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Environmental impact of ashes used in landfill cover construction 

SUMMARY

The landfilling ban for combustible waste in EU countries and the extended use of bio fuels in 
heat and electricity production will result in an increasing generation of incineration residues, 
such as fly ash and bottom ash. Instead of landfilling, ashes used as a construction material in, 
e.g., roads or landfill covers can result in saving natural resources and economical advantages.  

The main aim of this work is to assess how ashes used in landfill cover construction affect the 
environment and how the potential environmental impact can be assessed.  

The main pollution pathway of using ashes in landfill cover construction is leaching. 
Laboratory leaching tests can be used as a tool to assess the possible environmental impact of 
ashes before their use in a landfill cover. Solubility leaching tests, e.g. batch leaching test, pH-
stat test and percolation test, can be useful tools to predict contaminants that can be released 
from ashes used in a protection and drainage layer. The diffusion leaching test together with 
the availability test are suitable to assess the release from ash used as liner material. However, 
predicting contaminant release in the field is difficult due to the complexity of the processes 
occurring in the field.

Leachate and drainage water are two types of water generated in landfill cover. Leachate 
samples were mainly contaminated by As, Mo, Cl and N. Drainage water contained high 
concentrations of Ni, Cl and N with the addition of As, Cu, Mo, Pb and Zn in the areas where 
bottom ash is in the protection layer. Since leaching of most pollutants showed no clear 
tendency to decline over time, assessing how long leachate and drainage water need treatment 
is difficult. However, it is expected that salt forming elements will be depleted from ashes 
within some decades. A lower release of other trace elements, such as Cu, Pb and Zn, to ash 
leachate is expected due to immobilization by Al/Fe hydr(oxides) and clay minerals.  
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1 INTRODUCTION 

The landfilling ban of combustible waste in EU countries and the extended use of biofuels in 
producing heat and electricity will result in an increased generation of incineration residues 
such as fly ash and bottom ash. It is estimated that 1 million tons of ash are generated 
annually in Sweden alone (Bjurström, 2002). The landfilling of ashes results in landfill 
volume being occupied and high costs. Instead of landfilling, the use of ashes as a secondary 
construction material (SCM) in, e.g. roads or landfill covers, can result in saving natural 
resources and economical advantages.  

One prerequisite for reusing ashes in landfill covers is that they meet the same requirements 
as the materials they will replace. Laboratory investigations showed that ashes have suitable 
technical properties to be used as liner material (Travar, et al., 2006). However, the use of 
ashes in constructions such as a landfill cover may result in the release of, e.g. inorganic salts 
and heavy metals into the environment. To test ashes in a landfill cover, a test area of four 
hectares was established at the Tveta landfill, southwest of Stockholm, Sweden. It is the first 
Swedish full-scale application using alternative landfill cover materials.  

The main aim of this thesis is to evaluate water qualities from different parts of a landfill 
cover built with ashes and other secondary construction materials (SCM). The following 
research questions are discussed: 

1. How do ashes used in landfill cover constructions affect the environment?  
2. How can the potential environmental impact be assessed? 

First, general pollution pathways from ashes are discussed, followed by an assessment of 
leaching conditions and factors influencing leaching in the landfill cover. The potential 
environmental impact of ashes is assessed using laboratory and field methods. Finally, the 
possible contribution of ash leachate from a landfill cover on landfill leachate is discussed.  

Travar, Division of Waste Science and Technology, LTU, 2006 
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2 MATERIALS AND METHODS 

2.1 Material characterization

Ashes used in the liner are derived from the incineration of refused derived fuel (RDF), e.g. 
paper, cardboard, plastic, wood, railway sleepers, and wood chips from sorted construction 
and demolition waste. Fly ash (FA) originates from both electrostatic precipitators and hose 
filters, while bottom ash (BA) is derived from grate type combustion. BA used in drainage 
and protection layers originates from stoker grate type incineration of household waste. 
Sludge used in the protection layer comes from a municipal sewage treatment plant. 

The FA was moistened, sieved to a particle size <9 mm, covered with tarpaulins and stored 
outside for about six months before being used in a landfill cover. The BA was dispersed and 
exposed to the atmosphere for ageing for one year. 

The sampling of materials used in landfill cover was done before and during the construction. 
The samples were characterized with regard to total composition and leaching behaviour. For 
batch leaching tests, the ash samples were sieved to <4 mm (FA) and < 10 mm (BA). Prior to 
total composition analyses, the samples were ground in a vibratory disc mill to a particle size 
of 95% <125 μm.  

The leaching behaviour of ashes on laboratory scale was evaluated using the batch leaching 
test. Ash was mixed with double distilled water at a liquid to solid ratio (L/S) of 10 l kg-1 and 
agitated for 24 h. Eluates were separated from the solid phase using vacuum filtration and 
stored frozen until elemental analysis.  

2.2 Field test 

From 2003 to 2005, the test area of four hectares established at Tveta landfill southwest of 
Stockholm, Sweden was divided into six sections with regard to different recycled materials 
(Figure 1).

To simulate a worst-case scenario for the hydraulic conductivity of the liner, an artificial 
groundwater table was established at a plateau of the landfill slope (Figure 2). Ten lysimeters 
(1 1m²) were randomly installed below the liner at the plateau in each area for leachate 
collection, distributed over an area of about 100 m2. Leachate was also sampled via hoses 
installed for gas sampling below the liner. The temperature below the liner in each area was 
measured using two probes equipped with thermocouples. Drainage water percolating through 
the layers above the liner was sampled from wells installed at the bottom of the landfill slope.

Leachate was sampled every 3 months at Areas 1 and 2 from April 2004 to June 2006 and at 
Area 4 from September 2005 to June 2006. No leachate was accumulated in Area 3. Only a 
few samples were taken from Areas 5 and 6 because these areas had been recently covered. 
Thus, results from Areas 1, 2, and 4 only will be discussed in this thesis. 

Travar, Division of Waste Science and Technology, LTU, 2006 
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Figure 1  Design of the landfill cover test area at the Tveta landfill. BA = Bottom ash; FA = 
Fly ash; FC = Friedland clay. 

Figure 2 Cross section of the landfill cover at the plateau of the slope. 

2.3 Analysis 

The total composition of ashes and elemental composition of water phase were determined 
according to the modified EPA methods 200.7 for ashes (ICP-AES) and 200.8 for water (ICP-
SFMS) at Analytica AB, Luleå, Sweden. The content of total solids (TS) in ashes was 
determined according to the Swedish standard SS 028113 (SIS, 1981) and loss on ignition 
(LOI) after ignition at 1,000 ºC for 2 h. 

Before April 2005, Cl in leaching test eluates and field samples were determined by titration 
with AgNO3 according to the Swedish standard SS 028120 (SIS, 1974) and SO4 using ion 
chromatography according to the standard ISO 10304-2 (ISO, 1995). From April 2005 and 
onwards, Cl and SO4 were analysed by Spectrophotometry (AACE Quaatro, Bran+Luebbe, 
Germany). 

Travar, Division of Waste Science and Technology, LTU, 2006 
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The pH of the eluates was determined using pH meter 340/SET-1 (WTW, Germany) and 
electrical conductivity (EC) using CDM210 conductivity meter (Radiometer, Denmark). pH 
and EC of leachate and drainage water were measured at the site using MX-300 X-mate 
(Mettler-Toledo, Switzerland). 

Total organic carbon (TOC) was determined according to the European standard EN 1484 
(CEN, 1997) and chemical oxygen demand (COD) according to the Swedish standard SS 
028142 (SIS, 1991).

Total nitrogen (Ntot) and ammonia nitrogen (NH4-N) were analysed using TRAACS 800 
autoanalyzer (Brian and Luebbe, Norderstedt, Germany). Ntot was analysed using TRAACS 
method J-002-88 B (Bran and Luebbe, 1993b) after digestion according to the Swedish 
standard SS 028131 (SIS, 1976). NH4-N was analysed using the method J-001-88 B (Bran 
and Luebbe, 1993a).

2.4 Statistical analyses 

Principle component analysis (PCA) (Eriksson, et al., 2001) was used to obtain an overview 
of the field data to detect systematic variations, such as influential variables and clusters. All 
analyses were performed at a 5% significance level using the software Simca-P 10.5 
(Umetrics, Umeå, Sweden). Prior to modelling, the data were pre-processed using mean-
centering and unit-variance (UV) scaling. A logarithmic transformation of variables was 
applied to achieve approximate normality. Data below the detection limit were replaced by a 
value representing 50% of the detection limit. Variables and observations with more than 80% 
data missing were excluded from the model. 

2.5 Geochemical modelling 

Geochemical equilibrium modelling using the computer software Phreeqc 2.12.04 (U.S. 
Geological Survey, USA) was applied to field leachates to identify potential minerals that 
control leaching from ashes and to evaluate the possible formation of clay minerals in the 
ashes. Solution speciation was calculated with a Minteq V4 database that was modified to 
include ettringite (log Ksp = 62.54, LLNL database), calcium antimonite (log Ksp = -12.55, 
(Johnson et al., 2005)), halloysite (log Ksp = 9.57, (USEPA, 1999)), and kaolinite (log Ksp = 
7.43, (USEPA, 1999)).

Input files were composed of the measured total concentrations of inorganic constituents, pH, 
and temperature in leachates from April 2006. A reducing environment (Eh = -250mV) 
corresponding to the redox potential for methane formation was assumed, since methane gas 
was detected right below the liner (results not shown). However, to determine how factors 
like temperature and redox affect leaching, the redox potential and temperature were varied 
between 3 fixed values, i.e. -250, 0, and +250 mV and 0, ~25 (measured temperature) and 50 
°C, respectively.

Travar, Division of Waste Science and Technology, LTU, 2006 
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3 RESULTS AND DISCUSSION 

3.1 Potential environmental impacts from ashes  

The main pathways for environmental pollution from ashes related to the handling and 
utilization in construction are: 

- dust emission  
- gas emissions 
- leachate generation 
- pollution through the trophic chain 

The handling of ashes generates dust. Before being used in construction, ashes are usually 
deposited in open storage piles that are exposed to wind. Fly ash has a particle size between 
0.001 and 1 mm, whereas bottom ash may contain about 7 wt-% of fine particles (smaller than 
63 μm) (Chandler et al., 1997). Fine ash particles can be airborne and dispersed from the 
deposit. Matsuto et al. (2001) reported that ash particles can be dispersed up to 50 m from the 
deposit. Soil and water pollution can be connected to dust emissions.   

Gas production from ashes may result from the biodegradation of organic carbon or by 
hydration of elemental metals such as Al, Fe and Cu (Sabbas et al., 2003). The biodegradable 
organic carbon content of ashes is usually low, resulting in the production of biogas amounts 
much lower than compared to MSW landfill gas. Hydration of elemental metals results in the 
generation of hydrogen, though this process occurs only a few months in fresh ashes (Sabbas
et al., 2003).

Ashes in contact with a liquid phase can result in a mass transport of pollutants, such as 
inorganic salts and trace elements, from the ashes into a liquid phase and generate leachate. 
The amount of generated leachate in, e.g., landfill cover liner depends on climatic conditions, 
vegetation and the type and morphology of the surface soil. The potential environmental 
impact of ashes used in construction regarding leaching is the contamination of soil, 
groundwater and surface water bodies.

Released heavy metals and salts from ashes could be taken up by plants and lead to 
contamination through the trophic chain. However, Kumpiene et al. (2006) reported that a 
road built of bottom ash did not significantly affect the uptake of pollutants by plants one year 
after road was built. The uptake of pollutants by plants from ashes used in the landfill cover 
liner can be minimized through a correct design and dimensioning of the layers above the 
liner, i.e. the drainage and protection layer.

Moistening or covering the ashes can prevent dust emissions from open storage piles. Gas 
emissions from ashes are not an important pollution pathway because gas production from 
ashes occurs during only a few months and the amounts of generated gas are low. The uptake 
of pollutants by plants from ashes and pollution through the trophic chain is possible, but an 
appropriate construction design will minimize this pollution pathway. Regarding leaching, an 
environmental impact from ashes in the liner is expected as long as equilibrium conditions 
between the ash and liquid phase have not established. Most easily leachable species are 
released within a few decades, though the leaching of, e.g., trace elements and nitrogen might 
take several hundreds to thousands of years (Hjelmar, 1996; Sabbas et al., 2003). To 

Travar, Division of Waste Science and Technology, LTU, 2006 
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summarize, leaching is the most important and longest lasting pathway for environmental 
pollution if ashes are used in a cover construction. 

3.2 Leaching conditions in a landfill cover 

Understanding the leaching conditions in a landfill cover is important to estimate the 
constituent release from ashes used in different parts of the landfill cover construction. 
Regional climatic, parameters and knowledge of both the deposited waste and the leachate 
collection system will help to assess the amount of leachate. Knowing how leaching is 
controlled in different parts of the landfill cover allows the constituent release from ashes to 
be estimated properly. 

Rainwater percolating through the landfill cover either drains off in the drainage layer as 
drainage water or percolates through the liner into the landfill body as leachate (see Figure 2).
At the Tveta landfill, leachate amounts between 3 l (m2 yr)-1 and 30 l (m2 yr)-1 have been 
observed below a highly compacted ash liner (Travar et al., 2006). Compared with the 
average annual precipitation of about 600 mm yr-1 on the Swedish eastern coast (SMHI, 
1979), only 0.5-5% of the precipitation seeps through the liner. Most of the drainage water 
moves through the drainage layer on top of the liner into a ditch (see Figure 2) and is usually 
discharged into a local recipient after treatment.  

Highly compacted ashes as applied in a liner can develop monolithic structures (Kosson et al.,
1996; Tham et al., 2005). Leaching from the liner is assumed to be diffusion controlled 
because of the preferential flow of water above instead of through the liner (Chandler et al.,
1997; Kosson et al., 1996). This means that equilibrium between the liner and water solution 
is not achieved. However, the drainage layer above the liner was built of coarse bottom ash 
fraction with a hydraulic conductivity two to three orders of magnitude higher than liner 
mixtures. When drainage water percolates through the loosely packed bottom ash, the amount 
of released contaminants is probably solubility controlled (Kosson et al., 1996; Sabbas et al.,
2003). This means that the drainage water is probably saturated with the constituent species of 
interest and equilibrium exists between the solid and water phases. 

Microbial degradation of deposited waste below the landfill cover results in landfill gas 
production. As a result, the conditions below and on the lower side of the liner are likely 
anaerobic. Redox conditions above the liner surface can be either anaerobic or aerobic 
depending on, e.g., the thickness and gas permeability of the layers above the liner.

The temperature below the liner is influenced by heat release from the landfill below and by 
heat conductivity of the cover. As the rate of waste decomposition gradually decreases, heat 
production will be lower and, hence, the temperature below the liner will decrease. The 
temperature below the liner at Tveta was about +25°C (Travar et al., 2006).

To conclude, low hydraulic conductivity of the ash liner will result in low amounts of 
generated leachate, and anaerobic leaching conditions may result in a lower release of trace 
elements from ashes (Chandler et al., 1997). 

 Laboratory assessment and field verification of leaching behaviour are approaches that can be 
used to estimate the potential environmental impact of ashes used in landfill cover.  

Travar, Division of Waste Science and Technology, LTU, 2006 
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3.3 Laboratory assessment 

3.3.1 Tests to assess the leaching behaviour 

Laboratory leaching tests can roughly assess the potential environmental impact of ashes 
before their application in landfill cover. Generally, the release of pollutants using leaching 
tests can be estimated through measurements of fundamental leaching properties, such as 
availability, solubility and diffusion coefficient (Kosson et al., 1996).

Availability leaching tests estimate the maximum quantity of a particular constituent that can 
be released from ash, but these tests do not indicate if this maximum release will be achieved 
or over what time period this release may occur. Moreover, availability leaching tests do not 
reflect the actual leaching conditions in a landfill cover. Thus, these tests should not be used 
as the sole tool to evaluate the potential release of contaminants from ashes used in landfill 
covers.

Solubility leaching tests can be used to simulate leaching as a function of liquid to solid (L/S) 
ratio and pH (e.g. L/S 0.5-10 and pH 4-12) under equilibrium conditions. A variation of L/S 
in solubility tests may simulate a release of constituents over time. The pH-stat test can give 
information on the leaching behaviour of ashes at different pH values. The actual water flow 
conditions through the drainage and protection layer of a landfill cover could be simulated by 
percolation test. Thus, solubility leaching tests might be useful to assess the leaching of ashes 
used in a protection and drainage layer of landfill cover.

Because leaching from the liner is diffusion controlled, the release of contaminants from 
ashes used in a liner should be evaluated using diffusion tests. This test is used with the 
availability leaching test because it is necessary to define the initial concentration of species 
of interest (Kosson et al., 1996).

