jig tailings and waste rock 

samples have some slight differences. The waste rocks have higher quartz and titanomagnetite, but lower 

pyrite, illite and biotite content. From another point of view, the two fine-grained, flotation tailing 

samples, the Jalpha 1-7 and Playa Iroco 1-7 are slightly similar in their mineralogical composition, but 

they are totally different than the Itos samples. Furthermore in the two fine samples several secondary 

minerals appeared after the alteration and the oxidation. These minerals are sulphate minerals, like 

gypsum, anglesite, and two versions of jarosite: the hydronium and the plumbo types. 

With the X-ray powder diffractometry measuring the other aim was to prove the mineralogical 

homogeneity of the sample set of the Hungarian samples. The qualitative results (Table 12) for each 

grain size fraction shows, that the mineralogical composition is roughly the same. In all samples 

magnesium and calcium-containing siderite and tetrahedrite were present, but in such low concentration, 

that it can be listed only as an indication. 

Mineral Formula HU 1-2 HU 2-4 HU 4-8 HU 8-16 HU 16-32 

Pyrite FeS2 35.4 34.2 33.5 30.0 39.1 

Quartz SiO2 44.7 42.1 42.3 42.4 39.2 

Dolomite CaMg(CO3)2 2.7 0.9 2.7 6.7 9.7 

Ankerite (Fe0.55) Ca(Fe,Mg )(CO3)2 4.1 4.2 7.0 8.0 5.9 

Calcite (magnesian) Mg0.1Ca0.9 CO3 1.7 2.1 1.4 0.4 0.4 

Calcite CaCO3 5.8 8.1 6.9 4.8 1.5 

Chalcopyrite CuFeS2 1.6 1.9 1.9 1.2 1.0 

Sphalerite iron ZnS 3.3 5.5 3.9 6.3 2.2 

Titanomagnetite Fe(Fe1.17Ti0.54 )O4 0.7 0.6 0.3 0.1 0.3 

Hercynite FeAl2O4 0.1 0.5 0.1 0.1 0.7 

Siderite (Mg, Ca) Ca0.1Mg0.33Fe0.57(CO3) ind. ind. ind. ind. ind. 

Tetrahedrite Cu12Sb4S13 ind. ind. ind. ind. ind. 

Table 12: Qualitative mineralogical composition (in unit of m/m%) of the HU sample set, measured by XRD  

The diffractograms of the different grain size samples were plotted on a common x-axis chart (FIG. 

30), to be able to see visually the homogeneity or the differences among the rain sizes. As it is determined 

from the height of the peaks, the mineralogical composition is almost the same for each size fraction. 

The only difference, that there are changes at the height of the peaks between 29.5 and 31°.  

In the finer fractions, there are more calcite and less dolomite, in the 4-8 mm grain size is 

approximately equal and at larger grain size, the amount of the dolomite and ankerite are a bit more than 

the calcite itfelf. These changes are possibly caused by milling the original material because different 

stress resistance has the different carbonates, thus they will brake on different ways, shapes and sizes. 

However all of them neutralizers, so these mineralogical changes cannot cause any difference in the 

neutralizing capacity. The hercynite belongs to the spinel structure, thus it is an inert mineral from point 

of ARD, similarly to quartz. 
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FIG. 30: XRD diffractograms of the five different size fractions of the HU series, plotted on a common x-axis 

 

5.2. Solid phase chemical analysis - Bulk element analysis by WDXRF 

All the samples were measured for their chemical composition – both for main (Table 13/a) and 

trace (Table 13/b) elements – by the Rigaku® Supermini200 WDXRF machine. The measurements were 

supplemented by the determination of LOI. The results of the main elements represent well, that the 

samples – except the Itos series – have significantly different chemical composition. 

Sample SiO2 Al2O3 MgO CaO Na2O K2O Fe2O3 MnO TiO2 P2O5 S F LOI 

Det. limit 0.1 0.1 0.01 0.01 0.01 0.01 0.01 0.005 0.005 0.005 0.005 0.3 - 

Unit m/m% m/m% m/m% m/m% m/m% m/m% m/m% m/m% m/m% m/m% m/m% m/m% m/m% 

Jal. 1-7 49.1 12.9 0.52 0.10 0.36 2.57 8.43 0.025 0.438 0.127 7.59 <0.3 15.8 

P. I. 1-7 47.2 14.8 0.62 1.43 0.30 2.08 11.7 0.006 0.521 0.109 9.57 <0.3 13.9 

I. J. 1-7 59.7 17.4 0.64 0.04 0.21 2.42 9.92 0.006 0.094 0.139 5.04 <0.3 9.9 

I. J. 2-7 58.1 18.0 0.70 0.03 0.23 2.72 8.68 0.007 0.730 0.089 3.82 <0.3 8.4 

I. G. 1-7 64.7 17.9 0.65 0.06 0.27 2.29 6.31 0.008 0.579 0.105 2.19 <0.3 7.6 

I. G. 2-7 66.6 15.9 0.57 0.14 0.32 2.21 6.16 0.010 0.573 0.129 1.91 <0.3 5.0 

BOL 1-8 78.1 9.7 0.41 0.64 0.13 1.82 4.67 0.022 0.340 0.463 0.70 <0.3 3.1 

BOL 2-8 56.1 7.4 0.40 0.11 0.14 1.01 21.1 0.009 0.323 0.017 15.1 <0.3 16.0 

BOL 3-8 76.1 10.2 0.82 0.13 0.25 2.04 6.69 0.026 0.451 0.078 1.08 <0.3 3.3 

BOL 1-9 63.8 14.7 0.48 0.32 0.39 3.06 4.34 0.007 0.719 0.145 2.17 <0.3 7.2 

BOL 2-9 68.3 11.7 0.63 0.82 1.39 2.60 5.84 0.023 0.531 0.134 0.98 <0.3 5.1 

BOL 3-9 66.7 8.8 0.39 0.11 0.18 1.43 8.78 0.006 0.533 0.090 5.19 <0.3 10.4 

BOL 4-9 49.9 10.6 0.28 0.19 0.11 1.53 16.9 0.005 0.586 0.065 13.1 <0.3 21.7 

BOL 5-9 52.7 5.72 0.23 0.07 0.06 0.98 21.6 0.007 0.275 0.103 16.1 <0.3 21.6 

BOL 6-9 76.6 8.8 0.78 0.13 0.28 0.76 5.88 0.024 0.490 0.064 2.86 <0.3 3.6 

BOL 7-9 78.9 9.0 0.86 0.15 0.32 0.67 6.33 0.038 0.482 0.067 2.01 <0.3 3.0 

Table 13/a: Main elements composition of the Bolivian samples (Abbr.: Jal 1-7.: Jalpha 1-7; P.I. 1-7: Playa 

Iroco 1-7; I.J. 1-7: Itos Jig 1-7; I.J. 2-7: Itos Jig 2-7; I.G. 1-7: Itos Granza 1-7; I.G. 2-7: Itos Granza 2-7) 
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These significant differences can be found also in the trace element composition of the samples. 

Especially the heavy metal concentrations show high deviation, especially in case of zinc, lead and 

arsenic. The metal concentration shows the fingerprint of the polymetallic ore mineralization, along the 

sampling places.  

Sample Cu  Zn  Pb  Rb  Sr  Ba  As  Cr  Co  Ni  Zr  

Det. limit 5 5 5 5 5 15 5 5 5 5 5 

Unit ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm 

Jal. 1-7 115 18800 8657 23 382 157 180 31 <5 <5 64 

P. I. 1-7 346 102 5796 50 87 210 3257 61 <5 11 53 

I. J. 1-7 25 35 1944 82 175 315 912 54 21 10 95 

I. J. 2-7 17 31 1656 116 119 252 1077 66 20 9 112 

I. G. 1-7 19 28 909 100 119 330 371 49 31 6 126 

I. G. 2-7 14 28 935 96 141 357 390 40 39 6 151 

BOL 1-8 63 111 661 118 25 144 728 76 <5 7 200 

BOL 2-8 149 410 2020 30 7 110 1881 71 <5 8 87 

BOL 3-8 294 20 525 105 26 350 612 71 14 11 179 

BOL 1-9 35 168 1408 150 295 1107 70 49 <5 10 321 

BOL 2-9 32 228 637 127 290 639 634 41 <5 9 299 

BOL 3-9 48 1112 849 59 87 259 509 46 <5 9 258 

BOL 4-9 15 285 1152 50 47 399 849 47 <5 11 140 

BOL 5-9 7 130 1647 21 29 206 1250 34 <5 6 81 

BOL 6-9 327 404 305 48 38 18 327 53 <5 14 197 

BOL 7-9 408 804 382 44 39 424 727 100 5 15 213 

Table 13/b: Trace elements composition of the Bolivian samples (Abbr.: Jal 1-7.: Jalpha 1-7; P.I. 1-7: Playa 

Iroco 1-7; I.J. 1-7: Itos Jig 1-7; I.J. 2-7: Itos Jig 2-7; I.G. 1-7: Itos Granza 1-7; I.G. 2-7: Itos Granza 2-7) 

 

The same analysis was completed both for main (Table 14/a) and trace elements (Table 14/b) on the 

Hungarian sample set to prove – parallel with the XRD analysis – that the 5 different grain size fractions 

have the same composition, or at least so low, that can be negligible.  The results of the WDXRF 

measuring show clearly, that the differences among the samples are negligible, thus practically each 

member of the sample set have the same mineralogical and chemical composition. 

Sample SiO2 Al2O3 MgO CaO Na2O K2O Fe2O3 MnO TiO2 P2O5 S F 

Det. limit 0.1 0.1 0.01 0.01 0.01 0.01 0.01 0.005 0.005 0.005 0.005 0.3 

Unit m/m% m/m% m/m% m/m% m/m% m/m% m/m% m/m% m/m% m/m% m/m% m/m% 

HU 1-2 34.4 2.42 4.13 8.34 0.10 0.07 29.41 0.347 0.091 0.064 24.2 <0.3 

HU 2-4 33.3 2.36 4.17 8.21 0.12 0.08 29.50 0.389 0.090 0.063 22.7 <0.3 

HU 4-8 36.9 2.10 2.93 8.08 0.11 0.14 27.02 0.302 0.074 0.062 24.6 <0.3 

HU 8-16 33.1 2.89 4.51 7.86 0.10 0.28 28.32 0.320 0.081 0.062 23.5 <0.3 

HU 16-32 34.6 3.37 3.94 5.48 0.11 0.19 30.13 0.123 0.120 0.067 26.3 <0.3 

Table 14/a: Main elements composition of the Hungarian sample set 
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Sample Cu  Zn  Pb  Rb  Sr  Ba  As  Cr  Co  Ni  Zr  

Det. limit 0.001 0.001 5 5 5 15 5 5 5 5 5 

Unit m/m% m/m% ppm ppm ppm ppm ppm ppm ppm ppm ppm 

HU 1-2 0.380 1.037 31 < 5 21 < 5 27 35 37 10 11 

HU 2-4 0.363 1.237 25 < 5 21 < 5 8 37 7 9 11 

HU 4-8 0.376 1.255 28 < 5 18 < 5 11 31 26 14 10 

HU 8-16 0.141 1.009 36 < 5 15 < 5 24 38 9 9 8 

HU 16-32 0.356 0.709 26 < 5 22 < 5 21 48 33 12 11 

Table 14/b: Trace elements composition of the Hungarian sample set  
 

Necessary to mentione, that the relevance of the results of this method is not high. Dominantly the 

element concentrations in the individual grains  – measured by electron microscope and microprobe – 

gives much more information and characterize better the system, than the bulk chemical analysis by 

WDXRF method. Nevertheless in some cases, like the original sample BOL 6-9 with its 7 derivative 

samples in Chapter 10.2.2., where the WDXRF results help to characterize and understand the special 

processes inside the column. Thus in such cases, the importance cannot be queried.   

 

5.3. Solid phase chemical analysis - Electron microscope and microprobe 

The different grain sizes samples indicated different preparation for the measuring. On the clayish 

samples, such as Jalpha 1-7 three types of sample preparation were done, the first was that the original 

clayish sample was glued to a flat surface, the second one was a washed and heavy mineral separated 

sample and finally a glued into acrylate resin and polished. 

On coarser samples, two types of preparation were done, firstly the selected grains were measured 

without any washing, and secondly, polished sections were made from them with help of acryl resin.  

Not each sample will be discussed in this chapter. Only an overview will be done, as the most 

relevant, important and interest results will be shown of the 16 samples. In some cases in other chapters 

will be interpreted the results of the measuring, if that sample is more relevant in the given chapter, such 

as Jalpha 1-7 and Itos Jig 2-7 in Chapter 7., where the accuracy and the applicability of the combined 

method will be proved on them. Some of the separated grains were already shown in the chapter of the 

optical evaluation (Chapter 2.1.2.).    

The Playa Iroco 1-7 sample was so clayish, that it was necessary to wash down some sample, to get 

rid of the secondary and fine, “clayish” fraction, to be able to see at all any crystal. A well-developed 

crystal group of pyrite (FIG. 31) was found which was a bit surprising, because in such an acidic 

condition (pH≈1.5-2) usually it starts oxidizing and secondary minerals should be on its surface. But 

these crystals were free of them, although, small darker pots were visible, which are probably places of 
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oxidation. From the same sample, another interest grain caused high brightness contrast on the BSE 

image, as galena with well-developed quartz crystals in accretion (FIG. 32/a) become visible. By higher 

magnification (FIG. 32/b) the own shapes of the quartz crystals are presented. On the galena, the 

fingerprint of the oxidation was visible, as in some place partly have already altered to anglesite. 

 
   FIG. 31: Own shaped pyrite (500X)   FIG. 32/a and b: Well-developed quartz and galena accretion (200X; 1096X) 

 

As on the surface of the sample set of Itos mine was no clay fraction, no washing was necessary, so 

the totally or partly soluble secondary minerals could stay present. In sample Itos Jig 1-7 on a jarosite 

crystals covered surface, pyrite crystals were visible (FIG. 33/a). Although sometimes they were well 

developed, the strong alteration has already smoothed the surface of the pyrite cubes (FIG. 33/b). Some 

of them felt out from their original place and become visible, that the structure under the pyrite grains 

has also totally altered to secondary minerals. As the electron beam was moved to small grain from Itos 

Granza 2-7, much more altered minerals took place. The oxidation product of galena, the anglesite in 

association with strongly oxidized pyrite crystals (FIG. 34) were found. The real shape was not visible, 

which could remind for pyrite, only form microprobe measuring was determined. 

 

 
  FIG. 33/a and b: Secondary jarosite with smoothed surface pyrite cubes  FIG. 34: Altered pyrite and anglesite 

 

On the grain of the second sample from Milluni, the BOL 2-8, which was shown (FIG. 16/a and b) 

in the optical evaluation chapter microprobe measuring were completed and also BSE images were 

taken. The grain itself is a strongly altered sulphide (FIG. 35) in composition of pyrite and arsenopyrite 

with hundreds of oxidation caverns. In the sponge-style structure, tiny crystals were formed (FIG 36/a), 

which consisted of oxygen, iron, and arsenic with a tiny amount of sulphur (<1 %). By the ratio of the 

elements (FIG. 36/b), it was identified as an iron arsenate, as scorodite /FeAsO4*2H2O/, which can be 

formed in the oxidation zone on sulphidic materials after the alteration of arsenopyrite. 
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         FIG. 35: Altered sulphides         FIG. 36/a and b: BSE image and spectrum of the found Fe-arsenate phase 

 

The sample BOL 2-9 from Morococala contained lots of broken biotite flakes, which has been 

mentioned during the optical evaluation part. Although the neutralizing capacity of this silicate mineral 

is totally negligible, the acidic environment corrodes its structure as well. On the edge of the crystal the 

marks of the degradation, caused by the acidity, have already formed (FIG. 37/a). There were brightness 

contrasts on the upper flake of the biotite grain, so on such two places, where clay minerals were not 

present, microprobe measurements were completed. The analysis proved the slightly different colours, 

because the iron concentration is almost double in the lighter zones, than in the darker one. The 

spectrums of the two measures are plotted on the same chart (FIG. 37/b), but with a bit shifted x-axis. 

  
                           FIG. 37/a: Degradation of biotite         FIG. 37/b: Chemical spectrum       

 

 

Still stayed at sample from Morococala, the BOL 3-9 has shown high rate of possibly jarosite 

minerals under the optical microscope (FIG. 19/a and b). The BSE images (FIG. 38/a and b) proved the 

well-developed shape of the crystals and the microprobe analysis proved that it is effectively jarosite 

mineral. From a different mining place, but still form Morococala, in sample BOL 4-9 on a pyrite 

fragment the BSE image (FIG. 39) shown tiny strongly bright minerals in a dark massy aggregation. The 

chemical composition analysis defined the dark zone as potassium-containing clay minerals, probably 

as illite, while the brightest dots were small cassiterite grains. 
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    FIG. 38/a and b: Secondarily formed well-developed jarosite crystals       FIG. 39: Pyrite, clay and cassiterite    

 

From the last sample of the Morococala set, from the BOL 5-9 a well developed pinkish crystal 

formation (FIG. 21) was picked out. Although it was well crystallized, by optical microscope it was not 

possible to identify what mineral it is, but even not which mineral group it belonged to. It had to be 

something secondary formation, as it totally encompassed a grain. When the electron beam gave the first 

BSE image from it, it started to disappear, as the well-developed crystals firstly changed only to 

smoothed surface, but a few seconds later, the smoothed crystals have already formed a common, 

amorphous, and shapeless material, with only a few still detectable crystals (FIG. 40/a). The chemical 

measuring identified this mineral as an iron sulphate, but the oxygen content was so high, that high 

amount of crystal water also had to be involved. The effect of the "visible melting" confirmed this theory 

because the high vacuum of the sample chamber of the electron microscope creates such a process with 

the high water containing minerals. The partial pressure became so low, that the water simply started 

boiling and evaporated immediately.  

 
FIG. 40/a, b and c: Morphological changes of the separated mineral by water loss, caused by high vacuum 

This effect is even stronger when the electron beam hits the mineral and starts "burning" it. A week 

later the same grain was analyzed again, so it was exposed to vacuum for almost 2.5-3 hours already, 

but between the analyses, it was stored in normal room condition.  This time, the surface was even more 

smoothed (FIG. 40/b), probably caused by the further vacuum was maintained last time. Even this 

magnification cracks were visible, but on higher focus (FIG. 40/c) it became clearer. These cracks were 

caused by further water loss, probably as a collective effect of the 2.5-3 hours of vacuum and the week 

length storage on open air. Beside the BSE imaging, the sample, which at the end looked like an 

amorphous noodle, time by time was remeasured by microprobe. The results were very instructive, as 

the Fe-S ratio stayed constant, but the oxygen continuously decreased. This is visually presented also on 
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a common (FIG. 40/d) plotted spectrum, wherethe x axis of 

the individual measurings were shifted always by 0.2 keV. The 

first three measurings (shown as red, dark blue and green) 

were done during the first time of analysis, but the last two 

measurements (colored as light blue and orange) were 

completed a week after. As during the measuring the y axis is 

automatically fitted to the highest peak, some type on 

normalization was needed to do. This was simple, because the 

Fe-S ratio was fix, the sulphur was chosen as it had higher 

peak than the iron. In the five measuring the S peaks were shrunk to the same height, but of course, the 

other two elements was shrunk with the same ratio. On the prepared spectrum is clearly visible, that the 

Fe peaks have the same high, as the Fe-S ratio was constant in the measurings and the S peaks were 

normalized to the same height, so the Fe peaks followed them and kept the ratio. This constant behaviour 

cannot be told from the oxygen contents, which decreased continuously as the sample lost water by 

dewatering caused by the high vacuum of the sample chamber. From the oxygen content, the amount of 

crystal water can be calculated. It shows decreasing tendencies, as it was 5.6 moles in the first measuring, 

then 4.7, 3.0, 1.4 and finally the sample totally lost its water, as the calculation defned it as zero.  

 

As moved to the last and latest Bolivian sampling place, from the BOL 7-9 a strongly yellowish 

grain were separated out under the optical evaluation (FIG. 22/a and b). By the typical yellowish colour, 

it was identified as jarosite. As the magnification of the electron microscope was increased from 72 

times, till 1000 times (FIG. 41/a, b, and c), more and more fine details of the individual grains became 

visible. The BSE images showed very similar crystals like in the case of BOL 3-9 it was. The microprobe 

measuring proved that these are jarosites also.  

 
  FIG. 41/a, b and c: Well developed, secondarily formed  jarosite crystals with own shape (a:72X; b:200X; c:1000X) 

 

FIG. 40/d: Decreasing O by waterloss 
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VI. PYRITE OXIDATION UNDER CIRCUMNEUTRAL pH CONDITION  

6.1. Introduction 

In the last four decades in the sulphidic ores mining, the effect of Acid Rock Drainage (ARD) has 

become the leading environmental problem. In the wastes, the principal weathering process is the 

sulphide oxidation, resulted in low pH and increased heavy metal mobility (Blowes et al. 2003/a). If 

neutralizing minerals are available, they can buffer the acid production and reduce the heavy metal 

mobilization. As the amount of the acid-producing minerals exceeds the neutralizing ones, by time the 

acid-producing capacity will exceed the neutralizing capacity, thus acidic environment will be formed. 

From the mining waste management point of view, a crucial question is whether there are enough 

available buffering minerals, which can consume acidity. Regulations require that the neutralisation 

potential should exceed by 3-4 times the acid-producing potential to consider the waste material is safe 

from ARD effect.  However, this does not mean that pyrite oxidation not starts or stops even under these 

conditions. In the porous waste rock material in presence of water and oxygen, pyrite grain surfaces start 

oxidizing, thus creating an acidic micro-environment. Calcite, as a quick neutralizing mineral, is able to 

maintain a pH range. The net chemical reaction does not show acid production, but sulphide oxidation 

with possible metal leaching is able to take place.  

In this chapter, the aim is to show on the Hungarian samples that strong pyrite oxidation can happen, 

although the pH of the system will be still circumneutral. Moreover, it would be necessary to change the 

thinking of the waste management, because most commonly only the pH value is monitored. It is an 

important parameter and easy to build up a system for monitoring it, but the too much focus on it can 

cover other important parameters, which can show much earlier the presence of the oxidation. The 

problem of those oxidations where the pH is buffered to circumneutral, that it is not visible – especially 

if only the pH is monitored –, but near the pyrite, other sulphides (Jambor 1994) will oxidize as well, 

thus Pb, Zn, Cu, As and Cd will be also loaded into the seepage, groundwater or simply to nature. 

This process was detected at some mining waste facilities (e.g. mines in the Kola Peninsula, Russia 

/high-F/, the Schwaz and Brixlegg Mines, Austria /high-Sb/, the Endako Mine, BC, Canada /high-Mo/), 

where weathering and consequent metal leaching takes place under circumneutral conditions (Nordstrom 

2010), so by just monitoring the acid content of the system, it would seem normal. 

 

 

6.2. Theory of the oxidation 

The theory, if there is strong and quick neutralizer mineral, such as calcite, which is the most effective, 

the system can keep a stable pH around 7, by consuming the acidity, slowing the oxidation rate and 

stopping the metal release by precipitation of them in solid form. The reaction is written (Eq. 24), where 

the dissolution of the calcite is defined. (Cotter-Howells and Patterson 2000; Lapakko et al. 1999) 
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𝐶𝑎𝐶𝑂3 + 2𝐻+ → 𝐶𝑎2+ + 𝐻2𝑂 + 𝐶𝑂2 (24) 

To be able to realize the oxidation itself, necessary to leave the idea on focusing of the pH, and turn 

to the measuring of the other parameters in the system. The concept is based on the summary of a set of 

equations, such as Nordstrom's (1982) abiotic oxidation of the pyrite (Eq. 1), the Fe2+ - Fe3+ alteration 

(Eq. 3), the iron oxyhydroxide forming (Eq. 5) and the calcite dissolution (Eq. 24) processes. Because 

of the circumneutral pH of the seepage is not ideal for the iron hydroxide forming (Eq. 3), so iron 

oxyhydroxide (goethite) or oxide (hematite) will be formed. (Stumm and Morgan, 1981) The relatively 

quick precipitation reaction pushes the possibility of goethite formation much higher, than the oxide 

form. By dissolution of calcite, carbon dioxide needs to be produced, while the generated Ca2+ will form 

gypsum with the dissolved sulphate ion. Necessary to mention, that the gypsum is moderately water-

soluble, as it can dissolve till the concentration of about 2.0–2.5 g/l at 25 °C. (Bock 1961) This means, 

that not all of the SO4
2- and Ca2+ ions will react with each other to form solid phase (gypsum or anhydrite) 

but some from them will remain in dissolved form. As a conclusion of these reactions, the following 

equation (Eq. 25) has to take place. This reaction will not remove all of the dissolved sulphate, iron and 

calcium from the seepage, so some should remain in it, which can be measured. 

2𝐹𝑒𝑆2 + 3𝐶𝑎𝐶𝑂3 + 3𝐻2𝑂 + 6𝑂2 → 2𝐹𝑒𝑂𝑂𝐻 + 3𝐶𝑎𝑆𝑂4 ∗ 2𝐻2𝑂 + 3𝐶𝑂2 (25) 

The key to proving the oxidation process of the pyrite is to find the by-products of the reaction, such 

as Fe-oxyhydroxide, gypsum and carbon dioxide, moreover to find some remained sulphate and calcium 

ions in the seepage. The reason that the HU series of the sample was chosen for this test, that the mineral 

grains have free surface by the fresh crushing, so there are no goethite or gypsum on the surface of pyrite 

and calcite. Sulphate also cannot form without pyrite (or sulphide) oxidation, because the grains have 

fresh surface. Although some oxidation could take place during a few weeks even on open air, so without 

the speeding up of the humidity cell test. Based on this, some "first flush effect" can take place, but it 

will be not significant. The whole oxidation and neutralizing process (Eq. 25) is shown (FIG. 42) to be 

able to follow visually the different reactions and by-products. 

 
FIG. 42: Schematic representation of equation 24 (mixing of equation  

1, 3, 5 and 24) Abbr.: Py: pyrite, Cc: calcite, Gy: gypsum, +: H+ ion. 
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6.3. Analysis and results 

In the experiment, a kinetic test (humidity cell test) was done on a sulphidic mine waste sample (HU 

series) from Recsk to speed up the sulphide oxidation and therefore mimic the long-term geochemical 

behaviour of the sulphidic mining waste material. The major mineral composition of the investigated 

sample (HU 1-2) is about 45% quartz, 35% pyrite, 15% carbonates (dominantly calcite, but subserviently 

ankerite and dolomite) and alltogether 5% of sphalerite and chalcopyrite (discussed in details in Chapter 

5.1) 

 

6.3.1 Humidity cell test 

From the sample, 3.00 kg was investigated by humidity cell test at Kjeøy Research and Education 

Centre, Norway, to mimic the long-term behaviour of the sulphidic mine wastes. The test was completed 

for 119 days (17 weeks).  Continuously humid air was pumped through to provide the oxygen and 

humidity for the pyrite oxidation and weekly the sample was rinsed through with 1000 ml distilled water. 

From the seepage basic chemical parameters (pH, alkalinity), anion and cation content was measured. 

The pH graph (FIG. 43; left axis) clearly indicates that after 2 weeks the system has already stabilized. 

The circumneutral pH (between 7.1 and 7.3) shows that the calcite buffers the acidity perfectly, so the 

system is in balance. The instability of the first 2 weeks and the initial lower pH was caused by the week 

effect of the “first flush”, which resulted lower pH.  

The same effect is visible in the SO4
2 concentration (FIG. 43; right axis). The gradually decreasing 

sulphate release after the first 2 weeks shows that there was some available fine-grained – therefore 

quickly oxidizing – pyrite powder in the sample. As it is consumed, the SO4
2- release gradually stabilizes. 

 
FIG. 43: pH value and sulphate content in the seepage of the HU 1-2 sample during the humidity cell test 

At the end of the test period, the column was sealed hermetically for a week to measure the oxygen 

consumption and carbon dioxide release by the oxidation (Eq. 1 and 3) and neutralizing (Eq. 23) process. 

FIG. 44 shows clearly that carbon dioxide content increased continuously, which shows the dissolution 

(Eq. 23) and efficient neutralizing effect of calcite, while the decreasing oxygen content shows the 

presence of the oxidation process. 
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FIG. 44: CO2 release and O2 consumption in the hermetically closed sample keeper of  

the HU 1-2 sample, between the 105th and 112th days of the humidity cell test period 

 

6.3.2 Mineralogical changes     

 The combined equation (Eq. 24) tells us that if pyrite is oxidizing and calcite is present, a secondary 

iron mineral and gypsum should be formed. Backscattered SEM images were taken from the samples' 

surface (FIG. 45) – which was supplemented with microprobe measuring – and clearly can be seen, that 

on the surface of the pyrite grains secondary iron minerals and a gypsum coating on the calcite's surface 

were formed. The high magnification shows, that well-developed gypsum needles (darker crystals) have 

grown on the calcite and the gypsum already has started the encapsulation of the calcite grain. Some 

pyrite crystals were prepared for the same analysis, which shows (FIG. 46/a) pyrite grains (brighter) are 

started to be coated with secondary iron oxidation product (darker colour). On higher magnification 

(FIG. 46/b), become clearly visible, that the pyrite crystal has already partly covered by plates of 

alteration products. 

FIG. 45: Secondarily formed gypsum          FIG. 46/a and b: Secondary Fe mineral coating on pyrite, with  

    needles on calcite surface (100X)        composition dominantly as Fe(OH)3 and FeO(OH) (a:100X;b:250X) 

 
 

6.4. Conclusion  

The pyrite oxidation in the sample was detected and proved by the sulphate concentration (FIG. 43) 

from the seepage, the appearance of CO2 and decreasing of O2 in the hermetically closed sample holder 

(FIG. 44). By backscattered SEM images gypsum coating on the surface of the calcite (FIG. 45) and 

secondary iron mineral crust on the surface of the fresh pyrite grains (FIG. 46/a and b) were found. 

Conversely, no acidity appears, because of efficient neutralization by the calcite (Eq. 25).  
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The phenomena, that the gypsum has already started to cover and encapsulate the calcite grains. This 

shows that the still effective neutralizing capacity will decrease in the future, as the free reactive surface 

of calcite decreasing. 

The Eh-pH diagram in FIG. 47 shows that Eh-independent stability zones of calcite + goethite ↔ 

calcite + gypsum + goethite occur at pH 7.2 – 7.3. The measured and rather constant pH of the seepage 

was between 7.1 and 7.3 (marked as a vertical blue strip) which indicates that the system is upper-limited 

at this pH by the calcite dissolution. (Embile et al. 2016) The diagram indicates that in less oxidative 

microenvironments, dissolved Fe2+ can appear within the porous waste rock, which is favourable for 

pyrite oxidation.  

 
FIG. 47: Eh-pH diagrams of C-Ca-Fe-S-H2O (blue) and Fe-O2-H2O (red)  

systems at standard conditions (by HSC Chemistry) (Embile et al. 2016) 
 

As the amount of pyrite in the sample is more than double the amount of calcite (carbonates), ARD 

could take place in the future. Kinetic test results show that the oxidation rate currently is present, 

continuous and stable.  

Although, this can work until the neutralizing capacity is higher or at least equal with the acid 

production. After that, the oxidation will increase exponentially, because there will be no available 

minerals which can quickly buffer the oxidation. Moreover, the natural coating of the pyrite by 

secondary Fe phases will not help in reducing the reactive surface, because when the calcite – as the 

main neutralizing mineral, which is able to keep the buffered pH – will disappear, the pH will drop 

down, as all of the secondary Fe alteration products will be dissolved back as the pH decreases under  

3.5-4. After Singer and Stumm (1970) firstly a wave of increased dissolved iron content will appear, 

then as the surface of the pyrites will be free of alteration products, the pH value will drop down, as the 

oxidation rate will increase. 

Without appropriate waste management the increased pyrite oxidation will lead to acidification 

accompanied by toxic element mobilization from associated sulphides, such as chalcopyrite or galena, 

although the waste rock heap currently does not show any sign of environmental risk. 
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VII. X-RAY POWDER DIFFRACTION (XRD) VERSUS SEQUENTIAL CHEMICAL 

EXTRACTION (SCE) - A NEW COMBINED METHOD FOR EXACTING 

MINERALOGICAL SPECIATION OF SULPHIDIC MINE WASTES  

7.1. Introduction 

Determination of the exact mineralogical composition of an unknown rock or a mineral sample has 

always been a big challenge for scientists. It is the same in the geochemical tests, where the exact 

mineralogical characterization is essential to understand more precisely those reactions which could take 

place during weathering. X-ray diffraction (XRD) is an efficient method for this purpose. But, in case 

of altered and not well-crystallized rocks, the efficiency of this method sometimes dramatically 

decreases and the detection limit may rise by a few percent, which is already not acceptable. This is a 

typical problem for oxidized or just oxidizing sulphidic samples, where acid rock drainage (ARD) takes 

place. The produced secondary minerals are poorly crystallized or even quite often by quick forming 

become amorphous.  

The alteration of sulphide minerals is a natural process. It can be considered as a continuous alteration 

from hypogene primary to tertiary alteration mineral phases, via the supergene secondary mineral 

phases. As a result of the alteration, the already oxidized or just oxidizing sulphides, mainly pyrite, 

produce secondary minerals, such as secondary sulphates (Eq. 19), hydroxides (Eq. 3), oxy-hydroxides 

(Eq. 5 and 6) or oxides (Eq. 7). These secondary minerals are very diverse both in mineralogical 

properties and in chemical composition. Moreover, these minerals have weaker crystallinity, loaded with 

defects or contaminating elements than normal rock-forming minerals. These problems are typical in 

cases when the XRD analysis technique is not able to give accurate results.  

