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Abstract 

The storage of hazardous wastes in subsurface facilities, i.e. in mines, salt caverns and hard rock caverns, offers a high degree of security potential. 
This is because the contaminants are entombed in geological formations of the deep underground a long way from the biosphere. In order not 
to prejudice the security offered by the geological barriers certain geotechnical demands have to be met with respect to stability, tightness and 
sealing in the construction of these subsurface waste repositories. Furthermore, prior to their emplacement, wastes have to be conditioned to 
exclude the po~ibility of reactions bet~een the wastes and between the wastes and the surrounding material, e.g. rock or lining, Depending 
upon the intended function of the subsurface facility, i.e. for interim or final storage, different demands are pertinent with respect to the 
emplacement technology and the facility seal, 

In the following paper the geotechnical security objectives for subsurface repositories for interim and final storage are discussed and technical 
concepts for the construction and operation of mined, salt and hard rock caverns presented. The possibilities for using current mine operations 
and abandoned undergrou,0d spaces for the storage of hazardous v, astes are discussed. 

R&ume 

Le stockage de dechets dangereux darts des sites souterrains tels que des mines, des cavites dans le sel ou dans des roches dures, offre un haut 
niveau de sdcurit& car ces produits sont enfouis dans des formations gdologiques profondes eloigndes de la biosphere. Pour ne pas remettre en 
cause la sdcuritd offerte par les barrieres geologiques, certains critbres geotechniques doivent &re respectes, concernant la stabilite, l'etancheitd 
et I'obturation de ces lieux souterrains de stockage. De plus, avant leur mise en place, les dechets doivent 6tre conditionnes pour empecher route 
possibilit6 de reaction soit & l'interieur meme des produits soit avec la roche ou le revetement. En fonction du type de stockage, c'est-a.-dire selon 
qu'il est provisoire ou ddfinitif, les specifications concernant la raise en place et I'obturation seront diff&entes, 

Dans l'article, les auteurs discutent des objectifs geotechniques de securitd pour les stockages transitoires ou permanents, de mfime que des 
conceptions techniques de rdalisation de cavites dans le sel ou les roches dures. Les possibilit6s d'utilisation des mines existantes et des espaces 
souterrains abandonnes pour le stockage des ddchets toxiques sont 6galement examinees. 

1. Introduction 

Are  s u b s u r f a c e  w a s t e  d i s p o s a l  fac i l i t i es  t he  s o l u t i o n  
w a s t e  m a n a g e m e n t  h a s  b e e n  w a i t i n g  fo r?  T h e  a r g u m e n t  
t h a t  t h e  h i g h  d e g r e e  o f  sa fe ty  a s s o c i a t e d  wi th  s u b s u r -  
face  d i s p o s a l  l e a d s  to a h i g h e r  d e g r e e  o f  p u b l i c  
a c c e p t a b i l i t y  fo r  th i s  f o r m  o f  w a s t e  d i s p o s a l ,  a n d  h e n c e  
to the  s o l u t i o n  o f  c u r r e n t  b o t t l e n e c k s ,  is in fac t  a n  o v e r  
s i m p l i f i c a t i o n  o f  t h e  p r o b l e m .  T h e  o p p o s i t e  is t he  ca se :  
in o r d e r  to a v o i d  m a k i n g  t he  s a m e  m i s t a k e s  t h a t  we re  
m a d e  in t he  p a s t  in t he  f ie ld  o f  s u r f ace  d i s p o s a l  - -  
w h i c h  h a s  led to t he  c u r r e n t  p r o b l e m s  k n o w n  u n d e r  t he  
t i t le  "waste legacy"-- it is a n  a b s o l u t e  p r e r e q u i s i t e  t h a t  
p r i o r  to  c o n s t r u c t i o n  t he  p l a n n i n g ,  su i t ab i l i ty ,  s e c u r i t y  
a n d  e n v i r o n m e n t a l  a c c e p t a b i l i t y  o f  a s u b s u r f a c e  w a s t e  

d i s p o s a l  fac i l i ty  be  s a t i s f a c t o r i l y  d e a l t  wi th .  T h e  a b o v e  
m u s t  fu l ly  m a t c h  t he  f u n c t i o n a l  o b j e c t i v e  o f  the  r epos i -  
to ry ,  i.e. i n t e r i m  o r  f ina l  d i s p o s a l ,  w i t h  ca re fu l  c o n s i d e -  
r a t i o n  o f  the  o v e r a l l  w a s t e  s p e c t r u m  i n t e n d e d  for  
p l a c e m e n t  t h e r e i n .  