Results from the solubility batch leaching test and percolation test can be compared with 
reference values for the acceptance of inert waste at landfills stipulated by the European 
Union landfill directive (EU, 1999) to identify possible contaminants that are expected to be 
released from ashes. Leaching values from diffusion tests are difficult to compare due to the 
lack of reference values (Travar et al., 2006). However, by estimating the diffusion coefficient 
from the leaching tests, it is possible to estimate the quantity of pollutants that can be released 
from the liner material on a real scale. 

3.3.2 Results from leaching tests with Tveta ashes 

Laboratory investigations on Tveta ashes showed that the bottom ash used in a protection 
layer was the only material to comply with the EU acceptance criteria for landfills for inert 
waste (Table 1). The leaching of Cl from all other materials used, except the sludge, was 
above EU limits. An elevated SO4 leaching appears from all ashes, apart from the FA of Area 
1 and the bottom ash of the protection layer. Ba and Pb leaching from the FA of Area 1 
exceed the limit values for inert waste landfills 3-5 times, as does Cu leaching from the BA of 
the drainage layer. The release of Mo from the FA of Area 1 also slightly exceeds the limit 
value. The FA/BA mixture of Area 4 showed almost two orders of magnitude higher Pb 
release.

Travar, Division of Waste Science and Technology, LTU, 2006 
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Compared with the other ashes, the BA of Area 2 showed a highly elevated leaching of Al 
and the mixture FA/BA of Area 4 showed a elevated leaching of Ca. From the BA of the 
protection layer the release of easily leachable constituents, such as Cl, Na, and K, is 
relatively low. From the BA of the drainage layer, the leaching of organic matter (as indicated 
by the DOC value) is relatively high. The sewage sludge used in the protection layer showed 
elevated SO4 release compared to the limit value, but with also relatively high leaching of 
nitrogen (Tot-N). 

Table 1  Results of the batch leaching tests at L/S 10 compared with the European limit 
values for acceptance of waste to landfills for inert waste (EC, 2002). 

Protection layer Drainage 
layer Liner

BA Sludge BA FA
Area 1 

BA
Area 2 

FA/BA
Area 4 

Limit value 
(L/S 10) 

pH 10.4 8.4 10.2 12.2 10.7 12.3 n.a.
EC (mS/cm) 0.6 1.3 2.3 10.9 3.83 18.9 n.a.
Component (mg (kg TS)-1)
Cl 305 687 3460 12310 7364 46063 800 
SO4 765 4980 5288 <25 6631 4374 1000 
Tot-N 20 160 35 14.8 31 33 n.a.
NH4-N 0.61 2.7 0.05 9.2 4.5 23 n.a.
DOC 43 251 28 n.a. 42 316 800 
Ca 323 2609 1105 6070 3316 23500 n.a.
Fe 0.31 1.8 0.1 <0.04 0.03 <0.04 n.a.
K 285 118 754 6030 1658 7580 n.a.
Mg 3.5 72 2.3 <0.9 42 <5 n.a.
Na 213 330 3390 7040 1773 6790 n.a.
S 255 1662 1765 46 1861 1460 n.a.
Al 121 1.5 461 3020 49659 73 n.a.
As 0.04 0.04 0.07 0.033 0.04 0.16 0.5 
Ba 0.2 0.4 0.27 68.4 2.21 8.5 20
Cd 0.002 0.005 0.002 <0.0005 0.0027 0.0020 0.04 
Co 0.03 0.05 0.005 0.0043 0.0075 0.0005 n.a.
Cr (total) 0.03 0.02 0.17 0.23 0.29 0.14 0.5 
Cu 0.6 1.4 7.03 0.098 0.16 0.225 2
Hg <0.0002 0.006 <0.0002 <0.0002 <0.0002 <0.0002 0.01 
Mn 0.01 1.2 0.02 0.032 0.031 0.0038 n.a.
Mo n.a. n.a. n.a. 0.68 n.a. n.a. 0.5 
Ni 0.02 0.33 0.06 <0.005 0.011 <0.005 0.4 
Pb 0.014 0.05 0.015 2.68 0.096 28.3 0.5 
Sb n.a. n.a. n.a. 0.033 n.a. 0.002 0.06 
Zn 0.03 1.05 0.04 0.47 0.081 4 4
n.a. – data not available 

3.4 Field assessment 

Field tests are necessary to verify the results of the laboratory tests and to assess the 
environmental impact on a real scale. An overview of the leachate and drainage water quality 
is presented using a PCA score and loading plot (Figure 3). Two principal components reflect 
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almost 60% of the variation in the data set. The results show that the water quality was highly 
influenced by the layers and materials percolating through it. The leachate samples were 
clearly grouped according to the liner material. The leachate from Area 2 is more similar to 
the drainage water than that from Areas 1 and 4, mainly due to its lower constituent 
concentrations compared to the other leachates. Compared to the drainage water, leachate 
samples had higher pH, salinity (i.e. higher concentrations of K, Na, Cl, and Ca), and 
concentrations of Cd, Ba As, Al, and Mo, whereas the concentrations of Mn, Zn, Mg, Fe, Ni, 
and Pb were lower. The concentrations of Cr and Cu in the leachate and drainage water were 
within same range. The concentration of total N was higher in drainage water, but that of 
NH4-N was higher in leachate. The content of organic matter (as indicated by TOC) was 
higher in leachate, except for Area 2. The grouping of variables, such as EC, K, Na, and Cl, 
and Cu and TOC, indicate that they are strongly correlated (i.e. they show similar leaching 
behaviour).

-6

-4

-2

0

2

4

6

-8 -6 -4 -2 0 2 4 6 8
Principal component 1 (R²=37 %)

P
rin

ci
pa

l c
om

po
ne

nt
 2

 (R
²=

22
 %

)

Area 1

Area 2

Drainage 
water Area 4

Leachate

pH

EC

Cl

TOC

NH4-N

Tot-N

Ca

K
Na

Al

As
Ba

Cd

Co

Cr

Cu
Fe

Mg

Mn

NiPbZn

Sb

Mo

Se

-0.3

-0.1

0.1

0.3

-0.4 -0.3 -0.2 -0.1 0.1 0.2 0.3 0.4
Principal component 1 (R²=37%)

P
rin

ci
pa

l c
om

po
ne

nt
 2

 (R
²=

22
%

)

Figure 3  PCA score (left) and loading plot (right) of leachate and drainage water samples 
from the test areas. The ellipse defines the 95% confidence region of the model. 

Leachate pH varied between 9.8 and 11.5, whereas drainage water pH was between 6.6 and 
8.3 (Figure 4). The difference between leachate and drainage water was found to be 
significant ( =0.05) for all areas. Neither leachate nor drainage water pH showed any clear 
time trends.  
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Figure 4   pH development in leachate and drainage water over time. 
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Leachate and drainage water were compared with different limit values to assess their 
pollution potential (Table 2). The limit values for discharge of leachate into the local recipient 
at Tveta landfill were the strictest criteria used. These values were assigned by local 
authorities using the classification of the environmental status for lakes and rivers issued by 
the Swedish Environmental Protection Agency (SEPA, 2000). Leaching limit values for inert 
waste assessed by the percolation test at L/S of 0.1 l kg-1, as stipulated by the European Union 
directive (EC, 2002), were used since this L/S was estimated to be reached in the liner within 
five years after construction. Finally, leachate and drainage water were compared with limit 
values used in some European countries for discharge of treated leachate to surface water.  

Table 2  Reference values for water quality used for comparison with leachate and 
drainage water from the test areas.  

Constituent Unit 
Limit values for discharge 

of leachate into local 
recipient at Tveta landfill 

Limit values for discharge 
of leachate after treatment in 
some European countries a

Leaching limit values for 
inert waste assessed by 

percolation test at L/S 0.1 b

As μg l-1 15 50-100 60
Cd “ 0.3 2.5-200 20
Cr “ 5 2200 100 
Cu “ 15 50-1000 600 
Mo “ n.a. n.a. 200 
Ni “ 45 100-2000 120 
Pb “ 3 50-1000 150 
Sb “ n.a. n.a. 100 
Zn “ 6 200-3000 1200 
Cl mg l-1 n.a. n.a. 460 
NH4-N “ 5 n.a. n.a.
Tot-N “ 50 n.a. n.a.
n.a. – data not available 
a Hjelmar, et al., (1994), Doedens and Theilen, (1992) Values from France, Germany, Netherlands, Italy, 
Switzerland, Austria. 
b European Union landfill directive (EC, 2002) 

A comparison between the concentrations of constituents in leachate and drainage water with 
the limit values is shown in Table 3. Drainage water from Area 1 had concentrations of As, 
Cd, Cr, and Pb close to or below the limit values for discharge at Tveta landfill. Compared 
with same limits, the leachate concentrations were occasionally higher for Cr and Pb in Area 
1, and Ni, Pb, and Tot-N in Area 2. Compared with the leaching limit values for inert waste, 
As, Mo, Ni, (only area 4), and Cl in leachate with the addition of Cu, Pb (only Area 2) and Zn 
in the drainage water had higher or occasionally higher concentrations. All elements except 
Zn in the drainage water from Areas 2 and 4 and As in leachate from Areas 1 and 4 comply 
with the upper limit values for discharge of treated landfill leachate in some European 
countries.

Travar, Division of Waste Science and Technology, LTU, 2006 



Environmental impact of ashes used in landfill cover construction 
  11 

Table 3  Concentrations in leachate and drainage water versus reference values for water 
quality. + = higher, ± = occasionally higher or lower, - = lower. Number next to 
the symbol corresponds to the area. 

Limit values for discharge of 
leachate into local recipient at 

Tveta landfill 

Limit values for discharge of 
leachate after treatment in 
some European countries a

Leaching limit values for 
inert waste assessed by 

percolation test at L/S 0.1Element 

Drainage Leachate Drainage Leachate Drainage Leachate
As 1±, + + - 1±,2-,4+ 1-,2+,4± 1+,2±,4+ 
Cd 1±, + + - - - -
Cr 1±, + 1±, + - - - -
Cu + + - - 1±,+ -
Mo 1±, + +
Ni + 1+,2±,4+ - - + 1±,2-,4± 
Pb 1±, + 1±,2±,4+ - - 2±,- -
Zn + + 1-,2±,4± - 1±,+ -
Cl + +
NH4-N 2±,+ +
Tot-N + 2±,+

 a Refers to the upper limit of the range. 

3.5 Identification of critical elements

A comparison of the field data with different limit values showed that the leachate was mainly 
contaminated by As, Mo, Cl, and nitrogen, and the drainage water was contaminated by Ni, 
Cl, and nitrogen with the addition of As, Cu, Mo, Pb and Zn in Areas 2 and 4 (Travar et al.,
2006).

The batch leaching test did not predict the high releases observed in the field except for Cl, 
Mo, Ba and Pb. However, the lab test predicted a much higher release of Pb than it occurred 
in the field.

The discrepancy between laboratory and field scale leaching is connected to the deficient 
significance of the lab leaching tests for simulating leaching conditions in the field. For 
example, batch leaching tests are applicable to assess the release of easily soluble species like 
Cl, but not heavy metals or organic material.  

3.6 Influence of different factors on leaching of critical elements from ashes 

The relevant chemical and physical factors that might influence a release of contaminants 
from ashes used in landfill cover construction are:  

- pH
- redox potential
- liquid to solid ratio (L/S ratio)
- presence of complexing agents 
- the presence of various minerals 
- temperature 
- technical properties (e.g. particle size, hydraulic conductivity) 
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The solution pH is an important factor that controls the leaching of several species from ashes 
used in landfill cover. For example, the difference in Pb leaching between the batch leaching 
test and field test was probably due to a lower pH (10-11) observed in the field than in the 
laboratory (~12), since the leachability of Pb, at its minimum at pH 9-10, increases sharply at 
higher and lower pH. Because Zn shows a similar leaching behaviour as Pb regarding pH, 
higher concentrations of these elements in the drainage water than in the leachate were 
probably due to drainage water’s lower pH compared to leachate. A higher release of Mo in 
leachate compared to drainage water was probably due to the increased adsorption of Mo 
towards lower pH values (Djikstra et al., 2006).

Redox conditions are likely to influence the release of redox sensitive elements such as Cu, 
As, Cr and Fe from landfill cover. For example, under the assumed reducing conditions below 
the liner, a release of Cr can be decreased due to the formation of trivalent chromium (Cr III), 
which is less soluble and less toxic than, e.g. chromate (Cr VI) (Chandler et al., 1997). 
According to geochemical modelling, a change in redox conditions from reducing to 
oxidizing may result in an increased release of Cr and Sb, but lower Cu (Travar et al., 2006).

The L/S ratio is an important factor for the leaching of substances predominantly 
characterized by dissolution processes because it relates to the time-scale through the rate of 
water infiltration (Kylefors et al., 2003). In landfill cover, the L/S ratio mainly depends on the 
climatic conditions of the site, e.g. precipitation and evapotranspiration, and physical 
characteristics of material, e.g. density, hydraulic conductivity. Most infiltrating water will be 
accumulated above the liner, resulting in an L/S of 1-2 l kg-1 for the layers above the liner to 
be reached after 20-30 years. According to Sabbas et al. (2003), a rapid wash out of easily 
soluble elements as Na, Ca, K and Cl occurs already at low L/S ratios (about 1-2). Trace 
elements like Mo and As are released from ashes within an L/S of 2 (Kim et al., 2003; van der 
Sloot et al., 2001). Thus, drainage water will probably need treatment with regards to salt 
forming elements and trace elements, such as Mo and Sb, within short-term period of two to 
three decades.  

The complexation of metals with either inorganic ligands, such as Cl, or organic, humic 
substances or other dissolved organics may result in an increased release of metals from ashes 
in a landfill cover (van der Sloot, 1996). For example, Cd can form complexes with Cl (van 
der Sloot et al., 1996) and Cu shows a high affinity for organic matter (Meima et al., 2002). 
The results of ash leachate showed that Cl and Cd were positively correlated (Figure 3), 
meaning that a lower release of Cd is expected with lower concentrations of Cl. The strong 
correlation between Cu and total organic carbon (TOC) leaching (Figure 3) indicates that 
organic matter positively influenced Cu mobility. Thus, the use of ashes with lower organic 
content in a landfill cover will result in a lower release of Cu.    

Primary mineral phases or sorption onto the neoformed minerals, including both adsorption 
and co-precipitation, may influence the release of critical elements from ashes used in landfill 
cover (Sabbas et al., 2003). For example, metal sulphides formed under anaerobic conditions 
could contribute to the retention of trace elements in the ashes. Under oxidizing conditions, 
the release of trace elements might be controlled by their oxides or hydroxides. Elements such 
as Pb, Zn and Cu can be trapped by Fe/Al hydr(oxides) and clay minerals that can be formed 
in ash as a result of ageing (Meima and Comans, 1999; Zevenbergen et al. 1999, 1998). 
According to geochemical calculations, the precipitation of Fe/Al hydr(oxides) as well as clay 
minerals, such as kaolinite (Al2Si2O5(OH)4) and halloysite (Al2Si2O5(OH)4:2H2O), was 
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possible and may contribute to the retention of contaminants through adsorption. Thus, it 
might be beneficial to use ashes with abundant amounts of Fe and Al, or add products 
containing Fe or Al to lower the risk of trace element leaching.  

Changes in temperature may affect the chemical equilibrium in ashes used in landfill cover 
liner. According to geochemical modelling, a temperature variation affected all mineral 
species in ashes. Generally, a temperature decrease had positive effect on the formation of 
carbonates and vice versa. Contrary to the carbonates, a temperature decrease has a negative 
effect on the formation of hydr(oxides) in ashes from landfill cover (Travar et al., 2006). 
Thus, a future decrease in temperature in landfill cover, expected due to lower microbial 
degradation within the landfill body, might have a negative impact on the formation of Fe/Al 
hydr(oxides) which may result in a higher mobility of, e.g. Cu, Zn, and Pb.  

As previously mentioned, well compacted ash in a landfill cover liner develops a monolithic 
structure with low hydraulic conductivity (Kosson et al., 1996; Tham et al., 2005). This 
means that the particle size does not affect leaching and the contact between the solid and 
liquid phases within the liner is generally low, resulting in a low release of critical elements 
from the liner. The drainage layer, however, is not highly compacted, i.e. the particle size of 
bottom ash used in the drainage layer may affect leaching of critical elements. A smaller 
particle size will have larger surface contact area with a water phase, thus promoting a higher 
release of organic and inorganic species.

3.7 Influence of ash leachate from landfill cover on landfill leachate

Water percolating through the ash liner will contribute to the composition of the overall 
landfill leachate. As long as the landfill is in operation, the leachate percolated through the 
liner in the already covered areas will only be part of the total leachate amount. The 
importance of this influence will be estimated in this chapter. 