In the late 70's, a sequential chemical extraction (SCE) method was developed to determine heavy 

metal mobility in soils. This measuring technique was more than a simple bulk chemical elemental 

analysis of materials, because the leaching happened in several steps. Thus, the composition of the 

leachate at a certain step can be linked with mineral speciation. The disadvantage of the method is that 

the varieties of possible dissolving minerals or mineral groups are high. Therefore, the applicability of 

SCE method was criticized and attacked.  

This chapter try to show how the X-ray powder diffraction (XRD) and the sequential chemical 

extraction (SCE) can complement each other. Both methods have their own limitations, but using them 

as a combined method, the efficiency of determination of the mineralogical composition can be 

dramatically increased. A further aim of this study is to show via two case studies the applicability of 

the combined method for altered sulphidic mine waste materials, where the mineral(s) of the amorphous 

phases could be figured out, or even the altered sulphides with extremely low concentration could be 

calculated out.  
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7.2. Applied methods 

7.2.1. Sequential Chemical Extraction (SCE) 

Sequential chemical extraction is a geochemical method used to evaluate the mobility of different 

elements in the samples under different chemical condition. In the consecutive steps, stronger and 

stronger chemicals are used for degradation of the analysed sample, which can be soil, minerals, rock 

fragments, waste or tailing material. This dissolution processes start from the phase of water-soluble to 

the silicates, via several intermediate phases. Nevertheless, there are some significant limitations for the 

applicability of SCE, such as the limited selectivity of extractants, the redistribution of metals during the 

extraction process, the deficiency of a reagent dose if metal content is too high (Ramos et al. 1994) and 

the inability to distinguish between metal associations with organic matter and sulphides. (Adamo et al. 

1996; Barona and Etxebarria 1996; Leinz et al. 2000) 

These extraction procedures take advantage of the solubility mechanisms in water, ionic exchange, 

oxidation processes, as well as complexation and digestion of mineral and organic soil components. 

Separated fractions are defined in a conventional and operational manner, and present a certain 

approximation in describing different metals species. For the appeasement of the pretence of the mining 

companies and environmental agencies, several different sequential chemical extraction methods were 

developed and published, but only three of them became wide prevalent, such as the Tessier 5 steps 

(Tessier et al. 1979), the BCR 3 steps method (Ure et al. 1993) and the Dold 7 steps method (Dold 2003).  

Firstly, the Tessier method was developed in 1979, which was an adaptation of the McLaren and 

Crawford leaching methods for copper fractionation. It gained the highest acknowledgement and 

broadest application in soil and geological studies, as well as in environmental protection. The method 

defines the mineral phases in five steps, such as exchangeable fraction (I.), carbonates (II.), Fe-Mn 

oxides (III.), organic matters (IV.) and residuals (V).  

The Standards, Measurements and Testing Programme (SM&T) established a common procedural 

scheme consisting of a 3-step extraction method (BCR method), which was published in 1993 (Ure et 

al. 1993). The BCR sequential procedure determines metal quantities in three extracts, such as 

exchangeable metals (I.), metals bound to iron and manganese oxides (II.), metals bound to organic 

matter and sulphides (III.) and finally residuals (IV.). Although the extraction protocol proposes a 3-step 

procedure, a fourth fraction (residual phase) can be determined as well. This fraction includes the amount 

of metals bound to the mineral lattice of the soils or in general, the amount of metals not measured in 

the previous 3 steps and strongly bound to the soil. 

One of the latest developed SCE procedure was the Dold type 7-step method (Table 15) established 

in 2003. This is a slightly modified 6-step sequential extraction method (Sondag 1981), was used for 

evaluation of primary and secondary minerals from porphyry copper deposits. Each step can be linked 

to a certain mineral group that is preferentially dissolved. Similarly to the steps in previous methods, the 
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first step is the degradation of the water soluble minerals and the final is for dissolving the residuals, 

gradually dissolving the secondary and later the primary minerals. Due to the variety of selected reagents 

and extraction conditions, the comparison of the obtained results from different methods is not possible. 

(Gworek et al. 2003)  

Step Leached fraction and method Preferentially dissolved minerals 

1st  

Water-soluble fraction  

1.0 g sample, 50 ml dest. water; shake 

for 1 h 

secondary sulphates, such as chalcanthite 

(CuSO4*5H2O), gypsum (CaSO4*2H2O) or 

melanterite (CuSO4*5H2O) 

2nd  
Exchangeable fraction  

1 M NH4 acetate, pH 4.5, shake for 2 h 

calcite (CaCO3) and vermiculite-type mixed layer,  

adsorbed and exchangeable ions 

3rd  

Fe3+oxy-hydroxides  

0.2 M NH4 oxalate,  pH 3.0, shake for 

1h in dark 

two-line ferrihydrites, secondary jarosite 

(KFe3(SO4)2(OH)6) or schwertmannite 

(Fe16O16(OH)12(SO4)2) 

4th  

Fe3+oxides  

0.2 M NH4 oxalate, pH 3.0, keep 80 °C 

for 2 h 

goethite (FeOOH), hematite (Fe2O3), higher ordered 

primary jarosite (KFeIII
3(SO4)2(OH)6) or  

primary Na-jarosite (NaFeIII
3(SO4)2(OH)6) 

5th  
Organics and secondary Cu sulphides 

35% H2O2 heat in water bath for 1 h 

organics, covellite (CuS), chalcocite – digenite 

series [chalcocite (Cu2S), djurleite (Cu31S16) and 

digenite (Cu9S5)] 

6th  

Primary sulphides 

combination of KClO3 and HCl, 

followed by boiling with 4 M HNO3  

pyrite (FeS2), chalcopyrite (CuFeS2), sphalerite 

(ZnS), galena (PbS), tetrahedrite ((Cu,Fe)12Sb4S13), 

stibnite (Sb2S3) 

7th  
Residual  

HNO3, HF, HClO4, HCl boiling  
silicates, quartz, zircon, residual 

Table 15: Steps and leached out minerals of the 7 steps Dold type sequential extraction (Dold 2003) 

The huge advantage of the Dold type 7-step method compared to other methods is that it can 

differentiate secondary products - such as hydroxides, oxy-hydroxides and oxides - to split them into 3 

and also the sulphates into 3 or 4 stages (depending on primary or oxidation products). Moreover, even 

primary sulphides are split into 2 steps. It is obvious that the higher numbers of steps mean higher cost 

in analysis, but this disadvantage is not comparable to the surplus of information that the better 

separation gives.  

In this thesis, the Dold type 7-step sequential chemical extraction was used, which is the most 

applicable – and also the most fitting – method for sulphidic mine waste characterization, because it can 

differentiate the different primary and secondary minerals of the sulphide - sulphate alteration system. 

Since very aggressive chemicals were used in the last (two) steps, SCE analysis was performed with an 

inductively coupled plasma atomic emission spectroscopy (ICP-AES) machine in the SGS lab in 

Ontario, Canada.  
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7.2.2. X-ray diffraction (XRD) 

For the determination of the solid phases in the sample, the same equipment was used as it was already 

discussed in details in Chapter 3.2.2. Moreover, the measuring properties and the evaluation of the 

samples are also in accord to that information, which was described there. 

 

7.2.3. Calculation method 

As Table 11 showed, each step in the SCE was specified for the dissolution of a specified group of 

minerals. The new idea in case of oxidizing sulphidic sample analyses – which can contain amorphous 

or poorly crystallized minerals in high rate – was to use the XRD patterns, which allowed detecting 

mineral groups in the sample. For instance, the presence of jarosite was determined with the patterns, 

but by measuring the crystal structure could hardly distinguish weather which member of the jarosite 

subgroup, such as potassium, hydronium, lead, ammonium or sodium-containing jarosite, especially if 

they are poorly crystallized. In addition, XRD analysis is not required in this case because the compounds 

have hardly any differences and the exact members cannot be determined. On the other hand, because 

of the poorly crystallized structure, the amount of this mineral will be over or underestimated.  

The SCE analysis is used to define the species of mineral groups, by using the measured leached out 

cation concentration, moreover the exact amount of the mineral species can be calculated out.  

On the other hand, the quartz – if it is not an amorphous opal or chalcedony –, together with the clay 

minerals, where the crystallite size is small is usually well crystallized, so the XRD measuring for these 

"inert" minerals usually good even in these oxidizing samples. If qualitative analysis is done, so the 

amorphous content is counted, the exact amount of them can be determined. The situation is the same 

with the common rock-forming minerals, like silicates, as albite, feldspar, orthoclase, dravite or with the 

common oxide forms, such as rutile, ilmenite or hematite.  

The aim of this chapter and also the method is not to define the rock-forming minerals, which are 

much more resistant against weathering – compared with sulphates –, so they are measurable with 

smaller inaccuracy. The aim is to define the strongly altered minerals and the secondary oxidation 

products, even in that case, when their concentrations are under 0.01 %. 

Recalculations require a strong chemical, geochemical and mineralogical background, together with 

the understanding of the XRD method. The variety of the possible minerals in the sample could be high, 

but if the origin of the sample is known, it significantly decreases the number of the possible minerals. 

Nowadays several high quality online databases can help in this, such as www.mindat.org or 

www.webmineral.com, where even for localities or mines can be searched. 
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7.3. Results 

Two already oxidizing samples – a flotation tailing and a jig tailing – were chosen to complete the 

recalculation processes. The sample called Jalpha 1-7 is a strongly weathered material of a sulphidic 

flotation tailing with yellowish-ochre colour, collected from the Oruro Ag-Sn deposit originating from 

Oruro city, Bolivia. It is important to mention, that a decade after the flotation process was performed, 

the tailing material went through a weak hydrochloric acidic leaching to dissolve out the residual silver 

content in complex form.  

The other sample was the Itos Jig 2-7, which had no chemical enrichment, only the jig processing, as 

a gravitation and density differences based enrichment process, from the same Oruro Ag-Sn deposit, 

from Oruro city. By macroscopic and optical microscopic visualization was clearly visible modified 

present of pyrite and the high rate of clay minerals, as a result of the intensive weathering. Large areas 

of the surface of the grains were covered by yellowish secondary poorly crystallized minerals, with 

reddish-brown, probably iron hydroxides after the oxidation of pyrite. 

 

7.3.1. Sequential chemical extraction (SCE) 

The results of the SCE measurements are listed below in Table 16 and 17. From a quick overview of 

the heavy metal content in case of Jalpha 1-7, the high concentration of lead, zinc and cadmium together 

with the elevated amount of sulphur indicates the polymetallic origin of the sample. This fact is also 

proved by historical data. (Chance 1948/a) Necessary to mention, that the amount of leached lead and 

zinc exceeded the 10000 ppm, which was the upper detection limit of the ICP machine for these two 

elements. This disappointing information will be important in the step of the calculation, as not the exact 

amount of the mineral phase can be calculated, but only a minimum amount that can be in the sample. 

The elevated levels of heavy metals and sulphur in the first four steps represent well the presence of 

secondary minerals as a result of the sulphide oxidation process. Unfortunately, the Si content was not 

measured by ICP-MS. Thus, in the 7th step, which is the stage for dissolution of silicates, the quartz 

content from SCE results could not be recalculated from ICP-MS data. On the other hand, this element 

only important in the last fourth of the steps, so from point of such alteration products, as sulphates, 

jarosites, hydroxides and oxyhydroxides or from point of oxidizing sulphides, it is not relevant. The 

exception is the clay minerals, as they form as byproducts of the weathering of the rock-forming silicates. 

Based on this unfortunate fact, for the calculation of the amount of the clay minerals the missing Si 

content cannot be used, so the only way is the use of the element, which is in the main cation position. 

For example, in the case of illite, the K content can be the reasonable way. 

All the elements, which were used in the recalculation of the mineral composition are listed (Table 

16 and 17). In some cases, the amount of elements was lower than the detection limit (marked with 
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symbol “<”). The elements, which appeared in significant concentration in the leachate, or represented 

well the distribution in the individual steps, are listed below. 

Element Det. limit Step 1st Step 2nd Step 3rd Step 4th Step 5 th Step 6 th Step 7 th 

Ca (ppm) 100 500 <100 <100 <100 <100 <100 200 

Mg (ppm) 100 <100 <100 <100 <100 <100 <100 2400 

Na (ppm) 100 <100 <100 <100 100 <100 100 300 

Al (ppm) 100 1200 <100 100 300 <100 700 55100 

K (ppm) 100 <100 <100 300 700 <100 <100 23400 

Cr (ppm) 1 12 13 13 13 <1 5 37 

Fe (ppm) 100 5100 1800 5600 17500 7600 21800 2300 

Cu (ppm) 0.5 46.4 <0.5 6.9 11.7 22.6 10.1 0.6 

Zn* (ppm) 0.5 >10000 435 144 434 966 1160 28.2 

As (ppm) 3 <3 9 40 74 13 92 7 

Cd (ppm) 1 358 12 2 1 20 27 <1 

Sn (ppm) 10 <10 <10 <10 <10 <10 30 30 

Sb (ppm) 5 <5 <5 29 60 <5 55 132 

Pb* (ppm) 2 204 >10000 759 290 113 >10000 932 

S  (ppm) 100 14400 2100 2000 5200 13000 41700 3700 

Table 16: Concentrations of the dissolved elements in the different steps of the sample Jalpha 1-7 

* The concentration was higher than the upper detection limit (10000 ppm) of the ICP-MS 

Element Det. limit Step 1st Step 2nd Step 3rd Step 4th Step 5 th Step 6 th Step 7 th 

Ca (ppm) 100 <100 <100 <100 <100 <100 <100 200 

Mg (ppm) 100 <100 <100 <100 <100 <100 <100 3900 

Na (ppm) 100 <100 <100 <100 <100 <100 100 1900 

Al (ppm) 100 800 <100 300 700 100 1300 87100 

K (ppm) 100 300 100 600 500 <100 N.A. 23000 

Cr (ppm) 1 14 24 17 17 1 11 108 

Fe (ppm) 100 1600 600 4500 2100 15300 2900 16800 

Cu (ppm) 0.5 2.5 <0.5 2.3 1.3 5.9 2.2 2 

Zn (ppm) 0.5 5.7 <0.5 1.5 1.5 4.9 3.7 13.7 

As (ppm) 3 6 22 345 97 143 64 22 

Sr (ppm) 0.5 5.1 4.4 <0.5 1.7 <0.5 8 152 

Cd (ppm) 1 1 <1 <1 <1 <1 <1 <1 

Sn (ppm) 10 <10 <10 50 150 <10 50 70 

Sb (ppm) 5 <5 11 88 494 <5 63 207 

Pb (ppm) 2 192 434 684 86 <2 46 27 

S  (ppm) 100 3600 300 1600 800 19500 4000 600 

Table 17: Concentrations of the dissolved elements in the different steps of the sample Itos Jig 2-7 

 

7.3.2. X-ray Powder Diffraction (XRD) 

In Jalpha 1-7 the presence of a relatively high rate of clay minerals in the sample was already seen 

under the microscope. The XRD measurements (Table 18) proved the presence of clay minerals in the 

sample. Besides the relatively high amount of quartz, different members of the jarosite group and pyrite, 

which is the "fuel" of the ARD process also occurred. Traces of kaolinite and chalcopyrite were visible 
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on the XRD pattern as well. In addition, “amorphous hump” was detected and quantitatively evaluated. 

The amount of amorphous material in the sample accounted for almost one-fifth of the total weight. 

 

Mineral Formula m/m% 

Quartz SiO2 59.0 

Pyrite FeS2 5.0 

Anglesite PbSO4 0.8 

Illite (K;H3O)Al2Si3AlO10(OH)2 12.8 

Plumbojarosite PbFe6(SO4)4(OH)12 3.6 

Hydronium jarosite (H3O)Fe3(SO4)2(OH)6 0.1 

Gypsum CaSO4·2H2O 0.7 

Kaolinite Al2(Si2O5)(OH)4 ind. 

Chalcopyrite CuFeS2 ind. 

Amorphous components 18.0 

Table 18: Quantitative mineralogical composition of the sample Jalpha 1-7, based on XRD  

 

In Itos Jig 2-7 had high amount of illite content - which already exceeds one third of the sample - 

which proves that this sample has already strongly altered. The XRD result (Table 19) showed more 

than tenth jarosite in the sample. From the original rock containing minerals, the inert quartz, together 

dravite and high amount of muscovite was detected, as well as the fuel of the ARD process, the pyrite. 

Significant "amorphous hump” was detected and calculated as 15%. 

 

Mineral Formula m/m% 

Quartz SiO2 39.9 

Pyrite FeS2 3.6 

Illite (K;H3O)Al2Si3AlO10(OH)2 24.3 

Biotite K(Mg,Fe)3[AlSi3O10(OH)2 0.9  

Titanomagnetite  (Fe,Ti)3O4 0.5 

Dravite NaMg3Al6(BO3)3Si6O18(OH)4 15.8 

Amorphous components 15 

Table 19: Quantitative mineralogical composition of the sample Itos Jig 2-7, based on XRD  

 

7.4. Process of the recalculation 

The basic concept of this recalculation method is similar to CIPW norm calculation, which is a good 

method for calculating out the mineralogical composition on an unaltered igneous rock, but it is not 

applicable or adaptable for other rock types, especially not suitable for such mine wastes, which is just 

altering or already altered.  

The theory of this method was sharpened and focused on sulphides and their alteration products, such 

as sulphates, hydroxides, oxyhydroxides and oxides. The reason is simple, the determination of these 
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are the difficult or sometimes impossible by XRD, in contrast with the original minerals of the host 

rocks, such as quartz, oxides (except alteration products) or silicates, which can be measured well or 

acceptably with XRD method, even if they have already started to degrade.  

Based on this thinking, these minerals will be excluded from the calculation, their amount from XRD 

result will be accepted. On the other hand, Si analysis is not completed in frame of a normal ICP-MS 

measuring, because it needs different sample preparation method. The lack of the concentration of this 

element makes recalculation of the silicate phase not possible, even if all of the other cations are known. 

The present study applied a similar, but a more complex calculation than CIPW norm calculation 

method because of much larger varieties of minerals. This indicates it was not possible to automatized 

or standardize it, like in case of the CIPW norm made. It is obvious, that mineral groups cannot be linked 

completely to a specified step, as their crystallization rate was slightly different. This effect is well 

detectable in Table 20, where not significantly, but the mineral phase can dissolve earlier – in previous 

step – or if the mineral is in high concentration, a few percentages of it could remain for the next step.  

In the calculation only one data set is used at a certain time, so just calculating step by step, started 

with the water-soluble phase and finishing with the silicates. Knowing which mineral with a selected 

element was detected in a particular step were of essential importance. In the next step, the molecular 

weights of both the mineral and the element itself was defined in order to calculate the weight ratio of 

the mineral compared to the element. Finally, the starting concentrations of those elements were 

decreased, which were used in the calculated mineral.  

The recalculation itself and also the results with the sets of the calculated sulphides and sulphates are 

shown via two case studies. Both samples were chosen randomly from the Bolivian samples, from the 

Oruro sample set. Both of them had been discussed and shown in Chapter 2.1.1. and 2.1.2., which deals 

with the samples. The first one is the clayish type Jalpha 1-7 flotation tailing and the other is the Itos Jig 

2-7 jig tailing. 

 

7.4.1. Case study I. - Sample Jalpha 1-7 

In the 1st step, which contains the water-soluble fractions and the selected element was Ca, the mineral 

could be only the gypsum (CaSO4*2H2O), which is the only water-soluble calcium sulphate, which can 

appear in an oxidizing and acidic environment. Moreover, the XRD measuring also detected it. A 

detailed description of the flowchart is given in FIG. 48. The molecular weight gypsum is 172.17 g/mol 

and the Ca element has 40.08 g/mol. Thus, the ratio between them is 4.296. The measured Ca content was 

500 ppm, which was 0.05 %. So the gypsum content (0.215 %) was calculated by multiplying the 0.05 

% Ca content by the molecular weight ratio of 4.296. An essential step, that as gypsum contained 18.62 

% S, the starting S content needs to be decreased with the already used up amount. This amount can be 

calculated if gypsum content (0.215 %) was multiplied by S content in gypsum (18.62 %), which gives 
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0.04 % or 400ppm. The next selected element was Fe and mineral was melanterite (FeSO4*7H2O), 

because in the oxidizing and acidic environment, this is the dominant water-soluble iron sulphate 

mineral. Few other minerals also could be, but they have the same chemical composition as melanterite, 

only the amount of crystal water in them are different. Of course, in case of any hydrated sulphates the 

different amount of crystal water indices slightly different content of the mineral in the sample, but not 

significant one. The process of calculation for melanterite is the same as for gypsum was.  

 
FIG. 48: Recalculation flow sheet for gypsum in the 1st step in the sample Jalpha 1-7 

The element of Zn determines whether the mineral is goslarite or zinc-melanterite. They are almost 

polymorphs, but the last one can contain some Cu as replacing. There can be some small mistakes in the 

calculation, because similarly to the iron sulphate, the zinc sulphates also have several various with 

different amount of crystal water content. Moreover, need to take into consideration, that the Zn content 

in the leachate exceeded the upper detection limit (10 000ppm) of the ICP-MS, thus the calculated 

amount for this mineral is the minimal one, that the sample can contain. In addition, the relatively high 

content of this mineral in the sample also indicates that the leaching process of the current step will be 

not effective enough and some portion of the mineral will be remained for the next step. This effect is 

visible as 0.19 % remained zinc-sulphate appeared in the 2nd step. Cd likes to move together with Zn, 

thus it probably functions as replacing element in the zinc-sulphate. This mineral was marked separately 
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as Cd-sulphate, with the same amount of crystal water as melanterite. The alunogen (Al2(SO4)3*17H2O) 

is the most common mineral that is formed in an acidic environment, as water-soluble Al-sulphate.  

The last selected element, which appeared in a measurable concentration, was the lead. Need to be 

mentioned, that Pb is a not replacing element for the previous or the other ones, because their oxidation 

number is 2+, not as the lead. This fact indicates that other mineral combination or replacing is not 

possible for the lead. Among water-soluble lead minerals, there is no such a lead mineral, which likes 

the acidic environment, only the anglesite (PbSO4), but it is not water-soluble, but very common minerals 

in sulphidic mining wastes. This fact proposes to check the amount of Pb in the next step. It is high – 

even over the detection limit of the ICP-MS – so the low lead concentration in the first step is already 

the result of the slight dissolution of the anglesite, which is in high content in the 2nd step. This effect is 

not surprising, because the strongly acidic and oxidizing environment in the sample has already 

debilitated the crystal structure of the anglesite, or simply it was not crystallized perfectly. The situation 

for anglesite is the same in case of the Zn-sulphate was, as only the minimal amount of it can be 

calculated. As it has already been mentioned before, a small amount of melanterite (FeSO4*7 H2O) and 

goslarite or zinkmelanterite (ZnSO4*7 H2O) remained from the first step. 

In the 3rd and 4th steps, numerous members with different cations of the jarosite group were likely to 

dissolve. Among the members of this group, there were complete replacing series, thus the possibilities 

of these minerals by element replacing are also several. This proves why four different jarosite could 

appear in the same sample. In the mineral composition based on XRD measurements, plumbojarosite 

and hydronium jarosite were listed with alltogether 3.7 %. The cumulative amount of recalculated 

jarosite minerals was about 5 %, which was more with 1/3, than it was measured by XRD. By the different 

cations, it can be separated the different members, and also the individual amounts of them can be 

defined. Besides these anhydrous sulphates, the pH-sensitive metal-hydroxides also disappeared in the 

third step, such as ferrihydrite. The 4th step is the dissolution step of the more stable iron minerals, such 

as secondary goethite. 

Similarly to the two previous steps, the 5th and 6th steps can be discussed together, because they 

strongly overlap each other. The only exception was Zn- and Pb-sulphide, which occurred in 3 

consecutive steps. The amount of galena can be calculated for the minimum amount. 

The peak of the dissolution appears in the 6th step, the leached out concentration in the previous and 

the next step is much less, especially in case of galena. This effect strongly depends on the sensitivity of 

the mineral for that step, or rather for the chemical is used in that step. Moreover, the quality of the 

crystallization of the mineral is important, because a weaker crystallized mineral will start partly 

dissolving in the previous, such as pyrite (Table 20), but a stronger one will start to degrade in the ideal 

step, but some of it can remains for the next step, like in case of anglesite. In those minerals which 

contain both, such as a zonation, it can start to dissolve in the earlier step, the peak will be in that step, 
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where it should be, but some concentration can stay for the next step, as in case of galena it happened 

(Table 20). A further explanation for the 3 steps dissolving of zinc sulphide is that it contains some iron 

in its structure. The Fe concentration in it is not constant; it is variable by the producing environment, 

even within an individual crystal, chemical zonality can be found. As more Fe was built in the structure, 

it becomes more sensitive against weathering. Zinc does not work as a replacing element for the jarosites, 

so it needs to be an early indication of an oxidizing zinc-sulphide. Two possible Zn-sulphides could be, 

such as sphalerite and wurtzite – but they are polymorphs –, however, the typical locality for wurtzite in 

the world is Oruro. The choice between them could not bring any mistake in the calculation. In this step, 

a smaller amount of antimony and tin leached out in a ratio, which was very specific for a Sb-Sn-Pb-

sulphide, called franckeite. This mineral is strongly linked to the region of Oruro and Potosi. 

Only a small amount of As could be an indication of arsenopyrite because no other As-containing 

sulphide mineral is known from that region, moreover arsenopyrite is very common in such an ore 

mineralization, which is in Oruro. Some Cu and Sb were detected in the 5th and 6th steps. These elements 

probably came from chalcopyrite and stibnite. Also possible, that it can be other sulphides or sulphosalts, 

which contain both elements, such as bournonite (PbCuSbS3) or tetrahedrite (Cu6(Cu4(Fe,Zn)2)Sb4S13), 

but as the XRD indicated the presence of chalcopyrite, so the antimony should appear without it.  

The listed greenockite has complete series with the Zn containing wurtzite, so it was not possible to 

identify, whether it was an individual mineral or a mixture with wurtzite. The alteration of these two 

sulphides is the source of the goslarite and Cd-sulphate, which was calculated in an earlier step. As the 

Pb concentration in the solution of the 6th step was over the upper detection limit of the ICP-MS, it has 

a mark, that the galena content in that step was at least 1.15 %. However, this mineral was not detected 

with XRD method. The pyrite content (6.25 %) was slightly higher than it was detected (5.0 %) by XRD 

measurement. It seems that the oxidation of this mineral was strong, because the leaching by chemicals 

in the test split it in the ratio of 1:3 between the 5th and the 6th steps. 

As it was mentioned the recalculation of the silicates are not part of this method, moreover, the 

missing Si analysis makes it more difficult. But based on the K and Al content in the last leaching step, 

the calculated illite content (12.82 %) was exactly the same in the calculation than it was measured (12.8 

%) by XRD. Unfortunately, for kaolinite and quartz the calculation method cannot give result by the 

missing Si content. The XRD results of these two minerals are accepted and listed here, as an indication 

of the kaolinite clay mineral and 59.0 % for SiO2. 

Important to highlight, that this sample is very complex from point of mineralogy, because it contains 

lots of various sulphides and also their by-products. The high number of original and also the alteration 

products makes the recalculation method difficult for this sample. As the complexity of this sample is 

viewed, gently can be declared, that this can be considered as the maximally complex and difficult 

sample. 
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For conclusion of this sample can be decelerated, that the amount of the calculated minerals together 

with those minerals, which were accepted from XRD measuring, like an indication of kaolinite and 

quartz, give 97.23 % for the total amount. But cannot forget, that for tree mineral phases – such as the 

Zn-sulphate, the anglesite and the galena – only the minimal amount can be calculated from the ICP-MS 

data. 

 

Mineral m/m% Formula 
Leached out minerals in the different steps 

1 2 3 4 5 6 7 

Gypum 0.21 CaSO4*2H2O 0.21       

Alunogen 1.44 Al2(SO4)3*17 H2O 1.44       

Cd-sulphate 0.11 CdSO4*7H2O 0.11       

Melanterite 3.44 FeSO4*7 H2O 2.54 0.90      

Goslarite or 

zinkmelanterite 
>4.59 ZnSO4*7 H2O >4.40 0.19      

Anglesite >1.49 PbSO4 0.03 >1.46      

Ferrihydrite 0.18 Fe(OH)3   0.18     

Alunite 0.20 KAl3(SO4)2(OH)6   0.05 0.15    

Jarosite 1.03 KFe3(SO4)2(OH)6   0.32 0.71    

Plumbojarosite 0.57 PbFe6(SO4)4(OH)12   0.41 0.16    

Hydronium jarosite  3.14 H3OFe3(SO4)2(OH)6   0.61 2.53    

Natrojarosite 0.21 NaFe3(SO4)2(OH)6    0.21    

Goethite 0.81 FeOOH    0.81    

Wurtzite 0.42 Zn0.9Fe0.1S    0.07 0.16 0.19  

Pyrite 6.25 FeS2     1.61 4.64  

Galena >1.25 PbS     0.01 >1.15 0.09 

Chalcopyrite 0.010 CuFeS2     0.007 0.003  

Greenockite 0.006 CdS     0.003 0.003  

Arsenopyrite 0.023 FeAsS     0.003 0.020  

Franckeite 0.022 Pb4.7Sn2.3FeSb2S14      0.022  

Stibnite 0.004 Sb2S3      0.004  

Illite 12.82 K0.6(H3O)0.4Al1.3Mg0.3Fe0.1Si3.5O10(OH)2*(H2O)   12.82 

Kaolinite (XRD) ind. Al2Si2O5(OH)4       ind. 

Quartz (XRD) 59.0 SiO2       59.0 

Table 20: Recalculated mineralogical composition of the sample Jalpha 1-7 (Abbr.: ind.: indication) 
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7.4.2. Case study II. - Sample Itos Jig 2-7 

The calculated mineralogical composition (Table 21) of Itos Jig 2-7 sample is less variable than the 

Jalpha-1. Although the ARD takes place here as well, which is proved by the presence of the original 

”fuel” minerals such as pyrite and its alteration products, like different types of sulphates. In this sample 

the Al element appeared in higher rate than in the others, especially, which means that the environment 

was not as strongly acidic to be able to mobilize the entire Al-containing minerals from the oxidizing 

system, so the rate of alteration was lower and the pH was higher, compared to Jalpha 1-7.  

In the 1st step, 1% of readily water-soluble Al-containing sulphates appeared, in the rate of 2/3 of Al-

sulphate and 1/3 of K-Al-sulphate. Furthermore, just the melanterite and the anglesite appeared in this 

and also in the next step, but the Pb-sulphate has as tiny concentration as 0.09%. Nothing else was 

leached out in the 2nd step. 

In the 3rd and 4th step three type of jarosite (K containing, hydronium- and plumbo-) appeared in all 

together 1.35%, associated with 0.5% of a member from the other large group of sulphates, the alunite. 

From point of iron oxides in the 3rd step the ferrihydrite, while in the 4th step the magnetite appear - 

which was detected also by XRD (Table 19), but much less concentration was calculated (0.17%) than 

it was measured (0.5%). 

The 5th and 6th step is also very similar to each other, in both cases, the pyrite is the dominant 

sulphides. Beside the pyrite there is no significant amount of other sulphides, in very tiny concentrations, 

such as arsenopyrite (0.04%), the previously in detail discussed wurtzite (0.002%), galena (0.005%), 

stibnite (0.009%) and chalcopyrite (0.003%). Tin appeared in the 6th step, it was not significant, but it 

possible came from the herzenbergite or berndtite minerals, which are present and significant in ore 

mineralization of the Oruro-Potosi region, especially the herzenbergite, which has a type location in 

Maria Teresa Mine, near the city of Oruro, not so far from the origin of this sample.  

In the 7th steps, high rate of illite content (38.1%) was calculated, which is significantly higher than 

the XRD method gave for 24.3%. On the other hand, cannot forget, that the amorphous content was as 

high as 15%. If the clay minerals were formed as alteration products, their crystallite size can be small, 

thus their rate in the sample will be underestimated by XRD method. By the calculation, the dravite 

content decreased from 15.8% to 7.91%, which is sharply the half of it. In this step, cassiterite and 

valentinite were also calculated. Both are common in Oruro. 

Beside the silicate minerals, chromium, tin and antimony oxides appeared. The cassiterite and the 

valentinite need to be mentioned because Oruro was one of the leader tin producers on the world. Near 

the silver, this was the other aim of the mining activity. The sources of the ore were several meters wide 

cassiterite rich veins. This sample got its name after this, because it is from the Itos mine and it had 

gravity a enrichment process, the jig method. 
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For the conclusion of this sample can be decelerated, that the amount of the calculated minerals 

together with those minerals, which were accepted from XRD measuring, like dravite, muscovite, illite 

and quartz, give 95.2 % as the total amount.   

