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Summary 
 
The Division of Waste Science and Technology at Luleå Technical University on behalf of and 
in co-operation with Telge Återvinning, Swedish recycling company, is developing a cover 
system with recycled waste materials, e.g. fly ash, digested sewage sludge and a mixture of 
bottom ash with bentonite. 
 

This Master Thesis is focused on the characterization of bottom ashes from the Tveta 
landfill (Telge Återvinning AB) that were deposited for ageing for a period of nine months. 
The aim was to assess the compatibility of the bottom ashes with Friedland clay, a type of 
bentonite, when mixed in order to be used as liner in a top cover construction on a landfill.  

 
For that purpose three main laboratory analyses were performed: 

 
• Leaching tests in order to determine the concentrations of elements that were leached 

from the bottom ashes.  
• The carbonation test in order to follow up the process of ageing of bottom ash under 

laboratorial conditions.  
• The permeability test in order to measure the hydraulic conductivity of the mixture of 

bottom ash with Friedland clay and to investigate if and how high pH values of bottom 
ash influence the properties of the Friedland clay.  

 
Two different mixtures of the bottom ash with Friedland clay were tested: 
 

• Non-aged ash in mixture with 8 % of Friedland clay and  
• Aged ash in mixture with 10 % of Friedland clay. 

 
The ageing process reduces the pH value of the bottom ash, which is important for its 
compatibility with Friedland clay. The treated ash does not generate leachate, which could 
deteriorate the chemical and mechanical properties of the Friedland clay. 
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1 Introduction 
 
The amount of bottom ash generated by Municipal Solid Waste Incineration (MSWI) is 
increasing in Sweden as well as in the other European Countries, including Russia. The main 
benefit of incineration is that both a volume reduction above 90% and a cheap energy recovery 
from the waste is achieved [25].  

Igelsta biofuel in the south of Sweden burns milled industrial waste which contains 
cardboard, paper, inorganic material with containment of paper and cardboard (clay mineral 
kaolin, for example), plastic and wooden chips, milled lignum fossil and creosote oil 
(byproduct from cellulose industry) and other waste.  

To prevent environmental contamination from landfill disposals they have to be covered 
with a legally accepted cover system [2]. 

The legislation in the EU has banned the disposal of combustible waste since year 2002 
and organic waste from year 2005. This will result in an increasing incineration of MSW. 
Approximately 30% of the weight of the incinerated waste is retained as ashes and the largest 
fraction is bottom ash [25]. 

 The expected increase in incineration of waste will increase the volume of bottom ashes. 
For sustainability reasons it is desirable that the materials are recycled and reused. 
Consequently, reuse of ashes from incineration is widely discussed.  

The composition of ashes resembles very much on geological material with its main 
components O, Si, Fe, Ca, Al, Na and K. Some applications have shown that bottom ash might 
be potentially valuable as a secondary aggregate such as fillings in roads and construction 
materials. 

In the field of the mining waste there are a lot of important unsolved problems around 
increasing of tailings and enrichment plants waste. In Sweden and Europe, for instance, the 
mine industry is the main producer of solid waste. In percentage equivalent it is around 46% of 
a total generation [27]. Large mining wastes territories significantly deteriorate the natural 
condition and functioning of landscapes. It is necessary to prevent or at least minimise all types 
of influencing environment. Using nature resources for covering mining waste is very costly 
and not sustainable. 

Therefore, using secondary materials for example bottom ashes for covering landfills (of 
either municipal or mining waste) could be a solution for the discussed problems.  

 
2 Background 

 
The division of Waste Science and Technology at Luleå Technical University is developing a 
cover system with recycled waste materials, e.g. fly ash, digested sewage sludge and a mixture 
of bottom ash with bentonite. The work is performed on behalf of, and in cooperation with 
Telge Återvinning AB – a 100% municipality owned recycling company, which is situated 
approximately 50 kilometres south-west of Stockholm, Sweden. The Tveta landfill (Picture II-
I) operated by Telge Återvinning AB has to be covered within the next years. An area of about 
4 hectares is used as a test field. A number of top cover systems with different ashes as main 
component in the liner are tested [2]. 

Bottom ash had been deposited in heaps on an area at the landfill (Picture II-III) in order 
to season (age). The aim of this treatment is a lowering of pH and alkalinity and, consequently, 
lower aggressiveness. In order to create the cover system for landfills a mixture of bottom ash 
and clay presents advantageous and safe interaction. Advantageous is that the amount of 
bottom ash should be decreased as well as the areas of landfill. Safe is because together they 
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can form a dense layer where bentonite fills the pores in the bottom ash. According to Pusch 
(2002), the swelling properties of smectite rich bentonite (e.g. MX-80) deteriorate considerably 
after having been mixed with bottom ash under water saturated conditions for six month. Parts 
of the smectitic clay components converted to non-swelling clay minerals (illite) while the rest 
dissolved or precipitated as amorphous silicic or aluminium compounds. Additional tests with 
Friedland clay instead of MX-80 showed that Friedland clay is more resistant since it was not 
subject to changes comparable to the destruction of MX-80. Yet, the observed time interval is 
short compared to the requirements for durability for a landfill cover and unfavourable changes 
may occur even for Friedland clay in longer time perspective.  

Different ashes were tested in the laboratory alone and in combination with bentonite. 
They were tested in order to understand the compositions of the bottom ashes, its properties 
and compatibility of the ash in mixture with bentonite (Friedland clay). 

 
 

3 Goal 
 
Characterization of bottom ashes from the Tveta landfill (Telge Återvinning AB), that were 
deposited at the landfill surface for ageing for a period of nine months. One part of the 
evaluation should focus on the compatibility of the bottom ashes with the bentonite (Friedland 
clay) in a mixture, which is to be used as liner on top of a landfill. 
 

3.1  Research questions 
 
In order to achieve our goal the following research questions should be answered:  

1 Did the deposition of the bottom ashes at the landfill surface for nine month have an 
effect on their chemical composition and carbonation potential? How can one see that? 

2 Which properties and constituents may have an impact on the compatibility of the ashes 
with bentonite? 

3 Is it possible to prove a destructive impact of the ashes on the bentonite? How? 
  
To find the answers on these questions a literature study about ashes, bentonite and Friedland 
clay was done as well as a number of laboratory investigations and tests. 

 
 

4 Methods and materials 
 
The investigations of bottom ash should give basic knowledge and better understanding in 
order to assess future environmental impact caused by the ash disposal and to find methods to 
stabilise the waste. This investigation can be done through measurements and analyses of the 
ash and then its behaviour can be observed. 

To answer the research questions about ash properties and its composition a number of 
analyses had been carried out. These analyses were structured as shown in (Figure III-I). They 
consisted of: analyses of the solids, water (leaching test) samples, carbonation and a 
permeability test.  

 Many of analyse methods applied to bottom ash are standardized (see Table III-I for 
analyses of solid samples and Table III-II for analyses of water samples). Their approval and 
publication are done by national and international standardisation committees such as: 

• The Swedish Institute for Standards (SIS, 1999), 
• The International Organization for Standardization (ISO, 1999), 
• The American Society of Testing and Materials (ASTM, 1999), 
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• Deutsches Institute for Norming (Standardization) e.V. (DIN, 1999). 

The tests were performed at the Biolab of the Division of Waste Science and Technology in 
LTU and Analytica AB. 

A part of the analyses and tests were not standardized but they were well proven at the 
Division of Waste Science and Technology (Appendix III.)  
 

4.1 Materials 
 
As mentioned before, bottom ash was aged in big heaps on an area at the landfill (Picture II-
III). Two groups of samples distinguished from these heaps according to the point of time of 
sampling. The third group of bottom ash samples is formed with ashes from another part of the 
Tveta landfill (Picture II-II). 
The following thee groups of bottom ash samples were taken and included into analyses: 
1) Winter samples - 6 samples were taken in November, December 2002 and February 2003 

close to the surface. 
2) Summer samples – 3 samples were taken in July and 12 samples taken in august 2003 at 

the depths between 0-50 cm from the surface. 
3) Samples from drill holes- 20 samples were taken from four drill holes according to the 

depth gradient (0 to 17 m downwards) drilling in September 2002. 
All samples had been taken earlier in the course of the project, i. e. sampling was not a 

part of this thesis work. 
 

4.2 Characteristics of bentonite and Friedland clay 
 
The stability and effectiveness of the protective cover liners does it makes up to 8-10% of the 
ash depending on the properties of the bentonite. 

 Bentonite has the “adsorbed layer” which caused relatively low hydraulic conductivity 
(permeability) in the mixture of the bottom ash and bentonite. Bentonite fills the pores between 
the bottom ash particles and the bottom ash becomes more homogeneous, which makes the 
mixture less permeable. During water saturation process bentonite adsorbs water and swells 
[10]. From that point of view it is possible to use the mixture of bentonite as effective cover 
protection layer. 

Friedland clay has lower swelling capacity compare to bentonite but it has higher 
resistance to the aggressive ash (see Appendix I - Characteristics of bentonite and Friedland 
clay). 
 

4.3 Total solids (TS) and volatile solids (VS) contents 
 

Total solids and volatile solids contents were carried out according to the SS 028113. 
 

4.4 Leaching test 
 
Leaching tests formed the central part in our investigations. The bottom ash from the Tveta 
landfill was leached in a one-step leaching test. Leachates were analysed for concentrations of 
the elements, which have been leached from the bottom ash samples. 

The liquid solid ration is an important factor influencing the leaching behaviour of waste. 
The L/S ratio is calculated as the ratio of the mass of liquid in contact with the bottom ash 
divided by dry mass of the ash [26]. 

                                   L  ratio =     mass liquid     
                                   S               mass solid 
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The DIN 38414 S4 batch test was used, which is a standardized German leaching procedure, 
very similar to the Swedish test ENT2457/4. Differences are the size of the bottle for leaching 
(2 L) and that the samples were not milled but use in the original particle size.  
The samples are leached with an L/S ratio (100g TS in 1L water) during 24 hours. Corrections 
were made for each sample according to current TS ratio. 

