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PREFACE

This report presents the results of Nordtest Project No.1494-00 "Use of lysimeters for
characterisation of leaching from soil and waste materials" carried out by DHI (formerly
VKI) in Denmark, The Royal Veterinary and Agricultural University of Denmark (KVL),
VTT in Finland and SGI in Sweden. The authors are Jette Bjerre Hansen (DHI), Peter
E. Holm (KVL), Erik Aagaard Hansen (DHI) and Ole Hjelmar (DHI). Comments on the
report have been gratefully received from Margareta Wahlström (VTT) and Ann-Marie
Fällman (SGI)
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SUMMARY
The understanding and interpretation of leaching processes have improved significantly
during the past two decades and several Nordic countries have implemented the use of
leaching tests in recent or pending legislation on utilisation and landfilling of waste and
contaminated soil. This progress is based mainly on experience from laboratory
experiments in combination with modelling work but also on the use of field lysimeters.
Unlike laboratory experiments, which are mostly performed under very controlled
conditions (e.g. homogeneous, uniform packing of pre-treated test material, saturated
steady-state flow conditions, and controlled uniform hydraulic conditions), lysimeter
experiments generally simulate actual field conditions. Lysimeter experiments are
suitable for verification of results obtained in the laboratory and for demonstrating
similarities and differences between field experiments and laboratory experiments.
Lysimeter tests therefore play an important role in the interpretation of laboratory test
results with respect to field conditions.
Lysimeter experiments are mostly used for scientific studies of the fate and movement
of water, pesticides, salts/nutrients, tracers, trace elements and heavy metals.
Lysimeters have been used to study water percolation through and evaporation from
soil and waste, and more recently to evaluate solute transport models and monitor the
fate and mobility of contaminants.
Lysimeters are designed and adjusted to suit individual research requirements and
lysimeter tests are therefore not suited for standardisation. However, many studies
involving lysimeters can be found in literature, and each study provides useful
information about the use, design and operation of lysimeters. In this report some of
this information has been collected and discussed. Much of the experience with
lysimeter tests have been associated with soil science, and in order to benefit from this,
essential work on soil science aspects has been included in the report together with
work experiences performed to study leaching of contaminants from soil and waste
materials. The report describes the general principles of lysimeter tests, and various
aspects of the design and operation of lysimeters are discussed based on selected
international publications. A detailed discussion of the comparison of the results of
lysimeter leaching tests to the results of laboratory leaching is included in the report.
Finally, some guidelines for selection, design and operation of lysimeters for various
specific purposes are presented. For each type of lysimeter advantages and limitations
are listed and tables with information on lysimeter studies on soil and waste,
respectively, provide the possibility to find a few references that might be helpful in
designing a lysimeter test. Hopefully, this may help a user find the most appropriate
lysimeter test methodology for a given purpose.
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1. BACKGROUND AND OBJECTIVES
Leaching tests play an increasingly important role in the characterisation and
classification of granular waste materials and contaminated soils in relation to
assessments of their actual or potential environmental impacts when utilised or
deposited. During recent years, much emphasis has been put on designing methods
suitable for characterising the leachability of contaminants from waste products and
soils. The development and applications of leaching tests have been important work
areas for Nordtest since 1992 and have led to the development of several
recommended Nordtest methods (Nordtest 1995a, 1995b, 1998, 1999).
The understanding and interpretation of leaching processes have improved significantly
during the past two decades (e.g. Hjelmar & Traberg, 1995, IAWG 1997, Meima,
1997), and several Nordic countries have implemented the use of leaching tests in
recent or pending legislation on utilisation and landfilling of waste and contaminated
soil. In this context, reliance on the results obtained in short-term laboratory leaching
tests, along with data on physical and chemical properties, is heavy. Such leaching
tests are generally performed in the laboratory under controlled conditions (e.g. column
leaching tests entailing homogeneous, uniformly packing of pre-treated test material,
saturated steady-state flow conditions, and controlled uniform methodological
conditions). These conditions are not typical of natural field conditions.
Lysimeter experiments, on the other hand, are outdoor leaching or percolation
experiments which are carried out under more natural field-resembling conditions, often
on a relatively large scale, where the formation of leachate normally is due to infiltration
of precipitation over longer periods of time. Thus, lysimeter experiments tend to
simulate actual field conditions with respect to leaching to a higher degree than
laboratory leaching tests, and they may often be suitable for verification of results
obtained in the laboratory. Lysimeter tests therefore constitute an important link
between laboratory leaching tests and leaching behaviour under field conditions.
Lysimeters have been used for nearly three centuries to study water percolation
through soil. Today, lysimeter experiments are most commonly used for scientific
studies of the fate and movement of water, gases, pesticides, nutrients, tracers, trace
elements, heavy metals, metalloids, radionuclides, viruses or bacteria. More recently,
lysimeters have been used to evaluate solute transport models (Corwin et al, 1992,
Schoen et al. 1999b), to monitor the fate and mobility of contaminants (e.g. Hjelmar
1990, Ludwig et al., 2000, Stegemann et al., 1995) and for evapotranspiration studies
(Allen et al., 1991).
Lysimeters are normally designed and adjusted to accommodate individual research
requirements, and lysimeter tests are therefore not suited for standardisation. Many
national and international publications involving lysimeter tests can be found. Each
study produces experiences and useful information on the use, design and operation of
a lysimeter. However, these bits of information are widely scattered, and a general
overview of experiences with lysimeters has so far not been available.
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The purpose of this project has been to compile and organise information available on
the use of lysimeters and, based on this, to provide some guidance on the use of
lysimeters to study the leaching of contaminants from soil and (mainly inorganic) waste.
A search for literature was conducted through the Technical Knowledge Center &
Library of Denmark (DTV) including the literature bases Cambridge and Web of
Science. This search gave more than 250 references on lysimeters. One bibliography
on lysimeter experiments compiled by BASF (Doerry, 1984) comprises 1800 citations.
This illustrates the fact that extensive information on lysimeters is indeed available, and
in consequence it has been necessary to select only some of the more essential works
on the topic for this project.
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2. LEACHING
This chapter is mainly based on Chapters 12 and 13 in "Municipal solid waste
incinerator residues" by the International Ash Working Group (IAWG, 1997), Chapter 2
in "Harmonization of leaching/extraction tests" (van der Sloot et al., 1997) and Hjelmar
& Traberg (1995).
2.1 Leaching system
When solid materials come into contact with a liquid some constituents will dissolve to
some extent. The degree of dissolution of individual constituents in the contacting liquid
leads to a leachate/eluate or extract composition that is of interest for different
purposes. Leaching/extraction tests are often designed to reflect the field exposure
situation. As simplified in Figure 1 the leaching processes are influenced by a number
of both physical and chemical factors, for example particle size, contact time or flow
rate of the leachant, temperature and chemical factors, for example pH, redox
conditions, complexation with inorganic or organic compounds.

Figure 1 The leaching system (from IAWG, 1997).
The simplified system is generally much more complex in controlled leaching tests and
infinitely more complex in dynamic flow-through field leaching. As depicted in Figure 2
the solid phase may be a structurally and mineralogically complex heterogeneous
material. Basic reactions such as acid-base chemistry and redox chemistry are
governed by many interactive equilibrium-based reactions that are sometimes
kinetically dissimilar. Precipitation, dissolution and sorption phenomena are also
kinetically controlled and interactive. Kinetics can govern the appearance of solutes in
the leaching solution. Both slow kinetic mechanisms and mass-transfer constraints can
prevent equilibrium from being attained. The internal porosity, tortuous path lengths
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and internal reaction mechanisms constitute an internal resistance to the diffusion of
solutes or solvents into and out of the particle or monolith. The particle size may
therefore be an important factor controlling the release of contaminants to the solvent.
The fluid boundary layer external to the particle constitutes an external resistance to
the diffusion of solutes between the particle surface and the bulk liquid due to a local
increased concentration level and thus a reduced driving force.

Figure 2 Schematic of heterogeneous complex leaching system (from Hjelmar and
Traberg, 1995 after Kirkner et al., 1987).
In field lysimeters and laboratory column leaching scenarios, the solid granular particle
is stationary and a leachant flows through or around the solid particles and carries
away dissolved constituents and very fine particles. In some batch leaching scenarios
agitation is used to cause fluid to flow past particles and accelerate the dissolution of
constituents in the material. In other batch leaching scenarios fluid flow or agitation is
absent permitting only strict molecular diffusion to carry away dissolving constituents.
The rate at which constituents are carried away plays a fundamental role in influencing
chemical reactions associated with leaching.
2.2 Equilibrium conditions
When evaluating leaching tests it may for some purposes be important that local
equilibrium can be assumed (LEA). In order to fulfil that assumption the fluid flow
around a particle and thus the contact time between solution and solid is an important
factor. In general it can be assumed that LEA in most cases will be obtained if a
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chemical or physical-chemical reaction on the particle surface is fast relative to the
advective flow around the particle.
Many of the chemical dissolution reactions that occur with solids are relatively fast. This
allows the use of equilibrium-based reactions and equilibrium reaction constants to
describe the leaching system.
When a system is at equilibrium, it is possible to quantify the mass of a constituent that
is in solution. As the system approaches equilibrium the transfer of mass from the solid
phase to the solution phase slows down.
However, the assumption of LEA is not always a key factor in evaluation of leaching
tests. Lysimeter tests are believed to be field-resembling tests, and normally no special
precautions are taken to obtain LEA or to control if LEA is obtained.
2.3 Factors influencing dissolution and leaching
A number of chemical, physical chemical and biological factors influence the processes
that govern dissolution of contaminants and thus the leachability of contaminants from
solid materials. Among the most important of these factors are:
•
•
•
•
•
•

pH in the solution
Redox condition in the system
The presence of complexing ligands in solution
Sorption processes in the system
Colloids
Microorganisms

