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Abstract 

CORTROL OF IRDUSTRIAL POLUJTIOB AID THE FIBAL DISPOSAL 
OF HAZARDOUS WASTE 

This report consists of a general introduction to pollution control. 
A discussion of pollutinn control parameters and treatment of waste from 
electroplating and used oils follows. Water management is discussed, 
including prevention of reduction in water quality and cooperation in the 
fiela of transboundary waters. Hazardous waste is then discussed in terms of 
treatment prior to deposition, actual disposal of such wastes, disposal ~ite 
selection procedures, and the economic considerations of disposal. 
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Introduction 

Unprecedented econoreic growth since World Var II has resulted in record 

production of industrial and consumer goods. including huge ~uantities of 

chemicals for various end uses. This has led to an increased output of the 

waste materials which cause air. soil and water pollution. The amounts of 

waste nave becom~ so large that new industries and specialist engineering 

expertise have to be developed to minimize waste generation and to establish 

acceptable disposal systems. 

Air and surface water pol~ution are the most conspicuous types of pol

lution and therefore receive prime attention by the public. In coLtrast. soil 

and groundwater pollution are concealed from direct observation and become 

public issues only after massive ingestion has already taken place and/or 

hazardous conditions for hu~an health have ~een confirmed by analytical 

evidence. 

There are many sources of pollution, varying according to the particular 

country and location. Single polluting compounds are generated in gaseous, 

liquid or solid forms. Many of them are relatively inert to physico-chemical 

or biol~gical degradation and thus pose no particular threat to the natural 

environment. However, others 1 e highly reactive and must be treated and dis

posed of safely to minimize possible environmental impact. 

Vaste products, which cannot be further reduced and treated, end up in the 

form of solid waste on landfill sites and in underground repositories. Often 

these sites are a great nuisance because of their appearance and molestation by 

smoke, odour and windblown debris. More important is the potential danger 

po~ed by the unknown a~ounts of hazardous •:omponents frequently contained in 

household and industrial wastes. They may find their way as leachates into 

groundwater, thus violating one of the principal rules of safe waste disposal 

management, namely the prevention of water resource contamination. 

Such contamination can only be avoided if waste ~roducts and potentially 

toxic leacbates are safely contained within the boundar~es of the repositories 

and no further contact occurs with the enclosing geologic environment. This 
I 

condition should be fulfilled as far as possible for in,rt wastes, but it 

constitutes a mandatory provision if hazardous waste is'deposited. 



I. APPROACHES TO POLLUTION CONTROL 

1.1 General 

Pollution control forms an inherent part cf the measures required to 

safeguard the environment. while at the sa~e t1~e p~r~itti~g industrial and 

social development to proceed under safe. co~trolled conditions. 

There are two typ2s of environmental considerations associated with 

industrial activities: 

1) the safety of the internal working environment for the labour force, 

2) the impact of construction and subsequent operation of a plant and 

waste dis~osal on the external environment. 

This report concerns part (2), i.e. the ~ffe=t of construction of indus

trial plants and their subsequent operation on the environmer.t. :t is an 

extremely wide ranging topic ar.d includ:s :he d:rect a~d indirect l~pact of 

construction. the effect of producing unavoidable quantities of industrial 

waste residues. solid. liquid or gaseous, t~e demands made on natural resour

ces (e.g., water, fuel and power), induced changes to social structures and 

socio-economic effect. This report will confine itself to the control aspects 

of industrial pollution. 

The severity of industrial pollution and the controls required to limit 

its effects to within acceptable limits depends not only on the products 

manufactured and the processes employed, but almost equally on the plant 

locations, including their proximity to population centres, as well as the 

absorpti~e capacities of local areas to accommodate waste residues. For exam

ple, liquid wastes may be more readily dispensable to acceptably low enough 

concentrations if the large quantities of water required are available at 

nearby locations to reduce toxicities through dilution or if benign reactions 

with co-disposed other wastes reduce or eliminate their hazardous nature. 

Similarly, gaseous waste products can be controlled more readily if such 

gases can be removed away from po,ulation or agricultural centres by pre-
' 

vailing ~inds, e.g., through adequately high stacks. Solid wastes can be m~re 

re~dily d~sposed of when local areas contain candidate landfill sites which 

would not 'cause pollution to groundwater if containment soils have the 
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required sorptive and bydroloqical cLaracteristics.- _Because the specific 

sources and natures of wastes from each industry vary widely, the identifica

tion and quantification of wastes is essential. if a technically and econo

~ically reasonable, acceptable and effective control of pollution is to be 

achieved. 

In mapping out an approach to pollution control, the following steps 

should be considered: 

l} Initial screening to identify main areas ~= present/or potential environ

mental sensitivity impacted on by existing plant or new plant design 

concept, 

2) Assessment of present or potential impact of current or proposed activity 

on environment. Identification and appraisal of linkage(s) between 

industry or plant and ecological and biological systems, over the short 

and long terms, 

3) Identification of the action required to abate adverse effects, e.g., 

legislative. requlational, educational. international and f1na~~ial 

aspects, 

4) Analysis of the effects of the action taken, including economic. finan

cial and technical viability of 3ny innovative action(s), 

5) Where external fundinq is required, the implications of such funding 

through bilateral or multilateral and international agencies on project 

viability. 

1.2 Pollution control parameters 

One method of designing pollution control measures is to reduce "end-of

pipe" waste products according to the type of industry involved. This method 

is particularly relevant to existing industrial plants. Vhere feasible, it 

could include the replacement of existing equipment and processes by less 

waste-producing alternatives; it could also include improvements in efficien

cies (e.g., technical innovations such as energy conversion processes and in 

plant training of personnel), application of recycling or reuse potentials, 

and ¥aste management a:ternatives, the latter including emphasis on process 

alternative& minimizing waste generation. 
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In earlier attempts to establish guidelines for UNIDO officers in evalua

ting the environmental :!1:1pact of industrial projects.~' ~-' "prohibitive lists 

of materials" were prepared and recom:iendec as being interdicted from dumping 

into waterways. These materials are evaluated ~~ the basis of their toxicity, 

persistence and bioaccumulation; they include the following: 

1) Organohalogen co~pou~ds and s~~sta~:~s. 

2) Organophosphorus compounds and s~bsta~=es, 

3) Organotin compounds and substances. 

4) Mercury and mercury compounds an~ su~stances, 

5) Cadium and cadiu~ compounds and substan~es. 

6) Used lubricating oils, 

7) Persistent synthetic materials, 

Bi Substances with proven ~arcinogenic, teragenic or mutagenic 

properties, ingested in or throug~ the =arine envir~n~ent. 

9) Radioactive substances and the:~ wastts when their i~sc~arge~ do not 

comply with the principles of radiation protection. 

In addition, UNIDO prepared a table of ,iaste-types which it recom!l:ended 

should not be dumped into any inland waterway ~ithout the issue of a special 

permit from the national authorities having such licensii.~ powers. The fol

lowing substances, families and groups of substances and sources of pollution, 

are included, not listed in order to priority, and have been selected mainly 

on the basis of criteria used in the list of protibited materials, while 

taking into account the fact that some of them are rendered harmless by 

natural processes and therefore with a less severe environmental impact. 

1) Elements ahd their compounds: 

1. zinc 6. selenium 11. tin 16. vanadium 
2. copper 1. arsenic 12. barium 17. cobalt 
3. nickel 8. antimony 13. beryllium 18. thallium 
4. chromium 9. aolybdenum 14. boron 19. tellurium 
5. lead 10. titanium 15. uranium 20. silver, 

!/ UNIDO: "Fir.ot guide for UNIDO officers in evaluating the environmen
tal impact of industrial projects", PPD, 76; 8 April 1989. 

~I Vint er E. et al: "Proposal for clean technology digest", UNI DO,' ~ov. 
1989 (unpublished report). 
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2) Biocides and their derivatives other than those listed in the prohibi

ted group, 

3) Organosilicon compounds and substances which may form such compounds 

in the aarine environment, excluding those which are biologically harm

less or are rapidly converted i,to biologically harmless substances, 

4) Crude oils and hydrocarbons of any origin, 

5) Cyanides and fluorides, 

6) Non-biodegradable detergents and other surface-activ€ substances, 

7) Inorganic compounds of phosphorus and elemental phosphorus, 

8) Pathogenic micro-organisms, 

9) Thermal dis=harges, 

10) Substances having deleterious effects on the taste and/or smell of 

products for human consumption d£rived from the aquatic environment, 

and compounds liable to give rise to such substances in the marine 

environment, 

11) Substances which have, directly or indirectly, an adverse effect on 

the oxygen content of the marine environment, especially those which 

may cause eutrophication. 

12) Acid or alkaline compounds of such composition and in such quantity 

that they may impair the quality of sea-water, 

13) Substances which, though of non-toxic nature, may become harmful to 

the marine environment or may interfere with any legitimate use of the 

sea due to the quantities in which they are discharged. 

The products of the chemical industry and the waste residues resulting 

from their synthesis are a major component of materials requiring hazardous 

waste management. They form a group of materials that are highly hetero

geneous in properties and conditions, ~any toxic to highly toxic, some biode

gradable, while others do not lend themselves to treatment at all. 

1.3 Treatment 

An example of a vroup of chemicals, highly differentiated but toxic in 

nature and in extensive use, is PCBs, many of these present special waste dis

posal problems. Chlorinated wastes differ from each other by the way the 

chlorine is chemically present and the solid, liquid or gaseous phase in which 

the waste occurs. Wastes in this context rP.fer not only to the primary wastes 

produced during the manufacturing process, but also to chemicals that are 
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obsolescent, either because they are out of date o~ because there is insuf

ficient demand for thea. 

Toxic wastes from other industries includ~ the important sectcr of elec

troplating, including sludges, liquid and solid wastes. The main hazardous 

waste streams are shown in Figure I. 

.ietal part ~ IKachiningl---7 

r 
I 

~I 
I 
I 

I 
I 

I 

~ 
Spent coolants 

I 
Plating 1-----+ 

I 

I Parts cleaning 1----7 
L 

I 

Spent 
~ 
solvents 

Finished metal parts 

I~ Drag-out rins~ 

Spent baths 

fcilingl~ 
Spent acids 

Fig. I. Simplified typical metal-finishing operations and 
hazardous wastes streams originating from each step ~' 

Vaste streams from the electroplating industry need special treatment, 

as they contain potentially hazardous elements such as cyanides, chromium, 

nickel, cadmium and zinc, all of which are classified as toxic substances. 

In a commonly employed treatment process, which is widely used in the 

industry, chromium complexes and ~yanides are treated at first in separate 

processes, the hexavalent chromium being reduced to the less toxic trivalent 

chromium (usually by gaseous sulphur dioxide or sodium bisulphate) and then 

passed to a neutralization bath, while the cyanide wastes are at first treated 

separately to oxidise the highly toxic cyanide by chloride gas or sodium hypo

dilori te to a less toxic cyanide and ultimately to innocuous bicarbonates and 

nitrogen. The two treated waste streams are then jointly neutralised and 

heavy metals brought down during neutralisation as insoluble hydroxides. This 

is followed by a gravity separation step to bring down the suspended solids. 

Sludges are deposited in a chemical landfill. 

!/ From Sutter: "Review of hazardous waste managegent" (International 

expert workshop on hazardous wa~t.e management, UNIDO, 1987) 
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The electroplating inuustry is known to be one_ of the principal causes of 

contamination of both soils and gro~ndwater. It was found that, in lo~al 

areas surrounding such plants, there was s~vere deterioration in groundwater 

quality, caused mainly by spillag~ of chlorinat~d hydr0carbons, at times 

leading to such high anomalous concentrations that wells Lave had to be 

sealed. In other cases, the im~roper handling and di$posal of spent plating 

solutions led to severe incre?ses in :r a11d ~d con~~nrrations. Machining of 

parts requires the use of emulsion oils for cooling and lubrication; conta

minants of these oils could include emulsifiers. biocides and special lubrica

tinG additives. The extent and nature 0t th~se contaminants will determine 

whether the oil can be reprocessed in a refinery or burnt in special inciner-

ation plants. 

Used oils 

A flow sheet cf the treatment of us~d oils and sludges ~ shown in 

Fig. II. 

Used oil, oil sludges 
(3 Kio Kg/a) 

pretreatment water phase 
(decanting, 
filtration, solid phase 

emulsion breaking) ~~~~~_,,..~ 

waste water 
treatment 

I ~combustion I 

1
.~~~~~~~~~~~~~..-Joil phase 

C
1refinement~1 ~~>raw material for recycling 

~ombustion~I~~~)~~~~~ 
I 
I 

I I I 

I I 
I additional fire 
l., for hazardous 

waste combustion 

~ deposition of 
1--~......,,~~~~-) residuals in 

landfills 

hazardous waste 
landfill site 

Figure II. Flowsheet of used oil and oil-sludge treatment 
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1.4 Water man?.geaent 

One of the characteristic features of developments in the recent past is 

the clearly broadening scope of water management. To the conventional tasks 

of protecting life and property against floods, droughts and erosion, ensuring 

drinking water supplies, satisfying the demand of industry and agriculture, 

and iaproving water quality, the t3sk of maintaining and restoring the natural 

state of the water resources has been added. Responsible regulating author

ities have become aware that respect for the primE characteristics and func

tions of water constitutes, especially in the long-term, the only rational 

basis for intervention in the hydraulic regime, whether it be regulation, 

drainage, abstraction or waste disposal. 

Over the years, the tasks and concerns o: public water management have 

been steadily expanding in re~ponse to the new requirements arising from 

socio-economic developments, increasing pressure on water resources and 

changing perceptions of their role ~ud function. In the first twc post-war 

decades, the attention of competent authorities was focused on the provision 

of quantitative supply. The aim was to satisfy, as far as possible, any 

demand for water and water-related se:vices. Towards the end of the 1960s, 

when governments everywhere were beginning to consider the secondary and sys

temltic consequences of excessive resource use and its ensuing social costs, 

the quality of water became an additional and, in many instances, the main 

concern of water management. 

Vhile protection of the prime quality, or natural state, of water was 

usually implicit, it is only now that water management is being expressly 

called upon also to ensure suitable conditions for the water-dependent ecosys

tems. During the 1980s, the concept of water as a resource in its own right, 

with prime quality and functions which should be maintained and restored, 

gained acceptance, thus promoting a new so-called ecosystems approach to water 

management. The underlying principle that aquatic ecosystems should be 

protected in their natural state is emb·dded in the ~any new water act~ and 

other updated, consolidated water legislation o! recent years which have been 

described; it is also apparent in current strivings for the development and 

implementation of integrated policies and strategies to deal with the ~omplex 

an~ interrelated problems of the water management sector. 
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Integration of water ~anage~ent has been proc~edirg especially between 

developed countries at aany different levels. Vitb respect to administration. 

it would appear important everywb~re to define an appropriate basic unit of 

management. A number of countries s~e~ to have chosen the watershed for this 

purpose. A prop~r balanre between centralization and decentralization of 

powers is another problem of integrat~d water management, the maintenance of 

necessary flexibilit7 for adaptatjon to local conditi~ns being an importan~ 

issue. Many countries ha~e &pted for making wa~er ~3nageaent a part of the 

government body responsible for general environmental protection policy, 

others are relying more heavily on a co-ordinated network of operative links 

throughout the administrative structure. 