  
4.5 Conductivity, chloride, pH and COD 

 
The pH, conductivity, chloride and COD of the leachates were analysed according to Swedish 
standards (Table III-I and table III-II). 

 
4.6 Alkalinity 

 
For the alkalinity test dried samples were milled and sieved by-hand in grain size <0,125mm. 
The test was carried out according to Swedish Standard SS-EN ISO 9963-1:1965 (Table III-I). 

 
4.7 Solubility in water 

 
Solubility in water test helps to define the quantity of solids in equivalent mass, which can be 
dissolved in water during a given period of time (Appendix III, Description 1). 
 

4.8 Carbonation/artificial ageing 
 
The goal of carbonation of the bottom ash is to lower the pH before it is mixed with bentonite 
and to prepare the ash for the permeability test. The artificial ageing was carried out by treating 
the bottom ash with CO2 until the pH value has dropped to the range between 7.5 and 8.3. 

There are no standards for carbonation method. Required conditions under the test time 
were based on previous investigations at the division (Appendix III, Description 2). 

 
4.9 Permeability tests 

 
Permeability tests were carried out in order to achieve the main goal of the present work, the 
test of the compatibility of the bottom ash in mixture with Friedland clay. The aim of this test is 
to measure permeability of the mixture of bottom ash with bentonite and to investigate if and 
how high pH values of bottom ash influence the properties of the bentonite [10]. 

Bentonite has finer grains and in mixture with bottom ash bentonite fills all pores with its 
particles. Because of its ability to swell, the permeability decreases. Low permeability values 
over a long time would indicate that the bottom ash does not destroy the mineral structure of 
the bentonite and hence its swelling properties (Appendix III, Description 3). 
 

        4.10 Statistical methods 
 
Using statistical methods, variable values should be compared in order to know if two groups 
of samples are different from each other [7]. By statistics the problem is typically resolved into 
two steps: 

1) Is the observed difference between the average values of two groups of samples 
significant or is it just due to the sampling error? 

2) Is the difference between the average values of two groups of samples indeed 
significant, what is the extent of the difference? 
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There are number of methods to test the significance of a difference between the average values 
of two groups of samples. They are divided into two classes: 

- Parametric test,  
- Non-parametric test. 

 
These two methods are most often used. However, they are not always the most appropriate for 
data analyzing. The nonparametric test is used when the data is not normally distributed. The 
parametric method implies strict assumptions, such as the requirement that the data should be 
normally distributed and have homogeneous variances. Two common parametric tests are the 
z-test and the t-test. The t-test is useful for sample sizes of up to about 30 observations. For 
larger samples, the z-test is recommended.  
In the current investigation case, the t-test is used because of the sample sizes up to 30 
observations. It has been chosen for comparison of the three assigned groups of samples. The 
extent of the difference between the averages of two groups of samples is calculated by 
standard method (full explanation of the t-test see at the Appendix III, Description 4). 
 
5 Results 
 

5.1 pH values 
 

Three groups of samples were compared (see methods 4.1):  
1) winter sample, 
2) summer samples, 
3) drill hole samples.  

The average pH value was calculated for each group. The results are compiled in Table 1.  
The winter samples had the highest average pH level while the samples from the drill 

holes had the lower pH values. 
To evaluate the reliability of the average pH value for each group a statistical analysis 

was performed at the confidence level of 95%. The results from t-test indicated similar 
correlations between the group of summer samples and samples from the drill hole. The most 
significant differences are within the averages of pH values for these two groups versus the 
rest group of winter samples. The results from calculations are summarised in table 1.  

 
Table 1. Average pH value of the different groups of samples and its extend of difference at 

a confidence of 95% (t-test value).  

Group 
number 

Samples group Average PH 
value 

T-test   
value  

 

Group numbers of 
comparing samples 

1 Winter samples 11.4 0,.1178 1 and 2 
2 Summer samples 10.5 0.1144 2 and 3 
3 Drill hole samples 9.6 0.001 1 and 3  

 
 

5.2 Carbonation 
 

The aim of carbonation test was to determine how fast the process flows under the laboratory 
conditions (see methods description 2.2 in appendix III) and is there any difference in pH value 
during the CO2 absorbtion by the bottom ash. The ash for the experiment was taken with the 
average pH value, which were 10.8. To achieve higher degree of accuracy several tests were 
made simultaneously (see method description 2.1 in appendix). The carbonation process was 
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relatively intensive. After 2 days the first bottle with the ash was opened and the pH value had 
already dropped till 7.7. During the next three day the pH value was stable on approximately 
the same level between 7.8-7.9 (see Table 2). 
 
Table 2. The results of the pH value changing during the preliminary carbonation test.  

Bottle nr Ash mass, g  pH before pH after Time, days 
1. 5.2654 10.84 7.70 2  
2. 5.2400 10.84 7.90 5  
3. 5.0809 10.84 7.82 5  
4. 5.0498 10.84 7.80 5  
5. 5.4224 10.84 7.80 5  
6. 5.6842 10.84 7.81 5  

 
 

5.3 T-test 
 
Statistical t-test method has been chosen for comparison of the assigned groups of samples. 
The extent of the difference between the averages of two groups of samples is calculated by 
standard method (see the description of the t-test at the Appendix III, Description 4). 

Using the t-test a difference between the assigned group average values and their 
confidence interval of typically 95% has been determined in solid and leachate phases. The 
groups of comparing samples sequence are shown in the table below. 

 
Table 3. Description of the compared groups of samples and their sequence of comparison. 

 
 

Sampling description 

T-test 
group 1 

 

T-test 
group 2 

 

T-test 
group 3 

 

3 summer samples taken in July, 2003   X 

6 summer samples taken close to 
surface (0-5 cm) in August, 2003 

X  

6 summer samples taken from 0,5 m 
depth in August, 2003 

X 

X 

 

6 winter samples taken in November, 
December 2002 and February 2003 

  X 

20 samples taken from 4 drill holes at 
the depth 0-17 m, September 2003 

 X  

Purpose for the comparison of these 
samples in the certain groups. 

To test the 
significance of a 
difference between 
samples taken 
approximately at the 
same place and 
time. 

To study how a 
depth gradient and 
ageing influences 
the average 
element 
concentration for 
each of the bottom 
ash samples. 

To study ageing 
and difference 
extend between 
two groups of 
samples, taken 
under rather 
different 
conditions. 
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In the T-test group 1 two subgroups of the summer samples were compared. These samples 
have been taken close to the surface during August 2003. As the sampling was done under the 
same conditions, these groups of samples were compared to deduce the significance of a 
difference between samples taken at the same time from different places in a pile. 

The results show that at a confidence of 95% there is no significant difference between 
the average element concentrations of these two subgroups of summer samples neither in solid 
nor in leachate phase, apart from the concentration of MnO in the solid phase and SO4 and Co 
in the leachate phase (see table 4 below). 

For this reason, these two subgroups of the surface august samples could be combined 
and treated as one group in comparison with samples from drill holes in the T-test group 2. The 
purpose here was a depth gradient and ageing for 11 months influences the average 
concentrations for the element content and the leachate. The result of the t-test shows that there 
is a significant difference between the average values of the common element concentrations at 
a confidence of 95% (see table 4 below). 

 
Table 4. T-test results of difference extend between the average values of the common 

element concentrations at a confidence of 95%. 
T-test group 

number 
Conclusions 

T-test group 1 

At a confidence of 95% there is not significant difference between the 
averages of element concentrations for two subgroups of summer samples 
neither in solid nor in leachate phases. There is statistically significant 
increasing of MnO average concentration for subgroup from 0-0,5 m depth 
in the solid phase. In the leachate phase the average concentrations of SO4 
and Co are significantly higher for the subgroup from the surface. 

T-test group 2 

There is a significant difference between the average concentrations of 
SiO2, CaO, K2O, MnO, P2O5, TiO2, As, Ba, Be, Cd, Cu, Hg, Sb, Sc, V, Y 
and Zn in the august samples group and samples from depth in the solid 
phase at a significant level of 5%. Where average concentrations of SiO2, 
CaO, K2O, MnO, P2O5, TiO2, As, Ba, Cd, Cu, Hg, Sb and Zn are higher 
for the drill holes samples and Y, V, Sc, Be are higher in the august 
samples group. In the leachate phase concentration of SO4 is significantly 
higher for the august samples on this level of confidence.  

 T-test group 3 

There is a significant difference between the average concentrations of As, 
Cd, Hg, Pb, and Zn, which are higher for three summer samples and Sr, 
which is higher for six winter samples in the solid phase. In the leachate 
phase the concentration of K is significantly higher for winter samples at a 
confidence of 95%. 

 
In the T-test group 3 six winter and three summer samples were analyzed in order to discover 
the difference between two groups of samples that were taken from the same place (close to the 
surface), but at different point of time. 

The result of the t-test shows a significant difference between the average values of 
concentrations for As, Cd, Hg, Pb, Sr, and Zn in the solid phase and for K in the leachate phase 
at a confidence of 95% for the T-test group 3. 

A comprehensive evaluation of the t-test results shows that the variation of the element 
concentrations depend on both time and place of sampling.  

All the calculation results from t-test are included in Appendix III and IV. 
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5.4 Results of permeability test 

 
Bottom ash in two different mixtures was taken for the experiment: 

- The ash mixed with 8% of Friedland clay. The pH value was 10.8, which is considered 
to be aggressive towards the clay. 

- The aged ash /non-aggressive with pH value 7,8 which was mixed with 10% of 
bentonite. 

Due to technical problems with the equipment such as leaking from the specimen columns 
obtained results can not be considered reliable, especially specimen column 2 in period from 1st 
till 9 th of December. Thus, the results of this investigation need to be verified and 
complemented. 