2.3.1 Influence of pH on dissolution
Many solids exhibit a marked increase in solubility at both low and high pH values
(amphoteric behaviour). Other solids may exhibit maximum solubility at neutral pH
values. The pH of the leaching system before leaching occurs is described as the initial
pH of the leachant. The leaching system pH at equilibrium is usually governed by the
dissolution of the major soluble phases in the solid material. Frequently, the initial and
equilibrium pH values differ widely, particularly if the liquid to solid ratio (L/S) is low and
the solid phase dominates the system. When L/S ratios are high, the reverse can hold
true; the pH of the initial solution is close to the equilibrium pH because the solution
phase dominates. Except for the direct influence of pH on dissolution, pH does also
influence redox conditions, complexation and sorption. Uptake of carbon dioxide
(carbonation reactions) or oxygen (oxidation reactions) from the atmosphere may
influence the pH of a leaching system exposed to ambient conditions.
2.3.2 Influence of redox condition on dissolution
Redox reactions occur like other chemical reactions with the exception that electrons,
like protons or cations or anions, participate in the reaction. Reactions can be
described thermodynamically (equilibrium) or kinetically (reaction rate). A reduced solid
is considered to be electron-rich. An oxidised solid is considered to be electron-poor.
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The presence or absence of oxygen or the presence or absence of oxidised or reduced
mineral species can have an important influence on the stability of solids. Under
oxidising conditions, for example, metal oxides remain an important phase for
immobilising metals. Under reducing conditions, metal sulphides become an important
phase for immobilising metals.
The redox conditions in a system also strongly influence the biological degradation of
organic constituents/contaminants. Some organic components are degraded only
under oxidising conditions, others under reducing conditions, and some components
may be degraded under both oxidising and reducing conditions.
2.3.3 Influence of complexation on dissolution
Frequently, constituents in the solution phase of a system can bind to solid phase
constituents and form a complex that remains in solution in a dissolved state. Such
phenomena, governed by equilibrium reaction constants are susceptible to system pH,
and may increase the mass distribution of the solute in the solution phase and thus
promote solubilisation. In the complexed state, the bound solute is not available to
participate in dissolution equilibrium. The solid will then further dissolve to satisfy
dissolution equilibrium. The unbound free and complexed solute, when combined,
increases the mass distribution in the solution phase. Complexing constituents can be
organic as well as inorganic.
2.3.4 Influence of sorption on leaching
Many of the solid phases that occur in soils and wastes are very sorptive and are
capable of immobilising dissolved constituents onto the solid surface via a number of
sorption reactions. Sorption includes a number of reactions; adsorption, desorption,
absorption, ionic exchanges and surface complexation. Sorption reactions can involve
the formation of bonds that range from relatively weak to relatively strong. Sorption is a
reversible process and the sorption process will normally approach equilibrium
relatively fast.
Many sorption processes are very pH dependent as a proton or a hydoxyl ion may
exchange many sorbing constituents.
2.3.5 Influence of colloids on leaching
The word colloids is used for microscopic organic or inorganic particles suspended in a
solution phase. Colloids are normally defined on the basis of their particle sizes.
Particles larger than 10 µm settles faster and are used as the upper limit for colloids.
The lower size limit for collids is generally 1-10 nm (Stumm, 1992).
Colloids may constitute a separate phase in a leaching system, and due to the
relatively large surface area per unit mass the sorption capacity/complexation capacity
of the colloid fraction is often much higher than for the solid phase itself.
The presence of colloids may have following effects on leaching and transport of a
certain compound/contaminants:
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•
•
•

Binding of solutes to colloids can increase the mass distribution of the solute in the
solution phase;
Colloid-associated solutes may be mobilised, as suspended colloids may be
transported with the pore-water;
The transport of solutes is not only governed by the dissolution of the components
from the solid phase but also on processes that govern the stability and transport
properties of the colloids.

2.3.6 Influence of microorganisms on leaching
Microorganisms may affect organic constituents and the redox conditions in the
lysimeter. Microorganisms will primarily be associated with the solid phases but will to
some extent also appear in the leachant (e.g. percolating rainwater). To which extent
the presence of the microorganisms will affect the degradation of the constituents
studied depends on the degradability of the compounds under the prevalent conditions
in the lysimeter. If the leachability of easily degradable constituents is being studied, it
may be necessary to take precautions to inhibit or minimise the effect of the
microorganisms. However, it is impossible or extremely difficult to control the microbial
activity in e.g. large field. If, for some reason, it should be desired to avoid microbial
activity, laboratory leaching systems offer better opportunities than outdoor lysimeters
for control. Experiences with assessment and control of microorganisms in relation to
performance of lysimeter leaching tests are few.
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3. LYSIMETERS - PRINCIPLES AND GENERAL CONSIDERATIONS
3.1 Introduction
Lysimeters have been developed for use in soil science and have been used for over
300 years to study the relations between soil, water and plants (Grebet and Cuenca,
1991). Much knowledge and experience concerning the use, design, and operation of
lysimeters have been gathered in this scientific field. During the last decades, the use
of lysimeters has been extended to other scientific fields as for example to quantitative
and qualitative studies of the leaching from waste products or contaminated soils in
order to evaluate the environmental impact of these materials.
Leaching results from lysimeter experiments may often be taken to represent results
obtained under field-resembling conditions, and they may thus be very useful for
different purposes. The results may provide information on the composition of the initial
leachate at very low liquid to solid (L/S) ratios, which is very important in environmental
risk assessment. Results obtained under field-resembling conditions are suitable for
verification of results of laboratory tests and to establish differences between fieldresembling tests and laboratory tests.
Lysimeter leaching tests are, in principle, large-scale column leaching tests where the
test material is placed in a container with an open surface. The container is supplied
with a drainage system at the bottom, from where the leachate is conducted to a
collection vessel. Equipment for monitoring physical and chemical properties may be
installed at different depths below the surface. Except for these general features, the
design of the lysimeters reported in the literature varies widely to suit individual
research requirements.
Lysimeter experiments are often performed outdoors under "natural" conditions where
the flow direction of the soil solution is downward. The formation of leachate is due to
infiltration of precipitation but under special circumstances irrigation may be used in
order to accelerate the leachate formation. Lysimeter experiments may also be
performed indoors where the formation of leachate will be due to irrigation, and in that
case the flow direction can be upwards as well as downwards. The duration of
lysimeter tests is typically one to several years.
3.2 Classification of lysimeters
Lysimeters may be classified according to different criteria such as type of soil block
used (monolithic or reconstructed), drainage (drainage by gravity or vacuum or a water
table may be maintained), or weighing or non-weighing lysimeters (Kohnke et al., 1940,
Dugas et al., 1990).
Table 1 gives an overview of the different ways to classify lysimeters and examples of
references are also listed. The lysimeters listed in Table 1 are not necessarily
completely different lysimeters and a lysimeter may be classified differently according
to the criteria used. For example a zero-tension lysimeter can be performed either with
an undisturbed core of test material (equal to a block lysimeter) or as a packed
container of treated and homogenised test material. It may also be equipped with a
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water-lock to maintain a certain water table within the lysimeter itself or in the drainage
system.
Table 1. Classification of lysimeters. The references given are examples of studies in
which the lysimeters have been used.
Classification
According to drainage
Zero-tension lysimeter

Short description

Reference

A lysimeter with freely draining leachate.

Low-tension lysimeter

A low suction is applied to the leachate
collection system.

Berggren (1999)
Gallet & Keller (1999)
Jemison & Fox (1994)
Jemison & Fox (1992)
Thompson & Scharf (1994)
Corwin & LeMert (1994)
Simmonds & Nortcliff
(1998)
Brye et al. (1999)

Equilibrium tension
lysimeter

A lysimeter designed to maintain
equilibrium between the suction applied
to the leachate collection system and
soil matrix potential thus the suction
applied may varies.
According to packing of test material
Block lysimeter
An undisturbed soil core is excavated
and a casing is constructed around the
block. Leachates can be collected with
or without applying suction
In situ lysimeter with no side walls
separating a definitive soil block from
adjacent soil. Leachates can be
collected with or without suction.
Filled-in lysimeter method The test material is collected and
potentially pre-treated, for example by
homogenisation, before being filled into
the lysimeter container. Leachates can
be collected with or without applying
suction.
According to methods of measuring water content
Weighing lysimeter
The lysimeter is either placed directly on
weighing equipment or can be moved
and placed on weighing equipment
periodically. This means that the
lysimeter can be weighed constantly or
periodically.
Non-weighing lysimeter
Lysimeters without weighing equipment
available. This category falls potentially
under any other category described in
the table except from weighing
lysimeter.
Ebermayer lysimeter

Corwin & LeMert (1994)
Cameron et al. (1992)
Meshkat et al.(1999)
Mclay et al. (1992)
Schoen et al. (1999a)
Jemison & Fox (1992)

Fällman & Hartlén (1994)
Hjelmar (1990)
Ludwig et al. (2000)
Stegemann et al. (1995)

Corwin & LeMert (1994)
Allen et al. (1991)

Fällman & Hartlén (1994)
Hjelmar (1990)
Ludwig et al. (2000)
Stegemann et al. (1995)
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3.3 Design and materials
3.3.1 Size and shape
The dimensions of a lysimeter will to a large extent be related to the time frame of the
project involving the lysimeter. It should be possible to perform the desired
measurements within the time frame of the lysimeter test, and the design of the
lysimeter is often related to the amount of leachate that should be collected during the
lysimeter experiment.
Lysimeters most commonly are constructed with rectangular or circular surfaces, and
they vary widely in sizes. A cylindrical container is often used for a “smaller” lysimeter
(e.g. Cronan, 1978, McLay et al., 1992), whereas rectangular shapes generally are
more practical for very large lysimeters (e.g. Hjelmar, 1990). Rectangular lysimeters
are also recommended for studies involving crops at the surfaces of the lysimeters due
to the row crop geometry (Howell et al., 1991). Figures 3, 4 and 5 illustrate the
variations in sizes and shapes reported for lysimeters in the literature. The lysimeters
reported in the literature are quite varied with respect to sizes and shapes to suit
individual research requirements. Table 2 shows some examples of lysimeter designs,
which have been used for different purposes.
In general the size of the lysimeter should be chosen keeping in mind that the results of
the lysimeter tests must be representative for the material investigated. This means
that if the material is very heterogeneous or if the particle size is large the lysimeter
must be large enough to contain a representative sample of the material.
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Table 2 Examples of lysimeter designs reported in the literature.
Test material
Soil
Cores of Forest
soil
Cores of sand
and silt
Cores and
packed columns
of silt loam
Cores of loam
soil
Cores of soil
with high silt
content
Cores of loamy
sand
Cores of sandy
soil
Cores of soil

Parameters
studied

Shape of
column

Size of column
(diameter: D,
height: H, Area: A)

Material used
for the column

Reference

Mg, chloride

Circular

D: 12.5 cm, H: 17,5 cm

Polypropylen

Cronan (1978)

Phosphor
(inorganic
and organic)
Sulphate

Circular

D: 20 cm, H: 50 cm

Perspex tube

Magid et al. (1992)

Circular

D: 6,5-20 cm, H: 20-30 cm PVC

McLay et al. (1992)

Chloride

Circular

D: 0,6 m, H: 1,52 m

Bromide

Circular

A: 660 cm , H: 100 cm

Stainless steel

Corwin & LeMert
(1994)
Nordmeyer &
Aderhold (1994)

Pesticides

Circular

D: 20 cm, H: 98 cm

Steel

LAS

Circular

D: 11-20 cm, H: 10-40 cm

Not described

Colloid
transport

Circular
(in situ
lysimeter)