In the overall planning process, consideration is increasingly being 

given to the multi-purpose use of waters and the impact of various uses on 

other natural resources. The linkages between surface waters and ground

waters, as well as between quantity and quality of the water resources are 

recognized. Supply planning is to a great extent be; ,g complemented, if not 

yet replaced, by demand planni~g and appropriate measures to influence con

sumption and use. Great efforts are also being made to create integrated 

water supply and disposal syst~ms. A very important feature of the current 

situation appears to be the e~phasis placed on the co-ordination of land-use 

planning and wat~r manage .. ent in regional development. In this context. 

"water-use planning" is also being introduced, implying evaluation of present 

and future uses as ~ell as potential conflict or compatibility of user 

interests in respect of specif~c water resources. 

Preventing reduction in water quality 

Whatever the eventu~l ihcrease in demand for water will be for the rest 

of this century, the main concern is the d~teriorating iUality of available 

resources. Under the impact of polic~~s to promote water saving and pollution 

control, the use of water in some economic sectors is changing. On balance, 

the impressive growth in water needs, which was forecast only some ten years 

ago, would not seem to materialize, and the efforts of the past decade to put 

a brake on, and eventually to stop, pollution at least from municipal and 

industrial point s~urces have bad some effect. This does not preclude the 

existence of serious local, and even regional, pollution problems and qualita

tive protection of the water environment is emerging as a major issue in con

nexion with the mounting impact of urban and industrial expan~ion on natural 

. I 
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systeas. Even if reaedial and preventive action c~n point at gratifying 

results. any appraisal of the present situation usually bas soae pessiaistic 

undertones: restoring polluted water courses and water bodies to their natural 

state bas been found to be a long and costly process; and there are a nuaber 

of pollution problem~ calling for urgent attention, raising intricate ques

tions of policy. Although the rate at which the pollution of s~rface waters 

was growing would see~ to have been steamed or halted, and in a few insta;.ces 

even reversed, the cleaning-up process is proving to be slow and costly every

where. 

High concentrations of organic pollutants, including phosphorous and 

nitrogeneous compounds which lead to eutropbication, cause daaage to aany sur

face water bodies. In a number of countries, measures have been taken to con

trol phosphorus in municipal sewage discharges. but the lowering of loads is 

often slow to show effects. Untreated municipal sewage may be a pollution 

source of diminishing importance in a few countries; however, it i$ still far 

from having been eliminated and full control will require heavy investments in 

the years to come. 

Chemical pollution, mostly from small-scale industries still dumping 

their wastes on land and water, and from farms using excessive aaounts of fer

tilizers and pesticides, is a concern common to all countries. Toxic wastes 

in water bodies constitute a threat which can no longer be neglected, because 

the time needed to eliminate even present levels of toxic pollutant$ may be 

exceedingly long. Toxic contami~ation is likely to become a prime issue of 

water-management policy. At national levels, this problem does not seem yet 

to have been brought under adequate control anywhere. It involves large 

amounts of hazardous wastes from various sources and leakage from landfills 

and sludge deposits which often escave detection. Furthermore. many presently 

used waste removal and disposal methods are simply returning toxics to the 

environment. Another serious problem is that of airborne pollution, including 

acid precipitation containing sulphurous and nitrogenous compounds. These 

cause damage to water bodies with low buffering capacity, by destroying the 

basic conditions for any aquatic life. 

A general issue of particular importance is the growing threat of con

tamination of ground water. Once groundwaters are polluted, it becomes very 

difficult and expensive to clean them or even to stop the spread of contami

nants. As water in aquifers moves slowly, it may take decades before the 
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pollution aakes itself felt. Moreover. ~~cause of coaaunication vith surface 

waters. both sources of supply aay eventually becoae polluted. Toxic contaai

nation of groundwaters effectively renders them unavailable for generations. 

ls ground~ater is used to a great extent for the supply of drinking water. 

preventive action should be taken by drawing up vulnerability aaps and estab

lish:ng protected catchaent areas. Few ~Juntries would seea as yet to have 

esta~lished systeaatic country-wide monitoring of groundwater quality. but the 

cases of groundwater pollution reported to date suggest that long-term 

drinking water supply may in many instances be jeopardized unless appropriate 

measures are taken. 

Vater management authorities have recently been drawing attention to 

greater nitrate concentrations in surface as well as groundwate1·s. sometimes 

permanently exceeding permissible health standard levels. This problem is 

intimately linked to the broader and intricate question of so-called non-point 

source pollution which. in the near future. is iikely to become one of the 

main issues of ~ater management policy. Vater pollution regulations have for 

a long time been mainly directed tovards ~eadily identifiable polluters, such 

as industrial plants and municipal wastP-wate~ treatment plants. However. tor 

a large portion of polluting discharges to water bodies, the responsibility 

falls on dispersed area-wide sources such as farms, forests and urban surfaces 

which are much more difficult to control. 

In this very important and highly topical field of pollution-control 

policy, research and experimental work is in progress in several countries 

with a view to designing effective strategies and policy instruments. In this 

context, it should be underlined that groundwater resources, which often are 

of critical importance for withdrawals to provide drinking water, are now 

becoming increasingly threatened. The threat to the groundwaters comes from a 

multitude of diffuse pollution sources, which are much e difficult to con-

trol than the poi~t sources. Diffuse P.ollution is related, for instance, to 

agricultural techniques ielying on heavy use of fertilizers and pesticides, 

run-off from urban and industrial areas, landfill repositories containing 

hazardous and toxic wastes, and outfall of air-borne ~ollutants. It is in 

~his context that new water-management policies with broad iinkages to poli

cies in other compartments of national administration will be required. In 

some countries, developments in this direction are already in progress. 
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It is becoaing increasingly necessary to have _access not only to data of 

the conventional type but also to have a continuous fiov of information on the 

state of the aquatic ecosystem. In the future, great ~•phasis vill likely be 

placed on biological vater testing. ~s a support for continuous adjustaent to 

new situations, governaents are organizing regular collection of basic water 

statistics to assist forward planning and research into significant relation

ships between socio-econoaic phenoaena and water resources. 

Co-operation in the field of transboundary waters · 

Such co-operation is highly iaportant in a number of regions. For exam

ple. the Ministerial Conferences of the International Commission for the Pro

~ection of the Rhine against Pollution, which were held in autumn 1986 fol

lowing a major pollution accide~t. have set up ecological objectives for the 

newly re-examined protection policy. The riparian countries of the Danube 

~i~er. in their Declaratio~ of 1985, agreed on objectives of the same charac

ter. Similar developments have been reported in respect of both bilateral and 

~ult!lateral co-operation concerning other transboundary water bodies. A ten

dency has also been noticed to viden the scope of activities conferred on the 

joint bodies for the iapleaentation of agreeaents. 

There is concern over the increasingly disturbing effects of diffuse pol

lution, which is related to factors which are difficult to tame or control. 

e.~ .. agricultural technology relying on heavy application of fertilizers and 

?esticides; discharges from ~ntensive livestock breeding; run-off from 

sealed urban and industrial surfaces; seepage from old and new landfills and 

sludge deposits; ataospheric fall-out and side-effects of expanded tourism 

and recreational activities. 

Awareness is growing that this type of pollution constitutes a threat not 

only to surface waters, but also to g~~u~dvaters, which in many areas remain 

the only source permittibg the supply of drinking water quality to the popula

tion. Groundwater contamination is often a long-term, accumulative process; 

thus it is far more serious than surface-water pollution; rehabilitation 

requ~res extended periods of tiae and sometimes is not even possible. Par

ticularly critical is the need to reduce control and regulate the use of 

chemicals in such applications as agricultural fertilizers and pesticides, 

e.g., through the use of innovative techniques in farming. 
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A very urgent question is the discharge of to~ic wastes intc water 

bodies. The proble• of hazardous wastes is nowhere adequately controlled. 

though sizeable quantities of hazardous waste from various sources are invol

ved. Soae presently used methods of waste reaoval and disposal imply direct 

or indirect discharge to ~ater of such toxic materials as poisonous substan

ces. including dioxin. polychlorinaterl bipbenyls and chlorinated benzene. 

cheaicals emitted by incinerators and other air-borne chemicals settling on 

food crops. drinking water, ingestion by fish and wildlife. In addition to 

the imaediate threat to wat~r bodies, the presence of toxic substances in 

sediaents is likely to affect adversely aquatic ecosystems in the long-term. 

Transport of contaminated sediments may moreover create problems in down

stream reaches of rivers and thu~ have eventually transbounda~y effects. 

The increase in size and complexity of industrial plants and the rapidly 

growing volume and distances over ~hich chemicai products are transported con

tributes to the creation of environmental risks. Synthetic products are often 

highly toxic to the aquatic environment a~d. once released into water. they 

are non-degradable and bioaccu~ulative. It is anticipated that. in the next 

decade, accidental pollution of water resources will become of even greater 

concern. Although preventive measures could contribute to minimizing the 

risks of accidental spills of harmful substances, the probability of failure 

of the present sophisticated technological systems cannot be reduced to zero. 

Increased international co-operation would be essential to prevent accidental 

pollution of transboundary waters and mitigate the harmful effects of possible 

spillage of dangerous substances beyond national jurisdiction. 

One of the most basic issues of the future is the design of practicable 

policies for the maintenance and restoration of prime water quality and func

tions. Such policies may require highly integrated management as they will 

have to rely on widespread recognition that water. being an indispensable 

economic resource, is first of all a vital life-supporting system which, as a 

sine qua n2!!, must be protected so as to permit sustainable use. R?habil-

1tation of water bodies and their related aquatic ecosystems is in most cases 

a lengthy process, involving high costs. Often, as with aquifers, the 

restoration of contaminated water resources may even be technically impossible 

and natural purification may take decades. 

It is concluded that the: protection of water resources ahd the main

tenance of water at drinking quality :vels is becoming of increasing concern. 
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Eaphas\s should be on preventiv~ action rather than reaedial and on inter

nation4l co-operation. Ia~ortant issues in this respect are the following: 

Foraulation of policies needed to deal with non-point source pollution, 

Prevention of further contaaination of waters by toxic substances 

including wastes (e.g •• waste deposition in sanitary landfills ~tc.), 

Prevention of accidental pollution, 

Maintenance of water-processing equipaent, 

Increased consideration of the sustainable use concept of available vater 

resources. 

Liaitations in the use of pesticides and fertilizers for agricultural 

purposes. 
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II. HAZARDOUS VASTE llARAG~ 

Prevention, treatment, disposal 

Hazardous waste aanageaent includes prevention (vaste ainiaization, 

recycling. clean terhnolog/), treataent (physical, cheaical, biocheaical} and 

disposal. It is the objec·tive of treataent and disposal technologies to ren

der wastes less hazardous and to dispose of thea in such a aanner that any 

negative iapact on the environaent is reduced to the lowest possible level. 

Pollutants and waste products affect land, vater and air and becoae entrapped 

in these media by physical, cheaical and biological reactions and aechanisms. 

The earth sciences are valuable tools in un~rstanding these phenoaena, because 

they involve the study of geologicai ~rocesses and aaterials. Their input is 

necessary and vital in order to produce a database in decision-aaking processes 

leading to the safe management of such wastes. 

Categories of types of waste disposal aetbods are discussed later in this 

report. In order to arrive at an environaentally, economically and technical

ly optimum selection of one of these under specific conditions, a thorough 

understanding of waste and site characteristics is a prerogative. Conside·

ation should invariably be given to th~ feasibility of treating the wastes 

prior to disposal. 

Such treatment could include any or all of the following: 

a) Detoxification of the wastes (e.g., by tberaal, physical, chemical, 

biciogical processes}, 

b) Separation and concentration of the hazardous constituents in a reduced 

volume. 

c) Stabilisation, solidification and encapsulation of the wastes to inhibit 

leaching. 

2.1 Treataent of hazardous wastes prior to deposition 

The wastes deposited in whatever environaent is applicable and suitable, 

can be a mixture of organic and inorganic aaterials, hazardous and even non

hazardous wastes. They can be solids, liquids, sludges, or a coabination of 

any or all of these. The aajor environaental risk at sites is from the 

leaching of chemicals and their mobility and transport to water resources. In 
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aany instances it aakes sound econoaic and technical. sense to pre-treat 

hazardous wastes before disposal. Ideally the treataent should be carried out 

before leaving the producer's site. Illustrative of the ~ffect of pre-treat

aen~ on leaching rates is the plot of leaching rates befo~e and after treatment 

in Fig. III. !n soae cases. pre-treataent can lead to coapiete decoaposition 

into baraless aaterials or to recycling and reuse of part of the wastes, in 

others to a reduction in volume, but in all cases a redu~tion in hazardous 

characteristics will aake the waste safer during subsequent handling and trans

portation. Examples of pre-treatment are: 

Chemical treatment processes which could include all or some of the fol

lowing: neutralisation, oxidation, reduction, photolysis, precipitation, ion 

exchange, catalysis. calcinaticn, fixation, etc. 

Examples are: 

Destruction of cyanides by alkaline chlorination. using Na or Ca hypo

chlorite; 

Reduction in liquid conter.t by settling. filtration, drying or centrifu

ging; 

Neutralisation of strongly acidic or alkaline materials (sludges may form 

in the process and will require disposal}; 

Oxidation or reduction to render wastes less hazardous by conversion, 

e.g., the reduction of hexavalent to trivalent chromium by ferrous sul

phate oxidation; 

Encapsulation or solidification, e.g .• by the proprietary SYNROC process, 

organic polymer coatings, encasement in concrete to reduce mobility in the 

landfill mass; 

Pre-treatment by a combination of methods, e.g •• sawdust, ferrous sulphate 

and lime. 

Physical treatment could comprise;_ distillation, evaporation, carbon, 

resin or mineral absorption, liquid-liquid or liquid-solid extraction, cryo

genics, flotation and foam/liquid fractionation, sedimentation, flocculation. 

filtration, centrifugation, reverse osmosis, gas stripping, dialysis and elec

trodialysis. All these processes have been proven on an industrial scale and 

can be readily incorporated in plant operations. 

Combination of measures are sometimes applied, as illustrated in Fig. III, 

which shows the decrease in the leachability of copper, chromium and arsenic 
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achieved by pre-treating tiaber treatacnt sludges with sovdust, ferrous 

sulphate and liae. 

One of the siapler and relatively less expensive stages in the treataent 

is to carry out waste separation and concentration at an early stage of the 

waste treataent process. Even with a ainiaua aaount o! waste, it is possible 

to isolate the aore hazardous and/or toxic waste streams from the reaainder. 