Within permeability test the following results were obtained: 
 

Table 5. The obtained data from the permeability test in period of time from 20th of 
November till 1st of December (12 days).   

Number of 
column 

Bulk 
density 
[t/m3] 

Dry 
density 
[t/m3] 

Initial pH 
value 

Infiltrated 
volume of 

water V, ml 

Height of 
the column 
∆H, cm 

Water perme-
ability 
KL, m/s 

1. 1.43 1.12 7.8 451.5 75.9 17×10-9 
2. 1.43 1.12 7.8 67 64.8 2×10-9 
3. 1.53 1.42 10.84 86 75.9 3×10-9 
4. 1.53 1.42 10.84 43.2 64.8 1×10-9 

 
Table 6. The obtained data from the permeability test in period of from 1st till 9 th of December 

(9 days). 

Number of 
column 

pH value 
from leachate  

Infiltrated 
volume of 

water V, ml 

Height of the 
column ∆H, cm 

Water 
permeability 

KL, m/s 
1. 7.96 131.4 85.4 4×10-9 
2. *  0.6 72.3 0.02×10-9 
3. 7.97 44.8 85.4 1×10-9 
4. 7.85 44 72.3 1×10-9 

*  - the leachate for column number 2 was spilled and it is not possible to measure pH in such little volume of 

leachate.  
 
6  Discussion 

 
The main results of performed measurements, tests and analysis are presented and discussed 
with regard to the research questions: 
 

1. Did the deposition of the bottom ashes at the landfill surface for nine month have an 
effect on their chemical composition and carbonation potential? How can one see that? 

2. Which properties and constituents may have an impact on the compatibility of the ashes 
with bentonite? 

3. Is it possible to prove a destructive impact of the ashes on bentonite? How? 
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1) The deposition of the bottom ash at the landfill surface during a period of nine month 
affected their chemical composition and hence their carbonation potential. An ageing process 
has occurred. The mechanism of carbonation process is shown in the following two reactions: 

 
CaO + CO2 = CaCO3 

 
Ca(OH)2 + CO2 = CaCO3 + H2O 

The result of the carbonation reactions is the chemical composition changing such as 
transformation of CaO/Ca(OH)2 into CaCO3. 

Together with the changing of the chemical composition the carbonation process effects 
the carbonation potential of the bottom ash. Calcium hydroxide, Ca(OH)2 in the moist bottom 
ash leads to a high pH-value. 

During the carbonation process, calcium hydroxide reacts with carbon dioxide, CO2, 
from the atmosphere. When all calcium hydroxide has reacted, the pH-value decreases. If two 
types of ashes have different initial contents of calcium hydroxide, the one with the lowest 
content will be most sensitive to carbonation, because the carbonation front will travel faster. 
That means the initial content of calcium hydroxide expresses the carbonation potential. 

Within the t-test study it is possible to see a significant difference of averages element 
concentrations between certain groups of samples (see Tables IV-I, IV-II, IV-III in appendix).  

The most significant differences are between the group of summer samples and samples 
from drill holes. The changing of the CaO concentration is considerable. The chemical 
composition of the bottom ash samples demonstrates that the average concentration of CaO for 
drill holes samples is significantly lower compared with the average CaO concentration for 
both summer and winter samples (see table 7). Calculated standard deviation proves the 
reliability of these measured values, so the available accuracy does not overlap the absolute 
average values of CaO concentrations for the analysed groups of samples. The basic calculated 
results are over-viewed in the table below. 
              
Table 7. Average CaO concentrations of the drill holes, summer and winter bottom ash sam-

ples with calculated standard deviation. 
                    Sample groups 

    CaO 
Drill holes samples Winter samples Summer samples 

Average value 
 

13.8 22.6 22.7 

Standard deviation 
 

3.8 2.3 3.2 

 
It is possible to explain obtained results in the following way. Bottom ash from the drill holes 
was deposited for a long period of time in relatively thin layers. The layers have been exposed 
one by one during continuous land filling and store handling. Thus, bottom ash from the drill 
holes was subjected to a relatively regular carbonation/ageing. Consequently, the CaO content 
and pH decreased and as a result, the aggressiveness of the bottom ash samples from drill holes 
is lower than in the winter and summer samples. (See table 1 in the results). 

It is likely that leaching has made impact on the others elements concentrations also. The 
t-test data show the following variations of average element concentration for bottom ash at the 
confidence interval of typically 95%. 

There is statistically significant increasing of MnO average concentration for the 
subgroup of august samples from 0.5 m depth in the solid phase. In the leachate phase the 
average concentrations of SO4 and Co are significantly higher for the subgroup of august 
samples from the surface. 
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There is a significant difference between the averages of concentrations SiO2, CaO, K2O, 
MnO, P2O5, TiO2, As, Ba, Be, Cd, Cu, Hg, Sb, Sc, V, Y and Zn in the august samples group 
and samples from depth in the solid phase. Where average concentrations of SiO2, CaO, K2O, 
MnO, P2O5, TiO2, As, Ba, Cd, Cu, Hg, Sb and Zn are higher for drill holes samples and Y, V, 
Sc, Be are higher in the august samples group. For the leachate samples concentration of SO4 is 
significantly higher for the august samples. 

There is a significant difference between the averages of concentrations for As, Cd, Hg, 
Pb, and Zn, which are higher for three summer samples and Sr, which is higher for six winter 
samples in the solid phase. In the leachate phase the concentration of K is significantly higher 
for winter samples. 

 
2) Compatibility of two different materials is their ability to exist or to be used together without 
causing problems [14]. In this part compatibility of the bottom ash with bentonite were taken 
into consideration. Properties and constituents of both the ashes and bentonite have an impact 
on their compatibility. 

Bentonite has the “adsorbed layer” (see characteristics of bentonite in literature study, 
appendix I), which caused relatively low hydraulic conductivity (permeability) in the mixture 
of the bottom ash and bentonite. Bentonite fills the pores between the bottom ash particles and 
the bottom ash becomes more homogeneous, which makes the mixture less permeable. During 
water saturation process bentonite adsorbs water and swells [18]. From that point of view it is 
possible to use the mixture of bentonite as effective cover protection layer. 

In current Tveta landfill projects the Friedland clay was used instead of bentonite. It was 
chosen because the Friedland clay is more compatible in mixture with bottom ash. Friedland 
clay contains less swelling components than bentonite and for that reason is less sensitive to 
high pH of bottom ash. 

From the literature studies it’s known that for dense layers never more than about 15% of 
bentonite in sand or soil is used. From economical point of view, it’s more profitably to use 
Friedland clay-enriched mixture where bentonite content up to 8 % bottom ash. In this way 
also, soil mechanics put into consideration certain requirements for a preparation of suitable 
and effective protective liners for landfills covering. Normally, the percentage of bentonite in 
mixture with a base material is used maximum 10-15 % for steady state of slope and a 
hydraulic conductivity 1x10-9 m/s to be reached [24]. 

Common range of values for major and trace elements in the bottom ash from Tveta 
landfill were compared with results of different researchers, who provided their studies on 
bottom ash in 1996, 1997 and 2000 [25], [8] (Table IV-X and Table IV-XI in appendix). This 
general comparison indicates that there is not significant difference between under considerable 
ash and results from mentioned previous studies.  

It could be seen from our literature study and experiments of the properties and 
constituents of the bottom ash (elements concentration, grain size, carbonation potential and 
ect.) that the pH value has an impact on the compatibility of the ash with bentonite. The 
structure of bentonite is destroyed by high pH value and it leads to changes of the properties of 
the bentonite as a loss in swelling capacity. By that destroys the ability of protective layer to 
prevent the water percolation. 
 
3) In present research work a distractive impact could not be observed due to the experimental 
problems and insufficient diversity in the tested samples. However, based on the results of 
mentioned researchers [9] it is possible to make some assumptions. 

The non-treated ash in the mixture with bentonite destroys its structure and should have 
higher value of water permeability/hydraulic conductivity. The aged ash does not influence 
negatively on compatibility with bentonite. Thus, the bentonite completely fills the pore space 
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and leaves little remaining void space for the flow of free water and therefore has low values of 
water permeability [6]. 

Within our laboratory research the following results were obtained from performed 
permeability test (see Tables 5 and 6 in results). They show that water permeability for both 
aggressive and non-aggressive mixtures of the bottom ash with bentonite is in the range of 1-
17x10-9m/s. The main requirement on landfill cover liners is that hydraulic 
conductivity/permeability must not exceeded 1x10-9m/s. This requirement is fulfilled only for 
one column of the aggressive ash in first period of time and for both columns of the aggressive 
ash in the second timeframe. In columns with non-aggressive ash the water permeability values 
are higher. It is suppose to be the inverse way around that water permeability is higher for the 
non-aggressive ash. Higher volume of leachate generated by non-aggressive ash could depend 
on lower density of the ash grains. Thus, these results might be the changes in mixture pore 
structure and hydraulic conductivity due to compactions. 

Analysing obtained results from current permeability test with theoretical studying there 
are some misalignments. The reason can be assumed from lack of time to complete the test and 
technical problems with equipment. Thus, the results of this investigation need to be verified 
and complemented. 

 

7. Conclusions 
 
The following conclusions can be made from the investigations within this thesis: 
 
• The deposition of the bottom ash at the landfill surface during a period of nine month 

affected their chemical composition and hence their carbonation potential. An ageing 
process due to carbonation has occurred resulting in properties more favourable for a 
mixture of the bottom ash with Friedland clay.  

• The following properties and constituents of both the ashes and bentonite may have an 
impact on their compatibility: swelling properties of bentonite, pH value of the bottom ash 
and percentage of bentonite in mixture.  

• To prove a destructive impact of the ashes on bentonite is possible within permeability 
test. High value of water permeability/hydraulic conductivity, which is expressed in high 
volumes of generated leachates, indicates the destructive process is occurred. 