A n u m b e r  o f  c o n c e p t s  h a v e  b e e n  p u t  f o r w a r d  r ecen t l y  
w i t h  r e g a r d  to s u r f a c e  a n d  s u b s u r f a c e  l o c a t i o n s ;  t h e s e  
p r o p o s a l s  i n c l u d e  a w ide  d i s p a r i t y  o f  t e c h n i c a l  s t an -  
d a r d s .  

In  o r d e r  to  c h e c k  t he  s y s t e m  a n d  case  spec i f i c  su i t a -  
b i l i ty  o f  a r e p o s i t o r y  it is n e c e s s a r y  for  c e r t a i n  c o n s i d e -  
r a t i o n s  to be  c a r e f u l l y  l o o k e d  in to ,  b e a r i n g  in m i n d  t he  
s p e c t r u m  o f  w a s t e  i n t e n d e d  to b e  d i s p o s e d  of,  e.g. t he  
g e n e r a l  g e o t e c h n i c a l  o b j e c t i v e s  o f  the  s i t e ' s  s a fe ty  w i th  
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respect to sealing against the biosphere, stability, tight- 
ness and operational security, the geochemical and 
waste-chemical demands with respect to inter-reactivity 
within the repository and with the surrounding rock. 

Certain geotechnical security objectives are presented 
as formulated by the LTWS working group, commis- 
sioned by the West German Federal Ministry for the 
Environment, in their delibrations on "caverns for the 
disposal/storage of  water hazardous materials" [l]. The 
objectives discussed here do, however, require revision 
by the sub-committee for subsurface waste disposal, 
because the security objectives of the adhoc LTWS 
working group are exclusively related to water protec- 
tion and do not specifically deal with the problem of 
the waste spectrum. 

2. Position of Subsurface Repositories within the 
Overall Waste Management Strategy 

The 4th Amendment to the law covering wastes [2] in 
the Federal Republic of Germany is expected to result 
in a major reorganisation of current waste management 
practice. Primary here is the allocation of waste flows 
according to waste type in the corresponding waste 
management track of either material recycling or 
chemical-physical treatment; also listed are improve- 
ments to pyrolysis, differentiation between interim and 
final storage and improvements to the technology of 
waste treatment and disposal plants (Fig. 1). One of the 
major problems posed by this reorganisation is to 
amend the existing practice whilst maintaining ade- 
quate waste management levels. 

In the surface disposal facility sector measures are 
targeted towards raising the safety levels - -  a trend is 
currently noticable towards engineered facilities. Since 
engineered facilities have only a limited operational 
lifetime of several decades, this concept raises certain 
questions on the function and lifetime of the technical 
and geological barrier system. 

The American Environmental Protection Agency (EPA) 
issued guidelines including a monitoring period of 
30 years. This represents a non-satisfactory situation, 

since the technical and geological barriers at the 
surface are subject to extensive geodynamic and geo- 
chemical processes [31. }"or this reason it is recommen- 
ded that hazardous wastes containing contaminants 
posing a high environmental risk should be disposed 
of in the deep lithosphere, in order to prevent the 
contaminants entering the biosphere via the hydro- 
sphere [4]. Materials posing this environmental threat 
are those with toxic a n d / o r  highly water soluble 
contaminants. Since subsurface disposal facilities offer 
high geotechnical security they represent an excellent 
instrument for the disposal of  waste, and as such the 
flow of waste into the underground can be expected to 
increase in the future. 

3. Geotechnical Security Objectives of Subsurface 
Repositories for Hazardous Wastes 

In general subsurface disposal facilities for hazardous 
wastes have to be constructed, operated and maintai- 
ned in such a way that there is no possibility of the 
environment being exposed to hazards due to contami- 
nants within the atmosphere,  hydrosphere or other. 
Furthermore, additional general demands are made 
within the overall environmental acceptability, e.g. 
provisions to exclude risks to the life and health of 
operating personnel and third parties, the protection of 
the landscape and the surface, including the reclaiming 
of the land after repository sealing�9 

Based on these general security objectives a number of 
technical guidelines can be formulated whereby in 
principle those of a final storage facility are at variance 
with those intended for an interim storage for hazar- 
dous waste (Fig. 2). 
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Fig. 1 : Mater ia l  f lows : raw mater ia l ,  p rocess ing ,  disposal .  
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Fig. 2 : Cr i t e r i a  for  f inal  s to rage  and  in te r im s torage  of  h a z a r d o u s  
wastes .  