D: 8.9 cm, H: may vary

Polycarbonate

Rectangular

A: 8-9 m ,
3
volume: 9-20 m

Waste products/solid waste
Coal fly ash
All relevant
filled in the
inorganic
lysimeter
parameters
Coal fly ash
filled in the
lysimeter
Coal fly ash
filled in the
lysimeter
Blast furnace
slag, Steel slag,
1
MSWI bottom
ash and Wood
ash
Cemented
MSWI air
pollution control
residues in
blocks
Fresh MSWI
bottom ash
Residues from
combustion of
peat
Solid waste
1

Inorganic
parameters
Inorganic
parameters

PVC

2

2

Truncated Bottom: 30,5 * 30,5 m,
pyramid
top: 18,3 * 8,3 m, H: 3,05
m
2
RectanA(bottom): 0,6 * 1,2 m ,
H: 1,8 m
gular
3

Concrete

Hjelmar (1990)

Not described

Fruchter et al.
(1990)

Not described

Brown et al. (1976)

Fällman & Hartlén
(1994)

pH and redox
potential

Squared

Volume: 3.0*3.0*1.2 m

Inorganic
parameters

Rectangular

A: 16 m , H 1.5 m

Plywood and
covered with a
pre-formed high
density PE
(HDPE) liner
-

Inorganic
parameters
Inorganic
parameters

Circular

D: 63 cm, H; 1 m

Acrylic tubing

Rectangular

A(surface): 10 m

Decomposition of solid
waste

Rectangular

A: 9.1 * 18.2 m
H: 1.2 m

2

2

2

Keller & Weber
(1995)
Küchler & Schnaak
(1997)
Thompson &
Scharf (1994)

Concrete

Three walls of
cement and one
wall of wood

Ludwig et al.
(2000)

Stegemann et al.
(1999)
Hjelmar et al.
(1986)
Ham & Bookter
(1982)

MSWI: Municipal solid waste incineration
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Figure 3. Small circular tension lysimeter (from Cronan, 1978).

Figure 4. Medium size circular tension lysimeter (from Corwin, 2000).
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Figure 5. Large scale lysimeter (from Hjelmar, 1990).
3.3.2 Materials
It is of course of great importance to ensure that the material used for the construction
of the lysimeter does not contaminate the leachates or the soil solutions, and that the
material does not interfere with the parameters to be tested. Table 2 contains examples
of materials used for lysimeters, and the parameters studied are also listed.
3.3.3 Draining system
The draining system at the bottom of the lysimeter should effectively lead the leachate
from the test material to a collection point. The design of draining systems varies and is
generally adapted to the experimental conditions of the study in question. However,
some general features can be given. The draining system may be designed to prevent
saturated conditions in the bottom of the lysimeter or to create a water table within the
lysimeter dependent on the purpose of the experiment. In circular lysimeters the
draining system is often formed as a funnel and typically consists of different layers of
sand with varying particle size, or it simply consists of a filter placed on a perforated
platform, possibly combined with a thin layer of sand (Corwin & LeMert, 1994,
Cameron et al., 1990). In large-scale lysimeters, which are often used for waste
products, the bottom of the lysimeter is often lined with an impervious material (e.g. a
reinforced LDPE liner, Hjelmar 1990) with a draining layer placed above. Fällman &
Hartlén (1994) used geotextile with a fixed synthetic draining layer to prevent particles
from entering the leachate collecting system.
When constructing a draining system with different layers of sand it is important to the
drainage effect that the particle size of the first draining layer which is in contact with
the test material is not very different from the particle size of the test material. If the
particle size of the draining material is much larger than the particle size of the test
material, a capillary barrier might be created and prevent the water from draining off.
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This might build up an unintended saturated zone at the bottom of the lysimeter. To
prevent the formation of a capillary barrier between the test material and the draining
system, a low suction can be applied constantly or periodically to the draining system.
Lysimeters may be classified according to the draining of the leachate (se Table 1).
The zero-tension lysimeter allows the soil solution to drain freely through the test
material unlike the Low-tension lysimeter and the equilibrium-tension lysimeter, where
suction is applied. These differences in the draining of leachate may lead to differences
in the results. For freely draining lysimeters a water-saturated zone has to form at the
site of sampling before the soil solution starts to drain. Thus, the zero-tension
lysimeters selectively samples water from large-size pores (Hansen, 1998). In a Lowtension lysimeter and in an equilibrium-tension lysimeter, soil solution can be extracted
from finer pores also by establishing good contact between the sampling point and the
test material and applying suction. Several authors have discussed this issue (Brye et
al., 1999, Thompson & Scharf, 1994, Bergström & Shirmohammadi, 1998) and they
agree that the draining from the test materials is different when vacuum is applied or
not applied, and when vacuum is applied at fixed or variable levels. However, no
recommendations are given for the use of vacuum in the draining and collection
system.
3.4 Sampling of test material
Sampling or insulation of test material for the lysimeter is an important step in the
lysimeter-leaching methodology. In this step the characteristics of the test material can
be altered by affecting either the physical properties as for example the macro pore
structure or the chemical properties by contaminating the sample.
The test material and the purpose of the lysimeter experiment determine which
sampling and filling methods will be appropriate. The sampling and filling methods are
closely related, and Grebet & Cuenca (1991) distinguish between three methods:
•

The Ebermeyer method: The test material is left in situ with no sidewalls separating
a definitive soil block from adjacent test material. A leachate-collecting funnel is
placed under the soil to be monitored and a tube attached to the funnel conveys the
leachate into a receptacle.

•

The filled-in method: The container is filled with the test material, which was
removed from its original location.

•

The monolith (undisturbed soil-blocks) method: A monolithic block of test material is
encased in the prepared lysimeter, which insulate it from the surrounding test
material.

The choice of method depends apart from the lysimeter type chosen primary on the
material to be tested. If the test material can be found under natural conditions as can
for example soil, the material can be sampled either as undisturbed soil cores or as
material that can be pre-treated and repacked into the lysimeter. However, for most
waste products the term undisturbed conditions have no meaning, and they are
sampled, pre-treated and packed into the lysimeter.
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In soil science it is often ideal to use a monolithic soil core for the lysimeters, and much
effort has been put into the sampling and transport of undisturbed cores (e.g. Persson
and Bergström, 1991, Cameron et al., 1992). One method is based on the use of the
lysimeter casing to collect an undisturbed soil core (Cameron et al., 1992). The
lysimeter casing is pushed directly over the exposed soil monolith until the casing is
almost filled. Different equipment such as cutting devises is used in order to facilitate
the filling procedure. After the filled lysimeter casing is lifted the draining system is
installed and the lysimeter is carefully transported to the place where the experiments
are to be performed. When sampling undisturbed soil cores it is important to consider
the variability with the area. It has been shown that the spatial variability of soil
properties can be large and that it has a deciding effect on the result of the lysimeter
test (Parsons et al., 1995, Schoen et al., 1999a, Simmonds & Nortcliff, 1998).
In general, test materials for the lysimeter test should be sampled in accordance with
methods and guidelines for sampling of solid materials, for example as described in
Nordtest method NT ENVIR 004. In order to obtain a sample that is representative of
the material to be investigated, it is very important to know the behaviour and
properties of the material before it is sampled. Among the conditions that ought to be
considered are the stability of the material and possible changes during transport,
pretreatment and packing of the lysimeter column. Processes such as biological activity
or chemical reactions can potentially alter the leaching properties of the material, which
then no longer is representative of the material from which it was sampled. For highly
alkaline waste products such as bottom ash from municipal solid waste incineration it is
important to be aware that the bottom ash reacts with CO2 if it is in contact with the air
and that this changes the leaching properties of the bottom ash.
3.5 Filling-in the lysimeter container
The filled-in method is in general the most commonly used method because of the
relative ease and low costs. Also, the filling-in method offers the opportunity to make
representative samples of for example large quantities of highly inhomogeneous
materials, e.g. incineration residues.
Using this method, the test material may undergo change during its removal from the
original site and the process of homogenising and placing it in the lysimeter container.
Complete mixing can have a significant effect on the properties of the test material, in
particular for soil samples. For soil samples a complete mixing will affect the bulk
density, the structure, and hence the water movement in the soil. Thus, soil samples
are often packed simulating the density of the soil under undisturbed conditions. This
may be done by carefully pressing the soil into the lysimeter container or even by
refilling the soil into the lysimeter using a number of soil horizons of the same thickness
and types as found in the natural state in the soil profile. The filled lysimeter may be
allowed to stand for a longer period of time exposed to both dry and wet seasons.
These efforts aid in maintaining an overall drainage pattern in the lysimeter which is
similar to that in the natural field, but do not reduce the problem of changes in
micropore size and orientation and changes in bulk density (Corwin & LeMert, 1994,
McLay et al., 1992, Grebet & Cuenca, 1991).
Lysimeter experiments taking the approach of using filled lysimeter containers
(homogenised and repacked soil samples) have been criticised as compared to
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undisturbed soil cores in the lysimeter column. This is due to the fact that sampling and
pretreatment as for example homogenisation destroys the soil structure and cause
potential variations in the soil to disappear (McLay et al., 1992; Aderhold & Nordmeyer,
1995). An undisturbed soil monolith is most representative of field conditions,
especially because the macro-pore system in the soil core is intact. McLay et al. (1992)
did study the influence of soil structure on sulphate leaching using undisturbed soil
monolith lysimeters and re-packed soil columns. They concluded that there are
significant differences between the results of leaching studies conducted using
undisturbed soil monolith lysimeters and results obtained from re-packed soil column
experiments. Results from undisturbed soil lysimeters include the effects of the natural
macro-pore system present within the soil and such lysimeters are therefore most
reliable for estimating leaching under real field conditions. These aspects are of
primary interest when the studies concern material that can be found undisturbed and
in those cases it does make sense to refer to undisturbed conditions.
Simulation of natural or undisturbed conditions is generally irrelevant when waste
materials are to be filled into a lysimeter and tested. For such products it is more useful
to attempt to simulate the test conditions (density, layering, etc.) which are relevant to
the situations/scenarios the lysimeter test is meant to represent or investigate.
When initiating the filling-in procedure of the lysimeter, care must be taken not to
damage the bottom liner. This is particularly important for waste products that may
have sharp edges. Both smaller and larger lysimeters are typically filled in layers of a
certain thickness, where each layer has been pressed or stamped before a new one is
added. This procedure is used in order to avoid the formation of horizontal flow
channels and to minimise settling. During the filling of a lysimeter a good contact
between layers must be ensured. This can be done in the same way as columns for
laboratory experiments are often packed: After pressing or stamping a layer, the
surface is slightly scratched before a new layer is placed above.
The top or surface of the filled lysimeter may be designed in different ways depending
on the study performed. Some possibilities are:
•
•

•

The test material may simply be filled to the top of the container with no special
finalising layer placed on top. In large-scale lysimeters the test material may be
compacted after filling (Hjelmar, 1990).
The filling of the lysimeter may be finalised with a layer of gravel in order to
minimise surface runoff and evaporation of the precipitation. Other kinds of top
layers may also be used as for example a combination of geotextile, gravel and
humus layers (Ludwig et al., 2000)
Vegetation may be planted on top of the lysimeter in order to simulate natural
conditions including evapotranspiration, roots that may causes formations of
channels, etc. The vegetation may also occur naturally during the lysimeter test.

