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1. Introduction

Landfilling is the simplest, cheapest and most-effgctive method of
disposing of waste (Moore, 1994; Barrett & LawlE995; Allen 1998). Despite
waste reduction and recycling policies, and wasér@atment programmes to
lower the proportion of waste going to landfill, the end of the day landfills
will still be required to accommodate residual \eas{Allen et al. 1997).
However, although theroportion of waste to landfill may be decreasing, the
total volumesof municipal solid waste (MSW) being produced antdl
increasing significantly (Douglas, 1992), and fra®90-1995, there was an
increase of 10% in total waste generated in the(EHEA, 1998). Thus, in the
EU overall, despite the trend towards incineraignsome of the wealthier
nations, dependence on landfills for disposal ofteras likely to continue for
the foreseeable future.

Over the last decade, the most significant wasteag@ment trend
throughout Europe has been the enormous increasmsdhn of disposal to
landfill. This has stemmed from the introductiomiwst European countries of
more stringent legislation governing landfill maeagent, in order to protect the
environment and minimise health hazards arisinmftandfills. More rigorous
legislation governing landfills was long overduedamust be welcomed, but
has led to an alarming increase in waste manageoostd, which cannot but
have negative economic repercussions for less lyealhtions. Some of the
new legislation, although affording in many sitoas only minimally enhanced
protection to the environment, is extremely expemsio implement, thus
greatly inflating waste management costs.

The two most important trends in landfill managetaolicy over the
last decade have been the almost universal adoptfothe containment
approach to emission control, which is now mandatermany countries, and
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the increasing legal requirementitstall artificial membranes as bottom liners
and caps to landfills, in order to contain emissiofhe containment approach
requires that all liquid and gaseous emissions yed within the landfill, are
contained within the landfill and collected foratment, so expensive leachate
drainage systems, containment ponds and treatnazmilitiés are essential
additional components of modern landfills. ArtifiCilining systems, which
represent the high technology engineering solutiocontainment of emissions
within the landfill, are the single most costly i@ of modern landfills, and are
virtually mandatory for all landfills even in situans where they are
unnecessary. For example, at one landfill site@etahd,underlain by 21-30 m
of red lateritic clay with a hydraulic conductiviyf 10° ms*, and initially
successfully operated unlined, an Irish EPA pemngjttequirement to install an
artificial liner system, resulted in a tenfold iease in the operating costs of the
site (Allen, 1999).Furthermore, artificial membranes have proved kbss
effective, having suffered such unremitting leakageblems, that it has been
necessary to design composite two-, three- and-l&yer multibarrier
clay/membrane systems consisting of sheets oficatif membrane, most
commonly high density polyethylene (HDPE), intedegd with bentonite-rich
clay layers (Cossu, 1995). Leak detection, leachaliection and landfill gas
collection systems are all essential componentsootainment landfills that
have added to their overall management costs. Alemause such high
technology landfills are only economical on a largeale, regional
‘superdumps’ have emerged, with attendant high evaansport costs, and the
additional requirement of transfer stations. Comiyobitter opposition to the
siting of such landfills by the local communitieBeated, leads to delays in
licensing procedures and frequently in expensivertcactions. Thus the
containment strategy, currently the only permissibtdéachate management
option within the EU, together with the increasingiandatory employment of
artificial lining systems to contain emissions,résponsible for the dramatic
increase in landfill management costs over thetestdecades.

Purely engineering solutions to pollution controte ainvariably
expensive and rarely completely successful, and aften beyond the
technological and financial resources of less wagalhations. Furthermore
engineering solutions usually have negative impaatsl the tendency is that
the more sophisticated the solution, the greatercire and maintenance that
will be required (Mather 1995). A much more seresilaind cost-effective
approach should invoke some form of enhancemenaifral processes by the
integration of a cheap, simple technology. In thissentation, flaws in the
containment landfill strategy are highlighted, whigreclude the likelihood of
sustainability ever being achieved by this approdtte alternative strategy of
employing the natural geological characteristicihaf subsurface to attenuate
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emissions is examined, and some relatively inexpensngineering options,
which can enhance the natural processes, are loegdcri

2. Flaws in the Containment Strategy

The sustainability of the containment approactetehate management
has recently been questioned (Mather, 1995, All@®81 1999; in press). The
main flaws in the strategy are:

» leakage problems and major uncertainties as tadotigeterm durability of
artificial lining systems,