The influence of leachate quality from the ash liner on landfill leachate was evaluated using 
PCA (Figure 5). Leachate samples from the liner were clearly grouped on the right side of the 
score plot indicating higher amounts of trace elements and easily soluble salts compared with 
landfill leachate situated on the left side. This analysis represents the worst case regarding the 
influence of leachate composition from an ash liner on landfill leachate. Landfill leachate was 
sampled from the collection pond that was exposed to precipitations and surface flow from 
the surrounding area. Thus, landfill leachate was probably diluted, possibly explaining the 
low amount of trace elements. However, it is probably that the composition of ash leachate 
will not fully influence landfill leachate because some of the trace elements from the ash 
leachate will be retained in the waste matrix as leachate percolates through. At this stage, As, 
Mo, Cl and nitrogen are the main pollutants from the ash liner that may contribute to landfill 
leachate composition (see Chapter 3.5). According to several studies, these elements will be 
depleted from the ash liner within L/S of 1-2; in our case, within several decades (Kim et al.,
2003; van der Sloot et al., 2001). Moreover, lower amounts of Cu, Pb and Zn in ash leachate 
can be expected due to the adsorption by Fe/Al hydr(oxides) or clay minerals. A lower release 
of Cd will occur from the ash liner within several decades, i.e. as long as Cl is available to 
mobilize Cd. To summarize, it is expected that the composition of leachate generated from the 
ash liner might influence the landfill leachate for several decades.  
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Figure 5  PCA score (left) and loading plot (right) of leachate and drainage water from ash 

liner and landfill leachate. The ellipse defines the 95% confidence region of the 
model.
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4 CONCLUSIONS 

A comparison of different pollution pathways that can arise from the use and handling of 
ashes in landfill cover construction showed that leaching is the most important. Thus, it is 
important to properly evaluate leaching from ashes used in landfill covers. Solubility leaching 
tests, e.g. batch leaching test, pH-stat test and percolation test, can be useful tools to predict 
easily soluble contaminants released from ashes in a protection or drainage layer, since the 
leaching from these layers is predominantly solubility controlled. Because leaching from the 
liner is primarily diffusion controlled, the diffusion leaching test together with the availability 
test are suitable to assess the release from ash used as liner material.  

Leachate and drainage water are two types of water generated in a landfill cover. Due to the 
low hydraulic conductivity of the compacted ash liner, the amount of generated leachate is 
low compared with drainage water. Leachate samples were mainly contaminated by As, Mo, 
Cl and N. Drainage water contained high concentrations of Ni, Cl and N with addition of As, 
Cu, Mo, Pb and Zn in the areas with bottom ash in the protection layer. Both leachate and 
drainage water samples were clearly grouped according to the applied material, and leaching 
of the most of constituents showed no clear tendency to decline over time. At this stage, it 
cannot be assessed from the field data how long time leachate and drainage water will need 
treatment. Thus, further research is needed to assess treatment needs for water.   

The laboratory leaching tests did not predict all contaminants and amounts that were leached 
in the field. Transferring leaching results from the laboratory to full scale is difficult due to 
the different conditions and limited possibilities to accelerate processes such as biochemical 
degradation and mineral transformations.  

Chemical and physical factors have a large influence on the leaching of ashes. An 
understanding of the leaching processes and the influencing factors is important to estimate 
leaching from ashes under field conditions. A variation of factors can affect the release of 
contaminants and should be investigated before using ashes in a cover construction.

Leachate generated from landfill cover might have influence on landfill leachate. The main 
pollutants from ash leachate, such as As, Mo, Cl and N, will probably be depleted from the 
ash liner within a few decades and, than influence of leachate from landfill cover on landfill 
leachate is expected to be minimised.  

A future lower release of other trace elements, such as Cu, Pb and Zn, to ash leachate is 
expected as well, due to their immobilization by Al/Fe hydr(oxides) and clay minerals.  

The formation of clay minerals in ashes may be important for the immobilization of 
contaminants. Thus, further research on the formation of clay minerals and their influence on 
the long-term stability should be done.

Apart from the choice of materials, design and construction of a landfill cover system play an 
important roll for future emissions. For example, reducing conditions on the liner surface and 
in the drainage layer will contribute to a low release of pollutants from the ashes used in these 
parts of the system. The liner should have a low hydraulic conductivity and gas permeability 
to minimize leachate generation and landfill gas emissions. The use of a sludge/FA mixture 
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instead of sludge/fine BA fraction in the protection layer resulted in the lower release of many 
contaminants. Bottom ash mixed with clay should be used as liner material, since this mixture 
had sufficiently low hydraulic conductivity and the lowest release of pollutants to leachate.
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Use of Inorganic Solid Wastes in Landfill Cover Liners - 
Literature Review

Igor Travar, Inga Herrmann, Lale Andreas, Holger Ecke, Anders Lagerkvist 

INTRODUCTION

The aim of this literature review is to investigate if inorganic solid wastes are applicable 
in landfill cover liners. The materials discussed are fly ash (FA) and bottom ash (BA) 
from municipal solid waste incineration (MSWI) and bio fuel combustion, as well as 
electric arc furnace slag (EAFS) and ladle slag (LS) from steel production. These wastes 
are generated in increasing amounts. In Sweden, the annual production is estimated at 
447 000 tons of waste incineration ash (Bjurström, 2002) and 1.3 million tons of steel 
slag (Jernkontoret, Stockholm, Sweden, in 2002, including blast furnace slag). Today, 
these residues are often landfilled which is costly and leads to the occupation of landfill 
volume. An alternative to landfilling is to use these materials as secondary construction 
material (SCM), e.g. in landfill covers. Recent EU legislation (EU, 1999) prescribing 
stricter rules for landfilling leads to the closure of many landfills that have to be covered 
in the near future resulting in an increased need for cover materials. The use of SCM 
saves natural resources and is economically advantageous. The economical benefit 
achieved by using secondary materials instead of virgin materials is about 100 € per m2

landfill cover (Tham, et al., 2005).

A landfill cover (Figure 1) serves as a barrier between the landfill and the environment. 
It prevents the emission of landfill gas into the atmosphere and the infiltration of 
precipitation into the waste and thus reduces the generation of landfill leachate. The 
cover construction consists of several layers (Figure 1). The liner is made of impervious 
material, traditionally using synthetic materials (e.g. geomembranes), natural mineral 
materials (e.g. clay) or a combination of natural and synthetic materials 
(bentonite/textile liners). Recently, efforts have been undertaken to use inorganic wastes 
such as ashes and steel slags as a material for landfill cover liners (Andreas, et al.,
2005;Travar, et al., 2005). 

Figure 1  Components in a final landfill cover with a mineral liner 
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However, there are barriers for the use of SCM in Sweden (Lidelöw, 2004): Unless the 
environmental impact may be regarded as minor, an environmental permit is required 
by the supervisory authority. Then, it is necessary to demonstrate that the utilization of 
SCM is not harmful to humans and the environment, but a general procedure for such 
environmental assessments is lacking. The permission process for the use of SCM in 
constructions can be lengthy and costly which decreases the interest in these materials. 
Furthermore, there is still a lack of experience of handling SCM among users.  

The aim of this study is to 

- review the state of knowledge in respect of ashes and slags for use in landfill 
cover liners, 

- assess the applicability of the materials in liners, 
- and to help to overcome the barriers for using these materials in landfill cover 

liners. 

First, the origin of the materials is explained and a survey of their chemical composition 
is presented. Then, an overview of the relevant technical properties of the materials for 
the liner construction is given. The environmental impact is assessed on the basis of 
leaching data. Finally, legislative aspects are considered. 

Subject to this review were in the first instance journal articles, books, standards and 
legislative texts. In cases where information was not available from these sources, 
reports, conference articles and theses were resorted to. 

MATERIAL

Origin of the investigated inorganic wastes 

The combustion of municipal waste and bio fuels (e.g. paper, cardboard, wood) results 
in the generation of BA and FA. BA accounts for 20 to 30 wt-% of the MSW 
incinerated and 85 to 95 wt-% of all the waste produced during the combustion process 
(Chandler, et al., 1997). It comprises material retained on furnace grates (grate ash) and 
material that passes through the grates (grate siftings). BA is a heterogeneous mixture of 
slag, ferrous and non-ferrous metals, ceramics, glass and other non-combustibles 
(Kosson, et al., 1996;Wiles, 1996).  

FA is defined as the particulate matter that is carried over from the combustion chamber  
to the heat recovery units and mechanically separated before any chemical treatment of 
the flue gas stream (Chandler, et al., 1997;Kosson, et al., 1996). The amount of FA that 
is produced during the combustion process accounts to about 1 to 3 wt-% of the waste 
input mass (Sabbas, et al., 2003). 

EAFS and LS are by-products of steel production. There are principally two 
steelmaking technologies: basic oxygen steelmaking (using raw iron as feed) and the 
electric production of steel in an EAF (using steel scrap as feed). Both processes are 
usually followed by the second steelmaking step, i.e. ladle metallurgy (Manso, et al.,
2005). Since the early 1960s, the adoption of the EAF process has gradually increased, 
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eroding the market share of the basic oxygen process (Crompton, 2001). Steelmaking 
using the EAF process has been described by Crompton (2001) and Beskow, et al.
(2004): In an electric arc furnace, scrap steel and small quantities of raw iron are melted 
with the help of an arc of electricity produced by electrodes. The molten steel is tapped 
into a ladle and transferred to the ladle station where it is deslagged (EAFS is drawn 
off). At the ladle station, the steel is deoxidised and alloys and slag formers are added. 
Per ton of steel produced, an average of 30 kg LS is generated (Manso, et al., 2005). 

Chemical composition 

Ashes and slags consist predominately of inorganic matter (Table 1). The most 
abundant elements in ashes are: Si, Fe, Al, Ca, Na, K with the addition of Cl, Mg, Zn, S 
and Pb in fly ash. The most abundant elements in steel slag are Ca and Si, with the 
addition of Fe in some EAFS. The majority of metals in ashes and slag are present as 
oxides e.g. CaO, SiO2, Al2O3 and MgO (Chandler, et al., 1997;Drissen and Arlt, 
2000;Manso, et al., 2005;Shi, 2002). In ashes, metals are also present in form of 
chlorides, sulphates, and carbonates (Ecke, 2003;Wiles, 1996). 

Organic matter in waste incinerator ashes can be as much as 5 wt-% of the total mass 
(Arvelakis and Frandsen, 2005;Chandler, et al., 1997) and it can be even more in wood 
ashes. Organic matter in ashes originates from unburned fuel (e.g. cellulose, plant fibre, 
plastic). Steel slag does not contain any organic substances (EUROSLAG, 2006).

The water soluble fraction of FA is between 21 and 60 wt-% (Ecke, et al., 2002;Kosson,
et al., 1996) while the soluble fraction of BA is often less than 1 wt-% (Hjelmar, 1996). 
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Table 1  Total contents and availability leaching data of ashes, slags and natural 
rock material, bold: availability of elements exceeding the one from 
natural rock, nd = not detected. 

Element Total Content Availability

Rock1 BA2 EAFS3 FA2 LS6 Rock1 BA2,7 EAFS4,8 FA2

Main elements [g kg-1]

Si 217 - 346 91 – 308 39.9 - 152.7 95 - 210 125 nd nd 10 nd
Ca 9.6 - 87 50 – 90 172.3-324.4 50 - 200 407 nd 20-702 100 50 - 100 
Mg 3.5 - 47 10 – 30 23.6 - 91.5 10 - 30 19.3 nd 1 - 62 4 4 - 15 
Na 0.24 - 29.7 2.9 – 42 0.374 / 0.45 15 - 57 nd nd nd2 0.15 nd
K 2.3-35 7 – 20 0.464 / 0.55 20 - 40 nd nd 1 - 42 0.2 10 - 25 
Cl nd 1 – 3 nd 8 - 60 nd nd 1 - 32, 4.67 nd 8 - 60 

F nd Nd nd nd 30 nd nd2 nd nd
S 0.0865 - 2 1 – 5 0.6 - 3.31 11 - 45 6.8 0.0241-0.0929 nd2 0.5 nd
Fe 6.6 - 85 4 – 150 32.7 - 312 12 - 44 11.2 0.163 - 0.894 nd2 3 nd
Al 69.9 - 85.2 22 – 72 14.1 - 71.6 49 - 90 27.5 0.055 - 0.173 nd2 0.03 nd
Mn 0.24 - 1.45 0.08 - 2.4 18.9 - 63.8 0.8 - 1.9 7.75 0.0187-0.0714 nd2 nd nd
Ti nd 2.6 - 9.5 2.84 / 2.85 6.8 - 14 1.8 nd nd2 nd nd
Other elements [mg kg-1]

As 0.3 - 104 5 - 40 0.5 - 5.8 30 - 100 nd 0.08 - 3.29 0.3-0.52 <1.5 1 - 2  
Ba 368 - 857 500 - 1800 160 - 1800 100 - 3000 nd 4.1 - 52.5 50-2002 300 30 - 80 
Cd 0.06 - 0.28 2 - 25 0.1 – 19 100 - 900 nd 0.01 - 0.04 0.5 - 52 0.07 100 - 900 
Co 3.7 - 19.2 6 - 350 2.5 – 11 13 - 87 nd 0.1 - 0.6 nd2 0.7 nd

Cr 20.3 - 331 200 - 1000 320 - 6200 100 - 800 nd 0.1 - 0.33 2 - 102,
9.57 7 5 - 50 

Cu 11.5 - 62.8 1200 - 2500 62 – 540 300 - 3000 nd 0.16 - 0.76 
50-2002,

15007 1 1 - 20 
Hg 0.053-0.198 0.5 - 1 0.1 - 0.1 5 - 20 nd 0.003 - 0.179 0.01-0.12 nd 4 - 10 
Mo nd 5 - 30 1.6 – 81 15 - 150 nd nd 1 - 42 nd nd
Ni 2.8 - 38.8 10 - 4300 5.2 – 310 60 - 260 nd 0.4 - 2.0 nd2 1 nd

Pb 3.3 - 10.7 1500 - 3000 4.5 – 220 4000 - 20000 nd 0.03 - 1.82 50 - 3002,
5007 <0.1 100 –

5000
Sn nd 2 - 380 3.2 – 34 550 - 2000 nd nd nd2 nd nd
Sr 72 - 760 85 - 1000 178 40 - 640 nd 0.9 - 8.3 nd2 nd nd
Se nd 0.05 - 10 7.5 – 36 0.4 - 31 nd nd nd2 nd nd
Ag nd 0.3 - 37 1.3 – 100 2.3 - 100 nd nd nd2 nd nd
Sb nd 30 - 200 1.1 – 18 50 - 950 nd nd 1 - 22, 2.57 nd 0.5 - 1 
V 17 - 282 nd 170 - 1500 29 - 150 nd nd nd2 100 nd

Zn 38.5 - 114 2000 - 4000 31 – 690 5000 - 40000 nd 2.4 - 8.0 50 - 5002,
27507 30 4000 –

20000 
Zr nd nd 55.2 nd 1480 nd nd2 nd nd

1 minima and maxima of n = 9 natural rock materials (Tossavainen and Forssberg, 1999) 
2 Chandler, et al.(1997) 
3 minima and maxima of n = 45 samples (Proctor, et al., 2000) 
4 means of duplicates (Fällman and Hartlén, 1994) 
5 Yan, et al. (2000) 
6 Shi (2002) 
7 Todorovi  (2004) 
8 values are approximate 

LEGISLATION 

Ashes and slags are listed in the European Waste Catalogue (EU, 2000) which means 
that they are generally referred to as wastes. A material defined as waste usually has to 
be disposed in accordance with EU legislation (EU, 2002). However, being listed in the 
European Waste Catalogue does not mean that the materials are considered wastes 

Travar, Herrmann, Andreas, Ecke and Lagerkvist, Luleå University of Technology, 2006 



Use of Inorganic Solid Wastes in Landfill Cover Liners – Literature Review 
5

under all circumstances (EUROSLAG, 2006). If they are not wastes, their application in 
geotechnical constructions becomes possible. This application is not regulated but 
requires an environmental permit according to the Swedish Environmental Protection 
Law (Thurdin, et al., 2006). 

Both EU and Swedish legislation deal with the application of landfill top covers. 
According to the EU (1999), the application of a surface sealing can be prescribed by 
the competent authority. If it is installed, it should contain an impermeable mineral layer 
(EU, 1999). Swedish legislation, however, demands landfill covers. Their permeability 
for water must not exceed 5 l m-2 yr-1 on hazardous waste landfills and 50 l m-2 yr-1 on 
non-hazardous waste landfills (SFS, 2001). As these limit values aim at the entire cover 
construction, the permeability requirement for only the liner is difficult to define. Liner 
materials exhibiting a hydraulic conductivity of 10-10 m s-1 and 10-9 m s-1 for hazardous 
and non-hazardous waste landfills, respectively, are expected to meet the Swedish limit 
values. Other properties of material to be used in cover liners, e.g. regarding stability, 
are not regulated. 