3.6 Edge effects
A major potential problem in lysimeter experiments is preferential flow along the side
walls of the lysimeters, and the use of lysimeters for studying the mobility of
contaminant and evaluations of solute transport models have been criticised for that
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reason (Till & McCabe, 1976). Thus, efforts have been made to solve that problem
(Corwin, 2000, Cameron et al., 1990, 1992, McLay et al., 1992).
Preferential flow along the walls of the lysimeter is an artificial channelling of water due
to occurrence of air space between the test material and the inside wall of the
lysimeter. These air spaces serve as artificial flow paths that permit the rapid flow of
water and thereby the transport of solutes. Preferential flow may cause the hydraulic
conductivity and the leaching rates to be overestimated, and in that case the lysimeter
conditions are not representative of the field conditions (Cameron et al., 1990, Corwin,
2000). The amounts of specific elements leached may also be underestimated due to
the fact that parts of the leachant have not been in proper contact with the test material.
In general, the relative importance of sidewall flow can be minimised by increasing the
surface area of the lysimeter. Actually, many different techniques have been used to
overcome that problem but unfortunately only a few investigations actually evaluate the
effectiveness of the techniques used. Table 3 gives an overview of some studies of
methods intended to measure or avoid preferential flow along the sidewalls.
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Table 3. Studies addressing the sidewall flow problematic. The techniques used to
avoid the sidewall flow are shortly described and where possible also the evaluation of
the technique used is described shortly.
Reference
Corwin & LeMert
(1994)

Corwin (2000)

Technique
Annular rings are introduced into
the lysimeter in the upper part of
the column. The annular rings
divert sidewall flow back into the
soil. The principle of this
technique is shown in Figure 6.
Annular rings are used to divert
sidewall flow near the soil surface
into the soil column. The
principles in this technique are
shown in Figure 6.

Cameron et al.
(1990, 1992)

This technique is in principle
injection of liquefied petrolatum
into an annular gap between the
undisturbed core of test material
and the lysimeter casing. When
the petrolatum congeals a
watertight seal is produced.

McLay et al. (1992)

A jelly petroleum is used for
producing a watertight seal
between the lysimeter casing and
the soil. The procedure described
by Cameron et al. (1990) for
monolithic was used.
A technique based on collection
of sidewall flow in a guard ring at
the base of the lysimeter. The
side wall flow was analysed
separately, This technique was
demonstrated for undisturbed soil
cores but can also be used for
filled profiles.
The leachate is collected in two
fractions: the inner fraction
collected from the centre of the
lysimeter and the outer fraction
collected from the outer part of
the lysimeter.
Ebermayer lysimeters. The test
material is left in situ with no
sidewalls separating a definitive
soil block from adjacent test
material.

Cronan (1978)

Nordmeyer &
Aderhold (1994)

Jemison & Fox
(1992)

Evaluation
A solute transport model (TETrans)
was used for evaluation of sidewall
effect. This approach did however
not indicate if sidewall flow had
been eliminated only that the side
wall flow was reduced.
Chloride-tracer experiments
showed that side wall effects was
not completely eliminated but
significantly reduced to
undetectable levels based on
chloride-tracer data.
The hydraulic conductivity
measured in a sealed lysimeter was
significantly lower than in an
unsealed lysimeter. The sidewall
flow was also examined visually
using white dye. Obviously in the
unsealed lysimeter the flow along
side walls could be seen but not in
the sealed lysimeter

Chloride tracer was used for
identification of preferential flow
along the sidewalls. The technique
was evaluated as successfully.

A bromide tracer was used and the
fractions collected from the centre
of the lysimeter and the outer part
of the lysimeter were analysed
separately. The technique was
effective.
The lysimeter has no sidewalls and
thus the problem is not presence.
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According to Corwin (2000) there are both direct and indirect methods for determining
whether sidewall flow is occurring or not. Three direct approaches to account for
sidewall flow include 1) dyes, 2) collection of the sidewall flow and 3) tracers. The use
of dyes relies on a visual assessment of where the sidewall flow has occurred by
inspecting where the dye has accumulated. This technique is generally not a
quantitative technique. A quantitative measure of sidewall flow can be made with a
guard ring at the bottom of the lysimeter that separately collects the side wall flow. A
tracer may or may not be used in combination with the collection of the sidewall flow
with a guard ring. The additional use of tracers in combination with separate collection
of the sidewall flow is most likely a more accurate means of determination of the size
of the sidewall flow. The use of tracers alone provides a quantitative measure of where
water has been flowing within the entire column. The most common indirect approach
is to use a solute transport model that accounts for preferential flow (Corwin, 2000).
Corwin and LeMert (1994) for example did this. The preferential flow parameters are
determined from an optimised fit of the model parameters to chloride distribution data
over time. The problem with this approach is that sidewall flow and preferential flow
within the test material are lumped together (Corwin, 2000).
The use of annular rings to prevent preferential flow along the sidewalls of the lysimeter
was introduced by Corwin & LeMert (1994) and further evaluated by Corwin (2000).
Figure 6 illustrates the principle. The lysimeter container was filled with a soil and
packed around the rings in order to investigate the effect of the method. Corwin (2000)
and Corwin & LeMert concluded that the method reduced the side wall flow to an
undetectable level. However, the use of annular rings in an undisturbed soil core
remains to be evaluated. Undisturbed soil presents additional difficulties since the
annular rings must be inserted into the soil column. This will require the column of soil
to be irrigated prior to the insertion of the rings to make the soil less rigid in an effort to
minimise the introduction of unwanted non-representative cracks in the soil. Corwin
(2000) concluded that the annular rings are probably best suited for situations where a
disturbed column of test material is required. Corwin (2000) also concluded that two
annular rings at depths of 7.5 and 30 cm with widths of 3.73 and 1.25 cm, respectively,
would probably be sufficient to minimise side wall flow.
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Figure 6. Idealised depiction of how annular rings minimise the preferential flow of
water along the sidewall of the lysimeter by redirecting sidewall flow inward (from
Corwin, 2000).
Cameron et al. (1990, 1992) and McLay et al. (1992) used a liquefied petrolatum to
avoid preferential flow along the sidewalls of the lysimeter. The technique was
demonstrated by Cameron et al. (1990, 1992) on an undisturbed soil core and involved
both a special sampling technique (creating a gap between the test material and the
lysimeter wall) and the following sealing of the column with liquefied petrolatum.
However, the method can also be used for filled lysimeters, but in that case the
lysimeter container must be coated with the petrolatum before it is filled. McLay et al.
(1992) also found that this technique was suitable for filled lysimeters. Corwin & LeMert
(1994) points out that the use of petrolatum as a sealant renders it unsuitable for
studies of pesticide transport.
Cronan (1978) constructed a lysimeter where the water that follows a preferential flow
pattern along the sidewalls was collected separately. Cronan (1978) concluded that the
interior sample percolate would not be appreciably affected by horizontal mixing with
"unnatural" edge drainage along the sidewalls. However, according to Corwin (2000),
the collection of sidewall flow in a guard ring at the base of the lysimeter is not a
reliable measure of the side wall flow through the entire length of the lysimeter. The
reason is that a substantial sidewall flow can occur in the upper portion of the lysimeter
where the separation between test material and the walls of the lysimeter may be
greatest due to cracking caused by shrinkage when for example plant roots remove
water at the upper parts of the lysimeter. The water involved in sidewall flow becomes
redirected in the lower portion of the lysimeter where the contact between the soil and
wall is closer as a result of higher water contents.
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In the Ebermayer lysimeter the risk of preferential flow along the walls of the lysimeter
is eliminated. Figure 7 shows the principle of the Ebermayer lysimeter. The test
material is left in situ with no physical sidewall separating a definitive block from the
adjacent test material. It is constructed by excavating a vertical trench to below
sampling depth. From the trench a sampling pan is inserted below the soil profile. Most
of the excavated material is back-filled. The Ebermayer lysimeter is mostly used in
relation to soil science.

Figure 7 . Ebermayer lysimeter. From Jemison and Fox (1992).
A simple technique not mentioned in the table is compacting the material along the
sidewalls during the filling procedure. This method can be used only for filling
lysimeters (e.g. Hjelmar, 1990).
3.7 Location
The location of the lysimeter strongly depends on the purpose of the study. In soil
science the lysimeters may be located in the natural environment and installed in situ in
order to ensure field-like conditions with respect to fertiliser, precipitation, growth etc.
However, this on-site location of a lysimeter is not always possible and the test material
may instead carefully be transported to a more practical experimental location. As far
as waste products and contaminated soils are concerned, the test material is generally
sampled and transported to an experimental location suitable for the lysimeter test. At
the experimental location the lysimeters may be placed above the earth surface (e.g.
Hjelmar 1990, Stegemann et al., 1995) or it may be buried into the ground (e.g. Magid
et al., 1992). When the lysimeter is placed above-ground, different techniques can
used to ensure non-freezing conditions within the lysimeter as for example isolating the
lysimeter column with foam or using heating elements (Corwin & LeMert, 1994).
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3.8 Monitoring equipment
Different equipment can be used in lysimeter tests to monitor the solid-water interaction
or leachate characteristics for the purpose of studying the fate and movement of
specific components. The most commonly used types of monitoring equipment are
described in Table 4. If possible, the equipment should be installed horizontally in order
to avoid formation of preferential flow pattern in the interface between the test material
and the equipment. However, tensiometers, for example, must be installed with a slight
slope to function.
Table 4. Monitoring equipment used in lysimeter tests.
Equipment

Comments

Examples of References

Soil solution
sampler
Gas extractor

Used for sampling of soil solution in the
lysimeter column
Used for extracting gases in the lysimeter
column
Used for measuring the pH of the leachate
or test material in the lysimeter column
Used to measure the temperature in the
test material
Used to measure the test material suction
of water (pore water pressure)

Corwin & LeMert (1994)

pH-meter
Thermistor
Tensiometer

Time-domain
reflectometry
(TDR) probes
Neutron probe
Rain gauge
Weighing
apparatus