» chemical interaction of landfill leachate with machay liners, particularly
bentonite liners, leading to an increase in hydicaadnductivity,

» total reliance placed on the lining system, witttldi account taken of
geological/ hydrogeological characteristics of siteeing selected, and
commonly no secondary geological barrier to progroundwater in the
event of liner failure,

» encapsulation of the waste by the artificial lideapping system, inhibiting
degradation of the waste and thus prolonging th&itgcof the waste,
possibly for several decades or even centuriesicseasing the potential for
environmental pollution over the longer period aratessitating long term
post-closure maintenance and monitoring of thefithnd

» excessive costs in development and operation dhgonent landfills, and
the financial burden of long-term, post-closure meiance and monitoring
of landfills, making the whole strategy uneconomama unsustainable,

» inappropriateness of such a high-technology, higgt-evaste management
strategy to less wealthy nations with more limitéiancial and
technological resources,

» present generations waste problems left for fupreerations to deal with.

Although all of the above deficiencies detract fréme suitability of
containment as a strategy for protecting the enwrent, the most critical is the
performance of the liner system.

2.1. Durability of Artificial Lining Systems

A fundamental flaw in the containment strategyhattthe long-term
durability of artificial landfill liners is as yetunproven. Landfill waste
degradation is a long-term process, and even umeeconditions, stabilisation
of waste to an inert state (‘final storage qualithas not occurred in most
landfills 20 years after completion and capping [€éBe & Baccini, 1989a).
Furthermore, estimates of long-term compositiotalracteristics of leachates
(Belevi & Baccini, 1989b; Krug & Ham, 1997; Kruenbeck & Ehlrig, 1999),
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indicate that for some components, e.g.,M5 concentrations will not have
fallen to compliance thresholds of EU waste wasgutations for at least 100
years subsequent to landfill closure (Kruempelb&dkhlrig, 1999). However,
landfill liner systems have only been in use foow#h30 years, so their long-
term performance is uncertain.

The behaviour of synthetic materials in artificizlers subjected over
long time-scales to the corrosive effects of letshand the elevated temperatures
generated by the exothermic processes operatinanwiandfills, is extremely
uncertain. The polymer membranes (e.g. HDPE) amergdly regarded as being
the most chemically and biologically resistant lo¢ synthetics (Cossu, 1995).
However, HDPE membranes have been shown to be poos&ess cracking
(Rollin et al., 1991) and are also known to craolar cold conditions (Thomas
& Kolbasuk, 1995). Synthetic membranes are alsdligrone to damage
(Artieres & Delmas, 1995), particularly from storiasthe protection layer and
from heavy dumping equipment (Nosko & Touze-Falz00), or failure of the
membranes near welded seams (Surmann et al., 1@®ermore, the quality
of installation of these lining systems is crititatheir performance, because they
are susceptible to failure if installation is nabgect to strict quality controls and
favourable weather conditions (Averesch, 1995). sThapart from leakage
problems, which have plagued them from the outketdurability of synthetic
membranes remains suspect.

Mineral layers within artificial lining systems, figally consist of
bentonite clays, primarily composed of expansivedite group minerals. They
are usually situated below the synthetic membraanes,so are isolated from the
landfill leachate. To be effective, these layergessitate emplacement and
compaction at optimum moisture contents (MundellB&iley, 1985; Daniel,
1987; Majeski & Shackleford, 1997), but regardlesshis, clay layers will tend
to desiccate rapidly under the elevated tempematgemerated within landfills.
Indeed bentonitic mineral layers have been showhetsusceptible to severe
dessication cracking due to inaccessibility of nuwes (Meggyes et al., 1995), and
elevated temperatures (Holzléhner, 1989). Furthegmino the event of failure or
leakage of the synthetic membrane, chemical inieradetween both organic
and inorganic pollutants and bentonite lead to kimgc and an increase in
permeability (Fernandez & Quigley, 1985; Alther8T9 Wagner, 1988). Also,
sorption of heavy metal ions within the intermegliftyer of the smectite may
result in the loss of swelling potential and plesti as well as to significant
volume changes in the smectite (Wagner, 1994). Tihuke event of failure of
the synthetic membrane, mineral layers in artifitising systems may have
significantly reduced potential to inhibit leachatigration.