Final storage involves emplacement  of wastes in the 
lithosphere, i.e. the wastes are sealed off from the 
biocycle for geological time periods, whereby over the 
long term a mineralization of the wastes would be 
ideal. Therefore, final disposal requires that the design 
of the storage facility seal is final and secure over the 
long term since the wastes are by definition non- 
retrievable. The access to the storage space has to be 
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completely backfilled for stability reasons. In addition 
the final storage must be independent of maintenance 
and control since over geological time periods the 
upkeep of maintenance and control schedules cannot 
be guaranteed. 

A completely different demand profile characterizes 
interim storages. Since the wastes are intended to be 
stored only for a limited time period the function of the 
barrier systems has only to be maintained over the 
limited operational time. In interim storages wastes 
should be those with a recycling potential (the facility 
could be interpreted as a future resource) or waste for 
which an inertisation process is prognosed with advan- 
cing technology. In this case it would be necessary to 
ensure emplacement such that material retrieval is 
possible without putting personnel or the environment 
at risk and using only simple technical ancillary 
equipment. Because of this retrievability of the wastes 
an interim storage has to have easy access, which places 
higher technical requirements on the sealing system. 
Because of the limited lifetime of the barrier system, 
and the fact that no hermetic seal is guaranteed 
between the storage and the biosphere, all interim 
storages have to be subjected to maintenance and 
control regimes for their entire operational period. 
After decommissioning, an interim storage has to be 
completely decontaminated and shut down such that 
no maintenance is required in the future. 

It is absolutely essential that clear guidelines are 
prepared within any new waste plan for final and 
interim storage facilities, because at the present time 
discussions at a political level into "retrievable f i n a l  
s torage " and "long-term interim storage " could result 
in the tight safety requirements outlined for final 
storage facilities becoming diluted and loop holes in 
current practice being painted over. 

Current levels of  know how and technology make the 
reopening of underground final storage facilities using 
mining techniques at least theoretically feasible (at 
astronomical costs). The current political demand for 
final storage facilities to be reopened makes no sense, 
either economically or from a waste management point 
of view. Quite apart from the exorbitantly high costs 
the new technical report on waste sees a strict division 
of wastes into those with a recycling potential and 
future inertisation (in the interim storages) and hazar- 
dous wastes with no recycling value and without any 
possibility of inertisation (being directed into waste 
repositories). 

Both interim and final storage facilities have to be 
isolated from the biosphere via multiple barrier sys- 
tems. Barriers for subsurface storages have to be 
reviewed bearing the following points in mind : 

1. The geology and hydrogeology of the location. 

2. The sealing systems of the facility incl. technical 
barriers. 

3. Safety audit of the total system based on an incident 
analysis. 

4. Analysis of the waste spectrum with respect to 
storability, chemical reactiveness with the barrier sys- 
tems and surrounding rock. 

When constructing subsurface storages, a prime requi- 
rement is a suitable geological underground, in which 
not only direct location factors need to be considered 
but also the overall regional-geological vicinity. This 
primarily refers to the presence of tight geological 
formations offering an effective isolation of the facility 
from usable groundwater, the rock mechanical pro- 
perties of the host rock, the topographical location of 
the facility with respect to the overall hydrogeological 
situation, the hydrochemistry and also possible geody- 
namic risks. 

Water migration to the biosphere has to be excludable 
from first principles. When selecting a site for an 
underground waste facility factors such as rock per- 
meability, distance to the nearest groundwater channel, 
chemistry of the groundwater and the presence of 
drinking water and mineral water springs have to be 
considered. 

The stability of  the cavity or the lining/rock mass 
composite system, has to be proven bearing in mind 
certain factors, e.g. operational loading cases, and also 
possible incidents. Such an expertise proving stability 
must be prepared for the operational phases for both 
interim and final storages. In the case of final storages 
the stability of the waste containing cavity must be 
assured by backfilling that cavity. 