Used to measure the volumetric water
content
Used to measure the volumetric water
content
Used to monitor the precipitation during the
test period
Used to determine the weight loss of the
lysimeter due to evaporation and
transpiration

Corwin & LeMert (1994)
Corwin & LeMert (1994)
Corwin & LeMert (1994)
Corwin & LeMert (1994)
Nordmeyer & Aderhold
(1994)
Corwin & LeMert (1994)
Führ et al. (1998)
Schoen et al. (1999a)
Hjelmar 1990
Corwin & LeMert (1994)

In addition special equipment used for a specific purpose is reported:
•

•

3.9

Advanced meteorological equipment can be used for collection of data on wind,
temperature, humidity and precipitation (Fällman & Hartlén, 1994), and other
equipment may be used to control and regulate these parameters (Führ et al.,
1998).
Hansen & Hjelmar (1992) used an infiltrometer in order to determine the infiltration
rate in the upper soil layer for initially unsaturated conditions and for saturated
conditions. The method used by Hansen and Hjelmar (1992) is described in detail
in for example American Standard Methods (ASTM D3385).
Leachant

The leachant most often used in the lysimeter is rainwater, either natural rainwater
when the lysimeter is situated outdoors or artificially produced rainwater. When natural
rainwater is used it should be considered whether it is necessary to sample the
rainwater separately for analysis.
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For some purposes special leachants are used, e.g. for testing of soil pollution
mitigation, where additives to the water such as detergents and surfactants are used.
In other cases the lysimeter test may focus on the fate of a specific compound added to
the leachant, e.g. a pesticide., A more detailed description of various leachants
exceeds the scope of this report. More details can be found in for example van der
Sloot et al. (1997).
3.10 Water balance
In lysimeter tests it is normally important to keep track of the lysimeter water balance,
in some cases this is even the only purpose of the lysimeter test. The water balance
equation is states that:
Inflow - Outflow = Change in water content of lysimeter
In the simple case this may e.g. be expresses as
P + I - E – Qo = ∆M
for a specific period of time, where
P
I
E
Qo
∆M

is the precipitation on the surface of the lysimeter (rain, snow or
dew);
is the irrigation of the lysimeter;
is the evaporation or evapotranspiration from the lysimeter surface;
is the outflow from the lysimeter;
is the total change of the water content in the lysimeter.

The measurement of the different parts of the equation are discussed in the following:
Precipitation, P
Precipitation data from a nearby meteorological station may in some cases be sufficient
and should always be collected, but as precipitation vary significantly from place to
place even within a limited geographical area it is advisable to install a rain gauge near
the lysimeter. Due consideration must be given to wind turbulence around the lysimeter
and the rain gauge and also to wetting-effects of the rain gauge (Madsen & Allerup,
1979). If measurements take place under winter conditions they get more complicated.
Snowfall can be measured by heated rain gauges or by measurements of snow-layer
thickness combined with measurement of the snow water content, but it is necessary
also to consider snowdrift. Dewfall may be registered by a rain gauge but it must be
considered if formation of dew on the surface of a rain gauge will be the same as on
the soil or grass surface of a lysimeter.
The most precise measurements of precipitation can probably be obtained by using a
combination of a weighing lysimeter and a properly placed rain gauge. Weighing data
from the lysimeter for periods with no or little evaporation (cool nights) could be used to
calibrate the rain gauge.
Due consideration should be given to surface runoff to or from the lysimeter during
intensive rainfall incidents. On one hand, to prevent surface runoff, the lysimeter should
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have an edge, on the other hand an edge will increase wind turbulence, shadow for the
light and in other ways change conditions for any vegetation that might be present.
Irrigation, I
Addition of water to the lysimeter by irrigation of the surface or other water additions to
the lysimeter can be measured quite accurately.
Evaporation or evapotranspiration, E
Evaporation is here used for the escape of water as a gas from a soil surface while
evapotranspiration is used to describe the combined evaporation from the plant and
soil surface and the plant transpiration. Potential evapotranspiration (Ep) is the term
used for the evapotranspiration from a grass covered surface that is optimally irrigated
and has a water content higher than or equal to the field capacity, Fc. The actual
evapotranspiration (Ea) will for a grass-covered surface be equal to or less than Ep
depending on the water content of the root zone. At the withering point, Wp, the
evapotranspiration will be zero. For many agricultural research lysimeters
measurement of the evapotranspiration is the main purpose and hence E is the
unknown in the water balance equation. For other investigations it is necessary to
measure/evaluate the evaporation/evapotranspiration separately.
For outdoor lysimeters, potential evaporation data may be collected from nearby
measurement stations. Combining these data with the water content in the root zone,
the actual evaporation can be estimated. Another way to evaluate Ep on-site is to use
evapotranspiration equations, e.g. Penmann’s equation (Penman, 1963). The
Penmann equation combines energy balance and heat transfer equations to estimate
the maximum evaporation. Data needed to calculate Penman evaporation are incoming
radiation, outgoing radiation, heat-flux in the sub-soil, air temperature, wind velocity
and humidity of the air. Such data can be collected on the site of the lysimeter.
For in-door lysimeters it is preferred to use covered systems so that evaporation will
not take place. For uncovered lysimeters evaporation can be estimated from
determinations of soil-surface water content and air humidity of the room.
Outflow from lysimeter, Qo
Collected outflow from the lysimeter can be measured quite accurately.
Change in lysimeter water content, ∆M
Weighing lysimeters measure ∆M directly, which is a major advantage of this type of
lysimeters.
For lysimeters with free water tables the water content can be calculated by combining
the water level, the porosity of soil and the retention curve for the test material,
assuming steady state conditions. The retention curve can be determined in the
laboratory and is a measure of water content (water saturation) as a function of suction
(pressure). For lysimeters for which near steady state conditions can not be assumed,
or where there is no water table, it is necessary in addition to measure the vertical
tension profile, e.g. using ceramic tensiometers.
For
lysimeters
used
to
investigate
geochemical
processes,
where
dissolution/precipitation of chemical components take place, it should be evaluated if
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such processes will release/bind water from/to minerals. This is especially relevant
when investigating combustion residues (Hansen, 1988).
For lysimeters with vegetation, it should be considered how water present in the plant
leaves, plant roots and other living organisms should be included in the water balance
equation.
Knowledge of the total water content of the lysimeter may in some cases be important.
In these cases the dry mass of the soil in the lysimeter should be measured when the
lysimeter is constructed.
3.11 Collection of leachates
Collection systems are designed very differently ranging from simple pipelines to an
advanced set-up that may include equipment for applying vacuum, equipment for flow
measurement, on-line registration of pH, conductivity etc (e.g. Cameron et al., 1992,
Fällman & Hartlén, 1994, Hjelmar, 1990). The collection system should be designed to
suit individual research requirements. However, some general aspects may be
considered when designing the collection system.
It is important to prevent contamination of the leachates during sampling. Thus, the
materials used for the collection systems must be compatible with the elements or
compounds investigated. Table 2 in section 3.3 shows some examples of material
choices, which are adjusted to the elements/compounds studied.
As already mentioned (section 3.3.2) leachates may be collected by applying a suction
to the draining and collection system. According to Hansen (1998) and Brye et al.
(1999) different pores and draining systems in the test material will be sampled
depending on whether or not vacuum is used.- Several papers mention this problem.
However, the authors do not agree whether vacuum should be applied in the sampling
procedure (e.g. Brye et al., 1999, Thompson & Scharf, 1994, Bergström &
Shirmohammadi, 1998). The choice may depend on the purpose of the experiment.
For some test materials special precautions must be taken in order not to contaminate
or alter the leachates during collection. For example, for highly alkaline leachates from
MSWI bottom ashes or fly ashes it is important to consider the influence of contact
with the atmosphere and if necessary to prevent or minimise the contact time with the
atmosphere. Atmospheric carbon dioxide (CO2) may potentially affect the results of the
lysimeter experiments with alkaline materials: 1) the leaching properties of the test
material may change or 2) the leachates may be affected during or after collection
(Hjelmar, 2000). This issue has been addressed in several studies. Fällman & Hartlén
(1994) sampled the leachate from a lysimeter containing MSWI bottom ash frequently
using a tipping bucket. The samples were collected at every second tipping and then
stored under argon gas in a confined system with a minimum of contact with the
atmosphere to prevent CO2 take-up as well as oxidation. In lysimeter experiments with
cement stabilised MSWI air pollution control residues Ludwig et al. (2000) also used
specially installed equipment to prevent CO2 contamination of the leachate samples.
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3.12 Treatment and analysis of leachate
Sub-samples of leachate for chemical analysis are typically collected from larger
samples of leachate at predetermined points of the lysimeter test. These sub-sampling
points may for example be related to the liquid to solid ratio of the lysimeter (Hjelmar,
1990) or to rain events (Ludwig et al., 2000). While the sub-samples of the leachates
should be analysed for some parameters (e.g. pH and conductivity) immediately after
sampling they may be preserved and stored for a shorter or longer period for
subsequent chemical analysis for other parameters (e.g. salts and trace elements)..
Table 5 lists some methods for preservation and storage of sub-samples of leachate for
analysis for various parameters.
Table 5. Methods for preservation of samples of leachate prior to analysis for various
parameters.
Parameter
Metals/trace elements
Inorganic anions

Organic compounds
• Specific organic
compounds

•

Total organic matter

Colloids
• Presence of colloids

•

Colloid transported
pollutants

Preservation
Acidification or alternatively
storage at 4 ºC.
No preservation

1) Storage for a shorter
period at 4ºC. 2) inhibition of
biological activity by adding
e.g. NaN3. . 3) acidification to
pH< 2. 4) extraction with
organic solvents.
Acidification or storage for a
shorter period at 4ºC.
No preservation

The turbidity of the sample should be
measured either on line or immediately
after sampling.

The leachates should be
stored under conditions
similar to the conditions in
the lysimeter. The bottles
used should be chosen
according to the parameters
tested. The bottles should be
filled completely and stored
at 4ºC for only a short period.

The sample may be filtered one or several
times and the filters analysed using
different surface techniques. The
leachates from the filtration may be
analysed as well.

Radionuclides

Nutrients

Comments
Sorption may take place if the sample is
not acidified.
In general it is not necessary to preserve
samples which should be analysed for
inorganic anions, however for reduced
anions the samples should be analysed
immediately after sampling.
Degradation may occur due to biological
activity or volatile parameters may
evaporate. When volatile parameters are
presence it is important to avoid head
space in the sampling bottles.

Should be measured shortly after
sampling due to decay of radioactivity.
Inhibition of biological activity
using e.g. NaN3, or freezing
samples.