Ultimately, the success of the containment stratdgpends on the
effectiveness of composite artificial liner systeriys preventing leachate
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migration from the landfill. This will mainly depdnon the performance of the
synthetic membrane member(s). It is unlikely thay aynthetic membrane is
completely free of defects (Christensen et al. 4)9&gardless of quality control
and, whilst leakage may be minimal initially, ittlee long-term durability of the
membrane(s) over decades or possibly even hundfegsars, under conditions
which are ultimately unpredictable, that leavesugds for concern. In the light of
the ‘precautionary principle’, the wisdom of plaginsuch reliance on
a technology as yet unproven over the long-tershdst-sighted.

2.2. Problems with Clay Liners

Clay liners are in common use, particularly in Moftmerica, but have
been employed solely with a containment functiomud permeability has been
the critical property, attenuation properties bewfdittle significance. Various
types of clay liner have been experimented withrqéaar, 1994), including in-
situ clay deposits; swelling clay (usually bentehit sand-swelling clay
mixtures (ranging up to 15% w/w bentonite); and satded and compacted
clay. All are subject to a greater or lesser extertiiree main problems:

» Chemical interaction with leachate and resultirgease in permeability,
» Necessity for strict quality controls during insgibn,
» Problems of determination of hydraulic conductivity

Bentonite or bentonite-bearing mixtures have beemarily used as
clay liners in the past. The problem of chemicaénaction of leachate with
bentonite has been discussed above, as has thesitgcéor optimum
placement conditions. Bentonites are composedeohifhly unstable smectite
mineral montmorillonite, which has Na and Ca endnbers, the former
having the greater swelling potential and highdivag (Cancelli et al., 1994).
Replacement of Na in the montmorillonite by Capadgcurs due to reaction
with MSW leachate, results in shrinkage of the cldgvelopment of cracks,
increased permeability and lower activity (Hoeksakt 1987 Madsen &
Mitchell, 1989). The extent to which this occurgpdnds on the degree of
incompatibility between the clay liner and the legte (Farquhar & Parker,
1989), which will be a function of the leachate pmsition and the Na:Ca ratio
of the montmorillonite. For instance, European baeités with greater
substitution of Ca and Mg as opposed to Na are $eszeptible to Na
replacement, and thus less prone to shrinkage rer@ase in permeability
(Hoeks et al., 1987; Madsen & Mitchell, 1989). kengral, however, bentonite
and sand-bentonite liners appear not to performngatnment function well in
the longer term.

Compacted clay liners consisting mainly of non-$iwglclays do not
suffer to a major extent from the problem of reactivith MSW landfill
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leachate, provided the swelling clay content istkepa minimum (Gordon,
1987; Farquhar & Parker, 1989). In fact liner peabikty often decreases with
time due to sealing by precipitate formation, solettcumulation and biomass
growth along the upper surface of the liner and any pre-existing cracks and
fissures (Quigley & Rowe, 1986; Daniel, 1987; Féargu& Parker, 1989). So
compacted liners are the most versatile type of lateer as far as containment
is concerned.

However, as indicated above, hydraulic condustiat clay liners is
critically dependent on moisture content and degfemompaction. The nature
of this dependence is an increased density withpestion effort and also
a non-linear dependence of density on moistureecwmésulting in an optimum
moisture content to produce maximum density (Faaquill994). This
dependence is specific to the clay mixture beistete and cannot be applied
to other soils, so equivalent data sets must berged for each liner material
being considered. Thus, in order to comply with raydic conductivity
specifications in landfill design regulations, eatay liner must be rigorously
tested, with placement necessitating optimum weatbrditions, standardised
compaction effort, strictly controlled moisture ¢emt and very careful
compaction techniques. Adverse weather conditiarisch delay completion
of the placement process can have serious ranmfiatin terms of liner
performance. Overall, regardless of whether antines cheap local source of
clay is available, the testing and correct instaltaof clay liners performing
a containment function is costly.

Furthermore, the hydraulic conductivity of clay €lie is notoriously
difficult to determine in the field, and laboratorglues do not correlate well with
field values, often being several orders of magieitower than field measurements
(Daniel, 1987; Williams, 1987)This primarily stems from the high hydraulic
gradients of several hundred under which labordtsts are performed, compared
with normal field hydraulic gradients of less tHaf. Such high gradients generate
unnatural flow conditions, which adversely affegtifaulic conductivity leading to
errors (Quigley et al., 1988). Other problems \Watboratory tests are the size of the
samples, which are insufficiently large to accdontfield heterogeneities such as
cracks, or their insufficient duration to accoumt iong term interactions between
the liner and the leachate (Farquhar, 1994). Theawrrect hydraulic conductivity
is that exhibited by the liner in place, determihgdseepage measurements in the
field using large-scale infiltrometers. Howeveedh are expensive and take several
months to complete.

