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Long-term processes in waste deposits
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Abstract

A conceptual model, which is a unitary and continuous description of the overall processes in waste deposits, has
been developed. In the model the most important processes governing the long-term fate of organic matter in
landfills and the transport and retention of toxic metals are included. With the model as a base, a number of
scenarios with different levels of complexity have been defined and studied in order to carry out long-term
assessments of the chemical evolution in waste deposits for industrial and municipal solid waste containing much
organic matter and the leaching of toxic metals. The focus of the modelling has been to quantify the important
processes occurring after the methane production phase has ceased, i.e. during the humic phase. The scenarios
include the main mechanisms based on various transport processes as well as different landfill constructions, e.g.
binding capacities of sulfides and humic substances. They also include transport mechanisms by which the reactant
oxygen can intrude into a deposit, sorption capacities of hydrous ferric oxides, and pH-buffering reactions, etc.
Scoping calculations have shown that the binding capacity of humic substances is sufficient to bind all toxic metals
Ž .Cd, Cr, Pb, Zn and Hg . In addition, the humics could also bind a smaller part of Ca, Fe and Al, provided much of
the organic waste remain as humic substances. Sulfides on the other hand can bind approximately twice the amount
of all toxic metals. The binding capacity of hydrous ferric oxides, which can be formed by oxidation reactions during
the humic phase, is estimated to be three times the total content of metals that can sorb on hydrous ferric oxides. In
the studied landfill the pH-buffering capacity, primarily represented by calcite, is estimated to be 1 molrkg dry waste.
Quantifications indicate that the alkalinity of the wastes is high enough to buffer the acidity produced by the
oxidation of sulfides and by the degradation of organic matter, as well as that added by acid precipitation. Therefore,
the main conclusion is that higher remobilisation rates of heavy metals due to lowering of pH are not expected for
many thousands of years. Q 2000 Elsevier Science B.V. All rights reserved.

Keywords: Conceptual model; Solid waste; Landfill processes; Metals; Long-term; Transport processes; Oxygen; Contaminant
release; pH buffering; Redox; Modelling

U Corresponding author. Tel.: q46-8-790-8236; fax: q46-810-5228.
Ž .E-mail address: sami@ket.kth.se S. Bozkurt

0048-9697r00r$ - see front matter Q 2000 Elsevier Science B.V. All rights reserved.
Ž .PII: S 0 0 4 8 - 9 6 9 7 0 0 0 0 3 7 0 - 3



( )S. Bozkurt et al. r The Science of the Total En¨ironment 250 2000 101]121102

1. Introduction

The long-term hazard potential for landfills is
not well quantified. It is known that waste land-
fills have a high contamination potential in terms
of heavy metals and other detrimental substances.
The amount and concentration of leachate that
reaches an aquifer defines the potential for
groundwater contamination and thus pollution of
the drinking water supply. Data from the litera-
ture indicate that very little of the original heavy
metal content of a landfill is leached within the

Žfirst decades after disposal Ehrig, 1983; Christen-
.sen and Tjell, 1984 . In the long-term perspective,

the remaining metals will either leach out or be
immobilised in the landfill. Knowledge of the
long-term fate of contaminants in landfills and its
relation to waste processes is, as yet, insufficient
and calls for additional research. However, exist-
ing information is sufficient to raise concern about
the potential effect of organic substances on the
mobility of toxic metals. In this paper, the long-
term emission of landfill contaminants, in particu-
lar heavy metals, is assessed and related to biolog-
ical, chemical, and physical processes that occur
over long periods of time. In this study, the times
of interest are of the order of hundreds to thou-
sands of years.

Degradation processes in landfills take place
over a very long period of time. Until now, con-
siderable work has been done on the early phases,
i.e. the initial aerobic phase and the anaerobic

Žphase Farquhar and Rovers, 1973; Chian and
DeWalle, 1976; Ehrig, 1989; Barlaz et al., 1992;

.Bozkurt and Neretnieks, 1997 . The anaerobic
phase in turn consists of two sub-phases: the
anaerobic acid phase and the methane production
phase. The subsequent phase, which is reached
after perhaps one century is called ‘the humic
phase’. The duration of the humic phase is ex-
pected to be very long, from the end of the
methane production phase to probably many

Ž .thousands of years Bozkurt, 1998 . The humic
phase is not well described in the literature and
quantitative descriptions of processes during this

Ž .phase are scarce Bozkurt et al., 1999 . Prior to
this phase, only a very small portion of the toxic
metals deposited in a landfill is leached and thus

the waste deposits still have a large potential for
contamination. More than 99.9% of the metals
are still found in the residual solid at the end of

Ž .the anaerobic phase Belevi and Baccini, 1989 .
Long-term processes that may change the leach-
ing behaviour of the waste will therefore be of
great importance. In this paper, we address and
quantify what we envisage to be the main
processes over the long-term.

Studies of waste deposits in the early degrada-
Žtion stages up to and including the methane

.production phase indicate that the leaching rate
of contaminants decreases exponentially over time
Ž .Belevi and Baccini, 1989 . This is sometimes
taken as evidence that this decrease will continue
and that there is a relatively small risk of long-
term contamination from the leachate. However,
extreme caution must be exercised in extrapolat-
ing the results from one phase to another. Land-
fill conditions and the composition of the leachate

Žwill change over time. Changing conditions e.g.
.the pH during the humic phase may lead to a

substantial change in the mobility of heavy met-
als. One reason is that oxygen may penetrate into
the landfill and generate aerobic conditions, which
will fundamentally change how metals are bound
in the deposit. Oxidation of organic matter will
give carbon dioxide, which could decrease the pH
to below neutral. Therefore, the effect of chang-
ing landfill conditions must not be neglected and
a sudden release of accumulated heavy metals
must be taken into consideration. This pheno-
mena is sometimes referred to as a chemical time

Ž . Ž .bomb CTB Stigliani, 1991 . These changes can
also be accelerated by human activities, such as
landfill mining.

The mobility of the heavy metals is strongly
influenced by the pH, redox conditions and the
presence of substances that can bind the metals
by sorption, etc. Therefore, the factors that affect
these properties are of major importance for
long-term predictions; in particular, processes in-
volved in the organic part of the waste. Despite
the importance of landfills, there is relatively little
information on the factors that serve to increase
or decrease the pH. Most available information
focuses on the methanogenic fermentation of mu-
nicipal solid wastes, since methane is an economi-
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cally desirable byproduct of waste decomposition.
As yet, no systematic understanding exists of waste
decomposition processes that allow for reliable
predictions of pH evolution in landfills. During
the humic phase, the pH and the redox will be
determined by infiltrating oxygenated rainwater,
by oxygen and carbon dioxide that diffuse into the
landfill and by the remaining buffer capacity of
the solids. Carbon dioxide is also produced in the
landfill as the organics degrade. The deposit can
become aerobic and acidic when either the organ-
ics are depleted or the reactions become too slow
to consume in-diffusing oxygen from the atmo-
sphere. If the reducing capacity is depleted and

the pH buffering capacity of mostly inorganic
components is exhausted, then the metals can be
dissolved in the acid-oxidizing pore waters and
can escape from the deposit with the water flowing
through it and also by diffusion. As a conse-
quence of the oxygen intrusion into the landfill,
the organic matter and the sulfides may degrade
and release bound metals.

The difficulties associated with making future
assessments to embrace up to thousands of years
are very obvious. The processes that take place in
landfills continue for a very long time and, at
present, there is considerable lack of clarity as to
which mechanisms control the chemical develop-

Fig. 1. Methodology to estimate leaching rate.
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ment and leaching in a landfill. The general con-
ception of what will happen in a landfill in a
long-term perspective is often based on extrapola-
tions and speculations. Obviously, there is a need
to systematise, understand and quantify the long-
term processes and to develop methods and mod-
els that enable us to estimate the long-term risks
of pollution.