Vaste separation early in th~ process strea:, as well as simple isolation of 

siailar wastes into separate disposal containers. ~an reduce waste handling and 

disposal costs considerably. In addition. the recovery of soae of the wastes, 

either physically (e.g .• using pyrolysis) or in the form c.f energy (from 

incineration) can iaprove the cost factor. 
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~astes should be treated wherever this is tech~ologically and economically 

f~asib~e. t~ ~~~vert the• froa hazardous to less hazardous or non-hazardous 

aaterials. Vhere tr~at•~nt is not feasible. disposal in a specially isolated 

landfill repository. such as a chemical landfill repository. may be necessary. 

The resi~ues generated in treataent processes require permanent disposal. 

Vaste disposal processing technology. sites. typ~ and applicability. 

depend among others on the particular situation. including the type of waste. 

quantity. phase. degree of toxicity. Possibly applicable technology fills into 

two main categories; these are: 

Physico-cheaical pre-treatment to detoxify, neutralize. de-emulsify and 

dehydrate the waste. 

Thermal treataent (incineration, ,yrolysis. oxidation. etc.) to reduce 

the bulk of the waste and the hazard it presents. 

In general. ~here the technology is available. economics 1s the major 

determinant of -hether or not wastes can be treated before disposal. 

Thermal processes Theraal processes refer to methods of degrading hazar

dous wastes by the application of beat. either in the presence of oxygen 

(incineration) or in its absence (pyrolysis) . A number of technologically more 

advanced theraal aethods. such as plasma arcs and torches, high temperature 

fluid wall reactors. microwave systems. molten salt reactors. wet oxidation and 

supercritic~l water reactors. have been used in the destruction of hazardous 

wastes. Their application is generally restricted to those chemicals for which 

other treatment is either not available or too inefficient. as present costs of 

these methods considerably exceed those for incineration. 

Incineration of wastes With the imposition of increasingly severe res

trictions on the direct disposal of ha~~rdous wastes in severs and landfills, 

greater usage is being aade of incineration processes. Vhen incinerators. 

equipped with the proper stack scrubbers and/or precipitators are operated 

properly at sufficiently high teaperatures and residence times, they usually 

yield an acceptable gaseous product for emissicn to the atmosphere and an 

inert, reduced volume of ash suitable for disposal in landfill repositories. 

Figure IV is a scheaatic flowsheet of an incineration system. 
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Fig. IV. Generalized process for waste incineration 

Incineration requirements of selected wastes 

CLEAN GAS 
TO 

EXHAUST 
STACK 

Knowledge of the characteristics of the particular waste to be burnt is a 

prerequisite to efficient and economic incineration, i.e.: 

Organic wastes: Hydrocarbons containing only carbon and hydrogen (as well 

as small quantities of sulphur) lre self-combustible. Burning with the correct 

quantity of air will yield ccn, 02, N2 and water vapour. Heat in the gaseous 

products gas can be recovered through a boiler. The presence of sulphur 

dioxide, if produced, requires caustic scrubbing or other means of removing the 

gas to ensure clean, acceptable stack emission. For the incineration of dioxin

bearing wastes, the incinerator must achieve a Dioxin Removal Efficiency (DRE) 

of 99.9999 per cent for each designated POHC. This performance must be demons

trated on POHC's that are more difficult to incinerate than tetra, penta and 

hexachlorodibenzo-p-dioxins and dibenz~furans (EPA, 1985). 

The DRE is calculated from the equation: 

oal = (Vtn Vout) 

V1 a 

where Via = aass feed rate of one POHC in the waste stream fP.eding the 

incinerator and 

Voat = aass eaission rate of tbe same POBC present in the exhaust 

emissions prior to release to the atmosphere. 
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Halogenated wastes: Depending on the halogen.content. these may require 

auxiliary fuel. Halogenated wastes include such chemicals as carbon tetra

chloride, vynil chloride, methyl bromide. 

Metallic wastes: Inorganic and organic salts such as sodium and potas

sium compounds are in this category. Upon oxidation. the combustion products 

will contain these salts in the molten state; the type of refractory material, 

the oxidation temperature and residence times are thus critically important 

parameters. Auxiliary fuel is required, because of a possible by-passing of 

the burner by the wastes, to ensure complete combustion. 

Aqueous wastes: These are defined as containing at least 60 per cent 

water and are therefore not self-sustaining in the combustiou process. They 

will require injection through atomized sprays "down-stream" of the flame 

zone. 

Nitrogen-containing wastes: These include organic compounds having the 

nitrogen bonded directly to carbon, h7drogen or oxygen atoms within the 

chemical structure. The chemical bonds between the nitrogen atom and the 

remainder of the molecule are considerably ~eaker than the bond dissociation 

energy of nitrogen. During combustion therefore, these molecules can produce 

larger quantities of NOx than is derived by the thermal fixation of N2. The 

objective is to reduce the yield of NOx. which can be done by a two-stage com

bustion scheme; a fuel-rich condition is first applied, to be followed by 

oxidising the unburnt hydrocarbons in a secondary combustion chamber, an alter

native is to employ a catalytic NOx abatement system to reduce stack NOx 

emissions to acceptable levels. 

Incineration should be a technically planned, engineered process intended 

to destroy the hazar~ous nature of wastes. Its function is to apply heat 

directly or indirectly to destroy the -~hemical structure of the organic and 

other compounds and to reduce the volume and toxicity of the residuals. The 

basic oLjective is to bring about combustion to as completP a stage as pos

sible and to produce an ash that can be deposited in landfills, at the same 

time ensuring that stack gases can be dispos~d of safely. A secondary objec

tive is to carry out the incineration with minimal energy requirements and at 

minimal capital and ope.rating costs. 
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One of the most important components of an incinerator system is the 

pri~ary combustor, the system is usually r~ferred to by the type of combustor 

ernploy~d. SecoGdary combustors ("aftarburners"l are simply chambers designed 

to improve destruction efficiencies. 

The requirements for an Afficient inci11erati0n include: completion of the 

combustion process. facilities for recovering the heat and effective cleanin; 

of flue gases. intimate mixing with suffici~nt oxygen land support futl gas) tc 

ensure complete combustion and maintenance of oper~ting temperatures long 

enough for oxidation to go to completion. Add1t1onal desirable features are 

the recovery of any valuable by-products and of the energy made available. 

Table 1 summarizes the applicability of the incinerator-type to each particular 

type of waste. 

Incinerator types 

A re~iev of the characteristics of the three main incinerators used on 

a) Liquid injection type 

Features: simple, refractory-lined cylinders; applicable to pumpable 

liquids. 

Advantages: No secondary combustion is needed if residence time in 

primary combustor is sufficient. It is capable of incinerating a wide 

range of liquid wastes; no continuous ash removal is required; virtual

ly no moving parts and low maintenance costs. 

pisadvantages: Only suitable for wastes which can be passed through a 

burner nozzle; burners are susceptible to clogging. 

b) Rotary kiln 

Features: :ylindrical refractory-lined shell slightly inclined; normally 

includes afterburners; usually equipped with auxiliary fuel firing 

system. 

Advantages: High versatility, applicable to so!ids, slurries and con-

tained wastes and liquids; continuous ash removal; retention or 

residence times can be controlled; can operate at temperatures up to 

1400°C; well suited for the destruction of toxic eompounds. 
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Disadvantages: Needs secondar1 comb~stors; ~~igh capital costs; 

spherical or cylindrical itec~ may rol~ through kiln; ~;gh p~rticulate 

loadings; problems in ma1ntai~ing seals; drying of aqueous sludge 

wastes can lead to clinker forma~ion. 

Table 1. Applicability of availa~le incinerators 
to different waste-types 

Rotary L1qu1:: :luid1::e:i 
Vaste type kiln injection bed 

Solids 

Grar.u:!.ar, homogeneous * * 
Irregular, bulky (pellets, etc.) * 
High ~elting point (tars, etc.) * * b, * 
Organic compounds with fusible 

ash constituents " 
Unprepared, larg~. bulky 

material * 

Gases Organic, vapour-laden * c I * c I * c / 

Liquids 

High, organic strength aqueous 
wastes * di * * -

Toxic organic liquids * d I * * 

Solids /liquids 

Vast es containing halogenated 
aromatic compounds * * e/ 

Aqueous organic sludge * f I * 

Fi:·:ed hea!"th 
(controllec 

air) 

* 
* a, 

* 

* c; 

Key * 
!I 

Incinerator is suitable for the particular waste-type. 
Handles large material on a limited basis 

~I 
<;./ 
M 
el 
fj 

If material can be melted and pumped 
If it can be properly fed into the incinerator 
If equipped with auxiliary inj~ction nozzles 
If liquid 
Provided waste du~s not become sticky on drying. 

c) Hearth incinerators 

Features: Basically a t~~-stage combustion process. 

Advantages: Vell suited for sludge disposal; capable of evaporating 

large quantities of waste-bound water. Versatility in fuel- type. For 

hearths with a multi-zone configuration, fuel efficiency is high and 
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improves with number of hearths used; adjustable temperature profile 

(fuel burners). 

Disadvantages: Needs a secondary combustor; solid wastes requi~e pre

heating. Not well suited for wastes containing fusible ash. or wastes 

which require extremely high temperatures for the destruction of 

irregular bulky solids. 

Dioxin wastes 

Hazardous wastes grouped under th0 generic term of dioxins are wastes 

from the production of certain (chlorophenols and chlorophenoxyl pesti~ides, 

using tetra-, penta- and hexachlorobenzines. under alkaline conditions. as 

well as discarded unused formulations containing tri-. tetra- or pentachloro

phenol and their derivatives. The dioxin wastes are defined by the specific 

manufacturing processes (EPA, 1985b). Data on the quantities produc~= world

wide are not completely available, but estimates of the quantities ex!sting in 

the United States and awaiting final disposal were 5,300 tonnes (in 1~85). In 

the United States, incineration specifi~ations for dioxin w~ste~ -us~ ~~et the 

requirements set forth in a series of directives by the Environmental Protec

tion Agency (1985). 

Several thermal as well as other processes have either been used for the 

treatment of dioxin wastes, tested on other chlorinated waste streams er are 

currently under investigation. These include the following: 

The EPA mobile incineration system 

This is a mobile rotary kiln incinerator. intended to process wastes at 

the point of generation. The main steps of the process are: 

primary combustion 

secondary combustion 

quenching 

scrubbing. 

Trial burns with dioxin wastes indicated that Destructive Removal 

Efficiencies (DRE's) exceeded 99.9999 per ~ent for the Principal Hazardous 

Orgtnic Constituents (PHOC's) burned (Yezzi et al., 1984). 
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The Advanced Electric Reactor CAER> 

The AER (owned by the J.M. Huber Company. Borger. Texas} vas specifically 

designed for on-site detoxification of soil. 

The reactor employs a new technology for bringing materials up to tem

peratures between 2.200 and 2,800°C. usiLg intense thermal radiation in the 

infrared region. The reactants, which can be either solid, liquid or gaseo~s. 

are insulated from the reactor walls by nitrogen gas flowing inward radially 

through porous graphic core walls. The reactor core is heate~ to incandescen~e 

via carbon electrodes, the heat transfer being effected by thermal radiative 

coupling from the core to the input of waste materials. Destructio~ is by 

pyrolysis rather than oxidation. After leaving the reactor. the gaseous and 

solid products pass through two post-reactor treatment zones. Solids exiting 

frore these zones are collected and isolated from the atmosphere, while gases 

are cleaned of any fine particulate matter by cyclone treatment. Caustic 

scrubbing effects the removal of any chlorine; any residual organic and 

chlorine is removed by passing the gas through activated carbon. 

The solids will require disposal, while the gas product (composed of 

almost entirely nitrogen), can be discharged into the atmosphere. 

Several tests carried out in 1984 for the process with carbon tetra

chloride over a wide range of operating conditions claimed a DRE of greater 

than six nines (more than 99.9999 per cent). 

The potential advantages claimed for this process include its mobility. 

high treatment efficiencies, intrinsic safety features and aetoxification in a 

pyrolytic atmosphere. The results obtained have led to certification by 

licencing authorities for destroying PCB-contaminated solids. 

Newer technologies 

Among such technologies using chemical processes is the NaPEG method, 

developed by the Franklin Institute of Philadelphia, USA, for the destruction 

of certain classes of toxic chemicals, including PCB's. The process employs a 

liquid polymeric complex of modified sodium polyethylene glycolates which 

dechlorinates PCB's over a wide range of concentrations. The reaction can take 

place in liquids and solids (e.g., soils) to produce disposable water-soluble 
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oxygenated compounds and common salts. Research has been under vay vith this 

method to dehalogenate and decontaminate chemical plant effluents. toxic waste 

spilis. pesticide and herbicide residues. as well as for the destruction of 

selected phosphc~~s and chlorine-contai~iLg c~e~ical warfare agents (United 

Nations Economic Commission for Europe, 1985). 

Biological rr.ethods 

Biodegradation method;, are being investigated· to develop, identify and 

test microorganis~s capaule cf degrading highly toxic and refractory organo

halide pollutants, including 1,2,7.8-TCDD. However, the toxic constituents 

can inhibit microbial growth to the point where it is difficult to maintain an 

active population of microbes to metabolize the hazardous wastes at reasonably 

rapid rates of conversion. The treatment processes include activated sludge, 

composting. trickling filters and aerobic and anaerobic waste stabilization 

lagoons, generally referred to as land treatment. 

Vith reference to 2,3,1,8-TCDD. research has not yet identified an 

organism capable of treating this pollutant. An organism known as white rot 

fungus (phaenerochaete chrysosporium) appears to be "very promising", although 

the work is still at bench-scale test stage. The fungus secretes a unique 

hydrogen peroxide-dependent oxidant capable of degrading lignin, but it is also 

effective in degrading organohalides such as lindane, DDT, 4,5,6-tricbloro

phenol and 2,4,6-trichlorophenol. Tests have been proposed and are being plan

ned at several contaminated sites in the United States with the enzyme system 

(Bumpus et al .• 1985~ EPA, Office of Research and Development 1985). 

Solvent wastes 

These materials include halogenated and non-halogenated solvents, mostly 

toxic and some ignitable, and with sludges and still bottoms produced in their 

recovery. Vhile hitherto their disposal was usually with the land disposal 

method, this practice has become restricted; of the 3.1 billion gallons of 

solvent wastes generated in the United States in 1981, 1.2 billion gallons were 

restricted. Vithout prior treatment, the low molecular weight of the organic 

constituents may favour reaction with synthetic liners used in landfills; in 

addition, their volatility may lead to emissions to the air at the disposal 

sites. 
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Modification to the land disposal method includes: 

Processing to remove toxic or flam~able constituents; 

Destructive treatment. including oxidation; 

Recycle and re-use (including use as a fuel). 

Alternatives to dire~t land disposal ar~ crenerally applicable to all types 

of solvent wastes. T~e choice of which alternati?e to use will depend on the 

composition of the waste. t~e quantities involved end costs of the particular 

treatment. 