More critically, the hydraulic conductivities oltural clay-rich materials
differ markedly for leachate and water. For instartydraulic conductivities for
the same sand-bentonite mixture have been shola t@wo orders of magnitude
higher for leachate than for water (Hoeks et &87). Thus, field or laboratory
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determinations of the hydraulic conductivities afural materials will have little
bearing on their ability to contain landfill leates.

Thus, natural clay liners, whilst probably morerahlle and certainly
cheaper and more environmentally friendly than tssti¢ liners, may not
perform a purely containment function as adequatslynight be hoped over the
longer term, due to problems of chemical interactiath leachate, difficulties in
placement and in precise determination of hydracicductivity. However, in
the event of failure of clay liners, attenuatioogerties of the clays can mediate,
to a greater or lesser extent, groundwater conttramby the leachate.

Furthermore, it has now been recognised that tin@rdimt mechanism
of contaminant migration may be diffusion and ndvection, (Rowe, 1994b).
Consequently, and this applies both to synthetit rmatural materials, even if
the liner system performs to expectation, and lgaka minimal, migration of
contaminants through the liner by diffusive proesssmay still occur.
Therefore, complete containment of all contaminamistted by landfill waste
may be a fallacy. However, migration of contamisatitrough natural clay
liners may be mitigated by the attenuation propsrtif the clays.

3. Attenuation Landfills

Natural leachate management solutions that utitieehydrogeological
characteristics of the subsurface and the attesnugdioperties of subsurface
materials, are totally ignored in current landfilanagement strategies. One
such alternative approach — attenuation - whicbwal the liquid wastes to
migrate from the landfill, employing the naturalotmgical/hydrogeological
characteristics of the subsurface to moderate atehumte pollutants, is
currently prohibited within the EU. However, numasostudies (DoE, 1978;
Warith & Yong, 1991; Batchelder et al, 1998a, bgvé shown that, in
appropriate circumstances, such an approach istigdfeén preventing pollution
of water resourcesAttenuation takes advantage of the natural subseirfa
processes of filtration, sorption and ion exchatige are in continuous and
effective operation in the purification of groundes which in normal
circumstances requires no treatment for use asehold water supply. Other
advantages of using natural in situ geological/rbgdological barriers is that
natural barriers do not encapsulate waste anditntsldegradation, little or no
maintenance costs are involved, and the naturdtrivion and percolation
characteristics of the subsurface are not disrupfsch natural leachate
management solutions could significantly reducectie of landfilling as much
of the expensive engineering technology, partitpleEndfill lining systems,
associated with the containment approach are ussaige
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Attenuation landfills are based on the ‘dilute atigperse’ principle of
leachate management, defined by Gray et al, (19vHich has been largely
superseded by the containment strategy. This mebhddachate management
relies on natural low permeability and attenuatbivaracteristics of geological
barriers in the subsurface to prevent groundwaikutipn by landfill leachate. It
employs the natural confinement potential of prilmdow permeability clay-rich
overburden and to a lesser extent consolidatedouokslito impede the migration
of leachate from the landfill, whilst at the sarimae attenuating and purifying it
by processes of filtration, sorption and ion exg®&anSuch natural processes
operate continuously and effectively to purify gndwater, which under normal
circumstances requires no treatment for use asholgswater supply.

The dilute and disperse’ principle of leachatetmrhas been unfairly
maligned, due to failures which occurred where @swemployed without
adequate geological/ hydrogeological investigatidisis, many sites at which
it was employed, were totally inappropriate forsthinethod of leachate
management, due to the absence of a suitable gealdgrrier to attenuate the
leachate. The ‘dilute and disperse’ principle isvnuilitated against in many
countries by legislation that requires all leachatganating from the landfill to
be collected and treated (Mather, 1995).