• The treated ash does not generate leachate, which deteriorates the chemical and mechanical 
properties of the Friedland clay. 

• In the future, more research studies and permeability test data are required for better 
understanding the compatibility of the bottom ashes in mixture with bentonite, high pH 
value effect of the ash to bentonite and its ability to be used in top cover system. 
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Appendixes 
 

I. Literature study 
 
 
1. Characteristics of bentonite and Friedland clay 
 

1.1. Bentonite 
 

Clay minerals are aluminium silicates composed of sheets of silica tetrahedral and alumina oc-
tahedral in alternating layers. Each of the tetrahedrons consists of a silicon atom, which is sur-
rounded by four oxygen atoms. Each octahedron consists of six hydroxyl groups usually sur-
rounding an aluminium atom (called a gibbsite sheet) or occasionally a magnesium atom 
(called a brucite sheet). These two repeating molecules arrange themselves in sheets into tree 
families of clay minerals: kaolinite, illite and montmorillonite (as shown in Figure I-I). Ben-
tonite is a naturally occurring form of montmorillonite clay [18]. 
 
 
 

 
 
Figure I-I.  Idealized diagrams of clay minerals: (a) kaolinite, (b) illite and (c) montmorillonite 
[18]. 
 
 
All clay minerals are negatively charged on their surface, that reflected on the surface activity 
of the various clay types shown in Table I-I.  
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Table I-I.   Cation exchange capacity of different clay minerals having approximately equal 

particle size. [18] 

 
Water hydration of clay particles involves three different mechanisms: [18] 

- Dipole water effect occurs because the water molecule is unbalanced in a positive-nega-
tive sense. Therefore, the positive (hydrogen) side of the water molecule will be at-
tracted to the negatively charged surfaces of the clay particles. This very strong attrac-
tion can extend for many molecules away from surface of the clay and into the saturated 
voids of the soil. 

- Nonhydrated cations in the void liquid will be attracted to the negatively charged sur-
face of the clay. They will interact in very complex manner with respect to the water di-
poles, both of which compete for their optional position against the clay particle sur-
face. 

- Direct hydrogen bonding of water to oxygen atoms on the clay’s surface.    
These three mechanisms combine to form the diffuse double layer. The layer is immediately 
adjacent to the surface of the clay particles and extends out into the void space between parti-
cles. This layer is also known as the ‘adsorbed layer’ and it gives clay soil their plasticity char-
acteristics and a relatively low hydraulic conductivity. The lowest possible value of hydraulic 
conductivity can be provided by montmorillonite clay that has the highest surface activity 
(Table I-I) and therefore the thickest adsorbed water layer. This adsorbed water layer leaves 
remaining void space for the flow of free water and therefore low values of hydraulic conduc-
tivity. Typically montmorillonite clays have permeability coefficients less than 10-9 cm/s [10]. 

The primary clay mineral in bentonite is montmorillonite. Bentonite occurs naturally in 
two main different forms: sodium and calcium bentonite. Sodium bentonite swells and gels in 
fresh water more than calcium bentonite. The calcium bentonite type can react with soda ash 
sometimes called ‘peptizing’. It happens when some of the calcium ions are substituted by so-
dium ions increasing the material’s activity and behaviour. 

 
1.2. Swelling properties 

 
Bentonite swells during the saturation process absorbing water. Swelling of bentonite in a land-
fill needs for various purposes, including: 

- the sealing of fractures; 
- the filling up of voids in the bentonite; 
- the healing of cracks in the bentonite; 
- the homogenisation of the bentonite. 

In current Tveta landfill projects the Friedland clay was used instead of bentonite. It was cho-
sen because the Friedland clay is more compatible in mixture with bottom ash. Friedland clay 
contains less swelling components than bentonite and for that reason is less sensitive to high 
pH of bottom ash. The Friedland clay is imported from Germany. Comparison of Friedland 
clay and bentonite properties is in Table I-II [9]. 

 
 

Mineral type Number of positive charges adsorbed per 100 gm soil 

Kaolinite (20-90) × 1020 
Illite (120-240) × 1020 
Montmorillonite (360-500) × 1020 
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1.3 Friedland clay 
 

Friedland Ton from the production line of the company Frieton was used in the study. The 
chemical composition and typical physical properties are described below. *** 

The clay contains the following major elements expressed in oxide form and weight per-
cent: SiO2 = 57.2, Al2O3 = 18.0, Fe2O3 = 5.5, MgO = 2.0, K2O= 3.1, Na2O= 0.9, S = 0.3. 

 
 
 
Figure I-II.  Crystal structure of the Friedland Ton muscovite–montmorillonite lamella. [20] 

 
It can be described as a system of alternating layers of irregular sequences (e.g… 
AABAAABBABAAABAA…). The proportion between A and B is 70% A (montmorillonite) 
to 30% B (muscovite).  

 
Table I-II.  Comparison characteristics of bentonite and Friedland clay. 
 

Criterion Bentonite Friedland clay 

Swelling capacity Very good/good Inhibited/good 
Eroding High Low 
Stability to inorganic acids Medium – Low Medium 
Stability to organic compounds Low Medium 
Permeability Very low Very low 
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Friedland clay is preferably suited as a mineral sealant due to the following properties: 
- high content (> 60%) of fine particles size (< 2 µm)   
- morphology of strips and flakes (high compacting capacity and thus low permeability) 
- inner-crystalline swelling capacity (reduction of pore volume of coarse-grained soils) 
- gelatinization of the mixed-layer minerals in soils (preventing the drying-out due to the 

high water binding capacity) 
- ability of naturally healing fissures caused by soil mechanics in the sealing body 
- selective adsorption capacity for pollutants 
- relative chemical stability as regards water pollutants. 
 

Table I-III.  Geotechnical characteristics (Clay from Friedland).  
 

Parameter Measuring unit Measured value 

Grain size distribution    
(DIN 18126) 

% 
Sand fraction ( > 63 µm) : 3 – 4 

Coarse clay fraction ( 2 – 63 µm) : 20 – 25 
Clay fraction ( < 2 µm) : > 70 

Cation exchange capacity mval/100gr 50 – 60 
pH-value  8.3 
Natural water content % 27 – 30 
Water adsorption acc. to 
ENSLIN 

% 150 – 170 

Mixing Water requirement % 33 – 45 
True density g/cm3 2.71 
Water permeability         
(DIN 18130) 

m/s 1 – 7 × 10-11 

 
It is important that the ash is aged and by that will not generate leachate, which could destroy 
the chemical and mechanical properties of clay. 

Liu and Neretnieks (1997) considered a modification of bentonite composition by ion ex-
change reactions with groundwater, rather than by dissolution-precipitation processes. They 
concluded that the passage of Ca-rich solutions could convert Na-montmorillonite to non-
swelling Ca-montmorillonite [13]. 

 Under considerable ash was already aged on the landfills surface during nine months. 
The pH level of ash sample was still too high, so it was decided to perform carbonation for de-
creasing the pH value of the samples till optimal level. The carbonation process is described 
further. 

Friedland clay is not a cheap raw material, and so it will not be used as a mineralogically-
pure layer tens of centimetres thick. I addition, a soil mechanics put into consideration certain 
requirements for a preparation of suitable and effective protective liners for landfills covering. 
Normally percentage of bentonite in mixture with a base material is used maximum 10-15 % to 
achieve steady state of slope [24]. Throughout these reasons, Friedland clay-enriched soil is 
prepares by mixing up to 8% bentonite with a bottom ash and is then laid down [16]. 

 
2. Carbonation 
 
Bottom ash from Municipal solid waste incineration is a highly reactive material, especially 
toward atmospheric CO2. Bottom ash has high pH value and during deposing time on landfill 
the process of natural maturation of bottom ash occurs. This process is called carbonation. 

The process of carbonation is possible to explain on the chemical level. Bottom ash con-
tain the oxides or in case of presence of water hydroxides of alkaline elements which transform 
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due to the chemical reactions in to carbonates of the same elements and by that reduce the pH 
value in the ash. 

CaO + CO2 = CaCO3 

 
Ca(OH)2 + CO2 = CaCO3 + H2O 

 
The process of carbonation stipulate following factors: 

- solid/water ratio 
            Dry hydroxides of alkaline elements react more slowly with CO2 than does “wet” hy-

droxides. 
- pressure 

The speed of carbonation increases with pressure increasing. Natural aging of the ash 
takes place on the landfill under the normal natural conditions and because of that all 
researches with carbonation were done under atmospheric pressure.  

- concentration of CO2 
With using of CO2 from the air (with approximately 0,0314% of CO2) the speed of car-
bonation is slow. In the laboratory tests pure CO2 from the pressure vessel were used. 

- time 
The linear relation exists between carbonation and time by ash saturation level and cer-
tain pH level reach some certain saturation level and certain pH value. 

- particle size 
The speed of carbonation increases with decreasing of the particle size. In the case of 
fine particles like fly ash the rate of carbonation is very fast and depends on factors such 
as the solid/water ratio.  

 
3. Carbonation potential 
 
The calcium hydroxide, Ca(OH)2,is one of ingredients of the moist bottom ash and its presence 
ensures a high pH-values. 

During the carbonation process, calcium hydroxide reacts with carbon dioxide, CO2, 
from the atmosphere. When all calcium hydroxide has reacted, the pH-value decreases. If two 
types of ashes have different initial contents of calcium hydroxide, the one with the lowest 
content will be most sensitive to carbonation, because the carbonation front will travel 
faster. That means the initial content of calcium hydroxide express a kind of carbonation po-
tential [19]. 
 
4. PH value 
 
As an environmental factor pH will have a great importance for the conversion processes in a 
landfill [15].  

The pH can also be affected by gas reactions and biological activity. There is no biologi-
cal activity at extreme pH-values, i.e. at about pH < 1 and pH>10.  

The pH is in its turn affected by: 

• The available buffer system, 
• Transport of acids and bases to and from the landfill, 
• Redox reactions, 
• Biological degradation of organic matter. 