 

Mineral m/m% Formula 
Leached out minerals in the different steps 

1 2 3 4 5 6 7 

Alunogen 0.71 Al2(SO4)3*17 H2O 0.71       

Alum-(K) 0.36 KAl(SO4)*12H2O 0.36       

Melanterite 1.10 FeSO4*7 H2O 0.80 0.30      

Anglesite 0.09 PbSO4 0.03 0.06      

Ferrihydrite 0.14 Fe(OH)3   0.14     

Hydroniumjarosite 0.14 H3OFe3(SO4)2(OH)6   0.14     

Jarosite 0.79 KFe3(SO4)2(OH)6   0.58 0.21    

Plumbojarosite 0.42 PbFe6(SO4)4(OH)12   0.37 0.05    

Alunite 0.51 KAl3(SO4)2(OH)6   0.15 0.36    

Magnetite 0.17 Fe3O4    0.17    

Pyrite 3.87 FeS2     3.26 0.61  

Arsenopyrite 0.04 FeAsS     0.03 0.01  

Wurtzite 0.002 Zn0.9Fe0.1S     0.001 0.001  

Chalcopyrite 0.003 CuFeS2     0.002 0.001  

Galena 0.005 PbS      0.005  

Stibnite 0.009 Sb2S3      0.009  

Herzenbergite or 

Berndtite 
0.008 SnS or SnS2      0.008  

Cassiterite 0.009 SnO2       0.009 

Valentinite 0.025 Sb2O3       0.025 

Dravite 7.92 NaMg3Al6(BO3)3Si6O18(OH)4 7.92 

Illite  38.1 K0.6(H3O)0.4Al1.3Mg0.3Fe0.1 Si3.5O10(OH)2*(H2O)  38.1 

Biotite (XRD) 0.9 K(Mg,Fe)3[AlSi3O10(OH)2   0.9 

Quartz (XRD) 39.9 SiO2       39.9 

Table 21: Recalculated mineralogical composition of the sample Itos Jig 2-7 

 

7.5. Verification of the calculated minerals by electron microprobe 

Till this point of this chapter, the method was only a theory. It will stay only a theory, until the 

presence of the calculated minerals, even the lowest concentration phases will be not proved. Although, 

few of the minerals are in so small concentration in the samples that it can be difficult – or simply not 

possible – to find them, such as greenockite (0.006 %) in Jalpha 1-7 or anglesite (0.09 %), wurtzite 
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(0.002 %), galena (0.005 %), stibnite (0.009 %) or cassiterite (0.009 %) in Itos Jig 2-7. To find them, 

scanning electron microscopy (SEM) coupled with energy dispersive spectrometry (SEM–EDS) was 

used. SEM and microprobe analysis was performed using a JEOL JXA 8600 Superprobe. Both 

backscattered (BSE) and secondary electrons (SE) methods were used to image the grains.  

On the samples three types of sample preparation was done, the first was, that the original clayish 

samples were glued to a flat surface, the second one was a washed and heavy mineral separated sample 

and finally, a glued into acrylate resin, cut and polished. The three different types of sample preparation 

created three different types of measuring results. The powder glued on a flat surface indicated, that the 

clay minerals and other alteration products cover the grains, moreover, the low quality coal covering on 

its surface resulted that BSE image cannot be made by surface charging. Despite of this technical 

difficulty, the microprobe analyses were completed, so chemical compositions are measured. All of the 

chemical analyses were done in EDS (energy dispersive) mode, but important to mention that this type 

of measuring is not accurate enough for the small concentrations, moreover its resolution is weaker than 

the WDS (wavelength dispersive) mode. Although the EDS analysis is perfect for the quick analysis, 

especially on flat and polished surfaces. On small grains, even up to 2-3 mm size, also can be measure 

with it, but the shape and the morphology of the grains strongly decrease the quality and the accuracy of 

the results of the measuring. In half of the cases even BSE images cannot be done, because the coal layer 

on the surface of the grains is not continuous, so charging can take place and false brightness can appear 

at some part of the minerals, which looks like (much) higher average atomic weight concentrations. In 

that case, when the clayish material was simply glued on a fat aluminium electric driving plate, 

microprobe analysis could be completed, but BSE images cannot be made by strong charging. 

 

7.5.1. Sample Jalpha 1-7 

From this sample there all of the three sample types were done. In case of the grain separation type, 

from the original sample suspension was done to get rid of the clay minerals, the coarse grains - which 

still did not reach the 0.5 mm size - were washed down with distilled water and separated the heavy 

minerals from the quartz (and other light ones) by sodium polytungstate solution (ρ=3.0 g/cm
3). Because 

of the washing or other process during the sample preparation, most of the water-soluble minerals are 

dissolved, so they cannot be found. 

The clay covering of the grains and minerals resulted that in every measuring, the K-Al-Si-O 

components are included, which is the illite itself. From measuring two of them are presented. In both 

cases, the components of the illite are present, but the concentrations of the elements can be decreased 

with it, so the mineral(s) under the clay mineral can be figured out from stoichiometry, what it is. Jarosite 

(FIG. 49/a) were found, with a tiny amount of lead-containing mineral, but without measurable surface 

it cannot be defined whether it is plumbojarosite, galena or anglesite. Near the illite, galena (FIG. 49/b) 
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takes place. But the oxygen concentration is too high to be only in the clay minerals, so anglesite is also 

present, which usually appears together, when the galena starts oxidizing (Eq. 21) in an acidic 

environment. The pyrite (FIG. 49/c), which causes the ARD effect by weathering, was measurable in 

many grains, so it is in high rate in the sample. This is further proved by the 5 % of it from the XRD 

measuring and also from the 6.25 % as calculated pyrite content. 

   
       FIG. 49/a: Illite + jarosite phase         FIG. 49/b: Illite + Pb phase            FIG. 49/c: Illite + pyrite phase 

 

From the calculated mineralogy result of Jalpha 1-7 (Table 20), water-soluble sulphates were also 

measured. On an aggregate, microprobe measuring was done. From the first measuring, it has already 

seemed that it is a mixture of sulphates, with Fe member as melanterite /FeSO4*7 H2O/ and with Al 

member as alunogen /Al2(SO4)3*17 H2O/. 

To get more chemical information in two further points 

the microprobe measuring was repeated. In the three 

different results (FIG. 50) there is deviation, but all of them 

show the two sulphate, but in slightly different ratio. By 

stoichiometry the FeSO4 and Al2(SO4)3 as main and constant 

phases of these minerals, were calculated without crystal 

water content. In the first measuring (red) the ratio is 1:3, in 

the second (blue) it is 1:4, while in case of the last (green) 

one it results 2:3. From the three different ratios, it is clearly visible, that these two minerals were formed 

in the same time and condition, but some quick changes in the fluids, from which they crystallized out, 

induced such a difference in ratios. As oxygen content was measured also, from the rest of it after the 

FeSO4 and Al2(SO4)3 calculation, the approximately water content can be calculated as an average for 

the mix of the sulphates. It gives 16 % for the first and 22 % water content for the second measurement, 

but in the third one the sulphates were calculated for almost water free. As a background information, 

the water content of melanterite is 45.3 % and 47.2 % for alunogen. The reason for that anomaly, that 

only one third or half amount of water there is in the structure of the sulphates, is that by time the crystal 

water content in these high water containing sulphates decreasing by dehydration. Moreover, the used 

high vacuum in the microprobe analysis dramatically decreases the water content by evaporation, which 

is caused by the low partial pressure.  

 
FIG. 50: Mix of Fe and Al sulphates 
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This water losing effect has already been visible in Chapter 5.3, where the water content loss was 

proved on hydrated iron sulphate by microprobe measuring and during measuring the BSE images 

proved that the high water containing sulphides with well-developed crystals lost its structure, then 

looked like an amorphous gel with perfectly smoothed, but cracked surface. Moreover on the BSE 

images about a week later, has already cracks were formed, by further dehydration on free air between 

the two measuring times.  

On an other aggregate, which looked microcrystallized, 

was not possible to differentiate the different grains, there 

were pour or even no contrast border among the crystals, so 

probably they crystallized in the same time and quickly, thus 

not formed separate and individual crystals. Microprobe 

analysis (FIG. 51) was done in two different points, which 

show slightly different concentrations, but only the bulk 

chemical composition could be measured, because of the 

above mentioned properties. For the Al-Si ratio, the kaolinite fits perfectly by stoichiometry. The ratios 

of the rest elements – included the remaining oxygen –  is very characteristic for the group of jarosites. 

Potassium indicates jarosite /KFe3(SO4)2(OH)6/ while the lead content with the other elements 

determines the plumbojarosite /PbFe6(SO4)4(OH)12/. As the kaolinite does not contain sodium, thus this 

element also belongs to the jarosites, as an indication of natrojarosite /NaFe3(SO4)2(OH)6/. This 

appearance is normal, because the sodium and the potassium-containing jarosite commonly crystallize 

together, as the element concentration in the fluids modify. 

Within the heavy mineral separation measuring, element mapping was done for Zn, Cd, Cu, As, Fe, 

Pb, Sn and Sb element. Unfortunately, a larger grain near this preparation makes shadow for the detector, 

so the left bottom of the picture is black. The BSE image (FIG. 52/a) and the individually coloured and 

combined element map (FIG. 52/b) well visualize the relatively homogeneous grain size (about 50-70 

µm) of the washed and separated heavy mineral grains.  

  
FIG. 52/a: BSE image of the separated grains (destilled water washed) from Jalpha 1-7  

FIG. 52/b: Element map of the analysed area (Elements: Zn: yellow; Cd: pink; Cu:  

orange; As: turquoise;  Fe: blue; Pb: ochre;  Sn: purple and Sb: light green 

 
FIG. 51: Kaolinite and jarosites 
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Clearly visible, that the dominant sulphide phase is the pyrite, as the iron (blue) phases are at the 

highest rate, which is absolutely parallel with the result of the XRD (Table 18) and also with the 

recalculated amount (Table 20) of it. This element mapping helps to realize the different species with 

different cation content of the minerals. These small grains were not glued and polished, thus the rough 

surface and the not equal grain size and height indicated that the picture is not so high quality. 

Two grains were found, where the element map of Cd showed some enrichment. On the first grain 

only one measuring (FIG. 53/a), but on the secondly found grain two measurements were done, which 

is shown on the same graph (FIG. 53/b), but the energy axis is shifted a bit of the second measuring to 

show the differences of the element ratios.  

From the measuring became defined, that the Cd in sulphide form, so as greenockite, built in the 

structure of ZnS, as wurtzite or sphalerite. The ZnS grains were not free of iron, it contained 3.5-4.5 %, 

and also the Cd content was significant, about 3 %. If it is calculated into sulphide form, it takes about 

4 % of the ZnS grain.  

 
FIG. 53/a and b: Cd element replacing in zinc sulphide grains in three different measurings 

 

7.5.2. Sample Itos Jig 2-7 

As the analysis started with the separated grain section, on a pyrite grain's surface at least two types 

of amorphous looked secondary minerals could be separated. They could not be really separated from 

each other, probably produced at the same time, or partly the first one has already started to be altered 

to the second one. The electron beam burned a hole in it, so the 

water content was high. The microprobe analysis (FIG. 54) 

showed elements of iron, sulphur and oxygen. The 

stoichiometric calculation gives as iron sulphate, probably as 

significantly water lost melanterite, with an iron hydroxide, 

probably as ferrihydrite. The last mineral can derive either 

from the pyrite oxidation or from the further oxidation of some 

iron sulphate mineral. 

 
FIG. 54: Alteration products on pyrite 
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From a few of the grains, where the coal coating the grain 

was good, BSE image could be done, which showed high 

zonality (FIG. 55) its right side, which is caused by the 

changing of the average atomic number. With microprobe 

measuring it was determined as zinc sulphide, so wurtzite 

grain. The zonality was caused by the changing of the Fe 

content in the structure of the ZnS mineral. It varies between 

3.2 and almost 8 %, created high contrast for the zones.  At the 

left side of the grain, the mark of the weathering had been 

appeared, in forms of holes and caverns. Those zones started to degrade much stronger, where the Fe 

content was higher, so it was weaker against oxidation than zones with less impurities of iron. 

 

By the analysis of another area of the polished section, very 

complex mineralization became visibly by BSE image (FIG. 

56). The frame of the structure is given by the pyrite (a) and 

the quartz (b) phases. With bright colour, a silver chloride 

(FIG. 56/a) phase, the chlorargyrite (AgCl) appeared. The 

vein in the quartz is filled by anglesite (d). In a thin zone (e) 

the minerals were so thin and tiny, that individual measuring 

of the grains with electron microprobe was not possible, so 

only the mixture of them (FIG. 56/b). From the result of the 

element concentration, can be calculated by stoichiometry that 

it clearly consists of cassiterite and arsenopyrite. Inside the pyrite grain, a tiny galena (f) crystal with 

its usual cubic shape was found with high Ag content (FIG. 56/c), which reached 15%.  The grain was 

too small (<10 µm) to be able to define whether the silver was built in the structure of galena, or it forms 

a separate mineral. In lack of Cl, the possible form would be the sulphide, as acanthite (Ag2S). The 

frame, created by pyrite and quartz, is filled out with a small crystal sized mixture of undefined APS 

minerals (g) with some iron content clay (like nontronite from smectites), but based on electron 

microprobe, in lack of visible and measurable clear and individual mineral grains, it is not possible to 

determine the mineralogical composition of the filling. 

 
   FIG. 56/a: Spectrum of Phase "c"       FIG. 56/b: Spectrum of phase "e"       FIG. 56/c: Spectrum of phase "f" 
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FIG. 55: Weathering caverns in a 

zonalited wurtzite grain in Itis Jig 1-7 

 
FIG. 56: Complex sulphidic mineralization, 

with chlorargirite, cassiterite and anglesite 
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A tiny (15 µm) grain was found with its own shape and 

zonality. At least 3 zones can be distinguished: the brightest 

core, a darker inner and a brighter outer mantle (FIG. 57). The 

circular brightish-darkish shape is not a difference in 

chemistry, only the electron beam burned the sample because 

of the high water content. By stoichiometry, the core (FIG. 

57/a) consists of a mixture of plumbojarosite and jarosite (a), 

with Al or Al-K sulphate from the background. The high water 

content inner core, based on the microprobe measuring (FIG. 57/b) consists of alum-(K) (b). Alone it 

has no high enough water content for such a burned hole and also from the K-Al ratio, where the Al is 

much higher than in this mineral can be calculate from stoichiometry that alunogen (b) also has to be 

there, as a mixture of the two minerals. The mineral of the outer mantle (FIG. 57/c) consists of K, Fe, S 

and O, in such ratio, that it can be defined by stoichiometry that it is jarosite (c). 

 
    FIG. 57/a: Core (a) of the grain             FIG. 57/b: Inner mantle (b)                 FIG. 57/c: Outer mantle (c) 

 

At some place, Fe-containing by-products (FIG. 58) were 

found, as the result of the pyrite oxidation. A pyrite (a) grain 

(FIG. 58/a) was found among quartz (b) crystals. The 

alteration products of the pyrite surround it in form of 

oxyhydroxide or oxide (c). This phase cannot be measured 

individually, becasue it was to thin, so with the electron 

microprobe the pyrite and its alteration product (FIG. 58/b) 

was measured together. By calculation with stoichiometry, it 

is given as hematite (c). Among the grains, the matrix is dominantly nontronite (d) from smectites with 

an indication of other types of clay minerals (FIG. 58/c), which contains some element of Na and K. 

 
      FIG. 58/a: Spectrum of phase "a"    FIG. 58/b: Spectrum of phase "c"     FIG. 58/c: Spectrum of phase "d" 
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FIG. 57: Zonalited alteration products 
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FIG. 58: Pyrite grain with oxidation rim 
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 From lead-containing minerals, only a small amount was 

calculated from the concentration of the leachate. The heavy 

molecule weight helped to find them, by the bright colour on 

BSE image. The inner and brightest core is galena (a), around 

it – as a coating its alteration products (after Eq. 21) – the 

anglesite (b) takes place. This partly altered grain is located in 

a crack of a pyrite (c) grain, which has middle grey colour at 

the corners of the image (FIG. 59). The other part of the crack 

is filled by acrylate resin, which is represented by dark colour 

on the BSE image. 

By BSE image of a polished pyrite (a) surface (FIG. 60) 

with several other sulphide minerals appeared. The common 

appearance is usual, because these sulphides are formed in the 

same environment, so they can appear together. This is the 

situation with the elongated crystals of antimony sulphide, the 

stibnite (b), because it has well developed and own shape 

crystals, so it is formed before or together with the pyrite, 

which simply encompassed the crystals. Tiny and shapeless 

grains, the cassiterite (c) and the wurtzite (d) also appeared. It 

is not so common for the Zn-sulphide to form in well-developed crystals in such an environment. 

 

In the polished section, among those alteration products, 

which were stable enough to maintain themselves during the 

preparation of the polished section, some were measured. The 

BSE image (FIG. 61) shows zonation in the individual 

crystals, which is the result of the changes in the chemical 

composition. In the core of the crystal (a) near the S, O and Al 

element the dominant cation is K with some Na content, which 

shows that this is a dominantly K containing alunite, with 

some moving to the natroalunite mineral composition. On the 

peripheries the chemistry changes, as the Na content become 

half and some Fe and P appears. The chemical composition defines this zone, as some APS mineral (b). 

Around the analysed grain, several others are with the same zonation, so an alunite (a) core with APS 

mineral (b) peripheries. This shows, that the condition firstly was ideal for alunite formation, later as 

the chemistry changed, the secondary mineral formation turned toward the APS mineral. Nevertheless, 

the chemical composition of the two mineral groups is not so far from each other. Among these crystals 

anglesite (c) appeared. 

 
FIG. 60: Different sulphides inside pyrite  
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FIG. 61: Zonality in alunite crystals, with 

different members from alunite subgroup 
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FIG. 59: Alteration of galena to anglesite  

phase in the crack of a pyrite grain 
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A rectangular shape crystal with zonality and straight 

cracks became visible by BSE image (FIG. 62). The contrast 

shows, that the average molecular weight is slightly different. 

The electron microprobe measuring gives as the brighter zone 

is a pure Fe-O phase, by the ratio, it is magnetite (a). The 

darker zone is also a dominantly iron oxide (b), but the near 

the iron, magnesium and manganese is also present in its 

structure, in Mg-Mn-Fe ratio of 1:1:4. No oxide mineral is 

known with such a chemical composition and Mg-Mn-Fe 

ratio, so element replacing of Mg and Mn for Fe can cause this. The brightest minerals were pyrite (c). 

The surface and inner structure of them looked oxidized and altered, especially for the right species. 

For curiosity, near the chlorargyrite 

(FIG. 56/a) and achantite (FIG. 56/c) or 

high silver containing galena, a 

shapeless bright grain (FIG. 63/a and b) 

of native gold (a) was found between 

pyrite (b) grains. This type of 

appearance of the gold is not unusual in 

those type of ore mineralization, like in the Potosi-Oruro region has. Moreover, the native gold is 

resistant against any type of weathering or acidic environment, thus it will not degrade. 

 

7.6. Conclusions 

It can be declared, that the BSE images and the electron microprobe analyses absolutely proved the 

presence of those minerals, which were calculated from the sequential chemical extraction combined 

with X-ray diffraction method. Both the sulphides and their alteration products were found, even in such 

low quantities, as 0.04 % of arsenopyrite, 0.002 % of wurtzite, 0.005 % of galena, 0.009 % of stibnite 

and also 0.009 % of cassiterite. Near these several high water containing sulphate minerals, as by 

products were found, like alunogen, melanterite or alum-(K). Furthermore, the calculated different 

jarosite, such as the potassium and the lead members were determined by-microprobe, even with some 

indication of the sodium member. 

These results confirm the correct working in the calculation, furthermore, it shows this combined 

method could stand its place among geochemical methods. 

But it is important to mention that the calculation method requires a strong chemical, geochemical 

and mineralogical background, with some additional information from the ore geological origin of the 

sample. Nevertheless its result can be very valuable.   

 
FIG. 62: Zonation in an Fe-oxide crystal, 

with measured different Mg:Mn:Fe ratio 
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FIG. 63/b: BSE image of the gold 
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FIG. 63/a: Measured spectrum  
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VIII. CALCULATIONS OF BULK PYRITE OXIDATION RATE FROM HUMIDITY 

CELL TEST RESULTS 

8.1. General background 

In the last four decades, the acid rock drainage (ARD) became a world-wide serious phenomenon 

of sulphidic mining. To avert the ARD caused environmental problems, necessary to know those 

processes, which can lead to the acidic environment and the heavy metal pollution, produced by the 

increased metal mobility. In ARD, the key question is the characterization of the problem, included such 

processes, which were shown in earlier chapters. In long term thinking for the ARD characterization, 

one of the most important parameter is the oxidation speed of the sulphides, especially the pyrite. Thus 

the determination of the oxidation speed became one of the most important – as well as the most 

searchest – parameter in the oxidizing system. Moreover, to create a well-fitting geochemical model of 

the fresh or already oxidizing sulphidic wastes, the oxidation speed is almost essential information.  

To be able to produce those parameters, which are essential for the determination of the oxidation 

rate, on the samples kinetic test needs to be done. The humidity cell test is designed to optimize 

oxidation, which will have a significant impact on overall leaching rates. (USEPA 2009)  

Lapakko (2003) and Elbering et al. (1994) published that the leaching rates for the standardized tests 

are 1 to 2 orders of magnitude higher than in nature, which is parallel with the thinking to reach the worst 

case scenario.  

The aim of this chapter is to determine calculations for the oxidation rate, based on the different 

parameters which are measured during the kinetic tests, either in humidity cell or column one.  Further 

aim is to check the applicability of the calculation methods via case studies and also to specify those 

parameters in the system which can drive to over or underestimation.  

 

8.2. Earlier applied determinations for sulphide oxidation rate  

During the last three decades, several equations were created to determine the oxidation rate. Most 

of these, are based on laboratory or chemical measuring. Williamson and Rimstidt (1994) developed 

more equations for pyrite oxidation from experimental data. The first is based on the ratio of dissolved 

oxygen (DO) and H+ ion, while the second one compares the amounts of ferrous (Fe2+) and ferric (Fe3+) 

iron.  

The rate (Eq. 26) expression for the reaction between pyrite and DO was determined as: 

𝑟 = 10−8.19(±0.10) 𝑚𝐷𝑂
0.5(±0.04)

𝑚
𝐻+
0.11(±0.01) (26) 

Where r is expressed in mol*m-2*s-1. This reaction rate is applicable for DO concentrations changing 

over 4 orders of magnitude and a pH range from 2 to 10. 
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After Williamson and Rimstidt (1994), the rate of pyrite oxidation by Fe3+ was observed to vary 

significantly with the presence or absence of DO. Experiments conducted in solutions with DO 

concentrations of ambient air and pure O2, showed no discernible differences. In the presence of DO, 

the ferrous-ferric alteration takes place, thus the rate (Eq. 27) expression is:  

𝑟 = 10−6.07(±0.57)
𝑚

𝐹𝑒3+
0.93(±0.07)

𝑚
𝐹𝑒2+
0.40(±0.06) (27) 

Mineral reaction rates are commonly given as the amount of mineral (moles) reacted per time unit 

and surface area. (Nicholson and Scharer 1994; Rimstidt et al. 1994; Williamson and Rimstidt 1994) 

The literature is usually referring to pure minerals and not bulks material, such as rock with mixed 

mineralogy.   

The reaction rates established from kinetic tests performed on mine waste materials are commonly 

given per mass unit unless a relation can be established between grain-size for material and the surface 

area for the mineral(s) in question (CEN 2012) due to the difficulties in establishing a surface area of a 

specific mineral within a crushed/milled rock material. 

After USEPA (2009) the calculation of the leaching rate (LR) can be performed using calculation 

(Eq. 28). (Morin and Hutt 1997; Price 2009;) 

𝐿𝑅 =
𝑐𝑟∗𝑉𝑟

𝑀𝑠∗𝑡𝑟
 (28) 

Where LR is the leaching rate given as mg constituent leached per time (s) per kg of waste material; 

cr is the constituent concentration in the rinse in mg/l; Vr is the volume of the rinse in l; Ms is the mass 

of the sample in kg, and tr is the time between each rinse interval in unit of seconds.  

In 2012, the CEN/TR 16363 directive was made by the European Committee For Standardization 

agency, which describes two equations for calculating bulk sulphide oxidation rate.  The first equation 

is based on Caruccio (1975) first order of kinetic equation and sulphide sulphur oxidized to sulphate 

sulphur (Eq. 29). The kinetic constant can be expressed (Eq. 30) in terms of half-life of sulphide sulphur 

(t½ days) that reflects both total sulphide sulphur content in waste material.  

𝑆𝑡 = 𝑆0𝑒(−𝑘∗𝑡) (29) 

𝑘 = −𝑙𝑛
𝑆𝑡

𝑡
∗ 𝑙𝑛𝑆0 (30) 

Where St is the residual sulphide sulphur content in the waste rock after a period of time t since the 

beginning of the test in weight percentage, So is the sulphide sulphur content at t=0 (at the start of 

constant sulphate release) also in weight percentage. 

The sulphide sulphur content S0 at t=0 is calculated as the initial total sulphur subtracted by the 

measured sulphate sulphur during a period with the stable release. This with the assumption that all non-

sulphide sulphur minerals and/or compounds have been leached out during the lag-time and after the 
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microbial activity is established. The residual sulphide sulphur content after time t is calculated as S0 

subtracted by the measured sulphate sulphur release during the time t. (CEN 2012) 

The second calculation, which was presented by CEN/TR 16363, determines the pyrite oxidation 

rate (RFeS2) from the measured O2 depletion during the kinetic testing (Eq. 31), like the following 

equation shows: 

𝑅𝐹𝑒𝑆2
=

𝑃𝐼(𝑂2)−𝑃(𝐹𝑂2)

𝑡∗3.75∗𝑀𝑝𝑦
 (31) 

Where RFeS2 is the pyrite oxidation rate in the unit of moles*kg-1*day-1; PI(O2) is moles O2 initially 

in the confined; P(FO2) is moles O2 at the end of the measuring period, in a confined reaction space; t is 

the time (in days) MPy is the mass of pyrite in the sample at start of oxygen depletion measurement (in 

kg); and 3.75 is the ratio of moles of O2 per mole of pyrite oxidized. 

 

8.3. Reaction rate calculations 

Based on the pyrite abiotic oxidation reaction (Eq. 1) of Nordstrom (1982) three products that can 

be analysed in seepage water. In addition, the reactant –  the O2 gas – can also be measured by 

consumption of it. Each of these parameters gives the possibility of calculating the pyrite reaction rate. 

The pyrite oxidation is at normal pH (circumneutral or only weekly acidic) primarily controlled by 

abiotic reactions even though there are bacteria that utilize energy from the oxidation of sulphides and 

ferrous iron. If the system becomes more acidic, as the pH decreases under 3.5-4, the effect of the 

bacterial processes will increase. The length of time for the shifting from the primarily abiotic to the 

primarily biotic pyrite oxidation is depending on many factors where mineralogy and climate conditions 

can be often the main ones. 

The properties of the oxidizing system and the mineral alterations products define which method 

can be applied. To use the data in the reaction rate calculations, the system has to reach a steady-state, 

where the used parameters show stability or at least the dispersion and the fluctuation of the 

concentrations in the seepage is minimal in the function of time.  It is important to know how the 

applicability of the various calculations could change. Some of the parameters are sensitive whether the 

system is abiotic or biotic, such as the O2 based method, but for some of them, like the sulphate based 

calculation has no influence of the biochemical type of the oxidation. 

Based on the abiotic (Eq. 1) and biotic (Eq. 8) pyrite oxidation the following alteration reactions 

take place by using a simplification of deleting the water and the oxygen, only used mole ratios between 

pyrite and its byproducts, both in abiotic (Eq. 1/b) and in biotic (Eq. 8/b) case. 

1𝑀 𝑝𝑦𝑟𝑖𝑡𝑒 → 2𝑀 𝑆𝑂4
2− + 1𝑀 𝐹𝑒2+ + 2𝑀 𝐻+ (1/b) 

1𝑀 𝑝𝑦𝑟𝑖𝑡𝑒 + 14𝑀 𝐹𝑒3+ → 2𝑀 𝑆𝑂4
2− + 15𝑀 𝐹𝑒2+ + 16𝑀 𝐻+ (8/b) 
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When the ferrous (Fe2+) ion oxidizes to ferric (Fe3+) ion (Eq. 2) it uses H+ in the ratio of 1:1, thus 

for production of 14 moles of Fe3+ consumes 14 moles of H+. If this amount is deducted from the amount 

of H+ in the end product of the reaction (Eq. 8/b), shows that the pyrite – H+ ratio is the same in both 

reactions, as 1:2. Thus there is no impact for the calculation, whether abiotic or biotic reaction or a 

mixture of them takes place. The reason is that, from the 16 moles of H+, 14 moles will be turned to 

produce the 14 moles of Fe3+. Based on this, in both in abiotic and net biotic case the ratio between the 

starting product – as pyrite – and the by-product, such as dissolved ferrous (Fe3+), sulphate (SO4
2-) ion 

or acid (H+), is the same. 

 

8.3.1. Methods based on seepage components 

As the pyrite – but it is true for the other iron or iron-containing sulphides – starts oxidizing, both 

in biotic and abiotic case the byproduct of the reactions (Eq. 1 and 8) are sulphate and iron ion release 

and acidic environment, so H+ ion. From the seepage these components and the pH value can be 

measured, thus they can give information about the size of the oxidation rate, by calculation. 

 

8.3.1.1. pH value based method 

The amount of oxidized pyrite in unit of gram, based on pH (pyox
pH) can be calculated at each 

individual rinsing time. To reach this, firstly necessary to calculate (Eq. 32) the concentration (CH
+) of 

the produced H+ in the unit of g/dm3 by inversion of the pH value and multiply with the H+ molecule 

weight.  

𝐶𝐻+ = 10−𝑝𝐻 ∗ 𝐻𝑚𝑤
+  (32) 

To calculate the amount of the oxidized pyrite (Eq. 33), this result need to multiply with the rate of 

pyrite and H+ from the pyrite oxidation reactions, which is 1:2 both in abiotic (Eq. 1 and 1/b) and abiotic 

case as well (Eq. 8 and 8/b) and further normalize with the volume of the rinsing liquid (Vrs). If the 

leachate is not distilled water, it is necessary to define the pH of the initial rinsing solution (pHrs), not 

only the seepage's one (pHsp). The result is given in the unit of gram because the pyrite molecular weight 

(pymw=119.98 g/mol) and H+ molecular weight (H+
mw=1.01 g/mol) is included in the equation (Eq. 32).  

𝑝𝑦𝑜𝑥
𝑝𝐻

= (10−𝑝𝐻𝑠𝑝 − 10−𝑝𝐻𝑟𝑠) ∗ 𝐻𝑚𝑤
+ ∗

𝑝𝑦𝑚𝑤

2∗𝐻𝑚𝑤
+ ∗ 𝑉𝑟𝑠 (33) 

The pH result used in this calculation should be taken from a steady-state zone, where the dispersion 

and the fluctuation of the pH of the seepage is minimal, where the average pH represents well the reaction 

rate. As the pH value is logarithm, the average pH cannot be calculated as a simple mathematical 

average. The following formula (Eq. 34) shows how the average pH can be calculated, both for the 

seepage and the rinsing water.  

𝑝𝐻𝑎𝑣𝑔. = −𝑙𝑜𝑔10 (
∑ 10−𝑝𝐻𝑛𝑛

𝑖=1

𝑛
) (34) 

DOI: 10.14750/ME.2021.004



79 
 

To be able to determine the pyrite oxidation as a real reaction rate (RpH) in the unit of g pyrite / week 

/ kg of sample, it is necessary to include into the formula (Eq. 35) the calculation of the oxidized pyrite 

(Eq. 33) during the steady stable state in the sampling period, the total volume of the rinses (Vrs
tot.) in 

dm3 from the first to the last used sampling, the time (Nd) in days between first and last rinsing. To reach 

the state of rate, the already set up equation need to be split with the mass (Ms) the sample in the unit of 

kg. This indicate that the result will function as a rate, moreover the different samples with various 

weight can be compared.  

𝑅𝑝𝐻 =
(10

−𝑝𝐻𝑠𝑝
𝑎𝑣𝑔.

−10−𝑝𝐻𝑟𝑠
𝑎𝑣𝑔.

)∗𝐻𝑚𝑤
+ ∗

𝑝𝑦𝑚𝑤

2∗𝐻𝑚𝑤
+ ∗𝑉𝑟𝑠

𝑡𝑜𝑡.∗
7

𝑁𝑑

𝑀𝑠
 (35) 

 

8.3.1.2. Sulphate concentration based method 

Both abiotic (Eq. 1) and biotic (Eq. 8) pyrite oxidation defines that 1 mole of pyrite produces 2 

moles of sulphate, so the amount of altered pyrite can be calculated from it for each individual sampling 

using Eq. 36. The calculation is similar to the pH based one, only the parameters need to replace, such 

as the concentration of the sulphate (CSO42-) in the unit of g/dm3. The amount of the altered pyrite (36) 

will be in the unit of gram because the pyrite molecular weight (pymw) and sulphate molecular weight 

(SO4
2-

mw=96.07 g/mol) are included in the equation.  It is multiplied with the rate of pyrite and sulphate 

from the pyrite oxidation reactions and normalized with the volume of leachate (Vrs). 

𝑝𝑦𝑜𝑥
𝑆𝑂4

2−

= 𝐶𝑆𝑂4
2− ∗

𝑝𝑦𝑚𝑤

2∗𝑆𝑂4 𝑚𝑤
2− ∗ 𝑉𝑟𝑠 (36) 

The sulphate concentration used (CSO42-
avg.) for calculating the pyrite oxidation rate (RSO42-) by 

formula (Eq. 37), which will be determined in the unit of g pyrite / week / kg of sample also from a 

period of the stable release. Firstly needs to calculate the amount of oxidized pyrite, which is multiplied 

with the volume of the rinses (Vrs
tot.) in dm3 from the first to the last used rinsing time used for the 

sulphate release and the time (Nd) in days between first and last rinsing. This needs to be divided by the 

mass (Ms) in kg of the sample, to be a rate and become comparable. 

𝑅𝑆𝑂4
2−

=
𝐶

𝑆𝑂4
2−

𝑎𝑣𝑔.
∗

𝑝𝑦𝑚𝑤

2∗𝑆𝑂4 𝑚𝑤
2− ∗𝑉𝑟𝑠

𝑡𝑜𝑡.∗
7

𝑁𝑑

𝑀𝑠
 (37) 

 

8.3.1.3. Iron concentration based method 

The dissolved iron based oxidation rate determination is similar to the previous two methods. This 

calculation is also applicable either for abiotic (Eq. 1) and biotic (Eq. 8) system, or for a mixture of them. 