The overall aim of this paper is to assess the
long-term leaching of toxic substances, such as
heavy metals, from waste landfills. We intend to
identify the controlling processes involved and, on
the basis of these, to devise a model. It needs to
be stressed that this paper not only covers the
long-term behaviour of a landfill from the point
of view of the development of mathematical mod-
els, but also pays great attention to the identifi-
cation and description of the processes.

2. Approach to the problem

Here, one of the main questions we address is:
at what rate will the accumulated toxic metals in
waste deposits leach from the waste? In order to
assess the fate of contaminants in waste deposits
over long periods of time it is necessary to iden-
tify the governing processes. Studies regarding
the long-term evolution of waste deposits are rare
and large gaps in the knowledge of quantification
of many important long-term processes exist
Ž .Bozkurt and Neretnieks, 1997 . Obviously there
is a need to systematise, understand and quantify
the processes which may occur over long periods
of time.

In view of the inadequate knowledge and lack
of information on long-term behaviour of landfills
and quantification of contaminant transport and
retention processes in waste deposits, it was nec-
essary to develop a new approach to the problem.
This approach, which is schematically illustrated
in Fig. 1, is a tool for exploring which processes
are important for the long-term evolution of a
landfill.

We have constructed a conceptual model, which
is a unitary and continuous description of the
overall processes in waste deposits, by combining
the small fragments of information in the litera-

ture with basic chemical and physical processes.
The intention has been to include only those
mechanisms that are considered to be the most
important, without at first studying the detailed
processes. The model is a simple one on a con-
ceptual and descriptive rather than a strictly
mathematical level, in order to facilitate its use.
With the conceptual model as a base, the main
processes have been evaluated. Some of the
processes to quantify are, e.g. binding capacities
of sulfides and humic substances, sorption capaci-
ties of hydrous ferric oxides, etc. The calculations
are simple and are based on mass balances,
transport and simple kinetic rate equations. In
these specific cases, the quantifications have been
made for a landfill for industrial and household
waste containing much organic matter, although
the approach can also be used for waste that has
been incinerated and contains only small amounts
of organic material. Since we are interested in the
long-term perspectives, the starting point for the
studied cases is the humic phase.

In order to assess the evolution of landfills over
long times, many different types of data are re-
quired. Looking at landfills, the sources of infor-
mation are field studies, laboratory experiments
and theoretical modelling. With experiments it is
possible to study specific processes such as degra-
dation of organic material. They can also be used
to assess a measure of present leaching rates and
for predictions in an intermediate time-scale.
However, it is difficult to conduct experiments
with complex systems under representative condi-
tions. Furthermore, since many processes in land-

Žfills take place over long time scales many hun-
.dreds or even thousands of years it is not possi-

ble to simulate them with experiments. Labora-
tory experiments and field experiments can pro-
vide much more valuable information, but they
are not in themselves enough to permit reliable
assertions in the long-term, and the slow processes
occurring in a waste deposit are difficult to study
in a laboratory experiment, e.g. the accumulation
of metals at pH fronts.

The assessment must thus be carried out with
models that are based on fundamental principles
such as mass balances, chemical equilibria
between solid phases and the aqueous phase,
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kinetics of dissolution of phases and contaminant
transport. Such models can be used as tools to
assess the evolution of waste deposits, and be
applied to both short and long periods. They can
also be used to evaluate how a landfill behaves
under different conditions. We have used the
modelling approach, which is based on a set of
basic processes containing a number of simplified,
well-defined and systemised assumptions. The
processes are analysed with the aid of models.
Successively, we increase the complexity of the
studied cases. Then, one can obtain an indication
of what is important and what is not. When it is
found that a certain process will not be important
under any reasonable circumstances, it need not
be of further concern. In addition, sensitivity
analyses can often indicate when a process may
be important and when not. This can also be used
to show where more detailed calculations and
measurements must be made as well as to justify
the assumptions made. With this in mind, we
have also studied combinations of processes in
order to ascertain the interactions between them
and thus their effect on the leaching rate of toxic
metals. The strength of working with such an
approach lies in its simplicity. It allows us to gain
insights, which may be difficult to observe in the
actual system due to its inherent complexity.
Models, however, require data that to some ex-
tent can be obtained from specifically designed
laboratory experiments and to be evaluated
against field studies.

Since much pertinent information such as
degradation rate coefficients of humic material
are lacking in the field of waste management, it
has been necessary to study other similar areas
such as peat and peat degradation. Observations
of old waste landfills and other similar environ-

Žments, such as peat moors Lucisano and Bozkurt,
.1998 , sediments, etc., can probably contribute

with valuable information about the long-term
behaviour of landfills. It is suggested that peat-
accumulating ecosystems could prove to be valu-
able natural analogues for the study of the long-
term evolution of household and industrial wastes.
Peatlands can be considered to be waste deposi-
tion experiments lasting for several thousands of
years.

The structure of the paper is as follows: The
succeeding section seeks to lay a foundation for
understanding the processes in waste deposits
over long times, which is the developed concep-
tual model. Thereafter, different cases are de-
fined and studied. Finally, the quantitative as well
as the qualitative results, which will give impor-
tant information on which discussions and predic-
tions of sudden release of heavy metals can be
based, will be presented.

3. The conceptual model — description of the
long-term evolution of the chemistry in waste
deposits and its effects on metal release

In this section, the conceptual model, which is
a description of the overall processes in waste
deposits, is presented. A municipal solid waste is
a witch’s brew of all the materials our industrial
society uses. It may contain plastics, stones, glass,
rags, paper, garbage and garden waste, textile,
rubber and leather waste, metal waste, wood, etc.
The long-term behaviour of a landfill will be
strongly influenced by its content of organic ma-
terial. Therefore, the landfills will be distin-
guished by their content and as illustration, two
cases will be described. The first considers a land-
fill for industrial and household waste containing
a lot of organic matter } the organic case, while
the second case considers incinerated waste con-
taining inorganic materials with a small amount
of organic matter } the mainly inorganic case. In
both cases the waste is assumed to be placed in
landfills of considerable extent and thickness.
First, an introduction to the description of the
transformation stages is given for the ‘organic
case’. This is then extended to take into account
water transport through the landfill, processes
that influence the solubility and mobilityrimmo-
bility of heavy metals, etc. Finally, the processes
in the landfill with a high inorganic content will
be described.

3.1. The organic case

Waste deposits contain a complex mixture of
different compounds, both organic and inorganic,
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with variable physical and chemical properties.
Over time the waste changes considerably. The
composition and structure of the inorganic mate-
rial changes due to leaching and other mecha-
nisms. The organic material degrades by biologi-
cally-mediated anaerobic andror aerobic
processes, which have in common that undis-
solved, organic matter is first hydrolysed into
high-molecular weight dissolved organic matter.
This organic matter is further hydrolysed to low-
molecular weight compounds. It is primarily the
low-molecular dissolved organic material that can
be biologically degraded to carbon dioxide and
water or to methane. The different biological,
chemical and physical transformation stages
through which organic matter in a landfill can
pass, are briefly described below.