Biological activity or transformation may
occur in the samples.
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4. COMPARISON OF LYSIMETER TESTS AND LABORATORY TESTS
Several studies have dealt with the comparison of lysimeter test results with pore water
sampling results as well as with laboratory test results. The results of these studies are
evaluated in relation to the parameters of interest and the purpose of producing the test
results. These investigations may clarify differences between sampling techniques
used in the lysimeter test and similarities and differences between field-like conditions
and laboratory leaching tests. In the following the comparison of lysimeter test results
with other test results is discussed on the basis of studies published in the international
literature for different materials, lysimeters and parameters. The results are
summarised in Table 6.

Marques et al. (1996): Comparison of chemical composition of soil solution
collected by zero-tension plate lysimeters with those from ceramic-cup
lysimeters in a forest soil
The chemical composition of solution from zero-tension lysimeters and tension cup
lysimeters in soil was analysed and compared to each other. Both types of lysimeters
were installed at 4 depths (15, 30, 60 and 120 cm) in 3 replicates in the forest soil.
Solutions were collected every 4 weeks over a period of 14 months. The chemistry of
the solutions was analysed with respect to pH, major anions and cations and total
organic carbon. Interactions between the solid phase and the lysimeter solutions were
assessed through the calculation of ion exchange mean selectivity coefficients. The
results were first compared by pooling all the measurements for each type of lysimeter,
irrespective of soil depth and date. Solutions from tension lysimeters were more
concentrated in Si, NO3-, S, Mg2+, Na+, Cl-, Al3+ and TOC, whereas K+, Ca2+ and Fe2+
concentrations were higher when solutions were collected by zero-tension lysimeters.
The NH4+, H2PO4-, Mn2+ and pH values did not differ.
An independent analysis of each soil layer showed that the concentrations of Si, NO3-,
S, Mg2+, Na+, Al3+ and TOC were larger than those from zero tension lysimeter in at
least three out of four layers. The values for K+, Ca2+ and Fe2+ from zero tension
lysimeters were larger than those from tension lysimeters. Parameters that did not
differ significantly between the two types of lysimeters, i.e. NH4+, H2PO4-, Mn2+ and pH,
did not differ in any soil layer. Seasonal effects were usually clearer in tension
lysimeter data than in those from zero tension lysimeters.
The study concluded that the solutions sampled by zero tension lysimeters and tension
lysimeters represented the liquid phase in the soil differently. The solutions obtained by
zero tension lysimeters are characterised as flux solutions, whereas solutions from
tension lysimeters reveals mostly fixed phase characteristics. The solutions had very
different residence times and percolation routes in the soil, which strongly affected their
chemical composition. The soil solutions provided different information depending on
the kind of lysimeter used and they should therefore not be used for the same
objectives. The authors suggest that zero tension lysimeters are suitable for ecosystem
input-output budgets as they make up most of the solutes that leave the soil. The
tension lysimeter solutions are more useful when the equilibrium between the solution
and the solid phase or when plant nutrition is considered.
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Berggren (1999): The solubility of aluminum in two Swedish acidified forest
soils: An evaluation of lysimeter measurements using batch titration data
Aluminum (Al) solubility data from forest soils obtained in connection with lysimeter
measurements (tension-cup and zero-tension) were compared to results of laboratory
batch experiments. The relation between pH and Al3+ activity found for the zero-tension
lysimeter soil solutions agreed well with results obtained in the batch experiments. This
suggests that Al3+ in the zero-tension lysimeter solutions were in, or close to,
equilibrium with the solid phase whether this was originally bound Al (A horizon) or an
Al(OH)3 phase (B horizon). The Al solubility was consistently higher in the lysimeter test
than that obtained in the batch equilibrium experiment, indicating that the sampled
solution from the lysimeter test partly originated from the underlying soil horizons.
Berggren (1999) concluded that tension-cup lysimeters should be used with care in
soils having significant solute concentration gradients because the soil volume from
which the solution sample is drawn with this type of lysimeter seems to be poorly
defined.

Magid et al. (1992): Measuring phosphorus fluxes through the root zone of a
layered sandy soil: comparisons between lysimeter and suction cell solution
The dissolved concentrations of phosphorus (P) in soil solution sampled with a free
drainage lysimeter were compared with P-concentrations in samples obtained with
teflon suction cells. The solutions were sampled from 90-cm depth of a layered sandy
soil over a 3-year period. The inorganic P concentration was on the average 4.6 times
higher and the organic P-concentration 2 times higher in the lysimeter solutions than in
solutions from suction cells.
Additionally, apparent equilibrium concentrations of phosphate was produced by
means of a series of batch experiments with soil and soil solution of varying initial P
content. These results indicated that the suction cell solutions were close to the
apparent equilibrium concentrations found in the laboratory batch experiments. Thus,
Magid et al. (1992) concluded that the suction-cell solution was closer to equilibrium
with the soil matrix than the lysimeter solution.
Application of rhodamine dye revealed preferential flow paths of leaching water in the
lysimeter, indicating that the mobile soil solution could be far from equilibrium with the
surrounding soil. Therefore, for soils that exhibit preferential flow characteristics, the
suction method provides the best representation of the stagnant soil solution, but a
poor representation of the flux concentration. The lysimeter method is more appropriate
for isolating the mobile solution.

Gallet, C. and Keller, C. (1999). Phenolic composition of soil solutions:
comparative study of lysimeter and centrifuge waters
The pH and content of inorganic elements (Al, Fe, Ca, Cd and Cu), dissolved organic
carbon (DOC) and phenolic compounds of soil leachate from small tension-free
lysimeters and centrifuge solution from the same soil were compared. The soil was

33

acid loamy sand and the comparison was based on 42 samples of variable volume
collected from different soil horizons and after different drainage events.
For both types of solution, the general trend along the soil profile was an increase in
pH. In the upper part of the profile pH was lower (0.3 to 0.4 units) in the centrifuge
solutions than in the lysimeter solution, whereas it was higher (0.2 unit) in the lowest
part of the profile. Concentrations of Ca, Cd and Cu were higher in the centrifuge
solutions than in lysimeter leachate, whereas Fe concentrations were lower in
centrifuge solutions than in lysimeter leachate and Al concentrations were similar in
both solutions. Generally, the concentrations of DOC and phenolics were higher in
centrifuge solutions than in lysimeter leachates. The ratio between concentrations in
centrifuge solutions and lysimeter leachates was higher (2 and 10) in the upper part of
the soil horizon than in the lower (ratio 1.4 and 5). The study proceeded over a period
of seven –months, but no obvious seasonal trend for either the organics or the
inorganic elements was observed.
Gallet and Keller (1999) concluded that the capillary waters extracted by centrifugation
had higher concentrations of most of the elements and of organic carbon and phenolic
compounds than lysimeter waters. Solutions extracted by centrifugation have more
contact with the soil matrix whereas the lysimetric fluxes cross the different layers too
quickly to allow intensive exchanges between the different phases. The lower
concentration of Fe and to some extent Al found in the centrifuge solutions compared
to lysimeter solutions could be due to a higher affinity of these elements for the matrix
and consequently adsorption or precipitation processes.

Bergström and Shirmohammadi (1998): A review of herbicide leaching studies
in Sweden: Field, lysimeter, and laboratory measurements
Soil cores (0.3 m in diameter and 1 m deep) were collected in PVC cylinders and used
as free drainage lysimeters. Three soils ranging from loamy sand/sand to clay were
installed in the lysimeters and cropped with spring barley, grown according to normal
agricultural practices, i.e. sown in May and harvested in August/September. Different
precipitation regimes resembling normal and worst-case conditions for Sweden, and
normal and double the normal application rates of spring applied pesticides were
applied. The pesticides were (by their common names) bentazon, chlorsulfuron,
clopyralid, dichlorprop, fluroxypyr and metsulfuron methyl.
The results in terms of leached amounts of the different pesticides during periods from
7 to 11 months in the lysimeter studies were compared with physico-chemical
properties, degradation and leaching information obtained in laboratory tests. The
lysimeter studies revealed that all pesticides seemed relatively non-leachable, i.e. less
than 0.2 % of the amounts applied were collected in the leachate. This was not what
the authors expected from the listed laboratory data, e.g. with respect to half-life and
water solubility. From the laboratory data more substantial differences in leachability
were expected. Bergström and Shimohammadi (1998) conclude that these examples
stress that there are several problems involved in classifying pesticide leaching based
only on physico/chemical properties and degradation. The environmental fate of
pesticides in natural soils is a reflection of many interaction processes occurring in a
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complex soil structure under non-steady state conditions, which makes extrapolation
from the laboratory to field quite difficult.

Fruchter et al. (1990): Identification of solubility-controlling solid phases in a
large fly ash field lysimeter
Samples of pore solution and leachates were obtained from a large (30 m x 30 m base
and 3 m high) fly ash field lysimeter and compared with results of laboratory extraction
experiments. The fly ash in the lysimeter was usually only partially saturated, and only
0.3 pore volumes of water percolated through the lysimeter during the 3-year study
period. The samples were analysed for several major and trace inorganic anions and
cations. Collectively, the results indicated that the observed aqueous concentrations of
several elements (e.g. Al, Ba, Ca, Cr, Cu, Fe, S, Si and Sr) were controlled by solubility
phenomena. Regardless of the origin of the aqueous samples (i.e. their location, depth,
and when they were taken at the large field lysimeter site), the aqueous concentrations
of these elements in all of these samples were explained by specific solubility
reactions. The validity of this equilibrium assumption was confirmed by the laboratory
experiments with equilibrium times of 7 days or less.

Fällman and Hartlén (1994): Leaching of slags and ashes – controlling factors in
field experiments versus laboratory tests
Results of a one-year field lysimeter and laboratory leaching tests with slags and ashes
were compared and evaluated mainly in terms of the factors controlling the solution
chemistry in the leachates. The materials studied were blast furnace slag, steel slag,
sorted municipal solid waste incineration bottom ash, and wood ash. The laboratory
tests included availability (batch test, 2 x L/S 100 L/kg, pH 7 and 4) and column (0.2 m
diameter and 1 m height, accumulated L/S up to 4 L/kg) tests. The pH measurements
showed that pH in the leachates from laboratory column experiments and the field
lysimeters may differ considerably for alkaline materials and reduced sulphurcontaining materials. Good agreement was seen with respect to leachate from the
testing of the municipal solid waste incineration bottom ash.
The results were compared in terms of characteristics of the leachates from all the
tests. Since none of the lysimeters had produced leachate equivalent to the first
samples of the column tests comparison was made by extrapolation of the curve of
accumulated amounts from the lysimeter and the values obtained from the column
tests.
Leached amounts from the municipal solid waste incineration bottom ash lysimeter and
column tests were generally in agreement, which was expected due to the similar pH
measured in the two test systems. However, in general, the authors concluded that the
comparisons between the laboratory tests and the one-year lysimeter tests have shown
that significant changes in controlling factors (pH and redox potential) may occur. The
effects of these changes, based on extrapolations, constituted more than a 10-fold
difference in the leached amounts of a number of the constituents investigated. Further
it was concluded that it was possible to use laboratory tests to predict field behaviour to
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the extent that the laboratory tests can be designed to reflect the field with regard to
key leaching parameters such as pH and redox potential.