Calculation of the reaction rate based on iron is given in equation 38, which includes the multiplication 

of the concentration of the iron in the seepage (during a steady-state release period), the ratio of the 

pyrite and iron (55.85 g/mol) molecular weight and the quantity of the volume leachate. Normalization 
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is not necessary, because in the oxidation reactions (Eq. 3 and 4) instead of pyrite-H+ or pyrite-sulphate 

ratio, which is 1:2, the relation between pyrite and iron is 1:1, so the factor is 1. 

𝑝𝑦𝑜𝑥
𝐹𝑒 = 𝐶𝐹𝑒 ∗

𝑝𝑦𝑚𝑤

𝐹𝑒𝑚𝑤
∗ 𝑉𝑟𝑠 (38) 

To form real rate – the dissolved iron based reaction rate – the amount of the oxidized pyrite need 

to be normalized by the mathematical average of the stable iron value of the seepage (Feavg.) from the 

steady stable state period, the total volume of the rinses (Vrs
tot.) in dm3 from the first to the last used 

sampling, the time (Nd) in days between the first and last rinsing and the mass (Ms) in kg of is the sample. 

The reaction rate (Eq. 39) will be in the unit of g pyrite / week / kg of sample. 

𝑅𝐹𝑒 =
𝐶𝐹𝑒

𝑎𝑣𝑔.
∗

𝑝𝑦𝑚𝑤
𝐹𝑒𝑚𝑤

∗𝑉𝑟𝑠
𝑡𝑜𝑡.∗

7

𝑁𝑑

𝑀𝑠
 (39) 

 

8.3.2. Method based on oxygen consumption 

The CEN/TR 16363-2012 directive has given a formula (Eq. 30) for calculating the bulk sulphide 

oxidation rate based on oxygen consumption. The bulk oxidation rate can be calculated both from 

laboratory and field investigations. 

According to the abiotic pyrite oxidation of Nordstrom (Eq. 1), 7/2 moles of O2 is necessary as the 

oxidizing agent to the oxidation of 1 mole of pyrite. Nordstrom and Southam (1997) defined the pyrite 

oxidation reaction based on ferric iron (Fe3+) as the oxidizing agent (Eq. 8) without the direct need for 

oxygen. Moreover, the ferric iron is a magnitude stronger oxidizer agent than the O2. However, to 

maintain this reaction, there is a need for a high supply of ferric iron, which requires oxygen (Eq. 2), but 

this can be dissolved one also.  One mole of ferrous iron (Fe2+) requires 1/4 moles of O2 for oxidation to 

ferric iron (Fe3+). If this ratio is put into Equation 2 (1/4*14 = 7/2), the result for the pyrite-oxygen ratio 

is the same as in case of pyrite oxidation with oxygen,  thus also 3.5 moles of O2 will be used up in 

oxidation of 1 mole of pyrite. 

Similarly to the previous oxidation rate determination, the first step defines the amount of oxygen 

consumption. It is necessary to include the universal gas law (Eq. 40), which can define the amount of 

the gas (n) in the unit of mol, as a function of absolute temperature (T) and pressure (P). 

𝑛 =
𝑃∗𝑉

𝑅∗𝑇
 (40) 

The equation above can be reformed (Eq. 41) for the oxidizing system to define the consumed 

oxygen (m
O2

) in the unit of gram. 

𝑚𝑂2
=

𝑉𝑓𝑟𝑒𝑒∗(𝑂2 𝑐𝑜𝑛𝑐.
𝑡𝑜 −𝑂2 𝑐𝑜𝑛𝑐.

𝑡𝑥 )∗𝑃𝑡𝑥

𝑅∗𝑇𝑡𝑥

∗ 𝑂2𝑚𝑤
 (41) 

Where Vfree is the volume of free pore space in m3; O2
to

conc and O2
tx

conc is oxygen concentration at 

the start (to) and at the end of measurement in percentage; tx is length of the measurement period in days; 
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Ptx is pore gas at the closing time in Pa; R is Universal gas constant; Ttx is temperature of the gas and 

O2mw is the molecular weight of O2 (32.00 g/mol). 

The Eq. 41 can be transformed further (Eq. 42) to define the amount of oxidized pyrite (pyox
O2) in 

gram, by multiplying with the rate of the pyrite-oxygen from the pyrite oxidation reactions. 

𝑝𝑦𝑜𝑥
𝑂2 =

𝑉𝑓𝑟𝑒𝑒∗(𝑂2 𝑐𝑜𝑛𝑐.
𝑡𝑜 −𝑂2 𝑐𝑜𝑛𝑐.

𝑡𝑥 )∗𝑃𝑡𝑥

𝑅∗𝑇𝑡𝑥

∗ 𝑂2𝑚𝑤
∗

𝑝𝑦𝑚𝑤

3.5𝑂2 𝑚𝑤
 (42) 

It is necessary to include the time (Nd) in days between the starting and the finishing of the test of 

O2 measuring period and the mass (Ms) in kg of the sample. The reaction rate (Eq. 43) will be in unit of 

g pyrite / week / kg of sample. 

𝑅𝑂2 =

𝑉𝑓𝑟𝑒𝑒∗(𝑂2 𝑐𝑜𝑛𝑐.
𝑡𝑜 −𝑂2 𝑐𝑜𝑛𝑐.

𝑡𝑥 )∗𝑃𝑡𝑥
𝑅∗𝑇𝑡𝑥

∗𝑂2𝑚𝑤∗
𝑝𝑦𝑚𝑤

3.5𝑂2 𝑚𝑤
∗

7

𝑁𝑑

𝑀𝑠
 (43) 

 

For the first view, the starting O2 concentration would not be necessary to include into the equation, 

because it makes the calculation more complex. The situation is the same with the pressure, for the first 

look, it seems unimportant. We are used to that, the oxygen content is 21% and the pressure is 101kPa. 

But the situation can be different, as it is in Bolivia. Commonly the ore mineralizations as well as the 

mining waste and tailing materials are at high altitude. Each collecting points of the Bolivian samples 

were higher than 3760 m, but 2/3 of them exceed the 4400-4500 m. At this altitude, the O2 concentration 

as well as the pressure of the open air is significantly lower, than we are used to it. 

 

8.4. Calculated result effecting parameters 

The four pyrite reaction rate calculations, based on the parameter of pH, dissolved SO4
2- and Fe, or 

the O2 consumption have limitations. In the case of pH (Eq. 35), the reactions that are consuming or 

releasing H+ during precipitation or H+ released/consumed by the dissolution of the solid phase are 

important for the reaction rate calculation based on pH measurement.  

One of the most characteristic reaction is the precipitation of secondary ferric (Fe3+) ion hydroxide 

minerals. These minerals are primarily goethite (Eq. 5 and 6) or ferrihydrite (Eq. 3), which can form as 

solid phases. (Greffié et al. 2001; Jambor 1994; Jambor and Dutriaz 1998) These reactions increasing 

the acidity, so the amount of H+ in the seepage will increases.  

Although, these reactions have enough importance to significantly modify the pH of the leachate, 

these iron minerals will not precipitate in pH less than apx. 3.5, unless there is a very high iron 

concentration. Below this value, the Fe3+ stays in solution - as dissolved ion. The reactions are reversible, 

thus under pH 4 dissolution of iron hydroxides may consume hydrogen ions and therefore, act as a 

buffering mineral until consumed. (Stumm and Morgan 1981)  
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The water-soluble secondary iron sulphate minerals – such as melanterite – produces H+ by 

dissolution (Eq. 20), thus the acidity and the sulphate concentration in the leachate increases. Most of 

these acid-producing secondary minerals dissolve easily and they will do it, therefore, if they were 

present in the original sample, be leached out in the early rinsing cycles of the kinetic tests. For this 

reason, kinetic tests on already weathered materials also need a start-up period (lag-time) before leaching 

rate has stabilized.  

All four components used for reaction rate calculations are included in the products of jarosite 

dissolution. Jarosite minerals, which formed in the waste material are highly soluble, so the calculations 

based on using sulphate, ferric iron or hydrogen ion concentrations are overestimated, as long as jarosite 

minerals are present, which were formed before the test period. Generally, the first flush effect dissolves 

the jarosite already in the beginning period of the test. Neutralizing reactions including calcium-

containing minerals (e.g. calcite, anorthite) may result in gypsum precipitation, which will affect the 

calculation of the pyrite oxidation rate using sulphate release. 

If the prepared waste material for the kinetic test is fresh, unweathered material there is also going 

to be a lag-time. At the beginning of the kinetic test, the pyrite oxidation will start slowly.  If neutralizing 

reactions does not control the sulphide oxidation, the release rate of products from the oxidation rate is 

continuously increasing until the system reaches the steady-state condition, as the worst case scenario.  

However, pH can become lower, if the oxidation is controlled by ferric iron, because the oxidizing 

system can reach higher oxidation speed.  

The precipitation / hydration of ferric iron will give false calculated pyrite oxidation rate when using 

iron concentration for the calculation (Eq. 35) because the iron hydroxide minerals will not easily 

dissolve in the next rinse cycle. Altogether, the calculation works well, if the iron stays in dissolved 

form, thus when the pH is lower than 3.5-4. On the other hand, if it is significantly lower, the earlier 

formed secondary iron hydroxides, oxyhydroxides and oxides can be dissolved, which results in elevated 

level of iron in the seepage. 

The calculation of pyrite oxidation rate based on O2 consumption (Eq. 43) is independent of pH, 

iron precipitation or sulphate release, however, it requires hermetically closed reacting system and 

measurements of temperature, pressure and concentration of the O2. Bacterial activity and oxidation of 

ferrous (Fe2+) to ferric (Fe3+) iron will affect the oxygen consumption as well.  

For the calculation that time period of the kinetic test is necessary to use in each calculation method, 

when the parameters show stability week by week. The oxygen consumption also need to measure in 

that period of the test, when the other parameters show stability, so the release rate of the products of 

the sulphide oxidation is constant or close to it. 
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8.5. Case studies 

The applicability as well as the limitations of the four different calculation are demonstrated using 

five different sulphidic mine waste material. The first sample is the HU 16-32 from Hungary, which 

contains neutralizing minerals in high rate, the BOL 6-9 and 7-9 tailing, which were strongly oxidizing 

from Huanuni, and also the BOL 3-9 tailing and BOL 4-9 waste rock from Morococala, where 

macroscopically visible secondary alteration products, such as gypsum and jarosite were visible. The 

oxidation rate was calculated for the last year because only in that one was O2 measuring. The gas 

concentration measuring was done for a week, at the last week of the year 4th period of the humidity cell 

test series. In the case of sulphate and pH value based calculation, the same period was used from the 

humidity cell test results, to create comparable results. Unfortunately, there was no possibility for iron 

concentration measuring. 

The sample HU 16-32 is a sulphidic waste from the copper porphyry and skarn copper deposit, from 

Recsk, Hungary. Table 22 shows those results from humidity cell test, such as pH value, concentrations 

of the sulphate during the last test period (119 days) and the oxygen concentration measuring between 

the 105th and 112th days, which was used in the pyrite oxidation rate.  

pH based: pHsp
avg=4.46; pHrs

avg=7.00; Vrs
tot=6 dm3; Nd=42days; Ms = 3.000 kg 

SO4
2- based: CSO4

avg=0.119 g/L; Vrs
tot=8 dm3; Nd=56 days; Ms = 3.000 kg 

O2 consumption: 
Vfree=0.002686m3; O2

to
conc=21.1%; O2

tx
conc=19.0%; Ptx=101300Pa; 

Ttx=290°K; Nd=7days; Ms = 3.000 kg 

Table 22: Input data set of the four different oxidation rate calculations for the sample HU 16-32  

For sample HU 16-32 sample by the source of the previous data, the following results are calculated 

(Table 23) for the oxidation rate: 

Method 
Oxidation rate 

mg pyrite/week/kg sample 

pH value based RpH=0.7 

SO4
2- release based RSO4=24.8 

O2 consumption based RO2=27.1 

Table 23: Results of the oxidation rate calculations of the sample HU 16-32  

From these result is visible, that the pH based method gives such a low result, which shows 

practically there is no pyrite oxidation, which can be interpreted by the high amount of calcite in the 

sample, thus the high neutralizing capacity which neutralized the H+ from the seepage. The sulphate 

based gives similar, but slightly lower rate, than the oxygen consumption one. The reason for the poorly 

decreased sulphate result is that, as around pH 4.5 there is a border on the Eh-pH diagram (FIG. 47), 

where above gypsum can be produced, so tiny part of the sulphate ion can stay in the system as solid 

phase of gypsum. In the case of this sample, where there were no dissolvable sulphate minerals, which 

could increase the sulphate release in the seepage, but many acid consuming minerals were present, 
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which neutralized the acid from the pyrite oxidation. The highest result, so the oxygen consumption 

based calculation can be the closest to the real oxidation rate, so it is chosen. 

The samples from Huanuni (BOL 6-9 and 7-9) are strongly oxidizing sulphidic tailings. Table 24 

and 25 shows the applied data set of the humidity cell test for the calculation. 

pH based: pHsp
avg=2.64; pHrs

avg=7.00; Vrs
tot=5 dm3; Nd=35 days; Ms = 2.148 kg 

SO4
2- based: CSO4

avg=0.267 g/L; Vrs
tot=5 dm3; Nd=35 days; Ms = 2.148 kg 

O2 consumption: 
Vfree=0.002200 m3; O2

to
conc=21.1 %; O2

tx
conc=17.3 %; Ptx=101300 Pa; 

Ttx=290 °K; Nd=7 days; Ms = 2.148 kg 

Table 24: Input data set of the four different oxidation rate calculations for the sample BOL 6-9  

pH based: pHsp
avg=2.51; pHrs

avg=7.00; Vrs
tot=12 dm3; Nd=84 days; Ms = 2.022 kg 

SO4
2- based: CSO4

avg=0.414 g/L; Vrs
tot=12 dm3; Nd=84 days; Ms = 2.022 kg 

O2 consumption: 
Vfree=0.002210 m3; O2

to
conc=21.1 %; O2

tx
conc=17.3 %; Ptx=101300 Pa; 

Ttx=290 °K; Nd=7 days; Ms = 2.022 kg 

Table 25: Input data set of the four different oxidation rate calculations for the sample BOL 7-9  

From these results, the oxidation rate calculation on different methods for BOL 6-9 (Table 26) and 

BOL 7-9 (Table 27) are calculated, thus the following results are presented: 

Method 
Oxidation rate 

mg pyrite/week/kg sample 

pH value based RpH=63.5 

SO4
2- release based RSO4=77.6 

O2 consumption based RO2=55.9 

Table 26: Results of the oxidation rate calculations of the sample BOL 6-9  

Method 
Oxidation rate 

mg pyrite/week/kg sample 

pH value based RpH=91.0 

SO4
2- release based RSO4=127.9 

O2 consumption based RO2=107.2 

Table 27: Results of the oxidation rate calculations of the sample BOL 7-9  

The results show, that in the case of sample BOL 6-9, the oxidation rate, the different parameters 

based  are roughly similar, with an average of 65. Although the sulphate concentration was higher 

because of the slowly, but continuous dissolution of secondary sulphates which were already in the 

sample and also the oxidation of other sulphide minerals, such as galena, wurtzite, chalcopyrite, etc.., 

can increase its level. Some of sulphides, like arsenopyrite (Eq. 10) or chalcopyrite (Eq. 12) produce 

acid in oxidation process and some of the secondary minerals produce acid by dissolution, moreover if 

iron-hydroxide (Eq. 3) or goethite (Eq. 5) is formed, also can add some acid into the system, so the 

calculation based on the modified pH, can results higher oxidation rate. The same processes are true for 

the results of BOL 7-9, although in this case, the sulphate is even more increased compared to the others.  
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Two more Bolivian samples were chosen, the BOL 3-9 and BOL 4-9, which seemed for good 

examples, because even macroscopically secondary alteration products, such as gypsum and jarosite 

crystals are visible. From this observation, strongly increased sulphate based oxidation rates can be 

expected. Both samples have relatively similar input data (Table 28 and 29). 

pH based: pHsp
avg=2.22; pHrs

avg=7.00; Vrs
tot=16 dm3; Nd=112 days; Ms = 1.600 kg 

SO4
2- based: CSO4

avg=0.834 g/L; Vrs
tot=16 dm3; Nd=112 days; Ms = 1.600 kg 

O2 consumption: 
Vfree=0.002062 m3; O2

to
conc=21.1 %; O2

tx
conc=17.4 %; Ptx=101300 Pa; 

Ttx=290°K; Nd=7 days; Ms = 1.600 kg 

Table 28: Input data set of the four different oxidation rate calculations for the sample BOL 3-9 

pH based: pHsp
avg=2.22; pHrs

avg=7.00; Vrs
tot=12 dm3; Nd=84 days; Ms = 1.700 kg 

SO4
2- based: CSO4

avg=1.518 g/L; Vrs
tot=12 dm3; Nd=84 days; Ms = 1.700 kg 

O2 consumption: 
Vfree=0.002408 m3; O2

to
conc=21.1 %; O2

tx
conc=16.7 %; Ptx=101300 Pa; 

Ttx=290°K; Nd=7 days; Ms = 1.700 kg 

Table 29: Input data set of the four different oxidation rate calculations for the sampleBOL 4-9 

From these results, the oxidation rate calculation on different methods for BOL 3-9 (Table 30) and 

BOL 4-9 (Table 31) are calculated, thus the following results are presented: 

Method 
Oxidation rate 

mg pyrite/week/kg sample 

pH value based RpH=224.1 

SO4
2- release based RSO4=325.5 

O2 consumption based RO2=126.4 

Table 30: Results of the oxidation rate calculations of the sample BOL 3-9 

Method 
Oxidation rate 

mg pyrite/week/kg sample 

pH value based RpH=210.9 

SO4
2- release based RSO4=557.6 

O2 consumption based RO2=87.3 

Table 31: Results of the oxidation rate calculations of the sample BOL 4-9  

The results confirmed the observation of the secondary sulphate minerals and the idea of increased 

sulphate content in the seepage by the dissolution of them. In some case, such as BOL 4-9, the sulphate 

content based calculation resulted more than six-times higher oxidation rate, than the oxygen 

consumption based. For the twice higher pH based results are also the above discussed processes are 

responsible. The dissolution of gypsum gives higher sulphate release, while the dissolution of jarosite, 

near the increase of the sulphate concentration, H+ is also formed. The acidity will increase in case of 

jarosite, while the sulphate content will be increased by both minerals’ dissolution. For such samples, 

where these sulphate minerals are present in high rate, thus the sulphate content will be increased and 

the pH decreased by dissolution, the oxygen consumption based calculation could give the realistic result 

for the oxidation rate, because this parameter is the less disturbed by (geo)chemical processes. 
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8.6. Conclusion 

Through the two most important pyrite oxidation reaction, such as the abiotic (Eq. 1) and the biotic 

(Eq. 8), new ways of oxidation rate determination were showed. In these, the aim was to determine the 

reaction rate used by the pH (Eq. 35), the SO4
2- (Eq. 37) or the Fe (Eq. 39) concentration of the seepage, 

furthermore the O2 consumption (Eq. 43) of the oxidizing system. Naturally in the seepage – as in all 

auriferous solution – different chemical reactions take place. The most important, especially those which 

can change the concentrations in the seepage, need to be taken into consideration and chose that 

calculation, which fits the best on the given oxidizing system and mineralogy.  

Carefully need to characterize the whole system before the methods will be set up. As much variety 

as possible should be closed out, to be able to get the best result, which will be equal or at least could be 

close enough to the real one, that the oxidation system presents.  

The independence of the calculation formulas from the biochemical properties were proved, thus 

the four new equations can be used either for abiotic or biotic condition, or for a mixture of them with 

an unknown ratio between them. Practically this means, that not necessary to determine the system from 

point of the bacterial activity or to analyse weather ferrous-ferric alteration takes place or not. 

Via case study, which consists of totally differently behaviour sulphidic mine wastes, was shown 

the different methods and its applicability. Also, it contained an explanation of the possibly best one, 

moreover, the chosen one was explained why it can be chosen as the most realistic one. 
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IX. TEMPORAL CHANGES OF PYRITE OXIDATION RATE IN SULPHIDIC 

MINING WASTES  

9.1. Introduction  

The determination of the sulphide / pyrite oxidation rate (Chapter 8.) is a useful tool to characterize 

the changes of the mining material, especially thinking on the possibility of "the worst case scenario". 

On the other hand, if on the same material several times the humidity cell test was completed, the results 

of the changes of the rate show much forward than in the individual years it does. The comparison of 

changes in the rates can give a real long term behaviour for the sample, because on the changes of the 

calculated rate from the several "worst case scenario" can be seen, as they are decreasing, increasing or 

become stable. Thus the results give much more information than the oxidation rate for an individual 

test periods, showing the changes for the long time future. 

In 4 consecutive years humidity test was investigated on the same 7 samples. 5-7 months pauses 

were left between the test periods, which allow mimicking the alternation of wet and dry periods, which 

is typical of the climate of Bolivia.  

The result of the humidity cell test shows that samples can be split by the changes of the pyrite 

oxidation rate into three different stages: where the oxidation rate shows increasing (marked type “A”) 

or decreasing tendencies (marked type “C”) or where the oxidation is maximal, so stable in the different 

years (marked type “B”). 

 

9.2. Analysed samples  

Among the 7 samples, 4 were collected in 2007 in Oruro, from tailing (Itos Jig 1-7 and 2-7) and waste 

rock (Itos Granza 1-7 and 2-7) material. The rest samples, so the BOL 1-8 waste rock and the BOL 2-8 

tailing samples were from the "La Mina Fabulosa” mine in Milluni and the BOL 3-8 waste rock were 

collected from "Bolsa Negra" in 2008.  

The maturation stage of the sample, the residence time under field conditions will affect on the time 

that is required to reach the steady-state oxidation during the humidity cell test. Fresh sample needs more 

time to start oxidizing as well as longer test investigation to reach a steady-state pyrite oxidation rate 

compared to the already oxidized samples. 

In Oruro there were no strict mining regulations, thus the composition and the size of the waste dumps 

and tailing heaps were not known. The time of deposition was also uncertain, so there was no exact 

information about the residence time of these samples, except BOL 2-8, which is relatively fresh sample, 

as it stayed only 1-2 years as tailing (Table 32).  
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From macroscopic and stereo microscopic observation seems that the other samples were stored for 

a much longer time, because their rate of alteration were already high, so the time could be somewhere 

around 15-25 years (Table 32), but this is only a rough estimation assumption.  

In the four-year test period, the length of the tests were different for the individual years (Table 9/b). 

The four Itos samples underwent 4 years of analysis, whereas the three BOL samples had no humidity 

cell test analysis in the 1st year, so they were analysed from the 2nd to the 4th year.  

Sample 2008 summer 2009 summer 
2010 autumn - 

2011 spring 

2011 autumn - 

2012 spring 

Year code 1st year 2nd year 3rd year 4th year 

Itos Jig 1-7; Itos Jig 2-7 

Itos Granza 1-7; Itos Granza 2-7 
0 - 101 days 0 - 42 days 0 - 121 days 0 - 119 days 

BOL 1-8; BOL 2-8; BOL 3-8 --- 0 - 42 days 0 - 121 days 0 - 119 days 

Table 10/b: Length of the humidity cell test period of the selected samples in the four consecutive years 

The 7 samples have different physical parameters (Table 32). The grain sizes were very similar, 

only the sample BOL 2-8 was the exception, which had much smaller fractions, furthermore indices 

much higher reactive surface compared to the others.  

 

Sample 
Estimated 

resid. time 
Character 

Grain size / 

main fraction 

Itos Jig 1-7 15–25 years jig tailing 0.5-25 /  2-5 mm 

Itos Jig 2-7 15–25 years jig tailing 0.5-25 /  2-5 mm 

Itos Granza 1-7 15–25 years waste rock 0.5-40 / 4-7 mm 

Itos Granza 2-7 15–25 years waste rock 0.5-40 / 4-7 mm 

BOL 1-8 15–25 years waste rock 2-15 / 3-5 mm 

BOL 2-8 1–2 years tailing 0.1-2 / 0.5-1 mm 

BOL 3-8 15–25 years waste rock 2-15 / 3-5 mm 

Table 32: Estimated residence time with the grain size parameters of the 7 chosen samples  

 

9.3. Results in oxidation rates  

Among the possibilities of the oxidation rate determination only the pH and the sulphate based 

method can be taken into consideration because these parameters were measured in all of the years of 

analysis. The oxygen consumption was checked only in the last (4th) year, while the Fe concentration in 

the seepage was measured none at all.   

In the question of choosing between the two possibilities, the key answer is the mineralogy. As 

significant amount of secondary sulphates can be into the system, so the sulphate content in the seepage 

can be increased by the slow dissolution of these minerals, thus the pH based method was chosen. From 
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the result of the pH changes can be seen that after the first flush effect in the first weeks, the pH value 

become stable, so oxidation rate calculation can be done on them. To show the stabilization and the 

selected data, the Itos Jig 2-7 sample is chosen for visual demonstration (FIG. 64). The jumping in pH 

in year 1st at day 42 and 101 and in year 3rd at day 70 and 77 were only a technical mistake in sampling, 

so these data will be excluded from the calculation. 

 
FIG. 64: Changes of the pH in the consecutive years of analyses, with the mark of the stable period 

Each year of the humidity cell test started with an up-running part, caused by the effect of the first 

flushes, where the secondary minerals, accumulated during the dry period were dissolved and washed 

out. After this quickly changing period, the pH has been stabilized and the stable pH refers to the pyrite 

oxidation. The stable zones can be marked in each year (only shown on year 4th with red rectangular) 

and after the average calculation of the pH, the pyrite oxidation rate can be determined (Eq. 35). In year 

2nd, when only 42 days (6 weeks) were available for running the tests, but even during this short time, 

the pH started to stabilize, so for the pyrite oxidation rate calculation, the pH values from the last week(s) 

were used. 

From point of the changes in the oxidation rate, three groups can be defined: the first is when the 

oxidation rate is increasing (type "A"), which is typical for the fresh samples, where the surface of the 

grains are free of secondary minerals, so quick and acute oxidation takes place. By moving forward in 

time, the oxidation rate becomes maximal and stable (type "B"), so it is not changing (significantly) in 

time, while the last class, when the oxidation rate starts decreasing (type "C") in time, as the pyrite 

starts to be consumed and also its surface started to be covered by relatively chemically resistant iron 

oxides.  

In the seven samples, all type of changes appears, in both Itos Jig tailing sample (FIG. 65) are 

increasing: gently in 1-7 and significantly in 2-7. It looks, although in the Itos Jig 1-7 sample the 

oxidation rate is increasing by time, but it has no enough energy to be able to significantly increase the 

oxidation, like a chain reaction, as usually happens in case of fresh or relatively fresh sulphidic / pyritic 

samples. This chain reaction with exponentially increasing oxidation rate is clearly visible in Itos Jig 2-

7, where more acute reactions took place in the last year, which more than doubled the rate itself. 
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The waste rock set from the Itos series, so the two Itos Granza sample was stable, so no significant 

changes is visible. In the graph of 1-7 in the 3rd year happened a dropping in oxidation rate. It looks 

huge, but the pH just increased from 2.47 to 2.67. The reason can be mineralogical, as more stable 

secondary alteration products encapsulated the pyrite grains, thus the effective reaction surface 

decreased. The theory is that, after the 3rd year of the test period, probably jarosites were formed in such 

an acidic environment, which are acidic enough to be able to dissolve the iron oxyhydroxide or oxide 

phases. The other waste rock sample shows stable oxidation rates in the different years. This means, that 

the oxidation is stable and maximal, it is on its peak. 

 
FIG. 65: Changes in the pyrite oxidation rates in Itos sample series during the four consecutive years of the humidity cell test 

From the Milluni samples, the waste rock (BOL 1-8) has a distinct decreasing in the oxidation rate 

(FIG. 66), it has already started to burn out and the pyrite amount was decreased as it was replaced by 

alteration products. This effect looked macroscopically on the sample, because it had reddish-brown 

colour, so more stable iron oxyhydroxides and oxides were present, not just the sulphates, as jarosite. 

The BOL 2-8 sample was a relatively fresh tailing sample, which looks from the changes in the oxidation 

rates, as after a relatively calm year, the rate increased to the five times. This blasting-like increasing is 

typical for fresh samples with fine grain size and high pyrite content, which indicates high effective 

reaction surface. The sample from the "Bolsa Negra" mine (BOL 3-8) shows stable geochemical 

behaviour, as the oxidation rate is not changing by time.  

As it was discussed in details previously (Chapter 5.3.), scanning electron microscope analyses were 

completed on samples before the humidity cell test to investigate the mineral alteration and pyrite 

oxidation. The SEM analysis also proved that the samples have already been strongly corroded. In 

addition to the primary minerals – such as quartz, pyrite, galena and cassiterite –, secondary sulphates 

(various members from the jarosite subgroup and gypsum), different iron oxyhydroxides and oxides 

were found.  

 type "A"      type "A"         type "B"     type "B" 
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FIG. 66: Changes in the pyrite oxidation rates in BOL sample series during the three consecutive years of the humidity cell test 

 

Intensive pyrite corrosion was detected both in tailings (Itos Jig 1-7 and 2-7) and waste rock samples 

(Itos Granza 1-7 and 2-7) where the pyrite oxidation was usually complemented by formation of 

secondary iron sulphates. In FIG. 67/a, a corroded pyrite (Py) crystal with cassiterite grains is shown 

from the sample Itos Granza 2-7. Strongly corroded pyrite (Py) particles with secondary iron sulphates 

are in FIG. 67/b from sample Itos Granza 1-7. The image of FIG. 67/c shows, that secondary gypsum 

with well-developed twin crystal was formed on galena and pyrite crystals in samples Itos Jig 1-7. 

 
FIG. 67/a: “Sponge-structured” corroded surface of a pyrite grain with cassiterite in the sample Itos Granza 2-7 

FIG. 67/b: Altered pyrite surface with secondarily formed iron-sulphates and oxyhydroxides in the sample Itos Granza 1-7 

FIG. 67/c: Well-developed twin gypsum crystal with gypsum needles around it, with galena in the sample Itos Jig 1-7 

 

9.4. Discussion 

Compared the stabilized pH values, thus the pyrite oxidation rates for the consecutive test periods, 

the maturity of the samples could be assessed. The samples can be split into three different stages: fresh 

/ weakly oxidized, premature / partly oxidized and mature / strongly oxidized. Other important indicators 

are the corrosion textures of pyrite and the appearing different secondary mineral groups. The following 

stages are determined: 

 type "C"                type "B"  
 type "A"  
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In the weakly oxidized stage (marked type “A”) the pyrite oxidation rate is increasing in the 

consecutive years. Samples Itos Jig 1-7, Itos Jig 2-7 (FIG. 65) and BOL 2-8 (FIG. 66), are good 

representations of this type of behaviour. In the beginning, oxyhydroxide minerals appear as alteration 

products after the sulphides. Then the pH goes below 2-2.5, so the oxyhydroxide minerals dissolve back 

and under such a low pH only sulphate minerals are formed, such as jarosite, melanterite or gypsum. 

The increase in pyrite oxidation rate means that in the future the reactions will become faster. Because 

of the low pH and speeding up of the reactions, the heavy metal mobility increases.  

Partly oxidized stage (marked type “B”) covers the samples Itos Granza 1-7, Itos Granza 2-7 (FIG. 

65) and BOL 3-8 (FIG. 66), where the pyrite oxidation is maximal, thus stable – changes only within a 

few percentages – in the different years. The maximal pyrite oxidation rate also means that this stage 

has the lowest pH, which keeps for a longer time. In the beginning of this stage still the sulphate minerals 

will be the dominant secondary phases, but in the end of the stage as the pyrite oxidation rate starts 

decreasing and the pH increasing, besides the sulphates some oxyhydroxide minerals can already appear.  

Strongly oxidized stage (marked type “C”) includes only the sample BOL 1-8 (FIG. 66), where the 

pyrite oxidation rate is decreasing in consecutive years. The reaction rate slows down, thus the pH 

continuously increasing, but not as steep as the decreasing was in the first stage. The slow increase of 

pH in this phase is due to pyrite being excused. Bulk oxidation rate becomes lower due to less pyrite 

available. In this stage, the formed iron minerals dominantly will be already the hydroxide, oxyhydroxide 

and oxide phases. 

 

9.5. Conclusion 

The three stages shown above are members of a natural progression for weathering of iron sulphide 

containing tailings and waste rocks. The fresh material starts oxidizing with increasing rate, then with 

time the reaction rate becomes stable, and finally decreases. The complete process looks like a bell-

shaped curve as it is shown on FIG. 68, where a theoretical pyrite oxidation curve is present. The graph 

is illustrating waste rocks were there are no or little neutralising / buffering reactions, such as massive 

sulphide deposits and polymetallic veins like the Itos deposit. 

Of course, between the maturity stages, there are no well determinable border, moreover the trend 

line of the changes can be flatter or more steeper. The slope of the increasing or decreasing can be 

modified by the mineralogical composition of the sample, as well as the oxidation, dissolution or 

precipitation reactions, which take place in the material of the sample. As time moves forward, the slopes 

of the graph continuously changing, which is well visible in FIG. 68. 
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FIG. 68: Pyrite oxidation rate and pH value changes in the function of a long term process, with the  

marks of the different geochemical stages during the maturity process (after Ritchie 1994) 
 

This three or four-year-long investigation indicated the maturity of the tailings and waste materials. 

Table 33 gives an overview of the different oxidation rate stages of the samples. The three stages define 

also the rates of the emitted pollution and heavy metal mobility.  