In a landfill, oxygen is initially available in the
pores, and this can serve as an oxidizing agent.
However, the initial supply of oxygen is limited
and it may be used up after a few days. When
oxygen is depleted, the anaerobic phase starts,

and other substances such as nitrate, sulfate, oxi-
dized manganese compounds and ferric iron com-
pounds act as oxidants. The anaerobic phase is
characterised by a rapid polymer hydrolysis and a

Ždrop in redox potential Farquhar and Rovers,
. Ž .1973; Barlaz et al., 1992 see Fig. 2 and can be

subdivided into an acidic phase and a methane
production phase. During the anaerobic acid
phase, complex organic material is degraded by
hydrolysis to smaller molecules, e.g. alcohols, car-
boxylic acids and carbon dioxide. The formation

Žof organic acids results in a drop in pH Farquhar
.and Rovers, 1973; Barlaz et al., 1992 . During the

methane production phase, the degradation
products act as substrates for methane-producing
bacteria yielding a gas consisting of carbon diox-
ide and methane. As the organic acids are de-
graded, the pH increases to an almost neutral
level, buffered by the bicarbonate system. The
organic matter in the waste provides a large redox
buffering capacity. The redox capacity can in a
simplified fashion be seen as the maximum

Ž .Fig. 2. Schematic illustration of the redox potential, pH in pore waters and gas composition during different phases in a landfill.
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amount of oxygen with which the waste can react.
Thus, reducing conditions will prevail for a long
time in the landfill.

3.1.1. The humic phase
As the remaining substrate becomes more and

more resistant to degradation, microbial activity
slows down and the humic phase is reached. Parts
of the organic matter are transformed to com-
pounds, which are much more stable than the
original compounds. The more stable compounds
are mainly humic substances. Up until the humic
phase, any oxygen supplied to the landfill can
readily react with simple organic compounds.
During the humic phase, the available degradable
organic material is either depleted or the reac-
tions are too slow to consume oxygen entering the
landfill. The pH and the redox conditions are
then determined by infiltrating oxygenated rain-
water and oxygen that diffuses into the landfill
and by the slow reactions with the remaining

buffer capacity of the solids. The deposit may
then become aerobic and acidic due to the carbon
dioxide formed.

3.1.2. Metal mobility in a landfill
When the solid waste comes into contact with

water, such as infiltrating rain water or ground-
water, metals will become dissolved and leached

Ž .out see Fig. 3 . The flowing water transports the
leached metals downstream where they may pre-
cipitate or participate in further reactions. The
substances that dissolve and react influence the
chemistry of the leachate. The processes that
govern the leaching are complex and as yet it is
not possible to describe them in detail. Important
mechanisms and processes are complexation, re-
dox reactions, precipitationrdissolution, adsorp-
tion, ion exchange, etc. However, the solubility of
the metals is strongly influenced by the pH, the
redox potential, the presence of complexing agents
such as chlorides, sulfates, carbonates, organic

Fig. 3. Schematic illustration of processes in a landfill.
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acids, and the properties of the solid waste phases
in and on which the metals can be bound. The
composition of the flowing water will not be con-
stant but will change with time, depending on
how the upstream conditions have changed.

The solubility and release of many of the toxic
metals is low under the conditions generally found
in today’s completed and operating landfills, i.e.
during reducing conditions, almost neutral pH.

The organic degradation during the anaerobic
methane production phase will, apart from pro-
ducing methane and carbon dioxide, also produce
a large range of organic compounds. These com-
pounds are organic acids, e.g. low-molecular
weight organic acids as well as high-molecular
weight fulvic and humic acids. The solubility of
these compounds in water varies. Generally, in-
creasing molecular weight decreases the solubil-
ity. These acids may increase the solubility and
the mobility of heavy metals in the waste by
acidifying the water and by forming soluble com-

Ž .plexes with the metals Ciavatta et al., 1993 . On
the other hand, large amounts of solid organic
matter are also formed that can be stable over
extremely long periods of time in some environ-
ments. These solid organics can be very strong
sorbents for many of the leached metals and
retard their escape from the landfill. Sulfur com-
pounds in the waste can form sulfides under
anaerobic conditions and bind many metals as
sulfides. Even so, there is a strong competition for
the metals by the organic acids and other com-
plexing agents.

The metal release that takes place during the
methanogenic phase is probably to a large extent
caused either by release of metals complexed to
organic matter or by the release of solid particu-
late forms transported with the water from the
deposit as small particles or colloids. It is thus
probable that a fraction of the metals is mobile
even during the methane-producing phase. This
means that metals will be transformed and relo-
cated within the deposit.

After tens to several hundred years, the humic
phase starts, i.e. when the methane production
has stopped and the easily degradable organic
material has been depleted. The intrusion of oxy-

gen may then lead to the development of oxidiz-
ing conditions in the landfill. This makes it possi-
ble for a new set of reactions to take place. Once
acidic conditions are established in the landfill
and the pore water has become oxidizing, an
increase in metal solubility and leaching can be
expected. The flowing water will carry pollutants
with it out of the landfill. The metals can also
escape from the landfill by diffusion, which in a
longer time frame may be an important transport
mechanism. Some of the common metals, e.g.
iron and aluminium, can, when oxidized, form
very strong ‘natural’ sorbents. Ferric iron hydrox-
ide present in the material or resulting from the
corrosion of iron-containing material is a very
potent adsorbent for many of the metals of inter-
est. It exhibits a very large surface area, which

Žgives it a high sorption capacity Dzombak and
.Morel, 1990 . As iron is quite common in waste

deposits, it can under the right circumstances
contribute with a large sorption capacity and re-
duce the mobility of the toxic metals. However,
during the oxidation phase, sulfur compounds in
the waste present as metal sulfides will also be
oxidized resulting in the release of metals bound
to them. Metals bound to carbonates may dissolve
if pH drops or if the partial pressure of carbon
dioxide decreases.

In a very long time perspective, it will be the
metal-binding properties of the organic phase and
the degradability of organic material that de-
termine the metal release. The metal-binding ca-
pacity of the organic material may be sufficient to
bind most of the metals, provided the materials
are homogeneously distributed. Because of the
strong heterogeneity of the landfill, different parts
of the landfill develop at different rates. There
may thus be parts that enter the humic phase
early and others that will not reach it for a
considerable time.

3.2. The mainly inorganic case

For incinerated waste containing mainly inor-
ganic materials with a small amount of organic
matter, the description is quite similar to the
‘organic case’. However, there are also some dif-
ferences, which will briefly be highlighted here.
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The inorganic matter in incinerated municipal
Ž .wastes ash consists mainly of aluminium sili-

cates, calcium and iron compounds in crystalline
Ž .or amorphous form Yan, 1998 . The accumu-

lated metals occur primarily as sulfides, oxides,
hydroxides and carbonates. Compared to the or-
ganic case, the concentration of most metals is
much higher per mass of waste. Their concentra-
tion are often tens to hundreds of times higher in

Žash than in natural geological materials Yan,
.1998 .

When incinerator residues are deposited in a
landfill, some of the toxic metals are subjected to
leaching as water percolates through the deposit.
The water composition changes through the de-
posit and the main controlling factors determin-
ing the changes are pH, redox potential, presence
of complexing agents and the properties and com-
position of the solid waste. Most of the toxic
metals present in combustion residues are con-
centrated in the glass phases or adsorbed on
crystal surfaces. The glass phases react very slowly
and their dissolution rate is determined by reac-

Ž .tion kinetics Yan, 1998 . Metals are released
either by desorption from the surfaces of the
particles or by dissolution of the solid phases.
Other release processes that may be important
are diffusion from inner parts of particles and
corrosion of metal surfaces. Important entities
that influence the leaching rate of metals are
reaction rates, diffusion properties, etc. However,
metals may not only be released from minerals,
but also sorbed onto new mineral surfaces when
these form as the waters become oversaturated
with respect to some minerals or they may take
part in additional reactions. When new minerals
precipitate out of the saturated leachant they are
often referred to as ‘secondary’ minerals if they
are not present initially.