Some examples of pH buffers in waste are carbonic species, metal oxide, metal hydroxides, 
organic acids and aluminium species. The pH and the buffer capacity can change during time if 
acids/bases are added to the landfill from rainwater, ground water or leachate. 
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II.  The landfill site 
 
Telge Återvinning AB is a 100% municipality owned recycling company, which is situated 
approximately 50 kilometres south-west of Stockholm, Sweden. The Tveta landfill operated by 
Telge Återvinning AB has the area of about 4 hectares and it has to be covered within the next 
years as test field (1). 
 
 
 
 

2003-12-17

Tveta landfill – Telge Återvinning AB

 
 
 
 
Picture II-I.  View of the whole landfill site. The ash disposal is situated in the rear right 

corner. 
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Picture II-II.   Location of drill holes at the ash disposal. 

 

2003-12-17

Ash heapes for ageing/carbonation 
at the landfill surface  

 
Picture II-III . Ash heaps for ageing/carbonation at the landfill surface (1). 
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III.  Methods description 
 
The laboratory work and analyses of the bottom ash samples should give results in two goals. 
First goal is assessment of future environment impact caused by ash disposal, and second goal 
is to find methods to stabilise the waste. 

In order to get answer of given research questions about ash properties and its 
composition we carried out a number of analyses. These analyses were structured as shown in 
Figure III-I, and they consisted of: analyses of the solids, water (leaching test) samples, 
carbonation and a permeability test. 

Many of analyse methods applied to bottom ash are standardized (see Table III-I for 
analyses of solid samples and Table III-II for analyses of water samples). 
A part of the analyses and tests were not standardized: 
 

- Carbonation 
- Solubility in water 
- Permeability test 
 
 

 
 
                                         Samples 
 
 
 
Solid Analyses      Carbonation       Permeability Test     Leaching Test 
 
 
     Milling, Sieving                                                                      - COD 
                                                                                                      - pH 
                                                                                                      - ICP    
                                                                                                      - TS 
Metals            Alkalinity                                                               - Chloride 
                                                                                                      - E.Conductivity 
                                                                                                      - NH4-N 
                                                                                                      - Ntot 
                                                                                                      - PO4 
                                                                                                      - SO4  
                                                                                                      - Metals 
Figure III-I.  Structure of analyses.  
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Table III-I . Standard analyses of solid samples. 
 
 
 

Analyses standards 

ICP V-3a Leaching test package Analytica AB 
Mg Fast material 

Alkalinity Swedish Standard SS-EN ISO 9963-1:1965 

PH Instrument: pH 340/set-1,WTW 

Conductivity Instrument: INOLAB, WTW 

TS Swedish Standard SIS 028113 

 
 
 
Table III-II . Standard analyses of water samples. 
 

 Analyses standards 

COD 
(chemical oxygen demand) 

COD Cell Test (Merck) 
Analogous to SPA 410.4,US standard methods 5220D 
and ISO 6060. 

ICP V-3a Leaching test package Analytica AB 
Mg Fast material 

Chloride Swedish Standard SIS 02 81 13 

PH Instrument: pH 340/set-1,WTW 

Conductivity Instrument: INOLAB, WTW 

TS Swedish Standard SIS 028113 

NH4-N Method No: J-001-88B (Multitest MT 3B) 

Ntot Swedish Standard SIS 028131 

PO4 Method No: J-004-(Multitest MT 3A) 

SO4 SS-ENISO 10304-1 

 
 
1. Description of Solubility in water 

 
The determination of the solid sample portion which is soluble in the water was done after 
leaching the sample according to leaching test DIN 38414 S4. After that the following steps are 
performed: 

- Materials: 
-funnel, funnel holds, filter paper, empty bottle, porcelain cups. 
-bottle, filter paper and porcelain cups have to be weighed. 

- Place the filter in the funnel and the funnel above the empty bottle as shown in Figure 1. 
- Filtrate all leachate through the funnel and make sure that all solid particles are transferred 

to the funnel. If you need to rinse with extra water, weigh the amount you use. 
- Wait until all solution has filtrated from the funnel. 
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- Pour 50 ml of the solution from the flask into a porcelain cup (weighed) and place it for 
24 hours in the oven at 105oC until its weight is constant. 

- Dry also filter with solid sample. 
- Cool down them in an exsiccator and weigh. 
- Calculate the relations of total solids in water and compare the amount of solids before 

and after leaching. 
 

 
Figure III-II . Experimental design of test solubility in water. 
 
2. Description of Carbonation/artificial ageing 
 

2.1 Carbonation test 
 
The preliminary carbonation test was performed with following steps: 

- Ash with mass approximately 5g was placed into the glass bottles volume of 25 ml 
- Bottles were placed in to the special rum on temperature 28.2oC 
- With special lab equipment 50 ml of gas CO2 was pumped into the bottles created the 

pressure inside approximately 50 KPa. This value could be observed on computer screen.  
- During the test, bottles with ash were shaken several times by hand 
- When pressure in the bottle was dropped, another 50 ml of CO2 were added 

The test was running under 5 days. The first bottle was opened after 2 days of test’s time and 
other in the end of fifth day. The pH values of all samples were measured. 
 
3. Description of permeability test 
 

3.1 Preparation of the permeability test 
 
The bottom ash ageing/carbonation was performed according to the following steps: 

- Ash was placed in gastight aluminium bags. The ash was not moistened because it had 
sufficient water content (about 60-95% of wet weight) 

- Carbon dioxide was pumped into the aluminium bags by a peristaltic pump.  
- To retrace the processes taking place in the bags, a number of bottles were filled with ash 

and carbon dioxide (about 5g in 150 ml bottle and about 50 ml of CO2) parallel. 
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- The temperature during carbonation corresponded to laboratory conditions (about 20oC). 
- The gasbags were agitated every day in order to allow equal contact of ash and CO2. 
- The bottles were opened one by one each day in order to check the pH. 
- The ash was considered to be aged and ready for further analysis when the pH was in the 

range between 7.5 and 8.3. 

The level was reached after 5 days, so the treatment in the gas bags was terminated after that 
time. 
 

3.2 Description of permeability test 
 
The permeability test shows how fast water will be transported through the ash column. The 
permeability depends both of the properties of the water and the properties of the ash. The wa-
ter permeability is determined by adding a constant water pressure over the column containing 
the ash. This method is called the constant head method.  

To create the water pressure over the ash, water is pumped into a water column with a 
peristaltic pump. The water column has a discharge close to the top in order to have a constant 
water level. The bottom of the water column is connected to the ash column. When the water 
has infiltrated all the way through the ash it is collected in a volumetric cylinder (see Figure III-
III). When the infiltration has reached steady state the infiltrated volume is measured during a 
certain time in order to calculate the flow and water permeability according following expres-
sion: 

                                            

                                      
 

KL – Water permeability, m/s 
V – Volume of water 
A – Area of the ash column 
T – Time of the volume, V, to pass through the ash column 
hw – Height of the ash mixture in the ash column 
∆H – Difference in the water level between the water column and the outlet of the ash column. 
 

The permeability test had been performed twice during present research work with 
changing water column height (and changing ∆H). It took first time 12 days and second time 9 
days. The tables III-III and III-IV present the results respectively. In this case two par of two 
ash columns were used which were connected with two water columns (one for each pair) and 
one peristaltic pump in the system. 

A few preparation arrangements were done before the permeability test was started. A 
special sort of bottom ash was used for the test. It was already mixed with 8% of bentonite but 
was still aggressive with pH = 10.84. First pair of ash columns (3 and 4) was with initial con-
tent of ash and second (1 and 2) were aged to achieve a suitable (non-aggressive) pH level, 
which was 7.8 and mixed with 10% of bentonite. 

Then ash mixtures were tamped into the empty column. The total mass of the ash mix-
tures in each column were following: 

 
m(1) = 7454.8 g; 
m(2) = 7454.8 g; 
m(3) = 6933.9 g; 
m(4) = 6934.0 g. 
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Table III-III.    Obtained data from the permeability test in period of time from 20th of Novem-
ber till 1st of December (12 days). 
 

Number of column V, ml ∆H, cm KL, m/s 
1. 451.5 75.9 1.7×10-8 
2. 86 64.8 0.3×10-8 
3. 67 75.9 0.2×10-8 
4. 43.2 64.8 0.1×10-8 

 
Table III-IV.   Obtained data from the permeability test in period of from 1st till 9 th of Decem-
ber (9 days). 
 

Number of column V, ml ∆H, cm KL, m/s 
1. 131.4 85.4 0.4×10-8 
2. 44.8 72.3 0.1×10-8 
3. 0.6 85.4 0.002×10-8 
4. 44 72.3 0.1×10-8 

 
 
 

 
Figure III-III. Experimental set-up for measurement of water permeability of the bottom ash 
and Friedland clay mixture.        
 
 
4. Description of T-test 
 
T-test is a statistical method to verify the significance of a difference between the averages of 
two samples group. This task typically resolves into two steps: 
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1) Is the observed difference between the averages of two samples significant, or 
is it due to the sampling error? 

2) If a difference between the averages of two or more samples is indeed signifi-
cant, what is the extent of the difference? 

In the t-test sample averages have to fulfil the following assumptions:  
- normally distributed, 
- homogeneous variances. 

The rationale of the t-test is that the difference between two samples is divided by the standard 
error of the difference: 

 

 
 

, where: 
s2 – is the sample variance and the sample standard deviation s supply a measure of 

spread.  
 
The sample variance is calculated as: 

 

 
 
s – the standard deviation that calculated as the positive square root of s2   

 
 

 
v1 and v2 the degrees of freedom: 
             
               v1 = (n1 - 1) – for the numerator, 
 
               v2 = (n2 - 1) – for the denominator, 
 
n – the number of observation. 