Hjelmar (1990): Leachate from land disposal of coal fly ash.
The results of a large-scale lysimeter test in which two pulverised coal fly ashes have
been exposed to natural weather conditions for up to 7 years are compared with those
of laboratory tests. Ash HF1 was a nearly neutral ash and ash BF2 was a highly
alkaline ash. The ashes were conditioned with 15-20% of water before they were filled
in 10 large-scale lysimeters. Each of the 10 lysimeter cells had the dimensions of 3 m x
3 m cross-sections and either1.5 m or 2.5 m depth and contained between 9 and 20 m3
of the coal combustion residues. The lysimeters were lined with a 0.5 mm reinforced
low density polyethylene liner and the leachate was collected in a drainage system and
led to PVC buffering tanks. In the laboratory column leaching tests were performed on
both ashes, and in addition multiple batch leaching tests were performed on fly ash
HF1. The leachates from the lysimeters and the laboratory experiments were
characterised with respect to pH, conductivity, alkalinity and contents of sulphate,
fluoride, chloride, nitrate, nitrite, ammonium, phosphate, B, Na, K, Ca, Mg, As, Ba, Cd,
Co, Cr, Cu, Hg, Mo, Ni, Pb, Se, V and Zn.
The results were interpreted in terms of concentrations of contaminants as functions of
the liquid/solid-ratio (L/S) and accumulated release of the contaminants as function of
L/S. The results of the accelerated laboratory leaching tests correlated well with the
results of the large-scale lysimeter experiments. The author concludes that laboratory
leaching tests are useful tools for predicting the composition of the leachate and its
variation with time at planned or existing coal fly ash landfill sites.
The comparative studies summarised in Table 6 indicate that for different kind of soils
the leachate obtained from zero-tension lysimeters represent mobile soil solution (flux
solutions) whereas tension solution (and solutions from laboratory batch experiments)
simulate stagnant pore water solution (more fixed phase characteristics). This was
observed despite the fact that the biogeochemical processes controlling the distribution
of the investigated elements and compounds between the solid and solution phases
differed significantly. This implies that the different techniques used for sampling of
leachate from the lysimeter or soil solution within the lysimeter may represent different
aspects of the leaching system. Most of the studies focus on inorganic contaminants
(incl. nutrients) and pesticides, and it is therefore difficult to make general statements
regarding other organic parameters.
Comparative studies between lysimeter tests and laboratory tests were performed both
for soils and for some inorganic waste materials. For soils the laboratory tests were in
general in agreement with lysimeter tests where the sampled leachate/solution was in
or close to equilibrium.
The comparative studies summarised in Table 6 involving waste employ zero-tension
lysimeters and comparisons with laboratory leaching experiments. Relatively few
comparative studies with waste have been found in the literature search, which makes
it difficult to generalise. Also, it is likely that the properties (both physical and chemical)
and the composition of wastes potentially being studied will vary more substantially
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than for soils. The results of laboratory experiments were in agreement with the results
from the lysimeters indicating that laboratory tests performed under controlled
conditions may be very useful for simulating the leaching behaviour of waste materials.

Table 6. Comparison of lysimeter test results with other test results. All parameters
refer to analysis of solutions representing lysimeter leachate and solute from compared
test.
Lysimeter Tested
Compared Parameters Observation/
Reference
type
material
test
Conclusion
Soil
Small zerotension and
tension-cup
lysimeters

Forest soils

Small zerotension and
tension-cup
lysimeters

Acid forest soils Batch
equilibrium
experiments

Small free
drainage
lysimeter

Sandy soil

Teflon suction
cells and
laboratory
batch
experiments

Small
tension-free
drainage
lysimeter

Uncontaminated soil
(acid loamy
sand)

Centrifuge
solutions

Block
lysimeter

Loamy
sand/sand to
clay soils

Laboratory
physico/chemical and
degradation
properties

Large field
drainage
lysimeter
Large field
drainage
lysimeter

Large field
drainage
lysimeter

InterpH, major
comparison of
cations, anions
solution from
and DOC
the two types of
lysimeters

Waste
Fly ash from
Laboratory
combustion of
equilibrium
bituminous coal batch
experiments
1
Laboratory
Slags, MSWI
bottom ash,
batch and
wood ash
column
experiments

Coal
combustion
residues

Laboratory
batch and
column
experiments

Zero-tension lysimeter
solution represents flux
solutions whereas tensioncup lysimeter solution
reveals mostly fixed phase
characteristics
pH and Al
Zero-tension lysimeter
solution similar to solution
from batch experiment,
whereas solution from
tension-cup lysimeter was
not
Inorganic P and Lysimeter solutions
organic P
represent mobile soil
solution, whereas suction
cells and batch
experiments simulated
stagnant solution
pH, inorganic
Lysimeter solutions
elements (Al,
showed lower
Fe, Ca, Cd and concentrations of most
Cu), DOC,
elements, DOC and
phenolic
phenolic compounds
compounds
Pesticides
The pesticides were less
leachable than expected
from the laboratory data

Marques et al.
(1996)

pH, Al, Ba, Ca,
Cr, Cu, Fe, S,
Si and Sr

Fruchter et al.
(1990)

Lysimeter solution
equilibrium conditions
were reproduced in
laboratory experiments
pH, redox,
Laboratory tests can
major and
predict field lysimeter
minor elements behaviour of most
inorganic constituents to
the extent that the key
leaching parameters (pH,
redox) are similar.
pH, major
Results of the laboratory
cations, anions, leaching tests correlated
metals and
well with the results of the
trace elements lysimeter experiments.

Berggren
(1999)

Magid et al.
(1992)

Gallet and
Keller (1999)

Bergström and
Shirmohamma
di (1998)

Fällman and
Hartlén (1994)

Hjelmar (1990)

1 MSWI: Municipal solid waste incineration.
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5. OVERVIEW AND GUIDELINES
Lysimeters are designed and adjusted to suit individual research requirements and
thus lysimeter tests are not standardised tests. Each study produces useful information
on the use, design and operation of a lysimeter. However, if not carefully designed and
planned, ambitious and complex lysimeter studies or tests may produce data, which
are biased by unexpected experimental conditions and results, which are difficult to
interpret and assess.
In order to avoid this situation and to enable design and selection of future lysimeter
tests to be based on already existing knowledge, the information collected in this study
(the previous chapters) is presented in this chapter in a form, which hopefully can serve
as a help and guideline in relation to design and choice of appropriate lysimeter tests
for various purposes.
The planning of a lysimeter experiment may start with three questions:
•
•
•

What is the general objective of the study (what scenario is it the intention to
simulate)?
What material and which parameters shall be tested?
Which specific questions shall be answered?

Examples of the transformation of the general objective into one or more specific
question(s) and the subsequent selection of an appropriate type of lysimeter are
illustrated in Table 7 for some lysimeter applications. The desired general information
may for example be determination of the short and long term leaching of contaminants
from a certain waste material. This could lead to a more specific question, such as:
"What is the rate of leaching of various contaminants as a function of L/S or time in a
specific scenario?" The answer could be provided from a zero-tension lysimeter filled
with test material.
By addressing the general objective of the study and transforming this into a scenario
specific question the process of designing and constructing the lysimeter has been
initiated. The formulation of the questions to be answered by the experiment is
important, since they will help defining which methodology will be appropriate, e.g.
whether a lysimeter producing stagnant pore water or mobile leachate should be
applied.
Having decided lysimeter type and methodology, Table 8 summarises the advantages
and limitations of the different methodologies taking into account the packing and
sampling procedures required in relation to the leachate solution expected to be
sampled. Awareness of advantages and limitations of the different lysimeter
methodologies can hopefully help users avoid or at least foresee and take into account
potential pitfalls in the further process of setting up the most appropriate lysimeter.
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Table 7. Examples of lysimeter applications for some types of lysimeters.
Lysimeter application and
Examples of specific questions
Types of lysimeters suitable
desired information
Determination of the short and/or
long term leaching of
contaminants from waste

•

Determination of leaching
properties of components applied
to the soil

•

Determination factors controlling
leaching

•

•

•

Determination of transport pattern
of solutes within the test material
Determination of evaporation /
evapotranspiration

•
•

Which components are mobile and
may be released?
What is the rate of leaching of
various contaminants as a function
of L/S or time in a specific scenario?
Which processes are important in
relation to leaching of specific
components (e.g. degradation/
transformation)?
What are the characteristics of porewater?
What are the controlling
mechanisms for transfer of
pollutants from a solid phase to a
mobile solution phase?
How does the leachate move within
the test material?
What is the
evaporation/evapotranspiration rate
in a specific scenario?

Comments

Zero-tension lysimeter, either as
block lysimeter if relevant else as
filled-in lysimeter

Block lysimeters either as zerotension lysimeter or as tension
lysimeter
Tension lysimeters

Block lysimeter if the test material
occur naturally/undisturbed
Weighing lysimeters as block
lysimeters

Porewater samplers or ceramic
cups should be installed in the
lysimeter and porewater shoud be
sampled by applying suction

Other types of lysimeters may
also be used in combination with
water balance calculations

Table 8. Summary of advantages and limitations of the different lysimeter methodologies taking into account the packing and sampling
procedures in relation to the solution sampled.
Lysimeter type
Zero-tension
lysimeter

Tension
lysimeter
(including
equilibriumtension
lysimeter)
Block
lysimeter

Ebermeyer
lysimeter
Filled
lysimeter

Weighing
lysimeter

Limitations

Advantages

Comments

The leachate sampled in this lysimeter does
represent the mobile phase in the test material.
The samples collected may represent water
moving preferentially through large pores in
unsaturated material.
The formation of a capillary barrier can be
overcome by applying a low suction. In addition
clogging of the lysimeter may be overcome.
Mainly in soils the solution may simulate stagnant
water from the fine pores in equilibrium with the
solid phases.

Is commonly used for larger lysimeters containing
waste materials

Collection and transport of undisturbed cores of
test material require a special technique and
special equipment. For this type of lysimeter
special precautions must be taken in order to
avoid water flow along the sidewalls of the
lysimeter.
It is important to know how large a percentage of
the water percolating below the root zone is being
captured by the collection pan.