TECHNICAL PROPERTIES OF ASHES AND SLAGS 

Relevant technical properties 

One prerequisite for reusing SCM is that they meet the same requirements as the 
materials they shall replace. As described above, nothing but the hydraulical 
conductivity is regulated with regard to the construction of landfill covers in Sweden. 
Suggested properties relevant to describe the technical suitability of materials for their 
use in a cover construction are the material’s particle size distribution, hydraulic 
conductivity, plasticity, compaction, shrinkage and strength characteristics (Kumar and 
Stewart, 2003;Prashanth, et al., 2001). In this chapter, information on these properties is 
compiled for the waste materials discussed. 

Particle size distribution 

The particle size distribution of BA covers the whole range between sand and gravel 
(Figure 2). The uniformity coefficient (ratio D60/D10) for BA is higher than 6, thus BA 
can be classified as well-graded gravely sand (Chandler, et al., 1997;Forteza, et al.,
2004;Izquierdo, et al., 2002). The percentage of fines (defined as particle size passing 
through 63 μm sieve) in BA is in the range from 1.9 to 7.4 wt-% (Chandler, et al.,
1997).

Particle size distribution curves of FA cover the range between silt and sand size 
(Figure 2). Factors such as the proportion of fines in the waste, the type of incinerator, 
changes in operating conditions and the presence of a heat recovery system strongly 
influence the particle size distribution of FA (Chandler, et al., 1997).

The particle sizes of LS range between 2-200 μm with a prevalence of sizes between 
50-60 μm (Manso, et al., 2005), i.e. silt size. EAFS covers the whole range between silt 
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and gravel with a prevalence of sand particle size (Figure 2). According to the 
uniformity coefficient, EAFS can be classified as well-graded gravelly sand. 

The particle size distribution of ashes and slags can be used to estimate other physical 
properties such as shear strength or hydraulic conductivity. 
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Figure 2  Particle size distributions of ashes and slags; FA 1 and BA 1 Chandler, et 
al. (1997), FA 2 Mangialardi, (2003), FA 3 and BA 3 Muhunthan, et al.,
(2004), BA 2 Izquierdo, et al., (2001), EAFS 1 Proctor, et al. (2000), 
EAFS 2, EAFS 3 and LS Andreas, et al., (2005) 

Hydraulic conductivity 

A low hydraulic conductivity of the liner is a precondition for a low amount of 
precipitation infiltrating into the landfill and thus low leachate generation.

The use of BA solely as liner material is not suitable because it is 1-3 orders of 
magnitude too permeable (Table 2). The same is most probably the case for EAFS 
having a similar grain size distribution as bottom ash (Figure 2). In order to reduce the 
hydraulic conductivity of BA, it can be mixed with fine grained material e.g. bentonite 
or Friedland clay (Kumar and Stewart, 2003;Tham, et al., 2003). It is important to 
determine the optimal content of the fine material in the mixture with regard to both 
hydraulic conductivity and geotechnical stability. A relatively low portion of bentonite 
e.g. 5-15 wt-% mixed with BA or crushed rock can reduce the hydraulic conductivity 
sufficiently for a utilization as liner material (Keto, 2004;Kumar and Stewart, 2003). 
Kumar and Stewart (2003) found that the addition of 15 wt-% of bentonite to BA 
resulted in a hydraulic conductivity close to 10-9 m/s. However, adding more than 15 
wt-% of bentonite to the mixture may lead to a situation where ballast grains float in the 
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bentonite matrix having no contact between each other (Pusch, 2001). As a result, the 
stability of the landfill cover slope may deteriorate.  

Higher compaction of ashes is associated with lower hydraulic conductivity. Laboratory
tests showed that well compacted FA has a hydraulic conductivity close to that of fine 
grained till or clay (Table 2). However, it is not always possible to achieve sufficient 
compaction under field conditions, especially at landfill slopes (Rollings and Rollings, 
1996). A stabilization of FA with e.g. lime or bentonite may increase the workability 
during compaction and hence reduce the hydraulic conductivity of the liner. 
Mollamahmutogly and Yilmaz (2001) reported that a mixture of FA and 20 wt-% of 
bentonite is suitable as cover material with regard to its hydraulic conductivity of 10-9

m/s. According to Nhan, et al. (1996), the hydraulic conductivity of FA can be reduced 
one order of magnitude by adding lime with CaO > 15 wt-%. Prashanth, et al., (2001) 
explained this melioration with the formation of gelatinous compounds which block the 
pores.

A disadvantage with using ash-bentonite mixture in landfill liners is the increase of the 
hydraulic conductivity over time due to pore water quality. Increase of the pore water 
salinity due to the release of easy leachable salts from the ash can result in a decreased 
swelling pressure of the bentonite which leads to an increase of the hydraulic 
conductivity (Pusch, 2001). Nhan, et al (1996) recommended the use of calcium 
bentonite rather than sodium bentonite in the mixture with ash. Calcium bentonite tends 
to swell less than e.g. sodium bentonite, thus it is less sensitive to constituents leached 
from the ash (Nhan, et al., 1996). However, according to Pusch (2001), the hydraulic 
conductivity is not affected by the pore water chemistry if the liner is compacted 
sufficiently. In this study, the density of the bentonite at water saturation was higher 
than 2000 kg/m3.

Andreas, et al. (2005) reported that a mixture of EAFS and LS slag has a hydraulic 
conductivity of 3.5 × 10-9 m/s. Investigations on the hydraulic conductivity of EAFS 
and LS slag solely are not reported in literature. 

Compaction

Compaction is the simplest and most effective way to improve a material’s engineering 
properties (Rollings and Rollings, 1996). A well compacted material improves its 
strength and decreases its hydraulic conductivity. 

Compaction properties of incineration wastes are not well documented in the literature. 
BA has similar compaction properties to gravely sand (Table 2) (Chandler, et al., 1997). 
Field tests showed that it is fully possible to achieve a degree of BA compaction of over 
90 % determined in the laboratory related to modified Proctor (Rogbeck and Hartlen, 
1996).
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Volume stability (Shrinkage and expansion) 

The shrinkage of a material can cause cracks and serious damage of the liner. Shrinkage 
is caused by loss of moisture which results in a volume change of the material. The 
equilibrium moisture content at which a loss of moisture results in no further volume 
change is defined as the shrinkage limit. The shrinkage limit of fly ash is higher than 
clay (Table 2) which indicates that fly ash has a lower shrinkage potential than clay. 
Low shrinkage potential results in low volume change, thus liners built of a material 
with lower shrinkage potential have higher resistance to cracks. FA might be a better 
choice than clay as liner material in dry or cold climates.  

In EAFS, expansion might occur (Montgomery and Wang, 1993).The volume stability 
of LS is unknown. 

Plasticity, specific gravity, and shear strength

Plasticity, specific gravity, and shear strength are important properties for the evaluation 
of slope stability and settlements of the landfill cover.

Settlements occur in all deposits. A common problem with landfills containing 
degradable material is that the settlements are quite considerable and they tend to occur 
unevenly, both spatial and over time. Differential settlements of the deposited waste can 
cause cracks in the landfill liner. The risk for cracks is lower if the liner has plastic 
properties.

Clay is plastic within a certain water ratio interval (e.g. from 35 to 60 wt-% for illite) 
(Das, 1998;Lagerkvist, 2003) Therefore, a liner built of clay has a high resistance 
against cracking as long as it is moist. 

Ashes are non-plastic materials (Forteza, et al., 2004). However, a stabilization of fly 
ash with lime and bottom ash with clay may improve the plastic properties of these 
materials and hence, enhance their resistance to cracking. Nhan, et al. (1996), found that 
FA mixed with lime is more deformable and less susceptible to cracking than pure FA. 
In the same study, FA with higher lime content developed higher strength due to 
pozzolanic reactions.  

The shear strength of a material controls the slope stability of a landfill cover. Clay has 
a very low friction angle (Table 2) which may result in instability of the cover at landfill 
slopes. Slippage of landfill cover at steep slopes can be avoided by using ashes. The 
shear strength of EAFS and LS slag is not reported in literature but is expected to be in 
the range of BA for EAFS and in the range of FA for LS due to the pozzolanic 
properties of the LS. 
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Table 2  Technical properties of ashes, slag and clay 

Material
Bottom ash Fly ash Steel slag Clay 

Specific gravity 1.8 – 2.2 (1,7) 1.6 (2) 3.2 – 3.6(10) 2.5 – 2.9 (4)

max. density,  
t/m3 1.5 – 1.8 (1,5,6,7) 1.22 – 1.43 (1) 1.8 (8)

Compaction opt. moist. 
 content, wt-% 13 – 16 (1,5,6) 30 – 40 (1) 14 (8)

Hydraulic conductivity, m/s 10-6 – 10-8  (1,7) 10-7 – 10-10  (1,2) < 10-9 (8)

Shrinkage limit, wt-% 38 – 52 (9) 8.5 – 29 (8)

cohesion, kPa 7.7 (2) 34.1 (2) 56 (3)

Shear strength 
fiction angle, ° 50.2 (2) 29.3 (2) 9.9 (3)

1 Chandler, et al.(1997), 2 Muhunthan, et al.(2004), 3 Keto (2004), 4 Rollings and 
Rollings (1996), 5 Rogbeck and Hartlen (1996), 6 Forteza, et al.(2004), 7 Wiles (1996), 8
Das (1998), 9Prashanth, et al.(2001), 10Montgomery and Wang (1993) 

Influence of ageing on technical properties 

Ageing is a process, which occurs as a consequence of non equilibrium conditions 
between the material and the environment. It results in the occurrence of slow 
mineralogical changes over time which may have an influence on the technical 
properties of incineration wastes. 

Chandler, et al., (1997) reported that BA improves its strength probably due to the 
formation of new mineral phases that increase the particle interlocking within BA. In 
the same study, one year aged bottom ash showed much better compaction 
characteristics than fresh BA. In FA, on the other hand, it has been observed that the 
process of carbonation can decrease the hydraulic conductivity of the material by up to 
two orders of magnitude (Meynaud, 2001) which may be due to deteriorated 
compaction properties. 

A siliceous component in FA chemically reacts with calcium hydroxide in the presence 
of moisture forming a material that exhibits cementitious properties (Palmer, et al.,
2000). As a result, FA shows a gain in strength and a decrease in hydraulic 
conductivity. A FA stabilized with 9 wt-% lime showed a decrease in hydraulic 
conductivity of three orders of magnitude after 256 days compared to the initial value 
(Palmer, et al., 2000). Similar reactions can be anticipated when LS is used in the liner.  
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ENVIRONMENTAL IMPACT OF ASHES AND SLAGS IN LINERS 

The environmental impact of liners built with ashes and slags can be of different nature. 
This chapter deals with the leaching of contaminants that might occur from the surface 
of the liner when it comes into contact with water. 

Leaching conditions in the field 

Rain water that percolates through the upper layers of the landfill cover either drains off 
in the drainage layer or seeps through the liner into the landfill body. The part of the 
water seeping through the liner leaches constituents from the liner into the landfill. If 
the hydraulic conductivity of the liner is as low as 10-9 m s-1, this amount of water does 
not exceed 32 mm yr-1. As in Sweden, the annual precipitation amounts to between 400 
and 1100 mm (SMHI, 2005), only 3-8 % at most of the precipitation seeps through the 
liner and this path will not be discussed in this study. The drainage water moves through 
the drainage layer on top of the liner into a ditch and is usually discharged into a local 
recipient. Assuming that 50 % of the precipitation turns into drainage run-off, this water 
can amount to up to 550 mm yr-1. As the drainage layer is located directly above the 
liner, there is a potential for release of contaminants from the liner surface into the 
drainage water. This release is influenced by e.g. particle size and leaching conditions 
such as pH, solvent quality, redox conditions, temperature and liquid to solid ratio (L/S) 
(Todorovi  and Ecke, 2006). 

Compacting ashes in a liner leads to a development of a monolithic structure of the 
material (Tham, et al., 2005). The same is probably the case for slags. Therefore, 
leaching from the liner surface is assumed to be diffusion controlled (Kosson, et al.,
1996). This means that the particle size does not affect leaching and surface 
accessibility is generally low. Leaching is to a great extend influenced by pH. The 
quality of the drainage water, especially in terms of pH, is highly influenced by the 
layers it has been percolating through. pH conditions on the liner surface are therefore 
difficult to predict as they depend largely on the material used and may change over 
time. However, pH values between 6 and 8 seem realistic to assume. Redox conditions 
are unknown but might be anaerobic. The temperature on the liner surface depends e.g. 
on climate, season and thickness of the protective layer. In the soil cover of a Northern 
Swedish landfill test cell, temperatures between 2 and 16°C were measured in 1.2 m 
depth (Maurice and Lagerkvist, 1997). The L/S (liquid to solid) ratio increases 
continually with precipitation. 

Critical elements 

To identify the environmentally harmful elements (critical elements) that could be 
released from ashes and slags, their mobility (or concentration) would usually be 
compared to limit values. As there are no limit values available from legislation, they 
are compared to natural material using data from leaching tests (Table 1). As the 
leaching from the liner surface is diffusion controlled (Kosson, et al., 1996), data from 
diffusion leaching tests would be appropriate for the comparison. However, diffusion 
test data are neither available for natural material nor for slags. Another reasonable 
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leaching procedure is the availability leaching test which is designed to provide an 
estimate of the maximum mass of material that could be leached under aggressive 
leaching conditions (Kosson, et al., 1996). In this test, the material is leached at L/S 100 
in two steps: first at pH 7 for three hours and then at pH 4 for 18 hours (Nordtest, 1995). 
The sample is furthermore milled to a small particle size (95 % < 125 m) (Nordtest, 
1995). The availability test shows the potentially leachable amount of a constituent but 
does not provide results whether or not this maximum release will ever be fulfilled or 
the time intervals during which this release may occur (Todorovi  and Ecke, 2004). The 
availability test is a solubility controlled test and does not reflect the leaching conditions 
in the field, but it represents a “worst case” scenario. Data from availability testing are 
available for both natural material and ashes and slags (Table 1).

EAFS and BA are reused as substitutes for natural rock. Thus their leaching is 
compared to the leaching of rock (Table 1). FA and LS are used as substitutes for clay 
in the liner and should thus be compared to clay. However, availability leaching data 
from clay and LS are not reported in literature. The leaching from FA is therefore also 
compared to the leaching from natural rock (Table 1).  

The results of the comparison are shown in Table 3. Most striking is the mobility of Pb
(up to 150 000 times higher in FA compared to rock) and Cd (up to 90 000 times higher 
in FA) and Cu (up to 9000 times higher in BA). In BA, FA as well as EAFS, the 
mobility of Cr (up to 500 times higher in FA) and Zn (up to 8000 times higher in FA) is 
remarkable. Also the mobility of Hg from FA exceeds the one from rock. Furthermore, 
in FA and BA, Cl, SO4 and Mo are regarded as major pollutants (Chandler, et al.,
1997;Comans, et al., 2000;Meima and Comans, 1999). In BA used in road construction, 
also Al and Sb have been identified as critical (Todorovi , 2006). In FA, the initial 
mobility of salt formers, such as K, Na, Mg and Ca (Chandler, et al., 1997;Sabbas, et 
al., 2003) might be problematic. In EAFS, the mobility of V might cause environmental 
pollution.

Table 3  Critical elements in BA, FA and EAFS and LS. In BA, FA and EAFS, 
the critical elements were identified by comparing data from availability 
leaching to natural rock material. Some constituents (marked in the table) 
were described as critical in literature but were not critical according to 
the comparison above. Critical elements in LS were identified by 
comparison with EAFS. 

BA FA EAFS LS
Cd0 Cd0 Cd0 Ti0

Cu0,3 Cu0 Cu0 Zr0

Cr0,3 Cr0 Cr0

Zn0 Zn0 Zn0

Ba0 Ba0 Ba0

Pb0 Pb0 Co0

Cl1,3, SO4
1,3, Mo1,3 Cl-1, SO4

1, Mo1 V0

Al3 Hg0

Sb3 K2, Na2, Mg2, Ca2

0 critical according to above described comparison, 1 Chandler, et al. (1997), Comans, et al. (2000), 
Meima and Comans (1999), 2 Chandler, et al. (1997), Sabbas, et al., (2003), 3 Todorovi  (2006) 

Travar, Herrmann, Andreas, Ecke and Lagerkvist, Luleå University of Technology, 2006 



Use of Inorganic Solid Wastes in Landfill Cover Liners – Literature Review 
12

Leaching of the critical elements 

The leaching of the critical elements from ash and slag as measured in the availability 
test (solubility controlled leaching) certainly overestimates the availability of these 
constituents under field conditions (diffusion controlled leaching). When leaching is 
diffusion controlled, the mobilization of contaminants can be expected to be low. 
Nevertheless, leaching of the identified critical elements shall be discussed in the 
following.