In the first stage – type “A” – the oxidation rate, parallel with the pollution and the heavy metal 

content will increase with time. The material in this stage needs correct waste management and 

appropriate handling. For the material in this stage, the monitoring system is essential. If the material is 

in the premature stage (type "B"), the oxidation and the heavy metal mobility are at the maximum, the 

peak of the pollution is present, as the pH is the lowest that the material can produce. In this stage at 

least controlling and monitoring is required. The third, the strongly oxidized (type "C") stage means that 

the tailing or waste rocks are already after the peak pollution. The material in this stage is stable enough 

not to be able to cause further increasing environmental problem. The slowing down reactions ensure 

that heavy metal mobility decreases as the pH increases. The normalizing pH controls mineral alteration, 

as iron hydroxide, oxy-hydroxide and oxides are produced. Finally, a gossan type mineralization could 

be formed as a cover, close to the top of waste.  

 

Table 33: Overview for the future, from point of the behaviour of the pyrite oxidation changes, with 

recommendations and the characterization of the main geochemical and chemical properties of the system 

Sample Maturity Behaviour in the future 

Itos Jig 1-7 

Itos Jig 2-7 

BOL 2-8 

weakly  

increasing in pollution and heavy metal mobility, decreasing pH; 

pollution peak in the future, further problems; 

the situation calls for management, monitoring is essential 

Itos Granza 1-7 

Itos Granza 2-7 

BOL 3-8 

partly  

stable low pH, maximal pollution and heavy metal mobility; 

pollution peak at present, problems will not increase, but stays for 

an uncertain time; monitoring is strongly required 

BOL 1-8 strongly 

decreasing pollution and heavy metal mobility, increasing pH; 

pollution peak already in the past, no further increasing problems; 

monitoring is not required 
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X. CHEMICAL AND MINERALOGICAL ANALYSIS OF "NON HOMOGENEOUS" 

MINERAL ALTERATION IN THE MATERIAL OF THE COLUMN FILLING 

DURING THE HUMIDITY TEST  

10.1. Introduction 

There is a hypothesis, that the material which is put into the keeper (column) for analysis by 

humidity cell or column test (in range of 1-4 kg) is relatively homogeneous, so there are no layers with 

different mineralogy or physical parameters. This hypothetical idea can be true if the grain size is 

decreased down till such a grain size, if a tiny amount of the material is taken out from any point of the 

material inside the column, with it, the material of the whole filling can be characterized perfectly.  

The hypothesis above works in the rarest case, because those finer materials, which could match 

into the criteria of homogeneous filling have very small grain size, so significantly decreased porosity 

and permeability, compared with the coarser materials. These decays in the hydraulic and air ventilation 

parameters result, that the system of the column or humidity cell will not work properly, so it will not 

able to reach that aims, such as the worst case scenario and the proving of the maximal oxidation by air 

pumping and rinsing.  

 

10.2. Discussion about inhomogeneity and its causing processes  

As the hydraulic and air ventilation parameters are not appropriate, the circle of oxidation – 

secondary mineral formation – leaching,  brake and inhomogeneities take place. The simplest example, 

if the porosity and permeability is too low, the rinsing liquid cannot go through with its full volume, thus 

some slack water remains back at the lower part of the filling. From this remained seepage secondary 

minerals can form, so already some difference can be detected between the upper and lower part of the 

filling material. Moreover – what is more critical – this water saturated zone will not let the air through 

on the samples. The increasing of the pressure is not a solution for the problem, because following the 

weakest resistant, the higher pressure will create an airflow in the filling material, but only like a 

chimney, where all of the volume of the air goes through with significantly higher speed.  In the rest of 

the pores will be air ventilation and oxygen supply not at all, which would be necessary for the possibility 

to reach the maximal oxidation rate. This effect alone – without the remaining water – has already been 

able to tumble the sensitive stability of such a system, so the oxidation and mineral alterations will be 

not homogeneous in the column, lateral zones and dikes would be created. 

The remained seepage, which partly or fully can block the air ventilation, will cause such an 

anomaly, where in the bottom or lower part of the sample keeper in lack of gas phase or dissolved 

oxygen, secondary sulphates can precipitate, like gypsum or melanterit. At the upper part of the column, 

until that zone, where the remained seepage can lift up by capillary forces, but there is some oxygen, in 

DOI: 10.14750/ME.2021.004



95 
 

presence of sulphate and potassium ion jarosite, while in lack of these, iron hydroxide (Eq. 3) and 

oxyhydroxide (Eq. 5 and 6) can precipitate or iron oxide can form directly or by dehydratation (Eq. 7).  

Unfortunately this heterogeneity takes place not at the beginning of the geochemical tests, so when 

these mineralogical changes become visible, it is already too late to stop it or redesign the system to 

avert the formation of further inhomogeneity in the column material.  

Among the 16 Bolivian and the 5 Hungarian samples, which were taken part in the humidity cell 

tests serious, for a few of them the outcome for a successful test were questionable. These samples were 

on the border of applicability of humidity cell test, such as the clayish samples of Jalpha 1-7 and Playa 

Iroco 1-7, which have such a fine fraction, that the periodical (weekly) rinsing water hardly could go 

through on them. In the first two years, the analysis were completed in the regular, circular shape sample 

keeper (Chapter 3.1.), but for the third year the material was taken into a new type of a flat sample keeper 

(details are discussed later in this chapter), where the air was not pumped through on the sample, but 

above the sample, horizontal air ventilation was used in the sample keeper. However inhomogeneity in 

the mineralogy of the samples did not happen, the low porosity and permeability made more difficult 

the completion of the weekly sampling, because the rinsing water hardly went through on the sample. 

This also means, that the air ventilation, so the oxygen supply was very poor.  In the second and third 

year, the rinsing water was collected from the surface of them, because only 50-100 ml of rinsing water 

went through on them from the 1000 ml and even during 2-3 hours. Moreover, the chemistry of the 

seepage was extreme, usually, the pH was under 1 and the sulphate concentration exceeds the 4-5 g/l.  

 

10.2.1. Sample Jalpha 1-7 analysed with new investigated sample keeper 

From the above described two clayish samples the Jalpha 1-7 will be discussed in details, as the 

main parameters of the seepage will be compared in case of the "regular" and the newly investigated flat 

sample keeper. The difference between the setup of the two sample keeper types are huge. Necessary to 

mention, that the flat one (FIG. 69) is the author's innovation, both the design and the investigation.  

It is made from acryl in square shape with inside diameter of 250x250 mm and height of 50 mm, 

with a well-sealed cap, to be able to complete the 

oxygen consumption test. The two pipe also made from 

acryl are on its side, as air inlet (blue arrow) and outlet 

(orange arrow). As the picture shows, in case of this 

sample keeper, horizontal air ventilation is used, so air 

is not pumped through the sample, only the surface of it 

is touched with air, in contrast with the "regular" round 

cross sectioned sample keeper with air through 

ventilation. In pursuance of the weekly rinsing, the 
 

FIG. 69: Newly developed  flat sample keeper 
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seepage was collected from the surface of the sample because there is no water outlet at the bottom of 

the sample keeper, as it is designed for clayish samples with low permeability and porosity. Although 

the success and also the applicability of the newly designed sample keeper was strongly questionable in 

the beginning, but the main parameters of the seepage, such as pH and redox potential gave the answer.  

From the results of the kinetic test (FIG. 70) in the 1st (orange line) and 2nd year (shorter red line), 

relative high volatility can be read down. Both parameters changed significantly among the sampling, 

sometimes even between the following sampling, which cannot be indicated by chemical or geochemical 

changes. These huge changes, such as pH value of 2.36, 2.79, 3.38 and 3.07 in four consecutive 

samplings or redox potential of 452, 401, 359 and 448 mV in the same four sampling time merely was 

created by the sensitivity of the sampling procedure of rounded column with through flowing seepage 

for the manual rinsing and sampling. In contrast with this high volatility, the results in the 3rd year show 

continuity and trustiness (excluded the day 63rd and 70th, when technical problems in the rinsing took 

place). The pH value has already stabilized after a month, as it stays between 2.34 and 2.55, and also the 

redox potential was also stable between 450 and 483 mV. 

 
FIG. 70: pH and Eh changes in sample Jalpha 1-7 during the 1st, 2nd and 3rd year of the humidity cell test period 

 

These measured stable values – where the volatility is very low – prove, that the flat keeper is a 

much better setup for this type of geochemical test in case the of a clayish sample. More stable results 

give more possibility to characterize well the oxidizing system, because the calculated and derivated 

results, such as the oxidation rate calculation also become stable. Because of the transcription, a small 

change in the basic parameter means huge changes in the calculated results.  

The chemical result of the seepage, which was created with this newly investigated flat sample 

keeper is also good for the calculation of the oxidation rate, based on the same formulas were shown in 

Chapter 8., but the final result of the oxidation rate needs to include, that it is referred to an area of 1/16 

m2 (0.0625 m2), that the sample keeper has. 
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10.2.2. Sample BOL 6-9 and its lateral mineralogical changes 

In case of BOL 6-9 and BOL 7-9 tailings from Huanuni, significant and even visible mineralogical 

changes happened in the column. Both samples have small grain size (Chapter 2.1.2.), as average is 

dominantly between 1 and 2 mm with some (max 5-10 %) larger fragments, up till 2 mm. The relatively 

small grain size did not indicate the necessity of using any special column setup, so regular rounded roll 

column was used from upward air ventilation. From these two samples, where visible mineralogical 

changes happened, the BOL 6-9 will be discussed below in details. 

The sample BOL 6-9 was analysed in the 3rd and 4th year, for 115 and 121 days. In both years, it 

reached a stable and continuous system very quickly, as the FIG. 71 shows it. The original material was 

fine, but when the column was filled, it seemed homogeneous, both from point of mineralogy and grain 

size distribution. It was reddish-brown, as secondary Fe oxyhydroxide (e.g. goethite) or oxide minerals 

covered the surface of each grain. These secondary minerals were dissolved slowly during the humidity 

cell test and the colour of the sample slowly become dominantly grey, with some shade of light brown.   

 
FIG. 71: pH value and Eh changes in sample BOL 6-9 during the 3rd and 4th year of the humidity cell test period 
 

At the last 5 weeks of the 4th year, the pH increased 

from stable 2.4 to 2.6, which does not seems so much, but 

it means that the concentration of H+ in the seepage 

decreased from 4.0 to 2.5 mmol/l, which is almost 40 % 

dropping (FIG 71). Near the pH change, the redox 

potential becomes more volatile and starting to increase a 

bit. Besides changes in the parameters of the seepage, 

visible mineral alterations (FIG. 72) took place, as a hard 

reddish lateral layer appeared approximately 3 cm below 

the top in the thickness of 2-3 mm. Moreover, the sample 

above this layer becomes reddish-brown again, as same as the original sample colour had before the test.  

 
FIG. 72: The three well separateable zones 
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As the test period finished, samples were taken from different places of the approximately 11-12 

cm thick sample filling: from the bottom, the middle and the top and also the hard layer was sampled. 

Before the 4th year test, the top, the middle and the bottom of the filling in the column were sampled, on 

such a way, that the acryl wall of the keeper was drilled through and taken the 6-7 g of samples from 

these two holes, not to disturb the whole material.  

The marking of the “original” and the “after the 4th year” is obvious, but the sign of  “before the 4th 

year” means that the sampling happened just before the 4th year humidity cell test started.  

These three samples, together with the original and those samples, were taken at the end of the 4th 

year, give a good set to be able to characterize the possible mineral alteration of the sample in the column. 

XRD and XRF analysis were done on these samples, to know the mineral and chemical compositions, 

moreover, BSE images were taken with electron microprobe analysis. The bulk chemical composition 

helps to understand the mineral changes in the column, because several very important oxidation by-

products are amorphous, such as goethite or some iron sulphates, so it is not possible to assign them by 

solid phases determination. The XRF results (FIG. 73) for silicon shows, its enrichment slightly in the 

3rd year (labelled as “before 4th year”), but much more to the end of the 4th year. This is a normal process, 

because the silicon is dominantly only in the phase of quartz, which is totally inert in the ARD system, 

so as the amount of the other minerals decrease by oxidation, the ratio of Si content will increase. For 

the aluminium, this allegation is just true at the end of the 4th, while in the 3rd year it decreased compare 

to the original sample. This decreasing is caused that the coating on the grains of the original sample 

contained clay minerals together with cementing material as the secondary iron minerals, which were 

dissolved during the 3rd year, so the clay fraction become free and it is transported downwards by the 

seepage. On the other hand that 0.5-0.6 % difference is not so high. During the 3rd year, the Fe and the 

S content decrease parallel, this together with their ratio determines pyrite. At the end of the 4th year, the 

Fe and S parallel continued the decreasing, as the pyrite oxidized out. Only in point of 3cm below the 

surface, their ratio changes significantly, as more iron stays in place. About 0.4-0.5 % more Fe stays, 

than it should be, based on the changing of S, which is shown with orange intermitted line and spot. This 

"extra" iron is cannot be linked to S phase, so it has to be in oxyhydroxide or oxide form. The reddish-

brown colour of this 2-3 mm thick hard layer also confirms this theory.  

 
FIG. 73: Si, Al, Fe and S content of the original sample and before and after the 4th year 
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On the other hand, the XRD analysis (Table 34) of this solid, “gossan type” layer didn’t detect any 

Fe-hydroxide, oxyhydroxide or oxide phase.  

Mineral Formula m/m% 

Quartz SiO2 73.9 

Dravite Na(Mg3)Al6(Si6O18)(BO3)3(OH)3(OH) 15.3 

Topaz Al2(SiO4)(F,OH)2 1.9 

Zircon ZrSiO4 0.2 

Rutile TiO2 0.3 

Biotite  K(Mg,Fe)3[AlSi3O10(OH)2 1.4 

Amorphous components 7.0 

Table 34: Quantitative mineralogical composition – measured by XRD - of the solid layer, 

 which was formed 3cm under the surface of the sample BOL 6-9 just before the end of the test  
 

Based on the result of the XRF and XRD measuring, can be declared, that the solid layer, which 

was formed 3 cm below the surface of the sample, was a hard and well cemented layer of secondary iron 

hydroxide, oxyhydroxide, oxide or a mixture of them. Moreover, that XRD clearly proved, that it had to 

be in amorphous form, because secondary Fe phases were measured not at all, but the quantitative 

evaluation of the measuring showed 7.0% of non or nanocrystallized phase. 

In the further result of the XRF measuring, the titanium concentration does not show any changes 

(FIG. 74) during the analysis of the 3rd and 4th year compare to the original sample, which confirms that 

the original material, which was filled into the column can be considered as homogeneous. The cupper 

shows continuous decreasing through the tests, although after the 3rd year its concentration almost 

doubled as moving from the top toward the bottom. During the 2 years of analysis, its concentration 

decreased almost to one third. In the 3rd year (marked as “before 4th year”) there is a significant trend, 

that its concentration is increasing downwards to the lower zone. This indicates, that the cupper 

containing minerals are also oxidizing, so they were probably in form of Cu- or Cu-Fe-sulphides. The 

originally 355 ppm Zn decreased under 50 ppm to the end of the test series, which determines quick 

oxidizing, that probably it is in highly Fe replaced Zn-sulphide, where the instability in the crystal 

structure can strongly increase the sensitivity against weathering and oxidation. The lead results are a 

bit different from the previous two heavy elements, because before the 4th year, its concentration in the 

whole column was as same as the original sample had, but after the 4th year, at the top of the column, it 

decreased to half, while in the zone 3cm below the surface a bit enriched. 

 
FIG. 74: Ti, Cu, Zn and Pb content of the original sample and before and after the 4th year 
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From the solid layer, which was located 3 cm below the surface, polished section was made. The 

high brightness contrast on the BSE image (FIG. 75) shows significantly higher average atomic weight. 

The microprobe analysis shows a strongly altered pyrite (a) grain in quartz (c) matrix. The darker zones 

are iron oxyhydroxides or oxides (b), as the alteration products of pyrite. The elevated Pb level is resulted 

by the brightest zones and vein fillings, which is anglesite (d). This and the other BSE (FIG. 76)  images 

represent well the strongly oxidizing pyrite (a), which is covered or even encapsulated into secondary 

iron oxyhydroxides– like goethite – or oxides (b) in the solid lateral layer in sample BOL 6-9. 

 

 

 

 

 

 

 

10.3. Conclusion  

The difficulties with sample Jalpha 1-7 and Playa Iroco 1-7 reflected that the regular round roll 

sample keeper with air ventilation through the sample was not the proper setup for the humidity cell test 

for strongly clayish samples. The low permeability and porosity cause volatility in the basic chemical 

parameters of the seepage during the test, so makes the further proper geochemical characterization more 

difficult. The results from the humidity cell test become much more stable, as flat sample keeper started 

to be used during the 3rd year of the annual test series. This innovation and new design use horizontal air 

ventilation, which did not go through the sample. This setup is much closer to that oxidizing system that 

can be formed in nature and able to produce the "worst case scenario". 

Although the BOL 6-9 and 7-9 had not as fine grain size as the previous ones, but after 2 years of 

humidity cell test the average grain size of 1-2 mm generated mineralogical changes in the material of 

the sample. The reason is that there was too much remaining water between the grains, moreover, the 

small porosity caused high capillary forces. In case of the sample BOL 6-9 a solid, secondary iron 

mineral-rich lateral layer was formed 3 cm above the surface. The more solid phase is precipitated out, 

the more air ventilation became deficient, so this was a self-excitation.  

As a conclusion for both cases, the proper and well designed setup is necessary to be able to produce 

good or even high quality results during the test series, which can be the base for further geochemical 

characterization.  With a well working system, the natural volatility can be decreased down dramatically 

and also the maximum can be reached out from the test. 

 
FIG. 75: Altered pyrite grain in cracked 

quartz matrix with anglesite vein-filling 

    c             a 
       
            b 
 

 
 

                d 

 
FIG. 76: Oxidation rim around a 

pyrite grain in sample BOL 6-9 

       a                            b 
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XI. THESIS POINTS 

1st thesis: By using the results from the humidity cell test of the Hungarian sample HU 1-2 sulphidic 

mine waste material, can be declared, that significant pyrite oxidation can take place, even if the pH 

of the seepage stays circumneutral. This means, that even if the pyrite oxidation produces acidity, it 

will not necessarily appear if neutralizing minerals are present. Nevertheless, the oxidation process of 

pyrite will happen. This was proved by the sulphate release, the O2 consumption and CO2 production 

and also the secondary mineral coatings, such as gypsum on calcite and iron oxyhydroxide on pyrite 

grains. (Chapter VI.) 

2nd thesis: With the using of the combined method of the X-ray powder diffraction (XRD) and the 

sequential chemical extraction (SCE), exact mineral phases with sharp amounts can be calculated. 

Moreover, the calculation method perfectly works on such strongly altered sulphidic materials, 

where the byproducts are amorphous, so the XRD method is not able to determine them. With an 

electron microscope and microprobe, the presence of such minerals were proved in the samples, which 

were calculated even as low amount as 0.002 or 0.005 %. (Chapter VII.) 

3rd thesis: Four different new formulas were established for the determination of the bulk pyrite 

oxidation rate, which are applicable both for abiotic or biotic oxidation systems, or even for the 

mixture of them. The using of these formulas is not limited for laboratory experiments, they can be 

used in larger scale also, even in field tests. The formulas for the oxidation rate determination are based 

on the four main parameters of the oxidation process, such as:  

3rd/a. pH value of the seepage 

3 rd/b. sulphate concentration in the seepage 

3 rd/c. iron concentration in the seepage 

3 rd/d. O2 consumption of the oxidizing system 

4th thesis: A classification system was defined for the state of maturity of the sulphidic samples, 

which were analyzed in humidity cell test for consecutive years. The classification shows much 

forward than the results of the humidity cell test in the individual years in themselves. It can mimick 

the long-term geochemical behaviour of the analyzed material. (Chapter IX.) 

5th thesis:  A new, flat sample keeper was designed and developed for the fine or even clayish 

structured sample. This new innovation proved with humidity cell test, that it can work perfectly, as 

the chemical properties of the seepage became much less variable, so the evaluation of the humidity cell 

test can be more accurate and easier.  (1st part of Chapter X.) 

6th thesis:  By analysis of lateral mineralogical changes of the column filling of fine-grained samples, it 

can be stated that there is a lower limit for the particle size below which the applicability and result 

of the humidity cell test in the regular sample keeper becomes strongly questionable. (2nd part of 

Chapter X.) 
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ÖSSZEFOGLALÁS 

Annak ellenére, hogy a bányászati tevékenység már a Kőkorszak óta létezik, az általa okozott 

nagyobb mértékű környezeti szennyezés modern jelenség. A kézi bányászat csak kis mennyiségű 

meddőt termelt és azt is időben elhúzódóan, viszont a modern – főként felszíni – ércbányászat rövid idő 

alatt nagy mennyiségű meddőanyagot hoz létre. Ez generálta azt, hogy jelenleg a kőzetsavasodás 

jelensége (ARD) a színesfém ércbányászat első számú és egyben legnagyobb környezeti károkat okozó 

problémája a világon.  

A vas-tartalmú szulfid ásványok a felszíni körülmények között, víz és oxigén jelenlétében 

oxidálódnak, savas környezetet teremtve, mely a nehézfémek elemmobilitását drasztikusan megnöveli. 

Ennek eredményeképpen nem csak az alacsony pH érték, de a megemelkedett nehézfém szennyezés is 

jelentősen terhelni fogja a környezetet. 

PhD disszertációmban ezekre az ásványi átalakulási jelenségekre alapozva elemzem a szulfidos 

mintákat, mind geokémiai, mind ásványtani tekintetben. Számos új modellezési és számolási folyamatot 

alkottam, melyek segítségével az oxidációs folyamatok mértéke a jövőre előre vetíthető.  

Bemutattam, hogy ARD folyamat és erős szulfid oxidáció lehet jelen, még akkor is, ha a környezet 

nem mutat savasodást. Bizonyítottam, hogy a semlegesítő ásványok – mint például kalcit – jelenlétében 

is elindul a szulfid ásványok oxidációja, sőt jelentős mértékűvé válik. Mindez a folyamat addig nem lesz 

szembetűnő, amíg a semlegesítési reakciók egyensúlyt tudnak tartani a sav termelési reakciókkal.  

A doktori disszertációmban bemutattam egy új kombinált számítási folyamatot, melyben a röntgen 

pordiffrakciós (XRD) adatokat kombináltam a szekvenciális kioldási (SCE) teszt eredményeivel.  

A számítási folyamat során olyan ásványi fázisokat kalkuláltam ki, melyek koncentrációja jelentősen 

1% alatti, és így az XRD méréssel pontatlanul vagy egyáltalán nem detektálhatók, a már bontódott 

szulfidos mintákban. Elektron mikroszkóp és mikroszonda segítségével olyan ásványi fázisok jelenlétét 

is sikerült bizonyítanom a mintákban, melyeknek a számított koncentrációja 0.002% vagy 0.005% volt. 

Négy számítási módszert állítottam fel a pirit oxidáció mértékének a meghatározására, mely mind 

a biotikus, mind az abiotikus környezetre, illetve ezek keverékére is alkalmazható. A metódusok a pH 

értéken, az oldott szulfát és vas tartalom, illetve az oxidáció során felhasznált oxigén mennyiségén 

alapulnak. Az eljárás mind laboratóriumi, mind terepi körülmények között alkalmazhatók.  

Bemutattam, hogy a több éven át, megszakításokkal végzett kioldási tesztek eredményei időben 

sokkal előremutatóbbak, mint az egyes éveké önmagukban. Továbbá, az összehasonlításukkal három 

kategóriát hoztam létre, mely segítségével osztályozható a meddőanyag. Ezek az osztályok 

meghatározzák az anyag jövőbeni geokémiai viselkedését, és egyben iránymutatást adnak a jövőben 

geokémiai viselkedésükre, továbbá a felmerülő problémákra és azok mértékére. 

Terveztem egy olyan mintatartót, mely a kinetikus tesztek során a nagyon kis szemcseméretű, vagy 

már agyag frakciójú minták geokémiai elemzésére is alkalmas. Használata során sokkal stabilabb 

oxidációs folyamatok voltak elérhetők.  

Kísérleteim alapján kijelentettem és bemutattam, hogy létezik egy olyan szemcseméret határ, mely 

alatti mintát hagyományos mintatartóban a kinetikus teszttel már nem lehet elemezni, anélkül, hogy 

jelentős ásványtani inhomogenitás ne alakuljon ki.  
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Table 32: Estimated residence time with the grain size parameters of the 7 chosen samples 

Table 33: Overview for the future, from point of the behaviour of the pyrite oxidation changes, with 

recommendations and the characterization of the main geochemical and chemical properties of the 

system  

Table 34: Quantitative mineralogical composition  measured by XRD - of the solid layer, which was 

formed 3cm under the surface of the sample BOL 6-9 just before the end of the test  
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IX 
 

 

X-ray diffractogram evaluation with Rietveld refinement of the sample Jalpha 1-7 

 

Mineral Formula m/m% 

Quartz SiO2 59.0 

Pyrite FeS2 5.0 

Illite (K;H3O)Al2Si3AlO10(OH)2 12.8 

Hydronium jarosite (H3O)Fe3(SO4)2(OH)6 0.1 

Plumbojarosite PbFe6(SO4)4(OH)12 3.6 

Anglesite PbSO4 0.8 

Gypsum CaSO4*2H2O 0.7 

Kaolinite Al2(Si2O5)(OH)4 ind. 

Chalcopyrite CuFeS2 ind. 

Amorphous components 18.0 

Quantitative mineralogical composition of the sample Jalpha-01 
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X 
 

X-ray diffractogram with the identified phases of the sample Playa Iroco 1-7 

 

 

X-ray diffractogram evaluation with Rietveld refinement of the sample Playa Iroco 1-7 

 

Mineral Formula m/m% 

Quartz SiO2 33.2 

Pyrite FeS2 5.3 

Illite (K;H3O)Al2Si3AlO10(OH)2 17.2 

Dravite (schorl) Na(Mg3)Al6(Si6O18)(BO3)3(OH)4 20.7 

Anglesite PbSO4 1.4 

Gypsum CaSO4*2H2O 3.0 

Coquimbite AlFe3(SO4)6(H2O)12*6H2O 2.2 

Rozenite FeSO4*4H2O 1.6 

Voltaite K2Fe8Al(SO4)12*18H2O 1.9 

Amorphous components 13.5 

Quantitative mineralogical composition of the sample Playa Iroco 1-7 
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XI 
 

 

X-ray diffractogram with the identified phases of the sample Itos Jig 1-7 

 

 

X-ray diffractogram evaluation with Rietveld refinement of the sample Itos Jig 1-7 

 

Mineral Formula m/m% 

Quartz SiO2 44.1 

Pyrite FeS2 6.8 

Illite (K;H3O)Al2Si3AlO10(OH)2 19.2 

Biotite  K(Mg,Fe)3AlSi3O10(OH)2 0.9 

Titanomagnetite (Fe,Ti)3O4 0.5 

Dravite (schorl) Na(Mg3)Al6(Si6O18)(BO3)3(OH)4 14.5 

Amorphous components 14.0 

Quantitative mineralogical composition of the sample Jig 1-7 
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XII 
 

 

X-ray diffractogram with the identified phases of the sample Itos Jig 2-7 

 

 

X-ray diffractogram evaluation with Rietveld refinement of the sample Itos Jig 2-7 

 

Mineral Formula m/m% 

Quartz SiO2 39.9 

Pyrite FeS2 3.6 

Illite (K;H3O)Al2Si3AlO10(OH)2 24.3 

Biotite  K(Mg,Fe)3AlSi3O10(OH)2 0.9 

Titanomagnetite (Fe,Ti)3O4 0.5 

Dravite (schorl) Na(Mg3)Al6(Si6O18)(BO3)3(OH)4 15.8 

Amorphous components 15.0 

Quantitative mineralogical composition of the sample Itos Jig 2-7 
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XIII 
 

 

X-ray diffractogram with the identified phases of the sample Itos Granza 1-7 

 

 

X-ray diffractogram evaluation with Rietveld refinement of the sample Itos Granza 1-7 

 

Mineral Formula m/m% 

Quartz SiO2 53.3 

Pyrite FeS2 2.4 

Illite (K;H3O)Al2Si3AlO10(OH)2 16.1 

Biotite  K(Mg,Fe)3AlSi3O10(OH)2 0.5 

Titanomagnetite (Fe,Ti)3O4 0.7 

Dravite (schorl) Na(Mg3)Al6(Si6O18)(BO3)3(OH)4 14.8 

Rutile TiO2 0.2 

Amorphous components 12.0 

Quantitative mineralogical composition of the sample Itos Granza 1-7 
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XIV 
 

 

X-ray diffractogram with the identified phases of the sample Itos Granza 2-7 

 

 

X-ray diffractogram evaluation with Rietveld refinement of the sample Itos Granza 2-7 

 

Mineral Formula m/m% 

Quartz SiO2 54.1 

Pyrite FeS2 1.7 

Illite (K;H3O)Al2Si3AlO10(OH)2 13.1 

Biotite  K(Mg,Fe)3AlSi3O10(OH)2 0.5 

Titanomagnetite (Fe,Ti)3O4 0.7 

Dravite (schorl) Na(Mg3)Al6(Si6O18)(BO3)3(OH)4 12.9 

Rutile TiO2 0.3 

Cassiterite SnO2 0.4 

Jarosite KFe3(SO4)2(OH)6 1.3 

Amorphous components 15.0 

Quantitative mineralogical composition of the sample Itos Granza 2-7 
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XV 
 

 

X-ray diffractogram with the identified phases of the sample BOL 1-8 

 

 

X-ray diffractogram evaluation with Rietveld refinement of the sample BOL 1-8 

 

Mineral Formula m/m% 

Quartz SiO2 82.7 

Illite  (K;H3O)Al2Si3AlO10(OH)2 10.8 

Cassiterite SnO2 0.4 

Dravite (schorl) Na(Mg3)Al6(Si6O18)(BO3)3(OH)4 2.7 

Pyrite FeS2 0.4 

Amorphous components 3 

Quantitative mineralogical composition of the sample BOL 1-8 

DOI: 10.14750/ME.2021.004



XVI 
 

X-ray diffractogram with the identified phases of the sample BOL 2-8 

 

 

X-ray diffractogram evaluation with Rietveld refinement of the sample BOL 2-8 

 

Mineral Formula m/m% 

Quartz SiO2 48.8 

Illite  (K;H3O)Al2Si3AlO10(OH)2 5.3 

Pyrite FeS2 21.0 

Ulvospinel TiFe2O4 0.3 

Dravite (schorl) Na(Mg3)Al6(Si6O18)(BO3)3(OH)4 3.6 

Cassiterite SnO2 1.1 

Amorphous components 19.9 

Quantitative mineralogical composition of the sample BOL 2-8 
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XVII 
 

X-ray diffractogram with the identified phases of the sample BOL 3-8 

 

 

X-ray diffractogram evaluation with Rietveld refinement of the sample BOL 3-8 

 

Mineral Formula m/m% 

Quartz SiO2 79.7 

Illite  (K;H3O)Al2Si3AlO10(OH)2 10.1 

Dravite (schorl) Na(Mg3)Al6(Si6O18)(BO3)3(OH)4 3.0 

Pyrite FeS2 0.1 

Cronstedtite Fe4SiO5(OH)4 0.2 

Albite NaAlSi3O8 0.6 

Rutile TiO2 0.3 

Titanomagnetite (Fe,Ti)3O4 0.9 

Anatase TiO2 0.2 

Biotite K(Mg,Fe)3AlSi3O10(OH)2 0.5 

Amorphous components  4.4 

Quantitative mineralogical composition of the sample BOL 3-8 
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XVIII 
 

 

X-ray diffractogram with the identified phases of the sample BOL 1-9 

 

X-ray diffractogram evaluation with Rietveld refinement of the sample BOL 1-9 
 

Mineral Formula m/m% 

Quartz SiO2 56.7 

Jarosite KFe3(SO4)2(OH)6 3.1 

Albite NaAlSi3O8 1.9 

Illite (K;H3O)Al2Si3AlO10(OH)2 13.5 

Biotite K(Mg,Fe)3AlSi3O10(OH)2 1.1 

Pyrite FeS2 0.2 

Magnetite Fe3O4 0.5 

Ulvospinel TiFe2O4 0.5 

Grossularia Ca3Al2(SiO4)3 2.3 

Sanidine (Na0.35) K0.65Na0.35AlSi3O8 0.2 

Amorphous components 20.0 

Quantitative mineralogical composition of the sample BOL 1-9 
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XIX 
 

   
X-ray diffractogram with the identified phases of the sample BOL 2-9 

 

 

X-ray diffractogram evaluation with Rietveld refinement of the sample BOL 2-9 

 

Mineral Formula m/m% 

Quartz SiO2 46.2 

Jarosite KFe3(SO4)2(OH)6 1.0 

Illite  (K;H3O)Al2Si3AlO10(OH)2 7.1 

Biotite  K(Mg,Fe)3AlSi3O10(OH)2 0.7 

Ulvospinel TiFe2O4 0.5 

Sanidine Na0.35 K0.65Na0.35AlSi3O8 6.6 

Hydroniumjarosite (H3O)Fe3(SO4)2(OH)6 0.2 

Andesine Na0.6Ca0.4(Al,Si)4O8 14.3 

Cristobalite SiO2 3.4 

Amorphous components 20.0 

Quantitative mineralogical composition of the sample BOL 2-9 
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XX 
 

X-ray diffractogram with the identified phases of the sample BOL 3-9 

 

 

X-ray diffractogram evaluation with Rietveld refinement of the sample BOL 3-9 

 

Mineral Formula m/m% 

Quartz SiO2 68.4 

Illite  (K;H3O)Al2Si3AlO10(OH)2 13.0 

Dravite (schorl) Na(Mg3)Al6(Si6O18)(BO3)3(OH)4 4.5 

Pyrite FeS2 2.4 

Cassiterite SnO2 0.2 

Jarosite KFe3(SO4)2(OH)6 5.6 

Amorphous components 5.9 

Quantitative mineralogical composition of the sample BOL 3-9 
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XXI 
 

X-ray diffractogram with the identified phases of the sample BOL 4-9 

 

 

X-ray diffractogram evaluation with Rietveld refinement of the sample BOL 4-9 

 

Mineral Formula m/m% 

Quartz SiO2 36.4 

Biotite  K(Mg,Fe)3AlSi3O10(OH)2 13.1 

Pyrite FeS2 15.2 

Zircon ZrSiO4 0.3 

Titanomagnetite (Fe,Ti)3O4 0.9 

Cassiterite SnO2 1.3 

Hornblende Ca2Mg4(Al,Fe)Si7AlO22(OH)2 2.9 

Amorphous components 29.9 

Quantitative mineralogical composition of the sample BOL 4-9 
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XXII 
 

X-ray diffractogram with the identified phases of the sample BOL 5-9 

 

 

X-ray diffractogram evaluation with Rietveld refinement of the sample BOL 5-9 

 

Mineral Formula m/m% 

Quartz SiO2 57.3 

Pyrite FeS2 27.0 

Illite  (K;H3O)Al2Si3AlO10(OH)2 8.2 

Leucite  KAlSi2O6 2.1 

Amorphous components 5.4 

Quantitative mineralogical composition of the sample BOL 5-9 
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XXIII 
 

 

X-ray diffractogram with the identified phases of the sample BOL 6-9 

 

 

X-ray diffractogram evaluation with Rietveld refinement of the sample BOL 6-9 

 

Mineral Formula m/m% 

Quartz SiO2 73.7 

Dravite (schorl) Na(Mg3)Al6(Si6O18)(BO3)3(OH)4 14.9 

Topaz Al2SiO4(F,OH)2 2.4 

Biotite K(Mg,Fe)3AlSi3O10(OH)2 1.0 

Pyrite FeS2 1.0 

Amorphous components 7.0 

Quantitative mineralogical composition of the sample BOL 6-9 
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XXIV 
 

 

X-ray diffractogram with the identified phases of the sample BOL 7-9 

 

 

X-ray diffractogram evaluation with Rietveld refinement of the sample BOL 7-9 

 

Mineral Formula m/m% 

Quartz SiO2 75.5 

Pyrite FeS2 1.5 

Illite  (K;H3O)Al2Si3AlO10(OH)2 1.4 

Dravite (schorl) Na(Mg3)Al6(Si6O18)(BO3)3(OH)4 17.5 

Pollucite (Fe) (Fe,Na)2Al2Si4O12*H2O 0.3 

Cassiterite SnO2 0.4 

Amorphous components 3.4 

Quantitative mineralogical composition of the sample BOL 7-9 
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XXV 
 

 

X-ray diffractogram with the identified phases of the Hungarian sample set plotted on a common x-axis chart 
 

 

Phase indicated X-ray diffractogram of the Hungarian sample set plotted on a common x-axis chart 

 

Mineral Formula HU 1-2 HU 2-4 HU 4-8 HU 8-16 HU 16-32 

Pyrite FeS2 35.4 34.2 33.5 30.0 39.1 

Quartz SiO2 44.7 42.1 42.3 42.4 39.2 

Dolomite CaMg(CO3)2 2.7 0.9 2.7 6.7 9.7 

Ankerite (Fe0.55) Ca(Fe,Mg )(CO3)2 4.1 4.2 7.0 8.0 5.9 

Calcite (magnesian) Mg0.1Ca0.9 CO3 1.7 2.1 1.4 0.4 0.4 

Calcite CaCO3 5.8 8.1 6.9 4.8 1.5 

Chalcopyrite CuFeS2 1.6 1.9 1.9 1.2 1.0 

Sphalerite iron ZnS 3.3 5.5 3.9 6.3 2.2 

Titanomagnetite Fe(Fe1.17Ti0.54 )O4 0.7 0.6 0.3 0.1 0.3 

Hercynite FeAl2O4 0.1 0.5 0.1 0.1 0.7 

Siderite (Mg, Ca) Ca0.1Mg0.33Fe0.57(CO3) ind. ind. ind. ind. ind. 