The macro-pores and micro-pores are intact in the
test material and natural layers are kept
undisturbed. The flow pattern will reflect the
naturally occurring flow pattern

Block lysimeters are mostly used for soil scientific
purposes.

The Ebermeyer lysimeter has no sidewall flow

This lysimeter is only suitable for materials which
occur naturally

In the filled lysimeter the test material has often
undergone processes such as mixing and
homogenisation. These processes destroy the
macro-pore structure as well as the micro-pore
structure and the flow pattern may be very
different from the naturally occurring flow pattern.
In the filled lysimeters sidewall flow may occur.
The weighing lysimeter is often expensive due to
relative high requirements for technical equipment.

The filled lysimeter is the most commonly used
lysimeter because of the relative ease of
construction and the low costs.

For waste materials it seldom makes sense to
speak of natural or undisturbed conditions, and
the filled lysimeter will thus often be suitable for
these test materials.

Capillary barrier may be created between the test
material and the draining layer and saturated
conditions may appear at the bottom of the
lysimeter.
It is not always clear what the leachate collected
represents, and it will depend on the suction
applied if finer pores are sampled.

This lysimeter is the most suitable lysimeter for
establishing water balances in the lysimeter

May be very useful in studies where water
saturated conditions in the test material should be
avoided.

Keeping in mind the three initial questions and the information obtained from Tables 7
and 8, the lysimeter experiment can be planed in more detail. Obviously, the detailed
design and construction offer many opportunities to adjust the lysimeter methodology to
the precise needs of the study. At this level it is difficult give specific guidelines, but
Tables 9 and 10 summarise details on and information obtained from lysimeter testing of
soil (Table 9) and waste materials (Table 10). The information includes overview of
lysimeter design, test parameters and data evaluation in relation to the various soils and
waste tested in the international literature. Some of the specific studies referred to in
Tables 9 and 10 may be very useful for detailed considerations and experimental
planning.
As observed Tables 9 and 10, mainly soil and inorganic waste types (combustion
residues) have been subjected to lysimeter testing. This explains why the assessment
and evaluation of the results on waste mainly comprises inorganic parameters and
occasionally dissolved organic carbon. For soils, some organic compounds, e.g.
pesticides, have been the target parameters of some studies. The information on
lysimeter tests presented in this report therefore covers uncontaminated to moderately
contaminated soil and combustion residues for which the leaching of inorganic
parameters and a few organic components are of interest.
Reflecting the literature, this report has little or no direct information on lysimeter testing
of strongly polluted soils and other waste types than combustion residues/high
temperature waste, and very limited information on the leaching of organic compounds
(with the exception of some pesticides). If lysimeter tests are to be undertaken with such
materials and parameters, it will be necessary to address various issues, which have not
been discussed in detail in literature or in this report. The more general considerations in
the initial chapters of this report may hopefully provide some assistance in this regard.
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Table 9. Information on lysimeter studies on soil.
Lysimeter
type
Tension
lysimeter
Zero-tension
lysimeter

Lysimeter size and
design
Circular
D: 12.5 cm, H: 17,5 cm
Circular
D: 20 cm, H: 50 cm

Zero-tension
lysimeter

Circular
Cores and
D: 6,5-20 cm, H: 20-30 cm packed columns
of silt loam

Tension
lysimeter

Circular
D: 0,6 m, H: 1,52 m

Cores of loam
soil

Chloride

• Evaluation of the lysimeter
design using tracers

Tension
lysimeter
-

Circular
2
A: 660 cm , H: 100 cm
Circular
D: 11-20 cm, H: 10-40 cm

Cores of soil with
high silt content
Cores of sandy
soil

Bromide

Zero-tension
lysimeter

Circular
(in situ lysimeter)
D: 8.9 cm, H: may vary
-

Cores of soil

Colloid transport

• Evaluation of the lysimeter
design using tracer
• Study of biodegradation,
retention and transport of
LAS
• Evaluation of lysimeter
design

Acid loamy sand
soil

Circular
D: 15 cm, H: 1 m

Acid forest soil

Circular
D: 0.3 m, H: 1 m

pH, inorganic and
phenolic
compounds,
DOC
pH, Al and DOC,
inorganic
compounds
Pesticides

Loamy
sand/sand to clay
soils
Forest soils
pH, major
cations, anions
and DOC

Tension-free
drainage
lysimeter
Zero-tension
and tensioncup lysimeters
Block
lysimeter
Small zerotension and
tension-cup
lysimeters

-

Soil type

Test parameters Data evaluation

Block of forest
soil
Cores of sand
and silt

Mg and Chloride
Phosphorus
(inorganic and
organic)
Sulphate

LAS

• Study of Mg leaching in 5
lysimeters
Study of soil solution
•
composition over time
• Evaluation of breakthrough
curves
• Evaluation of variability

Comments

References

Control for edge flow using tracer

Cronan (1978)

Lysimeter solution composition was
compared with results from suction cell and
batch experiments
Results from repacked lysimeters are
compared to results from undisturbed soil
core lysimeters

Magid et al.
(1992)

Lysimeter for inorganic and organic
compounds was constructed. Results from
lysimeter with edge flow protection was
compared to results from lysimeter without
edge flow protection
This lysimeter was constructed for
measuring pesticides
No LAS was measured in the leachates.
The soil cores was cut up in layers and the
soil concentration of LAS was determined

McLay et al.
(1992)

Corwin & LeMert
(1994)

Nordmeyer &
Aderhold (1994)
Küchler &
Schnaak (1997)
Thompson &
Scharf (1994)

• Study of leachate
composition

The composition of lysimeter solutions was Gallet & Keller
compared with the composition of centrifuge (1999)
solutions

• Study of soil solution and
leachate composition
• Speciation calculations
• Study of leached amounts
of pesticides

The results were compared with results from Berggren (1999)
batch equilibrium experiments

• Study of chemical
composition of solution
from 2 types of lysimeter
•

The results were compared with laboratory
physico/chemistry and degradation
properties
The study was an intercomparison of
solution composition from the two types of
lysimeters.

Bergström &
Shirmohammadi
(1998)
Marques et al.
(1996)

Table 10. Information on lysimeter studies of waste materials.
Lysimeter type

Lysimeter size and
design

Waste products /
solid waste

Test parameters

Zero-tension
lysimeter, filled-in
lysimeter with a
draining and
sampling system at
the bottom

Squared,
2
A: 8-9 m ,
3
volume: 9-20 m

Coal fly ash filled in
the lysimeter

Zero-tension
lysimeter, filled in
lysimeter with a
draining and
sampling system at
the bottom
Zero-tension, filledin lysimeter

Truncated pyramid,
Bottom: 30,5 * 30,5 m,
top: 18,3 * 8,3 m, H: 3,05
m

Coal fly ash filled in
the lysimeter

Inorganic major
• Study of soil solution
cations and anions,
composition over time
trace elements
and liquid to solid
ratio (L/S)
• Leached amount of
specific components
• Conversion of the L/S
scale into a time scale
for a disposal
scenario
Major and trace
• Resulting analysis of
inorganic anions
the leachate were
and cations
analysed by using an
equilibrium speciation
/ solubility code

Squared
2
A: 1.8*1.8 m H: 0.6, 1.2
and 1.8 m

Coal fly ash filled in
the lysimeter

Zero-tension
lysimeter, filled-in
lysimeter with a
draining and
sampling system at
the bottom
Zero-tension
lysimeter, filled in
lysimeter with a
draining and
sampling system at
the bottom

Squared
3
Volume: 3.0*3.0*1.2 m

Blast furnace slag,
steel slag, MSWI
bottom ash and
wood ash

Squared/rectangular
2
A: 16 m , H 1.5 m

Cemented MSWI air
pollution control
residues in blocks

All relevant
inorganic
parameters and
nitrate, phosphate
and sulphate
pH and redox
potential

Data evaluation

Comments

References

Results for a 7 years period were
presented

Hjelmar (1990)

Lysimeter results were compared to
laboratory tests (column and batch
tests)

Results for a 3-year period were
presented

Fruchter et al.
(1990)

Samples analysed over a period of 1-4 Brown et al. (1976)
• Study of solution
composition over time years
Lysimeter results were compared to
column test results
• Study of soil solution Lysimeter results were compared to
composition over time laboratory tests (column and batch
tests)
and liquid to solid
ratio (L/S)

Major cations and
• Study of leachate
anions, trace
composition
elements, alkalinity • Correlations between
and TOC
conductivity and
different parameters
were analysed
• Resulting
concentrations of
different parameters
in leachates were
evaluated using
thermodynamic
equilibrium reactions

Results for a 5 years period were
presented
Correlation between conductivity and
specific elements indicated that the
concentrations in the leachates were
influenced by rain events.
Leachate dilution at the beginning of
rain events indicated preferential flow
pattern in the lysimeter

Fällman & Hartlén
(1994)

Ludwig et al.
(2000)

Table 10. Continued
Lysimeter type

Lysimeter size and
design

Waste products /
solid waste

Test parameters

Data evaluation

Comments

References

Zero-tension
lysimeter, filled in
lysimeter with a
draining and
sampling system at
the bottom
Zero-tension
lysimeter, filled in
lysimeter with a
draining and
sampling system at
the bottom

Circular
D: 63 cm, H; 1 m

Fresh MSWI bottom
ash

Heavy metals,
chloride, sulphate
and pH

• Study of the effect of
different leachants
(sodium hydroxide
solution and distilled
water)

Results for a 2 years period were
presented

Stegemann et al.
(1999)

Rectangular
3m * 5m * 1,5 m

Cement-stabilised
municipal incinerator
air pollution control
residues

Al, Ca, K, Na, Cu,
Mo, Ni, W, Cl, SO4

Results for a 7 years period were
presented

Bauer et al. (2000)

Zero-tension
lysimeter, filled in
lysimeter with a
draining and
sampling system at
the bottom

Circular
D: 2m
H: 4m and 1m

Pulverised fuel ash

Relevant inorganic
cations, CO3, SO4,
TIC, TOC, pH ,
Redox and
conductivity

Zero-tension

Rectangular
2
A: 9.1 * 18.2 m
H: 1.2 m

• Study of geochemical
and hydrological
factors controlling
field leachate
composition of
cement stabilised
APC residues
• Study leachate
composition as a
function of liquid to
solid ratio (L/S),
• Estimation of
evapotranspiration
rates
• Investigations of
decomposition of
solid waste

Solid waste

pH, CH4, COD,

Comparison to laboratory tests

Results for a 7 years period were
presented

Meij and Winkel
(2000)

Comparison of lysimeter test results to
laboratory test results at identical L/S

Ham & Bookter
(1982)
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