Ecke and Åberg (2006) investigated the influence of the factors pH, L/S, leaching 
atmosphere and time on the leaching of Cd, Cr, Cu, Ni, Pb, and Zn from BA. They 
concluded that the factors pH and L/S are the most significant factors affecting 
leaching.  

In BA and FA, the minimum release of Pb is observed at pH between 8 and 10, while 
lowest concentrations of Zn are at about pH 10 (Hjelmar, et al., 2001;Wiles, 1996). The 
leachability of Pb is primarily caused by chloride complexation. At pH 6-9, the release 
of Pb is lowered due to the formation of less soluble carbonates (Ecke, et al., 2002) 
which suggests that Pb leaching from the liner surface is marginal. For steel slag, Pb 
and Zn leaching has not been investigated further. The amounts of Pb and Zn leached 
from ashes and slag under landfill conditions must be studied before it is possible to 
assess the environmental impact of the materials with regard to these metals. 

At alkaline pH, leaching of Cd from ash is influenced by chlorides. The release of Cd 
from ash is increased with decreasing chloride content and pH at pH less than 7 
(Hjelmar, et al., 2001;Wiles, 1996). Further decreasing of pH in the long run may 
increase the leachability of Cd dramatically (Hjelmar, et al., 2001). These data suggest 
that Cd might be available to a quite high extend on the liner surface. It was observed 
that Cd concentrations are higher in combined ash leachate than in bottom ash or fly ash 
leachate (Hjelmar, 1996). It is probably caused by the high content of chlorides and the 
presence of organic acids produced by the biodegradation of unburned matter in bottom 
ash. Thus, a liner comprising both materials is more susceptible to Cd leaching.  

The leachability of Cr is of special interest because of its toxicity in the hexavalent 
form (Pillay, et al., 2003). The availability of Cr increases under oxidizing conditions 
(Fällman and Hartlén, 1994). As oxygen availability cannot be ruled out, this means that 
Cr leaching could occur on the surface of the liner and contribute to the pollution of the 
drainage water. Leaching of Cr is different for fly ash and bottom ash at pH > 5 
probably due to the presence of Cr as Cr(III) in BA and Cr(VI) in FA (Hjelmar, et al.,
2001). Cr (VI) is highly soluble over the complete pH range (Cohen and Patrie, 1997) 
whereas Cr(III) in BA has the lowest release at neutral and slightly alkaline pH 
(Hjelmar, et al., 2001). In EAFS, Cr is present in both oxidation states (Proctor, et al.,
2000). Cr(III) in EAFS can, in the presence of calcium oxide, oxidize to hexavalent Cr 
(Pillay, et al., 2003). Pillay, et al. (2003), reported that 0.1 -1% of the Cr in EAFS in 
ambient conditions (e.g. on a deposit) oxidizes to Cr(VI) within 6-9 month when 
exposed to oxygen. However, the reaction ceases after 12 months. Assuming the 
oxidation of Cr(III) to Cr(VI) to occur not only in EAFS but also in BA, leaching of 
toxic Cr(VI) can be expected from all three materials. To address this problem, the Cr 
contaminated drainage water should be treated at least in the first year.
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Leaching of fresh ash results in high initial concentrations of Cu (Chandler, et al.,
1997). Dissolved Cu in ash leachate is bound to organic matter to a significant extent 
(Meima and Comans, 1999). This is confirmed by Olsson (2005) who interpreted a 
decrease in Cu2+ activity in BA leachate to be caused by Cu-DOC complex formation. It 
was observed that the release of Cu from bottom ash may be reduced by reducing the 
organic matter (Hjelmar, et al., 2001) or by forming ternary complexes of Cu with DOC 
(dissolved organic carbon) bound to the precipitate (Meima, et al., 2002). Another 
option for lower release of Cu from ash may be treatment with Fe (III) and Al (III) 
acidic salt solutions which leads to a pH decrease from about 10-11 to about pH = 7-8 
and in-situ precipitation of the metal(hydr)oxides (Comans, et al., 2000). The main 
effect of this treatment is the binding of Cu to the ash matrix. 

The mobility of Hg in FA can be up to 3300 times higher than in natural rock (Table 1). 
The leachability of Hg from FA is lowest at pH 8 to 10 with a strong increase below pH 
8 (Chandler, et al., 1997) but only limited data regarding Hg leaching from FA are 
available (Chandler, et al., 1997). In coal fly ash, however, Hg leaching has been 
investigated. Hg in coal fly ash is tightly bound and not released in significant amounts 
to water under mildly acidic leaching conditions (Gustin and Ladwig, 2004). The data 
above suggest that Hg leaching from FA is a minor problem in terms of environmental 
pollution. However, as the difference in Hg mobility between FA and rock is 
pronounced, further investigations should be undertaken. 

The leachability of Mo in FA and BA appears to be constant between pH 7 and 13 and 
decreases towards pH 4 (Hjelmar, et al., 2001). Leaching tests showed that Mo is 
almost completely washed out within L/S = 2 l/kg which indicates that Mo is an 
example of availability controlled leaching (Hjelmar, et al., 2001). Meima, et al. (2002) 
have shown that Mo leaching from BA also remains largely unaffected by carbonation. 
Mo can thus be expected to be quickly released from the materials. 

The release of V from BA in the pH dependence test showed that the minimum is at pH 
6 increasing towards pH 12 (Hjelmar, et al., 2001). In EAFS, V is a critical element. As 
it is leached under neutral conditions from ash, it might also be mobile from EAFS 
under these conditions and thereby be of potential harm for the environment. 

Initial leachate from ashes shows relatively high content of (earth) alkali metals such as 
K, Na, Ca that are present in a form of salts (Hjelmar, 1996). Leaching of most alkali 
metals from ashes is independent of the pH and they are released rapidly as a function 
of L/S (Kosson, et al., 1996;Sabbas, et al., 2003;Wiles, 1996). Concentrations of most 
alkali metals in the leachate have a tendency to decrease as the leaching progresses. 
Kosson, et al. (1996) reported that about 60 % and 90 % of the salt (e.g. KCl, NaCl, 
CaCl2) availability was released by LS of 1 l/kg for bottom ash and fly ash, respectively.  

The leaching properties of LS have not been investigated. However, total contents can 
be compared to those of natural rock. The total content of Mn exceeds natural rock. Ti 
and Zr contents in rock are unknown, but compared to EAFS, both Ti and Zr in LS are 
elevated. Zr has been shown to be of low toxicity (Couture, et al., 1989;Fodor, et al.,
2005). However, as Zr concentrations in LS can be 1480 mg kg-1 (Shi, 2002) and the 
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lethal concentration is LC 50 > 20 mg L-1 (Couture, et al., 1989), the environmental 
harmlessness of Zr in steel slags still has to be proved.

Influence of ageing on leaching behaviour 

Ageing has a significant influence on the element leaching from ashes (Meima and 
Comans, 1999). The most important ageing processes in ashes are carbonation and 
formation of minerals that can bind contaminants (Comans, et al., 2000;Wiles, 1996). 
Carbonation is caused by the uptake of carbon dioxide (CO2) by the material which 
results in a decrease of the pH from alkaline towards neutral (Meima, et al., 2002). 
Possible CO2 sources for the carbonation of material are atmosphere (before use in 
construction) and landfill gas.

The leaching of trace elements such as Cd, Pb, Zn, Cu and Mo from bottom ash is 
significantly lower for carbonated samples than for fresh samples (Meima and Comans, 
1999). Ecke, et al .(2003), found that carbonation of fly ash reduced the availability of 
Pb and Zn by two orders of magnitude.

The lower release of contaminants from aged ash is related to the decrease of pH values 
of ash leachate (Meima and Comans, 1999). Another effect that is assumed to control 
leaching from aged ash is the sorption of contaminants onto neoformed minerals. 
Elements such as Cd, Pb, Zn, Cu and Mo in BA have high affinity for Fe/Al-hydroxides 
and amorphous aluminosilicates that can be formed as a result of ageing (Meima and 
Comans, 1999). In aged fly ash, the formation of calcium aluminosilicate hydrates (C-
A-S-H) has the potential to retain metals through both bonding and absorption (Ecke, et 
al., 2002).

Zevenbergen, et al.(1998) investigated the influence of ageing on glassy constituents of 
bottom ash. In this study, a 12 year old bottom ash showed a rapid formation of well-
ordered primitive clay (illite) from glasses. Clay mineral formation is also observed in 8 
year old fly ash samples (Zevenbergen, et al., 1999). It is found that heavy metals like 
Zn and Cu were incorporated into clay minerals, thus the latter may play an important 
role in the immobilization of heavy metals and other toxic species (Zevenbergen, et al.,
1999;Zevenbergen, et al., 1998). 
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CONCLUSIONS 

Ashes can be beneficially used in landfill cover liners with regard to their technical 
properties investigated on laboratory scale. However, bottom ash (BA) cannot be 
applied solely in the liner but mixed with bentonite, it reaches hydraulic conductivities 
down to about 10-9 m s-1. Well compacted fly ash (FA) can be used solely in the liner 
with regard to its hydraulic conductivity. The use of ashes in the liner has an advantage 
compared to clay regarding their lower shrinkage potential and also their higher friction 
angle which results in a good slope stability. Further research on technical properties of 
ashes should be performed in full scale paying special attention on hydraulic 
conductivity and resistance to cracks due to differential settlements. 

There is a lack of information on technical properties of electric arc furnace slag 
(EAFS) and ladle slag (LS) in the literature. The technical performance of slags in liner 
constructions can therefore not be assessed for neither EAFS nor LS. However, in terms 
of grain size distributions, EAFS and LS are similar to BA and FA, respectively. Hence, 
it can be assumed that EAFS cannot be used solely in the liner. Mixtures of EAFS and 
LS seem suitable liner materials as they reach a hydraulic conductivity of 3.5×10-9 m s-

1. This, however, has to be confirmed by additional laboratory and field investigations 
because it is not certain that other technical properties of EAFS and LS are similar with 
ashes.

When utilizing ashes and slags in landfill cover liners, there is a risk for Pb, Cd, Cu, Cr, 
Zn, Ti, Zr and Hg to be leached from the liner surface by the drainage water and 
released into the environment. Furthermore, Cl, SO4, Mo, salt formers (K, Na, Mg, Ca) 
and V might be problematic. The leaching of trace metals from BA and FA has been 
investigated quite thoroughly whereas leaching data for EAFS are rare. LS have not 
been investigated at all in terms of leaching. From the data compiled in this study, a 
significant release of Cd, Cr, Mo, salts and possibly Cu is to be expected from the 
landfill liner containing ashes or slags. A liner comprising both BA and FA is more 
susceptible to Cd leaching than a liner built of FA only. The leaching of some 
contaminants are short-term processes, which applies to Mo and salts and possibly also 
to Cr. The problem of their release could be addressed by a temporary treatment of the 
drainage water. 

Ageing of ashes reduces the release of contaminants (salts and heavy metals) into the 
environment. It is expected that rapid formation of primitive clay minerals in aged ashes 
will reduce the release of heavy metals but also improve technical properties such as 
hydraulic conductivity. The influence of ageing on leaching of EAFS and LS has not 
been investigated. 

The leaching of critical elements from ashes and slag under landfill conditions should 
be subject to further research as it is difficult to assess the environmental impact of the 
materials used in liners on the basis of the available data. The influence of factors such 
as pH, redox conditions, temperature, L/S, time and buffer capacity has been 
investigated only rarely. Data from leaching of constituents depending on pH are 
available for BA and FA but not for EAFS and LS. More thorough investigations on all 
four materials are needed especially for toxic trace metals like Pb, Cd, Cu, Cr, Zn and 
Hg. Leaching should also be investigated in full scale. 
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Other metallurgical by-products that were not reviewed are e.g. blast furnace slag or 
basic oxygen furnace slag. Also these materials might be interesting to investigate 
towards reuse in a landfill liner. 
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SUMMARY: Large amounts of materials will be needed in Sweden and other EU states over 
the next years for final covers at landfills that will be closed. The use of natural materials in 
landfill covers results in high costs and a strain on the environment through the exploitation. 
An option may be to use secondary construction materials such as ashes, bed sand and sludge. 
The first year of monitoring a full-scale landfill cover built from secondary construction mate-
rials is reported in this paper. The results illustrate how the construction materials impact on 
the quality of infiltrating water as it passes through the layers of the cap. The most important 
pollutants above the liner were nitrogen, Cu, Ni and Zn whereas the water passing through the 
liner still carried the same pollutants with the addition of Cd and As. 

1 INTRODUCTION

The application of the EU landfill directive (1999/31/EC) will lead to the closure of many 
landfills both in Sweden and in other EU states. Large amounts of landfill lining materials 
will be necessary for covering these landfills. Only for Sweden, the estimated value of 100 
millions of tons of landfill lining materials will be required for covering (Lagerkvist, 2000).  

Suitable natural materials to be used in landfill cover constructions are often not available 
at the site. At the same time, there are a number of wastes with mechanical properties fitting 
for cover constructions, such as various types of residuals from incineration processes, sludge, 
mineral industry wastes etc. In order to test some of these materials in a landfill cover, a 4 ha 
large test area has been established at Tveta landfill at Södertälje, south of Stockholm, 
Sweden. This is the first Swedish full scale application of alternative landfill cover materials. 

The utilization of secondary construction materials in landfill covers may cause a risk to 
the environment due to the release of e.g. salts and heavy metals. In order to distinguish the 
different types of water that arise from the different parts of the cover construction, the 
following terms
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are used: The term drainage refers to the water collected above the liner (that has percolated 
through the vegetation and protection layer), whereas the term leachate refers to the water that 
percolated through the liner.

The project design and a characterization of the initial stage of the leachate and the drainage 
water generation from the test area are presented. In addition, the need of treatment before 
discharge is discussed.

2 MATERIALS AND METHODS 

2.1 Materials and cover design

The design and the construction of the test area were explained in detail at Sardinia 2003 (Tham 
et al. 2003). The test area is divided into six sections with regard to different liner mixtures. Four 
sections have been covered so far on the eastern slope of the Tveta landfill and they are 
presented in Figure 1. The figure also shows the requirements for the thickness of each layer. 
The secondary construction materials that are used are ashes, slag, bed sand (from fluid bed 
incineration), sludge and compost. Before the application in full scale, all materials were tested 
in the laboratory. 

The fly and bottom ash are residuals from the incineration of refuse derived fuel (RDF) and 
bio-fuel, respectively, e.g. paper, cardboard, plastic, wood and wood chips from sorted 
construction and demolition waste, and railway sleepers. Bottom ash is used in combination with 
Friedland clay in order to obtain a lower hydraulic conductivity. It is essential that the clay 
minerals in the mixture are evenly distributed between ash grains.  The ash gives the mixture 
strength and stability.

Figure 1 Schematic section of the different test areas using secondary construction materials  

2.2 Field Measurements 

The distribution of measurement equipment (lysimeters and probes) in areas 1 and 2 is presented 
in Figure 2. The background of the figure contains elevation lines. The horizontal probes that 
serve for gas sampling and temperature measurements are placed below the liner like follows: 
One is placed close to the top of the upper slope. Two probes are placed on the plane area, one 
closer (marked with N) and the other further away from the upper well (marked with Ö). The 
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fourth probe is placed on the highest level of the lower slope. The instrumentation of the other 
areas follows the same pattern.  

64
DA

ENBÖ BN EÖ
Lysimeters  

58
Lysimeters  

57
Well E Well B C

F
Area 2 Area 1

Well 2 Well 1 
45

Well 1+2

Figure 2 Distribution of the lysimeters, wells and probes (capital letters)

In order to collect the leachate, ten lysimeters per area are randomly placed below the liner in the 
plain part of the slope (see Figure 2). Figure 3 shows a lysimeter vessel. It is made of glass fibers 
and epoxy resins. Polyamide hoses (close tolerance semi-rigid nylon tubing 4x6 mm) protected 
by plastic hoses were connected to the lysimeters. One serves for the collection of the leachate 
and the other one for pressure equalization due to the occurrence of low pressure when sampling 
leachate.

Liquids can also be sampled via the gas sampling hose that is attached to the probes for 
temperature measurements parallel to and below the liner. Figure 4 shows a sketch of a 
horizontal probe. 

Figure 3 Lysimeter vessel 
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Figure 4 Horizontal probe for the temperature measurements and gas sampling 

Figure 5 shows a cross section of the upper and lower well in each area. The distribution of these 
wells is also presented in Figure 2. The upper wells are marked with capital letters e.g. E, B. The 
lower wells are marked with numbers (1, 2, 1+2). The upper wells serve for the collection of 
water from the upper slope and the plane area and for controlling the water level in the artificial 
groundwater surface. Each upper well is connected with the lower well at the foot of the area 
below by a pipe. The lower wells serve for collection of the water from all the upper areas: via 
the hose from the upper slope and plain part and via the ditch from the lower slope. Apart from 
the upper and lower wells, a collection well for two areas each is installed at the bottom of the 
slope, from the collection wells drainage can be transferred either to the leachate pond or to the 
local recipient in the future when the quality meets the regulations.  