Because they contain sol~ds, solvent sludges require modifications in 

treatment. Possible applicable treatment processes include air and steam 

stripping, evaporation and drying (for organic component separation). organo

chemical destruction by incineration. wet ox1~a~1on and stabilizat~on/solid

ification (to treat waste strea~s too t~xic to be hie-degradable and too 

diluted for incineration). For the latter. cements. fly ash, lime, pozzolans 

and other materials are being investigated in the United States by the Environ

mental Protection Agency (Viles. (N.D.)). 

Recycling of those solvent wastes containing sufficiently high quantities 

of liquid organics for economic recovery is practiced widely: wastes with a 

sufficiently high BTU and low chlorine content can also be used as substitutes 

for fuel. 

The series of waste treatment techniques by which solvents can either be 

recycled or prepared for environmentally accentable deposition are shown in 

Table 2. 
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Table 2. Treataent processes for solvent wastes 

Potential applicability 

Aqueous and mixed 
aqueous/organic solvents 

Phase separation 

Decanting/sedimentation 
Filtration 
Flotation 
Centrifugation 
pH adjustment 
Dissolved solids 
Precipitation 

Oraanic component 
separation 

Air or steam stripping 
Fractional distillation 
Solvent extraction 
Carbon or resin 

adsorption 

Organic component 
transformation 

Biological degradation 
Chemical oxidation 
Incineration 
Vet oxidation 

Organic solvents 

Solids removal 

Sedimentation/filtration 
Centrifugation 
Flotation/evaporation 

Organic comDcnent 
separation 

Fractional distillation 
Solvent extraction 
Resin adsorption 
Steam stripping 
Air stripping 

Organic component 
destruction 

Incineration 

Solvent sludges 

Organic component 
separation 

Air or steaE stripping 
Evaporation 
Drying 

Organic chemical 
destruction 

Incineration 
Vet oxidation 

Stabilization 
/solidification 

Cement base fixation 
Pozzalonic fixation 
Urea-formaldehyde 

polyaerization 
Thermoplastic 

encapsulation 
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2.2 The disposal of hazardous wastes 

General 

The terD "hazardous wastes" covers a range of industrial and other 

vastes. the disposal of vhich calls for special procedures. either because of 

their hazardous nature or physical characteristics. However. as vould be 

expected. such wastes necessitate special consideration at all stages of 

developaent. The characteristics of difficult vastes are vide r~nging. there

fore each site must be judged on its aerits and suitability for the types of 

vaste it can receive and appropriate control procedures aust be adopted; 

generally, aore stringent aeasures are called for. coapared to those eaployed 

for the disposal of household or siailar wastes. Carefully planned aanageaent. 

aaintenance and aonitoring of repository sites. during the tiae they are 

operating as vell as over the required periods of tiae after closure is essen

tial to assure their effective isolation over the required period of tiae. 

General environaental effects 

The environmental effects of repositories containing difficult industrial 

wastes - that is. tbe effects on landscape, ecology and tbe local comaunity -

is generally no different froa those taking only household and siailar wastes. 

Nevertheless, it aust be acknowledged that repositories receiving industrial 

vaste vill be perceived as constituting a greater risk to health and safety in 

the locality concerned than those that do not. It is correspondingly even aore 

iaportant therefore, that operators of difficult waste repositories should take 

all possible steps to establish and aaintain gcod relations with the local 

coaaunities. There have been instances in tbe past when poor design and site 

selection and poor aanageaent have led to leakages of contaainants to ground

water and this bas caused severe iapact on water supply quality and a great 

deal of adverse publicity. In fact even today. industrial wastes as vell as 

aunicipal ref use are being disposed of clandestinely or in an otherwise uncon

trolled aanner. 

Cateaories of hazardous waste repositories 

Tbere are at least six distinct categories of hazardous waste disposal 

aethods: 
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Ocean disposal and other aqueous en•ironaents •. 

Landfill repositories. 

Surface iapoundaents. 

Land treataent. 

Sub-surface disposal: 

deep burial 

deep well injection (for liquid wastes) 

disposal of contained liquid wastes via aine shafts to underground 

caverns. 

Ocean disposal 

The oceans and their near-shore shallov zones have long been used as dis

posal sites and for the dilution of liquid wastes. The wastes are usually 

piped to soae release point or carried to sea by barges, vhere they are either 

duaped vithout prior treatment or they are incinerated before dumping. 

The availability of the alternative of ocean dumping for disposal of last 

resort is being increasingly questioned, as it is causing concern over the 

likely tolerance of this resource. In fact. in some aarine environaentalist 

o~poneats of this aethod of disposal allege that the liait bas already been 

reached. The prospect of causing destruction to the environaent and to the 

biosphere is real; concern has aotivated investigations into the requireaents 

for controlling disposal into t~e oceans. Systems that have been investigated 

include portside pre-treataent processes, such as aixing, physical-cheaical 

treataent. encapsulation and the use of concrete containers. 

Research is required on the kinds and liaitations of direct ocean assiai

lation. There is also a need to investigate the feasibility of using control

led ocean conf ineaent systeas. Exaaples of such proposals include the concept 

of injecting wastes, as liquids, sludges or even solids into sediaents occur

ring in grabens along the edges of continental plates, particularly in such 

locations with subduction zones; others include the use of salt doaes located 

in the oceans and of drilling injection wells. The l•tter technique would be 

soaewhat siailar to the use of deep injection wells on land, except that the 

injection point at sea would be an off-shore platfora or ship. Clays located 

in deep ocean basins would fora suitable host environaents, bef.ause of their 

high ion-exchange coefficients and their iaperaeability. Ocean duaping and 

incineration at sea is now regulated by international and national legislation, 
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but a •ajor dravbact is the inadequate infor•ation that is available on the 

i•pact and relative lack of agree•ent by scientific experts of ocean du•ping on 

the •arine environaent. The most relevant rules governing disposal at sea 

include the Oslo Convention for the Prevention of Marine Pollu~ion Duaping fro• 

Ships and Aircraft (February 15. 1972) and the London Convention on the Preven

tion of Karine Pollution by Dumping of Vastes and other Matters (Septe•ber 

1975). The latter restricts the sovereignty of states with regard to ocean 

duaping and prohibits the dumping of high level wastes. It requires that dua

ping is not permitted without the prior authorisation of coapetent national 

authorities, vho must give careful consideration to possible environaental 

effects. The Convention encourages collective action through appro~riate 

international bodies. 

Other aqueous environments 

Aqueous wastes may be stored in ponds, lagoons and pits. They could be 

regarded as a type of long-term storage or as a aeans of enabling bio-degrada

t ion to taY.~ pla~~- For other wastes there are settling ponds to allow solids 

to settle prior to the discharge of effluents to surface waters. 

Land disposal of hazardous wastes represents the per•anent placeaent of 

solid, liquid, sludge, or contained gases in or on the land. It is expected 

that a portion or all of the wast~s will be present at the site at closure. 

Unless the waste is totally and permanently contained, mobile contaainants 

could migrate from the location at which the waste was originally placed. It 

is the aigration of (a) components of the original waste or (b} decoaposition 

or reaction by-products, as run-off, leacbates or gaseous emissions which gust 

be controlled at a disposal site. 

Careful evaluation of the relative risk associated with the land disposal 

of hazardous wastes is needed. Table 3 indicates which determinations are 

iaportant when land disposal alternatives are being considered and evaluated. 

Figure v illustrates soae of the environaental paraaeters requiring con

sideration when selecting a land disposal site. As precipitation and surface 

water percolate th~ougb the disposal area, contaainants can be solubilized and 

carried to the water table where they are transported through the groundwater. 

The contaainated leachate will exist as a pluae in the groundwater because of 

incomplete mixino and diffusion. Transport to and through the saturated zone 
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can be slow. Clay soils retard such transport to a_g:_ater extent than sands 

or graYel. partly because of high adsorption in the clays. If drinking water 

or irrigation wells intercept the contaainated leachate or if the leachate 

enters surface waters. adverse environaental and public health i•pacts could 

occur. Surface waters could be contaainated by run-off fro• the disposal sites. 

Other adverse environ•ental i•pacts could also take place. Contamination 

of the air aay occur by loss of volatile waste coaponents, by gases e•itted 

fro• the surface or within the site and by wind-borne contami~ated particles. 
--

In addition. vegetation growing on the site aay be contaainated by ~aste that 

aay adhere to leaves and by the uptake of constituents such as metals and other 

cheaicals. 

A hazardous-waste land disposal facility is designed and 09erated to a~oid 

human health exposure and to zinisize migration of contaminants fro~ the site. 

Emphasis is placed on approaches that reduce the possibility of contacinating 

surface or ground waters, that control gaseous eaissions and wind erosion an~ 

that prevent adverse food-chain impacts. These appro~ches involve one or more 

of the following: (a} a natural iaperaeable containaent possibly rein~orced oy 

a aan-aade iapervious liner. (b) diversion of off-site surface run-on, and con

trol of any on-~ite run-off, .{c) in~orporat~on of the wastes in the s~il, (dl 

an iaperaeable cover for landfills and (e} avoidance of food chain vegetation 

on the surface of the site. 

Landfills 

Description Landfill repositories are disposal facilities where hazardous 

wastes are stored in sub-soil or rock and then covered. In order to prevent/ 

/ainiaize probleas that could arise through iaproper siting, soae of the more 

general procedures needed are listed in Table 3. 

Migration of contaainants 

An iaportant consideration when selecting the type of disposal facility is 

the characteristics and integrity of soils and rock as well as their capacities 

to absorb, retain or transait waste aaterials, and their reaction products of 

known physical and cheaical properties. rurtheraore, it is essential to know 

the intensity, tiaing and transforaation of wastes to less baraful constituents 

to estiaate the tiaing required for their isolation. 
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Table 3. Deterainations iaportant in the evaluation 
of a candidate hazardous-waste land disposal site 

Analysis of the wastes to be applied. 
-' Identification of reactions or decoaposition by-products expected to occur. 

Deteraination of soil. bydrogeological. seismic and surface characteristics, 
Assessaent of the transport and fate of aobile waste constituents and by
products. 
lssessaent of the environmental and health impact ~f the aobile components 
if such constituents reach critical receptors (huaans. aniaals, plants) in 
the ecosystea, : 
Nature. type and extent of the environmental impact that conld affect the 
nutrition chain, the biosphere and plant life-cycle. 

Figure V s~ovs diagraaaatically the possible routes by vhich pollutants 

can aigrate and are transported from vaste deposits to the biosphere. Ground 

vater aoveaent is the main route by vhich hazardous vastes could migrate after 

penetrating beyond the near-term engineered barriers from the repository. 

Investigations of the occurrence, distribution, volume flow of ground

water. its cheaical characteristics and properties (pH, eH, redox potential 

etc.) are important coaponents in the evaluation of a repository site. 

The persistence of a hazardous organic cheaical is a critical determinant 

of its environaental fate. Certain coapounds can undergo cheaical or biolo

gical degradation at repository sites, while others resist any transformation. 

Tbe pattern of degradation is not only influenced by the characteristics and 

properties of the particular cbeaical, but also by the nature and conditions of 

the site. Degradation reactions could continue or be initiated during the 

transport of the cbeaical in the leachate and in the groundwater. 

Tbe aajor cheaical processes associated with the degradation of organic 

contaainants are hydrolysis and oxidation: the latter is considered to be part

icularly iaportant in the de;radation of phenols and aroaatic aaines. Despite 

this qualitative assessaent, the overall significance of cbeaical reactions in 

degrading toxic aaterial at disposal sites is not entirely understood. Tbe 

results of laboratory studies on cheaical degradation cannot be fully applied 

in the field and it cannot be assuaed that cheaical degradation will occur to 

the saae extent or even occur at all in different disposal sites. 
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A further possible hazard in a repository is that reactive chemicals can 

coae into contact, possibly causing fires or explosions. Care must be taken to 

avoid the co-disposal of incompatible wastes. Reactions between such wastes 

could include: 

- Exothermic reactions, e.g., caused by alkali metals and strong oxidising 

agents, aay result in fires or explosions, 

Production of toxic gases such as arsine, hydrogen sulphide and chlorine; 

Production of flaaaable gases such as hydrogen and acetylene. 

Biological processes are a significant aeans of degrading contaminants at 

a disposal site. Microbial transforaations could nccur in the landfill itself 

(as well as in the groundwater), leading to the formation of harmless or less 

haraful products. Alternatively, these processes could lead to the synthesis 

of persistent and toxic compounds, for exaaple viP.yl chloride, which resist any 

further degradation. The degradation of aany contaainants is favoured under 

aerobic conditions, a condition which usually prevails at the surface of a 

disposal site. 
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Anaerobic conditions predoainating in ~andfill.sites favour the bacterial 

reduction of sulphates, nitrates and carbohydrates. The reduction of sulphates 

leads to the generation of sulphides. nitrates are reduced to nitrites or 

aaaonia. Where aetals such as inorganic aerl are present, sulphides pro-

duced under anaerobic conditions could bring about a aarked reduction in dis

solved aetals by precipitation of insoluble sulphides. 

Gaseous components could also be produced through the bacterial activity, 

especially where domestic wastes are co-deposited with hazardous wastes. These 

gases are usually carbon dioxide and methane. to a lesser exten~ hydrogen sul

phide. The aain parameters influencing the production rates of the gases and 

their composition are temperature, moisture, waste density and pH. The decom

position rates of some organic wastes are so slow that significant quantities 

of methane may be generated years after the waste from which they are released 

has been d~posited. "Landfill gas" can be the cause of serious fires and 

explosions at sites at a methane concentration range of 5-15 per cent. There 

aust be a means of allowing the controlled release of gases. 

Volatilisation is a potential route of loss from landfill sites, parti

cularly with certain organic compounds, such as chlorofora, due to their high 

vapour pressure. The elevated teaperatures encountered at aany disposal sites 

result from bacterial activity and enhance the upward moveaent ar.1 dispersal 

of volatile organic aatter. 

Migration from landfill sites 

The transport of waste oils froa landfill sites was examined in several 

research projects (Mather' Day, (H.D.); Williams et al .• 1984), when landfill 

sites containing aineral oils and refinery wastes were investigated. The aove

aent of these pollutants through various geological strata was studied to 

exaaine tbe attenuation aechanisas and corresponding pollutant concentrations 

within saturated and unsaturated strata beneath the sites. Field tests and 

laboratory experiaents shoved that sorption processes are the aost significant 

for retarding tbe aoveaent of aineral oil~ aigrating through solid waste and 

unsaturated strata. Oil wastes discharged to lagoons aigrate considerable dis

tances, both within a thin saturated glacial sand aquifer and a shale/sandstone 

succession. In both of these cases the oil aigration occurred, because the 

landfill sit•• were overloaded with a far greater voluae of oil than could be 

sorbed by tbe underlying solid waste and bedrock; co-disposal of oil wastes 
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with certai" industrial and doaestic solid wastes is likely to prove effective, 

provided that the sorptive capacity of the solid wastes is not exceeded. Vbere 

large voluaes of oil or oil/wate~ eaul~ion are discharged and exceed absorbent 

capacity cf the underlying strata and solid wastes, -a =~~h more severe deter

ior.ation of groundwater will result, since the imaiscibility of oil and water 

inhibits dilution. 