3.1. Physical Characteristics of Natural Attenuatarriers

Natural geological barriers, may be definedioas permeability clay-rich
geological units (hydraulic conductivity <I0ms'), which can perform the
function of an attenuating layer, enabling leachai® percolate slowly
downwards, simultaneously undergoing attenuatiorfiltration, sorption and
exchange processes with the clays in the. uaktremely low permeability
geological units (hydraulic conductivity <i@ns?) cannot fulfil an attenuation
function, as they perform in a similar manner ttifiaial or natural lining
systems, providing complete containment of all eiaiss. Similarly, geological
units with higher permeability (hydraulic conduéiv>10" ms'), do not provide
sufficient confinement to leachate, so are alsaiteisie for an attenuation role.
The optimum permeability for attenuation is of trder of 10-10°ms™.

Suitable geological barriers, mainly in the fornhi thick relatively
impermeable overburden sequences, exist in mary @athe world. Bedrock has
limited potential as a geological barrier, as altifo many rock types have
extremely low primary permeabilities, rocks are alisufractured or jointed to
alesser or greater extent, particularly rocks ki@ate undergone moderate burial
prior to exposure at the Earth’s surface. Clay-kitdsozoic or Cenozoic sediments,
which have not undergone deformation and recristittn, may be locally
suitable as geological barriers, such as in pdrthe UK, Holland, Germany,
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Poland, the Baltic States, Belarus, Russia antkineine. However, such rocks do
not have sufficiently widespread development tofb@ajor significance.

Overburden deposits have much greater potentigéal®gical barriers,
due to their ubiquitous development at the Eadhi$ace, and their common
high attenuation potential. However, overburdemxtremely variable both in
lithology and thickness, the first controlling bdtteir primary permeability and
attenuation potential, the latter also being ailtio their attenuation potential.
In high latitude regions, which underwent Pleistaxglaciation, thick clay-rich
tills are widespread and may provide excellent ggiokl barriers. In tropical
regions, thick clay-rich weathering profiles aresaalpotentially suitable as
geological barriers.

Overburden deposits just outside the acceptabigeraf hydraulic
conductivity, could have their hydraulic condudi®$ modified by addition of
fine sand in the case of extremely low permeabildyural units, or clay in the
case of higher permeability deposits. In-situ ctigposits may not require
remoulding and compaction provided large scale pability is not adversely
affected by weathering, root penetration or comuwiinclusions of coarser
materials (Williams, 1987; Quigley et al., 1988)owever, in many cases, it
may be necessary to partially excavate the natlepbsit in order to remove
stones and homogenise it, and any modificationyofrdulic conductivity by
addition of sand or clay could be undertaken goae-emplacement.

The minimum thickness requirement for an attemgalthyer should be
dependent on its hydraulic conductivity and attéonaproperties, so that
provided the attenuation potential of the layer evaufficiently high, the
limiting permeability could be related to layerdkmess. In order to ensure that
a geological barrier would, on its own, give su#fi@ protection to the
environment, stringent geotechnical requirementganding the nature,
thickness, hydraulic conductivity and attenuatioteptial of the barrier would
need to be specified. Furthermore, rigorous sitedtigation and field and
laboratory testing of hydraulic conductivity andethttenuation properties of
the geological unit would necessarily be a primaeguirement of any
application for a landfill licence.

The suitability of any individual barrier layer rfoattenuation is
a function not only of its permeability, but alsbits attenuation potential. The
latter is dependent principally on the proportidrciay minerals and iron and
manganese oxides, and also on the types of clagraimpresent in the deposit,
due to the variable sorption and cation exchangaates (CEC) of the various
clay mineral groups. The least activity (sorptivagpacity) of the major clay
mineral groups, and also the lowest CEC are posddsg the kandites. The
illites have higher activities and CEC, then theigie-palygorskites, followed
by the vermiculites, whilst the smectites have lighest CEC and sorptive
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capacities due to their ability both to adsorb ionsto their external surfaces
and also to absorb ions between their lattice shéein Olphen, 1977).
Interactions between leachate and clay liners decion exchange, adsorption-
desorption, particle size reduction, mineral diggoh and clay mineral
disordering and collapse (Batchelder et al, 1998arith & Yong, 1991). High
swelling clays such as the smectites are more pimngneral transformations
and collapse than mixed clay mineral assemblagdstlan low swelling illite
and kaolinite clay groups (Batchelder et al, 1998&a)rthermore, clay-rich
overburden and mudrock, can buffer acid leachd¢esling to precipitation of
heavy metals (Batchelder et al, 1998b), which dispIN4, C&* and Md* on
clay mineral surfaces by cation exchange mechanistonbamed et al, 1994).