2.3 Sample Characterization 

Leachate and drainage water samples from four sampling occasions between March 2004 and 
April 2005 are included in this evaluation. Measurements of pH and electrical conductivity were 
made on site immediately after the samples had been taken. Samples were stored frozen prior to 
further analyses that included: 

Chloride
Elements (Ca, K, Na, Al, As, Ba, Cd, Co, Cr, Cu, Fe, Mg, Cu, Ni, Pb, Zn, Sb, Hg) 
Total organic carbon (TOC) and inorganic carbon (IC) 
Nitrogen (total nitrogen (Ntot) and ammonia nitrogen (NH4-N)).

    a)            b) 

Figure 5 Layout of upper (a) and lower (b) wells 
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2.4 Evaluation of the field data 
A multivariate data analysis (MVDA) was carried out using the software Simca-P 10.0. A 
multivariate projection method called principal component analysis (PCA) was used to obtain 
the influential variables, groups of observations, and trends (Eriksson, L., Johansson, E., Ketta-
neh-Wold, N. and Wold, S., 2001). A logarithmic transformation was performed on data that 
deviated from a normal distribution. Data that had values below the detection limit were replaced 
by a value that represents 50 % of the detection limit. The confidence level used was 95%. 

3. RESULTS AND DISCUSSION 

Following results from the first two areas are presented.  

3.1 Quantity observations 

The amounts of leachate collected by the lysimeters in the areas 1 and 2 are presented in Table 1.   
Laboratory tests showed that fly ash had a hydraulic conductivity of 1.8 10-9 m/s (dry density 

equal to 1.12 kg/m3). The mixture of bottom ash and Friedland clay (dry density equal to 1.43 
kg/m3) showed a higher hydraulic conductivity (8 10-9 m/s) than the fly ash during laboratory 
tests but no lysimeters in area 2 contained leachate except one in the beginning of the sampling 
period. Based on the hydraulic properties observed in the laboratory, leachate should not occur 
before several years, so there is either some artifact of the design that cases measurable leachate 
amounts in some lysimeters, or there are imperfections in the construction. Leachate was only 
found in lysimeters that are close to the upper slope of area 1. Continued observations will give 
more information on the flow patterns. 

Table 1  Amount of collected leachate in lysimeters in area 1 and 2 

Sampling occasion
March 04 April 04 May 04 June 04 Sept. 04 Dec. 04 April 05 Total

Area 1, l 26.5 20.8 1.4 0.2 1.0 92.6 132 274
Area 2, l 2 1 0 0 0 0 0 3

3.2 Leachate and drainage quality observations 

The data of leachate and drainage analyses are presented in PCA score and loading plots. The 
PCA score plot and loading plot are complementary and a direction in one plot corresponds to 
the same direction in the other plot. The variables positioned further away from the plot origin 
have a stronger impact on the model and the placement also shows the correlation between 
variables, for example in the loading plot of figure 6, IC and As are antagonistic, with regard to 
both principal components, if one goes up, the other goes down. In table 2 the quality of drainage 
and leachate from the landfill test area is compared to the discharge requirements for leachate 
discharge into local recipient (“limits”). 

The quality of the drainage samples Well_1+2 have changed over time resulting in a moving 
of the dots towards the “limit” (figure 6). This was mainly caused by sinking concentrations of 
TOC, NH4-N, TOT-N, Ca, K, Na, Mn, Mg, Pb, Al, Zn and As. The drainage samples of Well_1 
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also changed its quality over time resulting in a moving of the dots from the fourth to the third 
quadrant. Well_2 contained little water and only two samples have been analyzed.   

The variables Ca, Na, Ba and Co were strongly correlated in drainage samples. The grouping 
of the variables Zn, Cd, Cu and Al indicate also very strong correlation. 
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Figure 6  PCA score plot and loading plot for drainage water samples 

The PCA score plot and loading plot for landfill leachate of the test area is presented in Figure 7. 
Two groups of observations can be seen in the score plot. The first group is formed by leachate 
samples from area 1. This group is situated on the right side of the diagram, in the first and in the 
fourth quadrant. The leachate samples from area 2 that are collected via the hoses for gas 
sampling form the second group in the third quadrant. The comparison between the leachates of 
area 1 and 2 is given in Table 3.  

The loading plot indicates which variables contribute to the pattern of the score plot. The fly 
ash leachate (area 1) had higher concentrations of elements that are situated at the right side of 
the loading plot (Figure 7). At the same time, the leachate samples of bottom ash-Friedland clay 
(area 2) showed higher concentrations of elements that are situated on the left side of the loading 
plot. The grouping of the variables EC (electrical conductivity), K, Na and Cl on the right side of 
the loading plot indicates a strong correlation. 

Table 2  The most influent variables in the drainage samples and comparison with the “limit” 
Drainage The most influent variables Above limit Below limit 
Well 1 NH4-N, Ca, TOC, Ni, Mn NH4-N***, TOT-N***,

Cu, Ni, Zn 
As, Cd*, Cr, 
Pb*

Well 2 TOT-N, Ca, TOC, Cl, K, 
Cr, Zn, As, Pb, Al, Cu 

TOT-N**, As**, Cd, 
Cr**, Cu, Ni, Pb**, Zn 

NH4-N*

Well 1+2 NH4-N, Cl NH4-N***, TOT-N***,
Cu*, Ni, Zn 

As*, Cd*, Cr*,
Pb*

*values close to the limit, **rising concentration, ***subsiding concentration 
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Samples from all lysimeters in area 1 show a similar character except sample LE_6 (in the 
beginning of the sampling period) and LE_8. At the first two occasions of sampling, lysimeter 
LE_6 contained very little leachate with low concentrations of K, Na, Ni and high concentrations 
of Mn and Mg. About eight months after the first sampling occasion, LE_6 contained more 
leachate which had similar properties as that of the other lysimeters. At the last two sampling 
occasions, lysimeter LE_8 contained very little leachate. The quality was similar to that of the 
drainage samples from above the liner (see Figure 8). 
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Figure 7 PCA score plot and loading plot for leachate

The comparison between leachate and drainage water of the test area is presented in Figure 8. 
There are three groups of samples in Figure 8. The first group is formed by the leachate samples 
from area 1. The leachate samples from area 2 form the second group. Finally, a third group is 
formed by the drainage samples.  There are differences in the metal content between the drainage 
above the liner and the leachate below the liner. The leachate had distinctly higher 
concentrations of K, Na, As, Ba and Cl than the drainage, while the drainage contained more 
Mg, Mn, Fe, Zn, Co, Ni and Pb. The lower concentrations of Pb and Zn in leachate are probably 
caused by chemical changes occurring during ash hydration. The drainage and leachate had 
similar concentrations of NH4-N, TOT-N, TOC, Cu and Cr.

Table 3  The most influent variables in the drainage water samples and comparison with 
“limit” 

Leachate The most influent variables Above limit Below limit 
Area 1 
Fly ash 

NH4-N, TOT-N, TOC, IC, 
Ba, Co, Cu, Ni, As, K, Cl, 
Na, EC 

NH4-N, TOT-N 
As, Cd, Cu, Ni, 
Zn

Cr, Pb 

Area 2 
Bottom ash+Friedland clay Mn, Mg 

NH4-N, TOT-
N*

Cd, Cu*

As, Cr, Ni, 
Pb, Zn*

*values close to the limit
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Figure 8  PCA score plot and loading plot for leachate and drainage water 

Although the leachate and drainage showed decreasing concentrations of metals and nitrogen 
during first year of sampling, they still need treatment before discharge and will probably do so 
for a number of years. It is not certain that the main part of the pollution potential has been 
emitted when the leachate and drainage concentrations reach the discharge requirements. A large 
part of the pollution potential can be released if environmental conditions change (Lagerkvist, 
2003).

CONCLUSIONS 

The results obtained show that: 

Very little leachate has been generated so far, and it is unevenly distributed. 
The construction materials interact with the percolating water and affect its quality. 
Both leachate and drainage water need treatment before discharge into the local recipient.  
Nitrogen is identified as one of the major pollutants in both leachate and drainage water.  
The drainage water also contained elevated concentrations of Cu, Ni and Zn. 
Cd, Cu, As and Ni are the most important pollutants in the leachate that has passed through 
fly ash, while Cd and Cu are the main pollutants in the leachate that passed the mixture of 
bottom ash and Friedland clay.  
The future monitoring will enable a modeling of the solids-water interaction and a prediction 
of future treatment needs. 
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Assessing the environmental impact of ashes used in a landfill cover 
construction 

Igor Travar, Sofia Lidelöw, Lale Andreas, Anders Lagerkvist 

Introduction 

The landfilling ban for combustible waste in EU countries will result in increasing generation 
of municipal solid waste incineration (MSWI) ash. Moreover, the extended use of bio fuels in 
heat and electricity production will result in larger amounts of ashes in the future. Only for 
Sweden, it is estimated that 1 million tons of ash are generated annually (Bjurström, 2002). 
An alternative to landfilling is to use ashes as a construction material in e.g. roads or landfill 
covers, which can result in saving natural resources and economical advantages. Although 
ashes may have suitable technical properties to be used in constructions (Rogbeck and 
Hartlen, 1996; Travar et al., 2006), release of e.g. salts and heavy metals from ashes can 
adversely affect surface or ground water quality.  

The main aim of this paper is to evaluate water qualities from different parts of a landfill 
cover built with ashes and other secondary construction materials (SCM) using both 
laboratory and field methods. Identification of critical elements that can be released from 
SCM has been done based on elemental leaching concentrations. Equilibrium calculations 
were performed to identify which minerals might control leaching and how a change of 
leaching conditions can affect release of critical elements. Special attention was put on 
possible formation of clay minerals in the ashes. 

Material and methods 

Material characterisation 

Ashes used in the liner derive from incineration of refuse derived fuel (RDF). Materials 
burned are e.g. paper, cardboard, plastic, wood, railway sleepers, and wood chips from sorted 
construction and demolition waste. Bottom ash (BA) originates from grate type combustion 
while fly ash (FA) consists of both electrostatic precipitator and hose filter ash. The FA was 
moistened, sieved to a particle size <9 mm, and stored outside covered with tarpaulins for 
about six months. The BA was dispersed and exposed to the atmosphere during one year for 
ageing.

BA used in the protection and drainage layers originates from stoker grate type incineration of 
household waste. Immediately after incineration, the BA was quenched in a water tank. FA 
used in the protection layer comes from the same source as the FA used in the liner. Sludge 
used in the protection layer comes from a municipal sewage treatment plant. 

Before and during the construction works, several equal sized samples of the materials used 
were taken and pooled into composite samples of about 500 kg BA, 400 kg FA, and 30 kg 
sludge, respectively. Ash samples were sieved to <4 mm (FA) and < 10 mm (BA). The 
samples were characterized with regard to total composition and leaching behaviour. Prior to 
total composition analyses, the samples were ground in a vibratory disc mill to a particle size 
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of 95% <125 μm. A batch leaching test was used to estimate the water soluble fraction of 
elements. Ash was mixed with double distilled water (ddH2O) at a liquid to solid ratio (L/S) 
of 10 l kg-1 and agitated for 24 h using an end-over-end tumbler. Eluates were separated from 
the solid phase using vacuum filtration and stored frozen until elemental analysis.  

Field tests 

From 2003 to 2005, a test area of four hectares was established at the Tveta landfill, 
southwest of Stockholm, Sweden. The area is divided into six sections with different recycled 
materials used in different layers of the cover construction (Figure 1). Since the sections were 
built successively during three years, the materials used may vary in composition between 
areas though they originate from the same source. For example, the FA/BA mixture in Area 4 
is not necessarily corresponding to a mixture of the BA in Area 2 and the FA in Area 1. 

Figure 1  Design of the landfill cover test area at the Tveta landfill. BA = Bottom ash; FA = 
Fly ash; FC = Friedland clay. 

An artificial groundwater table was established at a plateau of the landfill slope in order to 
simulate a worst case scenario for the hydraulic conductivity of the liner (Figure 2). For 
leachate collection, ten lysimeters (1 1m²) made of glass-reinforced epoxy were placed 
randomly below the liner at the plateau in each area. The ten lysimeters were distributed over 
an area of about 100 m2. Leachate was also sampled via hoses for gas sampling installed 
below the liner. Leachate samples were taken using a peristaltic pump. Two probes with 
thermocouples for temperature measurements were placed below the liner in each area. 
Drainage water percolating through the layers above the liner was sampled from wells 
installed at the bottom of the landfill slope.

In Areas 1 and 2 leachate and drainage water were sampled every three months from April 
2004 to June 2006. Sampling from Area 4 was performed from September 2005 to June 2006. 
In Area 3, no leachate accumulated. Areas 5 and 6 were recently covered and only a few 
samples have been taken. Thus, only results from Area 1, 2, and 4 will be discussed in this 
paper.

Travar, Lidelöw, Andreas and Lagerkvist, Division of Waste Science and Technology, LTU, 2006 



Assessing the environmental impact of ashes used in a landfill cover construction 
3

Figure 2 Cross section of the landfill cover at the plateau of the slope. 

Analyses

Total composition of ashes was determined according to the modified EPA methods 200.7 
(ICP-AES) and 200.8 (ICP-SFMS) at Analytica AB, Luleå, Sweden. Total solids (TS) were 
determined by drying at 105 ºC for 24 h according to the Swedish standard SS 028113 (SIS, 
1981) and loss on ignition (LOI) after ignition at 1000 ºC for 2 h. 

Elements in water were analysed using the same methods as above. Cl in leaching test eluates 
and field samples taken before April 2005 was determined by titration with AgNO3 according 
to the Swedish standard SS 028120 (SIS, 1974) and SO4 using ion chromatography according 
to the standard ISO 10304-2 (ISO, 1995). In field samples from April 2005 and onwards Cl
and SO4 were analysed by Spectrophotometry (AACE Quaatro, Bran+Luebbe, Germany). 
Total organic carbon (TOC) was determined according to the European standard EN 1484 
(CEN, 1997) and chemical oxygen demand (COD) according to the Swedish standard SS 
028142 (SIS, 1991). Total nitrogen (Ntot) and ammonia nitrogen (NH4-N) were analysed using 
TRAACS 800 autoanalyzer (Brian and Luebbe, Norderstedt, Germany). Ntot was analysed 
using TRAACS method J-002-88 B (Bran and Luebbe, 1993b) after digestion according to 
the Swedish standard SS 028131 (SIS, 1976). NH4-N was analysed using the method J-001-
88 B (Bran and Luebbe, 1993a). pH of the eluates was measured using pH meter 340/SET-1 
(WTW, Germany) and EC using CDM210 conductivity meter (Radiometer, Denmark). pH 
and EC of leachate and drainage water were measured at the site using MX-300 X-mate 
(Mettler-Toledo, Switzerland).

Statistical analyses 

Principle component analysis (PCA) (Eriksson et al., 2001) was used to obtain an overview of 
the field data in order to detect systematic variations such as influential variables and clusters. 
The analyses were performed at 5 % significance level using the software Simca-P 10.5 
(Umetrics, Umeå, Sweden). Prior to modelling, data were pre-processed using mean-centering 
and unit-variance (UV) scaling. Logarithmic transformation of variables was applied to 
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achieve approximate normality. Data below detection limit were replaced by a value 
representing 50 % of the detection limit. Variables and observations with more than 80 % 
missing data were excluded from the model. 

Geochemical modelling 

Geochemical equilibrium modelling using the computer software Phreeqc 2.12.04 (U.S. 
Geological Survey, USA) was applied to field leachates to (1) calculate saturation indices of 
potential solubility controlling minerals and (2) to evaluate the possible formation of clay 
minerals in the ashes. Solution speciation was calculated with the Minteq V4 database 
modified to include ettringite (log Ksp = 62.54, LLNL database), calcium antimonite (log Ksp
= -12.55, (Johnson et al., 2005)), halloysite (log Ksp = 9.57, (USEPA, 1999)), and kaolinite 
(log Ksp = 7.43, (USEPA, 1999)).

Discussed minerals were identified from the literature based on their likeness to be present or 
formed under field conditions. Input files were composed of measured total concentrations of 
inorganic constituents, pH, and temperature in leachates from April 2006. A reducing 
environment (Eh = -250mV) corresponding to the redox potential for methane formation was 
assumed since methane gas was detected right below the liner (results not shown). However, 
to determine the sensitivity of mineral phases to changes in environmental conditions, the 
redox potential and temperature was varied between three fixed values, viz. -250, 0, and +250 
mV and 0, ~25 (measured temperature) and 50 °C, respectively.  