3.2.1. Reaction fronts
As long as the landfill is near neutral pH and is

strongly reducing, the evolution of the chemistry
in the waste will not change much with time.
Under such conditions, many of the toxic metals
have low solubilities. Reducing and near neutral
conditions will prevail as long as there are buf-
fering materials present. The redox capacity is

made up mostly of metals, pyrite, ferrous iron,
and residual organic compounds. The pH buffer-
ing capacity is due mostly to the presence of
calcium oxide, hydroxide and carbonate com-
pounds and to some extent to aluminium silicates.
Oxygen and carbon dioxide diffusing into the
waste deposit will eventually deplete the buffering
capacities. Infiltrating acidic rainwater will also
consume the buffering capacities. Carbon dioxide
generated by the oxidation of organics can also
act as an acid and exhaust the pH buffering
capacity. The dissolution of solids under the in-
fluence of these in-transporting reactants is re-
ferred to as hydrolysis.

As the pH and redox buffering capacities at a
location are used up, the pH will drop and the
redox potential will increase, making the metals
more mobile. The mobilised metals may then be
transported downstream to parts of the landfill
where the pH is still high and the redox potential
is low. This may result in a reprecipitation of
metals at the new location. Thus, reaction fronts
may develop that will propagate in the deposit. At
these fronts, metal solubilities may change by
several orders of magnitude. These types of fronts
have been observed in similar situations in nature
Ž .Cross et al., 1991 . Eventually these fronts may
move through the landfill, in an ongoing process
as the buffering capacity of the waste is used up,
and release the metals carried by them. This
process is illustrated in Fig. 4.

4. Evaluation of the main processes

4.1. Binding capacities

For decades, heavy metals have been disposed
of in dumps and landfills. The mobility of heavy
metals, and hence their potential risk to the sur-
roundings, depends partly on the complexing ca-
pacity of the organic matter in the landfilled
waste. In order to assess the binding capacity for
metals, the binding capacity of sulfides and humic
substances has been studied in detail. The condi-
tions in many closed landfills, as well as in land-
fills that are in operation, are still anaerobic and
the sulfur is in the reduced state and is present as
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ŽFig. 4. Schematic illustration of a reaction front Me is taken
.symbolically as a metal .

sulfides. The metals may be present as minerals,
included in amorphous phases, bound to organic
material or sorbed onto mineral phases. In a first
step, only the humic substances are considered.
The sulfides are discussed later. Data and infor-
mation used in the different scenarios are pre-
sented in Table 1.

Our starting point is the humic phase and it is
assumed that only a fraction, one-third, of the

Ž .originally present organic matter 3 000 000 t re-
mains and is in the form of humic substances, HS.
This means that the amount of humics that will
be produced is approximately 1 000 000 t. In soils
and sediments, humic acids tend to be mostly
present in the solid organic matter. The overall
complexation reaction between humic substances
and metals can be symbolically written:

y nq Ž .nHum qMe ªHum yMe 1n

Where Hum is a humic substance and Me is
taken symbolically as a metal.

The organic matter, especially the humic subs-
tances, forms complexes with heavy metals that
may either increase or decrease their concentra-
tion in the pore waters, depending on whether
they bind to the mobile or to the immobile part of
the humic substances. The amount of the latter
part is probably several order of magnitudes
higher than the former part and, in this case, it is
assumed that the metals are bound only to the
immobile fraction of the organic matter. In a
long-term perspective, humic substances play a
dominant role in the behaviour of heavy metals in
soil.

The binding capacity of humic acids for metals
has been assumed to be 1 meq.rg HS and that

Table 1
Ž .Data used for the different scenarios Bozkurt, 1998

aMetals and binding Molecular Amount Humic-binding Sulfide-binding
substances weight in tonnes metals metals

Ž . Ž .Mequivalents Mequivalents

2qCd 112 30 0.54 0.54
3qCr 52 450 26
2qPb 207 10 000 97 97
2qZn 65 10 000 310 310
qHg 200 13 0.065 0.065

2qFe 56 200 000 7140 7140
2qCa 40 150 000 7500
3qAl 27 50 000 5555

Sum metals 420 493 20 630 7550

Binding substances Mequivalents Mequivalents
bOrganic matter as humic substances 1000 1 000 000 1000

Sulfur 32 15 000 940

a Large variations are observed in different locations in the landfill.
b Equivalent weight.
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the maximum amount of any metal ion that can
be bound is equal to this capacity. In practice,
this maximum capacity can probably seldom be
used because of competition among the metals
and competition with the proton. The binding
capacity can thus be expected to be strongly in-
fluenced by pH and by the presence of other
ligands. The binding capacity has been reported

Žto vary from 0.2 to 40 meq.rg HS Bozkurt and
.Neretnieks, 1997 , although the higher value may

depend on other processes than complexation, i.e.
secondary precipitation. Although the binding ca-
pacity of humics may be different for different
metals, the used binding capacity has not been
varied in this scenario. Instead a representative
and conservative value has been chosen, with
respect to among other things, the competition.
This figure falls within the reported values in the
literature. For waste-containing organics, the ten-
tative conclusion is that the humic substances
Ž .while they exist should have a capacity sufficient

Ž .to bind all toxic metals Cd, Cr, Pb, Hg, Zn in a
deposit, even if the humic matter also binds a
portion of Ca, Fe and Al, provided that all matter
is evenly distributed and that the affinity for these

Žmetals is higher than for the others such as Fe,
.Al, Ca, etc. . However, it cannot be ruled out and

it is even probable that the large amount of other
metals may hinder some part of the toxic metals
of being bound.

Regarding sulfide formation, sulfur compounds
in the waste can form sulfides under anaerobic
conditions and bind many metals as sulfides. The
calculations are based on the equation:

nq 2y Ž .Me qS ªMe S 22 n

In Table 1 it is seen that there is enough sulfide
to bind the toxic metals if there were no competi-
tion with the iron. As it is likely that iron is a
strong competitor for sulfide, it must be con-
cluded that the sulfides cannot be safely assumed
to bind all the toxic metals.

During anaerobic conditions sulfides have a
driving force to form sparingly soluble precipi-
tates with many metals. As it has been shown,
there is not enough sulfur to bind all the metals.
The question is whether the sulfur will be able to

bind the metals Pb, Zn, Cd, Hg in competition
with Fe. Simulations using the computer code

Ž .PHREEQC Parkhurst, 1995 were conducted to
indicate if this may be the case as well as to
deduce which of the metals will precipitate as
sulfides. The calculations show that when the
amount of sulfur is insufficient to bind all the
metals the first metals that will form sulfide min-
erals are: Hg)Pb)Cd)Zn. ‘A’)‘B’ means
that A tends to precipitate before B. A fraction of

Žthe iron will also precipitate as sulfide either FeS
.or FeS .2

As a consequence of chemical and physical
heterogeneities it is very unlikely that the differ-
ent materials are so evenly distributed that they
always can find each other and form complexes or
sulfides. However, if the system were well mixed
and homogeneous, the sulfides and the humics
could bind a considerable fraction, if not all, of
the toxic metals. If the humics and sulfides were
oxidized by oxygen the bound metals could be
released. If at the same time, the pH of the pore
water becomes low due to the formation of sulfu-
ric acid from the oxidation of the sulfides and

Žcarbonic acid from the CO from the degrada-2
.tion of organic matter , the solubility of the toxic

metals increases and they can be mobilised.