When the cavity is completely full the access must be 
properly sealed. Seals intended for interim storage 
facilities have a different demand profile to those of 
final storages because of the different principles invol- 
ved, i.e. retrievability and non-retrievability. Seals for 
interim storages have, by definition, not to meet the 
same high safety standards as are technically possible 
and required for the seal of a final storage. This weak 
point has to be compensated for in interim storage 
facilities by continuous control and maintenance regi- 
mes during operation. In the technical design of the 
seals it must also be borne in mind that any artificial 
water permeability created as a result of actual driving 
of the cavities, e.g, in the weakened disaggregated 
margin of the cavity, requires appropriate sealing and 
grouting measures. 

Prior to the construction of a subsurface disposal 
facility it is necessary to provide proof of safety by 
presenting case by case analyses of  incidents and risks 
for both the operational and post-operational phases. 
During the construction phase safety relevant compo- 
nents should be subjected to quality assurance tests. To 
guarantee operational safety the subsurface and surface 
installations should be subjected to continuous controls 
insofar as they are relevant to the overall security of  the 
facility. These controls vary according to the system, i.e. 
are different for mines, hard rock and salt caverns. All 
variations have in common that regular surface level- 
ling is carried out, that all surveillance and measure- 
ments are properly recorded and that written records 
are made of all waste materials emplaced. Environmen- 
tal protection demands have to be met by setting up 
suitable air, water and noise measuring systems. 

Following facility shutdown suitable measures must be 
undertaken to seal it, monitor groundwater and control 
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the surface. Full documentation on the decommissio- 
ned facility has to be presented to the responsible 
authority. 

4. Technical Concepts of Subsurface Disposal 
Facilities 

Technical concepts of the mined, hard rock and salt 
cavern variations are currently being studied with 
respect to suitability for subsurface disposal of hazar- 
dous wastes including rad wastes. The concepts are not 
compatible in themselves, but can fulfil certain func- 
tions as interim or final storages with respect to a 
certain waste spectrum. 

4.1. Subsurface Disposal Facilities in Mines 

The possibility in using salt and /o r  coal mines for the 
storage of hazardous wastes in driven galleries is 
currently being investigated and in some cases already 
practised [5, 6, 7]. Despite the obvious economic 
advantages of  using existing underground cavities 
created during mining for a secondary cycle of waste 
disposal it should not be overlooked that the cavities 
left from the mining of a deposit are the result of 
economic considerations related to the exploitation of 
that resource. 

When constructing subsurface waste disposal facilities 
the driving of the cavity is done so bearing the storage 
technology in mind, and involves leaving the geological 
barrier as untouched as possible. To what extent these 
two objectives "economic exploitation of a deposit "and  
"constn~ction of a subsurface disposal cavity " overlap 
has to checked on a case by case basis. The check must 
be based on the following aspects, waste spectrum to 
be deposited, function, i.e. as interim or final storage, 
geological factors such as properties of the deposit or 
the host rock, the hydrogeological situation, mining 
specific aspects such as the mining method (procedure 
and roof treatment), the shape of the cavity and its size, 
water management,  disposal rate and so on. 

The wastes can be introduced either in containers via 
shafts or access tunnels, or containerless via pipe 
transportation, as slurry using pneumatic pumping 
methods or in a gravity feed system. The pneumatic 
and the gravity feed methods place certain limits on the 
spectrum of waste because of exhaust gas/ventilation 
problems. These methods also require additional pro- 
tection and ventilation for personnel working under- 
ground. 

With regard to interim and final storage of wastes in 
containers the most suitable mines are those built in the 
chamber-pil lar-method in horizontally situated depo- 
sits [5], whereas for containerless final storage using the 
wastes as backfill material, those mines employing 
caving mining or block caving are best suited [8]. In 
caving mining, stowing puzzolanic-type solidified 
wastes can in fact produce a stabilizing effect on the 
mined zone. For all mines, in particular caving mining, 
it is extremely important that the creation of artificial 
water ways and possible links to groundwater aquifers 
are thoroughly investigated. Comparable  limitations 

also apply to mines with wa te r  maintenance. Because 
of the large spatial capaci ty  offered by existing mines 
which have a potential a s  sites ['or the disposing of 
wastes, it is not currentl3~ necessary to construct a 
special final disposal mine in Germany for hazardous 
waste. Especially when o n e  considers that the high 
investment costs rule out any  chance of such a mine 
being competitive economically.  