Results

Laboratory assessment 

Ca and Si are the dominant elements in the ashes used in the liner (Table 1). The ashes also 
have a high LOI indicating a high content of unburned carbon and chemically bound water 
(Chandler et al., 1997). The ashes are relatively rich in trace elements, especially Zn, Pb, Cu, 
Cr, and As, probably caused by the use of waste wood (e.g. railway sleepers) in the fuel mix. 
Compared with wood ash compositions reported in literature (Narodoslawsky and 
Obernberger, 1996; Steenari et al., 1999), the BA has one order of magnitude higher content 
of several environmentally relevant elements, viz. Cl, As, Cd, Cu, Hg, Mo, Pb, and Zn.
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Table 1  Total solids (TS), loss on ignition (LOI), and elemental composition of the ashes 
used in the landfill cover liner. 

FA
Area 1 

BA
Area 2 

FA/BA
Area 4 

FA
Intervall a

BA
Intervall a

Content of total solids (g (kg ash)-1)
TS 822 718 978 n.a. n.a.
Major constituents (g (kg TS)-1)
LOI 163 178 190 n.a. n.a.
Al 14 46 22 0.7 – 48 18 – 34 
Ca 260 155 214 13 – 180 220 – 300 
Cl 66 15 n.a. 0.9 – 16 <0.02 – 0.3 
Fe 12 17 14 0.4 – 29 17
K 5 6 8 3 – 44 24 – 41 
Mg 11 14 10 0.9 – 23 20 – 37 
Mn 0.9 0.8 1 0.8 – 17 12 – 27 
Na 4 5 8 0.4 – 17 2 – 8 
P 0.7 1.1 0.8 0.6 – 16 7 – 18 
Si 106 133 102 3 – 250 57 – 130 
Ti 7 10 12 2 – 51 1
Minor constituents (mg (kg TS)-1)
As 139 104 135 0.7 – 110 1 – 3 
Ba 1910 1671 2030 n.a. n.a. 
Cd 13 22 25 7 – 39 <0.2 – 1 
Co 17 32 19 0.6 – 5 10
Cr 319 447 433 15 – 480 80 – 185 
Cu 475 2801 n.a. 30 – 250 100 – 146 
Hg 1.5 1.2 1.4 0.03 – 1 0.003 – 0.02 
Mo 10 24 13 0.3 – 38 <5
Ni 41 141 n.a. 4 – 170 27 – 200 
Pb 1800 1478 n.a. 22 – 760 4 – 7 
V 34 113 40 2 – 114 32 – 64 
Zn 3227 4137 n.a. 510 – 6380 165 – 485 

  n.a. – data not available 
 a Based on data from Narodoslawsky and Obernberger (1996) and Steenari, et al. (1999).  
  n = 4 for FA; n = 2 for BA. 

The BA used in the protection layer is the only material investigated that complies with the 
European waste acceptance criteria for inert waste at landfills (Table 2). Cl leaching from all 
other materials used, except the sludge, exceeds these criteria. Elevated SO4 leaching appears 
from all ashes apart from the FA of Area 1 and the BA of the protection layer. Ba and Pb 
leaching from the FA of Area 1 exceed the limit values for inert waste landfills 3-5 times as 
do Cu leaching from the BA of the drainage layer. The release of Mo from the FA of Area 1 
also slightly exceeds the limit value. The FA/BA mixture of Area 4 showed almost two orders 
of magnitude higher Pb release. 

Compared with the other ashes, the BA of Area 2 and the mixture FA/BA of Area 4 showed 
highly elevated leaching of Al and Ca, respectively. From the BA of the protection layer the 
release of easily leachable constituents such as Cl, Na, and K is relatively low. From the BA 
of the drainage layer, the leaching of organic matter (as indicated by the COD value) is 

Travar, Lidelöw, Andreas and Lagerkvist, Division of Waste Science and Technology, LTU, 2006 



Assessing the environmental impact of ashes used in a landfill cover construction 
6

relatively high. The sewage sludge used in the protection layer showed elevated SO4 release 
compared to the limit value but also relatively high leaching of nitrogen (Tot-N).  
Table 2  Results of the batch leaching tests at L/S 10 compared with the European limit 

values for acceptance of waste to landfills for inert waste (EC, 2002). 

Protection layer Protection 
layer/Liner Liner Drainage 

layer

BA Sludge FA
Area 1 

BA
Area 2 

FA/BA
Area 4 BA

Limit value 
(L/S 10) 

pH 10.4 8.4 12.2 10.7 12.3 10.2 n.a.
EC (mS/cm) 0.6 1.3 10.9 3.83 18.9 2.3 n.a.
Component (mg (kg TS)-1)
Cl 305 687 12310 7364 46063 3460 800 
SO4 765 4980 <25 6631 4374 5288 1000 
Tot-N 20 160 14.8 31 33 35 n.a.
NH4-N 0.61 2.7 9.2 4.5 23 0.05 n.a.
DOC 43 251 28 n.a. 42 316 800 
Ca 323 2609 6070 3316 23500 1105 n.a.
Fe 0.31 1.8 <0.04 0.03 <0.04 0.1 n.a.
K 285 118 6030 1658 7580 754 n.a.
Mg 3.5 72 <0.9 42 <5 2.3 n.a.
Na 213 330 7040 1773 6790 3390 n.a.
S 255 1662 46 1861 1460 1765 n.a.
Al 121 1.5 3020 49659 73 461 n.a.
As 0.04 0.04 0.033 0.04 0.16 0.07 0.5 
Ba 0.2 0.4 68.4 2.21 8.5 0.27 20
Cd 0.002 0.005 <0.0005 0.0027 0.0020 0.002 0.04 
Co 0.03 0.05 0.0043 0.0075 0.0005 0.005 n.a.
Cr (total) 0.03 0.02 0.23 0.29 0.14 0.17 0.5 
Cu 0.6 1.4 0.098 0.16 0.225 7.03 2
Hg <0.0002 0.006 <0.0002 <0.0002 <0.0002 <0.0002 0.01 
Mn 0.01 1.2 0.032 0.031 0.0038 0.02 n.a.
Mo n.a. n.a. 0.68 n.a. n.a. n.a. 0.5 
Ni 0.02 0.33 <0.005 0.011 <0.005 0.06 0.4 
Pb 0.014 0.05 2.68 0.096 28.3 0.015 0.5 
Sb n.a. n.a. 0.033 n.a. 0.002 n.a. 0.06 
Zn 0.03 1.05 0.47 0.081 4 0.04 4
n.a. – data not available 

Field assessment

The highest amount of leachate was collected in Area 1. The amounts collected varied 
between lysimeters, i.e. some of the lysimeters were dry while others collected up to 550 liters 
of leachate in three years. In Area 2, all lysimeters were dry, but leachate samples could be 
taken through the gas sampling hoses. Lysimeters in Area 4 collected about 80 liters of 
leachate in one year. Calculated hydraulic conductivity was 30 l (m2 yr)-1 for Area 1, and 3 l 
(m2 yr)-1 for Area 4. 

To overview the leachate and drainage water quality, PCA was applied and two principal 
components were extracted (Figure 3). These components reflect almost 60% of the variation 
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in the data set. The leachate samples are clearly grouped according to the liner material. The 
leachate from Area 2 is more similar to drainage water than that from Area 1 and 4, mainly 
due to its lower constituent concentrations compared to the other leachates. On the average, 
leachate had higher pH, salinity (i.e. higher concentrations of K, Na, Cl, and Ca), and 
concentrations of Mo, Al, As, Ba, and Cd than drainage water, while the concentrations of 
Mn, Zn, Mg, Fe, Ni, and Pb were lower. Cr, Cu, and Sb concentrations were within the same 
range in leachate and drainage water. The concentration of total N was higher in drainage 
water, but NH4-N was higher in leachate. The content of organic matter (as indicated by 
TOC) was higher in leachate, except for Area 2. Grouping of variables such as EC, K, Na, and 
Cl, and Cu and TOC indicate that they are strongly correlated (i.e. they show similar leaching 
behaviour).
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Figure 3  PCA score (left) and loading plot (right) of leachate and drainage water samples 
from the test areas. The ellipse defines the 95% confidence region of the model. 

Leachate pH varied between 9.8 and 11.5, while drainage water pH was between 6.6 and 8.3 
(Figure 4). The difference leachate and drainage water pH was found to be significant 
( =0.05) for all areas. Neither leachate nor drainage water pH showed any clear time trends.  
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Figure 4   pH development in leachate and drainage water over time. 
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Tot-N concentrations in leachate were relatively constant over time (on the average ~300 mg 
l-1 in Area 1 and 55 mg l-1 in Area 2) except for Area 4 where the leachate concentration 
decreased by more than 50% in seven months (from 470 to 130 mg l-1). Tot-N in drainage 
water varied largely (between 150 and 1500 mg l-1), but after three years the concentrations of 
Tot-N had decreased by five times compared to the initial values (~700 mg l-1 in Area 1 and 
600 mg l-1 in Area 2). Of the total nitrogen content, 70, 58, and 89% occur as NH4-N in 
leachates from Area 1, 2, and 4, respectively, and 65, 1, and 32% in drainage water from the 
same areas. The NH4-N concentration in each area varied within the same order of magnitude 
without showing any clear time trend (Figure 5). Concentrations of both Tot-N and NH4-N
were generally higher in waters from Area 1 than in waters from Area 2, except for Tot-N in 
drainage water which was higher (on the average) in Area 2 than in Area 1. Concentrations of 
TOC varied without tendency to decrease over time. 
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Figure 5 Concentrations of ammonia nitrogen and total organic carbon in leachate and 
drainage water from the test areas. 

The release of easily leachable elements such as Cl was rather constant, except from the liner 
of Area 4 where leached amounts decreased markedly over time (Figure 6). Leachate from 
Area 2 had at least two times lower concentrations of these elements than leachate from other 
areas, which is in agreement with leaching test results (Table 2). The lowest concentrations of 
trace elements and Cl generally appear, for drainage water, in Area 1 and, for leachate, in 
Area 2 (Figure 6). Constituent leaching behaviour in Area 4 often deviated from that in other 
areas. For example, Zn and Cr leaching from Area 4 increased by at least two orders of 
magnitude during the first year while it remained fairly constant in the other areas.

In general, concentrations of trace metal and oxyanion-forming elements in drainage water 
and leachate from Area 1 and 2 did not show any clear tendency to decline over time (Figure 
6). On the contrary, after about two years, several elements (e.g. As, Cr, Pb, Ni, and Zn) 
showed a tendency towards increased leaching. Sb release, however, decreased over time, 
especially from the liner. After only one year, Sb leaching was reduced about 15 times in 
leachate. Decreasing Cu concentrations were observed in leachate but not in drainage water. 
Mo release of was constant over time and about one order of magnitude higher in leachate 
than in drainage water.

Travar, Lidelöw, Andreas and Lagerkvist, Division of Waste Science and Technology, LTU, 2006 



Assessing the environmental impact of ashes used in a landfill cover construction 
9

Cl

0

20

40

60

80

200 400 600 800 1000
Time (days)

g 
l-1

Cd

0.01

0.1

1

10

100

200 400 600 800 1000
Time (days)

μg
 l-1

Cu

0.01

0.1

1

10

100

200 400 600 800 1000
Time (days)

m
g 

l-1

Ni

0

100

200

300

400

500

600

200 400 600 800 1000
Time (days)

μg
 l-1

Pb

0.1

1

10

100

1000

200 400 600 800 1000
Time (days)

μg
 l-1

Zn

1

10

100

1000

10000

100000

200 400 600 800 1000
Time (days)

μg
 l-1

As

1

10

100

1000

200 400 600 800 1000
Time (days)

μg
 l-1

Cr

0

10

20

30

40

50

60

200 400 600 800 1000
Time (days)

μg
 l-1

Travar, Lidelöw, Andreas and Lagerkvist, Division of Waste Science and Technology, LTU, 2006 



Assessing the environmental impact of ashes used in a landfill cover construction 
10

Mo

10

100

1000

10000

100000

200 400 600 800 1000

Time (days)

μg
 l-1

Sb

1

10

100

1000

200 400 600 800 1000
Time (days)

μg
 l-1

Time (days)Leach FA Leach BA Leach FA+BA Drain FA Drain BA Drain FA+BA

Figure  6 Concentrations of trace elements and Cl in leachate and drainage water from the 
test areas. 

To assess the pollution potential of leachate and drainage water comparisons with different 
limit values were made (Table 3). The limit values for discharge of leachate into the local 
recipient at Tveta landfill are the strictest criteria used. These values were assigned by local 
authorities using the classification of the environmental status for lakes and rivers issued by 
the Swedish Environmental Protection Agency (SEPA, 2000). Leaching limit values for inert 
waste assessed by the percolation test at L/S 0.1 stipulated by European Union directive (EC, 
2002) were used since this L/S was estimated to be reached in the liner within five years after 
construction. Finally, leachate and drainage water were compared with limit values used in 
some European countries for discharge of treated landfill leachate to surface water.  

Table 3  Reference values for water quality used for comparison with leachate and 
drainage water from the test areas.  

Constituent Unit 
Limit values for discharge 

of leachate into local 
recipient at Tveta landfill 

Limit values for discharge 
of leachate after treatment in 
some European countries a

Leaching limit values for 
inert waste assessed by 

percolation test at L/S 0.1 b

As μg l-1 15 50-100 60
Cd “ 0.3 2.5-200 20
Cr “ 5 2200 100 
Cu “ 15 50-1000 600 
Mo “ n.a. n.a. 200 
Ni “ 45 100-2000 120 
Pb “ 3 50-1000 150 
Sb “ n.a. n.a. 100 
Zn “ 6 200-3000 1200 
Cl mg l-1 n.a. n.a. 460 
NH4-N “ 5 n.a. n.a.
Tot-N “ 50 n.a. n.a.
n.a. – data not available 
a Data from Hjelmar, et al. (1994) and Doedens and Theilen (1992). Values from France, Germany, Netherlands, 
Italy, Switzerland, Austria. 
b European Union landfill directive (EC, 2002). 
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A comparison between the concentrations of constituents in leachate and drainage water with 
the limit values is shown in Table 4. All elements except Zn in drainage water from Area 2 
and 4 and As in leachate from Area 1 and 4 comply with the upper limit values for discharge 
of treated landfill leachate in some European countries. In Area 1, drainage water 
concentrations of As, Cd, Cr, and Pb were close to or below the limit values for discharge at 
Tveta landfill, while leachate concentrations only were occasionally lower than these limits 
for Cr and Pb. In Area 2, the NH4-N concentration of the drainage water fell below this limit 
after the first sampling occasion. The leachate concentration of Ni was lower and that of Pb 
and Tot-N occasionally lower than the Tveta discharge limit. Compared with the leaching 
limit values for inert waste As, Mo, Ni (only Area 4), and Cl in leachate with addition of Cu, 
Pb (only Area 2), and Zn in drainage water had higher or occasionally higher concentrations.

Table 4  Concentrations in leachate and drainage water versus reference values for water 
quality. + = higher, ± = occasionally higher or lower, - = lower. Number next to 
the symbol corresponds to the area. 

Limit values for discharge of 
leachate into local recipient at 

Tveta landfill 

Limit values for discharge of 
leachate after treatment in 
some European countries a

Leaching limit values for 
inert waste assessed by 

percolation test at L/S 0.1Element 

Drainage Leachate Drainage Leachate Drainage Leachate
As 1±; + + - 1±; 2-; 4+ 1-; 2+; 4± 2±; + 
Cd 1±; + + - - - -
Cr 1±; + 1±; + - - - -
Cu + + - - 1±; + -
Mo n.a. n.a. n.a. n.a. 1±; + +
Ni + 2-; ± - - + 1, 4±; 2- 
Pb 1±; + 1, 2±; 4+ - - 2±; - -
Zn + + 1-,2±,4± - 1±; + -
Cl n.a. n.a. n.a. n.a. + +
NH4-N 2±;+ + n.a. n.a. n.a. n.a.
Tot-N + 2±; + n.a. n.a. n.a. n.a.

n.a. – data not available 
 a Refers to the upper limit of the range. 

Geochemical modelling 

Table 5 shows equilibrium calculation results for some of the most commonly discussed 
minerals that could affect trace metal mobility from ashes. Minerals such as gypsum, gibbsite, 
NiO, Ni(OH)2, Pb(OH)2, and ZnO in all areas with addition of diaspore in Area 1, cuprite, 
wulfenite, quarz, and kaolinite in Area 2, and Sb(OH)3 and SiO2 in Area 4 could be in 
equilibrium with the leachate since their saturation indices are relatively close to zero (-1 < SI 
< 1). The other minerals were either undersaturated (negative SI) or oversaturated (positive 
SI). All sulphide and sulphite minerals except for gypsum were strongly undersaturated. 

Travar, Lidelöw, Andreas and Lagerkvist, Division of Waste Science and Technology, LTU, 2006 



Assessing the environmental impact of ashes used in a landfill cover construction 
12

Table 5  Saturation indices (SI) for metal carbonates, oxides, and hydroxides in ash 
leachates. Temperature +25 °C; Redox -250 mV. 