Tetrahedrite Cu12Sb4S13 ind. ind. ind. ind. ind. 

Qualitative mineralogical composition of the Hungarian sample set 
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GEOCHEMICAL DATA SHEETS

 

Sample Page

Jalpha 1-7 XXVI. – XXVII.

Playa Iroco 1-7 XXVIII. – XXIX.

Itos Jig 1-7 XXX.

Itos Jig 2-7 XXXI.

Itos Granza 1-7 XXXII.

Itos Granza 2-7 XXXIII.

BOL 1-8 XXXIV.

BOL 2-8 XXXIV.

BOL 3-8 XXXV.

BOL 1-9 XXXVI.

BOL 2-9 XXXVII.

BOL 3-9 XXXVIII.

BOL 4-9 XXXIX.

BOL 5-9 XL.

BOL 6-9 XLI.

BOL 7-9 XLII.

HU 1-2, HU 2-4, HU 4-8 XLIII.

HU 8-16, HU 16-32 XLIV.

 

 

DOI: 10.14750/ME.2021.004



XXVI 

 

JALPHA 1-7 Analyzed years: 1st (2008 sum.); 2nd (2009 sum.); 3rd (2010 aut. - 2011 spr.) 

                        

1
st
 y

ea
r 

Day 0 7 14 21 28 35 42 49 56 63 72 78 87 95 101        

pH (-) 2.15 2.33 2.46 2.59 2.36 2.79 3.38 3.07 3.36 3.25 3.36 3.35 3.65 3.39 3.19        

Eh (mV) 441 449 461 444 452 401 359 448 346 348 362 364 419 402 443        

TDS (mg/l) 9120 4410 2130 1170 2120 570 170 250 140 189 139 133 72 117 220        

SO4
2- 

(mg/l) 
28810 24840 2500 810 426 296 61 114 - - - - - - -        

                        

2
n

d
 y

ea
r 

Day 0 7 14 21 28 35 42                

pH (-) 2.78 2.88 2.90 3.09 3.03 3.13 2.96                

Eh (mV) 434 444 427 370 391 373 382                

TDS (mg/l) 567 401 369 224 264 207 313                

SO4
2- 

(mg/l) 
- - - - - - -                

                        

3
rd

 y
ea

r 

Day 0 7 14 21 28 35 42 49 56 64 71 76 87 94 101 108 115      

pH (-) 1.60 1.88 2.18 2.23 2.33 2.44 2.48 2.39 2.46 2.74 2.82 2.38 2.34 2.41 2.34 2.43 2.55      

Eh (mV) 437 454 461 454 453 456 455 450 449 462 474 454 475 475 469 471 483      

TDS (mg/l) 6130 3390 1685 1477 1041 887 865 1119 975 632 468 1518 1118 937 1100 909 694      

SO4
2- 

(mg/l) 
3040 1130 855 694 390 392 433 428 368 182 130 475 241 253 262 251 233      

                        

Remarks: In the 1st year the sulphate content was measured just in the first 49 days, but not further more. Also in year 1st only the first 49 days were measured 

by Ferenc Moricz, the further ones were completed by Dr. Ingar Walder (external consultant). In year 3rd on the 64th, 71st and 76th days the samplings were 

completed also by Dr. Ingar Walder. 

 

Sequential Chemical Extraction (SCE) result 

 
Element Be Na Mg Al P K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn 

Det. limit 0.5 0.01 0.01 0.01 0.01 0.01 0.01 0.5 0.01 2 1 2 0.01 1 1 0.5 0.5 

unit ppm % % % % % % ppm % ppm ppm ppm % ppm ppm ppm ppm 

step 1st <0.5 <0.01 <0.01 0.12 <0.01 <0.01 0.05 <0.5 <0.01 <2 12 17 0.51 2 3 46.4 >10000 

step 2nd <0.5 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.5 <0.01 <2 13 <2 0.18 <1 <1 <0.5 435 

step 3rd <0.5 <0.01 <0.01 0.01 <0.01 0.03 <0.01 <0.5 <0.01 <2 13 <2 0.56 <1 <1 6.9 144 

step 4th <0.5 0.01 <0.01 0.03 <0.01 0.07 <0.01 <0.5 <0.01 <2 6 2 1.75 <1 <1 11.7 434 

step 5th <0.5 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.5 <0.01 <2 <1 <2 0.76 <1 <1 22.6 966 

step 6th <0.5 0.01 <0.01 0.07 <0.01 N.A. <0.01 <0.5 <0.01 <2 5 3 2.18 <1 1 10.1 1160 

step 7th 1.7 0.03 0.24 5.51 0.08 2.34 0.02 5.2 0.26 39 37 153 0.23 <1 <1 0.6 28.2 

                  

Element As Sr Y Zr Mo Ag Cd Sn Sb Ba La W Pb Bi Li S CO2 

Det. limit 3 0.5 0.5 0.5 1 2 1 10 5 1 0.5 10 2 5 1 0.01 0.01 

unit ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm % % 

step 1st <3 1 <0.5 <0.5 1 <2 358 <10 <5 <1 <0.5 <10 204 <5 1 1.44 <0.01 

step 2nd 9 3.9 <0.5 <0.5 1 <2 12 <10 <5 7 <0.5 <10 >10000 <5 <1 0.21 <0.01 

step 3rd 40 <0.5 <0.5 1.1 <1 <2 2 <10 29 3 <0.5 <10 759 <5 <1 0.2  

step 4th 74 1.1 <0.5 <0.5 <1 <2 1 <10 60 6 <0.5 <10 290 <5 <1 0.52  

step 5th 13 <0.5 <0.5 <0.5 <1 <2 20 <10 <5 <1 <0.5 <10 113 <5 <1 1.3  

step 6th 92 7.1 <0.5 <0.5 <1 >10 27 30 55 26 1.3 <10 >10000 <5 <1 4.17  

step 7th 7 751 4.4 32.9 <1 <2 <1 30 132 189 24.4 <10 932 <5 48 0.37  

                  

Remarks: The Zn content in the 1st and the Pb in the 2nd and 6th step exceeded the upper detection limit (10 000 ppm). Two duplicated measuring were completed 

in different date than this analysis. 

 

  

DOI: 10.14750/ME.2021.004



XXVII 

 

Sequential Chemical Extraction DUPLICATED 1st(SCE) result of JALPHA 1-7 

 
Element Ag Al As Ba Be Bi Ca Cd Co Cr Cu Fe K La Li Mg Mn 

Det. limit 2 0.01 3 1 0.5 5 0.01 1 1 1 0.5 0.01 0.01 0.5 1 0.01 2 

unit ppm % ppm ppm ppm ppm % ppm ppm ppm ppm % % ppm ppm % ppm 

step 1st <2 0.02 <3 <1 <0.5 <5 <0.01 11 <1 <1 6.6 0.31 <0.01 <0.5 <1 <0.01 <2 

step 2nd <2 <0.01 3 6 <0.5 <5 <0.01 1 <1 <1 <0.5 0.04 <0.01 <0.5 <1 <0.01 <2 

step 3rd <2 <0.01 50 2 <0.5 <5 <0.01 2 <1 <1 16.9 0.89 0.04 <0.5 <1 <0.01 <2 

step 4th <2 0.01 51 4 <0.5 <5 <0.01 2 <1 <1 13 0.84 0.04 <0.5 <1 <0.01 <2 

step 5th <2 <0.01 48 <1 <0.5 <5 <0.01 6 <1 <1 8.9 1.75 <0.01 <0.5 <1 <0.01 <2 

step 6th >10 0.02 29 8 <0.5 <5 <0.01 18 <1 3 3.2 0.74 N.A. 0.6 <1 <0.01 <2 

step 7th >10 5.46 8 140 1.8 <5 0.03 9 <1 6 1.3 0.24 N.A. 21.8 51 0.24 140 

                  

Element Mo Na Ni P Pb S Sb Sc Sn Sr Ti V W Y Zn Zr CO2 

Det. limit 1 0.01 1 0.01 2 0.01 5 0.5 10 0.5 0.01 2 10 0.5 0.5 0.5 0.01 

unit ppm % ppm % ppm % ppm ppm ppm ppm % ppm ppm ppm ppm ppm % 

step 1st <1 <0.01 <1 <0.01 162 0.49 <5 <0.5 <10 <0.5 <0.01 <2 <10 <0.5 649 <0.5 0.03 

step 2nd <1 <0.01 <1 <0.01 9510 0.17 <5 <0.5 <10 2.6 <0.01 <2 <10 <0.5 41.1 <0.5 0.02 

step 3rd <1 <0.01 <1 <0.01 493 0.43 30 <0.5 <10 <0.5 <0.01 <2 <10 <0.5 216 1.5  

step 4th <1 <0.01 <1 <0.01 410 0.33 52 <0.5 10 0.7 <0.01 <2 <10 <0.5 356 <0.5  

step 5th <1 <0.01 1 <0.01 76 2.07 <5 <0.5 <10 <0.5 <0.01 <2 <10 <0.5 174 <0.5  

step 6th <1 0.06 <1 <0.01 >10000 1.19 31 <0.5 30 2 <0.01 <2 <10 <0.5 582 <0.5  

step 7th <1 0.03 1 0.08 7000 0.52 163 5.2 30 675 0.28 40 <10 4.3 37.5 37.7  

                  

Remarks: The Pb content in the 6th step exceeded the upper detection limit (10 000 ppm).  In the same time the "duplicated 2nd" analysis was done also. 
 

Sequential Chemical Extraction DUPLICATED 2nd(SCE) result of JALPHA 1-7 

 
Element Ag Al As Ba Be Bi Ca Cd Co Cr Cu Fe K La Li Mg Mn 

Det. limit 2 0.01 3 1 0.5 5 0.01 1 1 1 0.5 0.01 0.01 0.5 1 0.01 2 

unit ppm % ppm ppm ppm ppm % ppm ppm ppm ppm % % ppm ppm % ppm 

step 1st <2 0.02 <3 <1 <0.5 <5 <0.01 12 <1 <1 5.9 0.28 <0.01 <0.5 <1 <0.01 <2 

step 2nd <2 <0.01 5 6 <0.5 <5 <0.01 2 <1 <1 <0.5 0.04 <0.01 <0.5 <1 <0.01 <2 

step 3rd <2 <0.01 41 2 <0.5 <5 <0.01 1 <1 <1 13.9 0.69 0.03 <0.5 <1 <0.01 <2 

step 4th <2 0.01 55 5 <0.5 <5 <0.01 2 <1 <1 13.8 0.92 0.04 <0.5 <1 <0.01 <2 

step 5th <2 <0.01 72 <1 <0.5 <5 <0.01 4 <1 <1 8.8 2.39 <0.01 <0.5 <1 <0.01 <2 

step 6th >10 0.02 46 7 <0.5 <5 <0.01 16 <1 2 3.1 1.05 N.A. <0.5 <1 <0.01 <2 

step 7th 9 5.15 18 136 1.6 <5 0.03 1 <1 9 1.6 0.42 N.A. 26.8 49 0.23 129 

                  

Element Mo Na Ni P Pb S Sb Sc Sn Sr Ti V W Y Zn Zr CO2 

Det. limit 1 0.01 1 0.01 2 0.01 5 0.5 10 0.5 0.01 2 10 0.5 0.5 0.5 0.01 

unit ppm % ppm % ppm % ppm ppm ppm ppm % ppm ppm ppm ppm ppm % 

step 1st <1 <0.01 <1 <0.01 186 0.45 <5 <0.5 <10 <0.5 <0.01 <2 <10 <0.5 658 <0.5 0.03 

step 2nd <1 <0.01 <1 <0.01 >10000 0.19 <5 <0.5 <10 3.1 <0.01 <2 <10 <0.5 40.7 <0.5 0.02 

step 3rd <1 <0.01 <1 <0.01 506 0.36 20 <0.5 <10 <0.5 <0.01 <2 <10 <0.5 172 1.3  

step 4th <1 <0.01 <1 <0.01 416 0.33 56 <0.5 10 1 <0.01 <2 <10 <0.5 335 <0.5  

step 5th <1 <0.01 1 <0.01 81 2.66 <5 <0.5 <10 <0.5 <0.01 <2 <10 <0.5 171 <0.5  

step 6th <1 0.06 <1 <0.01 >10000 2.11 37 <0.5 30 1.3 <0.01 <2 <10 <0.5 661 <0.5  

step 7th <1 0.04 4 0.08 1930 0.6 153 4.8 30 744 0.27 35 <10 4.5 58.9 36.4  

                  

Remarks: The Pb in the 2nd and 6th step exceeded the upper detection limit (10 000 ppm). 
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XXVIII 

 

PLAYA IROCO 1-7 Analyzed years: 1st (2008 sum.); 2nd (2009 sum.); 3rd (2010 aut. - 2011 spr.) 

                        

1
st
 y

ea
r 

Day 0 7 14 21 28 35 42 49 56 63 72 78 87 95 101        

pH (-) 1.17 1.39 1.59 1.99 1.81 2.16 2.91 2.68 2.91 3.00 2.86 3.18 2.68 2.55 2.47        

Eh (mV) 465 474 467 451 440 419 431 427 388 385 382 395 449 418 487        

TDS (mg/l) 37600 12800 14400 4480 7420 3250 780 700 430 335 824 942 1108 1269 1559        

SO4
2- 

(mg/l) 
48330 43800 7240 3105 4600 2505 345 319 - - - - - - -        

                        

2
n

d
 y

ea
r 

Day 0 7 14 21 28 35 42                

pH (-) 2.13 2.48 2.43 2.86 2.98 3.08 3.10                

Eh (mV) 450 449 432 386 398 393 386                

TDS (mg/l) 3140 999 1271 396 364 276 225                

SO4
2- 

(mg/l) 
- - - - - - -                

                        

3
rd

 y
ea

r 

Day 0 7 14 21 28 35 42 49 56 64 71 76 87 94 101 108 115      

pH (-) 1.65 1.82 2.12 2.19 2.34 2.44 2.54 2.48 2.64 2.92 3.07 2.51 2.70 2.75 2.72 2.78 3.00      

Eh (mV) 452 426 421 423 423 422 425 414 414 433 455 430 435 453 445 457 467      

TDS (mg/l) 7060 3640 1705 1496 1064 969 794 960 718 447 272 962 588 474 584 448 304      

SO4
2- 

(mg/l) 
2565 777 641 625 393 468 388 387 304 143 83 405 146 167 186 172 170      

                        

Remarks: In the 1st year the sulphate content was measured just in the first 49 days, but not further more. Also in year 1st only the first 49 days were measured 

by Ferenc Moricz, the further ones were completed by Dr. Ingar Walder (external consultant).  In year 3rd on the 64th, 71st and 76th days the samplings were 

completed also by Dr. Ingar Walder. 

 

Sequential Chemical Extraction (SCE) result 

 
Element Be Na Mg Al P K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn 

Det. limit 0.5 0.01 0.01 0.01 0.01 0.01 0.01 0.5 0.01 2 1 2 0.01 1 1 0.5 0.5 

unit ppm % % % % % % ppm % ppm ppm ppm % ppm ppm ppm ppm 

step 1st <0.5 0.07 0.02 0.28 <0.01 0.15 0.98 <0.5 <0.01 2 36 19 1.62 3 5 266 71.6 

step 2nd <0.5 <0.01 <0.01 <0.01 <0.01 0.01 0.02 <0.5 <0.01 <2 3 <2 0.17 <1 <1 4.4 1.1 

step 3rd <0.5 <0.01 <0.01 <0.01 <0.01 <0.01 <0.01 <0.5 <0.01 <2 1 <2 0.19 <1 <1 8.5 0.8 

step 4th <0.5 <0.01 <0.01 0.04 <0.01 <0.01 <0.01 <0.5 <0.01 <2 1 <2 0.04 <1 <1 2.9 1 

step 5th <0.5 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.5 <0.01 <2 <1 <2 2.53 3 4 4.4 0.9 

step 6th <0.5 0.01 <0.01 0.14 <0.01 N.A. <0.01 <0.5 <0.01 <2 7 <2 0.24 <1 <1 2.4 2.2 

step 7th 1.2 0.19 0.27 6.29 0.04 1.55 0.02 8.7 0.23 74 65 21 1.29 <1 2 1.3 11.4 

                  

Element As Sr Y Zr Mo Ag Cd Sn Sb Ba La W Pb Bi Li S CO2 

Det. limit 3 0.5 0.5 0.5 1 2 1 10 5 1 0.5 10 2 5 1 0.01 0.01 

unit ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm % % 

step 1st 346 10.4 0.5 <0.5 1 >10 5 <10 22 <1 <0.5 <10 185 <5 3 3.11 <0.01 

step 2nd 348 41.6 <0.5 <0.5 1 <2 <1 <10 61 38 <0.5 <10 6980 <5 <1 0.2 <0.01 

step 3rd 1000 0.8 <0.5 <0.5 1 <2 <1 280 1610 4 <0.5 <10 895 11 <1 <0.01  

step 4th 148 1.1 <0.5 <0.5 <1 <2 <1 100 1020 2 <0.5 <10 57 <5 <1 <0.01  

step 5th 266 <0.5 <0.5 <0.5 <1 >10 <1 <10 13 <1 <0.5 <10 <2 <5 <1 3.11  

step 6th 81 8.8 <0.5 <0.5 <1 >10 <1 50 249 10 1.8 <10 29 <5 <1 0.4  

step 7th 37 131 2.4 12.3 <1 2 <1 60 681 171 11.1 <10 31 <5 15 0.08  

                  

Remarks: Two duplicated measuring were completed in different date than this analysis. 
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XXIX 

 

Sequential Chemical Extraction DUPLICATED 1st(SCE) result of PLAYA IROCO 1-7 

 
Element Ag Al As Ba Be Bi Ca Cd Co Cr Cu Fe K La Li Mg Mn 

Det. limit 2 0.01 3 1 0.5 5 0.01 1 1 1 0.5 0.01 0.01 0.5 1 0.01 2 

unit ppm % ppm ppm ppm ppm % ppm ppm ppm ppm % % ppm ppm % ppm 

step 1st 9 <0.01 16 <1 <0.5 <5 0.02 <1 <1 <1 4.9 0.12 <0.01 <0.5 <1 <0.01 <2 

step 2nd <2 <0.01 170 25 <0.5 <5 <0.01 2 <1 <1 <0.5 0.03 <0.01 0.6 <1 <0.01 <2 

step 3rd 5 <0.01 716 2 <0.5 12 <0.01 4 <1 <1 3.1 0.1 <0.01 <0.5 <1 <0.01 <2 

step 4th <2 <0.01 212 1 <0.5 <5 <0.01 2 <1 <1 1.2 0.06 <0.01 <0.5 <1 <0.01 <2 

step 5th >10 <0.01 194 <1 <0.5 <5 <0.01 2 2 <1 0.8 2.05 <0.01 <0.5 <1 <0.01 <2 

step 6th >10 0.01 106 3 <0.5 <5 <0.01 1 <1 3 0.7 0.13 N.A. 0.7 <1 <0.01 <2 

step 7th 4 6.18 32 153 1.3 <5 0.04 <1 <1 25 1.3 1.3 N.A. 19.5 14 0.29 22 

                  

Element Mo Na Ni P Pb S Sb Sc Sn Sr Ti V W Y Zn Zr CO2 

Det. limit 1 0.01 1 0.01 2 0.01 5 0.5 10 0.5 0.01 2 10 0.5 0.5 0.5 0.01 

unit ppm % ppm % ppm % ppm ppm ppm ppm % ppm ppm ppm ppm ppm % 

step 1st <1 <0.01 <1 <0.01 189 0.31 9 <0.5 <10 3 <0.01 <2 <10 <0.5 <0.5 <0.5 0.04 

step 2nd <1 <0.01 <1 <0.01 7420 0.14 21 <0.5 <10 35.4 <0.01 <2 <10 <0.5 <0.5 <0.5 0.04 

step 3rd <1 <0.01 <1 <0.01 783 <0.01 1270 <0.5 180 0.6 <0.01 <2 <10 <0.5 <0.5 <0.5  

step 4th <1 <0.01 <1 <0.01 144 <0.01 1090 <0.5 120 0.7 <0.01 <2 <10 <0.5 0.7 <0.5  

step 5th <1 <0.01 4 <0.01 <2 2.31 10 <0.5 <10 <0.5 <0.01 <2 <10 <0.5 0.6 <0.5  

step 6th <1 0.07 <1 <0.01 39 0.08 396 <0.5 70 2.2 <0.01 <2 <10 <0.5 1.8 <0.5  

step 7th <1 0.17 2 0.04 43 0.08 595 9.9 100 113 0.28 76 10 3.9 12.7 24.5  

                  

Remarks: In the same time the "duplicated 2nd" analysis was done also. 
 

Sequential Chemical Extraction DUPLICATED 2nd(SCE) result of PLAYA IROCO 1-7 

 
Element Ag Al As Ba Be Bi Ca Cd Co Cr Cu Fe K La Li Mg Mn 

Det. limit 2 0.01 3 1 0.5 5 0.01 1 1 1 0.5 0.01 0.01 0.5 1 0.01 2 

unit ppm % ppm ppm ppm ppm % ppm ppm ppm ppm % % ppm ppm % ppm 

step 1st 5 <0.01 34 <1 <0.5 <5 0.75 <1 <1 <1 4 0.12 <0.01 <0.5 <1 <0.01 <2 

step 2nd <2 <0.01 191 28 <0.5 <5 0.03 2 <1 <1 <0.5 0.03 <0.01 0.8 <1 <0.01 <2 

step 3rd 7 <0.01 944 3 <0.5 17 <0.01 5 <1 <1 3.7 0.11 <0.01 <0.5 <1 <0.01 <2 

step 4th <2 <0.01 435 2 <0.5 8 <0.01 5 <1 <1 1.6 0.07 <0.01 <0.5 <1 <0.01 <2 

step 5th >10 <0.01 284 <1 <0.5 <5 <0.01 3 3 <1 1 2.68 <0.01 <0.5 <1 <0.01 <2 

step 6th >10 0.01 106 3 <0.5 <5 <0.01 1 <1 2 1 0.2 N.A. 0.8 <1 <0.01 <2 

step 7th 3 7.08 36 174 1.3 <5 0.03 <1 <1 28 0.6 1.48 N.A. 22.2 16 0.33 23 

                  

Element Mo Na Ni P Pb S Sb Sc Sn Sr Ti V W Y Zn Zr CO2 

Det. limit 1 0.01 1 0.01 2 0.01 5 0.5 10 0.5 0.01 2 10 0.5 0.5 0.5 0.01 

unit ppm % ppm % ppm % ppm ppm ppm ppm % ppm ppm ppm ppm ppm % 

step 1st <1 <0.01 <1 <0.01 120 0.99 10 <0.5 <10 5.9 <0.01 <2 <10 <0.5 0.5 <0.5 0.04 

step 2nd <1 <0.01 <1 <0.01 8010 0.17 20 <0.5 <10 41 <0.01 <2 <10 <0.5 <0.5 <0.5 0.02 

step 3rd <1 <0.01 <1 <0.01 1140 <0.01 1800 <0.5 240 0.9 <0.01 <2 <10 <0.5 <0.5 <0.5  

step 4th <1 <0.01 <1 <0.01 227 0.01 2480 <0.5 250 0.9 <0.01 <2 <10 <0.5 0.9 <0.5  

step 5th <1 <0.01 5 <0.01 3 3.04 12 <0.5 <10 <0.5 <0.01 <2 <10 <0.5 0.7 <0.5  

step 6th <1 0.06 <1 <0.01 39 0.2 363 <0.5 60 2.5 <0.01 <2 <10 <0.5 0.9 <0.5  

step 7th <1 0.18 3 0.05 44 0.09 583 9.9 100 129 0.31 81 10 4.2 13.6 23.4  
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XXX 

 

ITOS JIG 1-7 Analyzed years: 1st (2008 sum.); 2nd (2009 sum.); 3rd (2010 aut. - 2011 spr.); 4th year (2011 aut. - 2012 spr.) 

                        

1
st
 y

ea
r 

Day 0 3.5 7 10.5 14 17.5 21 24.5 28 31.5 35 38.5 42 45.5 49 56 63 72 78 87 95 101 

pH (-) 1.74 1.96 2.09 2.41 2.60 2.79 2.92 2.96 2.88 2.96 3.01 3.09 3.38 3.03 2.88 2.35 2.32 2.44 2.59 2.40 2.46 2.82 

Eh (mV) 460 460 459 465 469 450 460 435 432 409 415 401 422 430 429 438 434 430 434 485 505 553 

TDS (mg/l) 8940 4750 1853 1224 623 508 377 292 280 264 213 197 195 291 346 1325 1501 1593 1167 1186 980 112

4 
SO4

2- (mg/l) 20740 10450 11370 716 293 201 126 98 108 84 72 60 61 82 102 - - - - - - - 

                        

2
n

d
 y

ea
r 

Day 0 7 14 21 28 35 42                

pH (-) 1.68 1.89 2.25 2.36 2.45 2.41 2.46                

Eh (mV) 475 464 465 453 463 483 484                

TDS (mg/l) 6130 4010 1656 1224 1072 1159 1148                

SO4
2- (mg/l) - - - - - - -                

                        

3
rd

 y
ea

r 

Day 0 7 14 21 28 35 42 49 56 62 70 77 82 93 100 107 114 121     

pH (-) 1.64 1.69 1.92 2.13 2.35 2.46 2.58 2.59 2.59 2.62 2.76 2.74 2.55 2.42 2.35 2.36 2.36 2.36     

Eh (mV) 458 459 457 446 453 448 452 458 462 467 469 467 491 502 507 517 518 519     

TDS (mg/l) 16780 5820 2610 1645 933 807 639 617 682 610 469 568 659 910 1043 1020 1137 1157     

SO4
2- (mg/l) 9259 2276 1519 705 324 348 262 285 210 173 104 141 190 268 322 309 334 330     

                        

4
th

 ye
a
r 

Day 0 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112 119     

pH (-) 1.49 1.94 2.25 2.33 2.35 2.39 2.4 2.34 2.35 2.32 2.28 2.3 2.34 2.35 2.31 2.33 2.34 2.35     

Eh (mV) 492 487 477 490 495 506 503 504 515 511 517 517 513 509 515 515 513 529     

TDS (mg/l) 10240 3970 1606 1070 966 867 978 1013 897 1111 1251 1184 1269 1320 1331 1317 1324 1309     

SO4
2- (mg/l) 21965 5359 1391 682 556 437 510 543 482 646 722 700 825 964 989 1026 1054 1030     

                        

Remarks: In the 1st year the sulphate content was measured just in the first 49 days, moreover twice a week, but not further more. Also in year 1st only the 

first 49 days were measured by Ferenc Moricz, the further ones were completed by Dr. Ingar Walder (external consultant). In year 3rd on the 70th, 77th and 

82nd days and in year 4th on the 84th and 91st days the samplings were completed also by Dr. Ingar Walder. 

                        

O2 content sampling in year 4th,  period days 105th - 112nd   Column free volume (cm3) 2512         

Day 0 1 4 7                 

O2 content (V/V%) 21.1 18.6 13.9 9.8                 
 

Sequential Chemical Extraction (SCE) result 

 
Element Be Na Mg Al P K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn 

Det. limit 0.5 0.01 0.01 0.01 0.01 0.01 0.01 0.5 0.01 2 1 2 0.01 1 1 0.5 0.5 

unit ppm % % % % % % ppm % ppm ppm ppm % ppm ppm ppm ppm 

step 1st <0.5 <0.01 <0.01 0.08 <0.01 0.03 <0.01 <0.5 <0.01 <2 8 11 0.09 <1 3 3.9 3.9 

step 2nd <0.5 <0.01 <0.01 0.02 <0.01 0.02 <0.01 <0.5 <0.01 <2 51 <2 0.06 <1 <1 0.5 <0.5 

step 3rd <0.5 <0.01 <0.01 0.06 <0.01 0.05 <0.01 <0.5 <0.01 <2 19 <2 0.36 <1 <1 4.7 1.8 

step 4th <0.5 <0.01 <0.01 0.07 <0.01 0.05 <0.01 <0.5 <0.01 <2 8 <2 0.21 <1 <1 1.3 1.5 

step 5th <0.5 <0.01 <0.01 0.02 <0.01 <0.01 <0.01 <0.5 <0.01 <2 2 <2 2.67 2 4 10.4 5.5 

step 6th <0.5 0.01 <0.01 0.15 <0.01 N.A. <0.01 <0.5 <0.01 <2 20 <2 1.23 <1 1 2.9 3 

step 7th 1.7 0.13 0.32 7.68 0.05 2.26 0.01 9.2 0.27 80 119 44 1.32 <1 2 0.9 11.6 

                  

Element As Sr Y Zr Mo Ag Cd Sn Sb Ba La W Pb Bi Li S CO2 

Det. limit 3 0.5 0.5 0.5 1 2 1 10 5 1 0.5 10 2 5 1 0.01 0.01 

unit ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm % % 

step 1st 3 4.6 <0.5 <0.5 <1 <2 1 <10 11 3 <0.5 <10 261 <5 <1 0.27 <0.01 

step 2nd 20 3.7 <0.5 <0.5 1 <2 <1 <10 47 16 <0.5 <10 1450 <5 <1 0.06 <0.01 

step 3rd 208 <0.5 <0.5 0.7 4 <2 <1 140 254 4 <0.5 <10 568 <5 <1 0.14  

step 4th 97 1.7 <0.5 <0.5 <1 <2 <1 150 494 5 <0.5 <10 86 <5 <1 0.08  

step 5th 255 <0.5 <0.5 <0.5 <1 >10 <1 <10 10 <1 <0.5 <10 11 <5 <1 3.39  

step 6th 156 8.4 <0.5 <0.5 <1 >10 <1 80 170 14 0.8 <10 151 <5 <1 1.76  

step 7th 26 151 2.7 15.7 2 <2 <1 90 369 304 17 10 64 <5 15 0.09  
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XXXI 

 

ITOS JIG 2-7 Analyzed years: 1st (2008 sum.); 2nd (2009 sum.); 3rd (2010 aut. - 2011 spr.); 4th year (2011 aut. - 2012 spr.) 