4.2. Subsurface Disposal Facilities in Hard Rock Ca- 
verns 

Hard rock caverns constructed for the purpose of 
interim or final storage of hazardous wastes are driven 
using conventional excavation methods [9, 10]. Selec- 
ting the site depends on certain geological and hydro- 
geological preconditions, on the petrographic and 
tectonic properties of  the rock and its permeability, 
distance and height as well as possible water links to 
neighbouring groundwater aquifers. 

Rock cavern facilities can be built using a number of 
different methods, of which gallery, cavern and shaft 
designs are examples (Fig. 3). Parameters for the 
selection of one of the methods  are based on the target 
function as interim or final storage, the type of waste, 
the storage technology and  the properties of the rock 
mass. 

~ ventilation shaft 

Fig. 3 : Rock cavern disposal facility in a gallery design. 

The gallery design has, for example,  the advantage that 
it allows cavities to be made  in low competent rock 
types and yet still at economic  prices. This method 
allows simultaneous construction at several points 
leading to shorter construction times. Dividing the 
galleries into individual chambers  allows flexible ope- 
ration. 

Disadvantages are the unfavourable  volume/surface 
ratios of lined systems. 

Hard rock caverns are generally constructed with a 
lining and inner seal. In certain exceptions, where the 
geological and hydrogeological preconditions are par- 
ticularly favourable, the design may waive linings or 
seals. The cavern lining fulfills the role of providing a 
static support  to the cavity during the operational 
phase and also serves as a subconstruction for the inner 
seal. Seals normally consist of  watertight and acid 
resistant synthetic materials which are employed in the 
form of either spray coats or some supplied in sheets. 
In some cases metal linings made of stainless steel are 
a possibility. 
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Hard rock caverns are suited to both the interim storage 
of liquid and solid hazardous wastes. Solid wastes are 
stored in principle in containers to allow the material 
to be retrieved. In the case of containerless storage of 
liquid wastes similar operation procedures can be 
assumed as apply to a storage of liquid hydrocarbons 
[1]. For final storage only solid wastes come into 
consideration. If these wastes are stored in containers, 
then the residual cavities have to be completely backfil- 
led. The backfill material has the job of providing 
long-term stability to the cavity and tight enclosure 
around the containers. Because of their high strength 
and low permeability the most suited backfill materials 
are fly-ash mixtures which can be hydraulically backfil- 
led and hence ensure the cavern is stowed without 
leaving any free cavities. When storing solid wastes in 
a containerless me thod  caverns built on the shaft 
design are preferred, Here as well, the wastes should 
be hydraulically backfilled using a puzzolanic binding 
material in order to provide tight storage. 

4.3. Subsurface Disposal Facilities in Salt Caverns 

Salt cavern disposal facilities are suited to the final 
storage of solid wastes with no recycling potential [11]. 
Similar to the storage methods used for liquid hydro- 
carbons salt caverns could also be used for the interim 
storage of certain liquid waste materials. Salt caverns 
are constructed using solution mining. Their construc- 
tion places certain prerequisites on the geological 
properties of the salt deposit, for example sufficient 
thickness and lateral extension of the salt deposit and 
also that the salt deposit be homogeneous in its 

properties. The solution mining of caverns is carried 
out from wells drilled from the surface. When the 
solution mining phase is finished the brine-filled 
caverns are emptied. The emplacement of wastes into 
these empty caverns is via the access well, in a conti- 
nuous operation via either gravity feed through an 
additional pipe string for bulk materials or using 
additional boost power for slurries. 

In this latter case, the wastes are mixed with puzzolanic 
binding additives to ensure in situ solidification. In 
order to exclude the possibility of reactions between 
the wastes themselves and the cavern walls precondi- 
tioning is necessary. Only a limited waste spectrum can 
be stored in salt cavern waste disposal facilities. When 
the cavern is completely full the access well is hermeti- 
cally sealed. Maintenance and control is not necessary. 

5. Conclus ion 

Storing hazardous wastes in subsurface facilities is a 
method well suited to waste disposal because of the 
high security potential offered. However, the extended 
use of the subsurface storage technology above and 
beyond current practice requires first of all clear 
political objectives on the role of such sites as final 
storages or as interim storages and also as to the 
retrievability and non-retrievability of the wastes 
concerned. The characteristics of wastes intended for 
storage vary according to the disposal site: for an 
interim storage the major consideration is optimum 
technical retrievability, and for a final storage the 

Fig. 4 : Salt cavern waste disposal facility. 