3.2. Design of Attenuation Landfills

Simple technologies can often be employed to ec#hanatural
processes, and a number of potential engineerigigrm®ptions exist that may
improve the effectiveness of attenuation landfills. the main, these are
relatively inexpensive and require minimal maintesel

It may be possible to engineer a clay liner froatunal in situ clay
overburden deposits, to perform both attenuatiath @mnfining functions, by
combining the special attenuation properties of sheectite group of clay
minerals with the greater stability of the kandied illite groups. The double
mineral base layer (DMBL) concept (Wagner, 1994)pives the employment
of two clay layers to line a landfill, an ‘activéayer with a high content of
highly active smectite clays (bentonite) and/orboaate, situated above an
‘inactive’ layer composed predominantly of moreb&aclay minerals such as
kaolinite. The ‘active’ layer performs an attenoatfunction through processes
of sorption and ion exchange, whilst the ‘inactila/er performs a confinement
role, but undergoes minimal reaction with the Iedeh The presence of the
‘inactive’ layer beneath the attenuation layer iohg® downward movement of
leachate maximising the reaction time between thigealayer and the leachate.
As pointed out by Wagner (1994), this arrangemeay mepresent a better
option than a single attenuating layer, as the fumations of confinement and
attenuation may be mutually exclusive, since theptemn and ion exchange
processes in smectite clays lead to a gradual tiedua swelling capacity and
consequent increase in permeability. The two layessld be produced
simultaneously from natural in-situ clay deposiig,excavation of the natural
material, separation of the excavated soil into pi#¥es and treatment of them
separately, adding kaolinite to one to create iha&ctive’ confining layer, and
smectite to the other to form the ‘active’ atteimatayer. Organic material, in
the form of peat or compost, could also be adddlddactive’ layer to enhance
its sorption/ion exchange properties and improwe attenuation potential.
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Although some care would be required in placeménhe ‘inactive’ layer to
ensure a suitably low hydraulic conductivity, besmkaolinite has a limited
swell potential, optimum moisture content is nosesdial. Also, because the
required range in hydraulic conductivity is lessreme than the mandatory 10
ms* stipulated for containment landfills, compactiorioef would be reduced.
The hydraulic conductivity of the ‘active’ layer widl be less critical, although
a range in hydraulic conductivity of 1a0° ms® would also probably be
optimum, but it would not be necessary to emplacelayer with such extreme
care at optimum moisture contents as for contaitaefills.

More rapid stabilisation of waste in attenuatiandfills may be
achieved by allowing unrestricted ingress of raitewvanto the waste, thus
promoting biochemical and microbial degradationcpsses, i.e. the flushing
bioreactor landfill (Campbell 1992, Blakey et aB95). In addition, a more
dilute and therefore less toxic leachate will bedorced. Therefore it would be
highly advantageous if the capping consisted okampable material, whilst
pretreatment of the waste by shredding could impranwater percolation and
access to the waste. A major danger of uncontraléedfall ingress into a
landfill is the build up of leachate head, partioly after periods of heavy
rainfall. This could result in an increase in theerof leachate migration through
the ‘active’ attenuation layer below the landfdhd the build up of head against
the ‘inactive’ confining layer, potentially leadirtg its hydraulic failure, with
consequent groundwater pollution. It can also leadside slope instability
(Cossu et al, 2000). A solution to this problenwisnstall an efficient drainage
and leachate collection system above the attergqultirer, which could control
the leachate head in order to prevent shock loadihgthe receiving
environment. The collected leachate could be stametbachate ponds and
recirculated by sprinklers to the landfill surfaderring periods when the
leachate head is low. Thus, the leachate collecti@miem would perform the
function of controlling the rate of leachate migvatfrom the landfill. The final
mass release to the environment should be at avtatdh does not cause any
hazard or unacceptable damage to the environmeuxKL989).

Recirculation of leachate over the landfill surfaz@n have its own
impacts, particularly where the leachate has higbrice concentrations, which
can precipitate out under evaporative conditioasinising the landfill cover,
and blocking the porous structure of the cover natewhich is designed to
enhance the recirculation process. This problendsé be carefully assessed
for each individual situation. The relatively deuteachate produced in regions
with moderately high precipitation may not be pesbhtic, but in hot arid
climates, where the quantity of leachate produced niinimal, high
concentrations of chloride could be expected, dnevaporative demand is
high, could be a serious problem. A relatively highermeable capping could
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enhance rapid infiltration of the recirculate inbe landfill, but could also lead
to overload of the drainage system during periddsrolonged heavy rainfall.
Recirculation of leachate when evaporative demantbw, such as at night,
coupled with a moderately permeable capping coeldrimther solution.