SI
Element Mineral FA

Area 1 
BA

Area 2 
FA/BA
Area 4 

Al Al(OH)3 (amorph) -3.27 -2.65 -1.99 
Al(OH)3, gibbsite -0.75 -0.13 0.53 
AlOOH, diaspore 0.67 1.28 1.96 

As Ca3(AsO4)2 -4.32 -4.82 -6.62 
Ca CaO, lime -12.66 -14.73 -13.3 

Ca(OH)2, portlandite -2.73 -4.79 -3.38 
CaSO4 : 2H2O, gypsum -0.93 -0.02 0.04 
Ca6Al2(SO4)3(OH)12×26H2O, ettringite -3.89 -6.04 -0.67 
CaCO3, calcite 3.14 2.31 3.00 

Cd Cd(OH)2 -2.18 -3.81 -4.77 
CdCO3, otavite -1.97 -2.36 -4.05 

Cr Cr2O3 2.51 3.36 3.63 
Cr(OH)3 -1.28 -0.84 -0.73 
CaCrO4 -24.16 -28.8 -27.26 

Cu CuO, tenorite -2.81 -4.76 -5.97 
Cu2O, cuprite 2.42 0.52 -1.87 
Cu(OH)2 -3.85 -5.79 -7.01 
CuCO3 -9.13 -9.84 -11.79 
Cu2(OH)2CO3, malachite -10.41 -13.07 -16.23 

Fe Fe(OH)3, ferrihydrite 1.71 1.97 1.19 
FeOOH, goethite 4.43 4.68 3.92 
Fe2O3, hematite 11.27 11.77 10.26 

Mo CaMoO4, powellite 1.08 1.95 3.04 
PbMoO4, wulfenite -2.92 0.42 -1.43 

Ni NiO, bunsenite 0.36 -0.13 -0.41 
Ni(OH)2 0.01 -0.48 -0.78 
NiCO3 -5.79 -5.04 -6.06 

Pb Pb(OH)2 0.27 0.67 -0.85 
PbCO3, cerrusite -3.89 -2.26 -4.50 
PbSO4, anglesite -9.43 -6.06 -8.90 

Sb SbO2 -0.8 1.32 1.86 
Sb2O4 -12.07 -7.84 -6.75 
Sb(OH)3 -4.19 -1.07 -0.54 
Ca(SbO3)2 -4.67 -4.51 -2.00 

Si SiO2, silica (amorph)  -2.34 -1.87 -0.55 
SiO2, quarz -1.04 -0.58 0.74 
Al2Si2O5(OH)4, kaolinite -2.29 -0.13 3.85 
Al2Si2O5(OH)4:2H2O, halloysite -4.42 -2.25 1.68 

Zn ZnO, zincite -0.91 -0.08 0.07 
Zn(OH)2 -1.73 -0.89 -0.76 
ZnCO3, smithsonite -5.03 -2.96 -3.55

Travar, Lidelöw, Andreas and Lagerkvist, Division of Waste Science and Technology, LTU, 2006 



Assessing the environmental impact of ashes used in a landfill cover construction 
13

Discussion

Identification of critical elements 

A comparison of field data with different limit values showed that leachate is mainly 
contaminated by As (especially in Area 1 and 4), Mo, Cl, and nitrogen and drainage water by 
Ni, Cl, and nitrogen with the addition of As, Cu, Mo, Pb, and Zn in Area 2 and 4. High 
leaching of easily leachable species such as Cl and Mo were predicted from the batch leaching 
test, while, for example, the leaching of Pb in field was lower than the laboratory test let 
expect. This discrepancy is likely an effect of the lower pH (10-11) observed in field than in 
lab (~12) since the leachability of Pb, at its minimum at pH 9-10, increases sharply at higher 
pH. The use of batch leaching tests at lower L/S (e.g. 2 l kg-1) and percolation tests (L/S 0.1-
10), could be suggested to assess elements possible to be leached from ashes above the liner 
in the short term (25-30 years). Leaching from ashes used in the liner could be better studied 
using diffusion test as it is assumed that a highly compacted liner develops monolithic form 
(Kosson et al., 1996).

Constituent leaching from ashes used in the landfill cover 

pH is an important factor governing elemental release from ashes. According to Johnson et al.
(1995), ash leachate pH in is mainly controlled by Ca minerals. Based on equilibrium 
calculations (Table 5), calcite (CaCO3) is the predominant buffering constituent in the Tveta 
ash leachates. Meima and Comans (1997) recognised ettringite as the main pH controlling 
mineral in ash leachate at pH 10-11, the same range as in this study. Ettringite was strongly 
undersaturated in leachates from Area 1 and 2, but close to equilibrium in Area 4, and, hence, 
could control leachate pH in this area. Precipitation of calcite and undersaturation of ettringite 
might be explained by carbonation of ash in the liner, though no pH decrease in the leachate 
can be observed yet (Figure 4). The CO2 necessary for carbonation likely originates from 
landfill gas. In the longer term, absorption of CO2 by ash will probably result in a pH decrease 
towards slightly alkaline conditions (Meima et al., 2002).    

The leaching of Na, K and Cl depends primarily on the L/S ratio. According to Sabbas et al. 
(2003), rapid wash out of these elements occurs already at low L/S ratios (about 1-2).Above 
the liner it might take two to three decades to reach L/S > 1. The Cl concentration in leachate 
from Area 4 decreased (by ~50% in nine months), while that of leachate from Areas 1 and 2 
appeared to be relatively constant. The initial leachate samples from Areas 1 and 2 was, 
however, not analysed for Cl. Hence, it can not be stated whether the Cl concentration has 
decreased compared to the initial values or if it has not started to decrease yet due to little 
infiltration. The slight decrease in the Cl concentration of leachate from Area 1 after about 
two years (Figure 6) supports the latter hypothesis. On the other hand, a higher amount of 
leachate was collected in Area 1 than in Area 4, i.e. a delayed drop would rather be expected 
in Area 4.

The high nitrogen content (Tot-N) of drainage water is probably related to the use of sludge 
in the protection layer since nitrogen leaching from the ashes is comparatively low (Table 2). 
The nitrogen content of leachate was also relatively high, which might be caused by drainage 
water percolating through the liner. Nitrogen in leachate occurred mainly as NH4-N, while a 
higher portion of oxidised species was present in drainage water, especially in Area 2 and 4.

Travar, Lidelöw, Andreas and Lagerkvist, Division of Waste Science and Technology, LTU, 2006 



Assessing the environmental impact of ashes used in a landfill cover construction 
14

The strong correlation between Cu and TOC leaching indicate that complex formation with 
organic matter positively influenced the Cu mobility, as previously observed for BA by 
several authors (Chandler et al., 1997; Meima et al., 1999). Thus, higher concentrations of Cu 
in drainage water compared to leachate in Area 2 (Figure 6) might be caused by the higher 
release of organic matter from the drainage layer in this area (Figure 5), but also by the higher 
solubility of Cu from the BA of the drainage layer than the BA of the liner (Table 2). Another 
possible explanation for comparatively low Cu concentration in the leachate might be 
immobilization of Cu by sorption to amorphous Al-minerals such as gibbsite (Al(OH)3) which 
was close to equilibrium according to the geochemical modelling (Table 5). The difference in 
Cu content between drainage waters likely originates from higher Cu solubility in the BA of 
the protection layer of Areas 2 and 4 than in the FA used in Area 1 (Table 2).  

Higher concentrations of Zn and Pb in drainage water than in leachate were probably due to 
lower pH of drainage water compared to leachate. In leachate, release of Pb from Areas 1 and 
2 might be controlled by Pb(OH)2. Same mineral was identified by Aberg, et al. (2006) as the 
main mineral controlling release of Pb from BA used in road construction. The release of Zn 
from the same areas was controlled by zincite (ZnO). Lowered mobility of Pb and Zn could 
be achieved by trapping them in carbonates (Freyssinet et al., 2002) or by adsorption to 
Fe/Al-hydroxides (Meima and Comans, 1999). The formation of e.g. calcite (CaCO3), 
gibbsite (Al(OH)3), ferrihydrite (Fe(OH)3), hematite (Fe2O3), goethite (FeOOH) was possible 
according to geochemical modelling (Table 5). The increased release of Zn, however, was not 
expected and no suitable explanation could be found.

The release of Cd at pH>7 is closely related to the Cl content in ash (van der Sloot et al., 
2001). In our study, the content of Cl in the drainage water was positively correlated with the 
Cd concentrations (Figure 3). Due to the expected wash-out of Cl from the layers above the 
liner and from the liner surface, the content of Cd in drainage water will probably decrease 
within a few years. The equilibrium calculations did not lead to the identification of any 
minerals controlling the release of Cd.

Similar concentrations of Cr in leachate and drainage water can be explained by constant 
release of Cr from bottom ash and fly ash between pH 7 and 11 (Chandler et al., 1997; van 
der Sloot et al., 2001). The increase of Cr after one year in Area 4 and three years in Areas 1 
and 2 can not be explained at present. There were no changes of the pH that could have 
caused this almost five-fold increase, but e.g. increased material wetting was observed to 
increase Cr mobility in BA (Johnson et al., 1999; Lidelow and Lagerkvist, 2006). According 
to Minteq, Cr(OH)3 was close to equilibrium in Areas 2 and 4 and might control the solubility 
of Cr in these areas. In Area 1, however, Cr(OH)3 was undersaturated and no other minerals 
that might control the solubility of Cr could be identified.

According to Chandler, et al. (1997), lower pH values correspond to a higher release of Ni,
which could explain the concentration difference between leachate and drainage water. 
Similar to Cu, Ni forms complexes with organic matter which is assumed to control the initial 
release of both elements (Chandler et al., 1997). Hence, easily leachable organic matter from 
the BA in the drainage layer may contribute to the higher Ni release. In leachate, the mineral 
Ni(OH)2 may control the release of Ni from Area 1 according to Minteq. The release of Ni 
from Area 2 was probably controlled by bunsenite (NiO), however, it is assumed that 
Ni(OH)2 might control release in the near future due to ash hydration.
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The decrease in Sb concentrations after the first year was probably due to the increasing L/S 
ratio which is typical for oxyanions. Low and constant release of Sb after one year could be 
explained by a depletion of Sb in the solid phases or by immobilisation processes due to 
reducing conditions. According to Dijkstra, et al., (2006), the solubility of Sb in BA at pH 10-
12 may be controlled by Ca antimonite (CaSbO3). However, the equilibrium calculations 
indicated that this mineral was undersaturated in leachate. SbO2 was the only mineral 
containing Sb that can precipitate in leachate from Areas 2 and 4.

Higher release of Mo in leachate compared to drainage water was probably due to increased 
adsorption of Mo towards lower pH values (Dijkstra et al., 2006). No time trends could be 
observed so far. However, according to van der Sloot, et al. (2001), Mo is almost completely 
released within an L/S of 2. Hence, considerably lower concentrations are expected within 
short. The equilibrium calculations identified powellite (CaMoO4) as possible to precipitate in 
BA and FA. Wulfenite (PbMoO4) is close to equilibrium with the leachate of Area 2, but 
undersaturated in the leachates of Areas 1 and 4.

Higher solubility of As in leachate from Areas 1 and 4 compared to drainage water was 
probably caused by the higher leachate pH. The formation of relatively insoluble compounds 
such as calcium arsenate (Ca3(AsO4)2) at alkaline pH in Area 1 was not possible according to 
geochemical modelling. This mineral was undersaturated in Areas 2 and 4, too.

Influence of redox and temperature on ash mineralogy 

Microbial degradation of deposited waste below the landfill cover results in landfill gas 
production. As a result, the conditions below and on the under side of the liner are likely 
anaerobic. Metal sulphides are examples of reduced compounds formed under anaerobic 
conditions that could contribute to the retention of trace elements in the ashes. However, 
according to the equilibrium calculations, metal sulphides can not be formed at the assumed 
redox potential (-250 mV).

In the long term (several hundred years), depletion of substrates for gas formation is expected 
and, hence, the redox potential in the landfill body will increase. In the short term, air entering 
through the overlaying layers, e.g. as dissolved oxygen in drainage water, could affect the 
redox conditions in the upper part of the liner. Varying the redox conditions during 
geochemical modelling showed (hydr)oxides of Cr, Cu, and Sb to be the most redox-sensitive 
minerals in the ashes. If a shift towards oxidising conditions would occur, minerals such as 
tenorite (CuO) and Cu(OH)2 might precipitate or become in equilibrium with the leachates, 
while SbO2, Cr2O3 and Cr(OH)3 might dissolve. Oxidation of the liner could thus be expected 
to increase the release of Cr and Sb but lower that of Cu. 

Measured temperature below the liner was about +25°C. Varying the temperature in 
geochemical modelling affected the SI of all minerals. Generally, a decrease in temperature 
had positive effects on the formation of carbonates and vice versa. Opposite to the carbonates, 
decreasing temperature negatively affected the formation of hydr(oxides) of all elements 
except for gibbsite which showed similar behaviour as carbonates. Thus, lowered temperature 
might have a negative impact on the formation of Fe/Al hydr(oxides) which may result in 
higher mobility of e.g. Cu, Zn, and Pb. 

Travar, Lidelöw, Andreas and Lagerkvist, Division of Waste Science and Technology, LTU, 2006 



Assessing the environmental impact of ashes used in a landfill cover construction 
16

Formation of clay minerals in the ash 

Formation of primitive clay minerals such as illite, noncristalline clay (allophanes), and clay 
containing calcium and iron phosphates were identified in weathered bottom ash and fly ash 
by Zevenbergen, et al. (1999; 1998). According to Zevenbergen et al.(1998; 1999), the 
formation of clay minerals in ashes may have a positive impact on the immobilization of trace 
elements such as Zn and Cu. 

Al and Si were dominant elements in the ashes used in the liner (Table 1) which is one of 
preconditions for formation of non crystalline clay in ash matrix. Clay mineral formation in 
the ashes was investigated with regard to the formation of kaolinite (Al2Si2O5(OH)4) and 
halloysite (Al2Si2O5(OH)4:2H2O). Leachates from Areas 1 and 2 were undersaturated with 
regard to clay minerals, except kaolinite being close to equilibrium with Area 2 leachate. 
Leachate from Area 4 was oversaturated with kaolinite and halloysite indicating rapid 
formation of clay minerals.  

A decrease in temperature positively influenced the formation of clay minerals, whereas an 
increase had the opposite effect. At 0°C both halloysite and kaolinite were strongly 
oversaturated in all leachates, while at 50°C they were both strongly undersaturated. It is 
expected that formation of clay minerals will be promoted over time because it is assumed 
that the temperature below the liner will decrease due to lowered rate of microbial 
degradation of the deposited waste.

Changes in redox potential did not affect the SI of halloysite and kaolinite in geochemical 
modelling.

Conclusions

Leachate from the liner is mainly contaminated by As (especially in the areas containing fly 
ashes), Mo, Cl, and nitrogen, while drainage water contain high concentrations of Ni, Cl, and 
nitrogen with the addition of As, Cu, Mo, Pb, and Zn in the areas with bottom ash in the 
protection layer. The leaching of most constituents showed no clear tendency to decline over 
time, thus it is difficult to assess how long time leachate and drainage water will need 
treatment. It is expected, however, that salt-forming elements will be depleted from the ashes 
within a few years. Also Mo leaching is expected to decline considerably over time, though 
no such effects could be observed yet. 

Chemical equilibrium calculations showed that the leaching of Pb and Zn from the liner could 
be controlled by oxides or hydroxides. The precipitation of Fe/Al (hydr)oxides, which could 
contribute to the retention of trace metals such as Cu, Pb, and Zn through adsorption, was also 
possible and could partly account for the low release of such elements from the liner. Thus, it 
might be beneficial to use ashes with abundant amounts of Fe and Al or to add Fe or Al 
containing products in order to lower the risk of trace element leaching. In the protection 
layer, the high leaching of Cu, Ni, Pb, and Zn is due to the prevailing neutral pH.  

The high release of As from both the liner and the drainage water is probably caused by a 
combination of alkaline pH and anaerobic conditions prevailing in the landfill cover. 
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According to the equilibrium calculations, mineral precipitation is unlikely to control As 
leaching over time.  
In the liner, the most redox-sensitive minerals are (hydr)oxides of Cr, Cu, and Sb. A shift 
towards more oxidising conditions will promote the formation of Cu hydr(oxides) but not of 
Cr and Sb oxides. A future decrease in temperature, which is expected due to lowered 
microbial degradation within the landfill, can positively influence the formation of 
carbonates, but negatively affect the formation of hydroxides.  

The equilibrium calculations indicated that, so far, the formation of clay minerals kaolinite 
and halloysite was possible only in the mixture of fly ash and bottom ash. Further research on 
clay mineral formation will be done on excavated ash samples from the liner.   
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