76 

long-term behaviour of the waste becomes a prime 
factor in order to assess processes in the facility over 
the long term. 

In Germany the new guidelines on waste should 
therefore not consist merely of  a chemical waste 
catalogue in which waste flows are ordered depending 
upon disposal method, but should also bear in mind 
possible treatment methods of  wastes to provide a 
storage which is immission-neutral. In order to opti- 
mize the selection of  waste sites according to geological 
aspects new regulations should be on a supraregional 
basis in order to end the current system in which the 
producer of  a waste is expected to dispose of that waste 
within a localized area, a method which ignores the 
geological criteria. Careful thought should also be 
given to the strategy of enforcing waste avoidance or 
waste recycling via the lever of high disposal prices. 
Just as in other market sectors, disposal methods 
should not be chosen dependent on price but according 
to the best, i.e. the safest, solution. Furthermore, 
discussions of waste strategies should involve a greater 
distinction between current status and future demands, 
whereby it must be clearly distinguished between that 
which is technically realizable and that which is 
desirable in the long-term. The current situation is 
often that discussions concerning waste disposal sites 
become stuck: the desperate need for the new construc- 
tion of  waste disposal sites to enable effective waste 
management, is delayed by controversal discussions 
with unhelpful talk of future waste avoidance strate- 
gies. 

References 

[I] LTwS--adhoc-Arbeitskreis "Ka~ernen  zur Lagerung wasser- 
gef/ihrdender Stoffe":  Richtlinie ffir an Gesteinskavernen 
zum Lagern und Ablagern wassergef/ihrdender Stoffe zu 
stellende An forderungen (An forderungskatalog) yore 
01.12.1987. 

[2] Gesetz fiber die Vermeidung und  Entsorgung yon Sonder-Abf~i- 
lien (AbfG). Bundesgesetzblatt,  Jahrg. 1986, Teil 1. 

[3] STIEF K.; 1986 : Das Mult ibarr ierenkonzept  ats Grundlage yon 
Planung, Bau. Betrieb und Nachsorge yon Deponien. Mfill 
und Abfall, Heft I, S. 15-20. 

[4] H E R R M A N N  A.G., B R U M S A C K  H.J. & HEINRICHS H.. 
1985 : Notwendigkeit, M6glichkeiten und Grenzen der Unter- 
tagedeponie anthropogener Schadstoffe. Naturwissenschaften 
72, S. 408-418. 

[5] UTD : Untertagedeponie Herfa-Neurode,  Firmenbroschtire, Kali 
und Salz AG, Kassel, S, 16, 

[6] DPU 1987 : Entsorgungsbergwerk.  Machbarkeitsstudie zur 
Ablagerung yon AbffiIlen und  Rticksffinden in Steinkohlen- 
bergwerken, S. 59. 

[7] LANGE J., 1984: lndustr iel le  Abfallstoffe als Versatzkompo- 
nente, eine zusfitzliche Erl6squelle ffir Bergwerke. Erzmetall 
37, S. 84.-89, 

[81 JANSSEN K., 1980 : Pumpen'versatz -- freundliche Gesichter 
eines neuen bergmiinnischen Verfahrens. Erzmetall 33, 
S. 13-18. 

[9] SEMPRICH S., SPEIDEL S.-R. & SCHNEIDER H,J., 1987 : 
Lagerung von Sonderat~f~ilien in Felskavernen unter besonde- 
rer Berficksichtigung geeigneter Dichtungssysteme. --  i n :  
"Die Deponie ein Bau'.verk 2", Symposium, IWS-Schriftreihe 
1/1987, Berlin, S. 279-294. 

[10] OSTERRHEICt t lSCHES FORSCH UNGSZENTRUM SEI- 
BERSDORF 1985 : Studie fiber die Ablagerung (Endlagerung) 
yon Sonderabf/illen. Wien, S. 403. 

[I1] SCHNEIDER H.J., 1986 : Enddeponierung yon SonderabfS.llen 
in Salzkavernen. Handbuch der Mfill- und Abfallbeseitigung, 
Nr. 8192, S, 1-19, Erich Schmid  Verlag GmbH.  