Fig. 1 depicts a simplified schematic diagram led elements of an

attenuation landfill. Although not shown on thegigm, continuation of the
landfill above the ground surface, with the creatad bunds and extension of
the DBML barrier could significantly increase laitiitig space.

GROUND SURFACE

Landfill Gas
Collection Sys?:'em Permeable Capping
Dranage Layer
H'%,}:i ;nl:":::‘:'a" With Leachate Collection System

Moderately

Low Permeability Clay Layer
CLAY-RICH OVERBURDEN

BEDROCK

Fig. 1. Attenuation landfill with double mineral base lay®MBL), consisting of a

kaolinite-enriched ‘inactive’ clay layer overlaity la smectite-enriched ‘active’
clay layer. A drainage layer with a leachate caitetsystem to control the rate
of leachate migration overlies the DMBL, to prevestitock loading of the
DMBL. A landfill gas collection layer overlies theaste and the capping
consists of moderately permeable soil to allowésgrof rainwater

Rys. 1. Zabezpieczone wysypisko odpadéw z podwoOmineralr warstwa denr,
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sktadajica sie z warstwy ,obogtnej” gliny wzbogaconej kaolinitem pokrytej
warstwg aktywnej gliny wzbogaconej smektytem. Warstwa diewa wraz z
systemem zbierania odciekéw w celu kontrolisdio migrujacych odciekéw
pokrywa podwoja warstwe mineralm, tak aby zapobiec szokowemu
tadunkowi wplywajcemu na podwodmwarstwe mineralr. Warstwa zbierania
gazu wysypiskowego pokrywa odpady a pokrycie skiaita z srednio
przepuszczalnej gleby, ktéra pozwala na piiejwdd deszczowych
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The control of methane gas produced in attenuddindfills is another
environmental problem, which needs to be addres&gdployment of a
permeable capping system, as proposed above, fgasemarrier to methane
emission to the atmosphere. Methane forms by ah&edegradation processes,
which are promoted by compaction of the waste &maemcapsulation in low
permeability lining systems, so isolating it fronxygen. Thus, methane
production is enhanced by the containment strate&fjyredding and the
employment of a permeable capping system on attienuandfills is intended
to promote aerobic degradation processes, whichatgenore rapidly than
anaerobic processes and produce carbon dioxiderratlan methane. It is
anticipated that this will significantly extend ttimespan during which aerobic
degradation processes operate within attenuatiordfills, reducing the
proportion of organic waste available for anaerat@gradation. Alternatively,
air feed pipes may be built into the landfill dgioonstruction to pump air into
the waste layers to maximise internal aerobic #gtithe ‘Fukuoka’ method
(Hanashima, 1999). However, despite shredding, thedemployment of a
permeable cap, it is likely that ultimately, setient of waste will lead to the
establishment of anaerobic processes and the giodwaf methane. Since the
base and sides of the landfill will have a reldyMew hydraulic conductivity,
particularly if a DBML barrier is established, magion of landfill gas produced
will be mainly upwards, and this can be promotedabandfill gas collection
system. Alternatively, establishment upon the ldindbver, of certain tree
species, such as populus species (poplars), wigngixe root systems which
harbour microbiological populations that converttma@e to carbon dioxide,
could achieve the same objective.

Attenuation landfills, as described above, takd &advantage of the
physical and geological/ hydrogeological propert@sthe subsurface, which
moderate and purify groundwater, both in the umattd and saturated zones. In
addition a number of simple inexpensive engineesoigtions, also outlined above,
can enhance the natural physicochemical and madogital processes operating
within a landfill. The object of these design optiois to optimise the rate of
degradation of the waste within the landfill, sattthe stabilisation of the waste to
an inert state can be expedited. Furthermore, thphasis is on inexpensive
technologies as the escalating costs of the conéin strategy of landfill
management have rendered this approach finanaiadlystainable (Allen, 1999, in
press). The attenuation approach to landfillinghwvite design options proposed,
conforms to the multibarrier concept of landfillif@ossu, et al, 2000).
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4. Conclusions

The escalating cost of landfill in the EU over thst two decades can
be attributed to the adoption of the containmenpraeach to landfill
management and the mandatory legal requirementaffificial lining and
capping systems to be installed at all landfillespite the confidence afforded
the containment concept, the approach has beengudyy problems, and it has
become increasingly apparent that the containménattegy is financially
unsustainable. Of greater concern is the factwhlete in containment landfills
with artificial lining systems will remain activef many decades and possibly
even centuries, and long into the future will p@sepollution threat to the
environment, in the event of degradation of thanrsystem.