4.2. Oxygen intrusion and reaction rate

As mentioned previously, the most important
factor in the construction of a time-scale for
deposits is probably the effects of intrusion of
oxygen. Under reducing conditions the toxic met-
als can to a large extent be bound to humics and
sulfides. The apprehension is that the mobility of
the metals may increase as conditions change, e.g.
oxygen may penetrate into the landfill and cause
aerobic conditions. If oxygen or other oxidants
intrudes, sulfide and humic oxidation would oc-
cur. Here, the most important reactant is oxygen
entering the landfill. When this occurs their bind-
ing capacity is lost and the metals are released.
Therefore, the release of metals from a landfill
will be strongly correlated to the rate by which
oxygen enters the landfill. This, we have con-

Žsidered in the modelling efforts Bozkurt et al.,
.1999 . We have studied the long-term fate of
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organics in waste deposits by considering the oxi-
dation rate in a deposit to be determined by the
rate of inward transport of oxygen. The intrusion
rate of oxygen is different for different construc-
tion types of deposits, i.e. an uncovered or a
covered deposit, made in the form of a hill, where
the cover is intact or broken, or a deposit under
the water table. In addition, there are different
processes by which oxygen may enter a landfill.
The different cases studied were various transport
processes such as, diffusion, self convection and

Ž .advection forced flow for oxygen into a partially
saturated landfill and a saturated landfill. In the
studied cases, the only reaction considered was
the oxidation of organic matter since the amount
of organics is more than two orders of magnitude
larger than the sulfides. It is common practice to
write the subsequent reactions of the organic
matter as if it consists of a multiple of CH O.2
The overall reaction can then be written:

Ž .CH OqO ªCO qH O 32 2 2 2

In the calculations the landfill was modelled as
a column reactor for transport in one dimension
at steady state. The model is based on the law of
mass conservation that in a mathematical form
can, in general, be written as:

c c 2c Ž .« qq sD qR 4p 2t x x

This is the well known advection]diffusion
equation with reaction. Here « is the porosity, cp

Žis the oxygen concentration which varies with t
. Ž 3. Ž .and x molrm , t is time s , q is water or air

w 3 Ž 2 .xflux m r m s , x is distance in the direction of
Ž .transfer m , D is the effective diffusion coeffi-

Ž 2 .cient m rs , and R is taken symbolically as the
mass producedrdepleted per unit volume per unit

w Ž 3 .xtime molesr m s . A more profound mathemat-
ical description of the different cases can be

Ž . Ž .found in Bozkurt 1998 and Bozkurt et al. 1999 .
In the humic phase the reaction rate of the

humic substances is expected to be low. It is
assumed in these calculations that it is compara-
ble to that of peat which consists of a large

Ž .amount of humic substances Bozkurt et al., 1998 .

Table 2
Oxygen intrusion rate and estimated time to deplete all
organic matter for the different scenarios, in a 10-m thick
landfill

Case Influx of Time to deplete
2O rm ryear organic material2

Ž .years

Diffusion-partially saturated
y3With a cover 35=10 kg 30 000

Ž .With a cover 10% function 0.29 kg 3000
Without a cover 1.5 kg 600

y3Fully saturated -2=10 kg )500 000
Forced convection 0.06 kg 20 000

y3Natural convection 3=10 kg 300 000

The kinetic constant with respect to humic matter
depletion is then taken to be 10ryear. This is a
value that is within the range observed in peat
bogs. The landfill considered is 10 m deep and the
amount of humic substances and sulfides is taken

Ž 3 . Ž 3to be 100 kgr m landfill and 2.8 kgr m land-
.fill , respectively. With the oxygen intrusion rates

calculated for the different scenarios, the reaction
would be completed within the times presented in
Table 2. The most rapid degradation was identi-
fied in a partially water saturated landfill without
a cover. The rate of degradation is entirely gov-
erned by the rate of intrusion of oxygen. The
Ž .bio -chemical reaction rate is found not to be
limiting.

If there is oxygen in the landfill, the sulfides
may be oxidized before the oxygen is scavanged
by the humics since sulfides are highly redox

Ž .sensitive Langmuir, 1997 . The oxidation of sul-
fides under atmospheric conditions is inevitable.
The oxidation of iron sulfide leads to the produc-
tion of acidity and formation of ferric oxy-hydrox-

Ž Ž . Ž ..ide see Eqs. 5 and 6 .

FeSq2.25O q1.5H OªFeOOHq2Hq
2 2

2y Ž .qSO 54

Ž . Ž .FeS q3.75O q3.5H OªFe OH s32 2 2

q4Hqq2SO2y
4

Ž .6
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In the remainder of this article we will consider
the sulfides to be only FeS for the purpose of2
scoping calculations. The ferric oxy-hydroxide has
a high sorption capacity for the heavy metals and
thus, it is possible that even if the sulfides are
oxidized, the humic substances and ferric oxy-
hydroxide provide sufficient binding capacity for
the heavy metals. Unfortunately, there are no
data available on the competition of heavy metals
between the organic matter and ferric oxy-hydrox-
ide binding sites. It has to be pointed out that we
do not only consider the amount of ferric oxy-
hydroxide produced by the oxidation of pyrite.
The remaining part of the iron in the landfill that
is not in the form of sulfides is also assumed,
when oxidized, to form ferric hydroxides.

Under the influence of intransported oxygen
waste below the cover will be depleted of its
reducing capacity. As a result of this depletion, a
redox reaction front will develop and recedes into
the waste as the buffering capacity of the waste is
used up. In general, the rate of sulfide and or-
ganic depletion in the waste will be equal to the
rate at which oxygen is transported into the land-
fill. From mass balance considerations, the rate at
which the depletion front recedes into the waste
is:

NJ Md z O 2 i Ž .s 7Ý id t M h rO 2 O iis1 2

where z is the depth to which the front has
Ž .advanced in the waste m , J is the oxygen fluxO 2

w Ž 2 .x Ž .into a landfill kg O r m year , t is time year ,2
Ž 3 .r is the density kgrm landfill , M is the molecu-

Ž .lar weight kgrkmol , the subscript i denotes
Žorganic matter and the different sulfides here

. irepresented by FeS , h is the stoichiometric2 O 2

coefficient for oxygen in the oxidation reaction
Ž .kmol O rkmol i . Note that the oxidation of2
sulfides and the degradation of organic matter
have been considered to occur simultaneously,
which is a scientifically sound approach. How
these processes affect the pH will be discussed in
a subsequent section.

Ž .Rearranging Eq. 7 and integrating the result-

ing expression gives the time required for the
redox front to proceed to the depth z .R

r hi M Z d zi O O R2 2 Ž .ty t s 8H0 M Ji O0 2

Ž .where t year is the time required for the for-0
mation of a steady state concentration profile
before the redox front begins to move. In the
following case the reducing capacity of the waste
is considered to consist of only organic matter

Ž .and that the depletion occurs according to Eq. 3
and since the quasi-stationary state approxima-

Ž .tion Lichtner, 1988 can be applied here t ap-0
proaches zero. On the landfill a cover that offers
all the resistance to flow is considered. We also
assume, for the sake of simplicity and as an
illustrative example, that the oxygen flux through
the cover is given only by diffusional transport:

dce Ž .J syM D 9O O 12 2 d z

where De is the effective diffusivity of oxygen1
Ž 2 .m rs in the cover material and the concentra-
tion gradient is taken to be the maximum driving
force, i.e. dcscatm where catm is the oxygenO O2 2

Ž 3.concentration in the atmosphere kmolrm . As
the reducing capacity degrades, settlement in the
landfill will take place. From landfill data re-
ported at the International Landfill Symposium in

Ž .Sardinia e.g. Konstantinos et al., 1997 it can be
concluded that the total settlement can be more
than 40]45%. This mechanism depends on,
among other things, the fraction of degradable
matter in the deposit. In the calculations, a settle-
ment of 20% of the landfill height is taken into
account and that it takes place during the entire
depletion time. The remaining material with ex-
hausted buffer capacity will also contribute to the
resistance to oxygen flow into the landfill. Al-
though this resistance will probably not be as high
as the final top cover offers we assume that both
materials have the same effective diffusivity of
oxygen, which means that the numerator in Eq.
Ž . Ž .8 can be substituted with H q0.8Z . This is0
schematically illustrated in Fig. 5. The solution of
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Fig. 5. Conceptual figure of remaining waste, with exhausted reducing material, acting as a cover material.

considering different effective diffusivities is quite
straightforward but will not be presented here.