                        

1
st
 y

ea
r 

Day 0 3.5 7 10.5 14 17.5 21 24.5 28 31.5 35 38.5 42 45.5 49 56 63 72 78 87 95 101 

pH (-) 1.70 1.66 1.96 2.10 2.30 2.49 2.61 2.54 2.47 2.48 2.52 2.58 2.86 2.76 2.75 2.66 2.68 2.71 2.69 2.67 2.61 2.81 

Eh (mV) 471 474 469 457 469 457 467 455 463 447 450 436 456 454 447 441 432 422 440 532 545 558 

TDS (mg/l) 10580 7680 3530 2170 1447 1102 864 915 1166 1019 1053 899 867 731 557 657 641 734 618 624 639 1061 

SO4
2- 

(mg/l) 
21660 14950 6860 1460 778 550 337 343 403 339 320 258 234 209 153 - - - - - - - 

                        

2
n

d
 ye

a
r 

Day 0 7 14 21 28 35 42                

pH (-) 2.05 2.02 2.29 2.38 2.52 2.58 2.64                

Eh (mV) 477 466 451 437 493 468 483                

TDS (mg/l) 2440 3150 1663 1249 906 805 660                

SO4
2- 

(mg/l) 
- - - - - - -                

                        

3
rd

 y
ea

r 

Day 0 7 14 21 28 35 42 49 56 62 70 77 82 93 100 107 114 121     

pH (-) 1.72 1.67 1.83 1.96 2.13 2.24 2.45 2.46 2.53 2.72 2.92 2.89 2.70 2.53 2.53 2.59 2.59 2.62     

Eh (mV) 458 459 457 446 453 448 452 458 462 467 469 467 491 502 507 517 518 519     

TDS (mg/l) 9150 5640 3250 2580 1697 1361 904 891 740 516 375 368 488 705 682 598 608 558     

SO4
2- 

(mg/l) 
7040 4460 1443 1572 887 646 588 430 271 181 93 86 113 139 151 146 133 130     

                        

4
th

 ye
a
r 

Day 0 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112 119     

pH (-) 1.65 1.95 2.23 2.29 2.37 2.43 2.42 2.35 2.33 2.25 2.19 2.22 2.25 2.26 2.23 2.28 2.25 2.27     

Eh (mV) 473 470 474 486 490 503 512 531 545 547 565 587 566 559 568 591 568 583     

TDS (mg/l) 4830 3380 1548 1121 839 757 825 937 900 1166 1403 1341 1497 1518 1537 1451 1560 1499     

SO4
2- 

(mg/l) 
8209 3825 1342 857 537 472 500 533 527 742 938 928 1142 1290 1321 1275 1415 1312     

                        

Remarks: In the 1st year the sulphate content was measured just in the first 49 days, moreover twice a week, but not further more. Also in year 1st only the 

first 49 days were measured by Ferenc Moricz, the further ones were completed by Dr. Ingar Walder (external consultant). In year 3rd on the 70th, 77th and 

82nd days and in year 4th on the 84th and 91st days the samplings were completed also by Dr. Ingar Walder. 

                        

O2 content sampling in year 4th,  period days 105th - 112nd   Column free volume (cm3) 2500         

Day 0 1 4 7                 

O2 content (V/V%) 21.1 17.7 10.4 6.4                 
 

Sequential Chemical Extraction (SCE) result 

 
Element Be Na Mg Al P K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn 

Det. limit 0.5 0.01 0.01 0.01 0.01 0.01 0.01 0.5 0.01 2 1 2 0.01 1 1 0.5 0.5 

unit ppm % % % % % % ppm % ppm ppm ppm % ppm ppm ppm ppm 

step 1st <0.5 <0.01 <0.01 0.08 <0.01 0.03 <0.01 <0.5 <0.01 <2 14 6 0.16 <1 1 2.5 5.7 

step 2nd <0.5 <0.01 <0.01 <0.01 <0.01 0.01 <0.01 <0.5 <0.01 <2 24 <2 0.06 <1 <1 <0.5 <0.5 

step 3rd <0.5 <0.01 <0.01 0.03 <0.01 0.06 <0.01 <0.5 <0.01 <2 17 <2 0.45 <1 <1 2.3 1.5 

step 4th <0.5 <0.01 <0.01 0.07 <0.01 0.05 <0.01 <0.5 <0.01 <2 8 <2 0.21 <1 <1 1.3 1.5 

step 5th <0.5 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.5 <0.01 <2 1 <2 1.53 2 3 5.9 4.9 

step 6th <0.5 0.01 <0.01 0.13 <0.01 N.A. <0.01 <0.5 <0.01 <2 11 <2 0.29 <1 <1 2.2 3.7 

step 7th 1.7 0.19 0.39 8.71 0.05 2.3 0.02 11.8 0.31 101 108 32 1.68 <1 3 2 13.7 

                  

Element As Sr Y Zr Mo Ag Cd Sn Sb Ba La W Pb Bi Li S CO2 

Det. limit 3 0.5 0.5 0.5 1 2 1 10 5 1 0.5 10 2 5 1 0.01 0.01 

unit ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm % % 

step 1st 6 5.1 <0.5 <0.5 <1 <2 1 <10 <5 3 <0.5 <10 192 <5 <1 0.36 <0.01 

step 2nd 22 4.4 <0.5 <0.5 1 <2 <1 <10 11 12 <0.5 <10 434 <5 <1 0.03 <0.01 

step 3rd 345 <0.5 <0.5 <0.5 2 <2 <1 50 88 4 <0.5 <10 684 <5 <1 0.16  

step 4th 97 1.7 <0.5 <0.5 <1 <2 <1 150 494 5 <0.5 <10 86 <5 <1 0.08  

step 5th 143 <0.5 <0.5 <0.5 <1 <2 <1 <10 <5 <1 <0.5 <10 <2 <5 <1 1.95  

step 6th 64 8 <0.5 <0.5 <1 >10 <1 50 63 11 1.3 <10 46 <5 <1 0.4  

step 7th 22 152 3.2 16.8 1 <2 <1 70 207 237 17 10 27 <5 23 0.06  
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ITOS GRANZA 1-7 Analyzed years: 1st (2008 sum.); 2nd (2009 sum.); 3rd (2010 aut. - 2011 spr.); 4th year (2011 aut. - 2012 spr.) 

                        

1
st
 y

ea
r 

Day 0 3.5 7 10.5 14 17.5 21 24.5 28 31.5 35 38.5 42 45.5 49 56 63 72 78 87 95 101 

pH (-) 2.21 2.09 2.31 2.42 2.62 2.83 2.91 2.94 3.01 3.01 3.11 3.12 3.34 3.35 3.05 2.76 2.55 2.48 2.44 2.35 2.32 2.42 

Eh (mV) 477 478 469 453 464 450 456 442 452 427 435 428 454 463 475 486 509 559 528 573 574 567 

TDS (mg/l) 2820 2620 1391 967 621 525 378 329 272 230 215 210 239 248 278 565 926 1371 1370 1488 1405 1274 

SO4
2- 

(mg/l) 
7760 7200 5755 638 349 253 148 139 107 87 70 66 78 83 102 - - - - - - - 

                        

2
n

d
 y

ea
r 

Day 0 7 14 21 28 35                 

pH (-) 1.84 2.00 2.20 2.33 2.43 2.47                 

Eh (mV) 499 494 490 503 538 561                 

TDS (mg/l) 4590 3390 2020 1403 1147 1127                 

SO4
2- 

(mg/l) 
- - - - - -                 

                        

3
rd

 y
ea

r 

Day 0 7 14 21 28 35 42 49 56 62 70 77 82 93 100 107 114 121     

pH (-) 1.77 1.72 1.91 2.06 2.21 2.36 2.58 2.57 2.55 2.69 3.04 2.95 2.94 2.82 2.76 2.79 2.77 2.78     

Eh (mV) 496 493 491 489 499 499 505 502 508 510 490 493 505 519 515 515 523 532     

TDS (mg/l) 7540 4620 2540 1862 1238 1034 650 698 698 554 296 311 313 360 416 383 414 422     

SO4
2- 

(mg/l) 
6446 3906 960 914 723 630 405 399 298 231 81 77 79 77 116 89 102 100     

                        

4
th

 ye
a
r 

Day 0 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112 119     

pH (-) 1.66 1.86 2.17 2.25 2.3 2.37 2.4 2.41 2.43 2.36 2.35 2.4 2.47 2.48 2.4 2.49 2.51 2.5     

Eh (mV) 524 520 526 560 607 633 630 629 625 596 604 597 590 590 620 612 599 605     

TDS (mg/l) 5370 3960 1823 1280 1091 961 910 865 693 828 841 760 771 796 737 643 610 626     

SO4
2- 

(mg/l) 
13183 7923 2558 1557 1114 868 758 609 438 556 540 476 492 547 503 429 407 402     

                        

Remarks: In the 1st year the sulphate content was measured just in the first 49 days, moreover twice a week, but not further more. Also in year 1st only the first 

49 days were measured by Ferenc Moricz, the further ones were completed by Dr. Ingar Walder (external consultant). In the year 2nd, on the 42nd day sampling 

was not done. In year 3rd on the 70th, 77th and 82nd days and in year 4th on the 84th and 91st days the samplings were completed also by Dr. Ingar Walder. 

                        

O2 content sampling in year 4th,  period days 105th - 112nd   Column free volume (cm3) 2484         

Day 0 1 4 7                 

O2 content (V/V%) 21.1 19.4 17.0 14.5                 
 

Sequential Chemical Extraction (SCE) result 

 
Element Be Na Mg Al P K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn 

Det. limit 0.5 0.01 0.01 0.01 0.01 0.01 0.01 0.5 0.01 2 1 2 0.01 1 1 0.5 0.5 

unit ppm % % % % % % ppm % ppm ppm ppm % ppm ppm ppm ppm 

step 1st <0.5 <0.01 <0.01 0.02 <0.01 0.02 0.02 <0.5 <0.01 <2 1 7 0.03 <1 <1 <0.5 8.8 

step 2nd <0.5 <0.01 <0.01 0.03 <0.01 0.02 <0.01 <0.5 <0.01 <2 26 3 0.08 <1 <1 <0.5 2.1 

step 3rd <0.5 <0.01 <0.01 0.05 <0.01 0.03 <0.01 <0.5 <0.01 <2 45 4 0.3 <1 1 3.6 3.2 

step 4th <0.5 <0.01 <0.01 0.06 0.01 0.06 <0.01 <0.5 <0.01 <2 7 <2 0.36 <1 <1 2 2.2 

step 5th <0.5 <0.01 <0.01 0.01 <0.01 <0.01 <0.01 <0.5 <0.01 <2 1 <2 0.68 <1 1 13.8 5.6 

step 6th <0.5 0.01 <0.01 0.11 0.01 N.A. <0.01 <0.5 <0.01 <2 11 <2 0.49 <1 <1 4.7 3.2 

step 7th 2 0.17 0.29 7.25 0.05 2.3 0.03 7.5 0.2 61 105 45 1.17 <1 <1 1.8 12.2 

                  

Element As Sr Y Zr Mo Ag Cd Sn Sb Ba La W Pb Bi Li S CO2 

Det. limit 3 0.5 0.5 0.5 1 2 1 10 5 1 0.5 10 2 5 1 0.01 0.01 

unit ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm % % 

step 1st <3 3.7 <0.5 <0.5 <1 <2 1 <10 83 4 <0.5 <10 471 <5 <1 0.12 <0.01 

step 2nd 16 6.2 <0.5 <0.5 1 <2 <1 <10 377 16 <0.5 <10 3520 <5 <1 0.07 <0.01 

step 3rd 137 <0.5 <0.5 2 4 <2 <1 60 1520 4 <0.5 <10 694 6 <1 0.08  

step 4th 90 1.3 <0.5 <0.5 <1 <2 <1 80 1370 7 <0.5 <10 326 5 <1 0.12  

step 5th 8 <0.5 <0.5 <0.5 <1 2 2 <10 10 <1 <0.5 <10 34 <5 <1 1.16  

step 6th 93 6.8 <0.5 <0.5 <1 >10 <1 60 1160 13 1.8 <10 963 <5 <1 0.55  

step 7th 11 123 3.2 23.8 2 <2 <1 80 430 473 15.1 <10 39 <5 13 0.14  
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ITOS GRANZA 2-7 Analyzed years: 1st (2008 sum.); 2nd (2009 sum.); 3rd (2010 aut. - 2011 spr.); 4th year (2011 aut. - 2012 spr.) 

                        

1
st
 y

ea
r 

Day 0 3.5 7 10.5 14 17.5 21 24.5 28 31.5 35 38.5 42 45.5 49 56 63 72 78 87 95 101 

pH (-) 2.20 2.16 2.34 2.44 2.58 2.61 2.68 2.58 2.66 2.66 2.70 2.75 2.94 3.00 2.80 2.66 2.59 2.65 2.58 2.47 2.55 2.57 

Eh (mV) 545 548 515 514 499 507 505 503 494 485 488 479 502 501 505 502 513 530 539 548 535 555 

TDS (mg/l) 2470 1785 1063 835 670 527 703 717 711 644 675 672 755 672 642 751 828 967 952 913 893 778 

SO4
2- 

(mg/l) 
4830 3060 4600 463 348 419 351 359 400 370 338 363 404 390 353 - - - - - - - 

                        

2
n

d
 y

ea
r 

Day 0 7 14 21 28 35                 

pH (-) 2.01 2.03 2.22 2.35 2.45 2.51                 

Eh (mV) 540 520 515 538 551 560                 

TDS (mg/l) 3120 3050 1960 1413 1149 984                 

SO4
2- 

(mg/l) 
- - - - - -                 

                        

3
rd

 y
ea

r 

Day 0 7 14 21 28 35 42 49 56 62 70 77 82 93 100 107 114 121     

pH (-) 1.96 1.80 1.94 2.11 2.25 2.31 2.45 2.45 2.44 2.56 2.68 2.68 2.47 2.55 2.58 2.58 2.61 2.63     

Eh (mV) 577 563 553 548 560 572 566 579 568 569 557 546 583 557 550 552 546 549     

TDS (mg/l) 3840 3890 2380 1654 1151 1204 931 953 930 770 684 595 916 738 695 755 644 648     

SO4
2- 

(mg/l) 
4124 4004 2117 1407 895 846 743 790 615 443 293 248 420 326 335 325 295 310     

                        

4
th

 ye
a
r 

Day 0 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112 119     

pH (-) 1.81 1.95 2.21 2.21 2.29 2.39 2.45 2.47 2.5 2.48 2.49 2.49 2.62 2.52 2.54 2.68 2.65 2.65     

Eh (mV) 620 607 588 614 614 621 613 614 600 576 577 561 559 555 573 575 570 575     

TDS (mg/l) 3650 2680 1612 1367 1046 850 790 701 527 614 576 574 497 581 534 409 413 408     

SO4
2- 

(mg/l) 
10940 9946 2501 1836 1180 833 720 521 335 412 355 356 306 392 361 260 262 261     

                        

Remarks: In the 1st year the sulphate content was measured just in the first 49 days, moreover twice a week, but not further more. Also in year 1st only the 

first 49 days were measured by Ferenc Moricz, the further ones were completed by Dr. Ingar Walder (external consultant). In the year 2nd, on the 42nd day 

sampling was not done. In year 3rd on the 70th, 77th and 82nd days and in year 4th on the 84th and 91st days the samplings were completed also by Dr. Ingar 

Walder. 

                        

O2 content sampling in year 4th,  period days 105th - 112nd   Column free volume (cm3) 2634         

Day 0 1 4 7                 

O2 content (V/V%) 21.1 19.7 19.0 18.1                 
 

Sequential Chemical Extraction (SCE) result 

 
Element Be Na Mg Al P K Ca Sc Ti V Cr Mn Fe Co Ni Cu Zn 

Det. limit 0.5 0.01 0.01 0.01 0.01 0.01 0.01 0.5 0.01 2 1 2 0.01 1 1 0.5 0.5 

unit ppm % % % % % % ppm % ppm ppm ppm % ppm ppm ppm ppm 

step 1st <0.5 <0.01 <0.01 <0.01 <0.01 0.02 <0.01 <0.5 <0.01 <2 1 4 0.02 <1 <1 <0.5 1.2 

step 2nd <0.5 <0.01 <0.01 0.03 <0.01 0.02 <0.01 <0.5 <0.01 <2 38 4 0.1 <1 <1 <0.5 0.6 

step 3rd <0.5 <0.01 <0.01 0.05 <0.01 0.04 <0.01 <0.5 <0.01 <2 39 4 0.41 <1 1 3.2 1.8 

step 4th <0.5 0.01 <0.01 0.06 0.01 0.08 <0.01 <0.5 <0.01 <2 6 2 0.59 <1 <1 2.3 1.9 

step 5th <0.5 <0.01 <0.01 0.02 <0.01 <0.01 <0.01 <0.5 <0.01 <2 1 <2 1.98 <1 1 7.5 4 

step 6th <0.5 0.01 <0.01 0.11 <0.01 N.A. <0.01 <0.5 <0.01 <2 13 <2 0.32 <1 <1 2.4 2.7 

step 7th 1.8 0.17 0.29 6.64 0.06 2.05 0.05 6.8 0.22 58 115 75 1 <1 <1 1.6 14 

                  

Element As Sr Y Zr Mo Ag Cd Sn Sb Ba La W Pb Bi Li S CO2 

Det. limit 3 0.5 0.5 0.5 1 2 1 10 5 1 0.5 10 2 5 1 0.01 0.01 

unit ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm ppm % % 

step 1st <3 1.4 <0.5 <0.5 <1 <2 1 <10 6 <1 <0.5 <10 <2 <5 <1 0.06 <0.01 

step 2nd 7 0.8 <0.5 <0.5 1 <2 <1 <10 21 10 <0.5 <10 35 <5 <1 0.02 <0.01 

step 3rd 51 1.3 <0.5 1.2 3 <2 <1 30 103 5 <0.5 <10 155 <5 <1 0.13  

step 4th 47 3.4 <0.5 <0.5 <1 <2 <1 30 159 18 <0.5 <10 249 <5 <1 0.21  

step 5th 139 <0.5 <0.5 <0.5 <1 3 <1 <10 6 <1 <0.5 <10 <2 <5 <1 2.52  

step 6th 41 9.2 <0.5 <0.5 <1 >10 <1 40 79 16 1.4 <10 88 <5 <1 0.25  

step 7th 8 214 3.4 21.7 2 <2 <1 80 227 347 18 <10 69 <5 13 0.04  
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BOL 1-8 Analyzed years: 2nd (2009 sum.); 3rd (2010 aut. - 2011 spr.); 4th year (2011 aut. - 2012 spr.) 

                        

2
n

d
 y

ea
r 

Day 0 7 14 21 28 35                 

pH (-) 2.61 2.61 2.70 2.66 2.67 2.64                 

Eh (mV) 513 494 505 537 530 552                 

TDS (mg/l) 1062 1121 813 807 836 821                 

SO4
2- 

(mg/l) 
- - - - - -                 

                        

3
rd

 y
ea

r 

Day 0 7 14 21 28 35 42 49 56 62 70 77 82 93 100 107 114 121     

pH (-) 2.57 2.41 2.43 2.46 2.51 2.56 2.68 2.66 2.70 2.72 2.84 2.85 2.80 2.77 2.72 2.71 2.77 2.81     

Eh (mV) 594 615 602 584 592 582 582 579 581 575 523 533 540 550 565 552 563 569     

TDS (mg/l) 1616 1224 1035 793 671 616 554 552 530 473 417 428 414 461 498 454 444 431     

SO4
2- 

(mg/l) 
1337 739 661 550 346 327 316 295 209 185 142 147 145 146 149 131 129 127     

                        

4
th

 ye
a
r 

Day 0 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112 119     

pH (-) 2.31 2.51 2.54 2.5 2.62 2.63 2.65 2.63 2.66 2.65 2.66 2.69 2.83 2.86 2.81 2.83 2.82 2.84     

Eh (mV) 603 601 577 575 551 560 567 577 562 564 566 576 562 560 570 566 568 553     

TDS (mg/l) 1081 848 589 541 518 460 470 450 390 405 424 366 378 355 345 334 320 323     

SO4
2- 

(mg/l) 
1578 792 405 317 258 204 211 194 158 160 166 136 145 142 145 136 132 125     

                        

Remarks: In the year 2nd, on the 42nd day sampling was not done. In year 3rd on the 70th, 77th and 82nd days and in year 4th on the 84th and 91st days the 

samplings were completed also by Dr. Ingar Walder. 

                        

O2 content sampling in year 4th,  period days 105th - 112nd   Column free volume (cm3) 2486         

Day 0 1 4 7                 

O2 content (V/V%) 21.1 20.3 20.1 19.9                 

 

 

BOL 2-8 Analyzed years: 2nd (2009 sum.); 3rd (2010 aut. - 2011 spr.); 4th year (2011 aut. - 2012 spr.) 

                        

2
n

d
 y

ea
r 

Day 0 7 14 21 28 35 42                

pH (-) 0.98 1.77 1.97 2.59 2.83 2.94 2.93                

Eh (mV) 465 457 430 412 472 471 450                

TDS (mg/l) 30200 6160 3700 760 489 345 311                

SO4
2- 

(mg/l) 
- - - - - - -                

                        

3
rd

 y
ea

r 

Day 0 7 14 21 28 35 42 49 56 62 70 77 82 93 100 107 114 121     

pH (-) 1.44 1.93 2.18 2.27 2.29 2.30 2.33 2.18 2.21 2.29 2.27 2.11 2.22 2.06 2.18 2.14 2.15 2.22     

Eh (mV) 441 434 422 419 428 439 455 456 455 450 455 452 457 469 461 463 464 460     

TDS (mg/l) 39800 3240 1352 1054 1021 1106 1385 1575 1514 1360 1659 1542 1610 2140 1576 1808 1829 1552     

SO4
2- 

(mg/l) 
29475 628 337 300 296 399 616 716 674 592 703 695 850 770 698 725 693 701     

                        

4
th

 ye
a
r 

Day 0 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112 119     

pH (-) 1.06 1.91 2.24 2.25 2.23 2.23 2.26 2.26 2.25 2.26 2.29 2.31 2.42 2.76 2.83 2.61 2.54 2.51     

Eh (mV) 488 470 451 462 463 461 447 446 460 454 449 449 447 424 414 452 445 452     

TDS (mg/l) 24000 4140 1583 1319 1590 1723 1392 986 1362 1362 1166 1131 1066 531 378 690 777 988     

SO4
2- 

(mg/l) 
46888 4490 1127 848 1055 1063 839 529 771 762 598 564 577 266 194 355 420 470     

                        

Remarks: In year 3rd on the 70th, 77th and 82nd days and in year 4th on the 84th and 91st days the samplings were completed also by Dr. Ingar Walder. 

                        

O2 content sampling in year 4th,  period days 105th - 112nd   Column free volume (cm3) 2544         

Day 0 1 4 7                 

O2 content (V/V%) 21.1 20.1 19.5 18.7                 
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BOL 3-8 Analyzed years: 2nd (2009 sum.); 3rd (2010 aut. - 2011 spr.); 4th year (2011 aut. - 2012 spr.) 

                        

2
n

d
 y

ea
r 

Day 0 7 14 21 28 35 42                

pH (-) 2.42 2.71 2.74 2.75 2.75 2.80 2.84                

Eh (mV) 505 446 492 513 493 488 486                

TDS (mg/l) 861 749 568 534 536 518 457                

SO4
2- 

(mg/l) 
- - - - - - -                

                        

3
rd

 y
ea

r 

Day 0 7 14 21 28 35 42 49 56 62 70 77 82 93 100 107 114 121     

pH (-) 2.35 2.35 2.40 2.51 2.55 2.63 2.72 2.72 2.73 2.77 2.95 2.83 2.79 2.74 2.75 2.73 2.73 2.78     

Eh (mV) 568 553 553 545 546 546 545 542 542 553 543 523 566 550 551 561 552 549     

TDS (mg/l) 1460 1350 1000 687 537 528 465 462 452 424 326 391 386 406 427 427 450 387     

SO4
2- 

(mg/l) 
890 900 350 375 243 230 238 235 129 127 90 116 124 112 124 120 116 120     

                        

4
th

 ye
a
r 

Day 0 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112 119     

pH (-) 1.96 2.29 2.51 2.5 2.53 2.57 2.58 2.59 2.65 2.63 2.64 2.7 2.71 2.81 2.79 2.78 2.8 2.8     

Eh (mV) 626 603 581 587 571 583 570 581 573 575 586 577 572 549 567 561 567 560     

TDS (mg/l) 1472 1198 641 555 524 482 464 446 384 406 415 368 396 375 350 337 321 319     

SO4
2- 

(mg/l) 
3715 1790 526 356 273 224 202 186 151 161 163 146 151 150 145 134 130 121     

                        

Remarks: In year 3rd on the 70th, 77th and 82nd days and in year 4th on the 84th and 91st days the samplings were completed also by Dr. Ingar Walder. 

                        

O2 content sampling in year 4th,  period days 105th - 112nd   Column free volume (cm3) 2738         

Day 0 1 4 7                 

O2 content (V/V%) 21.1 20.2 19.9 19.4                 
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BOL 1-9 Analyzed year: 4th year (2011 aut. - 2012 spr.) 

                        

4
th

 ye
a
r 

Day 0 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112      

pH (-) 2.48 2.26 2.49 2.44 2.50 2.58 2.60 2.53 2.47 2.42 2.59 2.34 2.53 2.62 2.62 2.61 2.52      

Eh (mV) 522 520 548 556 564 564 567 553 553 554 557 555 565 566 562 546 568      

TDS (mg/l) 1337 1772 862 835 889 723 660 808 882 1045 660 1421 911 555 603 738 902      

SO4
2- 

(mg/l) 
2016 2987 1009 966 907 671 601 908 875 1134 578 1775 905 456 530 767 855      

                        

Remarks: In year 4th on the 77th and 84th days the samplings were completed also by Dr. Ingar Walder. 

                        

O2 content sampling in year 4th,  period days 105th - 112nd   Column free volume (cm3) 2750         

Day 0 1 4 7                 

O2 content (V/V%) 21.1 20.4 19.9 19.2                 
 

Sequential Chemical Extraction (SCE) result 

 
Element Ag Al As Ba Be Bi Ca Cd Co Cr Cu Fe K La Li Mg Mn 

Det. limit 2 0.01 3 1 0.5 5 0.01 1 1 1 0.5 0.01 0.01 0.5 1 0.01 2 

unit ppm % ppm ppm ppm ppm % ppm ppm ppm ppm % % ppm ppm % ppm 

step 1st 0.1 <3 3 <0.5 <5 0.05 <1 <1 <1 2.7 0.11 <0.01 <0.5 <1 <0.01 2 0.1 

step 2nd <0.01 10 50 <0.5 <5 <0.01 <1 <1 <1 <0.5 0.14 <0.01 <0.5 <1 <0.01 <2 <0.01 

step 3rd <0.01 16 3 <0.5 <5 <0.01 <1 <1 3 0.7 0.18 <0.01 <0.5 <1 0.02 <2 <0.01 

step 4th 0.01 40 45 <0.5 6 <0.01 <1 <1 1 18.1 1.57 0.17 <0.5 <1 <0.01 <2 0.01 

step 5th <0.01 <3 1 <0.5 <5 <0.01 <1 <1 <1 <0.5 0.06 <0.01 <0.5 <1 <0.01 <2 <0.01 

step 6th 0.04 11 84 <0.5 <5 <0.01 <1 <1 3 <0.5 0.17 N.A. 1.9 <1 <0.01 <2 0.04 

step 7th 6.4 11 738 1.7 <5 0.13 <1 <1 24 1.1 0.32 N.A. 44.8 24 0.23 38 6.4 

                  

Element Mo Na Ni P Pb S Sb Sc Sn Sr Ti V W Y Zn Zr CO2 

Det. limit 1 0.01 1 0.01 2 0.01 5 0.5 10 0.5 0.01 2 10 0.5 0.5 0.5 0.01 

unit ppm % ppm % ppm % ppm ppm ppm ppm % ppm ppm ppm ppm ppm % 

step 1st <1 <0.01 2 <0.01 44 0.49 <5 <0.5 <10 7.7 <0.01 <2 <10 <0.5 55 <0.5 0.04 

step 2nd <1 <0.01 <1 <0.01 274 0.04 <5 <0.5 <10 3.6 <0.01 <2 <10 <0.5 1.6 <0.5 0.04 

step 3rd <1 <0.01 6 <0.01 366 0.03 10 <0.5 10 0.8 <0.01 5 <10 <0.5 1.9 1.1  

step 4th <1 0.03 <1 0.01 760 0.61 167 <0.5 40 14.1 <0.01 <2 <10 <0.5 17.1 <0.5  

step 5th <1 <0.01 <1 <0.01 17 0.19 <5 <0.5 <10 0.6 <0.01 <2 <10 <0.5 1.2 <0.5  

step 6th <1 0.07 <1 0.01 501 0.09 47 <0.5 70 5.7 <0.01 <2 <10 <0.5 11 <0.5  

step 7th <1 0.28 2 0.04 348 0.04 110 8.6 180 208 0.45 64 10 5.6 28.1 43.2  
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BOL 2-9 Analyzed year: 4th year (2011 aut. - 2012 spr.) 

                        

4
th

 ye
a
r 

Day 0 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112      

pH (-) 2.64 2.59 3.01 2.89 2.98 3.04 3.09 2.78 2.80 2.88 2.98 2.93 3.00 2.90 3.01 2.97 2.98      

Eh (mV) 566 573 519 544 533 543 544 556 561 566 558 543 522 580 574 574 569      

TDS (mg/l) 856 476 192 230 231 226 181 337 293 237 191 196 207 187 154 168 160      

SO4
2- 

(mg/l) 
960 446 122 147 134 128 114 186 145 102 76 77 83 74 60 65 58      

                        

Remarks: In year 4th on the 77th and 84th days the samplings were completed also by Dr. Ingar Walder. 

                        

O2 content sampling in year 4th,  period days 105th - 112nd   Column free volume (cm3) 2886         

Day 0 1 4 7                 

O2 content (V/V%) 21.1 20.7 20.4 20.3                 
 

Sequential Chemical Extraction (SCE) result 

 
Element Ag Al As Ba Be Bi Ca Cd Co Cr Cu Fe K La Li Mg Mn 

Det. limit 2 0.01 3 1 0.5 5 0.01 1 1 1 0.5 0.01 0.01 0.5 1 0.01 2 

unit ppm % ppm ppm ppm ppm % ppm ppm ppm ppm % % ppm ppm % ppm 

step 1st <2 0.01 <3 <1 <0.5 <5 0.01 <1 <1 <1 2.4 <0.01 <0.01 <0.5 <1 <0.01 2 

step 2nd <2 0.01 73 <1 <0.5 <5 <0.01 <1 <1 <1 2.2 0.13 <0.01 <0.5 <1 <0.01 <2 

step 3rd <2 0.02 263 <1 <0.5 <5 <0.01 1 <1 <1 8.2 0.47 <0.01 <0.5 <1 <0.01 12 

step 4th <2 0.08 92 45 <0.5 <5 <0.01 1 <1 2 4.7 1.13 0.04 0.5 2 0.01 8 

step 5th <2 0.06 6 5 <0.5 <5 <0.01 <1 <1 <1 <0.5 0.03 0.01 <0.5 1 <0.01 <2 

step 6th <2 0.26 66 42 <0.5 <5 0.02 <1 <1 4 3.3 0.65 N.A. 4.3 6 0.08 21 

step 7th <2 4.94 35 454 1.7 <5 0.57 <1 <1 8 5.2 0.95 N.A. 29 39 0.2 102 

                  

Element Mo Na Ni P Pb S Sb Sc Sn Sr Ti V W Y Zn Zr CO2 

Det. limit 1 0.01 1 0.01 2 0.01 5 0.5 10 0.5 0.01 2 10 0.5 0.5 0.5 0.01 

unit ppm % ppm % ppm % ppm ppm ppm ppm % ppm ppm ppm ppm ppm % 

step 1st <1 <0.01 <1 <0.01 <2 0.08 <5 <0.5 <10 <0.5 <0.01 <2 <10 <0.5 118 <0.5 0.04 

step 2nd <1 <0.01 <1 <0.01 <2 0.03 <5 <0.5 <10 <0.5 <0.01 <2 <10 <0.5 9.4 <0.5 0.04 

step 3rd <1 <0.01 <1 0.01 <2 0.09 <5 <0.5 <10 1.2 <0.01 5 <10 <0.5 5.7 3.2  

step 4th <1 0.02 <1 <0.01 25 0.3 <5 <0.5 <10 10.5 <0.01 3 <10 <0.5 15.8 0.9  

step 5th <1 <0.01 <1 <0.01 4 <0.01 <5 <0.5 <10 1.6 <0.01 <2 <10 <0.5 1.3 0.5  

step 6th <1 0.07 1 0.01 42 0.02 <5 0.6 30 10.7 0.02 5 <10 0.7 19.6 0.8  

step 7th <1 1.35 3 0.03 51 0.03 16 3.6 80 261 0.26 29 <10 5.5 30.8 42  
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BOL 3-9 Analyzed year: 4th year (2011 aut. - 2012 spr.) 