Another project (Williaas et al., 1984) studied the dispersion pattern of 

liquid wastes containing heavy aetals (such as Pb,-Zn, Ba, Ni, Cu, Cr) and 

organic solvents into lagoons excavated beneath the W3ter table in a shallow, 

unconsolidated sand aquifer, which had caused local groundwater pollution_ 

Villiams found that the geometry of the pollution plume is controlled by the 

morphology of the aquifer, its permeability, its distribution and the head dis

tribution in the vicinity of the lagoons. There was a transition from strongly 

reducing conditions near the lagoons and the base of the aquifer to oxidising 

conditions in the natural groundwater. Based on redox reactions, three geo

chemical zones were identified down the hydraulic gradient. It is found that 

heavy metals are attenuated within a short distance from the pollution site, 

probably as a result of precipitation as sulphides and carbonates. In contrast, 

organic wastes travel a considerable distance in solution, some in excess of 

300 a froa the site. It was found that ~iodegradation of the organic wastes is 

not significant, due to tbe relatively impervious till oveLlying the sand, 

which prevented the sand aquifer from being replenished in oxygen, a necessary 

ingredient in tbe biodegradation processes. 

Factors regarding consideration in planning and operating a landfill 

repository 

The priaary consideration for the planners, builders and operators of 

landfill repositories is their isolation from the environment. The design and 

aanageaent of landfill repositories should be directed toward the objective of 

preventing leachate formation as auch as possible and to set up technical bar

riers in areas with favourable soil conditions to do so. The following aspects 

therefore require consideration: 

Avoidance of unrestrained liquids in or near the wastes (liquid wastes 

will require devatering and/or solidification), 

Divergence of surface waters, including any likely aeteoric waters, e.g., 

froa rain, snow, etc. 
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Use of relatively iaperaeable aaterial in the ~eaporary and final covers 

to reduce the infiltration of waters and the aigration of leachates as 

auch as possible; 

Vaste coapaction; 

~ Isolation of different parts, using the aulti-cell principle; 

Collection and treataent of any leachates; 

Degassing of repository under controlled conditions; 

The monitoring of groundwaters, through wells and ~urface waters; 

Evaluation and choice of suitable technical barriers; 

Decision for mono- or multi-disposal operation (co-deposition of 

compatible wastes) . 

Landfill repositories are often made up of cells in which ~ discrete 

volume of the hazardous waste is kept isolated from adjacent cells and wastes 

by a suitable barrier. Barriers between cells commonly consist of a layer of 

natural soil (e.g., clays), which restricts downward or lateral escape of the 

hazardous waste constituents or leachates. 

Figures VII and VIII show a cross-section of a hazardous waste landfill. 

The daily intermediate and final cover that represents proper operating con

ditions, the discrete cells of tbe landfilled material, and the use of liners 

and a leachate collection system are portrayed. Liners, covers, operating con

ditions and closure and post-closure of landfills are discussed in subsequent 

sections. 

Landfilling relies on co~tainment rather than treatment or detoxification 

for control of hazardous wastes; technologically it is an unsophisticated 

aethod of containment. It is a common method of hazardous waste management for 

both untreated wastes and the residues from treatment processes. 

Appropriate liners to protect the groundwater from contaminated leachate, 

run-on and run-off control, leachate collection and treataent, aonitoring 

wells and appropriate final cover design are integral components of an envi

ronaentally sound hazardous waste landfill. 
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Pig Yll 
S-:hem~tic Cross-section of a cellular Landfill Repository 

.-
~in. I Cover 

Fig VI II 

a Pervious layer for liner protection and leachate collec-
tion for treatment 

b Slope stabilization <vegetation cover>; 
c .Pinal landfill surface; 
d Soil layer to establish vegetation; 
e Sealing layer; 
f Intermediate layer <where necessary>; 
g Secondary liner; 
b Impervious liner; 
1 Leachate collection <pumped to waste-water treatment 

pl11nt>. 
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Although there have been instances of groundwat~r being contaainated by 

landfills. they reaain a key hazardous waste aanageaent strategy barring of 

course their use in hydrogeologically completely unacceptable conditions. The 

aajority {about 68 per cent) of hazardous wastes handled at North Aaerican 

facilities and about 41 per cent of such wastes handled at European facilities 

are disposed of by landfilling. In the United States alone, over 75,000 indus

trial landfill facilities were in operation in the early 1980's. 

The primary concern is to prev~_nt groundwate~ contamination. Design and 

management attention emphasizes approaches to prevent formation of leachate and 

leachate migration. These approach~s include: (a) Elimination of free liquids 

~liquid wastes are devatered or solidified before placement), (b) Diversion of 

surface waters (run-on). (c) Use of relatively iapermeable daily and final 

covers to minimize infiltration of precipitation, (d) Compaction of wastes, (e) 

Use of cells throughout the landfill, (f) Collection and treatment of leachate, 

and (g) Groundwater monitoring. Approaches to keep vater out of landfills are 

noted in Table 4. Ideally, landfill sites should be underlain by significantly 

thick layers of impermeable ~lay and should also be in a t~ctonically and seis

mically stable area. Vhenever possible, they should not be located above 

aquifers. 

Adequate records should be aade and kept, for example the location and 

diaensions of each cell in the landfill should be recorded, as well as its con

tents, i.e. analyses, quantities of waste contained, types of containers and 

matrix and liner materials utilized. 

Table 4. Measures needed for preventing water from 
penetrating hazardous waste landfills 

Correct siting, avoiding wetlands, flood plains and areas of 
high groundwater, 
Diversion of surface run-on, 
Minimization of exposed waste surfaces, 
Avoidance of ponding due to precipitation in the site area, 
Use of suitable interaediate cover material, 
Proapt covering and closing of inactive areas, 
Appropriate closure and post-closure •anageaent, including a 
well designed aonitoring and maintenance system. 
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Careful assessaent of a site prior to selection and utilization is a pre

requisite. Such assessaents should include detailed knowledge of the type of 

soil covering the site. local availability and characteristic~ of clays and 

their sorption and desorption characteristics, location and distribution of 

gr-oundvater and surface waters, tectonic~ and seisaics, location and analysis 

oi neighbouring wells, etc. This information is essential for the technically 

and econoaically sound operation of a landfill. It has already been indicated 

that for soae types of wastes, pre-treat3ent measures before disposal include: 

Detoxification, 

Separation and concentration of hazardous constituents ir. a reduced 

voluae, 

Containaent of the vaste in barrels, capsules, concrete caissons or other 

types of technical barriers. In addition, the vaste may be contained in 

an isolating matrix material before placement in the surrounding barrier 

material, 

Stabilization and solidification. 

Regulations on bow landfill facilities must be operated have not always 

been adhered to in the past, in some instances even in the most technically 

advanced countries. For example, in the United States, 70 per cent of such 

repositories are reported to have no lining, while 95 per cent have no ground

water aonitoring system to detect toxic contaaination. In a study of 50 indus

trial landfill sites in the United States, about 80 per cent containing 

specific types of hazardous material~ were releasing "small fractions" of these 

pollutants into the ground. In the same country the extent of the problem 

reaains yet to be fully evaluated. As long ago as 1979, the U.S. Environmental 

Protection Agency (EPA) estiaated that there may be 1,200 to 2,000 disposal 

sites that aay pose significant risks to human health. One of the aore prom

inent exaaples of such a site is the notorious Love Canal at Niagara Falls, Nev 

York (Keller, 1985), where aigrating contaainants presented serious health 

hazards to local residential areas. 

Despite difficulties experienced in enforcing regulations on operating 

landfills in the past, it is expected that this aetbod will continue to be 

utilized in the future. There is nov a trend to apply engineering concepts 

aore rigorously in new landfill facilities, including the collection of any 

leachate escaping froa the iaaediate surroundings of the repository, followed 

by analysis and treataent and the aonitoring of all underground and surface 

waters. Standards for monitoring include an observation period of at least 
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30 years after closure. In addition, provision is nQv aade for a double liner 

under the waste aaterial and a cover. which aust include a venting arrangeaent 

for eaanating gases, which aust also be aonitored. 

The co-disposal variation of landfill repositories 

Co-disposal pertains to the properly controlled joint deposition of selec

ted hazardous wastes at a certain predeterained ratio and is designed to 

degrade and reduce organic contaminants or inorganic constituents to lower or 

even background levels, by physical, chemical or biological reactions between 

the different wastes deposited. 

To do so safely and effectively, certain pre-conditions must be aet; these 

include: 

ll The attenuation proce$s within the landfill must be clearly ident

ified. 

2) The chemical composition of the waste should be known (good record 

keeping, showing type and quantity). 

3) Leachability (determined by standard tests) should be known (USEPA, 

1980, Young & Wilson, 1982). 

4) Pre-treatment of wastes may be required before disposal. 

5) A study of compatibility must be carried out to ensure that the 

products of any reaction are significantly less noxious than either 

of the reactants. 

The co-deposited material could be different types of hazardous wastes and 

even municipal refuse. Each type of waste is deposited up to a maximum 

"loading rate". Tbe particular waste suitable for co-disposal is selected on 

the basis that it will interact with the co-deposited waste, leading to 

degradation of certain organic contaainants or tbe attenuation of inorganic 

toxic aatter, ideally to background levels. Proponents of the co-disposal con

cept claim tbat this type of repository is less likely to cause future probleas 

of contaminated sites rather than the alternative of disposal as segregated 

wastes, wbose entoabaent could in effect be an open-ended storage requiring 

interainable aonitoring and control. Tbe practice of co-disposal is a aethod 

which does not require the coaplet& isolation of the waste, but rather a con

trolled interaction. The aethod has been developed and applied in a nuaber of 

countries, including the United lingdoa and lew Zealand (Tboa, l.G., 1986). 
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Unfortunately. in soae countries. controls ove~ hazardous wastes are 

either recent or have not yet been enacted. ls a result the uncontrolled dis

posal of such wastes on aunicipal or other landfill sites reaains a videly used 

practice. The wastes encountered at landfill sites· can be a coaplex mixture of 

otganic and inorganic hazardous cheaicals in coabination vith other non

hazardous aaterials. Vastes can be solids. sludges. liquids or a coabination 

thereof. The aajor environaental risk at the sites is froa the leaching of 

cheaicals and the resulting contaaination of water sources. 

A number of physical and cheaical factors are iaportant in determining the 

behaviour of chemicals in the environaent; these can act in a complex and 

interrelated series of reactions vhich aay theaselves be dependent on the geo

chemical properties of the host foraation and adjoining geological fornations. 

Generally. the higher the water-solubility of a chemical substance, the greater 

is its potential for leaching from the landfill site. Many ha=arc~us organic 

compounds display low vater solubilities, although water-soluble scl~~~ts. suet 

as chloroform. can enhance the leaching rate of organic compounds in landfills 

{MUREG. 19&1). A sieilar situation prevails vher emulsions are ~r~duced. 

In many cases inorganic cbeaicals ionise on contact vith water. Trace 

aetals can fora coaplexes with enhanced solubility. Cyanides aay also solub

ilize trace aetals by coaplex foraation. Bacterial degradation of domestic 

waste producing fatty acids can lead to the foraation of soluble co•plexes with 

metals. 

Adsorption on soil particles or waste aaterials is a significant pbeno

aenon, because it reduces the dispersion of inorganic and organic pollutants to 

the environaent and can be ~D iaportant process in inhibiting the migration of 

oil wastes. An organic coapound with a lov soil adsorption coefficient vill 

generally tend to aigrate away froa tbe landfill site. An exaaple of such a 

coapound is phenol, which is not only highly water-soluble, but has a low 

adsorption coefficient and which aigrates rapidly. 

Tbe vapour pressure paraaeter is also an iaportant factor iaf luencing 

aigration rates for certain hazardous cbeaicals. Coapounds with high vapour 

press~1res, including chlorofora. will aigrate by volatilisation at higher 

rates. In contrast, coapounds with low •apour pressures and low soil adsorp

tion coefficients will aigrate aore by the liquid leaching process f roa the 

repository site. 
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ln understanding of the cheaical. physical and b~ological reactions 

occurring in a waste repository is iaportant when assessing their iapact in the 

controlled deposition of wastes (aono- or co-disposal) and in the attenuation 

of their hazardous characteristics. 

The aain processes occurring in a landfill are illustrated in Fig. IX. 

which shows the entry of water. the foraation of leachate and the way in which 

aaterials aay leave the landfill. Attenuation proces3es occur within the 

refuse. at the refuse/soil interface at the base of· the landfill. in the un-

saturated zone and in the final aquifer or receiving water. 

ATlfOSPBERE 

Gases (CH . CO • etc.) 
c 2 

Cover 

REPOSITORY 

Refuse 
(unsaturated zone) 

Precipitation 

I 
I 

I 
{. 

Formation of leachate 

Hazardous wastes 

Priaary leaching 

Chemical. biochemical, physical 
attenuation processes 

Loss through plants 

Microorganisas cause 
attenuation of 

C, S, N, P and K 

J, .J, J. ~ J, .J, J, 

AQUIFER 

(----------------------------- DILUTION ---------------------------~ 
Fig. IX. Kain chemical and physical processes in a landfill repository 

Processes that can occur within 2 repository 

Formation of priaary leachate 

Vater diffuses through aunicipal refuse and coaes into contact with the 

hazardous aaterial. Vith periaeter drainage and good covering, the aaount of 
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leachate produced vill be auch less than the rainfall (approxiaately 20-30 per 

cent). This is due to evapo-transpiration and the fact that refuse has a 

significant capacity to absorb liquids. 

Leaching of the contaainant fro• the hazardous vaste 

Highly soluble inorganic salts such as sodiua fluoride vill be very 

aobile. whereas insoluble coaplex organic coapounds such as polychlorinated 

biphenyls (PCBs) are substantially ~!19obile. The ~nfluence of pH of the 

leachate on solubilities is the basis for standard leaching tests. 

Biodegradation 

Some hazardous wastes will biodegrade within the refuse. Chlorinated 

phenols and cyanides. for example. vill break down under the aerobic conditions 

that exist near the working face. and during the early decomposition stages. 

Decomposition of a range of organics can also occur during the anaerobic stage. 

Cheaical reactions 

There is significant potential for cbeaical reactions to occur within the 

refuse site. A siaple exaaple is neutralisation. Stabilised municipal refuse 

has a aarked ability to neutralise acids. 

It is also possible that cbeaically complex coapounds will be formed, 

involving ligands from the organic material and acids (e.g .• humic acid and 

fulvic acid). These coapounds may have significantly different values in 

properties such as solubility. However, there should be a degree of caution -

e.g., while aost aetal coaplexes are lLrgely insoluble, the presence of acetic 

acid aay give rise to aetal coapounds such as lead acetate or zinc acetate. 

both of which are extreaely soluble. 