Attenuation landfills have been militated againgttbe EU directive
that all subsurface water must be protected, e¥gt requiring that all
leachate produced in a landfill must be collected &eated on site, regardless
of whether groundwater in the vicinity of the laiidé a resource that warrants
protection. Attenuation landfills utilise the sagpt, filtration and ion exchange
properties possessed by subsurface mudrocks apdiataoverburden, which
are in continuous and effective operation in pumidy groundwater. Several
studies, (e.g. DoE, 1978), have confirmed thatpprepriate circumstances,
attenuation is an effective means of protectiogrofindwater resources against
pollution. Attenuation landfills can benefit fronesign options that promote
aerobic degradation processes, so expediting #i®lisation of waste to an
inert state. Finally, a significant advantage oferfation landfills is the
relatively minor cost of construction, operatiamlanaintenance compared to
containment landfills. If technologies to hastemgrdelation of the waste in the
landfill to its inert state are incorporated inbe tandfill design and operation, it
is possible that attenuation landfills can achiswstainability.
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Zabezpieczone wysypiska —
przyszto §¢ sktadowania odpadow

Streszczenie

Praca dotyczy zagadnienia zmniejszenia oddziahavaktadowiska
odpadéw na srodowisko naturalne oraz Zdynierii zabezpieczenia przed
przedostawaniem ¢iodciekbw do wod gruntowych w dtugim wieloletnim
okresie eksploatacji. Koszty budowy i utrzymania sypisk odpadow,
w powigzaniu ze stalymi kosztami eksploatacji i monitoroisasktadowiska
w czasie aktywn@i odpadow, s bardzo znacge. Trwa to zwykle wiele
dziestcioleci zanim skladowisko zostanie zanwgtaii wiaze st z koniecznécia
doboru odpowiedniej strategii zadzania.

Na wstpie autor podaje przyktady wad w strategii i proegganowania
i budowy sktadowisk odpaddéw. Przy budowie i eksfaop skladowiska
odpadéw, zmniejszenie niekorzystnego oddziatywawsidgrodowisko naturalne
powstajcych odciekédw wymaga uwzginienia sorpciji, filtracji oraz wymiany
jonowej poktadéw geologicznych bogatych w ity. Prapalizowaniu tych
zagadni@, mapc na wzgtdzie przede wszystkim zapobieganie zgau wod
gruntowych, autor odwotuje esido uregulowa prawnych istnigicych w Unii
Europejskiej. Wskaza¢ na irkynieryjne opcje budowy sktadowisk odpadow
autor analizuje mdiwe uszkodzenia hydrauliczne wyptijacych poktadow itow,
wskazujc rozwizania optymalne. Uwzgiinia przy tym stakiwi stosowanych
obecnie zabezpieazewykiadzinami z tworzyw sztucznych. Chazigztuczne
systemy wykladzin stosowane powszechnie w budowangktadowiskach
odpadéw bda zabezpiecza przedostawaniu i odciekébw przez kilka
dzieskcioleci, to istnieje niebezpiear®wo skaenia srodowiska w przypadku
degradacji lub przypadkowego uszkodzenia wyktadzkutor optuje za
naturalnymi warstwami roymi, ktére w dlugim okresie czasueda
przyczyniaty st do stabilizacji i zobagnienia powstajcych odciekow. Autor
przedstawia koncepgzabezpieczania wysypisk odpaddéw podwajmineralr,
warstwy denra, skladagca sie z warstwy ,obaogtne)” gliny wzbogaconej
kaolinitem pokrytej warstwaktywnej gliny wzbogaconej smektytem. Warstwa
drenaowa wraz z systemem zbierania odciekdbw w celu lkdintitosci
migrujacych odciekow pokrywa podwdjrwarstwe mineralr, tak aby zapobiec
szokowemu tadunkowi wplywagemu na podwomwarstwe mineralra.

Duze znaczenie w takich rozazianiach maj, oprécz bezpiechstwa,
koszty budowy i eksploatacji sktadowisk odpaddw.
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