                        

4
th

 ye
a
r 

Day 0 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112      

pH (-) 1.84 2.33 2.42 2.48 2.50 2.47 2.25 2.01 2.06 1.99 2.02 2.14 2.32 2.09 2.26 2.38 2.30      

Eh (mV) 486 489 513 542 555 572 580 532 509 495 495 513 523 516 548 560 563      

TDS (mg/l) 8980 1075 987 909 758 898 1316 2610 2150 2600 2440 1952 1262 2390 1498 1127 1582      

SO4
2- 

(mg/l) 
64790 856 686 667 449 481 600 1265 1011 1356 1154 945 633 1298 718 508 720      

                        

Remarks: In year 4th on the 77th and 84th days the samplings were completed also by Dr. Ingar Walder. 

                        

O2 content sampling in year 4th,  period days 105th - 112nd   Column free volume (cm3) 2062         

Day 0 1 4 7                 

O2 content (V/V%) 21.1 20.5 18.9 17.4                 
 

Sequential Chemical Extraction (SCE) result 

 
Element Ag Al As Ba Be Bi Ca Cd Co Cr Cu Fe K La Li Mg Mn 

Det. limit 2 0.01 3 1 0.5 5 0.01 1 1 1 0.5 0.01 0.01 0.5 1 0.01 2 

unit ppm % ppm ppm ppm ppm % ppm ppm ppm ppm % % ppm ppm % ppm 

step 1st <2 0.03 12 <1 <0.5 <5 0.01 4 <1 <1 13.3 0.82 <0.01 <0.5 <1 <0.01 8 

step 2nd <2 <0.01 102 <1 <0.5 <5 <0.01 1 <1 <1 <0.5 0.31 <0.01 <0.5 <1 <0.01 <2 

step 3rd <2 <0.01 75 2 <0.5 10 <0.01 <1 <1 <1 2 0.39 0.02 <0.5 <1 <0.01 <2 

step 4th <2 <0.01 79 14 <0.5 16 <0.01 <1 <1 <1 7 0.76 0.04 <0.5 <1 <0.01 <2 

step 5th 2 <0.01 28 <1 <0.5 <5 <0.01 <1 1 <1 8.2 1.73 <0.01 <0.5 <1 <0.01 <2 

step 6th >10 0.01 94 12 <0.5 6 <0.01 1 <1 3 6.6 0.78 N.A. 0.8 <1 <0.01 <2 

step 7th <2 3.22 38 212 0.9 6 0.03 <1 <1 13 4.8 0.65 N.A. 30.4 17 0.18 28 

                  

Element Mo Na Ni P Pb S Sb Sc Sn Sr Ti V W Y Zn Zr CO2 

Det. limit 1 0.01 1 0.01 2 0.01 5 0.5 10 0.5 0.01 2 10 0.5 0.5 0.5 0.01 

unit ppm % ppm % ppm % ppm ppm ppm ppm % ppm ppm ppm ppm ppm % 

step 1st <1 <0.01 2 <0.01 9 1.07 <5 <0.5 <10 3.3 <0.01 <2 <10 <0.5 838 <0.5 0.03 

step 2nd <1 <0.01 <1 <0.01 45 0.07 <5 <0.5 <10 0.6 <0.01 <2 <10 <0.5 16.3 <0.5 0.04 

step 3rd <1 <0.01 <1 <0.01 282 0.13 <5 <0.5 40 1.1 <0.01 <2 <10 <0.5 7.8 <0.5  

step 4th <1 <0.01 <1 <0.01 471 0.23 19 <0.5 70 4.3 <0.01 <2 <10 <0.5 24.4 <0.5  

step 5th <1 <0.01 3 <0.01 <2 1.97 <5 <0.5 <10 <0.5 <0.01 <2 <10 <0.5 3.2 <0.5  

step 6th <1 0.06 <1 <0.01 53 1.15 8 <0.5 80 3.3 <0.01 <2 <10 <0.5 14.3 <0.5  

step 7th <1 0.1 1 0.03 47 0.07 62 4.9 170 83.4 0.3 41 <10 4.1 17.5 25.3  
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XXXIX 

 

BOL 4-9 Analyzed year: 4th year (2011 aut. - 2012 spr.) 

                        

4
th

 ye
a
r 

Day 0 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112      

pH (-) 1.39 1.98 1.91 1.98 2.08 2.16 2.20 2.17 2.22 2.23 2.18 2.18 2.43 2.17 2.21 2.38 2.22      

Eh (mV) 474 472 471 460 465 462 461 462 464 459 452 443 445 453 442 450 447      

TDS (mg/l) 15170 4190 4640 4500 2890 2360 1785 2140 1472 1552 1958 1980 1288 2040 1888 1152 2060      

SO4
2- 

(mg/l) 
58321 7342 6841 6025 2915 2086 1463 1844 1332 1494 1890 1645 1376 1840 1343 667 1234      

                        

Remarks: In year 4th on the 77th and 84th days the samplings were completed also by Dr. Ingar Walder. 

                        

O2 content sampling in year 4th,  period days 105th - 112nd   Column free volume (cm3) 2408         

Day 0 1 4 7                 

O2 content (V/V%) 21.1 20.4 18.3 16.7                 
 

Sequential Chemical Extraction (SCE) result 

 
Element Ag Al As Ba Be Bi Ca Cd Co Cr Cu Fe K La Li Mg Mn 

Det. limit 2 0.01 3 1 0.5 5 0.01 1 1 1 0.5 0.01 0.01 0.5 1 0.01 2 

unit ppm % ppm ppm ppm ppm % ppm ppm ppm ppm % % ppm ppm % ppm 

step 1st 4 0.31 100 2 <0.5 <5 0.01 2 1 2 4.4 1.58 0.06 <0.5 1 0.01 6 

step 2nd <2 <0.01 16 85 <0.5 16 <0.01 <1 <1 <1 <0.5 0.03 <0.01 2.1 <1 <0.01 <2 

step 3rd <2 <0.01 30 30 <0.5 5 <0.01 <1 <1 <1 <0.5 0.05 <0.01 <0.5 <1 <0.01 <2 

step 4th <2 <0.01 14 7 <0.5 <5 <0.01 <1 <1 <1 <0.5 <0.01 <0.01 <0.5 <1 <0.01 <2 

step 5th 10 <0.01 267 1 <0.5 <5 <0.01 3 2 <1 2.4 3.88 <0.01 <0.5 <1 <0.01 <2 

step 6th >10 0.01 284 3 <0.5 9 <0.01 4 1 2 4.5 6.17 N.A. <0.5 <1 <0.01 <2 

step 7th <2 5.1 36 195 0.6 <5 0.01 <1 <1 26 1.6 0.52 N.A. 45.4 15 0.14 44 

                  

Element Mo Na Ni P Pb S Sb Sc Sn Sr Ti V W Y Zn Zr CO2 

Det. limit 1 0.01 1 0.01 2 0.01 5 0.5 10 0.5 0.01 2 10 0.5 0.5 0.5 0.01 

unit ppm % ppm % ppm % ppm ppm ppm ppm % ppm ppm ppm ppm ppm % 

step 1st <1 <0.01 3 <0.01 74 2.18 <5 <0.5 <10 6.7 <0.01 3 <10 <0.5 134 <0.5 0.04 

step 2nd <1 <0.01 <1 <0.01 1490 0.06 <5 <0.5 <10 56.3 <0.01 <2 <10 <0.5 2.2 <0.5 0.04 

step 3rd <1 <0.01 <1 <0.01 127 0.02 <5 <0.5 30 1.7 <0.01 <2 <10 <0.5 <0.5 <0.5  

step 4th <1 <0.01 <1 <0.01 27 <0.01 <5 <0.5 30 0.8 <0.01 <2 <10 <0.5 0.9 <0.5  

step 5th <1 <0.01 4 <0.01 12 4.61 <5 <0.5 <10 <0.5 <0.01 <2 <10 <0.5 16.7 <0.5  

step 6th <1 0.06 3 <0.01 58 >5 <5 <0.5 80 0.7 <0.01 <2 <10 <0.5 66.9 <0.5  

step 7th <1 0.05 3 0.02 159 0.47 19 5.6 110 25.9 0.39 55 10 4.9 11.6 31.9  

                  

Remarks: The S content in the 6th step exceeded the upper detection limit (5 %). 
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XL 

 

BOL 5-9 Analyzed year: 4th year (2011 aut. - 2012 spr.) 

                        

4
th

 ye
a
r 

Day 0 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112      

pH (-) 1.44 2.26 2.20 2.34 2.55 2.79 2.89 2.79 3.02 2.99 2.90 2.85 2.97 2.98 3.03 3.17 3.08      

Eh (mV) 453 430 423 420 424 421 420 412 410 407 405 402 443 428 427 441 438      

TDS (mg/l) 20200 1415 1144 841 474 346 272 335 176 230 264 326 258 184 170 94 123      

SO4
2- 

(mg/l) 
55500 1713 650 477 240 170 131 158 83 132 131 151 139 88 78 42 56      

                        

Remarks: In year 4th on the 77th and 84th days the samplings were completed also by Dr. Ingar Walder. 

                        

O2 content sampling in year 4th,  period days 105th - 112nd   Column free volume (cm3) 2240         

Day 0 1 4 7                 

O2 content (V/V%) 21.1 20.9 20.6 20.5                 
 

Sequential Chemical Extraction (SCE) result 

 

Element Ag Al As Ba Be Bi Ca Cd Co Cr Cu Fe K La Li Mg Mn 

Det. limit 2 0.01 3 1 0.5 5 0.01 1 1 1 0.5 0.01 0.01 0.5 1 0.01 2 

unit ppm % ppm ppm ppm ppm % ppm ppm ppm ppm % % ppm ppm % ppm 

step 1st 8 0.11 501 2 <0.5 <5 0.02 5 <1 <1 2.5 1.23 0.02 <0.5 <1 <0.01 5 

step 2nd <2 <0.01 713 27 <0.5 <5 <0.01 7 <1 <1 <0.5 0.13 <0.01 <0.5 <1 <0.01 <2 

step 3rd <2 <0.01 190 1 <0.5 <5 <0.01 1 <1 <1 <0.5 0.03 <0.01 <0.5 <1 <0.01 <2 

step 4th <2 <0.01 10 1 <0.5 <5 <0.01 <1 <1 <1 <0.5 <0.01 <0.01 <0.5 <1 <0.01 <2 

step 5th >10 <0.01 376 <1 <0.5 <5 <0.01 4 <1 <1 <0.5 7.45 <0.01 <0.5 <1 <0.01 12 

step 6th >10 <0.01 338 2 <0.5 <5 <0.01 4 <1 3 <0.5 7.84 N.A. <0.5 <1 <0.01 11 

step 7th <2 1.87 55 156 0.6 <5 <0.01 <1 <1 5 0.6 0.37 N.A. 19.5 26 0.08 36 

                  

Element Mo Na Ni P Pb S Sb Sc Sn Sr Ti V W Y Zn Zr CO2 

Det. limit 1 0.01 1 0.01 2 0.01 5 0.5 10 0.5 0.01 2 10 0.5 0.5 0.5 0.01 

unit ppm % ppm % ppm % ppm ppm ppm ppm % ppm ppm ppm ppm ppm % 

step 1st <1 <0.01 1 0.01 80 1.68 <5 <0.5 <10 4.1 <0.01 <2 <10 <0.5 109 <0.5 0.03 

step 2nd <1 <0.01 <1 <0.01 1790 0.07 <5 <0.5 <10 33.9 <0.01 <2 <10 <0.5 1.9 <0.5 0.04 

step 3rd <1 <0.01 <1 <0.01 71 <0.01 5 <0.5 30 <0.5 <0.01 <2 <10 <0.5 <0.5 <0.5  

step 4th <1 <0.01 <1 <0.01 27 <0.01 8 <0.5 <10 1.1 <0.01 <2 <10 <0.5 0.6 <0.5  

step 5th <1 <0.01 4 <0.01 93 >5 15 <0.5 10 <0.5 <0.01 <2 <10 <0.5 20 <0.5  

step 6th <1 0.06 3 <0.01 284 >5 38 <0.5 50 1.2 <0.01 <2 <10 <0.5 27.7 <0.5  

step 7th <1 0.01 2 0.02 119 0.33 73 2.7 70 36.6 0.16 20 <10 3.5 36 19.9  
 

Sequential Chemical Extraction (SCE) DUPLICATED result 

 
Element Ag Al As Ba Be Bi Ca Cd Co Cr Cu Fe K La Li Mg Mn 

Det. limit 2 0.01 3 1 0.5 5 0.01 1 1 1 0.5 0.01 0.01 0.5 1 0.01 2 

unit ppm % ppm ppm ppm ppm % ppm ppm ppm ppm % % ppm ppm % ppm 

step 1st 8 0.13 403 3 <0.5 <5 0.02 4 <1 <1 2.8 1.29 0.02 <0.5 <1 <0.01 5 

step 2nd <2 <0.01 765 27 <0.5 <5 <0.01 7 <1 <1 <0.5 0.13 <0.01 <0.5 <1 <0.01 <2 

step 3rd <2 <0.01 207 <1 <0.5 <5 <0.01 1 <1 <1 <0.5 0.03 <0.01 <0.5 <1 <0.01 <2 

step 4th <2 <0.01 9 <1 <0.5 <5 <0.01 <1 <1 <1 <0.5 <0.01 <0.01 <0.5 <1 <0.01 <2 

step 5th >10 <0.01 381 <1 <0.5 <5 <0.01 4 <1 <1 <0.5 7.9 <0.01 <0.5 <1 <0.01 13 

step 6th >10 <0.01 357 2 <0.5 <5 <0.01 4 <1 2 <0.5 8.27 N.A. <0.5 <1 <0.01 12 

step 7th <2 1.86 49 152 0.6 <5 <0.01 <1 <1 6 1.5 0.38 N.A. 18.6 25 0.08 35 

                  

Element Mo Na Ni P Pb S Sb Sc Sn Sr Ti V W Y Zn Zr CO2 

Det. limit 1 0.01 1 0.01 2 0.01 5 0.5 10 0.5 0.01 2 10 0.5 0.5 0.5 0.01 

unit ppm % ppm % ppm % ppm ppm ppm ppm % ppm ppm ppm ppm ppm % 

step 1st <1 <0.01 1 <0.01 82 1.62 <5 <0.5 <10 5 <0.01 <2 <10 <0.5 101 <0.5 0.03 

step 2nd <1 <0.01 <1 0.01 1790 0.07 <5 <0.5 <10 33.2 <0.01 <2 <10 <0.5 1.4 <0.5 0.04 

step 3rd <1 <0.01 <1 <0.01 79 <0.01 6 <0.5 40 <0.5 <0.01 <2 <10 <0.5 <0.5 <0.5  

step 4th <1 <0.01 <1 <0.01 25 0.01 9 <0.5 <10 1 <0.01 <2 <10 <0.5 0.6 <0.5  

step 5th <1 <0.01 4 <0.01 74 >5 12 <0.5 10 <0.5 <0.01 <2 <10 <0.5 18.4 <0.5  

step 6th <1 0.07 4 <0.01 295 >5 42 <0.5 50 1.2 <0.01 <2 <10 <0.5 28.1 <0.5  

step 7th <1 0.01 2 0.01 113 0.34 73 2.6 70 34.6 0.17 20 <10 3.4 35.8 19.7  
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XLI 

 

BOL 6-9 Analyzed years: 3rd (2010 aut. - 2011 spr.); 4th year (2011 aut. - 2012 spr.) 

                        

3
rd

 y
ea

r 

Day 0 7 14 21 28 35 42 49 56 64 71 76 87 94 101 108 115      

pH (-) 2.38 2.71 2.83 2.96 2.87 2.88 2.90 2.91 2.88 2.81 2.79 2.71 2.43 2.56 2.46 2.61 2.54      

Eh (mV) 433 362 385 405 407 403 402 393 388 401 394 425 430 423 435 420 442      

TDS (mg/l) 4740 2210 681 456 437 466 557 635 661 858 915 943 1641 1258 1437 1302 1253      

SO4
2- 

(mg/l) 
9440 2020 565 336 246 300 412 433 505 486 616 778 712 771 712 801 792      

                        

4
th

 ye
a
r 

Day 0 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112 119     

pH (-) 1.49 2.06 2.33 2.38 2.34 2.36 2.39 2.40 2.38 2.39 2.41 2.43 2.44 2.66 2.67 2.62 2.63 2.64     

Eh (mV) 550 475 459 460 457 480 479 483 533 479 494 506 488 468 466 526 498 541     

TDS (mg/l) 10810 2450 1204 1046 1077 1156 1065 943 1007 973 848 853 818 612 524 618 593 596     

SO4
2- 

(mg/l) 
70640 2623 788 658 646 548 492 427 428 417 356 348 339 271 239 282 273 272     

                        

Remarks: In year 3rd on the 64th, 71st and 76th days and in year 4th on the 77th and 84th days the samplings were completed also by Dr. Ingar Walder. 

                        

O2 content sampling in year 4th,  period days 105th - 112nd   Column free volume (cm3) 2200         

Day 0 1 4 7                 

O2 content (V/V%) 21.1 20.2 18.7 17.3                 
 

Sequential Chemical Extraction (SCE) result 

 
Element Ag Al As Ba Be Bi Ca Cd Co Cr Cu Fe K La Li Mg Mn 

Det. limit 2 0.01 3 1 0.5 5 0.01 1 1 1 0.5 0.01 0.01 0.5 1 0.01 2 

unit ppm % ppm ppm ppm ppm % ppm ppm ppm ppm % % ppm ppm % ppm 

step 1st <2 <0.01 9 <1 <0.5 <5 0.02 2 2 <1 88.3 0.09 <0.01 <0.5 <1 <0.01 45 

step 2nd <2 <0.01 18 <1 <0.5 25 <0.01 <1 <1 <1 2.9 0.16 <0.01 <0.5 <1 <0.01 <2 

step 3rd <2 <0.01 118 <1 <0.5 22 <0.01 <1 <1 2 11.3 0.71 <0.01 <0.5 <1 <0.01 8 

step 4th <2 <0.01 <3 <1 <0.5 <5 <0.01 <1 <1 <1 0.6 0.14 <0.01 <0.5 <1 <0.01 30 

step 5th <2 <0.01 3 <1 <0.5 <5 <0.01 <1 <1 <1 70.8 0.33 <0.01 <0.5 <1 <0.01 3 

step 6th <2 0.02 146 2 <0.5 62 0.02 2 <1 3 57.3 0.84 N.A. 0.6 <1 <0.01 12 

step 7th <2 3.43 4 64 1.3 <5 0.02 <1 <1 16 6.4 0.99 N.A. 22.5 35 0.51 30 

                  

Element Mo Na Ni P Pb S Sb Sc Sn Sr Ti V W Y Zn Zr CO2 

Det. limit 1 0.01 1 0.01 2 0.01 5 0.5 10 0.5 0.01 2 10 0.5 0.5 0.5 0.01 

unit ppm % ppm % ppm % ppm ppm ppm ppm % ppm ppm ppm ppm ppm % 

step 1st <1 <0.01 3 <0.01 <2 0.16 <5 <0.5 <10 <0.5 <0.01 <2 <10 <0.5 152 <0.5 0.04 

step 2nd <1 <0.01 <1 <0.01 3 0.07 <5 <0.5 <10 <0.5 <0.01 <2 <10 <0.5 3.4 <0.5 0.04 

step 3rd <1 <0.01 <1 <0.01 12 0.05 <5 <0.5 60 <0.5 <0.01 <2 <10 <0.5 3.7 <0.5  

step 4th <1 <0.01 <1 <0.01 3 <0.01 <5 <0.5 <10 <0.5 <0.01 <2 <10 <0.5 3.3 <0.5  

step 5th <1 <0.01 3 <0.01 <2 0.48 <5 <0.5 <10 <0.5 <0.01 <2 <10 <0.5 57.4 <0.5  

step 6th <1 0.06 2 0.01 13 0.99 <5 <0.5 80 1.3 <0.01 <2 <10 <0.5 41.3 <0.5  

step 7th <1 0.24 2 0.01 5 0.09 6 6.4 60 32.3 0.26 57 30 3.4 18.5 9.5  
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XLII 

 

BOL 7-9 Analyzed years: 3rd (2010 aut. - 2011 spr.); 4th year (2011 aut. - 2012 spr.) 

                        

3
rd

 y
ea

r 

Day 0 7 14 21 28 35 42 49 56 64 71 76 87 94 101 108 115      

pH (-) 2.88 3.43 3.60 3.72 3.63 3.64 3.66 3.61 3.47 3.40 3.33 3.34 3.12 3.28 3.20 3.27 3.31      

Eh (mV) 411 324 320 327 324 322 319 334 330 352 350 369 365 356 370 372 380      

TDS (mg/l) 1000 617 275 200 195 201 200 232 340 432 438 441 654 403 417 354 300      

SO4
2- 

(mg/l) 
712 337 215 142 160 188 166 157 278 280 317 337 259 271 260 245 241      

                        

4
th

 ye
a
r 

Day 0 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112 119     

pH (-) 1.89 2.27 2.54 2.57 2.47 2.48 2.50 2.54 2.49 2.48 2.51 2.53 2.5 2.76 2.72 2.66 2.53 2.50     

Eh (mV) 478 467 498 556 525 514 523 500 558 498 511 500 497 471 475 527 512 535     

TDS (mg/l) 5760 1943 806 676 762 791 715 557 739 777 697 627 704 519 435 520 620 693     

SO4
2- 

(mg/l) 
23410 3167 697 519 586 505 445 317 417 430 368 315 365 274 227 271 333 367     

                        

Remarks: In year 3rd on the 64th, 71st and 76th days and in year 4th on the 77th and 84th days the samplings were completed also by Dr. Ingar Walder. 

                        

O2 content sampling in year 4th,  period days 105th - 112nd   Column free volume (cm3) 2210         

Day 0 1 4 7                 

O2 content (V/V%) 21.1 19.2 16.6 14.1                 
 

Sequential Chemical Extraction (SCE) result 

 
Element Ag Al As Ba Be Bi Ca Cd Co Cr Cu Fe K La Li Mg Mn 

Det. limit 2 0.01 3 1 0.5 5 0.01 1 1 1 0.5 0.01 0.01 0.5 1 0.01 2 

unit ppm % ppm ppm ppm ppm % ppm ppm ppm ppm % % ppm ppm % ppm 

step 1st <2 <0.01 <3 <1 <0.5 <5 <0.01 3 2 <1 15.8 0.02 <0.01 <0.5 <1 <0.01 21 

step 2nd <2 <0.01 5 <1 <0.5 5 <0.01 <1 <1 <1 2.8 0.03 <0.01 <0.5 <1 <0.01 2 

step 3rd <2 <0.01 25 <1 <0.5 <5 <0.01 <1 <1 2 5 0.28 <0.01 <0.5 <1 <0.01 24 

step 4th <2 0.01 <3 <1 <0.5 <5 <0.01 <1 <1 <1 <0.5 0.28 <0.01 <0.5 <1 <0.01 70 

step 5th <2 <0.01 <3 <1 <0.5 <5 0.01 1 1 <1 81.9 0.25 <0.01 <0.5 <1 <0.01 13 

step 6th 2 0.03 214 4 <0.5 18 0.03 4 1 3 216 1.35 N.A. <0.5 <1 0.01 51 

step 7th <2 3.58 6 76 1.3 <5 0.02 <1 <1 16 14.8 1.03 N.A. 22 34 0.51 31 

                  

Element Mo Na Ni P Pb S Sb Sc Sn Sr Ti V W Y Zn Zr CO2 

Det. limit 1 0.01 1 0.01 2 0.01 5 0.5 10 0.5 0.01 2 10 0.5 0.5 0.5 0.01 

unit ppm % ppm % ppm % ppm ppm ppm ppm % ppm ppm ppm ppm ppm % 

step 1st <1 <0.01 2 <0.01 <2 0.04 <5 <0.5 <10 <0.5 <0.01 <2 <10 <0.5 60.7 <0.5 0.04 

step 2nd <1 <0.01 <1 <0.01 3 0.02 <5 <0.5 <10 <0.5 <0.01 <2 <10 <0.5 5 <0.5 0.04 

step 3rd <1 <0.01 <1 <0.01 6 0.02 <5 <0.5 <10 <0.5 <0.01 <2 <10 <0.5 7.5 <0.5  

step 4th <1 <0.01 <1 <0.01 <2 <0.01 <5 <0.5 <10 <0.5 <0.01 <2 <10 <0.5 6.8 <0.5  

step 5th <1 <0.01 3 <0.01 <2 0.35 <5 <0.5 <10 <0.5 <0.01 <2 <10 <0.5 146 <0.5  

step 6th <1 0.06 4 0.02 9 1.25 <5 <0.5 180 2.3 <0.01 <2 <10 <0.5 224 <0.5  

step 7th <1 0.24 3 0.01 10 0.05 <5 6.4 70 32.9 0.28 59 20 3.5 29.8 10.8  
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XLIII 

 

HU 1-2 Analyzed year: 4th year (2011 aut. - 2012 spr.) 

                        

4
th

 ye
a
r 

Day 0 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112 119   

pH (-) 5.81 6.80 7.12 7.15 7.13 7.14 7.15 7.16 7.18 7.19 7.22 7.15 7.19 7.19 7.14 7.16 7.19 7.09   

Eh (mV) 175 227 252 327 350 339 296 307 314 316 318 346 351 329 321 291 248 261   

TDS (mg/l) 1634 1318 1206 1112 1040 996 992 968 901 943 773 864 864 749 684 659 679 732   

Alkalinity 5.4(mmol/l) 0.927 0.027 0.381 0.330 0.324 0.337 0.305 0.314 0.306 0.324 0.367 0.323 0.375 0.327 0.292 0.293 0.416 0.740   

Alkalinity 4.5(mmol/l) 1.073 0.127 0.482 0.430 0.419 0.438 0.405 0.410 0.402 0.436 0.549 0.437 0.494 0.437 0.402 0.408 0.515 0.879   

SO4
2- (mg/l) 2390 1740 1602 1438 1310 1259 1211 1190 1080 1158 889 1031 1037 875 781 733 759 827   

Ca2+ (mg/l) 585 543 530 490 460 451 450 439 402 425 335 384 379 324 297 281 292 -   

Mg2+ (mg/l) 181 118 74 52 41.2 35.6 24.8 22.1 15.8 17.6 11.5 15.6 15.7 10.9 10.1 9.4 12.1 -   

                        

Remarks: In year 4th on the 77th and 84th days the samplings were completed also by Dr. Ingar Walder. 

                        

O2 content sampling in year 4th,  period days 105th - 112nd   Column free volume (cm3) 2160         

Day 0 1 4 7                 

O2 content (V/V%) 21.1 19.8 17.2 16.0                 

 

 

HU 2-4 Analyzed year: 4th year (2011 aut. - 2012 spr.) 

                        

4
th

 ye
a
r 

Day 0 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112 119   

pH (-) 5.64 6.66 7.05 7.07 7.05 7.07 7.05 7.04 7.04 7.06 7.08 6.97 6.97 6.95 6.96 6.94 6.95 6.93   

Eh (mV) 135 235 347 322 352 320 289 303 311 315 312 332 360 340 319 317 249 357   

TDS (mg/l) 1209 1007 872 760 679 653 663 591 545 661 520 546 482 484 457 440 468 477   

Alkalinity 5.4(mmol/l) 0.681 0.140 0.338 0.190 0.172 0.182 0.185 0.152 0.151 0.192 0.164 0.198 0.169 0.156 0.160 0.148 0.172 0.322   

Alkalinity 4.5(mmol/l) 0.882 0.244 0.431 0.280 0.245 0.262 0.267 0.232 0.231 0.289 0.266 0.296 0.263 0.250 0.257 0.241 0.262 0.429   

SO4
2- (mg/l) 1627 1254 1073 891 794 726 736 652 610 754 558 608 511 504 473 454 483 479   

Ca2+ (mg/l) 405 342 330 284 257 249 253 223 207 260 192 223 187 180 170 163 175 -   

Mg2+ (mg/l) 103 97 60 44.3 36.1 31.0 22.5 22.7 19.2 20.4 12.4 12.5 11.5 13.4 9.6 10.9 8.0 -   

                        

Remarks: In year 4th on the 77th and 84th days the samplings were completed also by Dr. Ingar Walder. 

                        

O2 content sampling in year 4th,  period days 105th - 112nd   Column free volume (cm3) 2230         

Day 0 1 4 7                 

O2 content (V/V%) 21.1 20.1 18.4 17.7                 

 

 

HU 4-8 Analyzed year: 4th year (2011 aut. - 2012 spr.) 

                        

4
th

 ye
a
r 

Day 0 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112 119   

pH (-) 4.83 6.00 6.38 6.36 6.37 6.41 6.27 6.26 6.23 6.26 6.31 6.30 6.21 6.04 6.06 6.05 5.99 6.17   

Eh (mV) 186 240 310 218 235 240 232 243 227 236 233 265 241 234 251 242 241 242   

TDS (mg/l) 927 651 639 564 512 516 467 490 425 540 389 462 375 403 381 339 383 394   

Alkalinity 5.4(mmol/l) 0.000 0.035 0.092 0.048 0.052 0.053 0.048 0.054 0.050 0.056 0.047 0.063 0.050 0.040 0.042 0.042 0.056 0.128   

Alkalinity 4.5(mmol/l) 0.080 0.105 0.161 0.126 0.115 0.120 0.113 0.125 0.122 0.141 0.131 0.152 0.136 0.121 0.124 0.129 0.146 0.220   

SO4
2- (mg/l) 1178 744 735 627 522 563 474 521 435 541 389 519 433 419 389 341 392 389   

Ca2+ (mg/l) 240 176 202 177 160 171 151 165 143 192 133 166 141 139 132 118 134 -   

Mg2+ (mg/l) 74 64 49.5 42.5 32.8 33.0 25.0 26.0 17.9 17.6 16.0 17.8 15.4 11.6 10.7 8.7 10.0 -   

                        

Remarks: In year 4th on the 77th and 84th days the samplings were completed also by Dr. Ingar Walder. 

                        

O2 content sampling in year 4th,  period days 105th - 112nd   Column free volume (cm3) 2412         

Day 0 1 4 7                 

O2 content (V/V%) 21.1 20.2 18.8 18.1                 
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XLIV 

 

HU 8-16 Analyzed year: 4th year (2011 aut. - 2012 spr.) 

                        

4
th

 ye
a
r 

Day 0 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112 119   

pH (-) 4.77 5.22 5.63 5.55 5.62 5.61 5.63 5.51 5.55 5.49 5.35 5.12 5.09 4.68 4.60 4.36 4.56 5.33   

Eh (mV) 191 255 293 258 215 228 218 240 232 247 267 275 258 294 309 324 281 220   

TDS (mg/l) 607 488 441 323 290 343 309 287 270 343 258 267 248 249 246 221 229 247   

Alkalinity 5.4(mmol/l) 0.000 0.000 0.007 0.000 0.010 0.019 0.010 0.012 0.014 0.012 0.007 0.000 0.006 0.000 0.000 0.000 0.000 0.021   

Alkalinity 4.5(mmol/l) 0.098 0.071 0.073 0.065 0.070 0.084 0.075 0.078 0.082 0.089 0.088 0.082 0.090 0.076 0.063 0.048 0.065 0.103   

SO4
2- (mg/l) 693 524 470 320 294 345 302 279 264 349 249 275 260 238 231 200 210 227   

Ca2+ (mg/l) 187 120 116 84 77 95 86 79 76 100 70 83 74 69 69 60 62 -   

Mg2+ (mg/l) 43.8 42.3 36.6 24.5 18.8 20.9 16.6 15.5 10.5 14.9 9.6 10.5 9.4 8.3 9.3 6.5 8.3 -   

                        

Remarks: In year 4th on the 77th and 84th days the samplings were completed also by Dr. Ingar Walder. 

                        

O2 content sampling in year 4th,  period days 105th - 112nd   Column free volume (cm3) 2562         

Day 0 1 4 7                 

O2 content (V/V%) 21.1 20.4 19.0 18.6                 

 

 

HU 16-32 Analyzed year: 4th year (2011 aut. - 2012 spr.) 

                        

4
th

 ye
a
r 

Day 0 7 14 21 28 35 42 49 56 63 70 77 84 91 98 105 112 119   

pH (-) 4.58 4.53 4.83 4.83 5.03 5.13 5.04 5.01 5.01 5.14 5.05 4.81 4.57 4.53 4.54 4.45 4.43 4.23   

Eh (mV) 204 282 278 326 242 250 235 240 260 260 261 287 312 299 301 304 285 291   

TDS (mg/l) 399 381 299 245 183 220 162 167 144 184 139 167 140 151 120 121 141 151   

Alkalinity 5.4(mmol/l) 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000   

Alkalinity 4.5(mmol/l) 0.070 0.000 0.016 0.036 0.055 0.062 0.053 0.062 0.065 0.077 0.081 0.079 0.069 0.067 0.058 0.056 0.052 0.025   

SO4
2- (mg/l) 413 392 301 233 166 206 141 144 120 165 119 149 115 131 98 99 119 123   

Ca2+ (mg/l) 98 62 55 56 41.8 51 38.6 39.2 33.8 43.5 31.8 40.0 32.7 35.5 28.8 28.0 33.6 -   

Mg2+ (mg/l) 21.0 31.3 23.2 15.0 10.8 13.2 8.6 9.4 7.0 8.7 5.7 7.8 5.7 7.5 3.5 3.3 5.3 -   

                        

Remarks: In year 4th on the 77th and 84th days the samplings were completed also by Dr. Ingar Walder. 

                        

O2 content sampling in year 4th,  period days 105th - 112nd   Column free volume (cm3) 2686         

Day 0 1 4 7                 

O2 content (V/V%) 21.1 20.6 19.5 19.0                 
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