 
The calculated t-value has to be compared with the tabulated value of t distribution (see Table 
III-V) at a significance level of 5%. If the tabulated value of t distribution is lower then the cal-
culated value it let conclude that at a confidence of 95% there is a statistically significant dif-
ference between the averages of the certain samples. 

Otherwise there is not a statistically significant difference between the averages of the 
certain samples at the confidence interval of typically 95%. 
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Table III-V.   Critical values for the two-tailed t-test with ν degrees of freedom. 

 

Significance level 
ν 

0.2 0.1 0.05 0.02 0.01 

1 3.078 6.314 12.706 31.821 63.657 
2 1.886 2.920 4.303 6.965 9.925 
3 1.638 2.353 3.182 4.541 5.841 
4 1.533 2.132 2.776 3.747 4.604 
5 1.476 2.015 2.571 3.365 4.032 
6 1.440 1.943 2.447 3.143 3.707 
7 1.415 1.895 2.365 2.998 3.499 
8 1.397 1.860 2.306 2.896 3.355 
9 1.383 1.833 2.262 2.821 3.250 

10 1.372 1.812 2.228 2.764 3.169 
11 1.363 1.796 2.201 2.718 3.106 
12 1.356 1.782 2.179 2.681 3.055 
13 1.350 1.771 2.160 2.650 3.012 
14 1.345 1.761 2.145 2.624 2.977 
15 1.341 1.753 2.131 2.602 2.947 
16 1.337 1.746 2.120 2.583 2.921 
17 1.333 1.740 2.110 2.567 2.898 
18 1.330 1.734 2.101 2.552 2.878 
19 1.328 1.729 2.093 2.539 2.861 
20 1.325 1.725 2.086 2.528 2.845 
21 1.323 1.721 2.080 2.518 2.831 
22 1.321 1.717 2.074 2.508 2.819 
23 1.319 1.714 2.069 2.500 2.807 
24 1.316 1.708 2.060 2.485 2.787 
25 1.316 1.708 2.060 2.485 2.787 
26 1.315 1.706 2.056 2.479 2.779 
27 1.314 1.703 2.052 2.473 2.771 
28 1.313 1.701 2.048 2.467 2.763 
29 1.310 1.697 2.042 2.457 2.750 
30 1.310 1.697 2.042 2.457 2.750 
40 1.303 1.684 2.021 2.423 2.704 
60 1.296 1.671 2.000 2.390 2.660 

120 1.289 1.658 1.980 2.358 2.617 
∞ 1.282 1.645 1.960 2.326 2.576 
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IV.  Results. Tables/Diagrams 
 

1. t-test 
 

Table IV-I.  T-test group 1. (Comparison of two subgroups of summer samples taken in 
August 2003). 

                                                                                        
Solid samples Leachate samples 

Element Units t-test Table value Element Units t-test 

SiO2 
% TS 0.06 2.228    

Al2O3 % TS 0.30     
CaO % TS 0.32     

Fe2O3 % TS 0.21     
K2O % TS 0.23     
MgO % TS 0.54     
MnO % TS 2.53     
Na2O % TS 0.16     
P2O5 % TS 0.81     
TiO2 % TS 0.06     

As mg/kg TS 0.31  Ca mg/l 1.61 

Ba mg/kg TS 0.05  Fe mg/l N/a 
Be mg/kg TS 0.38  K mg/l 0.79 
Cd mg/kg TS 0.13  Mg mg/l N/a 
Co mg/kg TS 0.10  Na mg/l 0.18 
Cr mg/kg TS 0.11  S mg/l 2.11 
Cu mg/kg TS 0.02  SO4 mg/l 2.65 
Hg mg/kg TS 0.06  Al µg/l 0.33 
La mg/kg TS 1.58  As µg/l 1.93 
Mo mg/kg TS 0.66  Ba µg/l 1.15 
Nb mg/kg TS 2.20  Cd µg/l 2.01 
Ni mg/kg TS 0.28  Co µg/l 5.001 
Pb mg/kg TS 0.09  Cr µg/l 0.62 
S mg/kg TS 0.23  Cu µg/l 1.39 

Sb mg/kg TS 0.07  Hg µg/l N/a 
Sc mg/kg TS 0.40  Mn µg/l N/a 
Sn mg/kg TS 0.84  Ni µg/l N/a 
Sr mg/kg TS 0.51  Pb µg/l 0.91 

V mg/kg TS 0.37  Zn µg/l 0.76 

W mg/kg TS 0     
Y mg/kg TS 0.26     

Zn mg/kg TS 0.15     
Zr mg/kg TS 0.70     
Cl % 0.20     
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Table IV-II.  T-test group 2. Comparing the averages of all summer samples and samples 
from drill holes.                      

Solid samples Leachate samples 

Element Units t-test Table value Element Units T-test 

SiO2 % TS 3.9 2.042 Ca mg/l 1.46 

Al2O3 % TS 1.74  Fe mg/l N/a 

CaO % TS 6.44  K mg/l 2.07 

Fe2O3 % TS 0.64  Mg mg/l 2.03 

K2O % TS 2.81  Na mg/l 2.24 

MgO % TS 3.15  S mg/l 2.19 

MnO % TS 4.08  SO4 mg/l 2.12 

Na2O % TS 1.51  Al µg/l 2.83 

P2O5 % TS 15.05  As µg/l 2.17 

TiO2 % TS 4.01  Ba µg/l 1.40 

As mg/kg TS 7.94  Cd µg/l 0.93 

Ba mg/kg TS 5.92  Co µg/l 2.37 

Be mg/kg TS 2.83  Cr µg/l 6.96 

Cd mg/kg TS 4.1  Cu µg/l 0.97 

Co mg/kg TS 0.27  Hg µg/l N/a 

Cr mg/kg TS 1.78  Mn µg/l 1.38 

Cu mg/kg TS 3.16  Ni µg/l 1.81 

Hg mg/kg TS 4.26  Pb µg/l 1.89 

La mg/kg TS 1.78  Zn µg/l 4.80 

Mo mg/kg TS 0.95     

Nb mg/kg TS 1.88     
Ni mg/kg TS 2.04     
Pb mg/kg TS 1.99     
S mg/kg TS 0.51     

Sb mg/kg TS 3.4     
Sc mg/kg TS 2.4     
Sn mg/kg TS 0     
Sr mg/kg TS 1.12     
V mg/kg TS 2.18     
W mg/kg TS 0     
Y mg/kg TS 2.42     

Zn mg/kg TS 4.03     
Zr mg/kg TS 1.1     
Cl % 0,82     
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Table IV-III.   T-test group 3. (Comparison of 3 summer and 6 winter samples). 
 
 

Solid samples Leachate samples 

Element Units t-test Table value Element Units t-test 

SiO2 % TS 1.10 2.365    

Al2O3 % TS 0.98  Al µg/l 0.53 

CaO % TS 0.01  Ca mg/l 1.68 

Fe2O3 % TS 1.38  Fe mg/l na 
K2O % TS 1.16  K mg/l 2.48 
MgO % TS 0.14  Mg mg/l na 
MnO % TS 1.58  Mn µg/l 1.68 
Na2O % TS 0.04  Na mg/l 1.94 
P2O5 % TS 2.06     
TiO2 % TS 2.11  SO4 mg/l 0.57 
As mg/kg TS 2.544  As µg/l 1.03 
Ba mg/kg TS 0.72  Ba µg/l 0.95 
Be mg/kg TS 1.39     
Cd mg/kg TS 4.29  Cd µg/l 0.05 
Co mg/kg TS 0.96  Co µg/l na 
Cr mg/kg TS 1.71  Cr µg/l 0.57 
Cu mg/kg TS 0.74  Cu µg/l 1.40 
Hg mg/kg TS 5.15  Hg µg/l na 
La mg/kg TS 0.91     
Mo mg/kg TS 2.00     
Nb mg/kg TS 1.15     
Ni mg/kg TS 1.57  Ni µg/l na 
Pb mg/kg TS 3.16  Pb µg/l 0.88 
S mg/kg TS 0.94  S mg/l 0.73 

Sb mg/kg TS 3.91 
Sc mg/kg TS 0.7526 
Sn mg/kg TS 0,.7 
Sr mg/kg TS 2.38 
V mg/kg TS 0.90 
W mg/kg TS 0 
Y mg/kg TS 0.17     

Zn mg/kg TS 4.22  Zn µg/l 0.69 
Zr mg/kg TS 0.96 
Cl % 0.168 
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Table IV-IV.   Element concentrations for group of winter bottom ash samples. 
 

Elements  Units   021212_1  021212_2  021212_3  021120 030217__1 030217_2
SiO2 % TS 40.2 29.8 23.2 28.3 39.1 35.8 

Al2O3 % TS 14.1 11.9 9.72 12.6 13.1 14.7 
CaO % TS 23.4 21.7 26.6 20.5 23 20.4 

Fe2O3 % TS 4.22 5.4 5.18 5.19 4.26 5.28 
K2O % TS 1.96 1.55 1.34 1.5 1.66 2.12 
MgO % TS 2.47 2.4 2.44 2.45 2.36 2.2 
MnO % TS 0.139 0.115 0.12 0.111 0.131 0.123 
Na2O % TS 3.36 1.11 1.1 1.06 2.91 3.27 
P2O5 % TS 0.742 0.573 0.572 0.561 0.676 0.54 
TiO2 % TS 2.29 0.777 0.829 0.757 1.94 1.92 
As mg/kg TS 116 112 156 92.6 95.9 63.8 
Ba mg/kg TS 2730 1540 1420 1510 2060 2160 
Be mg/kg TS 1.43 5.34 4.84 5.3 1.53 2.04 
Cd mg/kg TS 22 8.59 12.4 6.87 23.2 35.3 
Co mg/kg TS 28.4 31 26 30.5 34.9 34 
Cr mg/kg TS 1100 264 259 201 634 750 
Cu mg/kg TS 12600 245 506 280 5910 7770 
Hg mg/kg TS 1.02 0.632 0.878 0.72 1.01 1.64 
La mg/kg TS 8.18 53.4 <9 35 11.4 18.6 
Mo mg/kg TS 25.6 27.9 38.3 11.8 23.4 36.9 
Nb mg/kg TS 6.16 22.5 <9 9.88 11.5 10.8 
Ni mg/kg TS 178 78.3 71.5 80 279 206 
Pb mg/kg TS 1440 485 751 431 1670 2890 
S mg/kg TS 4460 33200 34600 39900 7390 8180 

Sb mg/kg TS 376 57.6 88.7 51.7 382 515 
Sc mg/kg TS 2.47 14.8 9.2 13.8 3.6 3.43 
Sn mg/kg TS 792 23 70.4 25.3 90.2 306 
Sr mg/kg TS 567 700 572 747 483 799 
V mg/kg TS 46.2 140 110 138 50.6 43.4 
W mg/kg TS <60 <60 <90 <60 <60 <60 
Y mg/kg TS 20.7 35.5 35.3 36.4 20.2 18.5 
Zn mg/kg TS 4730 1400 2160 1410 4940 6370 
Zr mg/kg TS 323 191 170 227 331 352 
Cl % 4.96 1.73 2.1 1.38 0.24 6.05 
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Table IV-V.  Element concentrations for group of summer bottom ash samples. 
 