Metals aay precipitate as hydroxides, carbonates or sulphides, and this is 

particularly effectivt in iaaobilising copper coapounds. Oxidation-reduction 
I 

reactions aay also occur. 
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Volatilisation 

By analogy with noraal soil-ataosphere oxygen exchange, there is a basis 

to expect as aucb as a 25 per cent exchange of gases per day between the 

ataosphere and the top one aetre of refuse. There is therefore significant 

potential for loss by volatilisation. This could be a aechanisa for the loss 

of low boiling point solvents if co-disposed; the rate of volatilisation would 

be increased in aerobic areas, where teaperatures significantly above aabient 

would exist. 

Absorption 

The ability of refuse to absorb water and hence aqueous solutions has 

already been coaaented upon. Oils may also, within limits, be absorbed by 

solid wastes, and many metals in solution can be removerl by sorption. 

Processes occurring at the refuse/soil interface at the base 

Biological, cheaical, and physical processes will occur in the general 

zone between the base of the refuse and the underlying s~il strata. These pro

cesses -~nclude further biodegradation, precipitation, sorption, filtration and 

dilution. The actual attenuation provided will be particu·arly influenced by 

the cheaical nature of the waste and the characteristics of the underlying 

soils. Co-precipitation of metal ion species during the precipitation of fer

ric hydroxide in this zone can markedly reduce heavy metal concentrations in 

the leachate. 

Processes occurring in the unsaturated zone below the landfill and above the 

underlying aquifer 

A properly sited, attenuated and dispersed landfill should have an under

lying unsaturated zone. The presence of this zone will provide further oppor

tunity for leachate attenuation by physical, biochemical and geochemical pro

cesses. 

Phy£~cal processes include dilution, dispersion and filtration. Where 

liquid flow is intergranular the presence of entrapped air will reduce perae

abili ty significantly, thus reducing the rate of flow of leachate into tbe 

underlying aquifer. 
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Biocbeaical processes in the unsaturate~ zone ~ill further break down 

aany organic co•pounds. Nutrient requireaents for aicro-organisas will cause 

attenuation of eleaents such as carbon. sulphur. nitrogen, phosphorus and 

potassium in the leachate. 

There are many geochemical processes which can provide significant 

attenuation of hazardous components. Most rocks and soils, for example. have 

aarked buffering capacities and can cause an increase in the pH of acidic 

leachate. This in turn would reduc~the solubility of many metals. It was 

found for example that of the clay minerals, aontaorillonite attenuates heavy 

metals more than illite, which in turn attenuates aore than kaolin~te. 

Also in terms of relative affinity, for kaolinite at pHS 

Cr 3 + > Cu = Pb > Cd > Zn > Cr6 + > Se. 

Mixed minerals such as sand with clay C4n also provide significant 

attenuatior. cf some chemical species. For example. silt/clays and clay/loams 

act to immobilise arsenic. 

Processes within the groundwater aquifer 

Vithin the groundwater zone, all the processes referred to above will 

operate to an extent, but dispersion anl dilution will predominate. Dilution 

aay, however, be ineffective with hydrophobic materials such as oils. The 

depth of this zone, the speed of flow, and the mixing of the leachate with the 

groundwater will be the main factors. 

Kanagement of co-disposal landfills 

The obj~~tive of co-disposal of various types of com~atible wastes is to 

initiate or accelerate processes leading to a reduction in toxicity. The safe 

co-disposal of hazardous wastes relies heavily on inf oraed management at the 

landfill site. Landfill operators should have adequate protective clothing and 

equipment immediately available and be trained in its proper use. 

Consideration aust be given to the coapatibilities of various wastes as 

the mixing of some may cause fires or explosions, cause the formation of toxic 

gases or result in the mobilisation of other hazardous components. This may 
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appear to be a coaplex tast but soae guidelines ai·e-ayailable. Cheaical advice 

aay be required to use these and the suppliers of rav aaterials should. if 

necessary, be able to provide inforaation. 

Care must be taken in deteraining the loading rate, i.e. the proportion of 

hazardous wastes to noraal refuse. The loading rate will be site specific and 

should ensure that the longer-tera land use cf the landfill site i~ not 

unnecessarily restricted particularly by concentrations of material hazardous 

to plant or other life. The rate should not be such as to adversely affect 

biological degradation or to overload other attenuation processes. Again 

practical guidelines are available for a range of hazardous wastes, including 

those containing acids, arsenic, cyanides, heavy metals, oils, pesticides, 

phenolics solvents and tannery sludges. 

Finally, a regular monitoring and analysis programme for incoming hazar

dous wastes and leachates from the landfill should be pursued. Analysis of 

incoming wastes is desirable on a random basis, as a check on the waste pro

ducer's description. thus ensuring the appropriateness of co-disposal ~anage

ment decisions and a safeguard for the health and safety of the landfill 

operators. 

Leachate should be monitored with sufficient frequency to illustrate that 

the attenuation processes are operating as predicted. In this way public con

fiderce in co-disposal practices will be encouraged. 

Conclusion 

Co-disposal of wastes, either with other types of hazardous wastes and/or 

with aunicipal refuse, can in certain cases lead to the formation of less 

hazardous or non-hazardous products and is a valid option for the management of 

aany hazardous wastes. There are processes occurring during the normal degrad

ation of refuse which aay act to attenuate hazardous characteristics. It is 

essential that these processes be understood and aanagement act to fully 

utilise co-disposal where the siting and operation of a municipal landfill mate 

these practices appropriate. 
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Land treat•ent 

In the land-treataent concept. vastes are ploved into soil and allowed to 

react. using its natural, cheaical physical and biological properties to 

degrade them to less hazardous aaterials, adsorption and precipitation reac

tions iaaobilize components, vith some controlled aigration of selected inor

ganic species such as nitrates and chloride. Originally, refinery sludges 

aixed with soil were disposed of with this method. This comprises mixing of 

the sludges into the top layers of soil, usually by ploughing. 

Land treatment of oil sludges is intended to break down the contained 

organics. The land is not used for agricultural purposes, in contrast vith the 

practice in some countries of using sewage and other biological treatment slud

ges in soil fertilization. 

Periodic plowing is required to maintain a sufficiently high oxygen level 

for biological reactions to take place. The technique uses the assimilative 

capacity of soil as a means of degrading the hazardous wastes through chemical, 

biological, physical and photolytic reactions (the latter for only the top fev 

centimeters of soil). The organic materials are degraded ~Y microbes and 

photolysis, the inorganic components by oxidation/reduction reactions prior to 

fixation and adsorption onto the soil matrix. 

The application of a land treatment process requires thorough and coapre

hensi ve understanding of the particular ty~e of waste, the capabilities of the 

particular soil and evaluations of the assimilative capacity, the type of 

vegetation, topography, groundwater occurrence and location, the presence of 

populatio" concentration centres. All these parameters aust be evaluated to 

ensure a successful long-term operational life for the disposal site without 

causing adverse effects on the environment. Because of the different climatic 

conditions prevailing in southern Europe and tbe United States for exaaple, the 

land treatment aethod is seemingly aore applicable than for northern regions. 

Tbe assimilative capacity cf the soil is tbe most critical factor in 

assessing tbe suitability of a site for the application of tbe method. The 

rate at wbich the wastes are degraded into less or non-hazardous forms and at· 

which the heavy metals are immobilized by sorption depends on the type of soil. 
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Use of the land treataent aetbod is advantageous_ economically and tech

nically because of the wide range of hazardous wastes aaenable to treataent. 

Disadvantages include costs and the large area of land required, the problem of 

matching the assimilative capacity of the particula~ soil with the characteris

tics of the waste requiring treataent, the environmental monitoring programmes 

needed, special buffering zones and other aspects such as aesthetics, security 

and closure and post-closure aaintenance. 

A variation of this method is the composting of organic waste and the 

rapid biological decompositioning of the material under controlled conditions. 

Vhile organic compounds are theoretically bio-degradable, the rate and extent 

depends on the nature (aliphatic or aromatic) of the material, e.g., the type 

and number of halogen substitutes and their positions on the chemical molecule. 

Controls ~c~ necessary when the sludges contain heavy metals. In addition 

to oil-sludges, other wastes that have been successfully disposed of with this 

method are pesticides and herbicides like aldrin, dieldrin, parathion, mala

thion. 2.4-D, DDT, Kepone a~d piperonylic acid and other chemicals such as 

ethylbenzene, pentachlorophenol and pulp mill lignins. 

Surface impoundments 

Aqueous wastes may be treated in surface impoundments such as pits, ponds 

and lagoons. This may be regarded either as storage or as a form of waste

water treatment, allowing the settling of solids and perhaps some biological 

degradation prior to discharge of effluents to surface waters (refer to paper 

by Villiams, G.M., 1984). 

After treatment in surface impoundme~ts, wastewater treatment or physical

chemical treatment facilities, the aqueous effluents are generally discharged 

to sewers or directly to surface waters. In aost countries such effluents are 

not regarded as hazardous wastes. Exceptions include the United States, and 

also Sweden, where 12 per cent of all hazardous wastes ~re discharged to 

sewers. 

Sub-surface disposal 

Because not all surf ace and landfill aetb~ds of waste disposal are 

suitable at all potential sites and because many are ~-~bject to breakdowns in 
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isolation, there is an evident trend to sub-surface·.deposition of the more 

hazardous wastes. 

Sub-surface disposal has a number of distinct advantages over landfill 

ae-thods. Apart from the esthetically more pleasing "hidden" location, sub-sur

face disposal precludes the potential effects of weatherihg, e.g., through pre

cipitation on repositories at the surface. Any seismic instabilities attenuate 

rapidly with depth below surface. On the other hand, there are a number of 

disadvantages, of which the cost-factor is not the· least. Geo-risks. including 

tectonics, land-mass instabilities, flooding can be analysed much more readily 

at the surface, whereas equivalent analyses below surface rely increasingly on 

indirect and therefore less accurate methods. 

Sub-surface disposal techniques fall into three broad categories: 

a) Deep-well injecti~n. 

b) Disposal in cavities and mine shafts, 

c) Deep underground burial in artificially created, mined openings in 

relatively homogeneous geological stratae. 

The three categories are listed in rising order of costs. 

Deep-well injection 

Deep-well injection of hazardous waste has been largely employed in the 

United States. Some 30 million tonnes of aqueous wastes, 11 per cent of all 

hazardous wastes, were disposed of by this method annually during the early 

1980's. 

Deep well injection, the practice of pumping liquid of fluidized wastes 

~~wn boreholes, has been a common practice in the oil industry; oil field 

orines are disposed of in this manner. Deep well disposal in petroleum-prn

ducing regions inv~lves tens of millions of barrels of fluids annually. The 

disposal of other industrial liquids by this method, although on a much smaller 

scale by volume, has been increasing and covers a broad range of liquids, 

including hazardous and toxic fluids. However, under new regulations use of 

this method could be drastically curtailed, e.g., in the United States. 

This ty~e of disposal is •ainly carried out within sedimentary basins. In 

order to do so safely, a thorough knowledge of the geological setting and other 
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geotecbnical parameters is necessary. Unfortunately-, even in the technically 

developed countries this knowledge is fragmentary and inadequate. For example, 

while there is a r~~sonable general knowledge of most of the sedimentary basins 

in the United States, many important details are either not known or not 

available in the public domain. While the general lithology, distribution and 

structure pertaining to a potential sedimentary formation may be known, there 

is often little or no information available on petrophysics of that formation 

or on the composition of the contained fluids. Further information is often 

required on parameters such as mineral composition, porosity, permeability and 

density of the formation, which may be critical for the effective injection of 

fluids and their safe containment. Possible reactions between formation fluids 

and the waste fluids must also be known, as such reactions could !ead to the 

precipitation of solids near the well bore, possibly sealing the formation ~o 

further liquid injection. 

Vaste injection at or 11ear sites with active 0r inactive tectonically weak 

zones such as major fault systems, could lead to negative consequences, as 

that which occurred in the United ~tates. ~~ere liquid-waste injection lubri

~ated and activated a fault system, causing earth tremors and minor earth

quakes. 

In summary, prior to deep well disposal, the following information is 

required in order to arrive at a better understanding of geological hydro

logical, geochemical and tectonic conditions: 

Interactions of the injection fluid, the host formation and contiguous 

formations and the contained formation fluids; 

Effect of injection pressure on the physical iJtegrity of the host 

formation and adjoining strata; 

Tectonic stability; 

Long-term changes in the condition of the host formation, caused for 

example by gas evolution from the waste. 

Disposal of liquid waste in shafts 

Disposal of liquid waste in mine shafts is practised to a limited extent 

in the United Kingdom. The technique includes the re-injection of saturated 

brine and certain other liquid wastes into salt cavities. A major commercially 

available facility disposes of aqueous wastes contaminated with organic mate

rials in a mine shaft which is claimed to be totally sealed. In Spain, a 
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gypsua aine is used for the disposal of dewatered r~sidues from chemical treat

ment. 

Deep underground burial 

The main objective of hazardous, toxic waste disposal is to immobilise and 

isolate waste from man's environment for a period of time and in conditions 

such that any possible subsequent release of contaminants from a repository 

will not result in any unacceptable risks even in ~he long term. The goal is 

difficult to fulfill, since disposal systems cannot be tested over sufficiently 

long periods before being put into operation. The long-term behaviour of 

hazardous waste must therefore be evaluated on theoretical assessments carried 

out with models (Fedra). 

The system of disposal approaching the isolation concept the nearest is 

deep underground burial in geological formations at depths ranging from 300 m 

downwards; generally, such depths do not exceed 2,000 m. The geological media 

first used for this purpose was salt formations, later other types of forma

tions, including cl~ys, granites and other plutonic rocks and shales were con

sidered and investigated with this utilisation in mind. Considerable exper

imental work has been.carried out over the past two decades on this type of 

disposal for radioactive wastes and much of the experience gained is applicable 

to other hazardous and toxic wastes. In fact, some countries are currently 

considering the co-burial of radioactive wastes with such other hazardous 

wastes in common repositories but in separate cells, isolated by impervious 

man-made or natural materials. 

In general, deep underground burial is restricted to hazardous wastes that 

cannot be recycled or treated to reduce their toxicity, as costs of construc

ting and operating waste repositories at depths of 300 m plus would be signif i

cantly higher than near-surface equivalents. 

Innovative technologies 

Despite the discouragingly high costs obtained, it is possible that cost

differentials could be alleviated through recent developments in fields as wjde 

apart as radioaetive waste disposal and construction of underground bulk oil 

storage and which could be an indication that underground disposal costs may 

gradually approach those of current shallow landfill methods. One proposal has 
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incorporated these and siailar technological innovat~ons and is referred to as 

the RUJIOD (Regional Underground Monolith Disposal) systea (Forsberg. 1984). 

Hazardous eleaental wastes. which would be the principle wastes aaenable to 

such treataent, would be processed into granular fora, transported in bulk to a 

regional disposal site, mixed with special cement-based grouts and puaped as a 

wet vaste-cemen~ aixture into large underground caverns to 2,000 a below sur

face. The economic and engineering feasibility of this system is dependent on 

the following pre-conditions: 

Large. competent underground caverns (i.e. caverns which can be excavated) 

without failure of the ~oof, walls and the floor of the caverns); 

Bulk disposal of the waste-cement mixture (as a slurry) is feasible; 

- Minimum handling; 

High volume throughput. 