With the following restrictions:

Ž . Ž .z ts0 s0 10

Ž . Ž .z ts t sz 11R

Ž .the integral in Eq. 8 can be solved analytically
to obtain:

r hCH 2O
CH O O 22 2 Ž . Ž .ts H z q0.4 z 12Ž .0 R Re atmD M C1 CH O O2 2

The appropriate simplifications made in this
case allow us to reach an analytical but still
powerful and useful solution, which gives a more
enhanced insight into the main processes than
the use of a sophisticated numerical solution. In
Fig. 6 the depletion time is plotted against the
redox front depth in the waste material for an
infinitely fast reaction. The profile is for a 10-m
deep landfill with a 1-m deep soil cover that has

y8 2 Žan effective diffusivity of 2=10 m rs Bozkurt
.et al., 1999 .

It is obvious that the redox buffer capacity will
last for a considerably long time. In Fig. 6 we
have also accounted for the sulfides as reducing

capacity and it can be deduced that their con-
tribution to the depletion time is negligible which
justifies the assumption about the composition of
the reducing capacity. It should be noted that this
simulated case is based on the same conditions
and to a certain degree comparable with the first

Žcase presented in Table 2 diffusion } partially
.saturated, with a cover . In the latter case we

circumvented the problem with a moving
boundary as we assumed a constant oxygen flux
into the landfill, which was calculated for a 5-m
thick landfill and was taken as an average value
for the whole deposit. Comparing both of the
cases investigated it can be concluded that the
assumption made in the previous case was
permissible.

As an illustrative example, the amount of oxy-
gen intruding into a partially saturated landfill
without a cover is able to oxidize 1.5 kg organic
matterryearrm2. This means that the maximum
amount of released heavy metals could be of the
order of 100 gryearrm2 with respect to the bind-
ing capacity of humic materials for metals used.
The release of heavy metals from a landfill with a
cover is of the order of 2 gryearrm2. Even though
the organic material is degraded it is possible that
there will be no immediate and continuous re-
lease of toxic metals from the landfill. There is a



( )S. Bozkurt et al. r The Science of the Total En¨ironment 250 2000 101]121 115

Fig. 6. Reducing capacity depletion time as a function of redox front depth.

surplus of organics in the landfill. If toxic metals
were complexed with the oxidized organic matter
and are locally released it is most likely that they
may be transported further down to parts of the
landfill where the binding capacity is not used up.
There the metals can temporarily be re-adsorbed
which will result in a moving front where the toxic
metals accumulate increasingly. The front will
move through the landfill as the organics are used
up and release the metals carried by them.

4.3. Hydrous ferric oxides

If and when the conditions have become oxidiz-
ing in the landfill the sulfides and the humics are
assumed to have disappeared or at least lost their
binding properties. On the other hand, some of
the common metals, e.g. iron and aluminium, can,
when oxidized, form very strong ‘natural’ sor-
bents. Metallic and ferrous iron will become oxi-
dized and have formed amorphous ferric-oxy-
hydroxides. This is a very strong sorbent and can
bind a part of the toxic metals, which is illustrated

Ž . Ž .in Eqs. 13 and 14 :

nq nq Ž .FeOOHqMe ªFeOOH:Mn 13

Ž . nq Ž . nq Ž .Fe OH qMe ªFe OH :Me 143 3

In the landfill there is approximately 3570 mmol
Ž .of Fe see Table 1 and assuming a site density of

Ž0.2 molrmol Fe Dzombak and Morel, 1990;
.Langmuir, 1997 and that all of the available sites

can be occupied give 714 mmol of metals that can
be sorbed. It corresponds to more than three

Ž .times the total content 203 mmol of metals that
we assume can be sorbed to hydrous ferric oxides.
Here, the influence of dissolved organic matter
which may bind the metal to the inorganic surface
by forming ternary surface complexes and compe-
tition effects such as between the adsorbing sur-
face and the dissolved organic ligand for the
metals have not been taken into account. The
adsorption is also largely pH-dependent. Typical
curves for the adsorption of metals onto inorganic
substances, such as iron oxyhydroxides, increases
from almost nothing to near 100% as pH in-
creases though a critical range 1]2 units wide
Ž .Forstner, 1995 . However, this tentative calcula-¨
tion highlights the possible sorptive effects that
the hydrous oxides have and as there might be
high concentrations of iron in a landfill, hydrous
ferric oxide can play a major role in sorbing the
toxic metals and thus retard their mobility. Fur-
thermore, the bulk of the inorganic matter con-

Ž .sisting mainly of alumino silicates Yan, 1998
may form clays due to hydrolysis. The formed
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clays have sorbing and ion exchange properties
and can aid in retaining the metals. However,
with time the ferrous iron hydroxides will crys-
tallise and form haematite, which is illustrated in

Ž .Eq. 15 , and the metals can be released again.

nq nq Ž .FeOOH:Me ªFe O qMe 152 3

4.4. The e¨olution of the pH

In discussing the effect of pH it is necessary
that factors which have an influence on pH must
also be considered. Many studies have been per-
formed on soil buffer capacity with respect to
forestry and agricultural practices, but in the field
of land disposal of solid wastes, little use has been
made of the concept of buffer capacity when
seeking to explain the retentionrmobility of toxic
metals in landfills. There are several different sets
of heterogeneous reactions that either can pro-
duce hydrogen ions or consume protons and ef-
ficiently buffer the pH. Table 3 shows the
processes, which can modify the proton balance.
Under conditions of high pH, heavy metals in
well-buffered waste deposit are generally re-

tained, and the concentrations in the leachate are
low. As the pH of the waste declines, so does its
capacity to immobilise heavy metals. Acidification
of landfills leads to mobilisation of heavy metals.
All acid generating processes will contribute to
the acid production capacity of the system. To
what extent a landfill is acidified and whether
heavy metals are dissolved depends on the acid
neutralisation capacity.

A brief description can help to clarify the acidi-
ficationrbuffering processes, following the
changes from relatively high to low pH. Addition
of acids, i.e. protons, in landfills causes an initial
decrease in pH. This is followed by dissolution of
the buffering substances and a new equilibrium is
established, which reduces the pH shift which
would take place in the absence of the buffering
substances. Carbonate solids are efficient buffers

Ž .in the neutral to basic pH range pH)6.2
Ž .Stigilani, 1996 and they will provide pH buffer-
ing as long as carbonate solids are present and
available for dissolution. When a buffer substance
is depleted, added protons decrease the pH until
dissolution of a new solid phase starts to consume
the protons added. This will prevent a further
drop of the pH. When solid carbonate is de-

Table 3
Important acid producing oxidation and acid buffering reactions in waste deposits

Type Reactions Range

Acid producing:
q 2y Ž .Sulfides FeSq2.25O q1.5H OªFeOOHq2H qSO 162 2 4

q 2yŽ . Ž . Ž .FeS q3.75O q3.5H OªFe OH s q4H q2SO 172 2 2 3 4

2y q Ž .Organic CH OqO ªCO qH OªCO q2H 182 2 2 2 3

Acid consuming:
q 2q Ž .Carbonate minerals CaCO q2H ªCa qCO qH O pHG6.2 193 2 2

qSilicate minerals Primary rock mineral q2H
Ž .qH Oªcations qH SiO qsecondary minerals 202 4 4

q 2q Ž .Cation exchange SO: Meq2H ªSO: H qMe 4.2FpH-6.2 212

q 3q Ž .Aluminium Al O q6H ª2Al q3H O 3.8FpH-4.2 222 3 2
q 3qŽ . Ž .Al OH q3H ªAl q3H O 233 2

q 3q Ž .Iron Fe O q6H ª2Fe q3H O pH-3.8 242 3 2
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pleted, the buffering processes are controlled by
aluminosilicate clay. Aluminum silicate minerals
can provide a considerable resistance to pH

Ž .changes Stumm and Morgan, 1996 . Dissolved
hydrogen ions can also be removed from the
solution by ion exchange reactions. These changes
are in general non-linear, and the buffering
regime operating at a particular time may later
switch to another regime with a lower pH range.
These changes could in turn trigger the release of
stored toxic heavy metals.