Element  units  Åa 1a Åa 2b Åa 4a Åa 4b Åa 7a Åa 7b Åa 8a 
SiO2 % TS 35.5 26.8 28.2 35 24.2 25 22.5 

Al2O3 % TS 12.9 13.1 13.7 14 11.8 11.7 7.8 
CaO % TS 23.9 23.8 24.1 22.2 23.1 22.6 28 

Fe2O3 % TS 4.68 3.45 3.65 5.25 5.38 5.52 4.15 
K2O % TS 0.989 1.31 1.17 1.35 1.4 1.39 1.41 
MgO % TS 2.29 2.29 2.39 2.4 2.29 2.41 2.18 
MnO % TS 0.128 0.127 0.137 0.131 0.125 0.133 0.114 
Na2O % TS 2.03 1.47 1.48 1.89 0.895 0.877 1.11 
P2O5 % TS 0.741 0.638 0.686 0.679 0.619 0.609 0.542 
TiO2 % TS 2.15 2.33 2.33 2.28 0.751 0.744 0.809 
As mg/kg TS 133 130 219 152 90.6 100 185 
Ba mg/kg TS 2170 2020 2050 2150 1450 1500 1350 
Be mg/kg TS 1.22 1.32 1.27 1.08 6.2 5.95 3.16 
Cd mg/kg TS 34.8 69.1 78.4 55.5 8.11 8.72 15.7 
Co mg/kg TS 32.8 46.1 40.8 47.6 31.4 29.6 20.9 
Cr mg/kg TS 722 798 941 906 189 202 275 
Cu mg/kg TS 8320 6640 7880 9340 282 244 349 
Hg mg/kg TS 1.78 3.33 3.48 2.09 0.677 0.668 0.876 
La mg/kg TS 44.2 20.7 17.4 21.4 <6 27.1 27.7 
Mo mg/kg TS 42.7 36.6 40.5 34.3 <6 12.3 26 
Nb mg/kg TS 24 12.2 16.6 15.6 <6 7.39 10.5 
Ni mg/kg TS 229 201 327 311 80.6 77.2 59.3 
Pb mg/kg TS 2960 4640 5340 4240 457 515 879 
S mg/kg TS 8610 18000 17700 11800 37100 41200 38400 

Sb mg/kg TS 662 1130 1220 865 57.5 62 109 
Sc mg/kg TS 5.73 2.77 3.11 3.69 11.9 13.7 8.57 
Sn mg/kg TS 208 161 224 211 <20 30.2 33.5 
Sr mg/kg TS 484 417 443 441 672 674 487 
V mg/kg TS 51.8 41.8 48.4 51.7 140 142 90.3 
W mg/kg TS <60 <60 <60 <60 <60 <60 <60 
Y mg/kg TS 19 24 23.5 20 37.7 39 24.1 
Zn mg/kg TS 7130 13300 14100 9980 1590 1720 3020 
Zr mg/kg TS 331 505 278 290 139 137 133 
Cl % 0.37 0.66 0.59 0.59 1.1 1.04 2.46 
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Table IV- VI.  Element concentrations for group of summer bottom ash samples. 
 

Elements  Units  Åa 8b Åa 12a Åa 12b Åa 13a 030707_1 030707_2 030708
SiO2 % TS 23.3 22.2 26.5 33.3 36 36.5 40
Al2O3 % TS 8.64 12.8 12 15.5 12.4 14.2 14.9
CaO % TS 28.5 19.3 20.9 15.2 22.8 23.4 22.8
Fe2O3 % TS 4.51 5.27 5.69 6.34 4.73 4.41 4.01
K2O % TS 1.05 1.27 1.38 1.69 1.35 1.2 1.86
MgO % TS 2.29 2.16 2.32 2.66 2.25 2.4 2.48
MnO % TS 0.131 0.116 0.147 0.116 0.138 0.129 0.133
Na2O % TS 0.808 0.835 0.91 1.08 1.97 2.12 2.87
P2O5 % TS 0.608 0.729 0.655 0.6 0.774 0.716 0.664
TiO2 % TS 0.862 0.661 0.675 0.75 2.38 2.2 2.35
As mg/kg TS 168 70.1 76.8 56.3 211 193 116
Ba mg/kg TS 1450 1430 1430 1610 2130 2170 2070
Be mg/kg TS 3.95 8.61 5.92 7.26 1.61 1.26 1.41
Cd mg/kg TS 15.6 6.33 5.62 4.46 48.5 49.3 41.9
Co mg/kg TS 22 38.9 27.6 37.6 35.3 31.5 31.8
Cr mg/kg TS 287 167 240 207 958 868 873
Cu mg/kg TS 311 210 234 218 5000 6570 9050
Hg mg/kg TS 0.898 0.595 0.594 0.582 2.32 2.75 1.94
La mg/kg TS 19.4 40.8 36.9 52.2 39.9 15.7 57.9
Mo mg/kg TS 23.2 9.82 12.7 20 40.7 31.5 50.8
Nb mg/kg TS 7.91 11.7 11 18.4 23.2 10.2 18.4
Ni mg/kg TS 58.8 95 73.4 96.9 332 194 199
Pb mg/kg TS 827 349 314 268 3120 3180 2880
S mg/kg TS 39900 43200 37000 26300 6950 9400 9120
Sb mg/kg TS 107 43.3 34.1 31.3 766 755 659
Sc mg/kg TS 9.39 18.5 14.6 19.1 5.11 2.98 4.5
Sn mg/kg TS 26.1 <20 <20 <20 221 163 129
Sr mg/kg TS 470 801 723 863 443 463 443
V mg/kg TS 104 206 155 182 61.3 45.7 51.6
W mg/kg TS <60 <60 <60 <60 <60 <60 <60
Y mg/kg TS 27 46.7 38.5 46.5 22.2 24.7 33.5
Zn mg/kg TS 3000 1170 1120 773 9210 9940 8030
Zr mg/kg TS 110 120 177 323 312 310 311
Cl % 1.55 0.68 0.81 0.8 3.78 0.87 3.66
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Table IV- VII.  Element concentrations for group of samples from the drill holes. 
 

 
 
 

 
 
 
 
 
 
 

Elements  Units  #1  0-1 #1  2-3 #1  4-5 #1  6-7 #1  8-9 #1  11-12 #1   13-14 
SiO2 % TS 38 31.4 30.6 36.2 42.5 37.3 35.6 
Al2O3 % TS 15.3 16.5 15.8 15.9 14 15.5 15.9 
CaO % TS 13.2 17 14.1 13.5 7.06 11.5 14.3 
Fe2O3 % TS 6.29 5.26 3.98 6.79 7.13 6.36 5.76 
K2O % TS 1.53 1.6 1.39 1.7 1.64 1.55 1.52 
MgO % TS 2.56 2.57 2.15 2.31 1.93 2.5 2.75 
MnO % TS 0.108 0.106 0.08 0.0947 0.109 0.107 0.1 
Na2O % TS 1.07 0.626 0.692 0.843 0.787 0.663 0.72 
P2O5 % TS 0.334 0.384 0.324 0.352 0.259 0.2 0.203 
TiO2 % TS 0.63 0.663 0.651 0.661 0.604 0.657 0.686 
Summa % TS 79 76.1 69.8 78.4 76 76.3 77.5 
LOI % TS 11.7 10.8 19 12 20.5 15.4 13.5 
As mg/kg TS 27.9 30 27.5 21.8 10.2 13.2 13.4 
Ba mg/kg TS 1090 1360 1130 1330 948 1120 1200 
Be mg/kg TS 8.58 9.83 9.23 7.37 7.28 7.86 7.24 
Cd mg/kg TS 0.97 1.04 0.814 0.655 0.441 0.506 0.731 
Co mg/kg TS 38 40.5 42.1 32 25.3 32.4 30.6 
Cr mg/kg TS 132 150 134 126 112 115 116 
Cu mg/kg TS 114 110 130 94.5 79.5 100 90.7 
Hg mg/kg TS 0.338 0.443 0.346 0.389 0.186 0.381 0.489 
La mg/kg TS 35.7 56 37.1 41.7 43.6 38.1 34.1 
Mo mg/kg TS 10.6 19.9 <6 9.28 <6 8.14 <6 
Nb mg/kg TS <6 19.5 6.82 10 9.61 11.3 9.27 
Ni mg/kg TS 98.1 109 121 93 74.1 104 99 
Pb mg/kg TS 99 119 96.8 71.6 47.2 80.5 95.2 
S mg/kg TS 33800 39100 39300 36800 17700 31700 34200 
Sb mg/kg TS 6.5 7.41 7.58 4.7 2.88 5.12 5.82 
Sc mg/kg TS 23.1 22 20.4 18.3 16.4 16.5 16.6 
Sn mg/kg TS <20 <20 <20 <20 <20 <20 <20 
Sr mg/kg TS 550 686 606 713 503 546 534 
V mg/kg TS 231 240 277 198 135 146 147 
W mg/kg TS <60 <60 <60 <60 <60 <60 <60 
Y mg/kg TS 50.1 47.9 48.4 45.2 45.8 43.5 42 
Zn mg/kg TS 203 194 179 144 123 204 271 
Zr mg/kg TS 261 128 153 174 178 198 195 
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Table IV- VIII.  Element concentrations for group of samples from the drill holes.   
 