The major technologies required for the RUMOD system are in commercial 

use, but as far as it is known, they have not yet been combined for use in a 

waste disposal system. 

The question of whether such a system is economical would very much depend 

on finding a site with suitable geological and mining characteristics. Obvious

ly. there must be secure isolation of the waste-cements from the environment 

and the host-rock must withstand folding and cutting without appreciable flow 

or internal shear. 

The topic of waste isolation bas been studied in projects concerned with 

intermediate and high-level radioactive waste disposal. Different types of 

geological formations have been investigated, including salt stocks, granites, 

plutons. shales and clays (U.S. Department of Energy, 1981). Such experience 

bas included the disposal of liquid wastes, such as liquid radioactive wastes, 

as at the Oak Ridge Rational Laboratory in the United States, where a ceaent

based grout has been employed in a hydrofracture facility for the disposal of 

intermediate-level liquid wastes (U.S. Energy Research and Developaent 

Administration, Oak Ridge National Laboratory, 1977). The facility mixes these 

wastes with a cement-based, dry-solids blend and ~njects the aixture down a 

well into a shale bed 300 • below surface, penetrating along cleavage planes in 

the shale beds. On solidification, the wastes are permanently incorporated 

within a low leach-rate ceaent group sheet betweeo water-iaperaeable shales. 
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To ainiaize construction costs. the opening-up.of large caverns or gal

leries, of the order of 25 a width. 60 • height and several hundreds of aeters 

in length aust be feasible without resorting to expensive roof-support systems. 

Evidently. the cost of disposal with this system is highly quantity-depen

dent and the econoaics of scale apply. To give some indication of the order of 

aagnitude, it ~as been estimated that such a disposal site must process at 

least 100,000 tonnes of wastes annually to have acceptably low-disposal costs. 

It is also noteworthy that p~ckaged wastes would have much higher costs because 

of higher transportation and underground handling costs and more difficult 

logistics due to the "bottle-neck" of access passaqes such as shafts. Further

more. it is found that it is not feasible to stack packaged wastes over heights 

of more than 10 m. because the weight of the packages would probably crush the 

container at the bottom of the pile and this would create difficulties for the 

operators and equipment in the stacking operation. As a footnote it should be 

added that Australian scientists have developed a similar waste-grouting system 

for radioactive wastes ("SYNROC"). 

In summary. the use of this cement-grouting technology in bazardous-~aste 

aanageaent shows signs of promise and would have the following advantages: 

Liquid vaste-ceaent mixtures can fill out underground caverns fully; 

The solidified strength of the concrete monoliths allows lover-cost 

underground layouts (closer spacing of caverns, as the cement provides 

support for the banging wall); 

The physical nature of the solidified cement grout stops any egress to 

circulating groundwaters and hence any leaching of contaminants; 

Various types of wastes solidified by different processes may be com

patible for deposition in the same facility. 

Disadvantages include: 

Because of the curing-process of the ceaent, cooling will be required due 

to the beat generated; 

·\dequate storage facilities will be required for the waste, cement and 

additives, with associated b~ndling equipment. 

Uncertainty on costs of a full-scale operation. 
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2.3 Site selection procedures 

The process of site selection is influenced by a series of technical as 

well as social. econoaic and logistical constraints·. Vhile the aspects 

requiring particular eaphasis aDd iaportance in a prograaae depend on the 

characteristics of a particular site. a partial listing is shown below: 

a) Geographical 

Haulage routes and distances with reference to major waste

producing centres, 

Existing infrastructure. transportation facilities, requirements 

for servicing a waste-treatment and disposal facility. 

b) Technical 

Types, nature and qnantities of waste(s); 

c) Costs 

Ground preparation 

Excavation 

Barriers, sealing and aatrix materials 

Operational and post-operational aonitoring and maintenance. 

d) Geoscientific and geotechnical 

Hydrology 

Rydrogeology and geology (extent and age ot bedrock, aquifers and 

permeability. groundwater-streaaing) 

Geochemistry 

Seismology and seismicity 

Morphological characteristics 

Topography 

Climatology 

Flooding potential 

Vaste: characteristics and volume 

- latural resources 

Satellite imagery interpretation 

Sampling and selection for analysis 

- Tectonics (faults and fracture systems) 

- leotectonics (e.g., active/inactive potential faults} 

- Veathering processes 
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Geoaorpbology 

Roct and soil aecbanics 

~ature and extent of foraations underlying potential ~ost foraation 

Erosion processes 

Earthquake and aicro-eartbauake analyses 

Availability of clay and other iapervious liner-aaterial (for 

landfills) and aatrix materials (for contained wastes}. 

e) Environaental and social aspects 

Protected areas 

Planning provisions 

Population density 

Other utilization (industry, tL~risa) 

Cultural constraints 

Rist-benefit analyses. 

f) Ownership 

Surface 

Vat er 

Minerals. 

g) Investaents: capital and operating 

Site investigations 

Capital 

Operating 

Interest. 

A flow diagraa, shoving the sequence of the activities which may typically 

be required in a site selection prograaae is shown in Fig. X. The variables 

requiring evaluation, investigation and analyses are dependent on individual 

situations at each site. A cost-effective aethod of carrying out a selection 

process is to conduct it in a series of sequential stages: this procedure is 

described for exaaple in a paper by Raji-Djafari et al. (1981). The method is 

to proceed froa a broad, regional approach, eliainating or reducing in area 

candidate sites under consideration to select finally a site on the basis of 

having optiaum characteristics. It is thus an iterative process. The primary 

controlling and liaiting paraa~ters aust fora part of the selection process 

from the very beginning. These vill fora the basis for decision-aakin;: 

failure to consider the liaitations iaposed by any of thea could lead to costly 
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The aethod is to proceed froa the known to the·~nknown. During the first 

stage. auch reliance is on known data and other inforaation on candidate sites. 

Field work would be kept to a ainiaum. Vhere possible, any of the ~ore expen

sive investigations. such as drilling, would be relegated to later stages. when 

soae areas vould have been eliainated and others reduced in size. Overlapping 

should be reduced as auch as possible. A disposal site should provide a high 

degree of assurance that the reliable prediction of a sufficiently long-ter~ 

safety perforaance can be achieved. This implies that the geologica11:1ydro

logical system of the local area around the proposed site should be vell under

stood and amenable to quantitative analysis (International Atomic Energy Agency 

IAEA. 1982). 

Kany of the modern vaste repositories are designed on a multi-barrier 

principle; the more imaediate barriers to the site are engineered barriers, 

i.e. containers. and container-matrix materials. fillers between containers. 

concrete walls and liners. These are known as near-field (engineered) 

barriers. In time, either through catastrophic events. such as earthquakes, or 

through gradual processes, such as erosion. flooding and chemical weathering. 

these barriers may fail. It is the function of the surrounding geological 

barriers to ultimately provide aaximum isolation from the biosphere over the 

longer tera. In the unforeseeable event of a catastrophic failure at soae 

point in the future, pathways to the biosphere could be created. e.g., by rock 

fissures and faults, providing access to circulating waters. The properties of 

the containing rock should be to retain as auch of the pollutants as possible 

by processes such as sorption. 

Mechanisms for the possible transport of pollutants away from a disposal 

site are related to ~eological, tectonic. ecological and biological phenomena. 

Of the geological characteristics, it is the hydrogeological and geochemical 

properties which are the aore iaportant factors controlling the movement of 

pollutants, since water is the more likely natural aediua for their off-site 

movement. Vhere these are less favourable than required, the engineered 

barriers are designed to supplement them. 

Where the potential for reduction in the hazardous nature by interreaction 

between different wastes is inapplicable, the principle of aono-repositor1es, 

i.e. repositories containing only one type of hazardous waste, should be given 

priority; mono-repositories increase the possibility for re-use of the site as 

well as the predictability of anticipated chemical and physical reactions. 



- 58 -

Isolation of waste can be liaited in tiae if the w~ste decays or is converted 

in the course of tiae to baraless substances, i.e.: 

Organic coapounds, which for example. could decay to C02 and Hz, 

The co-disposal of selected wastes leading to reactions which render these 

haraless, in which case the barriers should be designed that there will be 

sufficient tiae for the reactions to occur without exposure to the 

biosphere. 

Safety and ~onitoring requirements 

Despite good manageaent practices to reduce the quantities of wastes of 

all types produced, or to process and recycle part of the wastes will usually 

reaain as residues and will require depositioning. As these residuals may only 

degrade very slowly, the long-term task of hazardous waste disposal is to pre

vent or inhibit possible migration into the biosphere, even beyond the time 

when control over the site is foreseeable. Apart from normal safety standards 

applicable to any construction programmes: additional safety requirements must 

be applied when dealing with ~astes of toxic and hazardous nature. Existing 

and amended waste regulations must be formulated to recognize this need. 

Safety assessaents relating to a disposal site utilize geological, hydro

geological, seisaic, geochemical, geotechnical and other surveys, as outlined 

under the section "Site selection". These are carried out before and particu

larly during the final stages of selecting a disposal site and the re!ults 

obtained are used for the design activities required once final selection has 

been aade. However, such assessaents are based on the initial characterization 

of a site and the results are invariably hedged by a degree of uncertainty, 

mainly due to the inevitable complexity in the hydrology at any site. This 

results in incoaplete definition and understanding of the hydrological regime 

and of ten necessarily requires modifications and aaendments in the design and 

the paraaeters of the repository operations. Environmental monitoring program

aes are also used to refine and, if necessary, amend the future monitoring of 

the site after operations have ended. Monitoring activities include the use of 

aonitoring wells to measure the Pffects of any changes in the ground water due 

to the presence of wastes at the sit~. To do so, the wells must be located at 

optimum locations and depths and this requires detailed knowledge of the 

voluaes and directions of groundwater streaming. 
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The following activities should all fora part ·of the aonitoring activities 

during the operational phase of a disposal facility: 

Measuring and recording the limits of exposure of operating personnel to 

specific pollutants; 

Monitoring and recording of effluents emanating from the site; 

Measurements of hydrogeological parameters. e.g .• groundwater flov, 

permeability, etc. 

In one technique, usually empl~yed at the pre~operating stage. tracer 

substances are added to boreholes for measuring flow processes in ground and 

surface waters. Parameters such as flow-paths. flow velocities. mean residence 

times and the extent of the dispersion process are determined (Behrens ~t al .. 

1977). A aethod has been evolved for the measurement of these parameters using 

only one borehole and thus significant savings in costs. time and hydrological 

integrity (Ullrich. 1986; Hacker. 1986). 

Although in such investigations the attention is clearly focused on the 

groundvater system in the host-rock. an assessment of the necessary supporting 

data on regional and local surface-water systems is also required. For exam

ple. the relationship between recharge from surface-water sources and regional 

groundwater flow aust be deterained. 

The denudation history of the region must be examined to ensure that 

relevant relationships between the present and past surf ace and groundwater can 

be incorporated in the safety assessment of a particular site, particularly 

with a view to a potential for flooding. Keasureaents for tritium and 

deuterium levels in surf ace and underground waters are sometimes carried out to 

calculate the age relationships of various water bodies locally present 

(Racker. 1986). 

Vhere boreholes are put down,the locations and off-sets of the boreholes 

and wells used for aonitoring and the frequency of saapling these must be 

compatible with the velocity and quantity of groundwater and surface-water flow 

and any water-soil interactions. The holes aust be aligned with the present or 

potential paths of pollution plumes arising through the migration of leachates 

possibly carrying such wastes and their products. The monitoring pattern must 

be flexible and reviewed in the light of newly obtained data and modified 

accordingly. 
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Sampling and aeasureaents from aonitoring wells.and boreholes will provide 

one level of assurance that a hazardous waste facility is not releasing con

taminants. In order to guard against any less than optimum siting of 

monitoring stations, it is advisable to carry out ground-borne geophysical sur

veys, such as cond~ctivity-induced polarization, gravity and electromagnetic 

surveys, to identify any changes in groundwater distribution and flow patterns 

tCook, 1986). If a geophysical survey is carried out during the first stage of 

a site investigation, i.e. before drilling, the results can be used to aid in 

the siting of monitoring wells at optimum locatiorrs. If the ge~physical survey 

is repeated at so~e later date when the waste facility has been operating for 

some time, the follow-up survey is used to monitor any possible changes in 

groundwater distribution. Additional wells can be put down to investigate and 

corroborate such changes. The complexity and cost of analyses of samples taken 

are also icportant considerations affecting the siting of monitoring points and 

sampling procedures. The types and frequencies of analyses required must be 

related to the specific conditions prevailing at any particular site. but must 

be reducea as much as possible because of costs. 

Air sampling in the area of a facility may have to be carried out to test 

for any airborne contamination arising in the course of waste emplacement 

operations .and aay have to be repeated later to detect and analyze any gaseous 

release from the repository. 

The results of the monitoring programmes are recorded on maps, sections 

and in graphical form. If any trends in values recorded becJme evident and in 

particular if any anomalies in the values are obtained, this should be inves

tigated immediately and the appropriate remedial action taken. 

Post-operational monitoring 

Once the repository bas come to the end of its useful operational life, 

the impact of closure operations, including the emplacement of backfilling 

material, the sealing of access openings, cover and engineered barriers requi

res monitoring for leachate and groundwater quality. In addition, a post

operational monitoring programme requires setting up before the repository is 

sealed and closed. 
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By the end of the operating period. sufficient. tnovledge of the particular 

site (e.g •• groundwater distribution and flov, geomorphology, tectonics. 

climatic conditions) should have been 3cquired to carry c·~t post-operational 

surveillance effectively. At this stage monitoring sites should be emplaced at 

optimum locations. 

A water-soluble substance transported with the groundwater in porous or 

fractured media will spread out both horizontally and vertically in time. This 

spreading, which takes place transversely, as well as parallel with groundwater 

flow is termed dispersion. 

The rate at which any pollutants move through and is dispersed beyond a 

repository site depends not only on technical barriers but also on the nature 

and type of retention mechanisms by the underground geological material, e.g., 

the extent to which this material can retain pollutants and for low long. 

Sorption of pollutant radicals and desorption can both occur. Apart from 

sorption mechanisms, there are other parameters such as micro-fissures, diffu

sion, facies differences, grain-size, hydraulic conductivity and permeability 

which influence dispersion rates. 

Depending on sorption reactions between pollutant matter and the con

taining geological aaterial, dispersion will cause some of the dissolved sub

stances to be transported slower or faster than average groundwater velocities. 

The techniques for measuring pollution dispersion parameters are described in a 

paper by the IAEA (1985); included are tracer and geochemical tests such as 

groundwater, pore-water, and mineral composition, geochemical history and 

groundwater-mineral equilibria. 

In post-operational monitoring, the short-term concern is with the period 

when the facility is still under institutional control. Vithin this time frame 

(considered to be of the order of thirty years ~r so), primary reliance for 

isolation is on technical, engineered barriers. Monitoring will include the 

surveillance of these barriers, which must be easily accessible and repairable. 