The most important oxidation reactions leading
to a decrease of pH in landfills will now be
evaluated. The major process affecting the lower-
ing of pH values is probably the exposure of

Ž .pyrite FeS to atmospheric oxygen and mois-2
ture, whereby the sulfidic component is oxidized

w Ž .xto sulfate and acidity is generated Eq. 17 . The
oxidation of, for example, 10 g of pyrite in a 300-l
solution would decrease the pH from 7 to 3.
Another important reaction is the oxidation of
organic matter resulting in a release of carbon
dioxide, which will provide a driving force for the
pH to decrease in a landfill that is not in equilib-

w Ž .xrium with the atmosphere Eq. 18 . In these
reaction pathways, the amount of oxygen con-
sumed and the amount of acidity generated de-
pends upon the end products of the redox reac-
tions. Here, it is assumed that the end products
are fully oxidized, but this may not always be the
case. Since the main oxidant transported into
landfills is considered to be oxygen, we can use
the rate of oxygen in-transport as a measure of
the capacity depletion rate. Thus it is not neces-
sary, from a mass balance point of view, to ex-
amine the detailed chemistry of the individual
reactions.

During oxidation, each mole of sulfide mineral
Ž q.will produce 4 moles of acidity H . With respect

to the amount of iron sulfide in the landfill and,
as a worst case considering that this entire amount
is depleted, 940 Mmol of protons are produced.
However, as long as CaCO is present, added3
protons will be consumed by dissolution reac-
tions, and the pH of the system will remain con-
stant. In the studied landfill the amount of calcite

Ž .is estimated to be 1 molr kg dry waste which is
q Žequivalent to the consumption 2 mol H r kg dry

.waste . This figure is approximately one order of
magnitude higher than reported in Flyhammar
Ž .1997 . He estimated the content of carbonates in

Ždegraded waste to be at least 0.15 molr kg dry
.waste . On the other hand, our figure is three

times less than the one measured by Belevi and
Ž .Baccini 1989 . They found that a partly stabilised

q Ž .MSW could neutralise 6 mol H r kg dry waste
when the pH of the leachate was above 7. The

Ž .supply of protons by acid rain pH 4 is 0.02
molryearrm2 in our scenario. In our studied
landfill, the total acid neutralising capacity is 8000
Mmol which, implies that there are sufficient
carbonates in the waste to neutralise the oxida-
tion of all sulfides in the waste.

The effect of solely carbon dioxide evolved
from the oxidation of organic matter will be dis-
cussed without considering the multitude of possi-
ble reactions. Note that the in-diffusion of CO2
from the atmosphere has been neglected. Scoping
calculations have been made with the geochemi-

Žcal simulation program PHREEQC Parkhurst,
. Ž1995 and the WATEQ4F database Ball and

.Nordstrom, 1991 in order to calculate the pH,
alkalinity and P of leachate. The database wasCO 2

modified to include thermodynamic data of sim-
Žplified organic matter } CH O Stumm and2

.Morgan, 1996 . In this simple case we assume
that the landfill contains calcite that initially is in

Ž .equilibrium with acidic rainwater pH 4 . A con-
Ž 2 .stant infiltration rate of 200 lr m year , which

corresponds to an infiltration]precipitation ratio
of 0.4, and a 10-m thick waste deposit has been
used. When the organic matter is oxidized in an
aqueous environment, dissolved carbonate is gen-
erated. If the organics continue to oxidize, the
carbonate concentration and the P in theCO 2

leachate will increase. The partial pressure of
carbon dioxide in air is 10y3.5 while the maximum
P in waste deposits and soils can be severalCO 2

orders of magnitude higher. In these calculations
the assumed hydrostatic pressure is 1 atm. It can

Ž .be seen in Eq. 18 that the molar quantity of
carbonate added to the leachate is equal to the
molar quantity of oxidized organics. In a simpli-

Ž 2y Žfied fashion, adding carbonate mol CO r kg3
.H O as an independent variable to the leachate2

can simulate the organic oxidation reaction. Figs.
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Fig. 7. The evolution of leachate alkalinity with carbonate
addition.

7 and 8 show the progression of pH and alkalinity
where fixed quantities of carbonate have been
added to the leachate.

The results indicate that the solubility of calcite
decreases with increasing amounts of carbonate
added to the solution and that the alkalinity

Ž .reaches maximum when log P f0. When10 CO 2

the partial pressure of carbon dioxide reaches
and exceeds the hydrostatic pressure in the
leachate, the solubility of calcite is at a minimum.
If additional CO2y is added, carbon dioxide gas3
forms and excess CO is degassed from the sys-2
tem. Following this the chemistry of the leachate
will not change which also means that the pH will
remain above 6. However, this will last as long as
the reducing capacity is only due to organics and
calcite is present. In an open system such as a
landfill, the acid consuming component will be

Fig. 8. The evolution of pH with carbonate addition.

displaced and thus the pH will be changed irre-
versibly. By making a mass balance and using the
data in Fig. 4 it is possible to calculate the pH
buffer depletion rate and thus the time to com-
pletely deplete calcite from the waste. It is possi-
ble to carry out this quantification since we can
estimate how much carbonate, emanating from
the organic oxidation reaction, is added to the
leachate. The degradation rate of organics is, in
turn, estimated with the oxygen intrusion rate

Ž .presented previously see e.g. Table 2 . Tentative
quantifications indicate that it will take many

Ž .thousands of years )3000 years before the
buffering capacity of a partly stabilised waste
deposit is exhausted. Therefore, higher remobili-
sation rates of heavy metals due to lower pH are
not expected for many thousands of years. How-
ever, due to spatially variable distribution of buf-
fering material and the effects of channel flow the
buffering capacity may become exhausted locally,
in the channels and their surroundings. When
and if this occurs in these so-called preferential
pathways there will not be enough alkalinity in
the percolating water to buffer the acid and the
pH decreases to between 3 and 4.

5. Discussion and conclusions

Emissions from a landfill arise both in a short-
term and a long-term perspective. The composi-
tion of the emissions will change with the differ-
ent phases through which a landfill passes. In the
short-term, the emissions of main interest are

Žorganic compounds e.g. dichloromethane, tetra-
.chloroethene, benzonitrile . However, the release

of metals is low during the initial anaerobic
phases. This implies that metals accumulate in
the deposits and thus have a high future contami-
nation potential.

This study focuses on events occurring in the
long-term perspective, when the conditions in the
landfill may change as a result of natural or
human activities. The large amounts of heavy
metals accumulated in the landfill may then be-
come more mobile and may be released to the
environment. The mobility of the heavy metals is
strongly influenced by pH, redox conditions and
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the presence of substances that can form com-
plexes with the metals.