Elements  Units  #1  15-16 #1  16-17 #2  2-3 #2  7-8 #2  13-14 #2  17-18
SiO2 % TS 38.1 40.4 24.5 44.4 29.5 34.5
Al2O3 % TS 15.2 14.4 11.4 11.4 16.6 16.6
CaO % TS 15.2 13.8 22.2 11.6 15.7 14.1
Fe2O3 % TS 4.62 4.3 5.68 5.9 6.29 6.59
K2O % TS 1.26 1.66 1.54 1.42 1.82 1.97
MgO % TS 1.44 1.31 1.77 1.49 1.63 2.46
MnO % TS 0.0757 0.0727 0.0925 0.11 0.0658 0.109
Na2O % TS 0.434 0.612 1.17 0.811 0.943 0.687
P2O5 % TS 0.255 0.229 0.324 0.194 0.275 0.236
TiO2 % TS 0.67 0.625 0.575 0.458 0.636 0.707
Summa % TS 77.3 77.4 69.3 77.8 73.5 78
LOI % TS 14.9 14.5 15.9 14.2 11.5 12
As mg/kg TS 18.6 16.4 37.3 18.5 59.3 26.6
Ba mg/kg TS 1070 989 1080 864 661 1170
Be mg/kg TS 13.2 11.6 8.06 6.66 14.2 8.36
Cd mg/kg TS 1.6 1.25 4.23 0.577 0.765 1.19
Co mg/kg TS 33 31.8 42.1 26.5 55.2 35.9
Cr mg/kg TS 80 87.6 158 117 131 121
Cu mg/kg TS 70.7 69.5 394 110 220 123
Hg mg/kg TS 0.369 0.286 0.488 0.244 0.323 0.347
La mg/kg TS 40.2 39.9 36 23.2 50.1 39.3
Mo mg/kg TS 8.67 10.2 14 6.51 24.1 28.2
Nb mg/kg TS 10.8 12.3 9.72 <6 15 9.25
Ni mg/kg TS 102 98 110 83.5 167 105
Pb mg/kg TS 105 84.1 346 70.5 112 123
S mg/kg TS 34000 39200 49400 28200 55900 34900
Sb mg/kg TS 5.73 5.26 28 5.86 14.3 9.24
Sc mg/kg TS 14.8 13.5 13.7 11 27.6 20
Sn mg/kg TS <20 <20 <20 <20 <20 <20
Sr mg/kg TS 552 564 481 473 446 604
V mg/kg TS 123 111 181 132 288 193
W mg/kg TS <60 <60 <60 <60 <60 <60
Y mg/kg TS 64.6 58.3 39.4 36.5 50.2 45.8
Zn mg/kg TS 519 526 1310 179 172 227
Zr mg/kg TS 359 381 182 178 197 156
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Table IV- IX.  Element concentrations for group of samples from the drill holes   
 

Elements  Units  #3   0-1 #3  3-4 #3  8-9 #3  13-14 #3  14-15 #4  3-4 #4   4-5
SiO2 % TS 31.4 29.1 30.1 52.2 48.8 46.5 55.2
Al2O3 % TS 14.9 10.2 12.8 10.5 10.1 9.91 11.4
CaO % TS 16.2 21.1 15.7 10.2 11.2 11.2 7.18
Fe2O3 % TS 6.14 4.55 3.74 4.41 4.37 3.2 3.15
K2O % TS 1.62 1.21 1.48 2.83 2.53 2.52 3.28
MgO % TS 1.92 1.96 1.6 1.31 1.35 1.26 1.23
MnO % TS 0.0919 0.093 0.0711 0.152 0.158 0.0997 0.0897
Na2O % TS 0.835 0.85 1.02 1.69 1.55 1.63 2.05
P2O5 % TS 0.295 0.224 0.289 0.115 0.124 0.325 0.232
TiO2 % TS 0.626 0.428 0.685 0.391 0.388 0.353 0.367
Summa % TS 74 69.7 67.5 83.8 80.6 77 84.2
LOI % TS 12.2 17.5 19.4 11.5 13.3 16.6 11.8
As mg/kg TS 44 14 27.8 10.5 12.3 36.6 27.9
Ba mg/kg TS 1040 847 1830 683 699 915 846
Be mg/kg TS 10.1 5.27 5.99 2.66 2.84 2.18 2.53
Cd mg/kg TS 1.95 0.664 0.944 0.914 1.71 2.69 0.615
Co mg/kg TS 40.9 28.1 62.7 11.4 14.3 12.2 10.6
Cr mg/kg TS 143 111 1720 145 142 151 120
Cu mg/kg TS 208 74.2 98.9 64.1 138 264 243
Hg mg/kg TS 0.408 0.294 0.267 <0.1 0.152 0.376 0.135
La mg/kg TS 36.8 27.9 41.4 43.3 35.7 19.2 26.2
Mo mg/kg TS 13.9 9.7 128 11 16 1130 265
Nb mg/kg TS 10.1 9.04 9.55 11.8 7.22 <6 7.33
Ni mg/kg TS 123 76.6 90.6 35.2 45.8 38.2 29.9
Pb mg/kg TS 163 64.9 7460 186 148 166 81
S mg/kg TS 45000 37800 42100 7900 11100 11300 8720
Sb mg/kg TS 16.6 4.13 91.3 2.38 3.2 11.8 4.54
Sc mg/kg TS 19.8 11.1 13.2 6.83 4.1 <1 7.84
Sn mg/kg TS <20 <20 <20 <20 <20 <20 <20
Sr mg/kg TS 561 708 1000 229 259 300 286
V mg/kg TS 214 141 195 77.6 80.3 71.1 81.2
W mg/kg TS <60 <60 <60 <60 <60 <60 <60
Y mg/kg TS 45 30 36.2 28 27 24.9 23.1
Zn mg/kg TS 617 161 342 471 525 939 711
Zr mg/kg TS 200 306 337 1220 1300 2850 214
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Bottom ash composition. 
 
Table IV-X.  Comparison of the common range of values for major elements in bottom ash 

and the bottom ash from the Tveta landfill. 
  
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

Table IV-XI.  Comparison of the common ranges of values for trace element in bottom ash and 
the bottom ash from the Tveta landfill. 

 
Range or average values (in mg/kg) 

Elements bottom ash from the 
Tveta landfill 

Eypert-Blason 
&Yvon (2000) 

Fällman (1997) Wiles (1996) 

Ag na na na 0,29 – 37 
As 24.7 – 124.09 7.4 – 46.9 16 0.12 – 190 
Ba 1043.6 – 1802.4 600 – 1884 1660 400 – 3000 
Be 3.64 – 7.55 na 1.78 na 

Cd 1.21 – 26.5 na 5.8 0.3 - 71 

Cl 0.86 – 1.77 na na 800 - 4200 

Co 32.3 – 32.6 9.3 – 44.6 19.1 6 – 350 

Cr 205.6 – 525.4 389 - 810 274 23 – 3200 

Cu 139.8 – 3912.2 300 – 21017 3400 190 – 8200 

Hg 0.33 – 1.39 na <0.39 0.02 – 7.8 

Mo 28.24 – 100.78 na 16 2.5 - 280 

Nb 10.51 – 13.56 na 13.1 na 

Ni 90.15 – 156.75 32.5 - 370 138 7 - 4300 

Pb 485.9 – 1810.1 184 – 6194 737 98 - 14000 

Rb na 20.6 – 42.4 na na 

Sb 12.12 – 381.82 14.6 – 80.8 na 10 - 430 

Se na na na 0.05 - 10 

Sn <20 – 169.61 80.6 - 2035 130 2 - 380 

Sr 530 – 591.76 130 – 379 285 85 – 1000 
 

Range values from  

Elements Bottom ash from the 
Tveta landfill   

Eypert-Blason & Yvon (2000), 
in % of dry mass 

SiO2 31.2 – 37.72 34 - 59 
Al2O3 11.65 – 13.72 7 –12 
MnO 0.1 -  0.125 0.1 – 0.3 
MgO 1.88 -2.43 2 - 5 
CaO 13.80 - 21.85 10 - 20 

Na2O 0.98 -2.08 2 - 9 
K2O 1.5545 – 1.80 0.6 – 1.3 
TiO2 0.57 - 1.475 0.2 - 1 
P2O5 0.26 - 0.635 0.3 – 1.7 
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Table IV-XI.  Comparison of the common ranges of values for trace element in bottom ash and 
the bottom ash from the Tveta landfill (continued). 

 
Range or average values (in mg/kg) 

Elements bottom ash from the 
Tveta landfill 

Eypert-Blason 
&Yvon (2000) 

Fällman (1997) Wiles (1996) 

V 97.57 – 163.1 12.5 – 26.8 58.7 20 - 120 

W <60 na 33.9 na 

Zn 400.85 – 5066.33 503 – 3898 3080 610 – 7800 

Zr 262 – 458.35 107 – 185 200 na 
 
 
 

V. Additional information 
 
 

Table V-I. Strength and weakness analysis in comparison with other mineral sealing materials. 
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Table V-II.  Geotechnical characteristics of Clay from Friedland 

 