Beyond the time of institutional control, there must be increasing reliance on 

the capability of the enclosing geological material to retain pollutants. 

Where the hazardous aaterials are of such nature that they do not decay 

significantly within the period of foreseeable institutional control, it may be 

mandatory to employ pre-depositional treatment of the wastes to less hazardous 
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forms in order to safeguard the environment, in case.failure~ of technical and 

natural barriers do occur. 

In the United States, the control and disposal of certain hazardous wastes 

has been specified under Resource Conservation and Recovery Act (RCRAl and 

monitoring methodologies have been formulated, e.g., the levels of specific 

pollutants in groundwater below and around the sites are required not to exceed 

certain maximum values. To detect groundwater streaming, successive water sam

ples are required to be taken from wells at different times to indicate which 

of the pollutants may be migrating into groundwater. RCRA prescribes a three

step approach: 

a) Detection monitoring, which looks for evidence of contamination, for 

example a change in the organic carbon level. Groundwater samples are taken 

twice a year. Vhere there is evidence of change, the operator has to analyze 

samples for specific chemicals. If these do not exceed the maximum permissible 

levels, the repository is permitted to operate, provided that any chemicals 

that have been detected are monitored on a prescribed basis. 

b) Compliance monitoring, which analyses samples at regular intervals 

from locations at which contamination has previously been detected. 

c) Corrective action, which seeks to eliminate contamination where maxi

mum allowable levels have been exceeded, while continuous monitoring is done, 

to determine if contamination is actually being reduced. 

Changes in the chemical composition of the leachate can indicate that 

changes in the general behaviour of the landfill are taking place. For exam

ple, it is possible that the system is being overloaded with a particular type 

of waste and that co-depositioning ratios must be adjusted. 

Leachates will be formed in landfill operations even under ideal condi

tions and in moderate climates. Extensive data on leachates are particularly 

needed to ensure that the water quality is not being adversely affected. Even 

where thP leachate is simply pumped to sewers, the volume and contents must be 

checked, measured and recorded regularly to satisfy the requirements of the 

local water authorities. Leachate monitoring should not be confined to the 

actual site, but should also be carried out beyond tbe boundaries of the site 

itself. The layout, periodicity of this groundwater monitoring programme 
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should be dravn up at the pr~-operational stage and·aeasureaents taken to 

ensure that background values are obtained prior to the co111J11encement of 

waste-deposit operations. The periodicity of groundwater monitoring may have 

to be adjusted later on, if the reading taken indicates the necessity of doing 

so". 

Fedra et al. has carried out a series of studies on risk analysis on the 

production, transportation of hazardous raw materials, feedstocks or interim 

products and waste disposal. A numb~r of models w~re developed including: 

simulation/optimization of production systems, long-range atmospheric trans

port, river po~lution, groundwater contamination. hazardous substances trans

portation and management {Fedra et al., 1985, 1987, 1989, etc.). 
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2.4 Economic considerations for disposal options 

The cheapest method of waste disposal is a sanitary landfill without pre

disposal treatment; one of the most expensive option for a waste generator is a 

secure chemical landfill (refer to appropriate section on landfill reposit

ories). It is essential to compare not short-term but long-term costs of the 

different alternative options. This obviously refers to the increasingly 

evident need to monitor and maintain repositories a considerable time beyond 

their final closure. The long periods of time wh~ch a particular waste may 

require to be isolated could impose-~ larger financial burden on the landfill 

option than other opticns not considered at first sight to be cost-effective. 

The economy of scale, as in other industrial ventures, Jictates the neces

sity for smaller enterprises to operate common, centralised waste-treatment 

facilities~ Such a facility is schematically shown in Fig. XI. 
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The extent of the ultiaate benefit derived from any possible vaste ainia

ization and use of clean technologies cannot nov be assessed completely. but in 

view of increasingly more stringent requirements on maximum exposures to cer

tain chemicals and compounds, stricter regulations on waste disposal by some 

countries, the considerably larger monitoring periods advocated (up to 500 

years) for special landfill repositories, it is expected that the two measures 

advocated (waste minimization and clean technologies) vill become increasingly 

advantageous with time. The main factors influencing the cost of hazardous

waste management for the waste produ~er are the amount of waste produced, the 

pre-disposal treatment required and the ultimate disposal method chosen. There 

may even now be case~ where costs of new or innov4tive process changes might 

well be justified by savings in raw materials and reductions in disposal costs. 

Vaste 3eparation (into types and degrees of toxicity) and concentration can 

also reduce costs. 

Any comparative cost studies must consider all costs incurred from the 

time the waste is produced to the time vhen it is either processed, decays 

naturally to a harmless material or when it is effectively isolated from the 

biosphere. Costs should be compared on the basis of equivalent, environmen

tally acceptable methodologies, assuming full-scale industrial facilities. 

Landfill disposal has b~n the aost widely used aetbod, aainly because it bas 

been found to be the cheapest, at any rate over the near term (In addition, it 

is found to be less sensitive to waste type and characteristics than other 

~ethods and treatment). 

Underground or sub-surface disposal costs are inherently more costly. For 

one thing, shaft construction and underground openings are by their very nature 

expensive, for another, the dimensions of shafts and haulage ways superimpose a 

limit on the rate at which pack~ged, bulky wastes can be eaplaced in under

ground caverns. On the other hand, the 30-year time period considered for 

monitoring and maintenance of landfill sites following closure and assumed in 

the cost-calculations, is considered by experts as far too short~ cost 

estimates may therefore be too low. Even so, landfill costs are quoted at 

USS SS for "low-risk wastes", up to USS 240 per metric tonne for more hazardous 

drumme~ waste (United Nations Economic Commission for Europe, 198S). 

Cost figures m~st in most cases be treated with caution. Large discrepan

cies arrived at in different studies could partly be due to different costing 

ground rules and the inclusion of various options assumed. For example, a cost 
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study carried out in the Federal Republic of Geraanv. arrives at what appears to 

be unusually low, i.e. DM 75 to DK 190 per tonne (the latter for deposition in 

a concrete encaseaent). This becomes understandable when it is known that the 

German landfilling costs may not allow for amortization of the initial capital 

inyestaent and that subsequent investaent costs are subsidized through 

interest-free loans (Defreg~er, 1987). 

A Canadian analysis on landfill costs (Faraday, (N.D.)), relying partly on 

United States studies is considered superior, beca~se it defines the cost items 

included comprehensively and clearly---and investigates a large number of opt ions 

and designs using the saae data base. An extract from this study is shown in 

Table 5. 

Table 5. Suaaary of cost-components included 
in calculating total capital costs for a reference disposal facility 

having a capacity of one million ml 

(1) Direct capital costs 1980 USS (x 1000) 

Site selection 
Environaental iapact studies 
Licencing fees 
Other licences and peraits 
Land acquisition- (200 acres at $ 1200/acre) 
Lt:gal fees 
Corporate adainistration 
Road construction 
Initial land preparation {40 acres at $1,145/acre) 
Office and other aiscellaneous light equipment 
Building construction utilities, supplies 
Peripheral services engineering and design 

(2) Total capital costs 

Total capital costs were calculated on the 
following preaise and with the following 
assuaptions: 
Interest during construction 
"Contingencies" 
Other costs 

Total capital costs = 

500 
600 
325 
250 
240 

1,625 
1,000 

200 
46 

400 
1,348 
~ 

33\ 
30 

__!Q 

73\ 

Direct costs x indirect costs x annual fixed charge x profit = 

7.452 x 1.73 x 0.25 x 1.20 x 106 = s 77,350 000 

----~-------------------
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Total operating costs, assuming a 20 per cent ~rofit and a 30 per cent 

contingency over a twenty-year operating life-tiae, is calculated to be S 185 

aillion, for a reference facility (58 trenches, 180 x 30 x 8 s deep, assuaing a 

50 per cent packing efficiency). Thus total cost per cubic aeter of waste is 

calculated to be S 185. 

Note that these costs do not include those incurred during closure of the 

repository, nor do they include costs of institutional maintenance and 

aonitoring. 

If these cost figures reflect construction costs in 1980, capital costs 

without including interest rates would have amounted to USS 77.4 per tonne of 

waste; assuming an average inflation rate of 5 per cent per annua, by 1990 

equivalent costs would aaount to approximately USS 126 per tonne, ~gain without 

including interest rate, operating costs. insurance, etc. 

Comparison of capital and operating costs using different disposal concepts in 

landfill 

It is instructive to compare the total capital and operating costs incur

red for a one aillion cubic aeter capacity waste storage facility, using the 

alternative concept outlined in Table 6. 

The high costs involved in developing and operating a disposal facility 

emphasises the need for an optimised strategy for each repository and for 

planning on a regional basis. 

The results of this study and others (Waddel et al. 1982) suggest the fol

lowing: 

a) The cost of excavating, installing and operating a deep geolo~ical 

repository is relatively insensitive to likely local variations in mining costs 

in the various types of geological media. They are unlikely to be a major 

consideration in selecting a suitable design. 

b) The type and nature of waste containment (physical condition, type and 

dimensions of waste packaging) will be a aajor significant factor in disposal 

costs. 
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Table 6. Comparison of capital and operating costs estimated 
for various disposal concepts and different geoaetrical parameters 

Cost diff. (\) 
relative to 

Ou~er Volume/Trench (ml) No. of reference 
Concept dimensions Loss from usable waste trenches trench Notes 

(m) Slope or Vall Vol. Vol* required (Table l)+ 

Refer. 180x30x8 3,340 34.450 11,225 58 0 
trench (4/1 slope) 

Trench " 10,870 26,950 13 ,415 74 0 
in sand (1/1 slope) 

Small 12.6x3.6 65 250 190 5,290 +81 
concr. ·. x 8.3 
trench (concr.0.3) 

Large 
concr. 180x30x8 2,900 34,900 20,950 48 +10 No cell 
trench (concr.1) divisicn 

Thicker 180x30x8 As in reference trench 0 3m vs lm 
cover 

Layered 180x30x8 " " " +20 10\ of 
disposal waste 

layered 

Intrus. 180x30x8 " " .. +30 t = ~.511 
barrier bldrs. 

clay etc. 

+ Only capital and operating costs 
* Assumed packing etficiencies (volume utilised/volume theoretically 

available) 

Note: A similar study relative to the cost of disposal in a newly mined 
cavity 550 • below surface arrived at a cost difference of +450 
per cent. 

Costs of deposition and pre-treatment alternatives 

Thermal destruction of hazardous wastes, is one of the more widely used 

alternatives, covers a broad range in costs and very much depends on the nature 

and composition of the waste processed. For example, one source quotes the 

costs of burning chemicals to range from USS 53 to USS 800 per metric tonne 
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(United Nations Econoaic Coaaission for Europe. 19!5). This vide range 

reflects the technical siaplicity of incinerating clean coabustible liquids at 

one end of the range, compared with the capital-intensive process required for 

highly toxic, refractory solids and druaaed wastes. 

Vhere a waste is easily detoxified or its en• rgy recovered, the unit costs 

for treatment can be lover than for land disposal. although aore co .. only they 

are coaparable at the lover end of the range. Lover levels of confidence are 

assigned to the shallow lana disposal method. mainly because o~ the "open

ended" nature of this method; in many instances there is doubt on the period 

of post-closure control required. 

The technology required for the alternative processing treataent of toxic 

and hazardous wastes has advanced to the stage where many types of vastes can 

be thus processed. although costs remain high, in most cases still higher than 

for simple land d1sposal. There is need for providing economic incentives to 

waste generators to encourage them to invest in waste-processing to establish 

regional joint centres. There is an additional need for research into the 

development of economically more advantageous processing alternatives, 

including the feasibility of recycling at least a part of the wastes. 

It is concluded that even though treatment and disposal technologies aay 

be available, it is the para.meter of economics that is often the aajor deter

minant of whether or not wastes are correctly processed and disposed. 

The reasons for any current deficiencies in waste aanageaent include the 

following: 

Lack of consensus for a variety of reasons on what constitutes comparable 

levels of control across technology alternatives; 

Regulatory uncertainties; there are divergences on a national level on 

what the maximum peraissive levels for a number of toxic materials should 

be. 

Uncertainties in cost information with reference to the application of a 

particular technology to a particular type of waste and what r.onstitutes a 

hazardous waste. 

The changing, dynamic naturP. of costs, evolving technolor,y and the 

increasing experience gained in responding to regulatory requireaents. 
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Costs of deep disposal in geological foraations 

The costs of ~hallow landfill dispos~l are rising. partly because suitable 

sites are becoming aore difficult to obtain due to opp~sition from an increas

ingly critical public and due to aore stringent requireaents and regulations by 

licencing authorities. Reports indicate that landfill costs are increasing at 

rates up to 40 per cent annually (Forsberg, 1984). Nevertheless, disposal in 

deep geological formations (300-2.000 m) remains aucb aore costly. However, 

there are indications that the cost gaps are narrowing, in part because of 

relatively recent technical developments. Fer exaaple, in the RUKOD process 

already referred to, it is proposed that granulized, solidified waste is mixed 

with ceaent "grout", to be pumped underground to disposal caverns. Much expe

rience has lately been gained in the excavation of large underground caverns 

for oil storage, such as the Brofjrden project in Sweden, which required the 

excavation of four million cubic meters of granitic rock (Hinrichsen & Kayfetz, 

19&1}. At this scale. the cost of opening up caverns decreases significantly; 

in fact, at Brofjrden it is clair.ed that the storage site is actually cheaper 

than vould be the case if surface tanks were installed. 

For the RUMOD study, cost estimates arrived at a surprisingly aoderate 

excavation, puaping and vaste-ceaent aixing cost of. USS 57/a3; to this is added 

USS 10/m3 for solids handling and storage expenses, plus USS 21/a3 for ceaents 

and additives, totalling USS 88/a3 of granulated waste. The total cost 

estimated does not include that of granulating the waste, which would be a 

sizable item. The total cost for the disposal of unpackaged wastes are bound 

to vary more than for waste in containers, because of the different types of 

processing required for each waste type. For ceaent-compatible waste it will 

probably be lover than others, because less waste processing is required. 

The effect of varying design features on costs of underground disposal is 

the subject of several parametric studies undertaken by the CEC (1983) and 

several OECD countries (Vaddel et al. 1982; Burton ' Griffin, 1981; Rud5on ' 

Boden, 1982) as part of their research on the disposal of radioactive wastes. 

A sensitivity analysis was carried out, using a design-concept for a repository 

in a granitic host-rock. Table 7 shows the variation in the cost of a referen

ce design and practical alternatives (OECD luclear Energy Agency and Commission 

of the European Communities, 1984). 
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Table 7. Sensitivity of costs to changes 
in design features of an underground repository 

Alternative/variation 

Shallower depth (500 a) 
Addition of a lOca overpact on canisters 
Retrievability for 50 yrs. 
Fever containers (15,000 instead of 30,000) 
Kore containers (60,000 instead of 30,000) 

Variation in disposal cost 
in \ relative to the 

reference case (1.000 m) 

- 3 
+16 to +25 

+10 
-38 
+87 
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