A conceptual model has been developed to
describe the long-term chemical evolution of
waste deposits. The model takes into account
landfills with different contents, i.e. deposits con-
taining much organic matter as well as landfills
containing inorganic materials with a small
amount of organic matter. Following the ap-
proach developed, scoping calculations of the
main processes during the humic phase have been
made. The presented quantifications have been
made for a landfill for industrial and household
waste containing much organic matter, although
the approach can also be used for waste that has
been incinerated and contains only small amount
of organic material. It may be emphasised that
the quantifications are based on the main chemi-
cal and physical processes and that the landfill is
not treated as a ‘black box’. The model has been
used to assess the long-term chemical evolution
in a landfill to assess if, and when, it may release
toxic metals. It has also been used to identify
areas that must be further studied. The used
approach has been successful in the sense that it
has increased the understanding of the basic in-
teraction mechanisms and processes that govern
the transport and fate of contaminants in waste
deposits over long times. The target groups and
potential users are those responsible for locating
and designing waste deposits, waste handling
companies, authorities, etc. The information and
methods can be used to assess the long-term
chemical risks of old as well as new deposits and
for landfill construction purposes.

Under reducing conditions the toxic metals can
to a large extent be bound to humics and sulfides.
We have quantified the binding capacities of
humic substances and sulfur compounds in waste
deposits with a high content of organic matter.
The calculations indicate that the capacity of the
humics is sufficient to bind the metals of interest
Ž .Cd, Pb, Cr, Hg, Zn in the deposit, even if the
humic matter also binds a fraction of Ca, Fe and
Al, provided all matter is evenly distributed and
that the affinity for these metals is much higher
than for the other potentially competing metals
Ž .such as Ca, Fe, etc. . The variability in the com-

plexing capacity of humic substances is very large,
and this leads to large uncertainties in the simula-
tions. Practically nothing was found regarding the
long-term stability of the ‘stable’ humic subs-
tances in the 1000-year perspective, and this
means that for wastes that contain large amounts
of organic matter there are at present large un-
certainties in predicting the long-term evolution
and leaching of toxic metals. Sulfides on the other
hand can bind approximately twice the amount of
all toxic metals. However, if all the metals are
considered then the capacity is only enough to
bind one-tenth of the sulfide-binding metals.
Simulations showed that when there is not enough
sulfur to bind all metals and when competition
between the metals for the sulfur was taken into
account, the metals will form sulfide minerals in
the following order: Hg)Pb)Cd)Zn.

Large changes in the metal mobility may occur
as the landfill enters the humic phase. When
oxygen concentrations will build up in the deposit
the humics and sulfides will oxidize and thus lose
their binding capacity. The transport properties of
gas and water into and in the landfill are key
entities and must be well understood. One main
focus of the modelling has thus been to assess
oxygen transport rates into landfills and how the
design and structure of the deposits affect the
leaching of toxic metals. With the modelled oxy-
gen intrusion rates, the most rapid organic matter
degradation was identified in a partially water
saturated landfill without a cover. For this case
the amount of oxygen intruding into the system is
able to oxidize approximately 1.5 kg organic mat-
terryearrm2. This means that the time to deplete
all the organic matter that remains after the
anaerobic phase in a 10-m thick landfill is in
round numbers 600 years. The maximum amount
of released heavy metals could be of the order of

Ž 2 . Ž100 gr m year or 0.5 grl expressed as leachate
.concentration with respect to the binding capac-

ity. This figure is only due to organic depletion
but there is an additional transport mechanism by
which metals can be transported from the landfill;
colloid transport. Assuming that the leachate con-

Ž .tains approximately 250 mg organic carbon OC
per litre of leachate corresponds to an annual
metal release of 5 grm2 which is equivalent to 25
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mgrl. This potential release is two orders of
magnitude lower than the metal release during
the anaerobic acid phase.

Several studies have explored various alterna-
tive long-term migration barrier cover technolo-
gies for short-term stabilisation and ‘final’ closure
of waste landfills. The barriers are designed to
control and prevent precipitation into the landfill,
and to prevent contaminants from flowing out of
the deposit. These methods have, however, only

Žbeen in practice for a relatively short time maxi-
.mum 30 years and it is not known how the

results can be used to predict processes in the far
future. No top cover can prevent infiltration into
the landfilled waste forever and, in the long term,
the covers will deteriorate and, consequently, will
not prevent contaminant transport out of the
landfill. However, if the landfill is placed in a
depression } either natural or artificial } and
kept fully saturated the time to deplete all or-
ganic material would increase by three orders of
magnitude and as a result the metal release would
decrease by the same magnitude.

As the humics and sulfides have lost, if not all,
a part of their binding properties due to oxidizing
conditions, the hydrous ferric oxides formed can
aid in retaining the metals. The binding capacity
of ferric-oxy-hydroxides has been estimated to be
three times the total content of metals that are
assumed to be sorbed on hydrous ferric oxides.
However, sorbed metals can be released during
the crystallisation of ferric iron hydroxides.

Acidification, acid rain precipitation and result-
ing from the oxidation of sulfides represented by

Ž .pyrite FeS as a worst case with respect to the2
amount of protons produced and of organic mat-
ter resulting in a release of carbon dioxide, of
landfills leads to mobilisation of heavy metals.
Applications of the model to pH modelling in
landfills have also been made. The long-term
development of the leachate pH will depend on
the ability of the waste to produce acidity and to
neutralise acid constituents. The buffering capac-
ity of solids in landfills is exhausted when the
solids are depleted, i.e. not available for dissolu-
tion, but also can be limited by reaction kinetics
and by faster transport of one of the components

of the acid]base pair away from the reaction
zone. The pH-buffering scenario has been based
on the local equilibrium assumption with calcite
as the only buffering mineral. The amount of

Žcalcite has been estimated to be 1 molr kg dry
.waste . The equilibrium chemistry has been calcu-

lated using the geochemical simulation pro-
gramme PHREEQC. In the quantifications, it has
been assumed that the Ca content of the waste is
initially in the form of calcite. This assumption
will overestimate the acid neutralising capacity
depletion rate; i.e. calculation based upon this
assumption will thus give conservative estimates
of the time taken to completely deplete the acid
neutralising capacity of the waste. Although there
are many assumptions implicit in this representa-
tion of the pH buffering capacity of the waste,
different cases can be defined and studied in
order to explore the possible theoretical ranges of
redox buffering behaviour, even in the absence of
detailed analytical data.

Based on the different cases studied, it can be
concluded that the acid neutralising capacity of
the waste material is sufficient to buffer infiltrat-

Ž .ing acid rainwater pH 4 at circumneutral to
alkaline pH levels for long times. The pH buffer,
as well as the redox buffer capacity, depletion
rate has been found to be strongly dependent on
the rate of inflow of oxygen into the deposit.
Depending on the oxygen intrusion rate into the
landfill, the acid neutralising capacity can be ex-
pected to last from 3000 years and upward for a
10-m deep landfill with a rainwater infiltration

3 Ž 2 .rate of 0.2 m r m year . Considering the landfill
to be porous and heterogeneous higher remobili-
sation rates of deposited heavy metals due to
lower pH should not be expected over long peri-
ods of time.

Prediction of the pH buffering capacity over
time is associated with large uncertainties.
Large-scale chemical and physical heterogeneities
can cause preferential pathways for leaching or
immobilisation. In these flow paths the buffering
capacity depletion rate may occur much faster
and due to spatially non-uniform distribution of
the buffering material the capacity may become
exhausted locally. This will cause the pH to de-
crease to somewhere between 3 and 4.
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We have found that there are many uncertain-
ties and that we have been forced to make several
assumptions. This points to several areas where
further research is needed. One main area is
long-term impact of heterogeneities.
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